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ABSTRACT. 

Three sulphidic materials were synthesised from 

the elements. These were a silver-doped born-

ite, containing 1.20 wt. % Ag, stromeyerite, 

of formula Cul.07Ag0 .93 S, and a mixed sulphide 

material containing bornite, a-chalcopyrite 

and stromeyerite. 

Samples of the three synthetic materials, in 

particulate form, were leached in acidified 

ferric sulphate solutions at temperatures 

ranging from 30°  to 90°C. The effects of 

temperature, Fe3+  concentration, particle size, 

sample weight, stirring speed and chloride 

ion on the copper and silver dissolutions 

were studied. Leaching with hydrogen peroxide 

and manganese dioxide were also used on the 

stromeyerite. Finally, the leaching character-

istics of mixtures of separate particles of 

bornite, a-chalcopyrite and stromeyerite were 

studied. 

The solid phases and residues were studied by 

X-ray diffraction, electron probe microan-

alysis and microscopic examination. 

The presence of silver as an isomorphous consti-

tuent had little effect on the dissolution 

characteristics of bornite. Stromeyerite 

dissolved in two distinct stages. The first, 

in which 50% of the Cu was dissolved, was 

extremely fast and involved solid state trans-

formations resulting in the formation of a 

mixture of silver sulphide and covellite, CuS, 

which dissolved very slowly. 
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Copper dissolved from the mixed sulphide 

material much faster than was e:Tected, the con-

stituent phases apparently having the same diss-

olution mechanism as the pure materials. Elect-

rochemical and mineralogical factors were con-

sidered to explain the faster copper dissolu-

tion. 

In all cases, the dissolution of silver from 

the three synthetic materials was extremely 

small, except when sufficient chloride ion was 
2- present to form the complex Ag013  . 
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INTRODUCTION 

Leaching is an important step in any 

hydrometallurgical process for the recovery 

of one or more metals from an ore. It involves 

the treatment of the ore with a solvent to 

produce an aqueous solution containing the 

required metal(s). This solution is subsequ-

ently purified and concentrated prior to reco-

very of the metal(s). 

A number of leaching techniques are in 
• operation(1 /2) 	These include in situ or in 

place leaching, often involvin5 the fracturing 

of the ore body by explosives 3), heap or 

dump leaching, percolation or vat leaching 

and agitation leaching. 

Although theoretical and practical stud-

ies have been carried out recently on heap 

and dump leaching(4 95/6),  and nuclear chem-

ical mining (7), most of the information on 

the dissolution behaviour of minerals has 

come from laboratory investigations using 

rotating discs or agitated suspensions of 

particles of pure minerals. The use of syn-

thetic minerals has been found more effective 

than using specific natural ores for determ-

ining the mechanisms which are operative 

during leaChing. The principal reason for 

this is that the presence of other minerals 

in the ore, or impurities in the lattices of 

the minerals, might strongly influence the 

dissolution process (8) 	This is especially 

so since many minerals have been found to 

have dl  ssolution mechanisms involving solid 
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state transformations (9-12)  or electro-

chemical dissolution mechanisms involving the 

electronic conduction properties of semi-

conducting minerals (13,14)  

The present work is an attempt to dis- 

cover the precise nature of the effect of im-

purities on the leaching of sulphide minerals 

especially with regard to the solid-state 

transformations that occur as the dissolution 

proceeds. The copper-iron-sulphur system 

was chosen because a number of investigations 

have recently been completed into the kinetics 

and mechanisms of the reactions involved in 

the dissolution of chalcopyrite(12) and 

bornite(11) 

Bornite was chosen to be the host mineral 

of the impurity because it has two well-def-

ined leaching stages, a solid-state trans-

formation from Cu5FeS4  to Cu3FeS4, followed 

by a complete breakdown of the structure 

to give elemental sulphur. The impurity 

element chosen was silver since there are a 

number of chemical similarities between copper 

and silver, and it is known that silver is a 

common constituent of many sulphides- ( 15,16) 

and that it probably substitutes for copper 

in the lattices of copper sulphides in which 

it is sometimes preferentially concentrated 
(1?).addition,  In   it is a valuable consti-

tuent of any ore and any information regard-

.ing its behaviour during leaching would be of 

some importance. 

A bornite containing a known amount of 
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silver was synthesised and leached in acidic 

ferric sulphate solutions. Ferric sulphate 

was used because it is the most used 

commercial leaching agent for copper miner- 

als(18) 	Attempts to synthesise a bornite 

containing larger amounts of silver result-

ed in the formation of a mixed sulphide 

material containing bornite, chalcopyrite 

and stromeyerite, a silver-copper sulphide. 

A leaching study was carried out on this 

material and from the known dissolution 

kinetics of chalcopyrite, bornite and 

stromeyerite, the extent to which electro-

chemical (galvanic) mechanisms play a part 

in the dissolution was investigated. 
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SECTION I 

LITERATURE SURVEY 

1.1. Leaching of Silver and Its Minerals. 

1.1.1 Previous Work on the Leaching of Silver 

The conventional method of treating 

silver ores is by cyanidation. Thorough stud-

ies have been made of the dissolution of sil-

ver and silver sulphide in cyanide solutions 

using rotating discs and other methods, and 

the kinetics and mechanisms are well under- 

However 

stooa . 

 very few investigations have 

been carried out on the behaviour of silver 

and its minerals in other solvents. Much of 

the literature on the leaching of ores or 

concentrates containing silver is concerned 

with the possibility of using reactions to 

treat the ores on a commercial scale, in 

which case the chemistry and reaction kinetics 

of the minerals present are not treated fully, 

or only the leaching behaviour of the major 

constituents of the ores have been studied in 

detail. 

It has been known for many years that 

silver disolves in solutions of ferric sul-

phate, brine, sodium thiosulphate and ferric 

chloride. The solutions and mixtures thereof 

form the basis of many early patents for the 

extraction of silver from its ores(20-26)- 

For instance, David(21) used a solution of 

FeC13 , NaC1, HC1 and Nat SOS, to extract the 

metals from copper and silver beaxing material, 



while Joseph(22) used an aqueous solution 

containing EaCl, nitric acid and aqua ammonia. 

In a process for treating the sulphide 
26) ores of Pb, Ag and Cu, Christensen( 2o)  found 

that a hot solution of one or more of the 

common chlorides, containing a small amount 

of ferric chloride, dissolved galena, agentite 

and chalcocite, the ferric chloride acting to 

give soluble chlorides and free sulphur e.g.: 

Ag2 S + 2FeC13  = 	2A-C1 + S + 2FeCl2  (1.1.1) 

Sodium, calcium, magnesium, ferrous iron, 

potassium, ammonium and manganese chloride 

solutions, containing ferric chloride, rapidly 

dissolved the minerals whereas zinc chloride was 

much less active due to the limited solubility 

of Ag, Pb and Cu chlorides in this solution. 

Ferric chloride was the least suitable of the 

chlorides to be used as the concentrated 

solution owing to the slight solubility of the 

Ag and Pb chlorides. 

Extractions of 95 - 98% of the silver 

occurring as sulphide were obtained in 15 - 30 

minutes. Christensen noted that silver in 

galena was brought into solution just as 

'rapidly as the galena., whereas silver in 

chalcopyrite or pyrite, upon which the chlor-

ide solutions did not act, was recovered with 

these minerals in the residue. 

Two processes patented ah this time used 

the electrolysis of an naC1 solution as a 

means of dissolving silver bearing ores. 

Slater( 23) used a solution of NaC1 and FeCl2, 
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The latter was oxidised to FeC13in the electr-

olysis and with the free HC10 that was also 

formed dissolved ores containing copper and 

silver. Reyes(24) electroly sed a solution of 

sodium chloride containing a silver and gold 

bearing ore in a finely elivided state. The 

electric current was sufficient to produce 

nascent chlorine and soluble chlorides of 

silver and gold which were precipitated in a 

metallic state upon contact with metal or 

carbon electrodes. 

One process for a lead-silver ore(27) 

consisted of a chlorkdising roast followed by 

leaching with a saturated brine solution. By 

using an acidified brine solution and additions 

of 2 - 7% salt to the mast feed, the extraction 

of silver was raised to 80 - 90% A similar  

treatment was described by JonesC28) for a 

cupreous pyrite containing a small amount of 

silver and gold. 

The first systematic work on the leach-

ing of silver sulphide was undertaken by 

Cooke(29) to test some of the hypotheses of 

the secondary enrichment of ores. In leaching 

studies with ferric sulphate and dilute 

sulphuric acid, 1 gram samples, either -40 

mesh or -80' 4,  100 mesh, were placed in a 

sealed flask containing 200 mls of solution 

and kept in a dark room at room temperature 

for a period of 1 to 3 months. The contents 

were shaken daily and the solutions analysed 

after removal of the solid residue by filtr-

ation. The solutions contained 35 grams 

ferric sulphate per litre and approximately 
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F/20 sulphuric acid, and exerted a powerful 

solvent action on all the.minerals tested except 

argentite, Ag2S. The results for the natural 

minerals were well substantiated by repeating 

the experiments with chemically pure artific- 

ial minerals. 

The action on argentite was more powerful 

the more ferric sulphate was present. This 

was explained by assuming that sulphuric acid 

was the active agent producing 112S. by the 

reaction: 

Ag2 S 	1-1SO4  = Age SOS, 	H2S 	(1.1.2). 

Due to the very low solubility product 

of the sulphide (section 4.3) this reaction 

stops unless the H2S is removed. This was 

suggested to be the main function of the 

ferric sulphate; 

Fee (SO4  )3 	112S = 2FeSO4 	112  SO4 	S (1 .1 .3) 

For the double compounds of silver with 

antimony and arsenic, silver was found to be 

the less soluble constituent. Pyrargite 

(Ag3SbS3) turned black within a very few days, 

an effect which was thought to be due to the 

accumulation of silver sulphide on its surface 

as antimony was leached out. However the 

author did not confirm this by analysis. 

In 1928 Head and Miller
(30)carried out 

an investigation on, the metal losses occurr-

ing in the treatment of oxidised lead and 

silver ores. They determined that much of 

the losses were due to the lead and silver 

being present as plumbojarosite and argento- 
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jarosite, respectively, of general formula 

RO. 3 Fee 03. 41301 . 6112 0 where R = Pb or 
Ag21  both of which seemed to be relatively 

common minerals in the oxidised ores. 

Leaching experiments were carried out 

on pure argentojarosite using various 

solvents such as sodium thiosulphate, 

ammonium 'acetate, sodium hydroxide, potass-

ium cyanide, and brine solutions containing 

various additives such as ferric chloride, 

bromine, hydrochloric acid and sulphuric 

acid. The tests were made at room temper-

ature in test tubes which were agitated 

intermittently for 24 hours. The percent-

age of silver removed in each instance was 

relatively low (between 4 and 11%). It 

was assumed that the silver combined as 

argentojarosite had not been affected. 

Tests on roasting of the argentojarosite 

followed by cyanide leaching showed that 

65 - 80% of the silver could be rendered 

soluble by roasting at a temperature of 

800 - 8500C for 12 hours due, to the silver 

in many of the particles being reduced to 

the metallic state. 

Brine leaching tests using various 

amounts of sulphuric acid per ton of sol-

ution were made with samples of a mixed 

argentojarosite plumbojarosite ore. The 

silver extractions were always less than 

5% even after chloridising roasts, whereas 

the lead extractions increased from 20% to 

46%. A cyanide leach of the calcine gave 

a 39% extraction of the silver. 
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The use of saturated brine for the extra-

ction of silver in mixed ores is old, although 

the silver was always converted to a soluble 

form, such as silver chloride by roasting tLe 

ore with salt. An investigation on the leach-

ing of unroasted minerals of silver was carried 

out by Bradford(31)using a brine solution 

containing ferric chloride acting on a mixed 

lead-silver ore. 

Following this Oldright(32)conducted a 

number of experiments on the leaching of 

silver in unroasted concentrator tailings with 

ferric chloride in saturated. brine. The silver 

content was so small (2.92 oz/ton) that time 

was not spent in identifying the silver miner-

als. 

Five leaching tests were made at 60°C 

using 1 litre of solution to 250 grams of ore. 

The results showed that over 80% of the silver 

in the unroasted tailings was extracted by 

leaching for 2 hours with a warm brine solut-

ion containing a ferric salt. 

Traill et al(33)described tests made on 

high grade chalcopyrite flotation concentrates 

- containing pyrite, pyrrhotite, sphalerite and 

small quantities of silver and gold (11.22 

and 0.80ozs/ton respectively), which showed 

the amenability of the ore to ferric-ferrous 

liquors leaching for tie extraction of the 

base metals and the concentration of the 

precious metal values. 

After roasting with sulphur in non- 
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oxidising conditions for 3 hours at 725°C and 
leaching with a ferric-ferrous chloride liquor 

containing 77 grams/litre ferric ion and 71 
grams/litre ferrous ion at 90 - 95°C for 
hours, 85% and 90% of the gold remained in 

the leach residues in two separate tests. 

However the silver was apparently quite soluble 

since 91.4% and 87.0% dissolved in the two 

separate tests and was recovered with the 

copper by precipitation. 

Direct leaching using the same charge of 

ore and leaching liquor showed only a slight 

variation from the combined roasting and 

leaching experiments. 

Although Downie(34)described a process in 

1937 for the recovery of pure silver from 
silver sulphide precipitates by boiling with 

sulphuric acid, most of the subsequent work 

on the leaching of silver from ores, not 

amenable to cyanidation, has dealt with the 

use of ferric salts. 

A British patent(35)describes a process 

for the extraction of Pb, Hg or Ag from 

sulphide ores using a dilute aqueous solution 

of a ferric salt, whose negative radical is 

capable of forming a readily soluble salt with 

the metal to be extracted. Ferric nitrate, 

acetate or borate were preferred, in a neutral 

or sliglatly acid solution at a low temperature 

-and low concentration to prevent dissolution 

of other sulphides. However the patent does 

not give any details of experimental work on 

silver ores. 
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Lee and Muir(36)determined that the use 

of ferric sulphate in conjunction with the 

maintenance of a balance between ferric and 

ferrous ion concentration by oxidising agents 

increased the silver extraction from ores and 

concentrates. They describe a process which 

comprises the roasting of the ore or concentr-

ate to a calcine and delivering this to a 

neutral or acid leach circuit in which a bal-

ance of ferric ion concentration over ferrous 

ion concentration9favourable to the solution 

of metallic silver,is maintained by the use 

of suitable oxidising agents such as potassium 

permanganate or manganses dioxide. The prior 

heat treatment plus the oxidising agents 

control the concentration of such constituents 

as ferrous sulphate, lower oxides of iron and 

copper, and metallic copper, which are detri-

mental to the dissolution .of Ag from materials 

soluble to neutral or acidified solutions. 

In tests to show the feasibility of this 

process, a material consisting of 1650 oz. 

AB/ton, 20% Cu, 11% Pb, 12% Fe, 25%S and 18% 

Sb was roasted initially at 400 - 450°C and 

then at 600°C. The calcine, with silver now 

present as sulphate and the associated const-

ituents in their higher oxide forms was leach-

ed at 40 - 60°0 in three stages, an initial 

Ag leach, a neutralization leach and a final 

acid leach. In two separate tests, typical 

consumptions of oxidising agents were 101bs. 

of Mn02 and 4 lbs of KMn04  per ton of mater-

ial, and 4 lbs Ivin02 and 21bs KM/104  per ton 

of material respectively. The discrepancy 

was thought to be due to the former material 



being .exposed to less suitable roasting 

conditions. 

By this method 96% of the Ag was extract-

ed compared to nearly 70% with no control of 
7 - 	+ the Fe)-1  /Fe2  ratio. The silver was recovered 

as metallic sponge by precipitation on an 

electro-positive metal or as metallic silver 

by electrodeposition. 

A detailed investigation of the dissolut-

ion kinetics of pure silver in solutions of 

ferric sulphate, ferric nitrate, ferric per-

chlorate and eerie sulphate was carried out 

by Salzberg, King and co-workers(37,38,59) 

A pure silver cylinder of approximately 1.5cm 

diameter and 2 cm long was rotated in 500 mls 

of solution and its dissolution measured by 

weighing the silver cylinders before and 

after each rune  The rate was studied as a 

function of (a) concentration of ions involved, 

(b) concentration of the acid, (c) speed of 
stirring, (d) temperature and (e) the E.M.F. 

of the silver-silver ion, and ferric-ferrous 

ion cell. Some of their. results are shown in 

Fig.l. 

It had been known for some time that 

whereas metals down to copper in the C.M.F. 

series dissolve in ferric salt solutL)ns at 

the maximum diffusion controlled rates, silver 

dissolves much more slowly and the dissolution 

rates decrease with time far faster than is to 

be expected from known values of the equili-

brium constant for the reaction: 

Ag + 	= 	4.  + Fe 	(1.1.4). 



- 19 -

(c) 
5~--------~-------------rate x 10'':> 1·6 

lJ \ 
Silver in g/cm2"l1in 

Ferric SuI phate 
1·2 / 

0-0 " . 
4 --

L 
(") Ferric Perchlor01te 
o Ferl'k Nitr.3te 

0·4 -
o---U-O-

J1~-O 0 " 
1 ___ 1_---1 __ -1 __ 1.--. ~ 

0·02 0·01t 0·05 0·08 0.1 Cu in 

(b) 
12 

,.0 

0-6 

0-4 

0·2 

o 

FIGURE 1 

Cone. of Ferric ion, /vi 

4 8 12 16 20 
cone of Agion

J
1VixlG3 

3-

2 

1 

Fe (SO.) 
2 4 3 

Ag in 

Fe2( 504)3 

o~--------~--------~--~ o 0'05 0·10 
conc. of oxidant 

(a) Dissolution rate of silver in ferric sulphato, 

ferric perchlorate, and ferric nitrate as a 

fJ.U1ction of ferric i011 concentrationo Salzberg 
and King(37) • 

(b) The effect of silver sulphato on tho dissolution 

rate of Gil VGr in fOJ.'ric sulphntef) Salzberg and 
Ki11&( 37) e 

(0) Rato versus concentration of oxidan·t , in g-ion/ 

litre, for Ag in eerie sulphate solutions compared 

lTi th diffusion c6n'Ll:'ol (Gu in ferric sulphate) 

and desorption control (Ag in forric sull)hnto ). 

Salzberg, ICnoetGGn, and Molless(39)o 



- 20 - 

Comparison with the dissolution of copper 

undee similar conditions(37) showed that in 

very dilute ferric sulphate, silver dissolves 

at a rate approaching that of diffusion control, 

and that another factor is of increasing 

importance at higher concentrations(Fi  "'r,-  " 1(a)) 

In considering the curvature of the plot 

of rate versus ferric ion concentration, the 

strong inhibiting effect of ferrous and silver 

ions(fig.1(b)) and the lack of proportionality 

of this effect to the product of the ion 

concentrations, Salzberg and King concluded 

that all these ions are adsorbed on the silver 

surface and thus influence the rate. An equ-

ation was derived, on the basis of a number 

of assumptions, describing all features of the 

observed rates, including the effects of 

adsorption and of the reverse reaction. 

This equation, of the form: 

11, rate, = , 2 , 	Tr n2 v..,0 1 + K3 03 + .K4 	K5 ui 	 u2 	C1 1/4-2 

(1.1.5) 

Where C- , 02 and C3 are the concentrations of 
2+ 

the ions Ag+1  Fe and Fe3+  respectively, gave 

- excellent agreement with the experimental 

data with the exception of a few scattered 

points. 

The assumptions in the derivation were 

that the forward rate is proportional to the 

amount of ferric ion adsorbed, the reverse 

reaction occurs when a free ferrous ion 

collides with an adsorbed silver ion, or vice 
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versa, and that the surface area covered by 

adsorbed ferric ions is small compared to 

the area covered by ferrous and silver ions, 

when these ions are present in appreciable 

concentrations. 

It was postulated that the lower rates 

fOr nitrate and perchlorate solutions (Fig. 

1(a)) could be explained by the formation of 

a sulphato-ferric ion. If it isassuxed that 

the entire silver surface acquires a positive 

change from adsorbed ions as soon as dissolut-

ion begins, this ion, of negative or reduced 

positive change would be adsorbed and react 

more readily than a triply positive (hydrated) 

ferric ion. 

In a later paper, King and Lang(38)in- 

vestigated further with ferric perchlorate 

solutions. The same experimental conditions 

were used, and the.same variables considered 

as with ferric sulphate solutions. Two 

factors were concluded to be responsible for 

the difference in dissolution rates : 

(a) silver perchlorate is more strongly 

adsorbed on silver than silver sulphate 

is, and, 

(b) a sulphato-ferric completion reacts 

more rapidly than the normal hydrated 

ferric ion. 

Evidence for a sulphato-ferric complex 

was obtained by spectrophotometric measure-

ments on solutions of perchlorate and sulphate 

and mixtures of the two. Replacing perchlor-

ate' by sulphate increased the adsorption over 
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the whole range shown and eliminated the trans-

mission maximum of 260 mil. A new ionic 

species was evidently present and the low con-

centrations used suggest that this was the 

ion FeS04 4- , probably in hydrated form. 

The rate equation (1.1.5) was applied to 

solutions of ferric perchlorate alone and with 

additions of silver and ferrous perchlorate 

and gave good agreement with the experimental 

dsa. The following assumptions were made : 

(I) Ferric ion is not adsorbed but reacts 

when it encounters a bare silver atom; 

(2) the back reaction may occur When a 

silver atom strikes an adsorbed ferrous 

ion, or vice versa; and 

(3) silver and ferrous ions formed by the 

reaction are not desorbed instantly. 

In contrast to the dissolution in ferric 

sulphate and perchlorate, Salzberg, Knoetgen 

and lioness(39)have found that the dissolut-

ion of silver in ceric sulphate is diffusion 

controlled. These results seem to corroborate 

the idea that a large difference in oxidation 

potential between the metal and solution 

facilitates diffusioncontrol, while a small 

difference results in desorption control. 

Salzberg el al lsuggest that this is due to 

the potential difference being a measure of 

the heat of the reaction, a high oxidation 
(39) 

potential implying a large heat of reaction. 

_In a system such as ceric sulphate/silver, 

where the potential difference is large 

(0.75 volts), the heat of reaction is large 

enough to supply sufficient energy for 
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immediate desorption of the ions produced 

in the reaction, which then becomes diffusion 

controlled. Whereas in a system such as ferric 

sulphate/silver where the potential difference 

is only 0.050 volts, the heat of reaction is 

only slight and the metal ions do not leave the 

surface immediately, giving rise to desorpt-

ion control 

The kinetics of solution of pure silver 

has also been studied in nitric acid. Kaiser 
(40)has studied the dissolution in 3-5.5M 

BIND3  containing 2.3 - 3.6 x 10-5M HNO2  by 

measuring the current-voltage curves with 

rotating disc electrodes. The solution rate 

was found to depend on the cathodic potential 

current. This was explained by assaAing a 

diffusion layer model for the dissolution. 

The oxidation and dissolution of pure 

silver sulphide, in solutiu-s other than cyan-

ide,has also received some attention. -Sato 
(41)developed an electrochemical method for 

the identification of the first-step oxidation 

or reduction reactions of sulphide minerals. 

This was based on the assumption that the 

electrode potential of a sulphide mineral in 

an oxidising or reducing solution is controll-

ed by the first step of its consecutive oxida-

tion or reduction reactions. 

The sulphides of copper, lead, silver, 

iron and zinc were studied. The results 

indicated that the direct oxidation of a 

simple sulphide mineral at low temperatures is 

a p'rocess in which the metal atoms move into 
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the surrounding solution to become aqueous 

cations, accompanied by a step-wise decrease 

in the metal-sulphur ratio of the remaining 

solid phase. In the case of reduction, sulph-

ur atoms move into the solution to become 

aqueous sulphide ion, with a step wise increase 

in the metal to sulphur ratio of the remain-

ing solid phase. The path of the step-wise 

oxidation is not necessarily the same as that 

of the reduction. 

Thus, the results of the electrode 

potential measurements with argentite in sol-

utions containing sulphide ion species 

(S2-, HS-  and H2  S)indicated that the sulphide 

is reduced according to the following electr-

ode reaction: 

2Ag + S2-  = Ag2S + 2e 	(1.1.6). 

In weakly basic solutions the potential 

is controlled, by the equation 

2Ag + HS-  = Ag2 S + 	+ 2e (1.1.7) 

and in acid solutions by 

2Ag + H2S = Ag2 S + 2HE  + 2e (1.1.8) 

The measurements of the electrode potent-

ial values for argentite in Ag+  ion solutions 

were made only in acid conditions and sugges-

ted that the oxidation reaction at the silver 

sulphide electrode is 

Ag = Ag + e 	(1.1.9) 
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owing to the free migration of silver atoms 

within the sulphide crystal. However this 

reaction requires no involvement of sulphur 

which is-known to have an effect on the elec-

trode potential of Ag2 S. Hence the more 

likely reaction was thought to be: 

Age  s = AgS + Ag4-  + e (1.1.10) 

AgS is unknown in nature but has been 

prepared artifically(41)  . Sato noted that 

this mechanism of oxidation was very similar 

to that of chalcocite. 

Azerbaeva and Tseft (1964)(42)studied 

the behaviour of synthetic pure silver sul-

phide, selenide and telluride in common lea-

ching agents such as ferric chloride, cupric 

chloride and ferric sulphate. The solvents 

used were solutions of ferric chloride (Fe3-4-  

100 gms/litre, Fe2+50 grams/litre), ferric 

sulphate (Fe3+  68 gm/litre), and cupric 

chloride (Cu2+ 50 g/litre). The cupric chl-

oride solution was saturated with sodium 

chloride in order to retain in solution the 

cuprous chloride formed during the process. 

The variables studied were the influence of 

temperature, amount of solvent, and duration 

of leaching, on the degree of decomposition 

of the silver compounds. 

The leaching studies on silver sulphide 

were performed at the boiling- point for two 

hours, with double the theoretical amount of 

reactant. The results (see table) show that 

silver is extracted more completely by a 
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mixture of ferrous and ferric chloride than 

by ferric sulphate. However, almost complete 

(over 90%) decomposition of silver sulphide 

occured only in the presence of sodium or 

ammonium chloride. Preliminary experiments 

showed that silver sulphide, selenide and 

telluride did not decompose in aqueous solut-

ions of ammonia, ammonium chloride and sodium 

chloride. Therefore addition of these com-

pounds to other solvents was thought to merely 

raise the solubility of the silver chloride, 

formed on the surface of the compounds, by 

reactions such as: 

Ag2S + 217e()+ 2_01(aq) = 2Agel +2Fe24+S°(1.1.11) 

Ag2S + 20u21-(aa)+6C1(aq) = 2A Cl + 2CuC12 -(aq.,) 
±S (1.1.12) 

It was noted that ammonium chloride was 

a more active solvent than sodium chloride: 

Reactant °0 Silver in sulllide con- 

verted
ide. 

   

Fe2(SO4 )3  

011012  + Nan (to saturation) 

43 

91 
FeC13  + FeC12  79 
FeC13  + Fe012  + NaC1 93.2 

FeCl3  + FeC12  + NH4  Cl(to satur- 
ation) 100. 

Silver telluride and selenide were both 

decomposed more easily. The decompositon 

increased with rise in 1emperature increase 

in the amount of solvent and an increase in 

the leaching time. All three compounds 
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investigated were found to be almost complet-

ely decomposed by ferric and cupric chloride 

solutions at the boiling point with a twofold 

excess of reactant in the presence of sodium  

or ammonium chloride. 

A mixture of ferrdus and ferric chloride 

has been used in a process for leaching com-

plex sulphide ores containing silver which 

is dissolved and subsequently obtained as a 
) byproduct precipitate(43) 	(11 11 . Ablanov 	has 

used a similar solution, containing 50 gm/litre 

divalent and 100 gm/litre trivalent iron, in 

a number of leaching experiments on concen-

trates containing various mixtures of pyrite, 

chalcopyrite, bornite, covellite and small 

amounts of 'sphalerite and galena. The con-

centrates were leached at boiling point 

temperature for two hours. Again the silver 

present (not stated in what form) is dissolved 

and was recovered from the solution by precipi-

tation on a copper-filter. 

. When oxidised sulphide ores containing 

gold and silver are leached with ammonia in the 

presence of oxygen at around 180°C, the gold 

and silver are partially dissolved as amines. 

Sobel et al( -5) leached concentrates contain-

ing 6.8-813 g/ton Au and up to 1675 g/ton of 

Ag, with aqueous NI-14 011 in an autoclave with an 

oxygen partial pressure of 10 - 15 atmosph- 

eres and a total pressure of 30 - 35 atmosph-
. 

eres. The oxygen was added continuously and 

the leaching continued until the theoretical 

amount of oxygen required for the oxidation 

of the sulphide and such elements as Fe, As, 



Sb and Se was absorbed. At 180
oC, complete 

oxidation of a concentrate containing 18% sulphur 

required 2 hours, The concentration of gold 

in the solution was between 3 - 84 mg/1 and 
that of silver was from 100 - 760 mg/l. 

Kakovskii and co-workers have carried 

out several investigations on the leaching of 

silver sulphide and other silver minerals in 

various solvents using the rotating disc 

method.(46) 

In the only paper found in this literature 

survey on the kinetics of stromeyerite leaching, 

Potashnikov et al(47)studied its dissolution 

in aqueous nitric acid solutions. The rate 

was independent Of the speed of the rotating 

disc and the effect of the HNO3  concentration 

(C) followed the expression V = 4.5 x 10 	C2  

where V is in moles Cm-2Sec-1. The dissolut-

ion rate coefficient in 2.0, 3.0, 4.0 and 

5.0 M HNO3  was found to be 5.2,4,2, 4,2 and 4.6 

respectively,.the arrhenius equation being 

log K = -4.315 (1.8 x 103/T). The activat- 

, ion energy when the dissolution of Copper and 

Silver proceeds separately is approximately 

5Kcal/mole; if the dissolution is combined 

(both metals), the rate constant increased 

two fold at 25°C. 

Kakovskii(48)  also studied the leaching of 

rotating discs of synthetic silver chloride 

(the mineral cerargyrite) in aqueous solutions 

of ammonia, and sodium thiosulphate solutions. 

The effects of rotational speed, solvent 

concentration, temperature and pH were studied. 
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With experimental conditions of 0.1 mole/ 

litre thiosulbhate, 0.154 moles/litre ammonia 

and a temperature of 25°0, the rates of dissol-

ution were proportional to the square root of 

the number of revolutions per minute of the 

discs. This suggests that the dissolution is 

controlled by diffusion of the reagents towards 

the disc surface for both NH3  and sodium thio-

sulphate leaching. Experiments at constant 

rotational speed but varying solvent concentr-

ations show that both reactions are first 

order with respect to NH3  and sodium thio-

sulphate. 

The experimental activation energies were 

5.03 for the thiosalphate leaching and 5.48 

Kcal./mole for the NH3  leaching, values that 

are normally associated with kinetically 

controlled reactions in the absence of proof 

of diffusion control. Kakovskii explained 

these apparent discrepancies. In the case of 

thiosulphate leaching, there is a stagewise 

reaction (to produao AgS203  and Ag(S20025-  

complexes) and the incomplete dissociation 

of the Na.2S203-  ion, both of which are stim-

ulated by an increase in temperature and 

result in an experimental activation energy 

above that expected for a diffusion controlled 

process. In the case of the ammonia leaching, 

there is an excess of ammonia, the bulk of 

which is not utilized in the leaching reaction, 

resulting in an experimental rate constant 

much lower than the theoretical value, because in 

the theoretical calculations it is assumed that 

all the ammonia fed to the disc surfaces reacts 

completely. 
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Varying the pH from 4.6 to 12.1 showed 

the rate of solution of AgC1 in aqueous sol-

utions of thiosulphate falls both in acid and 

alkaline.media although the dissolution is 

only slightly pH dependent. Comparisons with 

the.rate of dissolution by cyanide solutions, 

show that dissolution in thiosulphate or 

ammonia compare favourably, the rate of 

dissolution by Na2S203  being slightly greater. 

Factors for accelerating the process are 

vigorous stirring, an increase in the concentr-

ation of the complexing agent and an increase 

in temperature. 

An electro-oxidation technique was used 

by Scheiner et al in investigations on the 

extraction of silver from silver mill tailings 
(49)and from refractory ores(50). The process 
involves passing current through a brine pulp 

to generate chlorine at the anode and base 

at the cathode. The chlorine and base com-

bine to form hypochlorit& which then oxidizes 

the carbonaceous and sulphide portions of the 

ore. The process had been used in the pre-

treatment of carbonaceous gold' ores and sul-

phide mercury ores and subsequent investigat-

ion indicated that the process could be succ-

essfully applied to other sulphide and refract-

ory minerals with the metal values dissolving 

as chloro-complexes. 

Electro-oxidation on silver tailings at 

30°C with an electrolyte concentration of 

20wt.% sodium chloride showed an improvement 

in silver extraction of from 6% to 25% over 

cyanidation treatment(49). It was thought 
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that oxidation in the presence of chloride 

ion had converted silver minerals to silver 

chloride which was soluble in the brine solut-

ion as the tetrachloro complex: 

Ag2 S + 4001 = 2AgCl + S04 2-  ± 201- 	(1.1.13) 

AgC1 + 501-  = AgC14 5- 	(1.1.14) 

Scheiner et al(50)conducted acid chloride 

leaching as well as electroxidation experim-

ents on refractory ores containing silver 

which were not readily amenable to cyanidation 

due to the presence of manganese minerals and 

various oxidized and reduced iron minerals. 

These studies resulted in the development of 

a sulphur dioxide (sulphurous acid) - sodium 

chloride leaching sequence which extracted 

80 - 85% of the silver from this type of ore. 

This was an increase of 9 to 61% silver ex-

traction over that obtained by conventional 

cyanidati on techniques. 

Silver minerals of four distinct groups 

were identified in the ores by microscopic 

and electron probe examination : 

(1) Silver sulphide. 

(2) Agentojarosite. 

(3) Silver contained in the iron oxides and 

(4) In manganese carbonate - oxide minerals. 

The electro-oxidation experiments were 

conducted using a 20% 'sodium chloride solut-

ion and a pulp density of 35%. The cell con-

sisted of three carbon electrodes suspended 

in the pulp with the current density held 

constant at 0,5 amp perin2. With a high grade 
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concentrate containing 35% Iron, 
0.75% manganese and 50oz of silver per ton, the 

silver extraction was only 34% even though 
192 kilowatt-hours per ton of material was 

used. 

Only minor amounts of mangalic2.,0 and iron 

dissolved during the treatment. Cyanidation 

of the electrolyzed tails did not increase 

silver extraction. The results indicated that 

silver minerals, other than sulphides, were not 

altered sufficiently by electro-oxidation to 

allow the silver to react with chloride or 

cyanide ions. 

Since a strong and reducing acid such as 

sulphUrous acid (sulphur dioxide + water) 

dissolves both Mn(IV) and Mn(II) minerals as 

well as the oxide iron, minerals, Scheiner 

et al conducted a series of sulphurous acid 

leaching experiments to determine the effect 

of iron and mangan.e removal on the silver 

extraction. The ore was leached using an 

aqueous solution of 6% H2  SO3  as the source 

of sulphur dioxide. The iron and manganese 

dissolved during the acid treatment as chlor-

ide complex salts,liberating the silver. The 

results (Fig. 2(a)) showed that the manganese 

minerals consume essentially all of the init-

ial SO2  added to the system, the iron extract-

ion was nil and the silver extraction remained 

constant at the 35%.1evel obtained by direct 

cyanidation of the untreated ore. The iron 

and silver codissolved with increasing addit-

ion of sulphur dioxide until silver extraction 

levelled off at 86%. There was no difference 



-33- 

(a) 
100 

80 

60 

40 

20 

18 	20 	22 4 	6 	E3 	10 	12 	14 	16 

Sulphurous Acid added, SO2 EOUIVALENT, 100lb/ton of ore 

(b) 
24 

oz/ ton 	SILVER 

0 	SOLUBILITY 

20 

16 

12 

16 	24 	32 	O 	200 	400 	600 
H
2
S0

3' lb/ton ore , 

FIGURE 2 : Extraction of silver from refractory ores. Schoiner of al
(5)
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(a)Effect of SO2 treatment on metal extraction from rofractory 

ores. 

(b)Effect of salt concontration'on the solubility 02 silVero. 

(c)E-rfoct of 1i2SO.;  addition on salver extraction by a 

sulphtirous aul.d — 201) sodium chlorillo solution. 

800 
NaCI concentration,°/o 
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in silver extraction when a 12% SO2  - air 

mixture was bubbled into the ore slurry instead 

of adding H2 S03 . 

Analysis of the tails showed that the 

silver remaining was in the form of the agento-

jarosite Ag2Fe6  (OH)12  (SO4 )4  mineral. 

Additional treatment of the tails with 5N NO1, 

H2SO4  or HNO3  followed by cyanidation increas-

ed the total silver extraction to 95% due to 

the agentojarosite being destroyed by the 

strong acid. 

Subsequent experiments were carried out 

on low grade refractory silver ores (2.7 -

5.9 oz/ton) using a sulphurous acid - sodium 
chloride leach solution, containing 20 per 

cent sodium chloride to ensure the solubility 

of the silver chloride,(fig. 2(b)). The 

results in figure 2(c) shows that silver 

extraction increased rapidly up to a maximum 

of 85% with increased additions of H2  S03  and 

then remained constant. Once again the 

levelling off of silver extraction was attri-

buted to the presence of agentojarosite min-

eral from which the leaching solution could 

not liberate and dissolve the silver. 

The silver extraction for this leaching 

system was essentially independent of particle 

size, since the iron and manganese minerals 

containing the silver were also dissolved, 

whereas the silver extraction increased by 

19% and 23% respectively, for electro-oxidation 

and cyanidation after decreasing the particle 

aize from -20 to -200 mesh since this liberated 
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and exposed more of the silver minerals to the 

extractant. 

A similar leach system substituting 

H2  SO4 for the SO2  in the sodium chloride leach 

solution gave similar silver extractions 

except when the ores contained substantial 

amounts of manganese. In this case th:e 

silver extraction decreased due to a large 

amount of the silver being present in the 

manganese minerals. 

One source of silver is the anode sludges 

produced in the electrolytic refining of 

copper. In a process patented by Dutko
(51) 

the sludges are roasted to produce soluble 

sulphates of Cu, Zn, Ni and 60 to 70% of the 

Ag. After leaching, the silver is isolated by 

cementation. The remaining 30% of the Ag, 

together with the remaining Au, Pb and Sb, 

is obtained by leaching with a 0.1 to 0.5%, 

cyanide solution, followed by precipitation 

with Zn powder. 

Another hydrometailurgical process for 

the treatment of these sludges was patented 

by Hoffmann andErnst in 1971(52). The sludge, 

containing Ag, Se, Te, Pb, Sb, Sn, As, Bi, 21, 

Cu, Ni, Fe Au and Pt, is diluted to a thin paste 

by adding aqueous HCl (up to 12N) and chlorine 

introduced to convert the metals to their corres-

ponding-chlorides. The filter cake from this 

-mixture is washed with acidified hot 1120 (pH3) to 

remove PbC12 and slurried in NH4 0H (2 - 12N) for 

one hour to separate the silver as the soluble 

complex Ag(NH3)C1. This is decomposed at 1009  

and the pure AgCl recovered is converted to Ag0H 
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by an aqueous hot NaOH solution with 

subsequent reduction to silver by 

addition of dextrose. 	The resultant 

Ag powder is then melted and Ag ingots 

are recovered. The dried powder contained 

99.999% Ag and the recovery yield was 97.2% 
based on the Ag content of the sludge. 

The treatment of mixed sulphide ores 

containing silver has been the subject of 

several patents recently. Posel(53)treated 

sulphide'ores and concentrates containing 

Cu, Ag and 	Ni by leaching with nitric acid 
- at 115 - 1250  C and greater than 50 psig 

pressure under an oxidising atmosphere. The 

metals were recovered in high yield. 

A process for the electrolytic recovery 
and separation of lead, silver and zinc from 

mixed sulphide ores was patented by Gordy
(54). 

An aqueousslurry containing 60 wt. % powdered 

ore is treated in an electrolytic cell for a • 

few hours with a direct current of 2.8 - 5 
volts and 30 - 100 amps/sq.feet of anode area, 

with HC1 as the electrolyte ( 3 - 6 moles/litre 

concentration) and 0.1 - 0.6 moles/litre CuCl 
to form a soluble chlorocuprous complex. The 

electric current acting on the ore with the 

(CuC12  + H).  complex ion converts PbS to PbC12  

and PbSO4 .  and Ag2 S to AgCl precipitates, 

while Cu, Fe, and Zn all.dissolve as ions. 

After electrolysis and filtration the solids 

are washed with NH4 0H, cyanide or thiosulphate 

solution to extract the respective soluble 

silver complex. 



- 37 - 

Stenger and Kramer(55)described a process 

for the in situ leaching of noble metal values 

from ores involving a feed of chlorinated brine 

into a subterranean strature. They found that 

the initial brine oxidation potential should 

be about 800 to 1200 millivolts, with the 

loaded brine, after contact with the ore, 

having a residual oxidation potential of about 

200 millivolts and preferably at least 500 aitr. 

These potentials were produced by introducing 

chlorine or alkali metal hypochlorite (Na0C1) 

into the brine, from 5 to about 3000 ppN of 

'dissolved' chlorine being sufficient. 

The brine temperature is important. 

Above 60°C the solubility of chlorine in brine 

is impaired and below 10°C there is a limit-

ation on the solubility of the silver values. 

The brines used should be preferably saturated 

with respect to the inorganic salt component 

(NaCl or CaCl2 ) but dilute brines containing 

as little as 10% NaC1 or CaC12  can be used but 

with a much lower leaching rate. Mixtures of 

these salts, such as are present in naturally 

occurring brines could also be used. 

Investigations showed that these solut-

ions could be used on ores containing AgC1, 

Age  S, Ag2 CO3 , Au and AuTe, the noble metal 

values being recovered by precipitation with 

hydrogen sulphide or a water-soluble sulphide, 

after removal of any 31D, Cu, or Zn present. 

The depleted brine is then recycled after 

aeration to reduce the H2 S content and after 

contacting with chlorine to raise the oxid-

ation potential. 
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A number of other papers, although prim-

arily concerned with the dissolution of some 

other metal, have mentioned the behaviour of 

the silver present as ores or concentrates 

are leached. In the recovery of Cu, Fe, and 

S from chalcopyrite concentrates using a ferric 

chloride leach, Haver and Hong(103)noted that 

considerable 'proportions of silver dissolved 

in the ferric chloride e.g., 60.6% of the 

silver dissolved during a leach at 106°  for 

2 hours, from an ore containing 0.86oz/ton 

silver. 

In the Cymet process(100),  which involves 

the electro-oxidation of sulphide to sulphur 

at an anode, with the consequent solution of 

metal ions and the reduction of these ions at 

a cathode, recovery of silver into the copper 

was 96% from a chalcopyrite ore containing 

2oz/ton silver. The yield of recovery was 

influenced by the form of occurrence but no 

poor silver recovery was - encounted in tests. 

Fihally, Prater et al(109)leached copper 

concentrates (60% chalcopyrite°, 10% bornite), 

which contained 3.5 oz of Silver per ton, with 

nitric acid. Higher silver extractions were 

obtained with higher nitric acid concentrations 

e.g., 63% HNO3  concentration gave 66.2 Ag 

extraction while 13% HNO3  concentration gave 

17.8% Ag extraction. 

1.1.2 	The Equilibrium213adial : Fe 3+  + Ag = Ag+ +Fe2+  

From the preceding section it can be seen 

that the ratio Fe3Iiie24-  plays an important 

role in the leaching of silver minerals by 
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solutions containing ferric salts,due to the 

equilibrium: 

Ag + Fe31- 
	= 	Ag+ 	Fe2+ 

This reaction is also one of the most-

important as regards the geochemistry of silver 
/- in near surface processes,(15). The Fe2+/ffe3+  

content of soil solutions is one of the factors 

that influence the mobility and fixation of 

silver in soils and the above reaction is one 

of the mechanisms for the precipitation of 

native silver from downward migrating solutions 

resulting in secondary enrichment of silver 

deposits. 

Stokes(56)first demonstrated the revers-

sibility of the reaction in 1906 in experiments 

on the behaviour of hot .ascending solutions. 

A simple apparatus was devised, in the lower, 

warmest part of which the reaction between the 

metal and ferric sulphate solution was brought 

about, while in the upper, cooler, portion 

the reaction was reversed, with deposition of 

metal. 

It is one of the comparatively few reactions 

in which at equilibrium the concentration of 

reactants and products can be determined by 

ordinary methods of chemical analysis. Noyes 

and Brann(57)studied the reaction between 

metallic Silver and ferric nitrate solutions: 

Ag + Fe (NO3  )3  = A NO3  + Fe(NO3  )2 	(1.1.15) 

The analyses were all made volumetrically 
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using permanganate ion for the ferrous ion 

and potassium thiocyanate for the silver ion. 

The amount of ferric nitrate in the equilibrium 

mixtures was determined by the difference 

between the amount of total iron at the start 

and the amount of ferrous ion found. 

Values of the equilibrium constant were 

calculated from the concentrations of the 

three salts at equilibrium expressed in formula 

weights per litre: 

Equilibrium,const,K = (Fe(N0JIx(AELU(1.1.16) 
(Fe(NO3 )3) 

The effect of nitric acid on the constant 

was quite marked up to 0.02N but a further 

increase in the acid concentration had no 

appreciable effect. The value of the constant 

varied considerably with the salt concentrat-

ion,being considerably larger in the dilute 

solutions than in the more concentrated ones.- 

Noyes and Brann plotted the values against 

the total nitrate concentration and by a 

straight line extrapolation to, zero concentr-

ation obtained a value of 0.128 for the 

equilibrium constant at 25°C for the ion 

reaction. However their points were widely 

scattered so that the extrapolation was some- -  

what uncertain. 

Both Cooke(29)and Tan.ana:eff(58)studied 

the equilibrium using sulphate solutions. 

The equilibrium constant was calculated using 

the equation K = Cl  .C2 /03  where Ci  and C2  

are the Ag+ and Fe2+ equilibrium concentrat-

ions and C3  is the Fe3+  concentration. Cooke 
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obtained an average value of approximately 

0.006 and noted an hydrolysis effect at very 

dilute concentrations. Tananaeff conducted 

experiments at 0°, 25°  and 45°  in air, a CO2  

atmosphere and a nitrogen atmosphere. The 

average values obtained were: 

K(0°) = 0.00191 K(25°) = 0.0060,K(45°)=0.0110. 

Shaw and Hyde(59)measured the equilibrium 

constant analytically and electrometrally in 

nitrate solutions. Analyses were carried out 

in the usual way and for the electrometrie 

work the following cell was used. 

Ag, A NO3  , KNO3  (sat) , Fe(NO3  )2  ,Fe(NO3  )3  , Pt. 

The equilibrium constant decreased with 

increase inionic strength. To obtain a true 

equilibrium constant the values were plotted . 

against ionic strength and extrapolated to 

zero ionic strength. This gave a value of 

0.130, in satisfactory agreement with the 

value of 0.114 obtained from the electrometric 

measurements. 

However, King(60)called attention to the 

errors involved in this method of extrapolat-

ing to zero concentration_ The value of 

the constant as determined by Noyes and Braun, 

and Shaw and Hyde, was: 

K = (Fe2+) (Ae)/(Fe3+) 	(1.1.17) 

While the true constant (or K extrapolated 

to u. = 0) is given by: 
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2+- 	- 
Ko = 	f.Agl  fFe24 	K f,  f, 	(1.1.18) 

Ofe3÷ 	fFe3+ 	f3  

Where f12,3  represent the activity 

coefficients of the ions. Considering very 

low ionic strengths, King used the Debye 

Huckel expression for f, namely 

- log f (ion) = 0:5z2 
 
 yril (at 25°C) (1.1.19) 

to obtain the equation, 

log K - log Ko - 2 VT; 	(1.1.20) 

Thus, if log K is plotted against Nril, 

at sufficiently low ionic strengths the plot 

should approach a straight line with the 

slope -2, the intercept being log Ko. 

Using the values of K obtained by Noyes 

and Brann, and Shaw and Hyde, King discovered 

that these values were too far removed from 

= 0 to give any idea of the correct extra- 

polation, but suggested that Ko would not be 

less than.0.178. 

Bohm:fib and Sweetser(61)attempted to 

obtain a more accurate value of the equilibrium 

constant by studying the reaction over a 

wider range of concentration to lessen the 

amount of extrapolation necessary. Perchlor- 

ates were used in this work in preference 

to the nitrates because a hiaier concentration 

of perchloric than of Nitric Acid could be 

used without attacking the powdered silver. 

The equilibrium mixtures were analyzed 
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potentiometrically for ferrous ion and silver 

ion uding a bright platinum gauze electrode 

and a saturated calomel electrode, the ferric 

ion concentration being determined as the 

difference between the total iron in solution 

and the ferrous ion. 

Tiro series of experiments were carried 

out at 2500 with a different constant ratio 

of perchloric acid to ferric perchlorate in 

each series. The equilibrium constant was 

calculated in terms of concentrations from 

the expression 

K = (F  e2+) (Ag+) /(F0-1-) 	(1.1.17) 

When K was plotted against total Perch-

lorate solution or- f.t, the ionic strength, a 

smooth curve for each series was obtained. 

However a plot of log K + 2.04 	against 

ti gave curves much more suitable for extra-

polation. The curves for the two series were 

very nearly superimposable. 

The equations of the curves for- the two 

series were calculated separately by the 

method of least squares. These gave K the 

values 0.559 and 0.525 at zero ionic strength. 
If the two series are averaged the equation 

for the resulting curve is found -to be: 

Log K + 2.021;12  =-0.275 + 1-6454-0.516t2  (1.1.21) 

This gives K the value 0.531, which was 

taken to be the true value of the equilibrium 

constant at 2500. 
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Although this value is higher than prev-

iously accepted values, there is evidence to 

support it. Thus, Bray and Hershey(62)  dev-

eloped amethod for calculating the amount of 

hydrolysis in a solution of ferric ion, and 

with the aid of this hydrolysis correction 

they recalculated the data of Noyes and Branca 

and concluded that K should have the value 

0.565,instead of 0.128, which agrees more 

closely with Schumb and Sweetser's value. 

1.1.5 	Corn lex Formation between Silver andChloride ions 

It has long been known that silver is 

fairly soluble in concentrated solutions of 

various chlorides and many leaching processes 

have 	used brine solutions and other 

chloride solutions for the dissolution of 

silver ores (section 1.1.1). The solubility 

of the silver increases with chloride concentr-

ation due to the formation of a number of 

complex ions. The species which have been 

iden tified in these solutions are: 

AgCl(aq), 	 2- 	7 
AgC12 	, AgC13 2-, Ag014 -)  , Ag2 C1+  .  

and A C1' . 

The stability constants of these ions 

have been calculated in a large number of 

investigations from both solubility and pot-

entiometric measurements. Values of these 

constants have been tabulated for the follow- 
(63) ing equilibria 
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Ag+  + Cl = A Cl 	, Stepwise constant Kl 

AgC1 + Cl = AgC12  ', 	I, 	il 	K2 

AgC12 -  +C1= AgC132-, 	11 	11 	K3 

AgC13 2-+C1-= AgC143-, 	11 	11 	K4 

Ag+  + 2C1 = AgC12  , Cumulative constant32 

Ag+  + Cl = AgC132-, 	11 	11 	

163 

Ag+  + 4C1 = AgC14  3-, 	
11 	11 	

[34 

2Ag++ C]_-  = Ag2 C1+  , 	II 	,, 	P12 

3Ag++ Cl-  = Ag3C12+, 	li 	P13 

AgCl(S) 	= AgCl(aq), Solubility constant Ks1  

AgCl(S)+C1-= AgC12 -  , 	i, 	" 	KS2  

AgCl(S)+2C1-=AgC13 2-  , 	I, 	" 	Ks3  

AgCl(S)+3C1-= Ag0143-, 	,, 	" 	' Ks:, 

AgCl(S)+Ag+= Ag2 C1+  , 	11 	

" 	KS1 2 

Bodlander and Eberlein(64)first postulated 

the existence of a complex ion,. AgC14 -'
7,  
 , and 

calculated its complexity constant p4 from the 

solubility of silver chloride in 4M potassium 

chloride using data from Hellwig.(65). Forbes 
(66)measured the solubility of silver chloride 
in various chloride solutions and found that 

the solubility was proportional to integral 

powers of.the chloride concentration in well 

defined concentration intervals suggesting 

the possible formation, of complex ions of 

silver chloride molecules with chlorine ions. 

The complex AgC13 2 fitted the data for 

solutions with a chloride concentration below 

1.5N while the complex AgC14 3  was suggested 

at concentrations above 2.5N. In the case 

of potassium and ammonium chlorides, a third 

.ion was suspected from the data for solutions 

above 3.0 normal. No evidence of the ion 

AgC12 -  was found in this work but a later 

investigation(67)on solutions less than normal 
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in chloride suggested that this ion might 

predominate at lower concentrations 

These finds were confirmed by Pinkus• and 

co-workers(68)in work on the solubility of 

silver chloride in solutions of sodium chloride, 

potassium chloride, Lithium chloride and 

hydrochloric acid, varying in concentration 

from 0.001 to 0.1molar. The solubility de-

creased with increase in chloride concentrat-

ion to a minimum at 0.0025 M chloride ion, 

corresponding to a silver chloride concentr-

ation of 2.5 x 10-7  moles/litre for KC1 and 

2.97 x 10-7  for NaC1 solutions. Later measure 

ments(69)gave the minimum solubility at 0.003M 

chloride ion as 3.63 x 10-7  moles of AgC1 per 

litre in the presence of KC1 and NaCl, 4.17 

x 10-7  in the presence of LiOl and 4.47 x 

10-7  in hydrochloric acid. 

Subsequently the solubility increased . 

rapidly with increase in*Chloride concentrat-

ion indicating the formation of stable soluble 

complexes of the form AgmClm4.1 	The degree 

of complexity, that is the frattion Of silver 

chloride present as a complex, was calculated 

to be practically 100% at chloride concentrat-

ions greater than 0.05 moles/litre. 

From the solubility of silver chloride 

in 5M to 12.5M hydrogen chloride, Erber and 

Schuhly(70)calculated a complexity constant 

for the complex AgC1111-n  and concluded that 

n = 4 was more probable than n = 2 or 3. 

(7] ) Garret et al - obtained the character 
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of the ionic species in potassium chlor- 

.ide solutions at 25°C by a graphical method 

(section 6.1.5). This indicated that the chief 

reaction in the' concentration range studied (up 

to 0.9 moles KC1 per 1000 gms B.20) was represented 

by: 

AgCl(S) + 2C1-  = AgC13 2- 	(1.1.22) 

with a solubility constant (K s3) of 1.3 x 10-4. 

Garret considered all the silver chloride to be 

in the form of the complex AgC12- above 0.1 
3 

molar KC1 but did not eliminate the possibility 

of the complex AgC12 -  being present at lower 

concentrations. 

Barney et al(72)determined the composit-

ion ar instability constant of the complex 

present at very low chloride concentrations 

from an accurate determination of the minimum 

solubility and the corresponding anion concen-

tration. A radiochemical technique using110  Ag 

was used to determine the solubility of silver 

in the concentration range 10-6-10-7moles/litre. 

The minimum occurred at (Ag+) = 1.55 x 10-7  

moles/litre and (Cl) = 1.50 x 10-3  moles/litre, 

from which the calculated number of 01-  ions 

coordinated to a single Ag+  is 2.14 indicating 

that the predominate species in this concentrat-

ion range is AgC12 -. 

A similar radioassay technique was used 

By Jonte and Martin(73)  to determine the con-

centration of silver in chloride solutions at 

concentrations less than 0.1 molar, for the 

temperatures of 15, 25 and 35°C. At 25°C a 

minimum of solubility was found at a silver 
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Concentration of about 5 x 10-7M for a chloride 
7 

activity of 2 x 10-). The data was interpreted 

in terms of equilibrium involving the undis-

sociated species AgCl(aq) and the complex ion 

AgC12_. 

Leden(74)determined the solubility of 

silver chloride at 25°C in sodium chloride 

solutions containing sodium perchlorate to an 

ionic strength of 5M by electroanalyses and 

potentiometric titrations. From potentio-

metric measurements in solutions not saturated 

with sodium chloride it was concluded that 

silver compounds other than the complex ions 
7_ 

AgC13  2- and AgC14 )  can only exist in minute 
amounts in solutions containing more than 

1M chloride. In a solution of 5M NaC1 about 
1/3 to -a-  of the silver is thus to be found as 

Age14 3  and the rest as AgC13.2 , and in 1M 

NaCl 80 to 90% of the total silver is found as 

AgC13 2- 

At lower concentrations Berne and Leden(75)  

identified the complexes AgCl(aq) and AgC12 . 

The solubility of silver chloride in sodium 

chloride at 25°C was determined by a radio-

assay technique at ionic strengths of 0.2 and 5M 
obtained by additions of sodium perchlorate. 

The stability constants of these complexes 

were determined at zero ionic strength. 

Leiser(76)determited the species present 

at 18°C when silver chloride dissolved in 

sodium chloride solutions up to 2 molar, using 

radiochemical measurements. 
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The concentration ranges over which they 

are the dominant species were determined as : 

10-4-10-2  N for AgCl(aq), 10-2 - 0.2M for 

Agc12  and >0.2 M NaCl/litre for AgC13 2-. 

Chateau and Hervier(77)measured the sol-

ubility of silver chloride in solutions of . 

potassium chloride at 25°C and confirmed the 

existence of the- two complexes AgC12  , and 

AgC0but fand no evidence for the ion AgC13 2-. 

For potassium chloride concentrations between 

0.1 and 0.5M they determined that the dominant 

species was AgC12  while for concentrations 

greater than 1.5M, AgC14 3  predominates. 

Between 0.5M and 1.5M, it was concluded that 

the complex of AgC13 2- was not formed and 

that the complexes, AgC12 -and AgC14 3-  coexisted. 

Marcus(78)used an anion exchange resin 

for the sorption of metal - anion complexes 

from aqueous solutions of the metal at 

different anion concentrations. Experiments 

with silver chloride were carried out in the 

concentration ranges of 0.00 2-12M 	hydro- 

chloric acid and 1.5 x 10-6  M to 4.6 x 

silver, the distribution of silver between 

the resin and the solution being measured by 

the aid of 110Ag tracer. The complex format-

ion constants were in reasonable agreement 

with those found. by other methods. The pre-

dominant complex was found to be AgC13 2-  with 
the formation of AgC14 3-  taking place only 

at high chloride ion activities. 

The solubility of AgC1 in water and 

aqueous solutions of sodium chloride with 



concentrations from 2.10-5  to 4.0 M at 18°  

was also studied by Mironov(79)by means of the 

radioactive isotope 110Ag. The data agreed 

with previous work within experimental errors. 

A minimum of solubility was obtained at 3 x 10-3m 

sodium chloride concentration corresponding 

to a silver chloride solubility of 2.97. 10-7  

moles/litre. The stability constants of the 

ions of the form AgC1 1-n  were determined for 

n  - 1,2,3,4. 

(0) 	• Rasse• . demonstrated the solubility of 

Ag01 in HC1 solutions, showing a decrease to 

a minimum of 10-7  moles/litre at 10-3  moles/ 

litre C1-  and then an increase to 1.7. 10-5  

moles/1 in N H01. The author explained this 

increase as due to the formation of the 

complex AgC12 . 

Ciantelli(81)attributed the increased 

solubility of AgC1 in NaCl and Na0104  solut-

ions, having a constant ionic strength and a 

chloride ion concentration varying between 

0.5 and 51q, to the formation of three complexes, 

AgC12  -, AgC13 2- and AgC14 3-. The fraction of 

the silver occurring in the form of one of 

these complexes was plotted against the 

chloride concentration, for each complex (see. 

Fig. 4(a) ). Above 111 chloride concentration, 

the amount of AgC12 -  is small. In a 5M chlor-

ide ion solution,-60 - 70% of the dissolved 

silver was calculated to be present as AgC14 3-  

and the rest as A Cl3
2-

- 

Figure 3. compares the solubility data 

from a number of investigations at chloride 
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concentrations below 1M, and Figure 4 (b) 

compares data at higher chloride concentrat-

ions. 

As well as ions of the form AgCln1-n 

there are cations formed by silver chloride. 

Among those identified or postulated are 

Ag 	+ C1+, Age 	and Aga  C12+. Pinkus, Frederic 

and Schepmans(83) interpreted work on the 

solubility of silver chloride in silver nitrate 

solutions of concentration from 5.10-6  to 2 Molar 

in terms of a complex being formed, either. 

Ag3 C12 +  or Age  C1+. 

Berne and Leden(75)also studied silver 

chloride in silver nitrate solutions and 

showed the dissolution to be by reactions of 

the form: 

mAgCl(S) + nAg+ 	= Agril+nC1 +  (1.1.23) 

The strength of thee complexes was found 

to be of the same order of magnitude as of the 

complexes Again1-n. If Ag+ is < 0.3m, 

Ag-F , AgCl and Ag2 C1+  were found to dominate 

completely in the silver nitrate solutions. 

Leiser(84)determined the solubilities of 

silver halides in silver nitrate solutions at . 

concentrations up to 2N at 20°C. A radio-

chemical technique was used and from the 

solubility curves-the dissociation constants 

and concentrations ranges of the complexes 

were found. The predominant complexes for 

silver chloride were:, 

Ag01 (aq) 

Age  C1+  
Ag3 C12-1  

-4 	-2 from 10 	-10 - mole AgNO3 /litre 

from 2.10
-2
-0.1 " 	t I 	 I I 

above 0.2 
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FIGURE 3.  : Effect of chloride ion on the solubility of silver chloride 

at Cl—  concentrations less than 1 Molar. Mironov(79), 

Berne and Loden(75) and Leiser(76) 
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1.2 	Leaching of copper minerals. 

The dissolution of the sulphide minerals 

of copper has been the subject of many invest-

igations. The behaviour of covellite, chal-

cocite, chalcopyrite and bornite has been 

studied in solutions containing sulphuric 

acid, ferric sulphate, ferric chloride, nitric 

acid, cyanide salts and perchloric acid as well 

as in bacterial, electrochemical and high 

. pressure leaching systems. These have been 

fully reviewed in recent publications(18,85-90) 

In this survey a brief review will be given 

of work concerning the two most important copper- 

iron sulphides which are relevant to the 

present study. 

1.2.1. Leaching of Bornite; Cuc FeS,;  

Most of the studies on the leaching of 

bornite are concerned with the dissolution of 

the mineral in acidified ferric sulphate 

solutions. Sullivan(91)noted that the diss-

olution occurred in two stages. In the early 

part of tests on a natural crushed bornite 

the copper was dissolved whereas the iron and 

sulphur were not attacked. However as the 

tests progressed the iron and sulphur were 

both attacked appreciably. 

The dissolution rate was virtually 

independent of the strength of ferric sulphate 

if enough reagent was present and independent 

of the acid strength. However an increase in 

temperature markedly affected the dissolution 

rate. 
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Sullivan considered the dissolution to 

be due to three reactions based on a represen-

tation of Bornite as 2Cu2S.CuS.FeS. 

Cue  S + Fe2  (SO4  )3  = CUS04 	2FeSO4 	CuS ( 1 • 2•1) 
CuS + Fe2  (SO4  )3  = CuSO4  + 2FeSO4  + S 	(1.2.2) 
FeS + Fe2(504 )3  = 3FeSO4 + S 	(1.2.3) 

giving an overall reaction, with a final prod-

uct of elemental sulphur, as follows:- 

Cu5F SL, + 6Fe2  (504  )3  = 5 CuSO4 	4S 
	

(1.2.4) 

Uchida et al(92)found that concentrations 

of ferric ion greater than 0.5 g/1 did not 

improve the rate of leaching whereas Kopylov 

and 0rlov(93)found an increase of Fe3+  (as 

ferric sulphate) concentration from 9 to 35 

g/1 increased the rate. However the factor 

which most affected the leaching rate was the 

temperature. Kopylov and Orlov determined the 

activation energy as 5.5 ± 1.4 K3 a1 per mole 

which indicated a process controlled by diff- 

These authors(93)were the first to notice 

the formation of a new solid phase after the 

first few minutes of dissolution. From X-ray 

diffraction patterns they concluded that this 

phase was chalcopyrite and with tills discovery 

as a basis discussed the mechanism of dissolut-

ion of bornite by writing the formula as 

2Cu2S.CuFdS2 . As with that of Sullivan, this 

representation is structurally invalid and it 

was not until the work of Dutrizac et al that a 

more correct dissolution mechanism for bornite 
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was proposed. 

Dutrizac et al(94)studied the dissolut-

ion of bornite by rotating sintered discs of 

synthetic mineral in acidified ferric sulphate 

solutions. In tests made above 40°C a partially 

leached disc showed three distinct layers, 

the residual unreacted bornite, a material 

with an X-ray pattern very similar to bornite 

whose lattice spacings gradually decreased with 

increasing distance from the normal bornite and 

finally a yellow layer identified by X-ray 

diffraction analysis as a mixture of chalcopy-

rite and sulphur. 

Electron microprobe analyses indicated that 

the Sin ratio remained fixed at 4 across both 

the bornite and the nonstoichiometric bornite 

and that the Cu/S and Cu/Fe ratios dropped 

steadily.,  Hence it was proposed that at 

temperatures above 40°C dissolution occurred 

with the forillation of a non-stoichiometric 

bornite: 

Cu5  FeS4  + x Fee  (504  ) 3  = C1.15  -x  FeS4  + x CuSO4  

+ 2x FeSO4 	(1.2.5) 

which on further dissolution gave chalcopyrite 

and elemental sulphur: 

Cu5  -xFeS4  + (4-x)Fe2(SO4 )3  = CuFeS2  + (4-x) 

CuSO4 +(8-2x)FeSO4  + 2 S°(1.2.6) 

The chalcopyrite then dissolved at a much 

slower rate: 
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CuFeS2  + 2Fe2  (6C),, ) 3  = CUM,*  -I- 5F eSO4  +2S°  (1.2.7) 

At temperatures below 25°C only reaction 

(1.2.5) was observed with x having a maximum 

value of 1.2, representing 25% copper dissolut-

ion. No iron or sulphur dissolved during the 

formation of this non-stoichiometric bornite. 

A natural barite dissolved in an identical 

manner (Fig 5 (a)). 

The dissolution rate depended on the 

ferric ion concentration for ferric ion strengths 

of less than about 0.06 M but was independent 

of higher concentrations (Fig. 5(b)). An 

average activation energy of 5.7 ± 1.3 Kcal 

per mole was obtained for the dissolution. 

Dutrizac and MacDonald(95)also leached a 

crushed bornite ore in columns, with acidified 

ferric sulphate solution, to determine the 

controlling factors in percolation leaching. 

X-ray diffraction analysis of the reacted 

bornite indicated the same reaction products 

as for the rotating disc experiments. Hence 

it was assumed that the bornite ore dissolved 

according to the same reactions previously 

repOrted i.e., equations (1.2.5), (1.2.6) and 

(1.2.7). 

In the percolation leaching tests, the 

dissolution occurred in two stages, a rapid 

linear stage and a slow non-linear stage. 

The initial step is largely controlled by the 

bulk delivery of the oxidant to the ore. The 

rate depends directly on the ferric ion 

concentration below about 0.1M Fe3+, but is 
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relatively insensitive to higher concentr-

ations. The second leaching stage is contr-

olled by chemical and physical factors and, 

unlike the first stage, it is temperature 

dependent. The upper limit for rapid copper 

conversion was assumed to be set by the con-

version of bornite to slowly dissolving chal-

copyrite. 

' An investigation by Ugarte(11)  however,  

showed that the solid phase formed after the 

first stage of leaching bornite was Idaite 

(Cu3FeS4 ) and not chalcopyrite as reported in 

the previous studies. Ugarte studied the 

leaching of bornite in particulate form in 

ferric sulphate solutions between the tem-

peratures of 15 and 90°C. The effects of 

changing particle size, sample weight, stirring 

speed, sulphuric acid concentration and ferric 

ion concentration were broadly in agreement 

with those found by other workers. His results 

can be summarised:- 

(1)• 	At temperatures above 40°C, the 

dissolution rate was characterized 

by a first stage of fast dissolution 

of copper (until 40% of the copper had 

dissolved) and a second stage of slow 

dissolution which was sensitive to 

temperature (Figure 6). An activation 

energy of 2.1 ± 0.1 Kcal/mole was 

obtained for the first part of the re-

action. Below 40°C, the first part 

of the reaction can be separated into 

two sections; one section extending 

up to about 27% of the copper dissolved 
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and a much slower section from this 

point to a maximum of 40% of the copper 

dissolved (see 30°Ccurve in Figure 6). 

(2) A reduction in particle size increased 

the rate of the first part of the reaction 

but the second part was unaffected by any 

variation; 

(3) • When a sufficient stirring speed was 

used, the dissolution rate was unaffected 

by any variation of the stirrer speed; 

(4) At 30°C, concentrations of Fe3+  ion 

higher than 0.03M did not increase the 

amount of copper dissolved, while the 

reaction at 90°C was dependent on Fe3+  

concentration up to 0.065M. Figure 7 

shows that at higher concentrations, the 

rate, became independent of Fe3+  ion 

concentration; 

(5) Acid concentration had no effect on 

the rate of leaching, its presence being 

necessary, however, to prevent the 

hydrolysis and precipitation of ferric 

ions; 

and finally, 

(6) The sample weight had no effect on the 

rate of dissolution per unit mass. 

The two dissolution stages above 40°C were 

considered to be the formation of the phase 

idaite by the fast reaction: 
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Cu5  FeS4  + 2Fe2  (SO4  )3  = Cu3  FeS4  + 2CuSO4  + 4FeSa4  
(1.2.8) 

followed by the slow dissolution of this phase 

to give elemental sulphur: 

Cu3  FeS4  + 4Fe2  ( SO4  ) 3  = 3CuSO4 	9FeSO4  +4S (1.2.9) 

Below 40°C, reaction (1.2.8) proceeded in 

two steps. A fast reaction to give a non-

stoichiometric bornite: 

Cu5  FeS4  +xFe2(SO4 )3  = Cu5  -x  FeS4  + x CuSO4  + 2xFeSO4 
(1.2.10) 

where x had a maximum value of 1.35, and a 

much slower reaction to give idaite: 

Cu5  -x  FeS4  + (2 - X ) Fe2(604  ) 3  = 
Cu3FeS4  + (2-x)CuSO4  + (4-2x)FeSO4  (1.2.11) 

X-ray diffraction analysis, electron 

microprobe analyses and reflectivity measure-

ments proved conclusively that the solid phase 

formed after the first stage of leaching was 

Idaite. The discrepancy with previous work 

was explained by the fact that previous workers 

had only used X-ray diffraction analysis to 

identify this phase, and the X-ray diffraction 

pattern of idaite is almost identical to that 

of chalcopyrite. It is only by electron probe 

microanalysis and reflectivity measurements that 

a definite distinction can be made between the 

two minerals. 

The dissolution mechanism and accompanying 



—64— 

11.0 
Lattice parameter 'a' 

A 

10.5 

0/a Cu DISSOLVED 

10 20 30 40 50 60 70 10.0 	 
0 

21.5- 

21.0 0-0 

Lattice parameter 'c' 
22.0 

0/0 Cu DISSOLVED 
20.5 	 

0 10 20 30 40 50 60 70 

FIGURE 8 : Variation of lattice parameters of Bornite as copper 

is dissolved. Ugarte(11) 



- 65 - 

structural change can be explained from the 

crystal structure of bornite. Copper ions occur 

in two types of lattice position. Two-fifths 

of them lie in parallel planes and have been 

described as ionically bound. These are able 

to diffuse rapidly in the solid, and so can 

quickly be dissolved out, giving a continuous 

change in the lattice parameters due to the 

contraction of the bornite unit cell, (Figure 8) 

and leaving a material of composition Cu3 FeS4. 

This does not change on leaching but breaks 

down by a chemical reaction to give elemental 

sulphur with copper and iron ions transferring 

to the solution. 

Lowe(96)concluded that this solid stage 

transformation of bornite to idaite was only 

one of several processes controlling the 

reaction rate at various stages of dissolution 

of bornite. He conducted leaching experiments 

on mounted single specimens of copper and copper 

iron sulphide minerals using ferric sulphate 

solutions in an agitation cell having a 

nitrogen atmosphere. The rate equations 

obtained for each mineral were compared to theor-

etical equations determined for various rate - 

controlling processes. 

This showed that the mechanism for ferric 

sulphate leaching of bornite was complex, the 

dissolution being controlled, at different 

stages, by ferric sulphate diffusion, step A 

j)elow, a possible solid state diffusion of 

cuprous ions within the sulphide (as proposed 

by Ugarte), step B, and chemisorption reactions 

with the metal sulphide, step C 
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(A) ae2 (so, 2 d=d 	 ( SO4 j  d=o 	1 .2 .12) 

Cu5FeS4 	Cu3FeS4  2  + 2 ffu+1 d=d 
et. 	• 

K2 
U+] cl=d 	[ou-F]d=o 

- Cu3FeS4 2 	[Cu.+] d=o 	2Fe2 (SO4 )3 

Cu3Fe&4  +2CuSO4 44FeSO4 (1.2.13) 

(C) MS 	[e2 (SO4  )2 d=o 	...Fe2 (SO4 	c 

	

ES...Fe2 (SO4 	c 	ES ...Fe2 

* K2 3 
ES .Fe2 	C 	ESOLt . • S  • • .2FeSQ c 

	

EIS04  ...S ...2FeS01] c 	MS04 	S 	2FeSO4 .  
(1.2.14) 

Groves and Smith(97)have studied the 
reaction of bornite with chlorine in an aqueous 
uystem. Size fractions of bornite ( -100 
325 mesh) were leached using a downward percol-
ation method using sodium hypochIxte as the 
source of chlorine The postulated reaction 
was: 

	

Cu5FeS4 	18 .5C12 	16H2 0 ---4 5Cu2÷  Fe3+  

	

4SO4  2- 	32H+  + 37C1- 	 (1.2.17) 

with a chlorine requirement of 3.70 moles/ 
mole Cu. The leaching tests showed that the 
chlorine requirement approached the theoretical 
value as 100% copper extraction was approached. 
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However the leaching reactions were 

complex since the ratio of dissolved copper 

to iron after 1 hour was 9.04, compared to the 

expected-5.00 for the molecular formula of 

bornite (Cu5FeS4). Microscopic examination 

of piece of leached bornite revealed a surface 

coating of elemental sulphur and a zone of 

altered material from the surface inwards 

which was thought to be a form of nonstoichio-

metric copper-deficient bornite. 

Recently Peters and Loewen(88)have leached 

copper minerals in pGrchloric acid solutions 

using moderate pressures of oxygen and have 

obtained a different solid state transformation 

'product from Bornite. Bornite was leached in 

1 M acid at 125°C and a pressure of 95 psig 
oxygen for 30 minutes and for 6 hours. X-ray 

diffraction patterns of the residues indicated 

that both chalcocite and covellite were present 

with no evidence of any residual bornite left 

after 30 minutes of leaching_ Two transforma-

tion reactions were proposed: 

Cu5FeS4 ÷411÷4.02 = 4CuS±Cu2+÷Fe2÷÷2H2 0 (1.2.18) 

Cu5FeS4 	211±4.102 = Cu2 S+3CuS÷Fe2++H2 0 (1.2.19) 

These results were thought to be consist-

ent with the thermal behaviour of Bornite. 

When bornite is heated in the temperature 

range 80°  to 150°C, digenite is rapidly formed 

but decomposes below 105°C to give chalcoite 

and covellite. 

l.2.2. Leaching of Chalcopyrite, CuFeSz:  
Chalcopyrite is the most abdundant of the 
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copper-iron sulphides and also the most difficult 

to leach by conventional hydrometallurgical 

techniques. For these reasons a large body 

of work has been amassed over the years on 

the dissolution of chalcopyrite in many 
different solvents and on methods of improving 

its dissolution rate in these solvents. 

The leaching studies can be placed in five 

main groupings: 

(1) Bacterial leaching; 

(2) Leaching at high pressures and temperatures, 

usually in the presence of oxygen, 

using either acidic or ammoniacal 

solutions; 

(3) Leaching at atmospheric pressure using 

aqueous solutions of chlorine,, ferric 

salts and cyanide salts, as well as 

nitric, sulphuric and hydrochloric 

acids; 

(4.) Leaching of the chalcopyrite after 

'activation' of the ore or concentrate. 

.The 'activation' usually involves an 

oxidative roast, or reaction at high 

temperature with copper, sulphur, 

hydrogen or iron, or thorough grinding. 

This produces an ore more amenable to 

conventional leaching agents; 

(5) Electrochemical dissolution by the 

application of an electrical current 

to a cell in which one of the electro-

des is made of chalcopyrite (usually 

the anode). 

The various alternatives for the treatment 
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of chalcopyrite have been extensively reviewed 

by Ferreira(12), Dutrizac and Macdonald(18) 

Dasher(85)  Roman and Benner(86)  Wadsworth(87) 5 	 1 	 1 

Subramanian and Jennings(89)1  and paynter(98Y  

Corransetal(99)  andTuovinen(2°61Lve discussed 

the practical and theoretical aspects of 

bacterial leaching and Kruesi et al(100)  describe 

an electrochemical process for converting 

chalcopyrite concentrates to pure copper,. 

However since the present work is 

concerned with the direct leaching of sulphide 

minerals in acidic solutions,only the studies 

that can be placed in group (3) will be dis-

cussed in the following survey, 

Jackson and Stickland, (101)  andGroves 

and Smith(97), have studied the dissolution 

of chalcopyrite in aqueous chlorine solutions, 

Jackson and Stickland found the reaction rate 

to be controlled by mass transport, the ore 

becoming coated with a layer of a sulphur -

sulphur monochloride mixture, Groves and Smith 

used sodium hypochlTite as the source of 

chlorine and found the reaction to be: 

CuFeS2 	8,5012 + 8H20 	Cu2+  Fe3+ 	2804 2-  

+ 16H++ 1701 (1,2,20) 

The sulphate to copper ratios were less 

than the theoretical value of 2,0, varying 

from 0,92 to 1,88 due to the formation of 

elemental sulphur, 

Klets and Liopo(102)leadhed a chalcopy-

rite sample with a ferric chloride solution 

and assumed the reactions taking place to be: 
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CuFeS2 	4FeC13 = CuCl2 	5FeC12 ÷ 2S°  (1.221) 
8S 	+ 6112 0 	= H2 S3 OG ÷ 51125 	(1 .2 .22) 

CLI.C12 4- H2 S 	= CuS+2HC1 	 (1.2.23) 
CuC12 	FeC12 ÷2112 S = (CuS .FeS) ±4}1C1 	(1,2 .24) 

More recently Haver and Wong(103)leached 
a chalcopyrite concentrate .in a ferric chlor-
ide solution containing 212 g Fe3+/litre and 
found that the optimum conditions for the 
reaction were a high temperature (106°C), and 
a fine grind (nearly 100% - 325 mesh) and a 
FeC13/CuFeS2 weight ratio of 2.7. Most of the 
copper was in solution as Cu+  indicating the 
reaction to be: 

CuFeS2 	3FeC13 ---> CuCl 4FeCl2 + 2 SP  (1.2.25) 

Ermilov 	et a1(104) considered the reaction 
to be: 

CuFeS2 	4FeC13 = CuC12 	5FeC12 + 2S (1,2 .26) 

The rate was first order with respect to 
the FeC13 concentration and the parobolic 
reaction rate was thought to be due the prog-
ressive thickening of the sulphur layer on 
the particles surf ace. 

Ferric chloride is known to be a better 
oxidising agent for copper sulphides than 
ferric sulphate 	Uchida et al(92)found that 
copper in chalcopyrite was hardly extracted 
by leaching with dilute ferric sulphate solut-
ions. In comparable experiments with a 
leaching solution of 0.01N sulphuric acid 
and 0.414Fe3+ , 40% of the copper from bornite 
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was leached out in two weeks compared with 

only 4 - 5% of the copper from chalcopyrite. 

In 1969, Dutrizacet al(105)conducted a 
thorough study into the kinetics of dissolution 

of synthetic chalcopyrite in acidic ferric 

sulphate solutions using rotating discs of the 

mineral. The stoichiometry of the reaction 

was determined as 

CuFeS2+2Fe2(SO4)3 = CuS044-5FeSO4+2S° 	(1.2.27) 

In a solution containing 0.11 M Fe3+  and 

0.1M H2SO4  at 7000, both the synthetic chal-

copyrite and a natural chalcopyrite gave a 

linear relationship between the dissolved 

copper and the square root of time, indicating that 
the dissolution kinetics were parabolic (Fig.9(a. 

The difference in magnitude of the leaching 

rates was thought to be due to the larger true 

area of the synthetic material and the presence 

of impurities in the natural chalcopyrite. 

An increase in temperature in the range 

50'to 94°C resulted in a faster dissolution 

rate with parabolic kinetics being observed 

over the whole temperature range. The insen-

sitivity of the rate.to the acid concentration 

and the speed of rotation of the disc, together 

with a calculated activation energy of 17+3 

. kcal/mole, led the authors to postulate that 

the rate was controlled by a diffusion process. 

The dependence of the leaching rate on 

the ferric ion concentration below 0.01 molar 

(Fig. 9(b)) led to the conclusion that b6low 

0.01M Fe3+  the rate controlling' step was the 
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(b)Effect of-Ferric ion concentration on the rate of 

copper leaching from synthetic Chalcopyrite at 80°C, 

250 rpm, in 0.1M H2SO4  solutions. Dutrizac et al(105) 
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inward diffusion of Fe3+  through a layer of 
allphur. Experiments using variable amounts 
of ferrous sulphate in the solutions suggested 
that above 0.01MFe3+  the rate controlling step 
is the outward diffusion of ferrous ion through 
the sulphur layer. 

Lowe(96)leached ground and sized samples 
of chalcopyrite with ferric sulphate solutions 
in a continuous flow reaction cell under a 
nitrogen atmosphere. The stoichiometry of the 
reaction was as in equation (1..2.27). From 
the rate equations the dominant dissolution 
mechanism was suggested to be surface-reaction 
controlled chemisorption (as in mechanism C, 
equation 1.2.14). 

Ferredra (l2)synthesised two forms of 
chalcopyrite, Am. cubic P-form of composition 
CuYeS 1.83.and an a form, apparently tetragonal, 
with a compositin of CU l  .12  Fe l  .09S2 , having 
about 10.7% excess Cu and 8.3% excess iron over 
the stoichbnetric CuFeS2 	Crushed samples of 
these materials were leached in acidic ferric 
sulphate solutions, hydrogen peroxide and 
hydrochloric acid. 

In acidic ferric sulphate solutions, the 
dissolution of 3-chalcopyrite was significantly 
affected by temperature (Fig. 10(a)). The 
leaching reaction was characterised by three 
stages. The first stage of the reaction; in 
which about l7.5% of the copper and a small 
amount of iron was removed, was sensitive to 
temperature and very inaccurate approximations 
gave 7'2: 3 kcal.mole-1 for the apparent 
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activation energy. The rate of copper diss-

olution was increased by a reduction in particle 

size but was unaffected by increasing the 

ferric ion concentration from 0.01 to 0.03.1'1 

The amount of copper dissolved was proportional 

to the initial weight and the final metal to 

sulphur ratio in the solid residue was 2 : 2 

compared with the initial 2 : 1.83. 

The rate of the reaction seemed to be 

controlled mainly by the diffusion of copper 

atoms to the solid-liquid interface with a 

resultant contraction in the unit cell, shown 

by the variation in the d-spacings of the 

solid residues as the copper was removed 

(Fig. 11). 

Rate curves for the second stage of the 

reaction (20% to 30-35%) approached linearity. 

The Arrhenius plot for the activation energy 

gave two distinct lines which indicated that 

a homogeneous reaction was favoured at high 

temperatures (above 65°C) and a heterogeneous 

reaction at low temperatures, the respective 

values for the activation energies being 20 

kcal/mole and 1.5 kcal/mole. 

Figure• 11 shows that an abrupt collapse 

of the p-structure occurred in this stage with 

the d-spacings becoming much smaller than was 

found for later samples. 'Recovery' was not 

complete until 31.5% of the copper was removed 

and at this point the solid had d-spacings 

corresponding very closely to those of a-
chalcopyrite, and had a composition of CuFe1.262.3 
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The third stage (>35% copper removed) 

was the chemical reaction of CuFe 1.2 S 2.3  

to produce elemental sulphur, which coated 

the residue, reducing the rate of reaction 

which was linear until about 60% of the copper was 

removed, The residues with above 35% of the copper 
removed showed no appreciable variation:of the d-

spacing values. No rate curves were determined below 

800C since the reaction proceeded very slowly. 

From these resultsFerreira devised a 

mechanism for the dissolution in teems of 

charge balance by considering the oxidation 

stakes for the elements in CuFeS183  to be: 

Cu+  Fe20 +34 	0 Fe3+66 S1.83 	• ,, 4/  i e 3 	of the iron ° 
is in the form, 

Fe2+ 

In the first and second stage of leaching 

about 34% of the copper _wasremoved, and Ferrea 

considered that an electron transfer occurs 

within the solid, to keep charge neutrality, 

in the form of the ferrous iron being oxidized 

to ferric iron. Since 19% of the iron and 

15% of the sulphur was also removed, this led 

to'a final theoretical compositir,n for the 

solid at the end of the second stage of 

leaching of Cu+ Fe3+ 	S2- 1.227 2.3405. 

This agreed well with the composition 

CuFe 1.2S2.3  found by analysis of the solid 

residues. 

Hence Ferreira expressed the two initial 

stages of p-chalcopyrite leaching by the 
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equations: 

2.30 Cu_FeS 83 	.574-Fe2 (SO4 )3 
0.47 CuSO4  + 1.25PFeSO4  + 1 .83CuFe 1  .2 S 2 •3 

(1.2.28) 

and the third stage by: 

CuFe 1.2S2.3  + 2.2Fe2 (SO4)3 
CuSO4  + 5.6FeSO4 + 2.3S° 	

(1.2.29) 

The leaching experiments on the a-chal-

copyrite (Cu1 .12 Fe1.09S2) with acidic ferric 

sulphate solutions showed that the rate of 

copper removal was slower than that of p-
chalcopyrite under identical conditions (Kg. 

10 (b)). The storage time of the a-chalcopy-

rite affected the leaching rate apparently 

due to the diffusion of the excess copper 

over the stoiclionetric (10.7%) to the surface 

of the synthetic material. 

A leaching experiment conducted after 

14 months of storage showed that 11 - 12% of 

the copper was easily removed and subsequently 

the behaviour of the near to stoichiometric 

solid was very similar to natural chalcopyrite, 

dissolving by the reaction: 

CuFeS2 + 2Fe2 (SO4 )3 = CuSO4  +5FeSO4  +2S (1 .2.27) 

with no change in composition or lattice 

parameters. 

Increasing the ferric ion from 0.01M to 

0.1M did not mffect the initial removal of the 
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excess copper, thus supporting the diffusion 

mechanism. Firm conclusions could not be 

drawn for the subsequent reaction because of 

the greater hydrolysis of the iron at the 

higher concentration. 

Ferreira noted that although the residues 

of 0-chalcopyrite after 30 - 35% of copper 
dissolution had a structure very similar to the 

a-form, the leaching rates inFe3+  were quite 

different, the residues from 0-chalcopyrite 

leaching much faster. This led Ferreira to 

conclude that the relative proportions of the 

elements in the lattice structure seem to 

play a more important role than the structure 

- itself. 

On leaching the a-chalcopyrite with 

10-1N hydrochloric acid at 80°C, Ferreira 

found the, rate of copper dissolution to be 

much faster than when using acidic ferric 

sulphate solutions at 95°0. This was thought 

to be due to the formation of the CuCl2 - 

complex. The effect of chloride ion on the 

dissolution rate was shown by adding 0.1 mole 

of NaCl to the ferric sulphate leaching run. 

Figure 12 shows the immediate increase in the• 

dissolution rate. 

Dutrizac et al(106) using acid solutions 

containing 0;1M Fe3  and 6 gm/litre NaCl at 

80°C on rotating discs of synthetic and nat-

ural chalcopyrites, found the presence of 

NaCl increased the copper extractions by factors 

ranging from 1.6 to over ten times. However 

in column leaching studies the same authors 
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found that the NaC1 accelerated the dissolut-

ion only at temperatures above 50°C, and had 

an inhibiting effect at lower temperatures. 

Munbz-Ribadeneira and Gomberg(107)have 

considered the use of a sodium chloride-

sulphuric acid leach solution, in conjunction 

with fracturing an underground ore body by 

nuclear explosives and recovering the copper 

by 'in situ' leaching. The data indicated 

an appreciable dissolution of the copper in 

a reasonable leaching time, The dissolution 

rate was found to be first order with respect 

to the copper concentration and proportional 

to the one third power of the chloride ion 

concentration in the range 0,05N to 1N, 

Baur, Gibbs and Wadsworth(108)studied the 

leaching kinetics of the initial stage of 

chalcopyrite dissolution in sulphuric acid 

solutions using radiochemical techniques. The 

amount of copper dissolved increased with 

increasing strength of the sulphuric acid 

solution in the pH ranges 4.60 to 0,28. The 

rate curves showed an initial period of fast 

dissolution lasting a few minutes, then a 

'plateau' region lasting up to ten minutes 

and thirdly. a second period of lesser rate 

than the first, 

The rate of the initial copper extraction 

followed first order kinetics, and the rate of 

the third stage was also approximately linear 

at room temperature, Both rates were essent-

ially independent of pH between 1 and 2.5, 
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The removal of oxide layers could 

account for the first order kinetics of the 

initial dissolution stage, if the layers are 

thin. However Baur et al found that iron was 

dissolved at a much faster rate than copper, 

which led them to suggest that the first order 

kinetics could be 'explained by the saturation 

of the lattice with vacancies due to the 

formation of iron depleted surface layers by 

the overall reaction: 

4Fe3+  (lattice) + CuFeS2 	4 Fe Q++ 12 e 	5Fe2t.i.  ou2++ 2S0 

vacancy +ye 
electron 
hole 

(1.2.30) 

At room temperature a relatively large 

increase in the amount of copper dissolved for 

a small initial increase in the amount of 

oxidant added was characteristic of this type 

of oxidation when the oxidant was ferric ion 

or dichromate ion. Hexavalent chromium 

additions in 'the range 0 to 0_0103 moles Cr6+ 

produced a more striking effect than did ferric 

ion in the range 0 to 0.69 molar. Addition of 

hydrogen peroxide also,  produced a dramatic 

increase in the amount of copper dissolved but 

gaseous oxygen additions at room temperature • 

did not produce any measurable increase in 

the range 0-0.84 atmospheres partial pressure 

of 02 

Figure 13(a) shows the results obtained 

with oxygen at various temperatures at a pH 

of 1.25. The rate of the Initial dissolution 

process increased with temperature giving an 

experimental activation energy of approximately 
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4.8 kcal/mole. The second rate process, 

beyond the plateau value is clearly not linear 

and the rate was found to increase with increas-

ing oxygen partial pressure. Baur suggested 

that this process followed mixed surface plus 

transport kinetics, a aMblination of diffus-

ion of oxygen through a deposited sulphur 

film and a surface reaction at the chalcopyrite-

sulphur interface: 

02 + 4H+  + 4e = 2112 0 	(1.2.31) 

The activation energies were 12.5 kcal/ 

mole for the linear process and 10.2 kcal/mole 

for the diffusion process. The effect on the 

leaching rate of additions of ferric sulphate 

to the sulphuric acid solution at 85°C and 

pH1.25 are shown in Figure 13 (b). The results 

for 0.392M ferric sulphate fitted a parabolic 

equation but lower concentrations fell off at 

longer periods of time due to depletion of 

ferric sulphate in the solution. 

The authors Concluded that the rate of 

dissolution was dependent on the diffusion of 

ferric ion through a deposited sulphur film, 

resulting from the anodic dlssolution of 

chalcopyrite according to the reaction 

CuFeS2 	Cu2+ + Fe2+ + 2s°  + 4e-  (1.2.32) 

With consumption of ferric ion by the 

balancing cathodic reaction: 

4Fe3+ + 4e 	= 4Fe 2+ 
	(1.2.33) 
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The parabolic rate constant for this process 
increased with Fe3+  concentration at low concen-
trations and then levelled off above 0.01 
molar due to the formation of strong sulphate 
complexes of the fo.um FeSO4 +  and Fe(SO4)2 -. 
The activation energy for the ferric ion 
diffusion was about 20 kcal/mole in fair 
agreement with the value of 17 kcal/mole obt-
ained by Dutrizacet al. 

From the results of this study it appears 
that transport through a layer of sulphur (and 
possibly basic iron sulphate) is rate contro-
lling and not charge transfer processes in 
the surface reaction. This was confirmed by 
Baur et al who measured the potential of a 
piece of chalcopyrite against a standard calomel 
electrode as the chalcopyrite dissolved and 
showed that the electrode potential changed 
markedly"during the dissolution, but did; not 
seem to effect the leaching rate. 

Recently Prater et al(109) 
1 and Habashi 

(110) have used nitric acid as a leachant 
for chalcopyrite. Prater et al investigated 
the most effective conditions for tb_e diss-
olution of a chalcopyrite concentrate with • 
the conversion of sulphur to the elemental 
form and the precipitation of iron as hydro-
gen j2rosite. Their reaction may be summar-
ised: 

6CuFeS2 +10E1103 +10112  SO4  = 6 CuSO4 	10NO 
12S°  + 3Fe2 03 .4S03 .9112 0 ÷ 6112 0 	(1.2 .34) 
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Increased temperature, addition of 
H2 SO4  and higher nitric acid concentrations 
increased markedly the rate of copper extract-
ion but decreased the elemental sulphur yield 
due to oxidation to the sulphate form. 

Jarosite precipitation was optimized by 
a high pH, high temperature, high percent 
solids and reasonably high sulphate concentr-
ations. Initially the pH rose due to the 
reaction: 

6CuFeS2 + 2211103 + 9H2 SO4 = 6CuSO4 + 3Fe2 (504 )3 

	

+22N0 + 6S°  + 20H20 	(1.2.35) 

This rise is halted briefly by the 
hydrolysis of iron: 

6Fe3+  + /45 04 	+ 14H2 0 = 3Fe2 03 .4S03 .9H2  0 + 10H+  
(1.2.36) 

. Excessively high =03 concentrations 
increased the reagent consumption due to the 
production of NO2 gas instead of NO, and 
increased e oxidation. Decreasing the con-
centration from 50 to 20% cut =03 consumption 
in 'half while doubling the yield of S0. 

Habashi represented the dissolution of 
chalcopyrite by nitric acid by the equation: 

3CuFeS2 + 2011103 = 3Cu(NO3 )2  +3Fe(NO3 )3 +10112 0 

	

+ 6S° + 510 	(1.2.37) 

with oxidation of the elemental sulphur to 
sulphate: 
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21-m03 	s ---> 1-12  SOk 	2NO 	(1.2.38 ) 

Copper recovery increased with increasing 

time, acid concentration and temperature. With 
dilute acid (7.5% HNO3 ) the elemental sulphur 

recovery increased with increasing time and 

temperature up to 100°C, but with more con-
centrated acid (60% HNO3 ) the amount of 

sulphur initially formed decreased with increas-

ing time and temperature. Even under the most 

favourable conditions, however, the recovery 

of elemental sulphur did not exceed 50%. 

The dissolution of iron followed that of 
copper although 80 - 95% could be precipit-
ated as an oxide by leaching under pressure 

at 110 C, or leaching at ambient pressure 

with sufficient acid for the reaction to occur 
as follows: 

• 6CuFeS2  + 22HNO3  = 6Cu(NO3 )2  + 3F X03  + 12So 

+ lONO + 11H2 0. 

(1.2.39 ) 
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1.3. 	Effect of the Presence of Impurities on the 

Leachingof 

It is obvious that many physical and 

mineralogical factors will play an important 

part in the leaching behaviour of a particular 

mineral. Among the factor's that Pr,-isser(8) 

considered may have an effect on the chemical 

reactions of minerals were crystal structure, 

texture, surface orientation, polycrystallinity, 

porosity, inclusions, dislocations, impurities, 

and non-stoichiometrys Other authors have shown 

the important effects of point defects(111) 
7 

cold work and alloying additions(112)
2 non-

stoichiometry(113) impurity ions(114) and light 

intensity(115) on the dissolution of minerals 

either due to catalytic activity or a change 

in the soli&-state electronic properties of 

the semiconductor minerals. Gerlach et a1(116)  

have demonstrated that there is a direct conn-

ection between the leaching behaviour of a 

mineral and the atom spacings in the solid • 

matter lattice, while Warren and Roach(117)  

have explained the 'accelerated type of leaching 

often found with goethite and hematite as due 

to the anisotroiic dissolution of the minerals, 

the ba91, or near lasal, plane having been 

shown to be the most rapidly leached. 
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Despite the fact that the presence of 

impurities may have a marked influence on the 

dissolution of a particular mineral, most 

leaching studies have used either concentrates 

or samples containing various amounts of other 

minerals. To gain a better understanding of 

the dissolution mechanisms operative during 

leaching,pure, synthetic, minerals have often 

been used 	(section 1.2). 

It is only recently that attempts have 

been made to study the effects produced by the 

presence of other minerals on the leaching 

behaviour of certain minerals, and to what 

extent electrochemical (galvanic) mechanisms 

can explain the observa.tions.(13) 

. It was first suggested in 1830 by Fox
(118) 

that certain ores might act like metals in 

galvanic combinations. Skey(119)first called 

attention to the accelerating or retarding eff-

ect of one sulphide mineral on another in 

chemical changes, when the two are in contact. 
020) 

Gottschalk and Buehler experimentally demonst- 

. rated that the rate of oxidation of sulphides 

increased when dissimilar ones were mixed, 

showing similar cathodic-anodic. relationships 
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as in the corrosion of metals. Finding a 

close relationship between the electrode pot-

entials and the relative rates of oxidation of 

sulphideminerals,they arranged the minerals 

according to their measured electrode poten-

tials in a series analgous to the electrochemical 

series of metals, thus providing a link between 

the electrode potentials and the oxidation 

reactions of sulphide minerals. 

A feature of this and subsequent series 
0.3) 

• (reviewed by Wright) is the noble behaviour 

ofpyrite (FeS2 ). Gottshalk and Buehler(120)  

noted that the presence of rite accelerated 

the dissolution of both galena and sphalerite 

provided that the sulphides were in electrical 

contact, while, more recently, Majima(121)  

has shown that its presence also accelerates 

the dissolution of chalcopyrite in aerated 

H2 SO4  solutions at room temperature: Tills is 

of importance in hydrometallurgical processes 

sincepyrite is a very common gangue material 

in most ores. 

A galvanic (or electrochemical) mechanism 

requires that the different sulphides be in 

good electrical contact. This condition is 
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only partially satisfied when diluted slurried 

ores are used since the particles touch at just 

a few contact points which must be frequently 

broken by the agitation of the medium. Dutrizac 

et al(122)mixed pure synthetic bornite and 

chalcopyrite with predetermined amounts of a 

second sulphide phase and pressed the mixes 

into pellets to ensure good contact between 

the grains. The pellets were formed into 

sintered discs and leached by rotating the 

discs at 200 rpm in acidified ferric sulphate 

solutions containing 0.1MFe34-  and 0.1M H2 SO4  

at 70°C and 15°C. 

It was shown that addition of relatively 

large amounts of Cul .8S. or FeS2  (up to 10% for 

the Cul .8S and 25% for FeS2 ) had no significant 

effect on the rate of copper extraction from 

the bornite at 70°C, but chalcopyrite additions 

of up to 25% decreased the rate slightly. (Fig 

14(a)). This was thought to be in accordance 

with control of bornite dissolution by mass 

transportlacross a liquid boundary layer adjacent 

to the disc. Addition of inert material would 

. reduce the active disc area and thus decrease 

the dissolution rate slightly . CuFeS2  can 

be considered inert since it dissolves so 
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slowly and the FeS2  is inert with respect to 

copper dissolution, while Cu1 .8S dissolves as 

rapidly as Cu5FeS4  and obviously is not inert. 

At 15°C, none of the impurities, Cut  .8S, 

CuFeS2  and FeS2 , had a major effect on the 

dissolution rate (Fig. 14(b)). For volume 

percentages of up to 25%, the Cul .8S and CuFeS2  

had almost no effect, while FeS2  appeared to 

increase the rate of copper extraction. This 

accelerating effect was thought to be due to 

thepTite assisting the mass transfer of the 

reagents to the bornite surface, although the 

fact that the rest potential of pyrite  is 

positive with respect to bornite suggests that 

pyrite would also encourage the bornite diss-

olution if the rate were controlled by a 

galvanic process. 

Dutrizac et al(123)have also copsidered 

the effects of bornite, cubanite, galena, 

molybdenita, sphalerite, stibnite and barite 

on the dissolution rate of chalcopyrite using 

the same experimental techniques as above. 

The leaching tests were carried out in 0.1M-

Fe3±, 0.1MH2SO4  solutions at 80°C at a disc 

speed of 200 rpm. Preliminary experiments 
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showed that none of the added sulphides 

exerted a significant effect on the rate of 

CuFeS2  dissolution when not in contact with it. 

In separate slurry leaching experiments 

using a ground chalcopyrite ore, it was also 

determined that the presence of 50 mg/1 of 

any one of Se, Te, As, Sb, Bi or Mo in the 

initial leaching solution had no significant 

effect on the dissolution of the chalcopyrite. 

Experiments using ,:orious amounts of 

barite (natural BaSO4 ) were undertaken to show 

the effect of an inert filler on the dissolut-

ion rate of a chalcopyrite disc. The addition 

of barite caused the CuFeS2  dissolution rate 

to'decrease slightly, this decrease being 

simply explained by the reduction of the area 

of CuFeS2  available for leaching. Figure 15 

shows the effect of the inert filler as well 

as the effect of the presence of other sulph-

ide impurities. 

Bornite in contact with the chalcopyrite 

. produced a substantial increase in the total 

amount of dissolved copper but the presence 

of cubanite (CuFe2 S3 ) had little net effect 
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(Fig 15(b)). The chalcopyrite-bornite mixtures 

appeared to dissolve slightly more rapidly than 

the weighted sum of the dissolution rates of the 

pure sulphides while the chalcopyrite - cubanite 

mixtures behaved almost additively. 

Sulphides other than those of copper 

exhibited both accelerating and inhibiting 

effects on the rate of dissolution of chalcopy-

rite. The presence ofpyrite accelerated the 

dissolution by a factor of three. These obser- 

• vations were explained by a galvanic mechanism 

by assuming that the surface of the pyrite is 

kinetically favourable for the reduction of 

ferric ion to the ferrous state: 

4Fe3+  + 4e = 4Fe2+ 	(1.3.1) 

with the reaction at the chalcopyrite as foll-

ows: 

CuFeS2 	Cu2++Fe2++So+4e- (1.3.2) 

The flow of electrons is completed through 

the sulphides. All compositions studied con-

tained discrete grains of pyrite and clearly 

there is the good electrical'contact between 

the phases necessary for a galvanic corrosion 

mechanism. 



- 97 - 

The effect of galerla (PbS) was also con-

sistent with a galvanic mechanism (Fig 15(c)). 

The potentials of galena  and chalcopyrite 

indicate that the chalcopyrite should be oath-

odically protected and the galena anodically 

dissolved. This was borne out by the pellet 

containing 25% galena dissolving only about 

1/3 as rapidly as would be expected if the 

galena were just an inert impurity, and by the 

observation that the galerla grains were heavily 

coated with lead sulphate which is formed 

during the dissolution of lead in sulphate 

solutions. 

The results obtained for ZnS-CuFeS2  were 

erratic and depended on the iron content of 

the sphalerite. The presence of high iron 

sphalerite slightly retarded the chalcopyrite 

dissolution rate but small amounts (10%) of 

low - iron sphalerite have a slight benefic-

ial effect on the dissolution rate. These 

results seemed to be generally consistent with 

a galvanic mechanism for dissolution if one 

took into account the change in potential of 

the sphalerite with change in iron content. 

WhenstRnite (Sb2  S3) and chalcopyrite 
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were sintered the sulphides reacted to form pyrite 

and tetm.hedrite (Ou12Sb4 S13 ). The increased 

dissolution was explained by the presence of 

the noble sulphide, pyrite,and the fact that 

tetiahedrite appeared to dissolve more rapidly 

than chalcopyrite. Finally, the results obt-

ained with molybdenite were unexpected (Fig. 

15(d)). According to the potentials the 

molybdenite should have greatly suppressed the 

chalcopyrite dissolution rate. In fact, the 

rate increased. In the presence of 10%MoS2 , 

the rate was about twice that which would be 

expected if the molybdenite were just an inert 

filler. It was concluded that either the 

molybdenite - chalcopyrite mixtures do not 

follow the galvanic mechanism during dissolut-

ion or that the reported rest potential for 

molybdenite is in error. 

Other work on the leaching of sulphides 

with solid. additives, both sulphidic and non-

sulphidic, has been reported in Japan. Kunieda 

et al(124)have studied the hydrometallurgical 

oxidation of ZnS in aqueous solutions ofH2  SO4  

in the presence of CuS, Pb02 . The main dissol-

ution reaction of ZnS in the acid solution 

was a type of H2 S.evolution. The dissolution was 
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accelerated and elemental sulphur produced 

when CuS, Pb02  or graphite was added to the 

ZnS. As these additives have a higher poten-

tial than ZnS, the following galvanic reaction 

was thought to be wholly or partly incorporated, 

in the dissolution of the zinc sulphide: 

The anodic reaction 

ZnS = Zn2+ + So + 2e, 	( 1.3.3.) 

and the cathodic reaction 

+ 2-02  + 2e = H2  0 	(1.3.4) 

. (125) Iwal 	studied the interaction of 

sulphide particles of ZnS and PbS suspended 

in dilute H2 SO4  solutions. The experiments 

were carried out at 25 - 70°C, pH 0.5-2, 

0.2-0.5N sulphide, air pressure of 1 - 2 1/m.in 

and an agitation speed of 600 rpm. The main 

dissolution reaction of both the ZnS and PbS 

was H2 S formation. However for ZnS and PbS 

suspensions the reaction occurred in two 

stages : in the early stages of dissolution 

the ZnS dissolves and the acid dissolution of 

the coexisting PbS is repres'Sed. After some 

time the dissolution of ZnS is repressed and 

the dissolution (If PbS begins. The repress-

ion of the ZnS dissolution was explained by 
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the formation of sulphur layers on the 4AS 

particle surface. 

In their work on the initial-stage sul-

phuric acid leaching kinetics of chalcopyrite 

which has already been described (see section 

1.2.2), Baur et al(108)considered the effect 

of metallic additions on the dissolution 

mechanisms of chalcopyrite and the importance 

of cathodic reactions of sulphide minerals. 

Half-gram samples of three finely divided 

metal powders (silver, copper and iron), were 

added to 2 gram samples of chalcopyrite in 

the usual experimental procedure. The results 

obtained were explained in terms of the 

standard electrode potentials of the metals. 

Age + e: = Ag°  E°  = 0.799V 

Cu2+ + 2e Cu° E°  = 0.340V 

Fe2+ + 2e = Fe° E°  = 0.409V 

The silver couple is more positive, 

copper somewhat less positive and iron much 

less positive than chalcopyrite, whose best 

value was found to be 0.462 volts. 

At 27°0, and a pH of 1.251  the presence 
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of silver metal produced practically no increase 

in the amount of copper dissolved. This was 

as expected because the couple Ag°/CuFeS2  

does not increase the anodic voltage suffic-

iently for the discharge of oxygen by the oxid-

ation of water and the consequent increase 

in oxygen concentration on the mineral surface 

which would result in an increased dissolut-

ion rate. 

Metallic iron additions produced a de-

crease in copper concentration for about 10 

minutes followed by a rapid increase after 

about 30 minutes. This was explained as due 

to the cathodic dissolution of the chalcopy-

rite instead of the usual anodic dissolution 

(see equations 1.2.32 and 1.3.2). The iron 

has a lower potential than chalcopyrite 

producing, on contact, a negative overpotent-

ial causing the reaction: 

2CuFeS2  + 2e-  = Cu2 S + 2Fe2-1-  + 3S2-  (1.3.5) 

In the presence of H-1- , the S2-  reacts' thus: 

362- + 6H+ = 3H2 S 	(1.3.6) 

The anodic reaction is 

Fe°  = Fe2+ + 2e- 
	(1.3.7). 

giving the overall reaction 

20uFeS2  + 6H+  + Fe°  = Cu2 S + 3H2 S + 3Fe2+(1.3.8) 
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which is favoured thermodynamically. 

The initial copper concentration proba'ily 

results from the usual anodic dissolution of 

CuFeS2  (equations 1.2.32 and 1.3.2.). The 

decrease in copper results from reaction with 

H2 S to form covellite CuS, and from cementation 

on the metallic iron. The Cu2S formed in 

reaction (1.3.8) seemed to dissolve in the 

usual manner to produce CuS and copper in 

solution; which was precipitated as CuS until 

the H2 S concentration was low enough to allow 

copper ion build up in the solution. 

The copper metal addition increased the 

dissolution markedly. _Neglecting the exchange 

reaction between lattice and solution copper 

ions, Baur et al cnnsidered the reactions: 

H2 S + Cu°  = Cu2 S+2H++2e-  (anodic) (1.3.9). 

2CuFeS2 +2e+61-11-  = Cu2  S +2Fe2++3H2 S (1. 3.10) 

(cathodic) 

The immediate release of copper to sol-

ution indicates that the anodic reaction of 

Cu2 S and copper is rapid enough in the 

presence of oxygen to suppress the formation 

of H2 S. The Cu2 S formed will, .in the presence 
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of oxygen, be converted to CuS giving an over-

all reaction: 

2CuFeS2  + 6Cu°  + 302  + 1211k  

= Fe2+ + 4 CuS + 4Cu2+ + 61120 	(1.3.11) 

The CuS formed would continue to react, forming 

Cu2+ and elemental sulphur. A determination 

of the paibolic rate constant indicated that 

the overall kinetics are controlled by the 

anodic dissolution of Cu2  S. 

This work illustrated the possible use-

fulness of a two stage reaction in which 

CuFeS2  is converted cathodically to Cu2S 

using metals with more negative potentials, 

followed by the anodic dissolution of the 

Cu2 S formed, using an appropriate oxidant. 
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1.4-. 	Crystal Structures. 

1.4.1. Silver sulphide: 

Silver sulphide is the most common sull_h-

ide of silver that occurs in nature. It is 

known to exist in three modifications between 

room temperature and its melting point, a 

low temperature monoclinic form (Ag2 SIII,(3-

Ag2S), an intermediate form with a body centred 

cubic structure(Ag2 SII,a-Ag2S) and a high tem-

perature form, apparently with a face-centred 

cubic structure (Ag2 SI). Two polymorphs of 

Ag2 S composition have been described as distinct 

mineral species. Argentite commonly occurs 

with external cubic morphology and displays 

characteristic twinning in polished sections. 

Acantaite has a monoclinic structure and 

morphology and is usually untwinned in polished 

sections. 

It is now known that the cubic-structure 

is never retained at room temperature, and 

these specimens are actually acanthite (Ag2  SIII, 

13-Ag2S) pseudomorphic after argentite (Ag2  SII, 

a-Ag2 S). 

(126) 
Ramsdell 	, Emmons et al(127) 

Schneiderhdan (128) and Palacios and. SIlva(129) 
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were amongst the early workers who first 

studied the crystal structures of naturally 

occurring silver sulphides. Despite its 

externally cubic morphology, Ramsdell found 

that samples of argentite did not give the 

X-ray pattern expected of a cubic structure 

but gave a pattern identical to that of acant-

hite which was at that time considered to be 

orthorhombic, Ramsdell concluded that argen-

tite must have a high temperature cubic form 

which is unstable at lower temperatures and 

undergoes molecular readjustment to become 

a pseudomorph of aaanthite. 

Evidence for this conclusion was given by 

Emmons et al who obtained X-ray patterns at 

high temperatures. Above 180°C the stable 

form of silver sulphide was found to be isom-

etric with a body-centred cubic space lattice. 

From this they concluded that all silver sul-

phide at ordinary temperature has the same 

space lattice as acanthite and is probably 

orthorhom bic, the externally isometric natural 

crystals of silver sulphide (agentite) being 

formed at temperatures above 180°C and be-

coming acanthite paramorphs at lower temper-

atures. 
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This conclusion was supported by optical 

work of Schneiderhohn who compared the behav-

iour of argentite with that of chalccbite: 
-mo r o 

(orthorhombic) 12-m-Ag2S(isomet- 
ric) 

Corthorhombic)211 a-Cu2S(isometric)' 

Palacios and Silva (1931) made both powder 

photographs and spectro graphic measurements 

from the face of an argentite crystal. From 

the latter they obtained a 'split' reflection, 

the two parts corresponding to interplanar 

'spacings of 2.45 and 2.39 a respectively. 

They correlated the first value with a cubic 

lattice, and assumed that the second pertained 

to the orthorhombic modification. Identical 

X-ray power photographs were obtained from 

argentite, acanthite and artificial material, 

and indicated a mixture of cubic and orthor-

hombic crystals below 180°C, but above this 

transition point only the cubic form was evid-

ent. Thus according to their interpretations 

of .the data, both the high and the low temper-

ature modifications are present in all samples 

of silver sulphide at room temperature, the 

unit cell dimensions of the cubic form being 

a = b = c = 4.90 ¶ and those of the apparently 

orthorhombic being a = 4.77, b = 6.92,c=6.88a. 

(3-Argentite 

p-Chalcaidte' 
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An X-ray investigation by Ramsdell(130) 

indicated that the low temperature form cf 

silver sulphide (acanthite) is in actual fact 

monoclinic. The previous assignment of acan-

thite to the orthorhombic and cubic systems on 

the basis of morphology and X-ray data, were 

both explained by the pseudo-orthorhombic and 

pseudo-cubic character of the actual monoclinic 

cell. The close correspondence of the inter-

facial angles with those of systems with higher 

symmetry (i.e., cubic form) is due to the cell 

dimensions, and the occurrence of crystals with 

apparent orthorhombic symmetry is due both to 

cell dimensions and to the effect of polysyn-

thetic twinning. 

The X-ray investigation using Weissenberg 

(CuKa radiation),.Laue and Powder techniques, 

gave the following data for the monoclinic 

celli 

a= 9.47R 	b= 6.92R 	c= 8.28R 

a : b : c 	1.368 : 1 : 1.96 

Csin;"3 	• 	= 6.86; 	p = 124°. 

Probable space group B21/c (C11) 

The cell volume was calculated to be 

1119.8R3  with eight Ag2S moles per unit cell. 
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On this basis the calculated density was 7.27 

compared to literature values of 7.22. Poly-

synthetic twinning //e to the 001 plane was 

observed on all crystals. 

Kracek,(131)in studying the phase relat-

ions in the sulphur-silver system, studied the 

transition in silver sulphide from room temper-

ature to the melting point at 838 - 2°C, There 

are two transitions, each of which occurs at 

variable temperatures over a limited range of 

composition. The mean temperatures for the 

lower transition Ag2SIII (monoclinic) -4-- Ag2S-

II (body-centred cubic) are 177.8°C in sulphur 

rich and 176.3°C for silver rich preparations; 

for the upper transition Ag2SII 	Ag2SI 

they are, respectively, 622°C and 586°C. This 

incorporation of limited excess of sulphur or 

silver ions in the respective lattices was 

thought to be due to the semi-conducting prop-

erties of the substarice and the inherently 

disordered lattice structures, especially that 

of the Ag2SII modification. 

The structure of this Ag2SI1 modification 

(agentite,a-Ag2S) was determined by Rahlfs(132)  

from four lines on a powder photograph taken 
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at 250°C. It was described as a body- 

centred cubic structure in which the sulphur 

atoms occupy the corners and centre (000;  in-) 

of a 4.88 5. cubic cell, and in which the silver 

atoms are statistically distributed in 42 

possible positions. (Figure 16(a)). Hence the 

structure is, according to this view, ordered 

with respect to sulphur ions, and disordered 

with respect to silver. 

0_33) 	• 
Djurle in an X-ray study of the Ag - Cu - 

S system considered the phases occurring at 

the composition Ag2 S. The two transition tem-

peratures for Ag2  S were found to be in complete 

agreement with the work of Kracek, and allthree 

phases Ag2 SIII,Ag2SII, Ag2SI were identified 

using Guinier and high temperature X-ray 

cameras. The ADS= phase (acanthite, (3-Ag2 S) 

gave a monoclinic unit cell with the following 

lattice parameters: 

a = 9.53l, b. 6.925;  C = 8.278a(±0.00.5R) 

and p = 123± 0.1.0°, in good agreement with the 

values of Ramsdell. 

The Age  SII phase (agentite, ccAg2  S) had a 

body centred cubic structure in accord with the 

work of Rahlfs. The cell edge was determined 
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(b) 

(c) 

FIGURE 1~ (a) Structure of Cf.-lj.g~S tlargo circlos, sulphur 

atoms). Rahlfs(13 )~ 
tl» StJ~ucture of aC2l1thito (~- AS

2
S) 0 Projection 

inc1ined 20
0 

to '1)' ().:;:is(' D2,rk circles :rcpr-

asent sulphl~ atoms, liGht circlos silver 

atomso Fruoh(135). 

t c) StI'uc-turo of the ~ -form acco:. ... cling to a unit 

cell of the (J. -form t largo circles, sulphu:r 

atoms)e Sad~:.naga und Sucno(137). 



at various temperatures: 

at 189°C = a = 4.870 ) 

300°C = a = 4.890 ) 	± 0.0088. 

500°C = a = 4.926 ) 

which were in good agreement with the value 

of 4.888 at 250°C given by'Rahlfs. 

A powder photograph of the AgaSI modific-

ation was taken at 600°C. Only one line of the 

pattern could be seen due to the very high 

background blackening. But since all the other 

high temperature phases of the Ag-Cu-S system 

were face-centred cubic with /220/ as their 

strongest diffraction line, and with regard to 

the suspected isomorphism of the highest temp-

erature modifications, the one line for the 

Ag2 SI phase i;Tas indexed as /220/ of a face-

centred cubic lattice, with the cube edge 

a = 6.269 	0.020a.' 

Frueh (134)obtained three lines of d-spaC-

ings 3.7_72., 2.2d and 1 ,8l9A from the X-ray 

diffraction of a AgaSI sample using a high 

temperature powder camera at 	These can 

be indexed either as the (100), (110) and 

(111) planes of a simple cubic cell of a=3.171i, 

or as the (200), (220) and (222) planes "of 
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a face centred cubic cell of a = 6.34R. 

However, allowing but one formula weight of 

Ag2S per unit cell, the calculated density et 

12.84 makes the simple cubic cell unlikely. 

On the other hand, the face-centred cubic cell 

of 6.348 edge could contain 4 formula weights 

and have a density of 6.42, which is a little 

less than the measured density of the room 

temperature form (7.2). Hence this seems to 

confirm Djurle's assumption that the Ag2 SI 

form is face-centred cubic. 

Frueh (135)  redetermined the cell constants 

of the A2  SIII modification ((3-Ag2S) after 

adopting a primitive cell related to Ramsdell's 

cell by 4,-012- /010/i01-.. The constants were 

obtained for a sample of naturally occurring 

acanthite by the Buerger precession technique 

using MoKa radiation. The space group of a 

single crystal of P-Ag2S was found to be mon-

clinic P21/n; the cell constants were determ-

ined a s a = 4.23, b = 6.91R, C = 7.87R, p 

99°  35'. There are 4 (Ag2 S) per unit cell 

which has a volume of 226.88. 

The structure of acanthite was described 

by Frueh with the sulphur atoms.arranged in a 
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slightly distorted body-centred cubic array 

(Figure 16(b)) with one of the twofold axes of 

the cube palallel to a1151  the 2, axis of the 

monoclinic space group. The faces of this 

sulphur cube lie in the (103), (121),(121) 

planes and the average cell edge length is 

4.868. One of the Ag atoms lies either a 

little above or a little below the plane, and 

is triangularly coordinated to three sulphurs 

at 2.50R, 2.618 and 2.69.E respectively. The 

other Ag atom lies half way between the planes, 

and links them together by having one close 

sulphur in the plane above and one in the 

plane below at 2.498 and 2.52R. 

Other interatomic••distances were found to 

be: 

Atom Neighbour Distance 

Ag1 Ag1 3.41; 3.56; 3.57 

Ag11 3.04; 3.12; 3.14; 3.19 

S 2.49 ; 2.52; 3.07 

Ag11 Agi  3.15; 3.73. 

S 2.50; 2.61; 2.69 

S S 4.08; 4.09; 4.15; 4.19 

Thus according to Frueh acanthite has in 

common with the high temperature form agentite 
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(a - Ag2 S, Age SII) a body centred cubic arrange-

ment of the sulphur atoms, although the arrange-

ment of the silver atoms in the two polymorjhs 

is quite different. 

Bragg and Claringbull(136) using the 

work of Frueh, have attempted to explain the 

confusion arising from the apparent cubic form 

of Age S, argentite, which exists at room 

temperature. On cooling, any one of the six 

E._10,  axes of the high temperature fo.um may 

become the a_lg axis of the acanthite structure. 

Hence the high temperature crystal is converted 

into an aggregate of twinned crystals of low-

temperature form with the same approximate 

body centred cubic sulphur structure in common 

orientation in all the twin domains, thus re-

taining the original cubic morphology. It is 

these apparent cubic crystals that have been 

named argentite by mineralogists. 

Sadanaga and SuenO(137)conducted an X-ray 

study on the a - p transition of Age S to follow 

the progress of twin formation. A refinement 
lie. 

of the structure of ),low temperature form was 

'first carried out.This gave lattice constants 

of a = 4.23l, b = 6.93, c = 9.526 and p.125°29' 
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with a space lattice group of P21/C instead of 

P21/n, determined by Frueh, due to a change of 

the c-axis to the Em direction of his axial 

setting so as to facilitate the correlation of 

the structure with that of Ag2SII form in the 

subsequent study of the transition (Figure 16,(a. 

In other respects the two Ag2SIII structures 

are essentially the same. 

The interatomic distances can be compared 

with those of Frueh(135)- 

Ag1 	- 	Ag1 	3.35 3.58 3.58 

Agil 	3.08 3.11 3.11 3.20 

S 	2.47 2.51 3.47 3.83; 
Agli- 	Agli 	3.12 3.73 

- 	S 	2.56 2.54 .2.70 2.99 

S 	- 	S 	4.13 4.14 4.15 4.23 

From this structure and heat treatments 

of specimens, the authors followed the progress 

of twin formation in the transition Age SIII 

Ag2SII. It appears that as the temperature 

rises, the Ag2SIII structure makes the first 

approach to the Ag2SII form by giving itself 

more marked cubicity through the change in the 

0-angle; at the next step simulates the symmetry 

of the high temperature form in short ranges in 
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the crystal by twinning;and finallY,at the 

transition temperature,rearranges into parallel 

orientation the twin individuals which have been 

derangn by rotations, p~rhap s by the function of 

active grain boundaries. 

This progression of twin formation with 

increasing temperature prior to the inversion 

temperature is confirmed by work of Taylor(138 ) , 

who observed twinning in an AfS2S sample on heat-

° . ing well below 177 C. This twinning was pre-
C} 

. served upon subsequent cooling~temperature. 

+ + ° Twinning occurred at 156 - 2, 168 - 3 C,the 

latter sample having a very similar appearance 

to a sam~le heated above the inversion temper

ature at 185 ± 2°C. However no twinning was 

observed at i400 C after heating for 1 month. 

The results cast doubt on the use of the 

presence of twinning in A~S as an accurate 

temperature indicator in geological processes. 

1.4.2. Stromeyerite 

Three sulphides of silver and coppe~ are 

known to exist, stromeyerite CU1 +x Ag S,jalpaite 
1-X 

CU Oe45 Ag,e5S S, and mckinstryite Cu oe8 Ag, e28. 

Stromeyerite has long been recognised as' a 
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distinct mineral species but it is only rec-

ently that jalpaite and mckinryite have been 

conclusively identified in nature. 

At first it was thought that stromeyerite 

was a compound with a definite 1 : 1 ratio 

between silver and cuprous sulphide. Schwartz 

(139)prepared stromeyerite synthetically by 

compressing these proportions of powdered 

Ag2 S and Cu2 S and subjecting the compressed 

pellets to subsequent heat treatment. It was 

found that stromeyerite can be quickly and 

easily made by temperatures as low as 75°C. 

The synthetic stromeyerite when made at temper-

atures above 100°C showed the bladed or 'oleander 

leaf'structure observed by many authors in 

natural ores(166).  Schwartz showed that this 

bladed structure is due to an inversion in 

crystal structure at 93°C. Specimens of 

natural stromeyerite and that formed at low 

temperature also showed the structure on 

exposure to the heat of illumination by arc 

light under the microscope (see section 5.4-). 

However, with the theoretical proportions 

for a 1 : 1 mixture of Ag2 S and Cue   (60.89 

and 39.11 wt.% respectively), Schwartz found 

that silver was present as an additional phase 
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in many instances. 

Suhr(14°)used single crystals of stropay-

erite to obtain crystal data by the Weissen-

berg and Precession techniques with Cu radiat-

ion. The unit cell was determined to be 

orthorhombic with the cell constants a = 4.06k, 

b = 6.66 .E and c = 7.99R giving a cell volume 

of 215.550 containing 4 CuAgS. The space 

group symmetry was determined as either Cmc21 - 

(C12) or Cmcm(D17) 2V 	2n .  

In experiments on the Ag2 S-Cu2 S system 

Suhr prepared samples containing various 

proportions of Ag2 S and Cu2 S by com pressing 

the mixtures into pellets and heating at 

various temperatures for various lengths of 

time. Suhr noted that in samples prepared for 

the atomic proportions. Ag :Cu 	S of 1 : 1 : 

1, a trace of jalpaite , Ag3 CuS2  detectable 

by X-ray diffraction, appeared with the strom-

eyerite. When atomic proportions Ag : Cu : 

S of 0.9 : 1 • 1 : 1 was used, a diffraction 
••• 

pattern of stromeyerite alone was produced. 

It was suggested that stromeyerite was either 

a defect structure with a deficiency of silver 

atoms (holes substituted for silver), Or'a 

structure in which some copper atoms occupy 

silver positions. 
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The possibility of a defect structure 

with up to 0.1 of the Ag atoms missing was 

suggested by Frueh(141).  This work confirmud 

the unit cell dimensions and space group repor-

ted by Suhr, using single crystals of stromey-

erite and the Buerger precession technique with 

Mo radiation. The unit cell contains Ago  Cup, 

Sy with each element occupying four-fold special 

positions. The Ag is at 000; 002, 220 and 

iia. The Cu and S atoms are at 0y1/4, 0Y3/4, 

11 
	

/4, and 22-y3/4, where the y parameter for 

Cu is 0.46 and for S is 0.80. 

The structure (Fig 17 (a)) is essentially 

made up of zLg - alg- chains of silver and sulp-

hur atoms paralleling the c-axis.. The,planes 

parallel to (001) are composed of layers of 

loosely packed face-centred silver atoms alter-

nating with layers of triangularly coordinated 

sulphur and copper atoms. The silver-sulphur 

distance in the chain is 2.40. which is iden-

tical to that found in similar silver-sulphur 

chains in proustite (Ag3 AsS3 ) and pyrargyrite 

(z3SbS3). The silver-sulphur-silver bond angle 

ib about 113°  and the sulphur-silver-sulphur 

bond angle is 180°. In the copper-sulphur 

layers each copper atom has two sulphur atoms 
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a 406A 

b 666A 

(a)  

(b)  

(c) 

FIGUR7= : (a) The structure of stromeyerite. 2?rueh(141) • 
of stromeyerite projected on (b) The structure 

(001), the 'c 

(c) The structure 

the 1 b' axis, 

1  axis. Brazg and Claringbull(136) 

of acanthite projected on (010), 

B - - and Clarinc;ull(136)0 
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at 2.20 and one sulphur atom at 2.26R. This 

planar copper-sulphur layer is much like that 

in covellite where the sulphur copper distance 

is 2.20. 

Fraeh obtained evidence for a defect str-

ucture for stromeyerite, in agreement with the 

experimental findings of Schwartz and Sthr , 

by a limited application of the electronic 

theories of the metallic state to stromeyerite. 

If stoichiometric (CuAgS), stromeyerite would 

have eight valence electrons for every three 

atoms, or an e/a, ratio of 2.66. This does not 

exactly fill any of the principal Brillouin 

zones and it seems likely that the principal 

zone, which determines .the valence band, will 

be filled to capacity and t1.e excess electrons 

of the s:boichometric compound must be accomm-

odated in the conduction band at a homier energy 

level. 

Fraeh suggested that it may involve less 

of a total energy gain to omit electron-contri-

buting atoms from the structure rather than to 

'accommodate these extra electrons at the higher 

energy level. For the structure of stromeyerite 

the removal of a silver atom would involve less 
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bond breaking and consequent energy gain than 

if a copper or sulphur atom were removed (two 

bonds compared to three and five bonds resp-

ectively). The removal of 0.1 of the silver 

atoms would reduce the e/a ratio to 2.63 en-

abling all the electrons to be accommodated 

within the principal zone. Hence Frueh sugges-

ted a more accurate formula for stromeyerite of 

Agi_x CuS where x has some value between 0 and 

0.1. 

In a later work, Frueh(142)proposed that 

the presence of an impurity atom in a vacant 

site in the structure of a non-stoichiometric 

compound may relieve, to some degree, the 

local strain in the structure caused by the 

vacancy, anal thus make this impure compound 

the one of lower energy. The electrons of this 

impurity atom would probably lie in an impurity 

level somewhere between the top of the valence 

band and the bottom of the conduction bend, 

From the structure of stromeyerite it is 

evident that the copper positions are quite 

distinct from the silver positions, both,in 

co-ordination number and in bond lengths. 

Therefore the copper can be considered as an 

impurity when it proxiesfor silver in the 
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structure. From these considerations Fit eh 

therefore proposed that the non-stoichiometric 

composition Ago.93Cul .o7 S, as found by Djurlc(133)  

was the stable one; because when the impurity 

copper atoms, whose electrons lie in an impur-

ity level below the conduction band, are sub-

stituted for the silver atoms, less energy is 

involved than the energy necessary to lift the 

electrons of the silver atoms from the valence 

band to the conduction band. 

In an X-ray study of the Ag-Cu-S system 

Djurle(133)found three modifications at the 

composition 
Ag 0.93C111•07 S. The examination revealed 

two transition temperatureS, the lower one at 

. 90°C (compared to 93°C - Schwartz) and ,the 

upper one at about 180 C. The Guinier photo-

graph taken at room temperature gave an orth-

orhombic cell with cell constants of a = 4.066 

0.002R, b = 6.628 ± 0.0038, c = 7.972 

0,0048 - which can be compared with those of 

Suter 

The modification above 90°C was indexed 

hexagonally, giving a unit cell content of 

2Ag .93Cul .07S and the dimensions: 
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at 100°C 

and . 
at 152'C 

a = 4.138'10.004R 

c = 7.105±0.0078 

a = 4.158±0.004R 

c = 7.068220.007a 

)  
) °/a = 1.983 

c 
/a = 1.963 

The high temperature modification was con-

sidered to have a face-centred cubic unit cell 

with a cell content of 4Ago .93 C111 .07 S and the 

following cell constant: 

at 196°C a = 5.961 ) 
) 

300°C a = 5.973 	) 	0.009R 

500°C a = 5.993 	) 

The study of Skinner(143)was in complete 

agreement with Djurle's observations on the 

stable phases, with stromeyerite being more 

copper-rich than CuAgS but retaining the 2 : 1 

metal/sulphur ratio. He found that a stoichio-

metric stromeyerite CuAgS could be produced by 

annealing a charge of this composition at 

temperatures below 93.3°C. Evidence was also 

found to indicate that stromeyerite had a meas-

urable composition range, extending from CuAgS 

towards Cu2S but not significantly towards 

Ag2S, and enclosing the compositions Cul  .1 0Ag0.9S 

and Cut  .07Cuo.93S proposed by Suhr and Djurle, 

respectively. Hence Skinner considered a more 

correct representation of the composition would 
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be Cu.i.x.Ag i_xS where 0 < x < 0.1. 

Bragg and Claring bull(136)have compared 

the structure of stromeyerite with that of 

acanthite. The similarity may be seen by 

projecting the stromeyerite along the C axis 

as in Fig. 17(b) and projecting the acanth-

ite structure along the b axis as in Fig.17(c). 

The layers of sulphur and copper atoms, with 

each copper lying between three sulphur atoms 

at an average distance of 2.28R, are very 

similar to the sulphur-silver layers in acan-

thite, and these layers are linked together 

by silver atoms (with a silver-sulphur distance 

of 2.40R) halfway between them, again in much 

• the same way as in acanthite. The numbers in 

the structure refer to heights of atoms above 

the face of the unit cell along the axis of 

projection in hundredths of the projected unit 

cell edge. 

1.4.3 	Jalpaite 	- The formula for Jalpulte has 

been written in various ways and its existence 

as a distinct mineral species has, at times, 

been discredited. However recent work has 

verified its existence in nature with the 

formula AD ,o Cut  ,o S2 .0.(1 44) 
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Despite earlier descriptions of the mineral 

by many authors, the work of Schwartz(139)on 

the relations of the mineralsargentite, strcm-

eyerite and chalccd:b tended to throw doubt on 

the existence of jalpaite as a distinct miner-

al. Mixtures of the approximate composition 

attributed to jalpaite (Ag2S = 83.37%; Cu2S 

17.63%) were heated at various temperatures 

but none of these specimens revealed a compound 

or mineral species distinct fromamentite and 

stromeyerite. Schwartz's observations would 

suggest that many so called jalpaites are solid 

solutions of Cu2 S and Age S, 

However in his investigation of the 

Ag2S - Cu2S system using the chemically pure 

elOments, Suhr(140)identified a distinct phase 

at AZ7 5CU2 5 S50 , corresponding to the mineral 

Jalpaite, and Djurle(133)identified by X-ray 

diffraction a definitetrnary phase of compos-

ition Ag1 .550110.45S which he assumed to corres-

pond to the mineral Jalpaite. 

The phase had two transition temperatures, 

-a lower one at 112°C and the upper one at 290- 

'310°C. The low temperature modification is 

tetragonal with a body centred unit cell with 
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the dimensions, at room temperature of: 

a = 8.673 ±0.004a, C = 11.756 	0.006a 

e/a = 1.355. 
At 105°C, the values become: 

a = 8.725 ± 0.009a, c = 11.74 ± 0.01R 

The density, calculated frOm the cell constants, 

assuming 16 Ag1 .55Cuo.45S per unit cell was 

6.8g/cm3  in good agreement with the measured 

density of 6.9g/em3. 

At 112°C the phase transforms into a body-

centred cubic lattice with a cell constant 

that varies with temperature as follows: 

at 116°C a = 4.825 ) 

152°C,a = 4.836 ) 	± 0.005R 

300°C a = 4.870 ) 

The cell volume is 1/8 of that of.  modification 

III indicating 2Ag1 .55Cu0.45S as the cell 

contents. 

For the high temperature modification only 

two lines of the X-ray pattern could be dis-

cerned due to the high background blackening. 

These two lines were given indeces consistent 

with a face centred cubic lattice, since all 

the other high temperature modifications in the 

Ag - Cu - S system could be indexed on this 
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basis. 

The cube edge at three different tempei- 

atures were as follows: 

300°C a = 6.110 ) 
) 

400°C a = 6.123 ) ± 	0.0068 

500°C a = 6.140 ) 

A cell content of 4Ag1 .55Cuo.45Sis consis-

tent with these cell constants. 

Skinner(l43)also  established the existence 

of jalpaite having a composition of Ag1 .55Cuo.45S. 

The JalpaLte inverted at 117°C to a bcc phase 

identical with azentite, an observation in fair 

agreement with the 112°C observed by Djurle. 

Grybeck and Finney(l/1/1 )reported on new 

occurrences of jalp3ite in natural ores and 

undertook extensive studies of the physical, 

chemical and structural properties of the min-

eral. The specimens were analysed far silver 

and copper by wet chemistry. Within the acc-

uracy of the analyses, there seems to be little 

doubt that the jalpaite corresponds to the 

'composidon Ag3CdS2 	The discrepancy between 

these analyses and the Ag1 .55Cup..45S of Skinner 
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and Djurle cannot be fully explained but it 

was suggested that it could be due to a solid 

solution field tending towards copper deficien-

cy from the 'ideal' formula Ag3CuS2 1  similar to 

the silver deficiency indicated for stromeyerite 

(Agi...x Cui+xS) (section 1.4.2). 

Crystal fragments were used to determine 

the unit cell using data from precession and 

X-ray powder photographs. The jalpaite was 

found to be tetragonal, space group I41  /amd 

with a = 8.633 and c = 11.743R. The unit cell 

contains eight Ag3CuS2 giving a calculated 

density of 6.827 compared to the observed 

value of 6.820. This single crystal investig-

ation confirmed the tetragonal system and unit 

cell dimensions originally presented by Djurle. 

The X-ray powder patterns of the natural jalpaite 

were essentially the same as Djurle's synthetic 

Aga .1Cuo.9 S2 .0. 

At the moment no data is available on the 

distribution of the silver and copper in the 

jalpite structure for comparison with the 

other Ag-Cu-S minerals. 
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,4. McKinstryite: 

This is the most recent of the silver-

copper-sulphides to be identified in nature. 

The existence of a new compound between acanthite 

and stromeyerite was first recorded in the work 

of Suhr (140). Djurle(133)found a stable phase 

of composition Ag1  .2Cuo.8S which he denoted as 

p. He observed two transition temperatures, 

one at 95 to 99°C and the upper one at 120 to 

143°C No indexing of the diffraction patterns 

of the lower temperature phases (3III and pii 

was attempted but the X-ray pattern of the 

high temperature phase (3I was indexed as der-

ived from a face-centred cubic lattice, in 

common with the other high temperature modific-

ation's in the Cu - Ag - S system. The edge of 

the unit cube was found to be: 

at 151°C a . 5.999 ) 
) 

300PC a = 6.015 ) 0.006R 

500°C a = 6.042 ) 

This is consistent with cell content of 

4Agi.2  Cuo .8 S . 

Skinner(143)identified a similar compound 

in his .studies on the phase relations of the 

' Cu - Ag S sytem. He found that the compound 

Ag1  .2Cuo.8S, broke down at 94.4.°C, in fair 
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agreement with Djurle's observations, to a 

mixture of jalpaite plus a hexagonal close 

packed phase with a composition (Cu o.96Ag i .c14)S. 

The compound was first identified as a 

mineral in 1966, and was named McKinstryite(145) 

The formula indicated by analysis is slightly 

more copper rich than Cu 0.8 Ag 1 .2S, calculat-

ing to Cu o .82 Ag 1 .185, leading the authors 

to suggest that the formula should be written 

Cu o 	x Ag .2-x SI  where OZ x < 0.02 

X-ray diffraction patterns showed that the 

natural mineral was identical to Djurle's p-
phase and to the phase identified by Skinner. 

Single crystal X-ray diffraction studies 

by the Buerger precession method established 

that the symmetry of Mckinstryite is orthor- 

hombic, space group Pnam or Pna21 	The cell 

edges determined by this method were a 

13.992, b = 15.662 and c = 7.80 	On refine- 

ment, using X-ray diffraction data measured 

against CaY2 as an internal standard with a 

high angle goniometer, the cell constants were 

determined as a = 14.043 ± 0.0052, b = 15;677 

0.0062, c = 7.803 	0.005 R. 
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The calculated cell occupancy was 32 formula 

units of 0u0 •82  Ag1 .18S using a cell volume of 

1717.8 ± 0.8R3, a molecular weight of 211.7 

and a specific gravity of 6.61 ± 0.03. 

The similarity of spacings and intensit-

ies between some of the strong lines for strom-

eyerite and mckinstwite led the authors to sus-

pect that the two compounds might have certain 

structural elements in common. Stromeyerite, 

like mckinstyite, has an orthorhombic cell. 

According to Djurle(133)the dimensions of the 

stromeyerite cell are a = 4.0668, b = 6.6288 

and c = 7.9728, space groupCmcm.. The possibil-

ity of a structural relation between strom-

eyerite and mckinstc5ite is further supported by 

an apparent dimensional relationship between 

the two cells such that 

a mckinsbuite (14.0R) = 4d(110)stromeyerite(13.9R) 

c mckinstyite (7.88) = d(130)stromeyerite(7.8R) 

b mckinstyite,(15.7R) = 2c stromeyerite (15.9R). 

The net defined by the (110), (130) and c 

of stromeyerite is very nearly orthogonal. The 

slight changes necessary to bring the stromey-

erite and mckins-*ite nets into orthogonal 
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register could probably be accounted for by 

very slight changes in the general atomic 

positions in the mckinstyLte cell, relative to 

stromeyerite, and consequent to the composit-

ional difference between them. 

A further natural occurrence of mckinstryite 

was reported by Robinson and Morton(146) 

Electron probe microanalyses --fealed an average 

composition of Cuo.72Agi-28 S0  . 	silver rich 

domains existing within the mineral. This 

mckinstyite had less copper, an excess of 

silver and a deficiency in sulphur compared to 

that of Skinner et al.(145)  The results sugg-

ested a generalised formula of Cuo  .8__xAg1  .2+x  - 

Sl_y where both x and y are relatively. large. 

The silyer attained values of as high as 1.38 

formula units in some samples, but in some 

specimens of low silver, a formula of Cuo.79Agi *21- 

S0 .93  was obtained. 

The orthorhombic unit cell parameters 

were determined as: 

a = 13.962 It 0.001. 

b = 15.675 ± 0.0028 

c = 7.755 ± 0.002. 
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This gave a cell volume of 1697.2 ±0.30 

which with a molecular weight of. 212.8 (for 

011.0.772Agi -27880-906)  and the observed density 

of 6.64 ± 0.04, gave a calculated cell occup-

ancy of 31.9 ± 0.4 formula units in good 

agreement with Skinner et al, although the 

cell volumes are significantly different. 

The authors considered the non-stoich-

iomety of the mckinst.yite as either due to a 

deficiency of sulphur or an excess of silver 

(Cuo.8Agi  .41 S). The specific gravity determ-

inations suggest that the former case is most 

probable. The defect was presumed to be a 

type of Schottky defect whereby some of the 

anion sites in the lattice are vacant. Elect-

rical neutrality must be maintained by a cert-

ain amount of metallic bonding probably taking 

place with the silver. However, as far as is 

known, no crystal-structure investigation has 

yet been performed on mckinstyite. 

1.4.5. Structure of Bornite. 

Morimoto and Kullerud(147)  studied the 

_polymorphism in bornite and confirmed the 

' existence of two stable forms and one trans-

itional metastable form. A non-quenchable 
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face-centred cubic form with a = 5.50 ± 0.01R 

is stable above 228 - 5°C. A metastable cubic 

form, with a = 10.948, appears on rapid cooling 

from above this temperature, but within days 

this inverts to the stable low temperature 

tetragonal polymorph with cell dimensions a = 

10.94.E and c = 21.88R. 

According to Morimoto(148) the crystal 

structure of the high temperature form is 

essentially the antifluorite structure, only 

.slightly more complicated. The sulphur atoms 

occupying the nodes of the cubic face-centred 

lattice with a = 5.50R are cubically close 

packed. Each tetrahedron of sulphur atoms on 

the average contains 3/4 of a metal atom. 

This fractional atom is itself statistically 

distributed over 24 equivalent sites inside the 

sulphur tetrahedron. In the whole cell, six 

metal atoms are statistically distributed over 

24 x 8 = 192 sites. 

The metastable form is transitional bet-

ween the high temperature form and the low 

temperature form. According to Mo.rimoi3D the 

cubic arrangement of the metastable form is 

a result of the twinning of a large number of 
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small domains in eight different orientations. 

All the domains that have the same orientation 

constitute one crystal, even if they are not 

singly connected.. Each such crystal has rhombo - 

hedral symmetry witharh_ = 6.70R and a = 33°321: 

These eight crystals are in twin relations. 

The structure of therhombohedral form 

can be derived from that of the high temperature 

form. The statistical distribution of 3/4 

of the metal atom among 24 possible sites 

'inside each sulphur tetrahedron changes to the 

statistical distribution of one metal atom 

among four possible sites. The structure can 

be described as a layer structure parallel:  to 

(0001), with two kinds of sulphur layers, MI , 

nil  and Mill. The S1  layers are sandwiched 

between the Mil  and 11111  layers, while the S11  

layers only have the MI  layers on orate side. 

A study of the structure of the low temp-

erature form of bornite based on the structure 

of the rhombohedral form determined by Ilrimote 

was carried out by Manning(149) in a paper on 

the bonding properties of sulphur in bornite. 

By assuring that some of the M-S1  bonds were 

ionic (non-coordinate), Manning concluded that 

M
1 ' 

M
11 , and M111 are the three kinds of metal 1aworso 
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the S atoms must be 4-coordinated i.e., tet/a-

hedrally coordinated. 

This fits into practice well since in the 

rhombohdral form the MI -S1  and the three Si -Mill  

are oriented tetrahedrally'and the S11  atoms are 

alsotetrahedrally coordinated (to one N111 

and three 	atoms). In this theory the 

atoms are bound by electrostatic forces and 

this accounts for the high coordination number 

of both the Si  and S11  atoms (7 and 5-coordinate 

respectively). 

Manning indicated that the bornite stru-

cture can be likened qualitatively to a sph-

alerite-type skeleton containing layers of 

ionically botnd interstitial .  atoms. Taking 

the sphalerite-bornite analogy one step furth- 

er, he said that the 'interstitial' 	ionic 

Mil  atoms in bornite would seem to be Cu(I) 

because the preferred coordination of Cu(I) • 

is tetrahedral. The remaining Fe and Cu atoms 

are therefore distributed among the MI  and Mill  

sites. 

,Manning proposed to write the structure 

as: (Cu3FeS4)2-2Cu+ 
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Electrical measurements have shown that 

bornite has the properties of a semiconductor. 

Therefore Cu+  must partake in the tetrahedral 

coordination of the sphalerite-type skeleton. 

The electronic configuration of the free S 

atom is 3s23p4 so that two additional electrons 

can make up the four tetrahedrally oriented 

electron pairs. He said that the spha:itrIto 

type skeleton of bornite is'therefore one of 

Cu(I) and Fe(III). 

This sphalerie-type skeleton (Cu3FeS4) 

of bornite can be derived from the structure 

of chalcopyrite (CuFeS2 ) by replacing four 

(0 2  3/4) iron atoms with copper atoms. 

1.4.6. The Structure of  ChalcuzELLa 
0 

. The low temperature, a- form of Chalcopy-

rite has a complicated tetrahedral structure 

which is essentially a super lattice on that 

of zinc blende. The- sulphur atoms occupy the 

same sites as in zinc blende while the copper 

+ iron atoms are to be found on the former Zn 

sites, arranged in an orderly way. Thus each 

sulphur atom is surrounded by Lur metal atoms, 

two copper and'two iron, at the corners of a 

nearly regular tetrahedron, while each metal 
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atom is similarly surrounded by four sulphur 

atoms. 

Its unit cell is an elongated tetragonal 

prism containing four molecules, with dimens-

ions, according to Pauling and Brockway (150)  

of a = 5.24R and c = 10.30R. The doubled c 

compared to the a axis is an expression of the 

wAy atoms alternate with one another in the 

metallic planes normal to this axis. A recent 

refinement of the crystal structure of chal-

copyrite gave the following crystal data(151)  

Formula: CuFeS2  

Space group : I42d (No.122) 

Cell dimensions: a = 5.289, c = 10.423 

Interatomic distances: 

Cu-S =.2.302, Fe-S = 2.257 

These metal-sulphur distances are significantly 

closer than those reported previously e.g., 

from Pauling and Brockway: Cu-S = 2.32R, Fe-B 

2.208. Stereochemical evidence also indic-

ated that the structure exists in strong 

covalently bonded configuration which has an 

effective ionic state between Cu+ Fe3+S2 2- 

and Cu24-Fe24-62 2-, in agreement with the sugg-

estions of other workers(150, 152, 153)but at 

variance to Frueh's approach in terms of zone 

theory(154). A unit cell model of the structure 

is shown in Figure 18. 
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(a) 	 (b) 

FIaTqj.A : (a) Unit cell model showing crystal structure 

of ChalcoDyrite all and Stewart (151) 

(b) Interatomic bond lengths and anglos of 

each atom in Chaloonyrite. Hall and 

Stewart(151). 
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1.5. 	Phase Relations. 

1.5.1. 	The Cu - Ag - S System. 

The phase relations in the Cu - Ag - S 

system have been studied using synthetically 

(133, 139, 140, 143) prepared materials 	and by 

investigations into the mineralogy of natur- 

ally occurring silver deposits(155) • As 

mentioned earlier, Schwartz(139)synthesised 

stromeyerite from Ag2 S and Cu2 S but cast doubt 

on the existence of jalpaite 	Several 

experiments were made to determine what 

extent Cu2 S and Ag2 S are soluble in eachother. 

From the X-ray studies it seemed that consid-

erable solubility occurs at both ends of the 

system Cu2 S - Ag2 S. The general limits seem 

to be about 20 per cent Cu2 S soluble in Ag2 S 

and 15.per cent Ag2 S soluble in Cu2S, before 

a second phase, stromeyerite, appears. 

Suhr(140)prepared samples with composit-

ions from .fIcanthite Ag2 S to chalcocite Cu2  S 

from the chemically pure elements by compress-

ing mixtures'into pellets and heating. -The 

resulting X-ray diffraction data contradic-

ted the findings of Schwartz in that no • 

appreciable substitution for copper sulphide 

in silver sulphide or silver sulphide in 
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copper sulphide occurred. At the composition 

of Ag95Cu5S50 , jalpaite and a trace of free 

silver appear with acanthite, while at Ag5 Ou95S50  

stromeyerite, copper and unidentified phase 

'B' appeared with no chalcocite. Suhr also 

found that the stromeyerite and jalpaite have 

very limited solid solution fields. Two 

unknown compounds A and B were found. A 

copper-rich compound (B) between chalcocite 

and stromeyerite, and a silver rich compound 

(A), later assumed to be the same as Djurle's  

(3-phase and called mckinstzdte (section 1.4.4). 

( Djurle 133).  identified three tenary phases 

Ag1 .55.Cu0.45S,Ag1 .2 Cu0 .8S,and Ago. 9 3 C111 • 0 7 S 

and indicated that the modifications above 

the highest transition temperatures (290-310°C, 

120-143°C and 180°C respectively) all belong 

to a face centred cubic phase (AgCu)2 S. From 

the data obtained from many Guinier powder 

photographs Djurle constructed a phase dia-

gram for room temperature (20°C). 

Skinner(143)conducted the most extensive 

investigation into the Cu - Ag -  S system 

and found his observations to be in complete 

agreement with those of Djurle. The phases 
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identified by Skinner at 25°C are listed 

below: 

Phase  formula Crystallography 

   

Covellite, cv 

Digenite, dg 

Djurleite, dj 

Chalcocite, cc 

Jalpaite, jp 

Stromeyerite, strm. 

P-phase(mokinstryite 

P 

Acanthite, ac 

CuS 
	

Hexagonal 

Cut  . 8  S 
	

Isometric 

C111 *9 6 S 
	

Low symmetry 

Cu2  S 	Orthorhom bic 

Cuo  . 2, 5  Agi  . 5 5  S Tetragonal 

Cut 	B Orthorhombic 

) , 

Cuo  . 8  Agi  .2 S Orthorhombic 

Age  S 	Monoclinic 

Skinner found that the solubility limit of 

Ag2 S in chalcocite was 1.87 ± 0.37 mole% 

Ag2S at 63°C. The stable assemblages ,in the 

ternary system at room temperature are shown 

in Fig 19(b). Native silver is in equilibrium 

with chalcocite, stromeyerite, P(mckinsbvite), 

jalpaite and acanthite. The two phase field 

Ag + chalcocite forbids the existence of Cu 

with stromeyerite, jalpaite, P(Mokinstvite), or 

acanthite. The join chalcocite-stromeyerite 

forbids the existence of elither Cu or Ag with 

bjurleite, or covellite. In the sulphur.  rich

assemblages, covellite coexists stably with 

digenite, stromeyerite, P(Mckins-*ite), jalpaite 
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and acan±hite. Native sulphur can coexist 

stably only with covellite or acanthite. 

The only known ternary compounds of Cu, 

Ag and S lie along the composition join Cu2 S-

Ag2 S and a detailed examination by Skinner 

of this binary join elucidated many of the 

essential features of the ternary system at 

higher temperatures. No quenching procedure 

was discgve2oa which allowed the retention 

of high temperature phases at room temper-

ature, however it was possible to determine 

most of the essential phase relations by a 

careful, high temperature X-ray diffraction 

study and by examination of the distribution 

of low temperature breakdown products in 

quenched samples. The structural changes 

and inversion temperatures at the comocsitions 

of stromeyerite, jalpaite and mckinstryite 

have been reported in previous sections and 

Skinner interpreted the results by the phase 

diagram as shown in Fig 19(a) for the Cu2 S-

Ag2 S join. 

The high temperature phase relations 

in the system Cu-Ag-S are dominated by the 

phase fields of three solid phases with 

extremely wide compositional ranges. 
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Each of these three phases is characterised 

by a distinctive kind of ordered sulphur lattice 

within which a disordered array of cations is 

distributed over a number of possible sites. 

There is a hexagonal close packed structure 

type (hcp) similar to that of high chalcocite, 

a face centred cubic structure type (fcc) 

similar to that of high digenite and a body-

centred cubic structure type based on that of 

the Ag2 SII modification, a-Ag2 S, of silver sul-

phide. 

As the temperature is raised the general 

phase relations do not change markedly from 

those at 25°C. The h c p phase first appears 

at 67°C and following the breakdown of Djurleite 

o, al, 93°C, the etromeyerite inversion at 95.3°C 

and the chalcocite inversion at 103.5°C, it 

exists as a broadfield form Cu2  S to Cu0 .96 -  

Ag1 .04 S. The inversion of digenite to an f c c 

structure is completed at 83°C, and above the 

chalcocite inversion temperature a f'c c field 

around the digenite composition is in equil-

ibrium with the broad h c p field. A second 

f c c field appears at 119°C at a composition 

of 44 mol% Cu2  S + 56 mol% Ag2  S producing a 

stable assemblage of two f c c fields which 
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remains stable up to an unknown temperature 

above 420°C, at which the two f c c fields 

merge. 

The disposition of the lines between the 

expanding h c p, f c c and covellite fields is 

shown in Fig 19(c) for 250°C. The tie lines 

retain the same general orientation as at 

room temperature, with Ag remaining in equil-

ibrium with a h c p phase close to Cu2 S in 

composition and covellite remaining in equil-

ibrium with a b c c phase close to Ag2 S in 

composition. Two fields for the f c c phase 

have developed, one around digenite composition 

and the others along the Cu2  S-Ag2  S join, 

enclosing the compositions of both stromeyerite 

+  and p. At 525 - 25o  C the assemblage covellite 

+ b c c phase becomes unstable and is replaced 

by the assemblage S + f c c phase. The 

composition field for the b c c phase cont-

inues to shrink with increasing temperature, 

as does the h c p phase field, while the two 

f c c phase fields increase rapidly in extent 

until at 400°C they are the dominant phases 

" in the diagram as shown in Figure 19(d). 

With further increase in temperature the 
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covellite + f c c phase shrinks rapidly, being 

replaced by f c c phase S, until by 510°C, 

just above the covellite breakdown, only 

small b c c field remains and liquid suJ1phur 

is in equilibrium with a broad band of f c c 

phases 'whose fields stretch from CQaS to Age S. 

After the inversion of b c c sulphur rich 

argentite at 622°C,a broad f c c field extends 

as a belt across the ternary diagram. Both 

Cu and Ag remain as stable solids. 

The first appearance of a liquid phase 

other than sulphur is not known with certain-

ty. The last f c c phases on the Ag-S side-

line and Cu -S sideline disappear at 838°C 

and 1,129°C respectively, and a single hom-

ogenous liquid field exists along the Cu - Ag 

sideline above the melting point of Cu at 

1083°C. 

Along both the Ag - S and Cu - S side-

lines, two regions of liquzl immiscibility 

occur, the liquids having compositions close 

to S, to Cu2 S or Ag2 S and to Cu or Ag, resp-

ectively. Skinner considered the possible 

phase relations at 1150°C to be as in Figure 

19 (e). 
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Rojkovic(155)has recently studied silver 

mineralization in a U Ni - Co - Bi -.Ag 

deposit using electron-probe microanalysis 

and microscopic techniques. The assemblages 

of the silver minerals were in good agreement 

with those found in laboratory studies. His 

measurements confirmed the composition of 

stromeyerite as Cui+x 	S and that of 

lickini- Vite as Cuo. 8 +X -A-gl ,2 X S 

Diez(156)studied the Cu - Ag - S system 

between 200 and 450°C and found four phases, 

other than the metallic phases and molten 

sulphur, which were derived from the follow-

ing phases of the binary systems Ag - S and 

Cu - S : (1) cubic Cue S, with an f c c latt-

ice of S ions; (2) hexagonal Cue S; (3) 

Ag2 S, with a b c c lattice of S ions; and 

(4) CuS, covellite. It can be seen that 

these findings are in complete agreement with 

Skinner's results. 

l.5.2. 	The_Cu - Fe - S system,  

The phase relations in this ternary 

system have been studied in great.  detail 

from 1100°C to 25°C, but it still remains 

one of the most confusing systems and many 
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questions remain unanswered. 

The tie lines between the stable pha,:.es 

at 700°C are shown in Fig. 20(b) and those 

at 25°C in Fig. 20(a). The first figure 

was taken from Yund and Kullerud(157)and the 

second from Barton and Skinner(158) Ass-

emblages consisting of two condensed phases 

are indlcated by numeral Y, and the phases 

have been given the following abbreviations: 

Phase Abbreviation Composition Crystall- 
	 ography.. 

Chalcocite cco Cu2S Orthorhombic 

Djurleite 	djur 	Cut .9 6 S 	Low symmetry 

Digenite 	dig 	Cut ,BS 	Isometric 

Covellite 	cov 	CuS 	Hexagonal 

Pyirhotite 	po 	FeS 	Hexagonal 

Bornite 	bnt 	Cu5FeS4 	Tetragonal 

Bornite 	bn 	Cu5FeS4 	Isometric 

Idaite 	id 	Cu5.5FeS6.5Hexagonal 

Chalcopyrite Cpt 	CuFeS2 	Tetragonal 

Chalcopyrite Cp 	CuFeS2(?) Isometric 

Cuta'nite 	Cbt 	CuFe2 Sj 	Tetragonal 

It should be noted that idaite in these 

diagrams has been given the formula 

Cu5.5FeS6.5 and not Cu3FeS4 as suggested by 

Sillitoe and Clnrke (1-59 	and Levy 160 
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Cu 
	 Weight per cent 

FIGURE 20 : (a) Phase relations in the Cu - Fe S system at 

25°C. Barton and Skinner(158) 

(b) Phase relations in the Cu - Fe M S system at 

700°C. Yund and Kullczud(157). 

• 
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The main features of the Cu - Fe - S 

phase relations can be described in terms 

of the three principal solid-solution ser:;es, 

a pyrrhotite solid solution field, a chal-

copyrite solid solution field and a bornite 

solid solution field (marked po, cp and bn 

in Fig. 20(13)). 

The chalcopyrite solid solution field 

extends from a composition of CuFe2 S5 (cuban-

ite) to a composition with a Cu/Fe atomic 

ratio of almost 2/1. This solid solution 

field has a tphalerite type structure and 

occurs only at high temperatures (above 

550°C). At lower temperatures the field 

separates into two roots, a chalcopyrite 

root with compounds having a sphalerite type 

structure and a cubanite root with compounds 

having a wurtzite-like structure. 

The bornite solid solution field includes, 

above 290°C, chalcocite (Cu2 S) digenite 

(Cu1  .85 S)and bornite (Cu5FeS4 ). At about 

700°C, extensive solid solution of chalcopy-

rite (CuFeS2 ) in bornite (Cu5FeS0 extends 

the bornite solid solution field to a Cu/Fe 

ratio of less than 3. 
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All three solid-solution fields have 

Marked variations in their metal/sulphur 

ratios and copper/iron ratios. In ore depos- 

its, none of the solid solution fields are 

quenched because they reequilibrate by ex- 

solution and internal reactions to yield 

compositions consistent with much lower 

temperatures. This is consistent with the 

highly cation disordered structures in which 

the energy barriers are so small between the ordered 

and disordered folms, that the disordered 

states cannot be quenched. 

More recently, Cabri(161)has studied 

the phase relations in the central portion 

of the Cu - Fe - S system at 100°C and 600°C 

and has shown that at low temperatures, the 

minerals chalcopyrite (CuFeS2), cubanite 

(CuFeS5), talnakhite (Cu9FesSI6), 1;looihoekite 

(Cu9 Fe9 S1  6) and haycockite (Cu4Fe5SB) are 

stable phases. 

1.5.3. 	The As-Fe-S system 

Taylor(162 163)has studied the phase 

equilibria and mineral assemblages in the 

temperature ranges 150 - 700°C and 700°C -

1200°C, The ternary compounds of silver and 
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iron that have been identified are frie-

site (Ag2Fe5S6), argyropyrite (Ag3Fe7Sii) 

and sternbergite (AgFe2E0 1  often known as 

aTgentopyrite and sometimes given the formula 

AgFeS2 (182)  

Taylor found that no ternary Solid phases 

are encountered above 150°C. 

1.5.4. The Ag Cu - Fe - S system, 

Only one paper has been found on this 

system. This was work conducted by Luda&(164) 

in 1924, who heated four different mixtures 

of Cu - Ag - Fe and S to their melting points, 

analysed the liquids, and then examined the 

solid phases formed on cooling. He concluded 

that molten mixtures in the system Ag - Cu -

Fe S almost invariably separate into two 

layers, the silver tending to concentrate 

in the lower layer and the iron in the upper. 

In the solid state,quate=ary equilibrium 

seemed to exist between. Ag, Cu, Fe and Ag2S- 

Cu2S FeS mixed crystals, and between Ag, 

Fe, FeS and Ag2S-Cu2S FeS mixed crystals. 

Ternary equilibrium existed between Ag, Cu 

and sulphide mixed crystals, and between 

Ag, FeS and sulphide mixed crystals; and 
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binary equilibrium between Ag and sulphide 

mixed crystals, and between Cu and sulphide 

mixed. crystals. 

No evidence has been found in the lit-

erature for aquatorn.ary compound of Cu, 

Ag, Fe and S, although the four elements do 

exist together in sulphosalts(15)such as 

Tetrahedrite - tennantite .(CulFel Ag)12(SbAs)4-  

S13 and Stylotypite (Ag, Cu, Fe)3 SbS3 
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SECTION 2 

EXPERIMENTAL PROCEDURE. 

2.1. 	Synthesis of Sulphides  

The sulphides of copper, iron and silver 

and mixtures which were studied in the leach-

ing experiments were all synthesised from the 

pure elements. The specifications of the 

materials are given in section 2.5.1. Before 

use, the iron sponge was reduced in a stream 

of hydrogen at 500°C. 

The syntheses were carried out in vacuum 

at a temperature of 900°C in a two compartment 

silica vessel. The sulphur powder was placed 

in the smaller compartment and then the approp- 

riate metals were introduced into the larger 

compartment. The separation of sulphur and 

metal was necessary to avoid the very fast, 

and possibly explosive reaction which might 

occur with direct contact between molten 

sulphur and the metals as the temperature increa- 

sed. 

The silica vessel was evacuated with an 

oil-diffusion pump and sealed with an oxygen 

torch. The system was then placed within the 

constant temperature zone of a horizontal 
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electric tube furnace designed to reach 1100°C. 

The heating was controlled by a transitol 

electmailiccontroller and the temperature of -uhe 

silica vessel checked with a 13% Pt - Pt/Rh 

thermocouple connected to a potentiometer. 

A similar heating procedure was used for 

all the syntheses. The temperature was first 

increased to the range 550 - 600°C and kept 

at this temperature until all the sulphur had 

reacted with the metal in the vessel since 

exceedingly high pressures are exerted by pure 

sulphur vapour at higher temperatures (165)  

The end of this period was indicated by the 

silica vessel becoming clear of sulphur vapour. 
• 

This usually took from three to four days. 

Then the temperature was slowly increased 

to 900°C and kept there for several days, the 

length of time varying from synthesis to 

synthesis. The cooling procedures of the 

different syntheses were also slightly different. 

Three separate syntheses were carried out 

using the above procedure with the starting 

amounts as shown below: (.iAte-ti5) 

• 
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Element Charge A Charge B Charge C 

Copper (rod) 52.7296 52.5728 20.8320 

Silver (grain) 1.0173 10.0064 30.738; 

Iron (sponge) 9.374- 10.2776 

Sulphur (powder) 21.5289 23.6032 9.8246 

2.1.1. Charge A - Silver-doped Bornite. 

Charge 'A' was used in an attempt to 

introduce silver as an isomorphous replacement 

for copper in the bornite lattice. The amounts 

of iron and sulphur required were calculated 

from the weights of copper and silver using 

the formula (Cu,Ag)5  FeS4  i.e., 50 mole % 

copper + silver, 10 mole % iron and 40 mole % 

sulphur. 

The heating procedure was as described 

above and the silica vessel and its contents 

were kept at 900°C for ten days. The cooling 

procedure was identical to that used by Ugarte1l)  

in the preparation of pure synthetic bornite. 

After the ten days at 900°C, the temperat-

ure was lowered slowly (approximately 0.50C/ 

minute) to 700°C, maintained at this for about 

10 hours, then cooled to 200°C for a further 

six hours and finally cooled slowly to room 
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temperature. This procedure takes account 

of transformations occurring in the bornite 

structure as it is cooled , and ensures a 

homogenjpus product. 

The final product consisted of a single 

solid crystalline mass having the pinkish-

brown to brown colour associated with the fresh 

fracture of naturally occurring bornite (166)  

On opening the tube in air the crystals 

immediately changed to the violet and bluish 

colours normally associated with natural bornite 

surfaces. 

On fracturing the solid mass, the pinkish-

brown colour appears on the fracture surface 

but soon stains to the violet--bluish colour. 

Fracturing the solid also showed two holes left 

in place of the two copper rods which confirmed 

that the mechanism of formation of the sulphide 

phase was by diffusion of the metal to the 

sulphur gas - solid interface, as reported by 

King(9) for chalcocite, Ugarte(11) for bornite 

and Ferreira(12) for chalcopyrite. 

To check the homogeneity of the material 

X-ray diffraction analysis and microscopic 
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examinations were carried out on a number of 

samples from different areas of the solid mass. 

The X-ray diffraction patterns had only the 

lines of tetragonal bornite in good agreement 

with the data of Ugarte and of the A.S.T.M. 

file (Figuree-1.1 and TableB-1.1). The micros-

copic examination did not reveal the presence 

of any other phase. 

Atomic absorption analysis of solutions 

of the material in nitric acid gave an analysis 

in good agreement with the initial amounts of 

the elements used, which were Cu 62.29, Ag.f.201  

Fe 11.07 and sulphur 25.43 weight per cent. 

Finally the homogeneity of the material was 

checked by electron probe microanalysis. A 

number of samples of the material were mounted, 

polished and carbon coated before use. It at 

once became evident that the material was being 

damaged by 'florin al' beam currents of 90-100nA 

at 25 KV. During this time the Ag count 

increased from a very low level to quite a high 

one, while the Cu count dropped by about a third. 

This occurred within about 10 - 15 seconds of 

the beam being focussed on the sample surface, 

and thus introduced serious errors in the spot 
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counts for these elements at fixed positions. 

However, it was found that by reducing 

the current to 15nA only (still at 25 KV), 

this effect was almost eliminated as far as 

copper was concerned, but many of the measure-

ments still showed a slight increase in Ag 

count during the one minute counting period 

resulting in silver contents higher than 

expected. The measurements were made using 

pure copper, silver and iron standards and a 

pure CdS standard for sulphur. After treat-

ment of the counts for the corrections discuss-

ed in section 2.4:31  typical analyses were as 

follows: 

Wei ht er cents Atomic per cents in bra- 
ckets 

62.3(50.4) 

2 	61.5(50.1) 

3 	62.8(50.5) 

Initial 62.29(49.114)1.20(0.56) 11.07(10.00)25.43(40.00) 

It should be noted that a low beam current 

reduces reproducibility appreciably and this, 

together with the beam current effect described 

above, probably accounts for the variation in 

the analyses. 

Sample 
	Cu Ag Fe S 

2.9 (1.4) 11.2(10.3) 23.7(3.80) 

4.1 (2.0) 11.1(10.3) 23.3(37.7) 

2.0 (1.0) 11.3(10.3) 24.0(38.2) 
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Better checks for the homogeneity of the 

material were obtained by electron probe scans 

across the polished surface of the material. 

Reasonable traces for Cu, Fe and Ag were 

obtained on selected areas of the specimens. 

Typical traces are shown in Figure 27 which 

clearly shows the erratic behaviour of silver, 

due not only to the electron beam current effect 

but also the fact that the silver is present 

in only small quantities and a somewhat magnif-

ied scale had to be used for the trace. 

Despite these problems with the electron 

probe microanalysis, it is evident that the 

results, together with the X-ray diffraction 

and microscopic observations, indicate that the 

synthetic material is a homogeneous bornite 

containing silver as an isomorphous constituent 

distributed homogeneously throughout the struct-

ure. 

2.1.2. ChargeLs,  - Mixed Sul hide Material. 
Following the apparent success of incorp-

orating 1.20 weight per cent of silver in the 

bornite lattice, a second synthesis was carried 

out using a much higher silver content. The 

amounts of iron and sulphur were again 
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calculated from the weights of copper and 

silver using the formula (Cu, Ag)5 FeS4 	The 

contents of the charge for the synthesis gave 

the following weight per cents : Cu 54.50, 

Ag 10.37, Fe 10.65 and sulphur 24.47. 

The preparation of the charge and the 

heating and cooling procedures were exactly as 

for charge 'A'. The final product was a single 

mass of blue-grey colour with a much finer 

crystallinity than the previous synthetic 

material. A fresh fracture had the same pink-

ish brown colour as the silver-doped bornite, 

charge 'A', and like the previous material it 

turned a bluish colour after a while. The 

fracture also showed the holes left by the 

diffusion of the copper rods but, in addition, 

it also showed a much greater porosity than 

was noticed for the previous synthetic material. 

Photographs of pieces of this material in 

Figure 21 illustrate these observations. 

Analysis by atomic absorption of the 

solutions obtained by dissolving samples in 

nitric acid gave good agreement with the 

starting amounts of the elements. However, 

microscopic, X-ray diffraction and electron 
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It 

FIGURE 21 : (a) External appearance of synthesised Mixed Sulphide 
Material, upper and lower surfaces (approx. x2). 
(b) Cross-sectional view of Mixed Sulphide Material 
(approx. x5). 
(o) External appearance of synthetic Stromeyerite, upper 
and lower surfaces (approx. x2). 'Wire' silver in upper 
piece, upper left hand corner. 
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probe observations showed that the material was 

not the homogeneous solid it first appeared to 

be 

Three phases were visible on microscopic 

observation of polished samples, These were 

a yellow phase in the form of elongated, 

interconnnected grains, a light-coloured matrix 

which turned bluish violet on leaving the 

sample in air after polishing, and a bluish 

grey phase, The latter phase appeared in two 

forms, as a 'band' between the yellow phase 

and the matrix, and as very fine lamellae, with 

a definite orientation, in the matrix, On 

crushing the material to a particle size of 

-180 125 microns and examining the polished 

particles, it appears that there are no appar-

ent preferential cracking directions in the 

solid (figure C-2). The fine lamellae of the 

blue grey phase appear throughout the matrix. 

Examination of a number of polished samples 

from different areas of the material showed 

that all three phases were distributed through-

out the solid in approximately the same relat-

ive amounts. 

The phases were identified by X-ray 
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diffraction. The X-ray pattern for the mat-

erial could only be explained by a mixture of 

three sulphides, bornite, Cu5Fea,, chalcopyrite, 

CuFeS2 and stromeyente Cu 1 .07 Ag 0.93S. 

(Figure C-1.5 and Table B-3.1). The fact that 

the matrix turned bluish violet in air indicat-

ed that this was bornite, the yellow phase was 

obviously chalcopyrite and hence stiomeyerite 

was the blue-grey phase. By assuming that all 

the silver had gone into the stromeya'ite, the 
relative amounts of the sulphides were estimat-

ed from the initial amounts of the elements. 

This gave 70% bornite, 20% stromeyerite and 10% 

chalcopyrite, in fair agreement with visual 

estimates. 

This identification of the constituents 

of the material was supported by the electron 

probe microanalysis. From observations, on an 

oscilloscope, of the back-scattered electron 

intensities it was demonstrated that the matrix 

phase consisted of a fine 'criss-cross' pattern 

of two atomic numbers, but which was too fine 

to sort out quantitatively, and that the yellow 

phase was surrounded by a phase of much higher 

atomic numbers than the rest of the sample. 



167 - 

Figure 59 (section 6.5) compares the 

electron probe traces for copper and sulphur, 

and iron and silver, across a sample of the 

material. The copper-sulphur trace shows three 

distinct regions. One has a high sulphur but 

low copper content; another has a low sulphur 

but high copper content; and the third seems to 

occur between the first two phases and has a 

slightly lower sulphur content. The iron-silver 

traces show that the silver and iron contents 

are opposed, i.e., areas of high silver have 

low iron contents, and vice versa. These 

observations are consistent with the material 

being a mixture of bornite, chalcopyrite and 

stromeyeite. The iron-silver traces also 

indicate that as well as surrounding areas of 

high iron content (chalcopyrite) the silver 

phase is present as a fine intergrowth through-

out the material. 

As with the previous synthetic material 

(Charge 'A'), this mixed sulphide material was 

damaged by beam currents of 100nA. Hence for 

quantitative measurements of the elements by 

spot counts at fixed positions, a 30nA "beam 

current was used This seemed to reduce the 

damage considerably. The standards used were 
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pure Cu, Fe and Ag and CdS for sulphur. Even 

after the corrections (section 2.4.3) however, 

the measurements must be considered as inaccurate 

for a number of reasons. 

First of all the low beam current reduced 

reproducibility, as has already been mentioned; 

Secondly, the spot counts for a particular phase 

may be affected by 'pickup' from the surrounding 

phases, the effect depending on the relative 

sizes of the beam diameter and the grain of the 

phase being measured; and finally the results 

were affected by the method that had to be used 

for selecting the area required for measurement. 

This was done by first obtaining a back scatt-

ered electron intensity picture, selecting the 

areaand then switching to the counting devices. 

This introduces an extra error due to defocuss-

ing,the error being greatest for the sulphur 

measurements. 

The analyses obtained for the various 

phases were as follows: 
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Weight per cent (Atomic per cent in 
brackets) 

Phase Cu Ag Fe S 

Matrix (1) 60,58 10.51 12,34 16,57 

(53,30) ( 5.45)  (l2.35) (28.50) 

Matrix (2) 64,35 6,63 l2.56 16,46 

(55,68) ( 3.39) (12.41) (28.32) 

Bornite 63.33 - 11.12 25.55 

(50,00) - (10.00) (40,00) 

'Yellow (1) 45.76 1,28 32,71 20.25 

(36.54) ( 0.61) (30.05)  (32'.40) 

'Yellow' 	(2) 42,85 2,07 37.98 17.10 

(35.36) ( 1.00) (35,66) (27.97) 

Chalcopyrite 34.64 30,42 34.94 

(25.00) (25,00) (50.00) 

'Silver' 	(1) 30.18 57,l8 1,30 11.34 

(34.33) (38,38) ( l.69) (25.61) 

'Silver' 	(2) 45.33 37.04 5.24 12.39 

(46.41) (22.34) ( 6.10) (25.14) 

StromeYerite 33.93 50.06 16.00 

(35.67) 30.99) (33.33) 

' All the samples gave low sulphur contents 

which can be explained largely by the de-focu-

ssing effect, The high silver contents of the 

matrix are obviously due to the presence of 
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lamellae of stromeyerite in this phase, and 

the small percentages of iron in stromeyerite, 

and silver in the chalcopyrite can be explained 

by pickup from adjacent phases. 

Although these results are not very help-

ful quantitatively, they do tend to confirm the 

conclusion based on the microscopic and X—ray 

diffraction analyses that this material 'B' is 

a bornite containing intergrowths of chalcopy-

rite and stromeyerite. 

Since it was known that chalcopyrite, 

bornite and stromeyerite all enter into exten-

sive solid solutions at high temperatures, 

experiments were carried out to determine 

whether the copper, silver, iron and sulphur 

formed a quenchable single homogeneous phase at 

higher temperatures. 5 gram charges of the 

mixed sulphide phase were sealed in a small 

evacuated silica vessel and. heated in a small 

muffle furnace. The temperatures used were 

700 and 900°C. After four days at these temper-

atures the silica vessels were quenched in a 

bucket of distilled water. Microscopic examin-

ation of polished samples from both quench 

products, however, showed the same phases present 
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as in the original material although the 

chalcopyrite was nawpresent as very fine blades 

or lamellae obviously aligned along certain 

crystallographic planes (the (111) planes 

according to Edwards (167)  i ) in a way similar 

to the stromeyerite in both the original mater-

ial and the quench products. 

2.1.3. 91=22C' 	erite, 

Since the leaching behaviour of pure born-

ite and chalcopyrite are already well known it 

was decided to synthesise a pure stromeyerite 

for leaching in order to explain the leaching 

behaviour of the mixed sulphide material 'B' s  

The amounts of copper, silver and sulphur were 

calculated from the formula Cu1.07 Ag 0.93 

The synthesis procedure was as before but after 

four days at 90000, the power to the furnace 

was interupted and the silica vessel and its 

contents cooled overnight in the furnace to 

room temperature, causing the vessel to crack. 

The appearance of the final product 

suggested that the charge had becomemolten 

and resolidified. Its colour was a steel grey 

with a metallic lustre, similar to natural 

occurrences of the stromeyerite mineral(166) 
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Photographs in Figure 21 show that the upper 

surface was smooth while the underside was very 

shiny and contained a large number of holes. 

On opening the silica tube no change in colour 

occurred and a fresh fracture face gave the 

same steel grey colour with no change on stand-

ing in air. 

All over the outer surface of the synthes-

ised product, both upper and underside surfaces, 

there appeared to be 'growths' of some sort. 

These were fine strands which appeared to 

haVe diffused out of the main mineral. One of 

these can be seen in the upper mineral piece in 

Figure 21(C), On X-ray analysis these strands 

were found to be pure silver and it is thought 

that they are similar to the 'wire' silver 

which folfis on the surface of argentite after 

heating and cooling (3.68)  

X-ray analysis of the main solid product 

showed that its diffraction lines agreed with 

those for Cu 1.07  Ag 0.93S (Table B-2.1). A 

sample of the sulphide was dissolved in concen-

trated nitric acid for analysis by atomic 

absorption. This gave good agreement with the 

expected composition required for stromeyerite: 
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Cu, 33.93; Ag, 50,06; S, 16.00 weight per 

cent. 

Microscopic examination of polished samples 

indicated the phase to be homogeneous. However 

the surface was covered in an intricate mass 

of blades or lamellae, resembling oleander 

leaves in shape'l  which has been noticed in 

natural specimens (166).  Electronprobe micro-

analysis showed no significant variation in the 

composition across these lamellae (Figure /0). 

The traces seem to indicate some variation in 

composition but this can be explained by the 

use of a low beam current to avoid damage to 

the sample. No attempts were made to obtain 

quantitative measurements by spot-counts because 

of this damage. 

It was concluded that the material was a 

homogeneous phase of stromeyerite with a 

composition of Cu 1.07 Ag 0,93  S. 
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2,2 	Leaching Procedure 

The leaching experiments were carried out 

at atmospheric pressure in the temperature range 

30 to 90°C. The apparatus consisted of a 250 ml. 

reaction vessel connected by means of a metallic 

clip to a fiTe neck lid. The general arrange-

ment of the apparatus is shown in Figure 22. 

The central neck of the lid held a two-

bladed glass stirrer for agitation of the 

leaching system. This was connected through a 

mercury (or silicone oil) seal and a rubber 

joint to a RZR laboratory stirrer, the speed of 

which could be varied from 170 to 1700 rpm. 

In all the leaching runs the stirrer speed was 

set and checked during the run by stroboscopic 

means using a Dame Transistor stroboflash Type 

1209D. 

In the other four necks of the lid were a 

condenser to avoid evaporation, a baffle to 

ensure a turbulent regime in the solution and 

to keep the particles in suspension, a therm-

ometer to check the temperature of the solution 

and, in the fourth neck, a tube for direct.  

sampling of the solution by means of a pipette. 

The neck used for sampling was that opposite to 
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FIGURE 22 : The Leaching Apparatus. The set—up to the right 

of the oil bath could be used for automatic 

sampling of the leach solution. 
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the condenser. 

This whole system was immersed in an oil-

bath to the level of the vessel-lid joint. The 

bath capacity was 20 litres with internal 

measurements of 527 mm (length), 247 mm (width) 

and 202 mm(depth). The temperature of the 

oil was controlled by a Griffin Accurostat, 

a combination of a heater, pump and temperature 

sensor. The unit controlled temperatures in 

the range ambient to 95°C with a fluctuation, 

under optimum conditions, of 0.02 deg.C. The 

1 KW tubular heater is protected by a liquid 

level cut-out device, and a safety overheat 

cut-out operates should the bath temperature 

rise 2 - 3 deg. C above the set point. Circul-

ation of the bath liquid is given by a centri-

fugal pump with an output of 8 litres/minute. 

Once the apparatus was assembled, 200 mls 

of the required leaching solution was introduced 

into the 250 ml reaction vessel through one of 

the necks. When the solution had reached thermal 

equilibrium with the thermostatically controlled 

oil-bath, the solid to be leached was added to 

the solution. The synthetic sulphide material 

had been crushed and sieved using 100 mm diameter 
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stainless steel sieves to obtain the required 

particle size range. This process was usually 

carried out only minutes before starting a 

leaching run, to avoid possible oxidation or 

other contamination of the particle surfaces. 

The solid, usually 0.5 or 1 gram, was 

introduced into the system by means of a small 

funnel which was immediately rinsed with sol-

ution previously extracted from the reaction 

vessel to remove any adhering particles. 

Samples of the leaching liquor were extracted 

periodically using a 5 ml calibrated pipette. 

Prior to the sample-taking, the stirrer was 

switched off for a brief moment to allow the 

solid particles to settle so that none would 

be removed with the solution sample. 

Whenever samples were taken the same volume 

of fresh leaching solution, kept at the temper-

ature of the run, was injected into the reaction 

vessel to maintain a constant volume of solut-

ion. Calculations involving the detelnination 

of final concentrations took into account the 

dilution factors of the products. 

In a certain number of the leaching 
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experiments samples of the solid particles 

were removed instead of samples of the solution. 

After allowing the particles to settle, small 

amounts were removed using a pipette with a 

wide orifice. These solid samples were used 

for X-ray diffraction, electron probe micro-

analysis and microscopic examination. 

At the end of the leaching run, the 

reaction vessel was removed from the oil bath 

and its contents filtered to separate the leach-

ing solution and the final residue. The former 

was stored and the latter washed with distilled 

water and acetone and dried. With the residues 

that contained a considerable amount of elemental 

sulphur, it was found that identification of 

the other phases by microscopic techniques were 

made easier by removing this sulphur. Hence 

prior to the analysis of these residues, the 

elemental sulphur was dissolved in CS2  using a 

Soxhlet extractor apparatus with single thick-

ness 10 x 50 mm cellulose extraction thimbles 

for holding the residues. 

The leaching apparatus was thoroughly 

washed after each experiment with a dilute 

solution of Decon 75 concentrate and rinsed with 
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distilled water and acetone. 

Finally a few leaching experiments were 

carried out using samples of the synthetic 

stromeyerite mounted in Araldite resin. The 

purpose of this was to observe the effect of 

the leaching agent on one surface of the mater-

ial. The same apparatus, described above for 

particulate leaching, was used. Solid slices 

of the sulphide material were obtained using an 

Anderman cutting bench. This had a diamond 

loaded slitting wheel driven by a 1/20th HP 

motor and cooled by a through flow of water. 

These slices were placed in small Araldite 

mounts (approximately 1 cm diameter) with a 

certain length of polythene strip connected to 

the mount, by means of which the mount was 

'dangled' through one of the necks in the re-

action vessel lid with the polished sample 

surface in contact with the solution. After a 

certain length of time (up to 7 days) the samp-

les were dissected at right angles to the leached 

surface and remounted and polished to show the 

extent of leaching into the solid slices of 

sulphide material. Microscopic and electron 

microprobe analyses were carried out on these 

mounted leached solids (sections 5.4 and 

5.5)- 
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2.3 	Analysis of Solutions. 

The solutions reimoved during the leaching 

runs and the final leach solutions were analys-

ed for copper, silver, and sometimes iron, by 

atomic absorption spectrophotometAy. The 

apparatus used was a single beam Perkin Elmer 

290 B atomic absorption spectrophotometer with 

a graphical read-out on a Perkin Elmer model 56 

pen recorder. 

The wavelengths used were324.7 BM for 

copper 248.3 nm for iron and 328.1 Dm for silver. 

A multi-element Ag - Cu - Fe - Ni - Cr hollow 

cathode lamp was usually used for all analyses 

at an operating current of 10 MA. On a few 

occasions a copper single element lamp was used, 

with no significant difference, for the copper 

analyses. 

Due to the Closeness of the copper and sil-

ver wavelengths a spectral slit width of 0.2 nm 

was used with the multi element lamp to avoid 

interferences. An air-acetylene mixture was 

adjusted to obtain an oxidising (lean, blue) 

flame with a 2" burner. 

Calibration curves of deflection versus 
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ccncentration were drawn, using standards 

prepared from 1000 ppm stock solutions. The 

same diluent was used for both the standard 

solutions and the aliquots of the leach liquor. 

These curves showed that the working ranges for 

Ag, Cu and Fe were linear up to 5 micrograms/ 

ma and that the optimum conditions for the 

equipment used occurred in the working range 

0 - 10 micrograms/ml for all three elements. 

The leach liquor samples and final leach 

solutions were diluted to within this range 

using a Hook and Tucker variable diluter. With 

a sample volume range of from 0.05 to 1.0 mis 

and a maximum diluent volume of 10 mis, this 

enabled dilutions of up to 200 x to be used. 

The operation was always checked several times 

to ensure no errors occurred in the dilution. 

The present work and previous work on the 

determination of silver and copper by atomic 

absorption spectrophotomeW (169-172)  indicate 

that none of the other ions existing in the 

solutions interfere with the analyses for these 

elements. The only interference was foUnd in 

analysing for silver in solutions containing a 

very high chloride ion concentration. On 
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diluting with a 0.1M HC1 solution, precipita-

tion of some of the silver occurred in a few 

seconds. This was overcome by diluting with 

a solution of higher chloride concentration. 

cz) 

The leach solutions, not containing any 

ferric sulphate or sulphuric acid, were also 

analysed for a sulphate ion using a nephelom-

etric technique. The experimental procedure 

described by Vogel X173)  wasrigidly adhered 

to. An 'EEL' Nephelometer head was used with 

readings of turbidity relative to a standard 

presented on the linear scale of an external 

'EEL' Unigalvo, type 200. 

The initial and final pH readings of the 

leach solutions were made using a Pye Model 

78 pH meter connected to a Pye Ingold type 401 

'combined glass and reference electrode. The 

pH meter was also used for voltage measurements 

in an attempt to follow the change in the E.M.F. 

of the leach liquor in the reaction vessel as 

the leaching progressed. A calomel electrode 

and a platinum electrode were placed in contact 

with the solution through separate necks of the 

reaction vessel lid. 
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As will be reported later (section 3.1.2) 

these attempts although demonstrating the rapid 

formation of ferrous ions in the solution, were 

somewhat defeated by the formation of a jarosite 

precipitate, due to the presence of potassium 

ion from the calomel electrode, which had an 

inhibiting effect on the leaching reaction. 
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2.4. 	Analysis of Solids.  

2.4.1. Atomic Absorption Analysis. 

The equipment and conditions described in 

section 2.3. were also used for the analysis 

of copper, iron and silver in the leach residues 

and the original synthetic materials. A sample 

of the solid was attacked with sufficient hot 

concentrated nitric acid until complete dissolut-

ion of the solid had occurred. Usually 30 - 40 

mis of the acid was required for a 0.05 gm 

sample. The dissolution was carried out in a 

Kjeldhal flask and the resultant solution was 

cooled and diluted with sulphuric acid (pH1) 

to within the range desired for direct determin-

ation by atomic absorption. A blank solution 

was also prepared for Comparison. 

2.4.2. Microscopic Analysis. 

The leach residues and samples of the 

synthetically prepared materials were mounted 

in Araldite epoxy resin MY 753 using the Araldite 

hardner HY 951. The mounts were first ground on 

a Siruers Lunn Minor grinding machine through a 

series of papers of standardised grits.220, 

320, 400 and 600 and then polished' on a Stoners 

DP4 automatic polishing machine. 6 Micron and 

1 micron DP cloths were used in turn using 
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Marcon diamond abrasive compound sprays with 

DP lubricant-red (oil base) for the 6 micron 

cloth and DP lubricant-blue (water soluble) 

for the 1 micron cloth. Great care had to be 

taken during the early grinding with residues 

that had been extensively leached otherwise the 

sample would 'disappear' due to the small size 

and brittleness of the particles. 

Initial Microscopic observations of the 

polished samples were performed on a convent-

ional reflected light microscope prior to 

photomicrography using a Reichert Universal 

camera microscope MeF. This is an inverted 

instrument fitted with a camera back and a 

Reichert Remiphot exposure meter. The micros-

cope works with transmitted or reflected, normal 

or polarised light and is suitable for working 

from micro to oil immersion objectives. 

Photomicrographs were taken on standard 

5 x 4 plates and then printed. The colour 

photomicrographs were taken with a 35 mm Leica 

camera using Ektachrome High Speed Type B film 

(ASA 125) for slides which were then printed. 
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2.4.3. Electron Probe Microanalysis. 

Electron probe microanalysis was performed 

on polished samples of the unleached synthe'uic 

materials and on the residues from the leach 

runs. Specimens for the Electron probe were 

prepared in exactly the same form as for a 

normal microscopic examination. In addition, 

the surfaces of the samples must be electrically 

conducting and to ensure this the samples were 

vacuum-sputtered with carbon. 

The theory, development, and various 

experimental aspects of electron probe micro-

analysis have been discussed by many authg.Z1.1-1175)  

The main possible sources of error and its 

comparison with other techniques of local analy-

sis have also been considered.(176) 

In this study the instrument used was a 

JEOL model JXA --aA, made in 1967, fitted with 

scanning facilities. The probe diameter was 

approximately 1 micron and magnifications of 

from 300x to 2400x could be obtained. The 

apparatus gave a resolution of 1 micron for the 

electron images and a resolution of betWeen 4 

and 5 microns for the X-ray images. It could 

be used for the range of elements from sodium 
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to uranium (atomic numbers 11 to 92) and, under 

optimum conditions, gave an accuracy for 

quantitative analysis of ± 1% for amounts of 

elements greater than 10 weight per cent. 

The instrument was used for quantititative 

measurements of Cu, Ag, Fe and sulphur at a 

number of fixed spots on the surface of samples. 

The intensities of the reflected X-rays were 

compared with similar reflections produced from 

pure standards. After adjustment for the back-

ground radiation, the 'raw count' data was 

processed by a computer program(177) which 

calculated the atomic and weight per cents after 

correcting for the following effects : (1) 

Absorption effect. (2) Atomic numbers effect; 

and (3) characteristic fluorescence factor. 

The electron beam was also made to scan a 

preselected area of the sample while X-ray and 

backscattered electron data were monitored on 

an oscilloscope. In this way an area on the 

sample surface rather than a point could be 

studied. Electron Probe scans were recorded for 

Cu, Ag, Fe and sulphur across the various 

samples to find any inhomogeneity in the un-

leached materials and to show any change in the 
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distribution of the elements in the residues 

after leaching. 

2.4.4. X-ray diffraction analysis. 

The phases present in the unleached mat-

erial and the leach residues were identified 

by the method of X-ray powder diffraction. The 

interplanar spacings (d - spacings) measured 

from the positions of the reflections on the 

X-ray powder photographs, together with the 

intensities of these reflections, were checked 

against the data given in the literature for 

known substances using the ASTM Powder Data 

file and an identification effected. 

The camera used was a Multiple Guinier-le 

Wolff focussing camera.(178)  This is of the 

type that uses X-rays from a focussing mono-

chromator. A converging X-ray beam produced 

by reflecting the incident beam from a curved 

cEystal monochromator, is transmitted through 

a specimen and the Guinier camera records the 

front reflection region of the spectrum. 

The chief advantage of this type of camera 

is that the monochromator almost completely 

eliminates the white radiation in the beam, 
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with the result that X-ray patterns have a 

low background intensity. This allows very 

weak lines, such as superstructtre lines, which 

would otherwise be masked by the background 

fog, to be observed. One disadvantage is that 

the camera only records the reflection range 

from 0° to approximately 40o of Bragg angle. 

However in the present work, this range was more 

than adequate for the identification of substances. 

The camera was used in a horizontal posit-

ion and was designed as a multiplecamera, 

consisting of four single camera units placed 

one above the other. Similarly four samples 

were mounted by means of sellotape one above 

the other in a cassette divided into four sec-

tions, with the obvious advantage that the four 

can be photographed at once. The samples were 

prepared by crushing a few milligrams of the 

material to a sieve size of less than 45 microns 

and dusting the powder directly on to the sell-

otape attached to the cassette. Photographs 

taken with no samples present showed that the 

sellotape gives several broad diffraction bands 

at the low angle end of the pattern. Their 

positions were noted so that they could be 

eliminated on measuring the patterns obtained 

with the samples. 
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In order to measure the X-ray patterns a 

reference line* must be obtained on the film 

and the film itself must be calibrated to 

obtain a relationship between the distance 

from this reference line and the Bragg anglele. 

The reference line was obtained by making an 

exposure of the primary X-ray beam at a low 

voltage ( z 15 KV) and a low current by open-

ing the beam trap for 1- to 5 seconds. Cali-

bration was done by using NaCl as one of the 

samples in all of the films that were taken. 

By measuring the distance of the NaCl lines 

from the reference line and using the known 

Bragg angles for these reflections (Table B-5.8) 

a relationship between distance and 9 was 

obtained and used in the measurement of the 

patterns of the other samples in that particular 

film. 

The distances on the films were measured 

with a Hilger and Watts film measuring rule 

(1 vernier scale = 0.05 mm) and the 9 values 

obtained were used to calculate the interplanar 

spacings (d) using Bragg's relation 

= 2d sin 0. 
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The wavelength ( X ) of the radiation 

used was either that of CuKa (1.54188) or that 

of CoKa (1.7902R). With the copper-iron sul-

phides the CuKa radiation produced a very heavy 

background in the photographs due to the int-

ense fluorescent radiation. Hence most samples 

were analysed using CoKa radiation, although 

for the copper-silver sulphides either of the 

radiations could be used with equally low back-

ground intensities. 

At X-ray generator settings of 30KV and 

20mA, the exposure times varied from 2 to 4 

hours, the average being about 21 hours. 174mm 

x 46mm strips of Ilford Industrial G x-ray film 

were used and developed and fixed using convent-

ional commercial reagents. 

The intensities of the X-ray reflections 

were recorded from the films by a Joyce-Loebje 

automatic recording microdensitometer model 

MK111B. The relative intensities of the various 

reflections were estimated from the heights of 

the corresponding peaks on the recorded curves 

(typical traces are shown in Figures 57 and 58 

in section 6.2). 
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2.5. 	Materials. 

2.5.1. Elements for Synthesis of Sulphides. 

Spectrographic examination of the elemEnts 

used in the synthesis of the sulphides gave the 

following estimates for the amount of impurities 

present: 

(a) Copper rod - Spectrographically Pure 

(Johnson Matthey) : Silver, 5 ppm; Lead, 

3 ppm; Nickel, 1 ppm; Silicon, 1 ppm; 

Bismuth, Cadmium, Iron and Magnesium, each 

less than 1 ppm. 

(b) Iron Sponge - Spectrographically Pure 

(Johnson Matthey) : Silicon, 3 ppm; Magnesium, 

2 ppm; Manganese, 2 ppm; Nickel, 2 ppm; 

Copper and Silver, each less than 1 ppm. 

(c) Silver grain - Spectographically Pure 

(Johnson Matthey) : Iron, 1 ppm; Cadmium, 

Copper and Magnesium, each less than 1 ppm. 

(d) Sulphur powder - Spectographically Pure 

(Johnson Matthey) : Aluminium, 0.5 ppm; Sodium, 

0.2 ppm; Zinc, 0.2 ppm; Barium, 0.1 ppm; 

Nickel, 0.1 ppm; Copper, 0.05 ppm; Titanium, 

0.05 ppm; Magnesium, 0.03 ppm; Manganese, 
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0.03 ppm; Silver, 0.03 ppm; Boron, 0.01 ppm; 

Calcium, Iron and Silicon, each less than 1 ppm. 

2.5.2 Leaching agents. 

The leaching experiments were carried out 

using solutions of ferric sulphate, ferric 

chloride, sodium chloride and hydrogen peroxide. 

One experiment was done with a suspension of 

Manganese dioxide in dilute sulphuric acid. 

The leaching solutions were prepared by 

dissolving the necessary amount of reagent for 

the concentration required in either dilute 

sulphuric or hydrochloric acid. Sulphuric acid 

with a pH of 1 was used for the ferric sulphate 

and hydrogen peroxide solutions, while 0.1M 

HCl was used for the chloride solutions. The 

acidic solutions were required to maintain the 

ferric ions in solution, avoiding the hydrolysis 

and subsequent precipitation of iron. 

All of these reagents are commercially 

available and their specifications are listed 

below. 

(a) Ferric Sulphate Fe2(ST3 . 9H2  0. 

General Purpose reagent (Hopkin and 

Williams). 
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Assay: 97% minimum Fe2(Sq.4)3.91-120 

Maximum limits of impurities : Chloride(Cl), 

0.04%; Nitrate (NO3 ), 0.003%; Ferrous Iron 

(Fe), 0.028%. 

(b) Ferric Chloride FeC13 . 6H20 

Analytical Reagent (Hopkin and Williams) 

FeC13 . 6H2 0 not less than 98.0% 

Maximum limits of impurities, in weight per 

cents, : Insoluble matter 
	

0.003 

Free Acid (HC1) 
	

0.5 

Free Chlorine (Cl) 	0.001 

Nitrogen compounds (NO3 ) 0.002 

0.001 

0.005 

0.0001 

0.05 

0.0025 

0.015 

0.005 

0.08 

0.01 

0.03 

0.01 

Phosphate (PO4 ) 

Sulphate (SO4 ) 

Arsenic (As) 

Calcium group + Mg 

Copper (Cu) 

Ferrous Iron (Fe) 

Lead (Pb) 

Manganese (Mn) 

Potassium (k) 

Sodium (Na) 

Zinc (Zn) 

(c) Sodium Chloride NaC1 

Analytical reagent (BDH Chemicals) 
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Minimum Assay : 99.9% NaCl after ignition. 

Maximum limits of impurities, in weight per 

cents, 	: 

Insoluble matter 0.003 

Calcium group + Mg 0.004 

Free Acid (HC1) 0.0018 

Heavy Metals (Pb) 0.0005 

Free Alkali 0.05m1sN/1 

Ammonium (NH4 ) 0.0005 

Bromide and Iodide (Br) 0.005 

Barium (Ba) 0.001 

Ferrocyanide (Fe(CN)6 ) 0.0001 

Arsenic (As) 0.00004 

Nitrate (NO3 ) 0.0005 

Phosphate (PO4 ) 0.005 

Sulphate (SO4 ) 0.002 

Potassium (K) 0.01 

Iron (Fe) 0.0003 

(d) Hydrogen_, Peroxide H202  (20 volumes) 

General purpose reagent (Hopkin and 

Williams). 

Weight per Ml about 1.02 g. 

Chloride 0.0015% max. 

Non-volatile matter 0.2% max. 

6% W/V H202  minimum. 

-(e) Manganese Dioxide Mn02  (Precipitated) 

General Purpose reagent (Hopkin and Williams) 



- 196 - 

Acid Insoluble matter 0.2% max. 

Lead (Pb) 0.005% max. 

80% Mn02  minimum. 

2.5.3. Acids. 

Listed below are the specifications of the 

hydrochloric and sulphuric acids used in the 

leaching solutions together with that of the 

nitric acid used in dissolving the unleached 

and leached solids, prior to atomic absorption 

analysis. 

(a) Sulphuric acid - General Purpbse Reagent, 

(Hopkin and Williams). 

1.84 grams weight per c.c. 

Non-volatile matter 0.015% max., 

Chloride 0.004% max. 

Nitrate (NO3 ) 0.0005% max., 

Heavy metals (Fe) 0.0025% max., 

About 98% W/W H2  SO4 

(b) Hydrochloric acid - General Purpose Reagent, 

(Hopkin and Williams), 

Weight per Ni 1.16 grams. 

Non-volatile matter 0.005% max., 

Sulphate (SO4 ) 0.01% max., 

Heavy metals and Iron (Fe) 0.001% max., 

About 32% W/W HC1 
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(c) Nitric acid - Research Reagent (May and 

Baker) 

Assay 69 - 71% W/W 

Chloride (C1) not more than 0.005% 

Sulphate (SO4  )notmore than 0.01% 

Iron (Fe) Not more than 	0.002% 

Arsenic (As) not more than 0.0001% 

Lead (Pb) not more than 	0.0002% 

Non-volatile residue not more than 0.01% 

2.5.4 Reagents for Atomic AbsorEtion_S?tecLI2photometrr 

Solutions for the calibration of the 

atomic absorption spectrophotometer were pre-

pared from copper, silver and iron standard 

solutions (Hopkin and Williams) containing 

1000ppm W/V of the respective metals in 0.1 N 

HC104. Metal contents are within 0.5% of the 

nominal value 
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SECTION 3  

SILVER-DOPED BORNITE, RESULTS AND DISCUSSION 

3.1. 	Leaching Results  

Samples of the silver doped bornite 

containing, 1.20 wt per cent silver, were 

leached inacidifiedferric sulphate solutions 

using the apparatus and experimental procedure 

described in section 2.2. The kinetic rate 

curves for the dissolution can be compared with 

those previously obtained by Ugarte(11), using 

an identical leaching technique, for pure 

synthetic bornite. 

The curves shown in Figure 23 were chara-

cteristic of the dissolution behaviour of the 

copper and silver from the silver-doped bornite. 

The outstanding feature is the almost complete 

absence of silver in the leach solutions. 

The copper dissolved in two distinct stages, 

a very fast first stage followed by a much slower 

second stage. This is very similar to the 

dissolution of copper from pure bornite. 

The influence of some leach variables on 

the dissolution rates was studied. These 

included temperature, ferric  ion concentration, 
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time and sample size. 

3.1.1 Temperature  

Figure 23 shows the dissolution behaviour 

of copper and silver from the silver-doped 

bornite at 60°C and 90°C. The results are 

tabulated in Tables A-1.1 and A-1.2. The 

experiments were carried out with a one gram 

sample of particle size -180 + 125 microns 

and a solution of.tric sulphate in sulphuric 

acid. In both experiments the ferric ion 

concentration was 0.065 M in acid solutions 

of pH = 1. The acid was required to maintain 

the ferric ions in solution, preventing their 

hydrolysis and precipitation. 

Prior to these experiments an investig-

ation was carried out to determine the stirring 

speed required for a turbulent regime to be 

established in the solution and hence maintain-

ing all the particles in suspension. It was 

found that for all particle sizes considered, 

a speed of greater than 1000 r.p.m. was suff-

icient. However a speed of 1300 r.p.m. was 

used in these and subsequent experiments to 

ensure the establishment of this turbulent 

regime, thus preventing the dissolution rates 

being controlled by the access of reactants or 
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products to the surface of the solid. 

Figure 2 3 'shows that even at the highest 

temperature (90°C), the amount of silver that 

dissolved was exceedingly small. After eight 

hours at 90°C, approximately 4% of the silver 

had dissolved. In other words, the 200 mis. 

of leach solution contained approximately 0.5 

milligrams of silver from an initial sample 

content of approximately 12 milligrams of silver. 

This was about ten times the amount dissolved 

at 60°C. 

The dissolution of the silver was 

characterised by an initial peak in the dissolu-

tion curve, followed by a decrease in the silver 

content of the solution and then a slow increase. 

Both the initial and final dissolution rates 

were faster at the highest temperature. The 

initial maximum in the silver content of the 

solution was much greater for the higher 

temperature and occurred in a much shorter time. 

It should also be noted that at the higher 

temperature more silver was removed from the 

solution after the initial dissolution peak but 

that the minimum reached was not as low and the 

subsequent leaching rate faster than at the 
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lower temperature. However X-ray diffraction 

analysis and microscopic observations of the 

residues failed to show the presence of any 

precipitated phase to explain the decrease in 

the silver content of the solutions. 

The curves obtained for the copper dissol-

ution show the fast first stage and slower 

second stage characteristic of copper dissolut-

ion from pure bornite. At 90°C the fast first 

stage lasted until about 40% of the copper was 

dissolved. The leaching curve for the experi-

ment at 60°0 showed that this first stage 

can be divided into two sections. The first 

section extended until about 25% of the copper 

was dissolved, showing a leaching rate similar 

to that occurring in the first stage of the 

reaction at the higher temperature. The second 

section, up to 40% of the copper dissolved 

occurred with a much slower leaching rate. 

In general it can be said that the presence 

of 1.20 weight per cent of silver in bornite 

had no significant effect on the dissolution of 

the copper, the kinetic rate curves suggesting 

that the dissolution mechanism of the bornite 

remained unaltered. As reported in section 1.2.1, 
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Ugarte(11)  demonstrated that in the first 

stage of dissolution of the bornite, copper 

is removed by diffusion through the lattice to 

form the phase Cu3FeS4 . This fast dissolution 

stage stops after 40% of the copper has been 

removed. Subsequently the dissolution rate is 

much slower with the Cu3FeS4  being transformed 

to elemental sulphur through a rate - controll-

ing chemical process. 

The X-ray diffraction analyses and the 

microscopic examinations of the leach residues 

(sections 3.5 and 3.4).confirm this mechanism. 

Elemental sulphur and Cu3FeS4  were the only 

phases detected, indicating that the silver 

remained in the original solid material as it 

transformed from Cu5FeS4  to Cu3FeS4  by the 

diffusion of copper ions into solution. The 

X-ray pattern for the Cu3FeS4  phase seemed 

less well defined than that formed from pure 

bornite (see Fig. C-1.2) which suggests some 

degree of distortion within the lattice due to 

the presence of silver. 

The apparent activation energy for the 

dissolution process can be calculated by 

writing the Arrhenius equation as: 
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Leg  (K,) 	1oz  (K1)  = - Ea 

3'T1 	2.303R 

Where K1  and K2  are the rates of dissolu-

tion at temperatures T1  and T2 respectively, 

EA is the apparent activation energy and R is 

the gas constant. Using the weight per cent 

dissolved in 5 minutes as a measure of the 

rate, the activation energy for the copper 

dissolution in the first stage of the reaction 

(up to 40% of the copper dissolved) was calcul-

ated to be about 0.97 kcals. per mole while 

the activation energy for the silver dissolution 

was found to be about 25.5 kcals. per mole. 

Combining the two dissolution processes, 

and using the total number of moles of copper 

and silver dissolved in 5 minutes as a measure 

of the rate, gave an activation energy of about 

1.2 kcals per mole. 

The low value for the copper dissolution 

confirms that diffusion controls the first 

stage of the dissolution of copper from the 

silver-doped bornite, while the higher value 

for the silver dissolution indicates some 

degree of rate control by a chemical process. 
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The subsequent leaching experiments 

were all carried out at 60°C since it was found 

that at higher temperatures, hydrolysis and 

precipitation of theferric ions took place if 

the leaching runs lasted for many hours. 

3.1.2 Ferric ion concentration 

Figures 24 and 25 show the effects of 

ferric ion concentration on the dissolution of 

copper and silver from the silver-doped bornite. 

The results are presented in Tables A-1.31  

A-1.4 and A-1.5. The experiments were carried 

out at 60°C with 1 gram samples of particle 

size -180 + 125 microns. The solutions of 

ferric sulphate in sulphuric acid (pH =1) were 

stirred at a speed of 1300 rpm 

'Ferric ion concentrations of 0.01, 0.065 

and 0.25 molar were considered. Figure 24 

shows that even at the highest concentration, 

the amount of silver dissolved was very small. 

At all the ferric ion concentrations, the 

dissolution curves were characterised by a 

maximum after about 15 minutes, followed by a 

decrease and then a slow rise with increase in 

time. The amount of silver dissolved increased 

with ferric ion concentration, as did the 
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dissolution rate. 

At 0.01 molar ferric ion the dissolut-

ion of copper had a very slow rate after about 

12% of the copper had dissolved. This was 

obviously due to the fact that all the ferric 

ion had been consumed in dissolving this 

amount of copper. The subsequent very slow 

increase in the amount of copper dissolved was 

probably caused by the reoxidation of Fe2+  to 

Fe3+  by the air and by the introduction of fresh 

ferric ion by the sampling technique. This 

consisted of replacing each 5 mls sample taken 

from the leaching solution with 5 mis of fresh 

ferric ion of the appropriate concentration. 

The curves for the copper dissolution at 

the 0.25 molar and 0.065 molar concentrations 

confirm Ugarte's findings that at concentrat-

ions above 0.065M, the rate of dissolution of 

copper from bornite is independent of ferric 

ion concentration. In the first two hours of 

leaching, however, the rate in 0.25111'0+  was 

slightly lower than that at 0.065MFe3+. This 

could be an effect due to the silver dissolut-

ion. Slightly more silver was dissolved and 

subsequently removed from the solution at the 



- 208 - 

higher Fe3+  concentration. If this silver 

was precipitated in some form on the surface 

of the particles this would obviously affect 

the dissolution of the copper. 

Uok 
However it should be pointed oultno evidence 

for the formation of a precipitated silver-

containing phase was found by either X-ray 

diffraction analysis, or microscopic examina-

tion (see sections 3.5, 3.4). Electron-

microprobe analysis did show that there was an 

increase in the silver concentration at the 

edges of the particles but it appeared that 

this increase occurred within the original 

particle and was not due to a surface coating 

of another phase. (see section 3.3). 

Again it can be said that the silver does 

not affect significantly the dissolution rate 

of the copper from bornite, even at relatively 

high Fe3+  concentrations. As mentioned in 

section 2.3 attempts were made to monitor the 

dissolution of the silver-doped bornite using 

a calomel electrode and a platinum foil electrode 

to measure the E.M.F.of the solution as the 

Fe21-/Fe3+  ratio changed due to the dissolution 

reaction which produces ferrous ions. However 
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the presence of potassium as KCl in the calomel, 

electrode, caused the precipitation of Jarosite, 

KFe3(SO4 )2(OH)6 , and affected the dissoluticn 

rate. 

The jarosite was identified by its yellow-

brown colour and by X-ray diffraction analysis. 

The d-spacings for a typical precipitate are 

listed in table B-1.5. The lines other than 

those of jarosite were identified as due to 

sulphur. The powder photograph for this preci-

pitate is shown in figure C-1.1. 

In a study on the rate of dissolution of 

chalcopyrite in acidic solutions under oxygen 

overpressures and at temperatures in the range 
(205) 

135° to 175°C, Yu et al found that the addition 
or 

of 0.1MKHSO4  As 0.1MK2  SO4  to a O. 5N H2  SO4  solut- 

ion  decreased the leaching rate. As with the 

present work they found that a yellow precipi-

tate was formed, which was identified as jarosite 

by X-ray diffraction. 

3.1.3 	Time.  

In order to find out whether the  silver 

enters into solution at some later stage in the 

dissolution process, the leaching experiments 
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of the previous section were continued until 

more than 90% of the copper had dissolved. 

This took about 30 hours for the 0.065 and 

0.25 molar Fe3+  solutions. The results are 

shown in figure 25. 

As expected the copper continued to dissolve 

very slowly in the 0.01 molar solution due to 

the Fe3+  introduced on taking samples and the 

Fe3+  formed by the reoxidation of the Fe
2+ by 

air, as mentioned previously. After 46 hours 

of leaching, 42.33% of the copper had dissolved. 

The amount of silver dissolved remained very 

low, being approximately 0.2 per cent of the 

total silver in the initial sample. 

The curves for the copper dissolution in 

0.25 molar and 0.065 molar Fe3+  solutions 

clearly show the fast first stage reaction and 

the slower second stage characteristic of pure 

bornite. However, at copper dissolutions 

greater than 80% there was a sharp decline in 

leaching rate. The microscopic and X-ray 

studies showed that, as with pure bornite, the 

elemental sulphur formed in the second stage 

reaction forms a coating on the particles. 

This slows down the leaching rate due to the 
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reactants and products having to diffuse through 

this layer. From the curves it can be seen that 

the effect was greater for the lower concentrat-

ion (0.065 MFe3-1-) which is in agreement with 

the above explanation since the rate of diffusion 

of the Fe3+  ions through the sulphur layer will 

depend on the bulk concentration of the Ferric 

ion. 

The amount of silver obtained in solution 

at these two concentrations remains very small, 

even when more than 90% of the copper had been 

removed. On increasing the Fe3+  concentration 

from 0.065M to 0.25M the amount of the silver 

in solution, when almost all the copper had 

dissolved, was increased from 1.34 to 4.97 

weight per cent. In other words, after 52 
74. 

hours in a 0.25 molar solution of Fe)  I  only 

about 0.6 milligrams of silver had dissolved 

from the initial 1 gram sample containing about 

12 milligrams. Hence these leach residues 

should be silver rich. This was found to be 

the case by dissolving the residues in nitric 

acid and analysing the solutions by atomic 

absorption spectrophotometly, (section 3.2) 

It should be noted that the rate of silver 
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dissolution, after the initial maxima and 

minima, was much faster for the higher Fe3+ 

concentration, but that the dissolution slowed 

down as the copper dissolution approached 100%. 

This suggests that the silver has remained in 

the original particles which have become coated 

with sulphur causing a slowing down in the 

dissolution rates of both copper and silver, 

and that the undissolved silver has not formed 

a separate phase by dissolution followed by 

precipitation. 

This is supported by the X-ry., and micros-

copic studies which show no phases other than 

elemental sulphur and one with the structure of 

idaite (Cu3FeS4 ). 

3-1-4 SampleELEU 

Figure 26 shows the effect of changing the 

weight of sample used in the leaching experim-

ents. The experiments were carried out under 

the same conditions, that is, at 60°C, with a 

ferric ion concentration of 0.065 M in sulphuric 

acid (pH = 1), a stirring speed of 1300 rpm and 

a particle size of -180 125 microns. The 

results are listed in Tables A-1.5 and A71.6. 



0 

• 
0/0 Cu 
DISSOLVED 

BO 

70 

GO 

• 0 

• 
0 

• 
40 	• 0  

0 	 o 	1 gm sample • 0 
30 0 	

0 0.5 gm sample 
0 

0 

20 

10 

0 
0/0 Ag 
DISSOLVED , 

8 8 0  fa 
 

0 	1 	T 	? 	1 	I 	1 	i 	1 	1 	1 	ill 	I  

2 4 6 8 10 12 14 16 18 20 22 24 26 26 
TIME (HOURS) 

100 

90 

50 

3 

1 

0 

• 

0- 

• 

30 

—214— 

FIGURE 26 : Effect of initial sample weight on the rate of leaching 

copper and silver from the silver — doped bornite. 



- 215 - 

When 0.5 grams of solid was used instead 

of 1 gram, there was no significant effect on 

the copper dissolution. However there were 

slight differences. Up to about 40% copper 

dissolved the 1 gram sample had the slightly 

faster leaching rate while at higher copper 

dissolutions the 0.5 gram sample had the 

slightly faster rate. The latter effect could 

be explained by the fact that because the same 

ferric ion concentration was used in both 

experiments, the amount of ferric ion left in 

the solution would be greater for the 0.5 gram 

sample, due to less copper being dissolved in 

the solution. 

The slower rate of the 0.5 gram sample 

below 40% of the copper dissolved could be due 

to the fact that more silver per unit mass was 

dissolved, and then removed from solution, in 

the initial stages of the dissolution. This 

again suggests that in the initial stages of 

the dissolution a small amount of silver is 

dissolved and then precipitated on the surfaces 

of the particles, thus slightly affecting the 

copper dissolution rate. Subsequently the 

silver dissolves very slowly, the bulk becoming 

concentrated in the transfored particles with 
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the structure of idaite. 

After the minimum in the silver dissolution 

curve (which occurred at the same weight of 

silver dissolved per unit mass) the 0.D gram 

sample had a significantly faster leaching rate. 

This could be due to the same reason as for the 

faster leaching rate for the copper in the later 

stages of dissolution i.e., a greater excess of 

Fe3+  in the solution 
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3.2 	Atomic absorption analysis. 

The atomic absorption spectro photometer 

was used to analyse the solid leach residues 

after removing any elemental sulphur with CS2  

(section 2.2) and dissolving the residues in 

nitric acid (section 2.3). The results for a 

number of residues are shown in Table 1, to-

gether with the weight per cents of copper and 

silver dissolved from the original samples in 

the leaching experiments, and the stoichio-

metric compositions of Cu5FeS4  (bornite), 

CuFeS2  (chalcopyrite), and Cu3FeS4  (idaite). 

The results are expressed as atomic per cents 

in Table 2. 

As expected, the residues became enriched 

in silver as the copper is dissolved. It can 

be seen that the analyses for the residues 1,2, 

3 and 4 agree very well with a composition of 

(Cu, 1g)3FeS4 . X-ray analysis also showed that 

these residues gave diffraction patterns similar 

to the idaite phase, Cu3FeS4  (section 3.5). 

The analySes for residues 5 and 6 confirm 

that the silver remains undissolved even when 

nearly all the copper has dissolved. In these 

two cases, at a high silver concentration, the 
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results do not agree so well with the idaite 

composition but the total metal : total sulphur 

ratio was still approximately 1 : 1. 

Errors may occur in both the iron and 

sulphur analyses. If any ferric ions have be-

come hydrolysed during the leaching this would 

give a higher iron content due to the presence 

of the iron-containing precipitate while the 

sulphur content would be higher if the removal 

of elemental sulphur by CS2  was not complete. 
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TABLE 1 - 	Atomic Absorption Analysis of residues. 

Residue 	wt  % removed 	wt % in residue  

	

Cu 	Ag 	Cu 	Ag 	Fe 	S. 

1 	44.68 0.20 	50.91 1065 14.57 33.17 

2 	64.29 0.86 51.78 2.81 14.66 30.75 

3 	84.04 1.76 45.50 5.00 16.03 33.47 

4 	89.67 4.97 43.32 8.09 17.36 31.23 

5 	97.79 	1.20 	25.14 21.02 16.94 36.90 

6 	98.76 2.16 21.15 20.98 22.24 35.63 

Initial 	- 	- 	62.29 1.20 11.07 25.43 

Cu5FeS4 	- 	- 	63.33 - 11.12 25.55 

CuFeS2 	- 	- 	34.64 - 30.42 34.94 

Cu3  FeS4 	- 	- 	50.87 	14.90 34.23 

TABLE 2 - Analyses expressed as Atomic %. 

At % in residue 

Cu Ag Fe 

Residue  

1 	37.93 0.72 12.35 48.98 

2 	39.51 	1.26 12.72 46.49 

3 	34.17 	2.19 13.69 49.88 

4 	33.34 	3.66 15.25 47.73 

5 	19.00 	9.40 16.00 55.50 

6 	16.28 	9.56 19.56 54.58 

Initial 	49.44 	0.56 10.00 40.00 

Cu5FeS4 	50.00 	- 	10.00 40.00 

CuFeS2 	25.00 	

- 

25.00 50.00 

Cu3  FeS4 	37.50 	

- 	

12.50 50.00 
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3.3. 	Electron Microprobe Analysis.  

Although the atomic absorption analyses 

in the previous section gave the overall com-

positions of the residues, the electron micro-

probe was used to investigate the homogemity 

and distribution of the elements in the residues. 

The experimental procedure and the use of the 

electron microprobe to check the homogemity 

of the original synthetic silver-doped bornite 

have been discussed previously (sections 2.4.3 

and 2.1.1, respectively). A typical electron 

probe trace for the original material is shown 

in Figure 27. 

The results from measurements made at fixed 

points on the residue particle surface are shown 

in Table 3 
	

These spot counts were made at 

the centres of the particles since accurate 

measurements were not possible at the edges of 

the particles because of the cracks and pores 

that were formed (see section 3.4). The results 

show that even at high copper dissolutions the 

composition of the particles remains virtually 

the same, agreeing well with the formula 

(Cu,Ag)3  FeS4  . 

It can be seen that the silver content of 

the particles does not seem to have increased 
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greatly from the initial content of 1.20 

weight per cent. The scatter in the results is 

probably due to the low beam current (15nA ut 

25KV) that had to be used (section 2.1.1), 

and, in the case of silver, the very low values 

that had to be measured. 

The atomic absorption analyses showed much 

higher silver contents for the same residues 

and this suggested that the silver was not dis-

tributed homogeneously throughout the particles 

but was concentrated in certain areas. Several 

traces for Cu, Fe and Ag were made across the 

leached particles. For the copper and iron 

traces no consistent differences were found in 

the bulk of the particles that could not be 

attributed to topographical features, while at 

the edges both the copper and iron contents 

decreased rapidly. The silver traces did not 

give very consistent results. This was probably 

due to the low silver content and the low beam 

current that had to be used to avoid damage to 

the particles. However, a number of the traces 

showed that there seemed to be more silver at 

the edges than in the centres of the particles. 

One of these traces is shown in Figure 28, 

together with typical traces for the copper and 

iron. 
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This concentration of silver appeared to 

be within the original particle and was not due 

to a precipitate on the surface. The X-ray 

analysis confirmed this and seemed to suggest 

that these areas of greater silver content still 

had the Cu3FeS4  structure since no other phases 

were detected. 

TABLE 3 Electron Probe Analysis of Residues. 

wt.% in residue (Atomic % in brackets). 

Cu 	Ag 	Fe 

Residue 

1 54.20 1.40 15.10 29.30 

(41.60) (0.60) (13.20) (WIWI.60) 

2 50.61 1.23 16.23 31.93 

(38.03) (0.54) (13.87) (47.55) 

3 48.12 1.03 16.42 34.42 

(35.48) (0.45) (13.77) (50.29) 

4 48.41 1.39 16.36 33.84 

(35.88) (0.61) (13.80) (49.71) 

5 49.20 1.11 15.98 33.71 

(36049) (0.48) (13.48) (49.55) 

6 51.56 1.26 17.13 30.05 

(39.25) (0.57) (14.84) (45.34) 
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DISTANCE ACROSS SPECIMEN 

FIGURE 27 : Electron probe scan across an unleached specimen of 

the silver — doped bornite. 
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FIGURE 28 : Electron probe scans across leached particles of the --------- 
silver — doped bornite0 
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3.4 	LUS1=2221-91a-FILELE- 

The leach residue particles were mounted 

and polished (section 2.4.1) to study by micro-

scopic means the effect of leaching on the grains 

of the silver-doped bornite. After leaching, 

and removal of the elemental sulphur, the 

particles had a golden colour in a polished 

mount under reflected light. 

Figure 0-2.1 shows a particle of the 

silver-doped bornite after 20.1% of the copper 

had been dissolved from the sample. The par-

ticle still retains the well-defined edges 

but a number of cracks have formed. This sugg-

ests that the removal of copper is carried out 

by diffusion in the solid state producing a 

contraction in the unit cell resulting in the 

development of pores and cracks in the particles. 

Figure C-2.2 shows a particle from a 

sample from which 44.68% of the copper had been 

dissolved. There are more cracks and pores 

and attack seems to have started on the edges 

of the particles. This attack is clearly 

shown in Figure C-2.3 in a particle from which 

64.29% of the copper had been dissolved. This 

particle also shows the start of a black layer' 
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around the particles which grows in size as 

more copper is dissolved, as shown in Figures 

C-2.4 and C-2.5 representing 84.04% and 97.b9% 

of the copper dissolved. 

This 'layer' is in fact the hole in the 

mounting material left due to the elemental 

sulphur being removed during the polishing of 

the leach residues. The presence of sulphur 

was confirmed by X-ray diffraction analysis. 

In the central parts of the grains it is 

possible to see the remaining sulphide phase. 

Electron probe microanalysis performed in this 

area still gave a composition similar to that 

given by residues with only about 40% of the 

copper dissolved (section 3.3). 

These observations are in complete agree- 

(11) ment with those of Ugarte 	on the leaching 

of pure bornite. The retention of the original 

shape of the particles up to about 40% of the 

copper dissolved, and the subsequent strong 

attack on the surface of the particles demon-

strates the two stages of the leaching reaction. 

These are firstly a removal of copper by 

diffusion in the solid state, and then a 

chemical attack with the formation of elemental 

sulphur. 

It should be noted that all the residues 

microscopically examined were homogenkus and 

no intergrowths of other secondary phases, 
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3.5 	X-Ray Diffraction Analysis.  

The original material and most of the 

leach residues were studied by X-ray diffrac-

tion. Table B-1.1 compares the measured d-

spacings of the silver-doped bornite with pure 

synthetic bornite and the A.S.T.M. file values. 

It can be seen that the three patterns are in 

good agreement. The extra lines in the silver-

doped bornite and pure synthetic bornite 

patterns could not be identified with any phase 

and were thought to be due to surface oxidation 

of the samples. 

The outstanding feature of the leach 

residue diffraction patterns was the broadness 

of some of the lines. This often made it 

difficult to measure the positions of some of 

the lines and in these cases the measurements 

are tabulated as a range of d-spacings. The 

powder photographs for the residues at different 

amounts of copper dissolved are shown in Figure 

C-1.1 and the measured d-spacings are tabulated 

in Tables B-1.2 and B-1.3. 

Table B-1.2 and photographs (b), (c) and 

(d) in figure C-1.1 show that in the first 

stage of the dissolution of the silver-doped 
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bornite there are three noticeable changes 

in the diffraction pattern of the remaining 

solid. Firstly, there is a considerable decrease 

in the number of lines, secondly the lines that 

remain are displaced, indicating a contraction 

of the lattice, and thirdly these remaining 

lines are very broad. 

These observations are similar to those of 

Ugarte(11)  on the leaching of pure bornite. 

According to Ugarte, bornite loses copper in 

the first stage of the dissolution by diffusion 

of Copper ions in the lattice with a marked 

contraction of the unit cell until the structure 

that remains is a chalcopyrite-like structure 

with a formula unit Cu3 FeS4 , known as Idaite. 

The contraction in the lattice of the 

silver-doped bornite as the first 40% of the 

copper was dissolved can be seen by the dis-

placement of the X-ray line corresponding to 

d = 1.937 R in the original silver-doped bornite. 
Table B-1.2 shows that the line is displaced 

from 1.937 to 1.883 — 1.860 a after /1/1.68% of 

the copper has been dissolved. 
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The d-spacings and intensities of the 

lines for the sulphide phase formed when about 

40% of the copper has dissolved out of the 

silver-doped bornite are very similar to those 

obtained by Ugarte for the idaite formed by 

the leaching of pure bornite. This can be 

seen by comparing the pattern for a pure bornite 

with 43.7% Cu removed with the pattern for 

the silver doped bornite after /1/1.68% of the 

copper has been dissolved (Table B-1.2). This 

suggests that the sulphide phase formed in the 

first stage of dissolving the silver-doped 

bornite is also of the structure of idaite, 

Cu3FeS4 . 

The other powder photographs in Figure 

C-1.1, photographs (e), (f), (g), (h) and (i), 

and their corresponding d-spacings, listed in 

Table B-1.3 show that the lines do not move 

after about 40% of the copper has been removed 

and that above this amount of copper dissolved 

the lines of orthorhombic sulphur appear 

and become stronger in intensity than the lines 

of the sulphide phase. This indicates that 

the second stage of dissolution is also similar 

to that of pure bornite, that is the complete 

breakdown of the idaite structure to give 
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• 
elemental sulphur as the copper goes into 

solution. 

This was confirmed by treating the leach 

residues with CS2  to remove the elemental 

sulphur and repeating the X-ray analyses. The 

resulting X-ray diffraction patterns are shown 

in Figure C-1.2, photographs (b), (c), (d),(e) 

and (f), and the measured d-spacings are 

presented in Table B-1.4. These values are 

very similar to those of idaite, Cu3 FeS4 , for 

all the residues and clearly show that the 

sulphide phase formed after 40% of the copper 

has been removed remains unchanged for the 

rest of the leaching reaction. 

However, the leaching results and atomic 

absorption analysis of the residues (sections 

3.1. and 3.2) showed that during this dissolu-

tion of copper, only a small amount of silver 

dissolved, the bulk of the silver remaining 

in the solid residues. Both microscopic 

examination and electron probe micro-analysis 

failed to detect any secondary phase of silver 

formed by solid state transformation or 

precipitation. 
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In figure C-1.2 photographs (h), (i), 

and (j) are the X-ray diffraction patterns for 

silver, silver sulphate and silver sulphide 

respectively. Comparing these patterns with 

those for the leach residues shows that none 

of these silver compounds seemed to be present 

in the residues. 

At this point, however, it should be 

noted that there are limits to the detection 

ability of the X-ray diffraction technique. 

Klug and Alexander(179)state that many cryst-

alline substances give such sharp powder 

patterns that they are detectable when present 

to the extent of one to two per cent, or less, 

in a mixture. Other materials give such poor 

patterns that, although they can readily be 

identified when alone, they may not be detected 

when present in a mixture even to the extent of 

50%. Little work has been done to determine 

the amounts of crystalline substances determin-

able by X-rays in the presence of other materials. 

Howeverpriork on the phase relations in the Au-

Ag-Te system, Cabri(180)  stated that with a 

Guinier-De Wolff camera he was able to show 

the presence of very small amounts of some phases, 

less than 1  wt.% in some cases. 
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To investigate whether small amounts of 

silver compoundscould be d.etected, two powder-

ed mixtures of pure bornite and pure silver 

sulphide were analysed by X-ray diffraction. 

One mixture contained about 1% of silver sulph-

ide and the other contained about 6%. The 

lines of silver sulphide were visible in both 

X-ray photographs. In the case of the 1% 

silver sulphide mixture only a few of the 

strongest lines were visible, but for the 

6% mixture a number of lines were detected. 

The conclusion was that it was thought 

that if silver was present as some secondary 

phase, it would easily be identified by the 

X-ray diffraction technique, especially as 

some of the residues contained up to 20% silver 

(section 3.21Table 1). 

Since no such phase was detected, this 

suggests that the silver remains as an isomor-

phous constituent in the copper-iron sulphide 

during the transformation from bornite to 

idaite as copper is dissolved, and that this 

idaite becomes silver-rich during the second 

stage of copper dissolution. The electron 

probe analysis results (Table 3 and Figure 28) 
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showed that silver was present in the 

transformed particles at about the same con-

centration as in the original bornite, and that 

there was some build up of silver at the edges 

of the particles as the dissolution of copper 

continued. 

Although Ugarte noted that the idaite 

formed during the leaching of pure bornite 

gave X-ray patterns with very broad lines and 

a noticeable increase in the background radia-

tion, the effect seemed to be much greater for 

the silver-doped bornite. 

In figure C-1.2 photograph (g) is for a 

sample of pure bornite from which 38.8% of the 

copper had been leached. Comparison with 

photograph (a) in the same figure, which is 

for a sample of silver-doped bornite from which 

/I/1.68% of the copper had been dissolved shows 

that much broader lines were obtained for the 

transformation product, idaite, in the present 

work. This could well be an effect due to the 

presence of silver in the structure. 

Several factors contribute to scattering 

and diffraction at angles other than those of 
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the discrete Bragg reflections produced by 

the characteristic radiation employed. These 

are, (a) lattice imperfections, (b) general 

radiation, (c) absorption discontinuities, 

(d) air scatter, (e) secondary fluorescence 

radiation, and (f) crystallite size. Of these, 

(b), (c), (d) and (e) would be the same for 

all samples, and since the increase in back-

ground radiation and broad lines only occurred 

with the leach residues, the cause must be either 

(a) lattice imperfections, or (f) crystallite 

size. 

According to Klug and Alexander, in the 

absence of lattice strains, well crystallised 

material should give reasonably sharp lines 

at all angles if the crystallite dimension is 

larger than 0.1)2m. Only at sizes much less 

than 0.01p.m do the low angle lines become 

very broad and diffuse. 

In the present work, all of the samples 

for X-ray diffraction analysis were prepared 

in the same way, being ground and sieved to 

produce a powder with a particle size of -4511m. 

The photographs in Figure C-1.1 show that 

following this preparation the original samples 
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and the elemental sulphur produced in the 

leaching reaction gave sharp lines, and that 

only the lines corresponding to those of idaite 

were broad and diffuse. Itmight be expected 

that the strongly leached residues, with more 

than 90% of the copper removed, would give 

broad lines due to a small residual particle 

size. However, comparison of photographs (e) 

and (f) with photograph (a) in Figure C-1.2 

show that even after only W1.68% of the copper 

has been removed the lines were already 

significantly much broader. 

Hence it seems unlikely that crystallite 

size is the source of the line broadening and 

more likely that lattice imperfections play 

the major role. 

It is doubtful whether the imperfections 

are structural faults in the lattice since this 

usually causes broadening of some lines but 

not others. In the present case, all of the 

lines of idaite were broad indicating that the 

imperfections are more likely due to the pres-

ence of strain in the lattice, causing a dis-

placement of the atoms from their ideal sites, 

or a randomness in the population of the atomic 

sites in the structure. Both of these effects 

would be expected if silver ions were present 

in the lattice of the idaite phase. 
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3.6 	Discussion and Comparison with other work. 

The structure of bornite is a sphalerite-

type skeleton that contains layers of ionically-

bound interstitial atoms, Cu(I). Ugarte(11) 

has demonstrated that the removal of the ionic-

ally-bound copper atoms results in the format-

ion of a chalcopyrite-like unit cell with a 

formula unit Cu3FeS4 . 

As has been mentioned in section 1.2.11it 

is the removal of the ionically-bound copper 

that occurs in the first stage of the dissolut-

ion of pure bornite. This stage is fast because 

the copper ions can easily diffuse through the 

lattice. However this results in a contraction 

of the unit cell as the structure transforms to 

that with a formula unit of Cu3FeS4  (Figure 8) 

and the more difficult dissolution during the 

second part of the reaction is explained because 

the atoms are now covalently bound in a 

more ordered and compact structure. Thus, the 

dissolution, through a complete breakdown of 

this structure, results in the formation of 

elemental sulphur, with the copper and iron 

going into solution. 
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This two-stage mechanism of dissolut-

ion also applies to the silver-doped bornite. 

The silver in the original bornite remains in 

the solid state during the transformation 

and seems to become incorporated in the more 

compact Cu3FeS4  lattice. 

Foreign atoms may be incorporated by 

crystals in a number of ways. Most important 

are isomorphous substitution for lattice atoms, 

assumption of interstitial positions, associa 

tion with defects and dislocations, and 

adsorption on surfaces during crystal growth. 

For ionic compounds the principal factor 

that determines the possibiliLy of isomorphous 

substitution is one of volume, and a good first 

approximation to prediction of isomorphous sub-

stitution is given by Goldschmidt's rule that 

such substitution is possible if the ionic 

radii of the two elements being considered are 

within 15 per cent of one another (181)  . An 

appreciable correction is necessary for the 

coordination number of the ion in the particular 

structure being considered and such factors 

as electronegativity, polarizability and ionic 

potential need to be taken into account. 
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Fleischer(16)emphasized that the use of 

ionic or atomic radii in predicting solid 

solutions in sulphides is of rather little 

value because of the prevalence of mixed bond-

ing. The covalent bond appears to prevail in 

many, but an unknown degree of transition 

to the ionic bond or,in some cases,the metallic 

bond(154)is indicated by certain physical 

properties. 

The metal atoms, Cu(I) and Fe(III), which 

make up the sphalerite type-skeleton of the 

bornite structure are tetrahedrally co-ordinat-

ed to the sulphur atoms, while the interstitial 

ionic copper atoms were assumed to be Cu(I) 

because the preferred coordination of Cu(I) is 

tetrahedral(149) 
	

Hence the tetrahedral 

covalent radius of silver should apply in a 

rough qualitative way to its probable sub-

stitution for copper. The difference in the 

covalent radii of the two elements, Ag(1.52R), 

Cu (l.35R), is, however, significant and 

approaches the limit permitted for extensive 

substitution, according to the Goldschmidt 

rule. The semiconductor properties of bornite 

also suggests some metallic bending in the 

mineral and the atomic radius of silver might 
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be applied. The difference between the atomic 

radii of the two elements, Ag (1.40R), Cu 

(1.248), is, however, again significant. 

Despite this the present work suggests 

that the bornite lattice can hold up to 1.20 

weight per cent of silver. The silver could 

replace the tetrahedally coordinated Cu(I) 

in the sphalerite-like skeleton, Cu3 FeS4 , or 

the Cu(I) ions in the tetrahedral interstices. 

It is well known that silver participates 

in tetrahedral structures(182) and that silver 

is contained in many sulphides and probably 

substitutes for copper in copper sulphide 

lattices (15). Among the known tetrahedral 

compounds of silver are Ag FeS2  , Ag A1S2 , 

AgCiaS2 _ and AgInS2 , wilich have similar structures 

to that of chalcopyrite i.e., a complicated 

tetrahedral structure based on the sphalerite 

lattice. Tetrahedral arrangements of sulphur 

around silver have also been found in the 

minerals tetrahedrite-tennantite, (CuAgFe)12  

(SbAs)4S131  prou3tite, Ag3 AsS3 , and pyragyrite, 

Ag3SbS3. (181) 

"-, 

In comparing the crystal chemi,Stry of 
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copper and silver minerals, Poyarrenkyh(183) 

stated that the difference in interatomic 

distances is relatively large at coordination 

numbers 2 and 3 but it decreases 10% at 

coordination number 4. Hence at low coordinat-

ion numbers of atoms, replacements are practic-

ally absent, but in minerals with tetrahedral 

coordination the Ag 	Cu isomorphic replace- 

ment is performed within a wide range. Thus 

silver may substitute for copper in the tetra,- 

hedrite-tennantite lattice up to 25% or more, 

resulting in a regular increase in the size of 

the unit cell with silver content(184) 

Other sulphosalts which contain varying 

amounts of copper and silver include Polybasite, 

(Ag,Cu.)16Sb2 S11  , Pearceite (Ag,Cu)16  AsSii  and 

Freibergite (Cu,Ag,Zn1Fe)12(Sb,As,)4 S13 (15'155)  

Skinner(143) also found evidence that strame-

yerite had a meaaureable composition range 

extending from CuAgS towards Cu2 S but not 

significantly towards Ag2 S. Skinner's suggest-

ed formula of Cut +x  Agi_x S where x ranges 

from 0 to 0.1 has been verified in field 

studies.(155)  

Hence there is a considerable evidence for 
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the isomorphic replacement of copper by silver, 

and vice versa,in many copper-silver minerals. 

There is also a vast amount of literature or 

the silver content of other sulphides and 

sulphosalts, much of which is summarized by 

Fleischer(16) and Boyle(15). Among the copper 

sulphides that contain some silver, Boyle lists 

the following: 

Sulphide 
	

Silver content in ppm 

Digenite 

Chalcocite 

Bornite 

Cu2_x  .5 

Cu2  S 

Cu5  FeS4  

10 - 	1000 

1 - 1000(up to 1%) 

1 - 1000 

Chalcopyrite CuFeS2 	5 - 3, 300 

Stannite 	Cu2FeSnS4  up to 1% 

Covellite 	CuS 	Traces to 500 ppm. 

However, much higher silver contents have 

been recorded. Ottemann and Frenzel(185) found 

five mineral occurences of covellite in which 

from 2.4 to 16.7 wt.% of the copper was 

replaced by silver. Schwartz(139) suggested 

that up to 15% of Ag2  S may substitute for Cu2  S 

in chalcocite, but this was not supported by 

other work. Skinner (143)  found that 

chalcocite could dissolve up to 1.83 ± 0.37 

Bac.% Ag2 S at 63°C, the chalcocite acting as 

a host forming a solid solution in which silver 
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replaced copper. 

Prouvost (186) produced a chalcopyrite 

containing about 5 to 8% silver by heat treat-

ing a sample of the mineral after depositing a 

small amount of silver on its surface. It was 

noted that the presence of silver in solid 

solution gave a greenish appearance to the 

chalcopyrite. Hawley and Nichol (17)  found 

that, although it had an ionic radius too large 

to easily substitute for Fe2+ 1  Cu2+ or Cu+, 

silver was clearly concentrated in chalcopyrite 

areas rather than pyrite or pyrrhotite areas. 

This preferential concentration was taken as 

a reflection that the element was more accept-

able in certain lattices than in others. 

Goldschmidt(181) classified chalcopyrite 

as a more effective host mineral for silver 

than sphalerite but not as effective as Galena. 

It was suggested that the ions of silver are 

captured in the tetrahedral interstices between 

four sulphur ions. Goldschmidt calculated 

that the sum of the normal (6 coordinated) 

ionic radii of silver and sulphur is 2.878, 

which after correction for tetrahedral co-

ordination, and for polorization of ions, gives 
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an interionic distance of 2.438. 

This silver-sulphur distance is very 

close to the Ag - S distance in Stromeyerite 

(2.40 R) which is identical to that found in 

the tetrahedrally coordinated structures of 

proustite and pyrargyrite.(141) It can be 

compared with following Cu - S distances for 

copper minerals with tetrahedral coordinat- 

ion.(187) 

Covellite 	2.31A Stannite(136)  2.311 
Cubanite 	2.31A Tennantite 	2.288 

Chalcoprrite 2.28g Tetrahedrite 2.34A 

Although there does not seem to be very 
close agreement between the Cu - S distances 

and the Ag - S distance, as has already been 

pointed out, these minerals can retain much 

silver in their lattices. Since many of these 

minerals have structures similar to the spal-

erite-like skeleton of bornite, it seems the 

replacement of the tetrahedrally coordinated 

copper by silver in the bornite lattice would 

also be quite feasible, as was found. 

The silver could also replace the intersti-

tial conically bound copper atoms. Manning( 188,189) 
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in experiments on the doping of sphalerite 

with copper and ironishowed that the interstitial 

sites are stable with respect to metal occul'at-

ion. He calculated that if the copper atoms lie 

at the centres of undistorted sphalerite inter-

stitial sites, then Cu - S bond lengths are 

2.74R, This is considerably larger than 

Goldschmidt's value of 2.43R for the Ag - S 

distance and seems to suggest that silver 

incorporation could be quite possible in the 

interstitial sites of the sphalerite-like 

structure. 

The structure that remains after the 1st 

stage of leaching is the sphalerite type 

Skeleton of formula unit Cu3FeS4 , known as 

idaite. All the above structural considerat-

ions apply to the silver that is obviously 

present in this structure. The silver may be 

in interstitial positions or may replace 

copper from its lattice positions. However 

some of the Cu(I) atoms in the original struct-

ure must become Cu (II) to retain electrical 

neutrality, hen ce not all the copper atoms will 

be replaceable by the Ag (I) atoms. The 

presence of the silver ions in the more compact 

Cu3FeS4  latticeproduces the line broadening in 
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the X-ray diffraction patterns described in 

sections 3.5. 

Idaite, was first named and described 

by Frenzel (190)  as a supergene sulphide with 

a formula Cu5FeS6  which is formed, character- 

istically by the alteration of bornite. 

However Sillitoe and Clark (159)  showed that 

the phase formed from Bornite in the oxidation 

zones of copper deposits had a composition of 

Cu3FeS4 , which agrees with the findings of 

Le
vy(160) Ugarte(11)  l and the present work. 

Levy pointed out that since the X-ray data 

given by Frenzel bears close resemblance to 

the tetragonal patterns of stannite and mawsonite, 

idaite of formula Cu3 FeS4  represents the tin- 

free end member of the CU2.x  Sn i _ x  FeS4  solid 

solution series. 

The other end member is stannite, Cu2FeSnS41  

a tetrahedral quaternary compound of the type 

Cue  - II - IV - S4  with a tetragonal super-

structure based on the sphalerite structure 

with dimensions analagous to those of the 

chalcopyrite cell. (191)  

Stannite is of interest in the present 
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discussion because it has been found that its 

copper is partially replaceable by silver. 

Moh (192)  synthesised the compound Ag Cu Fe Sn 

S, but was not able to form the compound 

Ag? Fe Sn S4 , although it has been suggested 

as a possible tetrahedral compound.(191)  Also 

the Sn - S distance in stannite is 2.43a, which 

agrees exactly with the Ag - S distance cal- 

culated by Goldschmidt. However the replace- 

ment of Sn (IV) by Ag (1)would require oxidation 

of the Cu(I) and Fe(II) in the stannite structure 

to the higher oxidation states of Cu(II)and Fe(III). 

It might be expected that the presence of 

silver would in some way influence the dissol-

ution rate of the bornite and the reaction 

product idaite. It is an impurity in solid 

solution and may cause non-stoichiometry in the 

mineral composition and influence the electronic 

properties of the host crystal or affect the 

atomic spacing in the structure due to lattice 

distortion, all of which have been identified 

as factors affecting the chemical reactions of 

minerals. Prosser (8)  pointed out that these 

factors would only be of importance in processes 

where the rate of chemical reaction or mass 

transfer through a solid phase was rate- 
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determining, Since the first stage of dissol-

ution of bornite is by the diffusion of copper 

ions through the lattice, and the second stage 

is rate controlled by the chemical reaction 

by which Cu3FeS4  breaks down to elemental 

sulphur, the silver impurity could influence 

both stages of dissolution 

The dissolution curves for the silver-

doped bornite at 60°C and 90°C are shown in 

Figures 29 and 30 and compared with those 

obtained by Ugarte for pure bornite at the 

same temperatures, ferric ion concentrations 

and with the same leaching system. At both 

temperatures the rate of dissolution of copper 

has not changed significantly. However the 

rate of dissolution of copper from the silver-

doped bornite is slightly lower than from the 

pure bornite in the first-stage of the dissol-

ution reaction. This could be due to the 

slightly different leaching conditions used 

by Ugarte. He used a stirring speed to 950 

rpm and a particle size of -150 105 microns 

compared to 1300 rpm and -180 + 125 microns 

used in the present work. The difference in 

stirring speed would not be expected to affect 

the leaching rate since both speeds were 



— 248 — 

70 

60 

50 

40 

30 

20 

10 

4 	5 
TIME (HOURS) 

FIGURE 	: Comparison of dissolution curve of silver — doped 

bornite at 60°C with that obtained by Ugarte(la) for 

pure bornite at 60°C. 

°I0 Cu 
DISSOLVED • UGARTE(11)  

O PRESENT WORK 

• 
0 • 

0 • 
• 

• 
0 

0 

C 

• 

1 grn samples 

60°C 
0.065 M Fe+++ 

• 



- 249 - 

90 

60 

O/0 Cu 
DISSOLVED 

• UGARTE(11)  
0 PRESENT WORK 

70 

GO • 

50 0 • 

g 

40 
0 • 
0 
	

1 gm samples 
30 ° 	

90°  C 
0 

0.065 M Fe" 
20 

10 

0 
1 
	

2 	3 . 4 	5 
	

7 
TIME (HOURS) 

FIGURE 10 : Comparison of dissolution curves of silver — doped 

bornite and pure bornite at 90°C. 



- 250 - 

chosen to ensure that all the particles were 

maintained in suspension. However, the 

difference in particle size would have an 

effect. 

Ugarte found that a reduction in 

particle size increased the rate of the 

first stage of the bornite dissolution reaction 

due to the rate-controlling step being the 

diffusion of copper ions in the lattice. A 

reduction in particle size reduces the 

distances of the diffusion and thus increases 

the rate of dissolution. Since the :experi-

mental results suggest the same dissolution 

mechanism for the silver-doped bornite, the 

slightly larger particle size of the silver-

doped bornite would be expected to slightly 

reduce the dissolution rate of the copper, 

as was found. 

An alternative explanation could involve 

the decrease in the silver content of the 

solutions in the initial stages of dissolut-

ion (see Figures 23 - 26). If one postul-

ates that the small amount of silver initi-

ally dissolved was reprecipitated on the 

particle surfaces, this would also lead to a 



reduction in the dissolution rate of the 

copper due to the reaction having to occur 

through this layer. Similar curves were 

obtained by Gerlach et al (116)  for the 

dissolution of antimony from NiSbS and 

Cu3  SbS4  due to the formation of basic 

antimcny sulphate of low solubility which 

slowed down the dissolution rates for Ni and 

Cu. However the amount of silver 'precipi-

tated' in the present work is so small that 

the effect, if any, would probably be 

negligible. 

Apart from this slight reduction in the 

initial stage dissolution rate, the silver 

doped bornite seems to behave exactly like pure 

bornite with temperature and ferric ion con-

centration having effects which are in good 

agreement with other studies on bornite. 

The activation energy value of 0.97 kcals 

per mole for the Cu dissolution in the first 

stage is somewhat lower than the values obt-

ained by other authors for the dissolution of 

bornite. Ugarte(11)obtained a value of 2.1 ± 

0.1 kcals per mole for the first stage of the 

reaction, while average values for the overall 

dissolution of 5.5 ± 1.4 and 5.7 ± 1.3 kcals 

per mole were reported by Kopylov and 0rlov(93)  

and Dutrizao et al(94) respectively. 

The low value obtained in the present work 

could be explained by two reasons. Firstly,the 

present calculations were based on the amount 

of Cu dissolved after 5 minutes by which time 



the first stage of the dissolution could well 

have been nearing completion. Hence a more 

accurate activation energy value would probably 

have resulted with data obtained at a shorter 

leaching time. 

Secondly, with a diffusion mechanism aL 

postulated for the first stage of dissolution 

of bornite, it is apparent that the rate of 

copper dissolution will be dependent on the : 

amount of copper dissolved, i.e., the rate 

will be dependent on the diffusion gradient 

in the lattice, or the coating thickness of the 

transformed phase, whichever mechanism applies. 

Thus when determining the apparent activation 

energy of the reaction, the rate of copper 

dissolution at each temperature must be measur-

ed when the same amount of copper has been 

removed, i.e., when the particles are in the 

same state. Hence measuring the rate in 

terms of the time required to dissolve a 

given copper percentage,instead of the 

amount of copper leached from the sulphide 

after a certain time,would eliminate some 

errors due to the variation of rate with 

per cent Cu dissolved. However since the 

first half of the reaction is extremely 

fast, the shape of curve is difficult to 

determine, and the rate had to be determined 

from the amount of copper dissolved after 

five minutes. (However this method was 

possible withomeyerite, see section 5.1.1). 

Other authors have found that the 

presence of silver as a 'doping' addition 
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often has a much more significant effect 

on the dissolution behaviour of other solids. 

Sim kovich and Wagner (111)studied the kinetics 

of dissolution of lead sulphide as a function 

of stoichiometry and as a function of doping 

additions, silver sulphidelAg2S5and bismuth 

sulphide. In 6M nitric acid, the roles of 

dissolution of PbS were : PbS + 2 mole % 

ADS > PbS (stoichiometric) > PbS + 2 mole % 

Bit S3 > PbS (S excess) > PbS (Pb excess) 

With hydrochloric acid there was a much less 

pronounced difference between the dissolution 

rates of the doped and undoped crystals. 

Carlson and Mikkola(112) studied the 

effect of cold work and Alloying additions on 

the kinetics of dissolution of copper in 

aqueous Cupric ammonium carbonate solution. 

Generallyl solute additions (Zr, Cr) decreased 

the dissolution rate; however, the rate was 

found to pass through a minimum as a function 

of Ag content with additions of more than 

0.15 wt. % Ag -causing the dissolution rate to 

increase. The alloy with the highest silver 

content (0.5 wt. % Ag) gave a dissolution rate 

of 250 mg/cm2  - hr compared to that of pure 

Cu of 184 mg/cm2 hr. Measurements using an 
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electron microscope showed a considerable 

silver build up at the surface during dissolut-

ion. 

Based on these observations the authors 

interpreted the effect of the Ag additions in 

terms of two distinct processes. At low levels 

( < 0.15 weight per cent) the Ag decreases the 

dissolution rate simply through a mechanical 

blocking of the dissolution process,which is 

in general agreement with a model based on 

mixed reaction-diffusion control. The authors 

explained the build up of silver that occurs 

at the surface during the dissolution process 

as due to the low solubility of silver in 

cupric ammonium carbonate solution. At high 

concentrations ( 
	

0.15%), a sufficient amount 

is present to form a continuous layer of 

relatively pure silver which becomes fractured 

or fragmented by the combined chenlcal and 

mechanical forces of the dissolution processes. 

Hence the increase in dissolution rate 

for the high Ag content alloy over  that of pure 

Cu was thought to be the result of two factors: 

(a) the nonuniform attack promoted by the 

fragmented surface layer which leads to removal 
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of sizeable pieces of material through both 

chemical attack and mechanical forces, and (b) 

the electochemical effect of the Ag-rich layer 

in promoting chemical attack of the base 

material. 

In contrast to the above findings, it has 

been shown that the presence of silver does not 

affect the dissolution of chalcopyrite or zinc 

sulphide. Baur el al (108)  found that the 

addition of silver metal powder to an equal 

weight of chalcopyrite produced practically no 

increase in the amount of copper dissolved, 

while copper and iron powders increased the 

dissolution rate markedly (section 1.3). 

This was explained by the fact that the couple 

Ag°/CuFeS2 does not increase the anodic voltage 

of the chalcopyrite to the point of discharge 

of oxygen, by the oxidation of water, which 

would result in an increase in oxygen concentr-

ation on the mineral surface and an increase 

in the dissolution rate. 

These authors also noted that although the 

presence of argentous ions in solution produces 

striking effects because of the exchange 

mechanism existing between lattice copper ions 
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and solution silver ions resulting in the 

probable formation ofargentite with copper 

going into solution, this had little effect 

on the dissolution of chalcopyrite. This was 

probably because silver is only slightly 

soluble in the weak sulphuric acid used as the 

leaching agent. 

Similarly it has been shown that although 

silver. can replace zinc in the lattice of zinc 

sulphide, one Zn2+  ion being replaced by two 

Ag+  ions producing a silver sulphide layer at 

the surface (193)9  the presence of silver does 

not catalyse the oxidation of zinc sulphide 

under acid pressure leaching conditions (114)  

It was assumed that the oxidation potential 

of the silver was outside the required limits 

for effective mediation and catalysis of the 

electrochemical reactions occurring as the zinc 

sulphide dissolved. 

It seems likely that the lack of enhance-

ment of copper from silver-doped bornite that 

was found in the present work could be explained 

by similar electrochemical considerations. 

An explanation based on the fact that the silver 

was only present in a small amount seems unlikely, 

since Simkovich and Wagner, and Carlson and 

Mikkola, obtained increased dissolution rates 

with only small additions of silver. 
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SECTION 4 

EXPERIMENTS ON SILVER COMPOUNDS  

Since there was no appreciable dissolut-

ion of silver in the leaching solutions used 

in section 3, a number of experiments were 

carried out on the solubility of silver sulphate 

and silver sulphide in similar solutions, in 

the absence of copper. 

4.1. 	Solubility of Silver Sulphate. 

The solubility of the silver sulphate was 

measured to make sure that the silver from the 

silver-doped bornite was not being dissolved 

and then precipitated as the sulphate. X-ray 

and microscopic analysis already indicated that 

this was not the case but because the silver is 

present in such small quantities it was decided 

to recheck by solubility measurements using a 

simple technique first used by Ward (194)  

The silver sulphate was prepared by dissol-

ving pure silver in hot sulphuric acid, evapor-

ating off some of the liquid and crystallising 

the sulphate by cooling. The x-ray diffraction 

pattern of the solid was in complete agreement 

with that listed in the A.S.U,X-ray index file. 
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The solubility was measured in a solut-

ion containing 0.065M Fe3+  in H2SO4 , with a 

pH of 1 at temperatures from 35°C to 90°C. 

The results, expressed as grams of silver sul-

phate per litre, are shown in Figure 31. The 

solubilities compare with values of 5.7 gms/litre 

at 0°C, 14.1 gms/litre at 100°C (195)and 7.8 

gms/litre at 25°C (15)for silver sulphate in 

water. 

4.2. 	Solubility of Silver Sulphide. 

The dissolution of silver sulphide was 
 

investigated using the same procedure and 

• apparatus as in the leaching experiments (sec-

tion 2.2). A 0.065M ferric ion solution in 

H2 SO4  (pH1) was used at 60 and 90°C. The weight 

of silver dissolved in 200 mis of solution is 

plotted as a function of time for each temper-

ature in Figure 32. 

The silver sulphide was prepared as a 

precipitate by mixing solutions of sodium 

sulphide and silver sulphate. After washing in 

distilled water and acetone, the powder gave an 

X-ray pattern in good agreement with that listed 

in the A.S.T.M X-ray Index file (Table B-1.6). 

The residues from the dissolution experiments 
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were also analysed by X-ray diffraction. 

The pattern for the residue after dissolut-

ion at 60°C could be indexed as a mixture of 

silver sulphide and orthorbombic sulphur (Table 

B-1.7) while the pattern for the residue from 

the 90°C dissolution (Table B-1.8) seemed to be 

a mixture of silver sulphide and a phase with 

a diffraction pattern very close to that of 

jarosite, KFe3(804 )2(OH)6 , and argentojarosite,  
Ag2Fe6(OH)12(SO4 )4  (see Tables B-1.5 and B-1.8). 

4.3. 	Discussion  

• Both the silver sulphate and silver sul-

phide solubilities show that the ferric sulphate 

solution could dissolve more silver than is 

present in the silver doped bornite samples 

used in the previous leaching experiments. A 

one gram sample contained 12 milligrams of 

silver which according to both figure 31 and 32 

should dissolve easily in the leach solutions 

and precipitation of sulphate or sulphide should 

not occur. 

This can also be shown by calculations 

involving the solubility products of silver 

sulphate and sulphide. In section 3.1.3 it was 
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mentioned that after 52 hours in 200 mis of 

0.25M ferric sulphate solution 0.6 milligrams 

of silver had dissolved. Calculation of the 

function (Ag+) 2  x (Sq-), where (Ag+) and 

(S02- ) are the concentrations of the species 4 

expressed in moles per litre, gives a value of 

- 10 
about 2.90 x 10 	. This is considerably lower 

than the solubility product of silver sulphate(15) 

1.24 x 10-5. 

Using the solubility results in Figure 31, 

the solubility product of Ag2 SO4  was calculated 

to'be 3.24 x 10-5  at 35°C and 2.42 x 10-4  at 

65°C. Using the latter value it was calculated 

that 0.4 grams of silver could be dissolved 

in 200 mls of 0.25M ferric sulphate solution. 

This compares with the 0.6 milligrams actually 

found in the leaching experiment. Thus the 

precipitation as sulphate does not seem to 

explain why only small amounts of silver entered 

the solution. 

For the precipitation of silver sulphide, 

sulphide ion, S2 , must be present. From the 

solubility product of silver sulphide(195)  1.6 

x 10-49, and the above amount of silver known 

to be in solution (0.6 mg), the concentration of 



- 263 - 

. sulphide ion required for precipitation of Ag2S 

was calculated to be about 2.07 x 10-36  moles/ 

litre. However, by Using the solubility pro3u-

cts(195) of cupric sulphide (8.5 x 10-45) and 

cuprous sulphide (2 x 10-47) it can be shown that 

the presence of this amount of sulphide ion in 

the solution would limit the amount of copper 

in 200 mis of solution to 5.22 x 10-8  grams due 

to cupric sulphide precipitation or 3.95 x 10-5  

grams due to cuprous sulphide precipitation. 

The rate curves (Figures 23 to 26) show that 

this precipitation did not occur. 

Considering 100% copper dissolution from 

a 1 gram sample gives a possible sulphide ion 

concentration of 1.7 x 10-43  from the cupric 

sulphide solubility product, and 8 x 10-45  

from the cuprous sulphide solubility product. 

Using the solubility product of Ag2 8 shows that 

solutions containing up to these amounts of 

sulphide ion could hold up to about 21 and 96 

milligrams of silver, respectively, compared 

to the actual value of 0.6 milligrams. Hence 

precipitation of silver as silver sulphide seems 

unlikely to occur. 

The dissolution of silver sulphide in 200- 
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mis of 0.065M Fe3+  solution seems to reach a 

maximum of 22 mgs at 60°C (Figure 32). Calcul-

ation of the ratio (Ag+) (Fe2+)/ (Fe3+) give3 

a value of 0.0001562, which is considerably 

lower than the equilibrium ratios observed 

by other authors (see section 1.1.2). This 

suggests that the reaction stops for a reason 

other than its nearing equilibrium; perhaps 

the sulphur produced in the reaction forms a 

layer around the particles. A microscopic 

examination was attempted but the silver sulphide 

was too fine for successful mounting and polish-

ing of the residues. The presence of sulphur 

suggests that the dissolution reaction is 

Age  S + Fe2  ( SO4  ) 3  = Ag2  SO4  + 2FeSO4  +S°( 3.1) 

The low equilibrium constants found by 

other authors (section 1.1.2) suggest that when 

the silver-doped bornite is leached, the copper 

is selectively dissolved and the ferrous ion 

produced inhibits subsequent silver dissolution. 

After the above solubility considerations, this 

seems more likely than that the silver is preci-

pitated as sulphide or sulphate. However,later 

work on the dissolution of copper and silver 

from stromeyerite (sections 5.1.7 and 5.1.8) 
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showed that the major factor in inhibiting 

silver dissolution seems to be the presence of 

copper ions in solution. 

It was noted that a jarosite-type phase 

was produced on dissolving silver sulphide in 

the ferric solution at 9000. Its yellow-brown 

colour and the similarities between its X-ray 

pattern and those of other jaxosites suggests 

that the phase is argentojarosite. May et 

al(196) have recently synthesised argentojaros-

ite and their d-spacings are listed in Table 

B-1.8 for comparison. 

The formation of an argentojarosite 

precipitate in the present experiments seems to 

be consistent with previous observations. May 

et al precipitated their argentojarosite in 

HNO3  and H2  S0,,solutions by dissolving silver 

sulphate in the boiling solutions, adding ferric 

sulphate, and refluxing at 97°C for a number 

of hours. Fairchild(197)  formed it by heating 

a saturated solution of silver sulphate in 

ferric sulphate to between 110 and 200°C in 

evacuated sealed tubes. 
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SECTION 5 

STROMEYERITE, RESULTS AND DISCUSSION  

5.1. 	Leaching Results.  

The general characteristics of the dissol-

ution of stromeyerite, Cut  .o7  Ag0.93 S, in 

acidic ferric sulphate solutions are shown in 

Figure 33. 50% of the copper dissolved in a 

very short time, but the second stage of the 

dissolution was extremely slow. For the condit-

ions of Figure 33, 50% of the copper dissolved 

in 30 minutes, but in the following 82 hours 

only a further 10% dissolved. (see Table A-2.1). 

The amount of silver that dissolved was 

extremely small. This was so under all the 

conditions tried with acidic ferric sulphate 

solutions (pH1). Because of this most of the 

silver dissolution results are not presented 

graphically but are given in Tables A-2.1 to 

A-2.19 as either weight per cents or actual 

weights dissolved. 

The effects of temperature, ferric ion 

concentration, stirring speed, sample weight 

and particle size on the dissolution of copper 

were investigated. The stromeyerite was also 

leached in chloride solutions, hydrogen peroxide, 
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and a solution containing a suspension of 

managanese dioxide,to compare the effects of 

different oxidants. 

5.1.1. Temperature_  

Increasing the temperature from 30°C to 

90°C increased the rate of dissolution of copper 

in the first stage of the dissolution process 

(up to 50% of the copper dissolved) but seemed 

to have little effect on the slower second 

stage (Figure 34). The dissolution of silver 

increased slightly with increasing temperature, 

but the amounts were very small (Tables A-2.2 

to A-2.7). 

The experiments were carried out from 30 to 

90°C with G.5 gram samples of particle size -180.  

+ 125 microns in a 0.1M ferric sulphate solut-

ion with a pH of 1 stirred at 1300 rpm. 

The activation energy of the first part of 

the reaction was determined by plotting the 

reciprocal of the absolute temperature against 

the logarithm of the weight % of Cu dissolved 

'in 5 minutes, using data from the above Tables, 

to give the Arrhenius plot as in Figure 35. 

This seems to show two distinct lines, one 
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occurring below 70°C and one between 70°C 

and 90°C, suggesting that there are two compet-

ing reactions. The respective values of the 

apparent activation energies were calculated 

to be 10.09Kcals per mole at the lower temper-

atures, and 3.66Kcals per mole at the higher 

temperatures. 

From the considerations discussed in sect-

ion 3.6 on the determination of the activation 

energy of the silver-doped bornite, it is known 

that a more accurate method of determining the 

activation energy would be to use the times 

required to dissolve a given copper percentage 

as the basis of the measured rates at the 

different temperatures. In the case of the 

silver-doped bornite the initial dissolution 

rate was too fast for accurate determinations 

of those times, but in the case of stromeyerite, 

the shape of the curves can clearly be drawn, 

(Fig: 34) and the time taken to dissolve a 

certain copper percentage can be estimated at 

the different temperatures. 

The data in Table A-2.20 was used to plot 

Figure 36. The curves still have the features 

of Figure 35, but it is noticeable that for the 
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plot for 50% copper dissolved, all the points 

lie approxiMately on the same straight line, 

although the points are more scattered. Straight 

lines were drawn through the points for temper-

atures of 70°C and below, and also through the 

70°C and 90°C points. The latter lines were 

drawn merely to calculate a value for the act-

ivation energy above 70°C and do not imply that 

the reaction has the same activation energy at 

70°C and 90°C. 

The calculated activation energies were as 

follows: (in Kcals per mole) 

% Cu dissolved. < 70°C > 70°C 

20% 14.20 

30% 15.21 5.23 

40% 14.64 

4-5% 16.50 9.15 

50% 14.15 3_4.15 

These results can be interpreted in one of 

two ways depending on whether one considers the 

date used in the above Figures for the 90°C run 

to be accurate or not. If one considers that 

the rate of copper dissolution at 90°C is so 

fast that accurate estimates of times to dissolve 

certain copper percentages cannot be made, the 
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data, and thus the different activation ener-

gies calculated above 70001  can be ignored. 

this case one supposes that the activation 

energy of the dissolution reaction in the first 

stage of the leaching process is given by the 

average value from the above values obtained 

at less than 70°C, i.e., approximately 15 kcals 

per mole. This is lower than normally expected 

of a chemically controlled reaction and too 

high for a transport controlled reaction. It 

seems to indicate an intermediate process where 

the rate is controlled by both chemical and 

diffusion factors. 

This seems to be in agreement with the 

mechanism proposed from the X-ray diffraction 

analyses (section 5.2) and supported by micro-

scopic and electron probe work (sections 5.4. 

and 5.5.). Equations 5.2.l., 5.2.2 and 5.2.3 

show that the reaction Proceeds by the dlffus-

ion of copper out of the stromeyerite which 

transforms via the phases Ag 1.2  Cu0.8  S and 

Ag 1.55  Cu0.45 S to silver sulphide, Ag2 S,at 

the same time as covellite,CuS,is being 'preci-

-pitated' along certain cystallographic planes. 

This latter part of the reaction could well be 

the chemical reaction that increases the 
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activation energy above that normally associated 

with diffusion processes. 

However if one considers that the data for 

the 90°C leach run is accurate, the lower act-

ivation energies at temperatures greater than 

70°C indicate that the chemical reaction be-

comes less rate determining at these higher 

temperatures, i.e., the 'precipitation' of CuS 

becomes easier. This again seems quite feasible 

from the proposed reaction mechanism. 

The increase in activation energy with 

percentage of copper dissolved could also be 

simply due to inaccuracies in the data used, or 

due to the 'precipitation' of CuS becoming more 

difficult and hence more rate determining as 

the reaction nears completion. At the end of 

the first stage of the dissolution, after 50% 

of the copper has dissolved, the reaction seems 

to have the same rate determining factors over 

the whole temperature range, as witnessed by 

the points all fa lying on or about the same 

line (Figure 36). 

The apparent independence of the rate of 

the second stage of dissolution of any change 
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in temperature suggests that the second stage 

reaction, the dissolution of covellite, was 

inhibited by the silver sulphide remaining dn 

the residues, King (9) showed that the rate of 

dissolution of covellite is controlled by a 

chemical process, which is dependent on temper-

ature, whereby elemental sulphur is formed via 

the phase Cu0.0. 

5,1,2, Ferric ion concentration, 

The results are presented in Figure 37 and 

Tables A-2.61  and A-2,9 to A-2,11, These show 

that above 0.065MFe34", the ferric ion concentr-

ation has little effect on the rate of dissolut-

ion of copper from stromeyerite, The experiments 

were carried out at 0.01M, 0,065M, 0.10M and 

0,25M Fe3+  concentrations with 0,5 gram samples 

of particle size -180 125 microns at a temper-

ature of 6000 and a stirring speed of 1300 rpm; 

the solutions having a pH of 1, 

At the concentration of 0,01M Fe3+  the rate 

of the first stage of the dissolution reaction 

was reduced considerably, but the rate of the 

second stage, after 50% of the copper had been 

removed, was the same as at the higher ferric 

ion concentrations, Thus it seems that the 
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second stage of the dissolution of copper is 

independent of ferric ion concentrations down 

to 0,01 MFe3÷  

Very little silver was dissolved at all 

ferric ion concentrations, but the amount does 

increase with increase in Fe3±  concentration 

(see above Tables). At the higher concentrat-

ions (0.10M and 0.25 M) a definite maximum 

occurs in the silver content of the solutions 

after about 15 minutes. This is very similar  

to the behaviour of the silver dissolved from 

the silver-doped bornite (Section 3.1). 

Leaching a sample of stromeyerite in 

H2 SO4  acid solution (pH1) with no ferric ion 

present showed that only 0.1% of the copper was 

dissolved in 3-21  hours, while the amount of sil-

ver in solution was too small to measure accur-

ately (Table A-2.8). 

The reaction mechanism postulated in sect-

ion 5.2 and equations 5.2.1 to 5.2.4 shows that 

for completion of the first stage of the react-

ion, with 50% of the copper dissolved, 1,07 

moles of ferric ion are required per one mole 

of stromeyerite. From this it can be calculated 
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that 200 :M1s of 0• 01M Fe3! solution is more 

than sufficient to - dissolve this amount of 

copper from the 0.5 gram sample used Hence 

the slower rate at the 0.01M Fe3+ concentrat-

ion is due to some rate determining step, either 

a chemical reaction. or a diffusion process, which 

becomes less important at higher ferric ion 

concentrations. 

Above 50% of copper dissolved, the dissol-

ution of copper is by the chemical reaction 

whereby covellite, CuS is transformed to elem-

ental sulphur via the non-stoichometric phase 

Cu0.8S (section 5.2,equations 5.2.5 55.2.6). 

It would be expected that this rate-determining 

chemical process would be dependent on the 

ferric ion concentration. Hence the apparent 

independence of the second stage of the dissol-

ution observed over the whole range of ferric 

ion concentrations suggests that another process 

is rate determining. This could well be a 

diffusion process connected with the Ag2S which 

remains as a layer around the leached samples 

(see microscopic section 5.4), and thus inhibits 

.the dissolution of copper. 
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5,1,3 Stirring Speed 

In Figure 38 are shown the results of two 

identical leaching experiments but with the 

solutions stirred at different speeds, The 

results are also presented in Tables A-2,1 and 

A-2,10, 

0,5gm samples of particle size -180 + 125 

microns in 0,065MFe3+ solutions at 60°C were 

stirred at 1000 and 1300 rpm, respectively, 

The difference in stirring speed has little 

effect on the leaching rate and dissolution 

characteristics of the copper from stromeyerite, 

The initial rate for the experiment at 

1000 rpm seems to be slightly faster but this 

could be experimental error due to the very 

fast reaction rate in the first stage of diss-

olution up to 50% of the copper dissolved, 

Again very small amounts of silver dissol-

ved but more seems to be dissolved at the higher 

stirring speed (see above Tables), However it 

is difficult to perceive any trends due to the 

very small amounts of silver involved,e,. at 

1000 rpm, 0,048% of the silver had dissolved 

after 9 hours, 
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These observations indicate that the diff-

usion of ferric ions from the solution to the 

surface of the particles is not the rate-

controlling step in either the first or second 

stage of the dissolution reaction. 

5,1,11 Particle size. 

Increasing the particle size from -85 4,  120 

mesh to -40 50 mesh reduced the d-issolution 

rate of copper from stromeyerite during the 

first stage of the dissolution process. This 

suggests that a solid-state diffusion process 

is important in the first stage of the dissolut-

ion process (up to 50% of the copper dissolved) 

since increasing the particle size would increase 

the distances over which diffusion has to occur, 

slowing down the dissolution rate of the diff-

using species. 

The mechanism postulated in section 5.2 

shows that copper diffuses from the stromeyerite 

which transforms via the phases Ag1.2  Cu 0.8  S 

and Ag1.55  Cu0.45 S to Age S, as covellite 

seperates out. Thus the above observations are 

in agreement with this mechanism. 

The results in Figure 39 were obtained with 
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0.5 gram samples, a stirring speed of 1300 

rpm and a temperature of 60°C using 0.01M Fe3+  

solutions (pH1). The rate of the second stage 

of the dissolution process appeared to be 

unaffected by the change in particle size. 

Increasing the particle size reduces the 

surface area and hence it would be expected to 

decrease the rate of any chemical process at 

the surface, i.e. the dissolution of covellite. 

That this second stage of the reaction is also 

unaffected by temperature, ferric ion concentr-

ation or stirring speed suggests that the 

reaction is inhibited in some way. Microscopic 

examination (section 5.4) suggests that this is 

due to the residual silver sulphide. 

Particle size seemed to have no effect on 

the silver dissolution. The results in Tables 

A-2.9 and A-2,12 show that the amounts of silver 

.dissolved remained very, small 

5.1.5 Wei-LLI__af  

The effect of decreasing the weight of the 

sample, used in the experiments from 0.5 grams 

to 0.1 grams is shown in Figure 40. Both 

experiments were carried out at 60°C in a 

0,1EFe31.  solution stirred at 1300 rpm and both 
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samples had a particle size of -180 + 125 

microns. The results are also presented in 

Tables A-2.6 and A-2.13. 

The 0.1 gram sample appears to have the 

faster initial rate but,as with the slight 

difference observed with change in stirring 

speed, this could be because of experimental 

errors due to the rapidity of the initial re-

action stage. It should be noted that after 

one hour, the same weight per cent of copper had 

been dissolved from both samples. However, in 

the second stage of the dissolution (above 50% 

of the copper dissolved) the 0.1 gram sample 

clearly had a faster copper dissolution rate, 

indicating that the inhibiting factor on the 

chemical dissolution of the covellite was less 

effective, probably due to the greater excess 

of ferric ion remaining after the first stage 

of dissolution. This would be expected if the 

inhibiting factor was a layer of Ag2 S at the 

surface. 

The silver dissolutions are also plotted 

as weight per cents in Figure 40. As can be 

seen,the amounts of silver dissolved are very 

small and the dissolution curves have the same 
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characteristics as was found with the silver 

doped bornitelhaving initial maxima followed 

by a decrease in the silver content of the 

solutions and then an increase with a very slow 

rate. 

The weight of the sample seems to have a 

marked effect on the silver dissolution, the 

percentage of silver dissolved being greater 

for the smaller sample. This could simply be 

due to less ferric ion being converted to ferrous 

ion because less total weight of copper has been 

dissolved from the smaller sample. 

Hence although the actual weights of copper 

and silver dissolved from the smaller sample 

are considerably less, on a weight per cent 

basis the rates of copper and silver dissolut-

ion are increased by reducing the sample weight 

or, in other words, by increasing the ratio of 

volume of solution to weight of sample. 

5.1.6. Effect of Chloride ion. 

Stromeyerite was also leached in solutions 

containing chloride ion. Figure 41 shows the 

dissolution curves for stromeyerite in a 0.1M 

Ferric Chloride solution in 0.lN HC1, containing 
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411 NaCl, and in a 0.1M HC1 solution containing 

3.311 NaCl. The results are also presented in 

Tables A-2.14 and A-2.15. The dissolution 

curve for stromeyerite in 0.1M ferric sulphate 

(Table A-2.6) is included in Figure 41 for 

comparison. 

The presence of chloride ion enhanced the 

dissolution of silver but considerably reduced 

the copper dissolution. In the chloride sol-

ution containing ferric ion, after a fast 

initial dissolution rate, the silver and copper 

dissolutions proceeded very slowly suggesting 

some sort of inhibiting effect on the reaction. 

The actual weights of the metals in the 200 'Os 

of leaching solution remained fairly constant 

after about half an hour. The increase in the 

total weight per cent of the metals dissolved 

after this time seemed to be due to the sampling 

technique whereby the sample volume (5 mls) was 

replaced by fresh solution. Thus more copper 

and silver dissolved to attain the original 

concentrations in the leaching solution, which.  

had been reduced by the introduction of this 

fresh solution. 

In the case of the chloride solution 
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containing no ferric ion, the copper and silver 

contents of the leaching solution also reached 

constant values, after, an initial period When 

little dissolution of either copper or silver 

occurred and a definite smell of H2 S was noted. 

X-ray diffraction analysis (section 5.2) 

showed that with chloride ion present, silver 

chloride and elemental sulphur are formed. It 

thus seems likely that these phases form a 

layer on the particles and effectively halt 

the dissolution reaction. Because of the in-

hibiting effect on the copper dissolution it is 

difficult to determine whether the reaction 

mechanism is the same as in sulphate solutions. 

However no sulphate ion was found by analysis 

of the solutions by nephelometric means (section 

2.3) ). 

Later chloride leaching experiments on a 

mixed sulphi 	containing stromeyerite, 

.showed that silver dissolves as the complex 

AgOl
3 

in these solutions (section 6.1.5). 

5.1.7 Leaching with Hydrogen Peroxide. 

Using a solution of 20-volume hydrogen 

(pH1) 
peroxide in sulphuric acid 	instead of a 
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ferric ion solution gave exactly the same type 

of copper leaching curve, as can be seen in 

Figure 42. After an initial fast dissolution, 

which was slightly slower than with ferric 

sulphate leaching, the rate became extremely 

Slow after 50% of the copper dissolved. A sol-

ution containing 1 part of 20-volume hydrogen 

peroxide to four parts of sulphuric acid (pH1) 

was used with a 0.5 gm sample of particle size 

-180 + 125 microns with the solution stirred at 

1300 rpm at 60°C. 

Figure 42 also shows that a solution of 

hydrogen peroxide and distilled water (in the 

ratio 1 to 4) had little effect on the stromey-

erite. The results of both experiments are 

given in Tables A-2.16 and A-2.17. 

X-ray diffraction analysis of the residue 

after 55.76% of the copper had dissolved showed 

it to be a mixture of silver sulphide and 

covellite, CuS, in agreement with the dissolution 

mechanism postulated in section 5.2. Thus the 

mechanism does not seem to be affected by the 

change in oxidant. 

The amount of silver dissolved is again 
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very small even in the second stage of the 

reaction when the silver-copper sulphides have 

transformed to silver sulphide. Thus although 

changing the sample weight and thus increasing 

the Ferric to Ferrous ratio (due to less weight 

of copper being dissolved) seemed to have an 

effect on the silver dissolution, from the 

present results it seems that this is not the 

primary reason why silver does not dissolve 

in ferric sulphate solutions. It now seems 

likely that it is the presence of cupric ions 

in the solution that is the dominant factor. 

5.1.8 Leaching with Manganese Dioxide. 

In Figure 43(a) and Tables A - 2.18 and 

A-2.19 are shown the effect of adding a sus-

pension of manganese dioxide to the leaching 

system. Both experiments were carried out at 

60°C with a 0.5 gram sample of particle size 

-180 + 125 microns stirred at 1300 rpm. 

0.3205 grams of powdered manganese dioxide 

were added to the 200 mis of leaching solution. 

The weight was calculated as the theoretical 

requirement for the dissolution of the strom-

eyerite, and its intermediate products silver 

sulphide and covellite, by the reactions: 
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2CuAgS + Mn02  + 2112  504  

CuS + Ag2  S + CuSO4  + MnSO4 	2112  0 

( 5.1.1) 

CuS + Mn02  + 2112  SO4  

CuSO4  + MnSO4  + 2112  0 + S 	( 5. 1. 2 ) 

Ag2  S + Mn02  + 2112  504  

Ag2  SO4  + Mn504  + 2112  0 + S 	( 5.1. 3) 

These equations are based on .the reaction 

proposed by Subramanian and Kanduth(198)for the 

manganese dioxide - sulphuric acid leaching 

of the CuS form .ed during the activation of 

chalcopyidte. The formula CuAgS was used in 

equation (5.1.1) because only an estimate of 

the theoretical Mn02  requirement was needed. 

Using the correct formula of Cul .07Ago.93S 

gave a theoretical Mn02  requirement of 0.3445 

grams, not significantly different from 0.3205 

grams. 

Adding manganese dioxide to a solution of 

0.1M ferric sulphate (pH1) had little effect 

on the copper dissolution, the leaching curves 

having the same characteristic fast first 

.stage and slower second stage. The silver 

dissolution was also unaffected, suggesting 

that the dissolution mechanism remained 
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unaltered. With a suspension of manganese di-

oxide in H2 SO4  (pH1), with no ferric ion pres-

ent, the dissolution of copper was very slow 

and had a linear rate, after a short period 

(30 minutes) when little copper was dissolved. 

This indicates that in the previous experiment 

the oxidation was still primarily by ferric ion 

being reduced to ferrous ion. 

Analysis of the leach solution samples for 

manganese showed that in both experiments there 

was a linear relationship between the number of 

moles of copper dissolved and the number of 

moles of manganese in solution (Figure 43(b)). 

In the absence of ferric ion the molar ratio 

of Cu to Mn was 0.625 : 1 with 12.33.% of the 

manganese dioxide consumed in 4 hours, while 

the Cu to Mn ratio in the ferric ion solution 

was 0.87 : 1 with 44.14% of the manganese 

dioxide consumed in 22 hours. 

With Mn(IV) acting as the oxidant, itself 

being reduced to the soluble ion Mn(II), the 

theoretical molar ratio of Cu to Mn should 

be 1 : 1. The fact that more manganese occurs 

in solution is obviously due to some of the 
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manganese dioxide simply dissolving in the 

solution. This was more noticeable in the 

absence of ferric ion because the consumptior, 

of manganese dioxide by the oxidation of the 

sulphide and subsequent dissolution of copper 

was very small due to the slow leaching kinetics. 

The much greater consumption in the pres-

ence of ferric ion was probably due to the 

reoxidation of the ferrous ion, produced in 

the dissolution reaction, to ferric ion (which 

would also give a theoretical Cu : Mn molar 

ratio of 1 : 1). Thus in this particular 

experiment the lack of substantial dissolut-

ion of silver in either the first or secutd 

stages of the reattion cannot be explained by 

the presence of ferrous ion producing an adverse 

ferric to ferrous ratio. This supports the 

findings on leaching with hydrogen peroxide 

(section 5.1.7). 
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5.2. 	X-ray Diffraction Analysis.  

The synthetic stromeyerite and the solid 

residues from the leaching experiments were 

studied by X-ray powder diffraction analysis 

using the equipment and method described in 

section 2.4.4. 

The X-ray powder photographs of the leach 

residues obtained by dissolution of the strom-

eyerite in the various leaching agents are 

shown in Figures C-1.3 and C-1.4. Photographs 

(b) to (j) in Figure C-1.3 are for residues 

obtained by repeating the leaching run at 30°C 

and 0.1MFe3+  concentration (Table A-2.2) and 

extracting samples of solid at regular intervals. 

Data obtained from measurements on these 

photographs of both d-spacings and relative 

intensities are tabulated in Tables B-2.2 to 

B-2.10. 

Photographs (k) in Figure C-1.3 and (a) 

to (f) in Figure C-1.4 are for residues obtain-

ed from ferric sulphate leaching under differ-

ent conditions of temperature, ferric ion 

concentration, etc. The d-spacings and 

relative intensities measured from these photo-

graphs are tabulated in Tables B-2.11 to B-2.16. 
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The differing conditions did not seem to affect 

the dissolution mechanism. This was confirmed 

by repeating the leach run at 60°C and 0.01MFe3+  

(Table A-2.9) concentration and taking samples 

of solid. The X-ray patterns and d-spacings 

of these residues were in good agreement with 

those of photographs (b) to (j) in Figure C-1.3. 

Photograph (g) in Figure C-1.4 is for the 

residue from leaching stromeyerite in hydrogen 

peroxide, and photographs (j) to (m) in the 

same figure are for residues from leaching 

stromeyerite in a 0.1M Fe3+  solution contain-

ing 4M NaCl. The d-spacings and relative 

intensities are listed in Table B-2.17, and 

Tables B-2.18 to B-2.21 respectively. 

As mentioned previously, the pattern 

obtained for the synthetic stromeyerite was in 

excellent agreement with that of the synthetic 

phase Cu 	 (133) and the l .07Ag.0.93S of Djurle,  

pattern obtained from a natural crystal of 

stromeyerite by Suhr(140)(who gave the formula 

as CuAgS). The three patterns are compared 

in Table B-2.1, and the X-ray pattern for the 

synthetic stromeyerite of the present work is 

shown in photograph (a), Figure C-1.3, for Cu 
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radiation, and photograph (i), Figure C-1.4, for 

Co radiation. 

Examination of the X-ray patterns in 

Figure C-1.3 and the data in Tables B-2.2 to 

B-2.16 show that as the stromeyerite was leached 

in the ferric sulphate solution, the lines of 

stromeyerite became steadily weaker while there 

was a large increase in the numbers of lines 

in the patterns. However after about 50% of the 

copper has dissolved, a number of these lines 

disappear. These X-ray patterns were compared 

with those of McKinst-Tite(145),  Cu0.8Ag1.2S, 

Jalpaite(1/1'1),  Ag3 CuS2 , silver sulphide Ag2 S,. 

and covellite, CuS, as well as those of the 

synthetic phases Ag1  .2 C110 .8S and Ag1 .55 Cuo.45S, 

prepared by Djurle(133)(Tables B-5.1 to B-5.7). 

This comparison shows that the residues 

with less than 50% of copper removed seem to 

consist of McKinstryite, jalpaite, silver sulph-

ide and mixtures thereof. The stromeyerite 

residues with up to 18.06% of the copper 

removed have X-ray patterns which can be attrib-

uted to a mixture of unleached stromeyerite and 

McKinstryite. The residue patterns seem to 

agree more closely with Skinner's d-values for 
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the naturally occurring McKinstryite (Table 

B-5.1), than with Djurle's d-values for the 

synthetic Cu0 .8  Ag1 .2 S phase (Table B-5.2). 

Above 18.06% of copper removed the lines of 

jalpaite begin to appear and the residues seem 

to be a mixture of McKinstryite and jalpaite. 

The lines of jalpaite agree well with the d-

spacings of both the naturally occurring 

jalpaite of Grybeck and Finney, Ag3 CuS2 , (Table 

B-5.4), and with the synthetic Ag1 .55Cuo.45S 

phase of Djurle (Table B-5.3). 

As more copper is removed from the residues 

the lines of jalpaite become stronger in inten-

sity until 41.72% of the copper has been remov-

ed when the lines of Ag2 S begin to appear. 

After 47.37% of the copper has been removed it 

is obvious that silver sulphide is the main 

phase present with a number of lines also 

suggesting the presence of covellite, CuS. 

Thus it seems that during the fast first 

stage of the dissolution of stromeyerite in 

acidic ferric sulphate solutions when 50% 

of the copper, and very little of the silver, 

was dissolved, there is a solid-state trans-

formation series of the Porm 
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CUi  • 0 7  Ago • 9 3  S — CU0  . 8  Agi  • 2  S — CU0  . 5  Agi  • 5 5  S—Ag2  

with the remaining undissolved copper present as 

covellite, CuS. No sulphur was detected in this 

first stage of dissolution by X-ray or micros-

copic examination, and no sulphate ion was 

detected in the leaching experiments with 

chloride solutions (section 5.1.6). Hence a 

number of theoretical equations can be written 

for the dissolution: 

Ag0.93 Cul .07S + 0.45Fe3+  = 0.775Ag1 .2 Cuo .8S 

+0.225CuS + 0.225Cu2+  + 0.45Fe2+ 	(5.2.1.) 

0.775Ag1 .2 Cu(j.8S + 0.35Fe3+  =• 0.6Ag1 .55 Cuo .45S 

+ 0.175CuS + 0.175Cu2+  +• 0.35Fe2+  (5.2.2) 

0.6Ag1 .55Cuo .45S + 0.27Fe3+  = 0.465Ag2 S + 0.135CuS 

+ 0.135Cu2+ + 0.27Fe
2+ 	(5.2.3)  

This gives an overall reaction for the 

first stage of dissolution of : 

Ag0.93 Cul .07S + 1.07Fe3+  = 0.465Ag2 S + 0.535CuS 

+ 0.535Cu2+ + 1.07Fe2+ 	(5.2.4) 

21.03% of the copper is dissolved by 

equation (5.2.1), 16.35% by equation (5.2.2) 

and 12.62% by equation (5.2.3). Hence, theore-

tically, the residues should be wholly NIcKinsiTyite 

due to reaction (5.2.1) when 21.03% of the 
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copper has been removed, above which jalphite 

should appear by reaction (5.2.2) and be the 

predominant phase after 37.38% of the copper 

has been dissolved, when silver sulphide should 

begin to appear by reaction (5.2.3). The 

overall reaction should be complete after 50% 

of the copper has dissolved with the residue 

consisting of a mixture of silver sulphide 

and covellite, CuS. These predictions are in 

good agreement with the findings by X-ray 

diffraction analysis and the observed appear-

ance and disappearance of the various phases 

that have been reported above. 

The above equations show that at each step 

in the dissolution of the copper, as the copper 

silver sulphide phase is transformed, covellite, 

CuS, is formed. Examination of the d-spacings 

for the residues showed that the presence of 

CuS does not become evident until about 47% 

of the copper has been removed and even then 

only a few of its lines are visible. This 

could be due to one or more of the following 

factors: 

(i) the X-ray diffraction lines of CuS could 

be 'masked' by the lines of the copper-

silver sulphides. The residues contain-

ing mixtures of these sulphides have a 
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large number of diffraction lines in their 

X-ray patterns, some of which coincide 

with those of CuS. Thus the lines of 

CuS may not become evident until only 

Ag2 S is present since this phase has 

comparatively fewer lines than the other 

phases; 

(2) The CuS could be formed as very small 

crystallites which would produce very 

weak and diffuse lines(179)(section 3.5), 

and hence make identification difficult; 

or 

(3) the CuS could form solid-solutions with 

the copper-silver sulphides, having the 

structure of the copper-silver sulphides, 

the composition transforming from the 

original Cul .07 Ago .93S via Cu0 .84 Ago .93S 

and Cuo  • 6 7  Ago  • 9 3  S to CUo  .5 3 5  Ago  • 9 3  S., at 

which point CuS begins to separate out, 

probably due to the Ag2S being less 

accommodating to the impurity CuS. New 

mineral occurrences have shown that silver 

can replace copper in the covellite struct-

ure to a large degree (up 16.7 weight per 

cent Ag)(185). 



- 306 - 

This third factor would mean that in the 

electron probe traces across the samples that 

had been leached on one face (section 5.5), 

in going from unleashed to leached material 

there would be a gradual change in the silver 

and copper traces as the sample composition 

went from Cu1  . 0 7  Ago  . 3  S to CUo • 6 7  Ago • 9 3  S 

followed by large variations in the silver and 

copper traces due to the mixture of Ag2 S and 

CuS. In fact Figure 46 shows that there was 

no gradual change and large variations occur 

in the copper and silver traces almost immed- 

iately, indicating separate areas of high 

copper with low silver (CuS) and low copper 

with high silver (copper-silver sulphide phases). 

Thus it seems that the difficulty in identify- 

ing covellite, CuS, in the residues with less 

than about 40% of the copper removed was due 

to the first two of the above factors, i.e., 

'masking' of the lines which are probably 

weak and diffuse. 

The X-ray patterns of the residues with more 

than 50% of the copper removed show no signif-

icant changes, the residues remaining as a 

mixture of covellite and silver sulphide, with 

the X-ray diffraction lines of elemental 
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sulphur (orthorhom bic) appearing in the residue 

with 77.58% of the copper removed. 

This is to be expected since any increase 

in the copper dissolution above 50% will be due 

to the dissolution of the covellite which, 

) according to King (9  ,dissolves to form elemen-

tal sulphur via the non-stoichiometric phase 

Cu0 .8S, which has the covellite structure. 

Hence the equations can be written: 

0.535CuS + 0.214Fe3+  = 0.535Cuo.8S + 0.214Fe2+  

+ 0.107Cu2+ (5.2.5) 

and 

0.535Cu0.88 + 0.856Fe3+  = 0.428Cu2+  + 0.856Fe2+  

+ 0.535S 	(5.2.6) 

This shows that a further 10% of the copper 

(i.e., more than 60% of the total copper) has 

to be dissolved before the appearance of sulphur 

in the residues. This is in agreement with 

the findings of the X-ray diffraction analysis, 

the microscopic examination and the A.A. 

analysis. 

Hence the overall reaction for the dissol-

ution of copper from stromeyerite can be written 

as: 
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Ago .93  Cup .07S 	2.14Fe3+  = 0.465Ag2 S + 1.07Cu2+  

+ 0.535S + 2.14Fe2+ 	(5.2.7) 

The leaching results (section 5.1.7) showed 

that using hydrogen peroxide as the oxidant 

instead of ferric ion did not seem to change the 

mechanism of the dissolution of copper. This 

was confirmed by the X-ray diffraction pattern 

(photograph (g) in Figure C-1.40 and the measur-

ed d-spacings (Table B-2.17), which showed 

that the residue (with 55.76% of the copper 

dissolved) consisted of a mixture of silver 

sulphide and CuS. 

The mechanism of the dissolution of 

stromeyerite in the chloride solutions was 

difficult to determine since the reaction was 

almost brought to a halt after about 20% of 

the silver and 20% of the copper had been 

dissolved (section 5.1.6). The X-ray diff-

raction patterns (photographs (j) to (m) in 

Figure C-1.4) and the measured d-spacings 

(Tables B-2.18 to B-2.21) show that a preci-

pitate of silver chloride is formed and it is 

this that probably inhibits the dissolution. 

The measured d-spacings also show the presence 

of the copper-silver sulphide phases, CuS and 

silver sulphide, indicating that the same 
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mechanism as for ferric sulphate leaching 

occurs for the copper dissolution. Elemental 

aulphur was also produced in the residues, 

suggesting that there is a chemical reaction 

occurring by which silver was dissolved and 

elemental sulphur produced. 

Thus the residue after 25.17% Cu and 25.58% 

Ag had been removed consisted of a mixture of 

silver sulphide, copper sulphide (CuS), 

elemental sulphur and silver chloride. 
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5.3 	Atomic Absorption Analysis of residues. 

A number of the leach residues were 

dissolved in hot nitric acid and the solutions 

analysed for copper and silver. The results 

are shown in Table 4 and are compared with 

the compositions of the various copper-silver 

sulphides. 

X-ray analysis showed that in the first 

stage of the dissolution reaction (complete 

after 50% of the copper has dissolved) the 

stromeyerite is transformed to a mixture of 

silver sulphide and copper sulphide, CuS, via 

the copper-silver sulphide phases Ag1 .2 Cuo .8S 

and Ag1 .55 Cuo .45S. Equation 5.2.4 shows that 

one mole of stromeyerite produces 0.465 moles 

of silver sulphide and 0.535 moles of CuS. 

The calculated weight and mole per cents of 

the constituents of this mixture are presented 

in Table 4 and show good agleement with the 

A.A. analysis of the residues with about 50% 

of the copper dissolved. 

Above .50% of copper dissolved, subsequent 

dissolution of copper is from the copper 

sulphide, CuS, with the silver remaining as 

silver sulphide. King(9)found that the copper 
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was removed from covellite until the formula 

was Cuo .diS before elemental sulphur was formed. 

This means that over 60% of the copper has to 

be dissolved from stromeyerite before sulphur 

is formed. This seems to be supported by the 

residue analyses, the residue with 61.76% of 

the.Cu dissolved showing no significant increase 

in sulphur content, while the residue with 

77.58% of the copper dissolved shoWs a marked 

increase, together with the expected rise in 

the silver to copper ratio. 



TABLE 4 	AnalsisofResidueslL... .A.Sectrohotolnetr- 

Weight per cent 	Atomic per cent 	Molar Ratios 

Wt%Cu remove Cu Ag S Cu Ag S Ag/Cu 
• 

Ag+Cu/S 

47.37 23.09 56.72 20.19 23.91 34.61 41.46 1./117 1.412 

50.60 22.68 59.29 18.03 24 29 37.42 38.28 1.539 1.612 

55.34 20.06 59.08 20.86 20.85 36.17 42.97 1.734 1.326 

57.50 20.221 60.19 19.56 21.42 37.53 41.04 1.751 1.436 

61.76 20.12 58.69 21.19 20.81 35.75 43.43 1.718 1.302 

77.58 12.18 55.90 31.92 11.24 30.37 58.38 2.703 0.713 

Ag1 .55 Cu0 .45 % 12.55 73.38 14.07 15.00 51.66 33.33 3.10/1 2.000 

Ag3 CuS2  14.08 71.70 14.21 16.67 50.00  33.33 3.000 2,000 

Ag1 .2 Cu0.8  S 23.94 60.96 15.10 26.66 40.00 33.33 1.500 2,000 

CuAgS 31.23 53.01 15.76 33.33 33.33 33.33 1.000 2.000 

Cu1 .07 Ag0.93 4,  33.93 50.06 16.00 35.66 31.00 33.33 0.869 2.000 

0.465 moles 

Ag2 S + 0.535 

moles CuS 20.43 60.29 19.27 21.70 37.72 40.56 1.738 1.465 



- 313 - 

5.4 	Microscopic examination. 

Microscopic examination of the polished 

residues from the ferric sulphate leaching, 

mounted in Araldite resin, clearly showed the 

solid-state changes occurring during the diss-

olution of stromeyerite. A number of photo-

graphs of particles from samples, from which 

different amounts of copper have been dissolved, 

are presented in appendix C, Figures C-2.6 

to C-2.14. 

As soon as copper dissolution began a 

blue phase appeared at the edges of the particles. 

Figure C-2.6 shows that by the time 10./0% of 

the copper had dissolved this blue phase 

occurred throughout the particles in certain 

preferred directions. Figures C-2.7 and C-2.8 

show the increase in the amount of blue phase 

as more copper was dissolved (26.15 and 39.64%, 

respectively) and also show that a light-

coloured phase remained as an intergrowth. 

This is in complete agreement with the 

reaction mechanism given by equations (5.2.1) 

to (5.2.4) which postulates that as copper is • 

dissolved, the stromeyerite is transformed to 

the phases Ag1  • 2  CU0  . 8  S and then Ag1  • 5 5  C110  . a 5  S 
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with the formation of covellite, CuS, which 

is known to have an indigo blue colour. Struct-

ural considerations (section 5.6) make it 

reasonable to expect this covellite to form 

along certain crystallographic planes, thus 

giving the particles the appearance in Figures 

C-2.6, C-2.7 and C-2.8. 

Figure C-2.9 shows a particle with 50.06% 

of copper dissolved, which according to equat-

ion 5.2.4 marks the end of the first stage of 

dissolution, the residue now consisting of a 

mixture of Ag2 S and CuS. The particle has a 

light blue appearance which on higher magnific-

ation qan be seen more clearly as a fine inter-

growth of the blue phase (CuS) and a light-

coloured phase (presumably Ag2 S). 

This latter conclusion is supported by 

the fact that this light-coloured phase turns 

black after only a few minutes of exposure 

to the microscope light. This is a well known 

characteristic of silver minerals(199) especi-

ally silver sulphide and was also observed in 

examining the original stromeyerite (see below). 

Furthermore it can be seen that in the 
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first stage of the dissolution, with up to 50% 

of the copper dissolved, the particles retain 

their original shape, no attack occurring at 

the surfaces of the particles. This is in 

agreement with a reaction mechanism in which 

dissolution occurs by diffusion of copper ions 

out of the structures, rather than by a 

chemical process. 

The anisotropism and polarisation colours 

of stromeyerite and its residues were examined 

by polarised light. The 'oleander leaf' struct-

ure described by Ramdohr( 166)  and mentioned earl-

ier (section 2.1.3) was much more pronounced 

under polarised light. Both the unleached 

stromeyerite and the covellite in the residues 

showed the strong anisotropism and character-

istic polarisation colours described for these 

minerals(202) 

• 

When 50% of the copper had dissolved,the 

dissolution in the second stage occurred much 

more slowly with elemental sulphur being formed 

(section 5.2). Figure C-2.10 shows a particle 

from a residue with 77.58% of the copper diss-

olved. The less well-defined edges suggest 

that a chemical attack is occurring. The dark 
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areas around the particle are probably holes 

left by the elemental sulphur removed during 

polishing. The light-coloured phase, which 

is now the major constituent of the particles, 

turned black in a very few minutes similar to 

the phase in the particle with 50.06%Cu removed 

(see above). This supports the previous con-

clusions that the silver remained as Ag2 S. 

To show more clearly the formation of the 

various phases, a number of solid samples of 

stromeyerite were mounted in araldite and 

placed in a stirred 0.1MFe3+  solution at 60°C 

so that only one face of the sample was in 

contact with the solution (section 2.2). The 

samples were leached for various lengths of 

time and then sectioned, mounted and polished 

to show the extent of leaching into the solid 

samples. 

Figure C-2.11 shows a solid sample that 

was in contact with the solution for 4 hours. 

The blue phase (CuS) has begun to form at the 

edge and along certain crystallographic planes 

into the centre of the solid. A noticeable 

feature is that the light-coloured phase in 

which the CuS was formed is of a much lighter 
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cof our than the original stromeyerite. This 

indicates that stromeyerite is transforming 

not only to covellite but to another phase 

as well. 

Figure C-2.11 also shows the 'oleander 

leaf' structure of the unleached stromeyerite 

and the dark spots due to the effect of the 

intense microscope light. Figures, C-2.12, 

C-2.13, and C-2.14 show the gradual spread 

of the intergrowth of the blue phase and light-

coloured phase into the solid specimens for 

leaching times of 24 hours, 48 hours and 7 

days, respectively. As the leaching progresses 

it can be seen that a light-coloured layer 

remains at the solid edge and increases in 

thickness. X-ray diffraction analysis of 

powders scratched from the surfaces of these 

solid samples gave X-ray patterns typical of 

the leached particulate residues after 50% of 

the copper had dissolved, i.e., a mixture of 

Ag2 S, CuS and a trace amount of Ag1  .55 C110 .45S. 

Hence the slowness of the second stage 

• of the copper dissolution is not only due to 

the slow leaching kinetics of CuS but also 

the fact that further dissolution of copper has 

to occur through a progressively thickening 

layer of residual Ag2 S. These conclusions and 

findings are supported by the electron probe 

traces (section 5.5.). 
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5.5. 	Electron Probe Microanalysis. 

Electron probe microanalysis was performed 

on polished samples of both unleached strom-

eyerite and the leach residues. As already 

reported this method confirmed the homogeneity 

of the synthetic material and showed no variat-

ion of composition across the lamellae ('ole-

ander leaf') structure visible under the 

microscope. (Figure WO. 

As with the original synthesised samples 

(section 2.1.3), the residues were damaged by 

a high beam current (100nA) so all the samples 

were examined at lower current of 50nA. Measure-

ments, or even spot counts, were not really 

practical on such a material under these condit-

ions, and instead the residues were examined 

by taking electron probe traces across the 

particles and solid sample residues for the 

various constituent elements. 

Figure 45 shows a trace for copper and 

silver across a particle with just over 50% of 

the copper dissolved. The larger variations 

in the copper trace clearly indicate the 

formation of two distinct phases, one of high 

Cu and the other of low Cu. The variations 



DISTANCE ALONG SPECIMEN 

FIGURE 44 : Electron probe trace across an unleached specimen of stromeyerite. 
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FIGURE  45 : Electron probe trace across a leached particle of 

strorneyerite. 
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in the silver trace are not as pronounced 

because a smaller scale was used, but it is 

noticeable that the copper and'-silver traces 

seem to have an inverse relationship, areas of 

high Cu having low Ag content, and vice versa. 

Also noticeable are the regions of high silver 

content occurring at the edges of the particle. 

These observations are seen more clearly 

in Figure 46, which is a trace across the solid 

sample shown in Figure C-2.14. Both the copper 

and silver show substantial variations in 

composition nearer the leached edge, with the 

copper and silver traces opposed to each other. 

At the edge itself the trace shows a decrease in 

the copper content but an increase in silver 

content. 

The region of very large compositional 

variation corresponds to the area of the inter-

growth of the blue and light-coloured phases 

(CuS and sulphide containing silver, respectiv-

ely), while the high silver region at the 

edge corresponds to the light-coloured band 

(Ag2 S) at the surface of the sample and descri-

bed in section 5.4. 



< 

z 
C) uj 	Ll 

U <:Z 
() LL 

o 
W 	CI— 

V) 0 V) 

0 F-
z 	....•••■•••°." 

DI
S

TA
N

C
E
 

••::. 

. ..... 

-4, 

O 

A 

W . ..... .._____ .s. 	I  
..- a < --. 	Lil 

— 322 

=ELL : Electron probe trace from the centre to the leached 
surface of a stromeyerite specimen. 
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Figure 46 also shows that there is no 

gradual variation in the copper and silver 

contents as the trace goes from unleached to 

leached material but that two distinct phases 

form immediately. Thus, this defeats any 

idea that the dissolution is occurring by a 

mechanism involving the formation of a series 

of solid solutions of copper and silver as 

considered in section 5.2. 
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5.6 	Discussion and Comparison with other work. 

The results of leaching the silver-doped 

bornite seemed to indicate that the reason for 

the very small dissolution of silver was the 

formation of ferrous ion (and thus an adverse 

ferric:ferrous ratio) by the dissolution of 

copper from the bornite. This was supported 

by the literature on the equilibrium reaction, 

Ag + Fe3+  = Fe2+  + Ag+, (section 1.1.2) which 

show that this reaction has a very small 

equilibrium constant. It also seemed to be 

supported by the increase in silver dissolution 

from stromeyerite on increasing the ferric ion 

concentration or reducing the sample weight 

(thereby decreasing the amount of ferrous ion 

produced due to less copper being dissolved). 

However the use of hydrogen peroxide as 

an oxidant did not significantly affect the 

dissolution of silver and neither did the 

presence of manganese dioxide which reoxidised 

the ferrous ion to ferric ion. These results 

suggest that although the ferric to ferrous 

ratio may affect the dissolution of silver, 

It is not the primary reason for the silver 

remaining in the solid state as either an 

isomorphous impurity in the case of the silver-

doped bornite, or as a sulphide in the case of 
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stromeyerite. 

The lack of any significant silver dissol-

ution in the first stage of the dissolution 

of stromeyerite seems to be due to the favoured 

reaction being as in equations (5.2.1) to 

(5.2.4). The copper diffuses out of the strom-

eyerite which transforms, via the intermediate 

phases known as McKinstryite and jalpaite, 

to silver sulphide, the remaining 50% of the 

copper being'precipitated' as covellite. 

In the second stage of the reaction the 

covellite (CuS) dissolves by a chemically 

controlled reaction, via the non-stoichometric 

phase Cu0 .8S, to form elemental sulphur. This 

reaction, however, is stifled by the silver 

not dissolving and remaining as silver sulph-

ide in the particle residues. 

It was shown in section 4 that silver, as 

the sulphate, is fairly soluble in ferric ion 

solutions, and that silver sulphide dissolves 

to form elemental sulphur with a jarosite 

form'ing at high temperatures. Calculations 

also showed that if the limiting factor for 

silver solubility was the solubility product 
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of silver sulphide , then only a small amount 

of the copper could be held in solution. 

As mentioned previously (section 1.1.1), 

many investigations and processes have shown 

that silver and its sulphide can be dissolved 

by ferric sulphate, other ferric salts and 

ferric-ferrous leach liquors. Lee and Muir(36) 

found that the use of an oxidising agent such 

as manganese dioxide or potassium permanganate 

increased the silver extraction from ores due 

to a more favourable balance being maintained 

between ferric and ferrous ions, while Azerbaeva 

and Tseft(42)dissolved synthetic silver sulphide 

in ferric sulphate and ferric chloride - ferrous 

chloride solutions. 

Hence the above evidence suggests that the 

ferric-ferrous ratio is not the dominant factor 

preventing the dissolution of silver sulphide 

in the second stage of the dissolution of 

stromeyerite. It seems more likely that it is 

an electrochemical process, somewhat akin to 

a cementation reaction, whereby cathodic 

deposition (or non-dissolution) of the more 

positive component and anodic dissolution of 

the less positive component takes place. This 
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suggestion is supported by other work. Baur et 

al(108)noted that the presence of argentous 

ion in their leaching solutions for chalcopy. 

rite produced striking effects because of the 

exchange mechanism existing between lattice 

copper ions and solution silver ions, result-

ing in the probable formation of argentite 

with copper going into solution. Also the 

precipitation of silver in the native form 

and as sulphides, by the reaction of silver-

bearing solutions with various sulphides, 

including covellite, chalcocite, bornite and 

chalcopyrite, is one of the many mechanisms 

for the secondary enrichment of silver deposits(15) 

and copper metal has been used in a cementation 

reaction for the deposition of silver(200) 

A literature survey found only one paper 

on the dissolution of stromeyerite in which 

Potashnikov et al(47)dissolved stromeyerite 

in nitric acid solutions and obtained an 

activation energy of 5 kcals, per mole which 

compares with the 15 kcals. per mole at 

temperatures below 70°C, and 5-15 kcals. per 

mole above 70°C, of the present work. These 

authors did not discuss the dissolution 

mechanism. 
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The mechanism proposed in the present 

work is similar in many ways to the dissolution 

mechanism proposed by King(9)for chalcocite in 

acidic ferric chloride solutions. The chalcocite, 

Cu2 S, dissolves in two stages. In the first 

it transforms via a series of non-stoichio- 

metric phases between Cu2 S 	and CuS to form 

an intermediate product of covellite, CuS. The 

copper is removed by diffusion in the lattices 

of the non-stoichiometric phases, the process 

having an activation energy of 0.82 kcals. per 

mole. The covellite then dissolves by a 

chemically controlled reaction with an activat-

ion energy of about 25 kcals. per mole to form 

elemental sulphur (orthorhom bic) via the non-

stoichiometric phase Cu0 .8S. 

Stromeyerite undergoes similar transform-

ations (equations 5.2.1 to 5.2.6). Copper 

diffusion is important in the first stage of 

the dissolution as the stromeyerite transforms 

via  the phases Ag1  . 2  CU0  • 8  S and Ag1  • 5 5  CU0  • 5  S 

to form a mixture of silver sulphide and 

covellite. The activation energy of this 

process is somewhat higher than for chalcocite 

suggesting some degree of chemical control. 
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The dissolution of copper in the second 

stage of the stromeyerite reaction, i.e., the 

dissolution of covellite, should be comparab.Le 

to the second stage of the chalcocite reaction. 

However, as has been mentioned previously, 

the residual silver sulphide inhibits the 

chemical reaction. A similar, but less marked 

effect was noted as the covellite produced from 

chalcocite dissolved. This was due to the 

presence of sulphur in the pores which resulted 

in a reduction in the area of Cu0 .8S available 

for attack by the ferric solution. 

These observations on stromeyerite are 

very similar to those made by Cooke(29)on the 

dissolution of the silver-antimony sulphide, 

pyrargite. He found that the mineral turned 

black in the ferric sulphate-sulphuric acid 

solutions and suggested that this was due to 

an accumulation of silver sulphide on the 

surface as antimony dissolved. 

It has already been pointed out that 

structurally there are many similarities bet-

ween stromeyerite and silver sulphide, and 

stromeyerite and McKinstryite (sections 1.4.1 

and 1.4.4, respectively). Bragg and Claringbull 
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showed that the projected structure of acan-

thite, Ag2 S, on the (010) plane is very similar 

to the structure of stromeyerite projected on 

the (001) plane, as shown in Figure 17. Frueh 

also noted that the planar copper-sulphur 

layers in stromeyerite parallel to the (001) 

plane are very similar to those in covellite, 

which has a hexagonal unit cell. Thus it 

seems reasonable to suggest that the covellite 

precipitates' from the copper-silver sulphide 

phases, because of its different structure, 

along planes parallel to the (001) planes of 

stromeyerite, i.e., along the c axis. Micros-

copic examination (section 5.4) clearly showed 

that covellite was being formed along certain 

crystallographic directions. 

This mechanism of covellite formation 

seems to be supported by the apparent structural 

relationships between stromeyerite and mckin-

stryite discussed by Skinner et al
(145). They 

noted, amongst other things (see section 1.4.4), 

that the 'b' lattice parameter of mckinstryite 

(15.78) is approximately equal to twice the 

'c'  c parameter of stromeyerite (l5.9R). Thus 

the separation of mckinstryite and covellite, 

caused by the removal of some of the copper from 
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stromeyerite, would seem to be quite feasible 

in the planes parallel to the (001) plane. 

Although, no data is available at the 

moment on the distribution of copper and silver 

atoms in the jalpaite and mckinstryite struct-

ures to confirm these suggestions, the exist-

ence of the various phases formed in the 

dissolution mechanism is in complete agreement 

with the phase relations of the Cu-Ag-S system 

as determined by Skinner(143).  He found that 

covellite existed stably with stromeyerite, 

3-phase (mckinstryite), jalplite and acanthite, 

Ag2 S, while native sulphur could coexist stably 

only with covellite or acanthite (section 1.5.1, 

Figure 19). 

Recent mineralogical studies have confirmed 

that mckinstryite is an alteration product of 

stromeyerite and that the presence of covellite 

is a feature of this alteration. In a study 

on the occurrences of mckinstryite, Clark and 

Rojkovic(203)  found that the association mckin-

stryite - covellite was a consistent feature 

and they calculated that the proportions of 

the two minerals approximated those which 

wc,711d result from the breakdown of stromeyerite 
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with minor loss of copper. Similarly 

Bergstol and Vokes
(204)found that the associat-

ion mckinstryite - covellite was a feature of 

a polymetallic sulphide deposit. No covellite 

was observed other than in association with 

mckinstryite and the authors concluded that 

mckinstryite was an alteration product of 

stromeyerite, in agreement with Clark and 

Rojovic. Both of these studies support the 

findings of the present work. 
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SECTION 6  

NIXED SULPHIDE MATERIAL. RESULTS AND 

DISCUSSION. 

6.1. 	Leaching. 

The mixed sulphide material consisted of 

a mixture of bornite, a-chalcopyrite and strom-

eyerite, with an overall composition of 54.50% 

Cu, 10.37% Ag, 10.65%Pe and 24.47% sulphur. 

The approximate quantities of the minerals were 

estimated to be 70% Bornite, 20% stromeyerite 

and 10% chalcopyrite (section 2.1.2). 

When the material was crushed to prepare 

samples for the leaching runs, no preferential 

fracturing of the material occurred, so the 

relative amounts and distribution of the three 

sulphides varied from particle to particle within 

a particular sample (see Fig. C-2.15). Hence 

different particles in the same sample could 

have different leaching rates due to these 

differences. It follows from this that some 

slight reservation should be expressed in com-

paring the leaching data from one sample with 

another sample due to these same differences, 

_i.e., a different distribution of constituents 

in the particles of the samples. 
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To ensure that there were no wide variat-

ions in the compositions of the samples, before 

each leaching run a small amount of the leaci, 

sample was dissolved in nitric acid and the 

solution analysed by atomic absorption spectro-

photometry. The copper, iron and silver analy-

ses were always in good agreement with the over-

all composition, within experimental error. 

This was probably due to the fact that the 

minerals were present as very fine intergrowths 

and therefore with a large enough sample the 

overall compositions of the samples did not 

vary. 

The general characteristics of the dissol-

ution of copper and silver from the mixed 

sulphide material in acidic ferric sulphate 

solutions (pHl) are shown in Figure 47 and 

Table A-3.1. As with the silver-doped bornite 

and pure stromeyerite, very little silver went 

into solution. Figure 61 compares the leaching 

characteristics of this mixed sulphide material 

with the theoretical behaviour calculated from 

the leaching rates of the pure minerals, bornite, 

chalcopyrite and stromeyerite. It can be seen 

that the mixed sulphide material leached much 

faster than was expected. The effects of 
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temperaturel ferric ion concentration, sample 

weight, and particle size and chloride ion on 

the dissolution rate of Cu and Ag from the 

mixed sulphide material were investigated. 

6.1.1. Temperature. 

Experiments were carried out at 30°C, 60°C 

and 90°C with 0.5 gram samples in solutions with 

a ferric ion concentration of 0.065M in sulphur-

ic acid (pH1). As in previous experiments the 

solution was stirred at a speed of 1300 rpm. 

The results are presented in Figure 48 and 

Tables A-3.1 to A-3.3. 

The effect of increasing the temperature 

is to increase the rate of copper dissolution 

quite markedly from 30°C to 60°C but less so 

from 60°C to 90°C. At 90°C the dissolution of 

copper occurs in two stages, a very fast first 

stage lasting until about 60% of the copper has 

dissolved, and a slower second stage. The 

results at 60°C and 30°C show that the first 

stage can be further subdivided into a fast 

section up to 30% of the copper dissolved and 

-a slower second section which has a much faster 

rate at 60°C than at 30°C. 
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It is interesting to note that although the 

leaching rate of the first stage is much faster 

at 90°C than at 60°C, after 24 hours of leaching 

there is little difference in the total per cent 

of the copper that has been dissolved. 

. The characteristics of the silver dissol-

ution were very similar to those of the silver 

dissolution for the silver-doped bornite and 

from pure stromeyerite. The silver content 

of the solutions reaches an initial peak then 

decreases and subsequently increases at a very 

slow rate. The height of the initial peak and 

the amount of silver 'removed' from solution 

pied with temperature. More silver was 

dissolved and subsequently 'removed' from sol-

ution at the higher temperature. This suggests 

that if this silver which is initially dissolved 

is precipitated in some form that affects the 

dissolution process, the effect would be greater 

at 90°C. It can be seen that there is a sharp 

reduction in the leaching rate of the copper 

at 90°C when about 55% of the copper has been 

removed and that this corresponds to a minimum 

'in the silver content of the solution. Less 

silver is removed from the solution at 60°C 

and there is not such a marked reduction in the 
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copper leaching rate. However it should be 

noted that no precipitated compound of silver 

was detected by microscopic or X-ray analysis 

and that the 4% reduction in silver content of 

the solution at 90°C only represents a total 

weight of 2 mg of silver. 

These observations suggest that either the 

silver removed from solution is re-incorporated 

in the lattices of the copper sulphides or 

that any precipitate of silver is not present 

in sufficient amounts for detection by X-ray 

analysis. It is also doubtful whether such 

small quantities would have a significant effect 

on the dissolution rate of copper. 

From the estimated composition of the 

mixed sulphide material it can be calculated 

that 81.22% of the total copper is present as 

bornite, 12.43% is present as stromeyerite and 

6.3% is present as chalcopyrite. It is known 

that 40% of the copper from bornite and 50% 

of the copper from stromeyerite, that is 32.48% 

and 6.22%, respectively, of the copper in the 

mixed sulphide material, dissolves out very 

quickly in the initial stages of dissolution. 

In fact it has been found that at 30oC only 27% 
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of the copper from bornite (21.93% of the 

copper in the mixed sulphide material) dissolves 

out quickly followed by a slower section to a 

maximum of about 40%(11). In section 5.1 it 

has been shown that the dissolution of strom-

eyerite when 50% of the copper has been removed 

le also very slow. Hence at 3000, if one 

considers the dissolution of copper from chal-

copyrite to be negligible in comparison, it 

would be expected that the total copper dissol-

ution from the mixed sulphide material would 

be due to the fast first stages of bornite 

and stromeyerite dissolution giving an overall 

dissolution of 28.15%, followed by a slower 

section to give a maximum dissolution of about 

38.7%. This is in good agreement with the 

experimental results at 30°C (Figure 48, Table 

A-3.3). 

The faster dissolution rates at the higher 

temperatures,which would be expected from the 

known leaching behaviours of stromeyerite and 

bornite,are obviously due to the conditions 

being more favourable for the second stages of 

the dissolution processes of stromeyerite and 

bornite since X-ray analysis and microscopic 

examination showed that the residues after 
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about 90% of the copper had dissolved consisted 

mainly of undissolved chalcopyLite, silver 

sulphide (from the stromeyerite) and elemental 

sulphur. Thus the fact that the rate of copper 

dissolution is almost the same at 60°C and 90°C 

when between 80 and 90% of the copper has 

dissolved is probably due to the dissolution 

of a-chalcopyrite not being greatly affected by 

temperature(12)and the inhibiting effect of a 

sulphur and silver sulphide layer (see micros-

copic and electron probe sections). 

6.1.2. Ferric Ion concentration.  

The rate of dissolution of copper from the 

mixed sulphide material increased with increase 

in the ferric ion concentration of the leaching 

solution. Experiments were carried out at 60°C 

using Fe34-  concentration of 0.01, 0.065, 0.10, 

0.25 and 0.50M., the other conditions remaining 

the same, i.e., 0.5. gm sample of particle size 

-180 + 125 microns, the solution (at pH1) being 

stirred at 1300 rpm. The results are presented 

in Tables A-3 .1 and A-3.4 to A-3.7. 

7 
Figure 49 shows that for Fe-71-  concentrations 

above 0.065M, the rate of the first stage of 

the dissolution seems very little affected by 
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any variation, while the second, slower 

stage is quite markedly affected up to 

concentrations of 0.5M. 	The silver 
• 

dissolution characteristics are not 

greatly affected by an increase in the Fe3+  

concentration, although the final dissolution 

rate, after the initial rise and fall in the 

silver content of the solution, is much faster 

for the highest Fe3+  concentration, 0.5M. 

From previous work it is known that copper 

dissolution from bornite(11)and stromeyerite 

(section 5.1.2) is independent of Fe3+  concen-

tration above 0.065M while chalcopylite is not 

affected significantly by increasing the Fe3+  

concentration from 0.01M to 0.1M(12). The 

increase in copper dissolution rate from the 

mixed sulphide material up to Fe3+  concentrations 

of 0.5M could be explained by electrochemical 

or mineralogical factors. 

Since the minerals in the mixed sulphide 

material are in good electrical contact it 

could be that an electrochemical process becomes 

important whereby one or more of the sulphides 

is preferentially dissolved by a galvanic 

corrosion mechanism which depends on the Fe3+  

concentration. (see section 1.3). Alternatively 

the effect could be due to the presence of the 
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very fine intergrowth of stromeyerite in the 

bornite phase. Microscopic examination showed 

that, as the sulphide material was leached, 

cracks and pits seemed to be preferentially 

formed along this intergrowth. This would 

effectively increase the surface area and thus 

increase the number of sites that chemical 

attack on the bornite could take place. 

However the chemical attack on pure bornite, 

whereby the intermediate leach product Cu3FeS4  

is transformed to elemental sulphur, is indepen-

dent of Fe3+  concentrations above 0.065M. Hence 

the Cu dissolution dependence on the Fe3+  

concentration up to 0.5M could be due to the 

rate controlling step now being the diffusion 

of ferric ions in the pits and cracks to the 

unreacted surfaces of the bornite phase. 

Figure 50 shows the dissolution of silver 

from the mixed sulphide material at a number of 

Fe3+  concentrations for leaching times up to 

30 hours. It can be seen that whereas temper-

ature has a marked effect on the initial peak 

in the silver dissolution (Fig. 48), increasing 

the Fe3+  concentration has little effect but 

greatly increases the final rate of dissolution 
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of silver. This indicates that there is a 

chemical reaction occurring which is probably 

the dissolution of the silver sulphide formed 

from the stromeyerite. Again this may be 

affected by electrochemical and mineralogical 

factors. 

6.1,3. Particle size. 

Experiments were carried out at 60°C with 

a 0.5 gm sample in a 0.1M Fe31  solution, the 

particle size being --85 + 120 mesh and -40 + 50 

mesh. The results are presented in Figure 51 and 

Tables A-3.5 and A-3.8. 

Increasing the particle size caused a 

marked reduction in the dissolution of copper 

from the mixed sulphide material— This would 

be expected in the first stages of dissolution, 

since, initially, copper dissolves from both 

bornite and stromeyerite by the diffusion of 

copper ions in the solid state. Increasing the 

particle size increases the diffusion distances 

and hence decreases the dissolution rate. 

However, the large difference in leaching 

rate after about 2 hours cannot be explained by 

this mechanism since both stromeyerite and bornite 
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undergo chemical transformations in their 

second stages of leaching, (the dissolution of 

chalcopyrite can be ignored since it is so slow, 

and chalcopyrite is present in such small 

quantities). It could be explained by the same 

electrochemical and mineralogical factors 

mentioned in section 6.1.2. 

Increasing the particle size reduces the 

surface area, and thus decreases the sites 

available for electrochemical activity and 

also increases the distances that the ferric 

ion has to diffuse along the pores and cracks 

in the material. The overall effect is a 

reduction in the copper dissolution rate. 

The silver dissolution was greater with the 

larger particle size, as would be expected from 

the previous work (section 5.1.4), since the 

cupric ion and ferrous ion concentrations in 

the solution are less than those obtained with 

the smaller particle size. 

6.1.4 Sample Weight.  

Figure 52 shows that increasing the ssmple 

weight used in the experiments from 0.5 gms to 

1 gm did not seem to affect the dissolution of 
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copper to any great extent. Both experiments 

were carried out at 60
oC in a 0.25M Fe3+  

solution. The results are presented in Tables 

A-3.6 and A-3.9. 

The silver dissolution, however, increases 

when the sample weight is decreased. Decreasing 

the sample weight of both stromeyerite and the 

silver-doped bornite had a similar effect 

(sections 5.1.5 and 3.1.4). It is thought that 

this is due to less actual weight of copper 

being dissolved so that the cupric ion and 

ferrous ion concentrations, which adversely 

affect the silver dissolution, are considerably 

lower. 

6.1.5. Effect of Chloride ion. 

Figure 53 compares the use of a ferric 

chloride solution with a ferric sulphate sol-

ution of the same Fe3+  concentration (0.1M), 

all other conditions being the same. There was 

a decrease in the dissolution rate of the copper 

with the chloride solution, while there was a 

slight increase in the silver dissolution, 

which did not show the characteristic peak in 

the initial stages of dissolution observed in 

sulphate solutions. X-ray analysis showed 
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that silver chloride had been precipitated 

and this may have had an inhibiting effect on 

the reaction (section 6.2). 

The addition of 0.1M N:Cl to a ferric 

sulphate solution had a similar effect, both 

the. copper and silver dissolutions being slightly 

lower than with the ferric chloride solution, 

(Figure 53). 

A number of experiments were carried out 

using ferric chloride solutions in 0,1M HC1 

containing different amounts of NAC1. The 

results are presented in Figures 54 and 55, 

and listed in Tables A-3.10 to A-3.15. For 

NaCl concentrations of 1,1.5 and 5M,the dissolu-

tion of copper does not seem to be greatly 

affected by increasing the chloride concentr-

ation. The curves are not consistent with any 

particular trend, but at all these NaC1 con-

centrations, the copper dissolution rate is 

still slightly slower than that obtained by 

using a 0.1M ferric sulphate solution. 

Increasing the chloride concentration to 

4.4M NaC1 caused a significant increase in 

the copper dissolution, the copper dissolving 

at a rate that was slightly faster than with 
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the 0.1M ferric sulphate solution. 

Figure 55 shows that increasing the NCl 

concentration in the leaching solutions from 

1M to 4.4M markedly increased the amount of 

silver dissolved from the mixed sulphide mater- 

ial, At all the chloride concentrations the 

amount of silver in the leach solutions reached 

an almost constant value after a short time. 

Hence although the curves in Figure 55 show 

that after an initial fast dissolution rate 

there is a very slow increase in the amount of 

silver dissolved, this is due to the sampling 

technique whereby replacing the solution sample 

with fresh solution results in a slight decrease 

in the silver concentration of the leach solutions. 

The results were somewhat erratic at the 

higher chloride concentrations. This could be 

explained by the silver chloride that was 

formed in all the experiments (section 6.2). 

Microscopic examination suggested that this 

silver chloride formed a layer around the 

particles with the elemental sulphur that was 

-also formed during the reaction. It was 

apparent that this layer was not very adhesive 

because the leach solutions became cloudy due 
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to a fine, white suspension, identified as 

silver chloride. The samples of the leach 

solutions were centrifuged before analysis by 

atomic absorption, but the readings were still 

very 'noisy' and this caused some error in the 

analyses. 

The enhanced dissolution of silver in the 

chloride solutions is obviously due to the 

formation of some soluble silver-chloride 

complex ion. In section 1.1.3 work on the known 

complexes has been discussed, with the presence 

of AgC12 --, AgC13 2- and AgC143-  being noted under 

different conditions. 

Since the silver concentrations in the 

leach solutions reach almost constant values 

after a certain length of time, these values 

were used in the graphical method of Garret et 

al(71)to find the complex formed in the present 

experiments. Garret et al wrote the general 

equation that represents the increased solub-

ility of silver chloride as: 

AgCl(S) + nCl = AgCl-nn1 	(complexion) (6.1.1). 

with the equilibrium constant, K =(a)ARCl-nn+l 

(en- 

( 6.1.2). 
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where (a) = activity = My (M = molarity, 

Y = activity coefficient). 

Thus log K = log(a)Ag cl  n -
1 
 - n log(a, ul 	(6.1.3). 

n+ 

and log(a) 	-n 	+ log K (6.1.4). gC1 n + 1 = n log(ab1- 

Therefore plotting log(a)g01-n n + 1 versus 

log(a6- gives a line of slope n and an intercept 

of log K. This was done using the data in 

Table A-3.16 to obtain the straight line plot 

in Figure 56. The line had a slope of 2.02 

(ignoring the point for 3.4M C1) and gave a 

value for K of -4.1. Therefore the chief 

reaction resulting in the increased dissolution 

of silver in the chloride concentration range 1 

to 4.4M must be: 

AgCl(S) + 2C1 = AgC13 2 	(6.1.5.) 

with K, the equilibrium constant, = 7.943 x 10-5. 

In GaTrret' determlnation and in the present 

calculations, log MC1-  is actually plotted 

against log MAgcomplex. This is justified if 

n = 1 for'in that case yAgC12 /yCl = 1; it 

can also be justified if n = 2 for, according to 

the Debye-Huckel relationship - logy= CZ1 Z2  

it can be shown that at a given concentration 

(value of I) : 



2.5 

SLOPE = 2.02 

-4.0 

INTERCEPT  = - 412 

45 
0 	0.2 	0.4 	0.6 	0.8 	1.0 

LOG ( Ma-) 

- 358 - 

FIGURE 56 : Determination of the complex formed between silver 

and chloride ion. 



- 359 - 

logy (bivalent ion ) = 2 logy(univelent ion) 

or y(ii) 	y(n_)2 

Hence the expression (6.1.4) can be written 

logK=log logyAgC1.-2 log MC1-  

-2 log y 

which reduces to 

log K = log MAgC1 -  -2 log MC1- 	(6.1.5) 
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6.2 	X-ray Diffraction Analysis. 

The X-ray data for the mixed sulphide 

material is presented in Table B-3.1 and com-• 

pared with the d-spacings of bornite, chalcopyrite 

and stromeyerite to show that the synthetic 

material is a mixture of these three sulphides. 

This is also apparent on comparing the X-ray 

diffraction photographs (a), (b), (c) and (d), 

in Figure C-1.5. 

That samples of this mixed sulphide 

material could contain varying amounts of the 

three constituent sulphides is illustrated 

by Figures 57 and 58. These are microdensit-

ometer traces from the X-ray patterns of two 

different samples. The strongest lines of 

bornite, chalcopyrite and stromeyerite are 

indicated and clearly show that different 

amounts of the sulphides are present in the two 

samples, giving a difference in the relative 

intensities of the lines. 

The X-ray patterns of the residues from 

leaching the mixed sulphide material with 

acidic ferric sulphate solutions are shown in 

Figure C-1.5 and the measured d-spacings are 

presented in Tables B-3.2 and B-3.3. These 



Stromeyerite 

222E1L1/ : Microdensitometer trace from the X—ray diffraction pattern 
of sample (A) of the mixed sulphide material. 
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tromeyerite 

FIGURE la : Microdensitometer trace from the X—ray diffraction pattern 
of sample (B) of the mixed sulphide material. 
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results suggest that the mechanisms of dissol-

ution of the tia-ee constituent sulphides in the 

mixed sulphide material are the same as for the 

pure minerals. 

The d-spacings that can be attributed to 

the leached bornite show the gradual decrease 

that is characteristic of the first stage of 

leaching pure bornite when copper diffuses out 

of the lattice causing a contraction of the 

unit cell (Figure 8) and forming the phase 

Cu3FeS 
(11) This is clearly illustrated in 

Figure C-1.5 and in Table B-3.2 by the reflect-

ions at d = 3.164 and d = 1.936 R. The former 

decreases to 3.082 and the latter to 1.8888, 

after 39.45% of the copper from the mixed 

sulphide material has dissolved. Above this 

amount of copper dissolved, the transformation 

product of bornite, idaite, dissolves by a 

chemical reaction to produce elemental sulphur(11) 

as evidenced by the diffraction lines of the 

idaite remaining stationary and the emergence 

of elemental sulphur (orthorhombic ) diffraction 

lines, which were clearly visible after 69.00 and 

93.00% of the copper had been dissolved (see 

Table B-3.3 and photographs (1) and (m) in 

Figure C-1.5.). 



— 364 — 

The residue with 93% of the copper 

dissolved was treated with carbon disulphide 

to remove the elemental sulphur. The X-ray 

pattern and d-spacings of the remaining residue 

(Figure C-1.5, photograph (n), and Table B-3.4) 

show that, after this amount of copper had 

dissolved, all of the bornite had dissolved 

leaving a residue of undissolved chalcopyrite 

and silver sulphide. 

The presence of chalcopyrite in the residue 

indicates that it leaches much slower than 

bornite, as has already been mentioned (section 

1.2.2). Its dissolution mechanism also seems 

to be unchanged in the presence of the other 

sulphides. The diffraction lines showing no 

movement and indicating that dissolution is 

by a chemical process(12) 

The presence of silver sulphide indicates 

that the stromeyerite dissolves by the same 

mechanism as described in section 5.2 for the 

pUre mineral which produces a mixture of silver 

sulphide and covellite after the first stage 

of copper dissolution and leaves a residue of 

silver sulphide after dissolution of the covellite 

in the second stage. 
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The presence of jalpaite, Mckinstryite 

and covellite were difficult to detect from 

the X-ray patterns probably due to the large 

number of diffraction lines and the fact that 

these species would only be present in small 

quantities. The presence of silver sulphide 

seemed to be indicated by the patterns for the 

residues with 23.30% copper removed and above. 

Films (b), (c), (d), (e), and (f) in 

Figure C-1.6 are the X-ray diffraction patterns 

for the residues of the mixed sulphide material 

after leaching in the chloride solutions 

described in section (6.1.5). The d-spacings 

are presented in Table B-3.5 an4 comparison 

with the d-spacings of sulphur, silver chloride 

and dalcopyrite shows that these three species 

are present in all the residues. No other 

silver phases were detected but some of the 

lines indicate that trace amounts of bornite 

are still present in some of these residues. 

The more copper that is removed the stronger 

the lines of sulphur appear, and the more 

silver dissolved the weaker the lines of silver 

chloride. The lines for chalcopyrite remain 

the same as in the unleached material. 
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6.3 	Atomic Absor tion Analysis of residues. 

Analyses of the leach residues after 
Isoluhofts 

leaching in acidic ferric sulphat4and removL1 

of the elemental sulphur are presented in 

Table 5. Very little can be determined about 

the dissolution behaviour of the mixture of 

sulphides from these analyses which just give 

the overall compositions of the residues. It 

can be seen that the residues become steadily 

richer in silver as the copper is dissolved 

and that the copper to iron molar ratio becomes 

very close to 1 : 1. This is expected from 

the X-ray diffraction analysis which showed 

that after the removal of elemental sulphur, 

the residues with greater than 90% of the copper 

dissolved consist of undissolved chalcopyrite 

and silver sulphide (section 6.2) 



Analysis of Residues by A.A. Spectrophotometr7._ 
Wt. 	Dissolved Com ositions of Residues (wei ht 	and Atomic 
Cu Ag Copper 	Silver 	Iron 	Sulphur 

Wt.% At.% Wt.% At.% Wt.% At.% Wt.% At.% 

34.66 1.218 48.87 39.16 10.03 4.73 13.55 12.35 27.55 43.74 

38.91 0.313 47.82 39.38 12.63 6.12 14.26 13.34 25.26 41.14 

51.39 0.073 43.16 36.06 14.71 6.50 14.92 14.11 27.21 43.31 

58.86 0.233 41.47 33.14 13.43 6.32 16.14 14.67 28.96 45.86 

93.69 1.079 19.95 17.56 36.95 19.16 16.06 16.08 27.03 47.17 

97.30 5.200 15.73 14.45 42.62 23.06 17.19 17.96 24.46 /11.52 

97.52 2.000 15.72 15.98 53.78 32.20 11.22 12.98 19.28 38.83 

97.61 15.385 11.89 11.54 52.97 30.29 11.54 12.74 23.60 45.40 
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6.4. 	Microscopic Examination.  

Figure C-2.15 shows the condition of the 

unleached_sample. A full description of the 

mixed sulphide material has been given in 

section 2.1.2. The stromeyerite appears to be 

a bluish grey in contrast to the light coloured 

polished sections of the pure mineral described 

in section 5.4. Although most authors have 

described stromeyerite as having a steel-grey 

colour, it has been noted that it often appears 

blue on exposed surfaces(201)  

The particles of the mixed sulphide material 

showed no preferential fracturing but it Shaild 

be noted that the relative amounts of the 

different phases varied from particle to particle. 

Hence the dissolution rate of each individual 

particle may be different, but the leaching rate 

of a particular phase would be expected to be 

the same unless there is some electrochemical 

effect on the leaching process. 

For these reasons it is difficult to show 

the progress of leaching in a series of photo-

micrographs. However certain observations can 

be made. Figure C-2.16 shows a particle from 

which 7-8% of the copper has been removed. 
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Cracks have begun to appear in the particle and 

pits have appeared in the chalcopyrite. Figure 

C-2.17 shows a particle from a residue with 

23.30% of the copper removed. Pits and cracks 

have formed in the bornite phase while the 

stromeyerite and chalcopyrite appear almost 

unattacked except at the edges of the particle. 

Figure C-2.18 shows a particle from the same 

residue with just bornite and the stromeyerite 

intergrowth present. The pits that have formed 

seem to follow along the direction of the inter-

growth suggesting that this intergrowth plays 

an important part in the dissolution of the 

mixed sulphide material. 

Figure C-2.19 shows the growth of these 

pits, as more copper was dissolved, with the 

chalcopyrite still relatively unattacked but 

some removal of stromeyerite has taken place. 

Figure C-2.20 shows a. particle where more than 

90% of the copper had been dissolved. The 

large dark areas are probably due to the 

removal, during polishing, of a coating of 

sulphur (identified by X-ray diffraction, 

'section 6.21). The preferential attack along 

the intergrowth can clearly be seen. It:is 

this preferential leaching and the cracks that 
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are formed that may explain the very fast 

dissolution rate of the mixed sulphide material. 

Figures C-2.21 and C-2.22 show the effect 

of leaching the material in chloride solutions. 

A definite layer was formed around the particles 

and X-ray diffraction analysis suggested it 

to be a mixture of sulphur and silver chloride 

(section 6.2). Attack started immediately at 

the edges and there seemed to be no preferen-

tial leaching behaviour. Hence the chloride 

solutions seemed to dissolve the phases at 

about the same rate, while the ferric sulphate 

solutions dissolved the bornite and stromeyerite 

with the chalcopyrite much slower. The diss-

olution of the bornite seemed to be enhanced 

by the presence of the intergrowth of strom-

eyerite. 
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6.5. 	Z12alror-9...T1)P222---)eAa21,/a-a- 

It was not possible to make any quantit-

ative measurements on the mixed sulphide 

material residues because of the pits and 

cracks (section 6.4.) and the beam damage that 

occurs (section 2.1.2). However a number of 

electron microprobe traces were carried out 

on the leached material and these can be com-

pared with the traces in Figure 59 for the 

unleached material which were discussed in 

section 2.1.2. 

Figure 60 shows two iron-silver traces 

across particles from samples with more than 

90% of the copper dissolved (similar to Figure 

C-2.20). Areas of high silver are still areas 

of low iron content. The iron content is 

almost uniform with areas of high silver at 

the edges of the leached particles. This is 

consistent with the X-ray analysis which showed 

that above 90% of copper dissolution, when the 

elemental sulphur had been removed the residues 

were essentially undissolved chalcopyrite and 

silver sulphide. The silver sulphide would 

surround the residual chalcopyrite since it is 

formed from the stromeyerite which occurred 

between the chalcopyrite and the, now dissolved, 
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FIGURE 60 : Electron probe trace across leached particles of 

the mixed sulphide material. 
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bornite in the original samples. 

The presence of this silver phase around 

the chalcopyrite may inhibit the dissolution 

of the chalcopyrite as it did with the diss-

olution of the covellite in the second stage 

of the dissolution of stromeyerite (section 

5.1.). 
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6.6. 	Leachin f mixtures of the •ure minerals. 

As has been mentioned earlier, copper 

dissolved from the mixed sulphide material much 

faster than from pure bornite. The material 

was estimated to contain 70% bornite, 10% 

chalcopyrite and 20% stromeyerite. Since the 

leaching characteristics of all three minerals 

are now known,the theoretical amount of copper 

that should dissolve out can be calculated and 

compared with the actual experimental results 

from the mixed sulphide material leach runs. 

The data used to calculate this theoretical 

leaching rate is presented in Table A-4.11  and 

the calculated copper dissolution is presented 

in Tables A-4.2 and Figure 61 where it is 

compared with the experimental leaching behaviour 

of the mixed sulphide material. The data in 

Table A-4.1 was obtained from the following 

sources: 

Pure Bornite (Ugarte) (11): Leach run at 60°C 

with a 0.065M Fe3+  solution 

Pure Chalcopyrite: (Ferreira )(12): Leach run 

at 80°C with a 0.1M Fe3+  solution. 

Pure stromeyerite (present work): Leach run at 

60°C with a 0.1M Fe3+  solution (Table A-2.6). 
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°/0 Cu 
90 DISSOLVED 	0 THEORETICAL 

e 	Mixed sulphide material 

SO 	 9 	Mixture of pure minerals 

2 
TIME ( HOURS) 

FIGURE 61 : Comparison of the dissolution of copper from a mixture of the 

pure minerals, bornite, stromeyerito, and chalcopyrite, with 

that from the mixed sulphide material and the expected 

dissolutions 
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The mixed sulphide material data was 

taken from Table A-3.9 (60°C , 0.25M Fe3+  

concentration). 

As can be seen in Figure 61 there is a 

considerable difference between the actual weight 

per cent of copper dissolved and the theoretical 

amounts predicted from the leaching character-

istics of the separate minerals. To investigate 

this further, a number of leaching experiments 

were carried out with mixtures of the pure 

minerals. 

A mixture of 0.7 grams of pure bornite, 

0.1 grams pure chalcopyrite and 0.20 grams of 

pure stromeyerite (i.e., with the same propor-

-tions as the mixed sulphide material) was 

leached in a solution of 0.25M Fe3+  in H2  SO4

(pHl) at 60°C. The copper in the mixture was 

calculated as 54.58% of the total weight, in 

good agreement with the composition of the 

mkxed sulphide material (54.50 wt.% Cu). The 

copper dissolution is presented in Table A-4.3 

and is plotted in Figure 61 as the total weight 

% of copper in solution versus time. 

It can be seen that the dissolution of 
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copper from the mixture of pure minerals was 

slower than that predicted and much slower than 

the dissolution from the mixed sulphide material, 

although it has the same leaching character-

istics of a fast first stage followed by a 

slower second stage. From these results it 

seems that one or more of the sulphides, 

bornite, chalcopyrite and stromeyerite, has an 

inhibiting effect on the dissolution of copper 

from the other sulphides. The faster dissolut-

ion rate of the mixed sulphide material now 

seems to be more likely to be explained by 

mineralogical factors such as the presence of 

the fine intergrowth of stromeyerite in the 

bornite phase along which pits and cracks seem 

to form, effectively reducing the particle 

size and increasing the surface area for attack 

(section 6.4, Figure C-2.18). 

To check the inhibiting effect of the 

sulphides on each other, a mixture of 0.7 grams 

of bornite and 0.1 grams of chalcopyrite, and 

a mixture of 0.7 grams of bornite and 0.2 grams 

of stromeyerite were both separately leached 

-at 60°C in solutions containing 0.1M Fe3+  in 

H2 S0,(pH1). The results are presented in 

Tables A-4.4 and A-4.5, and Figures 62 and 63. 
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FIGURE 62 : Comparison of the dissolution of copper from (a) a mixture 

of bornite (0.7gms) and chalcopyrite (0.1gms), and (b) a 

mixture of bornite (0.7gms) and stromeyerite (0.2gms), with 
the expected dissolutions. 
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Figure 62 shows that the dissolution of copper 

from both mixtures, expressed as weight % of 

the total copper, was less than the theoretical 

weight % predicted from Table A-4.1 and presented 

in Tables A-4.4 and A-4.5. The dissolution 

curves of the mixtures of pure minerals, 

however, still retain the same characteristics. 

Figure 63 shows the same results presented 

as total weight of copper dissolved and they 

are compared with the dissolution of copper 

from 0.7 grams of pure bornite (data from Table 

A-41). There is now an obvious difference 

between the leaching behaviour of the two 

mixtures. In the case of the bornite-chalcopy-

rite mixture it can be seen that the experimental 

amount of copper dissolved is not only less 

than the theoretical expected amount but is 

also less than the amount that would dissolve 

from the bornite alone. This suggests that 

the presence of 0.1 gram of chalcopyrite has 

an inhibiting effect on the dissolution of the 

0.7 grams of bornite. 

In the case of the bornite-stromeyerite 

mixture the experimental amount of copper 

dissolved is greater than the amount that can 
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be explained by the dissolution of bornite 

alone but is still less than the amount that 

should be present in the solution if the two 

minerals have no effect on eachother. Hence 

either the stromeyerite affects the dissolution 

of copper from bornite or bornite has an 

inhibiting effect on the stromeyerite dissolut-

ion. 

Although the rate of dissolution of copper 

was somewhat slower, the characteristics of the 

leaching curves in the Figures 62 and 63, 

together with the X-ray diffraction data 

(presented in Tables B-4.1 to B-4.3, and Figure 

0-1.6, photographs (h), (i) and (j))indicate 

that the mechanisms of dissolution of the pure 

minerals are unaffected by the presence of the 

other sulphides. This conclusion is supported 

by the photomicrograph of the bornite-chalcopy-

rite-stromeyerite mixture residue in Figure 

C-2.23, showing one particle of each of the 

sulphides. The stromeyerite particle has the 

same appearance as that in Figure C-2.9, and 

the chalcopyrite and bornite particles have 

the same appearance as those presented by Ferreira 

(12)and Ugarte(11) 
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6.7. 	liscussion and Com arison with Other Work. 

The results of the mixed sulphide material 

leaching and the leaching of the mixtures of 

pure minerals indicated that the dissolution 

mechanism of each of the three sulphides was 

unaltered in the presence of the other sulphides. 

This conclusion was supported by the character-

istics of the dissolution curves, the X-ray 

diffraction analysis and the microscopic exam-

inations. However Figure 61 clearly shows that 

the dissolution of copper from the mixed sul-

phide material was considerably greater than 

that theoretically predicted from leaching 

data on the pure minerals. 

It was noted that Fe3+  concentration had 

a far greater effect than expected on the 

dissolution of copper from the mixed sulphide 

material, and that increasing the particle size 

considerably decreased the copper dissolution 

rate. These effects seemed to show the import-

ance of either electrochemical or mineralogical 

factors, or both, on the dissolution process. 

It would be these same factors that caused the 

much faster leaching rate of the mixed sulphide 

material compared to the predicted rate. 
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The mineralogicsl factors are associated 

with the way in which the different sulphides 

are distributed in the mixed sulphide material. 

The stromeyerite is not only deposited between 

the chalcopyrite and bornite phases but is also 

present as a fine intergrowth in the bornite 

phase. As the bornite leaches, copper diffuses 

out and there is a contraction in the unit cell 

as the bornite transforms to idaite. This 

contraction causes a number of pits and cracks 

to form, which, microscopic examination showed, 

seemed to be preferably formed along the bound-

ary with the intergrowth of stromeyerite. 

Obviously the formation of cracks would be much 

easier at these boundaries, especially since 

the stromeyerite is also leaching and trans-

forming to covellite and silver sulphide. The 

formation of these cracks effectively reduces 

the particle size of the particles and increases 

the surface area and thusl as long as the ferric 

ion concentration is sufficient to enable easy 

diffusion into the cracks, the dissolution of 

the bornite will be enhanced. 

As mentioned in section 1.3 an electro-

chemical or galvanic dissolution mechanism 

requires good electrical contact between the 
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different sulphides. The distribution of the 

sulphides in the mixed sulphide material ensures 

this condition and leads to the possibility 

that electrochemical effects may enhance the 

dissolution of one or more of the sulphides 

and thus explain the faster than predicted 

leaching rate for the material. 

Dutrin,c et al(122, 123)obtained good 

electrical contact between different sulphides 

by using sintered discs and investigated the 

effects of various impurity sulphides on the 

dissolution of bornite and chalcopyrite. The 

authors found that the accelerating effect of 

pyrite on both chalcopyrite and bornite dissol-

ution and the inhibiting effect of galena on 

chalcopyrite dissolution were consistent with 

a galvanic mechanism for the dissolutions. 

According to galvanic corrosion theory, the 

dissolution of sulphides is an electrochemical 

process. On the surface of the 'pure' sulphide 

certain regions such as grain boundaries, 

impurity atom sites, dislocations, etc., become 

anodic; the remainder of the surface is 

cathodic. The actual dissolution (i.e., oxidat-

ion) occurs in the anodic regions, while the 

oxidant is reduced at the cathodic sites. The 



- 386 - 

electron transfer is completed through the 

conducting sulphide mineral. 

If the sulphide was in contact with a 

second mineral having a more positive potential, 

then this second mineral would become cathodic, 

and the original sulphide would become the 

anode. Thus the dissolution of the original 

sulphide would be favoured under these condit-

ions provided that the reduction step can occur 

easily on the surface of the second sulphide 

mineral. Conversely when the sulphide is in 

contact with a mineral having a lower rest 

potential, the dissolution of the first sul-

phide is retarded while that of the second 

mineral is accelerated. 

Gottschalk and Buehler(120)arranged a 

selection of minerals according to their 

measured electrode potentials in a series 

analogous to the electrochemical series. This 

series, in order of decreasing nobility (i.e., 

increasing reactivity), was: marcasite, argentite, 

chalcopyrite, molybdenite, covellite, bornite, 

pyrrhotite, chalcocite and sphalerite. 

Wright(13)has reviewed other work on the 
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measurement of the electrode potentials of 

minerals and has concluded that, although 

there are many difficulties in experimentally 

measuring the electrode potentials of minerals 

and the order of the above series appears to 

differ slightly in different solutions, the 

overall trend is essentially the same. Thus 

chalcopyrite is more noble than bornite and 

it would be expected that when in contact, the 

chalcopyrite would be cathodic and the bornite 

anodic so that the dissolution of the chalcopyrite 

is retarded while that of the bornite is accel-

erated. 

No data has been found for the electrode 

potential of stromeyerite but the above series 

shows that Argentite, Ag2 S, is more noble than 

chalcopyrite, bornite and covellite. Hence argent-

it: would be expected to act as the cathode in 

the anodic dissolution of both chalcopyrite 

and bornite, as well as covellite. The latter 

observation is important not only in the diss-

olution of the mixed sulphide material but also 

in the dissolution of pure stromeyerite. After 

the first stage of dissolution stromeyerite 

forms an intimate mixture of covellite and 

silver sulphide. From the electrochemical 
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considerations the dissolution of covellite 

will be favoured. The results in section 5.1 

show that thls was the case, the reaction, 

however, being slowed down by the residual silver 

sulphide. 

Hence the accelerated dissolution rate 

of the mixed sulphide material could also be 

explained by electrochemical (galvanic) inter-

actions between the separate sulphides. The 

fact that X-ray diffraction and microscopic 

examinations showed that chalcopyrite and Ag2 S 

remain in the residues, when virtually all the 

bornite has dissolved, is consistent with both 

the electrochemical and the mineralogical con-

siderations. Since in both cases it is the 

bornite dissolution that is enhanced. 

However the experimental results presented 

in Figure 61 showed that the copper. dissolution 

from a mixture with the same relative proportions 

ions of the three minerals was less than that 

from the mixed sulphide material and also less 

than that predicted from the dissolution char-

acteristics of the three individual sulphides. 

The difference between the mixture and the 

mixed sulphide material could be explained by 
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the electrochemical or mineralogical factors 

discussed above. However the difference with 

the predicted dissolution rate can only be 

explained by chemical or electrochemical factors. 

Figures 62 and 63 showed that copper 

dissolution from the bornite-chalcopyrite and 

bornite-stromeyerite mixtures is inhibited 

in some way. With sintered discs,Dutrizac et 

al found that with chalcopyrite containing 

bornite as an impurity, the mixtures appeared 

to dissolve slightly more rapidly than the 

weighted sum of the dissolution rates of the 

pure sul,phides,(123)in accordance with the 

electrochemical considerations discussed above, 

but that additions of chalcopyrite to bornite 

slightly decreased the dissolution rates of the 

bornite-chalcopyrite mixtures(122)  in accord-

ance with the present work. However this 

latter effect was thought byDutrizac et al 

to be due to the rate-controlling step of 

bornite dissolution still being mass transport 

across a liquid boundary layer adjacent to the 

disc. This is not the case in the present work. 

X-ray analysis and microscopic examination 

showed that the separate sulphides still 
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dissolved by the same mechanisms and no new 

phases were noted that could affect the diss-

olution rate. Hence it seems unlikely that 

purely chemical effects cause the decrease in 

dissolution rate but that electrochemical 

effects are the major factor. 

The use of mixtures of separate particles 

of the different minerals means that good 

electrical contact is not possible since the 

particles touch at only a few contact points 

which are frequently broken by agitation of the 

solution. Despite this, many authors have 

explained the changes occurring in dissolution 

rates on the addition of a separate component 

(sulphide or non-sulphide) as due to electro-

chemical phenomena (section 1.3). 

The work of Baur et al(108)is of special 

interest in the present discussion since it 

shows that the presence of the much more noble 

silver did not affect the copper dissolution 

from chalcopyrite. This was thought to be 

due to the AgiCuFeS2  couple not increasing the 

anodic voltage sufficiently to alter the rate-

controlling process. This work also shows that 

additions of a less noble nature than chalcopy-

rite,such as copper and iron powders, can 
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markedly affect the dissolution rate of the 

copper by altering the process from an anodic 

to a cathodic mechanism of dissolution. 

Thus 	seems that the lower dissolution 

rates of tr_e mixture of pure minerals could be 

explained by electrochemical effects. This 

leads one to conclude that the electrochemical 

effects on the mixed sulphide material, if any 

do occur, would inhibit rather than accelerate 

the dissolution of copper. Therefore it seems 

that the major factor in accelerating the 

dissolution of copper from the mixed sulphide 

material is of a mineralogical nature. 

The other important result from the leach-

ing of this mixed sulphide material was the 

marked effect that chloride ion had on the 

dissolution of silver (section 6.1.5). Figure 

56 clearly demonstrates that in the NaCl con-

centration range considered (1 to 4.4M), the 

complex formed between silver and chloride ion, 

which thus enhances the dissolution of silver, 

is of the form AgC13,2- and the dissolution is 

-expressed by equation 6.1.5. The value for 

the stability constant (log k = 4.12) is in 

good agreement with other values(63) 
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The presence of silver as the complex 

AgC13 2  in the leach solutions seems to be in 

good agreement with previous work, fully 

reviewed in section 1.1.3. Forbes(66)stated 

that it was the stable species below 1.5N Cl, 

while Garret(71)demonstrated by the same graph- 

ical method used in section 6.1.5 that it was 

the dominant species up to concentrations of 

0.9 Moles of KC1 per 1000 gms of water. Leden (74) 

stated that in a solution of 5M NaCi about 1/3 

or 2  of the silver is present as AgC14 3 , the 

rest is AgC13 2 , while in 1M NaCi 80 - 90% 

is AgC13 2-. 

Leiser(76)thought that AgCl3 2  was the 

domitant species above 0.2M NaC1 and Marcus(78) 

determined that it was the predominant species 

in the range 0.002-12M HC1. However Chateau and 

Hervier(77)found no evidence for the species in 

0.5 to 1.5M KC1 solutions and explained their 

data in terms of coexisting AgC12 -  and AgC14 3-  

complexes.. Finally, Ciantelli(81)plotted the 

concentration of the species against Cl-  con-

centration, Figure 4(a), which showed that 

AgC13 2  is the dominant complex from 0.5 to 4M 

NiaCl. This is in excellent agreement with the 

present findings. 
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Despite this increased solubility in 

chloride solutions, the dissolution of the 

silver from the mixed sulphide material by the 

ferric sulphate solutions was still very small. 

From the results in sections 3.1, 5.1 and 6.1, 

it seems that although a temperature rise 

increased the silver dissolved in the initial 

stages and an increase in the Fe34-  concentration 

increased the rate of the later stages of 

dissolution, the major factors affecting the 

silver dissolution were sample weight and 

particle size. Decreasing the sample weight 

or increasing the particle size increased the 

amount of silver dissolved. Both of these 

changes result in a smaller copper dissolution, 

and a smaller Fe2+  prodbaction. Since the silver 

dissolution was still very small in the absence 

of Fe2-1-  ion (section 5.1.7 and 5.1.8) it is 

suggested that it is the presence of cupric 

ion in the solution that inhibits the silver 

dissolution. This would be consistent with 

electrochemical considerations with the more 

noble constituent, silver, acting as the 

cathode for the less noble constituent, copper, 

which anodically dissolves. 

The increase in the silver dissolution 
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with chloride solutions is in agreement with 

the findings of many other workers on the 

dissolution of silver from ores and concentrates 

(8,9,14,15,24)(section 1.1.1). Christensen(26), 

Oldright(32)  and Traill et al(33)  were among 

the early workers who used NaC1 in Fe3+  ion 

solutions to dissolve silver. Azerbaeva and 

Tseft(42) showed that almost complete dissolut-

ion of Ag2 S in Fe3+  -Fe2+ solutions only occ-

urred in the presence of sodium or ammonium 

chloride due to the increased solubility of the 

AgCl formed on the surface. The presence of 

AgC1 in the leach residues of the mixed sulphide 

material seems to indicate a similar reason 

for the increased silver dissolution. 
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SECTION 7 

SUMMARY OF RESULTS 

7.1. 	Silver-doped Bornite.  

The presence of 1.20 wt. % silver as an 

isomorphous constituent had little effect on 

the dissolution characteristics of bornite in 

acidified ferric sulphate solutions. The 

leaching of the bornite proceeded in two stages. 

In the first part of the reaction, bornite 

(Cu5FeS4 ) is rapidly transformed to idaite 

(Cu3FeS4 ), by the diffusion of copper ions in 

the solid state. Very little of the silver 

dissolved, the bulk remaining as an isomorphous 

constituent of the idaite. During the second 

part of the reaction the surface of the idaite 

formed is increasingly attacked, producing a 

direct transformation to elemental sulphur 

by a chemical reaction. Again very little of 

the silver dissolved, the idaite becoming 

silver-rich. The presence of the silver caused 

some lattice distortion as evidenced by the 

broad X-ray diffraction lines. No phases other 

than idaite or elemental sulphur were detected. 

7.2 	Stromeyerite 

Stromeyerite (Cu1 .07 Ago .93 S) dissolved in 

acidified ferric sulphate solutions in two 

distinct stages. In the first stage copper 

dissolved from the stromeyerite which under-

went a solid-state transformation via the 

phases Ag1 .2 Cu0 .8S and Ag1 .55 Cuo .45S to form 

silver sulphide, Ag2 S. During this trans-

for.mation,covellite, CuS, was precipitated 

along certain crystallographic planes and at 
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the completion of the first stage of the 

copper dissolution the solid consisted of an 

intimate mixture of Ag2 S and CuS, with 50% of 

the copper dissolved. The second stage of 

the copper dissolution, the transformation of 

CuS via the non-stoichiometric phase Cu0.8S 

to form elemental sulphur by a chemical react-

ion, was extremely slow and seemed to be 

inhibited by the silver sulphide which did not 

dissolve. 

The dissolution mechanism of the strom-

eyerite was unaltered when solutions cnntain-

ing hydrogen peroxide and a suspension of 

manganese dioxide were used. These studies 

indicated that the lack of silver dissolution 

was due not only to the adverse ferric/ferrous 

ratio in the solutions but also the presence 

of cupric ion. The presence of chloride ion 

enhanced the silver dissolution, but the form-

ation of a silver chloride precipitate stopped 

the reaction. 

7.3. 	Mixed Sul  hide Material 

Copper dissolved from the mixed sulphide 

material, containing approximately 70% bornite, 

10% a-chalcopyrite and 20% stromeyerite, 

much faster than was theoretically predicted 

and much faster than from a mixture of separate 

particles of the three minerals. The dissolut-

ion mechanisms of each of the three sulphides 

were unaltered by the presence of the other 

sulphides,and the increased dissolution rate 

of the copper could be explained by both electro-

chemical and mineralogical factors. Very little 

silver dissolved in the acidified ferric 

sulphate solutions but considerable amounts 

dissolved at high chloride ion concentrations. 

Experiments showed that this was due to the 

formation of a complex ion, AgC13
2-. 
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A-1 : Silver-doped Bornite Leaching Results 
TABLE A-1.2 T.O'LE A-1.1 

Sample weight : 1  gram 1 gram 
Sample size -180 +125 microns -180 +125 microns 
Stirring speed : 1300 rpm 1300 rpm 
Temperature 60°C 90°C 3+ 
Solution 0.065M Fe3+  in 0.065Y Fein 

H2SO4 ( pH 1 ) 
H2SO4 

( pH 1 ) 

Time wt.; Cu 	wt.% Ag wt.% Cu 	wt.' Ag 
5mins. 22.72 	0.21 25.64 	5.03 
10 " 24.02 	0.67 29.73 	2.76 
15 " 25.32 	0.94 32.70 	2.32 
30 " 28.23 	0.92 37.00 	1.30 
1 hour 31.29 	0.69 45.22 	1.20 
2 	" 34.41 	0.66 50.75 	2.14 
3 	n 38.55 	0.43 52.56 	2.86 
4 	" 41.66 	0.31 55.98 	3.54 
6 	" 46.74. 	0.27 60.42 	3.81 
8 	" 52.88 	0.42 64.29 	4.51 

Sample weight 
Sample size 
Stirring speed 
Temperature 
Solution 

TABLE A-1.3 TABLE A-1.4 

: 	1 gram 
-180 +125 microns 

: 	1300 rpm 
60°C 
0.01M Fe3+ in 

1 gram 
-180 +125 microns 
1300 rpm 
60°C 
0.25m Fe3+  in 

H2s04 ( pH 1 ) 
H2SO4  ( pH 1 ) 

Time wt. 	Cu 	wt.% Ag wt.% Cu 	wt.% Ag 
5 mins. 6.40 	0.23 22.42 	0.98 
10 " 8.48 	0.16 23.87 	1.49 
15 " 9.48 	0.20 24.46 	1.57 
30 " 11.95 	0.24 26.96 	1.19 
1 hour 12.87 	0.21 29.51 	0.81 
2 " 14.77 	0.18 34.03 	0.78L 
3" 15.11 	0.22 37.84 	0.94 
4 " 15.61 	0.23 39.81 	1.16 
6" 18.03 	0.27 47.08 	1.36 
8 H 20.99 	0.28 53.40 	1.67 
21.5 	11  30.88 	0.20 
23 " 87.65 	4.32 
24 " 32.38 	C.20 89.35 	4.42 
28 " 35.97 	0.21 91.32 	4.76 
30 " 36.28 	0.18 92.68 	4.90 
46 " 42.33 	0.22 
48 " 97.20 
52 " Oa. 98.44 	4.97 
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$ample weight 
Sample size 
Stirring speed : 
Temperature 
Solution 

Time 

:FABLE A-1.5  

1 gram 
-180 +125 microns 
1300 .rpm 
60°C 	3' 
0.065! Fe 4-  in 
H2SO4 

(pH 1 ) 

wt.% Cu wt.%Ag 

TABLE A-1.6  

0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
0.065M Fe3+  in 
H2S04 ( pH 1 ) 

wt.% Cu 	Ag 
5 mins. 22.72 0.21 20.66 0.40 
10 	" 24.02 0.67 24.80 1.21 
15 	" 25.32 0.94 25.68 1.34 
30 	" 28.23 0.92 27.12 1.01 
1 hour 31.29 0.69 29.60 0.63 
2 	" 34.41 0.66 33.11 0.51 
3 38.55 0.43 35.89 0.49 
4 	" 41.66 0.31 38.73 0.26 
6 	" 46.74 0.27 44.57 0.27 
8 	" 52.88 0.42 51.31 0.50 
23 82.21 0.94 87.75 2.62 
24 	" 87.76 2.75 
28 	" 86.83 0.96 91.89 2.98 
30 	" 93.91 3.48 
46 	" 93.71 1.14 
51 	" 96.26 1.34 

A-2 : Stromeyerite Leaching Results 

TABLE A-2.1 

Sample weight ; 
Sample size 	: 
Temperature : 
Stirring speed: 
Solution 

0.5 grams 
-180 +125 microns 
60°C 
1000 "kpm 
0.065M Fe3+ in 
H2SO4 ( pH 1 ) 

Time wt.% Cu 	wt.% Ag wt. Ag (gms. x106  ) 
5 mins. 
10 

	

15 	" 

	

30 	" 
1 hour 
1.5" 

	

2 	" 

	

3 	tt 
3.5 H 

	

4 	H 
4.5 	It  

	

5 	11 

	

6 	" 

	

7 	11 

	

8 	" 

	

9 	11 

25.55 
35.79 
40.95 
47.75 
52.23 
53.30 

r4.64 
55.70  
55.92 
56.03 
57.19 
58.06 
58.32 
58.56 
59.38 

0.065
0.134  
0.158 
0.137 
0.065 
0.063 
0.048 
0.043 
0.041 
0.044 
0.041  0 
0.045 
0 0.046  

0)  0.047 
0 0.048  

164 
336.1 
394.1 
341.9 
161.9 
155.2 
120.3 
108.0 
102.4 
110.0 
101.7 
113.2 
115.0 
110.7 
118.3 
120.1 
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Sample weight : 
Sample size 
Stirring speed ; 
Temperature 
Solution 

TABLE A-2.2 
0.5 grams 
-180 +125 microns 
1300 rpm 
30°C . 0.11 Fe in 
H2SO4 (pH 1 ) 

TABLE A-2.3  
0.5 grams 
-180 +125 microns 
1300 rpm 
40°C 	1] 
0.1M Fe' in 
H2SO4 ( pH 1 ) 

3+  

Time wt.% Cu wt. Ag 	g.x106) ‘ wt.c Cu 	wt.Ag (gx106) 
5 mins. 5.44 32 9.04 

10 	" 10.44 26.8 13.03 
15 12.17 37.4 18.33 
30 	" 18.06 38.3 29.32 
1 hour 26.15 45.2 40.89 
1.5 " 32.96 46.3 42.92 
2 	" 38.16 47.3 45.89 
25" 39.64 54.4 47.85 
3 	n 41.72 55.6 49.83 
3.5 n 43.54 62.8 50.33 
4 	" 52.02 
4.5 " 53.72 
5  54.25 

Sample weight 
Sample size. 
Stirring speed ; 
Temperature 	• 
Solution 

Time 

TABLE A-2.4  
0.5 grams 
-180 +125 microns 
1300 rpm 
50°C 3  
0.1M Fe 4.  in 
H2SO4 ( pH 1 ) 

wt,% Cu 	wt.Ag (g.x106)  

Final solution 
contained 
0.000064 gms Ag 
(0.026 wt.;,) 

TABLE A-2.5  
0.5 grams 
-180 + 125 microns 
1300 rpm 
70°C 3+  
0.1M Fe in 
H2SO4  (pH 1) 

wt.%.Gu 	wt.Ag (g.x106) 
5 mins. 14.96 33.88 562 

10 	" 24.81 44.01 568 
15 	" 32.52 47.01 537 
30 	" 41.63 49.61 530 
1 hour 49.26 52.24 550 
1.5 " 
• 

50.89 52.68 445 
2 	" 52.68 53.54 386 
2.5 " 54.02  53.21 358 
3 	n 54.59 54.62 339 
3.5 " 55.31 54.27 319 

Final solution 
contained 
0.000093 gms Ag 

(0.038 w“) 



TABLE A-2.11  
0.5 grams 
-180 +125 microns 
1300 rpm 
60°c 
0.25M Fe3+  in 
H2so4 (pH 1) 

wt.% Cu wt.Ag (g.x106) 
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wt.Ag (g.x106) 

Sample weight 
Sample size 
Stirring speed 
Temperature 
Solution 

Time 

TABLE A-2.6  
0.5 grains 
-180 +125 microns 
1300 rpm 
60°C 
0.1Y Fe3+  in 
H2SO4 (pH 1) 

wt. Cu 

TABLE A-2.7  
0.5 grams 
-180 +125 microns 
1300 rpm 
90°C 	14.  
0.11 Fe3+  in 
H2SO4 (pif 1) 

wt.4 Cu 	wt.Ag (g.x106) 
5 mins. 23.04 156 45.09 218 
10 	" 33.37 478 51.53 247 
15 	" 40.12 518 53.08 281 
30 	" 47.48 391 54.05 304 
1 hour 52.5 252 54.66 323 
15" 53.03 217 55.23 298 
2 53.60 200 55.13 335 
2.5 " 54.47 191 55.44 342 
3 	H 55.61 195 56.32 340 
3.5  H 55.24 194 56.59 347 
4 	" 56.06 198 57.15 , 	354 

Sample weight : 
Sample size 	• 
Temperature 
Stirring speed 
Solution 

Time  

TABLE A-2.8  
0.5 grams 
-180 +125 microns 
60°C 
1300 rpm 
H2SO4 (pH 1) 

wt.% Cu 

TABLE A-2.9  
0.5 grams 
-180 +125 microns 
60°C 
1300 rpm,.,_ 
0.01g Fej' in H2SO4 (pH 1) 

wt.Ag (g.x106) ‘ wt.Ag (g.x106  ) wt.% Cu 
5 mins 0.004 MOO 11.77 22 
10 	" 0.004 19.87 22.5 
15 	" 0.009 26.39 23 
30 	14' 0.019 35.57 17.5 
1 hour 0.029 41.72 15.9 
1.5" 0.051 44.47 18.3 
2 	" 0.082 48.45 18.7 
2.5 " 49.70 19.1 
3 	0  50.98 19.5 
35" 0.103 
4- 	" 52.65 35.9 

TABLE A-2.10  
0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
0.0651.1 Fe3+ in 
H2SO4 

(pH 1) 

wt4 Cu 	wt.Ag (g.x106) 

Sample weight : 
Sample size 
Stirring speed : 
Temperature 
Solution 

Time 
5 rains. 20.52 132 22.98 320 
10 31.22 227 32.40 398 
15 . 	" 39.22 272 37.32 497 
30 	" 47.55 269 48.83 419 
1 hour 53.41 245 51.22 189 
1.5 " 53.59 133 
2 	" 54.21 211 53.63 135 
25" 55.31 184 54.83 147 
3 	" 54.47 177 54.84 155 
3.5 " 
4 	" 

54.33 
54.55 

161 
160 

54.83 
55.37 

167 
170 	• 



Temperature 
Solution 

3+   
: 	0.01M Fe in 

H2SO4 
(pH 1) 

TABLE A-2.13  

0.1 grams 
-180 +125 microns 
1300 rpm 
60°C 3÷  
0.1n Fe in 
H2S04 (pH 1) 

TABLE A-2.12  

Sample weight • 	0.5 grams 
:ample size 	-40 +50 mesh 
Stirring speed : 	13C0 rpm 

• 60°C 
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Time 
5 mins. 
10 
15 
30 	" 
1 hour 
15" 
2 	" 
25" 
3 	" 
3.5 	It 

4 	" 

wt.% Cu 
6.80 
12.12 
16.35 
25.53 
35.23 
38.80 
41.68 
44.92 
45.93 
46.95 
47.37 

wt.Ag (g.x106) 
18 
16 
19 
19 
14 
18 
14 
18 
19 
19 
20 

wt.% Cu 
27.53 
36.89 
42.95 
48.69 
52.48 
55.07 
56.29 
57.68 
58.35 
59.30 
59.94 

, wt.Ag (g.x106) 
152 
256 
292 
229 
92 
84 
89 
99 
121 
131 
137 

TABLE A-2.14 

 

TABLE A-2.15 

   

Sample weight 
Sample size 
Stirring speed 
Temperature 
Solution 

Time 
5 mins. 

	

10 	" 

	

15 	" 

	

30 	" 
1 hour 
15" 

	

2 	" 
2.5 " 

	

3 	" 
3.5 " 

	

4 	It 

• 0.5 grams 
-180 +125 microns 

: 	1300 rpm 
60°C , 0.1M Fe3+  in HC1 0.1M) 
containing 4M NaC1 

wt.% Cu 	wt.% Ag 

	

11.44 	18.92 

	

14.09 	21.27 

	

16.21 	21.30 

	

20.25 	21.81 

	

21.97 	22.56 

	

22.48 	22.67 

	

23.64 	23.18 

	

23.70 	23.20 

	

24.50 	24.73 

	

25.35 	24.21 

	

25.17 	25.58 

0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
0.1M HC1 containing 
3.3M NaC1 

wt.% Cu 	wt.% Ag 

	

0.194 	0.130 

	

0.228 	0.147 

	

0.340 	0.184 

	

0.507 	0.268 

	

1.680 	1.370 

	

7.84 	6.36 

	

23.00 	10.27 

	

23.40 	11.24 

Sample weight ; 
Sample size 
Stirring speed : 
Temperature 
Solution 	• 

TABLE A-2.16 
0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
1 part H202(20 vol.) 
to 4 parts H2SO4 

(pH 1)  

-180 +125 microns 
1300 rpm 
60°C 
1 part H202(20 vol.) 
to 4 parts H20 

TABLE A-2.17 
0.5 grams 

Time 
5 mins. 

wt.% Cu 
7.92 

wt.Ag (g.x106) 
10 

wt.% Cu wt.Ag (g.x106) 

10 	" 18.43 14 2.83 10 
15 28.47 18 3.12 7 
30 	" 42.42 15 3.42 10 
1 hour 50.81 15 3.37 10 
1.5 52.90 16 3.36 15 
2 	" 55.02 9 3.40 13 
2.5" 3 	It 55.39 

55.58 
16 
16 	' 3.20 16 

3.5 	II 55.76  13 



Sample weight : 
Sample size 
Stirring speed : 
Temperature 
Solution 

TABLE A.2.18 
0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
H2S0

4 
(pH 1) containing 

0.3205 grams Mn02  

TABLE A-2.19  
0.5 grams 
-180 +125 microns 
1300 rpm 
60°C 
0.1M Fe3+ in H2SO

4 
(pH 1) 

containing 0.3205 gms Mn02  

Time 
5 mins. 

	

10 	" 

	

15 	" 

	

30 	" 
1 hour 
15 " 

	

2 	" 
25" 

	

3 	" 
3.5 " 

	

4 	" 

wt. % Cu 
0.30 
0.41 
0.49 
0.88 
2.56 
3.65 
5.38 
6.72 
8.50 
9.76 
10.70 

wt.Ag 

•••• 

.1••• 

400 

0.1 

wt.% Cu 
27.65 
34.02 
39.64 
47.50 
50.98 
52.75 
53.06 
53.64 

•••■ 

IMO 

wt. Ag(g.x106)  
226 
313 
179 
149 
120 
103 
91 
110 

OMNI 

Data for Figure 43(b) 
x 103 Moles x 103 

Time 

Moles 

Cu Mn Cu Mn 
5 mins. 0.008 0.069 0.818 0.942 
10 mins. 0011 0.092 0.988 1.143 
15 0.013. 0.101 1.138 1.289 
30 	" 0.023 0.086 1.268 1.470 
1 hour 0.068 0.136 1.361 1.564 
15" 1.408 1.600 
2 	" 0.144 0.245 1.416 1.632 
2.5 " 1.432 1.623 
3 0.227 0.371 
4 	" 
5 	n 0.349 0.560 

ON. aaM 



50% 45% 

Data for Figure 36: 

207, 

TABLE A-2.20 

e7  Copper Dissolved 

30% 	40% 
oC l/T°K x103  Time Log(l/t) Time Log(l/t) Time Log(l/t) Time Log(l/t) Time Log(l/t) 

30 3.300 34.5 -1.5378 73.5 -1.8663 147 -2.1673 - - - - 

40 3.195 17.0 -1.2304 30.0 -1.4771 58.5 -1.7672 112.5 -2.0511 187.5 -2.2730 

50 3.096 7.5 -1.8751 13.5 -1.1303 27.0 -1.4314 40.5 -1.6075 70.5 -1.8482 

60 3.003 4.5 -0.6532 7.5 -0.8751 15.0 -1.1761 24.0 -1.3802 51.0 -1.7076 

70 2.915 - - 4.5 -0.6532 7.5 -0.8751 10.5 -1.0212 30.0 -1.4771 

90 2.755 - - 3.0 -0.4771 4.5 -0.6532 5.0 -0.6990 7.5 -0.8751 
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A-3 : Mixed sulphide material Leaching Results 

TABLE A-3.1  

Sample weight : 0.5 grams 
Sample size 	: -180 +125 microns 
Temperature 	: 60°C 
Stirring speed : 1300 rpm 34.  
Solution 	: 0.065M Fe in 

Time 
5 mins 

	

10 	tl 

	

15 	" 

	

30 	" 
1 hour 

	

2 	it 

	

3 	n 

	

4 	II 

	

6 	ti 

	

8 	t, 

	

22 	ti 

	

25 	" 

	

28 	11 

	

30 	it 

	

46 	,i 

	

50 	t, 

	

53 	,, 

	

56 	I, 

H2SO4 
(pH 1) 

wt.% Cu 
23.04 
25.73 
28.93 
31.54 
34.03 
39.86 
43.8o 
48.56 
58.72 
64.81 
81.18 
82.98 
83.61 
85.01 
89.04 
91.01 
90.19 
90.93 

wt.% Ag 
0.39 
0.91 
1.09 
1.07 
0.73 
0.45 
0.39 
0.38 
0.26 
0.24 
0.43 
0.47 
0.56 
0.57 
0.79 
0.90 
0.98 
1.00 

TABLE A-3.2 	TABLE A-3.3  

Sample weight : 0.5 grams 	0.5 grams 
Sample size 	: 	-1R0 +125 microns 	-180 +125miorons 
Temperature 	: 	90 C 	30°C 
Stirring speed : 	1300 rpm 3+ 	1300 rpm 34.  
Solution 	: 	0.0651:i Fe 	in 	0.065M Fe 	in 

H2SO4 (pH 1) 	
H2so4 (pa 1) 

Time 	wt.% Cu 	wt.% Ag 	wt.% Cu 	wt.% Ag 
5 mins. 27.15 4.45 14.63 0.038 
10 	" 31.68 5.45 20.32 0.087 
15 	" 35.21 5.06 24,12 0.109 
30 	" 41.93 4.12 26.53 0.121 
1 hour 48.61 3.64 29.00 0.187 
2 	" . 	55.06 2.93 30.04 0.188 
3 	n 5835 2.47 30.72 0.196 
4 	" 5 	n 

61.32 
62.85 

2.26 
2.11 

31.40 
32.08 

0.166 
0.218 

6 	" 64.04 2.07. 33.13 0.223 
7 	n 65.21 1.97 33.82 0.228 
8 	" .. - 34;11 0.262 
21 	" 78.19 1.94 - - 
21.5" - - 3777 0.286 
24 	" 82.03 2.08 38.16 0.273 
26 	" 8373 2.22 38.54 0.278 
28 	" 85.44 2.36 38.91 0.313 
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Sample weight : 
Sample size 
Temperature 
Stirring speed : 
solution 

Time  

TABLE  A-3.4  
0.5 grams 
-180 + 125microns 
60°C 
1300 rpm 3+  
0.01M Fe in 
H
2
SO4 

(pH 1) 

wt.% Cu 	wt.% Ag 

TABLE A-3.5 

0.5 grams 
-180 +125 microns 
60°C 
1300 rpm3+  
0.10M Fe in 
11
2
SO
4 
(pH 1) 

wt.% Cu wt.c! Ag 
5 mins. 9.64 0.021 23.30 0.41 
10 	" 16.67 0.035 27.01 0.96 
15 	" 19.65 0.036.  29.50 1.09 
3o 	" 21.41 0.058 33.88 0.89 
1 hour 24.67 0.046 39.45 0.53 
2 25.69 0.055 49.73 0.39 

11 3 27.09 0.065 57.70 0.39 
'I 4 27.88 0.083 65.00 0.36 
1 5 30.44 0.085 70.57 0.38 

t 6 30.72 0.095 76.35 0.46 
t 7 31.28 0.089 81.21 0.45 

8 32.77 0.090 86.83 0.51 
21.5 " 45.81 0.066 
22.0 " 97.85 1.93 
24.0 " 48.25 0.063 98.09 2.18 
26.0 " 49.45 0.072 97.11 2.30 
28.0 " 51.39 0.073 98.03 2.55 
30.0 " 98.86 2.74 

Sample weight : 
Sample size 
Temperature 
Stirring speed : 
Solution 

TABLE A-3.6 

0.5 grams 
-180 +125 microns 
60°C 
1300 rpm,., 
0.25M re-" in 
H2

20
4 
(pH 1) 

TABLE A-3.7  
0.5 grams 
-180 +125 microns 
60°C 
1300 rp1.4.  
0.5M Fe in 
H
2
SO
4 
(pH 1) 

Time 
5 mins. 
10 	" 
15 
3o 
1 hour 
2 

11 3 
4 
5 

11 6 
11 7 
11 8 
1 24 

26 	" 
28 	" 
30 	" 

wt.% Cu 
24e85 

30.92 
35.33 
41.78 
51.52 
58.60 
66.61 
71.79 
79.28 
83.93 
88.32 

97.04 

99 7a 

wt.% Ag 
0.81 
1.36 
1.51  
1.19  
0.66  
0.56 
0.63  
0.61 
0.68 
0.98 
1.37 
2.24 

12.34 
12.68 
12.72 

v1,61% Cu 
26.99 
31.16 
33.57 
38.59 
45.73 
62.02 
75.20 
83.18 
89.84 
93.32 
95.47 
97.58  

NM. 

wt.% Ag 
1.31 
1.69 
1.46 
1.03 
0.78 
0.72 
0.88 
1.14 
2.07 
3.47 
4.53 
7.45 
13.53 
14.05 
14.62 
15.06 



11 

11 

11 

11 

It 
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TABLE A-3.8  

Sample weight : 0.5 grams 
Sample size 	: 	-40 +50 mesh 
Temperature : 60°C 
Stirring speed : 	1300 rp13.1.  
Solution 	: 	0.1K Fe 	in 

H2SO4 (pH 1) 

Time 
5 mins. 
10 " 
15 " 
3o " 
1 hour 
2 " 
3 
4 
5 
6 
7 
8 
22 
24 
26 
28 
30  

wt.% Cu 	wt.% Ag 

	

15.19 	0.36 

	

18.80 	0.61 

	

20.51 	1.20 

	

24.01 	1.51 

	

26.04 	1.44 

	

28.70 	0.98 

	

31.34 	0.79 

	

32.71 	0.82 

	

33.72 	0.96 

	

34.66 	1.22  

TABLE A-3.9  

1.0 grams 
-180 +125 microns 
60°C 
1300 rpm 
0.25M Fe in 
H2SO4 (pH 1) 

wt.% Cu 	wt. Ag 

	

24.54 	0.33 

	

27.36 	0.61 

	

30.78 	0.70 

	

34.27 	0.58 

	

39.48 	0.33 

	

49.75 	0.26 

	

61.91 	0.23 

	

69.58 	0.19 

	

77.76 	0.24 

	

83.91 	0.25 

	

86.5o 	0,33 

	

89.11 	0.38 

	

96.51 	1.52 

	

97.80 	1.61 

	

97.98 	1.72 

	

98.80 	1.79 

	

99.3o 	1.85 

TABLE A-3.11 

0.5 grams 
-180 +125 microns 
60°C 
1300 ring+  
0.1M Fe 	(as FeC13

) 

in HC1 (0.1M) 

TABLE A-3.10 

Sample weight : 0.5 grams 
Sample size 	3 	+125 microns 
Temperature 	: 	60 C 
Stirring speed : 	1300 rpriti.  
Solution 	: 	0.1M Fe in H

2
SO
4 

(pH 1) containing 
0.1M NaCl 

Time 
5 mins. 
10 " 
15 " 
3o " 
1 hoWe 
1.5 " 
2 	"- 
2.5 II 
 It 

3.5 II
4 	It 

5 	II 
6 " 7  n 

8 "  

wt.% Cu 
18.64 
21.31 
22.57 
24.58 
29.92 

35.39 

40.24 

44.83 
47.67 
49.46 
52.00 
56.41 

	

wt.% Ag 	wt.% Cu 	wt.% Ag 

	

0.268 	19.99 	0.571 

	

0.406 	23.43 	0,562 

	

0.378 	26.21 	0.599 

	

0.483 	27.76 	0.621 

	

0.492 	30.98 	0.628 
- 35.56 	0.650 

	

0.504 	37.47 	0.649 
- 41.80 	0.671 

	

0.490 	42.73 	0.700 
- 45.31 	0.70o 

	

0.227 	48.12 	0.722 

	

0.434 	53.54 	0.728 

	

0.472 	56.69 	0.742 

	

0.521 	59.7o 	0.772 

	

0.579 	- 	- 
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TABLE A-3.12 TABLE A-3.13 

Sample weight : 0.5 grams 0.5 grams 
Sample size : -180 +125 microns -180 +125 microns 
Stirring speed : 13R0 rpm 1320 rpm 
Temperature : 60°C 60 C 3+ 
Solution : 0.1M Fe3+  (as FeCl3 ) 

in 0.1M HC1 containing 

0.1M Fe(as FeC13 ) 
in 0.1M HC1 containing 

1M NaC1 1.5M NaC1 

Time wt.% Cu 	wt.% Ag wt,% Cu 	wt.% Ag 
5 mins. 21.78 5.87 20.55 11.27 

10 	" 25.28 6.14 22.06 11.22 
15 	" 27.48 6.46 24.38 11.83 
30 	" 30.49 6.82 28.13 12.19 
1 hour 37.51 7.15 33.94 12.39 
1.5 " 41.74 7.48 37.91 12.42 
2 	" 45.85 7.44 41.15 12.95 
2.5 " 
3 	IT 

50.62 
55.69 

7.64 
7.56 

44.46 
49.61 

13.23 
13.52 

35 " 54.47 13.79 
4 	" 62.24 7.96 56.45 14.08 
4.5 " 58.45 14.86 
5 60.46 14.65 
5.5 " 61.71 14.94 
6 	" WW1 62.15 15.55 

TABLE A-3.14 TABLE A-3.15 
Sample weight : 0.5 grams 0.5 grams 
Sample size : -180 +125 microns -180 +125 microns 
Stirring speed : 13R0 rpm 1300 rpm 
Temperature : 60°C 60°C 
Solution : 0.14 Fe-) 	(as FOCI3 ) 

in 0.1M HC1 containing 

0.I14 Fe+  (as FeC13) 
in 0.1M HC1 containing 

3M NaC1 4.40M NaC1 

Time wt.% Cu 	wt.% Ag wt.% Cu 	wt.% Ag 

5 mins. 22.18 32.16 23.30 27.37 
10 	" 25.32 41.05 27.92 37.31 
15 	" 27.79 45.01 30.25 44.01 
30 	" 32.52 55.41 35.01 53.94 
1 hour 36.24 57.50 44.65 55.8o 
15 „  38.57 56.82 52.48 63.08 
2 	" 42.40 56.23 58.65 64.52 
2.5 " 
3 	I. 

44.83 57.46 63.29 
69.67 

66.55 
68.01 

3.5 " 53.77 60.56 74.34 73.13 
4 	" - 	56.62 61.85 75.96 71.79 
4.5 " 5 	II 

59.14 
64.29 

64.37 
64.44 83.82 73.85 

6 	" 7 	n 
67.13 66.97 87.07 

90.35 
75.34 
76.84 
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TABLE A-3.16  : Data for Figure 56; Determination of Silver 
Chloride complex ion. 

(Ag)A  
M x10' Log(MAg) 

(C1-)*2 

M Log( MC1-) 

0.0157 

0.0270 

0.1330 

0.1550 

1.455 

2.510 

12.320 

14.370 

4.1629 
(-3.8371) 

4.3997 
(-3.6003) 

3.0908 
(-2.9092) 

3.1574 
(-2.8426) 

1.40 

1.90 

3.40 

4.80 

0.1461 

0.2788 

0.5315 

0.6812 

*1 : The maximum silver concentration reached in each of the 

leach solutions. 
*2 : The sum of NaC1 molarity 0.1M HC1 0.1M FeC13  

A-4 : Mixtures of Pure Minerals, Leaching Results 

TABLE A-4.1 : Dissolution rates of the minerals 

Chalcopyrite (0.1gms 
wt.% Cu 	wt. Cu 

Time Bornite 
wt.% Cu 

0.7gms) 

wt. Cu 

Stromeyerite (0.2gms) 
wt.% Cu 	wt. Cu 

mgms mgms mgms 
5 mins (24) (106.3) 23.04 15.63 (1.5) (0.52) 

10 (26) (115.2) 33.37 22.64 (2.6) (0.90) 

15 26.82 J18.83 40.12 27.23 (3.0) (1.04) 

30 28.91 128.10 47.48 32.22 (4.0) (1.38) 

1 hour 33.47 148.30 52.45 35.59 4.7 1.63 

1.5 " 36.19 160.35 53.03 35.98 (6.0) (2.08) 

2 37.98 168.29 53.60 36.37 6.8 2.36 

2s5" 39.50 175.11 54.47 36.96 (7.4) (2.56) 

3 40.98 181.67 55.16 37.43 8.o 2.77 

3.5 	11 42.65 188.98 	55.24 37.49 (8.6) (2.98) 

4 	- " 	43.62 193.37 	56.06 38.04 9.1 3.15 

4.5" 	44.84 198.78 	56.08 38.06 (9.6) (3.33) 

5 	1,, 45.71 202.54 	57.19 38.81 9.9 3.43 

( ) = Value estimated from graph. 

. Bornite values from Ugarte11 Chalcopyrite values from Ferrelra12  

Stromeyerite values from Table A-2.60 
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TABLE A-4.2 : Bornite(0.7011s) + Chalcopyrite(0.1gms) + 

Time 

Stromeyerite(0.2gms) mixture 

TOTAL COPPER DISSOLVED 

Predicted (from Table A-4.1) 

wt. 	wt.% 

(wt. in milligrams) 

Mixed sulphide material 
(table A-3.9) 

wt. 	1Nt.% 
5 mins. 122.45 22.44 133.8 24.54 

10 " 138.74 25,42 149.14 27.36 
15 " 147.10 26.95 167.79 30.78 
30 " 161.70 29.63 186.81 34.27 
1 hour 185.52 33.99 215.20 39.48 
1.5 " 198.41 36.35 
2 " 207.02 37.93 270.20 49.75 
2.5 " 214.63 39.32 
3  n 221.87 40.65 337.47 61.91 
3.5 " 229.45 42.04 
4 " 234.56 42.97 379.24 69.58 
4.5 " 240.17 44.00 
5  it 244.78 44.85 423.86 77.76 

TABLE A.44.3 
: 0.7gms Bornite 	0.1 
: -180 +125 microns 
: 1300 rpm 
: 60 C 
: 0.25M Fe 	in 

H2SO4 (pH 1) 

COPPER DISSOLVED 
wt.(mgs) wt.% 

s Chalcopyrite + 0.2gms 
Stromeyerite 

SILVER DISSOLVgD 
wt. (gms x10 ) 

Sample 
Sample size 
Stirring speed 
Temperature 
Solution 

Time 
5 mins. 103.40 	18.94 88 

10 	" 110.48 	20.24 98.2 
15 117.18 	21.46 216.6 
30 	" 132.74 	24.20 111.9 
1 hour 155.41 	28.47 68.5 
1.5 159.52 	29.22 45.8 
2 	" 163.14 	29.89 32.7 
2.5 " 
3 	n 

	

168.44 	30.71 

	

172.77 	31.65 
61.1 
77.1 

3.5 " 177.04 	32.43 90.6 
4.5 " 5 	II 

	

179.32 	32.85 

	

183.07 	33.54 
106.5 
116.7 



412- 

TABLE A-4.4  
Sample: 	; 0.7gms Bornite + 0.lgms Chalcopyrite 
Sample size 	: -180 +125 microns 
Stirring speed : 1300 rpm 

: 60°C 
: 0.114 Fe34- in H2SO4 (pH 1) 

COPPER DISSOLVED 

EXPERTMENTAL 
	

CALCULATED (from Table A-4.1) 
Time 	wt. ( IngS ) wt.! 

	
wt.(mgs) wt.% 

5 mins 102 21.34 106.82 22.35 
10 	" 106.55 22.29 116.10 24.29 
15 109.65 22.94 119.87 25.08 
30 " 121.76 25.47 129.48 27.09 
1 hour 137.58 28.78 149.93 31.37 
1.5 " 144.68 30.27 162.43 33.98 
2 " 152.88 31.98 170.65 35.70 
2.5 " 159.71 33.41 177.67 37.17 
3  165.62 34.65 184.44 38.59 3.5  191.96 40.16 
4 " 179.10 37.47 196.52 41.12 
4.5 5  " 

11 
182.82 
187.55 

38.25 
39.24 

202.11 
205.97 

42.28 
43.09 

TABLE A-4.5 

Sample 
Sample size 
Stirring speed : 
Temperature 
Solution 

0.7gms Bornite 0.2gms Stromeyerite 
-180 +125 microns 
1300 rpm 
60°C 
0.1M Fe3+ in H2SO4  (t  1) 

COPPER DISSOLVED 

Time 
EXPERIMENTAL 
wt.(mgs) wt.% 

CALCULATED (from Table A-401) 
wt ( MgS ) wt,% 

5 mins. 116.5 	22.76 121.97 23.86 
10 	" 130.41 25.48 137.84 26.96 
15 	" 133.10 26.01 146.06 28.57 
30 145.27 28.39 160.32 31.36 
1 hour 166.80 32.59 183.89 35.97 
15" 173.06 33.82 196.33 38.41 
2 	" 182.88 35.74 204.66 40.04 
2.5 " 3 	n 

190.86 
194.93 

37.29 
38.09 

212.07 
219.10 

41.49 
42.86 

3.5 ,E 199.51 38.99 226.47 44.30 
4 	" 211.60 41.35 231.41 45.27 

Temperature 
Solution 
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APPENDIX B 

X-RAY POWDER 

DILITRACTION DATA 

Pat e 
B-1 : Silver - doped Bornite. 	414 

B-2 : Stromeyerite. 	 421 

B-3 : Mixed Sulphide Material. 	429 

B_4 : Mixtures of Pure Minerals. 	440 

B_5 Diffraction data from the A.S.T.M. Index File. 441 

Abbreviations used for line intensities : 

vst : very strong 

st : strong 

m : medium 

vw : very weak 

vvw : very, very weak 

sh : shadow (indistinct line) 

) : brackets indicate a broad line 

I : relative intensity of line 

d : 'd' spacings, measured in .ngstroms 



dR 	I 

4.08 	10 

3.64 	5 
3.48 	5 
3.31 	40 

3.18-3.15 60 
3.01 	5  

2.80-2.81 20 

2.74-2.73 50 

	

2.63 	5 

	

2.50 	40 

- 	- 
2.13-2.12 - 
2.11 	10 
- 	- 
1.937 	100 
1.850 	10 
- 	- 

- 	- 
1.652 	30 
1.584 	10 
1.534 	10 
1.47 	5 
1.42 	20 
1.37 	20 

1.335 	5 
1.300 	5 
1.290 	5 

dR 	I 

- 

4.07 	m 
- 	- 
- 	- 
- 	- 
3.30 	m 
3.26 vw 
3.16 vw 
3.00 vw 

2.80 	m 

2.73 	m 

2.63 vw 

2.50 	m 

- 	- 
2.13 	w 
2.10 vw 
_ 	- 

1.93 vst 
1.85 	w 
- 	- 
- 	- 
1.65 	m 
1.58 vw 
1.53 vw 
1.47 vw 
1.42 	m 
1.37 	m 
1.34 	w - 	- 
- 	- 

- 414 - 

B-1 : Silver-doped Bornite, X-ray- Data. 

TABLE B-1.1 : X-ray patterns for the silver-doped Bornite 

and pure Bornite, compared with Ugarte/s 

Bornite and the A.S.T.M. X-ray Index File values. 

Bornite(11) 	Bornite(207)  
Synthetic 

Ag-doped Bornite 

dR 	I 

Synthetic 

Bornite 

dR 	I 

6.324 vw 6.313 vw 
5.471 vw 5.475 vw 
4.786 vw 4.788 vw 
4.072 w 4.070 w 
3.870 vw 3.862 vw 
- - - - 
_ _ - - 

3.305 m 3.300 m 
3.261 w 	, 3.261 w 
3.162 st 3.156 st 
3.006 vw 3.014 vw 

2.804 IT 2.804 m 

2.735 m 2.736 m 

2.628 vi,T 2.633 vw 
2.511 m 2.510 m 

2.496 m 2.495 m 
2.179 vw 2.174 vw 
2.135 w 2.137 vw 
2.107 w 2.104 w 
1.959 vw 1.957 vw 
1.937 vst 1.935 vst 
1.851 w 1.847 vw 
1.795 vw 1.791 vw 
1.669 vw 1.670 vw 
1.650 IT 1.648 w 
1.580 vw 1.578 vw 
1.532 vw 1.531 vw 
1.473 vw 1.470 vw 
1.425 vw 1.423 vw 
1.368 vw 1.367 vw 
1.337 VW 1.337 vw _ - - - 
_ _ - - 
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TABLE B-1.2 : X—ray diffraction data for silver—doped Bornite 

leach residues. 

% Cu Dissolved : 20.10 
% Ag Dissolved : 

d R 	I 

% Cu Dissolved : 44.68 

% Ag Dissolved : 	0.20 

d R 	1 

3.316 
3.219 
3.170 
3.142 
3.062) 
3.038 
2.723 
2.612 
2.523 
2.501 
2.386 
2.285 
2.097 
1.980 
1.941 
1.928 
le917) 
1.8671 
1.858 
1.642\  
1.636 
1.602
1.560) 
1.569 
1.359 

w 
w 
vw. 
st 

m 

m 
vw 
vw 
vw 
w 

vv.  
vw 
vw 

IT 

vst 

w 

w 

vw  
w 
w 

	

3.269) 	vw 
3.219 
3.086) 

	

3.032' 	st 

	

2.494 	vw 
2.292 

	

2.262' 	vw 

10883) 

	

2.860' 	st 

1.604,1  

	

1.581 	w  

Pure Bornite after 43.7% 
Cu had been dissolved(11)  

d R 	I 

3.2203 
3.0178 
2.6217 
2.4947 
2.2703 
1.9028 
1.8589 
1.5876 
1.3163 
1.2094 
1.0790 
1.0161 

IT 

vst 
TT 

vw 
vw 
w 
st 
m 
IT 

w 
w 

PIT 



TABLE B-1.3 : X-ray diffraction 

Cu 84.04 
Ag 	1.76 

d R 	I 

data for silver- 

WEIGHT % DISSOLVED 

doped Bornite leach residues. 

Cu 97.79 	Cu 98.76 
Ag 	1.20 	Ag 	2.16 

d 2 	I 	d2 	I 

SULPHUR(2°7) 

d4 	I 

Cu 64.29 
Ag 	0.86 

d 1? 	I 

89:2  
Ag 	

4 

clR 	I 

7.726 vw 7.732 VW 7.718 	vw 7.729 	vw 7.709 	vw 7.69 6 
5.770 w 5.751 w 5.783 	w 5.786 	w 5.756 	w 5.76 14 
- - - - 5.704 	vw 5.704 	vw - 	- 5.68 5 
- - - - - 	- - 	- - 	- 4.80 2 
- - - - - 	- 4.206 	vw 4.208 	vw 4.19 12 
4.072 m 4.060 w 4.076 	w 4.072 	w 4.603 	w 4.06 11 
3.922 w 3.917 w 3.925 	w 3.924 	w 3.917 	w 3.91 12 
3.861 st 3.854 st 3.871 	st.  3.864 vst 3.861 vst 3.85 100 
3.585 w 3.569 w 3.581 	w 3.578 	w 3.568 	w 3.57 8 
3.454 m 3.449 m 3.457 	m 3.454 	st 3.450 	m 3.44 40 t 
- - _ _ 3394 	vw 3.394 	vw 3.379 	VW 3.38 3 A H 
3.341 w 3.333 m 3.349 	IT 3.343 	m 3.339 	m 3.33 25 0. 
3.223 m  3.216 m 3.'228 	m 3.225 	st 3.218 	st 3.21 60 t 
3.116 w 3.112 w 3.125 	w 3.119 	m 3.115 	m 3.11 25 
3.087 w 3.083 w 3.096 	w 3.091 	m 3.087 	m 3.08 17 
- - - - - 	- - 	- - 	- 3.06 4. _ 
3.069. st 
3,035' 

3.0. 	, 44)  
3.022 

m  3.054. 
3.035) st 

3.053, 
3.0291 vw 

3.049. 
3.019) st - - 

2.850.  w 2.848 w 2.854 	w 2.857 	m 2.848 	in 2.842 18 
2.737 vw - - - 	- 2.696 	vw 2.687 	vw 2.688 2 
- - - - - 	- - 	_ - 	- 2.614 4 
2.573 vw 2.568 w 2.577 	vw 2.572 	vw 2.569 	vw 2.569 8 
2.538 vw - - 2.509 	vw 2.507 	m 2.503 	vw - - 
2.503 vw 2.498 w 2.501 	'TT 2.491 	vw 2.487 	vw 2.501 7 
2.431 w 2.424 m 2.432 	w 2.429 	m 2.427 	m 2.424 13 
- - 2.402 w 2.418 	vw 2.410 	vw 2.410 	vw 2.404 2 
2.379 vw 2.378 w 2.378 	w 2.380 	vw 2.379 	vw 2.375 4 



IOU U=1„.1 continued : 

	

d 2 	I 	a 2 	I 

	

d 9 	I 	a.2 	I 	d 2 	I  A  

- 	- 	2.367 w 	- 	- 	2.373 vw 	2.369 vw 

	

2.291 vw 	2.287 m 	2.293 w 	2.294 m 	2.289 w 

_ 	- 	_ 	- 	- 	- 	2.255 vw 

_ 	_ 	- 	_ 	- 	- 	2.224 vw 	2.219 vw 

- 	_ 	- 	_ 	- 	- 	- 	2.147 vw 

	

2.113 vw 	2.113 '  m 	2.120 w 	2.118 vw 	2.115 vw 

	

- 	 - 	- 	 - 	- 	 - 	- 	2.097 vw 
- 

	

_ 	- 	- 	- 	_ 	2.081 vw 

- 	- 	_ 	- 	- 	- 	2.061 vw 	2.059 vw 

_ 
_ 	- 	- 	- 	2.010 vw 	2.010 vw 

_ 	_ 	_ 	_ 	1.995 vw 	1.994 vw 	1.989 vw 

- 	_ 	1.963 vw 	1.962 vw 	1.958 vw 

_ 	_ 	- 	- 	- 	1.929 vw 	1.928 vw 

	

1.907 w 	1.902 m 	1.906 w 	1.907 vw 	1.902 vw 

1.858 
m 	

1.880\ 
vw 	

1.878 

1,852
) st 

	

1.878) st 	. 1.876 	1.880N 

1.856' 	1.855'  m 	
) 	1.8651 

- 
- 	

1.857 vw  - 

1.824 vw 	1.824 vw 	1.826 w 	1.826 w 	1.823 w 

1.783 vw 	1.782 w 	1.784 m 	1.785 m 	1.783 w 

1.761 vw 	- 	- 	- 	- 	_  

1.757 vw 	1.755 vw 	1.757 w 	1.758 m 	1.756 vw 

1.724 vw 	1.726 vw 	1.725 w 	1.727 w 	1.727 w 

1.698 vw 	1.698 vw 	1.699 vw 	1.692 w 	1.698 w 

	

_ 	_ 	_ 	- 	1.665 vw 	1.668 vw 	1.666 vw 

	

_ 	_ 	_ 	_ 	_ 	_ 	- 	_ 	1.656 vw 

1.647 vw 	1.647 vw 	1.648 vw 	1.650 w 	1.648 w 

1.624 vw 	1.622 vw 	1.623 w 	1.625 w 	1.624 w 

a A 

2.366 4 

2.288 6 

2.215 2 

2.146 4 
2.112 10 

2.098 2 

2.057 1 
2.041 1 
2.003 2 

1.988 4 
1,957 2 

1.926 1 

1.900 7 

1.856 1 
1.838 1 
1.823 4 
1.781 11 

1.754 7 
1.725 8 
1.698 7 
1.665 2 

1.658 2 

1.647 5 
1.622 6 



_ 	- 	- - 
1.608 	1.606 vw 

1.593 w 
- 	- 

1.577' 

ONO 	
1MM 

TABLE B-103 continued : 

R 	I 	d R 	I 	d 	R d R 
1.606 w 1.609 vw 1.606 

1.605, 
1.581

) W _ - 
1.606, 
1.574) 
_ 

- - - 
1.564 vw 1.565 VW 1.563 
_ - 1.543 VW 1.541 

1.533 VW 1.529 
- 

1.505 VW 1.504 
- 

1.475 vw 1.476 VW 1.475 
- 	- 1.461 VW 1.460 

1.453 
1.438 vw 1.441 VW 1.438 
1.422 	w 1.422 VW 1.422 

1.417 w 1.418 VW 1.417 
ORM 

I 
o 

d a I 

w 1.607 6 

w _ _ 

- 1.601 2 
- 1.595 3 
vw 1.563 2 
VIT 1.542 1 
vw 1.531 1 
_ 1.515 1 

vw 1.504 1 
_ 1.490 1 

vw 1.475 2 
vw 1.461 1 
VW - - 
vw 1.439 3  
vw 1.424 3 
vw 1.419 1 
- 1.?:91 1 
_ 1.362 1 
_ 1.354 3 



TABLE  B-1.4.:  X-ray diffraction data for the silver-doped Bornite leach residues after removal 
of elemental Sulphur by treatment with CS2. 

iIGHT % DISSOLVED  
Cu 64.29 	Cu 84.04 	Cu 89.67 	Cu 97.79 	Cu 93,76 
Ag 0.86 	Ag 1.76 	Ag 4.97 	Ag 1.20 	Ag 2m16 

d R 	1 	d R 	I 0 
d 11 	I 	d R 	1d A Q • I 

3.268) vw 	3.263, 	3.250) vw 	3.290\ vw 	3.301\  
3.225 	3.212/ vW 3.2041 	3.195' 	3.219' w  

3.099, 	3.087 st 	3.081 	3.n71 3.093 
3.027

)vst 	)vst 
3,036) st 	3.0281  m 	J.025 	3.030 

2.738\  - 	- 	- 	- 	- 	- 	2.730 vw 2.730' m  
2.631 	

w 	
2.634) ,,,, 	

-p. I-,  - 	- 	- 	_ 
2.615' " 	2.608' - 	 ‘,0 

1 
. - 	- 	- 	- 	2.291 vw 	2.496 vw 	- 	- 

1.885, 	1.882, 
1.867 st 	,) st 1.850 
1.605 	1.599\ 7  
1.588' vw 	1.583' 

1.878) st  
1.853 
1.6041 w  
1.579' 

1.880 
1.855' st  

1.599) 
1.575 

1.900) st  
1.895' 
1.876) st  
1.856' 

1.596) , 
1.580 " 

awn 	 ■•■••• 	 •INIS 	 •••• 	 WOOD 	 am= 



TABLE 17121 : X-ray diffraction data 
	

TABLE B-1.6 : X-ray diffraction 

for the Jarosite precipitate. 	data for Silver sulphide. 

Precipitate 	Jarosite
(207) Synthetic 	Ag2S(207) 

a 	R 	I 	d JZ 	I 	Ag2S 

	

5.943 	m 	5.94 	30 	d R 	I 	d R 	1  
5.735 

	

m 	5.74 	20 

	

5.105 	st 5.09 

	

40 	1.9755'65 
VT 	 3.96 
w 	

10 

	

3.844 	w 	- 	-- 3.439 in 	
3.571 	6 
3.437 35 

	

3.658 	m 	3.65 10 	3.387 in 	3.383 20 

	

3.549 	vw 	- 	-  3.081 st 	3.080 60 

	

3.436 	vw 	- 	- 	2.840 st 

	

3.331 vw 	- 	- 	2.666 in 	2:86 70  2.664 4 4 	, 5 

	

3.220 	vw 	- 	- 	2.608 vst 	2.606 100 

	

3.108 vst 	3.11 60 	2.585 m 	2.583 70 

	

3.078 	vst 	3.08 	100 2.485 m 	2.456 70 

	

2.969 	m 	2.97 	10 

	

2.543 	in 	2.547 	30 
	2.423 

 sT 
2. 421 60 
2.383 75 

2.442 st 	2.440 80 

	

2.863 	m 	2.87 	20  

	

2.365 	vw 	- 	- 2.318 vvw 	- 	- 

	

2.285 	st 	2.292 	50 	2.284 vvw 	- 	- 

	

1.975 	st 	1.978 	50 	2.255 vvw 
1.933 

	

1.906 	
w 1.941 	20 2.213 m 
w 

	

1.913 10 	2.094 	
2:213 -45 

	

vw 	16 

	

1.8 22 	st 	1.823 	50 	2.084 in 	t())2 45 

	

1.773 	vw 	- 	- 
20  

	

1.737 vw 	- 	- 	2:0/9 
w 	2.072 16 

w  2.047 16 

	

1.716 	vw 	- 	_ 

19  

	

1.690 vw 	- 	- 	1.984 w 	
1.995 16 

vvw  - 	- 

	

1.622 	vw - - 1.965 W 

	

- 	n 24 

	

1.593 	vw 	- 	- 	-  

	

1.572 	vw 	_ 	_ 

	

1.560 	VIT 	- 	- 	 1.918 	4 

	

1.552 VU 	- 	- 	10.99  vvw 

	

w 	1.903 14 

	

1.537 	m 	1.539 30 	1.868 IT 	 1.866 
.
16 

	

1.507 	m 	1.512 	30 	1.854 vvw 	- 

1.344 m _ 	. 	
1.81 

	

1.482 	w 	1.484 	10 	7 vw 	1.816 4 

	

1.797 vw 	1.798 4 

	

1.786 vw 	- 

	

1.718 20 w 	
1.733 12 

1.719 
1.732 w 

	

1.690 vw 	1.691 	6 

	

1.668 vvw 	- 	-  

	

1.608 vw 	1.610 4  

	

1:54 vv., ,,, vvw 	- 	-  
TABLE B-1.6  continued  : 

	

1.579 
9 w 
	

1.587 14 
1.579 10 

	

1.458 	
VVW 

in , 	1.459 	14 

	

W 	 1.554 	8 

	

1.445 	- 	_ 	1.546 VW _ 

	

1.436 n 	- 	- 	1.539 w 	 1.540 8 

	

1.415 it 	- 	- 	1.513 w 	1.513 12 

	

1.406 	v, 	- 	- 	1.502 vvw 	 - 

	

1.399 
1.379 	

n 

	

n 	
- - 1.482 w 	1,483 10 
- 	- 	1.469 vw 1.470 10 

- 420a - 
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TABLE B-1.7  : X-ray diffraction 	TABLE B-1.8  : X-ray diffraction data 

data for the silver sulphide 	for the silver sulphide residue after 

residue after leaching at 60°C. 	dissolution at 90°C. 

d R 	I 	'RESIDUE Argentojarol p.96) d 
dR 	IdX 	I d. 	I d R 	1 
5.948 	st 
5.056 	w 
3.958 	w 

33....7(5) 	s-1-1. 
3.393 	m 
3.388 	w 
3.129 	in 
3.082 	w 
3.068 vat 
2.977 

m 2.841 	
w 

2.779 
2.667 
	in  

m 
st 2.610 	

m 

in  
2.530 	in 

2.424 	
st ;: 	
in 

„3n 	st 

2.230 	at 
2.215 	m 
2.122 vvw 
2.096 0976 	vw 
2.086 	in  
2 	

vw 
2.051 	-If 
1.998 	w 
1.983 	st 
1.966 	w 
1.952 	w 
1.905 	w 

1.. 	vw 1.854 	
w 

1.839 
1.754 	

m 

1.744 	
vw 

vw 1.735 	
w 

1.721 	m 
1.693 	m 
1.686 	V 

in 1.654
W 

1.613 
1.584 	

w 

v 
1.563 	

vw 
m 

1.541 
	
vw 
m 

1.515 	vw 
1.487 	in  

	

1.626 	vw  

	

1.573 	
w  

	

5.98 	50 

	

5.08 	6 

	

3.681 	30 

	

3.479 	1 
- 

	

3.127 	20 

	

2.972 	15 

	

2.763 	20 
- 	- 
- 	- 

- 

	

2.524 	30 
- 	- 
- 	_ 

- 

	

2.380 	5 

	

2.309 	8 
- 	- 

	

2.218 	30 
- 	- 

	

2.079 	2 
- 	- 
- 	- - 	- 

- 
1.9794 25 

-  

	

1.9454 	3 

	

1.9000 	1 
- 
- 

1.8366 20 
- 	- 

-  

	

1.7352 	4 
- 	- 

- 

	

1.6860 	4 
 - 

- 	-  

- 

	

1.5594 	4 
- 

	

1.5286 	8 

	

1.4847 	; 

3.062 100 
 

1.4690 

1.4537 

1.4143. 

1.3892 
1.3464 

- 
8 	1.470 
- 
5 
	1.460 

- 
3 	1.417 
- 	1.393 
4 	1.388 
6 	- 

in 
vw 

w vw 
vw 
vw 
vw 
VW 

3.962 	w 
3.861 	vw 
3.575 	VW 
3.440 	m 
3.388 	w 
3.215 
3.084 	

vw 
st 

2.841 	st 
2.669 	m 
2.610 	vat 
2.586 	st 
2.459 	w 
2.444 	st 
2.425 	w 
2.385 	st 
2.318 	VW 
2.256 	vw 
2.216 	st 
2.095 	vw 
2.086 	in  
2.073 	vw 
2.050 	w 
1.997 	w 
1.987 	vw 
1.966 	m 
1.940 	vvw 
1.918 	vw 
1.904 	w 
1.869 	w 
1.855 	vw 
1.817 	VW 
1.799 	vw 
1.787. 	vw 
1.733 	w--  
1.719 	m 
1.691 	w 
1.669 	.vw 

1.587 	w 
1.609 	vw 

1.581 	w 

	

1.555 	w 

	

1.547 	vw 

	

1.540 	w 

	

1.513 	vw 

	

1.482 	w 
1.469 

	

1.459 	
w 
m 

	

1.445 	vw 

	

1.439 	vw 

	

1.416 	VW 

	

1.406 	vw 

	

. 
	in 
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B-2 : Stromeyerite, X-ray diffraction data. 

TABLE B-2.1 : X-ray pattern. for the synthetic Stromeyerito 
compared with the values of Suhr(140)  and Djurle(133) 

Stromeyerite 
Cu1.07Le0.93

3 

Present U ork 
a2 

Stromeyerite 
Cu 	Jig 
2.07 	0.93 
Djurlo 

d2 	I 

Stromeyerito 
CuABP 

Suhr 
d2 

5.266 vw - - - _ 
3.998 vw 3.98 20 3.98 10 
3.746 vvw - _ _ - 
3.608 vvw 3.627 20 - - 
3.474 st 3.458 Go 3.46 70 
3.322 st 3.309 6o 3.33 80 
3.069 m 3.056 40 3.07 60 
2.734 V1T - - - - 
2.622 vst 2.615 100 2.61 100 
2.554 m 2.546 60 2.55 6o 
2.482 vw - - - - 
2.407 VINT - - - - 
2.334 vw _ _ Wm& OMR 

2.214 vw - - - - 
2.112 IT 2.109 20 2.10 20 
2.078 m 2.072 40 2.07 80 
2.036 st 2.031 60 - - 
1.997 st 1.993 6o 1.99 7o 
1.979 vw - - - - 
1.945 w ... - - - 
1.890 m 1.885 60 1.89 6o 
1.749 m 1.745 60 1.75 - 
16.734 m 1.733 40 1.73 40 
- - 1.728 40 - - 
1.711 m 1.708 40 1.70 30 
1.697 m 1.693 40 1.69 30 
1.661 w - . 	- - - 
1.626 vw - - 1.63 10 
1.592 m 1.588 40 1.58 20 
1.571 w 1.567 40 1.57 10 
1.532 w - - - - 
1.454 w 1.451 4o 1.45 20 
1.425 m 1.422 60 1.42 60 
1.409 vw - - - - 
1.394 vw _ - - - 
1.330 vw - - - 
1.310 w 1.306 40 - - 
1.286 v- - _ - _ 
1.277 vw - - - - 
1.262 m 1.258 40 - - 
1.242 w-m 1.239 40 - _ 
1.234 w-m 1.232 40 - _ 
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X-ray data for residues of Stromoyerite after leaching in 

acidic ferric sulphate solutions. 

TABLE B-2,2 
5.44% Cu Dissolved 

d R°  

	

5.251 	VVW 

	

3.995 	vw 

	

3.917 	via 
3.508 

	

3.465 	st 

	

3.314 	st 

	

3.179 	VW 

	

3.135 	vw 
3.062 
2.868 

	

2.805 	Vii 
2.759 VVW 

	

2.617 	vst 
2.551 
2.527 vvw 
2.476 vvw 
2.434 vvw 

	

2.409 	vw 

	

2.307 	vw 

	

2.190 	vii 
2.169 vvw 

	

2.110 	vw 

	

2.091 	VVIT 
2.075 

	

2.032 	st 

	

1.994 	st 

	

1.947 	sh 

	

1.888 	111 
1.746 
1.731 

	

1.709 	m-w 
1.693 

	

1.658 	VW 
1.589 
1.568 
1.530 vvw 
1.451 
1.423 

	

1.327 	vv 
1.307 

	

1.283 	VVIT 
1.274 vvw 
1.259 
1.240 

	

1.232 	m-w 

TABLE 2=2,3 	TABLE B-2A.  
10.4G,  Cu 	12.17% Cu 

Dissolved issolved  

a R 	I 	d R 	I 	a R 	1  
5.236 vvw 	7.008 

5.244 
	vii 	1.659 	vw 

4.335 VVIT 	 VW 1.591 in  
4.004 vvw 	vii 1.570 W 
3.909 VW 	4.004 vw 1.532 vvw 
3.515 vw 	3.909 VW 1.453 17 
3.468 	st 	3.690  VVW 1.425 m 
3.317 st 	3.584 VVN 1.358 vvw 
3.184 vvw 	3.512 w 1.308 w 
3.140 vvw 	m 	vii 
3.064 	in 	

3.468 	1,285 
3.320 	st 	1.260 	m 

2.946 	sh 
2.868 	

::::: vvw 1.241 w 

	

w-m 	3.138 vvw 1,233 IT 
2.807 	W 	3.064 	in 
2.765 	w 

!.....!!! VVIT 

2.617 vst 	w-m 
2.551 	m 	w 
2.527 vw 	vw 
2.506 	VW 	 VVIT 
2.480 VW 	2.619 vst 

2.411 vw 
	vw 

	

w 	2.551 	m 
2.359 vvw 	2.527 vw 

2221.3: 

2.309 
2.248 	

w 
2.480 

VVIT 

2.438 

	

vw 	vw 
2.191 	VIT 

2.411 vw 2.171 	VW 	 ra 
2.124 vvw 	Vil 
2.110 	2.312 

	

vvw 	w 
2.093 vvcr 	 VW 
2.075 	m 	vii 
2.033 	st 	2.190 

22.21; vw 
1.995 	et 	vw 
1.961 	vii 	 VW 
1.948 	vw 	2.095 	vii 
1.888 	m 	2.075 	III 
1.746 	m 	2.035 	st 

	

in 	

21.9429 

vvw 

ii7714 	
in 	1.997 	in 

1.888 
in 	 w-m 

1.658 	vw 	in  

	

vvw 	in 1.622 

	

1.590 	m m-w 

	

1.568 w-m 	
a 

if 

	

1.530 	VW 	 if 
1.452  w-m 
1.424 

	

1.394 	
m 

vvw 
1.359 vvw 

	

1.308 	m 
1.285 vvw 
1.275 vvw 
1.260 m 
1,241  m 

	

1.233 	m 
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X-ray data for residues of Stromeyerite after leaching in 

acidic ferric 

TABLE B-2 

sulphate 

dR- 

solutions. 

1 

TABLE B-2.6 

d R I 

18.06% Cu 

Dissolved 

a R 	I 

77677557u 

Dissolved 

d R 	1 

6.988 vvw 1.734 w-m 7.002 w 1.952 w 

4.345 w 1.713 w 4.329 w 1,889 w-m 

4.021 w 1.696 w 4.021 vw 1.847 vw 

3.917 w 1.658 vw 3.193 w 1.748  w-m 

3.697 vw 1.604 vvw 3.690 w 1.734 w 
3.588 vw 1.591 vw 3.581 vw 1.712 vw 

3.522 w 1.571 vw 3.519 m 1.695 vw 

3.475 w 1.560 vvw 3.472 m 1.603 vw 

3.398 vw 1.532 w 3.391 vw 1.590 vw 

3.323 m 1.523 vvw 3.323 DI 1.571 vw 

3.187 vw 1.488 vw 3.224 VW 1.559 vvw 

3.141 vw 1.454 w 3.193 VW 1.544 vvw 

3.068 m 1.426 m 3.141 vw 1.533 vw 

2.954 vw 1.359 vw 3.068 m 1.488 vw 

2.919 vw 1.309 w 2.954 VW 1.455 w 

2.871 w 1.286 vvw 2.917 vw 1.426 m 

2.808 w 1.260 m 2.869 m 1.398 vvv 

2.764 W 1.241 w 2.808 m 1.382 vvw 
2.646 vw 1.233 w 2.762 W 1.367 VW 
2.620 vst 2.694 vw 1.309 vw 

2.574 vw 2.648 vw 1.302 vw 

2.555 'VW 2.618 vst 1.260 w 
2.531 vw 2.574 w 1.243 w 
2.507 vw 2.552 W 1.233 17 
2.480 vw 2.529 w 

2.438 w 2.509 VT4* 
2.412 w 2.482 w 

2.357 w 2.438 w 

2.312 VW 2.412 w 

2.278 vw 2.357 w 
2.255 vw 2.330 vw 

2.192 VW 2.311 vw 

2.171 w 2.278 w 
2.127 vw 2.253 vw 

2.094 vw 2.214 VW 
2.076 m 2.193 vw 

2.037 111 2.172 w 

2.012. VW 2.125 w 

1.997 in 2.092 vw 

1.963 vw 2.074 m 

1.950 w 2.034 m 

1.889 m 2.013 vw 
1.846 vw 1.997 w 

1.749 m 1.964 vw 
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X-ray data for residues of Stromeyerito after leaching in 

acidic ferric sulphate solutions. 

51=272.12. TABLE B-2.8 

32.96% Cu 
Dissolved 

38.16% Cu 
Dissolved 

a R I d R I a R I d g 1 

6.974 w 1.888 w-m 6.964 vw 1.911 VVIT 

4.334 w-m 1.846 vvw 4.331 m 1.889 vw 
4.017 w 1.747 w-m 4.023 vw 1.877 VW' 

3.908 w 1.732 w 3.910 vw 1.845 VW 

3.686 u 1.714 vw 3.684 w 1.746 w 
3.581 VW 1.695 vvw 3.576 W 1.732 vw 
3.515 m 1.603 VVIT 3.514 w 1.714 vw 
3.472 w-m 1.591 vw 3.473 VW 1.694 vvw 
3.394 vc,r  1.571 w 3.399 vvw 1.586 vvw 
3,320 11-M 1.532 vw 3.319 vw 1.568 VW 

3.185 VW 1.488 vvw 3.140 vw 1.531 vvw 
3.141 w  1.454 vw 3.066 m 1.488 VVW 

3.065 m 1.442 vvw 2.918 -vvw 1.454 vvw 
2.867 w 1.426 IT 2.868 IT 1.440 vvw 
2.806 m 1.396 171.714 2.835 vvw 1.424 vw 
2.762 m 1.380 vvw 2.807 m 1.416 vvw 
2.646 vw 1.359 vw 2.761 m 1.396 ,1 

2.620 vet 1.329 vvw 2.647 vvw 1.379 ,, 

2.576 w 1.309 vvw 2.617 st 1.343 t, 

2.552 w 1.287 vvw 2.576 vw 1.285 n 

2.527 w 1.261 w 2.551 vvw 1.260 11 

2.507. vvw 1.242 w 2.530 vw 1.232 9 

2.480 W 1.233 w 2.510 VW 

2.438 m 2.486 W 

2413 IT 2.438 m 
2.384 vw 2.413 itl 
2.357 m 2.384 vvw 
2.330 vw 2.355 m 
2.311 vw 2.38 vw 
2.278 vw 2.312 vvw 
2.252 vvw 2.276 w 
2.215 vw 2.256 vvw 
2.189 vw 2.216 vvw 
2.168 W 2.193 VVW 

2.124 W 2.169 w 
2.094 vw 2.124 w 
2.074 ra 2.094 VW 
2.036 w-m 2.075 w 
2.014 w 2.034 vw 
1.997 IT-111 2.014 w 
1.964 vvw 1.997 vw 
1.953 m 1.951 w 
1.930 vw 1.930 vw 
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X-ray data for residues of Stromeyerite after leaching in 
acidic ferric sulphate solutions. 

TABLr 8--2.9 

d R I 

TABLE B-2.10 

d R 

39.64% Cu 

Dissolved 

R 	I 

41.72 % Cu 

Dissolved 

d R 	I 

6.991 
4.336 

w 
w-m  

1.568 
1.489 

VNT 
te 

6.964 
4.331 

w 
m 

1.487 
1.456 

vvw 
rt 

3.910 vvzr 1.441 ►t 3.897 vvw 1,440 
3.684 
3.579 

w 
w 

1.424 
1.417 

3.677 
3.575 

w 
vw  

1.415 

1.397 tt 
3.510 w-m 1.395 ►► 3.503 vvw 1.379 
3.434 vvw  1.379 3.487 vvw 1.358 
3.383 vvw 1.359 3.428 vvw 1.327 
3.322 w 1.328 3.380 vvw 1.306 

3.140 vvw 1.282 3.316 vw 10283 

3.069 

2.868 

w 

w 

1.259 

1.233 tt 

3.134 
3.066 

vvw 1.230 

2.837 vvw 2.864 vw 

2.805 rn 2.833 vw 

2.757 2.803 

2.614 st 2.755 
2.581 vvw 2.662 vw 

2.549 vvw 2.643 vvw 

2.527 vvw 2.610 st 

2.483 2.581 vvw 

2.436 2.527 vw 
2.413 vw 2.482 

2.382 vw 24,435 
2.354 2.378 vw 
2.329 vw 2.352  
2.311 WET 2.325 vw 
2,279 tir 2.273 

2.216 vvw 2.213 vvw 
2.190 2.190 vvw 

2.167 2.164 

2.123 2.122 

2.093 vw 2.095 vw 

2.073 vw 2.073 vw 

2.049 vvw 2.046 vvw 
2.032 vvw 2.012 vw 

2.015 1.958  
1.993 vw 1.930 vw 
1.951 vvw 1.900 vvw 
1.930 vvw 1.868 vvw 
1.889 vvw 1.744 
1.871 vvw 1.7i5 vw 
1.747 vw 1.586 vvw 
1.717 1.568 vvw 
1.586 
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X-ray data for residues of Stromeyerite after leaching in 
acidic ferric sulphate solutions. 
TAME D-2,11 	TABLE B-2812 	TABLE B-2.11 

4T.37% Cu 
Dissolved 
d R 

50.60% Cu 
Dissolved 
d R 	I 

55.10% Cu 
Dissolved 
d R 	I 

6.997 vw 1.718 IT 3.974 vw 3.959 IT 

4.343 w 1.690 vvw 3.574 vw 3.579 vw 
3.957 vw 1.588 vw 3.444 w 3.437 m 
3.686 vw 1.577 vw 3.392 w 3.383 w 
3.581 vw 1.568 vi 3.086 m 3.289 sh 
3.496 vw 1.555 vw 2.843 st 3.220 sh 
3.439 YT 1.538 2.731 w 3.081 st 
3.388 If 1.512 2.669 m 3.040 w 
3.291 w 1.488 2.612 st 2.837 st 
3.225 VW 1.481 2.589 m 2.804 sh 
3.082 st 1.468 2.462 m 2.720 sh 
3.053 w 1.458 2.447 st 2.664 m 
2.839 m 1.441 2.427 m 2.605 st 
2.812 st 1e413 ► 2.388 st 2.582 m 
2.759 m 1.393 2.219 m 2.457 In 

2.726 w 1.378 2.097 vvw 2.439 st 
2.666 2.088 m 2.421 m 
2.608 st 2.076 VT 2.382 m 
2.586 2.053 w 2.212 m 
2.487 2.000 vw 2.082 m 
2.459 1.968 w 2.070 w 
2.440 st 1.907 w-m 2.047 IT 

2.424 IT 1.870 w 1.994 IT 

2.383 1.736 vw 1.963 w 
2.358 st 1.722 m 1.901 m 
2.327 1.693 w 1.866 IT 
2.273 sr 1,612 vw 1.815 vvw 
2.217 1.590 vw 1.798 vvw 
2.169 1.584 vw 1.731 w 
2.125 1.559 vw 1.718 m 
2.095 vw 1.544 vw 1.689 vw 
2.084 rn 1.517 vw 1o610 vw 
2.072 VIr 1.486 11W 1.586 w 
2.048 vw 1.472 vw 1.580 W 
2.012 tr 1.461 w 1.553 vw 
1.995 1.419 vw 1.538 VW 
1.965 1.512 VIT 

1.931 1.481 vw 
1.901 1.468  vw 
1.847 1.457 IT 
1.799 vvw 
1.786 vvw 
1.744 w 
1.735 
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TABLE 	: X-ray data 

for residue of Stremeyorite 

leached in Hydrogen Poroxid 

solutiono 

55076% Cu Dissolved 

d  

	

3.965 	YT 

	

3.582 	vw 

	

t3N 	Yr 

	

3.293 	vw 

	

3.224 	vw 

	

3.085 	st 

2: (8)44 st 

2.726 

2.666 

	

6,0;11:6 	

st 

	

2,457 	 w 

	

2.445 	st 

2.426 

v 

	

2,250 	
st 

	

2,214 	m 
2,086 

	

2.050 	VW 

	

1.997 	vw 

	

1.965 	vw 

1.900 

	

1.868 	VW 

	

1.817 	VW 

	

1.731 	vu 

	

1.718 	w 

	

1.689 	vw 

	

1.608 	sh 

	

1.585 	sh 

	

1.579 	sh 

1.556 VW 

1.541 

	

1.514 	vw 

	

1,459 	

vw 

	

99 	

vw 

	

1.442 	VW 

	

1.416 	vw 

X-ray data for residues of Stromeyerito 

after leaching in acidic forric sulphate 

solutions. 

TABUJI:21,14.  TABLE B-2,;:1/2 TABLE B-2.16 

59.94% Cu 

Dissolved 

d A 

61.76% Cu 

Dissolved 

2 

77.58% Cu 

Dissolved 

2 
3.979 Yr 4.079 vvw 5.745 	sh 

3.870 VW 3.950 VW 5.165 	sh 

3.586  VW 3.565 VVT 4.077 	WIT 

3.450  3.439 3.967 

3.398 M-W 3.384 w 3.866 	YT 

3.091 st 3.291 vvw 3.580 

2.845 st 3.219 vvw 3.445 

2.671 3.081 st 3.390 

2.616 st 3.035 vw 3,292 	'S TIT 

2.591 m-w 2.837 st 3.223 	v-w 

2.464 w 2,723 vw 3.087 	st 

2.449 2.667 2.844 	st 

2.430 rn 2.607 st 2.727 

2.390 st 2.584 2.669 

2.221 w-m 2.457 2.612 	vst 

2.089 m 2.441 2.590 

2.077 vw 2.425 YT 2.460 

2.054 w 2.385 st 2.446 	st 

2.Q00 w 2.214 2.427 

1.971 2.085 m 2.387 	st 

1.907 w 2.048 vw 2.254 	VW 
1.872 Yr 1.997 vw 2.217 

1.722 1.965 vw 2.087 	rn 

1.694 vw 1.900 Yr 2.051 	IT 

1.585 1.866 vw 1.999 	vu 

1.558 

1.543 

vw 1.734 

1.719 

vw 

w 
1.966 

1.904 	11-In 

1.517 1.693 vvw 1.870, 	vW 
1.485 1.584 vw 1.821 	sh 

1.471 1.555 vw 1.734 	vw 

1.460 1.543 vw 1.720 	rn 
1.513 vw 1.690 	vw 

1.483 vw 1.609 	sh 

1.470 vw 1.583 

1.459 vw 1.556 	vw 

1.541 	vu 
1.515 	VW 

1.483 

1.469 	vw 

1.459 

several vw 

lines 

1.418 	VI T 

1.381 
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X-ray data for residues of Stromeyerite leached in 0.1m F034.  
solution containing 4M NaC1 

TAT:LE B-2.18 TABLE B -2.12 	TABLE B-2.20 TABHB-2.2.111. 

11.44 	Cu 20.25% Cu diss. 	23,64% Cu diss. 25.17% Cu diss. 
18.92% Ag  21.81% Ag 	" 	23.18% Ag 25.58% Ag 

R 
	

d 
	

I 
	

d R 
	

d  R 
4.315 
4.031 
3.916 
3.619 
3,574 
3.509 
3.400 
3.326 
3.209 
3.139 
3.063 
2.866 
2,805 
2.782 
2.768 
2.646 
2.611 
2.573 
2.527 
2.506 
2.475 
2.437 
2.409 
2.354 
2.309 
2.273 
2.250 
2.190 
2.166 
2.124 
2.091 
2.072 
2.034 
2.010 
1,996 
1.964 
1.948 
1.920)  
1.901' 
1.888 
1.747 
1.675 
1.602 
1.529 
1.485 
1.453 
1.438 
1.421 
1.386 

vvw 
VW 
VW 

VVW 

vvU 

VVW 
VW 

m 
VVU 

it 
ZT 

st 
w 

VW 
st 
vw 
vw 
vvw 
vw 
vw 

w 

vw 
w 
w 
vw 

tr 
m 
vu 
id 

vw 
st 
w 

VW 

w 
1.4 

VW 
,1 

,t 

I t 

t 

3.572 

3.505 
3.443 
3.279 
3.208 
3.082)  
3.034 
2.879 
2.839 
2.805 
2.781 
2.726 
2.615 
2.581 
2,487 
2.439 
2.385 
2.356 
2.329 
2.275 
2.214 
2.166 
2.125 
2.085 
2,034 
2.017 
1.996 
1.966 
1.913)  
1.898 
1.888 
1.744 
1.716 
1.677 
1.604 
1.565 
1.488 

VW 
VW 

W 
vvw 

vw 
vw 
vw 
st 

VVW 

VW 
VW 
w 
w 

VW 
VW 
VW 
VW 

VW 
Yr 
w 

st 

VW 

vvw 
VVW 

vvw 

w 
vvw 
VVW 

3.440 
3.289 
3.210 
3.084)  
3.036 
2.834 
2.781 
2.727 
2.664 
2.617)  
2.578' 
2.441 
2.385 
2.286 
2.218 
2.089 
2.044 
2.000 
1.965 
1.909) 
1.895 
1.732 
1.676 
1.604 
1.562 
1,387 

VVIT 
VW 

w 
St 

v- .T 

w 

vvw 
vw 
vw 
vw 
vw 

st 

VW 

VW 
VW 

8.194 
3.845 
3.435 
3.343 
3.277 
3.201 
3.045 
2.819 
2.772 

2,722 
2,662 
2.622)  
2.5791 
2.4?7 
2.381 

2.094 

2.041 

1.961 

1.901) 

1.891 
1.733 

1.672 
1.601 
1.555 

1.384 

st 

st 

w 
vvw 

VVW 

vvw 

vvw 

vvw 

st 

w-m 

vw 



- 	_ 	_ 	1.745 	60 
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B-3 : Mixed Sulphide 1aterial9  X-ray diffraction data. 

TABLE B-3.1 : X-ray pattern for the mixed sulphide material 

compared with the values for bornite, cc-chalcopyrite
(207) 

, 

Mixed Sulphide 
Material 

d R 	I 

Bornite(Table B-1.1) 
CurFeS4 

 
d R 	I 

78 	vw 	5.475 	vw 	- 	_ 	- 	_ 
4.779 	it 	4.788 	vw 	- 	- 	- 	- 
4.069 	m 	4.070 	If 	 - 	 - 	- 

- - 	 - 	 - 	 - 	 - 	3.98 	20 
3.868 	vw 	3.862 	vw 	- 	- 	- 	_. 
_ 	- 	- 	- 	_ 	_ 	3.627 	20 

3.465 	m 	- 	- 	- 	- 	3.458 	60  
3.307 	m 	3.300 	m 	- 	- 	3.309 	60 
3.262 	if 	3.261 	w 	_ 	- 	- 	- 
3.164 	m-st 	3.156 	st 	- 	_ 	- 	- 
3.060 	vu 	_ 	_ _ 	3.056 	40 
3.041 	st 	- 	- 	3.03 	100 	- 	- 
2.900 	vvw 	3.014 	vw 	- 	_ 	- 	- 
2.807 	m 	2.804 	m 	- 	_ 	- 	- 
2,739 	m 	2.736 	m 	- 	- 	- 	- 
2.648 	vvw 	, 	- 	2.63 	5 	- 	- 
2.638 	vw 	2.633 	vw 	- 	_ 	- 	- 
2.615 	st 	- 	_ 	_ 	- 	2.615 	100 
2.548 	w 	- 	- 	- 	- 	2.546 	60 
2.514 	w 	2.510 	m 	- 	_ 	- 	_ 
2.496 	If 	 2.495 	m 	- 	- 	- 	- 
2.398 	vu 	- 	- 	_ 	- 	- 	- 
2.177 	w 	2.174 	vw 	- 	- 	_ 	-- 
- _ 	2.137 	vw 	- 	- 	- 	- 
2.108 	m 	2.104 	w 	_ 	- 	2.109 	20 
2.072 	w 	- 	- 	_ 	_ 	2.072 	40 
2.031 	m-st 	 - 	- 	2.031 	60 
1.993 	m 	- 	- 	_ 	- 	1.993 	60 
1.959 	w 	1.957 	vw 	- 	- 	- 	- 
1.936 	vst 	1.935 	vet 	- 	- _ 
1.885 	w 	- 	- 	- 	- 	1.885 	60 
1.870 	m 	- 	- 	1.865 	40 	- 	- 
1.856 	m-st 	1.847 	vw 	1.854 	80 	- 	_ 
- - 	1.791 	vw 	- 	- 	- 	- 
1.746 	m 	

. 

1.733 	If 	 - 	 - 	 - 	 - 	1.733 	40 
1.728 	vw 	- 	_ 	- 	- 	1.728 	40 
1.708 	w 	_ 	- 	- 	- 	1.708 	40 
1.693 	w 	- 	- 	- 	_ 	1.693 	40 
1.668 	IT 	 1.670 	vw 	_ 	_ 	- 

and stromeyerite(133,207) . 

oc-Chalcopyrite 	Stromeyerite 
CuFeS2 	Cu1.07 A  0.93 p. 	S 

L=  

a .1)1 	I 	d R 	I 

Continued on following page 	 Continued on following page 



a—Chalcopyrite 	Stromoyerite 

d 	I 	d 

- - - - 
1.591 60 1.588 40 
- - 
1.573 20 — — 
- - 1.567 40 
- - - - 
1.518 5 - - 
- - , - 
- - 1.451 40 
— — 1.422 60 
— — — — 
— 	_ 	_ 	— 
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TABLE B-3.1 continued, 

Mixed Sulphide 
Material 

Bornit© 

d I d i. I 
1.650 m 1.648 w 
1.592 m - 
1.581 vw 1.578 vw 
1.574 m - - 
1.566 VIT - - 

1.531 w 1.531 vw 
1.518 vw - 
1.471 vw 1.470 vw 
1.449 vw - 
1.420 m 1.423 vw 
1.369 IT 1.367 vw 
— 1.337 vw 



TABLE B-3.2  : X-ray diffraction data for the Mixed Sulphide Material leach residues. 

WEIGHT Vo Cu DISSOLVED  

0.00 	7.50 	14.15 	23.30 	29.50 	39.45 

5! 	I 	d 	I d A 	I d A 	I 	d R 	I 	d R  
6.139 

4779 
4.069 

5.478 

3.868 

3.465 

3.307 

_ 

_ 

_ vw 

vw 

w 
in 

_ 
m 
_ 
_ 

	

m 	

3.440 sh 
3.391 sh 

- 
- 	. - 
- 
- 
- 

- 

- 	

- 
- 

- 
- 

	

- 	

3.449 vvw 
3.383 vvw 

- 
- 
- 
_ 
- 

- 

- 	

- 
- _ 
_ 
- 
_ 

	

- 	

33-7!::: vv--"! 
3.400 vvw 

	

_ 	

6.179 vw 

3.439 

_ 
_ 
_ 
_ 
_ 
_ 

vw 
vw 

_ 
- 
_ 
- 
_ 

	

- 
_ 	

3.858 vvw 

3.443 vw 
3.383 vv! 

- 
- 
- 
- 

- 	

IT 
- 
- 
- 
- 

- 

	

6.333 vw 	6.217 vvw 	6.235 vvw 	6.198 vw 

	

3.262 w 	3.262 w 	3.255 w 	w 	33-1.32:29 w 	3.223 w 

3.050 
3.040 st 

vw 
3.039 st 
- 	- 

3.044 st 
- 	_ 

3.044 st 
- 

3.038 st 

	

3.082 st 
3,164 st 	3.123 st 	3,114 st 	3.105 st 	3.092 st 

2.840 - 

	

2.842 - 
	- 	- 

	

2,900 vvw 	- 	- 	- 
2.841 

2.807 m 

	

2.739 m 	
2.811 
2.758 vw 

	

vw 	
- 
- 	

- 

	

_ 	
- - 

2:0667479 w 

	

- 	
w 
_ - 	- 	2,842 vw 	w 	w 

	

_ - 	2.707 m 	2.695 m 
2:668478 st 

- 
m 
_ 

22::2 m 

_ 

	

2.648 vvw 	2.651 vvw 	2.656 vvw 	w 	w 	vw 

2.608 - 2.612 

	

2.638 vw 	- 	- 	- 	- 

2.548 w 
2.514 

_ 	_ 

	

w 	

_ 
- 
- 	

- 
- 

	

- 	

2,587 
- 
- 	

w 
- 

	

- 	

2.590 
- 
- vw 

- 

	

- 	

:14:: 

- vw 
w 

_ 	

2.605 
2.583 
_ vw 

vw 
_ 

	

2.615 st 	2.612 vw 	2.613 w 	w 

2,496 
_ 	

w 

	

_ 	
2.484 vvw 	2.471 vvw 

_ 	- 
. --L447 Nr.:1"; 	

_ 
_ 

w 

_ 
_ 

2--.451 v--; 

2.426 
-- 	

2.421 vv: - 

	

- 	2.435 vvw 	- 	- 

	

_ 	2.427 vvw 	 vw 



- 	- 
- 	- 
1.888 vet 
_ 	_ 
1.871 w 
1.857 m 
- 	- 
- 	- 
- 	- - 	- 

• • • 

ONO 

- 	- 1.611 m 
1.594 m 
1.576 w 
- 	- 
1.542 w 
- 	- 
- 	- 

MEM 

_ 
- 	- 

TABLE B- 3.2  continued : 

a R 	I 	d !RI 	dRI 	dRI 	diI 	dRI  

	

2.406 VW 	 - 	- 	- 	 .- 	 .... 

- - 	 2.384 vw 	2.386 w 	2.386 vw 	2.381 w 	2.383 w 
- - 	2.355 ITVW

- 

- -. 	 2,217 sh 	2.221 sh 	2.221 vvw 	2.217 vvw 	2.216 vw 

	

2.210 vvw 	- 	- 	- 	- 	- 	- 	- 	- 	- 

2.177 w  

	

2.108 m 	2.125 sh 	- 	- 	- 	_ 	- 	_ 	- 	- 

- _ 	2.086 sh 	2.085 sh 	2.090 vvw 	2.084 vw 	2.084 vw 

	

2.072 w 	- - 	- - 	- - 	- _ 

- - 	- 	- 	- 	_ 	- 	_ 	- 	- 	2.054 vvw 

2.031 m-st 	- 	- 	- 	... 	- 	- 	- 	- 
_ 	_ 	- 	- 	- 	- 	- 	- 	1.992 vvw 

- 	- 

OW II 	 •••• 	 ea we 

	

1.993 	m 

	

1.959 	w 
1.936 vst 

	

1.885 	w 

- 	- 
- 	- 
1.910 vet 
- 	- 

- 	- 
- 	- 
1.907 vst 
- 	- 

- 	- 
- 	- 
1.900 vst 
- 	_ 

- 	- 
- 	- 
1.890 vst 
- 	- 

1.870 p 1.872 w 1.874 w 1.874 w 1.870 w 
1.856 m-st 1.857 m 1.858 m 1.858 m 1.856 m 
1.746 	m - - - - - - - - 
1.733 w - - - - _ _ - - 
1.728 vw - - - - - - - - 

1.708 w - - - - - - - - 
1.693 w - - - - - - - - 
1.668 w - - - - - - - - 
1.650 m - - - - - - - - 
- - 1.629 w 1.626 w 1.621 w 1.613 m 
1.592 m 1.593 w ,1.596 m 1.595 m 1.592 m 
1.581 vw 1.575 w 1.578 w 1.578 w 1.576 w.  

1.574 m - - - - - - - _ 

1.566 vw 1.559 vw 1.557 vvw 1.550 w 1.543 w 
- 1.532 w - - - - - - 

1.518 vw - - - - - - - - 
1.471 vw OND 

1.449 vw - - - - - - - 
_ 
_ 

1.420 in - - - - - - - 
1.369 



TABLE B-3.3  : X-ray diffraction data for the Mixed Sulphide Material leach residues. 

WEIGHT % Cu DISSOLVED  

49e73 	61.70 	69.00 	SULPHUR(207) 

	

_ 	- 	_ 	- 	- 	

a  93.00 

I 

 

	

vw 	7.69 	6 
d R 	I 	d R 	I 	d R 	1 	 6. R 	I 

	

_ 	_ 	- 	5.763 vw 	75::17:: 

	

w 	5.76 
	

14 
6.189 

	

	6.191 vvw 	6.182 vvw 	- 	- 	- vw 

- - 	- 	- 	- 	- 	5.678 vw 

- vw 
	4.80 	2 - 	- 	- 	- 	- 	- 	4.804 tier 

- - 	 - 
	4.740 

	

 w 	4.19 	2 
_ 	- 	- 	- 	

4.730 vw 

	

_ 	_ 	_ 
_ 

	

 
- 
	4.072 vw 	4.06 	11 

- 	_ 
5792 i 3.91 	12 

- - 	- 	- 	- 

	

3324(9 
w 	

3085 100 

	

3.784 vw 	3.857 'VW 	3.864 w 	3.857 st 

	

3.387 vw 	- 	- 3.39
2 

VW 
w 

3.389 w 

	

m 	
3.57 	8 
3.44 	40 
3.38 	3 
3.33 	25 

	

3.450 vw 	3.450 vw 	3.450 

	

3.332 vvw 	- 	- 	vw 	3,337 W 

	

3.222 w 	3.222 w 3,222 	3,21 60 

	

3.222 w 	 m 

	

3,081 st 	3.084 st 	3.084 st 	
3.11 25 - - 	- 	3.119 vvw 	3.113 	-;7r,  

- - 	- 	- 	- 	
33.:8367 st 	

3.08 17 

3.044 st 

	

vw 	
3.040 

st 

	

w 	w 

	

= 

- 	3.06 

2.842 18 
- 	

4 
- 

	

:24-446-  st 	

_ 

2,683 vvri 

2.669 m 

- 

- 
_ 	

- 
_ 
- 

2,671 m 

- 
_ 
- 

- 

- 
_ 

-:..666479 - 

_ 
- 

	

-,.-66r7 vil:T' 	

2:688 
2.673 

	

2.648 vw 	
m 

- - 	vw 

	

2.619 w 	2.621 13 

- 
- 	- 

- 	_ 	_ 	_ 	_ 	- 
2.614 	4 _ 	_ 	_ 	_ 

2.610 2.609 	2.605 . 	- 	- 

	

w 	: 	; 	: 	; 2.609 w 

1 



TABLE B-3.1 continued 

d . d R 	I d R d R 	I 

2.587 	vw 2.586 	vw 2.587 	vw 2.588 	w - - 
_ 	- - 	- _ 2.566 	vw 2.569 8 

- 	- - 	- _ 	_ 2,501 	vw 2.501 7 

- - 	- - 	- 2.489 vvw - - 

2.455 	vw 2.455 	w 2.458 	w 2.458 	w - - 

2.437 VV`,7 2.445 	w 2.440 	m - - 
' 2.424 vvw 2.424 	vw 2.428 	w 2.428 	w 2.424 13 

- 	- - 	- _ 	- 2.402 vvw 2.404 2 
2.382 	w 2.385 	w 2.387 	w 2.386 	m - - 

_ _ 	- - 	- 2.373 	vw 2.375 4 

- 	- - 	- - 	- 2.365 	vw 2.366 4 

- 	_ - 	- 2.311 	vw - 	- - - 
- 	- - 2.288 	VW 2.284 	w 2.288 6 

2.212 	vw 2.217 	vw 2.221 	w 2.217 	m 2.215 2 
- 	- - 	- 2.143 	w 2.146 4 

- 	- - 	- - 	- 2.110 	m 2.112 10 
- - 	- - 	- 2.098 	vw 2.098 2 

2.088 	vw 2.087 	.VEIT 2.090 	w 2.087 	m - _ 

- 	- - 	- 2.075 	vw - - 

2.051 vvw - 	- 2.053 	w 2.050 	VW 2.057 1.  

- 	- - 	- 2.04/1 	vw 2.041 1 

1.999 -vvw - 	- 1.995 	w 1.995 	vw 2.003 2 
- 	- - 	- 1.986 	vw 1.988 4 

1.966 	vw - 	- 1.966 	w 1.959 	w 1.957 2 

- 	- - 	- - 	- 1.923 	vw 1.926 1 
- 	- - 	- 1.912 	vw 1.905 	w 1.900 7 

1.887 vst 1.885 vst 1.887 vst - 	- - - 
1.872 	w 1.871 	VW 1.873 	w 1.873 	st - - 

1.856. 	m 1.856 	in 1.859 	w 1.856 	st 1.856 1 

- 	- - 	_ - 	- 1.838 	w 1.838 1 

- 	- - 	_ - 	_ 1.826 	vw 1.823 4 

- 	- - 	- 1.784 	vw 1.784 	w 1.781 11 

- 	_ - 	- - 	- 1.758 	w 1.754 7 



TABLE B-3,1  continued : 
a R. 	I 	d R 	I 	a R 	I 	a R 	1 	d 2 	1 
- - 	- 	- 	1.723 vw 	1.723 m 	1.725 	8 

- - 	- - 	- - 	1.715 m 	- 	_ 

	

_ - 	- - 	- - 	1.699 w 	1.698 7 

	

_ _ 	- 	 1685 _ - - 0 vvw - - 
- - 	- - 	- - 	1.660 w 	1.665 2 
- 	_ 	- 	- 	- 	- 	1.652 VW 	1.658 	2 
- - 	 - 	- 	1.643 vw 	1.647 	5 
- - 	- 	- 	- 	- 	1.619 v- 	1.622 	6 

	

1.610 m 	1.609 ni 	1.609 m. 	1.608 w 	1.607 6 

	

1.594 m 	1.594 m 	1.595 m 	1.595 st 	1.595 3 
- - 	- 	- 	- 	- 	10589 vw 

	

1.576 w 	1.576 m 	1.577 m 	1.577 m 

- - 	- 	- 	- 	_ 	1558 vw 	1.563 	2 

- - 	- 	- 	- 	1.551 vw 	- 	- 

	

1.541 w 	1.539 w 	1.540 w 	1.537 vw 	1.542 	1 
- 	- 	1.526 vw 	1.531 	1 

	

1.520 vw 	- 	- 	- 	- 

	

- 	1.510 vw 	1.515 	1 

	

- 	- 	1.500 Viii- 	1,504 	1 
- 	- 	- 	_ 	_ 	- 	1.483 71-7 	1.490 	1 

- _ 	- 	_ 	- 	- 	1.478 vw 	1.475 	2 
- 	- 	- 	- 	- 	- 	1.470 vw 	- 	_ 
- 	- 	- 	- 	- 	- 	1.465 vw 	1.461 	1 

- - 	- 	- 	1.459 vw 	1.457 w 	_ 
_ 	- 	- 	- 	- 	- 	1.449 vw 

	

- - 	 - - 	- - 	1.436 w 	1.439 
- - 	- 	- 	- 	- 	1.417 vw 	1.419 

- - 	- 	- 	1.413 vw 	- 

1.519 vw - - 
- - - - 
- - - - 



Chalcopyrite 	Ag2S 

d R 

- 1.587 4 
- 1.579 10 
20 - 
- 1.554 8  
- 1.540 8 

1.518 	5 	- 
- - 1.513 12 

- 1.483 10 
- 1.470 10 

d R  
1.591 6o 

1.573 

-436- 

TABLE B-3.4 : X-ray diffraction data for the mixed sulphide material 

leach residue with 93.00% of the Cu dissolved, after 

'removal of the elemental sulphur, by treatment with CS2. 

Residue 
93% Cu 	Chalcopyrite 
Dissolved 	(207) 

d R 	I 	d R 	I 	d R 

(207) Residue 

3.96 vw 
3.685 w 
3.573 w 
3.435 m 
3.380 m 
3.075 m 
3.039 vst 	3.03 	100 
2.836 st 
2.705 w 
2.665 m 
2.608 st 
2.578 m 
2.519 vw 
2.452 m 
2.436 m 
2.419 m 
2.379 st 
2.254 vw 
2.209 m 

2.090 vw 
2.083 
2.071 vw 
2.047 
1.995 w 
1.983 vw 
1.963 m 

1.917 vw 
1.901 w 
1.869 st 	1.865 40 
1.855 st 	1.854 8o 
1.842 w  

	

3.96 	10 

	

3.571 	6 
3.437 35 
3.383 20 
3.080 6o 

2.836 70 

2.664 45 
2.606 100 
2.583 7o 

2.456 7o 
2.440 8o 
2.421 60 
2.383 75 

2.213 45 
2.187 40 
2.164 40 
2.093 16 
2.083 45 
2.072 16 
2.047 16 
1.995 16 

1.962 20 

	

1.935 	4 

	

1.918 	4 
1.903 14 
1.866 16 

d R  
1.592 m 
1.587 vw 
1.581 w 
1.574 w 
1.554 w 
1.539 
1.517 w 
1.512 vw 
1.484 w 
1.468 vw 
1.453 vw 
1.446 vw 
1.416 vw 
1.406 vw 
1.380 vw 

ON. 

- 1.379 6 

GEO 

.11M. 

1.731 vw 
1.718 m 
1.697 
1.690 vw - 

- 1.816 4 
- 1.798 4 

1.733 12 
1.718 20 

- 1.691 	6 
- 1.610 4 



TABLE B-3,5 : X-ray diffraction data for the Mixed Sulphide Material leached in solutions 

containing Chloride ion. 

SULPH  207 UR 	CUFeS2
(207) AgC1(207) WEIGHT % DISSOLVED 

Cu 56041 Cu 62.15 Cu 67,13 Cu 95.03 Cu 90.35 
Ag 0.58 Ag 15.55 Ag 67.97 Ag 0.79 Ag 76.84 

a 2 	I d 2 	I d 2 	I d . 	I d 2 	I d R 	Id R 

7.69 6 .. .. -. - 	7.741 vvw 	7.739 vvw 	7.713 vvw 	7.695 	vw 	7.722 	vw 
5.76 14 -. .- .- - 	5.769 	vw 	5.785 	vw 	5.755 	vw 	5.756 	w 	5.757 	w 
5.68 5 .- - - - 	5.683 vvw 	- 	- 	- 	- 	5.693 	vw 	5.702 	vw 
4.80 2 - - - .- 	- 	- 	-. 	- 	- 	* 	4.804 	vw 	4.811 vvw 

- - - - 	4.712 	vw 	4.739 	vw 	- 	- 	4.696 	vw 	4.714 	vw 
4.19 12 .- - - - 	- 	- 	- 	- 	- 	- 	4.183 	vw 	4.193 	w 
4.06 11 -. - - - 	4.063 	w 	4.076 	vw 	4.061 	vw 	4.054 	w 	4.064 	w 

- - - - 	- 	- 	- 	- 	3.989 	vw 	- 	- 	- 	- 
3.91 12 MOO 3.924 	w 	3.928 	vw 	3.926 	vw 	3.912 	w 	3.921 	vw 
3,85 100 3.856 	m 	3.871 	m 	3.855 	m 	3.844 	m 	3.853 	st 
3.57 8 3.574 	vw 	3.581 	vw 	3.570 vvw 	3,566 	vw 	3,572 	w 
3.44 40 3.450 	w 	3.459 	m 	3.446 	w 	3.440 	m 	3.445 	in 
3.38 3 3.384 vvw 	- 	3.389 vvw 	3.377 	vw 	3.385 	w 
3.33 25 ■ImIN 3.337 	w 	3.351 	w 	3.339 	w 	3.330 	w 	30337 	w 
3.21 60 3.203 49 	3.207 	st 	3.217 	m 	3.212 	m 	3.200 	st 	3.215 	m 
311 25 AO. 3.117 	vw 	3.125 	W 	3.116 	vw 	3.108 	w 	3.112 	w 
3.08 
3.06 

17 
■•••• 

3.088 	sh 	3.089 	vw 	3.085 	vu 	3.081 	w 	3.084 	w 3.048 
3.03 100 3.040 vst 	3.047 vst 	3.042 vst 	3.033 	st 	3.038 vst 

2.907 	vw 	 - 	2.899 	vw 
2,842 18 2.850 	vw 	2.860 	w 	2.848 	vw 	2.842 	w 	- 

2,774 100 	2.777 vst 	2.785 	st 	2.777 	m 	2.770 vst 	2.775 vvw 
- 	2.728 	sh 	- 	2.725 vvw 

2.688 2 2,652 	vw 	- 	2.688 vvw 	2,692 vvw 
- - - - 	2.46 	vw 	- 	2.643 	w 	2.639 vvw 	2.645 	w 

2.621 13 2.63 5 - - 	2.627 vvw 	2.633 	vw 	2.627 	vw 	2.620 	vu 	2.624 	w 
2.614 4 - 	2.605 vvw 	2.613 	vw 	2.609 	vw 	2.601 vvw 	2,607 	vw 
2.569 8 - - - 	- 	- 	2.580 	vw 	2.572 	vw 	2.563 	vw 	2.569 	w 

a  R 



TABLE B-3.5 continued 

CuFeS
2 

: 

AgC1 
I d R d R 	I 

RESIDUES  

d 0 
d 

SULiEUR 

 	IdRI d R d 	I 

2,501 7 - - 2.502 	vw 2.510 	vw 2.502 2,498 	vw 2,499 
2.483 vvw 2.485 VW 

2.424 13 - - 2.428 	VW 2,431 	vw 2.430 2.421 	w 2,425 w 

2.404 2 - - - 	- 2.403 	vw 2.403 VW 

2.375 4 - - 2.377 	.vw 2.378 	vw 2.375 	vw 2.375 	vw 2.377 w 

2.366 4 - - - 	_ 2.)65 	'T 2.368 

_ - - - 2.308 	vw 2,313 	VW 2.309 	vw 2.305 VW 

2:288 6 - - 2.290 	vw 2,294 	vw 2.289 2.285 2.288 w 

2.215 2 - - - 	- 2.216 VW 

2.146 4 - _ 2.129 vvw 2.142 	vw 2.146 VW 

2.112 10 - - - 2.116 	w 2.121 	vw 2.117 2.111 	vw 2.115 

2.098 2 - - _ _ 	_ 2.094 	ti 2.098 vw 

2.057 
2.041 
2.003 
1988 

1 
1 
2 

4 

_ 
_ 
- 

- 

- 
_ 
- 

- 

- 
- 

- 

- 	- 
- 

- 	- 
1.984 	vw 

2.059 

2.041 

2.005 

1.989 

vw 
vw 
vw 
w 

1.957 2 - 1.962 50 1.948 	st 1.967 1.966 1.958 	st 1.958 vw 
1.942 sh 

1,926 1 - - - - 	- 1.925 sh 

1.900 7 - - 1.885 	m 1.892 	sh 1.905 vvw 1.899 1.903 

- - 1.865 40 - - 1.870 	m 1.875 1.871 	m 1.868 1.870 st 

1.866 	m 1.863 st 

1.856 1 1.854 80 _ _ 1.856 	m 1,860 1.858 	m 1.852 1.854 st 

1623 4 - - - 1.827 vviT 1.826 vvw 1.820 	vw 1.824 w 

1.781 11 - - - 1.784 	w 1.787 	vw 1.782 	vw 1.780 	vw 1.781 

1.754 
1.725 

7 
8 

- 
_ 

- 
_ 

- 
- 

	

1.757 	vw 

	

1.725 	vw 

	

1.760 	vw 

	

1.729 	vw 

	

1.758 	vw 

	

1.726 	vw 

	

1.751 	vw 

	

1.721 	v 

1.756 

1.724 w 

1.698 7 - *IP - - 1.699 	vw 1.702 	vw 1.701 	vw 1.695 	vw 1.698 w 

1.665 2 - 1.673 15 1.674 	m 1.678 1.675 1 .670 1.665 vw 

1.647 5 - - 1.647 vv 1.652 vvw 1,647 	vw 1.643 	vw 1.647 w 

1.622 6 - - - 1.622 vvu 1.625 vvw 1.629 1.620 	vw 1.622 

1.607 6 - 1.602 15 1.602 	m 1.605 1.603 	vw 1.599 1.606 



d R I a .2 
1.590 
1.571 - 
- 
- 

m 
w - 
- 
- 

1.591 
1.575 
1.563 

10529 

st 
in 

VW 

VW 

VW  

1 2 g 

1.473 

- 	- 	vw 
O.... 	 - 	 VW 

1.434 
- 	 - 	vw 

vvw 1.437 sh 
- 	 - 

1.418 VIM 

11143:30-  SS:  

1.415 sh 
1 : fg VVW - 	 ■ 

in 

T .2122 continued : 

AgC1 RESIDUES SITLFIIUR CuFeS2 
I d R 	I d I d 2 I d R I d 	I 

1.593 3 1.591 	60 - - 1.592 m 1.595 m 1.593 	m 
- - 1.573 	20 - - 1.576 m 1.578 m 1.576 	w 
1.563 2 - 	- - - - - ■ • - - 	- 
1.542 1 - 	...0 - - - ..a - - - 	a./0 

1.531 1 - 	- - - - - - - 	 - 

1.515 1 1.518 	20 - - 1.518 vw 1.521 vw 1.519 vvcr 
1.504 1 - 	- - - - - - - 	- 
1.475 2  - 	- - - - 

.••• WOO 
- 

•••• 
	 - 

1.439 3 - 	- - - - - 
ON. 

- - 

1.424 3 - 	ONO OM.  
- - - - 	 - 

1.419 1 - 	- - - - - - - 0.10 

- •••• ■ 
■ - - 1.402 	VW 

10391  1 - 	.. 1.387 6 1.386 in  1.388 w 1.386 	vw 
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B-4 : Mixtures of Pure Minerals, X-ray diffraction data, 

TABLE B-4.1  : X-ray data for 

the Bornite+Chalcopyrite+ 

Stromeyerite mixture after 

34.74 wt;; ofthe Copper had 
dissolved. 

d R 
VW 
VW 

W 

3.025 
st 

Above band includes 
the lines: 
(3.076 
‘3.037 
2.833 
2.661 
2.644 
2.605 
2.582 
2.454 
2.438 
2.420 
2.381 
2.214 
2,080 
2.046 
1.963 
1.886

) 1.854 
Above band includes 
the lines: 

TABLE B-4.2 : X-ray data for the 

Bornite Chalcopyrite mixture 

after 40.38 wt% of the Cr!pper had 

dissolved. 

R  

	

4.723 	vvw.  

	

3.857 	vw 

	

3.758 	vw 

	

3.448 	vw 

	

3.351 	vvw 
3.252‘  
3.222' 

	

3.064 	st 
30036' 
Above band includes 
the line: 
3.049 	st 
2.652)  
2.633 

	

1.873 	st 

	

1.861 	st 
1.5981  
1.591' 
1.584 
1.577 

: X-ray data for the 

Bornite Stromoyerite mixture 

after 46.66 wt% of the Copper had 

dissolved. 

a 

3.437 
3.372 
3.265 
3.235)  

3.081 

st 
vst 
.w 
vw 
vw 
w 

w 
w 
w 
m 

w 
vw 
vw 

st 

W 

w 

(1.879 st 3.866 vu 
(1.869 st 3.580 vw 
‘1.857 st 3.447 
1.848 vw 3.387 vw 
1.594) 3.347 vw 
1.587' 3.283 vw 
1.575  3.253 N  

3.221 

TABI,E B-4.3 continued: 
3.057 1  
3.0351  

st 

d R 2.840 
2.673 vw 

1.967 VW 2.639 
1.876 2,610 
1.865 st 2.588 VIa 
1.591 w 2.442 vw 

2.423 vca 
2.386 
2.217 vw 
2.085 Sr 
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Index rile 
(207) 

B-5 : Iiiffraction data from the 	X-ray 

TAI3LE B-9.1 	TABLE 

Mokinst rrite
(145) 	SyntheticT133)  

Cu Ar S 	Cu Ap S 
0.8 	0.8 -1.2 

d R 	I 	d R  

	

6.97 	5 

	

4.20 	5 

	

4.02 	10 

	

3.91 	10 

	

3,69 	5 

	

3.51 	60 

	

3.39 	10 

	

3.06 	6o 

	

2.945 	5 

	

2.913 	5 

	

2.862 	6o 

	

2.797 	10 

	

2.763 	5 

	

2.688 	5 

	

2.606 	loo 

	

2.567 	40 

	

2.524 	10 

	

2.505 	10 

	

2.472 	5 

	

2.436 	5 

	

2.407 	40 

	

2.333 	5 

	

2.307 	30 

	

2.250 	10 

	

2.188 	30 

	

2,167 	20 

	

2,137 	5 

	

2.088 	20 

	

2.070 	70 

	

2.009 	10 

	

1.948 	50 

	

1.888 	20 

	

1.874 	5 

	

1.844 	10 

	

1.827 	5 

	

4.00 
	

40 

	

3.88 
	

40 

	

3,50 
	

60 

	

3.05 
	

60 

	

2.861 
	

6o 

	

2.641 
	

20 

	

2.606 
	

100 

	

2.563 
	

40 

	

2.521 
	

40 

	

2.499 
	

20 

	

2.406 
	

60 

	

2.308 
	

60 

	

2.187 
	

40 

	

2.164 
	

40 

	

2.090 
	

40 

	

2.069 
	

6o 

	

2.009 
	

40 

	

1.946 
	

6o 

6.93 
	

40 
4.32 
	

60 
3.671 
	

40 
3.564 
	

40 
3.479 
	

40 
2.803 
	

100 
2.753 
	

100 
2.483 
	

6o 
2.431 
	

100 
2.353 
	

100 
2.325 
	

40 
2.268 
	

40 
2,165 
	

40 
2.120 
	

6o 
2,011 
	

40 
1.930 
	

20 
1,865 
	

20 
1,743 
	

40 
1.714 
	20 

	

1.677 
	20 

	

1.586 
	

20 

	

1,567 
	20 

	

1.489 
	

40 

	

1.471 
	

20 

	

1.442 
	

40 

	

1.414 
	

40 

	

1.395 
	

40 

	

1.376 
	

20 

	

1.327 
	

40 

	

1.285 
	

20 

	

1.188 
	

20 

	

1.146 
	

20 
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ELELTLEmLk TABLE B-5A 	TABLE B-9. 5  

Jalpaite(144) 	Silver sulphide 	Silver chloride 
Ag3CuS2 	Ag2S 	Agel 

	

d R 	I 	d 2 	I 

	

a27)4. 	

I  

	

6.95 	40 	3096 	10 	
. 	

5o 
4.30 

	

60 	3.571 	6 	2.774 	100 

	

3.67 	20 	3.437 	35 	1.962 	5o 

	

3.57 	20 	3.383 	20 	1.673 	16 

	

20 	6o 	16 
2,836 
2.664 	

70 	
1.602 

6 3.46 

	

3.41 	5 	1.387 
5 

2,605 	
45 	1.273 

	

1,241 	
4 3.08 

	

100 	12 

2.072 
	TIELL2171a. 

2.158 	40 	16 
2.114 Covellite 

	

7o 	1.995 	16 
2.087 	5 	1.963 	20 	CuS 
2.006 	6o 	1.935 	4 	d R 	I  
1.922 	40 	1.918 

1.903 	
4 

1 1.863 	10 	14 	

!.....!5034 	

8 
1.783 	20 	1.866 	16 	14 
1.739 	40 	1.816 	4 	3o 
1.707 	10 	1.798 	4 	3.048 	65 
1.677 	5 	1.733 	12 	100 
1.580 	10 	1.718 	20 	55 
1.563 	20 	1.691 	6 	2.317 

2.097 
	

10 
1.524 	5 	1.610 	4 	6 
1.483 	30 

1.479 	
14 	8 

11 

1.468 	5 
1.554 	

10 	25 
1.450 	5 	8 	75 
1.436 	40 	1.540 	8 	35 

	

20 	1.513 	12 	4 1.412 
1.391 	20 	1,483 	10 	

1:5792 	
8 

1.375 	10 	
1.Z 	

10 	16 
1.363 
1.352 	

5 	14 	1.556 
1.463 	

35 

	

10 	1.379 	6 

1.354 	

6 
1.390 1.206 	5 	plus 5 lines 	6 

1.190 	10 	to 1.305 
.343 	

8 
1 1.181 	5 	 6 
1.280 	10 

TABLE B-9.8 	 8 d R 	1  
1.261 	10 

Sodium Chloride 	11 	
1.227 

 
NaC1 	1.1515 	7 	1,0946 	

8 
10 

d R 	i 	1.0855 	1 
3.28 	 1.0155 	8 58 	13 	0.9969 	2 

	1,0607 	10 

2.821 	100 	0.9533 	1  
1.994 	55 	0.9401 	3 
1.701 	2 	0.8917 	4 
1.628 	15 	 0.8601 	1 
1.410 

	

6 	0.8503 	3 
1.294  0.8141 	2 I  

5 3.05 

	

2.961 	10 	2.583 	7o 

	

2.79490 	2.456 70 
2.440 

	

2,740 	80 	80 

	

2,585 	5 	2.421 60 
2.383 

	

2.475 	50 	75 
2.422 

	

2.345 	
80 	2.213 	45 

	

100 	2.093 16 
2.083 

	

2.311 	30 	45 
16 

	

2.268 	50 

1.1326 8 
1.0680 4 
0.9810 2 
0.9380 2 

(O.98744 
4 
4 

0.8462 2 
0.8366 4 



— 443 — 

APPENDIX C 

X—RAY POWDER PHOTOGRAPHS 

AND 

PHOTOMICROGRAPHS OF RESIDUES 

Parp-‘ 
C-1 : X—Ray Powder Photographs. 	444 

C-1.1 : Silver — doped Bornite (Co radiation) 	444 

0-1.2 : Silver — doped Bornite (Co radiation) 	445 

C-1.3 : Stromeyerite (Cu radiation) 	446 

C-1.4 : Stromeyerite (Co radiation) 	447 

0-1.5 : Mixed Sulphide Material (Co radiation) 	448 

C-1.6 : Mixed Sulphide Material (Go radiation) 	449 

C-2 : Photomicrographs of residues. 	 450 

C-2,1 to C-2.5 : Silver — doped Bornite. 	450 

C-2.6 to 0-2,14 : Stromeyerite. 	453 

C-2.15 to C-2.22 : Mixed Sulphide Material, 	457 
0-2.23 : hixture of Pure Minerals. 	461 

MAGNIFICATIONS : 
C-2.1 to C-2.6 	x480 

C-2.7 to C-2.10 	x600 

C-2.11 to 0-2.14 x240 

0-2.15 	x160 
C-2.16 to C-2.22 x480 
0-20,23 	x160 



-444— 

   

ONO 111110 
MIN 

    

1 1 
(a) (b) (c) (a) (e) (f) (g) (h) (i) (j) (k) 

FIGURE C-1.1 : X-Ray Powder Photographs. 

(a) Pure Bornite 

(b) Silver-doped Bornite 

(c) ,, 	ti 	residue, 20.1% Cu dissolved 

(d) ,, 	t, 	II 	, 44.68% Cu, 0.20% Ag diss. 

(e) ,i, 	1, 	II 	it 	, 64.29% Cu, 0.86% Ag diss. 

(f) n 	,, 	II 	
, 84.04% Clip 1.76% Ag tt 	. 

(g) t, 	it 	to 	il 	, 89.67% Cu,. 4.97% Ag I, 	. 

(h) „ 	„ 	„ 	„ 	, 97.79% Cu, 1.20% Ag I,  . 

(i) 
/1 	 It 	 St 	 II 	

, 98.76% Cu, 2.'16% Ag II 	
0 

(j) Jarosite 

(k) NnC1 (calibration standard). 
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ii up' lip arm, 1 

— maw 
••••••■••111. sow  

411=11111.■ 

(a) (b) (C) 	(d) (e) (f) 	(g) (h) 	(1) 	(j) (k) 
FIGURE C-1.2 : X-Ray Powder Photographs 

(a)-(f) : Silver-doped bornite residues after removal 

of elemental Sulphur by CS2. 

(a) 44.68 
(b) 64.29% 
(c) 84.04% 
(d)  
(e) 97.79% 
(f) 98.76;:,  

Cu, 0.20% Ag dissolved 
Cu, 0.86c/0, Ag dissolved 
Cu, 1.76. Ag dissolved 
Cu, 4.97i Ag dissolved 
Cu, l.20 Ag dissolved 
Cu, 2.16cio Ag dissolved 

(g) Pure Bornite, 43.7% Cu dissolved 
(h) Silver 

(i) Silver Sulphate, Ag2SO4  

(j) Silver Sulphide, Ag2S 

(k) NaC1 (calibration standard). 
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(a) (b) 	(c) (d) (e) (f) (g) (h) (i) 	(k) 

FIGURE 0-1.3 : X-Ray Powder Photographs of Stromeyerite residues 
after leaching in ferric sulphate solutions. 

(a) 0.00% Cu dissolved 
(b) 5.44% " " 
(c) 10.44% 

	

1, 	,,, 
(d) 12.17% 111 	11 

(e) 18.06% •11 	,I, 
(f) 26.15% is 	” 

(e) 1= 

	

to 	I, 

	

11 	11 

	

(1) 39.60°  " 	
II 

	

(0j2) g':79g 111 

	11 



(a) (b) (c) (d) (e) (f) (g) (h) (1) (j) (1) (m) (n) 

FIGURE C-1.4  : X-Ray Powder Photographs 
(a)-(f) : Stromeyerite residues after leaching in Fe2

(SO
4
)3. (a) 47.37% Cu dissolved 

(b) 50,60% " 	" 
(c) 55.10% 
(a) 59.94% 	It 

(e) 61.76% 	It 

(f)  
(g) Stromeyerite residue from H202 leaching(55.76% Cu diss.) 

(h) Silver Sulphide, Ag2S 

(i) Unleached stromeyerite 

(j)-(m) Stromeyerite residues from Chloride leaching 

(j) 11.44% Cu, 18.92% Ag dissolved 
(k) 20.25% Cu, 21.81% Ag 	" 
(1) 23.66 Cu, 23.18 Ag 
(m) 25.17% Cu, 25.58% Ag 
(n) Silver Chloride, AgCl. 
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(a) (b) (c) (d) (e) (f) (g) (h) (i) 	(k) (1) (m) (n) (o) 

FIGURE C-1.5  : X-Ray Powder Photographs 

(a) Stromeyerite, Cu --Ag 1.ul -0.93 
(b) Chalcopyrite, CuFeS2  

(c) Bornite Cu FeS 
9  5 4 

(d) Mixed Sulphide Material 

(e)-(m) : Mixed sulphide material residues 

(e) 7.56/4, Cu dissolved 
(f) 14.15% Cu 	" 
(g) 23.30% " 
(h) 29.50% 
(i) 39.45% " 
(j) 49.73% 
(k) 61.70% 
(1) 69.00% " 
(m) 93.00% 
(n) Residue (m) after removal of elemental sulphur 

(o) Silver Sulphide, Ag2S 
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(a) CO (c) (d) (e) (f) (g) (h) (1) (j) 

FIGURE C-1.6 : X—Ray Powder Photographs 

(a) Mixed Sulphide Material 

(b)—(f):Mixed sulphide material residues after leaching 

in chloride solutions. 

(b) 56.41% Cu, 0.58% Ag dissolved 
(c) 62.15% Cu, 15.55% Ag dissolved 
(d) 67.13% Cu,  66.97% Ag dissolved 
(e) 90.35% Cu, 76.84% Ag dissolved 
(f) 95.33% Cu, 0.79% Ag dissolved 

(g) Silver Chloride, AgCl 

(h)—(j) : Mixtures of pure minerals, residues. 

(h) Bornite + chalcopyrite + stromeyerite (34.47% Cu diss.) 
Bornite + chalcopyrite 40.38% Cu dissolved) 

J) Bornite + stromeyerite 	46.66% Cu dissolved). 
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FIGURE C-2.1  : Silver-doped bornite leach residue (20.1 wt.? Cu 

dissolved). Particle still has well defined edges. 

FIGURE C_2.2  : Silver-doped bornite residue (44.68 wt.% Cu dissolved). 

Attack at the edges has started. 
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FIGURE C-2.3  : Silver—doped bornite leach residue (64.29 wt.% Cu 
dissolved). Attack at the edges of the particle 

continues. 

FIGURE C_2.4  : Silver—doped bornite leach residue (84.04 wt.% Cu 
dissolved), showing the hole left by the removal 

of the sulphur layer during polishing. 



FIGURE C-2.5  : Silver-doped bornite residue (97.89 wt.% Cu dissolved). 
There is a residual amount of sulphide phase in the 

middle of a dark zone which consisted of elemental 

sulphur removed during polishing. 
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FIGURE C-2.6  : Stromeyerite leach residue (10.44% Cu dissolved). 

A blue phase has formed. 

FIGURE C_2.7  s Stromeyerite leach residue (26.15% Cu dissolved), 

showing the increase in the amount of the blue 

phase as more Cu dissolved. 



FIGURE C-2.8  Stromeyerite leach residue (39.64% Cu dissolved). 

FIGURE C_2.9  : Stromeyerite leach residue (50.06% Cu dissolved), 
showing the fine intergrowth of the blue phase 

and a light—coloured phase. 



FIGURE C-2.10  : Stromeyerite leach residue (77.58% Cu dissolved), 

showing the attack at the edges of the particles. 

FIGURE C-2.11  : Edge of a sample of Stromeyerite which had been 

in contact with a 0.1M Fe3+(pH 1) solution at 

60°C for 4 hours, showing the formation of a 

blue and a light—coloured phase, and the dark 

spots formed due to the intense microscope light. 
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FIGURE C-2.12 r Edge of a sample of Stromoyorite after contact 

with a 0.1M Fe3+ solution (pH 1) at 60°C for 

24 hours, showing the formation of a light—

coloured phase at the edge. 

1,1221.a22„2„21 : Edge of a sample of Stromeyerite after contact 
with a 0.1M Fe3+ solution (pH 1) at 60°C for 

48 hours. 
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FIGURE C-2.14  : Edge of a sample of Stromeyerite after contact 
with a 0.1M Fe3+  solution (pH 1) at 60°C for 

7 days. 

FIGURE C-2.15 : Unleached sample of the Mixed Sulphide Material, 

showing the phases chalcopyrite (yellow), and 

stromeyerite (blue),in a bornite matrix. 
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FIGURE C-2.16  : Mixed sulphide material leach residue (7-8% Cu 
dissolved), showing the formation of cracks and 

pits. The very fine intergrowth of stromeyerite 

(blue) in the bornite matrix is also visible. 

FIGURE C_2,  : Mixed sulphide material leach residue (23.30% 
Cu dissolved), showing the attack on the bornite 

phase. 



FIGURE C-2.18  t Mixed sulphide material leach residue (23.30 
Cu dissolved), showing the apparently prefer-

ential dissolution along the stromeyerite 

intergrowth in the bornite matrix. 

FIGURE C_2.19  : Mixed sulphide material leach residue showing 
the growth of the pits in the bornite as the 

stromeyerite (blue), and chalcopyrite (white) 

remain relatively unattacked. 



FIGURE C-2.20 : Mixed sulphide material leach residue (90,0 Cu 

dissolved), showing residual chalcopyrite 

(light—coloured), bornite (slightly darker) 

and stromeyerite (blue). The dark areas are 

holes left by sulphur removed during polishing. 

FIGURE C-2.21 : Mixed sulphide material leach residue after 

leaching in a Chloride solution, showing residual 
chalcopyrite (yellow), stromeyerite (blue), 

and bornite. The dark areas show that a layer 

has been removed during polishing. 
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FIGURE C-2.22  : Mixed sulphide material leach residue after 

further leaching in a Chloride solution, showing 

that most of the residue (thought to be Sulphur 

+ AgC1) has been removed during polishing. A 

small amount of undissolved chalcopyrite (white), 

bornite (slightly darker), and stromeyerite(blue). 

FIGURE C_2.23  : One particle of (from 1. to r.) chalcopyrite, 

stromeyerite, and bornite from a mixture of 

separate partioles of the minerals after leaching 
3+ / in a 0.25M Fe (pH 1) solution at 60°C. 
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207. 	A.S.T.M. X-Ray Index Files 
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(d) Silver Sulphide - File No.14-72. 

(e) Stromeyorite -- Pile Ko.12-156.(also ref. 133) 



207. continued: 

(f) a-Chalcopyrite - File No.9-423. 
(g) Silver Chloride - File No.6-0480. 

(h) Mckinstryite - File No.19-406, (also ref. 145). 
(i) Synthe tic Ag1.2 C110.0 File No.12-1529(also ref. 133). 
(j) Synthetic Ag1.55Cu0.45S - File No.12-2079  (also ref. 133). 

(k) Jalpaite - Ag3CuS2  - File No.21-13369  (also ref. 144). 
(1) Covellite CuS - File No .6-0464. 

(m) Sodium Chloride - File No.5.628® 




