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ABSTRACT

In this study, microbial leaching of nickel from two arsenide ores (low-and high-grade samples) was
precisely investigated. The microbial leaching of nickeline was accomplished with the admixture of
mesophilic (Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, Leptospirillum ferrooxidans)
cultures in shake flasks with pulp densities of 0.5, 1, and 5% for low- and high grade samples. The nickel
content was over 99% dissolved by mesophilic bacteria of low-grade and high-grade samples after 10 and
28 days respectively at two 0.5% and 1% pulp densities, while the nickel content of the chemical and abiotic
control tests was much lower than biotic tests (about 6.9% and 26.7% for low-grade, 10.3% and 16.9%
for high-grade). This study marks the inaugural utilization of heterotrophic bacteria in such dissolution
processes. Evaluation of three bacterial strains, (Bacillus cereus, Glutamicibacter nicotianae, and Bacillus
zhanghouensis), revealed their proficiency in nickel dissolution from nickeline samples across a range of
solid percentages (0.5%, 0.8%, 1.1%, and 3%). Notably, Glutamicibacter nicotianae demonstrated superior
dissolution capabilities compared to its counterparts, resulting in 100% nickel recovery from low-grade
samples and 70% recovery from high-grade samples. Control leaching experiments corroborated these
findings, albeit with notably inferior dissolution rates (0.33%). Characterization of remaining samples and
microbial activity was conducted through various analytical techniques including SEM-EDS, FE-SEM, and
XRD analysis. The catalytic effect and galvanic interaction of different additives on the dissolution of the
samples were investigated so that for the solid density of 50 grams per liter of low and high-grade samples,
a specific amount of pyrite (0.75 g/L), graphite (0.8 g/L), L-Cysteine (0.48 g/L) and silver nitrate (0.0504
g/L) were added to the medium. In the low-grade sample, the nickel dissolution, all four additives in both
low-grade samples with iron (II) and sulfur additives and without iron (II) and sulfur additives showed a
positive efficiency so that the dissolution rate exceeded 90% on day 28. In high-grade, three of the four
additives (silver-pyrite and L-Cysteine) in the high-grade sample without iron (II) and sulfur additives had
a positive effect on the dissolution of nickel, and were able to increase the recovery to over 90% after 28
days, in the sample with iron (II) and sulfur additives, three additives (pyrite, silver, and L-Cysteine) had
the greatest, but in the presence of iron (II) and sulfur was not benefiting but also reduced the recovery
below 90%. That can be due to the high concentration of elements in the culture and its negative effect
on the preformation of bacteria. In this study, mesophilic bacteria, by forming and depositing secondary
arsenic minerals such as scorodite and jarosite, prepared the environment for their continued activity, which
was also confirmed in the XRD analysis results.
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1. Introduction

In this paper, the bioleaching method will be used to extract nickel-
cobalt from arsenic deposits. The most important problem of the
bioleaching method is the sensitivity of microorganisms to high
concentrations of elements, especially toxic elements such as
arsenic, and the time-consuming nature of this process.

On the other hand, for the extraction of arsenic deposits, there is
no solution other than following metallurgy, which, due to severe
environmental hazards and the production of highly toxic gases,
the environmental organization has severely limited the use of this
method. Therefore, the use of resistant and adapted bacteria can be
a suitable solution for solving this problem, and to reduce the time,
two-stage bioleaching, catalytic additives such as silver and pyrite,
or heterotrophic bacteria can be used.

The purpose of this paper is to investigate the effectiveness
of the bioleaching method to accelerate the extraction of valuable
elements from nickel ore. The studies conducted in the field of
using biotechnology to extract valuable elements from nickel are
very limited and almost not done. Using different additives such
as L-cysteine, graphite, Ag, and Pyrite can increase efficiency and
speed up the process. In addition, bacteria will be very efficient
from the point of view of the environment by producing secondary
biological minerals such as scorodite and settling and immobilizing
dissolved arsenic.

In this project, in the first stage, microorganisms suitable for
bioleaching are separated and purified from the soil and wastewater
of ore-producing areas. The isolated microorganisms are then used
to perform laboratory tests on a shake flask scale. During the process
of these tests, the most optimal performance will be obtained. In
the second phase, supplementary tests will be conducted based on
laboratory results. Among the advantages of this method, we can
mention the elimination of the washing step, preventing the leakage
of thousands of tons of di and trioxide arsenic in the atmosphere,
and speeding up the dissolution process. In other words, biological
processes are completely environmentally friendly and will avoid
the extensive environmental consequences of thermal metallurgy

methods.

2. Research methodology
The mesophilic bacteria  (Acidithiobacillus  ferrooxidans,
Acidithiobacillus thiooxidans, Leptospirillumferrooxidans)employed
in this study were sourced from the microbial bank of the Sarcheshmeh
copper mine. Conversely, heterotrophic bacteria (Bacillus cereus,
Glutamicibacter nicotianae, Bacillus zhanghouensis) were isolated
from soil, wastewater, and mine tailings of the Choghart mine.
For the isolation of heterotrophic bacteria, LB medium
supplemented with 10 g/L sodium chloride, 10 g/L yeast extract, 5
g/L tryptone, and adjusted to pH 8 was utilized.

The low-grade nickeline sample was collected from approximately
2.5 kilometers northwest of the village of Patang (based on the
geological map of Ahangaran), located in the Khorasan province
of eastern Iran. Meanwhile, the high-grade nickeline sample was
obtained from the Talmasi mine in central Iran. Sample sizes were
reduced to less than 7 millimeters using a jaw crusher and further
pulverized to <75 microns using a powder mill. Following the
preparation of samples for bacterial performance evaluation, all tests
were incubated for 27 days in shaking incubators at a temperature
of 30 degrees Celsius for mesophilic and heterotrophic bacteria,
and agitated at 150 revolutions per minute in rotary shakers. In the
low-grade sample, the pH of the solution exhibits an increasing
trend during the first two days following inoculation with the
mesophilic bacterial consortium (Acidithiobacillus ferrooxidans,
Acidithiobacillus  thiooxidans, Leptospirillum  ferrooxidans).
Subsequently, a decreasing trend in pH is observed, indicating the
adaptation of bacteria to the culture and commencement of activity.
The production of acid by bacteria results in a declining pH trend
in the medium. Based on the results of the Pregnant Leach Solution
(PLS) chemical analysis obtained from the bioleaching operation,
nickel recovery in tests with the presence of iron and sulfur, both
simultaneously and separately, exceeded 99% in a shorter period
of time. In these tests, the initial concentration of iron sulfate (as
a dual-iron source) in the medium was estimated to be 50 grams
per liter, with a solid percentage of 5 grams per liter, and an initial
acidity of the culture medium set at 1.8 pH. Additionally, the initial
sulfur content was 10 grams per liter. This was achieved while the
nickel recovery rate in acidic leaching with a pH of 1.8 reached
approximately 25.71%, and in the control sample with a pH of 6, it
was approximately 6.9%.

In this study, for a solid percentage of 50 grams per liter of
the low-grade sample, a specific amount of pyrite (0.75 grams
per liter), graphite (0.8 grams per liter), L-cysteine (0.48 grams
per liter), and silver nitrate (0.504 grams per liter) were added to
the environment. Considering that an increase in solid percentage
from 5 grams per liter to 50 grams per liter resulted in a reduction
in microbial activity and element recovery, the addition of these
substances aimed to enhance bioleaching recovery by inducing
catalytic effects and potential galvanic interactions between the
medium, minerals, and microorganisms. About heterotrophic
bacteria, only Glutamicibacter nicotianae demonstrated leaching

capabilities.

3. Results and discussions

The microbial leaching of nickeline was accomplished with the
admixture of mesophilic cultures in shake flasks with pulp densities
of 0.5, 1, and 5% as well as 0.5, 1, and 3% respectively. The
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nickel content was over 99% dissolved by mesophilic bacteria of
low-grade and high-grade samples after 10 and 28 days
respectively at two 0.5% and 1% pulp densities, while the nickel
content of the chemical and abiotic control tests was very lower
than biotic tests (about 6.9% and 26.7% for low-grade, 10.3% and
16.9% for high-grade). In addition, three heterotrophic bacteria
isolated from iron mine wastewater and tailing were used for bio-
leaching of low and high-grade nickeline bearing arsenic ores.
Three bacteria strains were investigated for their ability to leach
from nickeline samples in different pulp densities (0.5%, 0.8%,
1.1%, and 3%). The efficiencies of these isolates were compared
with each other, all the bacteria demonstrated leaching capability,
but generally, Glutamicbacter nicotiana was more effective
than the other strains. The Glutamicbacter nicotiana extracted
Ni 100%, for the low-grade sample and up to 70 for the high-
grade sample, respectively. In the control leaching experiment,
dissolution of Ni was only 0.33%. The catalytic effect and galvanic
interaction of different additives on the dissolution of the samples
were investigated so that for the solid density of 50 grams per
liter of low and high-grade samples, a specific amount of pyrite
(0.75 grams per liter), graphite (0.8 g/L), L-Cysteine (0.48 g/L)
and silver nitrate (0.0504 g/L) were added to the medium. In the
low-grade sample, the nickel dissolution, all four additives in both
low-grade samples with iron (IT) and sulfur additives and without
iron (II) and sulfur additives showed a positive efficiency. In high-
grade, three of the four additives (silver-pyrite and L-Cysteine)
in the high-grade sample without iron (II) and sulfur additives
had a positive effect on the dissolution of nickel, were able to
increase the recovery to over 90% after 28 days, in the sample
with iron (II) and sulfur additives, three additives (pyrite, silver,
and L-Cysteine) had the greatest, but in the presence of iron (II)
and sulfur was not benefiting but also reduced the recovery below
90%. That can be due to the high concentration of elements in the
culture and its negative effect on the preformation of bacteria. in
the all condition, graghite has the best application for dissolution
of Ni. Different analytical methods such as SEM-EDS, FE-
SEM, and XRD were applied to characterize the untreated and
bioleaching residue samples carefully. The secondary biomineral
(Scorodite) was formed by the solubilization of arsenic from
primary minerals in the presence of iron (II), which was proved

by the results of XRD analysis.
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4. Conclusion

Microbial dissolution of nickel from low-grade and high-grade
nickeline samples was meticulously examined, and the results
indicated the following:

- Initial investigations on the dissolution of samples revealed that
the presence of microorganisms is essential for the dissolution of
nickeline minerals, and chemical dissolution alone is not efficient
for extracting elements from the ore.

- Due to the high concentration of arsenic, especially in high-
grade samples, bacterial adaptation was carried out up to a solid
percentage of 10 grams per liter.

- Biological dissolution of the low-grade sample with mesophilic
bacteria at a solid percentage of 0.5% showed the highest nickel
dissolution efficiency, reaching 99% after 14 days.

- Biological dissolution of the high-grade sample with mesophilic
bacteria at a solid percentage of 0.5% exhibited the highest
efficiency for nickel dissolution, reaching 93% after 13 days. After
28 days, the efficiency reached 100%.

- Among the heterotrophic bacteria, Glutamicibacter nicotianae
proved to be the most efficient. After 21 days of treatment, the
low-grade sample with solid percentages ranging from 0.5%
to 1.1% exhibited the highest efficiency in nickel dissolution,
approximately 99%. Meanwhile, nickel recovery in high-grade
samples with a solid percentage of 0.5% ultimately reached
70%.

- Regarding the investigation of additives, in the low-grade sample,
all four additives showed positive efficacy in dissolution. By day
28, the dissolution rate reached over 90%. However, in the high-
grade sample, three additives—pyrite, silver, and L-cysteine—had
the most significant impact.

- In the presence of microorganisms and due to the appropriate
molar ratio of iron to arsenic, as well as considering the pH of
the medium and the required amount of oxygen for formation,
secondary biominerals such as scorodite and jarosite were suitable.
These minerals precipitated biologically as secondary biominerals

in the sedimentary environment.
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Table 1. Elemental analysis results of low- and- high grade samples by ICP-OES.

Elements As (%) | Ca(%) | Co(ppm) | Cu (%) | Fe (%) | Ni(%) | Pb(ppm) | Zn (ppm) Mg (%) Na( %)
sbspS 5 14.7 612 - 3.38 4.93 215 186 3.98 0.01>
g 50 3.83 7728 2.12 0.22 334 70.3 1013 0.04 0.04
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Figure 1. XRD analysis results of low-grade sample (A) and high-grade

sample (B).
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Figure 2. FE-SEM and EDS analysis of low-grade (A) and high-grade (B) samples.
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Table 2. Tests of chemolithotrophic bacteria (low-grade samples: Tests 1 to

9- high-grade samples: Tests 10-18).

Pulp density Temperature Additional
Test number Culture
gl (0 Fe and S
Tests 1&10 None 5 35 None
Tests 2&11 None 5 35 Fe’*
Tests 3&12 Mesophiles 5 35 None
Tests 4&13 Mesophiles 5 35 Fe* +8,
Tests 5&14 Mesophiles 5 35 Fe**
Tests 6&15 Mesophiles 5 35 S,
Tests 7&16 Mesophiles 10 35 Fe* +8,
Tests 8&17 Mesophiles 50 35 Fe* +8,
Tests 9&18 None 5 35 Acid
S g s S bs e gl T Y Uyl
Table 3. Tests of heterotrophic bacteria.
Pulp density Temperature
Test number Culture Bacterial type Elements Ore type
(g/L) ({9)
Tests 39-41 LB 5-8-11-30 30 B Ni-Co-As Low-grade
Tests 42-45 LB 5-8-11-30 30 B Ni-Co-Cu-As High-grade
Test 46 LB 5 30 A Ni-Co-Cu-As High-grade
Test 47 LB 5 30 C Ni-Co-Cu-As High-grade
Test 48 LB 5 30 Mixed culture Ni-Co-Cu-As High-grade
Test 49 LB 5 30 Spent medium Ni-Co-Cu-As High-grade
Test 50 LB 5 30 Control Ni-Co-Cu-As High-grade

OAIITYR5ke 5 s YA 85608 (sl gud) ke (333531 55306 () 500 905 =F U g

Table 4. Tests examining the effect of various additives (low-grade samples: 19 to 28 and high-grade samples: 29 to 38).

Pulp density | Temperature
Test number Culture Bacterial type Ore type Addtive
(g/L) O
Test 19 9K 50 30 mesophiles Low-grade none
Test 20 9K 50 30 mesophiles Low-grade graphite
Test 21 9K 50 30 mesophiles Low-grade pyrite
Test 22 9K 50 30 mesophiles Low-grade L-Cystein
Test 23 9K 50 30 mesophiles Low-grade Ag
Test 24 9K 50 30 mesophiles Low-grade add

Az
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Continued from Table 4. Tests examining the effect of various additives (low-grade samples: 19 to 28 and high-grade samples:

29 to 38).
Pulp density | Temperature
Test number Culture Bacterial type Ore type Addtive
(g/L) (§9)

Test 25 9K 50 30 mesophiles Low-grade Add-graphite
Test26 9K 50 30 mesophiles Low-grade Add-Pyrite
Test 27 9K 50 30 mesophiles Low-grade Add-Ag
Test 28 9K 50 30 mesophiles Low-grade Add-L-cystein
Test 29 9K 50 30 mesophiles High-grade none
Test 30 9K 50 30 mesophiles High-grade graphite
Test 31 9K 50 30 mesophiles High-grade pyrite
Test 32 9K 50 30 mesophiles High-grade L-Cystein
Test 33 9K 50 30 mesophiles High-grade Ag
Test 34 9K 50 30 mesophiles High-grade add
Test 35 9K 50 30 mesophiles High-grade Add-graphite
Test 36 9K 50 30 mesophiles High-grade Add-Pyrite
Test 37 9K 50 30 mesophiles High-grade Add-Ag
Test 38 9K 50 30 mesophiles High-grade Add-L-cystein

Al (3l Sadisad 3y5m 55 5 bl g S s e Foe B Yer a3gie
el a8l s e P00 bl

(S e (S 6l S sla SISl 5lie s 4 sle 4505 55 PH
535315 Ble Cul VA (55 2 G5l gkl b @it 51 ey 5 als 151 S
385 ST slas Sl OT .08 85 5 4 2l ) a9
S o g 0l OLla 7 6B Olon aslad a3 Sy il sl A 5
S 5YL (AG/AGCT o5 L) ORP (ki 55 aT 335530 5150 5 6 5L (g5l
BB 9y ks FOU) el 5 (g oo YO 3 50) dali (Sladgad 4 S
L5 0 ORP Hldis oy mies Lyls (G e Froe ¥ oaT Sl g g5l) (5 ST
(FJSC0) sl oy a YF 51ie U3 S8 5 53 AT (ool w50 &

ORP 3 pH & ki (w9 —\— ¥
S S bn =l 51 ey I3l 555 Y 53 )l oS 45505 53 Jslos pH Ol e
Acidithiobacillus - ferrooxidans, — Acidithiobacillus thiooxidans,) [} ;s
pH &l s Ly dTJ‘m 35,05 Gl 3l s, (Leptospirillum ferrooxidans
Sl 4 pa b 5 ods HE Sl Lo b a (g STl das e DL o ol 2l
ol el 8.5 55 4 (28l gy Jaes PH sl Wi L 03
Lg 54 0g LS i (25853 0> A 5 LS ity 13
53 gl Sl 5 LS il Sl i Ly oS 65 Oles Lol lagg ST
P PRy Y AR TR B PRI PS PRISTRTM PREPN PRIt i (-
(5, SL ) als J slows ORP .y o Iy o 700 VL 53,8 o5

7 700
] 600

1 s

st | %= — 500

=
2

w
=2

o e =

ORP(mV,Ag/AgCl)
H

5

=
=

of— = —— i T

==y =Test 1
=0 -Tet2
e Test3
~=Tetd
~dr-Test 5
=0 =Test6
=+ Tet7
=0 Test$
— Test 9

e oS 523 ORP, pH ool s v IS
STPAVEIP

Figure 3. Changes in ORP and
pH of the low-grade sample
over 27 days. Testl: (Control
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Figure 4. Changes in ORP and pH of the high-grade sample over 27 days.
Test10: (control sample), Test11: Fe,(SO,),, Test12: Without Fe(Il) and S°, Test13: Fe(Il)+ S°, Test 14: Fe(Il), Test15:
S0, Test16:10 g/L (S/L), Test17: 5 g/L (S/L), Test18: chemical sample.
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Figure 5. Changes in pH and ORP during heterotrophic microbial dissolution at 35°C in a high-geade sample

over 10 days.

Testd2: (Glutamicibacter nicotianae), Test46: spent medium, Test47: Bacillus zhangzhouensis, Test48:

Bacillus cereus, Test 49: mix of bacteria, Test50: (control sample).
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Figure 7. Recovery of nickel from high-grade nickelin over 27-days.
Test10: (control sample), Testl1: Fe,(SO,),, Test12: Without Fe(II)
and S°, Testl13: Fe(Il)+ SO, Test 14: Fe(Il), Testl5: S Test16:10
g/L(S/L), Test17: 5 g/L(S/L) , Test18: chemical sample.
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Figure 6. Recovery of nickel from low-grade nickelin over 27-days.
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Figure 8. Investigation the effect of different additives on the extraction of nickel from low-grade nickelin during over 45 days;

a) Dissolution of nickel without the presence of iron and sulfur; b) dissolution of nickel with the presence of iron and sulfur.
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Figure 9. Investigation the effect of different additives on the extraction of nickel from high-grade nickelin during over 45 days;

a) Dissolution of nickel without the presence of iron and sulfur; b) dissolution of nickel with the presence of iron and sulfur.
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Figure 10. nickel recovery by Glutamicibacter nicotianae bacteria at different solid levels, a) low-grade and; b) high-grade samples.
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Figure 12. SEM Micrographs and EDAX Analysis of nickelin samples after bioleaching:

a) control sample, b) low-grade sample,
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