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Oxidation of arsenopyrite (FeAsS) in acid Part 1I:
Stoichiometry and reaction scheme

P. G. FERNANDEZ
School of Applied Chemistry, Curtin University, Bentley, Australia, 6102

H. G. LINGE*, M. J. WILLING
CSIRO DMP, Curtin University, Bentley, Australia, 6102

Received 19 June 1995; revised 24 November 1995

The electrochemical oxidation of arsenopyrite (FeAsS) in 0.01 m chloride solution at pH 2 has been
investigated and the effect of electrode potential, temperature and arsenopyrite mineral composition
on the reaction stoichiometry studied. Iron, arsenic and sulfur products were formed in the ratio
1:1:1, for all conditions for arsenic deficient and stoichiometric arsenopyrite. Product speciation
was dependent on temperature and potential, but not on arsenopyrite composition. At 25°C,
Fe(1), Fe(m), As(mm), As(v), S, SO3~ and S(x) (which could be a polythionate such as tetrathionate
or pentathionate) were formed and ~9¢~ produced per mol of arsenopyrite oxidized. At 75°C,
practically no S(x) was formed and 7.5¢™ produced per mol of arsenopyrite oxidized. A qualitative
reaction scheme, based on the decomposition of thiosulfate to polythionate in the presence of As(i),

is outlined.

1. Introduction

This paper extends the previous work [1] on the elec-
trochemical reactivity of arsenopyrite in acid. The
chemistry of arsenopyrite oxidation has been studied
by electrochemical oxidation of mineral electrodes
between 0.7-1V vs SHE in dilute chloride solution
at pH 2, relevant to low temperature preoxidation of
refractory gold containing arsenopyrite ores by slurry
oxidation in saline plant liquors [2, 3]. Proven analyti-
cal techniques have been used to delineate the specia-
tion of reaction products at 25 and 75°C for
stoichiometric and arsenic-deficient arsenopyrite. -
Previous studies of arsenopyrite oxidation at
atmospheric pressure [4—13] have not attempted to
identify specifically the species generated in the reac-
tion. Instead, calculated E,/pH diagrams, infra red
and XPS spectra or interpretation of voltammograms
were used to postulate reaction products. A detailed
study of the oxidation of arsenopyrite in pressurized
sulfuric acid solutions between 130—180 °C has been
carried out by Papangelakis and Demopoulos [14,
15]. The oxidation stoichiometry with respect to iron
and arsenic was congruent (i.e., 1:1). Iron. was
released as Fe(i) but was slowly oxidized to Fe(im)
by oxygen in solution. 85-90% of the dissolved
arsenic was found as As(v). Sulfur was released predo-
minantly as SO3~, though small amounts of S
(<20%) were also formed. It was postulated that the
oxidation process proceeds via two competing parallel
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pathways, for the formation of SO~ and S. However,
the sulfur pathway was considered to be self inhibiting
and the reactions listed do not allow prediction for the
speciation of reaction products.

There are numerous studies of the aqueous oxida-
tion of mineral sulfides other than arsenopyrite in
acid solution (e.g., [16-21]). Most investigators con-
sider that it is the sulfide sublattice which is oxidized
in the reaction. The metal constituents are treated as
cations which are hydrated once the sulfide sublattice
has been destroyed by oxidation. In acid, S and SO3~
are the two most common sulfur reaction products.
Most sulfides form S with little SO~ but pyrite oxida-
tion produces predominantly SO;3~. The SO~ yield
changes from 75-100% as the oxidation potential is
increased from 1-1.5V but this fact could not be
explained [19]. It has been shown [22] that the SO?{
oxygen originates from water, and Meyer [18] pro-
posed that SO7 ™ is formed from intermediates such
as thiosulfate, S,03 .

Dutrizac [21] suggested that S is formed for all
conditions via dissolved H,S. Alternatively, if sulfide
predominates in forming the bonding electronic states
in the lattice, oxidation by direct charge exchange
involving these states could directly lead to the forma-
tion of S at the surface via metal deficient sulfide sur-
face phases [17] which have been identified on many
metal sulfides by XPS spectroscopy (e.g., [23]).

More recently, semiconductor concepts have been
invoked to account for the sulfur speciation in sulfide
oxidation (e.g., [24, 25]). For pyrite, the upper edge of
the valence band consists primarily of a nonbonding
orbital derived from Fe; oxidation of the sulfide by
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injection of a hole into this orbital does not break the
lattice but is available to slowly split water. The reac-
tion pathway suggested is as follows [25]:

FCSZ + HZO —e — FC(OH)SZ + H+
Fe(OH)S, = FeS,(OH)
FCS2 (OH) + 2H20 -5 —— F62+ + Szog_ + 5H+

In acid, the surface thiosulfate slowly decomposes to
form S and bisulfite HSO3. At pH 2, thiosuifate has
been detected in solution. This ion and bisulfite can
be readily oxidized to SO3~ on an electrode. This
mechanism can account qualitatively for the experi-
mental potential dependence of SO~ formation if the
first step in the scheme is rate determining. As the elec-
tronic structure of arsenopyrite is only partially under-
stood [26] it is difficult to assess the relevance of
semiconductor concepts to arsenopyrite oxidation. In
[1], we found no significant difference in the reactivities
of stoichiometric, n- and p-type arsenopyrite but this
fact need not eliminate the above mechanistic pathway
if the upper edge of the valence band in arsenopyrite is
little affected by the small variations in composition
typical for natural arsenopyrite [26, 27].

2. Experimental details

Experimental procedures used to oxidize arsenopyrite
electrochemically between 0.7-1V vs SHE were as
described [1]. The Pt counter electrode was separated
from the bulk solution with a fritted glass disc to pre-
vent contact with the reaction products. Charge
passed was measured with an Amel digital integrator
(type 731) connected in series with the counter elec-
trode. Most tests used arsenic deficient arsenopyrite
Feq 00Asg.02S1 g9 from Santa Eulalia (Mexico) because
this material had the largest surface area in our sam-
ples [27], improving the analysis accuracy of pregnant
solutions. A few tests were made with stoichiometric

arsenopyrite from Greenbushes (Australia) to confirm:

lack of influence from arsenopyrite composition [1].
The background electrolyte was 0.01 M KCl at pH2
to mimic acidified saline plant liquor but minimize
the effect of dissolved salt on solution analysis [27].
Samples of cell solution were taken at various
stages and at the end of an experiment and the reac-
tion products analysed. The analysis techniques used
are well known but were adapted for the present
experimental conditions as described in detail in [27]
and references therein. Analysis uncertainty was
4 5-10%, or less. Total dissolved iron, arsenic and
sulfur was analysed simultaneously by inductively
coupled plasma-atomic emission spectrometry (ICP—
AES) at 259.9, 193.8 and 180.7nm, respectively,
with an Applied Research Laboratories A250A spec-
trometer. Dissolved iron(i) was analysed as the 2,2-
dipyridyl complex at 520nm with a Varian DMS 80
dual beam spectrophotometer. Dissolved arsenate
and sulfur anions were determined simultaneously
by ion chromatography (IC) using a pH 9.5 sodium
bicarbonate/carbonate eluent and a conductivity

Table 1. Effect of preoxidation of dissolved arsenopyrite solutions
on IC analysis and a comparison to ICP—AES analysis of the same
solutions

Treatment adopted SO~ result by IC  Dissolved S by ICP—AES

{ppm /ppm
No preoxidation 9.5 16.0
Preoxidation 154 16.0

detector (Dionex 2110i ion chromatograph). Prior to
IC analysis, all iron was removed from solution with
a Bond Elut SCX cation exchange resin (Analytichem
International) as iron interfered in the arsenate analy-
sis. At the end of an experiment, the solid reaction
products were scraped from the electrode surface
and analysed by dispersive X-ray analysis (SEM/
EDX) and X-ray diffraction (XRD). S in the deposit
was dissolved in carbon disulfide for determination
from the weight of the residue after evaporation (sen-
sitivity 0.2 mg).

The IC and ICP-AES analyses for SO~ were
shown to be concordant within + 5% using synthetic
SO~ solutions. A test solution containing dissolved
arsenopyrite was split and one portion oxidized with
H,0, prior to analysis with IC and ICP-AES. Preoxi-
dation had no influence on the ICP-AES analysis,
confirming that this measurement determined total
dissolved sulfur. However, the IC analysis was
affected, for example, as shown in Table 1.

The IC result for the untreated solution was lower
than for preoxidized solution, for which it corre-
sponded to the ICP-AES result; demonstrating the
presence of a soluble sulfur species with a lower oxida-
tion state than S(vi) in the original solution. IC
showed that sulfite was not present in the original
solution and the unknown species has been termed
S(x), where x < 6 denotes the oxidation state. The
likely identity of S(x) will be discussed later below
and the amount produced was calculated thus: S(x)=
total dissolved sulfur (ICP-AES) — sulfate (IC).

3. Results and discussion
3.1. Oxidation stoichiometry

Table 2 summarizes the oxidation stoichiometry for
arsenic deficient arsenopyrite at three potentials at
25°C based on final values for each element for dupli-
cate experiments at each potential. The uncertainties
for Fe and As are +2% and + 5%, respectively. In
the case of the sulfur stoichiometry, there are two
forms of sulfur to consider. S is formed on the elec-
trode surface and dissolved sulfur is formed in solu-
tion (analytical uncertainty +5%). The percentage
uncertainties in analyses for S are not fixed in each
case and depend on the mass of material collected
e.g., at 0.74V for the first value it was 25 ymol or
0.8 £0.2mg, which equates to an uncertainty of

. £24%. This larger uncertainty for S increased the

uncertainty in the total sulfur released, in this case
to +12%.
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Table 2. Oxidation of arsenic deficient arsenopyrite (FeAsy.9,S) at different potentials (vs SHE) and 25 °C in 0.01 m KCl at pH 2. Repeated tests

used different electrodes

Potential Total Total Total Total Oxidation

Vvs SHE dissolved dissolved dissolved elemental stoichiometry
Fe/pmol As/umol S/pmol S/umol

0.74 74 72 41 25 Fe; 00A51.00:0.0550.90.1
92 90 49 34 Fey 00AS1.00+40.0550.9:£0.1

0.84 212 207 128 94 Fey 00A$1.0020.0551.020.1
179 177 115 81 Fey 00A31.0020.0551.0£0.1
222 215 135 87 Feq 00AS1.00£0.0551.0£0.1

In Table 2, the sulfur ratio of 0.9 0.1 at 0.74V is
lower than the value of 1.0 £0.1 at 0.84 and 0.94V.
Within the experimental uncertainties, it is impossible
to establish if this difference is real and the simplest
conclusion is that the oxidation of arsenopyrite is con-
gruent for each element, even though the specimen is
arsenic deficient.

The 1:1:1 oxidation stoichiometry is confirmed
during the reaction since graphs of cumulative dis-
solved arsenic or cumulative dissolved sulfur versus
cumulative dissolved iron are linear. There is no vari-
ation in the product ratios during the reaction at
different potentials, shown for dissolved sulfur in
Fig. 1(a). The slopes of best fit produce values of 1.0
and 0.60, respectively, for the ratio As: Fe and S(dis-
solved) : Fe at each potential in good agreement with
Table 2. Plots of cumulative charge against cumula-
tive dissolved iron were also linear at each potential
with values of 8.4-9.0¢™ per mol Fe for the range
0.74-0.94 V.

As the stoichiometry was unaffected by potential at
25°C, the reaction was only investigated at 0.84V to
check the influence of temperature, summarized in
Table 3. The stoichiometry is 1:1:1 with respect to
iron, arsenic and sulfur within the analytical error.

The oxidation stoichiometry is constant during the
reaction since graphs of cumulative dissolved arsenic
and cumulative dissolved sulfur against cumulative
dissolved iron were linear during the reaction interval.
Figure 1(b) shows this result for dissolved sulfur. The
different symbols in the graph represent different elec-
trodes and confirm the good reproducibility of the
results. The slope of best fit produced values of 1.0
and 0.40, respectively, for As: Fe and S(dissolved):Fe,
in good agreement with Table 3. The slope of the
linear graph of cumulative charge versus cumulative
dissolved iron was 7.5¢~ per mol Fe at 75°C.

The effect of mineral composition on the oxidation
stoichiometry was checked at 25°C. Stoichiometric
arsenopyrite had a small surface area (~0.02cm?)
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Fig. 1. Graph of dissolved suifur against dissolved iron:
for arsenic deficient arsenopyrite (FeAsgo,S) (a) at
A 0.74, © 0.84 and [0 0.94 V vs SHE and 25°C; (b) at
0.84 V vs SHE and 75°C. Bars on selected points show
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the uncertainty in the data. The different symbols at
75 °C show the reproducibility obtained with two different
electrodes.
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Table 3. Oxidation stoichiometry of arsenic deficient arsenopyrite (FeAsy ,S) at 75°C, 0.84 V vs SHE, in 0.01 M KCl at pH 2. Repeated test used

a different electrode

Total Total Total Total Oxidation

dissolved Fe dissolved As dissolved S elemental S stoichiometry

/pmol /pmol /pmol /pmol

112 108 44 78 Fe100A81.0020.0551.120.1
117 114 44 72 Fey 00As1.00+0.0551.120.1

and the most comprehensive data were collected at
0.94V as shown in Fig. 2. The graphs confirm congru-
ent dissolution of Fe and As and show that 9.1e™ are
produced per mol FeAsS oxidized. The dissolved sulfur
ratio was 0.49, in close agreement with the data for
arsenic deficient arsenopyrite. S was identified on the
electrode surface by SEM/EDX and XRD but the yield
was below the detection limit (0.2mg) for all condi-
tions. At 0.74V, measurement of dissolved S was
imprecise but the 1:1 relationship for dissolved Fe
and As was confirmed. The totality of the data there-
fore indicates that the oxidation stoichiometry of
arsenopyrite is not dependent on mineral composition.

At the end of an experiment, an amorphous, yel-
lowish material containing iron and arsenic (identified
by SEM/EDX) was observed on the electrode surface
in addition to elemental suifur. This material
amounted to less than 4% of total Fe or As and was
not investigated further. Similarly, an unidentified
dark surface phase was observed in the initial stages
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Fig. 2. Graph of (a) dissolved arsenic, (b) dissolved sulfur and (c)
charge passed against dissolved iron at 0.94V vs SHE and 25°C.
Bars on selected points show the experimental uncertainty in the
data.

of oxidation at 0.74V but the colour disappeared
with progress of the reaction.

In summary, at 25°C and 75°C the dissolution
stoichiometry of arsenopyrite is 1:1:1 for Fe: As:S,
irrespective of bulk composition. The coulometric
requirement at 25°C was ~9¢” per mol Fe, and at
75 °C the requirement was 7.5 ¢~ per mol Fe. The stoi-
chiometric dissolution of iron and arsenic agrees with
acidic pressure oxidation of arsenopyrite in sulfuric
acid between 130—-180 °C [14]. However, for nonstoi-
chiometric arsenopyrite the residual phase will even-
tually have a changed composition which must

increasingly influence the oxidation process as the

solid dissolves.
3.2. Speciation pattern

The speciation of the oxidation products was deter-
mined as follows. The amount of arsenopyrite oxi-
dized during a run was calculated from the charge
and the coulometric requirement (e.g., as in Fig.
2(c)). The measured concentration of each species
was expressed as a fraction of the total mol of arseno-
pyrite oxidized at that stage of the reaction. The spe-
ciation was constant within each run, as expected
from the linearity of plots such as Figs 1 and 2. Figure
3 shows the results for sulfur speciation for the oxida-
tion of arsenic deficient arsenopyrite as a typical
example. Table 4 gives a summary of all results as
follows: (a) arsenic deficient arsenopyrite: effect of
potential at 25°C and of temperature (75°C) at
0.84V and (b) stoichiometric arsenopyrite: at 25°C
and 0.94V.

Table 4 shows that more Fe(i) is produced as the
potential is increased at 25°C and that this trend is
reversed at 75°C, when Fe(m) is predominant. This
result is unexpected as Fe(um) is the thermodynami-
¢ally favoured reaction product above 0.8V [14].
The result did not arise as an artefact from reduction

_ of Fe(u) at the counter electrode, since iron levels in

the counter electrode compartment were negligible.
Perhaps Fe(in) can be reduced at 75 °C by the species
S(x), which had a much reduced yield ~0 at 75 °C (see
further below)? However, our result agrees with [14]
where Fe(i) ~75% of the total dissolved Fe in the
pressure leaching of arsenopyrite above 120 °C, prior
to slow homogeneous oxidation to Fe(m) by dissolved
oxygen, and a fully adequate rationale for the stability
of Fe(n) at elevated temperatures is lacking.

As(mr) and As(v) ratios are practically constant for
all conditions. As(v) is the thermodynamically
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Table 4. Distribution of iron, arsenic and sulfur oxidation products for arsenic deficient and stoichiometric arsenopyrite between 2575 °C and

0.74-0.94 V vs SHE in 0.01 » KCl at pH 2

FedsyqpS Mol of species/mol FeAsS oxidized

Temp. Potential Fe(n) Fe(in) As(1m) As(v) S(vp S(x) S e

/°C /V vs SHE

25 0.74 0.51 0.49 0.85 0.15 0.33 0.‘18 0.49 8.3
0.84 0.20 0.80 0.85 0.15 0.33 0.28 0.39 9.0
0.94 0.15 0.85 0.89 0.11 0.33 0.26 041 8.8

75 0.84 0.85 0.15 0.87 0.13 0.36 <0.02 0.62 7.5

FeAsS

25 0.94 0.15 0.85 0.81 0.19 0.36 0.12 0.52 9.1

favoured reaction product but As(1ir) was found as the
predominant species (~85%). As(v) was produced in
the electrochemical oxidation of arsenopyrite in alkali
[10-13] and in oxygen pressure leaching in acid [14].
By contrast, ferric-leaching [3, 28] and biooxidation
[29] of arsenopyrite in acid produced As(tr), although
bacterial catalysis transforms As(mn) to As(v) with
time [29]. Tan and Dutrizac [30] found that dissolved
As(1n) was resistant to oxidation by Fe(u) in the pre-
sence of SO~ but there was slow partial oxidation of
As(m) to As(v) in SO3™ free chloride solution. This
observation could imply that Fe(ir) has reduced oxi-
dizing power when present as an ion-pair with SOF
(or HSOy), but in the present work, synthetic mix-
tures of a typical test solution (80ppm Fe(m),
80 ppm As(rm), 13 ppm SO;™ in 0.01 M KCI at pH 2)
in contact with a large Pt electrode held at 0.84V
failed to produce As(v) even after three days. Hence,
As(ir) oxidation is kinetically hindered and this

conclusion is consistent with claims that the oxidation
of As(in) to As(v) is slow in the absence of catalysts
[29, 31, 32].

Figure 3 shows that the distribution of sulfur pro-
ducts is constant during the reaction at each potential
within analytical error. The S(vi) ratios are the same,
irrespective of potential. The S(x) and S(0) ratios at
0.74V appear to be different compared to those at
0.84 or 0.94 V. The S(x) ratio is at least &= 10% uncer-
tain and the difference is not significant. The S(0) ratio
has an uncertainty of at least 15% which practically
accounts for the deviation at 0.74 V. The alternative
is to suppose that S(0) is oxidized to S(x) at the higher
potentials but this is unlikely because S(0) is known to
be stable at potentials up to 1.7V [33]. Therefore, at
25°C, S(v1), S{x) and S(0) are produced essentially
in equimolar amounts at each potential. Table 4
shows that at 75°C the S(v1) ratio is the same as at
25°C. However, practically no S(x) is formed and
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0.2 e e e ceteeetiancmccaarnetoanencarenananacannnas S( X)
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3L . 15O
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—‘ & A S( I) Fig. 3. Distribution of sulfur oxidation products at different
(122 SSatiittt b S(X) potentials (vs SHE) and 25 °C for arsenic deficient arseno-
] | I [ pyrite (FeAsg 5, S). Different symbols used at each potential
0 represent data obtained using different electrodes. S(x) is
50 150 250 the value Sdiss— S(vi). S is the value 1 — Sdiss. Sdiss was

Amount of FeAsS dissolved/ umol

measured by ICP-AES and S(vi) was measured by IC.
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S(0) ratio is markedly greater. Table 4 indicates that
stoichiometric arsenopyrite also produces the three
sulfur oxidation products. S(vi) production is
unchanged but different amounts of S(x) and S(0)
appear to be formed. The analysis uncertainty for
stoichiometric arsenopyrite is considerable because
only small quantities could be dissolved from these
samples in a reasonable time (surface area
~0.02cm?). Therefore, the small difference between
the S(x) and S(0) ratio for stoichiometric and arsenic
deficient arsenopyrite in Table 4 is probably unreal,
consistent with the result that the coulometric require-
ment for the two samples at 0.94V is practically the
same.

Attempts were made to identify the species S(x).
x can be calculated from the ratios of Fe(1r), Fe(iu),
As(m), As(v), S(vi) and S(0) at each potential, but
this calculation has a very large uncertainty when
the experimental errors are considered. For example,
for 0.94V and 25°C, x = 3 & 5. This large uncertainty
is similar for all conditions [27] and it is difficult to
draw a conclusion. The only alternative was to iden-
tify sulfur species that are stable in acid, for example,
dithionate, S,02 " ; tetrathionate, S;0%~ and pentathio-
nate, SsOZ~ [34, 35] as candidates for S(x), without
further resolution possible from the present data.

3.3. Reaction scheme

Thiosulfate is a key surface intermediate in the oxida-
tion of sulfides (e.g., [18, 25]). In acid, thiosulfate can
decompose to S and sulfite and also [34] form into
polythionate (general formula S,0%7) in the presence
of As(tr). This reaction was demonstrated in cold HCI
suggesting that high temperature inhibits the reaction.
Polythionate form via an As-thiosulfate complex [37],
although this mechanism has not been proven.

This background literature can be brought to
account qualitatively for the sulfur speciation found
in this work. If thiosulfate is presumed to be the initial
S-based oxidation product formed on the arsenopyrite
surface, it could interact with As(1n) at the mineral sur-
face to facilitate a pathway for the formation of poly-
thionate. This reaction seems to be inhibited at high
temperatures, which provides another rationale for
our result that practically no S(x) was formed at
75°C. Thiosulfate decomposition in acid would
account for the presence of S and the sulfite decompo-
sition product will oxidize rapidly to SOﬁ' at0.7-09Vv
[18, 25]. This scheme for the S pathway in the oxidation
of arsenopyrite is illustrated below (taking the poly-
thionate S(x)= S40%7):

S
g

S(lattice)— S,03 ==S(1v) —— SO;~
As(un) |
S,0%

The scheme limits the production of S to 50% of the
total, consistent with most of the data in Table 4;
but it also implies that inhibition of the path to S(x)
at 75°C would be reflected by an equal increase in
the yields of both S and SO3~. This prediction is not
borne out for the results at 75 °C in Table 4, although
the data is close, given the experimental uncertainties
involved. Clearly, the proposed scheme is not proven
and a future test would be measurement of sulfur
speciation for the oxidation of arsenopyrite in the pre-
sence of cations which stabilize thiosulfate as a
complex. Furthermore, in situ Raman identification
of the surface sulfur species [38] on the arsenopyrite
surface during oxidation would be revealing.

4. Conclusion

The oxidation of one mol of arsenopyrite produces
one mol of Fe, As and S in acidic chloride solutions.
This stoichiometry is unchanged by potential, tem-
perature or bulk composition for arsenopyrite miner-
als. At 25°C, Fe(u), Fe(in), As(i), As(v), S, SOﬁ_,
S(x) (probably a polythionate: e.g., S,027) and
~9¢~ were produced per mol of arsenopyrite oxi-
dized. At 75 °C, similar oxidation products but practi-
cally no S(x) were found; and 7.5¢™ were produced
per mol of arsenopyrite oxidized. A reaction scheme
involving a thiosulfate intermediate has been postu-
lated to account for the formation of the different
sulfur products.
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