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ABSTRACT

The article presents the research results for the effectiveness of copper extraction from ores of the Satpayev deposit
with complex, mixed composition bacterial leaching. The experiments with pre-acidification of copper samples
were performed using biological oxidation by A. Ferrooxidans bacterial culture, adapted strain. Biochemical open-
ing moes of mineral raw materials using 4. Ferrooxidans bacteria of a particular strain adapted to the copper waste
composition and capable of oxidizing sulfide and iron-bearing minerals were worked out. The optimal growth con-
ditions for microorganisms in copper mineral pulp medium were established (temperature, pH, S: L.) The highest
leaching efficiency, up to 88.65%, was observed in the experiments with preliminary bio-oxidation of samples by

A. Ferrooxidans bacterial culture.
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INTRODUCTION

Kazakhstan has significant potential reserves
of copper-containing mineral raw materials. The
Satpayev deposit dumps are an additional source
along with ores. The heap leaching method is
the most promising for copper raw materials, as
it enables to process dumps of old and new pits
of deposits, for which the beneficiation method is
unprofitable.

The determining factors in the application of
heap leaching should include the availability of
sufficient metal reserves, climatic conditions of
the area of works, the material composition of
raw materials, the content of harmful impurities,
etc. [Hayes, 2011].

Development of these deposits is made due
to reduction of stocks of easily beneficiated sul-
fide copper ores as well as the arising necessity
to involve complex oxidized and mixed hard-
to-beneficiate ores in processing. Besides, these
ores differ by origin and composition, includ-
ing, for example, off-balance ores of Benkala,

Ayak-Kodzhan deposits. Hydrometallurgical
copper extraction from ores and concentrates is
a complex and heterogeneous process, the rate
of which is determined by the chemical nature of
the solvent, its composition, as well as the struc-
ture and chemical properties of copper minerals
[Mukhanova et al., 2022].

At present, the use of bacteria in the copper
extraction from ore is of great importance. The
term «bacterial leaching» means an intensified
process of metal leaching from ores. The role of
Acidithiobacillus ferrooxidans (At. ferrooxidans)
bacteria in ore bio-oxidation processes is widely
known. A number of studies have shown the
economic advantages of the bacterial leaching
process. It was found that the copper extraction
percentage increases by several orders of
magnitude, if oxidized ores are pretreated. It
was shown that adaptation of bacteria before
bioleaching increases the process efficiency [Juan
Carlos Gentina et al., 2013].

Inmost cases, the standard hydrometallurgical
technology of copper production is limited to
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the possibility of using simple composition with
low content of divalent iron compounds only on
oxidized raw materials. The presence of iron in
divalent form, in the form of pyrite, pyrrhotite
and other compounds, significantly complicates
the leaching process, also increasing the
consumption of the main leaching reagent, i.e.
sulfuric acid. It results in the need to pretreat raw
materials with oxidizing reagents and to convert
iron to the oxidized trivalent form. The use of
chemical oxidants, such as sodium peroxide,
potassium hypochlorite in the process of noble
metals leaching, in the case of copper raw
material is not cost-effective. The use of bacterial
cultures as an oxidizing reagent is known in
domestic and world practice, [Abubakriev et
al., 2015; Koizhanova et al., 2022; Magomedov
et al., 2016]. The main advantages of bacterial
oxidation are the high efficiency of divalent
iron conversion to trivalent iron, as well as the
inexpensive cost of this technology.

Acidophilic  bacteria —  Acidobacillus
ferrooxidans — were chosen as the most suitable
microorganisms. These microorganisms are
characterized by the ability to reduce metals
as well as remove sulfur and phosphorus from
solutions.

Itis required to establish the minimum growth
conditions for the use of these microorganisms at
both stages of copper extraction and removal of
undesirable impurities from working and spent
solutions for direct use in work, and optimal
conditions — for preparation for use [Patent 2016].

Thus, the preliminary analysis of candidate
microbial cultures for use in the proposed
technology was based on compliance with such
criteria as high lability of physiological and
biochemical exchange, ability to grow at pH 0—4
and temperatures ranging from 4 to 35 degrees
Celsius, preserving the ability to reduce metals
and utilize sulfur, nitrogen and phosphorus,
i.e. the ability for phototrophic, heterotrophic
and mixotrophic growth. Representatives of
thiobacteria — Acidocillus ferrooxidans — were
chosen as the most suitable microorganisms.
Adaptation and growth of A. ferrooxidans
bacterial culture is usually accompanied by
certain changes in the solution parameters [Lin et
al., 2021; Santaolalla et al., 2021;], in particular,
an active decrease in the Fe?" concentration
and increase in Fe*" ions are observed. Copper
compounds are often toxic to the standard strain
of A. Ferrooxidans, which requires additional
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microbiological ~selection with cultivation
of an adapted culture [Lv, X., et al., 2021].
The A. Ferrooxidans strains adapted to the
conditions of copper raw materials allow
the bioleaching of sulfides with emphasis on
copper sulfides [Shenghua et al., 2018; Zhou
et al., 2021]. A sample of Acidithiobacillus
ferrooxidans-1333 strain bred at the Korean
Center for Culture Collection is known to show
high results of Fe?* oxidation in chalcopyrite
due to high immobilization of the bacteria to the
specificity of this mineral [Song et al., 2020].

The aim of the work was to conduct research
and develop a biohydrometallurgical technology
for copper extraction from waste rock using
thionic At. ferrooxidans bacteria capable of
oxidizing sulfide minerals.

MATERIALS AND METHODS

Different variants of bacterial culture regimes
were studied in order to reveal the efficiency of
the use of biological agents in the process of cop-
per extraction. Chemolithotrophic microorgan-
isms catalyze the oxidation of inorganic com-
pounds to obtain energy for their vital activity;
A. ferrooxidans bacteria cause oxidation of iron
(IT) ions with oxygen.

Media and cultivation conditions

Normal growth and development of bacteria
require the presence of mineral salts in the solu-
tion, primarily containing nitrogen, phosphorus,
and potassium used by cells in energy metabo-
lism. Silverman and Lungren nutrient medium,
also called 9K medium that has the following
composition per 1 liter of water: 1 ml of 1 n sulfu-
ric acid, (NH,),SO, - 3 g; KCI -0.1 g; K, HPO, —
0.5 gr; MgSO,-7H,0 - 0.5 g; Ca(NO,), - 0.01 g,
FeSO,-7H,O - to the required concentration, was
used for iron (II) oxidation by bacteria of the Aci-
dithiobacillus ferrooxidans species. A less con-
centrated 9K/2 medium was used to reduce the
precipitation amount of media elements during
immobilization of microorganisms.

The number of microorganisms in the solu-
tion was counted by the method of limit tenfold
dilutions and by direct cell counting under a mi-
croscope with a phase-contrast device. Concen-
tration of dissolved oxygen in solutions was deter-
mined by a WTWOxi 3310 oximeter (Germany)
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with an electrochemical sensor. When analyzing
the data on the chemolithoautotrophic bacteria
number, the main degree indicators of redox pro-
cesses, it should be noted that Acidobacillus fer-
rooxidans occurred in solutions in small amounts.
The content of Acidobacillus ferrooxidans was
noted in all samples of the solutions having acidic
reaction, and the number of its cells reached from
105 to 106 cells/ml.

Determination of physical and
chemical parameters

The values of hydrogen index (pH) and redox
potential (Eh) of the solution were determined us-
ing [-160MI ionometer. The measuring electrode
was used to measure the Eh value of the solution,
including platinum ETPL-01M electrodeand aux-
iliary ESr-10103 chlorosilver electrode.

The moisture of ore and solid leach products
(cakes) was determined by drying to constant
weight according to the GOST 5180-84 proce-
dure. Sulfuric acid concentration in the solution
was determined by the acid-base titration method.
The concentration of iron in the solution was de-
termined by means of the trilometric method with
a measurement error of 4%.

Perkin Elmer Optima 7000DV (USA) atomic-
emission spectrometer with inductively coupled
plasma and Ex-Calibur (USA) energy dispersive
X-ray fluorescence spectrometer were used to de-
termine the copper concentration in solution and

RESULTS AND DISCUSSION

Microorganisms and their adaptation

Selection and optimization of nutrient media
are important tasks in microbiological research.
A. Ferrooxidans bacterial strain adapted to pecu-
liarities of chemical and mineralogical compo-
sition of copper raw material was preliminarily
selected when a biochemical oxidation solution
of ore material was worked out. During the strain
adaptation process to the mineral raw material,
the number of surviving bacterial cells was ana-
lyzed in 10 days, as well as an increase in the iron
concentration in oxidation degree 37, indicating
the active metabolism of microorganisms. Three
main adapted strains were selected based on the
selection results, with strain 3 showing the great-
est activity. The increase in iron concentration is
shown in Figure 1.

Thus, an adapted strain of A. Ferrooxidans
was chosen for further experiment on bacterial
oxidation of copper ore. In most cases, the chemi-
cal composition of copper ores turns out to be
somewhat detrimental for bacterial cells. In par-
ticular, Cu** copper ions and a number of arsenic
compounds produced also in the arsenopyrite de-
composition have a negative effect on the bacteria
growth and metabolism. The flowsheet showing
the selection process of the adapated A. Ferrooxi-
dans bacterial strain is shown in Figure 2.

The A. Ferrooxidans strain adapted to the
copper raw material composition was further
investigated on the influence of pH factors. For
this purpose, an experiment was performed in-
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Figure 1. Increase in Fe*" concentration during pulp oxidation by bacterial strains
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Figure 2. Selection of an adapted A. Ferrooxidans strain to the chemical composition of copper minerals

mineral pulp by bacterial culture with different
pH variants of the medium. The initial indicators
of a bacterial solution were cell concentration
10° cells/cm?® (0.1x10°), pH = 1.85, Fe*" concen-
tration — 3.1 g/l, and Fe*" concentration — 0.07
g/l. The copper content in the initial mineral raw
material is 0.28%, total iron is 2.9%. Total dura-
tion of the experiment was 5 days. The obtained
solutions were filtered and analyzed for the con-
tent of bacterial cells, as well as bivalent and tri-
valent iron ions. As a result, the following vari-
ants of slurry acidity indicators were worked out:
pH=0.8;pH=1.0;pH=1.2;pH=1.5;pH=1.8;
pH=2.0; pH=2.3.

It can be seen from the results of Table 1 that
the growth of the A. Ferrooxidans bacterial cul-
ture on the pulp of copper-containing mineral raw
materials is observed only at pH values of more
than 1.2. Thus, the concentration of bacterial cells

in the initial solution at pH = 1.5 increases from
0.1 to 0.4 x 10° cells/cm?, while the concentration
of ferrous ions decreased by 50.0% from 3.1 g/l
to 1.55 g/l. At the same time, there is an increase
in ferric iron ions that occurs due to the ferrous
iron oxidation, as well additional extraction of
iron from pulp minerals. The subsequent increase
in pH to a level of 1.8 accelerates the growth of
bacterial cells already by 9 times, and at pH =2.0
by 14 times. The maximum growth of bacterial
cells, equal to 2.8 x 10° cells/cm?, was observed
at pH = 2.3, which is 28 times higher than the
number of cells in the initial solution, while the
concentration of Fe*" ions decreased by 92.9%
and amounted to 0.22 g /1, and Fe*" ions increased
to 4.3 g/l. Three main pH ranges of acidic media
that have a different effect on the growth factor of
bacterial cells are shown in the graph of Figure 3.

Table 1. Effect of pH values on bacterial cell growth and development

. . Changes of bio-solution parameters at different acidity of slurry
Parameters of bio-solution
pH-0.8 pH-1.0 pH-1.2 pH-1.5 pH-1.8 pH-2.0 pH-2.3
Bacterial cells, c/cm®x10° 0.01 0.015 0.1 0.4 0.9 1.4 2.8
. Decrease Decrease Increase by | Increase by | Increase by | Increase by

Changes of bacterial cell by 90 % by 85 % He uam. 4 times 9 times 14 times 28 times

Fe?, g/l 2.5 25 1.8 1.55 1.0 0.5 0.22

Fe®, g/l 1.5 1.6 2.1 2.7 3.3 3.6 4.3

AFe?*, % -19.35 % -19.35 % -41.94 % -50.00 % -67.74 % -83.87 % -92.90 %
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Figure 3. The pH ranges of an acidic environment and their effect
on the growth of A. Ferrooxidans bacterial cells

Table 2. The content of copper and the main elements of impurities

Content, %
Element

1 2 3 4 5
Cu 5.093 0.635 9.895 0.612 1.134
Fe 2.677 2.46 2.205 2.549 1.757
S 0.63 1.12 0.205 0.992 1.2
Ca 2.503 2.902 1.94 2.36 3.087
Al 4.224 6.182 4.396 3.532 5.033

Several samples were taken from different
points of the dump to conduct bioleaching ex-
periments by the agitation method. The chemical
composition of each point in terms of copper con-
tent and impurity elements is presented in Table 2.

From the data in the table, it can be seen that
the content of the main component of copper in
the ore raw materials of the dump is in the range
from 0.612 to 9.895%. The distribution of iron at
the occurrence points is relatively homogeneous
and ranges from 1.757 to 2.677%. The calcium
content is from 1.94 to 3.087%. There is a slight
heterogeneity from 0.205 to 1.2% in the distri-
bution of sulfur in the composition of the dump.
Aluminum is present in a noticeable amount; on
average, its content in the dump area is 4.7%.

Electron microscopic studies were performed
on a JEOL JXA-8230 scanning electron micro-
scope (Japan). Point EDS analysis (to determine
the structure and relief of the surface of miner-
als, the elemental composition of the sample) was

performed using an energy dispersive spectrom-
eter. Its results are shown in Figure 4.

A detailed mineralogical analysis of the
samples enabled to detect the presence of sulfide
compounds in the samples, such as pyrite, chalco-
pyrite, and chalcocite. The samples from different
sampling points were studied by mineralogical
methods in reflected light using an OLIMPUS-
BX 51 microscope. The largest part of the sample
is occupied by non-metallic minerals; very small
grains of pyrite can be clearly seen from ore min-
erals, the size of which reaches from 0.01-0.05
mm. Pyrite grains are free but they are also found
in intergrowths of non-metallic mass; relatively
fine sulfide material retains its detrital and ir-
regular forms inherent in it. There are only single
chalcopyrite fragments with grain size up to 0.02
mm. Images of sulfide fragments of samples are
shown in Figure 5.

After the optimal concentration of sulfuric
acid — 2.5% — was selected, experiments were
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Figure 4. Results of point EDS analysis (a) of the original sample (b) after leaching; a — microstructure of the
sample of the original ore sample; b — after ore leaching; ¢, d — energy dispersive analysis data before (c) and after

(d) leaching of copper ore

Figure 5. Mineralogical analysis of the sample; a) grains of pyrite; b) chalcopyrite

performed to leach copper from the samples under
study, using additional oxidizing reagents. Most
often bio-oxidation is considered as an oxidizing
compound, and A. Ferrooxidans strain 3 bacte-
rial culture previously adapted to the composition
of copper-containing raw materials, was used for
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the hydrometallurgical production of copper. The
samples were adapted and subjected to a bacterial
solution of A. Ferrooxidans at aratio of S: L=1:1
for the purpose of preliminary bio-oxidation, fol-
lowed by leaching by the agitation method. Fur-
ther leaching of the sample was performed with a
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Table 3. Leaching of the original ore sample using
bacterial oxidation

Extraction, %
1 5.093 67.6 70.44
2 0.635 26.59 28.58
3 9.895 75.09 88.65
4 0.612 36.24 45.18
5 1.134 73.97 87.3

solution of sulfuric acid with a concentration of
2.5%, with a ratio of S:L = 1:4.

The results of the pre-oxidation leaching ex-
periments presented in Table 3 show a marked in-
crease in copper extraction, compared to conven-
tional sulfuric acid leaching. Thus, the use of pre-
liminary bacterial oxidation on sample 1 enables
to extract 70.44% of copper within 6 hours of
leaching, while this figure is only 67.6% without
oxidation in the first six-hour stage. A noticeable
increase in recovery and a halving of the leach-
ing duration with bio-oxidation was also noted at
other sampling points.

Studies were performed by the biochemical
leaching method for the purpose of a compara-
tive study of the copper extraction from dumps
with complex composition. Copper extraction
from sample 3 increased from 75.09 to 88.65%;
sample 4 — from 36.2 to 45.18%; sample 5 — from
73.97 to 87.3%.

CONCLUSIONS

As a result of microbiological studies, mainly
heterotrophic microorganisms adapted to the con-
ditions of the current technological processes of
the deposit itself were found in the composition
of the microflora of the studied sample. The opti-
mal environment for intensive growth and devel-
opment of 4. ferrooxidans thionic iron-oxidizing
bacteria is the Silverman and Lundgren 9K me-
dium with a concentration of 5 g/l FeSO, - 7H,0.
It was established that for more efficient bacterial
oxidation of mineral raw materials, it is advisable
to pre-treat with a bacterial solution at a pH of at
least 1.5. At the same time, an increase of acidity
in pulp and a decrease in pH less than 1.2 have an
extremely negative effect on the survival of bac-
terial cells. The optimal temperature regime for
the growth and development of A. Ferrooxidans

culture is the temperature range of 20-30 °C. The
use of the most favorable factors for the growth of
bacterial cells (pH - 2.3, t = 20-30 °C) ultimately
makes it possible to increase their concentration
from 0.1 x 10° cells/cm® to 2.8 x 10° cells/cm’.

Copper extraction from dumps with complex
composition by biochemical leaching is 88.65%.

A biohydrometallurgical technology has been
developed to process waste dumps with a complex
composition from the Satpayev deposit. Thus, the
use of the catalyzing bacterial culture 4. Ferro-
oxidans greatly accelerates oxidative processes
and increases the degree of copper extraction by
an average of 8-10%.

Acknowledgements

This research was supported by a grant proj-
ect of the Science Committee of the Ministry of
Education and Science of Republic of Kazakh-
stan, project No. AP09258789.

REFERENCES

1. Abubakriev A.T., Magad E., Ignat’ev M.M.,
Koizhanova A.K., Esimova D.M. 2015.
Otrabotka optimal’nykh parametrov i rezhimov
vyshchelachivaniya med’soderzhashchih rud
Bajskogo mestorozhdeniya (Testing of the optimal
parameters and regimes of leaching copper of
Bajskoe ore deposit). Resursosberegayushchie
tekhnologii v obogashchenii rud i metallurgii
tsvetnyh metallov: Mater. Mezhdunar. Konf.
(Resource-saving technologies in the enrichment
of ore and non-ferrous metals: Proceedings. of
Internetion. Conf.) Almaty, Kazakhstan, 172—175.
(in Russian)

2. Hayes A. 2011. Investigates developments in
leaching equipment and process technology, Heap
Leaching. Mining Magazine, 62—68.

3. Gentina J.C., Acevedo F. 2013. Application of
bioleaching to copper mining in Chile. Electronic
Journal of Biotechnology, 16(3). DOI: 10.2225/
voll6-issue3-fulltext-12

4. KoizhanovaA.K., Magomedov D.R., TastanovE.A.,
Kenzhaliyev B.K., Sedelnikova G.V., Berkinbayeva
A.N. 2022. Intensification of copper leaching from
heaps using biological oxidation. Metalurgija, 61
(3-4), 789-792. https://hrcak.srce.hr/274040

5. Lin M., Yang B., Lin H., Liu S., Wang J. 2021.
Catalytic Effects of Red Mud and Acidithio-
bacillus ferrooxidans on Biodissolution of Py-

rite IOP Conference Series: Earth and Envi-
ronmental Science, 768 (1), 012019. https://

289



Journal of Ecological Engineering 2022, 23(10), 283—-290

www.scopus.com/inward/record.uri?eid=2-
$2.0-85106146950&d0i=10.1088%2f1755-
1315%21768%2f1%21012019&partner] D=40&m
d5=72af1457777ef31e2dfcd1618e6b5548 DOI:
10.1088/1755-1315/768/1/012019

. Lv X., Zhao H., Zhang Y., Yan Z., Zhao Y., Zheng
H., Liu W, Xie J., Qiu G. 2021. Active destruction
of pyrite passivation by ozone oxidation of a biotic
leaching system. Chemosphere, 277, 130335. DOI:
10.1016/j.chemosphere.130335

. Magomedov D.R., Magad E., Ignatiev M.M.,
Koizhanova A.K., Zhanabay Z. 2016. Extraction
of copper and precious metals from waste copper
dumps of the Sayak deposit. Complex Use of Min-
eral Resources, 4, 30-34.

. Mukhanova A., Tussupbayev N., Turysbekov
D., Yessengaziyev A. 2022. Improvement of the
selection technology of copper-molybdenum
concentrate with the use of modified flotoragents.
Metalurgija, 1, 221-224.

. Patent2016/0150.1 KZ, MCI In (11) 32300. Method
of extraction of copper from technogenic products
/ Application 09.02.2016; Publ. 15.08.2017, bul.
No. 15.

290

10. Santaolalla A., Gutierrez J., Gallastegui G., Barona

11.

12.

13.

A., Rojo N. 2021. Immobilization of Acidithioba-
cillus ferrooxidans in bacterial cellulose for a more
sustainable bioleaching process. Journal of Envi-
ronmental Chemical Engineering, 9(4). https://
www.scopus.com/inward/record.uri?eid=2-s2.0
85102640609&doi=10.1016%21j.jece.2021.10528
3&partnerD=40&md5=e2c6a69b9957ca4edd06£2
ffa47¢220f DOI: 10.1016/j.jece.2021.105283

Yin S., Wang L., Kabwe E., Chen X., Yan R., An
K., Zhang L., Wu A. 2018. Copper Bioleaching in
China: Review and Prospect. Minerals, 8(2), 32.
https://doi.org/10.3390/min8020032

Song C.-1.,Jo C.-M., Ri H.-G. 2020. Immobilization
of Acidithiobacillus ferrooxidans-1333 on the waste
ore particles for the continuous oxidation of fer-
rous iron. Iranian Journal of Biotechnology, 18(3),
55-61. DOI: 10.30498/ijb.2020.125528.2224

Zhou Z., Ma W, Liu Y., Ge S., Hu S., Zhang R.,
MaY., DuK., Syed A., Chen P. 2021. Potential ap-
plication of a knowledgebase of iron metabolism
of Acidithiobacillus ferrooxidans as an alternative

platform. Electronic Journal of Biotechnology, 52,
45-51. DOI: 10.1016/j.ejbt.2021.04.003



