i@ Journal of Ecological Engineering

Received: 2022.09.28
Accepted: 2022.11.18
Published: 2022.12.01

Journal of Ecological Engineering 2023, 24(1), 299-306
https://doi.org/10.12911/22998993/155998
ISSN 2299-8993, License CC-BY 4.0

The Novel Use of Microalgae in the Greening of the Metallurgical
Industry

Ainur Berkinbayeva', Aigul Koizhanova', Yuliya Yefremova', Olga Atanova’,
Maria Yerdenova', David Magomedov'

' JSC Institute of Metallurgy and Ore Beneficiation, Satbayev University, Shevchenko 29/33, Almaty 050010,
Kazakhstan

* Corresponding author’s e-mail: aigul_koizhan@mail.ru

ABSTRACT

The application of biotechnological methods in the metallurgical industry has the potential to provide an environ-
mentally friendly and cost-effective direction of development. Thiobacillus ferrooxidans, a thionic bacterium, and
the microalga Chlamydomonas reinhardtii TN-72 CH were used as complex reagents for extracting gold from sul-
fide mineral raw materials. The sorption properties of modal and productive multicomponent gold-bearing solutions
were studied. The sorption characteristics of the biosorbents were compared with those of sorbents currently used in
gold production — the synthetic resin AM2B and GoldCarb activated carbon. The conducted research studying the
sorption properties and survival ability of the microalga C. reinhardtii TN-72 CH will make it possible to develop
an industrial technology for extracting metal in the hydrometallurgical cycle of gold production. The use of micro-
organisms in gold hydrometallurgy as an alternative to cyanide methods will reduce the load on the environment
while reducing the cost of the technology. In the process of leaching gold-bearing raw materials by microorganisms,
even submicroparticles of gold are released, which makes the processing of poor and refractory ores promising.
Preliminary biooxidation increases the effectiveness of thiosulfates in terms of both time and gold recovery.

Keywords: greening; gold extraction; microalgae; microorganisms; metallurgical industry; Thiobacillus ferrooxidans.

INTRODUCTION methods used to eliminate AME are mostly phys-
icochemical (e.g., adding lime to raise the pH and
precipitate out phases containing metals), but due
to differences in their selectivity, efficiency and
cost, new and improved strategies are needed.
In addition, the growing demand for industri-
ally produced modern consumer products based
on noble and rare elements means that there is a
growing commercial need to recover and reuse
these metals from waste streams.

A combined national approach to metallurgi-
cal technology, AME recovery and critical mate-
rial recovery and recycling will have a significant

Human industrial activities such as mining
have resulted in the release and accumulation
of soluble and potentially toxic metals into the
environment. These metals, predominantly iron
(Fe), copper (Cu), zinc (Zn), nickel (Ni), and co-
balt (Co), often exist as elements or compounds
that cannot be broken down and are harmful to
organisms and ecosystems. The use of environ-
mentally aggressive (EA) reagents in metallurgy
and the generation of uncontrolled acid mine ef-
fluents (AME) containing large amounts of met-
al-based environmental pollutants are the most

serious global problems arising from these indus-
trial methods [Wang et al., 2022]. Therefore, it
is necessary to develop environmentally sustain-
able technologies and remove (recover) metals
from mine effluents or landscapes. The existing

positive impact on the world economy.

Kazakhstan is among the 16 countries with
large gold reserves. The significant volumes of
gold mining and production have a negative im-
pact on the environment.
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The application of biological solutions to
gold mining and issues such as soil remediation
and AME recovery will contribute to a greener
and more sustainable economy.

In the present work, aspects of the use of
two bioagents, the bacterium Thiobacillus ferro-
oxidans and the microalga Chlamydomonas rein-
hardtii TN-72 CH, as sorbents for extracting gold
during the processing of raw mineral materials
are researched.

Bioagents are used in environmental technol-
ogies, particularly for bioremediation, to remove
or decompose waste contaminants, offering vari-
ous advantages over physical-chemical methods,
including increased safety, efficiency and recov-
ery, as well as reduced operating costs and the use
of chemicals. However, certain limitations mean
that economically competitive bioremediation
methods have not yet been created [Dyo et al.,
2018, Willner et al., 2013].

Biosorption is a rather complex mechanism
due to the presence of specific functional groups
on the outer layer of microorganisms. In the case
of using dead microorganisms, only biosorption is
carried out. The use of living microorganisms is
a more laborious process since it is necessary to
provide a system for their life support and repro-
duction. Desorption of heavy and precious met-
als from living microorganisms also has several
limitations [Kalybekov et al., 2020; Koizhanova
et al., 2022] and in such a scenario, it is difficult
to maintain the required life support conditions
[Garcia-Garcia et al., 2016; Alhasawi et al., 2015].

The use of nonliving microorganisms in tech-
nological processes has certain advantages, but
the issue of profitability must be decided for each
individual case. When choosing the biomass to
be used, the main factors considered should be its
availability and low cost. The initial biomass can
be obtained from industrial waste, for example,
from biotechnological production, or from the
natural environment, or it can be easily grown
under certain conditions.

Algal biomass is widely used as a biosorbent
in scientific and industrial activities. The argu-
ment in favor of algae is their flexibility in nutri-
tion and reproduction, which also give economic
benefits compared to the use of traditional sor-
bents such as ion-exchange resins and activated
carbon [Lekshmi et al., 2022; Khan et al., 2022].

In open systems, there is always a high risk of
contamination by other competing microorgan-
isms. In addition, microorganisms exhibit limited
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selectivity for metals and a certain accumulation
capacity, above which metals can become toxic to
the organism itself. Therefore, there is a need to
improve existing methods and pave the way for
the identification, creation and use of biologically
improved organisms. Thus, the work carried out
in this study is relevant.

It can be assumed that two mechanisms, bind-
ing and adsorption of metals, occur on the surface
of the cell wall or plasma membrane through elec-
trostatic interactions between functional groups
and metal ions; additionally, the import of metals
into the cell occurs through endocytosis or metal
transporter proteins. By analogy with C. reinhardtii
TN-72 CH, metals from gold-bearing solutions can
be used by the cell for biological functions, seques-
tered by metal-binding proteins, or separated into
aggregates or membrane-bound structures such as
vacuoles as part of a strategy to reduce potential
toxicity [Nancharaiah et al., 2016].

Accumulated metals can be isolated from har-
vested microalgal cultures by drying the biomass
and burning the organic matter. With this poten-
tial for isolation in mind, one should not lose sight
of the commercial potential of microalgae in the
reduction of metals [Ahmed et al., 2012; Hilson
et al., 2006].

The potential of a new approach for the green-
ing of metallurgical production, the use of the mi-
croalga C. reinhardtii TN-72 CH, was evaluated
by comparing the sorption characteristics of a live
algal suspension culture and its lyophilisate with
those of known effective sorbents — AM-2B res-
in and GoldCarb activated carbon. To develop a
productive solution, samples of technogenic min-
eral raw materials were taken with a gold content
of 2.48 g/t, iron content of 3.87%, and sulfur con-
tent of 0.436%.

Most gold-bearing ores contain oxidized and
primary sulfides, as well as oxides of nonferrous
metals, such as copper, zinc, lead, and nickel,
which easily recovered in the process of leaching.

To determine the location of gold occurrence
forms, X-ray fluorescence, X-ray phase and min-
eralogical analyses were carried out.

Mineralogical analysis of the raw materials
was carried out under an optical microscope (Ax-
ioScope Al). Gold is defined as finely dispersed
and ultrafine and occurs both in the free state
and in intergrowths with arsenopyrite and waste
rock. The predominance of gold in the free state
was determined to be 76.9%. In Figure 1, gold
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b)

Figure 1 Mineral analysis of raw materials, (a) gold intergrowth with pyrite and waste
rock, (b) gold in pyrite, (c) free gold, (d) intergrowth of gold with waste rock

is present in intergrowths with pyrite and empty
quartz rock and in a free state.

Accordingly, raw materials can be character-
ized as stubborn and difficult to enrich; for the
processing of such raw materials in classical hy-
drometallurgy, complex production schemes and
aggressive chemicals, such as cyanides and sulfu-
ric acid, are used.

To separate gold and transfer it into solution,
the mineral raw materials were subjected to bio-
chemical leaching.

To achieve the greening of gold extraction
from mineral raw materials, the use of microor-
ganisms capable of functioning under extreme
environmental conditions was chosen as the main
strategy. The green alga C. reinhardtii TN-72 CH,
with good potential as a biosorbent, and the bac-
terium 7. ferrooxidans, with the potential for bio-
logical oxidation of mineral raw materials, were
chosen as the most suitable microorganisms. AM-
2B resin, GoldCarb, a live cell suspension culture
of green microalgae and its lyophilisate were
used as sorbents. The distribution of 7. ferrooxi-
dans bacteria in nature depends on the presence
of reduced sulfur compounds used by these bacte-
ria for chemoautotrophic growth. These microor-
ganisms are characterized by the ability to reduce
metals and remove sulfur and phosphorus from
solutions [Pradhan et al., 2021].

The conducted studies showed the presence
of sulfur and iron in the mineral raw materials
used. This result suggests that 7° ferrooxidans can

be effectively used in the process of leaching the
studied mineral raw materials [Kenzhaliyev et
al., 2019; Kaumetova et al., 2022 ].

MATERIAL AND METHODS

Significant priority may be given to the devel-
opment of strains with improved metal binding ca-
pacity or selectivity that demonstrate significantly
increased potential for gold mining technologies.
The microbiological, physiological and biochemi-
cal properties of the selected microorganisms
were studied in accordance with generally ac-
cepted methods. Thus, 7. ferrooxidans was grown
on a salt medium with S° and Fe**. To obtain pro-
ductive solutions, samples of gold-containing raw
materials were crushed to 90% of the 0.71 mm
class, after which they were oxidized in the pres-
ence of T. ferrooxidans bacteria. Biooxidation of
the raw materials was carried out with bacterial
solutions of different concentrations (5, 10, and 20
g/l Fe**) for 10 days at a temperature of 20 °C. The
cultures differed in the rate of Fe** reduction, and
their activity could be assessed by the final result
and the end time of the oxidation of Fe*".

Next, agitation leaching was carried out with
a 10 g/l sodium thiosulfate solution. The pulp
density during leaching was 40% solids. The pH
of the pulp during the tests was maintained at 8.0.
The leaching time was 24 hours.
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Table 1. Results of X-ray phase analysis of mineral gold-bearing raw materials before and after biooxidation

Compound Name Formula S-Q before and after biooxidation S-Q
Quartz, syn SiO, 49.9 55.8
Clinochlore-1Mllb, ferroan (Mg,Fe)6(Si,Al),O,,(OH), 11.2 121
Microcline, intermediate KAISi,O, 10.9 1.3
Albite, ordered NaAISi,O, 10.5 6.9
Muscovite H,KAI(SiO,), 43 4.5
Actinolite Ca,(Mg,Fe*).Si,0,,(OH), 4.2 45
Ammoniojarosite, syn (NH,)Fe,(SO,),(OH), 4.2 2.6
Kaliophilite KAISIO, 25 2.3
Luogufengite, syn Fe,O, 2.4 55.8

After the concentrate leaching process, pro-
ductive solutions were obtained containing 0.48
mg/l Au and 0.5 mg/l Au.

According to the results of X-ray phase anal-
ysis of the raw materials before and after biooxi-
dation, there was an increase in the contents of
quartz and the iron mineral luogufengite and a
decrease in the proportion of albite, which is an
indicator of the biochemical activity of microor-
ganisms. The results of the analysis are presented
in Table 1.

Preparation of the microalga
Chlamydomonas reinhardtii TN-72 CH

A live concentrated algal suspension was ob-
tained by recultivation in fresh TAP culture me-
dium with an alternative carbon source for mixot-
rophy and with exposure to light. After 8 days of
cultivation on a solid nutrient medium, TAP was
transferred to a liquid nutrient medium in 50 ml
flasks. The flasks were placed under constant il-
lumination and stirred on a shaker. Upon reaching
the desired cell usage efficiency on the 10th day
of cultivation, they were subcultured into 200 ml
flasks. After 12 days of cultivation in the 200 ml
flasks, the suspension culture was concentrated
by centrifugation to a volume of 50 ml and used
for the experiment.

Lyophilized biomass of the microalga C. rein-
hardtii TN-72 CH was obtained by gentle drying
without temperature adjustment to preserve the
preparation in the absence of volatile solvents.
Buffer solutions and other chemicals were not
used to protect the microalgal cells during lyophi-
lization. The resulting lyophilisate was kept un-
der moderate cooling conditions (approximately
0 °C). During preparation, the lyophilisate was
moistened with TAP nutrient medium until a lig-
uid inactivated suspension was obtained.
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Experimental comparison of
sorption characteristics

Laboratory tests were carried out for the se-
lected sorbents, AM-2B resin, GoldCarb activat-
ed carbon, and a live concentrate of algae biomass
in dynamic mode, in a chromatographic sorption
column with an inner diameter of d = 16 mm.
A 5 g mass of sorbent or 50 ml volume of algal
biomass was introduced into the sorption column,
and 500 ml of a productive solution with a gold
content of 0.48 mg/l was flowed into the column
at a rate of 1 ml/min. The conditions were kept
consistent over all tests. The sorbent was pre-
pared according to a standard procedure.

Table 2 shows the analytical results for the
saturated gold content in the sorbents AM-2B,
GoldCarb activated carbon and C. reinhardtii TN-
72 CH algae obtained during sorption from pro-
ductive leaching solutions. All sorbents showed a
high efficiency in extracting gold. The best results
were an efficiency of 87.3% for GoldCarb acti-
vated carbon and 87% for the microalgae. It can
be assumed that, in addition to having a high effi-
ciency in gold sorption and selectivity, the biosor-
bents are environmentally friendly. When choos-
ing the most effective sorbent, the kinetic factors
affecting the process of gold sorption from com-
plex multicomponent solutions were determined.

The effect of temperature on the degree of gold
sorption from gold-bearing solutions was stud-
ied; it was found that increasing the temperature
to 30 °C significantly increased the rate of gold
sorption when using an inactivated liquid sus-
pension of lyophilized biomass of the microalga
C. reinhardtii TN-72 CH as a sorbent. The tests
were carried out in a thermostat for 10 days. A
productive gold solution with an Au content of
0.5 mg/L was used. The maximum rate of gold
sorption was 87%. The results of experiments on
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Table 2. Chemical analysis of solutions after the sorption process

Name AM-2B GoldCarb Chlamydomonas reinhardtii TN-72 CH
Gold content in the initial solution, mg/I 0.48 0.48 0.48
Sorbent weight, g 5 5 5
Gold content in the solution after sorption, mg/I 0.024 0.013 0.015
Sorption time, h 20 20 240
Recovery, % 85 87.3 87.0

Table 3. Results of leaching extraction of gold from productive solutions under various temperature conditions

Results
The name of indicators

Test 1 Test 2 Test 3
Gold content in the initial solution, mg/I 0.5 0.5 0.5
Temperature, °C 20 25 30
Gold content in solution after sorption, mg/I 0.03 0.027 0.012
Sorption time, days 10 10 10
Recovery, % 84.0 84.6 87.0

the biosorption parameters of microalgal biomass
in gold-containing solutions under various tem-
perature conditions are shown in Table 3.

Effect of microalgal biomass
concentration on gold recovery

The tests were carried out in agitation mode at
low stirrer speeds (50 rpm). A certain amount of

the alga C. reinhardtii TN-72 CH was introduced
into the solution with a measuring cylinder, and a
productive solution with a gold content of Au 0.5
mg/l was used. With an increase in the concentra-
tion of microalgae, the efficiency of sorption in-
creased to 87.6%. Table 4 shows the test results.
At the end of the process, the presence of
living cells in the biomass was analyzed by

Table 4. Indicators of gold sorption from productive solutions depending on the biomass concentration of

Chlamydomonas reinhardtii TN-72 CH

Results
Indicators
Test 1 Test 2 Test 3 Test 4
Gold content in the initial solution, mg/I 0.5 0.5 0.5 0.5
Sorbent volume, ml 25 50 75 100

Figure 2. Culture of the microalga Chlamydomonas reinhardtii TN-72 CH; a) Culture on the 15th day of cultivation
in laboratory conditions after inoculation of the working solution with a microbiological loop using the streak plate
method on solid TAP medium; b) culture on the 3rd day of cultivation under laboratory conditions after inoculation
of live algal cell concentrate solution with a microbiological loop using the streak plate method on solid TAP medium
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inoculation of the working solution with a mi-
crobiological loop using the exhaustive streak
method on a solid TAP medium and subsequent
cultivation under continuous illumination with
moderate shading for 15 days.

As a control, live algal concentrate was in-
oculated on solid TAP medium with a microbio-
logical loop using the streak plate method before
it was added to the working solution. The control
was cultured under constant illumination with
moderate shading (Figure 2).

RESULTS AND DISCUSSION

The presence of living cells at the end of the
sorption process indicates the ability of the strain
C. reinhardtii TN-72 CH to survive under the ex-
treme conditions of the thiosulfate solution.

Analysis of the solutions showed a gold con-
tent of 0.1 mg/1, which allows us to conclude that

the algal biomass concentrate has a high sorption
capacity in vivo.

When using a liquid inactivated suspension of
lyophilized microalgae biomass as a biosorbent,
the following results were obtained.

The growth dynamics of C. reinhardtii TN-72
CH cells introduced into gold-containing solution
in the form of a live algal cell concentrate were
negative, as expected when planning this experi-
ment (Figure 3).

However, the presence of living cells at the
end of the biosorption process, confirmed after 10
days by inoculation with a microbiological loop
by the streak plate method on TAP solid nutrient
medium (Figure 4), suggests that this strain has
the potential for adaptation to the extreme condi-
tions of the thiosulfate solution.

Since the possibility of using various spe-
cies and strains of microalgae as biosorbents and
biooxidants differs significantly depending on
their specific characteristics, such as the rate of

Figure 3. Reinhardtii TN-72 CH microalgae on the 5th day after addition to the working solution; a) Live algal
cell concentrate of Chlamydomonas reinhardtii TN-72 CH before addition to the working solution; b) live algal
cell concentrate of C. reinhardtii TN-72 CH on the 5th day after addition to the working solution; ¢) inactivated
liquid suspension of lyophilized biomass of C. reinhardtii TN-72 CH before addition to the working solution; d)

inactivated liquid suspension of lyophilized biomass of C

Figure 4. Solid TAP medium after microbiological loop inoculation by the streak
plate method of 10-day-old working solution containing live Chlamydomonas
reinhardtii TN-72 CH algal cell concentrate on the 8th day of exposure
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biomass growth; the requirements for the compo-
sition of the nutrient medium, lighting, and mix-
ing; and even contamination of the suspension
with various microbiological agents, a necessary
condition for choosing the most promising repre-
sentatives is the establishment of experimentally
confirmed data.

Study of the sorption capacity of
microalgae to assess their potential for
use as a biosorbent in the extraction
of gold from complex solutions

The most important physicochemical charac-
teristic of a sorbent is its capacity, which is un-
derstood as a quantitative measure of its ability to
absorb gold ions. The amount of sorbent required
to absorb ions from a given volume of solution
depends on its capacity. Biomass of C. reinhardtii
TN-72 CH was used in gold-bearing solutions to
study the sorption capacity when used as a bio-
logical sorbent.

The experiment was carried out in static mode
at a temperature of 25 °C. To a 10-1 container with
a model gold-containing solution with a gold con-
tent of 2 mg/l, an inactivated liquid suspension
of lyophilized microalgae biomass and live algal
cell concentrate were introduced with a volume
of 50 ml. The contact time of microalgae with the
solution was 10 days.

During the experiment, it was found that the
sorption capacity of the live algal cell concentrate
of C. reinhardtii TN-72 CH for gold was 10 kg
of gold per 1000 kg of dry matter. However, it
is premature to discuss the full sorption capacity,
since the limit was not reached.

The study showed the promising biosorption
potential of the microalga C. reinhardtii TN-72
CH, which is determined by its stability, growth
rate and gold sorption rate of up to 87.6% at 30 °C,
with a sorption capacity of 10 kg of gold per 1000
kg of dry matter.

The use of microorganisms in gold hydro-
metallurgy as an alternative to cyanide methods
will reduce the load on the environment while
reducing the cost of the technology. In the pro-
cess of leaching gold-bearing raw materials by
microorganisms, even submicroparticles of gold
are released, which makes the processing of
poor and refractory ores promising. Preliminary
biooxidation increases the effectiveness of thio-
sulfates in terms of both time and gold recovery.
The environmental friendliness of thiosulfate

leaching techniques opens up additional oppor-
tunities for the use of mine waste residues in ag-
riculture as fertilizers.
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