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Currently, Russia and other countries display a steady tendency to decrease the amount of high grade and free-
milling ore reserves. In this regard, the attention is being paid to the technology of bacterial-chemical leaching
(BCL), which, unlike traditional pyrometallurgical enrichment methods, is well applicable for processing low-grade
mineral raw materials. However, this technology has a significant drawback, which is the inability of microorganisms
to create sufficiently aggressive conditions for the effective destruction of mineral complexes, which negatively af-
fects the duration of the processes. The article presents the results of an experiment, the purpose of which was to
study the multiple short-term effects of microwave radiation on the efficiency of extraction of nickel, copper, and
cobalt in the process of bacterial-chemical leaching of sulfide ore. A microwave oven with a power of 900 W and
a radiation frequency of 2.45 GHz was used as a source of microwave radiation. Irradiation was carried out every day
throughout the experiment. The exposure time was 5 and 10 s; the flux density was 0.7 W/cm?. It was found that for
all the studied microwave irradiation modes, a significant increase in the efficiency of biomass accumulation and the
oxidizing ability of the medium was observed in comparison with the control that was not exposed to microwave
radiation. Irradiation for 5 s twice a day increased the reduction of nickel by 16 %, cobalt by 15 % and copper by 6 %.
The results of the study allow us to assess the prospects for the application of new biotechnology methods in the
industrial practice of ore processing with an improvement in quality indicators.
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Introduction. Currently, Russia and other countries display a steady tendency to decrease the
amount of high grade and free-milling ore reserves. At the same time, the demand for metals is
growing steadily. In this regard, the usage of rebellious complex raw materials, as well as tailings
with a low content of valuable components, becomes relevant [13].

The use of traditional pyrometallurgical methods for processing low-grade raw materials is
economically disadvantageous. Also, high-temperature processes are associated with the risk of en-
vironmental pollution by production waste (CO, SO,) [11].

In recent years, the technology of vat bacterial-chemical leaching (BCL) of ores, which is non-
waste and environmentally friendly, has become increasingly popular. Low capital costs and techni-
cal simplicity of the equipment can dramatically reduce the cost of processing. This technology is
applicable to processing low-grade mineral raw materials [8].

Bioleaching is based on the process of selective extraction of chemical elements from multicom-
ponent compounds due to their dissolution by microorganisms in an aqueous medium. Leaching
is carried out by bacteria belonging to the Thiohacillus genus, as well as the archaea of the Sulfolobus
genus. Thiobacilli is autotrophic types of bacteria that oxidize inorganic substances (Fe*, S°); the re-
leased energy is used to absorb carbon from CO,. Common types of microorganisms that are used in
industry are Acidithiobacillus caldus, Acidithiobacillus ferrooxidans, Acidithiobacillus ferrivorans,
Leptospirillum ferrooxidans u Acidithiobacillus thiooxidans [6].

The dissolution of metal compounds as a result of bacterial activity occurs due to two main
mechanisms: direct and indirect. A direct mechanism is the oxidation of the substrate due to enzy-
matically catalyzed reactions during the adhesion of bacteria on the surface of a mineral. The indi-
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rect one involves the chemical oxidation of minerals by ferric iron, which is produced in the reac-
tions of biological oxidation of Fe*" ions [3].

Despite the advantages over traditional enrichment methods, bioleaching technology has a sig-
nificant drawback, which consists of the high duration of the process due to the weak kinetics of
redox reactions. In this regard, an urgent task today is the search and development of methods for
intensification of bacterial-chemical leaching [12].

Different papers describe the ways to increase bacterial activity based on usage of wave radia-
tion, such as ultrasound, microwave, and ionizing radiation. They are also used in the extraction and
processing of mineral raw materials [9, 16].

The purpose of this paper is to study the multiple effects of microwave radiation on the effi-
ciency of metal extraction during bacterial-chemical leaching.

For a long time, it was believed that the cause of the biological response to microwave radia-
tion is local heating caused by the friction of polar molecules that change their orientation in the
electromagnetic field. However, recently it has been established that the biological effect is mani-
fested at ultra-low intensities of microwave radiation when tissue heating is not decisive or negligible.
Such effects are called «specific» or non-thermal [1].

The technical literature contains information about changes in the structure of DNA when ex-
posed to microwave radiation. DNA disorders, the so-called chromosomal aberrations, are mani-
fested in various genes, which is causes a malfunction in the production of functional and structural
elements of the cell, which are RNA and proteins. It is also known that the primary target of micro-
wave radiation in a living cell is a biological membrane, changes in which lead to a violation of the
transport of substances between the cell and the environment [10].

In addition to the biological component of bacterial-chemical leaching, microwave radia-
tion causes changes in the structure of the ore. Under the influence of microwave radiation,
many physical, chemical and mechanical transformations occur — formation of thermomechani-
cal stress, relaxation of residual stresses with the formation of micro- and macro cracks, poly-
morphic and phase transformations. The formation of thermally induced micro- and macro-
cracks in the ore due to the action of microwave waves creates an additional surface front of
potential attachment sites for chemolithotrophic microorganisms and provides access of the
leach solution to the mineral grains, thereby improving the extraction of target components during
bacterial-chemical leaching [5].

Paper [9] presented an improved release of copper sulfide, iron sulfide, and natural gold-
bearing ores after microwave treatment and subsequent grinding.

Other studies have also demonstrated increased metal reduction efficiency due to the increased
opening of mineral grains due to induced destruction of copper, lead-zinc, and nickel sulfide
ores [14, 15].

Materials and methods. Bacterial culture. The tests were performed using a mixed culture of
chemolithic autotrophic microorganisms isolated from a sample of sulfide copper-nickel ore from
the Shanuch deposit (Kamchatka). According to PCR diagnostics, it included Acidithiobacillus fer-
rooxidans, A. thiooxidans, Sulfobacillus sp. [7].

Ore. In our work, we used sulfide ore of the Shanuch cobalt-copper-nickel deposit with a sul-
fide mineral content of 60-90 %, of which 65-75 % is pyrrhotite, 20-25 % — pentlandite, 10 % —
violarite, 2-5 % — chalcopyrite. The initial concentration of metals in percentage was the following:
Ni — 7.68; Cu — 0.6; Co — 0.15. For tests, the ore sample was ground and sieved through a sieve
with a mesh size of 100 um.

Irradiation process. Irradiation was carried out in a 900 W household microwave oven. The
radiation frequency is 2.45 GHz. The radiation flux density is 0.7 W/cm®. Three experimental
groups were formed depending on the duration and the frequency of exposure:
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* 5-1 — microwave exposure (5 s) once a day;

* 5-2 — microwave exposure (5 s) twice a day;

* 10 — microwave exposure (10 s) once a day.

Control samples were those not exposed to microwave radiation. The choice of exposure
modes is based on previous experiments [2].

Accumulation of bacterial culture. Isolation and accumulation of biomass necessary for the
experiment were carried out in a bioreactor containing sulfide polymetallic ore and Silverman and
Lundgren nutrient medium (T:L = 1:8). The process took place at a constant temperature of 30 °C,
with continuous stirring and forced aeration. The concentration of free-floating microorganisms was
10° cells in 1 ml of solution.

Assessment of the oxidizing activity of microorganisms depending on the selected microwave
irradiation mode. The ferrous iron was used to evaluate the oxidative activity of a mixed culture of
chemolithotrophic organisms, which is a key link in their electron transport chain.

Bacterial oxidation of Fe’" was carried out in 250 ml Erlenmeyer flasks containing sterile
Silverman-Lundgren mineral medium (9 K) with the addition of ferrous iron. The process was car-
ried out at a constant temperature of 22 °C without additional aeration and mixing. The initial con-
centration of microorganisms is 10’ ml™'. Throughout the experiment, cell counting was performed,
and pH and Eh parameters were measured. The concentration of ferrous and ferric iron was deter-
mined by visual colorimetric titration.

Bacterial-chemical leaching. Bacterial chemical leaching was carried out periodically in 250 ml
Erlenmeyer flasks containing 10 g of cobalt-copper-nickel ore and 100 ml of Silverman and Lundgren
medium supplemented with iron (3 g/l). The flasks were located on a nutator (90 rpm) in a thermostat
at a constant temperature of 22 °C. The initial number of cells was 10° in 1 ml of solution.

Throughout the experiment, the number of free-floating microorganisms was determined daily
by direct counting under a microscope, and the degree of oxidation of ferrous iron was determined
by visual colorimetric titration. The concentration of metals (Ni, Cu, Co) transferred to the solution
was identified by atomic absorption spectrometry on a 6300 Shimadzu instrument in an acety-
lene-air flame.

Discussion and results. 1. Assessment of oxidative activity. Analysis of the results showed that
exposure to microwave radiation leads to a significant increase in the number of planktonic forms
of microorganisms. Figure 1 shows a graph of the change in the number of planktonic forms of mi-

croorganisms in different experimental

5 groups.

In the experimental group «5-2»,
2 4 the highest concentration of microor-
T3 ganisms was recorded in 1 ml of solu-
- . tion, which was equal to (4.7+0.2)-10’,
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Fig.1. Change in the number of free-floating cells respectively.
in 1 ml of solution in various experimental groups: During the experiment, it was also
C — control; 5-1 — microwave exposure (5 s) once a day; found that exposure to microwave radia-
5-2 — exposure to microwave (5 s) twice a day; ) ) . o o
10 — microwave exposure (10 s) once a day tion increases the iron-oxidizing activity
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Fig.2. Change in trivalent concentration (a); and bivalent (b) iron.
See legend in Fig. 1

of chemolithotrophic microorganisms. The highest rates of iron oxidation were recorded
in 5-2 flasks, which were irradiated for 5 s twice a day at 12-hour intervals. During the experiment,
96 % Fe’" was oxidized in this experimental group, while in control only 81 %.

The exposure to microwave radiation lasting 10 s once a day throughout the experiment also
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In the groups «5-1» and «10» the
number of cells in 1 ml of the solution
was (1.1+0.1)-10° and (1.0+£0.1)-10%,
respectively.

Evaluation of the efficiency of Fe’*
generation by chemolithotrophic micro-
organisms in the BCL process is impor-
tant since ferric ions are the main compo-
. nent of the indirect oxidation pathway
27 of sulfide ore. The dissolution of the
Time, days metal can be described by the following
equation:

Fig. 5. Change in the redox potential.
See legend in Fig. 1 MeS + Fex(SOy); =

= MeSO, + 2FeSO, + S°.

During the experiment, a significant increase in the concentration of ferric iron in flasks that
were exposed to microwave radiation was recorded. This effect may be associated with a better,
compared with the control, an indicator of an increase in the number of microorganisms and with an
increase in their oxidative activity (Fig.4).

The highest concentration of ferric iron throughout the experiment was recorded in flasks of
the experimental group «5-2», which were exposed to microwave radiation for 5s twice a day
throughout the experiment. The maximum concentration in these flasks was fixed at the end of the
experiment and was equal to 14.0+0.5 g/I. By this time, in flasks that were not exposed to radiation,
this indicator was 9.8+0.5 g/1.

In groups «5-1» and «10» the amount of Fe’" in 1 liter of the solution was 13.5+0.5 and
12.4+0.5 g, respectively.

The Eh (redox potential) in flasks that were exposed to daily microwave radiation was signifi-
cantly higher than in control ones (Fig.5). At the beginning of the experiment, all flasks had
Eh=339+5 mV. By the end of the experiment in the «5-2» group, this indicator increased
to 55845 mV. In control flasks, the Eh value reached only 496+5 mV and was the smallest in com-
parison with other experimental groups. In the flasks, the irradiation of which was 10 s, the Eh in-
dex was slightly lower (528+5 mV) than in the groups «5-1» and «5-2», but significantly higher
than in the flasks that were not exposed to irradiation. These results are consistent with the overall
picture of the entire study.

The redox potential (Eh) is a measure of the intensity of the loss or attachment of electrons in
redox reactions, represented by the electromotive force, expressed in millivolts. A high Eh indicates
that this system has a high oxidative ability.

Figure 6, a shows a graph of changes in nickel concentration in the liquid phase of the pulp
in the control group, which was not exposed to microwave radiation, and the experimental
group «5-2», where the dissolution rates of nickel were the highest among all the others. The
diagram (Fig.6, b) shows the changes in the concentration of nickel in solution in all experimen-
tal groups, including the control, at various stages of the experiment. It can be seen that the ef-
fective transition of nickel occurred in all groups from 18 days, which is most likely due to the
time of adaptation of microorganisms to aggressive environmental conditions, which are repre-
sented by high concentrations of heavy metals and high-frequency microwave radiation. The
highest concentration of nickel transferred to the solution was recorded in «5-2» flasks and at
the end of the experiment was 6.0+0.4 g/l. By this time, in control flasks, this indicator was
5.1£0.4 g/l. The maximum concentration of dissolved nickel in the «5-1» experimental group
was 5.7+0.5 g/l, and in the «10» group — 5.6+0.5 g/l, respectively.
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Fig.6. Change in the concentration of nickel ions in the liquid phase of the pulp (a) and the concentration
of nickel in solution (b)at various stages of the experiment
C — control; 5-1 — microwave exposure (5 s) once a day; 5-2 — exposure to microwave (5 s) 2 times a day;
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Fig. 7. Change in the concentration of cobalt ions in the liquid phase of the pulp (@) and the concentration
of cobalt in solution (b) at various stages of the experiment
See legend in Fig.6
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Fig. 8. Change in the concentration of copper ions in the liquid phase of the pulp (a) and the concentration
of copper in solution () at various stages of the experiment
See legend in Fig.6
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The electrochemical properties of nickel and cobalt are close; therefore, the general picture of
the leaching of these metals is similar (Fig.7). As in the case with nickel, the best indicators of co-
balt transition to solution were observed in the «5-2» group, which by the end of the experiment had
the concentration of this metal in the liquid phase was 68.6+4.8 mg/l. In the control, this indicator
was 56.4£3.9 mg/l. In group «10», the cobalt concentration in the solution (654+4.5 mg/1) was higher
than in the control, but lower than in groups «5-1» and «5-2».

The pattern of copper reduction (Fig.8), in contrast to nickel and cobalt, is somewhat different.
Here, the highest concentration of copper in solution throughout the experiment was observed in the
experimental group «5-1», which by the end of the experiment was equal to 145.9+10.2 mg/Il.
In control flasks, this indicator was 115.1+8.3 mg/l. In the «10» group, the concentration of the
copper extracted from the ore by the end of the experiment was 140.0+£9.5 g/l, and in the «5-2» —
122.0£8.5 mg/l.

The metal reduction was calculated as the ratio of the amount of this element in the liquid
phase of the pulp to the total mass of the element in the entire sample according to the formula:

_ m(Me)sol

= 100,
m(Me)

sample

where X — metal reduction ratio; m(Me)so — mass of metal in solution; m(Me)sample — total mass of

metal in the liquid and solid phases of the pulp.

The calculation results (see table) showed that in the
control sample nickel reduction ratio was 60 %, in the «5-1»

Group code Reduction, % group — 72 %, in the «5-2» group — 76 %, in the «10»

Metal reduction ratio

c 2(; (3:;) (1:: group — 69 %. The best cobalt reduction ratio was also in
5.1 7 I 20 the «5-2» group (46 %), which is 15 % more than in the
59 76 46 17 control. The situation with copper extraction is somewhat
10 69 40 18 different: the maximum percentage of extraction is re-

corded in the «5-1» group (20 %), in the control 14 %.

Thus, during the experiment, it was found that repeated short-term exposure to microwave ra-
diation to the components of bacterial-chemical leaching contributes to the improvement of the ex-
traction of metals from sulfide ore.

Apparently, the reason for this is the increased growth rate of the number of chemolithotrophic
microorganisms, as well as the formation of defects induced by microwave radiation in the ore
structure, creating an additional surface front of potential attachment of microorganisms and provid-
ing access of the leaching solution to the mineral grains, thereby improving the extraction of target
components.

Conclusions

1. Multiple short-term exposure to microwave radiation increases the rate of accumulation of
biomass of chemolithotrophic microorganisms and increases their oxidative activity.

2. Repeated exposure to microwave radiation (0.7 W/cm?) for 5 s allows achieving an increase
in nickel reduction by 16 %, cobalt by 15 %, and copper by 6 %.
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