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ABSTRACT
The oxidative dissolution of CuyS in oxygenated
sulfuric acid solution was studied and the only reaction

found to occur in the dissolution process is
1 + [ 42
CusS + %0, + 2H = CuS 4 Cu + H,y0

where CuS is a stable reaction product.

The rate law governing the reaction is
R =k (P ) (M),
2

A reaction mechanism consistent with the experimental

results is proposed. The mechanism includegs boih

and chemical processes, but the rate controlling

chemical.




INTRODUCTION

Although the dissolution of chalcocite in a variety of

{

lixivants has been studied by many investigators (Sulliwvan,
1930; Warren, 1958; Stanczyk and Rampacek, 1966), none of
the studies hag completely defined the chemistry and
mechanism of chalcocite dissclution. In particular, the
mecﬁanism of dissolution in oxygenated acid solution has
not been resolved since it was first studied more than 40
years ago. The importance of chalcocite as an ove mineral

5

in copper dumps justifies a detalled study oi its dlesol

in oxygenated, acid solution.

*

Digsolution of minerals in aguecuz &

been studied until recently. One reasoen Zopr this u

K

ig that these procesges involve solld sorlfaco-aguecus

solution reactions. This type of reactlon is

oon

least understood and the wmost difficult

experimentally. The reacticn may be complicated by diffusion,
sorption, unknown surface areas, indeterminate surface
properties, lack of understanding of crystal chemistry and
the unknown nature of fracture and cleavage surfaces. Some
prdgress has been made in this area by using very pure
natural minerals and synthetic mineral samples with carefully
controlled stoichiometry, geometry and surface area. In
addition, computer analysis allows much more extensive Treat-

ment of experimental data than has been possible in the past.
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Literature Rovi

Sullivan (1930) studied the dissclution of chalcocliie

E:s

in acidified ferric sulfate and in oxygenated sulfuric

acid solution. His experiments were carried cut under
ambient conditions at several acid and ferric ion concentrds
tions. He found that chalcocite is oxidized by acidified
ferric sulfate in two distinct stages. Although he did not
identify the secondary product, he proposed that chalcocite
is oxidized through the reactions given by equatiocns (1)

and (2). The overall reactlon is given by eguation {3).

CupS 4 Fey(S0,) 4 = CuSO, 4 2FeSO; & CuS (1)
il [ 5w il 47:} '
CuS + Fep(S0,)5 = CuSO, + 2FeS0, + S £2)

CupS + 2Fen(804)q = 20uS0, & 4FesSO, v F
d g -

Sullivan was able to identify free sulfur as the finslk i
reaction product. The dissceolution of the internnsdiate
product was slower than that of the original chalcociits,

Sullivan's work on chalcocite dissolution in oxygenated
suifuric acid solution only indicates that the rate of
dissolution is very much slower than the rate of dissolution
in ferric sulfate. He showed that in the absence of any
oxidant (N2 atmosphere) chalcocite does not react at all.

Warren (1958) studied the leaching of chalcocite in
oxygenated sulfuric acid solution in an autoclave at
elevated oxygen pressures and temperatures. Like Sulliwvan,

he found that chalcocite reacts in two distinet stages. He



did not, however, postulate a reaction sequencz. W

showed that the reaction rate increascs with increases I
both acidity and oxygen partial pressure. He found that ithe
first stage of leaching has an activation energy of 6.6
keal/mole.

Stanczyk and Rampacek (1966) investigated the leaching
of various copper sulfides in an autoclave at elevated
temperature and oxygen pressure. They found by miecroscopic
examination that leached chalcocite particles were coaled
with covellite. They proposed that chalecocite reacts in two
stages in oxygenated acid solutlon. Their reaction ssquence
is given by equations (4), (5), (6) and (7) which correspond

to the overall reaction given by equation {8).
2Cunps & 02 w2 20uS 4 2000

20uS + 0, = 20ud 4+ 280,

4000 + 41,50, = 4CuS0, + 4H,0 {&)
2802 . 02 + 21,0 = ﬁnzgm& (73
e n
2Cu,S + 20, + gﬁzsoa = 4CuS0, + 4HHO {8)

Gerlach and Pawlek (1968) studied the leaching of
several sulfide ﬁlnerals in oxygenated sulfuric acid
solution. They found that chalcocite leaches in two stages.

Sato (1960, 1960a) studied the dissolution of sulfide

minerals from a geochemical point of view using mineral

electrode potential measurements. He attribute the o



dissolution of chalcocite to the two weactlions givan by

equations (9) and (10).

St

CuZS = Cul + Cu % 4 2e {5

Cus = cu'® + ° 4 20 (10)

Kuxmann and Biailab (1969) studied the electrode
potential and electrolytic dissolution of chalcocite. They
attributed the dissolution of chalcocite, electrolytically
or chemically, to reactions (9) and (10). They included =
comprehensive literature review on the electrode potential
of chalcocite.

All investigations of chalcocite digsolution have

ended in postulaziion of a two stage reacition

CuS as an intermediate. Most of the postulaiiy

been made without direct proof of the reaction

and no identification of reaction products. Nevo

it appears clear that chaleocite is oxidized in

steps.

Purpose and Scope

-

| Although much work has been done on the oxidation of

chalcocite by botﬂ ferric ion and oxygen, no basis has been
found for the reaction sequence. Most investigators have
based their work on thermodynamics and have not considered
the results of chemical, kinetic, or physical studies.

The purpose of this study was to determine the reaction

for the dissolution of chalcocite in oxygenated sulfuric




Lot o o
[

acid solution, establish a general rate equabion ioi

reaction and desgseribe a mechanism of chalcocite dissolution.

id

@

This work has been based on a combination of thermedynamic,

chemical, kinetic and physical studies.




THEORET ICAL

The theoretical background to be presented in thig
section includes presentation of alternate chalcocite
oxidation reactions, development of electrode potential
theory, postulation of a reaction mechanism and derivation

of several theoretical rate equations.
Chalecocite Dissolution Reactions

The dissolution of chalcocite in an oxygenated, aqueous
environment can theoretically be accomplished by sevepral

different reactions. The reactlions represented by eguatlons

(11) through (16) are all thermodynamically fo

shown by the Gibb's firee energy changses Listed ia Tablo

CupS + %09 + 20 = cus + cu®? 4 H,0

CuygS + Oy + S OR TR R L 250 {123
C ]y W}' '5'2 » ‘"‘2 "y
ugS + 2%0p 4 2H' = 2Cu © 4 SO,° 4 HgO (13)
CuyS + Oy 4 2H = CuO + Cu¥Z 4 SO + H,0 (14)
C + +2 fe} 0

uy 5 + %02 + 2H = Cu “ + Cu® + S~ + H,y0 (15)
cus + %0, + 20 = cu™? 4 s° 4 H0 (16)

Some of the reaction products listed in equations {(11)

through (16) are thermodynamically unstable. However,




Table I
The Gibb's Free Energy Change for Several

Chalcocite Dissolution Reactlons.,

Reaction Number Free Enerpgy (kcal, >
11 - 34,006
12 - 05,62
13 192,75
14 - 01,50
15 w 27,736

16 w 31.26




thermedynamic stability iz usually subject to kinetic

restrictions and reaction products that ars unstable

pereisgt because their rate of reacticon toward more siabis

products is very slow. For this reason, postulation of =

reaction equation should be based on thermodynamics, chenics

stoichiometry, and identification of products.

The investigations of Sullivan (1930),
Biallab (1969),

Kummann and
and Stanczyk and Rampacek (1966) indicata

that CuS is at least an intermediate product of the oxidation

of chalcocite. The fact that an intermediate iz obgervables

indicates that it either reacts at a slowver rate than Cu, S

or that it does not reacr ar all. On the basis of the

studies listed above, it is postulated that

\ = I e Y e e e
[SERE & (SEIETEN N TS i

is oxidized in the tvo steps mepresented by equsiion !

and (16) and that the dissolution of the Cud g

CupS + %0, + 28 = cus + cut2 4 H,0 {11)
EN oy v - P et
CuS + %0, 4+ 2H" = cu*2 4 g0 Hol {16)

Electrode Potential

Comparison of experimental and theoretical electrode . "

potentials may indicate the chemical steps that occur

during a reaction. Thus, an electrode potential study may

give insight into a reaction mechanism.

Theoretical “

The electrode potential of the general reaction given

by equation (17) ig represented by equation (18) where F ia L

e A



\ 2. 2T .

Eo= B0 4 2303 BT 340 1 {18)
nk

the electrode potential, E° is the standard potential, R

is the gas constant, T ig the absolute temperature, n is

the number of electrons transferred in the weaction, [ is
Faraday's constant and X is the equilibrium constant

expressed as the ratio of reactant and product activities,

8

In this study activities are assumed to be equal to ioni

concentration.

-
%

The standard potential for a reaction ig given by

L7 naw

equation (19) wvhere AF, is the Gibb's free energy change for

20 LAY £ ah
B h b W

the reaction and n and F have the dofinition:

The experimental cell potential is welated

reaction potential, I, by equation {(20) where ¥ and ¥,

Ew L, o« 2 {z0)

respectively the cell potential and the reference electrode
potential. A saturated, calomel electrode was used as a
reference for all measurements. The potential of the calomel
electrode in volts as a function of temperature is given by

equation (21) where T is temperature in °C.

E. = 0.244 - 0.,00066 (T - 25.0) {21)

r



Comparison of Potentials

When a reaction occurs in several distinci steps, it
may be possible te measure the potential of at least cne
step as the reaction progresses. The electrode potentlal of
hypothetical reactions can be calculated from thermodynamic
data. When the experimental potential is compared to each
of the hypothetical potentials, close agreement between the
experimental potential and any one of the hypothetical
potentials indicates which reaction accompanies the step.
Table II lists the electrode reactions corresponding o

equations (11) through (16) along with the electrode

otentials correspending to each reaction.
T g

Literature Reviaey

1

Sato (1960a) and Kuxmann and Bialiab (10507
the electrode potential of chalecocite. They avimibutss

potential to reaction (9). Table II gives a standand
v 2e (93

potential of 0.530 V for this reactiocn. Both imvestigators
suggested that variations in experimental electrode potentials
"are due to the stoichiometry of chalcocite. Kuxmann and
Biallab (1969) reported that a chalcocite electrode containing
78.0% copper produced a potential 7 mV more negative than

an electrode containing 79.3% copper. Sato (1960a) suggested
that the reaction responsible for the potential of chalcocite

is that givén by equation (22). Since no thermodynamic data



Table 11
Chalcocite Electrode Reactions and Their

St&mdard Electrode Porentials.

Reaction EC (volts)
‘;"‘2 4 g

CuZS = CuS + Cu + Ze 0.530

‘Q‘? o Ay

Cu?S = 20w~ + 87 4+ fe C.560

) ey ~ .

CuyS + 20, = 20u = & 80,47 + Ze =, 808

p) O ,

Cuy$S + %0, = Cud cut? 4 8%+ 2e 9,190

4 . o] o N . T g

CUZS = Cu.'2 Cu 4+ S 4+ 2& D.7RS
‘A. \O s

CusS = Cu‘2 + 87 4 Qe 0,590
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- L

SCuZS =z Cug”g O Y e B {22

ls available for digenite, the theoretical electrode potential

for reaction (22) cannot be caleculated.

Summary

The experimental electrode potential of chalcocite
indicates that the first step in the oxidation reaction is
glven by equation (9). This isg in agreement with the firat

reaction step postulated in the previous section.
A Reaction Mechanism

A mechanism for the oxidation and dissolugion of

=

chalcocite in any Oxygenated, aqueous solutlo

& SLOTT AR goaont

for both the reduction of G T

mineral. Since the disgsolution inveivas s

Pl

solid surface reaction, somrption and solid

shd ]

43

mations must also be considered ne part of the

process,

The Overall Reaction

The chemical study of Sullivan (1930), the electro-
chemical investigations of Kuxmann and Biallab (1969) and
Sato (1960a) and the microscopic study of Stanczyk and
Rampacek (1966) suggest that the dissolution of chalcocite

occurs in the two steps given by equations (11) and (163,

CugS + %04 + 2H = CuS + cu*? + Hy0 {11)



als v
by . s g . . O
CuS + %0, & 2H = Cu = 4+ & & Hy0

L

' oy
"

[oy
S

Since CuS or a CuS like compound is observable, the rate of
dissolution of the intermediate, CuS, must be slower than
the rate of disgsolution of Cuzs. In fact, it may be slow
enough to be considered negligble. It is postulated that
the only reaction of importance is given by equation (11)

and that dissolution stops at the formation of CuS.

The Mechanism of Oxvgen Reduction

Latimer (1952) and Huffman and Dawidson (1956) suggested

that oxygen is reduced through the reaction sequence given

by equations (23), (24), (25) and (26) where ret? son is

)

the electron deonar. The overall reaction is given by

equation (27).

e 4 o .

Fe*? + 0, + H = Te 3 wo, i
L 2 K
Fe aa H02 4 H = ¥Feg 4 HZDE {

“!"2 g - "‘;"3 P - o e
Fe 4 H202 + H = Pg 4 OH < Hy0 L2h
Fe+2 + OH + H' = re¥3 & H,0 (26
4Fe’? 4 0, * wi" = 4retd 4 21,0 (27)

It seems reasonable to assume that the reduction

of chalcocite and the oxidation of ferrous ion. Therefore,

|

|
sequence of oxygen will be the same for both the oxidation }l
the oxygen reduction sequence will be included in the ii
|

chalcocite oxidation mechanism.



The Chalcoecite Ozidazstion Mechaniam

Using equation (11), scorption of oxygen on the mineral

surface, the oxygen reduction reaction sequence, an

state reactions, the reaction sequence given by equa

(28) through (39) is proposed for the dissolution of

chalcocite.

The reaction mechanism implies that C

u+1

tions

atoms diffuse

from the interior of the CUZS particle creating the physical

. . . . e
gituation shown in Figure 1. As the Cu

1
2

; s o2 ok
out of the Cu28 lattice and are oxidized to Cu ', &

stoichiometric chalcocite of the form Cup .S is

The factor % goes from 1 at the mineral

¥

s

surface to

[

the unreacted CuQS boundary. This phvsical picture

dissolution process is proposed on thoe

of CuS as a stable reaction product.

Dutrizac, MacDonald and Ingraham
3 b2

solution, a non=-reactive, bornite layer of
forms. Their electron microprobe examination of the
of a leached bornite disk produced a picture similar

Figure 1 with CuS replaced by Cug_.FeS,.

of about 1.2 for x.

{1970) showad

when bornite igs leached in acidified ferric suifabe

They found

atoms diffuse
IO e

created.

at

a value

The mechanism represented by equations (28) through

be rate controlling. The rate laws that result from

assuming that different reactions control the rate will be

derived in the following discussion.

(39) is proposed without indicating which reaction might
|
|
|
]
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Figure 1.

DISTANCE ACROSS PARTICLE

The Stoichiometry of a Partially Leached
Chalcocite Particle.



Summaxry

The overall chalcocite dissolution reaction ig

postulated to be that given by equation {11). The proposed

CuyS + 30, + 2t = cus + cu"? + HyO (11)

mechanism for the dissolution of chalcocite is represented

by the reaction sequence of equations (28) through (39).
Theoretical Rate Equations

A reaction mechanism is not complete until the relative
reaction velocities for each reaction in the seguence is
established and a vate law consistent with experimental
data has been derived from the mechanism. A veaction

mechanism is made up of elementary reazcllions so Tt

stoichiometriec coeificiente of the resctanis arc %

‘the order of the reaction with respect to

theoretical rate equatlon can be derived from the
reactions by assigning relative reaction velocitien o each

step in the mechanism sequence.

Rate Control by Oxygen Digsoluition

The first reaction in the chalcocite oxidation is
actually the dissolution of 0, gas in the solution which is

represented by equation (40). If this process is rate

09 (2) © % (aq) (40

controlling, a rate law of the form given by equation (&1)




R = kc’;O (Onz:‘ ;!‘})

should result. The dissciution of 02 in the solution does
not involve the mineral, and therefore, the surface area

of the mineral should not effect the rate of reaction.

Rate Control by Sorptiorn of COxyveen

If equation (28) is assumed o establish a rapid

equilibrium and equation (29) is assumed to control the

fast w1
Cu,S|  T=Z  Cu,y_xS|Cu (283
+1 slow " .
CUZ“XSICU + OE(aq) —— CuszS|Cu “mmﬁg {29

reaction rate, then the rate law iz given by oo

oo

. on sloa s ol
R = Koq &QuzrxolCu ) {0g)

Equation (43) is the equilibrium relation for wesction (28],
Combination of equations (42) and (43) vields {4
- N 1
T (Cu,y_ . S|cu?l)y )
I‘(?B = " = *\""!:“3)
‘ ".28 (Cuys|)
y .
R = 28 Xsg (04) | (68)
.28

ag the rate law. The surface activity is assumed to be one.
Positive subscripts on k indicate forward rate constants

and negative subscripts indicate backward rate constants.




Since the reaction involves the mineral, the wvaviion vate

should be a function of surface area.

Rate Contiol by Reduction of Oxyveen

If equations (28) and (29) establish rapid equilibria

and equation (30) is rate controlling, the rate law is given

fast w1
CupS| === Cuy_,S5|Cu (28}
fast
+1 IR : 41
CuzuxS!Cu 4 OZ(aq) — CuszS]Cu ~m02 {293
slow \ ‘3
Cuy_ySfCurteco, + B — Cry_ 8| Ot 2etio, (30)

by equation (45). The equilibrium relations for weactione
R o= k (H+) {Cu s|cu+imm9,}
\.3(} K J\.,.,?;“}C SLd 2

(28) and (29) are glven by cquations (43) and (40},

K _ kog . ( Cug .8 l O L e 02 )

29 kopo (05} (Cugy .5 | cutl )

1

Combination of equations (43), (45) and (46) yield the rate

.law represented as equation (47) where the surface activity

R = %28 ¥99 %39 (0,) (") (47)

ig assumed to be one. The reaction invelves the mineral

N
|
l
!
3
1
1
|
|

and the rate should be a function of surface area.



Summary

Chemical and electrochemical investigations indicate
that chalcocite is oxidized in two distinct steps and thab
the intermediate, CuS, may be a stable product. Therefore,
it is postulated that disseolution only occurs by the reaction
represented by equation (11)¢ The work of Huffman and
Davidson (1956) indicates that oxygen is reduced through
the series of species, 0, - HO, - Hy0, - OH - Hy0. A
reactionlmechanism based on equation (11), sorption of
oxygen on the mineral surface, step~wise reduction of oxygen
and solid state transformations is postulated and iz
represented by equations (28) through (39), Three rate Lavs

derived from this reaction sequence are presented grd will

“be compared to the experimentally determined rate 1

chalcocite dissgolution.

:
i
|



EXPERIMENTAL

The objectives of this study were o determine the
disgolution reaction for chalecocite, establish a general
‘rate equation for this reaction and present a reaction
.ﬂechanism for the dissolution process. These objectives

were accomplished in three basic studies which will be

described in the following discussion.

The Mineral Sample

The samples of chalcocite used in this study were

obtained from the New Cornelia Mine, Ajo, Ar

i

the Southwest Scientific Company. e

pieces of chalcocite bounded on one i miTe i

and contained some quartz inclusions.

Fhvaical Degeription

A glab of chalcocite was prepapred by culting
diamond saw. One surface of the slab was polished and

etched to bring out the grain structure. The etching

gsolution was an aqueous solution containing 1 M FeClg and .
0.5 M HCl. The grains of chalcocite were about 5 to 8 l

millimeters across their maximum dimension, had irregular

shapes and were interlocked to a great extent. The mineral

grains were preferentially elongated so that on the average

the length of the grains was 1.25 to 1.50 times the width.



&y

The chalcocite surface showad an occaslonal uairtil
inclusion.

Microscopic examination of ~48+65 mesh chalcocite that
was prepared for leaching showed that the material was

primarily chalecocite with 5 to 10 percent quartz {(by volume)

and an occasional grain of pyrite.

Identification and Analvsis

An x-ray diffraction examination of a ~200 mesh sample
of chalcocite was performed in order to identify the
minerals present. The sample was found to be a mixture of
chalcocifte and quartz. The experimental Xweray dats is given
in Appendix A, Table XII.

¥

A gample of the mineral was submitted To eXsmingi

- by an emmision spectrograph to determing ithe impuritices

present. Table III lists the elements present a4l malj

minor and trace. The major elements present ave
silicon and iron.
On the basis of the emmigion specivrograph weporl, &
vchemical analysis of the chalcocite was carried cut to

determine the amount of copper, iron, sulfur and quartz

present. The sample was found to contain 71.48% copper,
0.55% iron, 20.03% sulfur and 7.94% quartz. Copper and
iron were determined as aqueous ions, quartz as the weight

of insoluble material and sulfur by weight difference. ‘!,j



Table 111
Emmision Spectrograph Report on Chalcoclte

from the New Cornelia Mine, Ajo, Arizona.

Major Minox Trace
Si AL Mg
Fe Ca Mn
Cu Ag b

W
Co

o




Preparation of Samples for Leaching

The chalcocite was prepared for leaching in the follow-

-
1

ing manner. The massive pieces of mineral were broken witi

a hammer. The resultant pieces were about one inch in their

maximum dimension. These small pleces were separated so
that most of the quartz was rejected. The small pieces of
chalcocite were broken and crushed with an agate mortar end
pestle. The crushed material was sized with a series of
Tyler'screens to yield the size fractions =48+65, -065+100,
+100-150, -150+200 and =200 mesh. The gized chalcocite

was stored in stoppered glass bottles.

Reagents and Solu

P
£

All of the reagents used in this study were 3
grade chemicals supplied by the J.T. Bokeyx Chemionl o
Most of this study was carried coul with solutionsg

containing specific concentrations of varicus lonsg at o

.
ik
&

cornistant ionic streagth of 0.2 M. The reagents usge

4

prepare leach solutions were added as either stable salts
dr standardized stock solutions.

Solutions of 1 N Hy80,, HCLO,, HNOB, HC1 and HBr were
prepared by diluting the concentrated acid with distilled
water, and then, standardizing the acid against a standard
NaOH solution. Stock solutions of NaZSOQ, NaCl0y and NaNO3
were prepared by neutralizing the acid with standard NaOH
solution and diluting the neutralized mixture to a known

volume. Solutions of Cu(ClOa)z, Cu(NO3)2 and CuBr2 were




Al

prepared by dissolving the proper weigni of Cul Zn JESOR RN P
HNO3 or HPRi respectively. The resulting solutions were
diluted to a known volume and analyzed for Cu+2 and H+ ions.
All other reagents used in preparing leach solutions were

added as the salts CuS0,*5H,0, CuCly«ZH,0, NaCl or MHalr.

L]

Leach solutions were prepared Ey combining predeterminad
quantities of salts and stock solutions and diluting the
mixture to the appropriate volume. Thus, each leach
golution was made up volumetrically so that it was not
necessary to determine the concentration of each species
in the initial leach solution.

The analytic procedures used in this study are glven

in Appendix C.
The Leaching Systom

Reaction Vessel

The reaction vessel used for this study wos a 2.0

-

liter lucite chamber with an internal, overhead, magn

gtirring device. It was designed to be an amblent eondition

autoclave. The reaction vessel is shown schematically in

Figure 2.

The vessel was designed to contain platinum, glass,

‘i

reference and mineral electrodes. These electrodes were

placed in the system through rubber stoppers. They allowed

the measurement of pH, Eh and mineral electrode potential.
Agitation was accomplished by a three bladed, glass

impellor connected to the magnetic stirring device.
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The vessel was equipped with a sample oulley, Your
inletwoutlets for gases and solutions and & thermometer.
The sampling outlet was fitted with a glass wool filter o
prevent uptake of mineral particles. It was constructed
of 0.5 millimeter capillary tubing to reduce the volume of
golution trapped between samples. The main gas inlet was

a glass frit diffuser which was used to insure good gas-

solution contact.

The Leaching Svstem

Figure 3 is a diagramatic representation of the

o

leaching system. The reaction vessel and a solution storag
bottle were submerged in a constanﬁ Cemperature bath, Th
bath temperature was kepit at constant temperature by a
Precision Scientific Company Porta Tewmp Contiroiler.  Thid
unit stirs the bath in addition to conmtwoelling the
temperature with an accuracy of +0,1°¢,

The flow of gases and solutions was controllzsd by

:

o o of o o
2LEH WoE

the valves and piping shown in Figure 3. San

removed from the system through a 10 ml. pipet.

The system may contain other supporting equipment not
shown such as a pH meter, barometer, potentiometer,
switching circuit’ and timer.

The versatility of this exXperimental setup allowed
several types of experiments to be carried out in the same

apparatus.
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Minteral Electirodes

The nature of the mineral electrede ls shown in Figure
4, A lucite rod 1.25 inchesg in diameter was machined as
indicated in the diagram. A piece of chalcocite 1.9 em
on a side and about 0.5 em thick was sealed into the lucite
with Scoteh Brand Epoxy manufactured by the 3M Company.
The surface of the electrode was ground flat and polished.
An insulated copper wire was connected to the back of the
electrode with 3021 E-Solder Silver Epory manufactured by
Epoxy Products Inc. A ¥ inch 0.D. lucite tube was passed
over the insulated wire and cemented into the back of the

lucite holder with methylene chloride.

trperimental Proceduraes

a4

Three types of experiments Wers porformed durs

gtudy. These included determination of
potential of chalcocite, the reaction stoichiometry and
rate of oxygen consumption and the wate of copper

dissolution.

Determination of Electrode Potantial

The purpose of this part of the study was to determine
the electrode potential of the reacting chalcocite surface
in an aqueous solution. The concentration of all ienic

species was controlled precisely. The potential measuring

system consisted of the chalcocite electrode and a saturated

calomel reference electrode connected to a high sensitivity
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Details of a Mineral Electrode,

Figure 4.
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Leeds and Northrup No. 7552 Potentiocmeter. ihe Gl was
measured over an extended period of time to determine the

equilibrium value of the rest potential.

Determination of Stoichiometry and Oxveen Consumption Rates

These experiments were designed to determine the
reaction stoichiometry and the rate of oxygen consumption.
The reaction stoichiometry was determined by finding the
change in the concentration of hydrogen ion, cupric ilon and
dissolved oxygen during an experiment. Hydrogen and cupric
jon concentrations were found analytically by the methods
described in Appendix C. The quantity of oxygen consumed
wae determined from the total pressure change, systom gas

volume and experimental temperature using the ideal gas Lavi.

The details of thig calculation are given in

-

The rate of oxygen consumpiion Was deternined by

following the change in systom pressure as a fanotion of

time. The pressure was measured with z water manomsilie.

The details of the measurement, correction and  comve:
4

of the pressure are given in Appendix B.

Determination of Chalcocite Dissolution Rate

The purpose of this part of the study was to determine
the effect of different variables on the rate of copper
dissolution from chalcocite. The variables studied include
system reproducibility, stirring rate, surface area, OXygen
partial pressure, cupric ion concentration, hydrogen ion

concentration, temperature, sulfate ion concentration, and




type of anilon.
by holding all other variables constant while changing the
one of interest. The rate of the reaction was fellowsd by
finding the change in cupric ion concentration as a function
of time. This was accomplished by taking samples of the
leach solution at specified times during the course of the

experiment.

Experimental Procedures

]

The experimental procedures for each of the three types
of experiments are nearly the same. Variations occur only
in the last few steps. Therefore, the initial part of the

procedure which is common to all experiments willl be

discussed first. The variations used willl be Listed

geparately. Figure 3 is the system belog deaor

The initial procedure is gilven below.

1. The leach solution was prepared, anel

éupric and hydrogen ion concentration and
placed in the solution storage botille.

2. The electrodes or crushed chalcocite were
placed in the reaction vessel and the vessel

" was sealed and placed in the water bath.

3. Thebnecessary connections were mede between
the gas manifold, solution storage bottle,
reaction vessel and manometer. All valves in

the system were closed.




T

4. The constant temperaiturs bath was boought up
to and stablized at the deglivred temperature.

5. The reaction vesgsel snd leach solution ware
purged with oxygen gas by opening valves A,
C and D and opening the three-way valve B
to the atmosphere. The purge was performed
for a minimum of 15 minutes. After the system
was purged, all valves were again closged.

6. The leaching experiment was started by trerge
ferring the leach solution from rthe storage

bottle to the reaction wvessel. Transfer wag

accomplished by opening valves A, B, D and P,
When about 2.5 liters of molubtion wag Uranse

ferred inte tvhe

and D were closgsed. The volume wag
by markes on the reaschicon vegszsal.

7. Agitation was started by turning

o

stirring motor.

At this point the different types of experiments

require slightly different procedures, The procedure

for the stoichiometry and oxygen consumption rate exper

ments is given below.

8. Valve F wag closed and valve C was opened
In order to pressurize the system. When the
desired pressure was reached, all of the valves

were closed.



10.

11.

The progress of the expeviment wvas Lollowed

by monitoring the system pressure with

o

manometer in place of the mercury manometer.
The barometric pressure was also monitored.

At the termination of the eXperiment, solution
samples were analyzed for cupric and hydrogen
ion concentrations.

The vessel was filled with water o determine

the original leach solution volume.

The electrode potential and copper dissolutiocon

experiments are similar and will be described together,

The procedure for these experiments is given below.

ge,

Value C was opened and oxveen gao was silowad

to bubble through the solution in
vessel., The quantity of gas passing vthoous
the system was indicated by the bubbles

passing through the water {rap. The sveten

pressure was controlied by changing

e | Ny T B e o e
3 > UNE DY 2an

regulator pressure while holding the gag flow
constant by adjusting valves C and F. 1In

experiments carried out below atmospheric

pressure a vacuum was placed on the water

trap and gas was allowed to flow through wvalve
C to raise the system pressure to the desired

value.

At ey atn
WRLE




9t.

10t.

11,

The procedures given above were used for all «

When electrode potential was being davoimincd,
the change in potential was monitored with a
potentiometer. When rate of coppér dissolution
was being determined, 10 ml solution samples
were taken at specified times by opening valve
E and applying a suction to the top of the
pipet. After the pipet was filled, it was
removed and the sample was diluted for analysis
by atomic absorption. The pipet was wasghed,
dried and replaced.

The system pressure and barometric pressure
were observed and recorded with each solution

sample or potential reading.

4 ¢ T 2 st iy Bt it
The wvessel was filled with water o

the original leach solution volume.

ments unless indicated otherwise.




RESULTS AND DISCUSSION

The purpose of this study was to 1) determine the
reaction by which chalcocite is oxidized and dissclved,
2) find a general rate equation for the dissolution of
chalcocite, 3) establish the reactlion sequence and &)
propose a physico-chemical reaction mechanism for chaleocite
oxldation and dissolution.

The results, interpretation and discussion of the

results are presented in the following sections.

Electrode Potential of Chaleocite

The puwrpase of il
determine the electrode potential of & veauiing

surface.

The experimental conditions of this determingls
1isted in Table IV. The equilibrium csll notenizial
0.13177 volt. This value was fivst reached afver 88.3
hours elapsed time. The potential remalned constant vl
the experiment was terminated at 304.4 hours. The standard
potential of the experimental cell was found to be 0,462
volt by utilizing equations (18), (20) and (21).

Other investigators have studied the electrode

potential of chalcocite. Table V is a tabulation of

their results along with the result of this study.

Obviously, the electrode potential of chalcocite is not a




Table 1V
Experimental Conditions for the Determination

of the Electrode Potential of Chalecocite.

Yariable Yalue

T 31.69

02 0.811 atm.
) 0.09571 M
(cut?) 0.00101 M
(Na¥) 0.04600 M
(50;7%) 0.05087 M
(€10,) 0. 04600 M

L 0.1996 ™

Table V
Experimental Standard Slecirode

Potentialeg for Cholooolite.

CuZS Source E© {(volta) Sotree of Information
Theoretical 0.530 Latimer (1952)
Natural 0.462 - This study
Natural | 0.505 Sato, 1960a
Synthetic Q.486 Kuxmann, 1969
Synthetic 0.470 Kuxmann, 1969

Synthetic 0.490 Kuxmann, 1969



reproducible phenomenon. Comparison of thoe

i"‘“ )
¢

Table V with those of Table 1l indlcates that the exper
mental potentials fall closest to 0.530 volt. The zreaction
that corresponds to this potential is glven by equation
(9). All of the sources cited in Table V attribute the

experimental potential to this reaction.

Cuy§ = CuS Cu+2 + 2e {03}

Summary

Ea

The experimental electrode potential for a reactiug
chaleocite electrode was found to be 0.462 V. Other

st bubted

investigators have found similar values and have

the potential to reaction (9). On the

experimental potential Found in this study and 10

of other investigators, the reaction produsing

cite electrode potential is assumed to be reacbion (90
Natural Solubility of Chalcocite

The purpose of this study was to show that chaleoecite
muist be oxidized for appreciable dissoluticn of the mineral
to take place. These experiments followed the procedure
used for oxygen consumption experiments except that nitrogen
was used in place of oxygen to produce a non-oxidizing
atmosphere. All vessels and solutions were purged with NZ
gas before each experiment.

Two experiments were performed in 0.1 N HQSOéL golution.

No other dissolved or ionic species were present eXcept




oy m

dissolved nitrogen. The first experiment Was porlorined O
50.0 g of =48+65 mesh chaleocite that was crushed and sized
in the atmosphere. The second experiment: was carried out
on 23.7 g of -48+65 mesh chalcocite that was crushed and
sized under an atmosphere of dry nitrogen gas. Both
samples were leached under normal experimental conditions
for 20 hours. After the amount of copper dissolved has
been normalized to a sample weight of 25.0 g and a solution
volume of 2.5 liters, the concentration of dissolved copper
is 21.3 ppm and 20.4 ppm respectively. This amounts to
0.0021 grams of copper per gram of CusyS. Therefore, the
chalcocite used in this study has a natural solubility that

may be significant. The fact that the two resultes sre almost

identical indicates that crushing in the praesence of oOXyE

has nothing to do with the solublility,
gsolubility is not necessarily due to surface oxidation.
The solubility product for chaleocite listed in the

o

Handbook of Physics and Chemistry {1960) iz 2.0 X 10 At

o . A s . s Y
18° to 20° €. This limited colubility is certainly exccatod

by a concentration value of 20 ppm. The nature of the

[

natural solubility of chalcocite is not known.

A later experiment on the natural solubility of
chalcocite was performed in a solution identical to those
used in typical leach experiments except that nitrogen was
used in place of oxygen. The analysis of the initial leach
solution is given in Appendix A, Table X, Experiment Number

42. The concentration of copper dissolved was found to be



£

about 30 ppm after 30 minutes oi

leachiing. &
concentration increase (5 ppm) was observed during the n
540 minutes. Thus, all of the dissolution can be sald to
ocecur in the first 30 minutes.

Since the natural solubility is not related to the
oxidation of the mineral and since the dissolution occurs
in the first 30 minutes of reaction, no error will be
introduced in the study of the oxidation reaction if the
natural solubility is removed from the experimental data.
Thig is equivalent to throwing out the first point and
assuming the experiment started at 30 minutes elapsed time.
Therefore, the natural solubility hags been subtractaed from
the copper dissolution data in all ecalcoculations and

graphical representations concerned with chalcocite

oxidation.

Stoichiometry
The purpose of this series of experiments was O
3 Firgen e

l
|
|
|
%
|
|
|
|
|
|
|
I

determine the coefficients of each reactant and product by
|
|
|
|

finding the number of moles of reactant or product consumed

or produced in a given period of time. The experimental
procedure used was that described for reaction stoichiometry
and rate of oxygen consumption. |

Table VI is a tabulation of the stoichiometric data
for seven experiments. The average mole ratios and their
probable errors for H%/Cuﬁz, Cu+2/02 and H+/02 are

respectively 2.047 £0.025, 2.024 £0.025 and 4.092 =0.043.
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Table VL
Stoichiometric Data for the Digsolution of

Chalcocite in Oxygenated, Acid Solution

Expt. No. u* /cut? C«ﬁ'?/oz H‘*’/o%
4 1.931 2.058 3.942

5 2.026 2.016 4.092

7 2.020 2.131 4.310

10 1.992 2.085 4.150

12 2.236 2.095 4,302

13 2,022 1.926 3,900

14 2.105 1,856 3,951

Table VII
Tabulation of the Quantity of Sulfur Produced in

Chaleocite Oxidation. All Sulfur is Reported as Sulfate.

Expt. No. (s03%); so;p (5077
2 1263 M L1269 M .0006 M

37 . 1509 M 1525 M .0006 M




These ratios can be rounded off respectively 0 2, 2 and L.
Determiﬁation of these raties deoes not completely
sblve the reaction stoichiometry, because there are several
reactions that chalcocite can undergoe that produce the same
ratios as those given above. The ratios do, however, rule
out a number of reactions. Reactions (11), (12) and (16)
are reactions that satisfy the mole ratios of 2, 2 and &,

It is possible to rule out reactions (12) and (16) on the

CuyS + 30, + 2H' = CuS + Cu"? + Hy0 (11)
CupS + 0y & 4H" = 20u’? + §° & 2Hy0 (12)
CuS + 30, + 26" = cu'? + SO 4 Hy0 (16)

basls of additional stoichiomeiric work.

During two other chalcocite omidation experimenis,
the change in sulfur species in the leach solution waz
followed. The analytic procedure used was guch that a1l

-
gulfur species from 8“2 to SOQ would bhe included, Lt

both cases, no significant change in soluble or free sulfur

was detected. Table VII is a tabulaticn of this information.

The subscripts I and F indicate respectively initial and
final values. A carbon disulfide extraction of the leach
residue (unreacted chalcocite) was performed to determine
whether or not free sulfur was trapped in or on the surface

of the leached chalcocite particles. Upon evaporation of

the carbon disulfide, no free sulfur was visible. Free sulfur

is apparently not formed during the dissolution reaction.
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A final step in the stoichiometric Work involved
determing the identity of the reaction product. Cub was
jdentified as a reaction product by the color of the leached
surface and by X-ray diffraction identification. The detaills
of this study are discussed in a section to folliow.

Since neither free sulfur, nor any other sulfur speciesg,
can be found on the chalcocite surface or in the leach
solution, reactions (12) and (16) can be ruled out as
possible reaction paths. The identification of CulS as a
reaction product, the absence of oxidized sulfur in the
system and the mole ratios of 2, 2 and 4 for H‘“’"/Cu""’z5
Cu+2/02 and H+/02 respectively firmly support equaticn (11)
as the only reaction ocecurring in the digsolution of chale

cocite. Therefore, it is assumad thatb reaciion {(11) is

the only reaction cccurring in the digsolution
Rate of Oxygen Consumplion

The purpose of this section of the study was o
determine a general rate equation for the owidation of
chalcocite. The rate of reaction was followed by observing
the consumption of oxygen in a closed system.

Figure 5 is a plot oXygen partial pressure Vs. time
for a typlcal oxygen consumpticn experiment. The initial
leach solution contained 0.00104 M Cu‘?2 ion, 0.09967 M H*
ion and 0.05088 M SOZ2 ion. No other ionic species were

present initially.
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inetic Analysis

One of the methods used te establish an experimental
rate law involves postulation of a rate equaticn, manipula-
tion of the equation to reduce it to one variable and time,
integration of the equation and comparison of the experimental
and predicted results.

Reaction (11) was assumed to be the one accompanying
the oxidation of chalcocite. After considerable trial and

error, the rate law given by equation (48) was asgsumed to

2 o A
dggxé ) = ,%dggz - k(Cu"’z)O(H"‘)l(Poz)1 (48)

sovern the reacting system. The development 58 thils rate
jaw ig presented below.
The variable that was followed as a funciion of Uine

51 E3 e
was oxygen pressure. Therefore, the H’

must be expressed in terms of oxygen pressure. The e

.w

et

=
KR

P38,

H

£y

s

ion concentration le relatred to the change ir

concentration by equation (49) where the subscript zero

M
jte
B

COICR G NEUNG & {4

indicates an initial wvalue. The cdncentration of dissolvead
09 is related to O, partial pressure by Henry's law which is

represented by equation (50) where HK is Henry's constant.
(09) = 55.6 Pp,/HK (50}
The value of Henry's constant was found using equation (51)

HK = 1.973 X 107 + 5.490 X 10° T (51)




A
where T is the absolute temperature. LIt Chdnge o i Lo

concentration, A(HY), is related through reaction stoichiometry

to equation (52). Combination of equations (49), (50) and

s

L
N
«

H") = 4 a0y) (s
(52) yield equation (53). Combination of equations (48
@) = @), - (4)(55.6)(Pg ) o/HK + (4)(55.6)(Po, )/HK (53)

and (53) yields equation (54) where POZ =%, A= (8) -

[w]
d¥ = 22K (A+BX) X (54)
dt

]

222.4 (POZ)O/HK and B = 222,.4/HK. This equation can be

oo g o
FTETL Y

7

integrated to yield equation (55) where C is the con
In(A+BX) - In{¥X) = ZAaky + C £

of integration.
A plot of In(A+BX) - InX vs. time for the expenimentsl

data of Figure 5 should yield a stwaight line LT the ass

rate equation is correct. Figure 6 is a plot of T2 BE) -
InX vs. time. The curve produced is a straight line.
Therefore, the oxidation of chalcocite in oxygenated, acid
solution is first order with respect to both #* ion concen-
tration and Oé partial pressure and zero order with respect

o Cu+2 ion concentration.

Summary

The data of the oxygen consumption experiments conform

to the rate law given by equation (56). This result is
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Figure 6. Ln(A+BEX) - Ln(X) vs. Time for a Typical Oxygen
Consumption Experiment.
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Rate = k(?“o y (" (56

substantiated by the work described in other sections.

Cupric lon Concentration Change as & Measure of Rate

Thé overall purpoge of this study was to determine the
effect of different variables on the rate of chalcocite
oxidation, to substanitiate the general rate equation for the
oxidation of chalcocite in oxygenated acid solution and to
gain insight into & physico-chemical mechanism for the
dissolution reaction. The experimental procedure was that
described for cupric ion variation experiments. The experi-

mental conditions and results for 211 of the experiments in

this section are tabulated in Appendix &4, Tables X and Xl

Svetem Reproducibilitvy

The purpose of thiz part of the study was o egbabllol
the accuracy with which an experiment could be reproducad.
Three identical experiments were performed and compared €0
determine the extent of experimental ewrror,

The stirring speed was 1150 RPM in each expewiment.
Figure 7 is a plot of cupric ion conecentration vs. time for
these three experiments. The average per cent standard
deviation from the means was found to be #4,22%.

The experimental conditions of this study were used
as a basis for comparison in all other variable studies.
The three experiments under discussion have been averaged
at each experimental point to produce an average eXperiment

which is used as a basis for comparison in all other studies.
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The Effect of Azitalion

o

The purpose of this part of the study was Lo determine

€

the role of agitation in the oxidation rate of chaleocite.
Three experiments were performed with agitation as the

only variable. Figure & is a plot of cut? ion concentration
vs. time for these experiments. There is no increase in
reaction rate with inereased stirring rate above 700 RPH
The difference between the experiments at 1150 RPM and 700
RPM is within the expected experimental error. It hes been
assumed that diffusion occurs through a limiting boundary
lLayer.

All other experiments were performed at the maximum

The Effect of Surlizcg

stirring rate of 1150 RPM.
The purpose of this werk was to determine the |

1

|

of surface area on chaleoeite digsoluticn.

plished by performing thiee chemically identicol ey nerime

"

but using three different weights of 48+

Experiments were carried out on 12.5, 25.0 and 50 grams oL
chalcocite which correspond respectively to 0.5, 1.0 and
2.0 per cent solids in the sy stem.

The rate of a reaction is usually found to be first
order with respect to surface ared. The dissolution of

chalcocite is no exception as shown by Figures 9 and 10,

Figure 9 is a plot of cupric ion concentration vs. time for
the three different weights of 48465 mesh chalcocite.

Figure 10 is a plot of log rate vs. log weight. The slope
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of the line in Figure 10 was found to be 0.95 indicating

that the rate of the reaction is first order with respect

to the surface area of the chalcocite.

The Effect of 09

The purpose of this section of the experimental work
was to determine the order of the reaction with respect to
oxygen partial pressure. This was accomplished by examining
the effect of oxygen while all other variables were held
constant.

Since all other variables were held at the same
initial value, their constant effect can be included in a
quasi-rate constant, k', and the rate equation for the

system can be represented by equation (57). The exponent,
a A
R = 1{'(1’02) (57)

a, is the unknown reaction order for oxygen. The log=

arithmic form of this relation given by equation (58) is a

log R = a log P02 + log k' (58)

line equation with a slope of a. Thus, a plot of log R vs. '%w

log Poz should yield a straight line of slope a. h
The condition of the surface and the change in 1" ion

concentration during the reaction could effect this determi~

nation, so the rate selected from each experiment was at

the same Cu+2 ion concentration (0.002250 M), not the same

time. The rate of the reaction was determined from the




R At ¥

first derivative of a polyvnomial curve Litted Thucugh the

0]

experimental points of TFigure 1i. The details of the curve
fitting procedure are given in Appendix B.

Figure 11 is a plot of cut?

ion concentration vs.

time for four oxygen partial pressures. All other conditions
were held constant. Figure 12 is a plot of log R vs. log

Py, for which the slope is 0.96. Therefore, the reaction
order with respect to oxygen partial pressure is l. This

is in agreement with the results of the oxygen consumpiion

experiments.

Effect of Hvdrogen lon Concentration

The purpoese of this portion of the work was

the order of the dissolution reaction with vespect to HY ion

over a wide concentration range. Threes eXposrimencs
run with the initial concentration of M and SC;¢ ions as
variables. Hydrogen ion iz consumed in the reaction and its
concentration changes with time during an experiment.
However, it was shown in the stoichiometric study that the
-2 : . )
804 ionn concentration deoesg not change during an experiment.
-2 . . .
Although the S04~ ion concentration may influence the
reaction rate, the effect is constant for a particular
. s es -2 . .
experiment and only the initial SO, ion concentration effects
the rate of reaction.
. . +2 . .
Figure 13 is a plot of Cu ion concentration vs.
. . ‘e i -2
time for three different initial and S0, ion concentra=-
tions. Sulfate ion exerts an inverse effect on the rate of
dissolution and neutralizes the effect of H' ion concentration.
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Since all variables except HY dion concentoaltiioil waeid

held constant during the course of each experiment, the

ey
@
&
‘Cﬁf
3
ol
(&N

rate equation for this part of the work can BEDTSEER
as equation (59) where k'f contains the constant effects
R o= k't (H) (59)

of oxygen partlal pressure and SO ion concentration. he

1Y ion concentratlon is related to the Cu ion concentra-

tion by equation (60). Combination of equations {59) and

@y = (), + 2(eaD), w2(cu) (60)

., ,n,;'
(60) yield equation (61) where A = (Hﬁ) 4+ 2({Cu Z>Oe

Integration of this equation yields equation (62). A plot
(G 2) = ke (A - 2(Cut7)) (61
dg
+2 t e s e O ‘e
In (A - 2(Cu “)) = £ 4 In C {62

oo . . - . P 1
of In (A 22(Cu¥?)) vs. t will give a straight line 1f the

assumed rate equation is correct. Figure 14 is a plot of

these two variables for the experiment shown in Figure 13.
The first order effect of 1Y ion concentration was feund

to hold over the 1" ion concentration range 0.1 to 0.0l M.

The Effect of Sulfate

The purpose of this section of the study was to

determine the order of the dissolution reaction with respect

to sulfate ion concentration.
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In the last section the effect of sulfate wag iunciudad

effect is only a

?-Jo
a3
w

in the quasi-rate constant since

function of initial concentration. Equation (63) represents
b
Rt o=k (S05%) (63)

this situation where k' is the quaéi«rate constant of
equation (62), k is a new rate constant containing the
constant effect of oxygen and b is the unknown reaction
order with respect to SOZ(2 ion concentration. The loge
arithmic form of this equation given by equation (64) is

a line equation of slope b. A plot of log k*f vs., log

2 N
log k'' = b log (S047) + log k (64

-2 . . . o \
(8077) should yield a straight line of clope b.

The slope of the lines in Figure 1o are equal to ~J2L°

Figure 15 was constructed using the k'’ values
from Figure 14. The slope of the line in Figure 15 was
found to be -1.18. Therefore, reaction order with regpect
to sulfate is -1.18.

In other experiments sulfate ion was completely
repiaced by perchlorate and nitrate ions. Figure 16 is a
plot of cu™? ion concentration vs. time showing the effects
of SOZZ, C10; and NO3 ions. Sulfate ion depresses the

reaction rate relative to the rate in ClOZ and NOE solutions.

Summary of Kinetic Analysis

The analysis of the oxygen consumption experimental

data indicated that the chalcocite oxidation reaction is
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partial pressure and zero order with respect to cu¥4 ion
concentration.

Experiments at several constant oxygen partial
pressures indicate that the oxidation reaction is first
order with respect to oxygen pressure. Other experiments
at various initial 1" ion concentyrations indicate that the
reaction is first order with regpect to HY ion concentration.
The same 1" ion experiments indicate that the reacticn
order with respect to sulfate ion is ~1.18. These results

support the rate law given by equation (65). This wate

. «1.18
R = )(HL)( 0@ ) R (65

"
f‘\

expression is valid over the 3" fen concentraiion ronge
0.1 to 0.01 M, the SOZ2 jon coacentraticn mangs 0,005 o
0.05 M and the oxygen pressure range L.085 to 0.264
atmospheres.

0

L

oy
—

&l . - {
first order with respect to H ilon concentwatlon dand oxygen
1f the sulfate ion concentration dees not vary fn

one experiment to another, then the rate law given by

equation (56) is valid. The constant effect of SOZ2 ion

concentration is included in the rate constant.

The Effeet of Temperature - Activation Energy

The purpose of this series of experiments was to
determine the activation energy of the chalcocite dissolu-
tion reaction.

The rate constant for a reaction is related to tempera-

ture through the Arrhenius equation given as equation (66)



din Ik Tk,

Tar ¢ RI“

where k is the rate constant, T is absolute temperature,
R is the gas constant and E* ia the activation energy of

the reaction. The integrated form of this equation 18

given by equation (67). A plot of In k vs. 1/T should

In k = :%% + 1n A (67}

give a straight line of slope ~E*/R.
Values of k can be determined by solving equation (56)

for k. The oxygen partial pressure is known and the H*

jon concentration can be determined by using equation (60).

Rate can be found as the derivative of the polynonial curve

2

kel TV, S o
fon ooncentyrailion .

fitted through the experimental Cu

L

time data for each experiment. The rate selected From ool
experiment is taken at the same Cu+2 concentration
(.004000 M), not the same time.

Figure 17 is a plot of cupric ion concentration ve.
time for three different temperatures. lgure 18 is a
plot of In k vs. L/T for these three experiments. The slope
of the line gives an activation energy of 6.59 kecal/mole.
Warren (1958) found an activation energy of 6.6 keal/mole
for the first stage of chalcocite dissolution at an oxygen
pressure of740 psi over the temperature range 100° to 200°C.

The significance of the activation energy is not clear.

Burkin (1966) suggests that diffusion controlled reactions

have activation energies of about 4 kcal/mole. A value of
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6.6 keal/mole could sndicate sither difiusion ©r ©LOo
rate control.
The Effect of Chloride and Bromide lons

The purpese of this poriion of the situdy was O
determine the effect of chloride and bromide iong on the
dissolution of chalcocite.

i

Aa
The reaction mechanism involves the exlistence of Cu

The cuprous ion normall underzoes
P 2

Z

jon as an intermediate.
. s . 3 . . .

spontaneous disproportionation to form Cu and metallic
)

copper, and therefore, the Cu”

in sgolution is very small. The halide ions all have the

‘v e 1 . . .
ability to selectively complex Cu 1 ion In prefevence TO
Cu+2 jon. The stability constants for Culla,

- -} X ; s s 4 - .
CuBry and CuBr given by Yatsimirskii and Vasill

y

-
1.30, 7.69 ¥ 107 and 2.0.

ape respectively 2.00 X 107,
grester tho

larger the value of the stabllity constant, the
1 4

g o 1 o
lexee ais oiealll

X . e ~ .;.
stability of the complex. Tnue, Cu comp]]

42 o
more stable than Cu complexes. The

. . q = - . . . R
jong should stabilize Cu 1 jon and increase 1tTs eguilibriun

concentration in solution.

Equation (30) of the reaction mechanism proposes the

%4 . .
existence of a Cu 1 ijon at the surface of the mineral. If

the equilibrium concentration of this gspecies can be

increased, then the reaction rate should increase if

equation (30) is the rate controlling reaction.

Figure 19 is a plot of Cu+2 jon concentration vs. time

for three experiments showing the effect of chloride and

t ion equilibrium concentration
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bromide ions. The presence of halide ioas ERATE)

reaction rate by a factoxr of about 100.

The Identification of CuS

The leached chalcocite recovered from the chloride
and bromide dissolution experiments no longer appeared to
be chalcocite. The mineral grains were a definite deep
blue in color and could easily be mistaken for covellite.
Sato (1960a), Kuxmann and Biallab (1969), Stanczyk and
Rampacek (1966) and Gerlach and Pawleck (1968) have
postulated CuS as a reaction intermediaste during chalcocite
dissolution. However, none of these investigators igolated
and identified the intermediate. Since the color of the
leached chalcocite was definite, it was clear that
more than a superficial coating. Therefore, it waa decldod
that the product might be identified using Xe-ray puwder
diffraction.

A sample of -200 mesh chalcocite was leached for 530
minutes in a solution containing .001 M Cu+29 <1000 M H$9
L0970 M Na+ and .1980 M Br~. The solids that remained were
recovered, washed thoroughly and air dried. A sample of
unleached -200 mesh chalcocite and a sample of the leached
.270 mesh chalcocite were subjected to X-ray diffraction
analysis. The conditions of the analysis for each sample

were identical. The results of the x~ray analyses are
given in Appendix A, Tables XII and X111l and are shown
graphically in Figure 20. Figure 20 is a photographically

reduced tracing of the two x-ray diffraction spectra.
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The peaks in Figure 20 are identificd as Yoilows. ALl
unmarked pezks belong to chalcocite, those marked with a
circle are quartz and those sndicated with a number are Cul.
Figure 20 exhibits several interesting features.
The chalcocite spectra in the leached marerial is very
weak compared to the spectra of mleached chalcocite. The
quartz lineg are essentiélly the same in both cases. Peaks
1 and 2 of the leached material can be clearly identified
with ecovellite. Peak 3 can be identified with either CupS
or CuS. However, the peak does not exist in the unleached
chalcocite spectra and there is no reasom o belicve that
leaching would enhance this one peak while in general

destroying all others. Peak 3 moet proboably belongs to

CuS. DPeak 4 corresponds to Twoe very internse Culd pes

although no definite peak exists at positvion 4. Peal 5

o oo
s

could belong to either CUQS or Cul, but since Cusd sce
to be depressed in other areas, this peak ls attribuled
0 CuS. Peak 6 is a CuS diffraction pealk.

These results clearly indicate that covellite is a

reaction product of chalcocite dissolution.

Summary

The purpose of this section of the study was to determine
the rate of chalcocite dissolution as a function of agitation,
surface area, oxXygen partial pressure, " ion concentration,
SOZ2 jon concentration and halide ion concentration,
substantiate the general rate equation and find support for

a physico-chemical reaction mechanism.



The system reproducibility was found to be 4.2206.
Increased agitation produced higher reaction rates up to
700 RPM. All experiments were performed at 1150 RPM so

that agitation was not a variable. Reaction rate was found

+o be first order with respect tO surface area at constant
particle size. The dissolution reaction was found to be
{first order with respect to oXygen partial pressure and H*
jon concentration. The reaction order with respect to

SOZ2 ion was found to be -1.18. The reaction rate was found
o be controlled by an activation energy of 6.6 keal/mole.
Both CL1~ and Br~ ions caused increases in reaction rate.

The vproduct of the dissolution reactlion was identified as
8

CuS by xeray diffraction.

y & PR A T i8] P Pp— LN e s
4 Physico-Chemical Reaction Mechanisw

The only reaction that ig occurring in the digsolution
of chalcocite is reaction (11). The dissolution i3

Cqu de %02 N 2};{+ = OusS 4 CUN#Z 3 Hz(} K‘ll)

governed by the experimental rate law represented by

equation (56). Any mechanism proposed for chalcocite
R =k (P02> (a") (562

dissolution must be consistent with equations (11) and
(56).
When the rate controlling reaction is assumed to be

dissolution of Oy in the solution, the rate law is given by




equation (41). This rate law is not in agrecment with
= 610
R k‘{to(oz) ( tL )

equation (56), and therefore, the rate is not controlled
by 0o transport into the solution.

Reaction rate control by sorption of 02 on the mineral

o

surface leads to the rate law gilven by egquation (&4,

i< -
R = n‘mgg (O? )] (lfar(f;,)
.’L(.“ 28 -

Again, this rate law is not consistent with equation {56).

Thus, rate control 1is apparently not due e Oy 5O PTLO.

1f the rate controlling reaction 1s the first peduchion

step for Oy, the nate law ig glven by cguation {675, This

Therefore, the rate of the reaction 1g appavrently
by reaction (30) of the reaction sequence.

The reaction mechanism given by equations (28) through
(39) is postulated as a physico-chemical mechanism of

chalcocite dissolution.

-
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SUMMARY AND CONCLUSIONS
Electrode Potential of Chalcocite

The electrode potential of chalcocite was found to be

0.462 V. This potential corresponds to reaction (9)
GuyS = CuS # Cu? + 2e (9)
which has a theoretical electrode potential of 0.530 V,
Natural Chalcocite Solubility

Chalcocite was found to have a limited, finite
solubility in a non-oxidizing solution. The experimentsl

solubility was not in agreement with thoe scolubLility piods

of chalcocite. The copper that wes digsolved wasg zpnay

not due to oxidation in solution and wag not the v
surface oxidation during grinding. The solubility swounts
to 3.1 X lO"'5 moles per gram of ~48+65 mesh chalecocite. The

nature of the solubllity phenomenon is not known.

Stoichiometxy

The average mole ratios of H jcut?

4 4
Cu 2/0 and H /0
’ 2 2
were found to be respectively 2, 2 and 4. No sulfur

species was produced during the dissolution of chalcocite.

CuS was found to be a reaction product. All of these

findings support reaction (11) as the only dissolution

I
"



CuyS + %0, 4 2H' = CuS + cut? 4 B0 (11)

F 5

reaction occurring in an oxygenated sulfuriec acid solution.
Rate of Oxygen Consumption

The dissolution process in oxygenated acid solution

was found to follow the rate law given by equation {(56)

R =k (P ) u") (56)

Cupric Ion Concentration Change as & Measure of

The system reproducibility was found to be 4,27%.
The effect of surface area at constant psrtlele size was
found to be first order. Increased agitotion was found

to inerease the reaction rate up to g stivesing spead ©F

700 RPM. There was no further increasse in
above 700 RFPM.

The reactilon was found o be Ffirst order wiith e

: i .
to both oxygen partial pressure and H icn concentration,
This is in agreement with the results found in the oxygen

consumption experiments. These results substantiate equation "

p ‘
Dig
u

(56) as the rate law for the dissolution of chalcocite. i
In addition the initial SOZ2 ion concentration was found to

have a reaction order of -1.18. The activation energy for

the dissolution of chalcocite was found to be 6.6 kcal/mole.

The activation energy is attributed to a chemically

controlled procesgs.



Y
7o

When sulfate wasz replaced by either psrchiorate o
nitrate, the reaction rate increased. Chioride and
bromide ions were found to increase the reaction rate by
a factor of about 100 with respect to the rate in sulfate,
perchlorate or nitrate solutions. The increasge in reaction

1 jon by C1°

; . . . .
rate is attributed to complexing of the Cu
or Br”~ ion.

The reaction product formed during dissolution of

chalcocite was found to be CuS.
A Physico-Chemical Reaction Mechanism

The reaction sequence given by equations (28) through

(39) is proposed as a mechanism for chalcocite dissolution
in oxygenated, acid solutlion. Reactions (28) and (293

are considered to establish rapid equilibeia and reo
(30) is considered to be the rate contvolling Freachion.
The. first three reactions in the sequence lead to a rate

equation of the same form as equation {506).

Conclusions

ief
[

The only reaction accompanying the dissolution of b
chalcocite in oxygenated sulfuric acid solutica is glven

by equation (11). The dissolution process 1s governed
Ll o “2
CupS 4 %0, + 2H = CuS # Cu'® + H,0 (11)

by the rate law represented by equation (56). This rate

. 4 .
law is valid over the H” ion concentration range 0.01 to



0.1 M and the oxygtn pressure range of 1.085 to G.384
atmospheres. The activation energy foxr the dissolution
(56)

R = k(Py ) D)
)

reaction is 6.6 kcal/mole. The rate controlling step is

considered to be chemical in nature.

The reaction rate is first order with respect €o
surface area. Sulfate ion has a wl.18 order effect on
the reaction rate and depresses the reaction rate relative

to the rate in perchlorate or nitrate soilutions. The

presence of chloride or bromide ion in the solution
a 100 fold inerease in reaction rate.

The reaction mechanism concistent with all of rhe

experimental findings ig given by equaviong plhsounh

(39).



RECOMMENDATIONS
The Effect of Sulfate

The exact effect that SOZ2 ion has on the chaleocite
dissolution reaction was not determined. The general effect
of SOZ2 ion was to depress the reaction rate. It 1s the
‘opiﬁion of this investigator that the non-oxidative
solubility of chalcocite, the effect cof sulfate and the
equilibrium between 3-2 in the mineral surface and Qxy;
sulfur species in the solution are direcily related. A
study of these phenomena could yield useful information on

the surface chemistry of sulfide minerals.

The Physical Aspects of the Reaction Me

The proposed reaction mechanism includes both physi
and chemical phenomena. The solid state reactions cof this
mechanism were not substaniated by experimental resulits,
but were instead compared to the resulits of ancther leaching
study (Dutrizac et al., 1970).

A study of the stoichiometry and the crystal structure
of CuyS as it is leached could produce information leading
to a theory on the solid state transformations occurring
during aqueous, oXidative dissolution of sulfide minerals.

The stoichiometry can be determined using conventional

chemical analysis and electron microprobe analysis.



*

Structure studieg can be ecarriecd out using Xecuy diffraciion

techniques.
The Chemical Aspects of the Reaction Mechanism

The chemical steps in the reaction mechanism are
concerned primarily with the reduction of oxygen. The
first step in thig reduction has been considered as rate
controlling. A detailed kinetic study of the reduction
of oxygen in various aqueous environments with the conceti-
tration of cupric, sulfate, perchlorate, nitrate, chloride

and bromide ions as variables could indicate vhether o

t

not the rate controlling steps in oxygen weduction and

chalcocite oxidation are ih
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Table IX

Oxygen Partial Pressure as a Iunction of

Time During Chalcoclte Oxidation

Elapsged Time Oy Pressure

(Min)

“ (i e )

2.5
5.0
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16.0
30.0
60.0
120.0
210,0
270.0
360.0
480.0
540.,0
600.0
660,0
720.0
76Q.0

686.,9
ﬁ‘)86¢ ,11
684.6

6 Q0
[ I

Gh4, 7
G4LL, 6
637.5
6246
619.6
6i4,5
H09. 8
6045
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Table *1I
Tabulation of Cupric lon Concentration
for Chalcocite Digsolution Experiments

Ad justed
Cupric Ion

Experimental
Experiment Elapsed Cupric lon

Number Time Concentration Conceantration
(Min) (34/1) (M/L)
CO-16 0.0 0.001030 0.000999
30.0 0.001569 0.001253
60.0 0.001932 0.001586
120.0 0.002382 0.002047
240.0 0.003280 0.002834
300.0 0.003726 0.003380
360.0 0.004061 0.003716
420.0 0.004403 0.004057
480.0 0.004737 OQOObSQE
5[5-090 0. 00[’(—)()/‘ O,,O{)/ e e
GO0, 0 0.005268 0.004%22
COw17 0.0 0,00102¢ 0, GLosen
30.0 0.001554 0, 061
60.0 0.001759 0.00%
120.0 0.002122 h Q@ﬁfbp
180.0 0,002451 L0021 06
260.0 G, Q027553 d “”PHW”
30050 0. 00 1507 0. GO2 667
360.0 0.,003289 {0, OUAE'ﬂ
420.0 0.003571 0.,0032926
480.0 0.002845 0,002500
540,0 0. 004140 G Q02755
600.0 0. 004377 0.006032
Co-18 0.0 0.001012 0. 000800
30.0 0.001455 0.001128
60.0 0.001645 0.001318
120.0 0.001850 0.001523
180.0 0,002011 0.001683
) 240.0 0.002152 0.001824
300.0 0.002332 0,002005
360.0 0.002530 0.002203
420.0 0.002610 0.002282
480.0 0.002784 0.002456
540.0 0.002994 0.002667
600.0 0.003043 0.002716




Table XI

Continued

Ad juzted
Cupric lon

Experimental

Experiment Elapsed Cupric Ion

Numbex Time Concentration Concentratlion
(1Mir) (M/1) (11/1.)
c0-19 0.0 0,001022 0.0009%9%
30.0 0.,001625 0.001287
60.0 0.00183%2 0.001494
120.0 0.002174 0,001836
180.0 0.002495 0.002157
2640.0 0.002794 0.002456
300.0 0.003128 0.002760
360.0 0.003359 0,003021
4720.0 0.003752 0.,003414
480.0 0.003%96 0.003658
540.0 0. 004240 . 003807
600, 0 0,004518 0.0046180
C0-20 0.0 0. 001040
30.0 0.0015972
60.0 0.001759
120.0 0,00211h0
1806.0 0. 002440
240.0 0.002785
300.0 0.0030562
360.0 0.00336%
420.0 0.003616
480.0 0.003883
540,0 0.004002
600.0 0.004351
CO=-23 0.0 0.001022 - 0.000999
30.0 0.001776 0.001438
66,0 0.002272 0.001935
120.0 0.002779 0.002441
180.0 0.003470 0.,003132
240.0 0.003916 0.003579
300.0 0.004407 0.004069
360,0 0.004853 0.004516
420.0 0.005310 0.004973
480.0 0.00574% 0,005404
540.0 0.005927 0.005589
600.0 0.006277 0.005939




Table X1

Continued

Experimental
Cupric Ilon

Adjusted

Experiment Elapsed Cupric Ion

Number Time Concentration (onceﬂt?vtion
(Min) (/1) (1171
CO-24 0.0 0.001031 0.000959
30.0 0.002008 0.001662
60.0 0.002488 0.002142
120.0 0.00330% 0.002855
180.0 0.003981 0.003635
240.0 0.004540 0, 004124
300.0 0.005149 0. 004803
360,0 0,005563 0.005217
420.0 0.005037 0.005501
480.0 0.006279 ne
540,0 0,006665
610.0 0.007171
CO0-25 0.0 0.001070
2.0 ), 002278
60,0 Q. OP36RH
120.0 0.00338
180.0 0. 00&10)
240.0 0,004707
300.0 0.0052772
360.0 0. 006018
420.0 0.000714
480.0 0.0074%21%
540.0 0. 0078472
CO=26 0.0 0.001030 0.00088%
30.0 0.001 357 0.001011
60.0 0.001459 0.001113
120.0 0.001701 0.001355
181.0 0.001853 0.001507
241,0 0.002048 0.001702
300.0 0.002174 0.001829
360.0 0.002320 0.001975
420.0 0.002519 C.002173
480.0 0.002730 0.002384
544.0 0.002980 0.002634
600.0 0.003021 0.002676




Table X1

Continued

Adjusted
Cupric len

Experimental

Experiment Elapsed Cupric Ion

Number Time Concentration Concentration
(Min) (/1) (11/1.)
C0-~-27 0.0 0.001059 0.000699
30.0 0.001749 0.001374
60.0 0.001918 0.001543
120.0 0.,002304 0,001929
180.0 0.002650 0.002276
240,0 0.002948 0.002573
- 300.0 .Dﬁ003318 0.002944
360.0 0.003571 0.003196
420.0 0.003917 0.003542
480.0 0.004184 0,003820
540.0 0.004446 0.0046071
600.0 0.004748 0., 004374
CO-28 0.0 0.001059 0.000999
30.0 0.001566 0.001192
(0,0 0.001714 (. 001340
126.0 0.001930 G, G01558
180.0 0.002092 0.0017158
240,0 0.002238 G, 001864
300.0 0.0023%3 4.,002019
360.0 0.002562 0.002187
420.0 0.002696 (6,002322
540.0 0.002298 0.002624
600.0 0.003193 0.002819
C0-30 0.0 0.0010406 0.000982
30.0 0.001578 0.001217
60.0 0.001732 0,001371
120.0 0.001995 0.001633
180.0 0.002197 0,001835
240.0 0.002489 0.002127
300.0 0.,002697 0.002336
420.0 0.003162 0.002800
480.0 0.003384 0.003022
540,0 0.003606 0.003244
600.0 0.003815 0.003453




Table X1

Continued
Experimental Ad justed
Experiment Elapsed Cupric Ion Cupric Ion
Number Time Concentration Concentraticn
(Min) (/1) (M/1.)
C0-31 0.0 0.001037 0.00069%
30.0 0.001734 0.001381
60.0 0.002033 0.001680
120.0 0.002574 0.002221
180.0 0.003014 0.002662
C0-36 0.0 0.00102° 0.0009%9
34.0 0.001760 0.001415
60.0 0.001975 0.001630
120.0 0.002458 0.002113
181.0 0.0029272 0.002577
260.0 0.003335 0,002991
300.0 0.003755 0.003411
360.0 0.004169 0.003875
420.0 0.004533 0.004£188
&80.0 0.0G04878 0.004553
540.0 0.005185 0, OUASL0
600.0 0.005505 0.005100
C0-37 0.0 0.001052 0. 000%¢%
29.0 0.001718 0.001350
60.0 0,001936 0.001569
120.0 0.002289 0. 001927
180.0 0.,002575 0.002207
240.0 0.002924 0.002556
300.0 0.003220 0.002852
362.0 0.003501 0.003133
423.0 0.003827 0,003460
480.0 0.004085 0.003718
540.0 0.004359 0.0039091
600.0 0.004586 0.004218




Table XI

Continued
Experimental Adjusted
Experiment Elapsed Cupric Ion Cupric Ion
Number Time Concentra tmon Concentration
(Min) {(M/L.) (/1)
CO-~40 0.0 0,001032 0.000899
30.0 0.004103 0.003756
60.0 0.006065 0.005717
120.0 0,010340 0. 0009493
180.0 0.015276 0.014929
240.0 0.018087 0.017740
300.0 0.020769 0. 0?3/27
360.0 0,023%903 0,023556
42G.0 0.026825 0. 02647;
540.0 0.032489 0.032142
600.0 0.034488 0.034141
CO-41 0.0 0.00L064 0,000299
20,0 . 0.001735 0.00L3506
60.0 0.,0019%0 0.001541
12C.0 0.002266 { OUW&Of
180.0 0. JO?”f“ g
260,40 0.003008
300.0 0.003 )“
360.0 0.003591
420.0 0.005557
480.0 0, 004190
560.0 0,004450
600.0 0.004789% U OQQLL?
CO0=42 0.0 0.001044 0. 0009489
30.0 0.001511 0.001151
60.0 0.0015606 0.001206
120.0 6.001570 0.001210
180.0 0.001612 0.001252
240.0 0.001624 0,001264
300.0 0.001666 0.001306
474.0 0.001645 0.001285
600.0 0.001620 0.001260




Table X1

Continued

Experimental

Ad justed

Experiment FElapsed Cupric Ion Cupric Ion
Number Time Concentiration Concentration
(Min) (/1) (M/1.)
CO=-43 0.0 0.001017 0.00059¢9
30.0 0.005951 0.005619.
60.0 0.011884 0.011552
120.0 0.021406 0.021074
180.0 0.028353 0. 029021
243.0 0.036881 0.036540
300.0 0.039728 0. 0)9396
360.0 0.042416 0.042084
480.0 0.043840 0.04350
540.0 0.044789 0,044457
600, 0 0.046686 0.046355
CO=47 0.0 0.001 047 0.,00029%9
30.0 0.001 661 0.00172499
60.0 0.001819 0.001457
120.0 0. 002108 @&szwﬁg
2[#0@0 ()4(} D28 38 ) ’
300.0 0. 003254
360.0 0.003 ! 78
420.0 0.003773
480.0 0060@058 55
540.0 0.004363 0 UU;Wf‘
G00.0 0.,0048663 0. 004300
CO-BS 0.0 0.001050 0,000999
30.0 0.001654 0,00128¢
60.0 0.001876 0,001511
120.0 0.002201 0.001836
240.0 0.0028406 0.002481
300.0 0.003173 0,002808
360.0 0.003431 0.003066
420.0 0.003762 0.003397
480.0 0.004025 0.003660
540.0 0.004314 0.003949
600.0 0.004238

0.004603
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Appendix B. Mathods of Data Ana N




Measurement and Correctlion of Syatemn Prossure

D O B

System pressure was measured with a mercury or water
manometer and compared with barometric pressure to obtain
the absolute pressure. A mercury barometer was used to
‘obtain the barometric pressure.

The mercury barometer readings were reduced to a

temperature of 0°C using equation (68) where CBP = corrected
CBP = BP - 0,104 X T (68)

barometric pressure, PP = oxperimental barometric pressure

and T = the temperature of the barometer. The mercury

manometer pressure was found frem equation (69) whore

MP = R - LN (6o

MP = pressure indicated by mercury manoneter, R =
of mercury in the right arm of the manometrer and R =

height of mereury in the left arm of the manometer, The
mercury manometer pressure was reduced to 0°C using equation

(70) where CMP = corrected mercury pressure, LO = length
‘ l _
CMP = MP -~ L_(aT + pT") {70)

of the mercury column at OOC, ¢ and B = coefficients of
cubical expansion for mercury and T = temperature cof the
manometer.

The water manometer pressure, WP, was found using

equation (71) where RHW and LHW are the heights of the
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WP = RHY « LEW 71)
right and left arms of the water manometer. The water
manometer pressure was reduced to 15.5°C and converted to
mm Hg using equation (72) where CWP = corrected water

CWP _ WP u H,{T.OOOOO/D o 1.00073) (77)

13,62 A

manometer pressure, Ho = height of the water column ot

(=

o] . . s
15.57°C and D = density of water at the temperature of the

manometer. D was determed using equation (73) where
D = 1.00010 + 0.00001 T - 0.0000052 T2 (73)

T = temperature of the manometeir,
The absolute system pressure was found

(74) where SP = system pressure. CMP may be replsced oy

SP = CRP + CMP {

gl

CWP when a water mancmeter was usged.
Calculation of Ozygen Consumption

The moles of oxveen consumed was found using e uation
g b4

(75) where 0y = moles of oxygen consumed, SPo = initial

w

0, = (8P, -~ SP.) Vv

(75)
(760.0)(82.086) T

pressure, SPe = final pressure, V = gas volume of the
system and T = the exXperimental temperature. Equation

(75) is based on the ideal gas law.



Determination and Adjustment of Cuv% Ion Concentiotion

Cupric ion concentration was d@terminedvby atomic
absorption spectroscepy. Each concentration value was
corrected for the difference in experimental temperatures
and the calibration temperature of the glassware, sclution
volume change due to sampling and evaporation, varliation
in initial solution volume and non-oxidative sclubility
of chalcocite,

A least squares line was fitted to atomic absorption
readout vs. ppm for a set of copper standards {5, 10, 15,
and 20 ppm). The concentration of unimown samples in ppm

was calculated from the atomic abgorption readout of the

unknown and the least squares line oquabion. CO 0T

tration was then multiplied by the dilution factor to

. s w2 . e e -
determine the original Cu ion concentration ol

The dilution factor was corrected for temperature

e
{1
14
o3
&
s
o
a4
)
baiaisy
o~
{
Jort
e

between the sample and the calibration tempe:
£ A
glassware. The corrected dilution factor ig giwven by

equation (76) where F = original dilution factor, CF =
CF = F(0.99823)/D (76)

corrected dilution factor and D = density of water at the

experimental temperature.
Each time a sample was removed from the system, the

solution volume was reduced and an error was introduced

+2

into the calculation of Cu ion concentration. Consequently,



each concentration value was corrected fovr the chaipe Lu
solution volume by converting all concentrations to g total
constant volume of 2.5 1. Thusg, all concentrations are
strictly comparable for each sample and each experiment.
In ‘addition, this correction removed the effect of small
variations in the initial wolume of the solution.

The natural, non-oxidative solubility of cha}v@cxtm
wasxsubtracted from each concentration value. ALl concenw

o

tration wvalues were then converted from ppm to moles/liter.
Polynomial Curve Fitting

A polynomial curve of the form given by equation {77)

o o . - - . .
was Iitted to experimental oXygen partiel pressure ve

B ¥ J sl 4
Y oz Al o 4:’5.2:\. “ A\B}\ (A }[l’
w2,
time and Cu 10n concentration va., time dats usipe h
o e B! ¥ [P

least squares te chniqus given by Horthing and CGeffner

(1943).
DataaAnalysis

All of the data analysis and tabulation discussed
in this appendix was carried out with the aid of an IRM

360 digital computer.




Appendix C. Analvtic Procodures




Analytlc Frocedures

- <

Cupric ion in leach solutions was determined by

atomic absorption spectroscopy. Each sample was diluted to

e
'3
}.z.
et

o

the concentration range 5 to 20 ppm immediately aften
was taken from the leaching system. The dilution of each
sample was made in one step to eliminate as much volumetric
error as possible. 1 N HCl was added to each dilution to
keep the pH of the diluted sample below a value of 1.

. Hydrogen‘ion concentration was determined by NaOH
titrati_on° The NaOH solutions were standardized against
potassium hydrogen phthalate. The end point of unknown
titrations was set af a pH value of 4 and was determined
with a pH meter. The low endpoint pH was =zelected to
cprevent the hydrolysis of cupric ion, Since the change in
hydrogen lon concentration was the importaut quentity being
sought, no error was introduced by selecting pli & as on
endpoint.

Sulfate ion concentration was determined by the

standard, BaSO4, gravimetric method given by Olson, Kech
and Pimentel (1956). Oxidation of sulfur species to sulfate
was accomplished by adding saturated bromine water to‘the
hot solution. THE excess bromine was boiled off priof to

BaS0, preci?itaﬁion.'
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