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ELECTROCHEMISTRY IN SILVER CATALYSED FERRIC SULFATE
LEACHING OF CHALCOPYRITE
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Department of Metallurgy and Metallurgical Engineering
University of Utah

ABSTRACT

Previous investigations have demonstrated the catalytic effect of silver additions in the ferric sulfate leach-
ing of chalcopyrite.

CuFeS2 + 4Fe+3 * Cu++ + SFe++ + X<

The enhanced rate of leaching was found to be due to the formation of an intermediate Ag?S film which forms on the
CuFeS: surface by an exchange reaction. Under these conditions, unlike the uncatalysed ferric sulfate leach, the
elemental sulfur forms a nonprotective reaction product on the Ag?S crystallites. As a result, the rate appears
to become limited by an intermediate electrochemical reaction in the Ag2S film rather than by transport through
the elemental sulfur reaction product.

A92S (Surface CuFeS2) + 2Fe+3 + 2A9+ + 2Fe++ + S<

The reactjijn rate was found to have a complex dependence on the Ag+, Fe++ and Fe+3 concentrations, but independent
of the Cu concentration. Electrochemical measurements with a Ag”S-coated chalcopyrite electrode provide furtner
information regarding the nature of the reaction mechanism. The kinetics of the rate limiting, intermediate
electrochemical reaction are analyzed in terms of the Butler-Volmer equation.
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ELECTROCHEMISTRY IN SILVER CATALYSED FERRIC SULFATE
LEACHING OF CHALCOPYRITE

J.D. Miller, P.J. McDonough and H.Q. Portillo

Department of Metallurgy and Metallurgical Engineering
University of Utah

*Previous investigations have demonstrated the
catalytic effect of silver additions in the ferric
sulfate leaching of chalcopyrite.

3 A
CuFeS: + 4Fe

Cu++ + 5Fe++ + X5

The enhanced rate of leaching was found to be due to
the formation of an intermediate Ag?S film which forms
on the CuFeS? surface by an exchange reaction. Under
these conditions, unlike the uncatalysed ferric sul-
fate leach, the elemental sulfur forms a nonprotective
reaction product on the Ag"S crystallites. As a
result, the rate appears to become limited by an
intermediate electrochemical reaction in the Ag,S

film rather than by transport through the elemental
sulfur reaction product.

+3 -
A2~ (Surface CuFeSg) * 2Fe 2Ag+ + 2Fett + S
The reaction rafe wa~+found to+thave a complex depen-
dence on the Ag , Fe ++ and Fe concentrations, but
independent of the Cu concentration. Electro-
chemical measurements with a Ag,S-coated chalcopyrite
electrode provide further information regarding the
nature of the reaction mechanism. The kinetics of
the rate limiting, intermediate electrochemical reac-
tion are analyzed in terms of the Butler-Volmer equa-
tion.

INTRODUCTION

In sulfuric acid solutions of ferric sulfate,
chalcopyrite dissolves according to the following
reaction,

CuFeS. + 4Fe+3

Cu+2 + 5Fe++ + 25° )
This reaction stoichiometry has been observed in a
number of investigations. (1-5) Exceptions to this
consensus are the early work of Sullivan (6) and the
more recent results reported by Jones and Peters.(7)
The topochemical nature of the leaching reaction is
clearly illustrated in Figure 1 which shows the cross
section of partially reacted chalcopyrite particle
surrounded by a dense, tenacious sulfur layer.

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 inves-
tigators (1,7) attribute rate control to a surface
reaction. Other investigators (2-5,8,9) report that
the reaction rate is limited by transport in the
chalcopyrite lattice or through the elemental sulfur
reaction product layer. Differences in leaching
behavior reported in the literature (5) may be due to
variations in the intrinsic electrochemical properties

Figure 1. SEM photograph of the cross section of a
partially leached chalcopyrite particle (10 vim) show-
ing the sulfur layer and topochemical nature of the
uncatalysed ferric sulfate leach. (5)

of the chalcopyrites used in the various studies.
These electrochemical differences are illustrated by
the anodic polarization curves presented in Figure 2.

(10)

Figure 2. Anodic polarization curves for CuFeSg frora
six different locations in 1 M H?SO., 30 mv/min,
25<C. (10)
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Notice that the current density for a fixed potential
candiffer by as much as two orders of magnitude for
different samples of chalcopyrite.

Most recently, leaching data for passive chalcopy-
rites which exhibit parabolic reaction kinetics have
been reconsidered together with new experimental data
and the results interpreted using Wagner®s theory of
oxidation. (5) Analysis of the ferric sulfate leach-
ing system in this context suggests that the rate
limiting process may be the transport of electrons
through the elemental sulfur layer as depicted
schematically in Figure 3.

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-solutj.(n interface. The+analy-
si$+jloss not distinguish Cu and Fe  from Cu and

Fe as the transported species. (5)

Predicted reaction rates calculated from first princi-
ples using the physicochemical properties of the sys-
tem (conductivity of elemental sulfur, t a, and the
free energy change for the reaction, AG<)agree satis-
factorily with experimentally determined rates. This
analysis 1is summarised in Table L.

Table 1. Ferric Sulfate Leaching of Chalcopyrite in

the Absence of Silver (5)

The rate of acid ferric sulfate leaching of mono-
size chalcopyrite particles in a stirred reactor
appears to be limited mainly by the transport of elec-
trons through the elemental sulfur reaction product.
This position has been analysed in terms of Wagner®s
theory of oxidation and is supported by:

1) Independence of rate on both reactant and pro-
duct concentrations.

2) Parabolic reaction kinetics.

3) A rate constant egyivalent in magnitude
(7.6x10" ohm-"em ) to the electrical conduc-
tivity of elemental sulfur (10 Johm cm ).

4) An apparent activation energy, 20 kcal/mole
(83.7 kJ/mole) equivalent to the temperature
coefficient for electrical conduction in ele-
mental sulfur, 23 kcal/mole (96.2 kJ/mole).

Silver Catalysis

It has been demonstrated that silver addition in
acid ferric sulfate leaching of chalcopyrite and
similar systems (11-13) accelerates greatly the rate
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Figure 4. Fraction of copper extraction+as a function
of time for different products at 1 M Fe and 90<C.
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of reaction. For example, the catalysed and uncatalysed
leaching rates for an attritor-ground chalcopyrite
are contrasted in Figure 4. (14)

Some mechanistic information on this catalytic
effect has been reported. However, further research
is required to elucidate details of the intrinsic
reaction kinetics.

Silver Exchange Reaction

The reaction of silver ion with chalcopyrite in the
absence of oxidant has been found to be described by
the following exchange reaction (14)

CuFeS2 + 4Ag+ * 2Ag2S(Surface) + Cu++ + Fet+ (2)

Chalcopyrite when reacted with silver ion rapidly
forms a blue-black product on the chalcopyrite surface.
Analysis on this reaction product by x-ray diffraction
showed that the reaction product consisted of Ag,S
(argentite) and unreacted CuFeS? with all reported
Kd" spacings identified. Solution analyses, however,
showed some deviation from the indicated stoichio-
metry. The results obtained seem to be independent of
acid strength (0.1 M to 1.0 M HgSO") at 90<C.

The initial kinetics of the exchange were determined
by following the depletion of silver ion with a speci-
fic ion electrode and were studied as a function of
initial silver concentration, particle size, and temp-
erature. (14) Generally the initial Kinetics were
first order with respect to silver concentration until
the thickness of the Ag,S film exceeded approximately
50A<. For the case of Tirst order reaction kinetics,
the reaction velocity constant can be found from a
serni-log plot and should be independent of the initial
silver concentration. Such was found to be the case
for a wide range of concentrations (over 2 orders of
magnitude) and for two different monosize samples
(4.8 pm and 51.2 ym) at 2= as shown in Figure 5.

The effect of particle size was also considered in
the analysis of the initial reaction kinetics. Gener-
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ally the reaction velocity constant would be expected
to be largely independent of the particle size even
for rate control by diffusion in the mass transfer
boundary layer. It was found that the reaction
velocity constants for the 4.8 umn and 51.2 ym samples
do not differ greatly, 2.67x10 cm/sec and 1.28x10
cm/sec respectively. The initial high rate of this
first order reaction would suggest that the rate may
be limited by diffusion in the mass transfer boun-
dary layer. To test this hypothesis, the experimental
reaction velocity constants were compared to predicted
mass transfer coefficients for stirred reactors esti-
mated using Harriot"s approach (15,16) which is based
on the Sherwood correlation. (17) Excellent agree-
ment between experimental and predicted values was
obtained.

Particle Initial Silver
Size Concentration
4.8 pm A 2.70 x 10’5

1.00 x 10

Ssi.2 pm O 135x106
A 1.25%10*5
1.23 x 10'4

Temperature : 25 C

TIME , sec

Figure 5. First order rate plot of fraction of silver
reacted for two monosize chalcopyrite samples at

0.25M HoSO., 0.2 percent solids, 600 rpm and various
initial silver concentrations. (14)

Finally, if the initial reaction kinetics are
controlled by a mass transfer process in the aqueous
phase, then the temperature coefficient for the
rate phenomenon should typically correspond to an
activation energy of less than 5.0 kcal/mole (20.9
kJ/mole). An apparent activation energy of 4.2 kcal/
mole (17.6 kJ/mole) was found for the 51.2 ym mater-
ial which supports the hypothesis of rate control by
mass transfer in the aqueous phase. Similar results
were obtained for the 4.8 ym sample with an apparent
activation energy of 3.1 kcal/mole (13.0 kJ/mole).

Silver Catalysed Ferric Sulfate Leach

The silver catalysed reaction appears to exhibit
the same stoichiometry as the uncatalysed reaction
presented in Equation 1. (14) In the absence of the
chloride salts, elemental sulfur together with Ag”S
constituted the reaction product as determined by
x-ray diffraction. S”uti”ij analyses for copper and
ferrous revealed a Fe /Cu mole ratio of 5.Q8
(average of 18 values from 4 different experiments)
at all stages of the reaction which closely corre-
sponds to the 5/1 ratio specified by the stoichiometry

of the suggested reaction in Equation 1.

The leaching response was found to be sensitive to
the experimental procedure used for reaction initia-
tion. As might be expected when the chalcopyrite was
allowed to react first with the ferric sulfate the
reaction kinetics were slow due to the formation of
the impervious elemental sulfur layer during the
initial time interval prior to the addition of silver.
On the other hand, when the silver was added first a
much more rapid leaching response was observed.

Further, the rate and extent of reaction were found
to be dependent on the initial silver concentration.
The rate increased with an increase in initial silver
concentration up to 1x10””’M. Further additions beyond
this level did not enhance the rate of reaction and
even reduced the rate significantly.

Particle Size. One of the most diagnostic features
in the analysis of kinetic data is the particle size
dependence of the reaction rate. An inverse first
order dependence on the initial particle size could
be indicative of rate control by diffusion in the
aqueous phase or by surface reaction. An inverse
second order dependence on the initial particle size
would suggest rate control by diffusion through a
growning reaction product layer. Neither case was
observed in the silver catalysed ferric sulfate
leaching of chalcopyrite. Surprisingly, the rate, up
to approximately 50% reacted, was essentially inde-
pendent of initial particle size as shown in Figure 6.
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Figure 6, The effect of particle size on the rate
and extent of the catalysed reaction at 0.25 M H?SO.
1.0 M Fe , 0.3 percent solids, 600 rpm and 90<C.
Also the corresponding plot of silver concentration
in the aqueous phase as a function of reaction time
is shown for the respective experiments.
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These experiments were done by first completing the
exchange reaction and establishing a silver sulfide
layer of fixed thickness (0.174 pm) assuming spherical
particles of a specified median particle size.

It is clear from the data that the Ag,S film reacts
rapidly with the ferric sulfate solution as revealed
by the plots of silver concentration in the aqueous
phase as a function of time.

A92S (Surface) + 2Fe+3 + 2A9+ + 2Fe2+ + S°

The silver sulfide layer is not completely removed and
a rapid rate of chalcopyrite leaching, independent of
initial particle size was observed. Under certain
circumstances for the 51.2 pm sample the Ag,S film
dissolved completely during the first few minutes

and the reaction became passivated due to sulfur form-
ation at the chalcopyrite surface.

Only after extensive reaction (> 50% reacted),
does the sulfur layer, which appears to form in the
silver film, become protective. The very distinct
difference between the sulfur which forms in the sil-
ver catalysed reaction and that which forms during
the uncatalysed reaction is revealed by the SEM
photographs presented in Figure 7. Note that the sur-
face sulfur created in the case of the silver catalysed
reaction 1is very porous with well defined sulfur
crystallites seen. In the case of the uncatalysed
reaction a smooth tenacious layer of elemental sulfur
forms similar to that shown in cross section in
Figure 1.

Concentration Effects. Unlike the uncatalysed reaction,
a definite Fe dependence of the rate was observed

in the case of the silver catalysed reaction. In addi-
tion, the+Keaction kinetics were extremely sensitive

to the Fe  concentration as shown in Figure 8. Note
that the addition of 0.5 M FeSO. essentially passi-
vates the system and very little reaction is achieved.
On the other hand, the addition of 0.5 M CuSO. or

MgSO, does not alter the reaction rate. These results
are somewhat anomalous in that the rate is dependent

on £he concentration of one of the reaction products
(Fe ) but independent of the concentration of anoth-
er reaction product (Cu ).

On the basis of these observed results it was
suggested (14) that the rate may be controlled by the
intermediate electrochemical reaction of Ag,S with
FetJ. -
+3

AN23 (Surface) + 2Fe 2Ag+ + 2Fe++ + S (©)

It was hypothesized that this electrochemical reaction
occurs at the surface of silver sulfide crystallites
throughout the Ag?S film. The crystallites act as
short circuited mTcroelectrodes allowing for the dis-
charge of Fe and the release of Ag Under these
circumstarjces,+the kinetics could show a dependence

on the Ag , Fe , and Fe concentrations and would

be independent of the initial particle size, i.e. the
rate is dependent on the internal area of the crystal-
lites rather than on the external area of the particle.
It was suggested that elemental sulfur replaces the
Ag2S crystallites forming a porous, non-protective
layer. The silver ion generated acts as a transfer
agent while the silver sulfide film, necessary to pre-
vent extensive sulfur formation at the chalcopyrite
surface, is continually restored. A schematic repre-
sentation of this mechanism is presented in Figure 9.

Vi VIJSA*

Partially Reacted 28 pm Particle -- Catalized

Partially Reacted 28 pm Particle - - Uncataiized

Figure 7. SEM photographs contrasting the nature of
the elemental sulfur reaction product layer which
forms during the catalysed reaction with that which
forms during the uncatalysed reaction.
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Figure 8. The effect of ferrous sulfate addition on
the rate and extent of reaction for 28 ym particles
at 0.25 M hLSCL, 1 M Fe > 0.3 percent solids, 600
rpm and 30<c. (0.17 \m Ag2S layer). (14)
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Figure 9. Schematic representation of the silver catalyzed ferric sulfate leaching of chal-
copyrite with possible reactions of kinetic importance included.

EXPERIMENTAL TECHNIQUES

Two types of experiments were done in this study;
leaching experiments in a stirred reactor and rest
potentials measurements for a chalcopyrite electrode
using a nulling circuit with a high impedance volta-
meter.

Materials

The chemicals used in this investigation were of
reagent grade quality and the water used was distilled
and deionized. For the silver catalysed ferric sul-
fate leaching experiments, monosize particles from a
Pima flotation concentrate were prepared by wet
screening and sizing with a Warman Cyclosizer. Elim-
ination of particle aggregates was accomplished by
dispersion with an ultrasonic probe. Gangue particles,
primarily quartz, silicates and pyrite were removed
by magnetic separation. The prepared samples were
found to have the properties reported in Table II.
(14,15)

Table 11. Physical and Chemical Properties of
Monosize Chalcopyrite Samples
Median
Size Chemical Analysis Specific jjurface Specifii
(microns) % Cu % Fe Area (m /gr) Gravity
4.8 26.5 29.5 0.480 3.75
13.5 30.5 28.5 0.195 3.92
28.0 31.5 30.5 0.092 3.92
51.2 33.5 30.5 0.031 3.92

The chalcopyrite sample used for rest potential
measurements was from Transvaal, South Africa. The
massive specimen is reported to be void of other sul-
fide phases such as cubanite (76257) and pyrrhotite

(FeS) both from mineralogical analysis and by x-ray
analysis. (10) The sample of Transvaal Chalcopyrite
was found to contain only minor amounts of quartz.

A portion of this sample was cut into a rectangular
parallelepiped the dimensions of which were 1 cm X
1 cm x 0.1 cm. One side of this parallelepiped was
sputtered with a gold film to provide for low ohmic
resistance and the sample was mounted in thermal
plastic with provision for electrical contact via a
mercury and platinum wire junction. The chemical
reacting surface was polished with 1 ym diamond paste
to clean the surface and establish aknown area for
subsequent current density determinations.

Leaching Experiments

Leaching experiments were carried-out under an
.atmospheric pressure of nitrogen using a four-necked
unbaffled cylindrical reactor submerged in a constant
temperature oil bath. The stirring speed was kept
constant at 600 rpm, controlled with a Dyna-Mix var-
iable speed stirrer. All experiments were carried-
out in a total volume of 1 liter. Temperature of tne
bath was maintained within #0.2<C. An initial two-
hour acid wash (0.25 M H~S0.) of the monosize samples
was necessary to remove and correct the kinetic data
for acid soluble copper.

The following procedure was used to follow the
silver catalysed acid ferric sulfate leaching of
chalcopyrite.

1) A specified amount of ferric sulfate was dis-
solved with a minimum of the 0.25 M sulfuric acid
solution. The ferric solution was heated separately
to the desired temperature before pouring into the
reactor.

2) The reactor was filled with the remaining amount
of 0.25 M sulfuric acid solution and heated to the
desired temperature at which time the monosize sample
was introduced into the reactor.
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3) After two hours of washing a 3 cc sample was
withdrawn just before introducing the silver solution
("2 cc) necessary to achieve the desired silver con-
centration.

4) After the addition of the silver solution (30
sec), the ferric solution (prepared in step 1) was
poured into the reactor. This was the starting point
(time zero) for determination of the rate of reaction.

It should be pointed out that the sequence; solids,
silver solution, and ferric solution was selected
because it gave the most rapid kinetic response. All
samples (3 cc) taken at timed intervals were cooled
immediately in a container of ice. After cooling,
the samples were centrifuged and the aqueous phase
diluted as necessary and analysed for copper and/or
ferrous concentrations. The extent of reaction was
calculated in terms of the fraction of the copper
extracted from the acid-washed sample.

Rest Potential Measurements

The rest potential measurements were made in a
typical electrochemical cell (Figure 10) where the
calomel reference electrode was separated by a Luggin
capillary filled with Na-SO solution and the platinum
button counter electrode was separated from the work-
ing Ag?S-coated chalcopyrite electrode by a fritted
glass membrane. The Ag2S-coated electrode was pre-
pared by reacting the cnalcopyrite surface with a sul-
furic acid silver nitrate solution. Based on deple-
tion of the Ag from solution a thickness of Ag,S was
calculated to be 6.8x10~b cm. The electrochemital
cell was purged with argon and submerged in the con-
stant temperature oil bath mentioned previously.

ELECTROCHEMICAL CELL

A Au. Miary Electrode G High Impedance Voltmeter
B Gas Inlet H Potentiostatic Controller
C Therrvometer I D.C. Current Control

D Reference Electrode J Dirrect Current Source
E Luggin Capillary K Ammeter

F Working Electrode

Figure 10. Schematic diagram of the electrochemical
cell used for the rest potential measurements of
silver coated chalcopyrite.

The electrode was rotated and controlled by a Dyna-
Mix variable speed stirrer. The rest potentials were
measured using a Princeton Applied Research Model 173
potentiostat and a Model 175 potential sweep generator.

EXPERIMENTAL RESULTS AND DISCUSSION

New rate data for the silver catalysed ferric sul-
fate leach of chalcopyrite is reported and analysed
together with rest potential measurements in terms
of an electrochemical reaction mechanism.

Leaching Experiments

In addition to previous experimental results (14)
summarized in the introduction, other more recent
experiments have further revealed the nature of the
silver catalysed ferric sulfate leach. Rate data is
presented as a function of concentration variations
and as a function of temperature.

Concentration Effects

Unlike the uncatalysed ferric sulfate leach, (5)
a significant dependence on ferric sulfate addition
was observed for the silver catalysed system. This
effect was not studied extensively. However, a reac-
tion order of approximately 0.5 was estimated with
respect to ferric ion. Anomalous results were
observed at higher ferric concentrations (1 M Fe )
which may involve transport problems or solution
chemistry complications. Figure 11 shows the extrac-
tion of copper as function of time with ferric ion
concentration as the parameter. Note that under these
circumstances of higher silver addition, 4x10"3M, the
linear reaction kinetics observed previously (see
Figure 6) do not prevail. These nonlinear results,
besides demonstrating the ferric ion dependence, may

TIME, Hours

Figure 11. Influence of the initial ferric concen-
tration on the extent of the catalysed reaction for
28 yin particles at 0.25 M H-SO., 4x10"JM Ag, 0.3
percent solids, 600 rpm and 90 C.
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also reflect a reaction resistance due to transport
through the reacting silver sulfide film which would
be expected for a thicker layer of stiver sulfide.
However, the initial reaction kinetics for 1M
Fe-1S0.L (open circles) are about the same as those
observed for lower levels of silver addition, 1CT3M

at 1 M Fe2(S0.)3 (open circles) presented in Figure 6.
The departure from linearity at the higher silver con-
centration an”™ the slower rate of reaction also sug-
gests that Ag may inhibit the reaction via back
reaction kinetics just as had been observed in the
case of Fe Recall that an addition of 0.5 M FeSO.
essentially passivates the system and very little
reaction is achieved as was shown in Figure 8. To
test further the notion that the Ag+ concentration

can diminish the reaction rate, diagnostic experiments
were attempted; the results of which are shown in
Figure 12. Again, it can be noted that the initial
rate is essentially independent of the amount of
silver sulfide formed but for higher levels of silver
addition (more silver sulfide on the surface initially),
the rate decreases during intermediate reaction times
(10 min. to 60 min.). Furthermore, the subsequent
injection of silver (300 ppm) into the system after
the catalysed ferric sulfate reaction had been ini-
tiated at 108 ppm silver (closed circles) reduces

the rate considerably.

Figure 12. The effect of silver concentration on the
rate and extent of reaction for 28 ym particles at
0.25 M H,S0., 1 M Fe , 0.3 percent solids, 600 rpm
and U=Cf 4
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Temperature

A significant temperature dependence on the reaction
rate is observed for the catalysed ferric sulfate
leach of the 4.8 ym sample as shown in Figure 13. In
this particular set of data the ferric concentration
is of sufficient excess so as to be considered constant
which facilitates analysis of the experimental data.
In addition, it is very important, as discussed
earlier, to evaluate the temperature effect at constant,
steady-state silver concentration (2b ppm in aqueous
phase). An Arrhenius plot of the data is presented in
Figure 14 and an apparent activation energy of 15.7
kcal/mole (65.7 kJ/mole) is observed for this rate
process.

TEMPERATURE ,°C

« 90
O 70
O 52
1 2

Tl ME .Hours

Figure 13. The influence of temperature on the rate
and extent of the catalyzed reaction for 4.8 ym par-
ticles at 0.25 M H,S0., 1 M Fe J, 0.3 percent solids
and 600 rpm. (0717 ym AggSHayer).

Slope =-3425

\AE = 15-7 kcal/mole

2.9

1-103 (°K)'1

Figure 14. Arrhenius plot of the reaction velocity
constant for the silver catalysed leaching of chal-
copyrite with the 4.8 ym monosize chalcopyrite sample
after having formed 0.17 ym layer of bg"S. Data taken
from Figure 13.
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yhe experimental reaction velocity constants used in
construction of the Arrhenius plot were calculated
assuming a first order rate proces”™with respect to
the reactant concentration, the Fe concentration.

Values for the reaction velocity constant are on
the order of 2.21x10”= to 3.48x10"" cm/sec, orders of
magnitude less than the appropriate mass transfer
coefficients (VIO*"™ cm/sec) which would be predicted
if the rate were limited by diffusion in the mass
transfer boundary layer.

These results together with those results pub-
lished earlier (14) and summarized in the introduction
(p-12) seem to sustain the original hypothesis that
the silver catalysed reaction of chalcopyrite with
ferric sulfate is limited by intermediate electro-
chemical reaction,

+3

Fe 2Ag+ 2Fe4 +S ©)

AQQS (Surface) v 2
Electrochemistry

f The electrochemistry of the silver catalysed ferric
sulfate leaching of chalcopyrite reaction is examined
in terms of rest potential measurements used to
explain the leaching kinetics in the context of the
Butler-Volmer equation.
Rest Potential Measurements

The rest potential of the Ag,S-coated cjjalcopyrite
electrode was measured as a function of Ag concentra-
tion at 80=C. The linear relationship presented in
Figure 15 shows that the electrode exhibits Nernstian
behavior with an estimated standard potential of 787
mv and a slope of 69.8 mv per decade of concentration

change. These results suggest that the electrode may
be measuring the following half cell reaction,
\ e Ag2S coated
U \ .
X Chalcopyrite
o \
1700 \
\
E \
\
\
600
1
&
a \%
1 2 3 4
-Log (Ag™)
Figure 15. Rest potential of Ag,S-coated chalcopyrite

as a function of Ag+ concentration at 0.25 N H9SO4
and 80<C.
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Ag?S  2Ag+ + S+ 2e @)

the standard potential for which is reported to vary
from 799 mv to 1000 mv at 25=C. At higher tempera-
tures lower rest potentials would be expected due to
a negative temperature coefficient. (18) Similarly,
the observed slope is close to that predicted at 80<C
from the Nernst equation, 70.1 mv per decade change
in concentration.

Other results shown in Figure 16suppott this hy-
pothesis inasmuch as the potential of the Ag,S-coated
chalcopyrite electrode is insensitive to Fe" addi-
tions; whereas the potential of the uncoated chal-
copyrite electrode exhibits a very definite depend-
ence on the Fe addition. These results suggest
that the Ag2S film completely seals the chalcopyrite

surface and a Nernstian half cell potential for Ag”S
is measured rather than a mixed potential involving
a chalcopyrite half cell reaction.
570 T
# AQ2S coated
4;56()
1 O uncoated
to
| 550
| 540
g?SSO
520
-log(Fe2+) -+
Figure 16. Rest potential as a function of Fe ™ con-

centration at 0.25 M HgSO™ and 80<C.

Reaction Mechanism

The key to understanding the rate enhancement which
occurs during silver catalysis in ferric sulfate leach-
ing of chalcopyrite is the very dramatic change in
the nature of the sulfur deposit as shown by the pnoto-
graphs presented in Figure 7. The sulfur layer no
longer inhibits the reaction progress as it does in the
uncatalysed ferric sulfate leach. This observation
together with the following data suggest that the
leaching rate is controlled by the rate of an inter-
mediate electrochemical reaction in the Ag2S film;

Ag2s + 2Fe™S

2Ag+ + 2Fe++ + S= 3)
magnitude of reaction velocity approximately
10"8 cm/sec, orders of magnitude less than
predicted mass transfer coefficients (10-* cm/
sec)

2) independence of reaction rate on particle+size.s

3) complex dependence of reaction rate on Ag , Fe



336 ELECTROCHEMICAL REACTIONS AND SOLUTION CHEMISTRY

and Fe++ concentrations and independence of
reaction rate on Cu++ concentration.

4) Apparent activation energy 15.7 kcal/mole
(65.7 kJ/mole).

Thermodynamics. The standard free energy change for
this particular reaction (Equation 3) at RQ<C is
AGgnoc = 5.Q kcal/mole which was determined by inter-
polation since no thermodynamic data was available at
this particular temperature. (19,20) A plot of the
standard free energy of reaction vs. temperature is
presented in Figure 17.

T 1 1 1 4

10

Kcal /mole
o

o
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o
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"

40 80 120 160 200
TEMPERATURE, =C

Figure 17. Standard free energy change as a function
of temperature for the intermediate electrochemical
reaction.

As can be seen under experimental conditions the
reaction is close to equilibrium and as a result will
be quite sensitive to slight changes in temperature
and the composition of the aqueous phase. Complete
evaluation of the possibility of rate control by this
intermediate electrochemical reaction requires further
thermodynamic analysis. In particular, the activities
of the various species must be specified and the free
energy of reaction determined at the temperatures of
interest. By this approach conditions under which the
intermediate reaction is thermodynamically feasible
can be identified. The results of this thermodynamic
analysis are presented in Figure 18. The set of sur-
faces for different temperatures specify the thermo-
dynamic stability for various solution compositions.

Compositions which lie above a given surface corres-
pond to conditions under which the intermediate elec-
trochemical reaction should not occur. Whether or not
the reaction should occur under specified temperature
and aqueous phase composition can be determined if the
activities of the reactants and products are known.
These values can be determined using the University of
Utah Solution Chemistry Program. For example, let"s
examine the experiment involving 0.5 M FeSO" which was
presented in Figure 8. Computer analysis of the solu-
tion chemistry of this system results in the follow-
ing activities:

Log @, +

Ag

04

Ag,S + 2Fet3= 2ad+ 2824 °

Figure 18. Equilibrium surfaces of the intermediate
electrochemical reaction as a function of solution
composition at 25=C and 90<C.

aE +3 = 1.Ix10-3
e
aﬁe+2 = 3.55x10 2

aAg+ = 4.64x10"4

Evaluation of the free energy of reaction for these

activities results in a value of -0.9 kcal/mole which
indicates that the reaction should occur, but as can
be seen in Figure 8 the reaction is exceedingly slow.

The independence of the rate on initial particle
diameter suggests that the reaction kinetics are con-
trolled by electrochemical discharge at the surface
of the individual Ag2S crystallites as shown by the
schematic representation of the reaction mechanism in
Figure 9. The crystallites act as short circuited
microelectrodes allowing for the discharge of Fe
and the release of Ag Under these circumstance the
kinetics could show a dependence on the Fe , Fe and
Ag+ concentrations and would be independent of the
initial particle size, i.e. the rate is dependent on
the internal area of the crystallites rather than on
the external area of the particle. In addition dji]
strong sensitivity of the leaching rate to the Fe
concentration suggests that either the back reaction
kinetics are important or that the dependence arises
from a mixed potential developed in the AggS film
during reaction. SEM photographs indicate that ele-
mental sulfur replaces the Ag,S crystallites forming
a porous nonprotective layer. The silver ions gen-
erated act as a transfer agent while the silver sul-
fide film, necessary to prevent extensive sulfur
formation at the chalcopyrite surface, is continually
restored in the exchange reaction.

The highly irreversible exchange reaction would not
be rate limiting due to the rate dependence on ferric
ion concentrations and the rate independence on the*®
cupric ion concentration. Eventually, after ~50%
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reaction, the rate becomes nonlinear (see Figure 6)
and apparently enough sulfur forms to provide signif-
icant resistance to mass transport.

Butler-Volmer Equation. If the intermediate electro-
chemical reaction (Equation 3) is considered in terms
of its respective half cell reactions:

anodic half cell,
Ag2S + 2Ag+ + S° + 2e" (4)

cathodic half cell,

re't Fe+3 +e (5)

which occur at distinct anodic and cathodic sites and
are short-circuited through the Ag2S film, then the
reaction kinetics can be evaluated in terms of the
Butler-Volmer equation. (18) If ohmic potentials are
small then the system developes a mixed potential

(€ ), a compromise potential, under which conditions
th? anodic current (i ) equals the cathodic current
(@ ). Assuming a first order dependence on reacting
species as well as single electron transfer processes
and transfer coefficients equal to 0.5, the partial
currents for the respective half cells would be;

la=Va“"a
FE
- Agng(Ag+) ka exp(- " (6)

and
AczcF(Fet+t+) tc exp”)

AczcF(Fe+3) tc exp(- ~) (7

Since these half cell reactions have been assumed to
be short-circuited,

(8)
it follows that

FEm Arzc(Fe+3) k + A z (Ag+) f
exp = -S-S- _% aa « a (9)
ACc(Fett) TE + Az, K,
The reaction rate can then be formulated from the
expression for either partial current in terms of the

nixed potential as well as reactant and product
concentrations,

| 3 112
dn a Ac?c(Fe )kc + Aaza(Ag > k
Ak
dt
ZaF 33 Ac M Fe++> *c + Aaza™a
1/2
- A(AgH) t Aczc (Fe++) *c + Aaza|* 10)
Azc(FeT3) tc + Aza(Ag") t

Apparent reaction orders are difficult to determine
from such an expression which includes consideration
of back reaction Kkinetics, which is reasonable in
terms of the thermodynamic analysis presented pre-
viously. This carpiexity together with possible varia-
tion of anodic and cathodic areas during the course

of the reaction makes it difficult to simplify tne
kinetic expression. However, it should be evident
that, generally, increased Fe concentration snould
enhance the rate of reaction, whereas increased Fe
and Ag concentrations should reduce tne rate.

Evaluation of the Butler-Volmer equation for condi-
tions under which back reaction kinetics are not sig-
nificant, simplifies the rate expression to a certain
extent;

dt z F a a .az k 1)
a aa a

in which case it is seen that tne rate is independent
of Fe and Ag concentrations and has a one half
order dependence on the Fe 3 concentration. In view
of the experimental results, such a condition mignt
only prevail for initial reaction kinetics and tne
limited data presented in Figure 11 would tend to
support this premise.

SUMMARY AND CONCLUSIONS

Silver catalysis in acid ferric sulfate leaching
of chalcopyrite has the following overall reaction
stoichiometry:

Ag S o
cuFes, + 4kt Eu*? + BEe*2 + 98

Two intermediate reactions in this catalytic reaction
have been identified: first, an exchange reaction

in which an argentite reaction product is deposited
at the chalcopyrite surface;

+2
CuFeS; . 4ag * 2Ag2S(Surface CuFeS2) + Cu  + Fe

second, an intermediate electrochemical reaction of
Fe  with the Ag2S film producing elemental sulfur;

Ag2S (Surface CuFeS2) + 2Fe * 2Ag + 2Fe + S°©

The initial kinetics of the exchange reaction
appear to be limited by transport through the mass
transfer boundary layer as substantiated by the
reaction order (1st order with respect to silver, the
magnitude of the reaction velocity constant ("2x10
cm/sec), and the temperature dependence (activation
energy less than 5 kal/mole).

However, the overall leaching rate appears to be
controlled by the intermediate electrochemical reaction
of Fe 3 with Ag2S crystallites as evidenced by the
fact that:

1. The rate of reaction has been shown to be
dependent on Fe , Fe and Ag concentrations,
but independent of the Cu  concentration.

2. The apparent reaction order with respect to the
Fe+3 concentration )0.3 M to 1.0 M Fe J for
initial kinetics was estimated to be one half.

3. The rate has been found to be independent of
the initial chalcopyrite particle size appar-
ently because the reaction occurs at the sur-
face of the Ag,S crystallites in the argentite
surface film rather than at the surface of tne
particles.
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4. An activation energy of 15.7 kcal/mole was
calculated for the initial stage of the leach-
ing reaction (up to 50% reacted), an activa-
tion energy consistent for rate control by an
electrochemical reaction.

Unlike the uncatalysed ferric sulfate leach in which
elemental sulfur forms a tight, tenacious, coherent
film resistant to transport, the silver catalysed
ferric sulfate leach results in a porous, non-protec-
tive sulfur film due to sulfur growth on Ag:S crystal-
lites. It seems that only after extensive reaction
(>50%) does sufficicent sulfur form to result in a
significant resistance to the rate of reaction. The
increased anodic rest potentials measured for the Ag:S
coated chalcopyrite electrode suggest a shift in the
polarization curve such that the reaction would be
driven by a larger mixed potential. Such a phenomenon
may account for the porous sulfur reaction product as
has been observed to form in the leaching of chalcopy-
rite with stronger oxidants.
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