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Abstract: Iodide-oxidizing bacteria (IOB) oxidize iodide into iodine and triiodide which can be utilized
for gold dissolution. IOB can be therefore useful for gold leaching. This study examined the impact
of incubation conditions such as concentration of the nutrient and iodide, initial bacterial cell number,
incubation temperature, and shaking condition on the performance of the gold dissolution through
the experiments incubating IOB in the culture medium containing the marine broth, potassium iodide
and gold ore. The minimum necessary concentration of marine broth and potassium iodide for the
complete gold dissolution were determined to be 18.7 g/L and 10.9 g/L respectively. The initial
bacterial cell number had no effect on gold dissolution when it was 1 × 104 cells/mL or higher. Gold
leaching with IOB should be operated under a temperature range of 30–35 ◦C, which was the optimal
temperature range for IOB. The bacterial growth rate under shaking conditions was three times faster
than that under static conditions. Shaking incubation effectively shortened the contact time compared
to the static incubation. According to the pH and redox potential of the culture solution, the stable
gold complex in the culture solution of this study could be designated as gold (I) diiodide.
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1. Introduction

Recovery of gold from ores and concentrates traditionally relies on cyanide leaching. Gold recovery
with cyanidation process generally involves crushing, grinding, leaching, activated carbon adsorption,
desorption, and electrowinning. However, cyanide leaching creates serious environmental risks
due to its severe toxicity. Several cyanide substitutes have been suggested by some workers [1–4].
The iodine–iodide gold leaching is well known as an effective and environmental-friendly method for
gold leaching without toxic chemicals such as cyanide, aqua regia and mercury [3,5]. According to Gos
and Rubo (2001) [6], acute toxicity and ecotoxicity of cyanide are much higher than iodine. Cyanide is
classified as a strong water contaminant however iodine is designated as slight water contaminant.
The triiodide (I3

−) is generated in the mixture of iodine (I2) and iodide (I−) by the chemical reaction as
shown by the Equation (1) [7].

I− + I2→ I3
− (1)

Gold can be dissolved in the mixture of iodide and triiodide, forming gold (I) diiodide and/or
gold (III) tetraiodide as shown by the Equations (2) and (3) respectively [7].

2Au + I3
− + I−→ 2[AuI2]− (2)
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2Au + 3I3
−
→ 2[AuI4]− + I− (3)

Iodine–iodide gold leaching also has an advantage that the leaching system could be operated in
a wide pH range (pH 2 to 10) [8], whereas the cyanide leaching should be operated under relatively
restricted alkaline conditions (pH 10 to 11). Iodine–iodide gold leaching is however disadvantageous
in the high cost for both iodine and iodide [9].

The application of microorganisms in metal solubilization processes has become more attractive
than conventional pyrometallurgical and hydrometallurgical processes due to its low operating cost
and eco-friendly nature [10]. Microorganisms have been applied in the commercial extraction of
precious and base metals from primary ores and concentrate through biooxidation and bioleaching.
Biooxidation has been utilized as a pre-treatment to dissolve sulfide minerals from refractory gold
ores prior to conventional cyanide leaching [11–15]. Bioleaching refers to microbially catalyzed
solubilization of metals from solid materials [16]. Iron- and sulfur-oxidizing acidophilic bacteria,
such as Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans, oxidize certain sulfidic ores
which contain encapsulated particles of elemental gold, resulting in improved accessibility of gold
to complexation by leaching agents such as cyanide [13]. In contrast, some microorganisms such as
cyanogenic or amino acid-excreting microorganisms solubilize the elemental gold by the formation
of gold-complexing metabolic products acting as biogenic lixiviants [13]. Bioleaching of gold by
cyanogenic bacteria has been reported [17–20].

Kaksonen et al. [21] proposed the utilization of biogenic iodine–iodide lixiviant solution which
was generated by iodide-oxidizing bacteria (IOB) for gold leaching. Khaing et al. [22] isolated IOB
strains from environmental samples and demonstrated the gold dissolution from gold ore using the
biogenic iodine–iodide lixiviant solution which was generated by IOB strains through the beaker-scale
experiments. Iodide can be oxidized into iodine by IOB as shown by the microbial Equation (4) [23].

2I−→ I2 + 2e− (4)

The underground brine water in natural gas fields in Japan contains iodide at 120 ppm, which
is approximately 2000 times that of iodide concentration in sea water. Because of such high iodide
concentration in this environment, many kinds of IOB inhabit the brine waters [24]. We therefore
collected the brine samples from a natural gas field in Japan and successfully isolated eight bacterial
strains of IOB from the brine samples in our previous study [22]. Those strains were then incubated in
a liquid culture medium containing nutrients, iodide and gold ore whose gold grade and pulp density
were 0.26 wt% and 3.3 w/v% respectively under 30 ◦C. All the strains oxidized iodide into iodine
and triiodide in the culture solution, resulting in gold dissolution from the ore as gold diiodide [22].
The best IOB strain dissolved gold from the ore completely within 5 days of incubation. However,
the contact time of the gold bioleaching with IOB and iodide may not be as fast as that of gold leaching
using cyanide, which was reported to be approximately 24–72 h for gold ore [7]. In addition, the costs
of the nutrient and iodide may be expensive, which may be a significant cost factor to consider for the
operation of the gold bioleaching with IOB and iodide. The influential factors for the bioleaching with
IOB and iodide therefore should be carefully examined in order to improve its performance.

This study focused on determining the impact of incubation conditions such as the concentration
of nutrient and iodide, incubation temperature, initial bacterial cell concentration and the shaking
incubation on the performance of the gold dissolution from an ore sample through the incubation
experiments which were carried out under variable conditions.

2. Materials and Methods

2.1. Characteristics of the Ore

The gold ore used in this study was sourced from the Modi Taung Gold Mine in Central Myanmar.
The ore sample was crushed and ground to powder with an average particle diameter less than 75 µm.
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This powdered ore was used in the experiments of the present study. The chemical composition of
the ore, as shown in Table 1, was determined by X-Ray Fluorescence (XRF, ZSX Primus II, Rigaku
Corporation, Tokyo, Japan) analysis. The gold content in the ore was 0.26 wt%. The ore microscopy
and X-Ray Diffraction (XRD) analysis using Rigaku RINT-2100 Diffractometer (Rigaku Corporation,
Tokyo, Japan), showed the presence of gold, galena, pyrite as the main phases, and sphalerite and
chalcopyrite as the minor phase. Free visible gold (>2mm) generally occurred as disseminated grains.
The principal gangue mineral was quartz. Mitchell et al. [25] described that high gold values are clearly
associated with high pyrite content in the veins.

Table 1. The chemical composition of the ground ore determined by XRF analysis.

Oxides &
Elements SiO2 SO3 Pb Al2O3 Fe2O3 CaO K2O ZnO Au MgO Ag Cr2O3 LOI

Content
(wt%) 78.6 4.57 3.37 3.47 3.12 2.92 1.64 0.82 0.26 0.24 0.20 0.16 0.61

2.2. Characteristics of the IOB Strain

The IOB strain which was selected as the most competent IOB strain through our previous study [22]
was used in this study. This IOB strain was identified as Roseovarius tolerans by analyzing the sequences
of its 16S rRNA gene and named a-1 strain. R. tolerans is a heterotrophic, gram-negative bacterium
belonging to α-subclass of Proteobacteria that can oxidize iodide to iodine, and iodide-oxidizing
reaction was mediated by extracellular oxidase that requires oxygen [24]. It was shown that the a-1
strain had an ability to complete the gold dissolution from the ore within 5 days of incubation in our
previous study as described above.

2.3. Culture Medium Preparation

We examined the impact of incubation conditions on the growth of a-1 strain and the gold
dissolution in this study. The reference conditions for the incubation experiments were as follows.
DifcoTM Marine Broth 2216 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used
as a nutrient for a-1 strain in this study. The culture medium for the reference contained the marine
broth and potassium iodide at the concentration of 37.4 g/L and 21.8 g/L respectively. 15 mL of culture
medium was poured into an 80 mL glass tube and lid with a silicone sponge plug. The culture medium
was steam-sterilized under 121 ◦C for 20 min. 0.5 g of ore powder which had been dry-sterilized under
140 ◦C for 4 h was put into the culture medium (pulp density was 3.3 w/v%).

The prescribed amount of preculture solution of a-1 strain was inoculated into the culture medium
so that the initial bacterial cell number was set to 3.0 × 106 cells/mL which was the reference initial
bacterial cell concentration of this study. The preculture solution was obtained by incubating a-1
strain in the culture medium containing only the marine broth at the concentration of 37.4 g/L at the
temperature of 30 ◦C under aerobic condition for a few days. Subsequently, the a-1 strain in the culture
medium was statically incubated in an incubator whose internal temperature was maintained at 30 ◦C
which was the reference incubation temperature of this study. The incubation time of this study was
set to 10 days because it had been shown that the gold dissolution in the culture solution of a-1 strain
was completed within 5 days by our previous study [22].

The a-1 strain was incubated in the culture medium in which only the concentration of the marine
broth was changed to 28.1, 18.7, 9.4 and 4.7 g/L in order to examine the impact of the concentration of
the marine broth on the bacterial growth and the gold dissolution. The a-1 strain was also incubated
in the culture medium in which only the concentration of potassium iodide was changed to 16.4,
10.9, 5.5 and 2.2 g/L. The initial bacterial cell concentration of a-1 strain was changed to 1.0 × 104 and
1.0 × 105 cells/mL respectively by changing the amount of inoculum whose bacterial cell number was
known in order to examine the impact of initial bacterial cell concentration on the bacterial growth
and the gold dissolution. The a-1 strain was incubated in the reference culture medium under 20, 35
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and 40 ◦C respectively in order to examine the impact of temperature on the bacterial growth and
the gold dissolution. In those experiments, the a-1 strain was incubated in two glass tubes under the
same condition to confirm the duplicability of results of the experiments. Lastly, the a-1 strain was
incubated in the reference culture medium with the reference initial bacterial cell concentration under
the reference temperature while being shaken. The shaking speed was 100 rpm. In this experiment,
twenty-two glass tubes including two tubes which were non-inoculated (control) were prepared in
order to understand the behavior of the growth of a-1 strain and the gold dissolution under shaking
conditions. Both solid samples and liquid samples were extracted from two tubes to confirm the
duplicability of results of the experiments every day and those samples were subjected to various
analyses as described below. The static incubation experiment was also carried out in parallel with the
shaking incubation experiment.

2.4. Analytical Procedures

After the incubation, the bacterial cell number in the culture solution was directly counted with a
Petroff–Hausser counting chamber using a phase-contrast microscope (EVOS XL Core Cell Imaging
System, Thermo Fisher Scientific Inc., Waltham, MA, USA). After counting the bacterial cell number in
the culture solution, the solid phase and liquid phase in the culture solution were separated by the
filtration using a membrane filter with 0.2 µm pore size. The solid sample on the membrane filter
was washed with pure water and dried in an oven whose internal temperature was 50 ◦C for a few
days. The dried solid sample was subjected to XRF analysis to evaluate the gold content in itself.
The leaching yield (%) was calculated based on the XRF analysis using the following equation.

LY = (OMAu − FMAu) × 100/OMAu (5)

where LY is the leaching yield (%), OMAu is the original mass of gold in the ore sample (g/g-ore) and
FMAu is the final mass of gold in the ore sample (g/g-ore). The leaching yield is usually calculated
based on the mass of soluble gold in the leachate which is measured using ICP-MS/AES/OES or Atomic
Absorption Spectrometry (AAS). However, it was calculated based on the mass of gold remaining
in the solid phase in this study. Both soluble gold and gold remaining in the solid phase had been
measured using ICP-MS and XRF respectively, and good balance between them had been obtained in
our previous study [22]. The mass of residual gold which was measured using XRF can be, therefore,
used for the evaluation of the leaching yield in this study.

The pH and redox potential of the filtrate were measured at room temperature using a handheld
ion/pH meter (IM-32P, DKK-TOA Corporation, Tokyo, Japan). The reference electrode was a silver–silver
chloride electrode in 3.3 mol/L solution of potassium chloride.

3. Results and Discussion

3.1. Impact of the Concentration of the Marine Broth and Potassium Iodide on the Bacterial Growth and the
Leaching Yield

Figure 1 shows the bacterial cell number (Figure 1a) and the leaching yield (Figure 1b) which
were obtained in the incubation experiments under different concentration of the marine broth and
potassium iodide. The bacterial cell number became higher as the concentration of the marine broth
increased as shown in Figure 1a. In particular, the bacterial cell number increased up to 1 × 108 cells/mL
or more in the culture solution whose initial concentration of the marine broth was 37.4 g/L. On the
other hand, the bacterial cell number was little different with the variation in the concentration of
potassium iodide. The concentration of the marine broth therefore has a significant influence on the
growth of a-1 strain, whereas the concentration of potassium iodide has little influence on that.

The leaching yield was influenced by both concentrations as shown in Figure 1b. Gold was
completely dissolved from the ore in the culture solution whose initial concentration of the marine
broth and potassium iodide was higher than 18.7 g/L and 10.9 g/L respectively. The minimum necessary



Minerals 2019, 9, 274 5 of 12

concentration of the marine broth and potassium iodide can be therefore assumed to be 18.7 g/L
and 10.9 g/L respectively under the incubation conditions of this study. It was assumed that the
leaching yield did not reach 100% in the other cases because iodine was not generated enough for the
complete gold dissolution in those cases. When the concentration of the marine broth was 9.4 g/L or
less, the growth of a-1 strain was not so vigorous and the generation of iodine was also not so active.
On the other hand, the amount of iodide which was the source for iodine was not enough for complete
gold dissolution when the concentration of potassium iodide was 5.5 g/L or less.
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Figure 1. Effects of variable concentrations of marine broth (MB) and potassium iodide (KI) on
(a) bacterial cell number and (b) gold leaching yield during 10 days of incubation experiment. Green
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The mass of gold in a glass tube can be calculated as 0.0013 g from gold grade and the pulp density
of the ore used in this study. Assuming that the minimum necessary concentration of the marine broth
and potassium iodide is 18.7 g/L and 10.9 g/L respectively, it is calculated that 216 g of the marine
broth and 126 g of potassium iodide are necessary for dissolving 1 g of gold from the ore. According
to our market price investigation, the price of the marine broth and potassium iodide for industrial
use is approximately 45,000 USD per 500 kg and 5400 USD per 50 kg respectively. The cost of the
minimum necessary amount of those chemicals for dissolving 1 g of gold from the ore can be calculated
as 19.4 USD and 13.6 USD respectively. This result indicates that the cost performance of this method
should be improved. In particular, the marine broth which was used in this study is a rich nutrient
source containing 16 components such as peptone, yeast extract and inorganic substances and more
costly compared to potassium iodide. It is therefore necessary to specify the effective components for
IOB among the components in the marine broth and prepare the original nutrient source whose cost
is cheaper. Moreover, it is also necessary to provide cheaper effective nutrient sources for IOB as an
alternative to the marine broth.

3.2. Impact of the Initial Bacterial Cell Number on the Bacterial Growth and the Leaching Yield

The results of incubation experiments which were started with three different initial bacterial
cell numbers are shown in Figure 2. Although the initial bacterial cell number was low such as
1.0 × 104 and 1.0 × 105 cells/mL, a-1 strain grew and the bacterial cell number increased to 4.2 × 107

and 5.4 × 107 cells/mL after 10 days incubation, which were approximately close to 1.2 × 108 cells/mL
which was the bacterial cell number in the reference condition. Gold was almost completely dissolved
in all cases. Those results indicate that gold can be dissolved completely from the ore regardless of the
initial bacterial cell number. In terms of practically of this method, it is an advantage to be able to start
the incubation of a-1 strain with low initial bacterial cell concentration.
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Figure 2. Effects of different initial bacterial cell numbers on the gold extraction during 10 days of
incubation experiment. Initial bacterial cell numbers are set to 1 × 104 cells/mL, 1 × 105 cells/mL and
1 × 106 cells/mL respectively. Bacterial cell numbers (cells/mL) is shown by the left vertical axis whereas
the leaching yield (%) is indicated by the right vertical axis. N.C. is the negative control without
inoculation of bacteria.

3.3. Impact of Temperature on the Bacterial Growth and the Leaching Yield

Figure 3 shows the results of the incubation experiments which were carried out under different
temperature conditions. The highest bacterial cell number was observed in the culture solution which
was incubated at 30 ◦C. The growth of a-1 strain was also excellent at 35 ◦C, whereas it was poor at
25 ◦C and 40 ◦C. In particular, the growth of a-1 strain was significantly affected at 40 ◦C and the
bacterial cell number after 10 days of incubation was less than 1.0 × 106 cells/mL. The same tendency
was seen as the bacterial cell number with respect to the relation between the leaching yield and
temperature. All gold contained in the ore was almost completely dissolved in the culture solution
in which a-1 strain was incubated at 30 ◦C and 35 ◦C and more than 1 × 108 cells/mL of bacterial
cell number was observed. The leaching yield was 79% and 39% in the culture solution which was
incubated at 20 ◦C and 40 ◦C respectively.

These results suggested that the gold dissolution depends on the activities of a-1 strain in this
study although the dissolution of elements from ore is generally promoted with the increase in
temperature [26]. It is therefore important to operate the gold bioleaching with IOB and iodide
under the optimal temperature for the activities of IOB. The bacterial activities are usually sensitive to
temperature change. The optimal growth temperature of the species R. tolerans was reported as 33.5 ◦C
by [27]. The optimal temperature for the bacterial growth and the gold dissolution was also 30 ◦C under
the incubation conditions of this study. In particular, a significant difference of the bacterial growth and
the gold dissolution was observed between the incubations at 35 ◦C and 40 ◦C. The gold bioleaching
with IOB and iodide should be therefore operated under the temperature between 30–35 ◦C.

3.4. Impact of Shaking Condition on the Bacterial Growth and the Leaching Yield

Figure 4 shows the temporal changes of the bacterial cell number and the leaching yield which
were obtained by shaking and static incubation experiments. The bacterial cell number increased to
3.3 × 107 cells/mL after 1 day of shaking incubation. The growth of a-1 strain reached stationary phase
after 3 days of shaking incubation and the maximum bacterial cell number reached 5.1 × 108 cells/mL at
that time. The bacterial cell number was gradually decreased after that and became 1.5 × 108 cells/mL
after 10 days of shaking incubation. The leaching yield increased following the bacterial growth.
The leaching yield began to increase after starting the shaking incubation and it increased to 7%, 43%
and 78% after 1 days, 2 days and 3 days of shaking incubation respectively.
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Figure 3. Effect of difference temperature conditions on the bacterial cell numbers and leaching yield
during 10 days of incubation experiment. Bacterial cell numbers (cells/mL) is indicated by the left
vertical axis with a logarithmic scale and error bars. The leaching yield (%) is indicated by the right
vertical axis with a linear scale and errors bars. N.C. is the negative control without inoculation of
bacteria. The pulp density of the culture solution was 3.3 w/v%. The leaching yield was calculated by
the Equation (5) by using the results of XRF analysis of the solid residue collected from culture solution
after 10 days of incubation.

Minerals 2019, 9, x FOR PEER REVIEW 7 of 12 

 

 

Figure 3. Effect of difference temperature conditions on the bacterial cell numbers and leaching yield 
during 10 days of incubation experiment. Bacterial cell numbers (cells/mL) is indicated by the left 
vertical axis with a logarithmic scale and error bars. The leaching yield (%) is indicated by the right 
vertical axis with a linear scale and errors bars. N.C. is the negative control without inoculation of 
bacteria. The pulp density of the culture solution was 3.3 w/v%. The leaching yield was calculated by 
the Equation (5) by using the results of XRF analysis of the solid residue collected from culture 
solution after 10 days of incubation. 

On the other hand, both bacterial growth and leaching yield observed in the static incubation 
experiments were inferior to those observed in the shaking incubation experiments. The bacterial cell 
number of static incubation reached to the level equal to that of shaking incubation after 8 days of 
incubation. Also, the leaching yield reached to 100% after 5 days of static incubation, which was one 
day later than the time when the leaching yield reached to 100% in the shaking incubation. 

 

Figure 4. Temporal changes of bacterial cell numbers and Au leaching yield in the ore sample during 
shaking and static incubation experiments. Dynamic changes of bacterial cell number (blue circle) and 
Au leaching yield (red circle) from the ore sample in the culture solution with shaking effect. Bacterial 
cell number (blue cross) and Au leaching yield (red cross) from the ore sample in the culture solution 
without shaking effect. The bacterial cell number (cells/mL) is indicated in the left vertical axis with 
logarithmic scale. The Au leaching yield (%) is shown by the right vertical axis with a linear scale. 

0

25

50

75

100

20 30 35 40 N.C.

Le
ac

hi
ng

 y
ie

ld
, %

Ba
ct

er
ia

l c
el

l n
um

be
r, 

ce
lls

/m
L

Temperature, ºC

1x105

1x106

1x107

1x108

1x109
Bacterial cell number      Leaching yield

0

25

50

75

100

0 2 4 6 8 10
Incubation Time, days

Le
ac

hi
ng

 y
ie

ld
, %

Ba
ct

er
ia

l c
el

l n
um

be
r, 

ce
lls

/m
L

Bacterial cell number_Shaking
Bacterial cell number_Static
Leaching yield_Shaking
Leaching yield_Static

1x106

1x107

1x108

1x109

1x1010

Figure 4. Temporal changes of bacterial cell numbers and Au leaching yield in the ore sample during
shaking and static incubation experiments. Dynamic changes of bacterial cell number (blue circle) and
Au leaching yield (red circle) from the ore sample in the culture solution with shaking effect. Bacterial
cell number (blue cross) and Au leaching yield (red cross) from the ore sample in the culture solution
without shaking effect. The bacterial cell number (cells/mL) is indicated in the left vertical axis with
logarithmic scale. The Au leaching yield (%) is shown by the right vertical axis with a linear scale.

On the other hand, both bacterial growth and leaching yield observed in the static incubation
experiments were inferior to those observed in the shaking incubation experiments. The bacterial cell
number of static incubation reached to the level equal to that of shaking incubation after 8 days of
incubation. Also, the leaching yield reached to 100% after 5 days of static incubation, which was one
day later than the time when the leaching yield reached to 100% in the shaking incubation.
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The impact of shaking condition on the bacterial growth and the leaching yield was quantitatively
evaluated based on the growth rate and leaching rate which were calculated from the experimental
results. Both growth rate and leaching rate were calculated using the bacterial cell number and the
leaching yield obtained during the exponential growth phase because the incubation experiments
were performed in closed system. Accordingly, the growth rates under shaking and static conditions
were calculated using the bacterial cell numbers obtained during 0–3 days and 0–7 days respectively.
Also, the leaching rates under shaking and static conditions were calculated using the leaching yields
obtained during 1–4 days and 1–5 days respectively. The growth rates of a-1 strain under shaking
and static conditions were 1.67 days−1 and 0.56 days−1, respectively. The growth rate under shaking
condition was three times faster than that under static condition. The leaching rates of gold under
shaking and static conditions were 0.41 mg/day and 0.31 mg/day, respectively. The difference between
both leaching rates was not so large in comparison with the difference between both growth rates.
In particular, the time before the growth of a-1 strain had been started was shortened by shaking
incubation and the gold dissolution was also started earlier than the start of the gold dissolution in
static incubation. Shaking incubation can be effective to shorten the contact time of the gold bioleaching
with IOB and iodide.

3.5. Consideration of the Type of Dissolved Gold by the Measurement of pH and Redox Potential

According to Angelidis et al. [7] and Baghalha [28], gold can be dissolved and stable in the
iodine–iodide solution as gold (I) diiodide at the pH range of 0 to 13 and the redox potential range of
400 to 600 mV respectively. When the redox potential of the solution is higher than 600 mV, gold is
stable as gold (III) tetraiodide in the solution. The pH and redox potential of the culture solution were
measured in order to understand the type of gold dissolved in the culture solution in this study.

The pH and redox potential of the culture solution which was incubated under the reference
conditions for 10 days were 8.0 to 8.3 and 522 mV to 547 mV respectively, whereas those of the
non-inoculated culture medium (control) was 7.1 and 173 mV respectively. The type of gold in the
culture solution could be therefore designated as gold (I) diiodide.

The pH and redox potential of the culture solution in which the complete gold dissolution was
observed in the experiments changing the concentration of the marine broth (18.7 g/L to 37.4 g/L)
and potassium iodide (10.9 g/L to 21.8 g/L) were within a range of 7.8 to 8.2 and 512 mV to 547 mV
respectively. Those of the culture solution which was incubated with initial bacterial cell number
of 1 × 105 cells/mL and 1 × 104 cells/mL were within a range of 7.7 to 8.2 and 472 mV to 546 mV
respectively. Those of the culture solution which was incubated at 30 ◦C to 35 ◦C, which were the
optimal temperature for the bacterial growth and the gold dissolution, were within a range of 8.0 to 8.1
and 501 mV to 543 mV respectively. Those of the culture solution which was incubated under shaking
condition were 8.4 and 540 mV respectively.

Thus, the pH and redox potential of the culture solution in which gold was completely dissolved
from the ore were within a range of 7.7 to 8.4 and 472 mV to 547 mV. The stable gold complex in the
culture solution of the present study could be designated as gold (I) diiodide based on the pH and the
redox potential of the culture solution.

3.6. Comparison of the Present Study with Other Bioleaching Studies

The present study and other bioleaching studies carried out by the application of some
other microorganisms (Chromobacterium violaceum, Pseudomonas aeruginosa, Pseudomonas fluorescens,
Acidithiobacillus sp., Aspergillus niger, Streptomyces setonii) were compared and shown in Table 2. Based
on the result of the present study, gold can be solubilized completely from high-grade free milling ore
having average particle size of 75 µm within 10 days incubation experiment using the IOB-generated
iodine–iodide lixiviant. The IOB method is promising due to high gold leaching yields obtained, and
the possibility to have cyanide-free process.
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Table 2. Comparison of the gold bioleaching efficiency and process conditions from the present study with other gold bioleaching studies.

Bacteria Particle Size of
Ore Sample, µm

Gold Source,
Pretreatment

Pulp Density,
w/v% Nutrient, Nutrient Salts Leaching

Efficiency, % Temp., ◦C Initial Bacterial Cell
Number, Cells/mL pH Reference

Roseovarius
tolerans <75

Sulfide ore with free
milling gold without

pretreatment
3.3 18.7 g/L Marine broth,

10.9 g/L KI 100 30–35 1 × 104 7.7–8.4 This
study

Aspergillus
niger

10,000 × 10,000
(rock block)

Printed circuit boards
(PCBs) without

pretreatment
3.8 × 10−3

50.0 g/L glucose, 0.10 g/L CaCl2,
0.50 g/L KH2PO4, 1.5 g/L NH4Cl,

0.025 g/L MgSO4·7H2O
87.0 28 ± 2 - 4.4–6.6 [29]

Chromobacterium
violaceum 74–400 PCBs biooxidized

by At. ferrooxidans 0.5 0.98 g/L MgSO4·7H2O 70.6 30 2.3 × 1014 11.0 [20]

Chromobacterium
violaceum 37–149

Electronic waste
biooxidized by
At. ferrooxidans

1.0 - 69.3 30 - 7.2–8.8 [19]

Chromobacterium
violaceum,

Pseudomonas
aeruginosa

37–149
Electronic waste
Biooxidized by
At. ferrooxidans

1.0 - 73.2 30 - 7.2–9.2 [19]

Chromobacterium
violaceum,

Pseudomonas
fluorescens

37–149
Electronic waste
biooxidized by
At. ferrooxidans

1.0 - 63.1 30 - 7.2–8.8 [19]

Chromobacterium
violaceum

1000 × 1000
(rock block)

Waste of mobile
phone PCBs without

pretreatment
1.5 1.0 g/L MgSO4·7H2O 10.9 30 - 8.0–11.0 [18]

Streptomyces
setonii 75

Refractory ore
biooxidized

by At. thiooxidan,
At. ferrooxidans,

and L. ferrooxidans

5.0
5.0 g/L tryptone,

3.0 g/L yeast extract, 0.5 g/L KCl,
MgSO4·7H2O,

94.7 23–37 - 10.5–11.0 [11]

Acidithiobacillus
sp. <74 Pyrrhotite refractory ore

without pretreatment 50 10,100 g/t Ca(OH)2,
16,000 g/t NaCN 19.7 25 - 11.0 [30]

Acidithiobacillus
sp. <74

Pyrrhotite refractory ore
biooxidized by
At. ferrooxidans

50 19,100 g/t Ca(OH)2,
22,000 g/t NaCN 91.0 25 - 11.0 [30]

Acidithiobacillus
ferrooxidans 20–125

Arsenical refractory
sulfide concentrate

biooxidized by
At. ferrooxidans

5.0 160,000 g/t NaCN 85.2 35 - 10.5–12.0 [15]

Note that “-“ denotes “absence” of the items or “the literature did not mention”.
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4. Conclusions

This study focused on the bioleaching of gold from a gold ore by using IOB. The incubation
experiments of an IOB strain were carried out using the culture medium containing the marine broth,
potassium iodide and a gold ore under various conditions in order to obtain useful information
about the influential factors for improving the performance of the bioleaching with IOB and iodide.
Specifically, the impact of concentration of the marine broth and potassium iodide, initial bacterial cell
number, incubation temperature, and shaking conditions on the growth of the IOB strain and the gold
dissolution was evaluated through the incubation experiments in this study. The results obtained are
summarized below.

The concentration of the marine broth and potassium iodide should be higher than 18.7 g/L and
10.9 g/L respectively in order to dissolve gold completely from the ore used in this study. From these
results, it was calculated that 216 g of the marine broth and 126 g of potassium iodide are necessary for
dissolving 1 g of gold from the ore. The cost of those chemicals required for dissolving 1 g of gold
from the ore was calculated as 33 USD on the basis of their price for industrial use. Thus, the cost
performance of this method should be further improved by screening the effective components from
among the components in the marine broth and/or searching for cheaper effective nutrient sources as
alternatives to the marine broth.

When the initial bacterial cell number was 1× 104 cells/mL or higher, the initial bacterial cell number
had no significant impact on the growth of the IOB strain and the gold dissolution. The operation of
bioleaching with the IOB strain and iodide can be started with low bacterial cell numbers.

Gold contained in the ore was almost completely dissolved in the culture solution incubated at
30 ◦C and 35 ◦C, therefore, the optimal temperature for the growth of the IOB strain and the gold
dissolution was within a range of those temperatures. The operation of the bioleaching with IOB and
iodide should be operated within temperature range between 30 ◦C and 35◦C.

The bacterial growth of the IOB strain was promoted under shaking condition. The growth rate
of the IOB strain under shaking condition was three times higher than that under static condition.
Accordingly, the gold dissolution was also promoted under shaking condition.

The pH and redox potential of the culture solution in which complete gold dissolution was
observed were within a range of 7.7 to 8.4 and 472 mV to 547 mV. The stable gold complex in the
culture solution of this study could be designated as gold (I) diiodide.

The only competitor of IOB to obtain iodide–triiodide for gold leaching is the chemical
iodine–iodide leaching. Previous study [22] and the present study proved that gold-bioleaching
is as effective as chemical iodine leaching. Gold can be recovered completely after 5 days of incubation.
However, bacterial leaching of gold using IOB compares unfavorably with chemical iodine–iodide
leaching because it is a slower process and the leaching (contact) time may not be as fast as that of
direct chemical leaching. In practice, the costs of the reagents iodine and iodide are quite high. Even
though gold leaching rate or dissolution in iodine–iodide solution is proved to be much faster than
in conventional cyanidation process [2,31], iodine–iodide processing of gold is under-utilized and
insufficiently explored mainly due to its high cost [2]. However, one advantage is that, in bioleaching
operation using IOB, iodine can possibly be recovered at the end of leaching processes. Only the cost
of nutrients (marine broth) and KI must be taken into account. To the best of our knowledge, there are
no other ways to produce iodide–triiodide.
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