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[ Abstract] The variation of main parameters was examined in bioleaching arsenopyrite, such as arsenic concentration,

solution pH value, potential and biomass. Solution pH value decreased slightly and few T ferrooxidans adhered to the sur

face of arsenopyrite. The surface properties of arsenopyrite and leached products were determined by using modern mea-

surement techniques including SEM, EDS and XRD. The corrosion characteristic of arsenopyrite surface is of uniformity,

and arsenic in arsenopyrite was preferential to be dissolved. Element sulfur, jarosite and scorodite are the primary products

in bioleaching arsenopyrite. It can be drown from above that arsenopyrite is oxidized mainly through the indirect role of T

Sferrooxidans. A band model for bioleaching arsenopyrite was built, by which illustrated the bioleaching process theoretr
cally. The model shows that the holes, which are provided by ferric ion, inject into the valence band of arsenopyrite to re-

sult in the dissolution of arsenopyrite.
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1 INTRODUCTION

Bioleaching processes have been used extensively
to recover base metals ( mainly copper) and uranium
from low-grade ores and more recently for the extrac
tion of gold in pilot plants. Recovery of gold from re-
fractory ores requires the ore to undergo a pretreat-
ment to liberate the gold from the host mineral in
which gold are finely disseminated such as arsenopy-
rite (FeAsS) and pyrite (FeS2)'""?'. In order to opti-
mize the bioleaching pretreatment process, it seems to
be very important to understand the mechanism of
biooxidation.

Generally, two mechanisms are known to be re-
sponsible for the bioleaching of sulfide ores, namely,
indirect and direct mechanisms ( Eqns. (1) and (2)
respectively) ¥, The indirect mechanism operates
by the chemical action of acidic ferric sulfate produced
by the bacterial metabolism. In this mechanism, ad-
hesion of the bacteria to the mineral surfaces is not re-
quired. The direct mechanism, on the other hand,
involves the enzymatic attack of the mineral by the
bacteria, for which intimate contact and hence adhe

sion are required.
Chemical

4FeAsS+ 2Fez( SO4)3+ 6H,0+ 902—)
4H;3As04+ 8FeSO4+ 2S° (1)

Bacteria

2FeAsS+ 2H,0+ 70,+ H S04 —
2H3ASO4+ Fez( SO4) 3 (2)
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I and

Despite extensive studies on the growth' >’
applications[ 8 of T hiobacillus f errooxidans have been
carried out by many researchers, it is not well under-
stood that which mechanism ( direct or indirect) is
predominant in arsenopyrite and pyrite bioleaching.
Previous investigation'” has indicated that the disso-
lution of pyrite in presence of T hiobacillus ferrooxi-
dans is the result of direct oxidation mechanism. This
study is aimed at clarifying the mechanism of ar
senopyrite biooxidation through investigation of the
behavior of arsenopyrite bioleaching, including
physicochemical composition of leachate, the evolu-
tion of corrosion patterns, and the nature of surface

oxidized chemical species.
2 EXPERIMENTAL

The arsenopyrite used for this experiment was
prepared from large pure natural crystals originating
from Chinese Geology Museum. Iron, sulfur and ar
senic contents were, respectively, of 30.03%,
17.05% and 46. 16% ( mass fraction). After wash-
ing with a 6mol/ L. HCI solution, the arsenopyrite
crystals were carefully dry-ground in a tungsten mill
and wet-sieved in order to obtain a particle fraction of
45~ 74 Bm.

The results of arsenic concentration in solution
versus time in arsenopyrite bioleaching are shown in
Fig. 1. Initially, arsenic solubilization was obvious,
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which was due to the effect of ferric iron in solution
on the arsenopyrite. And then arsenic contents tended
to approach a plateau, since the bacterial growth was
in the lag phase, and bacteria regenerated ferric iron
slowly. With the strengthening of bacterial activity,
the solubilization of arsenic became significant. The
third step was dominated by the differences between
the soluble arsenic concentration and the total arsenic
concentration, which shows that arsenic precipitation
produced in reactor. Because of this, the oxidation of
arsenopyrite is inhibited.
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Fig. 1 Evolution of arsenic ion contents
in arsenopyrite bioleaching

Fig. 2 is a plot of the ferrous iron contents in so-
lution vs time in arsenopyrite bioleaching. For a
start, ferrous iron solubilization resulted from the
chemical solubilization of arsenopyrite in nutrient
medium (about 0. 8g/L). With the beginning of the
exponential growth phase, bacteria oxidized the fer-
rous ions, and the ferrous iron concentration tended
to decrease. After 140h, the ferrous iron concentra
tion increased slightly.
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Fig. 2 Ferrous iron concentration in
solution vs time in arsenopyrite bioleaching

2.1 Evolution of pH value

The evolution of pH in arsenopyrite bioleaching
is given in Fig. 3. During the whole bioleaching pro-
cess, solution pH value changed slightly, from initial
value 2. 06 to final value 2. 01. Little evolution of so-

lution pH had something to do with the oxidation of
ferrous ion to ferric ion and the formation of the pre-
cipitation.
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Fig. 3 Evolution of pH in
arsenopyrite bioleaching

2.2 Evolution of solution potential

The Evolution of solution potential is presented
in Fig. 4. From 0 to 50h, the solution potential de-
creased from 490 mV to 435mV, which resulted from
the generation of ferrous ion in solution. After 50 h,
it increased and reached a stable value 550 mV.
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Fig.4 Evolution of solution potential in
arsenopyrite bioleaching

2.3 Evolution of bacterial population
Fig. 5 shows bacterial population growth in ar
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Fig. 5 Bacterial population growth in
arsenopyrite bioleaching
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senopyrite bioleaching. The number of bacteria in the
liquid medium didn’ t decrease. This result shows
that few inoculated bacteria adhered to the surface of
arsenopyrite. The number of bacteria in the nutrient
medium increased with the exponential growth phase
and reached a stable value 8 x 10%/ mL at the end of
bioleaching.

2.4 SEM, EDS and XRD analysis of arsenopyrite

SEM photographs which show evolution of the
surface of the arsenopyrite in the bioleaching process,
are shown in Fig. 6. A clean surface and no corrosion
pattern are detectable by SEM examination at high
magnification initially (Fig. 6(a)). At 20h, the first
patterns of corrosion are evident from the appearance
of some along longitudinal cracks ( Fig.6(b)). At
80h, deep pores, which pass through the arsenopy-
rite layer, are evident and the corrosion feature can be
called uniform corrosion. At the end of bioleaching,
the surface of the arsenopyrite is completely covered
by a coarse pellicular phase (Fig. 6(d)).

The results of energy dispersive spectra analysis
of arsenopyrite surface in bioleaching were given in
Fig. 7 and Table 1. According to the variation of stoi-
chiometric composition of arsenopyrite, it can be de

termined that the preferential oxidation composition
in arsenopyrite is arsenic. Fig. 8 shows the X-ray
diffractogram of arsenopyrite powders after bioleach-
ing. Bacterial leaching led to the concurrent precipita-
tion of two minerals: scorodite ( FeAsO4), jarosite
[ KFe3(SO04)2(OH) 6] and element sulfur could be de-
tectable.

Table 1 EDS analysis results of

arsenopyrite surface during bioleaching

No. Composition M Mole ~ Stoichiometric
raction/ %  fraction/ %  composition

As 50.50 37.48

a Fe 31.60 31.46 FeAs; 1950.99
5 17.91 31.06
As 40. 44 28.55

b Fe 38.16 36. 07 FeAso.7950. 98
S 21.40 35.38
As 44.32 31.65

c Fe 34.75 33.26 FeAso. 9551, 05
S 20.93 35.09
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Fig. 6 SEM photographs of surface of arsenopyrite in bioleaching process

(a) —Initial arsenopyrite surface; (b) —Massive arsenopyrite surface attacked for 20 h;

(¢) —M assive arsenopyrite surface attacked for 80 h; (d) —M assive arsenopyrite surface attacked for 160 h
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Fig.7 EDS analysis of arsenopyrite surface
during bioleaching
(a) —Initial arsenopyrite surface;
(b) —Massive arsenopyrite surface attacked for 20 h;
(¢) —Massive arsenopyrite surface attacked for 80 h
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Fig. 8 X-ray spectrum of
arsenopyrite powder after bioleaching

3 MECHANISM OF ARSENOPYRITE BI-
OLEACHING

The characteristics of arsenopyrite bioleaching
are listed in Table 2. On the base of these bioleaching
characteristics, the mechanism of arsenopyrite br
oleaching could be ascertained. As noted above, the
mechanisms of bioleaching could be divided into two
kinds: direct and indirect mechanism. Which mecha-
nism is the most important in arsenopyrite bioleach-
ing? Previous article”! illustrated the direct oxidation
mechanism of pyrite bioleaching in detail. Assuming
the direct oxidation was the most important in ar
senopyrite bioleaching. Then at first, most bacteria
must adhere on arsenopyrite surface initially, but ex-
perimental result showed that only a few bacteria did;
second, the direct oxidation of arsenopyrite by bacte-
ria didn’ t produce element sulfur, because bacteria
must be sure to oxidize the element sulfur to sulfate
acid further; third, it is impossible that arsenic in ar-
senopyrite was oxidized preferentially under direct
bacterial oxidation role, since arsenic was toxic to
bacterial growth; finally, SEM observation showed
that the corrosion pattern of bioleaching arsenopyrite
was uniform, which was related to the chemical indi-
rect oxidation role of ferric iron. Through the discus-
sion above, it can be concluded that the indirect oxi
dation mechanism is the most important in bioleach-
ing arsenopyrite. The main role of bacteria is regener-
ation of ferric ion in order to oxidize the arsenopyrite.

Detail calculating method to build the band mod-
el was reported in previous article'” . Table 3 lists the
basic parameters for arsenopyrite band model. Ac
cording to these parameters and equation, the band
model can be set up (Fig.9).

Indirect mechanism is the most important in ar-
senopyrite bioleaching. In arsenopyrite/ solution band
model (Fig.9), since the energy level of Fe’* / Fe’*

Table 2 Characteristics of arsenopvyrite and pvrite[ °l bioleaching

Characteristics Arsenopyrite

Pyrite

Leaching rate
Evolution of pH

Evolution of potential

Bacteria growth

final biomass 8 X 10%/ mL
Corrosion feature U niform corrosion
Preferential oxidation Arsenic in arsenopyrite
Element sulfur Element sulfur produced

Precipitation Scorodite and jarosite

Arsenic 0. 11/ (g=L™ 'sh™ ")
Change slightly, from 2.06 to 2. 01
Increasing to stable value 550 mV

Few bacteria adhering on arsenopyrite surface,

Iron 0.029/(g°L™ 'sh™ !
Decreasing markedly, from 2.0 to 1. 35
Increasing to a stable value 600 mV

Bacteria adhering on pyrite surface,
final biomass 10°/ mL

Selective corrosion
Sulfur in pyrite
No element sulfur produced

Jarosite
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Table 3 Basic parameters for arsenopyrite band model (eV)
Element X, 14 Material b 4 X g E, E,
S 2.58 5.74 FeS2 5.29 4.84 0.9 -0.34 - 1.24
Fe 1.83 4.39 FeAsS 5.05 4.85 0.4 -0.35 -0.75
As 2.18 5.02

Notes: X, —Pauling electronegativity, W —Work function, X —Semiconductor electronegativity, X —Electron affinity,
E,—Band gap, E.—Energy of the bottom of conduction band, E, —Energy of the top of valence band.

Arsenopyrite Solution Scale (va NHE)/eV
conduction 10
band |
£ EE= ‘00 3SEV
Band gap [Es=-046V Fet*-Thpe v {-0.5
E,=-0.75¢V Feéb* — gt +® l-0.7
hf {Fe3*/Fe:+)
Valence As /—/- i
bend o= 1.0
FeAsS+5h* —Fé* + A" + &
1-1.5
1-2.0

Fig. 9 Band model of arsenopyrite bioleaching in
indirect oxidation mechanism

couple is near to the top of valence band of arsenopy-
rite, hole exchange with the valence band was the
preferred pathway. As a result, arsenopyrite lost its
electron and was oxidized by ferric ion.

4 CONCLUSION

With respect to arsenopyrite bioleaching process,
Element sulfur is produced and solution pH value
changed slightly. Few T ferrooxidans adhere to the
surface of arsenopyrite. The indirect oxidation makes
the preferential oxidation of the arsenic in arsenopy-
rite, and the main precipitates are scorodite and
jarosite. The corrosion pattern shows the feature of
uniform corrosion, after indirect oxidation by ferric
iron. The model shows that the holes, which are pro-
vided by ferric ion, inject into the valence band of ar-
senopyrite to result in the dissolution of arsenopyrite.
Based on these results, it can be found that arsenopy-
rite is oxidized mainly through the indirect role of T
ferrooxidans. i.e. the indirect oxidation mechanism

is the most important in bioleaching pyrite.
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