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The surface oxidation of  arsenopyrite in alkaline solutions has been studied by cyclic voltammetry.  
The initial oxidation of  arsenopyrite surface produces ferric hydroxide and a realgar-like compound 
according to the following rection: 

FeAsS + 3H20 x,(----~, Fe(OH)3 + AsS + 3H + + 3e- 

At higher potentials, the oxidation ofarsenopyri te  results in elemental sulphur and arsenate according 
to the following overall reaction: 

FeAsS + 7 H 2 0  , Fe(OH)3 + HASO4- + S O + 10H + + Be- 

Ferric hydroxide is precipitated and arsenate stays on the surface. Both elemental sulphur and realgar 
(ASS) are retained on the arsenopyrite substrate. Oxidation of  arsenopyrite surfaces is not  affected by 
potential cycling or by the presence of  arsenic or sulphide species. The oxidation of  hydroxyl ions 
takes place simultaneously with the arsenopyrite oxidation. Flotat ion tests demonstrated that freshly 
ground arsenopyrite is non-floatable in the absence of  xanthate as collector. Good flotation was 
obtained for both freshly ground and aged arsenopyrite in the presence of  EDTA. The flotation results 
support the reactions for arsenopyrite oxidation drawn from the electrochemical studies. 

1. Introduction 

It is well known that gold and silver usually occur in 
association with arsenopyrite. At present, the processes 
of recovering gold and silver contained in arsenopyrite 
are extremely complex. Various methods have been 
studied, including roasting of arsenopyrite followed 
by cyanide leaching of the roasted products, direct 
cyanidation of arsenopyrite, oxidation of arsenopyrite 
matrices by bacterial oxidation, as well as pressure 
oxidation of arsenopyrite under high oxygen pressure 
in nitric acid, etc. [1, 2]. The desired prior upgrading 
procedures for all the techniques are the separation of 
arsenopyrite from other sulphides, usually by flo- 
tation. When arsenopyrite is not associated with gold 
and silver, it is usually a hazard impurity. Complete 
removal of arsenopyrite is desired. In the conventional 
method of separation of arsenopyrite from other 
sulphide minerals by flotation, the temperature of 
flotation pulp is increased to about 40 ~ C in the alkaline 
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solutions (usually at pH 11) [3]. Arsenopyrite is then 
depressed or floated by adding collector and other 
chemicals, depending on the economic importance of 
arsenopyrite. Although this processing technique 
has been patented for more than twenty years, the 
underlying principles are not yet understood, This is 
not surprising, since the chemistry of arsenopyrite in 
relation to flotation and leaching, and its electro-~ 
chemistry in particular, has received very little atten- 
tion. Numerous investigations have been performed 
on the other sulphides, however, and a number of 
reviews have been published [4-8]. 

Rand [9] investigated the oxygen reduction activity 
at a rotating-disc arsenopyrite electrode. Compared 
with other sulphide minerals, it was found that the 
oxygen reduction activity on arsenopyrite is smal!er 
than that of pyrite and chalcopyrite, but higher than 
that of the other sulphides. Vreudge [10]. Beattie and 
Poling [11] studied arsenopyrite oxidation by using 
cyclic voltammetry and ESCA spectroscopy. They 
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Table 1. Chemical analysis of the arsenopyrite sample 

Element Wt. % 

Fe 32.2 
As 44.4 
S 18.7 
Pb 0.74 
Sb 0.64 
Ni 0.24 
Co 0.22 
Cu 0.069 
Zn 0.013 
SiO z 0.55 

showed that the arsenopyrite is oxidized according to 
the following reaction: 

FeAsS + l lH20 , Fe(OH)3(s) 

+ HAsO] + SO]- + 18H + + 14e (1) 

Sulphate diffuses into the solution while arsenate 
is adsorbed on the electrode surface, and Fe(OH)3 
is precipitated on the surface. Chemisorption and 
oxidation of xanthate are inhibited by the surface 
oxide films. The oxidation of arsenopyrite commences 
at lower potentials than that of pyrite. This shows 
that arsenopyrite is more readily oxidized than pyrite. 
The flotation separation of arsenopyrite from pyrite is 
explained by selective oxidation of arsenopyrite 
surfaces [10, 11]. Sanchez and Hiskey [12] recently 
investigated the surface oxidation of arsenopyrite. 
They suggested that the following overall reactions are 
responsible for the surface oxidation of arsenopyrite. 

FeAsS + 10H20 , Fe(OH)3(s ) 

+ H2AsO3- + SO]- + 15H + + 12e- (2) 

and 

H2AsO3- + HaO ~ HAsO]- + 3H + + 2e- 

(3) 

However, these reactions cannot explain the good 
floatability exhibited by arsenopyrite in the absence of 
collectors. 

In the present paper, the surface oxidation of 
arsenopyrite is studied by cyclic voltammetry. Col- 
lectorless flotation of arsenopyrite was investigated in 
EDTA solutions. The products and mechanisms of 
the surface oxidation of arsenopyrite are discussed. 

2. Experimental details 

The arsenopyrite electrode was prepared from a 
natural massive specimen whose chemical composition 
is shown in Table 1. The mineral specimen was 
attached to a brass rod using conductive carbon glue. 
The electrode was then embedded in epoxy resin with 
only one side exposed to the solution. The geometric 
area of the electrode was 0.2 cm 2 and this value was 
used to calculate the current density. Before each 
experiment, the electrode was wet ground with silicon 
carbide paper (1000 and 4000 grid), rinsed with 

ethonal and de-ionized water. It was then immediately 
inserted into the electrochemical cell. 

Apart from sodium sulphide, all chemicals used in 
the experiments were of analytical grade. Sodium 
sulphide was prepared in the laboratory before the 
experiments were conducted. High purity hydrogen 
sulphide gas (H2S(g)) was passed into 5.0M NaOH 
solution until yellowish colloids appeared. The sol- 
ution was filtered and diluted to the desired concen- 
tration. MiUi-Q de-ionized water was used throughout. 

The experimental setup for cyclic voltammetry has 
been described in detail by Ahlberg and Frie [13]. 
The potentials were measured and quoted against a 
sodium saturated calomel electrode (SSCE). All the 
experiments reported in this paper were performed in 
1.0M NaC104 + 1.0 x 10-3M NaOH solutions at 
ambient temperature. The pH value of the solutions 
was 11. The solutions were purged with high purity 
nitrogen gas for at least 60 rain before the experiments 
were started. A nitrogen gas flow was maintained 
above the solution surface during the experiments to 
prevent the possible return of oxygen to the system. 

Experimental techniques for flotation tests and 
sample preparation have been described elsewhere [14, 
15]. The mineral sample used for flotation tests was 
the same as for the electrode. A size fraction of 
38 - 75 #m was used. 

3. Results 

The open circuit potential (o.c.p.) of a freshly pol- 
ished arsenopyrite electrode was found to shift nega- 
tively by about 50 mV within the first 20 s in contact 
with the solution and reach a steady state value of 
- 4 7 5  (+ 10) mV in about 5 min. The reproducibility 
was fairly good. An initial value of - 3 7 5 m V  was 
obtained for a freshly polished arsenopyrite, with the 
variation less than 10 inV. Fairly good reproducibility 
was also obtained in a parallel study of pyrite surface 
oxidation [14]. Previous investigators [16] reported 
that freshly ground iron sulphide surfaces did not give 
good reproducibility and its o.c.p, varied widely. The 
large discrepancies were attributed to the thickness of 
the iron (hydr)oxide film [14]. The negative shift 
in the open circuit potential of a freshly polished 
arsenopyrite probably suggest that the thickness of the 
iron hydroxide film grows very rapidly upon contact 
with the solution. 

Figure 1 shows typical cyclic voltammograms of the 
arsenopyrite electrode with the initial potential sweep 
going in the negative direction. The starting potential 
of the potential sweeps shown in Fig. 1 is about 
400 mV more positive than the o.c.p, of the freshly 
polished arsenopyrite electrode surface. However, it 
was found that the reduction peak current and the 
calculated charges under the peak are nearly the same 
if the potential sweeps were initiated from the o.c.p., 
indicating that the arsenopyrite electrode surface is 
not affected significantly by the prehistory indicated in 
Fig. 1. As shown in Fig. 1, when a potential sweep is 
scanned negatively from 0 mV, the surface film formed 
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Fig. t. Cyclic voltammograms of a freshly polished arsenopyrite 
electrode with a first negative-going potential sweep initiated at 
0mV/SCE. ( -) Stationary electrode and ( - - - )  rotating-disc 
electrode at 30 r.p.s. Sweep rate: 20 mV s-l. pH 11.0. 

during polishing is reduced. The reduction process is 
nearly independent o f  the rotat ion conditions. Unlike 
pyrite, no significant anodic oxidation of the corre- 
sponding reduced oxide is observed on the return scan 
for the arsenopyrite electrode. The anodic behavior of  
the electrode on the second scan is nearly identical to 
that of  the initial anodic scan of freshly polished 
arsenopyrite. This suggests that arsenopyrite is prob- 
ably regenerated during the initial cathodic reduction. 
Furthermore,  our studies (Figs 2, 3 and 4, and others 
not presented here) demonstrate that the initiating 
potential and sweep direction exert little effect on 
the oxidation behavior of  arsenopyrite. The cyclic 
vol tammograms of  the arsenopyrite surface oxidation 
are identical provided the initial potential sweep is 
started in the potential range ~ - 8 0 0 - 5 0  mV. 

Figure 2 shows the cyclic vol tammograms of  
stationary and rotating-disc arsenopyrite electrodes 
with the potential sweep initiated positively from 
- 8 0 0 m V ,  which is more negative than the open 
circuit potential of  a freshly polished arsenopyrite 
surface. Great  differences are observed for the 
vol tammograms of a stationary and a rotating-disc 
electrode. For  ease of  discussion in this paper, the 
peaks will be numbered, I, I I  . . . . .  XI, according to 
the potential sequence of  the peaks. As shown in Fig. 2 
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Fig. 3. Multiple cyclic voltammograms of a rotating-disc arseno- 
pyrite electrode with the first potential sweep started at 0mV/SCE 
in positive-going direction�9 Sweep rate: 20 mV s- ~. Rotation speed: 
30 r.p.s, pHI 1.0. ( - - )  1st cycle, ( - - - )  2rid cycle. 

for the stationary electrode, starting the potential 
scans positively from - 8 0 0 m V ,  an anodic current 
commences at about  200 mV and increases rapidly as 
the potential increases. On the return (negative-going) 
scan, a peak (VII) appears at a potential of  about  
200mV. In the potential range of  - 4 0 0 m V  to 
- 1 2 0 0 m V ,  several cathoic peaks are observed. On 
the second positive going sweep, a sharp and sym- 
metric peak (III) appears at a potential of  about  
- 1 5 0 i n V .  The vol tammograms of  the subsequent 
cycles are nearly identical to that of  first cycle. The 
peak current for peak III,  however, decreases as 
the number  of  cycles increases. For  a rotating-disc 
electrode, on the first anodic-going scan, at leas~ three 
anodic processes (IV, V, VI) are observed. Peak IV is 
not significant on a stationary electrode. On the return 
(negative-going) scan, a plateau can be observed. The 
two cathodic peaks observed at 200mV (VII) and 
400 mV (VIII) on the stationary electrode disappear. 
Instead, additional peaks are observed at higher 
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Fig. 2. Cyclic voltammograms of a freshly polished arsenopyrite 
electrode with a first positive-going potential sweep initiated at 
- 800 mV/SCE. ( ) Stationary electrode and (- - -) rotating-disc 
electrode at 30 r.p.s. Sweep rate: 20 mV s-~. pH 11.0. 
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Fig. 4. Effect of the positive sweep potential limit on the cyclic 
voltammograms of a stationary arsenopyrite electrode. ( . . . . . . . .  ) 0, 
( - - - )  400 and ( - - )  800mV/SCE. Potential sweeps started at 
0 mV in positive-going direction, only the 2nd and 3rd sweeps are 
shown. Sweep rate: 20mVs -1 . pH 11. 
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reduction potentials. On the second positive-going 
scan, two peaks (I and II) are obtained. These peaks 
were not observed on a stationary electrode. Depend- 
ing on the rotation speed, peak (III) observed at a 
stationary electrode decreases or completely dis- 
appears. On the multiple cyclic voltammograms, as 
shown in Fig. 3, the anodic plateau (V) is no longer 
observed on the second and subsequent cycles, while 
peaks IV and VI remain. In principle, the behaviour of 
the anodic plateau IV is identical to that oberved on 
the pyrite disc [14]. Interestingly, peak III is again 
observed on the second and subsequent cycles. 

The effect of the sweep potential limits on the cyclic 
voltammetry of the arsenopyrite electrode was studied. 
It was observed that if the sweep potental limits are 
between - 800 mV and 0 mV, no significant difference 
in the anodic current is shown in the first potential 
cycle and the subsequent cycle, regardless of whether 
the sweep is started positively or negatively. Further- 
more, on the second and subsequent negative-going 
sweep, no reduction peak as observed on the first 
sweep (see Fig. 1) is shown. These results indicate that 
no oxidation or reduction products have accumulated 
on the arsenopyrite surface. Arsenopyrite has most 
likely been regenerated during the recycling processes, 
as has been shown in Fig. 1 and discussed above. 

The effect of increasing positive potential limit on 
the voltammograms of a stationary electrode is shown 
in Fig. 4. It can be seen that peak III appears on the 
subsequent anodic-going scan only when the electrode 
has previously been subjected to oxidation at potentials 
higher than 400 mV/SCE. It was found that the peak 
current for peak III increases as the anodic potential 
is increased. The peak current of peak III increases 
with increasing sweep rate. Furthermore, the peak 
potential of peak III shows no shift with an increase in 
sweep rate. On a rotating electrode, the effect of the 
positive reversing potential on the voltammograms is 
very small. The higher the positive potential limit, the 
higher the peak current for peaks I, II and IX-XI. 

Studies on the effect of electrode rotation enables 
us to distinguish the reaction originating from the 
soluble species from those where only insoluble 
species are involved. For a stationary electrode, 
dissolved products remain in the vicinity of the surface 
and may participate in further electrochemical reac- 
tions. When the electrode is rotated, the soluble 
products will be partially or completely dispersed 
into the soluton. The potential limit dependence and 
rotating dependence of the voltammograms suggested 
that soluble products of arsenopyrite oxidation/ 
reduction must have participated in the subsequent 
electrochemical reactions. Peak III clearly originates 
from a soluble species of arsenopyrite oxidation and 
reduction. Under such a solution condition, a soluble 
species may be a soluble arsenic species, or sulphur 
species or even the hydroxyl ion. Thus the effect 
of adding soluble arsenic and sulphur species to the 
solution on the voltammograms has been studied and 
compared with the electrochemical behavior of the 
soluble arsenic or sulfur on a gold electrode. 
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Fig. 5. Cyclic voltammograms of  a stationary arsenopyrite elec- 
trode in the absence ( ) and presence of 1.0 x 10 -4 M NaAsO 2 
( - - - ) .  First sweep started at - 800mV/SCE.  Sweep rate: 
20 rnV s -  ~. Rotating disc: stationary, pH 11. 

The results of the cyclic voltammetry study on 
arsenite and arsenate oxidation/reduction on a gold 
electrode will be reported elsewhere [17]. It was found 
that arsenite can be electrochemically oxidized to 
arsenate or reduced to elementary arsenic. The pro- 
cess of arsenite oxidation to arsenate is irreversible, 
that is, no reduction of arsenate to arsenite takes 
place, while the reduction of arsenite to arsenic is 
reversible. The oxidation of arsenite to arsenate 
follows an AE mechanism: 

AsO( , AsO~,,ds A (4) 

AsO2,ads + 2OH- 

, HAsO 2- + H + + 2e- E (5) 

Arsenite is strongly adsorbed on the gold electrode 
surface and the oxidation of gold is completely 
inhibited. Figs. 5 and 6 show the effect of the presence 
ofarsenite in solution on voltammograms for a station- 
ary electrode and a rotating electrode, respectively. 
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Fig. 6. Cyclic voltammograms of  a rotating arsenopyrite electrode 
in the absence of  ( ) and presence of  1.0 • 10 -4 M NaAsO 2 
( - - - ) .  First sweep started at - 800mV/SCE.  Sweep rate: 
20 mV s - 1  Rotation speed: 30 r.p.s, pH 11. 
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Fig, 7. Cyclic voltammograms of a rotating arsenopyrite electrode 
in the absence of (a) and presence of 1.0 x 10-4M Na2HAsO 4. 
(b) First sweep started at -800mV/SCE Sweep rate: 20mVs -1. 
Rotation speed: 30 r.p.s, pHl  I. 

On a stationary electrode, the peak current for all the 
peaks decreased in the presence of 1.0 x 10-4M 
arsenite. For a rotating electrode, peak IV is sup- 
pressed, but the plateau has a nicer shape. Similarly, 
in the presence of arsenate (Fig. 7), peak V is sup- 
pressed. The results indicate that soluble arsenic 
species affect (in a complex manner) the anodic oxida- 
tion process on an arsenopyrite disc. However, it can 
be concluded that peak III does not originate from the 
soluble arsenic species. 

The electrochemical behaviour of the sulphur 
system on a gold electrode was also studied. The 
results were similar to those published in the literature 
[18-21]. It was found that underpotential deposition 
of elemental sulphur occurs at a highly negative 
potential ( -  0.9 V/SCE), gold sulphide was probably 
formed. Polysulphide ions were formed during the 
reduction of elemental sulphur to sulphide. The 
cyclic voltammogram of arsenopyrite in the presence 
of 1.0 • 10 -3 M sodium sulphide is shown in Fig. 8. 
It can be seen that a wide peak is obtained near 
peak III. Compared with the cyclic voltammograms 
obtained in the absence of bulk hydrogen sulphide, the 
peak current commences at more negative potentials 
than is the case for peak III, probably overlapped by 
several peaks. The amplitude of cathodic peak IX 
increases significantly. This indicates that hydrogen 
sulphide ion reacts with iron hydroxide produced 
during the oxidation of arsenopyrite and forms iron 
sulphide on the surface, as is the case with pyrite [14] 
and other sulphides [20, 21]. Note that the oxidation 
behaviour at high potentials is essentially unchanged 
by the presence of hydrogen sulphide. However, the 
amplitude of cathodic peak (VII) was decreased. It 
was found that the peak potential and also the peak 
shape for peak III are identical to that of the oxidation 
of hydrogen sulphide ions on the gold electrode. These 
results indicate that peak III originates from the 
oxidation of hydrogen sulphide produced during the 
reduction of the oxidation products of arsenopyrite. 
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Fig. 8. Effect of the presence of Na2S on the cylic voltammograms 
of a stationary arsenopyrite electrode. ( - - )  No Na 2 S. First 
potential sweep started at - 800mV/SCE. ( - -  -) 1.0 x l0 -~ M 
Na2 S. First potential sweep started at - 1100 mV/SCE in positiveo 
going direction. Sweep rate: 20mVs -1. Rotation speed: 30 r.p.s. 
pH 11. 

The fotation tests demonstrated that freshly ground 
arsenopyrite is non--floatable in the absence of xanthate 
as a collector. In the presence of EDTA, however, 
both freshly ground and aged arsenopyrite show fairly 
good floatability in the pH range 6-10 (Fig. 9). 
In general, the aged arsenopyrite exhibited a higher 
floatability in EDTA solution. Figure I0 shows the 
flotation recovery of a freshly ground arsenopydte 
and the total concentration of released iron as a 
function of EDTA concentration at pH 8.5 _+ 0.5. It 
can be seen that at a medium concentration of EDTA, 
the flotation recovery of arsenopyrite exhibits a 
plateau. However, a further increase in the EDTA 
concentration above 10-2M significantly decreases 
arsenopyrite flotation. Similar results were obtained 
for the other sulphide minerals [14, 15, 44]. 

The thermodynamic stabilty diagrams for the Fe- 
As-S-H~O system are shown in Fig. 11. The thermo- 
dynamic data for the substances considered were 
described elsewhere [43]. All the solids and soluble 
species having reliable thermodynamic data were 
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Fig. 9. Flotation recovery of freshly ground (A) and i0 months 
aged (O) arsenopyrite ( -  7.5 + 40/~m) as a function &solution pH 
in the presence of 5,0 x 10-4M and 1.0 x [0-3M EDTA, 
respectively. Flotation time: 5 rain. 
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Fig. I0. (o) Flotation recovery ofarsenopyrite ( - 7 4  + 40#m) and 
( I )  the total concentration of released iron as a function of EDTA 
concentration. Test pH 8.5. Flotation time: 5 rain. Dissolution time: 
20 min. All under nitrogen atmosphere. 

considered in the calculations of the stability diagrams. 
It can be seen that thermodynamically the oxidation 
products of arsenopyrite can be FeS2(s), AsS(s), 
Fe3(AsO4)2(s), HAsO]-,  Fe(OH)3(s) and finally SO~-. 

Discussion 

The cyclic voltammetric results suggest that the 
products of the initial oxidation of arsenopyrite 
surfaces are insoluble species. The following reaction 
is consistent with the cyclic voltammetric studies: 

FeAsS + 3OH ~====~Fe(OH)3 + AsS + 3e- 

(6a) 

Thermodynamically, it is possible that arsenopyrite 
oxidizes by Reaction 6a, as demonstrated by the pe-pH 
stability diagrams. Reaction 6a is probably reversible, 
that is, arsenopyrite is regenerated from its initial 
oxidation products by Reaction 6a during the reduction. 
Reaction 6a also predicts that the electrode potential 
of arsenopyrite shifts 59 mV/pH. This was observed 
experimentally by Sanchez and Hiskey [12]. The con- 
sideration of pyrite as an intermediate of arsenopyrite 
oxidation in alkaline solution [12], however, is believed 
to be very unrealistic. The behaviour of arsenopyrite 
oxidation can be readily understood by considering 
the structural chemistry of the mineral. In an ionic 
approximation, the arsenopyrite formula could be 
written as Fe 3+ (ASS) j -  [24]. The arsenic and sulphur 
are covalently bonded directly to each other, The 
separation of the arsenic from the sulphur is more 
difficult than the separation of the iron from the 
arsenic-sulphur group [25, 26]. The oxidation of 
the AsS group therefore requires a high oxidizing 
potential. The above interpretation is also supported 
by the thermodynamics. The reversible potential for 
Reaction 6a is more than 200 mV more negative than 
that of the preferential oxidation of arsenic com- 
ponent by the following reaction as suggested by other 
investigators [12, 22]: 

FeAsS + 2HzO , FeS + AsO~- + 4H + + 3e- 
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Fig. 11. pe-pH predominance diagrams for the Fe-As--S-HzO sys- 
tem at total concentration of [Fe] = [As] = [S] = 1.0 x 10 3M. 
(a) Stability domains of arsenic species, (b) stability domains of iron 
species and (c) stability domains of sulphur species. 

The electrochemical regeneration of the metal-sulphides 
from their initial oxidation products has also been 
reported for the other metal sulphides [21, 27-29]. It 
was proposed the initial oxidation reaction involves 
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the migration of metal atoms from the surface layers, 
leaving a sulphide lattice essentially unaltered from 
that in the original minerals [27-29]. The regeneration 
of the metal-sulphide could then take place readily 
[28]. 

Analysis of the experimental data indicates that as 
with the pyrite electrode [14], the oxidation of hydroxyl 
ions most probably takes place simultaneously with 
the addition of arsenopyrite. Thus, Reaction 6 prob- 
ably occurs through the following step: 

FeAsS + OH-  ---+ FeAsS[OH]a~ + e- (6b) 

This gives the anodic plateau (V) on the rotating 
electrode. Although the much lower potential for the 
commencement of the hydroxyl ion oxidation than 
that of oxygen evolution from water seems to be very 
unrealistic, as was stated earlier for the case of the 
pyrite electrode [14], it was shown recently by a 
number of investigators [45, 46] that oxidation of 
water indeed occurs at these potentials on pyrite 
surfaces. However, after the first step, the surface 
corrodes to iron oxide and sulphate. Furthermore, it 
was shown that the oxidation of arsenite to arsenate 
takes place through adsorption of arsenite and dis- 
charge of hydroxyl ions [30, 31]. One possibility, 
therefore, is that the oxidation of arsenic to arsenate 
catalyzes the process for hydroxyl oxidation. It can be 
seen from Fig. 3 that the oxidation of hydroxyl ions is 
suppressed on the second cycle. The oxidation of the 
mineral surface is essentially unaffected by potential 
cycling, by the rotation condition, or by the presence 
of soluble arsenic or sulphide species. 

The cyclic voltammetric results indicate that peak 
III corresponds to the oxidation of a reduced species 
derived from the oxidation of arsenopyrite. Consider- 
ing the rotating dependence and potential limit depen- 
dence, we have attributed peak III to oxidation of 
hydrogen sulphide to elemental sulphur by the follow- 
ing reaction: 

HS- , S O + H + + 2e- (7) 

Note that peak III was not observed for a freshly 
polished arsenopyrite disc if the initial anodic sweep 
potential limit was below 400 inV. This indicates that 
ao HS-  is formed from the reduction of arsenopyrite 
tself and its initial products. It can therefore be con- 
:luded that H S - w a s  generated during reduction of 
:he oxidation products of arsenopyrite formed at 
Aighly positive potentials. Note that the oxidation of 
~;ulphur and sulphide to sulphoxy ions is completely 
irreversible, that is, the reduction of sulphoxy ions 
lo elemental sulphur or sulphide is electrochemically 
impossible. Therefore, the final product of sulphur 
omponent in arsenopyrite oxidation must have been 

demental sulphur. The quantity of sulphate or other 
sulphoxy products formed is probably insignificant, 
~lthough thermodynamically all sulphur should be 
cxidized into sulphate at the potentials studies. These 
r ~sults agree with the finding from XPS studies [22, 23]. 

The oxidation of an arsenopyrite surface at high 
potentials can therefore be described by the following 

reaction: 

FeAsS + 7H20 ~ Fe(OH)3(s) 

+ S + HAsO42- + 10H + + Be- (8) 

The thermodynamics and the results of arsenite oxi- 
dation on a gold electrode demonstrate that the 
arsenic should be oxidized to arsenate at these poten- 
tials. This also agrees with other studies for the 
oxidation of arsenic mineral [10-12, 32, 33]. Buckley 
and Walker [22] showed, however, that most of the 
arsenic had the oxidation state III rather than V. This 
was propably because the oxidizing potential of an 
air-saturated solution is not so high. 

The observed current peaks in the cyclic voltam- 
mograms are interpreted as follows. On a stationary 
electrode, the arsenate formed stays on the electrode 
surface. On the cathodic scan, ferric hydroxide is 
reduced to ferrous hydroxide according to the 
following reaction: 

Fe(OH)3(s ) + e - -  ->Fe(OH)2(s ) + OH-  (9) 

Ferrous hydroxide then combines with arsenate to 
form ferrous arsenate: 

3Fe(OH)2(s) + 2HAsO4 + 4H + 

)'Fe3(AsO4)2(s) + 6H20 (10) 

The pe-pH stability diagrams indicate that the above 
reaction is thermodynamically favorable under the 
experimental conditions. The ferrous arsenate formed 
cannot be reduced further. This explains the absence 
of anodic peaks for the oxidation of reduced iron and 
iron hydroxide (Fig. 2). For a rotating electrode, the 
arsenate is dispersed into the solution. Thus, ferric 
hydroxide is first reduced to ferrous hydroxide and 
then to metallic iron. The reverse reactions take place 
on the return potential scan, and peaks I and I[ are 
then observed (Fig. 2). These results agree well with 
those published for an iron electrode in alkaline 
solution [34] and with those for precipitated iron oxide 
on a platinum electrode [35]. 

The elemental sulphur formed is reduced to hydro- 
gen sulphide ion according to the following reaction: 

S O + H20 + 2e- ~ HS- + OH-  (11) 

This process takes place with the formation of poly- 
sulphide ions as intermediate products, as is the case 
with the sulphur reduction on a gold electrode [18-21]. 
On a stationary arsenopyrite electrode, the hydrogen 
sulphide ions formed stay in the vicinity of the elec- 
trode. On the second anodic-going sweep, therefore, 
hydrogen sulphide is oxidized into elemental sulphur 
according to Reaction 7. This gives peak III. On a 
rotating electrode, the hydrogen sulphide formed is 
dispersed into the solution. Thus peak III cannot be 
obtained on the returning anodic-going scan. It is 
further believed that on a stationary electrode, the 
preferential combination of iron hydroxide ~dth 
arsenate into ferrous arsenate, because arsenate is 
more closely bound to the iron hydroxide than the 



1102 X.-H. WANG, E. AHLBERG AND K. S. ERIC FORSSBERG 

elemental sulfur is. On a rotating electrode, both ar- 
senate and hydrogen sulfide are dispersed into solu- 
tion. 

However, the above interpretation is not very 
satisfactory. On studying the surface oxidation of 
other iron sulphides like pyrite and pyrrhotite, 
previous investigators (for example [36, 37]) have 
demonstrated that, during the reduction, a mono- 
sulphide of iron is formed from the oxidation products 
according to the following reaction: 

Fe(OH)3(s) + S O + 3e- -, FeS(s) + 3OH- (12) 

Therefore, it is possible that Reaction 12 occurs on the 
arsenopyrite electrode. However, our cyclic voltam- 
mograms do not completely support the above reac- 
tion having occurred at the arsenopyrite surface. 
Since, first, if this is the case, then peak III should be 
due to the oxidation of iron sulphides, FeS, to elemental 
sulphur by: 

FeS + 2H20 , Fe(OH)2(s) + S + 2H + + 2e- 

(13a) 

or 

FeS + 2H20 , Fe(OH)3(s) + S + 2H + + 3e- 

(13b) 
because the formation of HS- from the reduction of 
FeS takes place at potentials far below -600mV 
which is the potential for peak III to occur at the 
reverse scan. Second, if Reactions 12 and 13 have 
occurred, then peak III would show no rotation 
dependence; this means that peak III should be 
observed on the rotating-disc electrode. Of course, it 
may be assumed that Reaction 12 proceeds stepwise 
through the following reactions: 

S ~ q- H20 if- 2e- ~ HS- + OH- (14a) 

Fe(OH)3(s) + HS- + e- 

, FeS + H20 + 2OH- (14b) 

with Reaction 14a occurring at a higher potential. It 
was observed that the oxidation of FeS and that of 
HS- on Fe or iron hydroxide electrode proceed by 
rather complex steps and show no single and sharp 
peak like peak III, since Reactions 13a and 13b will by 
no means take place by a single step. This can be 
clearly seen from the results presented in Fig. 8. 

The cathodic peak appearing at about 200 mV (VI) 
is probably due to the desorption of an adsorbed 
species. This peak appears only when the anodic 
sweep potential is above 600 mY. It disappears at a 
rotating electrode and in the presence of soluble 
arsenic and sulphur species. The exact nature of the 
peak, however, cannot yet be identified. 

In general, the above cycle voltammetric studies 
indicate that surface oxidation of arsenopyrite leads to 
the formation of either hydrophobic realgar or elemen- 
tal sulphur, together with hydrophilic ferric hydroxide 
deposits and probably arsenate, depending on the 
oxidizing potentials. It is very likely that elemental 

sulphur and realgar are closely bound to the arseno- 
pyrite lattices. The nature of such an oxidized surface 
is hydrophilic. Thus it is expected that freshly ground 
arsenopyrite is non-floatable in the absence of xanthate 
as collector or before the hydrophilic layers are 
removed by complexing agents. This is in good agree- 
ment with flotation results. Addition of small amounts 
of EDTA, a strong complexing agent for iron (III), 
immediately leads to fairly good flotation of arseno- 
pyrite. A maximum flotation is achieved at a moderate 
concentration range (from 1.0 x 10-6M to 1.0 x 
10 -3 M). It was found that, thermodynamically, iron 
hydroxides are unstable in the presence of EDTA, 
they are dissolved by EDTA and form iron-EDTA 
complexes [15, 38, 44]. Thus, in the presence of 
EDTA, the surface oxides and hydroxides formed on 
arsenopyrite during grinding and storage are dissolved 
to form Fe-EDTA complexes and removed from the 
surface into solution. A hydrophobic surface, either 
realgar or elemental sulphur, is then exposed to the 
solution. It was shown that under the experimental 
conditions, the adsorption of EDTA and iron-EDTA 
complexes on the surface of iron oxides is negligible 
[39-42]. Thus good flotation is obtained. The aged 
arsenopyrite gives a higher flotation recovery. This is 
probably because further oxidation reaction has 
occurred during storage. As shown by the cyclic 
voltammograms, a further quantity of elemental sul- 
phur is formed when arsenopyrite is subject to oxi- 
dation at more positive potentials. Aged arsenopyrite 
may possess much more elemental sulphur covered on 
the surface than is the case for the freshly ground 
arsenopyrite. A further increase in EDTA concen- 
tration, however, reduces arsenopyrite flotation, while 
the total released iron increases in amounts that 
approach the EDTA concentration. This shows that 
excess EDTA wil leach the mineral itself and therefore 
will very likely destroy the hydrophobic surface. How- 
ever, the reduced flotability in the presence of excess 
EDTA can also be due to several other reasons, for 
example, the adsorption of some EDTA or iron- 
EDTA complexes, possible extremely large repulsion 
between the mineral surface and gas bubbles which 
prevent the particle-bubble attachment, etc. At present, 
it has not been possible to identify the exact cause 
of the phenomenon. Direct analysis of the surface 
chemical composition using techniques such as ESCA 
and AES is needed in order to understand the flotation 
results. 

5. Conclusions 

In alkaline solution (pH 11), the initial oxidation of 
arsenopyrite surfaces produces ferric hydroxide, 
Fe(OH)3(s), and realgar (ASS). Arsenopyrite can be 
regenerated during the negative potential scan. At 
higher potentials, the oxidation of arsenopyrite sur- 
face takes place with the concurrent oxidation of 
hydroxyl ions. The products of arsenopyrite surface 
oxidation are mainly elemental sulphur and arsenate. 
Both elemental sulphur and realgar are closely bound 
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to the a r senopyr i t e  surface. Arsena te  stays on  the 
a r senopyr i t e  surface,  and  mos t  l ikely adso rbs  on the 

surface depos i t s  o f  the ferric hydroxide .  The  ox ida t ion  
o f  a r senopyr i t e  is unaffected by  ei ther  po ten t ia l  
cycl ing or  by  the presence of  arsenite,  a r sena te  or  
hyd rogen  sulphide.  F resh ly  g r o u n d  a r senopyr i t e  
is non- f loa tab le  in the absence o f  collectors.  In  the 
presence o f  E D T A ,  g o o d  f lo ta t ion  is exhib i ted  by  
freshly g r o u n d  and  aged a rsenopyr i te ,  wi th  h igher  
f loa tabi l i ty  for  the aged samples .  The  good  f lo ta t ion  
induced  by E D T A  is due  to the r emova l  o f  hydroph i l i c  
surface ferric hyd rox ide  films by  the f o r m a t i o n  o f  

i r o n - E D T A  complexes and  exposure  o f  a hyd rophob ic  
rea lgar- l ike  or  e lementa l  su lphur  surface to the solu-  
tion. The f lo ta t ion  results  ob t a ined  p rov ide  s t rong  
suppo r t  for  the conclus ions  d r a w n  f rom the electro-  
chemical  studies.  

Acknowledgements 

This work  was f inanced by  the Swedish B o a r d  for  
Technica l  D e v e l o p m e n t  (STU).  The au tho r s  wish 
to thank  member s  o f  the e lec t rochemis t ry  group,  
D e p a r t m e n t  o f  Ino rgan ic  Chemis t ry  at  Cha lmers  
Univers i ty  o f  Techno logy  and  Univers i ty  o f  G o t h e n -  
bu rg  for  their  k ind  kelp  wi th  the exper iments .  

References 

[1] K.E. Haque, Miner. Process. Extra. Metall. Review 2 (1987) 
235-53. 

[2] J.T. Woodcock, in Proceeding of the XVIth International 
Mineral Processing Congress (edited by S. E. Forssberg), 
Elsevier, Amsterdam, (1988) i 15-31. 

[3] Germany Patent No. 1 280 774 (1968). 
[4] D . F . A .  Koch, Electrochemistry of sulphide minerals, in 

'Modem Aspects of Electrochemistry', Vol. 10, (edited 
by J. O. M. Bockris and B. E. Conway), Plenum Press, 
NY (t975) p. 2ll .  

[5] E. Peters, Electrochemistry of sulphide minerals, in 'Trends 
in Electrochemistry' (edited by J. O. M. Bockris, D. J. A. 
Rand and W. J. Welch), Plenum Press, NY (1976) p. 276. 

[6] R. Woods, in 'Flotation' (A Gaudin Memorial Volume) 
(edited by M. C. Fuerstenau), Vol. I, AIME New York 
(1976) p. 298. 

[7] R. Woods and P. E. Richardson,/n 'Advances in Mineral 
Processing' (edited by P. Somasundaran) AIME New 
Orleans (1986) p. 154. 

[8] R. Woods, in 'Principles of Mineral Flotation', (edited by 
M. H. Jones and J. T. Woodcock) Austr. IMM Port 
Melbourne (1983). 

[9] D.J .A.  Rand, 3". ElectroanaL Chem. 83 (1977) 19. 
110] M.J.A. Vreugde, Flotation Characteristics of Arsenopyrite, 

Ph.D. thesis at University of British Columbia, Canada 
(I982). 

[ t I] M.J. A, Beattie and G. W. Poling, Int. J. Miner. Process. 20 
(1987) 87. 

[ .2] V.M. Sanchez and J. B. Hiskey, in 'Electrochemistry in 
Mineral and Metal Processing II' (edited by P. E. 
Richardson and R. Woods), ECS, Pennington, NJ (1988) 
pp. 264-79. 

[ 3] E. Ahlberg and M. Friel, Electrochemica Acta 34 (1989) 187. 

[14] E. Ahlberg, E. Forssberg and X. H. Wang, J. Applied 
Electrochem. 20 (1990), 1033-9. 

[15] X.H. Wang and E. Forssberg, in 'Processing of Complex 
Ores' (edited by G. Dobby and R. S. Rao), Pergamon 
Press, Oxford (1989) pp. 3-17. 

[16] T. Biegier and D. A. Swift, Eleetrochimiea Acta 24 (1979) 
415. 

[17] X.H. Wang and E. Ahlberg (to be published). 
[18] I .C.  Hamilton and R. Woods, J. AppL Electrochem. 13 

(1983) 783. 
[19] A.N. Buckley, I. C. Hamilton and R. Woods, or. Electroanal. 

Chem. 216 (1987) 213. 
[20] R. Woods, D. C. Constable and I. C. Hamilton, in 'Electro- 

chemistry in Mineral and Metal Processing' (edited by 
P. E. Richardson and R. Woods), ECS, Pennington, NJ 
(1988) pp. 113-30. 

[21] I.C. Hamilton and R. Woods, in 'Proceedings of the Inter- 
national Symposium on Electrochemistry in Mineral 
and Metal Processing' (edited by P. E. Richardson, 
S. Srinivasan and R. Woods), ECS, Pennington, NJ 
(1984) p. 186, 

[22] A.N. Buckley, Aust. J. Chem. 40 (1987) 231. 
[23] A.N. Buckley and G. W. Walker, Appl. Surf Sci. (1989), 

in press. 
[24] R . T .  Shuey, 'Semiconducting Ore Minerals', Elsevier, 

Amsterdam (1975). 
[25] D. L Vaughan and J. R. Craig, 'Mineral Chemistry of Metal 

Sulphide', Cambridge University Press, Cambridge 
(1979). 

[26] E.H. Nickel, Can. Mineral 9 (1968) 311-21. 
[27] A.N. Buckley, B.. Woods and J. Wooterlood, in 'Electro- 

chemistry in Mineral and Metal Processing' (edited by 
P. E. Richardson and R. Woods), ECS, Pennington, N3 
(1988) pp. 211-33. 

[28] A .N.  Buckley, L C. Hamilton and R. Woods, in ibid. 
pp. 234-46. 

[29] A.N. Buekley and R. Woods, in 'Proceedings of the Inter- 
national Symposium on Electrochemistry in Mineral 
and Metal Processing (edited by P: E. Richardson, 
S. Srivasan and R. Woods), ECS, Pennington, NJ (1984) 
p. 286. 

[30] I.A. Atanasiu and T. P. Neata-Balescu, Redista de Chimie 25 
(1974) 826. 

[31] A. Loucka, J. ElectroanaL Chem. Interf Electrochem. 47 
(1973) t03. 

[32] A.M. Abeidu and A. M. Almahdy, Int. Miner. Process. 6 
(1980) 285. 

[331 H. Nakazawa and I. Iwasaki, ibid. 18 (1986) 19I. 
[34] M.E. Vela, J. R. Vilche and A. J. Arvia, J. Appl. Electro- 

chem. 16 (1986) 490. 
[35] Idem, Electrochimica. Acta. 31 (1986) 1633. 
[36] I .C.  Hamilton and R. Woods, J. Electroanal. Chem. 198 

(1981) 327. 
[37] N.D. Jenetski, S. L Woodbum and R. Woods, lnt. J. Miner. 

Process 4 (1977) 227. 
[38] X.H. Wang, Ph.D. Thesis, Lulea, Sweden (1989). 
[39] J. Rubio and B. Matijevic, 3. Colloid & Interface Sci. 68 

(1979) 408. 
[40] C.H. Chang, T. W. Healy and B. Matijevie, ibid. 92 (t983) 

469. 
[41] C.H. Chang and B. Matijevic, ibid. 92 (1983) 479. 
[42] M.A. Blesa, E. B. Borghi, J. G. Maroto and F. Regazzoni, 

ibid. 98 (1984) 295. 
[43] X .H .  Wang and E. Forssberg, Miner. Process. Extra. 

Metall. Review 6 (1990) 81-125. 
[44] Idemo J. Colloid Interface Sci. 140 (1990) 217-26. 
[45] H. Tributsh, in 'Modern Aspects of Electrochemistry', 

No. 17. (Edited by J. O. M. Bockris, B. E. Conway and 
R. E. White), Pergamon, NY (1986) p. 303. 

[46] P. Salvador, D. Tafalla, H. Tributsh and H. Wetzel, 
J. Electrochem. Soc. 138 (1991) 3361. 


