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Abstract: In order to improve the bio-oxidation efficiency of Axi refractory gold concentrate, a two-step process including a high
temperature chemical oxidation and a subsequent bio-oxidation, combined with pH control during the bio-oxidation step was used.
The results revealed that the optimum mode was to maintain solution pH at 1.0—1.2 during the biological oxidation stage. Under this
condition, the activity of mixed culture could be sustained and the formation of jarosite could be diminished, thus the oxidation
efficiency was improved. The oxidation levels of iron and sulfur were improved by 12.50% and 15.49%, and the gold recovery was
increased by 21.02%. Therefore, the two-step process combined with pH control is an effective method for oxidizing the
biohydrometallurgical process of Axi gold concentrate, and it will have a broad prospect of application in dealing with complex

refractory gold concentrate.
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1 Introduction

Bioprocessing of the refractory concentrates is
considered to be low capital cost, environmental friendly
compared with the conventional technologies [1-3]. But
the average duration of the bio-oxidation process under
industrial conditions is 4—6 d [4,5], the long residence
time often causes excessive operational cost, thus it is
desirable to improve the kinetics of the bio-oxidation
process.

Chemical oxidation via ferric ion solution at high
temperature (80—100 °C) can elevate the oxidation
rate [6]. And ferric ion solution is available in
bio-oxidation plant. However, high temperature would be
detrimental for the microorganisms, and the regeneration
of ferric ion would be influenced. As a result, it was not
reasonable to carry out the bio-oxidation process at
high  temperatures by adding ferric ion solution.
FOMCHENKO et al [7] proposed a two-stage
chemical—bacterial oxidation process in 2010. In the first
stage, the refractory gold-bearing sulfide concentrate was
leached by the microbially-produced ferric sulfate

solution under high temperature (80 °C). In the second
stage, the reaction temperature was reduced to 40—45 °C,
ferric ion was re-produced by the microorganisms and
sulfides were oxidized. The separation of chemical
leaching step and Dbio-oxidation step created the
favorable conditions for chemical leaching process and
microbial activity.

Bio-oxidation of Axi high-sulfur refractory gold
concentrates was an acid producing process as shown in
Eq. (1). In bio-oxidation process, the solution pH was
often controlled to enhance the efficiency of this
process [8—10]. However, when the solution pH was
adjusted, the passivation layer because of ferric ion
precipitates (such as jarosite) may deposit on the surface
of sulfide concentrates impeding their oxidation [11].
Thus, it was necessary to optimize the solution pH
during the bio-oxidation process.

F682+F62(SO4)3+302+2H20_’ 3FGSO4+2HQSO4 (1)

According to the comments above, the purpose of
this work was to investigate the effect of a two-stage
process combined with pH control on the bio-oxidation
efficiency of high-sulfur refractory gold concentrate.
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2 Experimental

2.1 Microorganisms and growth conditions

A mixed culture of moderately thermophilic
microbes obtained from the industrial bioreactor of Axi
gold factory in Xinjiang Autonomous Region of China
was used for bio-oxidation experiments. In this study, the
presence  of  Sulfobacillus
Acidithiobacillus caldus and Ferroplasma acidiphilum
was detected by cloning and sequencing the amplified
16S rDNA. The mixed culture was cultured in 100 mL
9K basal medium [12] supplemented with 0.02% yeast
extract (YE) in 250 mL Erlenmeyer flasks at 45 °C on a
rotary shaker (170 r/min). The solution pH of enrichment
medium was adjusted to 1.5.

thermosulfidooxidans,

2.2 Minerals components

The mineral samples used in this study were gold
concentrates from the Axi Gold Factory in Xinjiang
Autonomous Region of China. Screen analysis showed
that 90% of the samples were finer than 44 um with gold
mainly in pyrite phase. The contents of the elements of
the gold concentrate were as follows: 55.52 g/t Au,
23.68% Fe, (sulfidic iron), 2.25% As,, trace S° and
24.53% S, (sulfidic sulfur). The content of gold was
55.52 g/t. Mineralogical analyses showed that the
concentrate contained pyrite (58.77%) as the major
sulfide phase. The mode of occurrence of gold (Table 1)
was supplied by the Axi Gold Factory in Xinjiang
Autonomous Region of China.

Table 1 Mode of occurrence of gold

Occurrence Content/(gt"") Occupancy/%
Exposed gold 28.50 51.33
Gold wrapped in sulfide 24.50 44.13
Gold wrapped in other minerals 2.52 4.54
Total 55.52 100

2.3 Chemical oxidation of concentrate (first step)

In the two-step process, the concentrate was first
leached by ferric ion containing solution (collected from
the industrial bioreactors of Axi Gold Factory) prior to
bio-oxidation. Chemical leaching was conductedina 1 L
reactor that contained 500 mL pulp. The stirring rate was
330 r/min, and the temperature was maintained at 80 °C
by a thermostat. The concentrate was loaded and mixed
with the ferric ion containing solution at a pulp density
of 10%. The concentration of ferric ion in the chemical
leaching solution was 20 g/L with pH 1.25. When the
concentration of ferric ion and pH were steady, the
residues were filtrated and washed with distilled water
(pH 1.5) twice and then subjected to the bio-oxidation
process.

2.4 Bio-oxidation of concentrates (second step)

The research of the bio-oxidation of the
concentrates was carried out using three series of
experiments: 1) a one-step process without pH control
(initial pH 1.5) in the whole process, 2) a two-step
process without pH control (initial pH 1.5) in the
process, 3) a two-step process with pH control (i.e.,
0.8-1.0, 1.0-1.2, 1.2—-1.4, 1.4—-1.6) in the process. The
experiments were conducted in 1 L reactors that
contained 500 mL pulp. A 9K basal medium
supplemented with 0.02% yeast extract (YE) was used as
the liquid phase. The initial concentration of
microorganisms was 1.0x10” cell/mL. The pulp density
of Group (a) was 10%, and in Groups (b) and (c)
residues of chemical leaching were added accordingly.
The solution pH was adjusted twice a day in Group (c).
Samples were taken every three days to determine total
soluble iron, ferrous ion, redox potential (¢,) and number
of microbes. Sodium bicarbonate was utilized as the
neutralizing reagent, because it can on one hand,
neutralize the acid to maintain the pH, on the other hand,
produce CO, which is needed as the carbon source for
the microorganisms[13]. The
conducted at 45 °C with a stirring speed of 350 r/min and
an aeration rate of 4 L/min. All of the experiments were
carried out at the same time.

experiments  were

2.5 Analytical methods

Enumeration of the microbes was carried out by a
direct count using a Thoma chamber of 0.1 mm in depth
and 0.0025 mm’ in area with an optical microscope
(Olympus, Japan). The pH was determined at room
temperature with a pH meter (PHSJ—4A) calibrated with
a low pH buffer. While the redox potential was
monitored with a platinum electrode against saturated
Hg/Hg,Cl, reference electrode. The total iron
concentrations in the suspension were measured
spectrophotometrically with the 5-sulfosalicylic acid as
an indicator [14]. Concentration of ferrous ion in solution
was measured by titrating against 0.005 mol/L potassium
dichromate with N-phenylanthranilic acid as an indicator.
And Fe* determined by the
subtraction of the total iron concentration and ferrous ion
concentration. The sulfide iron and sulfur contents were
measured using the phase methods. SEM-EDX (FEI
Quanta—200) was used to detect the morphological
changes and compositions of the chemical leaching
residues.

The content of gold in the solid phase was
determined by fire assay. Cyanide leaching of the
oxidized residues as well as the untreated concentrate
was carried out for gold recovery. All of the cyanidation
tests were conducted in 100 mL flask at a working
volume of 40 mL with 30% (w/v) solids in an orbital

concentration was
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incubator shaker at 25 °C and the rotation rate of
180 r/min for 48 h. The pH of the cyanidation pulp was
maintained at 10.5-11.0 (adjusted using 10 mol/L
NaOH). The cyanide concentration was maintained in the
range of 1.0-3.0 g/L as determined by titration.

2.6 Calculation formula

The oxidation levels of iron and sulfur, O;, were
evaluated by using Eq. (2) because the analyses were
done on undissolved leach residues, where X, and X; are
the contents (mass fraction) of sulfide iron and sulfur in
the initial feed and undissolved leach residues,
respectively, and m, and m; are the masses of initial feed
and undissolved residues.
0, = MM =M 009, )

myX

3 Results and discussion

3.1 Chemical oxidation of concentrate

In two-step process, the concentrate was first
leached by a ferric ion containing solution to remove the
most easily oxidized sulfides. Under the parameters
mentioned above, chemical leaching occurred within 7 h,
because the concentration of ferric ion and pH in the
solution decreased to a steady value within 7 h. In the
process of chemical leaching, solution pH decreased
significantly from 1.25 to 0.31 and concentration of
ferric ion decreased from 20.00 to 2.19 g/L (Fig. 1). The
composition of the leaching residue was shown in Table
2. The oxidation levels of iron and sulfur were 16.58%
and 14.89%, respectively. The oxidation level of pyrite
was 14.23%. In the process of chemical leaching, though
the temperature (80 °C) was conducive to form jarosite,
only small amount of jarosite formed, because of the low
pH of solution (Fig. 1).

The outcome of chemical leaching was better
than that by MURAVYOYV and BULAEV [15]. That was
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Fig. 1 Changes in concentration of ferric ion and pH during
chemical leaching step

Table 2 Analytical data of chemical leaching residues

Residue . .
. Mass fraction/% Oxidation level/%
yield/%
Fe, S, Jarosite Fe, S Pyrite
85.00

23.24 2435 425 16.58 14.89 14.23

probably because the pulp density in this study was
lower than that in Ref. [15] but with the similar
concentration of ferric ion. Pyrite could be oxidized by
ferric ion solution rapidly because of the high
temperature [16]. After chemical leaching, we found that
the oxidation levels of sulfur were lower than those of
iron (Table 2), which was consistent with the mechanism
of pyrite oxidation. Moreover, SEM images of the
concentrate and oxidizing residues were shown in Fig. 2.
Some leaching products were observed on the mineral
surface (Fig. 2(b)). SEM-EDX analysis also indicated
that a sulfur-rich layer might be formed in the chemical
leaching stage [17—19].

Fig. 2 SEM images of Axi gold concentrate (a) and oxidizing
residues (b)

3.2 Biological oxidation of concentrates

The calculated oxidation levels of iron and sulfur
were used for assessment of the efficiency of the
oxidation of the concentrate. The results of analytical
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data from one-step and two-step process without pH
control were listed in Table 3. It was obvious that the
oxidation levels of iron and sulfur with two-step process
were higher than those in the one-step process. The
oxidation levels of iron and sulfur in the one-step process
were 50.25% and 48.71%, and the oxidation level of
pyrite was only 47.23%. However, in the two-step
process, these values increased to 69.88%, 70.03% and
78.67%. It had been stated that insufficient gas transfer
together with microbial cell damage due to high shear
force at high pulp density influenced the bio-oxidation
efficiency [20,21]. After chemical leaching, the pulp
density declined to 8.5% in the biological leaching step,
while in the one-step process, the pup density was 10%.
As a result, the negative effect of high pulp density was
diminished partially after chemical leaching. During the
bio-oxidation step, the solution ¢, and microbial
concentration increased more quickly than the one-step
process. This was the evidence of active bacteria
oxidation of sulfide. Additionally, the chemical leaching
kinetics of pyrite via ferric ion was greatly influenced by
temperature [22—24]. The reaction rate increased as
temperature rose, and it would be relatively fast at high
temperature. In the chemical leaching step the reaction
temperature could be elevated to 80 °C, which would
improve the leaching rate significantly, and the oxidation
levels of iron and sulfur could reach 16.58% and 14.89%
within 7 h. By applying physical separation of the
chemical leaching and biological leaching step, we could
take advantage of chemical leaching and bio-oxidation,
and obtain favorable conditions for both chemical
leaching process and microbial activity in the biological
leaching step. Thus, the two-steps process improved the
efficiency of bio-oxidation substantially.

Table 3 Analytical data of bio-oxidized residues by one-step
and two-step process without pH control

Mass fraction/%
yield% e, S,

Residue Oxidation level/%

Process

Jarosite Fe, S, Pyrite

Two-step 53.0 13.46 13.87 3.60 69.88 70.03 78.67

One-step 76.7 15.36 16.40 3.77 50.25 48.71 47.23

However, in the bio-oxidation process, the solution
pH declined more quickly in the two-step process than in
the one-step process (Fig. 3). For one thing, it might be
because the sulfur-rich layers were more convenient to
be oxidized by the microorganisms; for another thing,
most alkali gangue could be consumed because of the
highly acidic environment. In addition, the content of
pyrite was 58.77%, only a small part of the sulfide was
oxidized in the chemical leaching stage. As a result, large
amount of acid would be produced during the
bio-oxidation process because of the high content of

pyrite in the chemical leaching residues. However, the
solution pH decreased to below 0.5 in these two groups,
indicating that pH control should be used to further
improve the efficiency.

1.8

1.6
—=— One-step process
—¢— Two-step process

1.4
12f
T 10t
0.8}
0.6
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0.2 !
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Time/d

Fig. 3 Changes of pH value in solution during one-step and
two-step processes without pH control

As the main sulfide mineral in the concentrate, it
was now recognized that pyrite was acid-insoluble and
could be oxidized by ferric ion in the solution. So, the
acidophilic prokaryotes played an
important role in the bio-oxidation process because they
could regenerate the oxidant ferric ion. It was proposed
that the optimum pH to carry out bio-oxidation process
with moderate thermophiles was 1.5—1.6 [8,9,25], as the
predominant ferrous ion-oxidizing microorganism of the
mixed culture was Sulfobacillus thermosulfidooxidans.
The concentration of microorganisms during operating
time at pH 1.4—1.6 was higher than that at pH 1.0—1.2.
The results of pH control were listed in Table 4, simply
indicating that oxidation levels of iron and sulfur were
increased when solution pH was controlled. The
optimum pH to carry out bio-oxidation was 1.0—1.2. The
oxidation levels of iron and sulfur were 82.23% and
85.52% at pH 1.0-1.2, which were only 77.66% and
79.41% at pH 1.4—-1.6.

iron-oxidizing

Table 4 Analytical data of bio-oxidized residues by two-step
process with pH control
Residue ~ Mass fraction/%
yield/%  Fe, S,

Oxidation level/%

Jarosite  Fe, S
78.53 78.91 79.88
82.23 85.52 84.68
80.01 83.32 81.94
77.66 79.41 81.66

Pyrite

0.8-1.0 542 938 9.54 580
1.0-12 57.0 738 623 199
12-14 631 750 648 313
14-16 769 688 6.57 39.7

The leaching rate of pyrite was a function of redox
potential [6,26]. The purpose of pH control was to keep
the function of iron-oxidizing acidophilic prokaryotes in
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the bio-oxidation process with the aim of maintaining the
environment of high redox potential. Results given in
Fig. 4 showed that, contrasted with the redox potentials
in pH 1.4—1.6, redox potentials (¢;) were elevated in pH
1.0—1.2. In the bio-oxidation system, the ferric to ferrous
iron ratio could be related to the solution redox potential
using the Nernst equation (Eq. (3)). It was supposed that
the ferric to ferrous ratio at pH 1.0—1.2 was higher than
that at pH 1.4—1.6. Results presented in Fig. 5 revealed
that the concentration of ferric ion at pH 1.0—1.2 was
higher than that at pH 1.4—1.6. This indicated that ferric
ion in the solution might be consumed largely at pH
1.4-1.6 when the alkaline reagents were added to adjust
the solution pH.

’ RT [Fe3+]
o=+ _plnl oo (3)
zF [Fe "]
24
600 *— ¢(pH 1.0-1.2)
*— y(pH 1.4-1.6) 10
V=" PPFeric inn(pH 10_12)
550+ B PFerric ion(pH 14_16)

Concentration of ferric ion/(g-L™)

>
£ 500 112
S
450 18
400 - . : ik
0 5 10 15 20
Time/d

Fig. 4 Concentration of ferric ion and redox potential evolution
during operating time with pH control
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Fig. 5 Dependence of gold recovery from concentrate on
oxidation level of sulfide sulfur

The effects of pH control on jarosite formation were
listed in Table 4. The content of jarosite formed in the
bio-oxidation process was proportional to the pH value.
At pH 1.4-1.6, the content of jarosite formed in the

bio-oxidation process was as high as 39.7%, which
prevented the microorganisms and ferric ion from
accessing the surface of the concentrate. In addition,
large amount of ferric ion in the solution precipitated as
jarosite, so the concentration of ferric ion in the solution
at pH 1.4—1.6 was lower than that at pH 1.0—1.2. As a
result, the oxidation levels were influenced accordingly.
The formation of passive layers should be diminished, as
it may impede the bio-oxidation reaction and consume
large amount of ferric ion in the solution [19,27]. Even
though the optimum pH to maintain the activity of
microorganisms was at 1.4—1.6, the oxidation levels
were not satisfied compared with that at pH 1.0—1.2. At
pH 1.0—1.2, the content of jarosite was only 19.9%, and
the redox potential value was higher than that at pH
1.4—1.6. This would necessitate operation probably at pH
values below 1.4 at the expense of reduced activity of
mixed culture to diminish the formation of detrimental
jarosite [11,28]. However, the activity of the
microorganisms must be taken into consideration, though
the content of jarosite was only 5.8% at pH 0.8—1.0, the
activity of microorgunisms decreased. As a result, the
oxidation levels of iron and sulfur were only 78.53% and
78.91% at pH 0.8—1.0, respectively. It was obvious that
the solution pH should be maintained at a certain range
in the second step to further improve the oxidation
efficiency.

3.3 Cyanidation tests

The oxidized residues under various conditions
were subjected to the cyanide leaching tests to determine
the oxidation efficiency. Obviously, the gold recovery
rate of gold from the head sample was low (51.22%).
The results indicated that the two-step approach
combined with pH control especially at pH 1.0—1.2 can
improve the gold recovery rate. The gold recovery rate
was elevated to 93.15%, about 21.02% greater than that
of the one-step approach, 8.49% higher than that of the
two-step approach without pH control, and 5.13% higher
than that at pH 1.4—1.6 in the two-step process.

The dependence of gold recovery rate from the
concentrate on the oxidation level of sulfide sulfur was
shown in Fig. 5. The data presented that the gold
recovery from the concentrate was linearly dependent on
the sulfide sulfur oxidation level (the regression
coefficient was greater than 0.98). It may be estimated
that the oxidation level of the sulfide minerals is the most
important factor that influences the cyanide leaching
efficiency.

4 Conclusions

1) A chemical leaching prior the bio-oxidation
process can enhance the leaching rates of iron and sulfur
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significantly in the concentrates. The oxidation levels of
iron and sulfur were elevated to 69.88% and 70.03%,
respectively; gold recovery was 84.66%. While the
oxidation levels of iron and sulfur were only 50.25% and
48.71%, respectively in the one-step process; gold
recovery by cyanidation was 72.13%.

2) The optimum pH range to carry out the
bio-oxidation process in the two-step process was
1.0-1.2. The oxidation levels of iron and sulfur were
further elevated to 82.23% and 85.52%, respectively
with a gold recovery of 93.15%.

3) The effect of microbial activity and precipitation
must be taken into consideration in the process of
bio-oxidation. A novel two-step process combined with
pH control can enhance the efficiency of bio-oxidation.
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