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ABSTRACT

The dissolution of chalcocite in the low-pressure, oxygen- 

ammonia system occurs in two stages. In the first stage chalcocite is 

converted to blue-remaining covellite. The covellite-like material is 

then leached at a much slower rate in the second stage to form sulfate 

and soluble copper. The first stage exhibits a change in reaction mech

anism as a function of temperature at about 35°C. Below the transition 

temperature the rate qf the first stage is controlled initially by a 

surface chemical reaction (Ea = 16.0 kcal/mole) and then by diffusion 

through a product layer (Ea -13.3 kcal/mole). Above the transition 

temperature the first stage rate is controlled by a diffusion process 

(Ea = 6.2 kcal/mole) and the.rate is directly proportional to the ini

tial surface area, the oxygen pressure, and. the concentration of mobile 

cuprous ions in the chalcocite lattice. The.second stage process is 

explained by an electrochemical model (Ea = 11.2 kcal/mole) in which the 

rate is proportional to oxygen concentration and hydroxide ion concen

tration, each to the % power, and is independent of initial surface 

area.

ix



INTRODUCTION

The copper Industry has been severely effected by environmental 

regulations, and energy shortages have required copper smelters to 

search for new energy-efficient processes. This combination of prob

lems has caused irreversible changes in the copper industry. MacDonald 

and Weiss,(1978), when analyzing the impact of environmental control 

regulations on U. S. copper smelting operations, reported that copper 

companies had invested about $650 million in pollution control equip

ment through 1975. About 96 percent of that amount was for air pollu

tion control and the remaining 4 percent for water pollution control.

In addition, they determined the increase in copper production costs 

under the following conditions: 1 ) production from existing capacities

excluding pollution control (81 cents/pound), 2) production from exist

ing capacities where only pollution control expenditures through 1975 

are considered and neglecting the possibility of new additional costs 

(86 cents/pound), and 3) production from existing capacities with pol

lution control expenditures through 1975 plus anticipated, future pollu

tion control expenditures (93 cents/pound). MacDonald and Weiss (1978) 

concluded that some producers will have to shut down their operations in 

the near future unless new government regulations incorporate more rea

sonable policies in dealing with the environmental problem.

Energy shortages and the increase in the cost of fuel and elec

tricity have made smelter energy consumption an important variable to 

be reduced by copper producers. A reverberatory furnace, meeting



environmental restrictions, is considered to be one of the most inef

ficient processes from the point of view of energy consumption. Schultz 

(1978) analyzed the energy consumption of several copper smelting opera

tions and concluded that in order to achieve the low-energy consumption 

level of a smelter prior to pollution control, it will be necessary to 

use a process in which a large fraction of the fuel value of the concen

trate is used and in which oxygen enrichment is included.

The great concern for environmental quality was one of the key 

factors which motivated the copper industry to seek other routes for 

producing high-quality copper. Roman and Benner (1973) pointed out the 

following alternatives: 1) use a better scrubbing system to reduce SO2

emissions, 2) convert to flash-smelting, or 3) convert to a hydrometal- 

lurgical process. Two flash-smelting operations have been developed as 

a result of extensive research programs— the Inco oxygen flash-smelting 

process and the Outokumpu flash-smelting process. Both offer the advan

tages of first, considerable use of the energy available from oxidizing 

the sulfide minerals, and second, flue gases rich in SOg which can be 

efficiently recovered as liquid SOg or sulfuric acid (Biswas and 

Davenport, 1976). The principal disadvantage of these flash-smelting 

processes is that the slags have high copper contents (Inco, 0.7% Cu; 

Outokumpu, 1% Cu).

Parallel to the development of new smelting techniques, hydro- 

metallurgical processes have been examined by the copper industry as a 

possible recovery and refining route that avoids SO2 pollution control. 

The possible hydrometallurgical processes can be classified according



to Roman and Benner. (1973) as sulfate, chloride, nitric, ammoniacal, 

cyanide, biological., or electrochemical systems „ Ammoniacal systems 

will be discussed thoroughly in the following sections.

Although hydrbmetallurgical processes consume much more energy 

than conventional smelting operations, it is thought that as technology 

improves and a better understanding of the physical chemistry of the 

leaching systems is gained, hydrometallurgical processes can replace 

conventional smelting operations that require extensive pollution 

control.



LITERATURE REVIEW

Ammonia Leaching Processes

Ammonia leaching of copper was introduced at the Calumet and 

Hecla mines in 1917. Copper was leached from. tailings and ore using an 

ammonium carbonate solution (Benedict, 1917; Eddy, 1919; Benedict and 

Kenney, 1924). In 1924 the process was adapted to the leaching of nick

el carbonate ores;

Sherritt-Gordon investigated, the ammonia process for leaching 

nickel-copper-cobalt flotation concentrates during the period .1946-51 

(Forward, Samis, and Kudryk, 1948; Forward, 1953). Originally, Forward 

and his collaborators developed a method which involved roasting of the 

sulfide minerals followed by leaching of the calcines with ammoniacal 

solutions. Five years later (1953), this method was only of academic 

interest. They discovered, through intensive laboratory and pilot plant 

studies, that the sulfide concentrate could be leached in ammonia sys

tems at high pressure and temperature without roasting the sulfides to 

oxides (Forward, 1953). The culmination of this work was the estab

lishment of a nickel-copper-cobalt refinery in 1954. The main steps in

volved in the treatment of the sulfide concentrate were: 1) leaching 

of the concentrate, to dissolve nickel, copper, and cobalt as complex 

ammines, 2) boiling of the pregnant solution to decompose trithionate 

and to precipitate copper as copper sulfide, 3) precipitation of nickel 

under a hydrogen atmosphere, 4) precipitation of cobalt and residual 

nickel with E^S, and 5) evaporation of the remaining solution to produce



ammonium sulfate. In 1959 Sherritt-Gordon Mines Limited was engaged to 

develop a process for the treatment of copper-zinc concentrates and 

copper-molybdenum concentrates from the Bagacay and Sipalay mines, re

spectively, of Mafinduque Iron Mines Agents, Inc., Philippines (Evans, 

Romanchuck, and Mackiw, 1964). As a result, a process was developed to 

treat copper—zinc sulfide concentrates. The main steps involved in the 

process are: 1) leaching of concentrates with ammonia-ammonium sulfate

solutions at 185°F with air at a pressure of 110 psig, 2) hydrogen re

duction to precipitate copper, 3) copper powder washing, sintering, and 

pulverizing, 4) zinc precipitation, from solution as zinc carbonate via 

a CO2 reaction, and 5) ammonium,sulfate recovery.

Twenty years after the great success of the Sherritt-Gordon pro

cess, Anaconda Copper Company reported a new ammonia-based process to 

treat copper sulfide concentrates (Kuhn, Arbiter, and Kling, 1973). The 

advantages claimed for this process were that high air o r .oxygen pres

sure was not needed and that the leaching temperature was moderate.

Kuhn et al. reported, that increasing the stirring rate increased the 

homogeneity of the three-phase system and consequently high oxygen par

tial pressure was not needed. In this process, the copper is recovered 

from solution by a combination of solvent extraction and electrowinning.

Chemistry and Kinetics 
of Ammonia Leaching

The first kinetic studies of ammoniacal leaching were done by 

using pure copper. Halpern (1953) studied the kinetics of copper dis

solution, in aqueous ammonia in an attempt to clarify different
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interpretations given by other workers. Halpern found that the reaction 

was controlled by diffusion at low oxygen pressures, and chemically con

trolled at high oxygen pressures. The activation energies reported by 

Halpern for low and high oxygen pressures were 1.33 Kcal/mole and 5.54 

Kcal/mole, respectively. In addition, he found that no catalytic effect 

was exerted by cupric ions under the conditions of the study. He pro

posed a mechanism, given below, in which the rate controlling step of 

the reaction occurred at the copper surface.

fast
Cu + ^ 2  -* Cu 0 (1)

slow ^-NHg
Cu.......0 + NH3 -> 2+Cu V " (2)

" " • ( T

(Activated Complex)
^  -NH3 fast (3)

Cuz.*' + H O  Cu(NH«) + 2 OH

or,
slow ? ^^NH3.^ _ fast

Cu 0 + Nh T ^ CuC _ ^ H  + OH
4 " ' 0- "

Cu(NH3)+2 + 2 OH- (4)

Lu and Graydon (1955) examined the kinetics of the dissolution 

of pure copper in ammoniacal solutions with air used instead of oxygen 

and found that a catalytic effect due to cupric ion exists in air- 

saturated ammonia solutions. They proposed a mechanism in which the 

rate controlling step was assumed to be the removal of cuprous ion, 

^(NH^)*, from the metal-solution interface by a diffusional process. 

They proposed the following rate equation:



d[Cu(NH ) +2]1 A _ J = X.21 x 10-5 A  ^̂0.65 [cu( > ^ 0 . 5(5)dt V = RT v Lv.̂ v1-..3y4

where A = sample area = 6 to 11.4 cm^

V = solution volume = 0.251 to 1.51

V = peripheral velocity = 1700 to 24,600 cm/min.

Habashi (1963) proposed an electrochemical mechanism for the 

dissolution of copper in aqueous ammonia solutions involving the fol

lowing reactions:

h02 + H20 + 2e~ X 20H” (6 )

Cu + 4NH3 X Cu(NH3)4+2 + 2e™ (7)

He assumed that the cupric-cuprous ion equilibria was important only at 

high cupric ion concentration. The reactions involved in that equilib

ria are:

Cu + Cu(NH3)4+2 X2Cu(NH3>2 (8 )

C u ( m 3)+ + 2NH3 XCu(NH3)4 2 + e" (9)

He went further and analyzed the data obtained by Halpern (1953) using 

the following rate expression:

2k1k2A[02][NHo] ,0 iRate of copper dissolution - + ^ [ ^ + 2 ] - 4  _ f ( [ m 3])

(10)



where = Do2

D02 = diffusion coefficient of dissolved oxygen 

6 = thickness of the boundary layer

A = total surface area of the metal in contact with the 
solution

[O2] = oxygen concentration 

[NHg] = free ammonia concentration
k. = BcuJ;kl$ 3 6

k = equilibrium constant for reaction (8 )

[Cu+3] = cupric ion concentration

f([NHg]) = empirical function which accounts for the effect of
OH

This equation reduces to expressions similar to those reported by 

Halpern (1953). At low oxygen concentration and high ammonia concen

tration equation (1 0) becomes:

Rate = 2k1A[02] (11)

At high oxygen pressure and low ammonia concentration, the equation 

transforms to:

Rate = k2A[NH3] (12)

A great deal of the chemistry of ammoniacal leaching systems 

was published by Forward and collaborators as a result of their work 

with nickel-copper-cobalt sulfide concentrates. The reactions involved 

in this system (Forward and Mackiw, 1955) are given below:
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NiS:FeS + 3FeS + 702 + lONH^ + J  Ni(NH3)6S04 +

2Fe20 3 *2H20 + 2 (NH4 )^S20 3 (13)

2(NH4)2S2°3 + 202 ^ (NH4)2S3°6 + (NH4>2S04 (14)

(NH4 )2S306 + 202 + 4NH3 + H20 X NH4 *S03 *NH2+2(NH4 )2S04 (15)

The variables which most affected the system were found to be tempera

ture, oxygen pressure, ammonia concentration, ammonium sulfate concen

tration, particle size, and agitation. The optimum oxygen pressure and 

temperature were selected to achieve acceptable dissolution rates, good 

overall metal recovery, and retention of part of the sulfur as S20 3~^ 

and S30g” . Partial oxidation of sulfur to the polythionates was neces

sary to insure good recovery of copper as a sulfide during the copper 

removal step. The level of agitation was selected so that disintegra

tion of the soft hydrated iron oxide residue was minimized to prevent 

thickening and filtering problems. The presence of ammonium sulfate 

was found to enhance the overall metal recovery in the system.

Evans et al. (1964) reported the overall reactions which take 

place when leaching the most common copper sulfide minerals:

2CuFeS2 + 8h02 + 12NH3 + (2+n)H20 X 2Cu(NH3)4 SC>4 +

2 (NH4 )2S04 + Fe20 3 ' nH20 (16)

2Cu3FeS3 + 13h02 + 24NH3 + nH20 $ 6Cu(NH3)4S04 + Fe 03 ' nH20 (17)

Cu2S + 2h02 + (NH4 )2S04 + 6NH3 X 2Cu(NH3)4S04 + H20 (18)
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A great deal of data was reported by Stanczyk and Rampacek . 

(1966) on the leaching of copper sulfides in ammoniacal solutions at 

high temperature and pressure. Under the conditions of their study, 

covellite and chalcocite were the easiest minerals to leach. Chalcopy- 

rite was difficult to leach due to the formation of an iron oxide layer 

which hindered the transport of oxygen. Stanczyk and Rampacek found 

that the presence of ammonium sulfate enhanced copper recovery from 

covellite and. chalcocite. When chalcopyrite was leached, good recovery 

was obtained in. the absence of ammonium sulfate. Temperature, oxygen 

pressure, and particle size were the main variables affecting the re

covery of copper. Higher temperature, and oxygen pressure and smaller 

particle size were required to achieve adequate copper recovery from 

chalcopyrite relative to the other copper sulfides.

In 1973, Kuhn, Arbiter, and Kling presented a paper in which 

they described an alternative hydrometallurgical process for recovering 

copper by using ammoniacal solutions. In contrast to the Sherritt- 

Gordon process, the Arbiter process uses low temperature (60.-to 90°C) 

and low oxygen pressure (5 psig). To achieve this drastic change in 

conditions, high agitation rates were used so that the system approached 

homogeneity and the solution boundary layer was minimized. For the 

special case of chalcopyrite leaching, they postulated that if the iron 

oxide coating was not allowed to form, leaching of this mineral could be 

as effective as. the leaching of covellite, chalcocite, or bornite. To 

accomplish this, ferrous ions liberated from the mineral had to be 

transported away from the particle surface so that conversion to ferric
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ion and consequent precipitation occurred in the bulk solution. In this 

way, the surface and pores of the mineral would remain reactive through

out the leaching operation. They tested several concentrates to demon

strate the validity of their model. However, their data was not 

sufficient to accomplish a complete kinetic analysis.

Reilly and Scott (1976a) were the first to develop functional 

relationships describing the rate of dissolution of covellite in aqueous 

oxidizing ammonia systems. They studied covellite dissolution over the 

temperature range 50 to 85°C, oxygen pressure in the range of 55 to 400 

psig, and ammonia concentration from 2.5 to 7.0 M. When analyzing the 

effect of ammonium sulfate additions, they found that for low tempera

ture and pressure such additions brought about a decrease in the percent 

copper recovery. In addition, they observed that in experiments in 

which additions of ammonium sulfate were made sulfur was present in 

greater amounts than in those in which no additions were made. The ele

mental sulfur was reported to be almost completely oxidized to sulfate 

near the end of an experiment. Ammonium sulfate is thought to act as a

buffer (Reilly and Scott, 1976b; Tazawa, Umetsu, and Sato, 1976). For

unbuffered solutions, Reilly and Scott proposed a mechanism similar to 

that proposed by Halpern (1953) for ammoniacal dissolution of pure

NH4+ + OH" (fast) (19)

(CuS.0)(g) (fast) (20)

copper:

ki
™3(aq) + H2° f * 

kl 
k2

CuS(s) + 1-50 2 k„
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(CuS.O)(g) + NH4+ (1) (CuS.0.NH4+)(g) (slow) (21)

(CuS.0.NH4+)(g) + NH3(.1) -> Cu(NH3)2+2 + OH" + S° (slow) (22)

S° + h02 + OH" -> ^S203" 2 + H^O (slow) (23)

1$S2032 + 02 + OH" -> S04 " 2 + ^H20 (fast) (24)

Cu(NH3 )2+2 + 2NH3 Cu(NH3 )4+2 (fast) (25)

If reaction (21) is assumed to be the rate controlling step for unbuf

fered solutions, the rate expression which describes this mechanism is 

given by:

* _ -dlCuSl _
8 dt i + k 2!$[o2] (26)

where kg = specific reaction rate constant, equation (2 1 ), per unit 
area

[n h 4+] [o h-]
" M  [H2°]

K2 = equilibrium constant, equation (2 0), per mole of oxygen 
adsorbed

[NH3] = ammonia concentration, mole/liter 

[02] = oxygen concentration, mole/liter 

t = time, minutes

Qualitative analysis made by these investigators indicated that equation 

(23) may be the rate controlling step for buffered conditions. The ac

tivation energy reported for unbuffered solutions was 17.4 Kcal/mole.
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Tazawa et al. (1976) showed, by means of equilibria calcula

tions, that the leaching of copper sulfide minerals had to be done with

in a narrow pH range to prevent the formation of cupric oxide.

More recently, Beckstead and Miller (1977) studied the reaction 

kinetics of the ammonia oxidation leaching of chalcopyrite and devel

oped an electrochemical model to explain the dissolution behavior. The 

most important observations of this interesting study are listed below:

1) Cupric ions had a catalytic effect on the cathodic reduction of 

oxygen. The reaction order approached ^ at high levels of cu

pric ion concentrations. The cocurrent reactions considered 

for the development of the electrochemical model were:

02 + 2H20 + 4e" t 40H“ (27)

02 + 2H20 + Cu+2 + 4e~ t 40H~ + Cu+2 (28)

2) Arrhenius plots gave an activation energy of 10.0 Kcal/mole for

a variety of experimental conditions. This value suggests a

surface reaction control.

3) The effect of oxygen pressure was complex with the reaction

order varying from ^ to 0 as the oxygen pressure increased.

4) No effect was observed for ammonia concentrations of 0.70 to

4.48 M.

5) The reaction order with respect to OH- approached % when the

hydroxide concentration varied from about 10~^ to 10-2 M.

6) The initial rate depended upon the inverse of the original di

ameter of the particle. This fact and the high activation
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energy indicate that the rate is controlled by a surface 

reaction.

The anodic reaction reported by these investigators is:

CuFeS2 + 190H~ % Cu+2 + ^ F e ^  + 2S0“ 2 + 19/2H20 + 17e”

and the rate expression based upon the electrochemical mechanism was 

given as:

da 127f
dt - d0 (OH )

L
K l P °2 ' (kx k2 [Cu+2] + k2a)^(l - a)2/31+K2Po2

where f = shape factor

dQ = initial particle diameter, cm 

(OH") = hydroxil concentration, moles/cm^

Po2 = oxygen pressure, atm.

= kc-̂  ka
+■ -> 9k2 = kc2 ka K.

k3 = k, 0 ^ 3  Wo 
Z L VMc

[Cu+2]q = initial concentration of cupric ion, moles/cm'

Wo = initial weight of chalcopyrite, grams

Me = atomic weight of copper, grams
3V = volume of the liquid phase, cm

—k*
ka = forward rate constant for anodic reaction

kc^, kc2 = reverse rate constant for cathodic reactions
' b ) h K
b+l b

(29)

(30)
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b = ratio of cathodic to anodic area

Kn = 2.81 x 10"6 ol^-3 (90°C, 200 x 250 mesh, 3200 rpm)1 atm-cmJ
K2 = 7.84 x 10"1 atm-1 (90°C, 200 x 250 mesh, 3200 rpm)

a = fraction of copper extracted

Finally, Reilly and Scott (1977) studied the leaching of chalco- 

pyrite in ammonia under experimental conditions in which a surface chem

ical reaction controlled the dissolution. They proposed an electro

chemical model in which the overall reaction is controlled by the 

cathodic reduction of oxygen. The mechanism suggested for this process 

is:
CuFeS2 (s) + h02 (CuFeS2 '0)(g) (fast) (31)

k2

°2(ads) + H2° + 2e~ ^ 20H™ (slow) (32)

The rate expression developed from this mechanism was given as:

k * = k2k3KliS[°2]ii[NH3]____________________
® k 2K1!5[02]15 + k2 [NH3](l + K ^ [ 0 2]%)
* 2 where kg = specific reaction rate per unit area, moles/m -sec

k^,k2 ,k-j = specific reaction rate constants per unit area

= equilibrium constant for the absorption of oxygen on 
the sulfide surface

[NHg] = ammonia concentration

[02] = oxygen concentration in the liquid phase
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Leaching and Electrolytic 
Oxidation of Chalcocite

Sullivan (1930) investigated the chemistry of leaching chalco

cite in the acid ferric sulfate system. He found that the rate of 

leaching was independent of particle size, a result which seemed very 

unusual for heterogeneous systems. He noticed that the original shape 

of a particle was retained throughout the whole experiment. In addi

tion, he found that the rate of chalcocite dissolution was independent 

of the strength of ferric sulfate and independent of the acid concentra

tion when ferric ion concentration was kept constant. Finally, one of 

the most interesting observations made by Sullivan was that when about 

50 percent of copper had been leached out, a solid residue with the 

composition and appearance of covellite was formed.

Warren (1958) studied the acid pressure leaching of chalcopyrite, 

chalcocite, and covellite. He found that the surface area influenced 

the leaching of these minerals. Particularly interesting were the re

sults for chalcocite. Warren observed that chalcocite leached in two 

stages in which the activation energies were 6.6 and 1.8 Kcal/mole, re

spectively. The former value suggested that a heterogeneous process at 

the surface of the mineral was the rate controlling step, while an acti

vation energy of 1.8 Kcal/mole implied that a diffusion process con

trolled the leaching reaction. At the time these investigations were 

carried out, the leaching of chalcocite in acidic medium was thought to

occur in two distinct stages:
+ 3 + 2 +2Cu2S + 2Fe -+ CuS + Cu + 2Fe (34)

+3 o +2 +2CuS + 2Fe -> S + Cu + 2Fe (35)
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However, subsequent electrochemical investigations showed that the 

mechanism of chalcocite dissolution was actually much more complex.

Thomas, Ingraham, and MacDonald (1967) studied the kinetics of 

dissolution of chalcocite and digenite (Cu^ 765S) in aqueous acidic fer

ric sulfate solutions. They observed that the reaction occurred by two 

mechanisms which involved a series of steps in which chalcocite (or 

digenite) became more and more deficient in copper until complete con

version to sulfur occurred. The mineral transitions involved were:

In the first stage of leaching, chalcocite dissolves progressively, 

forming intermediate products (djurleite, digenite, and blue-remaining 

covellite) until normal covellite (CuS) is formed. In the second stage, 

normal covellite is further decomposed to elemental sulfur. The appar

ent activation energy reported by these investigators for the first 

stage of chalcocite dissolution was 5-6 Kcal/mole. This value suggested 

diffusional control of the dissolution rate.

of chalcocite in an acidic solution of cupric sulfate. The anodic dis

solution of chalcocite was believed to take place in three steps:

Cu^S -* Cu^ ggS Cu^ ^3 -* Cu^ CuS -* S° (36)

Habashi and Torres-Acuha (1968) observed the anodic dissolution

SCu^S X CugS^ + Cu+ + e (37)

4CuS + 5Cu + S + 5e (38)

+2CuS Cu + S° + 2e (39)
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The cathodic reactions were:

Cu+ + e~ S Cu (40)

Cu+2 2e" X Cu° (41)

Brennet et al. (1974) reported that the transition of blue- 

remaining covellite to normal covellite is never allowed for systems at 

low anodic potentials. The reason for this is that the driving force 

(concentration gradient) was not high enough to provoke depletion of 

copper to the lowest possible concentration, i.e., covellite. Instead, 

they found the following reaction to occur at low anodic potentials:

10Cu1 iS X  H C u +2 + 108° + 22e“ (42)

On the other hand, at high anodic potentials, two mechanisms were pos

sible. The first one is given by equation 42, and the second one in

volved the following reactions:

+2lOCu^ 1S X lOCuS + Cu + 2e” (43)

CuS X  Cu+2 + S° + 2e~ (44)

and also to some extent:

+2 — 2 + _
CuS + 4H90 X Cu + SO + 8H + 8e (45)z 4

Mackinnon (1976), using a fluidized-bed anode technique, showed that the 

anodic dissolution of chalcocite occurred via an intermediate copper sul

fide, which turned out to be blue-remaining covellite. When sulfuric 

acid was used as the electrolyte, the chalcocite dissolution was
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inhibited when about 40 to 50 percent copper had been extracted. As the

copper extraction reached this limiting value, an abrupt increase in the

anode potential occurred and oxygen evolution began. In addition, ele

mental sulfur was not reported and the solid residue was shown to be 

Cu^ jS. The mechanism suggested by Mackinnon involved the following 

reactions:

Cu2S -> Cu1 1S + 0.9Cu+2 + 1.8e“ (46)

H20 -> ^02 + 2H+ + 2e" (47)

Marcantonio (1976) studied the kinetics of chalcocite dissolu

tion in acidic ferric sulfate solutions in the temperature range 30 to 

90°C with ferric iron concentrations from 0.06 to 0.6 M. As stated by 

other investigators, he found that chalcocite dissolution involved two 

stages. During the first stage of chalcocite dissolution, the mineral 

transformed to digenite (Cu.. S) and then digenite transformed to blue-
-L • o

remaining covellite (Cu^ 2S). In the second stage, the blue-remaining 

covellite became more depleted in copper and finally was transformed to 

elemental sulfur. He was able to verify these solid transformations by 

analyzing partially leached particles by x-ray and microscopy techniques. 

Marcantonio found the activation energies for the first and second stage 

of chalcocite dissolution to be 2.79 Kcal/mole (diffusion control) and 

18 Kcal/mole (chemical reaction control), respectively. He noticed that 

the percent of copper extraction always leveled off at about 40 percent 

and was independent of the concentration of ferric iron present.
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Marcantonio (1976) noticed that an approximate first-order ferric ion 

dependence existed for copper extractions of about 10 percent, but that 

at higher ferric ion concentration this apparent order decreased. The 

second stage of dissolution showed less dependency on ferric ion con

centration than the first stage. The order approached 0.5 and 

Marcantonio explained this apparent half-order dependence by means of 

an electrochemical model. When studying the effect of particle size on 

the rate of chalcocite dissolution, Marcantonio noticed that only the 

first stage was dependent upon the initial size, whereas the second 

stage showed no particle size dependency. This latter behavior was ex

plained with the aid of microscopic analysis. It was found that the 

blue-remaining covellite created in the first stage formed as equal

sized, cylindrical crystallites. Thus, in the second stage of leaching 

no matter what initial particle size was used, the surface exposed for 

reaction was controlled by the crystallites of blue-remaining covellite 

and was independent of original particle size. Marcantonio (1976) pro

posed the following rate expression for the first and second stage of 

dissolution, respectively:

where a' = fraction of copper extracted which is available in the 
first stage, i.e., a' = —

al
a = fraction of total copper extracted

= upper boundary of the first stage = 0.4 

t = time (min.)
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C. = k k [Cu+] = 2.2 at 30°C1 s 2 L Jo
k = surface reaction rate constant s
Aq = initial total surface area (cm^)

nQ = initial total moles of copper in the chalcocite sample

[Cu+]Q = initial concentration of cuprous ions in the solid phase 
(moles/cm^)

1̂ 2 = proportionally constant relating the concentration of
[Fe(SO^)+]^ at the surface to the total ferric ion con- 
centrationSat the surface ^Fe+^js, e.g., ^ _ [Fe(SO )+]

[Fe+3]s
C3 = k K = 17,100 at 30°C 

kl = [Fe(S04)-]s/[Fe+3]s

K = equilibrium constant involved in the reaction
K

(site) + Fe(S0^)2 (site) .. .Fe(S0^)2

and for the second stage.

0.54

( r r f t W 1 < 1 V '> 0 ' S

* - 0.54 2Aak \0 -46 0
1 = 0.0005 at 75 C =

aA
1.01 X 108exp (zM> Q,°Q)RT

c" = K = 8500 at 75°C = 8.8 x 10"7exp (±§PPQ.) z t

a" = fraction of copper extracted which is available in the 
second stage, i.e., _ a -

a2 " al
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(*2 = upper limit of the second stage = 1.0
'4rmk = rate constant for the cathodic reaction c
ka = rate constant for the anodic reaction

Aa = total anodic surface area

A = total cathodic surface area = k A (1 - a")^* ̂  c o o
[F+3]b = ferric ion bulk concentration

6± = average activity coefficients of all ferric species in 
solution

These mathematical models were used by Marcantonio (1976) to predict the 

rate response to temperature, ferric concentration, and particle size. 

Correlation was found to be very good.

Roman and Benner (1973) reviewed the different hydrometallurgi- 

cal processes for dissolving concentrates. They reported that 

Naboichenko and collaborators observed a linear relationship between 

oxygen pressure and the specific rate constant in the ammoniacal disso

lution of chalcocite. The activation energy for leaching of chalcocite 

in the temperature range of 80 to 135°C was 5.71 Kcal/mole.

It is seen from the above review that the anodic dissolution of 

chalcocite in different acidic medium systems has been studied thor

oughly. However, the anodic dissolution of chalcocite in ammoniacal 

systems has not received too much attention. Hepel and Hepel (1977) 

studied the anodic dissolution of chalcocite in an ammoniacal solution 

under an argon atmosphere. Measurements obtained by using a rotating 

disc technique indicated that the following mechanism was the most 

probable under the experimental conditions studied:



slowt CuS(n_g) + Cu(NH3)2+2 + 2e (50)

+2 fast +2Cu(NH3)2 + 2NH3(aq) - Cu (Nh3)4 (51)

where Cu0S , x and CuS 2 (n-s)(n-s) (n-s) rePresent the composition of the
phase. They found a second-order dependence of the reaction on ammonia 

concentration.

done on the leaching of copper sulfide minerals, but rather to empha

size the most important results and develop an understanding of the fac

tors involved in chalcocite dissolution. In spite of the fact that 

experimental work has been done on the leaching of chalcocite in ammo- 

niacal systems (Kuhn et al., 1976), these investigations failed to in

terpret the data kinetically. It is the purpose of this research to 

analyze the kinetics of the ammoniacal leaching of chalcocite under low 

oxygen pressures with the ultimate goal of obtaining a rate expression 

which describes the response of the system to temperature, oxygen, 

pressure, pH, ammonia concentration and particle size.

Areas for Study

This literature review does not pretend to cover all the work



SOLUTION CHEMISTRY

The Cu-NH^ System 

When copper is dissolved in an ammonia solution, the following 

complex equilibria occur:

Cu+2 + NH3 ^ Cu(NH )+2 (52)

Cu(NH3) + NH3 t Cu(NH3) +2 (53)

Cu (NH3)2+2 + NH3 J Cu (NH3)3+2 (54)

Cu(NH ) +2 + NH ? Cu(NH ) +2 (55)-> 3 -5 3 4

Cu(NH3)4+2 + NH3 t  Cu(NH3) +2 (56)

Cu(NH ) +2 + NH t Cu(NH ) "t"2 (57)3 5 3 3 o

The relative amount of each species in solution depends upon: 1) the 

value of the equilibrium constants, 2) the total concentration of the 

metal, 3) the total concentration of the ligand, 4) the ratio of the two

concentrations, and 5) the activity coefficients of each species taking

part in the equilibrium (Bjerrum, 1957; Rossotti and Rossotti, 1961; 

Beck, 1970). The equilibrium in a complex system is given by the so- 

called step-wise stability constant (K^). For equations (52) to (57), 

the expressions for the stability constants are given by:

Kl = [Cu+2] [NH3] = K2 = [c u L h ^  V [ N H 3] ; etC'

24
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Another way to express the equilibrium condition is by means of an over

all stability constant, where is given by:

i=n
(3. = n K (59)
1 i=0

In other words, 3. is the product of the step-wise stability constants.

For the Cu-NH^ system, this is given by:

30 = 1 (by definition) (60)

ei = K1 (61)

32 = KlK2 (62)

consequently.

66 ‘ K1K2K3K4K5K6 (63)

To know which species dominates under certain conditions, a dis

tribution diagram can be prepared. This diagram describes any complex 

system in terms of the fraction of metal present as each species, with

out knowing the concentration of the species in the system. The only 

quantities required are the equilibrium constants.

The degree of formation (a) of a complex was defined by Bjerrum 

(1957) as the ratio:
= Wan (64)

where [ML^] is the complex ion concentration and [m ]̂ is the total metal 

concentration. It can be easily shown that:



where £l/j is the ligand concentration (ammonia for this case). For

the Cu-NHg system, 

ao =

the following series of equations can be developed: 

1
i+ejNHjl+e.2 [n h 3] 2+ b3 [n h 3] 3+ b4 [n h 3] 4+ b5 [n h 3] 5+ b6 [n h 3] 6 (66)

nt = BiplHj]

2 [NH3] 2+B3 [NH3] 3+B4 [NH3] 4+B5 [NH3] 5+B6 [NH3] 6 (67)

- V i W

a2 = (68)

a3 = «0B3 [ m 3] 3 (69)

a4 = *o*4 W 4 (70)

“5 = * 0 * 5 ^  5 (71)

a6 = 6 (72)

Butler (1964) reports the values of the stability constants for the six

copper ammine complexes as obtained by Bjerrum (1957). Figure 1 shows
+2 +2 that the Cu(NH^)^ and the Cu(NH^)^ ions are predominant for these

conditions. When the ammonia concentration is about 0.8 M (experimental
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+2conditions), the predominant species is Cu(NH ) . About 85 percent

+2 3 4of the copper is present as Cu(NH^)^ when [NH^] = 0.8 M at 30°C.

The Cu-CuO System 

When copper sulfides are leached under oxidizing conditions in 

the presence of ammonia, a definite stable region for the copper ammine 

complex (tetra-ammine, in this case) exists. The stability region of 

cupric ammine complex ions in aqueous solutions can be estimated if the 

following equilibria are considered (Tazawa et al., 1976):

NH* ^ NH3 + H+ (73)

k, - M B O  
Kl‘4-

+2Cu (NH3)^+ 2 Cu+2 + 4NH, (74)

[“®V» 1
+2 +

Cu(NH^) + H^O X CuO + 2H + 4NH3 (75)

_ [h1 2 [n h 3]4
3 "   ^  (75a)

[Cu(NH3)4 ]

By combining equations (73a) to (75a), the following expressions can be 

obtained:

Log[NH3] = Log{[NH3]+ [NHZ]}+Log K^+pH-Log{l+10 L°8 Kl+pH} (76)
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Log [ m y  - - I  Log K* + I  pH + I  Log [Cu(NH3y +2] (77)

*
where = 1/K^. Equating equations (76) and (77) gives:

Log { [ m y  + [NH4+] } = £  Log [ C u C m y  +2] - Log K1 - ̂  log K* -

Y  pH + Log (1 + 10 l°8 k1 + PH } (78)

+2According to this expression the stability region of Cu(NH^)^ can be

obtained if the values of and are known.
+2The stability region of Cu(NH ) was obtained for the case in3 4

which the concentration of the complex cupric ion was 0.05 M, the pH

varied from 7 to 12, and the temperature of the system was 50 and 75°C,

respectively. Figure 2 confirms that a narrow stability region for the 

Cu(NH^)^"1"2 exists. For example, at 50°C and 1 M { [NH^] + [NH^] } concen

tration, precipitation of cupric oxide occurs if the pH of the system 

does not lie within the range of 7.7 to 9.60. Precipitation of cupric 

oxide lowers the recovery of copper. Thus, during leaching in ammoniacal

systems, it is extremely important to keep the pH value of the solution
+2within the stability region of Cu(NH )3 4

Eh-pH Diagram

Potential-pH diagrams have become a very important tool for 

hydrometallurgists. On the basis of these diagrams, one is able to:

1) define the stability regions of the sulfide minerals (or any other 

mineral) in contact with aqueous solutions of selected composition, 2) 

identify new paths in which a sulfide mineral might be decomposed, and
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3) determine which species predominate in solution under specified 

conditions.

Several workers have reported the potential-pH diagram for the 

Cur-NHg-HgO system (Mattsson, 1961; Johnson and Leja, 1965; Hoar and 

Rothwell, 1970). Most of these diagrams, unfortunately, are only ap

plicable in corrosion studies since copper is selected as the stable 

reduced species. Peters (1976) has reported several potential-pH dia

grams for mineral sulfides such as copper, nickel, zinc, lead, and mo

lybdenum. Of particular importance is the diagram for copper sulfides 

(1 M NH^) presented in Figure 3. From this figure, several important 

features can be observed. First, in the upper portion of the diagram 

(0.1 to 0.8 volts) a definite stability region for the tetra-ammine 

cupric ion exists. Failing to work within the pH range of 7.5 to 11 

will result in the precipitation of cupric oxide. In addition, a po

tential of 0.1 for pH lower than 9.0 brings about the production of 

the cuprous di-ammine complex.
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EXPERIMENTAL APPARATUS AND PROCEDURE

Reactor System

The reactor is a 150 psi, one-gallon, type 316 stainless steel 

unit with removable baffles, internal cooling coil, and external heating 

jacket. All of the valves, lines, and fittings are type 316 stainless

steel. This, unit is available through the Bench Scale Equipment Com

pany, Dayton, Ohio. A \ horsepower variable speed motor with three in

terchangeable gear heads allows stirring rates from 9 to 5175 rpm. Three 

different impeller types are provided to give great flexibility to the 

system. The impeller set includes curved, straight, and pitched blade

turbines and propellers of various sizes. The drive shaft seal is of

the ceramic type. The basic system has been thoroughly described by 

Light (1975). A simplified diagram of the reactor system is shown in 

Figure 4. Process flows are shown as solid lines, while signal flows 

are designated by dashed lines.

Samples were drawn from the reactor through two filters. The 

first filter was located inside the reactor and consisted of a 100 mesh 

stainless steel screen backed with a 200 mesh stainless steel screen in

side a plastic fitting. The second filter, which was located outside 

the reactor and was replaceable, consisted essentially of the same parts. 

However, a filter paper (No. 1, Walthman) was located between the two 

screens. These filters insured that a clean solution sample could be 

obtained. The outside filter was changed often during a test because

33



Figure 4. Schematic Diagram of the Experimental Apparatus* 

D = variable speed drive 

FI = inside filter 

F2 = outside filter 

FC - coolant flow controller 

M = manometer 

P = pressure gauge 

Q = torque meter 

R = reactor 

T = thermocouple 

TB = constant temperature bath 

V = venting valve



IB
i------- [
! i— [

Figure 4. Schematic Diagram of the Experimental Apparatus.
u>



35

it tended to plug with fine, unreacted material. A new filter could be 

installed in less than 10 seconds.

Normally, 4 filter changes were made during a test. However, 

when sulfur or copper oxide was produced, the filter had to be replaced 

at least 8 times. In the former case, to obtain a 12 ml sample required 

about 10 seconds. However, when sulfur or copper oxide was present, 

about twice that time was required. During a test, a 5 ml wash sample 

was. taken before a sample was drawn.

Temperature Control System 

The temperature was controlled by a Forma Scientific, 7-gallon, 

constant temperature bath. The bath provided coolant in the temperature 

range of -30 to +70°G within +0.05°G. initially, the reactor contents 

were heated by using the external heating jacket. Once the reaction was 

initiated at the desired temperature, heat generated by the exothermic 

reaction was removed by coolant supplied to the internal coil through an 

on-off control valve actuated by a controller. A copper-constantan . 

thermocouple placed in the thermowell of the reactor measured any tem

perature fluctuation. Control of the reactor temperature within 0.1°C 

was possible.

Experimental Procedure 

Before the primary steps for reactor preparation, were made, the 

atmospheric pressure was recorded to allow for calculations on the basis 

of absolute pressure.
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The reactor was loaded with a 2500 ml NH -(NH,) SO, solution.3 4 2 4 ,
The unit was set in place and the system, pressurized with oxygen. 

Twenty-five milliliters of solution were drawn for pH measurement. Next, 

the reactor was tested for leaks. The system was vented several times 

to drive out any nitrogen, and then the reactor was pressurized to main

tain an oxygen atmosphere above the solution. The unit was brought to 

the desired temperature and the drive speed was adjusted. Then, 25 gram 

of concentrate were weighed.

When the temperature was adjusted, depressurization of the reac

tor was accomplished and several steps had to be carried out almost at 

the same time. First, the concentrate and the 25 ml pH sample were 

poured into the reactor using a funnel, inserted in the sampling port.

At the same time, the timer was started. The sampling port was then 

closed, the agitation started, and oxygen was allowed to flow on demand 

into the reactor.

Chemicals

All chemicals used in the study were Eastman, Matheson Coleman 

and Bell, or Mallinckrodt reagent grade. The ammonium hydroxide ana

lyzed 28-30 %/w NH and its specific gravity was 0.9. Sodium hydroxide3
and sulfuric acid were Used when pH adjustments were required.

Analysis Procedure 

The analysis procedure used, in this.study has been described 

thoroughly by Light (1975).
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From the 12 ml sample an aliquot of 10 ml was pipeted in a 

250 ml Erlenmeyer flask. Ten milliliters of a 1:1 sulfuric acid solu

tion was added to this aliquot to neutralize the solution. Then the 

sides of the beaker were washed down with distilled water and the sample 

was diluted to 100 ml. If sulfur was precipitated during the test, bro

mine was added to oxidize the sulfur to sulfate. The sample was then 

boiled to drive out any excess bromine. If sulfur was not present dur

ing the experiment, the oxidation with bromine was omitted. The diluted 

sample was analyzed for copper by an iodometric titration, as described 

by Light (1975),

The Chalcocite Sample 

The chalcocite sample used in this study was donated by the 

Phelps-Dodge Corporation at Ajo, Arizona, The mineral was broken into 

one-half inch pieces on a screw-type cleaving press, ground dry in a 

ceramic pebble mill, and carefully screened to obtain various size frac

tions, A detailed analysis of the -100, 4*150 mesh fraction was made, 

since this size was to be used for most of the experiments.. The chalco

cite contained 78,595 percent copper and 2,283 percent insolubles.

These values were assumed to hold for other sizes. Microscopic and 

x-ray diffraction examination indicated that no other sulfide minerals 

were present and that the major .contaminant was quartz.



EXPERIMENTAL RESULTS AND DISCUSSION

Reproducibility

The experiments in this study required considerable time to set 

up, run, and analyze. In addition, a limited amount of mono-sized chal- 

cocite was available for the leaching experiments. Due to time consid

erations and a limited mineral supply, it was not possible to run 

duplicate or triplicate experiments for each set of experimental con

ditions. Instead, the level of reproducibility that could be expected 

was established by carrying out three experiments at identical condi

tions. Figure 5 shows the leaching response for three experiments when 

the reactor conditions were 30°C, 5 psig, 1000 rpm, NH^/Cu = 7/1, and 

(NH^)^S0^/Cu =1/1. It is assumed that similar reproducibility would be 

obtained for other experimental conditions. Duplicate experiments were 

carried out only when there was some reason to question the data.

The Effect of Agitation

Stirring rates were varied from 200 to 1400 rpm to analyze the 

effect of this variable on the rate of chalcocite dissolution. Figure 6 

depicts the leaching response at different agitation levels when the 

other reactor conditions were 30°C, 5 psig, NH^/Cu = 7/1, and 

(NH ) SO/Cu = 1/1.
4 2 4

It is a well-known fact that an increase in the degree of agi

tation brings about an increase in the extraction rate. As agitation is 

increased, the solution boundary layer next to a solid particle is
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reduced to a minimum and consequently the diffusion of reactants 

through the film is enhanced. From Figure 6, it is seen that as the 

stirring rate was changed from 600 to 700 rpm a very drastic change in 

the rate of copper extraction occurred, but above 700 rpm no additional 

change in rate occurred. A possible reason for this behavior could be 

that at low. agitation rates the mineral particles are not well suspended 

in solution, and remain at the bottom of the reactor. When the driving 

speed was increased above a certain critical value (600 rpm), suspension 

of the particles was. achieved and the dissolution rate increased. It

was not possible to observe this phenomena directly in the closed

reactor. To eliminate the agitation as a variable in this system, 1000 

rpm was selected as the driving speed for all subsequent experiments.

The Effect of Ammonia and
Ammonium Sulfate

Forward and Mackiw (1955) reported that the effect of ammonia

concentration in the leaching of Hi, Cu, and Co sulfide concentrates is

complicated by the fact that the ammonia entering the leaching system

reacts in four different ways: 1) some is neutralized to NH+ , 2) some4
forms ammino-complexes, 3) some forms sulfamate, and 4) some remains as

NH_ in solution. Their study showed that an increase in the ammonia J
concentration caused an increase in the rate of leaching of the sulfides.

. Stanczyk and Rampacek (1966), when leaching copper sulfides at 

elevated temperature and pressure, noticed a similar increase in copper 

extraction when free ammonia addition was increased. Light (1975), who 

studied the dissolution of a chalcocite concentrate in. the oxygen-ammonia
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system, found an optimum ammonia to copper molar ratio of 7/1. Most re

cently, Tazawa et al. (1976) reported an optimum ratio of 7/1 for the 

leaching of chalcopyrite. They attributed the decrease in rate for 

lower ammonia-copper ratios to the presence of insufficient ammonia to 

dissolve all the copper as stable copper ammines.

The results of experiments carried out at 50°C, 5 psig, 1000 

rpm, and (NH^)^S0^/Cu = 1/1 for different ammonia to copper molar ratios 

are shown in Figure 7. Ammonia to copper molar ratios lower than about 

7/1 had the effect of decreasing the rate of copper extraction and the 

ultimate level of extraction. This is probably due to the formation of 

cupric oxide by hydrolysis of the ammine complexes (Reilly and Scott, 

1976b; Tazawa et al., 1976). The hydrolysis reaction may be written as:

Cu(NH ) +2 + H O t CuO + 2H+ + 4NH (79)3 4 3

For ammonia to copper ratios greater than 7/1, the rate of extraction 

remained practically unchanged. On the basis of these results, a 7/1 

ratio was selected for all subsequent experiments.

The role of ammonium sulfate in the leaching of chalcocite was 

investigated by varying the ammonium sulfate to copper molar ratio from 

1/2 to 4/1. Figure 8 shows the leaching response for ammonium sulfate 

to copper molar ratios of 1/2, 1/1, 2/1, and 4/1 with other conditions 

being 30°C, 5 psig, 1000 rpm, NH^/Cu = 7/1. There is no effect due to 

ammonium sulfate over a wide range of ammonium sulfate concentration. 

However, if ammonium sulfate is excluded from the system completely, the 

level of copper extraction is sharply reduced due to the precipitation
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of cupric oxide. In the absence of sulfate the interior of the reactor 

and all parts exposed to the solution were coated by an adherent brown 

layer of precipitate that could only be removed by charging the reactor 

with a fresh ammonia-ammonium sulfate solution which dissolved the 

precipitate.

Tazawa et al. (1976) explained the role of ammonium sulfate as

a buffering effect which maintains the solution pH in the stability re- 
+2gion for Cu(NH^)^ . In the absence of ammonium sulfate the hydroxyl 

ion produced during chalcocite dissolution causes a rise in pH and ul

timately causes hydrolysis and precipitation of cupric oxide.

Combining previous experience in this system (Light, 1975), the 

results given by other investigators, and the results obtained in this 

investigation, an ammonium sulfate to copper molar ratio of 1/1 was se

lected for further experiments.

The Effect of pH

The effect of pH on the dissolution of chalcocite is shown in 

Figure 9. All tests were obtained at 50°C, 5 psig, 100 x 150 mesh, 7/1 

ammonia to copper ratio, and 1/1 ammonium sulfate to copper ratio. It 

is seen that for pH greater than 11.0 the rate of copper recovery is 

dramatically decreased. This is due to the precipitation of cupric 

oxide, which was verified by x-ray diffraction analysis of leach 

residue.

Within the narrow region of pH in which cupric ammines are sol

uble (about 7.0 to 10.5), the second stage of chalcocite dissolution 

depends upon the hydroxide concentration. Unfortunately, due to the
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fact that changes in the second-stage rate are very small9 it was not 

possible to accurately determine the order of the reaction. The hy^ 

droxide reaction order has a small value which is no more than one-half. 

Theoretical analysis to be discussed later indicates that the reaction 

order is one-half.

Dissolution under 
a Nitrogen Atmosphere

The dissolution of chalcocite in the absence of oxidation was 

examined by carrying out an experiment in which the. oxygen atmosphere of 

the reactor was replaced with nitrogen. The conditions for this test 

were 30°C$ 10 psig nitrogen* 1000 rpm, NH^/Cu = 7/1, and (NH^^SO^/Cu = 

1/1. After 3 hours of leaching, less than 2 percent of the copper con

tained in the chalcocite was dissolved. This amount was probably due 

to surface oxidation of the chalcocite. When the reactor was opened at 

the end of the experiment, very clean, shiny chalcocite was floating on 

the surface of the solution. It was concluded that chalcocite is not 

leached in an ammonia solution without oxidation.

Mineral Transformations

A two-stage reaction occurs in the dissolution of chalcocite 

under the conditions of this study. Figure 5 shows that in the first 

stage copper is dissolved very rapidly, while in the second stage, a 

linear relationship exists (the rate is constant) and the dissolution of 

copper is much slower than in the first stage.

Other investigators (Sullivan, 1930; Thomas et al., 1967;

Fisher and Roman, 1971) have shown that chalcocite reacts in two stages
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during oxidation leaching and that a covellite-like intermediate mineral 

is formed. Marcantonio (1976) showed that during ferric sulfate leach

ing chalcocite first transforms to digenite and then forms blue- 

remaining covellite of the composition Cu^

X-ray diffraction analysis and microscopic observation of par

tially leached particles confirmed that the intermediate mineral known 

as blue-remaining covellite forms in this system. On the basis of this 

observation and the results of other investigators, the following se

quence of mineral transformations is suggested for the dissolution of 

chalcocite in the oxygen-ammonia system:

1st Stage
Cu2S -* Cu1 ^8 -* Cu1 2S (80)

2nd Stage
Cu1 2 S + SO" 2 (81)

The Effect of Temperature 

The effect of temperature on the dissolution of chalcocite was 

examined over the range 15 to 75°C. The concentration of oxygen dis

solved in the solution was maintained constant, at the value achieved 

with 5 psig at 30°C, by adjusting the pressure for each temperature.

The pressure needed to achieve the desired oxygen solubility was calcu

lated from Henry’s law. The other variables in these experiments were 

held constant at 1000 rpm, NH^/Cu = 7/1, and (NH^)^S0^/Cu = 1/1. Figure

10 illustrates the leaching response at 15, 30, 40, 50, and 75°C. The

second stage of reaction was not reached at 15°C.



PE
RC

EN
T 

E
X

TR
A

C
TI

O
N

O 15.6 °C 
0  30.0 
0 40.0 
•  50.0 
A 75.0

100

80

60

40

20

40 60 8020 100
TIME (minutes)

120 140 160 180

Figure 10. Chalcocite Leaching Response as a Function of Temperature.



50
An interesting observation for the experiment at 75°C was that 

sulfur was present throughout the second stage (after about 30 minutes 

of reaction initiation). Its presence was confirmed by digesting the 

leach residue in carbon disulfide and evaporating the liquid. A yellow 

residue was left after evaporation of the carbon disulfide, confirming 

the presence of sulfur. In addition, x-ray analysis of the leach resi

due confirmed the presence of orthorhombic sulfur. The significance of 

this observation will be discussed in another section.

The temperature dependency of the rate constant is given by the 

Arrhenius equation:

d(ln k ) _ Ea ,on\
«  - ^ 2  ™

where k is the rate constant, T is the absolute temperature, R is the 

gas constant, and Ea is the activation energy of the reaction. The inte

grated form of this equation is given by:

ln(k) = — — + In (A) (83)RT

A plot of ln(k) vs. 1/T should give a straight line of slope -E^/R. If 

rate is substituted for the rate constant in the integrated Arrhenius 

equation, the value of E^/RT remains unchanged and only the value of A 

is effected. Therefore, a plot of In(Rate) vs. 1/T can be used to

evaluate the activation energy for a reaction. Subsequent analysis will

show that the first stage of dissolution is directly proportional to the 

initial surface area of the chalcocite. Consequently, leaching data
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for different particle sizes can be normalized for surface area so that 

it can be compared directly.

The rate of dissolution in the first stage was determined in the
ofollowing manner. A polynomial curve of the form, y = a + bx + cx was 

fitted to the fraction reacted as a function of time data using a least 

squares technique. Since the rate of reaction is the instantaneous 

slope of the fraction reacted, as a function of time curve, the rate was 

determined by evaluating the derivative of the polynomial curve equation 

at each point. These values of rate were then used to construct an 

Arrhenius plot for the first stage of dissolution.

Figure 11 is an Arrhenius plot using ln(Rate/Ao) vs. 1/T with the 

rate calculated at 10 percent extraction. This figure shows a change in 

reaction mechanism at about 35°C. In the low temperature range (15 to 

35°C), the activation energy was found to be 17.41 kcal/mole, which sug

gests a chemical reaction control. For the high temperature range (35 

to 75°C), the activation energy was 6.23 kcal/mole. Fisher and Roman 

(1971) reported an activation energy of 6.59 kcal/mole for the dissolu

tion of chalcocite in sulfuric acid solutions. Warren (1958) found an . 

activation energy of 6.6 kcal/mole for the first stage of chalcocite

dissolution in sulfuric acid solutions, at an oxygen pressure of 40 psi,
oand over the temperature range 100 to 200 C, This low value of activa

tion energy indicates, rate control by a diffusional process.

.Figure 10 shows that during the second-stage reaction there is a 

linear relationship between the fraction extracted and time (no, change 

in rate). Therefore, the rate of the second-stage reaction was
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determined as the slope of a line fitted to the fraction reacted as a 

function of time data by a least squares analysis. The Arrhenius plot 

for the second stage shown in Figure 12 does not have a change in slope 

indicating a change in mechanism. The value of the activation energy 

for the second stage is 11.15 kcal/mole. This activation energy sug

gests that a chemical reaction controls the second stage of chalcocite 

dissolution.

First Stage Mechanisms 

Using the reproducibility and temperature results as a guide, 

experiments were designed to study the effect of oxygen, surface area, 

and pH in the first stage to develop .rate equations and gain an under

standing of the reaction mechanisms.

Low Temperature Oxygen Effect

The Arrhenius plot for the first stage of the reaction shows 

that dissolution occurs by two mechanisms, depending on the temperature. 

Therefore, experiments were performed at 30 and 50°C under oxygen pres

sures ranging from 5 to 20 psig to determine the effect of oxygen.

Figure 13 shows the effect of oxygen pressure at 30oC, 1000 rpm,

NHg/Cu = 7/1, and (NH^)^S0^/Cu = 1/1. There is no effect due to oxygen 

pressure in the first stage of dissolution in the low temperature re

gion. In addition, there is no effect due to changes in hydroxide con

centration over the pH range 9.0 to 10.1. The only other variable that 

might effect the first-stage reaction is surface area.
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Leaching Models

Through the years, different models have been proposed to de

scribe reactions involved in non-catalytic heterogenous systemse . Great 

success has been attained when analyzing gas-solid reactions* However, 

it has been found that some models, originally proposed for gas-solid 

reactions, can be applied equally well to systems involving liquid- 

solid reactionso

Levenspiel (1962) described two of the models most currently 

used for non-catalytic heterogeneous reactions; the so-called continuous- 

reaction model and the unreacted-core model* In the first case, it is 

assumed that the reactant fluid enters and reacts at different rates 

-“"and locations within the particle. Therefore, the solid reactant is 

converted continuously and progressively throughout the particle. On 

the other hand, the second case assumes that the reaction is occurring, 

first at the outer skin, of the solid, and then moves into the particle 

leaving behind a layer of converted material and. inert solid known as 

an ash layer. The unreacted-core model will be considered in detail 

here.

The unreacted-core model involves five steps, of which one or 

more may be rate controlling depending upon the conditions of the sys

tem. The steps considered in this model are as follows:

1 ) diffusion, of the fluid reactant through the fluid film (boundary 

layer) surrounding the particle,

2 ) diffusion of the fluid reactant through the ash layer to the 

surface of the unreacted core.
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3) chemical reaction at the unreacted-core surface,

4) diffusion of products through the ash layer back to the particle 

surface,

5) diffusion of products through the fluid film back into the bulk 

solution.

For the analysis of data obtained for the low-temperature, first-stage 

process two situations are of interest; chemical reaction control at the 

unreacted-core surface and control by diffusion through the ash layer. 

For the discussion that follows, assume the following reaction to occur:

where the subscripts f and s refer respectively to the fluid and solid 

phases. Further, assume steady-state conditions and particles of spher

ical shape.

reaction is independent of any ash layer formed and the rate of reaction 

is proportional to the surface area available at the unreacted core. 

Assuming a first-order dependence on A, one may write:

A(f) + B (s) P&ODUCTS (84)

Chemical Reaction Control. In this case, the progress of the

(85)

The minus sign is necessary because A is being consumed as time advances, 

n^ is the moles of A at any time, r is the radius of the unreacted-core 

surface in cm, t is the time in minutes, C^ is the concentration of A in
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Omoles/cm , and k is the rate constant for the surface reaction in s

cm/min. The number of moles of B (n^) is given by:

nB = PBV (86)
3where is the molar density of B in moles/cm and V is the volume of

0the particle in cm . Since the disappearance of B causes the volume of 

the particle to decrease, an expression for this change in volume may 

be easily obtained from equation (8 6). Thus, assuming constant solid 

density:

dnB = PgdV = pgd(4/3nr^) = 4p^IIr^dr (87)

From reaction stoichiometry:

1 dnB = _L__
4nr2 dt 4nr2 dt (88)

Combining equations (85), (87), and (8 8 ), the following expression is 

obtained:

^ B  if = ksCA <89>

Now, if the fraction converted (a) is defined as:

a = initial mass of reactant B - mass of reactant B at t
initial mass of reactant B (90)

or
(mB)o - (mB)t (91)
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This equation can be transformed to an expression in which a is given 

as a function of the radius of the particle:

MB (4/3Hr^) - MB (4/3lIr3) 
a = ---------------- q-------  (92)V 4/3nro)

or,
r3 ~ r3 ,

“ =   3---  - 1 - tr ) (93)
r oo

Substituting equation (93) into equation (89) yields an expression in 

which the fraction converted is given as a function of time:

1 pBro d
3 (1-C02/3 dt = ks CA (94)

Integration of this equation from a= 0 to a= 1 at t = 0 and t = t, re

spectively, gives the general equation for the case in which a chemical 

reaction at the unreacted-core surface is the rate controlling step:

1/31 - (1 -a) = kt (95)

where

k = ^  (95a) 

1/3A plot of 1 - (1 - a) vs. t should give a straight line with slope 

equal to k if this model is valid for the system under consideration.

Equation (95) works well for systems in which no ash layer is 

formed and only shrinkage of the particle occurs (Levenspiel, 1962).
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Ash Layer Diffusion. The equation describing this situation is 

developed in a manner similar to that of reaction at an unreacted core. 

However, in this case, a two-step analysis is required to avoid complex 

mathematical solutions. First, a quasi-steady state is considered in 

which the rate of shrinkage of the unreacted core is smaller than the 

rate of diffusion of A. Further, it is assumed that the shrinkage rate

can be neglected and for the purpose of the analysis the unreacted core

is considered to be stationary. The second step of this analysis in

volves an integration of the expression obtained in the first step from

r = rQ to r = 0. Keeping in mind these assumptions, the rate of reaction

of A is given by:

- dnA 2
"di " 4IIr JA <96>

2where is the molar flux of A in moles/cm -min. For equimolar diffu

sion, Fick's law gives the following expression for

dCAJA = D (97)

2where D is the coefficient of diffusion in cm /min. Substitution of 

equation (97) into equation (96) yields:

d n A  9 dCA- = 4llr D — A  (98)dt dr

For steady-state conditions:

d2C, dC,
   = 0 and — 2. = CONSTANT (99)
d r dr
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Thus, equation (98) can be integrated across the ash layer (from rQ to

r) as shown below: r=r C =0 A

I r l  4  = 4nD

"CA=CAt

dC (100)

or.
dn,
dt

1-1 
r r.

= 4nDC (100a)

owhere = bulk concentration of A in moles/cm . Notice that the reac

tion is assumed to occur immediately and that no build-up of reactant A 

occurs on the unreacted-core surface. From equations (87) and (8 8)

d n A dn-n o= _ B  = 4npBr2dr (101)

Upon substitution of expression (101), equation (100a) becomes:

-4npR(l/r - 1 /r )r2 dr = 4nDC 
a 0 dt ^

Equation (93) is substituted into equation (102) to give:

(102)

pBro
(1 - a)1/3

da = DC. dt 
\

(103)

Upon integration of this expression, at the limiting conditions t = 0, 

a = 0, and t = t, a = a, equation (103) becomes:

1 - (1 - a)2 ^2 - -It = k't 3 (104)
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Where 2DCA.
k ? =    (104a)

PBro

2/3 2A plot of 1 - (1 - a) - —  a vs. t should give a straight line of slope 

k ? if diffusion through an ash layer controls the reaction rate.

Mixed Rate Control. What happens when both the rate of chemical 

reaction at the unreacted core and diffusion of reacting species through 

an ash layer are important as the reaction proceeds? For that case, a 

model involving both rate controlling processes can be developed.
If expressions (85), (98), and (99) are rearranged, we can

write:

\ dn* o
—  = 4Itr ksCAg (105)

dn. dc.
A  = 4nr2D — A  (106)

and

dt dr

dZCA
- y ^  = 0 (107)
dr

Since the surface reaction is considered to be one of the rate control

ling steps, the concentration of A at the unreacted-core surface is not

zero, but has a finite value. Let this concentration be . On the
s

basis of this assumption, integration of equation (106) from r = rQ,

CA = CA, t0 r = r’ CA = CA 8ives:

dn* 4:0(0. - C. )
dt i  _ 1 

r r
(108)

o



Additional simplification of this equation leads to:
63

dnA 4I1Drro (CAS - CAb ) 
dt rQ - r

Equating (105) and (109) and solving for gives:
s

CAb
CAs = 1 + ksr(ro - r)

D ro

Substituting equation (110) in equation (105) yields

<i"A .
dt JL + r Cro - r)

ks D r o

(111)

From equations (93) and (101), dn^ as a function of a is given as:

dnA =-VopBda (H2)

where

Substituting equations (93) and (112) in equation (111), we obtain:

TT -v* ̂  /I  _  ^ \ 2 / 3 ,  _______________________________________________________

\  + r0 (l-a)1/3 [l-(l-ci)1/3]
_VopB l| = -4nr0 (1 - a) A.   (H3)

k. D

or» 2/33C^(l-a)Z/d

PB dt " ro _1 + ro(l-a)l/3 [l-(l-a)l/3]/D
ks
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Integrating equation (113a) from t = 0, a = 0 to t = t, a = a yields:

1 - 2/3a - (1 - a )2/3 + 6(1 - (1 - ct)1/3) = SC. t (114)
b

where

2D and 5 = 2D
roks PBr2

This expression may also be written as:

1 - 2/3a - (1 - a)2/3 + 6(1 - (1 - a)1/3) =  k"t (115)

where

k" = 6C. (115a)

2/3 1/3A plot of 1 - 2/3a - (1 - a) + 6(1 - (1 - a) ) vs. t should give a

straight line passing through the origin with slope equal to k" if such

a mixed model applies to the leaching system.

When testing equations (95) and (104) for several sets of experi

mental data, it was noticed that the surface reaction equation fitted 

the data very well in the first 30 minutes of reaction but it failed to 

fit the experimental results beyond that time. On the other hand, the 

product layer diffusion model showed linearity after 30 minutes.

Figure 14 is a plot of the three models using data from an experiment 

at 22.6°C, 2.43 psig, 48 x 65 mesh particles, 1000 rpm, NH^/Cu = 7/1, 

and (NH^)^SO^/Cu =1/1. As shown in the figure, the data is linear

for the entire experiment and the intercept is near zero, as would be

expected if the mixed model is correct. Figure 15 is an Arrhenius plot
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for the surface reaction control model and for the product layer diffu

sion model. The activation energy for the chemical reaction at the un

reacted core is 16.0 kcal/mole. This value agrees well with the 17.6 

kcal/mole value obtained from data at 10 percent extraction which is 

within the extraction range effected by the surface chemical reaction 

model. The activation energy for the ash layer diffusion model is 13.8 

kcal/mole, which is acceptable for a pore diffusion process.

The low-temperature, first-stage reaction rate is independent of 

oxygen pressure and pH. The reaction is controlled by a surface reac

tion at an unreacted core for extractions up to about 10 percent and by 

diffusion through an ash layer for extractions from 10 to 40 percent.

The equation for the mixed model is given by equation (115).

High-temperature Oxygen Effect

Figure 16 illustrates the effect of oxygen in the first stage 

of the reaction when the pressure was varied from 5 to 20 psig at 50°C. 

The other variables were held constant at 1000 rpm, NH^/Cu = 7/1, and 

(n h4)2so4/cu = 1/1.

The reaction order with respect to oxygen can be determined by 

assuming that all other variables are constant at the same level of ex

traction for each test and proposing the general rate law:

Rate = kAo [02]n (116)

where k is the rate constant, Aq is the original surface area, n is the 

reaction order, and is the concentration of oxygen. Taking loga

rithms of both sides, this equation becomes:

In [~M--e] = Ink + nln [02] (117)
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A plot of Inpfet.8] vs. In[C^] should give a straight line of 

^o
slope n and an intercept of Ink. The logarithm of [rate/A0] at 10 per

cent is plotted against the logarithm of the oxygen mole fraction in 

Figure 17. The value of n calculated by a least squares method is 0.99. 

The reaction order with respect to oxygen is therefore taken to be 1.

High-temperature Reaction Model

Marcantonio (1976) found that the kinetics of the first stage of 

leaching of chalcocite in acidic ferric sulfate solutions depended on 

the concentration of mobile cuprous ions in the mineral. As the reac

tion proceeds, the remaining copper becomes fixed in a new phase called 

blue-remaining covellite and this copper is not mobile. Marcantonio 

(1976) reported that this situation was described by the following 

reaction:

(Cu+)2S“ 2 -+ Vcu' + Cu+ 2S~ 2 + Cu+ (m) (118)

where Vcu’ is a cuprous ion vacancy. Additionally, the structure of 

covellite as given in this reaction is unstable and changes to:

Cu+2S~2 ■> !s(Cu+ )2 (S2)'2 (119)

The concentration of cuprous ions in the lattice would be given by:

[Cu+ ] 1 = (1 - ^ ) [ C u + ]o (120)
o

where [cu+]^ = cuprous ion concentration, grams/cm^

[Cu"*~] = the initial concentration of cuprous ions in the lattice,
grams/cm^
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a = the upper limit of fraction extracted in the first stage, 
° 0.4

a = the fraction of copper extracted at any time

Assuming that the high-temperature, first-stage reaction rate is direct

ly proportional to the initial surface area, the oxygen pressure and

the concentration of mobile cuprous ions in the mineral lattice, a rate 

equation of the following form can be written:

= tAo[°2]a - s_) (121)

This equation can be easily integrated when oxygen pressure is considered 

to be constant:

-a t
r r % 3  = kAo L°2] f  dt (122)

“o

or.

In 1 - a/<x0 -k[02]t
K  = ™

(123)

Figure 18 is a plot of ln(l - a/ aQ)/Aq v s . t for several experiments at 

50°C, 5 psig, 1000 rpm, NH^/Cu = 7/1, and (NH^)^S0^/Cu = 1/1 using dif

ferent initial particle sizes. The linearity of the data for all par

ticle sizes confirms the proposed rate law given by equation (123). The 

low value of 6.23 kcal/mole for the activation energy of this process 

indicates that rate controlling step is probably a diffusion process.
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Shuey (1975) reports that the activation energy for diffusion of cuprous 

ions in the chalcocite lattice is about 5.5 kcal/mole. The close com

parison of activation energies may indicate that the diffusion of cu

prous ion in the chalcocite lattice controls the dissolution rate.

Below about 35°C the dissolution of chalcocite is controlled by 

a mixture of surface reaction at an unreacted core and diffusion through 

an ash layer, as summarized by equation (115). The activation energies 

for the two processes are respectively 16.0 and 13.8 kcal/mole.

Above about 35°C the rate of dissolution is represented by 

equation (123). The rate controlling process may be diffusion of cu

prous ion in the chalcocite lattice. The activation energy for the 

high-temperature mechanism is 6.23 kcal/mole.

Second Stage Mechanism 

Based upon mineralogical findings, the second stage of chalco

cite dissolution in ammoniacal systems involves the following 

transformation:

Cu^ 2S * S04 "2 (124)

That is, the blue-remaining covellite transforms to sulfate during this 

second stage. By analogy with the work of Marcantonio (1976), it ap

pears that the rate controlling step involves an electrochemical reac

tion. Moreover, since the blue-remaining covellite forms as equal-sized 

crystallites of the same surface area, the rate of reaction will not be 

affected by particle size. Further experiments were carried out to in

vestigate the effects of other variables such as oxygen pressure. In



addition, several experiments were made to further corroborate that the 

rate of second stage does not depend upon the particle size.

The Effect of Oxygen

Experiments were carried out at 5, 10, 15, and 20 psig oxygen 

pressure to determine the effect of oxygen on chalcocite dissolution.

The leaching response for these experiments is shown in Figure 16. The 

rate of both the first and second stage of dissolution increases as the 

oxygen pressure increases. The slope of the linear, second stage re

gion of each curve was calculated using a least squares technique. The 

calculated rates were used to plot log rate vs. log oxygen fraction in 

solution, as shown in Figure 19, to find the order of the reaction with 

respect to oxygen. The reaction order, which is the slope of the line, 

was found to be 0.65. These experiments were very sensitive to any per

turbation of the system. Therefore, although the experimental value for 

the order of the reaction was 0.65, a value of 0.50 was selected as the 

most reasonable reaction order.

The Effect of Surface Area

Sullivan (1930), when leaching chalcocite in acidic solutions, 

noticed that the rate of reaction in the second stage was independent of 

particle size. Unfortunately, he was not able to explain this behavior 

because, of the lack of information on mineralogical structure. Forty- 

six years later, Marcantonio (1976), working with a similar system, 

found that the second stage of dissolution was characterized by the
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presence of equal-sized blue-remaining covellite crystallites. He ob

served that the size of the crystallites was independent of initial 

particle size. Since the blue-remaining covellite material was very 

porous, leaching of all the crystallites occurs simultaneously. Conse

quently, the rate of the second stage is not influenced by initial par

ticle size. Similar results were obtained in this investigation.

Figure 20 shows that the second stage of chalcocite dissolution in the 

ammoniacal systems does not depend upon particle size. The curve for 

-28 + 35 mesh particles has not reached the second stage. However, as 

the percent extraction approaches the second-stage region, the rate be

gins to decrease to a value similar to all the other particle sizes.

Experimental Rate Law

The rate of the second-stage reaction has been found to de

pend on the oxygen pressure to the one-half power, to be independent of 

initial surface area, and to be dependent on the hydroxide concentra

tion to a low power. The exact effect of hydroxide ion could not be 
*

determined with the available data, but it is known to have a reaction 

order of no more than one-half. Therefore, the rate of reaction can be 

represented by:

d<<9 ,
^  = k2 (02 ) 2 (0H~) (125)

where a represents a small reaction order no more than one-half.
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Electrochemical Model

The kinetics of the second stage of chalcocite dissolution 

can be explained by an electrochemical model. If covellite is assumed 

to be the reacting species in the second stage, the anodic and cathodic 

reactions may be written as:

CuS + 8OH” -+ Cu+2 + SO^ 2 + 4H20 + 8e“ (126)

02 + 2H20 + 4e~ -»» 4OH-* (127)

In addition, the current density, i, generated in such a short circuited 

system is related to the mixed potential by the Butler-VoImer equation 

(Vetter, 1976):

i = nFlti? exp(3zFEm /RT) - nFkC exp(|l - g|zFE^/RT) (128)

where n = total number of electrons transferred in the anodic or
cathodic electrode reactions

k,k = rate constants for the forward (anodic) and reverse (cath
odic) directions of an individual half-cell reaction

-vC,C = concentrations of the reacting species for the forward and 
reverse directions

8 = symmetry factor or transmission coefficient

z = number of electons transferred in the rate determining step
(usually taken as one)

Em = mixed potential

F = Faraday’s constant

R = gas constant

T = absolute temperature
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For reactions (126) and (127) the Butler-VoImer equation transforms to:

z6aFEm /RT = -z(l - ga)FE /RT
ia = 8Fka (0H”) e - 8Fka (Oi )(S04 ) e (129)

-> _ zg FE /RT 4- —z (1 - 3 )FE /RTic = 4Fkc (0H ) e c m - 4Fkc (02) e c m  (130)

For higher anodic charge-transfer overvoltage, the second term in equa

tion (129) can be neglected (Vetter, 1976):

_ zeaFE /RT
ia = 8FSa (0H‘) e a m (131)

Similarly, for higher cathodic charge-transfer overvoltage the first 

term in equation (130) can be neglected:

4- -z (1 - 3J F E  /RT
ic = -4Fkc (02) e c m (132)

For electrodic reactions, it is reasonable to assume that the overall

reaction occurs in a series of steps which involves the transfer of only

one electron. This is because the activation energy for multi-electron 

transference is prohibitively high. Additionally, it is known that:

ia = -ic (133)

6a + 8c = 1 (134)

Thus, substitution of expression (134) into equations (131) and (132) 

and application of equality (133) yields:

e6aFV RT
|2l(0H-) (135)



Substitution of this equation into equation (131) gives:

80

ia = 8F (OH")15 (136)

Since for any electrochemical reaction:

it follows that:

dn
dt

^aAa 
Na F

(137)

dn
dt

i A a a
8F (138)

where = number of moles of copper in the mineral sample

A = anodic area a

Also:

da
dt

1 dnCu 
Nq dt (139)

Substitution of equation (139) into equation (138) gives

da
dt

V a
8N (140)

da _ 
dt - N_

kakc
2 (OH")*5 (Oj)*5 (141)

This equation states that the rate of reaction of the second stage is 

directly proportional to the concentration of hydroxide and oxygen each 

to the one-half. Integration of this equation for constant oxygen and 

hydroxide concentrations gives an equation which corresponds to that of 

a straight line:
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a = k't + C (142)o

where

(0H-)% (0%)̂

Cg = integration constant

Summary

Within the temperature range of 30 to 75°C, the second stage 

of chalcocite dissolution is controlled by a surface reaction of elec

trochemical nature, as summarized by equation (141). The activation 

energy for this step is 11.23 Kcal/mole. The electrochemical model pre

dicts a half-order dependence on oxygen pressure which was corroborated 

experimentally. The half-order dependence on hydroxide concentration 

predicted by the electrochemical model was not corroborated from data 

analysis due to the lack of information. However, the experimental data 

does indicate a low-order (<0 .5) dependence on hydroxide concentration. 

Therefore, equation (141) is a reasonable model for the second-stage 

reaction.



CONCLUSIONS
/

1) In the aimnoniacal system, the dissolution of chalcocite was 

found to occur in two main stages. Chalcocite particles convert 

first to a copper-deficient sulfide (probably digenite), then to 

blue-remaining covellite and finally to sulfate and soluble 

copper.

2) Below about 35°C, the first stage is controlled by a mixed mech

anism in which first a surface reaction and then diffusion . 

through the boundary layer control the. reaction rate. In this 

temperature region, the first stage is independent of oxygen 

pressure and pH.

3) Above about 35°C, the first stage appears to be controlled by 

diffusion of cuprous ions in the chalcocite lattice. In this 

temperature region, the first stage depends directly upon the 

oxygen pressure, initial particle size, and the pH.

4) The second stage of chalcocite dissolution is:controlled by a 

surface reaction in which electron transfer seems to be the rate 

controlling step. The second stage responds to a half-order de

pendence on oxygen concentration and hydroxide concentration.
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Table 1.1. Summary of Data Presented in Figure 5.
Conditions

Temperature; 30°C
Pressure; 5 psig
NHg to Cu molar ratio; 7/1
(NH,)„SOa to Cu molar ratio; 1/1
Initial pH; 10.1
Feed size; 100 x 150 mesh
Stirring speed; 1000 rpm

Time 
(Minutes)

Fraction of 
Cu Extracted

Time 
(Minutes)

Fraction of 
Cu Extracted

Time 
(Minutes)

Fraction of 
Cu Extracted

3.82 0.0716 3.26 0.0767 2.04 0.0503
6.50 ■ 0.1529 6.56 0.1327 5.06 0.0952

10.15 0.1881 9.96 0.1982 9.95 0.1745
15.00 0.2471 15.00 0.2408 14.97 0.2433
30.00 0.3575 29.81 • 0.3428 30.20 0.3193
60.00 0.4759 59.77 0.4861 60.09 0.4579
90.00 0.5151 89.85 0.5130 90.14 0.5054

120.00 0.5346 120.21 0.5349 120.17 0.5198
150.00 0.5394 149.78 0.5349 150.14 0.5340
180.00 0.5537 180.00 0.5493 179.98 0.5388



Table 1.2. Summary of Data Presented In Figure 6.
Conditions

Temperatures
Pressures
NH3 to Cu molar ratios 
(Nlfy^SO^ to Cu molar ratio; 
Initial pH:
Feed sizes 
Variables

__________ 200 rpm_______.
Time

(Minutes)
1.87 
4.96
9.87 

15.02 
30.00 
60.00 
89.82

121.83
149.92
179.92

Fraction of.
Cu Extracted 

0.0102 
0.0152 
0.0203 
0.0252 
0.0303 
0.0401 
0.0499 
0.0595 
0.0643 
0.0740

30°C 
5 psig 
7/1 
1/1 
10.1
100 x 150 mesh 
Stirring speed

400 rpm
Time

(Minutes)
2.00
4.91
9.7-0

16.00
29.87 
59.96
89.88 

119.89 
150.00 
179.93

Fraction of 
Cu Extracted 

0.0153 
0.0203 
0.0253 
0.0304 
0.0354 
0.0452 
0.0598 
0.0696 
0.0792 
0.0887

600 rpm
Time

(Minutes)
1.84
5.00
9.75
14.90
29.93
59.85
90.00
120.00
150.00
179.71

Fraction of 
Cu Extracted 

0.0151 
0.0252 
0.0302 
0.0450 
0.0500 
0.0622 
0.0984 
0.1129 
0.1271 
0.1414

00in



Table 1.2, Continued.
___________ 700 rpm______ ____

Time Fraction of
(Minutes) Cu Extracted

1.96 . 0.0356
4.89 0.0861
9.93 0.1413

14.89 0.2139
29.88 0.2802
60.03 0.4275
89.89 0.4860
120.06 0.5101
149.87 0.5245
179.85 0.5245

 1200 rpm______ ___
Time Fraction of

(Minutes) Cu Extracted
1.66 0.0478
4.93 0.1059
9.84 0.1898

15.52 0.2522
29.71 0.3607
60.05 0.5044
90.05 0.5299

120.32 0.5450
150.02 0.5501
179.79 0.5601

________ 800 rpm__________   1000 rpm__________
Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
1.84 0.0356 2.04 0.0503
4.93 0.0760 5.06 0.0952
9.89 0.1312 9.95 0.1745

14.89 0.1960 14.97 0.2433
30.00 0.2801 30.20 0.3193
59.,90 0.4273 60.09 0.4579
89.97 0.4858 90.14 0.5054

119.90 0.5100 120.17 0.5198
149.95 \ 0.5244 150.14 0.5340
179.79 0.5291 179.98 0.5388

 1400 rpm _____
Time Fraction of

(Minutes) Cu Extracted
1.84 0.0457
5.68 0.1011
9.97 0.1562

15.01 0.2059
30.38 0.2948
60.15 0.4368
90.03 0.4903

119.83 0.5145
149.76 0.5193
179.89 0.5240
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Table 1.3. Summary of Data Presented in Figure 7.
Conditions

Temperature:
Pressure:
(Nlfy^SO^ to Cu molar 
Initial pH:
Stirring speed:
Feed size:
Variable:

4/1

ratio:

50°C 
5 psig 
1/1 
10.10 
1000 rpm 
100 x 150 mesh 
NHg to Cu ratio

7/1 10/1
Time Fraction of Time Fraction of Time Fraction of
(Min.) Cu Extracted (Min.) . Cu Extracted3, (Min.) Cu Extracted

2.00 0.0455 2.00 0.0860 1.85 0.1069
4.94 0.1311 5.00 0.1710 4.85 ■: 0.1928
9.80 0.1961 10.00 0.2645 10.07 0.2732

14.83 0.2555 15.00 0.3274 14.91 0.3479
30.00 0.3638 30.00 0.4285 30.00 0.4666
60.04 0.4127 60,00 0.4863 59.84 0.5108
90.17 0.4224 90.00 0.5053 89.96 0.5254

120.00 0.4176 120.00 0,5245 119.97 : 0.5351
150.39 0.4033 150.00 0.5425 149.96 . 0.5495
179.99 0.4033 180,00 0.5620 180.11 0.5638
aAverage.
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Table 1.4. Summary of Data Presented in Figure 8 .
Conditions

Temperature: 30°C 
Pressure: 5 psig 
Feed size: 100 x 150 
Stirring speed: 1000 rpm 
NHg to Cu molar ratio: 7/1 
initial pH: . 10.10

mesh

Variable: (NH4 )2S04 

i/i

to Cu molar ratio

2/1
Time Fraction of Time Fraction of

(Minutes) Cti Extracted (Minutes) Cu Extracted
2.04 0.0503 1.93 0.0356
5.06 0.0952 4.67 0.1114
9.95 0.1745 10.16 0.1717

14.97 0.2433 15.00 0.2265
30.20 0.3193 30.12 0.2958
60.09 0.4579 59.95 0.4431
90.14 0.5054 89.78 0.5016

120.17 0.5198 120.24 0.5210
150.14 0.5340 149.99 0.5258
179.98 0.5388 

4/1

179.97

1/2

0.5401

Time Fraction of Time Fraction of
(Minutes) Cu Extracted (Minutes) Cu Extracted

1.95 0.0254 1.82 0.0356
4.80 0.0813 5.34 0.0811
9.91 0.1668 10.00 0.1914

15.13 0.2117 16.48 0.2113
30.06 0.3109 31.25 0.2954
60.15 0.4437 59.92 0.3983
90.21 0.4974 90.35 0.4666

120.09 0.5072 120.08 0.4811
149.89 0.5216 149.92 0.5051
179.87 0.5359 180.08 0.5241



Table 1.5. Summary of Data Presented in Figure 9..
89

Conditions '
Temperature: 50°C
Pressure: 5 psig

• Stirring speed: 1000 rpm
NHg to Cu molar ratio: 7/1
(NHa^SO^ to Cu molar ratio: 1/1
Feed size: 100 x 150 mesh
Variable: Initial pH

pH = 9.0    pH = 9.5
Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
1.82 0.0734 1.97 0.0883
4.86 0.1311 • 4.91 0.1909
9.96 0.2109 10.00 0.2704

15.05 0.2679 15.00 0.3346
30.00 0.3663 30.11 0.4326
59.87 0.4322 59.90 0.4983
90.00 0.4492 90.00 0.5201

119.87 0.4685 120.05 0.5272
150.00 0.4709 150.00 0.5439
180.00 0.4779 179.96 0.5627

pH = 10.1 pH = 11.0
Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
2.00 0.0860 2.00 0.0528
5.00 0.1710 4.89 0.1375

10.00 0.2645 10.05 0.1946
15.00 0.3274 14.98 0.2511
30.00 0.4285 29.95 0.3708 .
60.00 0.4863 59 99 0.3732
90.00 0.5053 89.92 0.3732

120.00 0.5245 120.00 0.3924
150.00 0.5425 150.03 0.3379
180.00 0.5620 179.95 0.3379

pH = 12.0
Time , Fraction of

(Minutes) Cu Extracted "
2.02 0.0256
4.96 0.0459

10.05 0.1014
15.15 0.1514
30.34 0.1713
60.25 0.1417
80.01 ... o^1320



Table 1.6. Summary of Data Presented in Figure 10.
Conditions

Stirring speed: 1000 rpm
NHg to Cu molar ratio: 7/1
(NH,)„S0, to Cu molar ratio: 1/1
Initial pH: 10.10
Feed size: 100 x 150 mesh
Pressure: 5 psig (at 30°C)
Variable: Temperature

15.6°C_____________  22.5°Ca  30°C
Time Fraction of Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted (Minutes) Cu Extracted
2.62 0.0151 2.05 0.0251 2.04 0.0503
6.36 0.0452 4.91 0.0699 5.06 0.0952

11.12 0.0701 9.92 0.0848 9.95 0.1745
18.15 0.0947 15.06 0.0971 14.97 0.2433
30.17 0.1437 29.97 0.1190 30.20 0.3193
60.41 0.2339 60.00 0.1843 60.09 0.4579
91.11 0.3016 89.84 0.2491 90.14 0.5054

120.17 0.3615 120.41 0.3016 120.17 0.5198
149.85 0.4115 150.01 0.3347 150.14 0.5340
179.95 0.4305 179.83 0.3677 179.98 0.5388

40°C o50 C 75°C
Time Fraction of Time Fraction of Time . Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted (Minutes) Cu Extracted
2.15 0.0846 2.00 0.1015 1.89 0.1754
5.01 0.1838 5.75 0.2276 5.03 0.3047
9.99 0.2595 10.08 0.3078 10.07 0.4010

15.02 0.3047 15.10 \ 0.3922 14.84 0.4354
29.97 0.4515 30.36 0.5007 29.90 0.5084
59.88 0.5183 59.92 0.5351 60.13 0.6195
90.11 0.5305 90.21 0.5593 90.10 0.7011

119.92 0.5500 120.21 0.5834 120.08 0.7868
• 150.03 0.5572 150.03 0.6025 150.00 0.8647
179.94 0.5645 180.02 0.6168 179.86 0.9163

aFeed size: 48 x 65 mesh

06
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Table 1.7. Summary of Data Presented in Figure 13.
Conditions

Temperature: 30°C
Stirring speed: 1000 rpm
NHg to Cu molar ratio: 7/1
(NH^^SO^ to Cu molar ratio: 1/1
Feed size: 100 x 150 mesh
Initial pH: 10.10 ,
Variable: Pressure

5 psig 10 psig
Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
2.04 0.0503 1.82 0.0458
5.06 0.0952 4.90 0.0963
9.95 0.1745 9.69 0.1816

14.97 0,2433 14.98 0.2861
30.20 0,3193 29.87 0.3257
60.09 0.4579 60.01 0.5169
90.14 0.5054 89.83 0.5023

120.17 0.5198 120.08 0.5264
150.14 0.5340 149.90 0.5312
179.98 0.5388 179.90 0.5375

15 psig 20 psig
Time Fraction.of Time Fraction of

(Minutes.) Cu Extracted (Minutes) Cu Extracted
1.81 0.0513 2.67 0.0662
4.93 0.1326 5.21 0.1571

10.02 0.1932 10.13 0.2273
15.12 0.2409 15.13 0.2723
30.18 0.3403 30.90 0.4008
60.47 0.4860 59.91 0.5086
90.27 0.5153 90.00 0.5378

120.00 0.5299 120.13 0.5378
149.96 0.5347 150.21 0.5762
180.21 0.5491 180.23 0.5809
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Table 1.8. Summary of .Data Presented In Figure 16..
Conditions

Temperature:
Stirring speed:
NHg to Cu molar ratio: 
(NH^^SO^ to Cu molar ratio: 
Initial pH:

50°C
1000 rpm 
7/1 
1/1 10.10

. Feed size: 
Variable:

5 psig

100 x 150 mesh 
Pressure

10 psig
Time Fraction of Time . Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
2.00 0.0860 2.00 0.1015
5.00 0.1710 5.75 0.2276

10.00 0.2645 10.08 0,3078
15.00 0.3274 15.10 0.3922
30.00 0.4285 30.36 0.5007
60.00 0.4863 59.92 0.5351
90.00 0.5053 90.21 0.5593

120.00 0.5245 120.21 0.5834
150.00 0.5425 150.03 0.6025
180.00 0.5620 180.02 0.6168

15 psig 20 psig
Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted
2.56 0.1531 1.96 0.1272
5.21 0.2443 5.24 0.2738

10.29 0.3399 9.91 0.3541
. 15.20 0.4098 15.03 0.4387
29.97 0.5040 30.22 0.5178
59.81 0.5532 N 59.96 0,5570
89.96 0.5776 90.04 0.5863

120.12 0.6067 120.03 0.6153
150.00 0.6259 150.47 0.6489
180.18 0.6546 180.18 0.6726



Table 1.9. Summary of Data Presented in Figure 20.
Conditions

Temperature: 50°C
Pressure: 5 psig
Stirring speed: 1000 rpm
NHo to Cu molar ratio: 7/1
(NH4 )2S04 tc» Cu molar ratio: 1/1
Initial pH: 10.10
Variable: Feed size

20 x 28 mesh 35 x 48 mesh 48 x 65 mesh
Time Fraction of Time Fraction of Time Fraction of

(Minutes) Cu Extracted (Minutes) Cu Extracted (Minutes) Cu Extracted
2.00 0.0277 2.00 0.0253 2.00 0.0481
5.00 0.0352 5.00 0.0554 5.00 0.1233

10.00 0.0701 10.00 0.1177 10.00 0.2056
14.89 0.0972 14.82 0.1597 15.00 0.2601
30.15 0.1731 30.00 0.2481 30.00 0.3829
60.14 0.2486 60.00 0.3554 60.16 0.4780
90.10 0.3113 90.00 0.3845 90.17 0.4973

120.50 0.3665 119.94 0.4060 119.91 0.5238
149.92 0.4116 150.01 0.4322 150.00 0.5381
180.27 0.4352 180.17 0.4535 180.00 0.5594

100 x 150 mesh 150 x 200 mesh OOCM : 270 mesh
Time Fraction of Time Fraction of Time Fraction of

(Minutes) Cu Extracted3 (Minutes) Cu Extracted (Minutes) Cu Extracted
2.00 0.0860 . 2.00 0.0735 2.23 0.1583
5.00 0.1710 4.94 0.1996 5.13 0.2706

10.00 0.2645 10.06 0.2847 10.05 0.4194
15.00 0.3274 15.05 0.3791 15.10 0.4489
30.00 0.4285 29.89 0.4530 30.04 0.4904
60.00 0.4863 59.93 0.4873 59.97 0.5219
90.00 0.5053 89.88 0.5019 90.24 0.5292

120.00 0.5245 119.97 0.5308 120.24 0.5601
150.00 0.5425 150.06 0.5308 150.18 0.5839
180.00 0.5620 179.85 0.5498 179.96 0.6146

aAverage.
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