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Abstract: Pyrolusite was added in the bioleaching process to enhance the bio-oxidation process. Bioleaching tests at different
dosages of pyrolusite ore, pH and inoculation amounts of Acidithiobacillus ferrooxidans were studied. The results showed that the
time of the bio-oxidation process was decreased obviously and the arsenic leaching rate reached 94.4% after the bioleaching. The
bio-oxidation of arsenopyrite and the effective extraction of manganese from pyrolusite were achieved by the bioleaching process.
After bioleaching, the leaching rate of gold from the reaction residues reached 95.8% by cyanide leaching. In the bio-oxidation
process, pyrolusite increased the redox potential of the solution to accelerate the bioleaching rate. The experiment showed that there

were two reaction modes in the bioleaching process.
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1 Introduction

Many sulfide gold ores contain various amounts of
arsenic, often in the form of arsenopyrite, FeAsS[1]. For
refractory, arsenic-bearing sulfide gold ores, lots of the
fine disseminated gold is encapsulated in the sulfide
matrix of FeAsS and the gold cannot be recovered by
conventional leaching techniques. In recent years, the
advances of biomining technology have focused on
achieving effective recovery of precious metals by
improving the efficiency of bioleaching [2,3]. One of the
major advances in bioleaching is the development of the
stirred-tank process for bio-oxidation of refractory
arsenopyritic gold ores [4—6]. Bio-oxidation makes use
of iron and sulfur oxidizing bacteria to catalyze the
oxidation of sulfides, liberating gold for subsequent
cyanidation [7,8]. Acidithiobacillus ferrooxidan is one of
the primary micro-organisms in the commercial
bio-oxidation industries. The bacteria obtain energy by
oxidizing ferrous iron and elemental sulfur that generate

ferric ions and sulfuric acid [9]. Bio-oxidation of
refractory gold is a mature technology and is used to
treat a refractory arsenopyritic gold resource in several
countries.

However, bio-oxidation process needs a long time
for pretreatment (often 6 d are required to dissolve
arsenopyrite) and stringent process control is required to
maintain bacterial activity [6,10,11]. So, the technology
of enhancing the bio-oxidation of a
arsenopyritic gold ore is necessary to be developed.
Pyrolusite is an important manganese mineral in
manganese ores, which is distributed widely in the world
and can be used as an oxidizing agent for the oxidation
of sulphide ore in sulfuric acid solution [12]. In this
work, pyrolusite was added in the bioleaching process to

refractory

enhance the bio-oxidation of a refractory arsenopyritic
gold ore. The bio-oxidation of arsenopyrite and the
high extraction of manganese from pyrolusite were
achieved during the bioleaching process. The impacts of
pyrolusite ore dosage, pH and inoculation amount
on the bio-oxidtion were studied. The kinetics of the
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bioleaching system was well described. The
bio-oxidation of arsenopyrite is based on arsenic
dissolved into the solution and the extraction of
manganese from pyrolusite is based on manganese
leaching efficiency.

2 Experimental

The refractory arsenopyritic gold ore was obtained
from Zhuzhou Smelting Plant in Hunan Province, China.
The ore was ground to the required powder with the
particle size (dyy) of 0.045 mm. Table 1 shows the
element composition of the arsenopyritic gold ore used
for the experiments. The ore samples by XRD (Fig. 1)
were mainly composed of quartz, arsenopyrite and
pyrite. The pyrolusite samples were obtained from a
manganese ore mine in Yunnan Province, China. The ore
was crushed and ground into powder with the particle
size (dyg) of 0.074 mm. The chemical multi-elemental
analysis results are shown in Table 2. The pyrolusite ore
samples were mainly pyrolusite, and the main gangue
minerals were quartz and feldspar.

Table 1 Chemical multi-elemental analysis of arsenopyritic
gold ore (mass fraction, %)

Fe SiO, Au S As

Sb A1203 CaO KQO

12.47 3431 0.0056 6.94 889 3.76 7.29 438 1.57

. " — Quartz
® — Pyrite
4— Arsenopyrite
v— Calcite
<— Muscovite
» — Lepidolite

+— Ankerite

Fig. 1 XRD pattern of arsenopyritic gold ore

Table 2 Chemical multi-elemental analysis of pyrolusite ore
(mass fraction, %)

Mn SiO, FeO; ALO; CaO K,O TiO, MgO
31.53 4218 423 314 278 093 025 0.20

Acidithiobacillus ferrooxidans were isolated from
the acid mine water of a copper mine in Gansu Province,
China, and was obtained through isolation, purification
and various stages of adaptation to sulfide minerals. The
culture medium was 9K medium. The composition of 9K

medium was as follows: 3.0 g/L (NH,4),SOy, 0.1 g/L KC1,
0.5 g/L K,HPO,, 0.5 g/ MgSO47H,0O, 0.01 g/L
Ca(NOs),, 44.1 g/L FeSO47H,0, and pH 1.8 at first by
H,S0,. All systems were incubated for at least 48 h.

Bioleaching experiments were carried out in
350 mL Erlenmeyer flasks with 150 mL solution. The
flasks were placed on constant temperature and humidity
table with 30 °C and 160 r/min. The pyrolusite ore
dosage, pH and inoculation amount of Acidithiobacillus
ferrooxidans were studied in the experiments and 5 g of
the refractory arsenopyritic gold ore was added in every
experiment. In the experiments, H,SO; was
uninterruptedly supplied to control the solution pH. The
reaction residues were analyzed for the determination of
manganese and arsenic by atomic fluorescence
spectrometry (AFS) and inductively coupled plasma
atomic emission spectrometry (ICP-AES). The reaction
residues were decomposed by mixed acid (H,SO, and
H;PO,). Prior to atomic fluorescence spectrometry
(AFC), the details of the technique were performed with
the determination of manganese in ferrophosphorus as
previous described in Refs. [12,13]. Some reaction
residues were examined to extract gold from the reaction
residues by cyanide leaching. The cyanide leaching was
performed using 20 g of reaction residues in 200 mL of
0.1% NaCN solution at pH 10.5 for 24 h.

3 Results and discussion

3.1 Effect of pyrolusite ore dosage on bioleaching

The effect of pyrolusite ore dosage on the
bioleaching was investigated at the pyrolusite ore dosage
of 0, 8, 10, 12, 14 and 16 g, with inoculation amount of
20 mL (1x107 cell/mL) and pH 1.8 (maintained constant
in bioleaching). The results are shown in Fig. 2. As
shown in Fig. 2(a), increasing pyrolusite ore dosage
increased the leaching rate of arsenic. The bio-oxidation
of the refractory arsenopyritic gold ore was analyzed by
the leaching rate of arsenic.

It was shown that bio-oxidation of a refractory
arsenopyritic gold ore was enhanced with the increase of
pyrolusite ore dosage added to the bioleaching system. It
was also seen that when the pyrolusite ore dosage was
less than 12 g, increasing pyrolusite ore dosage had a
significant improvement effect on the bio-oxidation of
the refractory arsenopyritic gold ore. But when the
pyrolusite ore dosage was more than 12 g, there was a
slight improvement on the bio-oxidation. It was shown in
Fig. 2(b) that manganese was extracted from pyrolusite
with the bio-oxidation of the refractory arsenopyritic
gold ore. And it was seen in Fig. 2 that when the
pyrolusite ore dosage was 12 g, the leaching rate of
arsenic attained 91.85% and the leaching rate of
manganese reached 92.26% after 56 h. This suggested
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Fig. 2 Effect of pyrolusite ore dosage on bioleaching:

(a) Leaching rate of arsenic; (b) Leaching rate of manganese

that it was suitable for the bioleaching system at the
pyrolusite ore dosage of 12 g.

3.2 Effect of pH on bioleaching

The bioleaching system was obviously affected by
pH. The following reaction equations account for the
above experimental kinetic data [14]:

FeAsS+7MnO,+6H,SO,~7MnSO4+FeAsO4+6H,0 (1)
FeAsS+4MnO,+4H,SO~4MnSO,+FeAsO,+S+4H,0

@

As shown in Egs. (1) and (2), the acid was
consumed during the bioleaching. And the bacteria are
able to be reproduced in a range of pH. In the
experiments, H,SO, was uninterruptedly supplied to
control the solution pH. The effect of pH on the
bioleaching was investigated at pH 1.4, 1.6, 1.8, 2.0 and
2.2(maintained constant in bioleaching), respectively, the
pyrolusite ore dosage of 12 g and inoculation amount of
20 mL (1x107 cell/mL). As shown in Fig. 3(a), the
leaching rate of arsenic presented very similar trend
during bioleaching at pH 1.4, 1.6 and 1.8 and the arsenic
extraction significantly decreased at pH 2.0 and 2.2.
During the bioleaching, the leaching rate of arsenic

increased obviously, and subsequently began to slow
down, and then kept stable. At pH 1.4, 1.6, 1.8, 2.0 and
2.2, the leaching rates of arsenic after leaching for 56 h
were 95.03%, 94.40%, 91.85%, 86.47% and 74.86%,
separately. As shown in Fig. 3(b), at pH 1.4, 1.6, 1.8, 2.0
and 2.2, the leaching rates of manganese after 56 h were
95.32%, 94.60%, 92.26%, 85.93% and 70.60%. From
Fig. 3, it showed that the extractions of arsenic and
manganese were well achieved by the bioleaching
process at pH 1.6.
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Fig. 3 Effect of pH on bioleaching: (a) Leaching rate of arsenic;
(b) Leaching rate of manganese

3.3 Effect of inoculation amount on bioleaching

The experiments were carried out at four different
Acidithiobacillus ferrooxidans inoculation amounts of 0,
10, 20 and 30 mL (1x107 cell/mL), pH 1.6 and the
pyrolusite ore dosage of 12 g. It was obvious that the
bacteria attached themselves onto the surface of the
sulfide ores and directly solubilized the surface through
hypothesized enzymatic oxidation reactions [15,16].
Acidithiobacillus ferrooxidans catalyzed the oxidation of
arsenopyrite and the arsenic was dissolved into the
solution. As shown in Fig. 4, increasing inoculation
amount accelerated the leaching rate of arsenic when the
inoculation amount was less than 20 mL. When the
inoculation amount was more than 20 mL, enough
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bacteria attached themselves onto the surface of the
sulfide ore and the inoculation amount slightly improved
the leaching rate of arsenic. The leaching rates of
manganese after leaching for 56 h were 72.16%, 86.40%,
94.60% and 94.82%, respectively, when the inoculation
amount was 0, 10, 20 and 30 mL (1x10’ cell/mL). The
reaction residues after oxidation were washed with
0.1 mol/L HCI, distilled water and dried, and then were
examined by cyanide leaching and the leaching rate of
gold reached 95.8%. The leaching rate of arsenic was
only 54.92% after the bioleaching without pyrolusite and
the leaching rate of gold was 67.2%, much less than
95.8%.
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Fig. 4 Effect of inoculation amount on bioleaching

3.4 Chemical reaction and kinetics in bioleaching

The bioleaching was based on the redox reaction
and aqueous electrochemical system. The kinetics of the
gold leaching process was related to the potential (¢) and
pH value in aqueous solutions (p—pH diagram) [17].
¢—pH diagram could describe the chemical reactions
in the As—Fe-Mn—-S—-H,O system (Fig. 5). The
following equilibrium equations were used for describing
the p—pH diagram of the As—Fe—Mn—S—H,0 system at
30 °C[18,19].

FeAsS+6H,0—11e=Fe*"+S0;™ + AsO; +12H"
¢=0.282-0.064pH+0.005361g[Fe* 1+0.005361g[SO; ]+
0.005361g [AsO;] (3)
AsO; +2H,0-2e=H,AsO; +2H"
9=0.665-0.059pH+0.02951g[H,AsO; ] —

0.02951g[AsO; ] 4)
Fe?'—e=Fe*"
9=0.771+0.059[Fe**1-0.0591g[Fe*] (5)

Fe*'+H,0=Fe(OH);+3H"

3pH=4.82-1g[Fe’"] (6)
Fe*'+3H,0—e=Fe(OH);+3H"

¢=1.050—0.177pH+0.0591g[Fe’'] (7)
MnO,+4H"+2e=Mn*"+2H,0
9=0.974-0.118pH (8)
2.0
MnO 2-
15} Fe**  Fe ? ) S04
— H,AsO;  Fe(OH),
1ot Mn
osl = = 0/H0
e T
S o0 %i
As  "H,O/H z
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Fig. 5 9—pH diagram of As—Fe—Mn—S—H,0 system at 30 °C

The main form of pyrolusite is MnO, and pyrolusite
is used as an oxidizing agent during the bioleaching.
When the pyrolusite was added in the bioleaching
solution, the ¢ of the solution varied from 0.90 to 0.85 V
at pH 1.2-2.0; whereas the ¢ of the arsenopyrite
dissolved varied from 0.21 to 0.16 V at pH 1.2—2.0. The
analysis of the diagram demonstrated that arsenopyrite
was composed of dissolved compound with the highest
valences of the elements, such as H,AsOj,, Fe’" and
SO?[ , during the bioleaching. The ¢ of the solution was
increased to above 0.85 V with adding pyrolusite in the
bioleaching system, whereas the ¢ of the solution was
only 0.67 V (or less than 0.67 V) without adding
pyrolusite. Increasing the solution ¢, the oxidation of
arsenopyrite was accelerated during the bioleaching
process.

The application of pyrolusite in bioleaching system
to enhance the bio-oxidation of a refractory arsenopyritic
gold ore was a complex process. From the experimental
data, it was concluded that there were two reaction
modes in the bioleaching process, which are shown in
Fig. 6. In Mode I, arsenopyrite and pyrolusite particles
contacted with each other to have reactions in the
solution, and in Mode 11, Acidithiobacillus ferrooxidans
were adsorbed on the surface of arsenopyrite to release
Fe’* by improving the bio-oxidation.

4 Conclusions

1) Bioleaching tests at different dosages of
pyrolusite ore, pH and inoculation amount of
Acidithiobacillus  ferrooxidans performed.
Pyrolusite ore was used as an oxidation agent and the

fine gold was released from the sulfide matrix with
the bio-oxidation. The time of the bio-oxidation process

were
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Fig. 6 Reaction modes in bioleaching: (a) Mode I; (b) Mode 11

decreased obviously after pyrolusite was added into the
bioleaching system.

2) In the bio-oxidation process, pyrolusite increased
the redox potential of the solution to accelerate the
bioleaching rate. The leaching rate of arsenic reached
94.4% and the leaching rate of manganese reached
94.6% after bioleaching at pH 1.6, inoculation amount of
20 mL and the pyrolusite ores dosage of 12 g. The
leaching rate of gold from the reaction residues reached
95.8% by cyanide leaching.

3) The application of pyrolusite in bioleaching
system to enhance the bio-oxidation of a refractory
arsenopyritic gold ore was a complex process. In the
bio-oxidation process, pyrolusite increased the redox
potential of the solution to accelerate the bioleaching
rate. There were two reaction modes in the bioleaching
process.
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