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The oxidation reactivity of arsenopyrite FeAsS in dilute acid determines the recovery of gold from
arsenopyritic gold ores by slurry electrolysis. Stoichiometric,sulfur- and arsenic- deficient arsenopyrite
have practically the same oxidation rate. Arsenopyrite is covered with a metal deficient sulfide layer
which appears to determine the restpotential of the electrode. This layer can be separately oxidized
and reduced during bulk-oxidation of arsenopyrite. Arsenopyrite oxidation is accelerated by dissolved
Na,SO4 and by high electrode potentials and solution acidity. The rate is controlled by a surface reac-
tion with an apparent activation energy of 33 kJmol™".

1. Introduction

Arsenopyrite is an iron—arsenic—sulfide (FeAsS) fre-
quently containing gold which cannot be extracted
by cyanidation unless the arsenopyrite matrix is
decomposed [1]. This study investigated the electro-
chemical oxidation of arsenopyrite as a means to
decompose arsenopyrite electrolytically in dilute acid
[2] and is reported in two parts. The first paper
explores conditions for which arsenopyrite has a
high oxidation reactivity. The second paper [3]
explores the reaction stoichiometry and likely reaction
scheme for acidic chloride solutions, which is the most
likely practical medium for the electrolytic processing
of arsenopyritic gold ore [1,2,4].

There are many reviews of the electrochemical
decomposition of metal sulfides (e.g., [5-7]). Electro-
chemical oxidation of arsenopyrite has been studied
previously [8—16]. Kostina and Chernyak [8—10] con-
cluded that the reaction was more pronounced in
alkali than in acid. Sisenov et al. [12] suggested that
arsenopyrite is covered by a passive layer of elemental
sulfur in acid and by an iron hydroxide layer in neu-
tral and alkaline solution. There is a broad concensus
[11,13—-16] that in alkali (pH > 11) arsenopyrite oxi-
dizes as in Reaction 1:

FeAsS + 11H,O —— Fe(OH); + HAsO; ™
+ 803 + 18H" + 14e™
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but there has been little work published on the oxida-
tion of arsenopyrite in acid. Kostina and Chernyak [8]
indicated that arsenopyrite oxidation in sulfuric and
hydrochloric acid was insignificant until the potential
exceeded 1V vs SHE. Jackson and Strickland [17] stu-
died the oxidation of an arsenopyrite slurry using
acidic chlorine water at pH 1 and stated that tempera-
ture had little effect on the oxidation rate, but no data
were given. Papangelakis and Demopoulos [18] stu-
died the mechanism of pressure oxidation of arseno-
pyrite in oxygenated 0.25wm sulfuric acid between
120-180°C. The activation energy was 64 kJmol ™",
assigned to a rate controlling oxygen reduction step
on the arsenopyrite surface (the ‘cathodic part reac-
tion’). This study therefore gives no information on
the intrinsic rate of arsenopyrite oxidation (the ‘ano-
dic part reaction’) as this step was evidently too fast.
Thus, although there have been studies of arseno-
pyrite oxidation in acid and alkaline solutions, many
of its electrochemical properties remain uncertain.

This work examines the effect of pH, background
electrolyte composition, temperature, mineral stoi-
chiometry [19] and reaction time on the oxidation of
arsenopyrite in acidic solution. Qur measurements
[20] of the oxidation of arsenopyrite in alkali confirm
that there is insignificant reaction between pH 6-10
[13—16] and indicate that the rate of reaction (1) at
pH11-13 is controlled by the diffusion of OH™ to
the arsenopyrite surface.

2. Experimental details

AR grade chemicals (purity by label >99%) and
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Milli-Q (Millipore) water were used to make up back-
ground electrolytes. Solutions were adjusted to a
desired pH with dilute hydrochloric acid. pH was
measured with a commercial combination glass elec-
trode and meter (Metrohm).

Arsenopyrite minerals can be sulfur- or arsenic-
deficient [20,21]. Natural samples from Greenbushes
(Australia), Wuhan (China) and Santa Eulalia (Mex-
ico) covered this range and were used to test the influ-
ence [19] of mineral stoichiometry on the rate of
oxidation. Sample composition was measured by X-
ray diffraction (XRD), dispersive X-ray analysis
(SEM/EDX) and wet chemical analysis [20]. The
composition was as follows:  Greenbushes
Fel.ooASI.Ooslloo, Wuhan Fel_00A51_00S0'94 and Santa
Eulalia Fe; ggAsg9251.00- For all samples, a thin gold
layer was sputtered on one surface and a copper
wire cemented to this surface with silver epoxy resin
(Epoxy Technology). The copper wire was
enclosed in a glass tube which rested on the elec-
trode surface contact and the lower section was
encapsulated in epoxy resin (Epirez Australia).
The arsenopyrite surface opposite the electrical
contact was ground flat on wet silicon carbide
paper using, progressively, grade 240 (coarse)—
600 (fine) before a final polish on wet Buehler
Microcloth (Buehler).The geometric surface area
of the electrode was calculated from the dimensions
of the exposed surface measured under low magnifi-
cation (x10) and were: ~ 0.02cm? for Greenbushes
samples; ~ 0.2-0.5cm* for Wuhan and Santa Eula-
lia samples. FElectrode resistances were ~ 50
(Greenbushes samples) and ~2Q (Wuhan and
Santa Eulalia samples), yielding specific resistances
in the range 2-5Qcm™.

The current—potential response was measured
potentiostatically in a thermostated glass cell
(~ 100cm® capacity) using conventional equipment
(Pine type RDE 3 potentiostat-sweep generator, Hew-
lett Packard X—Y and Yew X—1 recorders) and a three
electrode system consisting of the arsenopyrite work-
ing electrode, a platinum counter electrode (electrode
area ~2cm’) and an SCE reference electrode
(Metrohm type 60701.000, positioned outside the
cell). When logarithmic current display was required,
the current—voltage converter on the potentiostat was
adjusted manually at appropriate points and the data
read from the X-Y trace. Current density was dis-
played semilogarithmically using a computer and iR
corrections subtracted from the applied potential
using the resistance of the electrode. Potentials in
this paper are expressed relative to SHE using the
value 0.244V for SCE vs SHE [22].

The cell was purged of dissolved oxygen with ultra-
pure nitrogen (CIG, Australia). Cell solutions were
stirred magnetically at 300 rpm unless otherwise sta-
ted. In some experiments, the oxidized electrode was
periodically removed, dried and examined with a
microscope. Product layers on the electrode were
scraped off and characterized using SEM/EDX and
XRD.

3. Results and discussion
3.1. Exploratory voltammetry

Figure 1 gives typical oxidation current density—
potential curves, shown for Santa Eulalia samples
for various experimental conditions. Each curve was
obtained with a freshly ground electrode surface
allowed to reach a steady restpotential (referred to
as ‘conditioned’ electrode), which was always more
positive than the potential measured when the elec-
trode was first immersed in the solution (e.g., within
about 1 min of electrode surface preparation, referred
to as ‘fresh’ electrode). Figure 1(a) shows that anodic
current could be passed at a lower potential for a fresh
electrode than for a conditioned electrode, although
the curves eventually converged at higher potentials.
For all conditions, solution stirring had no influence
on the current. Increasing temperature enhanced the
current. Figure 1(b) illustrates the influence of differ-
ent electrolytes at pH2, 25°C. Addition of Na,SO,
to NaClO4 and NaCl (not shown), simulating the
influence from SO3~ produced in the oxidation of
arsenopyrite [3], increased the current. Similarly,
increasing [NaCl] between 0.01 and 1M, simulating
salinity differences in prospective plant liquors [4],
also increased the current. Figure 1(c) shows the effect
of pH for both 1 M NaClO,4 and 1M NaCl solution at
25°C. Increased acidity enhanced the current for both
electrolytes at high potentials but the effect is appar-
ently reversed at low potentials.

Figure 2 shows examples of forward and reverse
sweeps, indicating significant hysteresis, especially
for 1m electrolyte. At high potentials, the current
for the reverse sweep is greater than for the forward
sweep, indicative of an increase in the real surface
ared of the electrode as a result of oxidation. Electrode
conditioning has only a slight influence on this pat-
tern, confined to a small additional anodic charge
which can be passed at low potentials. On the reverse
sweep the current declines rapidly to cross the current
axis positive to the original restpotential (e.g., 0.2V
more positive for 1M NaCl at pH2, 25°C). When
the potential sweep was stopped in this region, the
current increased with time as shown by the transition
A — B in Fig. 2. The open circles show the quasi-
steady state current when an electrode was polarized
in 1M NaCl from the restpotential by a potential step
to ~ 1V (at higher potentials the current is largely
controlled by the resistance of the electrode), with
subsequent potential adjustment downwards to the
restpotential. These currents are practically constant
for minutes. The values lie between the forward and
the reverse sweep and have been used to analyse the
influence of experimental variables (see further below).

3.2. Electrode restpotential and surface condition
Figure 3 illustrates the potential-time dependence of

arsenopyrite electrodes. For a fresh surface (A), the
potential is steady within 10min (shown for 1h but
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found to be valid for several hours in other experi-
ments) and reproducible (:10mV). There was insig-
nificant change of the restpotential when the
solution was aerated or in quiescent solution. This
potential is therefore not a mixed potential involving
the solution. The electrode response is slower to pH
change after equilibration (B) or oxidation for several
minutes at 1 V (C,D) than for a fresh surface. These
trends suggest that the process establishing the surface
condition for a fresh surface in the solution is different
to the processes which operate after the electrode has
been conditioned or oxidized.

The restpotential of arsenopyrite cannot be inter-
preted using E,-pH diagrams (e.g., [11-16]) which
are all based on Barton’s [23] estimate of
—109.7kImol ™! for the free energy of formation of
arsenopyrite at 25°C. Barton’s calculation is based
on estimates of the activity of arsenic and sulfur in
arsenic—sulfur melts in contact with solid arsenopyrite
and pyrrhotite in the temperature range 491-702 °C.
Barker and Parks [24] have since shown that Barton’s
calculation for sulfur activities over pyrrhotite dis-
agree with more precise measurements. Barton also
assumed that an arsenic-sulfur melt would be in equi-
librium with solid arsenic and realgar (As,S,) at the
eutectic temperature. This assumption is not in agree-
ment with the determination of the arsenic-sulfur
phase diagram by Blachnik et al. [25]. Consequently,
Barton’s calculation for the free energy of formation
of arsenopyrite is, at best, a first order estimate with
an unknown uncertainty. Calculations of the equili-
brium potential of arsenopyrite for various decompo-
sition reactions [11-16] at 25°C, based on Barton’s

Fig. 1. Voltammogram for Santa Eulalia arseno-
pyrite in acid at 10mVs™! (all curves relate to a
conditioned surface in stirred solution at 25°C
except when stated otherwise). (a) Effect of solu-
tion stirring, electrode conditioning and tem-
perature in 1M NaCl, pH2. Key: (----) 25°C;
) fresh surface; (——) nonstirred; (---~)
75°C. (b) Effect of electrolyte composition at
25°C, pH 2 (0.01 M NaCl, 1 M NaCl, 1 M NaClO,
and influence of added 0.15m Na,SO,). Key:
(—) 0.01™m; (----) 1M NaCl (——) Im
NaClOy; (----) 1M NaClO4/0.15m SO4. (c)
Effect of pH (0.5-4) in 1M NaCl or 1 M NaClO,
at 25°C. Key: (——) pH 0.5 NaCl; (--~-) pH3
NaCl; (——) pH 1 NaClOy; (----) pH 4 NaClOy,.

value, return significantly lower values over the whole
pH range than restpotentials measured experimen-
tally.

Figure 4 summarizes the dependence of the restpo-
tential on pH and electrolyte composition including
previous measurements for water [11], 0.6 M Na,SO,
[15, 16] and 0.1 M KH,PO, [12]. Increasing pH gener-
ally decreases the restpotential. The data for water,
NaClO; and Na,SO, are reasonably concordant.
NaCl and KH,PO, decreased the potential. This evi-
dence suggests that OH , C1” and phosphate ion stab-
ilize the oxidized form of the surface phase on
arsenopyrite. Na,SO, additions (0.15M) to Im
NaClOy4 or 1M NaCl solution did not affect the rest-
potential, even though SO} is a reaction product
[3]. There is also no discernible effect from dissolved
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Fig. 2. Voltammogram of Santa Eulalia arseriopyrite in 0.01 or 1m
NaCl at pH 2, 25 °C. Hysteresis of forward and reverse sweep and
effect of electrode preconditioning or quasi-steady state oxidation
(open circles). For transition A —— B see text. Key: ( ) fresh
surface, 1M NaCl; (——) conditioned surface, 1M NaCl; (——-)
conditioned surface, 0.01 M NaCl.
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arsenopyrite. Addition of equimolar FeCl,/FeCl; to
yield concentrations >107>M increased the arseno-
pyrite potential to match the value measured on Pt
in the same solution; showing [26] that the dissolved
redox couple Fe(i)/(in) determined the potential on
the arsenopyrite surface for these conditions (tests
for As(m)/As(v) addition weré not made as this redox
couple is irreversible [27]). -Increased temperature
decreased the restpotential in 1M NaClO, at pH2
by 35mV (50°C) and 100mV (75°C) indicating
increased stability of the oxidized form of the surface
phase at higher temperatures.

Analysis of the restpotential of arsenopyrite in neu-
tral solution or alkali has been in terms of a surface
layer which could not be reduced/oxidized at the rest-
potential [11-16] unlike the situation in acid. Figure 5
shows an example of cyclic reduction/oxidation of
arsenopyrite at the restpotential (P) in acid. There
are clear changes in the potential at zero-current
between successive stages of reduction/oxidation
from the restpotential, even for modest perturbations.
In the first reduction cycle, 0.9mCcm 2 was passed
and the zero-current potential had decreased 12mV
from P. In the subsequent oxidation ' cycle,
0.3mCcm™2 was passed and the zero-current poten-
tial had increased by 13 mV from P, even though there
was net reduction of the electrode at this stage by
0.6mCcm 2. The zero-current potential, therefore,
does not reflect a surface equilibrium. The same pat-
tern holds for more extensive reduction/oxidation.
In the second reduction cycle the charge passed was
8.6mCcm 2. The potential was held at A for 3min

D (oxidation).

and the decreasing reduction current in this interval
AB was monitored. The zero-current potential on
the continuing sweep had decreased by 87mV from
P. In the next oxidation cycle, 7.6mCcm™> was
passed (again, the potential was held at C for 3min
and the decreasing oxidation current in this interval
CD was monitored) and the potentiostat disconnected
at D. The open-circuit potential jumped to E, which
was 33 mV more positive than P, even though the elec-
trode had been reduced by a net 1.6mCcm™ in the
whole experiment. The open-circuit potential drifted
slowly to lower values (similar to the pattern CD in
Fig. 3) but this readjustment was not studied in detail.
The decrease of the current at constant potential for
both reduction/oxidation indicates that the reactions
involved are self-limiting, as expected for a process
confined to the electrode surface. Although the reac-
tions can be reversed, the rates involved are slow,
since the surface is not at equilibrium at zero-current
or open-circuit on the time scale of these experiments
(0.3 to several minutes).

The total charge associated with the surface pro-
cesses was estimated from the current—time transient
of an electrode oxidized by a potential jump from
the restpotential and from the cathodic current—vol-
tage response measured after polarizing arsenopyrite
at 0.9V for different times. Figure 6 shows two exam-
ples of such experiments in 1 v NaCl and 1 m NaClO,
at pH 2 and 25°C. In Fig. 6(a), for an electrode
stepped to 0.74V, a current-spike is clearly evident
superimposed on a practically constant residual cur-
rent. The charge associated with the current-spike is

Fig. 4. Restpotential/pH dependence of arsenopyrite at
25°C in acidified 1 M NaClOy, acidified 1 M NaCl and com-
parison with literature values — water, Beattie [11], 0.6 M
Na,S0,, Hiskey [15, 16] and 0.1 M KH,PO,, Sisenov [12].
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28 mC cm 2 and the pattern shows that the associated
reaction is completed in about 3 min. At lower poten-
tials, the behaviour is similar but less charge is asso-
ciated with the spike indicating incomplete oxidation
of the surface layer. At higher potentials, the spike is
less clearly resolved, because the residual current is
much higher. Figure 6(b) shows reduction sweeps (A
and B) after oxidizing the electrode at 0.9V for 1
and S5min, respectively. In each case, the cathodic
reduction waves are relatively shallow, commencing
about 0.2V positive of the restpotential, with peak
potentials depending on the reduction charge. For
curve (A), the anodic charge passed was 1Ccm™>
and the cathodic charge amounted to 9mCcm™;
for curve (B), the anodic charge passed was
4.4Ccm™2 and the cathodic charge was 23 mC cm 2.
These results suggest that the oxidation/reduction
capacity of the surface layer is preserved during the
bulk oxidation of the mineral, with a value
~25mCem ™2 in 1M electrolyte at pH 2 and 25 °C.
The electronic structure of arsenopyrite is uncertain
[28]. The ionic approximation is Fe’" (AsS)*~ but the
arsenopyrite surface converts to an oxidized metal—
deficient sulfide phase when in contact with humid

air or solutions [29]. In aerated acid, the composition

of the surface was FeAsS; g with some oxygen but no
elemental sulfur present. This phase has a pyrrhotite-
like structure and is stable in acidic solution and evi-
dently in equilibrium with the underlying bulk arseno-
pyrite structure for hours, or longer. The initial drift
of the potential of freshly prepared arsenopyrite

Potential / mV vs SHE

Fig. 6. Current-time behaviour of Santa Eulalia arsenopyrite at
pH?2, 25°C (a) Electrode stepped from restpotential to 0.74V vs
SHE in 1 M NaCl. (b) Electrode reduced at 10mV s~ after oxidation
at 0.9V vs SHE in 1 M NaClO, for (A) 1 and (B) 5 min, respectively.

results from the transformation of the oxidized sur-
face produced by wet grinding in air by acid dissolu-
tion of metal ions and metal-oxide surface skeletons
to form a phase such as that observed by Buckley
and Walker [29]. This phase defines the restpotential
of the electrode and can be semi-reversibly oxidized
and reduced, thus limiting the upper oxidation state
of iron <3, arsenic <3 and sulfur <0.

A general equilibrium governing the influence of
pH and pCl on the restpotential of arsenopyrite in
acid is Equation (2):

{Ph(OH),Cl,}, + aH™ + ne~ = {Ph},+aH,0-+bCl"

2)
where Ph denotes a particular Fe—As—S stoichiometry
(e.g., FeAsS; 3 [29]); {} denotes surface activity and
the subscripts o and r, respectively, denote the oxi-
dized, reduced form of the surface phase. Since the
phase has to remain electrically neutral, n=

a+ b < 6. The restpotential is given by the Nernst
equation. At 25°C:

E, = E!} +0.059bn"" pCl —0.059an"'pH  (3)

where E, is a standard potential defining the multiple
equilibrium between bulk arsenopyrite, surface phase
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Fig. 7. Quasisteady state current—overpotential dependence of
Santa Eulalia arsenopyrite in different 1M electrolytes at pH 2 and
25°C and effect of 0.15 M Na,SO, addition. Key: (A) NaClOy; (a)
NaCl; (0) NaClO,/SOZ"; (@) NaCl/SOZ.

and solution. In NaClO4, a=n, =0 and the
observed pH dependence of —0.06 VpH ™! is rational-
ized for all values of n, i.e. without needing definition
of the composition of the surface phase. However, the
interaction of OH™ with elements within the surface
phase must be stronger than in solution since Equa-
tion 3 holds well outside the solution stability range
of, for example, Fe(OH)*". For iron, this requirement
has been confirmed by calculation [30]; the effective
pKy of Fe(H20)3+ on the surface of iron oxide is
~0.1 compared to the value ~ 3 in solution.

We have no systematic measurements of the depen-
dence of E, on pCl to fully test Equation 3. The linear
pH dependence in 1M NaCl implies that 4 is indepen-
dent of pH. This observation suggests that the surface
~Cl complex is stronger than the surface —OH com-
plex. The most likely surface species involved is
FeCI*", but the experimental pH dependence demands
ar~mn, (ie,a>b). If b=1 and n =6 the predicted
slope of the pH dependence is —0.049 VpH~!, which
is too low, suggesting that there may be nonequivalent
iron sites in the surface phase, some of which do not
bond Ci™. Thus, for two different sites, 5 = 0.5 and
the predicted slope is then —0.054 VpH !, in increas-
ingly better agreement with the —0.06 VpH ™! value
observed experimentally. ‘

An estimate of the thickness (A) of the surface phase
can be obtained from the observed charge capacity,
~25mCecm 2. If 1 mol of the phase has a capacity of
up to 6F (F = faraday), then rA =25x107V,,/
(6F), where r is the surface roughness and 7, the
molar volume. V,, ~20cm® [28], hence rA =8x
1077 cm. If r ~ 8, A ~ 1 nm which is comparable to
the thickness of the surface phase estimated from
XPS [29]. This calculation is suggestive rather than
conclusive and assumes that the composition of the
surface phase during its oxidation/reduction is con-
stant. The presence of a metal deficient sulfide surface
phase at the metal sulfide—solution interphase was initi-
ally deduced from measurements of the oxidation rate
of chalcopyrite in acid [26]. The concept has since been
amply verified for many metal sulfides by XPS and a
good discussion of finer interpretational details is given
by Walker, Richardson and Buckley [31]. The restpo-
tentials measured in the present work represent appro-
priate equilibrium positions of Equation 2 for which
the solution/surface phase/bulk arsenopyrite is at

equilibrium. The surface phase can be oxidized/
reduced concurrent with the bulk oxidation of arseno-
pyrite but equilibrium between the surface phase and
the arsenopyrite is then uncoupled.

3.3. Quasisteady state current — overpotential
behaviour

Figure 7 gives examples of the potential dependence of
the anodic oxidation of arsenopyrite when the elec-
trode potential is stepped from the restpotential to
~ 1V; and the current recorded as the applied poten-
tial is reduced in steps as previously described (oxida-
tion currents are stable for minutes, except within
~ 0.2V of the restpotential when the reduction of
the surface phase is superimposed on the oxidation
reaction; currents then decrease and recover as shown
by the transition A— B in Fig. 2). Potentials are
expressed relative to the restpotential of the electrode.
The current—overpotential dependence is initially
linear (generally between 0.1—-10 mA cm~2) following
the Tafel equation [32]: n =« log (i/i,), where n =
overpotential, a = Tafel slope and i, = exchange cur-
rent density of arsenopyrite oxidation. Initially, values
for a ~ 0.12V, typical of an electrochemical rate con-
trolling step involving one electron; but the current-
potential dependence becomes less sensitive at higher
ovepotentials, either because of a change of rate
control to a nonelectrochemical step or because the
effective resistance of the surface layer is potential
dependent.

The effect of different variables on the reactivity of
arsenopyrite was assessed from the value of i
obtained by extrapolating the Tafel lines to n = 0 as
shown in Table 1 (estimate of uncertainty in i, values
is £10-20%). The data shows that CI™ reduces the
oxidation rate of arsenopyrite compared to ClOy;
and that in each case SO3 ™, produced in the reaction
[3], enhances the rate. Similarly, increased acidity
and temperature enhances the rate. There is an
approximate i, o< [H*]" dependence and the appar-
ent (Arrhenius) activation energy is 33 kJmol ..

There is no consistent rationale for the effect of
anions on sulfide oxidation rates. Cation—anion (ion

Table 1. Influence of solution composition, pH and temperature on the
exchange current density (i,) for the oxidation of Santa Eulalia
arsenopyrite

Electrolyte pH  Temperature/°C i,/uAcm™
1w NaCl 2 25 2.8
1M NaCl/0.15m Na,SO,4 7.2
1M NaClOy4 4.8
1M NaClO4/0.15Mm Na,SOy 21
1M NaClO, 1 25 15
4.8
3 1.8
I NaClO,/0.15m N2,80, 2 25 21
50 50
75 110
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pair) interactions or complexation in solution are pos-
sible factors but undefined variables must also play a
part since, for example, Jones and Peters [33] and
Dutrizac [34] found that chalcopyrite oxidizes more
rapidly in chloride solution than in sulfate solution
while Biegler and Swift [35] reported the opposite
effect. The present results agree with [8] that arseno-
pyrite oxidizes faster in H,SO,4 than in HCl and the
effect of pH with [18] that pressure leaching of arseno-
pyrite is faster in more acidic solution. The fractional
dependence of i, on [H™] has the form of an adsorp-
tion isotherm, suggesting that protons adsorbed on
the surface influence the rate controlling step. The
dependence of the restpotential on [Cl7] implied that
Cl™ stabilized cations in the surface layer and the
influence of CI™ on the oxidation rate may have a
similar origin.

3.4. Effect of mineral stoichiometry

Current density—potential responses of sulfur defi-
cient (Wuhan) and arsenic deficient (Santa Eulalia)
arsenopyrite were compared to stoichiometric sam-
ples (Greenbushes). The behaviour was indistinguish-
able. Table 2 lists the range of quasistcady state
current densities at 0.9 V for each of the three samples
in stirred, deaerated 0.01 M KClat pH 2 and 25°C. The
different values overlap indicating that mineral stoi-
chiometry does not significantly influence the oxida-
tion rate of arsenopyrite.

This behaviour is consistent with results [35, 36] for
pyrite even though the most recent and comprehen-
sive analysis of the oxidation mechanism of pyrite
involves semiconductor concepts [19, 37]. However,
the lack of sensitivity of arsenopyrite reactivity to its
stoichiometry could reflect an independence of the
surface phase composition on bulk stoichiometry,
see Equation 2.

3.5. Long term oxidation rate

The oxidation rate of arsenopyrite at longer times
(>5h) was obtained from the time variation of total
dissolved iron (Fe) from experiments carried out for
the determination of the reaction stoichiometry.
This work [3] showed that for all samples one mol
of Fe is derived from each mol of arsenopyrite oxi-
dized. The value of dFe/dt is proportional to the cur-
rent as the number of electrons passed per mol of
arsenopyrite was constant at each temperature,

Table 2. Current density (Quasisteady state measurement in stirred
deaerated 0.01 v KClat pH 2 and 25°C) at 0.9 V vs SHE for stoichio-
metric (Greenbushes), arsenic deficient (Santa Eulalia) and sulfur
deficient (Wuhan) arsenopyrite

Types of arsenopyrite Range of current

density/mA cm >

Greenbushes (Australia) FellooAS]'oosl'Oo 0.71+ 00?
Santa Eulalia (Mexico) Fey 40AS.9251.00 0.78£0.18
Wuhan (Ch]l’la) F61'00A51‘00S0‘94 0.83+0.16

ranging from 9 to 7.5 between 25 °C and 75 °C. Figure
8 shows typical graphs of Fe against time at the low
(0.74 V) and high (0.94V) end of the potential range
investigated. At 0.74V, the relationship is linear but
at 0.94V the oxidation rate increased with time.
This last trend was typical of most data. Representa-
tive values for the rate at the start of oxidation and
at the end of each experiment, calculated from tangent
lines as illustrated in Fig. §, are tabulated in Table 3
for 0.01 M KCI solutions at pH 2 between 25°C and
75°C.

Increases of the long-term oxidation rate arise from
the influence of dissolved SO3~ on the oxidation rate
as it 18 a reaction product [3]; and from enlargement
of the real surface area of the electrode as the oxida-
tion reaction proceeds. The surface area increase is
apparent from microscopic examination of electrode
surfaces at various stages during the reaction. Numer-
ous small holes developed in the mineral surface
which slowly receded from the plane of the surround-
ing epoxy resin electrode body. This space was filled
progressively by a thick, flaky non-uniform white/yel-
low layer, which was identified as a-sulfur by XRD
and SEM analysis; a colour photograph of the surface
of a practically dissolved electrode is shown in [20].
We have no quantitative data for the changing elec-
trode surface topography or for the influence of
SOZ~ on the rate. Therefore, the rate at the start of
the reaction was used to consider different rate deter-
mining steps for the oxidation of arsenopyrite. Such
analysis helps practical exploitation of the reaction
to find conditions for which oxidation becomes lim-
ited by mass transport, as control by such a step
implies that the chemistry of the reaction has been
optimized.

Solution stirring had no influence on the oxidation
rate (R) eliminating ion diffusion in the hydrodynamic
Nernst layer [32] as a sole or partial controlling factor.
Ton diffusion through the sulfur layer on the arseno-
pyrite surface could control the reaction [26]. This
layer is porous because there is a decrease in the molar
volume of the surface phase when arsenopyrite is con-
verted to sulfur (molar volume change from ~ 27 cm®
to ~ 16cm®). The thickness (L) of the sulfur layer
when Fe moles of arsenopyrite has been oxidized is
given [26] by L = Fe V,u4 !, where V,, is the molar

Table 3. Range of oxidation rate of Santa Eulalia arsenopyrite
(wmol em™ b1 )* in 0.01 M KCI at pH2 between 25°C and 75°C
and 0.7 and 1V vs SHE

Potential Temp Time range Oxidation rate
/V vs SHE /°C /h Jumolem 2 h™!
0.74 25 125 0.9-1.3

0.84 75 4.3-9.9

0.94 30 10-16

0.84 75 5

27-45

* Rate expressed per unit geometric area of the electrode at the start
of the experiment. Current equivalence is 8.7 (25 °C) and7.5 (75 °C)
e~ per mol FeAsS with congruent dissolution of arsenopyrite for
each condition [3].
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Fig. 8. Time-variation of dissolved Fe for Santa Eulalia arseno-
pyrite oxidation in stirred, deaerated 0.01 M KCl at pH2, 25°C at
two potentials (the oxidation of arsenopyrite is congruent and
involves ~ 9¢~ per mol arsenopyrite oxidized [3] at each potential.

volume of arsenopyrite and A4 the electrode area. If the
average tortuosity of a pore is 7, the effective diffusion
path lengths is 7L. In the early stages of the reaction
at 25°C (Fig. 8), Fe~ 100 gmolcm 2; hence L =
26 x 107 and [26] R = (C — C,)D/(rL), where C is
the ion surface solution concentration, C, is the ion
bulk solution concentration and D the ion diffusion
coefficient. If arsenopyrite oxidation is much faster
than ion diffusion, the surface concentration of
dissolved species would be limited by their solubility.
The reaction produces H™ [3], therefore the surface
solution acidity must exceed that of the bulk (pH 2),
preventing hydrolysis of Fe at the surface. All product
species are quite soluble and, as an estimate, C is
set as typically 1M (ie., 10~% mol em™3), Cy ~0, D ~
1073 em?s™! [32]. Since R exceeds 1 ,umolcm~2 h™!
(Table 3), 7 must exceed 10° for this mechanism to
match the measured rate. Realistic values for 7 are
1-10 [26] showing that pore-diffusion provides for
much higher rates than measured. A full analysis
[26] of pore-diffusion kinetics shows that the oxida-
“tion rate decreases with time (R x /%), This rate
decrease could have been hidden in the results because
of the concomitant increase in real electrode surface
area and the accelerating effect of SO3~. However,
the expected activation energy for this reaction step
is ~ 10kJmol™" [26] which is much lower than the
observed value of 33kJ mol™. Hence pore diffusion
does not control the reaction.

The high experimental activation energy, the influ-
ence of electrode potential and solution pH all suggest
that the rate of oxidation of arsenopyrite is controlied
by a reaction at the surface of arsenopyrite; and that
increased temperature, high potential (obtained for a
slurry by appropriate choice of oxidant, for example,
chlorine solution) and high acidity are the primary
variables to drive the reaction closer to control by
mass transport of dissolved species.

4. Conclusions

Arsenopyrite can be oxidized in dilute acid under

ambient conditions. The restpotential of arsenopyrite
represents an equilibrium between the bulk phase, a
metal deficient surface layer and the solution. The sur-
face layer can be separately oxidized and reduced but
its influence on the bulk oxidation reaction remains
uncertain. Arsenopyrite oxidation appears to be con-
trolled by an electrochemical surface reaction step
with an apparent activation energy of 33kJ mol L.
There is no influence of mineral stoichiometry on
the oxidation rate but dissolved sulfate increases the
rate. Long term oxidation rates of arsenopyrite
show a steadily increasing rate arising from the sulfate
produced in the reaction and from an increased real
surface area, clearly seen by microscopy.
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