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Abstract: Arsenopyrite is a common sulphide mineral occurring in deposits of gold ore that
makes the extraction of gold difficult and, thus, pre-treatment is necessary prior to gold leaching.
Bioleaching pre-treatment of arsenopyrite has drawn significant attention owing to its environmental
friendliness, low cost and simple operation. A critical impedance of bioleaching to its large-scale
industrial application is the slow leaching kinetics. Various passivating products on the surface
of arsenopyrite have been found to limit the bioleaching process. This paper reports results from
an in-depth investigation into the formation process of passivating products from arsenopyrite
bioleaching by Acidithiobacillus ferrooxidans in 9K culture medium including bioleaching experiments
and physicochemical analyses of the materials as well as thermodynamic analyses of the leaching
system. The results of phase transformation and morphological change of the solid products suggest
that the passivation occurring in the bioleaching of arsenopyrite is largely attributed to an initially
formed passivating film consisting mainly of realgar (As,S;), orpiment (As,S3) and elemental sulphur
(SY) on the arsenopyrite surface. Based on the results, the paper also proposes possible passivation
mechanisms to allow for a better understanding on the passivation behaviour of the bioleaching
of arsenopyrite.

Keywords: bioleaching; green technology; arsenopyrite; passivating film

1. Introduction

Arsenopyrite (FeAsS) is often associated with significant amounts of gold and is an important
auriferous mineral. However, most of arsenopyrite gold ores are refractory due mainly to the
encapsulation of gold in the FeAsS matrix [1]. Pre-treatment of these ores before leaching is necessary
for the extraction of gold. Oxidative roasting, pressure oxidation, chemical oxidation and biological
oxidation are currently the four commonly adopted pre-treatment methods [2,3]. Although the
first three methods can improve the extraction of gold from the refractory ores efficiently, they also
suffer from having high energy consumptions, requiring a variety and large amount of chemical
reagents, and yielding high levels of environmental pollutions [4,5]. Biological oxidation pre-treatment,
in contrast, is a green, low-cost, and simple technology for leaching valuable metals from a range
of minerals, ores/concentrates and waste materials. With the increasingly stringent requirements
for environmental protection, bioleaching technology, representing a successful application of
environmentally friendly bio-hydrometallurgy, has attracted much attention in the past decade
and its applications have been on the rise [2].

While bioleaching technology provides many advantages, the slow leaching kinetics has been
discouraging its large-scale application [2,6-9]. As demonstrated in previous studies [1,10-15], various
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surface deposits can be generated on arsenopyrite during the bioleaching process, and, thus, forming
passive layers that would severely impede the further bioleaching of arsenopyrite. The formation
of these passive layers is believed to be the main cause for the slow dissolution kinetics and, thus,
long bioleaching periods [16].

The chemical and phase compositions of the passive layers, however, have been shown to
be complex, with little agreement among published researches mainly due to the differences in
mineral purity, bacteria species and experimental methods as well as characterisation methods.
The overlayers were reported to consist mainly of three kinds of passivating products that include (i)
Fe-containing species such as jarosite [1,11,14], ferric sulphate [10], goethite [11], scorodite [14], pyrite
(FeSy)-like [15] and ferric phosphate [12], (ii) As- and/or S-containing species such as orpiment [1,13,15]
and elemental sulphur [1,15,17], and (iii) organic matter associated with cells such as extracellular
polymeric substance [10,11]. Consequently, the passivation process and relevant mechanisms of the
bioleaching of arsenopyrite remain unclear.

This paper reports results from an in-depth study on the formation process of passivating products
from the bioleaching of a typical pure arsenopyrite by Acidithiobacillus ferrooxidans (A. ferrooxidans)
in 9K culture medium. A series of bioleaching experiments were performed on natural high-purity
arsenopyrite samples. The leachate was analysed with ICP-AES and a counting chamber with
phase contrast microscope for the As and Fe concentrations and bacteria counts. The leached solid
samples were analysed with XRD and SEM-EDS for mineralogical phases, morphology and chemical
compositions. Thermodynamic analyses were also conducted to elucidate the phase transformations
occurring in the bioleaching of arsenopyrite. In this paper, a possible passivation mechanism was also
proposed to give a better understanding on how the passivation of arsenopyrite occurs during its
bioleaching process.

2. Thermodynamic Calculations

Eh—pH diagrams for FeAsS-H,O system were constructed using HSC Chemistry 6.0 for Windows
software [18]. The temperature and pressure in the construction of diagrams were all set at 25 °C
and 1 atm. Under the typical leaching conditions of [FeAsS] 0.06 M (i.e., 10 g/L) and [Fe?*] 0.16 M,
the thermodynamical predominance regions of Fe, S and As species were presented in Eh—pH diagrams
on relevant pH and Eh (vs. SHE) scales. The relevant thermodynamic data are listed in Appendix A,
which were used to conduct the construction of Eh—pH diagrams.

3. Experimental

3.1. Minerals, Strain and Media

The natural sample of high-purity arsenopyrite investigated was from Yaogangxian in Hunan
province of China, with a composition of Fej gpAsg99Sg97 and only containing Si 0.132%, Co 0.034%
and Ni 0.062% as impurities determined by X-ray fluorescence analysis. Either particles (over 90%,
-74 um) or cubes (~15 mm X ~15 mm X ~5 mm) of the arsenopyrite samples were used in this study.
The arsenopyrite particles were prepared by wet-milling in a ball mill while the cubes were obtained
using a cutter. The samples were stored in air-tight plastic bags in a refrigerator to minimise oxidation.

A. ferrooxidans and 9K culture medium containing (NH4),SO4 3.0 g/L, K;HPO,-3H,O 0.50 g/L,
KCl10.1 g/L, MgSO,4-7H,0 0.5 g/L, Ca(NO3),-4H,0 0.01 g/L and FeSO4-7H,0 44.8 g/L were used in
the bioleaching of arsenopyrite. 250 mL Erlenmeyer flasks containing 100 mL 9K culture medium
and 15 mL inoculum were shaken at 160 rpm in an orbital thermostat shaker at 30 °C to culture and
sub-culture A. ferrooxidans. The initial pH value of the medium was adjusted to 1.8 by careful addition
of ~3 M H,S0O, solution. The bacteria had been sub-cultured in the presence of 10 g/L arsenopyrite
particles for three months before the bioleaching experiments.

The reagents used in the cultivation of bacteria and the bioleaching experiments were all analytically
pure. De-ionised water was used throughout all experiments.
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3.2. Bioleaching Experiment

The bioleaching of arsenopyrite samples proceeded in parallel with the growth of bacteria
using the identical experimental method and conditions for cultivating bacteria. In each bioleaching
experiment for arsenopyrite particles, the pulp density was 10 g/L of FeAsS. During the bioleaching
process, samples were withdrawn at regular intervals from the supernatant for chemical and bacterial
analyses. The values of pH and solution potential were also recorded, and all solution potential values
were reported with respect to the standard hydrogen electrode (SHE). The pulp from the bioleaching
experiments conducted in parallel was filtered, washed at least ten times with copious de-ionised water
and dried in a vacuum oven at 35 °C overnight to obtain the residue for the subsequent quantitative
phase analysis (QPA) using X-ray diffractometry (XRD). The arsenopyrite cubes were used to perform
the morphological study. Before each bioleaching test, the cubes were first polished sequentially using
silicon carbide papers of 800, 1500 and 3000 grit, and then cleaned ultrasonically in alternate baths of
5 M HCI, methanol and water for 5 min to remove the surface contaminants [13,17]. At the end of the
bioleaching experiments, the leached cubes were fixed in a glutaraldehyde solution of 2.5% for 3-4 h,
rinsed using 0.1 M phosphate buffered saline (PBS) of pH 7.2-7 4, and then dehydrated sequentially
in graded ethanol solutions of 50%, 70%, 85%, 95% and 100% to maintain cell structure and secure
attached cells to the surface.

3.3. Analytical Methods

The concentrations of As and Fe in leachate were determined by ICP-AES (PS-6, Baird).
The Fe?* concentration in solution was determined by titration with potassium dichromate, and the
Fe3* concentration was obtained from the difference between the total Fe concentration and Fe?*
concentration. The bacteria number in solution was determined using a counting chamber (Neubauer)
with phase contrast microscope (LEICA DMI 3000B, Wetzlar, Germany). The pH and solution potential
values were measured using a pH meter (PHSJ-4A, Shanghai Leici, Shanghai, China) equipped with
a Pt electrode and Ag/AgCl (saturated KCI) reference electrode. The mineralogical phases of the
leached residue were determined with an X-ray diffractometer (D/Max 2500, Rigaku, Hiroshima, Tokyo,
Japan). The diffraction data were collected from 10° to 80° (20) with a step-size of 0.02° (20) and
counting time of 1 s/step. The quantitative phase analysis (QPA) was performed using MDI Jade 6.5
software by the Rietveld method. The morphology of leached cubes was examined using an SEM
equipped with EDS (Helios NanoLab G3 UC or Quanta FEG 250, FEI, Hillsboro, OR, USA).

4. Results and Discussion
4.1. Bioleaching Behaviour of Arsenopyrite

4.1.1. Bioleaching Kinetics of Arsenopyrite

The kinetic results from the bioleaching of arsenopyrite are shown in Figure 1. Figure 1a shows
the leaching behaviour of As that can act as a significant indicator for arsenopyrite bioleaching.
The leaching of As from arsenopyrite would be significantly limited once the so-called “passivation”
occurred. The leaching ratio of As, however, increased almost linearly with the leaching time (<19 days
(d)), without showing an obvious sign of the passivation. The As leaching ratio reached a maximum of
30.4% ([As]iotal = 1.3 g/L) after bioleaching 19 days (i.e., the bioleaching period) and then remained
stable (>19 d).
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Figure 1. Variation of the (a) As leaching ratio, (b) bacteria number, (c) pH and solution potential and
(d) FeZ*, Fe3* and total Fe concentrations with time during the bioleaching of arsenopyrite particles.

The bioleaching process is closely related to the reproduction of bacteria. As shown in Figure 1b—d,
the bacteria grew rapidly in the initial two to three days with an obvious rise in the pH value and
Fe3* concentration as well as an evident drop in the Fe?* concentration. This is due to the fact that
the bio-oxidation of Fe?* to Fe®* and simultaneous reduction of O, to H,O with a consumption
of H* provide energy for the growth of bacteria [12]. The pH decreased after 3 days due mainly
to the generation of H* from the arsenopyrite oxidation. Figure 1c also shows the variation of
solution potential with time, which is strongly influenced by the Fe>*/Fe?* redox couple. As shown in
Figure 1c,d, the solution potential has a similar variation trend to the Fe>* concentration. A stronger
driving force for the leaching of arsenopyrite can be offered by a higher solution potential.

In contrast with the significant growth of bacteria particularly in the initial leaching three days
(Figure 1b) as well as the noticeable increase in Fe>* concentration (Figure 1d) and solution potential
(Figure 1c) in 10 days, the nearly linear increase in As leaching ratio in the bioleaching period of
19 days shown in Figure 1a implies that the passivation likely occurred from the beginning of the
bioleaching process.

4.1.2. Phase Transformation of Arsenopyrite During Bioleaching

To quantitatively determine the phases, XRD surveys were conducted on the bioleached
arsenopyrite particles after different days and their diffractograms (Figure 2a) with the corresponding
QPA results (Figure 2b) are shown in Figure 2.

Consistent with the bioleaching behaviour of As (Figure 1a), the content of the FeAsS phase
decreased constantly as the bioleaching of arsenopyrite proceeded. In addition, as reported
before [1,11,13-15,17], mainly four new solid phases of realgar (As;S,), orpiment (As;Ss3), elemental
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sulphur (8% and jarosite [KFe3(SO4)2(OH)g] occurred with the oxidative dissolution of FeAsS.
The contents of the first three phases were reduced with the leaching time, but they could be formed in
the initial stage of leaching (<3 d). Although the content of KFe3(504),(OH)¢ phase increased with
the time, its significant formation, in contrast, appeared to take place only after three days, consistent
with the noticeable decrease in the total Fe concentration as shown in Figure 1d. This suggests that
it is likely that the formation of As,S,, As,S3 and S” rather than KFe3(SOy),(OH)g caused the initial
passivation for the arsenopyrite bioleaching. To further ascertain the phase transformation occurring
in the bioleaching of arsenopyrite, detailed thermodynamic analyses were conducted.
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Figure 2. (a) XRD diffractograms and (b) QPA results of the bioleached arsenopyrite particles after
leaching different days.

4.1.3. Thermodynamics of Arsenopyrite Dissolution

The Eh—pH diagrams of FeAsS-H,O system are presented in Figure 3. Under the typical acidic
bioleaching condition (pH = 0-3), arsenopyrite can be oxidised at Eh > —0.4 V. Thermodynamically,
the oxidative dissolution of FeAsS can change itself to As,S,, As;S3 and S” as well as KFe3(SO4),(OH)s,
consistent with the XRD-QPA results presented in Section 4.1.2. The predominant species for Fe
(Figure 3a), As (Figure 3b) and S (Figure 3c) in the region of pH 0-3 and Eh —-0.4-0.4 V are Fe?*,
AsySy/As,S3 and AsyS;/As,S3/SP, respectively. At an Eh greater than 0.2-0.4 V, the predominant Fe and
S species are converted to H3OFe3(SO4),(OH)s whilst the as species become HAsO3™ and HyAsOy4 ™.
Jarosite [KFe3(SO4)2(OH)g] can readily be formed between H3OFe3(SO4)2(OH)s and K* in the 9K
culture [19,20], as shown in Figure 2 and will be presented in Figure 4. If bioleaching occurred in the
above pH and Eh ranges, insoluble solids of As,S;, As;S3 and SY as well as KFe3(SO4)>(OH)g would
form and likely result in the passivation of the arsenopyrite surface.

Figure 1c shows that the pH and solution potential values during the bioleaching of arsenopyrite
particles were found to vary in the range of 1.8-2.5 and 540-640 mV, respectively. As shown in Figure 3,
KFe3(SO4)2(OH)g is predicted to be the main insoluble product from the oxidative leaching of FeAsS.
This thermodynamic prediction agrees well with the XRD-QPA results for bioleaching >3 d but is
inconsistent with those for bioleaching <3 d. The inconsistency can be explained by the fact that the
concentration of Fe>* in solutions was low and almost no reduction of the total Fe concentration took
place in the initial bioleaching stage of 3 days (Figure 1d), and, thus, it is difficult to generate adequate
amounts of KFe3(SO4)2(OH)4 that can be detected by XRD. In addition, based on the Eh required
for the formation of species, thermodynamically, the ease of the formation of the above-mentioned
insoluble species follows the descending order of As;S, > As;S3 > SO > KFe3(SO4)2(OH)g. This is also
in agreement with the XRD-QPA results showing that As,S,, As;S3 and SO were easily formed initially
with KFe3(SO4)2(OH)g being formed later. It can be expected that these insoluble products would form
overlayers on the surface of arsenopyrite, and, thus, resulting in the passivation.
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Figure 3. Eh—pH diagrams of FeAsS—H,O system for (a) Fe species, (b) As species. (c) S species.
Conditions: [Fe?*] 0.16 M, [FeAsS] 0.06 M.

4.2. Formation of Surface Overlayers on Arsenopyrite

To examine the morphology of overlayers and determine the chemical compositions of the
passivating film, SEM-EDS was used to analyse the surface of arsenopyrite cubes after bioleaching
different times.

Considerable amounts of jarosite were found to be produced during the bioleaching process
particularly in the later stage. The SEM images of jarosite on the arsenopyrite cube surface after
bioleaching 8 days are clearly presented in Figure 4a,b. Visually, Figure 4a (magnification 1000x) shows
that an obvious overlayer of jarosite was formed on the surface of arsenopyrite. As further seen from
Figure 4b (magnification 5000x), jarosite appeared as fluffy or woolly spherical particles, and they were
loosely packed forming a porous structure of the overlayer, as reported previously [20]. It is, thus,
unlikely that the jarosite overlayer was the passivating film.

To avoid the interference from jarosite, the surface of arsenopyrite cube was investigated for the
initial stage of leaching (<5 d). Figure 5 shows the SEM images and Table 1 lists the EDS data for
the bioleached arsenopyrite cube after leaching 36 h and 120 h. A clear overlayer was also formed
on the surface after just leaching 36 h as seen in Figure 5a, and it still existed after 120 h (Figure 5b).
This overlayer was structurally dense as a film and was intact in the solution, which is in deep contrast
with the porous jarosite overlayer as presented in Figure 4. It should be noted that the cracks appeared
only after drying. As shown from the EDS data, on the surface below the film (i.e., spots a-1 and b-1),
an atom fraction of nearly 1:1:1 for Fe:As:S and low O contents were detected, indicating that little
oxidative dissolution occurred beneath the film. This suggests that the film has passivated the bulk
arsenopyrite. The EDS data for spots a-2 and b-2 show that, in addition to O, the film contained much
higher contents of as and S than Fe. Consistent with the phase analyses presented in Section 4.1.2
and 4.1.3, it is likely that the passivating film mainly consisted of As,S;, As,S3 and S°. Above the
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film, large amounts of crystal particles (e.g., spots a-3 and b-3) were visible to the naked eyes in amber
yellow or dark brown. EDS analyses show that they have a very similar element composition of jarosite,
suggesting that the jarosite overlayer as presented in Figure 4 would form on this passivating film.
Although the content of As,S;, AsyS; and SO decreased while that of KFe3(SO4),(OH)g increased with
time as shown in Figure 2, the passivation action of the films on the arsenopyrite surface as presented
in Figures 4 and 5 obviously depends much more on the time when the film is formed and the structure
of the film rather than the content of the above solid products that form the film.

Figure 4. SEM images of jarosite on the surface of arsenopyrite cube after bioleaching 8 d in 9K culture
medium. Conditions: (a) Magnification 1000x; (b) Magnification 5000x.

urr | HV WD det

% HFW 1ag v
J | 41.4 um |50 pA | 2.00 kV 10 000 x | 4.5 mm ETD

Figure 5. SEM images for the surface of arsenopyrite cube after bioleaching (a) 36 h and (b) 120 h in
9K culture.
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Table 1. EDS data for the surface of arsenopyrite cube in Figure 5.

leach " 5 . Content/at%
Bioleaching Time, ots
8 P Fe As S o

36 a-1 33.12 34.96 27.14 4.78
36 a-2 10.79 32.97 31.69 24.55
36 a-3 34.16 10.70 17.11 38.03
120 b-1 31.80 30.12 31.97 6.11
120 b-2 12.21 21.43 22.78 43.58
120 b-3 21.62 6.17 15.68 56.53

2 Analysed spots are in correlation with those in Figure 5.

In summary, the bioleaching test results presented in Section 4.1.1 demonstrated that the passivation
phenomenon occurred from the onset of arsenopyrite bioleaching. The XRD-QPA, SEM-EDS and
thermodynamic results indicate that a passivating film consisting mainly of As;S,, As;S; and S°
was formed on the arsenopyrite surface initially (<36 h), which would severely limit the subsequent
bioleaching process.

4.3. Possible Passivation Mechanisms for the Bioleaching of Arsenopyrite

Based on the above results, the possible passivation mechanisms and reactions involved in the
bioleaching of arsenopyrite can be proposed and are shown in Figure 6 and Table 2.

Figure 6 shows that, during the bioleaching process, the Fe?* is oxidised by the bacteria to Fe3*,
which in turn reacts with the arsenopyrite according to No. 1-3 in Table 2. In the initial stage of
bioleaching, the solid products of As;S,, As,S; and S% were formed in situ on the surface of the particles,
of which As,S, or As,S3 could be further converted to As,S3 and/or SY as shown by oxidation reactions
4-6 in Table 2 as the bioleaching proceeded. These solid products can accumulate on the arsenopyrite
surface, forming an inner film that is coherent, tight and tenacious, as evidenced by the XRD-QPA and
SEM-EDS results. At the later bioleaching stage, large amounts of solid precipitates of jarosite were
generated from the solution according to No. 7 in Table 2. The deposition of these jarosite precipitates
on the arsenopyrite surface as well as the inner film can form an outer film, which however is loose
and porous as evidenced by the SEM images. Obviously, the initially formed inner film, instead of
the later-formed outer jarosite film, is the passivating film that can severely impede the bioleaching
of arsenopyrite from the initial stage, and, thus, leading to the slow leaching kinetics throughout the
bioleaching process.

Table 2. Possible reactions involved in the leaching of arsenopyrite.

Reaction Equations AG%(kJ/mol)2  No.
6FeAsS + 7H,0 + 22Fe3+ = 28Fe?* + 2As,S; + 2AsOy~ + $,052 + 14H* —1582.753 1
3FeAsS + 2H,0 + 9Fe3* = 12Fe®* + As,S3 + AsO,™ + 4H* ~761.900 2
FeAsS + 3H,0 + 6Fe3*= 7Fe?* + S0 + HAsO5™ + 5H* —-383.152 3
3As,S, + 4H,0 + 6Fe3* = 6Fe?* + 2As,S3+ 2As0,™ + 8H* -174.846 4
AsyS; + 6H,O + 8Fe3* = 8Fe?* + 250 + 2HAsO;~ + 10H* —-316.652 5
AsyS5 + 6H,O + 8Fe3* = 8Fe?* + 350 + 2HAsO;~ + 10H* —-293.712 6
3Fe3* + K* + 25042 + 60H" = KFe3(S04)2(OH)q <0b 7

2 Values were calculated using equation of AG,? = ¥ [v;AG{’(i)], where AG{? values are listed in Appendix A.
b The AG,° value cannot be calculated due to lack of the AG{? value of KFe3(SO4),(OH)g.
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KFe;(SO,),(OH),

Figure 6. Schematic diagram of the passivation mechanisms of arsenopyrite bioleaching.

5. Conclusions

Experimental results from bioleaching of arsenopyrite by A. ferrooxidans showed that the leaching
kinetics was slow throughout the bioleaching process. XRD-QPA results and thermodynamic analyses
suggested that, during the bioleaching, FeAsS could be converted to the solid phases of As252, As253 and
S0 initially but to [KFe3(SO4)2(OH)6] later. Morphological studies showed that a compact passivating
film had been formed before the formation of a porous overlayer of jarosite on the arsenopyrite surface.
XRD-QPA and EDS analyses indicated that this passivating film consisted mainly of As252, As253 and
S0. Based on the combined results from bioleaching, phase and thermodynamic analyses, and surface
characterisation, a possible passivation mechanism for the bioleaching of arsenopyrite is proposed that
the passivating products of As252, As2S3 and SO were generated in situ on the arsenopyrite surface
where they accumulated and formed a passivating film in the initial stage of bioleaching that would
severely restrict the subsequent bioleaching of arsenopyrite.
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Appendix A
Table Al. Free energies of formation (kJ/mol) for relevant species ?.

. AG°, . AG°, . AG®,
Species J /m?fl) Species (J /m?)sl) Species (J /mzfl)
FeAsS —-49.7616 As,S, —68.5508 S 0
FeAsO, ~772.727 AsySs -91.4907 s2- 86.00982
Fe3(AsOy), -1766.73 AsyO3 -576.899 S,2- 79.76167
Fe(OH), —492.158 As,Oy -701.161 SO52- —486.755
Fe(OH); —705.885 As,Os5 —782.437 S,052~ -518.87
FeO OH —489.439 As,Og -1152.42 S,0,42~ —-600.825
Fe3* -17.1907 AsOy~ —-349.991 S,052~ -791.217
Fe2* —-91.5644 AsO,3- -648.477 S,04%~ -969.453
FeOHZ* —242.064 As(OH)4~ —824.457 S,072 —795.432
FeOH* —-275.615 HAsO5~ —606.638 S,0g%~ -1115.35
Fe(OH),* —452.391 HAsO,2~ —714.732 HS,~ 11.51053
Fe,(OH),** —467.733 H,AsO3~ ~587.149 HSO3™~ —527.84
H;30Fe3(SO4)2(OH), P -3230.36 H,AsO4~ ~753.399 HS- 12.44438

H3AsO; (a) —638.142 HS,03~ -532.363
H,O —-237.177 H3AsOy (a) —764.001 H,S (a) —27.656
HAsO, (a) —402.951

a Data from HSC database 6.0 [18] and Thermochemical Data of Pure Substances [21]. P AG°298 value was calculated
using equation of AGr® = -RT In K = }, [VIAGf°(i)], of which relevant AGf® values are listed in Appendix A and InK
was from the Hydrochemical log K Database of HYDRA/MEDUSA software [22].
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