Reaction Mechanism for the Acid Ferric
Sulfate Leaching of Chalcopyrite
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The acid ferric sulfate leaching of chalcopyrite,

CuFeS; + 4Fe*® = Cu*? + 5Fe*? + 28°

was studied using monosize particles in a well stirred reactor at ambient pressure and
dilute solid phase concentration in order to obtain fundamental details of the reaction
kinetics. The principal rate limiting step for this electrochemical reaction appears to be
a transport process through the elemental sulfur reaction product. This conclusion has
been reached in other investigations and is supported by data from this investigation in
which the reaction rate was found to have an inverse second order dependence on the
initial particle diameter. Furthermore, the reaction kinetics were found to be independent
of Fe™, Fe'?, Cu'® and H,S0; in the range of additions studied. The unique aspect of this
particular research effort is that data analysis, using the Wagner theory of oxidation, sug-
gests that the rate limiting process may be the transport of electrons through the ele-
mental sulfur layer. Predicted reaction rates calculated from first principles using the
physicochemical properties of the system (conductivity of elemental sulfur and the free
energy change for the reaction) agree satisfactorily with experimentally determined
rates. Further evidence which supports this analysis includes an experimental activa-
tion energy of 20 keal/mol (83.7 kJ/mol) which is approximately the same as the ap-
parent activation energy for the transfer of electrons through elemental sulfur, 23 kca
mol (96.3 kJ/mol) calculated from both conductivity and electron mobility measurements

reported in the literature.

HYDROMETALLURGICAL processes are playing an
increasingly important role in the development of new
technology for processing copper sulfide concentrates.
Conventionally, these concentrates are processed by
smelting and converting methods which, while achiev-
ing high recoveries of copper and precious metals,
also produce large quantities of sulfur dioxide (SO,)
gas. Venting of this off-gas to the atmosphere repre-
sents a potential ecological hazard and has resulted

in processing constraints on domestic copper pro-
ducers in the form of costly pollution abatement equip-
ment. These restrictions, in conjunction with the ris-
ing costs of fuel and the necessity to process low-
grade ores that cannot be economically upgraded by
conventional milling, concentration and smelting, have
opened the door to the development of hydrometallurgi-
cal alternatives to compete with the traditional methods
of copper production. Hydrometallurgy offers several
possible alternative processes for producing copper
irom sulfide concentrates without producing SO; and
frequently offers the possibility of direct recovery of
most of the sulfur in the solid state. Roman and Ben-
ner' have summarized the leaching characteristics of
many different copper sulfide systems. Dasher® dis-
cussed the economies of various hydrometallurgical
processes and indicated that there are several routes
to produce copper from sulfide concentrates that are
potentially competitive with smelters. In the search
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for hydrometallurgical alternatives to copper smelt-
ing, sulfuric acid, in conjunction with various oxidiz-
ing agents, has received more attention than any other
reagent combination. Low cost, minimal corrosion
problems, and the ability to regenerate sulfuric acid
during electrowinning of copper are the main reasons
for the interest in sulfuric acid systems.

In sulfuric acid solutions of ferric sulfate, chalco-
pyrite dissolves according to the following reaction,

CuFeS, + 4Fe*® — Cu™ + bFe™ + 28°. [1]

This reaction stoichiometry has been observed by a
number of investigators®® and has been confirmed in
this study. Exceptions to this consensus are the early
work of Sullivan® and the more recent results re-
ported by Jones and Peters.® Sullivan found 22 pct
sulfur oxidation to sulfate in 42 days and Jones and
Peters reported 18 pct after approximately 17 days
with even greater amount for shorter periods of time.
Evidently the source of chalcopyrite, its pretreat-
ment and the rate and extent of reaction may all in-
fluence the degree of sulfate formation.

The formation of an elemental sulfur layer on the
chalcopyrite surface may significantly influence the
reaction kinetics by establishing a diffusion barrier.
The details of rate control for this particular reaction
have not been well established. Some investigators®®
attribute rate control to a surface reaction. Under
certain circumstances, for example high anodie po-
tentials, it appears that the elemental sulfur does not
form 3 protective barrier and the reaction may be
controlled by a surface reaction.’ Other investiga-
tors®~ 1% report that the reaction rate is limited by
transport in the chalcopyrile lattice ov through the
elemental sulfuv veaction product layev. When the ele-
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Table I. Summary of Reaction Kinetics for Ferric Sulfate Leaching of Chalcopyrite

Activation Energy, Suggested Rate Limiting

Investigators System and Observations kcal/mol Process
Dutrizac, et al Rotating disc technique. Natural (Temagami) and synthetic 17.3 Transport control. Diffusion of ferrous ions
(1969) CuFeS; . Rate independent of ferric concentration. (50 to 99°C) through elemental sulfur.
Parabolic kinetics.
Lowe Continuous flow of solution through packed bed of 17.8 Surface reaction controlled. Surface saturation
(1970) particles (4 X 14 mesh). Rate independent of Fe,(S0,); (32 t0 52°C) followed by chemical reaction.
H,S0, concentrations.
Baur, et al Suspended particles (S to 40 u) in stirred reactor. Transvaal 20.3 Transport control. Diffusion of ferric ions
(1974) CuFeS, . Parabolic kinetics. (27 t0 91.5°C) through elemental sulfur.

Jones and Peters

Stirred reactor, 90°C, massive (~ 1.0 cm cubes) and partic-

(1976) ulate (12 to 400 mesh) CuFeS, from Craigmont Mine
B.C. Some 8° oxidized to SO,. No particle size depen-

dence below 48 mesh. Linear kinetics to 40 pct reacted.

Beckstead, et al
(1976)

Stirred reactor, monosize CuFe, S particles and attritor
ground particles prepared from Pima concentrate
(1 to 40 u). Rate independent of Fe,(S04);, FeSO,,
CuSO, and H, SO, concentrations. Well defined rate
dependence on particle size. Parabolic kinetics.

Electrochemical surface reaction.

200
(60 to 90°C)

Transport control. Diffusion of ferric ions
through elemental sulfur.

mental sulfur reaction product does appear to form a
diffusion barrier and the rate becomes limited by
transport through this layer, rather large activation
energies have been observed. Baur ef al, using radio-
chemical techniques, found diffusional rate control

for Transvaal chalcopyrite after approximately 5.3

x 107 g cm™ chalcopyrite had reacted at 85°C. This
corresponds to a thickness of consumed chalcopyrite
of approximately 1.25 X 10 c¢m which is necessary

to form the coherent diffusional-resistant layer of
sulfur. Some question of this interpretation of rate
control arises because of the large activation ener-
gies observed which normally are not observed for
rate control by pore transport processes in other
hydrometallurgical systems. In a previous publica-
tion® these high activation energies had been explained
to be due to a surface diffusion process and/or the
idea that the porosity and tortuosity in the sulfur layer
are highly temperature dependent and change in such a
way to give an apparent activation energy of 20 kcal/
mol, Another concern of the mass transport model is
that the reaction kinetics are largely independent of
both reactant (Fe*®) and product (Fe**, Cu*) concentra-
tions; results which are not consistent with the model.
This anomolous situation has been explained as either
being due to complexation reactions which maintain a
constant reactant activity or due to adsorption and
surface saturation of reactant.

The evaluation of the evidence supporting these posi-
tions has led to divergent views regarding the nature of
the rate limiting step in the reaction sequence. The ob-
ject of this investigation is to reexamine the rate data
and analyze the results with a rather unique model
more consistent with the experimental data. A sum-
mary of the results of investigations on the ferric sul-
fate leaching of chalcopyrite are presented in Table I.

EXPERIMENTAL

Experiments were designed to study the effects of
various parameters on the reaction rate of monosize
particles at low percent solids. The reaction kinetics
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were followed by copper analysis of solution samples
taken at timed intervals.

Materials

The chalcopyrite mineral used in this study was ob-
tained from a Pima concentrate. Table II shows the
chemical and mineralogical analysis of the concentrate
in the condition it was received.

Monosize material was prepared from the concen-
trate by wet screening and sizing with a Warman Cy-
closizer. During the sample preparation process, the
particles were dispersed with an ultrasonic probe for
15 min to break-up agglomerates prior to the final
screening. Previously, Beckstead and Miller®? re-
ported the importance of the sample preparation pro-
cedure. Two narrow size fractions, 63 X 47 y and 16
X 12 p were selected and characterized by their small-
est size, 47 and 12 y, respectively. These fractions
were passed through a Carpco Laboratory Magnetic
Separator, in order to remove quartz and pyrite im-
purities, upgrading the monosize sample to approxi-
mately 87 pct chaleopyrite. Also a 5 X 2 4 monosize
sample was prepared from the concentrate by the
Donaldson Company with an Accucut Model B air clas-
sifier. Microscopic analysis of this material indicated
an average particle diameter of 4 u, a value which was
also confirmed by air permeametry measurements

Tabte [1. Analysis of Pima Concentrate

Chemical Analysis Mineralogical Analysis
Element Percent Mineral Percent

Cu 27.2 CuFeS, 80

Fe 29.2 FeS, 5

S 308 Si0, 5 .

Sb 0.60 Al, O3 093

Zn 0.50 Ca0 0.52

Mo 0.14 Talc and chlorites 8

Pb 0.07

As 0.02

METALLURGICAL TRANSACTIONS B



o ®/

g wlii
o)

'l
|
T

S S NS SSSSSSSSN]

=

C
o

4.Chesapeake Connector
5.Freidrichs Condenser
6. Sompler

7 Mineral Qil Bath
B.Glass Teflon Impeller

L1

|. Haake Constant -

Temperature Circulator
2.Glass Reaction Vessel
3.Cover Clamp

&\\ N

Fig. 1—Schematic diagram of leaching apparatus (about one-third
scale).

with a Permaran apparatus. All monosize particles
were examined with a microscope, with a Coulter-
Counter, and with a Micromeritics Sedigraph in order
to measure particle size. These measurements have
given independent confirmation of the size assess-
ment."?

Apparatus and Procedure

A schematic diagram of the experimental apparatus
is given in Fig. 1. All leaching experiments were run
in a one liter, baffled glass reaction kettle with clamp-
held lids containing four fitted openings. A thermome-
ter, solution sampler, Friedrich’s condenser, and
glass impeller were placed into the reactor through
these openings. The turbine-type impeller was in-
serted through the center port by means of a Chesa-
peake stirrer connection. Perpendicular turbine blades
were selected to impose maximum shear on the chal-
copyrite particles and enhance mass transfer in the
aqueous phase. The impeller was driven with a Fisher
Dyna-Mix controller. The reactor was submerged in a
circulating oil bath which was heated with a Haake
temperature controller. Temperature was always held
within +0.2 K.

Distilled water and reagent grade chemicals were
used to prepare the desired leaching solutions. Sam-
ples of about 5 ml were taken through a fritted-glass
sampling device at selected times and analyzed for
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copper concentration with a Perkin-Elmer Model 305A
atomic absorption spectrophotometer. Ferrous ion
was analyzed by titration with a standard ceric sulfate
solution using ferrion as an indicator.™

RESULTS AND DISCUSSION

The following stoichiometry was found for acid fer-
ric sulfate leaching of chalcopyrite;

CuFeS, + 4Fe** — Cu*™ + 5Fe** + 28° [1]

a result which agrees with that presented by Dutrizac.’
The topochemical nature of the leaching reaction is
clearly illustrated in Fig. 2 which shows the cross
section of a partially reacted chalcopyrite particle
surrounded by a dense, tenacious sulfur layer. The
reaction kinetics have been studied as a function of a
number of variables including; particle size, tempera-
ture and concentration.

Particle Size Effect

The leaching response of 4, 12 and 47 p monosize
chalcopyrite particles is presented in Fig. 3, as frac-
tion of copper reacted vs time plots for 1 M HzSQ4,
0.25 M Fez(S04)s, 93°C, 0.5 pct solids and 1200 rpm,
The rapid decrease in rate with time seems to be due
to the formation of the sulfur layer on the surface of
the chalcopyrite thus providing a diffusion barrier.
The distinct reaction boundary between the outer sul-
fur product layer and the unreacted chalcopyrite core,

ot ’ “!'4 ‘

Fig. 2—A photomicrograph taken with a scanning electron microscope
of the cross section of a partially leached chalcopyrite particle (10
um) showing the sulfur layer and topochemical nature of the leaching
response. (Magnification 3700 times).
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Fig. 3—A plot of fraction of copper extracted from monosize chalco-
pyrite particles as a function of time for 1.0 M H,SO,, 0.25 M
Fe,(80,);, 90°C, 0.5 pct solids and 1200 rpm. -

as shown in Fig. 2, and the strong dependence of the
rate of reaction on particle size, as shown in Fig. 3,
suggests that a shrinking core-type model with rate
control by transport through the reaction product
layer might be appropriate to describe the acid ferric
sulfate leaching of chalcopyrite. These results con-
trast with the results of Jones and Peters® who report
no particle size dependence of reaction kinetics below
about 300 p for Craigmont chalcopyrite.

For spherical particles, in which the reaction rate
is controlled by transport through a reaction product
layer, the following quasisteady state relationship be-
tween fraction reacted (a) and the time (¢) is well es-
tablished for a batch system.

Fla)=1-(2/3)a- (1-a)l” =kt [2]

where &, is the parabolic rate constant which involves
many factors as will be discussed later and is in-
versely proportional to the square of the initial par-
ticle size,

According to Eq. {2] a plot of F(a) vs time should be
linear with %, as the slope. This plot is shown in Fig.
4 where, in fact, a linear relationship is observed. In
addition, the parabolic rate constants (kp) thus ob-
tained should be inversely proportional to the square
of the initial particle size. That is, a plot of ky vs
(1/d§) should also be linear. Figure 5 represents such
a plot and the linear relationship further supports the
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Fig. 4--A plot of the function, 1 — (2/3)a — (1 — a)*3, for monosize
chalcopyrite particles as a function of time for the data shown in Fig.3.
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Fig. 5--A plot of the parabolic rate constant vs the square of the inverse
initial particle diameter for the data shown in Fig. 4.

concept that the reaction rate is limited by a transport
process through the reaction product layer.

Temperature Effect

Several tests were performed in order to determine
the effect of temperature on the reaction kinetics. As
the temperature was increased the reaction rate also
increased as shown in Fig. 6 where the effect of tem-
perature on the leaching response of 12 1 particles
for 1 M H;80;, 0.25 M Fe»{(SO4)s, 0.5 pet solids and
1200 rpm is presented. The temperature effect on the
reaction kinetics of 4 u particle size was also studied.
In this case, low ionic strength conditions were used
(0.01 M H;SO4, 0.03 M Fe,(SO,)s, 0.3 pct solids and
1200 rpm). Figure 7 shows the leaching response of
4 u particles for various temperatures.

The leaching responses of the 4 and 12 u particles
were linearized according to Eq. [2] from which the
parabolic rate constants were obtained. These para-
bolic rate constants were normalized with respect
to particle size and plotted on an Arrhenius plot. The
Arrhenius equation for the temperature dependence of
the normalized parabolic rate constant can be written
as,
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Fig. 6-A plot of fraction of copper extracted from 12 u monosize
chalcopyrite particles as a function temperature for 1.0 M H,SO,,
0.25 M Fe,(S04)3, 0.5 pct solids and 1200, rpm.
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kp +ds = A exp (—E,/RT) [3]
where

kp = parabolic rate constant, (time™),
A = frequency factor,
R = universal gas constant, (calories/K),
T = absolute temperature, (K),
E, = energy of activation, (calories), and
do = initial particle diameter, (cm).

Taking the logarithm of Eq. [3] the following expres-
sion is obtained:

log (kp - d3’) = logA — (E,/2.303R)(1/T). [4]

A plot of Eq. [4] is shown in Fig. 8 where a linear re-
lationship is observed. This relationship holds for
both 4 and 12 u particles and, surprisingly, data for
both sizes give approximately the same normalized
parabolic rate constant, even though, the reactant
concentration is different, This result is discussed
below, under concentration effects. An activation
energy, E,, of 20 kcal/mol (83.7 kJ/mol) was calcu-
lated by regression analysis. The magnitude of E, is
high for a pore diffusion process and the significance
of this result will be examined in the theory section.

Concentration Effect

Previous results’ had shown that the reaction kine-
tics were independent of Fe*" and Cu** concentrations.
Similarly the reaction kinetics were shown to be inde-
pendent of HoSO.s concentration. The function of H,SO.
is simply to prevent hydrolysis of Fe*. Finally, it
had been observed that the reaction kinetics were for
the most part independent of the Fe*? concentration.®
Only for low Fe*® concentrations has a distinct de-
pendence been observed.'®

In general, as the concentration of Fe*® is increased,
an increase in the reaction rate would be expected
especially if reactant transport were the rate limiting
step. This effect was not observed in the acid ferric
sulfate leaching of chalcopyrite. The ferric ion inde-
pendence is revealed in the Arrhenius Plot (Fig. 8) in
which the size normalized parabolic rate constants at
0.5 M Fe™ for the 12 u particles and at 0.06 M Fe*®
for the 4 p particles are coincident, The linear rela-
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Fig. 7—A plot of fraction of copper extracted from 4 g monosize
chalcopyrite particles as a function of temperature for 0.01 M H,804,,
0.03 M Fe,(SOy)3, 0.5 pct solids and 1200 rpm.
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tionship for different ferric ion concentrations indi-
cates that the reaction kinetics are independent of the
reactant concentration. The apparent zero order ferric
ion dependence, also observed by other investiga-
tors,®*%1° will be discussed later.

Initial Reaction Kinetics

From the results of this study it is seen that the
overall reaction rate is limited predominantly by a
transport process through the elemental sulfur prod-
uct. However this process cannot be the rate limiting
step during the initial stage of reaction since the sul-
fur layer is not present initially. Even though it ap-
pears that the initial stage of reaction offers little re-
sistance with respect to the overall rate of reaction
for the conditions of this study, it may be useful to
summarize some of our results on initial reaction
kinetics.'® These results may be particularly import-
ant under circumstances where the sulfur film is non-
protective.

Initial reaction kinetics were studied by removing
acid soluble copper before reaction initiation. Rate
data from the initial stage of reaction was found to
exhibit an inverse first order dependence on initial
particle diameter, a half order dependence on ferric
concentration and an activation energy of 8 kcal/mole
(33.5 kJ/mol). The experimentally determined reac-
tion velocity constant is approximately an order of
magnitude less than that which would be expected if
the rate were controlled by diffusion in the aqueous
phase across a mass transfer boundary layer. On this
basis it was concluded that the initial stage of reaction
is controlled by an electrochemical reaction, the re-
sistance of which does not contribute significantly to
the resistance of the overall reaction kinetics.

Baur et al'® noted an initial surface reaction rate
control for the dissolution of Transvaal chalcopyrite
in the presence of oxygen. Jones and Peters® clearly
established the electrochemical character of the initial
dissolution process for -Craigmont chalcopyrite. The
latter investigators measured the mixed potential dur-
ing leaching which was found to vary linearly with
log [Fe*]. Introduction of the mixed potential into a
Butler-Volmer expression for the dissolution process
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Table I1L. Initial Rate of Reaction for Ferric
Sulfate Leaching of Chalcopyrite

Initial Rate
Chalcopysrite Ferric £ (CuFeS,)

Investigator Source Concentration ~ Temperature cm? h
Dutrizac et al® Synthetic 0.11M 94°C 1.15x 107
Baur et al® Transvaal 04M 85°C 197X 107
Jones and Peters®  Craigmont 10M 90°C 573X 107
Present Investigation Pima 10M 90°C 2.05% 107

results in an apparent half-power dependence on the
ferric concentration as was observed in this study.
Review of initial reaction rate data reported in the
literature is compared together with that of the pres-
ent investigation in Table III. Note that the initial
rates are nearly the same for the Transvaal and Pima
samples in which the reaction quickly becomes trans-
port controlled whereas the initial rate is almost
three times faster for the Craigmont sample in which
the reaction does not appear to be limited by a trans-

. port process. Under these circumstances in which the
electrochemical reaction limits the reaction kinetics,
it seems that an intermediate defect structure forms
at the surface accompanied by either incomplete sul-
fur coverage or a sulfur layer with high porosity.

THEORETICAL

From the analysis of reaction kinetics controlled by
diffusion through a product layer, the following quasi-
steady state shrinking core rate expression can be ob-
tained, assuming spherical particles:

dn(CuFeS:) _ (b/a)4rDACrTy

dat Yo — 7 [53]
or in terms of fraction reacted {a}
da _ 3(b/a)DC(1 — a)*” [5b]

at ppydl1-(1-a)?)
where,

a = fraction CuFeS, reacted at time ¢,

b/a = stoichiometry factor, x, moles CuFeS; re-
acted per mole of transported species,

D = effective diffusion coefficient (D;€/7) for
transport through product layer, where € is
the porosity and 7 is the tortuosity,

AC = difference in concentration or activity (a;) of
transported species between the aqueous
phase and the unreacted core,

t = time,

7 = radius of unreacted core at time ¢,

%o, do = initial particle size, radius and diameter
respectively, and

pB = molar density chalcopyrite.

For constant concentration of reactant and assuming
the concentration of the transported reactant at the
surface of the unreacted core is zero, Eq. [6b] can be
integrated to yield the following relationship between
fraction reacted and time for a batch leaching system.

1-(2/3)a — (1 —a)*’® = kpt (2]
where
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8y D;e |
kp :FX(T—Z)ai%(tlme ).

It is apparent that a plot of k, vs (1/d5’) should be
linear with (8x/p)(D;€/T)a; as the slope. Such a plot
is shown in Fig. 5, from which a slope of 2.24 x 10™?
(cm®/s) was calculated by regression analysis. On
first examination, this analysis of the experimental
data with respect to initial particle diameter seems to
explain the observed rate behavior. Assuming control
by the transport of ferric ion, the value of an effective
diffusion coefficient (Dp.¢/7) for the ferric ion can be
estimated to be ~10™'* ¢cm?/s. Even if extreme values
for the porosity and tortuosity are selected, it is dif-
ficult to justify such a small value for the effective dif-
fusion coefficient in terms of a pore diffusion model.
Furthermore, as is seen from the integrated diffusion
equation, Eq. [2], the proportionality constant, &,
should have a first order dependence on the concentra-
tion or activity of the ferric ion. Such appears not to
be the case as shown by data presented in Fig. 8 and
data reported in the literature.®*®'° Although due to
complexation reactions the rate dependence on ferric
addition should be diminished, it is difficult to justify
complete independence on this basis as previously sug-
gested.’ For example, for a thirty-fold increase in
Fex(804)s, the ferric activity increases by a factor of
6. Under these circumstances the rate would not be
expected to be directly proportional to the Fe.(SO4)s
addition, but at least the rate should have increased by
a factor of 6 which it did not. Finally, the observed
activation energy of 20 kcal/mol (83.7 kJ/mol) is
much larger than normally would be expected for a
pore diffusion process. In view of this analysis,
further consideration of the rate process must be
given to explain the anomalous behavior. Species
other than ferric ion which are transported through
the sulfur layer and which might limit the reaction
rate include, ferrous ions, cupric ions, and, in par-
ticular, electrons.

Wagner Theory

In describing the transport of ions and electrons
through the sulfur reaction product both the diffusion
due to chemical potential, p, and that due to the elec-
trical potential, ¢, must be taken into account. In this
context, the flux, in moles of species passing per unit
time through a cross section of 1 ¢m? for anions, ca-
tions, electrons, or in general the i-th species, can be
represented by’

o dy; do
- Lo di; ., 40
Ji=- Zj2e® tdx *Zse dx) (6]

where

du;/dx = chemical potential gradient,

dd/dx = electric field strength,
e = electronic charge,
t; = transport number,
¢ = electrical conductivity, and

Z; = valence of species i.

Equation [6] is the general expression for the flux of
species i and will be applied to the ferric sulfate leach-

ing of chalcopyrite.
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Fig. 9—Schematic representation of the transport process in the ferric
sulfate leaching of chalcopyrite. Note that the hydrated ferric ion
does not advance through the sulfur product layer, but rather is dis-
charged at the sulfur-solution interface.

Leaching Model

The ferric sulfate leaching of chalcopyrite is con-
sidered in terms of the Wagner Theory and the trans-
port processes are depicted in Fig. 9. The potential
difference across the sulfur product layer develops
due to the separation of the anodic and cathodic half
cells. In order to eliminate d¢/dx from Eq. [6] use is
made of the fact that no net current flows through the
sulfur layer during the stationary state. In other
words, electroneutrality requires that;

2euant 2rean + ey = e (7]

Assuming that transport of the hydrated Fe*® toward
the inner boundary is negligible and also that,

Jeuan) = Jreqry (coupled mass transfer) (8]

then, Eq. [7] becomes

2cuan * 2Jpean = Je = Yrean - [9]

From Eq. [6], expressions for J ge(yy» J/cyqrny, and Je
can be obtained:

t o [du
Fe(II) Fe(ll) do

TRe(ll) =~ g2 < I E;) [10]

t o f[du

_ “cuan Cu(Il) do )
Jouany =~ 4 < v T 2e x [11]
and

- _te0 | Ay do

Je e I: dx edx]' [12]

Substituting Eqs, [10], [11], and [12] into Eq. [9] results
in:

trean?® d“Fe(H)+ A teuan® d“Cu(11)+ de
2e? dx dx 22 dx ®dx

_teo (due_ d¢
ez dx dx )

Rearranging the expression;

f13]

t du
do _ , du Fe(Il) “HFe(Il)
(tFC(H) * ey * Le) Cax " le dxe T2 T dx
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leway *ouan
. 2 dx
An expression for du Cu(II)/ dx can be obtained from

the coupled mass transfer solution of Eq. [8], as fol-
lows;

[14]

Ak ey
cu(i ™ dx

au
Fe(Il) dd
trean) —@x T 2fpean Cdx - ¢

d
+ ZtCu(II)ed—?; . [15]

Therefore;

Ay ) treqny P peq ‘% [ "reany 1] b 116]
dx touany touqm ax

Substituting for duc, )/ dx, and recognizing that the
sum of the transport numbers, fCu(ll) + {Fe(ll) + £, = 1,
then Eq. [14] becomes;

db . dp, PFean dHpean  lrean @ FFeq
dax a2 w2 &

e
do
- e(iFe(II)_ tCu(H))EC : [17]

Solving for the voltage gradient and recognizing that
1- tCu(II) = tFe(II) + t, then;

do _ d¢o
(1+ tpean) ~ tCu(II)) eIy~ (2tFeqr) + te)eﬂ
au
L du Fe(Il)
=le 7~ treay (g °
(18]
Therefore
a6 1 to due [ ‘Fean \ HEean
dx — e\2tgeqp * le) d% 2per) ¥ te dx ’
(19]
Substitution of (d¢/dx) in Eq. [10] results in
J _ L rear® { peqny . 2f, die
Fe(Il) 462 dx ZtFe(II) + te dx
_ ( 2 o) > d“Fe(H)) (20]
ZtFe(II) + i dx

If transport of electrons across the sulfur layer is
considered to be the rate controlling step, then the
transport number for electrons, is much smaller than
the transport number for Fe™,

e < tremy 21]
Under these conditions Eq. [20] becomes;
- _le0 die
I e = 25 dx [22]
Since,
_1lan
ety ~ A gf (CuFes:) (23]
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where A is the area of the unreacted core, then Eq.
[22] for spherical coordinates, becomes

teo due

(CuFe82) =— {47 1’2) 2 g

[24]

Assuming quasisteady state, integration of Eq. [24] for
all values of » between 7 and 7,, results in the follow-
ing expression:

47 v 7o

&% (CuFess) =~ TLIT8 de9) (o - o) [25]
where ,° and p,.°¢ are the chemical potentials for
electrons at the outer and inner phase boundary re-
spectively.

The ferric sulfate leaching of CuFeS; may be viewed
as two half cell reactions which occur on opposite
sides of the sulfur layer as shown in Fig. 9.

Inner boundary:

CuFeS; — Cu'™ + Fe™ + 28° + 4¢ [26]
Quter boundary:
Fe** + ¢ = Fe*? [27]
The overall reaction, including the hydration of the
transported Cu™ and Fe™ ions, is;
CuFeS; + 4Fe™ — Cu'* + 5Fe** + 28°, (1]

Therefore

AG = 2pgo + Shpeqry * Beyan — (Hpeqny * BcyFes, )

(28]
Now, from Eqs. [26] and [27], the following expres-
sions are obtained:
HCuFes, = Hou(l) * Mpean + 2Mse + 4p,? (29]
and
Apeq *+ 4ke” = 4l - (30]

Combining Egs. [29] and [30] results in
(e®~ pel) = 4lpean) — HeuFes, * Houn) + BFeD)

+ 2ug0 — 4lpeqny = 28g0 + Bbipeq)

* Bogan ~ Ppeqamn T MeuFes,

and it is recognized from Eq. [28] that,
(ke — Hei) = AG [31]
which can be substituted in Eq. [25] resulting in

Table V. Thermodynamic Properties for the Acid Ferric
Sulfate Chalcopyrite-System!®> 17

AGS (298 K) AHP (298 K) S° (298 K)
(Kcal/mol) (Kcal/mol) (Kcal/mol deg)
CuFeS, —455 ~45.5 29.87
Fe*3 -2.52 ~114 -70.1
Cu*?. 15.53 15.39 -23.6
Fe*? —20.30 -21.0 -27.0
S 0 0 7.62
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41{?”}’0

n —_
E (CUF982) = pr )

G2 AG. - [32]

Equation [32] can then be equated to Eq. [5a] resulting
in

DAC ¢
DAC _ Lt g [33]
where

t,o = electrical conductivity of the sulfur layer
(ohm™ cm™),
AG = free energy of reaction, and
e = electronic charge, 96,500 (Coulombs/equiv.)
or 23,060 (cal/equiv - volt).

Combining Eq. [5b] and Eq. [33], a general expression
for the rate in terms of fraction reacted, @, and the
physicochemical properties of the system (conductivity
of elemental sulfur and the free energy of reaction)
is obtained;
3t,cAG  (1- a)*”®
deDZez [1 _ (1 _ a)l/S]
where the value 300 converts volts from electro-
static units (esu) to practical volts. For the reaction
under consideration,

(1/4) CuFeS, + Fe*® = (1/4) Cu'® + (5/4) Fe™

+(1/2) 8° [35]

a value of —9310 calories for the standard free energy
of reaction at 363 K was obtained from;

AGR° (363 K) = AHR® (298 K) — T ASR® (298 K)

=—9310 calories [36]

[34]

i‘t’-‘ = (300)

assuming negligible changes in heat capacity over the
temperature range in question and using the thermo-
dynamic properties of the system listed in Table IV.
The free energy expression is,
)5/4(a )1 /4

(aFe(lI) Cudll)

AG = AGR® + RF In [37]

(aFe(III) )

or in terms of the fraction of copper extracted (a),
and the stoichiometry factor (x), Eq. [37] becomes;

AG = —9520 + 1660 log{Cg'? *[a*"?/(x — )
% [')/5/4 ylM /"y

FedI) * Cu(ID)

] x—l /2

Fe(III) ]} [38]
where Cp is the initial ferric concentration in moles/
liter, and v, is the activity coefficient of species i.

By substituting Eq. [38] into Eq. [34], the leaching
response of 4 and 12 u chalcopyrite particles, for
initial ferric ion concentrations of 0.06 M and 0.5 M,
respectively, at 90°C, can be evaluated providing the
eleetrical conductivity for the elemental sulfur re-
action product, t,0, is known. Using the electrical
conductivity of sulfur as an adjustable parameter, the
rate expression (Eq. [34]), including the AG function
(Eq. [38]), was numerically integrated using the Adams-
Moulton algorithm and fitted to the leaching response
of the 4 p chalcopyrite (data previously presented in
Fig. 7). The fit of this mathematical expression is
presented in Fig. 10 for f,o = 7.6 X 107" {(ohm™ em™).
This value for the electrical conductivity of the ele-
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Fig. 10—Leaching response of both 4 and 12 u monosize chalcopyrite
particles at 90°C (other experimental conditions specified in Figs. 6
and 7). Data for the 4 u response was fitted using the electrical conduc-
tivity of elemental sulfur as the only adjustable parameter. With this
value, the leaching response of the 12 u material was predicted.

mental sulfur reaction product can be compared with
the value of 10™® (ohm™ cm™) for pure crystalline
orthorhombic sulfur, at 90°C, as reported in the litera-
ture.'® The difference between the two values un-
doubtedly represents the impurities and polycrystal-
line nature of the elemental sulfur reaction product. It
is known that minor impurity levels can cause in-
creases in conductivity of up to two orders of magni-
tude greater than that for pure crystalline sulfur.

The leaching response of 12 u chalcopyrite (data
previously presented in Fig. 3) can now be predicted
by using the electrical conductivity determined from
the fit of the 4 u data. The results of this computation
are presented in Fig. 10 and as can be seen, the pre-
dicted response compares favorably with the experi-
mental data. It is important to note that this predic-
tion not only involved consideration of a change in par-
ticle size but also a change in ferric sulfate concen-
tration by almost one order of magnitude. As can be
seen from Eq. [38], the free energy change will not
be very sensitive to the initial ferric concentration due
to the logarithmic dependence and as a result, the re-
action rate will appear to exhibit essentially zero
order dependence on the ferric ion concentration.

The results obtained by considering the variation of AG
with the extent of the reaction seem to confirm the
concept that the transport of electrons through the ele-
mental sulfur layer is the rate controlling step.

Further support for this reaction mechanism is
given by the temperature dependence of the electrical
conductivity of sulfur. From the electrical conduc-
tivity data presented in Table V, an apparent activation

Table V. Electrical Conductivity of El | Sulfur'®
Temperature, Electrical Conductivity
K (chms™ c¢cm™)
293 524 X 10718
303 2.56 X 1077
342 2.54 X 1076
385 1.35x 1073
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energy for electronic transport can be calculated and
is found to be 23 kcal/mole by regression analysis.
This value of the activation energy for electronic
transport, is very close to the experimental activation
energy, 20 kcal/mol (83.7 kJ/mol), for ferric sulfate
leaching of chalcopyrite (see Fig. 8). In addition, elec-
tron hopping transport and trapping phenomena in sul-
fur crystals have been studied by several investiga-
tors.’* A value of 1 ev, 23 kcal/mol (96.3 kJ/mol),
for the trapping mechanism has been reported which
agrees very well with the value calculated from the
conductivity data presented in Table V..

The above information and data analysis seems to
confirm that transport of electrons through the sulfur
layer is indeed a possible explanation for the reac-
tion kinetics observed in the acid ferric sulfate leach-
ing of chalcopyrite.

CONCLUSIONS

The electrochemical reaction of chalcopyrite with
sulfuric acid solutions of ferric sulfate conforms to
the following reaction stoichiometry:

CuFeS; + 4Fe"® — Cu*? + 5Fe*? + 28°,

The chief function of the acid appears to be to prevent
the hydrolysis of ferric ion. The experimental rate
data and a theoretical analysis using the Wagner
theory of oxidation, strongly suggests that the rate
limiting step is the transport of electrons through the
elemental sulfur layer. This conclusion is supported
by the following results and analysis:

1) The rate of reaction was independent of the fer-
ric ion concentration. '

2) The rate of reaction was found to be dependent on
the inverse square of the initial particle diameter.

3) The rate of reaction was independent of the initial
ferrous and cupric concentrations. In other words,
back reaction kinetics were not important in the re-
action.

4) The rate of reaction was significantly dependent
on temperature. The value of 20 kcal/mol (83.7 kJ/
mol) for the activation energy, was shown to be ap-
proximately the same as the activation energy for
transport of electrons through elemental sulfur, 23
kcal/mol (96.3 kJ/ mol), calculated from conductivity
measurements reported in the literature.’®

5) The following theoretical rate expression de-
scribes electronic transport through the reaction
product layer:

do 8, 0 AG  (1—a)®

& =300 :
dt ppdse” (1~ (1-a)”]

From this expression and in conjunction with the AG
function (Eq. [38]), the electrical conductivity of the
elemental sulfur, {, o, was estimated from the leach-
ing response of 4 u particles by numerical integra-
tion. The fitted value for the electrical conductivity of
the elemental sulfur reaction product, t, o = 7.6 x 1073
(ohm™ cm™), compares favorably with the electrical
conductivity of pure crystalline orthorhombie sulfur
at 90°C, £, 0 = 10™°® (ohm™ em™), reported in the
literature.'® Such agreement is quite satisfactory
since it is known that minor impurity levels can cause
increases in electrical conductivity of up to two orders
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of magnitude greater than that for pure sulfur. -Import-
antly, it was shown that the leaching response of 12 p
chalcopyrite could be predicted using the fitted value
for the electrical conductivity of the elemental sulfur
reaction product obtained from the 4 (. leaching data,
even though the particle size and initial ferric con-
centration differed significantly.
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