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ARTICLE INFO ABSTRACT
Keywords: The Karazhanbas oil field in the Mangystau region of Kazakhstan contains high-sulfur oil
Biodesulfurization (1.6-2.2 %). It is known that sulfur negatively affects the operational properties of petroleum

Karazhanbas deposit
Mass fraction of sulfur
Sulfur reduction

products, causes the corrosion of pipelines, and adversely affects the environment and the human
body. Therefore, the development of biodesulfurization technology, taking into account local
Sulfur oxidation features, is relevant for this field. The purpose of the study is to develop biodesulfurization of
Heavy metals high-sulfur oil from the Karazhanbas field in Kazakhstan using deep eutectic solvents. Research
Deep eutectic solvents objectives: isolation of sulfate-oxidizing and sulfate-reducing bacteria from the studied oils;
identification of isolated bacteria; study of the effect of heavy metal Cr(VI) and sulfur on mi-
crobial activity; testing of native strains for the potential for desulfurization of crude oil. The
research methodology was based on the application of the Koch methods to determine the total
number of microorganisms; light microscopy — for the study of microbiological preparations;
genetic identification of bacteria based on the analysis of the nucleotide sequence of a fragment of
the 16S rRNA gene; synthesis of deep eutectic solvents; testing of isolated bacteria — for sensitivity
to Cr (VI), for the ability of microorganisms to use hydrocarbons of high-sulfur oil, for activity in
sulfur-containing crude oil, for determination of the mass fraction of sulfur. From 12 aerobic
bacterial cultures isolated from oil samples, 9 strains with active and moderate growth in a
medium with high-sulfur oil were selected during testing, followed by two strains (Bacillus par-
amycoides SFN-1, Bacillus cereus SFN-2), which were the most resistant to Cr (VI) and two strains
(Bacillus cereus SFN2, Bacillus thuringiensis SFN3), which have shown sulfur-oxidizing abilities.
The native bacterial strains selected during the study showed high disulfurization activity without
the addition of deep eutectic solvents (hereinafter referred to as DES) (Bacillus thuringiensis SFN3),
with the addition of DES-1 (Bacillus cereus SFN2) and with the addition of DES-2 (Bacillus thur-
ingiensis SFN3). As a result of a comparative analysis of microbial desulfurization processes, it was
found that the highest biodesulfurization rate at the end of the experiment was recorded in
cultures of Pseudomonas aeruginosa B-5807 (96.3 %), Bacillus thuringiensis SFN-3 (96.1 %), and
Rhodococcus erythropolis AC 1039 (96 %).
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1. Introduction

The chemical composition of crude oil varies depending on its source [1] and includes approximately 85 % carbon, 12 % hydrogen,
and 3 % other compounds (oxygen, nitrogen, sulfur [2]; nickel, vanadium, etc.) [3]). Therefore, oil, as a heterogeneous hydrocarbon
mixture, is divided into sulfur-, nitrogen-, and oxygen containing and organometallic [3,4].

In crude oil, the sulfur content by weight ranges from 0.03 % to 7.89 % [5], therefore, low- (up to 0.42 %) and high-sulfur (from
0.42 %) oil are distinguished [6]. At the same time, sulfur compounds in crude oil can be in two forms: inorganic (elemental sulfur S,
hydrogen sulfide HzS, carbonyl sulfide COS, dissolved pyrite FES:) and organic (thiols RSH, sulfides R’-S-R, and thiophene compounds
CsHa4S) [7,8], which in the complex reach 50-70 % of their total content in oil [9].

Oil reservoirs belong to extreme ecosystems characterized by high temperature, salinity, and pressure [10], where the microbial
component is represented by sulfur-oxidizing [11,12], nitrate-, sulfate- [] and iron-reducing [13,14] microorganisms. Of these,
sulfate-reducing bacteria cause biocorrosion of oil facilities, therefore undesirable]. Under anaerobic conditions, they reduce sulfate to
hydrogen sulfide in multiple stages [,15,16].
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Sulfur-oxidizing bacteria aerobically oxidize sulfur compounds as electron donors to conserve energy [17] and produce byproducts
of sulfate and hydrogen ions [18]:

S + H20 + 1,502 — SO« 2 + 2H™, AG o’ = —587 kJ/reaction [18].

As you can see, for bacteria that assimilate and utilize sulfur, the key factors are temperature, sulfur concentration [19], and water
[20].

Previous studies indicate [21-25] that biodesulfurization using sulfur-oxidizing microorganisms is an environmentally friendly and
cost-effective method for removing sulfur and sulfur compounds from oil and petroleum products. It should be noted that the per-
centage of sulfur removal from oil is influenced by local conditions and technological solutions. Therefore, our research aimed to
develop a biodesulfurization method for high-sulfur oil from the Karazhanbas field in Kazakhstan using deep eutectic solvents. The
research objectives included the following: isolation of sulfur-oxidizing and sulfate-reducing bacteria from the studied oils; identifi-
cation of the isolated bacteria; study of the effect of heavy metals (Cr(VI)) and sulfur on microbial activity; and testing of native strains
for their potential in crude oil desulfurization.

2. Materials and methods of research
2.1. Research materials
The materials for the study included.

1. Oil. Samples of crude high-sulfur oils were collected from the "Karazhanbas" fields (1.6-2.2 % sulfur [26]) and "Buzachi" (1.78 %
sulfur [27]) in the Mangystau region, as well as low-sulfur oil (0.10-0.14 % by weight [28]) from the "Kumkol" field in the Ulytau
region of Kazakhstan [29-31].

The oil was sterilized in a water bath at 70 °C for 15 min over 48 h. For microbiological studies, the oil samples were diluted with a
solvent consisting of equal volumes of methylbenzene, acetone, and methanol, following the ISO 9120-1997 method [32].

2. Bacterial strains. Biodesulfurization experiments were conducted using identified native strains of Bacillus cereus (SFN2) and Ba-
cillus thuringiensis (SFN3), isolated from high-sulfur oils. Additionally, strains of microorganisms Pseudomonas putida (B-1827),
Rhodococcus erythropolis (AC 1039), and Pseudomonas aeruginosa (B-5807) were used, obtained from original cultures provided by
the All-Russian Collection of Industrial Microorganisms (BRC ARCIM) [33].

3. Deep eutectic solvents (DES). Deep eutectic solvents (DES) were used to enhance the growth of microbial strains in bio-
desulfurization processes:

DES-1: Composition: 2 components in a 1:2 ratio (Bet + Gly — betaine + glycerin);
DES-2: Composition: 2 components in a 1:4 ratio (CA + Gly — citric acid + glycerin).

2.2. Research methods

2.2.1. Isolation of microorganisms
Ready-made nutrient media were used in the work: nutrient Broth and Nutrient Agar to maintain vital activity and obtain biomass
of microbial cultures; Sulfur Medium for the cultivation of cyanobacteria and proteobacteria; Sulfate reducing medium for the
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determination of sulfate-reducing bacteria [34]; Pseudomonas Isolation agar for the isolation and primary identification of pseudo-
monads [35]; mineral synthetic medium (MSS) for desulfurization [36].

The total number of microorganisms was determined by the Koch method by counting the number of colonies that grew after
sowing on a solid MPA nutrient medium at a temperature of 30 °C and cultivation for 24-72 h [37]. Pure cultures were obtained by the
depletion stroke method by seeding a certain volume of the studied suspension from the storage culture onto the nutrient medium with
a bacteriological loop [38]. After obtaining a pure culture, experiments were conducted using electively selective media: Pseudomonas
isolation agar, sulfur medium, and sulfate-reducing medium to isolate thionic and sulfate-reducing bacteria. All nutrient media were
used in agarized form (2 % agar) in Petri dishes, except for sulfate-reducing medium, which was used both in liquid form (to obtain a
storage culture) and in dense form (to obtain a pure culture). On dense media, inoculated material was introduced into Petri dishes in
an amount of 0.1 ml; in liquid media, 8-10 % by volume, cultured at a temperature of 30 °C for 24-360 h. Aero- and anaerobic
conditions were created for sulfate-reducing bacteria [39,40].

2.2.2. Microscopy methods
Microbiological preparations were prepared according to the generally accepted method of light microscopy using a binocular
microscope, "Mikmed-1" and "Motic BA 300" [41].

2.2.3. Heavy metal sensitivity test

To determine the effect of heavy metal on bacterial growth, a universal liquid medium BCH was used with the addition of sterile Cr
(VI) at a concentration of 150 pg/ml (the final pH of the medium is 7) [42]. 24-hour cultures of bacteria grown on BCH were used in the
experiments. Due to the different cell sizes, the optical density of daily cultures was 0.0160-0.145 units. Bacteria were cultured
aerobically for 120 h at 30 °C. The crop growth was determined by the spectrophotometric method based on changes in the optical
density (Dopy) of the medium at a wavelength of 600 nm.

2.2.4. Determination of the growth of microorganisms in an oil medium

The ability of microorganisms to use hydrocarbons of high-sulfur oil was determined on a dense medium. In a Petri dish with a
sterile agarized mineral medium, a hole is cut into which the only carbon source is oil, and the cup is divided into sectors from the
outside with ink on the glass. Then, each of the studied cultures of microorganisms was seeded with a loop, drawing a radial stroke
about the well with a carbon source. Thick suspensions of cells are used as an inoculum, which is prepared by flushing cultures from the
surface of the mowed agar. The duration of cultivation is 48 h [43].

2.2.5. Genetic identification of bacteria based on the analysis of the nucleotide sequence of a fragment of the 16S rRNA gene

DNA isolation from bacterial cultures was carried out with a set of "DNA/RNA-C-FACTOR" by the manufacturer’s protocol [44].
DNA concentration and purity were assessed by measuring the optical density of micro-volumes of samples using a NanoDrop [45]
1000 spectrophotometer at 260/280 nm [46]. Fragments of the 16S rRNA genes were amplified using PCR with universal primers 8f
(5-AgAgTTTgATCCTggCTCAg-3") and 806R (5-ggACTACCAgggTATCTAAT-3") in a total volume of 30 pl. The PCR mixture contained
25 ng of DNA, 1 unit of Maxima Hot Start Taq DNA Polymerase (Fermentas) 0.2 mM of each dNTP, 1 PCR buffer (Fermentas), 2.5 mM
MgCl2, 10 pmol of each primer. The PCR amplification program included prolonged denaturation at 95 °C (enzyme activation and
matrix denaturation) for 11 min [47] 32 cycles: 95 °C-30's, 55°C- 40 s, 72 °C-60 s; final elongation 10 min at 72 °C [48]. DNA samples
were amplified using the GeneAmp PCR System 9700 (Applied Biosystems) amplifier; the estimated operating time of the protocol is
3.5h.

To further visualize DNA, electrophoresis was performed in a PowerPac horizontal electrophoresis chamber using a BioRad
Electrophoretic Bath current source as an electrode buffer using a 1x TAE buffer. Purification of PCR products from unconnected
primers and deoxynucleotide triphosphates by magnetic cleaning using magnetic silica gel [49]. The PCR product sequencing reaction
was performed using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer’s in-
structions, followed by fragment separation on an automatic genetic analyzer 3730xl DNA Analyzer (Applied Biosystems).

2.2.6. Microbial activity in sulfur-containing crude oil

To determine the microbial activity in sulfur-containing oil, the MSS mineral medium was used, the inoculate was 24-h cultures of
bacteria grown on BCH in an amount of 8 % by volume, the source of carbon and sulfur was high-sulfur oil from the Karazhanbas field,
10 % by volume. It was cultivated aerobically for 120 h at 30 °C, 160 rpm. The dynamics of the growth of microorganisms were carried
out by the Koch method. The sulfur content was determined by chemical method at the beginning and at the end of the experiment
[50]1.

2.2.7. Determination of the mass fraction of sulfur

The total mass fraction of sulfur before and after microbial desulfurization in the composition of oil was determined by the method
of an energy-dispersive X-ray fluorescence sulfur analyzer, "Spectroscan S, by regulatory documents [51], under conditions of tem-
perature 22 °C, humidity 73 %, and pressure 695 mmHg, in the amount of a 0.1 1 sample.
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2.3. Biodesulfurization

2.3.1. Preparation of the inoculum
For desulfurization, the strains of microorganisms were pre-activated on the BCH medium. To activate the lyophilized microor-
ganisms, they were seeded on a medium of 10 ml of BCH. Bacterial strains were activated within 48-72 h [37,39].

2.3.2. Synthesis of deep eutectic solvents

DES-1 is a mixture of betaine (CsH11NO2) and glycerol (CsHsO3) [1:2].

Synthesis of DES-1: betaine with glycerin (molar ratio 1:2) mixed under thermal conditions (50 °C) with simultaneous stirring (300
rpm) to obtain a transparent eutectic solution [52].

CHa 0
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DES-2 is a mixture of citric acid (CeHsO-) and glycerol (CsHsOs) [1:4].
Synthesis of DES-2: citric acid with glycerin (molar ratio 1:4) mixed under thermal conditions (60 °C), water was added to reduce
viscosity, and mixed simultaneously (300 rpm) until a transparent eutectic solution was obtained [53].
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2.3.3. Experimenting

10 % inoculate and 2 % oil was added to the Mineral Synthetic medium (MSM) as the only source of sulfur. Cultivation conditions:
30 °C with constant shaking of 160 rpm on a rotary shaker for 10 days [36].

Additionally, the following control samples without microorganisms were used as controls: MSM + oil sterile medium (2 %); MSM
+ o0il medium (2 %) + DES-1 (2 %); MSM + oil medium (2 %) + DES-2 (2 %).

To determine the effectiveness of microbial desulfurization, samples were selected for energy-dispersive X-ray fluorescence
analysis.

— Determination of sulfur content (chemical analysis) — 0, 10th day;
— Determination of cell growth in fermented media - 0, 2, 5, 7, 10 days.

3. Research results and discussion
3.1. Isolation of sulfate-oxidizing and sulfate-reducing bacteria from crude oil

Table 1 shows the results of the qualitative and quantitative content of microorganisms of crude oil selected from the fields
"Karazhanbas", "Buzachi", "Kumkol". As can be seen, the maximum number of microbes is observed in the crude oil of the Kumkol field,
then Karazhanbas, and this indicator is an order of magnitude lower in the oil of the Buzachi field. It should be noted that all isolated
microorganisms showed slow growth since colony growth was recorded only on the 3rd day of cultivation.

Thiobacteria, proteobacteria, and pseudomonas were not detected in the studied samples. The growth of both aerobic and
anaerobic bacteria was recorded in the elective medium for sulfate-reducing bacteria. Sulfate-reducing bacteria (CRP) use sulfate as a
terminal electron acceptor for anaerobic respiration [14,54,55]. The ability of CRP to convert sulfate into sulfide contributes to the

Table 1
Total microbial count (TMC) of crude oil, CFU/ml.
Indicator 0il samples taken from the field
Karazhanbas Buzachi Kumkol
TMC, CFU/ml (1,7 £ 0,1)*10° (2,1 +0,1)*10? (6,5 + 0,3)*10°
Anaerobic sulfate-reducing bacteria + + -
Aerobic sulfate-reducing bacteria + + _

Thiobacteria, proteobacteria - - -
Sulfur Medium

Pseudomonads - - _

Micromycetes - - _

Actinomycetes

Note: no growth; + there is growth.
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initiation of microbiological corrosion [56]. A characteristic growth of sulfate reducers is observed on the elective medium of
Sulfate-reducing medium since the blackening of media of different intensities was observed on the 7th day of anaerobic cultivation in
a test tube. It is known that strict anaerobic sulfate-reducing bacteria convert sulfate into sulfide [57], therefore, when cultured on an
elective medium, they react with ferrous ions to form a black color for 4-21 days at a temperature of 20-30 °C.

At the next stage of the study, pure bacterial cultures were obtained. Using the depletion stroke method on a universal MPA
medium, 12 aerobic bacterial cultures were isolated from oil samples (Table 2). The purity of the isolated cultures was confirmed
through visual and microscopic examination.

Morphological and cultural characteristics of the isolated cultures were studied, including colony macromorphology, cell micro-
morphology, Gram staining, and sporulation. Microscopic analysis revealed that 11 cultures consisted of rod-shaped bacteria (mono-,
diplo-, or streptobacteria), while one culture (H6) was cocci. Of these, 11 cultures were Gram-positive, and one (H5) was Gram-
negative. Additionally, nine cultures were spore-forming, whereas three (H2, H5, H6) did not form spores.

Fig. 1 shows fragments of the study of colony macromorphology; and micrographs of bacterial cells SFN1 (Fig. 1a), H2 (Fig. 1b), H5
(Fig. 1d), H1 (Fig. 1c¢).

The primary screening of the 12 studied microorganisms was performed on a mineral medium containing high-sulfur crude oil as
the sole carbon source, using the radial cup method. Fig. 2 presents photographs illustrating the determination of bacterial strains
capable of active growth in an oil-based medium. In each Petri dish containing the agarized mineral medium, a central well was filled
with crude oil as the sole carbon source, and the tested bacterial strains were radially inoculated around the well (four cultures per
dish).

As shown in Fig. 2, after 48 h of cultivation, bacterial growth was observed on the plates, indicating the ability to utilize carbon
from high-sulfur oil. Abundant growth was noted for strains H1, H2, and H4 (Fig. 2a), while moderate growth was observed for strains
F1, E1, and F2 (Fig. 2b). No growth was detected in cultures H3 and H5.

As a result of the conducted research, the following 9 crops with active and moderate growth in a medium with high-sulfur oil were
selected: SFN1, SFN2, SFN3, F1, F2, E1, H1, H2, H4.

3.2. Genetic identification of bacteria based on the analysis of the nucleotide sequence of a fragment of the 16S rRNA gene

To identify microorganisms with active and moderate growth in a medium with high-sulfur oil, the nucleotide sequences were
analyzed and combined into a common sequence in the SeqMan software (DNA Star). As a result of 16S rRNA sequencing, all the
studied samples (SFN1, SFN2, SFN3, F1, F2, E1, H1, H2, H4) belonged to the genera Bacillus and Microbacterium (Fig. 3).

Additionally, a phylogenetic tree was constructed with the nucleotide sequences of the 16S rRNA gene of the reference strains of
these species. The phylogenetic tree was built using the Mega X software using the Muscle algorithm to align nucleotide sequences,
using the Neighbor-Joining NJ method. The reference sequences of these strains were used for the subsequent construction of a
phylogenetic tree (Fig. 3).

Because of 16S rRNA sequencing and phylogenetic analysis using the Neighbor-Joining (N-J) algorithm, the isolated strains were
identified with high accuracy. The isolates demonstrated 100 % identity with Bacillus paramycoides (SFN-1), Bacillus thuringiensis
(SEN3), Bacillus subtilis (H1), Bacillus zhangzhouensis (F2), Peribacillus simplex (E—1), and Microbacterium sp. (H2). Additionally, 99.85
% identity was observed with Bacillus cereus (SFN2), Bacillus siamensis (H4), and Bacillus haynesii (F1). The obtained sequences were
compared using the BLAST algorithm in GenBank, where each sequence was assigned a unique GenBank accession number.

Thus, 9 cultures of microorganisms with active and moderate growth on a medium containing high-sulfur oil as the only carbon
source were identified based on microbiological and genetic methods as representatives of the genera Bacillus, Peribacillus and
Microbacterium, in particular 7 cultures of bacilli: Bacillus paramycoides SFN-1, Bacillus cereus SFN-2, Bacillus thuringiensis SFN-3, Ba-
cillus subtilis H-1, Bacillus siamensis H-4, Bacillus haynesii F-1, Bacillus zhangzhouensis F-2, as well as one culture of Peribacillus simplex
E—1 and Microbacterium sp. H-2.

Sulfur-oxidizing, petroleum-oxidizing, hydrocarbon-oxidizing microorganisms were previously isolated from oil-contaminated
soils in the oil fields of Western Kazakhstan [58]. For example, Pseudomonas aeroginosa, Pseudomonas putida, Pseudomonas fluo-
rescens, Rhodococcus erithripolis, Rhodococcus rubber, Rhodococcus maris, Rhodococcus luteu, Bacillus thuringiensis, Bacillus subtilis, Bacillus
methanicus [59]. In addition, sulfate-reducing bacteria, which are initiators of hydrogen sulphide corrosion and heterotrophic oil
microorganisms, have been isolated [60]. Specifically, a high variety of sulfidogenic prokaryotes, cultures of mesophilic and ther-
mophilic bacteria, and methanogens from the genera Methanococcus (5,6-25.3 %), Methanobacterium (up to 7 %) and Methanothrix (up
to 2.6 %), sulfate-reducing bacteria (genera Desulfotomaculum, Thermodesulfobacterium, Thermodesulfovibrio, Defluviitoga, Thermode-
sulforhabdus, Desulfonauticus and Desulfovirgula) and mesophilic bacteria (genera Desulfovibrio, Desulfomicrobium, Desulfosarcina,
Desulfoglaeba, Desulfotignum and Desulfocurvus), Pseudodesulfovibrio (31.9 %) and Desulfocurvus (2.4 %), as well as representatives of the
genus Enterobacter (41.1 %) were obtained from the Karazhanbas deposit [61]. It is important to note that these cultures were taken

Table 2
Isolated cultures of microorganisms.
N2 Samples of oil field samples The conditional name of the selected crops
1 Karazhanbas H1, H2, H3, H4, H5, H6, SFN1
2 Buzachi E1, SFN2, SFN3
3 Kumkol F1, F2
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c) HI d) H5

Fig. 1. Micromorphology of isolated bacterial cultures. a) SFN1; b) H2; ¢) H1; d) H5. The photos were taken with the SOPTOP EX330 at the
magnification of 1000x.

a) H1, H2, and H4 b)F1, E1, and F2

Fig. 2. Determination of bacteria capable of active growth in a medium with high-sulfur oil a) abundant growth was noted for strains H1, H2, and
H4, b) moderate growth was observed for strains F1, E1, and F2.

from oily soil deposits, while in our case, they were taken from underground extreme oil systems.
The follow-up research program was aimed at investigating the effect of heavy metal on the activity of the isolated microorganisms
and determining the microbial activity against sulfur in crude sulfur-containing oil.

3.3. The effect of heavy metals on the activity of isolated microorganisms

Not only pipes made of iron alloys are susceptible to corrosion, but also structures made from other alloys and even concrete.
Studies have shown that tin, zinc, and lead exhibit resistance to corrosion in the presence of sulfate-reducing bacteria, possibly due to
their toxic properties. Moreover, solving various environmental issues depends not only on the ability of certain microorganisms to
precipitate or accumulate heavy metals but also on understanding the harmful effects of these metals on microbial communities.

The composition of oil and oil residues includes toxic heavy metals such as Cr(VI), Zn(II), and Fe(III) [62]. Consequently, the effect
of heavy metals was evaluated using Cr(VI) on nine selected microbial cultures: Bacillus paramycoides (SFN-1), Bacillus cereus (SFN-2),
Bacillus thuringiensis (SFN-3), Bacillus subtilis (H-1), Bacillus siamensis (H-4), Bacillus haynesii (F-1), Bacillus zhangzhouensis (F-2), Peri-
bacillus simplex (E—1), and Microbacterium sp. (H-2). Control experiments were conducted by cultivating the microorganisms in BCH
medium without adding Cr(VI).
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NR 111999.1 Microbacterium thalassium

NR 042481.1 Microbacterium thalassium
NR 178549.1 Microbacterium gorillae
NR 159265.1 Microbacterium deserti
NR 180187.1 Microbacterium wangchenii
NR 179835.1 Microbacterium lushaniae

NR 136462.1 Microbacterium enclense

3 | NR 026437.1 Microbacterium resistens

NR 134084.1 Microbacterium hydrothermale
NR 132711.1 Microbacterium assamensis
fit ' NR 026163.1 Microbacterium testaceum
0 2 NR 134086.1 Microbacterium kyungheense

NR 149816.1 Microbacterium zeae
NR 134085.1 Microbacterium jejuense
MF526264.1 Microbacterium chocolatum strain MadaFrogSkinBac.DB-.3459 16S ribosomal RNA gene partial sequence
0OL824877.1 Microbacterium proteolyticum strain GT209 16S ribosomal RNA gene partial sequence
H2

Fig. 3. Phylogenetic tree based on the analysis of the 16S rRNA gene fragment of SFN1, SFN2, SFN3, H1, H4, H2, F1, F2, E1 samples.

Fig. 4 shows the results of microbial cultivation on a medium with chromium at a concentration of 150 pg/ml.
A comparative analysis of the results obtained in the experiment and control indicates that the maximum increase in cells was
observed.

1) 24 of cultivation in the following cultures Bacillus paramycoides SFN-1 (0.287 unit in the experimental group and 0.161 unit in the
control group) (Fig. 4a), Bacillus thuringiensis SFN-3 (0.188 and 0.776 unit respectively) (Fig. 4c), Bacillus siamensis H-4 (0.174 and
0.64 unit) (Fig. 4e), Bacillus haynesii F-1 (0.093 and 0.142 respectively) (Fig. 4f) and Bacillus zhangzhouensis F-2 (0.292 and 0.125
unit respectively) (Fig. 4g);

2) at different times of cultivation in the following cultures:

— Bacillus cereus SFN-2: in the experiment (0.266 units) after 24 h, control (0.341 units) after 72 h of cultivation (Fig. 4b);

— Bacillus subtilis H-1, Peribacillus simplex E—1 and Microbacterium sp. H-2: in the experiment (0.102 (Fig. 4d); 0.155 (Fig. 4h) and
0.15 (Fig. 4i) units, respectively) after 24 h, control (0.155 (Fig. 4d); 0.116 (Fig. 4h) and 0.157 (Fig. 4i) units, respectively) after
48 h of cultivation.

Studying the behavior of cultures in this experiment, it can be noted that the most resistant strains with relatively high cell counts in
the medium with Cr(VI) were observed during 24, 48 and 72 h of cultivation, in particular, Bacillus paramycoides SFN-1 (0.284; 0.264
and 0.213 units of cells in the medium with Cr (VI)) and Bacillus cereus SEN-2 (0.266; 0.191 and 0.161 units of cells in a medium with Cr
(VD).

According to other studied strains, it can be seen that in the control, in a medium without Cr, there is a gradual increase in cells with
a maximum cell content on the 2-3 day of cultivation, whereas, in a medium with Cr (VI), cell suppression is observed: on the first day
of cultivation, the maximum number is fixed, but then the population does not develop. Literature data indicate that chromium can
have both positive and negative effects on organisms. Bacteria of the genera Bacillus and Microbacterium can not only reduce Cr(VI),
but also restore it, as noted by Campos J. (1995) [63]. From a biological point of view, chromium ions are important nutrients because
they participate in electron transfer reactions in biological systems [64].

3.4. Microbial activity against sulfur in the composition of crude high-sulfur oil

To determine the potential of the studied native cultures for microbial desulfurization of selected microorganisms, the MSM
mineral medium and the high-sulfur oil of the Karazhanbas field were used as a source of carbon and sulfur.

During observations of the dynamics of the growth of microorganisms on high-sulfur oil, it was revealed that the maximum in-
crease in the number of cells was observed for culture F1 (by 3 orders of magnitude — from 10* to 10” CFU/ml), moderate cell growth
(an increase of 2 orders of magnitude) - for 4 cultures (H1, F2, H4, E1), weak growth (increase by an order of magnitude) — 3 cultures
(SEN1, SFN2, SFN3), H2 culture did not show growth in this medium Fig. 5 shows the results of studying bacterial growth in a medium
with high-sulfur oil.

The total mass fraction of sulfur before and after microbial desulfurization in the composition of oil was determined by the method
of energy dispersive X-ray fluorescence sulfur analyzer Spectroscan S, per regulatory documents [51], under conditions: temperature
22 °C, humidity 73 %, pressure 695 mmHg, in the amount of 0.1 1 sample.

As aresult of the chemical determination of the mass fraction of sulfur (%) in the control variants, the initial sulfur index was 1.955
%.
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Fig. 3. (continued).

At the end of the experiment, on the 5th day, strains of Bacillus cereus (SFN2) and Bacillus thuringiensis (SFN3) showed sulfur-
oxidizing abilities. In the experiment with Bacillus cereus (SFN2), the sulfur mass fraction content decreased by 0.008 %, for the
experiment with the Bacillus thuringiensis strain (SFN3), the sulfur mass fraction content decreased by 0.364 % compared with the
values obtained in the sterile oil control group (Fig. 5). For the rest of the strains we observe sulfate reducing abilities: Bacillus par-
amycoides (SFN-1) reduced sulfur to 0.182 %, Bacillus subtilis (H1) reduced sulfur to 0.13 %, Bacillus siamensis (H-4) to 0.182 %, Bacillus
haynesii (F-1) to 0.164 %, Bacillus zhangzhouensis (F2) to 0.063 %, Peribacillus simplex (E—1) to 0.083 %, Microbacterium sp. (H-2) up to
0.113 % (Fig. 5).

It should be noted that Bacillus cereus microorganisms were previously isolated and used in the works of R. A. Omar et al. for the
efficient degradation of S-compounds from petroleum and petroleum products. In their studies, the technology they developed resulted
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in 99 % desulfurization of oils containing DBT and thiophene [65], while F. Boshagh in studies with Bacillus cereus strain achieved 71 %
in oil desulfurization [66]. In studies by M. S. Tabatabaee and M. M. Assadi, SARA ASTM D4124-01 test revealed a 65.5 % reduction in
asphaltenes, 22.1 % reduction in aliphatic compounds, and a 30.3 % reduction in aromatic compounds in MSM medium. Further
results with 0.9 % saline solution showed a decrease in the content of asphaltenes by 55 % and aromatic compounds by 2.1 %,
respectively [67]. D. Arabian and co-authors found after 72 h of desulfurization that the total sulfur content in kerosene decreased to
1557 parts per million [68]. B. thuringiensis decomposed 80 % of the weight of crude oil in the works of Marwah Thamer [69]. In the
studies of B. Wu and co-authors, the degradation of crude oil was carried out by joint cultivation of Bacillus subtilis and Pseudomonas
aeruginosa and about 75 % of the saturated fractions of crude oil were effectively removed. These microorganisms can be metabolized
and multiplied in a medium with crude oil as the only source of carbon [70]. The biosurfactant of the strain increased the decom-
position of waste engine oil components of polycyclic aromatic hydrocarbons (PAHs) to 82 % in 18 days of incubation, which is more
than twice as compared with decomposition without the addition of biosurfactants, recovered 85 % of used engine oil from
contaminated sand in 24 h [71]. Bacillus zhangzhouensis bacteria also effectively removed thiol compounds from liquids. For the first
time, approximately 99 % desulfurization of oil containing dibenzothiophene and thiophene was achieved and the remaining
S-compounds were effectively decomposed to ~ 3-15 mg/1 in the studies of R. A. Omar [65]. Microbacterium can provide synchronous
removal of heavy metals such as ammonium, nitrites, nitrates, and phosphorus [72], zinc, manganese and copper, manganese, cad-
mium, and lead [73], which can occur in oil [74].

Thus, our studies have confirmed that Bacillus cereus and Bacillus thuringiensis strains can remove sulfur from crude oil with a
fraction of 0.008 % and 0.364 %, respectively. Further, to enhance this effect, Bacillus cereus and Bacillus thuringiensis strains have been
tested with the use of deep eutectic solvents (DES). To compare the biodesulfurization of crude oil by native strains, strains from the
collection of microorganisms Pseudomonas putida (B-1827), Rhodococcus erythropolis (AC 1039) and Pseudomonas aeruginosa (B-5807)
were also used.

3.5. Biodesulfurization of high-sulfur oil from the Karazhanbas field in Kazakhstan

To determine the potential for microbial desulfurization of crude oil used mineral-synthetic medium (MSS), as a source of carbon
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and sulfur high-sulfur oil fields "Karazhanbas" as extractants and catalysts of biochemical processes added DES-1 — mixture of betaine
(CsH11NO2) and glycerol (CsHsOs) [1:2], DES-2 — a mixture of citric acid (CsHsO-) and glycerol (CsHsOs) [1:4]. Deep eutectic solvents
based on glycerin, betaine, and citric acid protect against osmotic stress, temperature stress, and oxidative stress and play a role in
maintaining intracellular pH, provide easy absorption of a nitrogen source [75,76], improve cell growth, promotes salt resistance,
stimulating the production of exopolysaccharides [77,78].

Fig. 6 shows the results of the growth of microorganisms in a medium with high-sulfur oil. Figs. 7 and 8 show graphs of the growth
of microorganisms in a medium with high-sulfur oil with the addition of DES-1 and DES-2 as extractants and catalysts for biochemical
processes. The control options were experiments without microorganisms.

During observations of the dynamics of microbial growth on high-sulfur oil, it was revealed that all crops actively multiply, which
means active destruction of the only carbon source - high-sulfur oil. Thus, the maximum increase in the number of cells is observed for
the culture of Pseudomonas aeruginosa B-5807 by 4 orders of magnitude — from 10° to 10'° CFU/ml, then for the remaining 4 cultures
(Rhodococcus erythropolis AC 1039, Pseudomonas putida B-1827, Bacillus cereus SFN-2, Bacillus thuringiensis SFN-3) there is an increase in
the content cells by 3 orders of magnitude.

The graphs of Figs. 7 and 8 showed that all the studied bacterial cultures multiply intensively on the medium with DESs from the
first day, while there is a slight stimulation of cell growth in comparison with growth without DESs. The maximum increase in the
number of cells was also revealed for the culture of Pseudomonas aeruginosa B-5807 by 4 orders of magnitude — from 10° to 10'° CFU/
ml. For the remaining 4 cultures of microorganisms (Rhodococcus erythropolis AC 1039, Pseudomonas putida B-1827, Bacillus cereus SFN-
2, Bacillus thuringiensis SFN-3), an increase in cell content by 3 orders of magnitude is also observed.

It should be noted that for the bacteria Rhodococcus erythropolis AC 1039 and Pseudomonas putida B-1827, an increase in cell growth
rate was shown with the addition of both DES-1 and DES-2: there was an increase in the content of cells in the medium by 3 orders of
magnitude on day 5, whereas without DES such an indicator was observed only on day 7.

Thus, the addition of DES-1 and DES-2 to a microbe-fermented medium with high-sulfur oil gives a slight stimulation of the cells of
all five studied microbial cultures, however, for the bacteria Rhodococcus erythropolis AC 1039 and Pseudomonas putida B-1827, an
increase in cell growth rate was shown with the addition of both extractants: an increase in the content of cells in the medium by 3
orders of magnitude is observed on the 5th day, whereas without DES, such an indicator is observed only on the 7th day.

After microbial desulfurization, work was carried out to chemically determine the mass fraction of sulfur (%) in the composition of
oil. In the control variants, the sulfur content in the initial nutrient medium with oil was 2.129 %.

The content of the mass fraction of sulfur (%) in the samples without the addition of deep eutectic solvents (DES) by the end of the
experiment, on the 10th day, decreased by.

— 32,8 % with Pseudomonas aeruginosa B5807 (from 2129 % to 1383 %);

— 95,2 % with Rhodococcus erythropolis AC1039 — (from 2129 % to 0,102 %);
27,0 % with Pseudomonas putida B1827 — (from 2129 % to 1554 %);

— 75,6 % with Bacillus cereus SFN2 — (from 2129 % to 0,518 %);

96,1 % with Bacillus thuringiensis SFN3 — (from 2129 % to 0,081 %).

The content of the mass fraction of sulfur (%) in the samples with the addition of DES-1 by the end of the experiment, on the 10th
day, decreased by.

— 90,0 % with Pseudomonas aeruginosa B5807- (from 2129 % to 0,211 %);

— 83,0 % with Rhodococcus erythropolis AC1039 — (from 2129 % to 0,361 %);
17,4 % with Pseudomonas putida B1827 — (from 2129 % to 1758 %);

— 81,3 % with Bacillus cereus SFN2 — (from 2129 % to 0,396 %);

49,1 % with Bacillus thuringiensis SFN3- (from 2129 % to 1082 %).

The content of the mass fraction of sulfur (%) in the samples with the addition of DES-2 by the end of the experiment, on the 10th
day, decreased by.

— 96,3 % with Pseudomonas aeruginosa B5807 — (from 2129 % decreased by 0,0782 %);
— 96,0 % with Rhodococcus erythropolis AC1039 — (from 2129 % decreased by 0,084 %);
— 28,6 % with Pseudomonas putida B1827 — (from 2129 % to 1520 %);

— 29 % with Bacillus cereus SEN2 — (from 2129 % to 0,290 %);

— 57,3 % with Bacillus thuringiensis SEN3 — (from 2129 % to 0,907 %).

Thus, in the conducted studies, the highest percentage of desulfurization (90 % or more) was noted for strains Bacillus thuringiensis
SFN3 (96.1 %) and Rhodococcus erythropolis AC1039 (95.2 %) from the control group of experiments. Strains of Pseudomonas aeruginosa
B5807 (90 %) from the experiment with the addition of DES-1, Pseudomonas aeruginosa B5807 (96.3 %) demonstrate ideal performance
as in the studies of Olawumi O. Sadare and Michael O. Daramola [79]. Rhodococcus erythropolis AC1039 (96 %) from experience with
the addition of DES-2. A comparable decrease in sulfur content was previously described for desulfurization of petroleum products
using R. erythropolis in studies by Bo Yu and co-authors, which achieved sulfur removal of up to 94.5 % [80].

The results on the chemical content of the mass fraction of sulfur correlate with the results of determining the growth of
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Fig. 7. Growth of microorganisms in a medium with high-sulfur oil with the addition of DES-1 (2 %), CFU/ml.

microorganisms in high-sulfur oil (Figs. 5-7). The study of the graphs showed that, in general, active microbial desulfurization of high-
sulfur oil occurs. Thus, the oil content in the initial nutrient medium is 2129 %, and the addition of extractants DES-1 and DES-2
intensifies the active process of microbial desulfurization. Based on the presented data, it can be concluded that a low percentage
of sulfur content at the end of the experiment was observed for cultures of Pseudomonas aeruginosa B5807 with the addition of DES-2 -
0.0782 %, Bacillus thuringiensis SFN-3 - 0.081 %, Rhodococcus erythropolis AC1039 with the addition of DES-2 - 0.084 %. The maximum
indicators of microbial desulfurization of oil were achieved: with the addition of DES-2 - 0,0782-1520 %; when adding a DES-1 -
0,211-1758 %; and without the addition of DES, the microbial desulfurization index was 0.081-1.554 %.

4. Conclusion

Studies on biodesulfurization of oil fields in Kazakhstan were based on work with samples of high-sulfur oils taken from the
Karazhanbas (1.6-2.2 %) and Buzachi (1.78 %) fields of the Mangystau region and low-sulfur oil (0.10-0.14 % by weight) from the
Kumbkol field of the Ulytau region.

The isolation of sulfate-oxidizing and sulfate-reducing bacteria from crude oil showed that microbiological activity in crude oil was
recorded in the Kumkol and Karazhanbas fields, and an order of magnitude lower in the Buzachi oil field, while all isolated micro-
organisms showed colony growth only on the 3rd day of cultivation.

12 aerobic bacterial cultures were isolated from oil samples on a universal MPA medium, of which in the testing process:

— on a medium containing high-sulfur oil as the only carbon source, 9 strains with active and moderate growth on a medium with
high-sulfur oil were selected: Bacillus paramycoides (SFN-1), Bacillus cereus (SFN2), Bacillus thuringiensis (SFN3), Bacillus haynesii
(F1), Bacillus zhangzhouensis (F2), Peribacillus simplex (E-1), Bacillus subtilis (H1), Microbacterium sp. (H2), Bacillus siamensis (H4);

— two strains were selected on the medium with Cr(VI), which were the most resistant, since relatively high cell counts were recorded
in the medium during 24, 48 and 72 h of cultivation, in particular, Bacillus paramycoides SFN-1 (0.284; 0.264 and 0.213 units of cells
in the medium with Cr (VI)) and Bacillus cereus SFN-2 (0.266; 0.191 and 0.161 units of cells in a medium with Cr (VI));
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— at the end of the experiment, on the 5th day, Bacillus cereus (SFN2) and Bacillus thuringiensis (SFN3) strains were selected on the
medium concerning sulfur in the composition of crude high-sulfur oil, which showed sulfur-oxidizing abilities: the content of the
mass fraction of sulfur decreased by 0.008 % and 0.364 % compared with those obtained in sterile the control group of oil,

respectively.

During biodesulfurization of high-sulfur oil from the Karazhanbas field in Kazakhstan, deep eutectic solvents were used for
comparison with native strains (Bacillus cereus SFN2, Bacillus thuringiensis SFN3), strains from the collection of microorganisms
Pseudomonas putida (B-1827), Rhodococcus erythropolis (AC 1039) and Pseudomonas aeruginosa (B -5807), while the content of the mass
the proportion of sulfur (%) by the end of the experiment, on the 10th day, decreased as much as possible.

— in samples without the addition of deep eutectic solvents (DES), 95.2 % with Rhodococcus erythropolis AC1039 — (from 2.129 % to
0.102 %) and 96.1 % with Bacillus thuringiensis SFN3 — (from 2.129 % to 0.081 %);

— in samples with the addition of DES-1, 90.0 % with Pseudomonas aeruginosa B5807 — (from 2.129 % to 0.211 %), 81.3 % with
Bacillus cereus SFN2 — (from 2.129 % to 0.396 %) and 49.1 % with Bacillus thuringiensis SFN3 — (from 2.129 % to 1.082 %);

— in samples with the addition of DES-2 by 96.3 % with Pseudomonas aeruginosa B5807 — (from 2.129 % decreased by 0.0782 %), by
96.0 % with Rhodococcus erythropolis AC1039 — (from 2.129 % decreased by 0.084 %), by 29 % with Bacillus cereus SFN2 — (from
2.129 % to 0.290 %) and by 57.3 % with Bacillus thuringiensis SFN3 — (from 2.129 % to 0.907 %).

Thus, it can be concluded that the native bacterial strains selected during the study have high desulfurization activity without the
addition of deep eutectic solvents (Bacillus thuringiensis SFN3), with the addition of DES-1 (Bacillus cereus SFN2) and with the addition
of DES-2 (Bacillus thuringiensis SFN3).

CRediT authorship contribution statement

A.O. Akimbek: Methodology, Formal analysis. G.A. Jamalova: Supervision, Data curation, Conceptualization. A.K.

14



A.O. Akimbek et al. Heliyon 11 (2025) e41877

Yernazarova: Project administration, Methodology, Investigation, Conceptualization. G.K. Kaiyrmanova: Conceptualization. B.K.
Yelikbayev: Visualization, Validation, Resources. M.C. Pagano: Supervision, Formal analysis, Data curation. A.G. Zazybin: Re-
sources, Conceptualization. Kh S. Rafikova: Writing — review & editing, Writing — original draft, Conceptualization.

Data availability statement

Data will be made available on request. For requesting data, please write to the corresponding author.

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests:Khadichakhan Rafikova reports financial support was provided by K. I. Satbayev Kazakh National Research Technical Uni-
versity. Khadichakhan Rafikova reports a relationship with Satbayev University that includes: employment. Khadichakhan Rafikova
has patent - pending to -. If there are other authors, they declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgments

The research is funded by the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan (Grant No:
AP19676664).

References

[1] Y. Liu, J. Zeng, S. Liu, H. Long, Physical properties variation of crude oil under natural laboratory and its geological implications: dongying Sag, eastern China,
Front. Earth Sci. 11 (2023) 1169318, https://doi.org/10.3389/feart.2023.1169318.

[2] R.L. Smith, S.M. Cohen, J. Doull, V.J. Feron, J.I. Goodman, L.J. Marnett, P.S. Portoghese, W.J. Waddell, B.M. Wagner, T.B. Adams, GRAS Flavoring Substances
22//Food Technology, vol. 59, 2005, pp. 24-62.

[3] C. Clayton, Petroleum geology, Chemical and physical properties//reference module in earth systems and environmental sciences, Encyclopedia of Geology
(2005) 248-260, https://doi.org/10.1016/B0-12-369396-9/00246-X.

[4] Yehua Hana, Yanfen Zhanga, Chunming Xua, Chang Samuel Hsu/Molecular characterization of sulfur-containing compounds in petroleum, Fuel 221 (2018)
144-158, https://doi.org/10.1016/j.fuel.2018.02.110.

[5] R. Javadli, A. de Klerk, Desulfurization of heavy oil, Appl. Petrochem. Res. 1 (2012) 3-19.

[6] Vimal Chandra Srivastava/an Evaluation of Desulfurization Technologies for Sulfur Removal from Liquid Fuels//RSC Adv., Vol. vol. 2 — 2012. — pp. 759-783.

[7] Svinterikos Efstratios, Zuburtikudis Ioannis, Al-Marzouqi Mohamed, Carbon nanomaterials for the adsorptive desulfurization of fuels, Journal of
Nanotechnology (2019), https://doi.org/10.1155/2019/2809867. SN 1687-9503.

[8] D.K. Prachi Agarwal, Sharma/comparative studies on the bio-desulfurization of crude oil with other desulfurization techniques and deep desulfurization
through integrated processes, Energy Fuels 24 (2010) 518-524, https://doi.org/10.1021/ef900876j.

[9] Biodesulfurization of petroleum wastes/Pooja Murarka, Preeti Srivastava//Biovalorisation of Wastes to Renewable Chemicals and Biofuels, 2020, pp. 165-187,
https://doi.org/10.1016/B978-0-12-817951-2.00009-2.

[10] Y. Jiao, L. An, W. Wang, et al., Microbial communities and their roles in the Cenozoic sulfurous oil reservoirs in the Southwestern Qaidam Basin, Western China,
Sci. Rep. 13 (2023) 7988, https://doi.org/10.1038/s41598-023-33978-3.

[11] S.R.G. Tiburcio, A. Macrae, R.S. Peixoto, et al., Sulphate-reducing bacterial community structure from produced water of the Periquito and Galo de Campina
onshore oilfields in Brazil, Sci. Rep. 11 (2021) 20311, https://doi.org/10.1038/541598-021-99196-x.

[12] H. Tian, P. Gao, Z. Chen, Y. Li, Y. Li, Y. Wang, J. Zhou, G. Li, T. Ma, Compositions and abundances of sulfate-reducing and sulfur-oxidizing microorganisms in
water-flooded petroleum reservoirs with different temperatures in China, Front. Microbiol. 8 (2017) 143, https://doi.org/10.3389/fmicb.2017.00143.

[13] Mark Pannekens, Lisa Kroll, Hubert Miiller, Fatou Tall Mbow, U. Rainer, Meckenstock/Oil reservoirs, an exceptional habitat for microorganisms, N Biotechnol
49 (2019 Mar 25) 1-9, https://doi.org/10.1016/j.nbt.2018.11.006.

[14] G. Muyzer, A. Stams, The ecology and biotechnology of sulphate-reducing bacteria, Nat. Rev. Microbiol. 6 (2008) 441-454, https://doi.org/10.1038/
nrmicrol1892.

[15] A.K. Tripathi, P. Thakur, P. Saxena, S. Rauniyar, V. Gopalakrishnan, R.N. Singh, V. Gadhamshetty, E.Z. Gnimpieba, B.K. Jasthi, R.K. Sani, Gene sets and
mechanisms of sulfate-reducing bacteria biofilm formation and quorum sensing with impact on corrosion, Front. Microbiol. 12 (2021) 754140, https://doi.org/
10.3389/fmicb.2021.754140.

[16] I. Kushkevych, B. Hyzova, M. Vitézova, S.K.R. Rittmann, Microscopic methods for identification of sulfate-reducing bacteria from various habitats, Int. J. Mol.
Sci. 22 (8) (2021 Apr 13) 4007, https://doi.org/10.3390/1jms22084007.

[17] C.D. Rosendahl, Y. Roebbert, A. Schippers, S. Weyer, U mobilization and associated U isotope fractionation by sulfur-oxidizing bacteria, Front. Microbiol. 14
(2023) 1190962, https://doi.org/10.3389/fmicb.2023.1190962.

[18] H. Eom, Development of an improved sulfur-oxidizing bacteria-based ecotoxicity test for simple and rapid on-site application, Toxics 11 (2023) 352, https://doi.
org/10.3390/toxics11040352.

[19] R. Konrad, P. Vergara-Barros, J. Alcorta, M.E. Alcaman-Arias, G. Levican, C. Ridley, B. Diez, /distribution and activity of sulfur-metabolizing bacteria along the
temperature gradient in phototrophic mats of the Chilean Hot spring porcelana, Microorganisms 11 (2023) 1803, https://doi.org/10.3390/
microorganisms11071803.

[20] Cuicui Zhao, Jinxiang Wang, Fei Zang, Weijie Tang, Gongqing Dong, Zhongren Nan/Water content and communities of sulfur-oxidizing bacteria affect
elemental sulfur oxidation in silty and sandy loam soils, Eur. J. Soil Biol. 111 (2022), https://doi.org/10.1016/j.ejsobi.2022.103419.

[21] S.U. Siddiqui, K. Ahmed, /Methods for desulfurization of crude oil-a review, Sci. Int. 28 (2) (2016 Mar 1).

[22] S. Chen, C. Zhao, Q. Liu, X. Zhang, S. Sun, M. Zang, Biodesulfurization of diesel oil in oil-water two phase reaction system by Gordonia sp. SC-10, Biotechnol.
Lett. 41 (2019 May 1) 547-554, pmid:30915612.

[23] Chenchen Peng, Di Huang, Yukun Shi, Bingling Zhang, Linbo Sun, Mingchang Li, Xin Deng, Wei Wang/Comparative transcriptomic analysis revealed the key
pathways responsible for organic sulfur removal by thermophilic bacterium Geobacillus thermoglucosidasius W-2, Sci. Total Environ. 676 (2019) 639-650,
https://doi.org/10.1016/j.scitotenv.2019.04.328.

[24] Shuiquan Chen, Meng Zang, Li Lin, Juntao Chen, Qiyou Liu, Xiwen Feng, Shuo Sun, Chuanwei Zang, Chaocheng Zhao/Efficient biodesulfurization of diesel oil
by Gordonia sp. SC-10 with highly hydrophobic cell surfaces, Biochem. Eng. J. 174 (October 2021), https://doi.org/10.1016/j.bej.2021.108094.

15


https://doi.org/10.3389/feart.2023.1169318
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref2
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref2
https://doi.org/10.1016/B0-12-369396-9/00246-X
https://doi.org/10.1016/j.fuel.2018.02.110
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref5
https://doi.org/10.1155/2019/2809867
https://doi.org/10.1021/ef900876j
https://doi.org/10.1016/B978-0-12-817951-2.00009-2
https://doi.org/10.1038/s41598-023-33978-3
https://doi.org/10.1038/s41598-021-99196-x
https://doi.org/10.3389/fmicb.2017.00143
https://doi.org/10.1016/j.nbt.2018.11.006
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.3389/fmicb.2021.754140
https://doi.org/10.3389/fmicb.2021.754140
https://doi.org/10.3390/ijms22084007
https://doi.org/10.3389/fmicb.2023.1190962
https://doi.org/10.3390/toxics11040352
https://doi.org/10.3390/toxics11040352
https://doi.org/10.3390/microorganisms11071803
https://doi.org/10.3390/microorganisms11071803
https://doi.org/10.1016/j.ejsobi.2022.103419
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref21
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref22
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref22
https://doi.org/10.1016/j.scitotenv.2019.04.328
https://doi.org/10.1016/j.bej.2021.108094

A.O. Akimbek et al. Heliyon 11 (2025) e41877

[25]
[26]

[27]
[28]

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]
[45]

[46]
[47]

[48]
[49]
[50]

[51]
[52]

[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]

[65]

[66]

[67]

Mehran Soleimani, Amarjeet Bassi, Argyrios Margaritis/Biodesulfurization of refractory organic sulfur compounds in fossil fuels, Biotechnol. Adv. 25 (2007)
570-596, https://doi.org/10.1016/j.biotechadv.2007.07.003.

AE. Zhamasheva, D.G. Idrisova, D.T. Sagalov, K.M. Baizhunusov, I.M. Krim, Encouragement of Karazhanbas for technical achievements//Norwegian journal of
development, International science 84 (2022) 15-19, https://doi.org/10.5281/zenodo.6539854.

N.K. Nadirov, in: N.K. Nadirov, A.V. Kotova, V.F. Kamyanov (Eds.), New Oils of Kazakhstan and Their Use: Metals in Oils, Alma-Ata: Nauka, 1984, p. 448.
G.A. Orazova, Scheme of Kumkol and Kenkiyak Oil Refining According to the Fuel and Oil Variant, Bulletin of the Kazan Technological University, 2008,
pp. 64-68.

JSC "Karazhanbasmunai, About the deposit, Available online: https://www.kbm.kz/ru/index.htm. (Accessed 28 March 2024).

Buzachi Oil LLP. About the deposit. Available online:https://buzachineft.kz/about.

The Kumkol deposit. About the deposit. Available online: https://www.turgai.kz/kumkol.html.

ISO 9120, Petroleum and Related Products — Determination of Air-Release Properties of Steam Turbine and Other Oils — Impinger Method, 1997.

ARCIM. Bioresource Center All-Russian collection of industrial microorganisms (BRC ARCIM), NATIONAL RESEARCH CENTER "KURCHATOV INSTITUTE,
2023. Moscow.

J. Kovag, M. Vitézova, I. Kushkevych, Metabolic activity of sulfate-reducing bacteria from rodents with colitis, Open Med. 13 (2018 Aug 31) 344-349, https://
doi.org/10.1515/med-2018-0052.

K. Sandman, C. Ecker, Pseudomonas isolation and identification: an introduction to the challenges of polyphasic taxonomy, J. Microbiol. Biol. Educ. 15 (2)
(2014 Dec 15) 287-291, https://doi.org/10.1128/jmbe.v15i2.754.

E.J. Gudina, J.F.B. Pereira, R. Costa, J.A.P. Coutinho, J.A. Teixeira, L.R. Rodrigues, Biosurfactant-producing and oil-degrading Bacillus subtilis strains enhance
oil recovery in laboratory sand-packed columns, J. Hazard Mater. (2013), https://doi.org/10.1016/j.jhazmat.2013.06.071.

Steve M. Blevins, S. Michael, Bronze/Robert Koch and the ‘golden age’ of bacteriology, Int. J. Infect. Dis. 14 (9) (September 2010) e744—751, https://doi.org/
10.1016/j.ijid.2009.12.003.

JoVE Science Education Database, Microbiology. Pure cultures and streak plating: isolation of single bacterial colonies from a mixed sample, JoVE (2023).
Cambridge, MA.

A. Dolla, M. Fournier, Z. Dermoun, Oxygen defense in sulfate-reducing bacteria, J. Biotechnol. 126 (1) (2006) 87-100.

A.L. Brioukhanov, L. Pieulle, A. Dolla, Antioxidative defense systems of anaerobic sulfate-reducing microorganisms, in: A. Mendez-Vilas (Ed.), Current Research,
Technology and Education Topics in Applied Microbiology and Microbial Biotechnology, vol. 1, Microbiology Book Series. Badajoz: Formatex Research Center,
2010, pp. 148-159.

Joan Petersen. Susan McLaughlin, Laboratory Exercises in Micr Cises in Microbiology: Disco Obiology: Discovering the Unseen Ering the Unseen World through
Hands-On Investigation, 2016, p. 195. https://academicworks.cuny.edu/cgi/viewcontent.cgi?article=1015&context=qb_oers.

Neha Singh, Tuhina Verma and Rajeeva Gaur/Detoxification of hexavalent chromium by an indigenous facultative anaerobic Bacillus cereus strain isolated from
tannery effluent, Afr. J. Biotechnol. 12 (10) (6 March, 2013) 1091-1103.

P. Zhang, Z. You, T. Chen, L. Zhao, J. Zhu, W. Shi, Q. Meng, Y. Sun, Study on the breeding and characterization of high-efficiency oil-degrading bacteria by
mutagenesis, Water 14 (2022) 2544, https://doi.org/10.3390/w14162544.

Instructions for use a set of reagents for DNA/RNA extraction from biological material. "DNA/RNA-C FACTOR".

P. Desjardins, D. Conklin, NanoDrop microvolume quantitation of nucleic acids, J. Vis. Exp. 22 (45) (2010 Nov) 2565, https://doi.org/10.3791/2565. PMID:
21189466.

P.R. Desjardins, D.S. Conklin, Microvolume quantitation of nucleic acid, Current Protocols in Human Genetics 93 (1) (2011). A.3J.1-A.3J.16.

A. Foster, N. Laurin, Development of a fast PCR protocol enabling rapid generation of AmpFZSTR® Identifiler® profiles for genotyping of human DNA, Invest.
Genet. 3 (2012) 6, https://doi.org/10.1186,/2041-2223-3-6.

E.Z.S. Vegas, B. Nieves, M. Araque, E. Velasco, J. Ruiz, J. Vila, Outbreak of infection with acinetobacter strain RUH 1139 in an intensive care unit//infection
control and hospital epidemiology 27 (4) (2006) 397-404.

K.B. Hoorzook, T.G. Barnard, Culture independent DNA extraction method for bacterial cells concentrated from water, MethodsX 9 (2022 Mar 2) 101653,
https://doi.org/10.1016/j.mex.2022.101653.

Shuiquan Chen, Shuo Sun, Chaocheng Zhao, Qiyou Liu, Zang Meng, Biodesulfurization of model oil using growing cells of Gordonia sp, Petrol. Sci. Technol.
(2019), https://doi.org/10.1080/10916466.2019.1575862. SC-10.

ISO 8754, Petroleum Products Determination of Sulfur Content Energy-Dispersive X-Ray Fluorescence Spectrometry, 2003.

1. Vasil’eva, O. Morozova, G. Shumakovich, A. Yaropolov, Betaine-based deep eutectic solvent as a new media for laccase-catalyzed template-guided
polymerization/copolymerization of aniline and 3-aminobenzoic acid, Int. J. Mol. Sci. 23 (19) (2022 Sep 27) 11409, https://doi.org/10.3390/ijms231911409.
A. Koigerova, A. Gosteva, A. Samarov, N. Tsvetov, Deep eutectic solvents based on carboxylic acids and glycerol or propylene glycol as green media for
extraction of bioactive substances from chamaenerion angustifolium (L.) scop, Molecules 28 (2023) 6978, https://doi.org/10.3390/molecules28196978.
Angeliki Marietou/Chapter Two - sulfate reducing microorganisms in high temperature oil reservoirs, Adv. Appl. Microbiol. 116 (2021) 99-131, https://doi.
org/10.1016/bs.aambs.2021.03.004.

A. Miiller, K. Kjeldsen, T. Rattei, et al., Phylogenetic and environmental diversity of DsrAB-type dissimilatory (bi)sulfite reductases, ISME J. 9 (2015)
1152-1165, https://doi.org/10.1038/ismej.2014.208.

T.T.T. Tran, K. Kannoorpatti, A. Padovan, S. Thennadil, Sulphate-reducing bacteria’s response to extreme pH environments and the effect of their activities on
microbial corrosion, Appl. Sci. 11 (2021) 2201, https://doi.org/10.3390/app11052201.

R.H. Ronald, Cohen/Use of microbes for cost reduction of metal removal from metals and mining industry waste streams, J. Clean. Prod. 14 (Issues 12-13)
(2006) 1146-1157, https://doi.org/10.1016/j.jclepro.2004.10.009.

G.S. Apendina, A.U. Tuyakbayeva, The study of the petro-destructive activity of hydrocarbon-oxidizing microorganisms, Scientific and Agronomic Journal
(2011) 27-31.

A. Saltybaev, A. Asenov, A. Muratova, The degree of biodegradation of petroleum hydrocarbons by microorganisms at positively low temperatures, Norwegian
Journal of development of the International Science 14 (2018) 5-8.

F.Ya Abdullayeva, S.S. Keldibayeva, Investigation of the Microbial Enhanced Oil Recovery Aplicapibility in Oilfield «Uzen»//Scientific Works, 2014, pp. 63-69,
https://doi.org/10.5510/0GP20140400223, 4.

D.S. Sokolova, E.M. Semenova, D.S. Grouzdev, et al., Microbial diversity and potential sulfide producers in the Karazhanbas oilfield (Kazakhstan), Microbiology
89 (2020) 459-469, https://doi.org/10.1134/50026261720040128.

L. Qomariyah, P. Ira Kumalasari, S. Suprapto, N. Fajar Puspita, E. Agustiani, S. Altway, H. Hardi, Bioremediation of heavy metals in petroleum sludge through
bacterial mixtures, in: Materials Today Proceedings, vol. 63, 2022, pp. $140-5S142, https://doi.org/10.1016/j.matpr.2022.02.054. Supplement 1.

J. Campos, M. Martinez-Pacheco, C. Cervantes, Hexavalent chromium reduction by a chromate-resistant Bacillus sp, strain. Antonie van Leeuwenhoek 68 (1995)
203-208.

S. Mishra, R.N. Bharagava, Toxic and genotoxic effects of hexavalent chromium in environment and its bioremediation strategies, Journal of Environmental
Science and Health, Part C 34 (1) (2015) 1-32.

Rishabh Anand Omar, Nishith Verma, Pankaj Kumar Arora/Sequential desulfurization of thiol compounds containing liquid fuels: adsorption over Ni-doped
carbon beads followed by biodegradation using environmentally isolated Bacillus zhangzhouensis, Fuel 277 (1) (2020) 1-10, https://doi.org/10.1016/j.
fuel.2020.118208. October.

Fatemeh Boshagh, Babak Mokhtarani, Hamid Reza Mortaheb/Effect of electrokinetics on biodesulfurization of the model oil by Rhodococcus erythropolis
PTCC1767 and Bacillus subtilis DSMZ 3256, J. Hazard Mater. 280 (2014) 781-787, https://doi.org/10.1016/j.jhazmat.2014.09.006.

M.S. Tabatabaee, M. Mazaheri Assadi, Vacuum distillation residue upgrading by an indigenous Bacillus cereus, J Environ Health Sci Engineer 11 (2013) 18,
https://doi.org/10.1186,/2052-336X-11-18.

16


https://doi.org/10.1016/j.biotechadv.2007.07.003
https://doi.org/10.5281/zenodo.6539854
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref27
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref28
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref28
https://www.kbm.kz/ru/index.htm
https://buzachineft.kz/about
https://www.turgai.kz/kumkol.html
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref32
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref33
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref33
https://doi.org/10.1515/med-2018-0052
https://doi.org/10.1515/med-2018-0052
https://doi.org/10.1128/jmbe.v15i2.754
https://doi.org/10.1016/j.jhazmat.2013.06.071
https://doi.org/10.1016/j.ijid.2009.12.003
https://doi.org/10.1016/j.ijid.2009.12.003
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref38
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref38
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref39
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref40
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref40
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref40
https://academicworks.cuny.edu/cgi/viewcontent.cgi?article=1015&amp;context=qb_oers
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref42
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref42
https://doi.org/10.3390/w14162544
https://doi.org/10.3791/2565
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref46
https://doi.org/10.1186/2041-2223-3-6
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref48
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref48
https://doi.org/10.1016/j.mex.2022.101653
https://doi.org/10.1080/10916466.2019.1575862
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref51
https://doi.org/10.3390/ijms231911409
https://doi.org/10.3390/molecules28196978
https://doi.org/10.1016/bs.aambs.2021.03.004
https://doi.org/10.1016/bs.aambs.2021.03.004
https://doi.org/10.1038/ismej.2014.208
https://doi.org/10.3390/app11052201
https://doi.org/10.1016/j.jclepro.2004.10.009
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref58
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref58
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref59
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref59
https://doi.org/10.5510/OGP20140400223
https://doi.org/10.1134/S0026261720040128
https://doi.org/10.1016/j.matpr.2022.02.054
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref63
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref63
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref64
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref64
https://doi.org/10.1016/j.fuel.2020.118208
https://doi.org/10.1016/j.fuel.2020.118208
https://doi.org/10.1016/j.jhazmat.2014.09.006
https://doi.org/10.1186/2052-336X-11-18

A.O. Akimbek et al.

[68]
[69]
[70]
[71]

[72]

[73]

[74]
[75]
[76]
[77]
[78]
[79]

[80]

Heliyon 11 (2025) e41877

Daryush Arabian, Helya Najafi, Farhadi Farhadi, Asghar Molaei Dehkordi/Biodesulfurization of simulated light fuel oil by a native isolated bacteria bacillus
cereus HN, Journal of Petroleum Science and Technology 4 (1) (2014) 31-40.

Marwah Thamer, Abdul Rahman Al-Kubaisi, Zahraa Zahraw, Hussam Aldin Abdullah, Iman Hindy, Ammar abd khadium/biodegradation of kirkuk light crude
oil by Bacillus thuringiensis, northern of Iraq, Nat. Sci. 5 (7) (2013) 865-873, https://doi.org/10.4236/ns.2013.57104.

Bo Wu, Jianlong Xiu, Li Yu, Lixin Huang, Lina Yi, Yuandong Ma/Degradation of crude oil in a co-culture system of Bacillus subtilis and Pseudomonas
aeruginosa, Front. Microbiol. 12 (14) (2023 May) 1132831, https://doi.org/10.3389/fmicb.2023.1132831.

Fisseha Andualem Bezza, M. Evans, Nkhalambayausi Chirwa/Production and applications of lipopeptide biosurfactant for bioremediation and oil recovery by
Bacillus subtilis CN2, Biochem. Eng. J. 101 (2015) 168-178, https://doi.org/10.1016/j.bej.2015.05.007.

Mengyu Zhang, Depeng Fan, Luging Pan, Chen Su, Zilu Li, Chang Liu, Qili He/Characterization and removal mechanism of a novel enrofloxacin-degrading
microorganism, Microbacterium proteolyticum GJEE142 capable of simultaneous removal of enrofloxacin, nitrogen and phosphorus, J. Hazard Mater. 454
(2023), https://doi.org/10.1016/j.jhazmat.2023.131452.

E. Corretto, L. Antonielli, A. Sessitsch, C. Hofer, M. Puschenreiter, S. Widhalm, K. Swarnalakshmi, G. Brader, Comparative genomics of Microbacterium species
to reveal diversity, potential for secondary metabolites and heavy metal resistance, Front. Microbiol. 11 (2020) 1869, https://doi.org/10.3389/
fmicb.2020.01869.

F.O. Okeola, M.A. Amoloye, G.B. Adebayo, T.O. Abu, O.M. Ameen, B. Obiechina, Comparative study of physicochemical parameters of some crude oil and
petroluem products//Nig, J. Pure Appl. Sci. (Ankara) 29 (2) (2016) 2987-2993, https://doi.org/10.19240/njpas.2016.A32.

J. Matthew, Wargo/homeostasis and catabolism of choline and Glycine betaine: lessons from Pseudomonas aeruginosa, Appl. Environ. Microbiol. 79 (7) (2013
Apr) 2112-2120, https://doi.org/10.1128/AEM.03565-12.

T. Hoffmann, E. Bremer, Protection of Bacillus subtilis against cold stress via compatible-solute acquisition, J. Bacteriol. 193 (7) (2011 Apr) 1552-1562, https://
doi.org/10.1128/JB.01319-10.

Xin Hu, Dahui Li, Yue Qiao, Qiangian Song, Zhiguo Guan, Kaixuan Qiu, Jiachang Cao, Lei Huang/Salt tolerance mechanism of a hydrocarbon-degrading strain:
salt tolerance mediated by accumulated betaine in cells, J. Hazard Mater. 392 (2020), https://doi.org/10.1016/j.jhazmat.2020.122326.

M. Valero, S. Leontidis, P.S. Fernandez, A. Martinez, M.C. Salmeron, Growth of Bacillus cereus in natural and acidified carrot substrates over the temperature
range 5-30°C, Food Microbiol. 17 (6) (December 2000) 605-612, https://doi.org/10.1006/fmic.2000.0352.

Olawumi O. Sadare, O. Michael, Daramola/kinetics of biodesulfurization of South African diesel using Pseudomonas aeruginosa//materials today, in:
Proceedings, 2023, pp. 1-7, https://doi.org/10.1016/j.matpr.2023.08.319.

B. Yu, P. Xu, Q. Shi, C. Ma, Deep desulfurization of diesel oil and crude oils by a newly isolated Rhodococcus erythropolis strain, Appl. Environ. Microbiol. 72 (1)
(2006 Jan) 54-58, https://doi.org/10.1128/AEM.72.1.54-58.2006.

17


http://refhub.elsevier.com/S2405-8440(25)00257-9/sref68
http://refhub.elsevier.com/S2405-8440(25)00257-9/sref68
https://doi.org/10.4236/ns.2013.57104
https://doi.org/10.3389/fmicb.2023.1132831
https://doi.org/10.1016/j.bej.2015.05.007
https://doi.org/10.1016/j.jhazmat.2023.131452
https://doi.org/10.3389/fmicb.2020.01869
https://doi.org/10.3389/fmicb.2020.01869
https://doi.org/10.19240/njpas.2016.A32
https://doi.org/10.1128/AEM.03565-12
https://doi.org/10.1128/JB.01319-10
https://doi.org/10.1128/JB.01319-10
https://doi.org/10.1016/j.jhazmat.2020.122326
https://doi.org/10.1006/fmic.2000.0352
https://doi.org/10.1016/j.matpr.2023.08.319
https://doi.org/10.1128/AEM.72.1.54-58.2006

	Biodesulfurization of high-sulfur oil from the Karazhanbas field of Kazakhstan with deep eutectic solvents
	1 Introduction
	2 Materials and methods of research
	2.1 Research materials
	2.2 Research methods
	2.2.1 Isolation of microorganisms
	2.2.2 Microscopy methods
	2.2.3 Heavy metal sensitivity test
	2.2.4 Determination of the growth of microorganisms in an oil medium
	2.2.5 Genetic identification of bacteria based on the analysis of the nucleotide sequence of a fragment of the 16S rRNA gene
	2.2.6 Microbial activity in sulfur-containing crude oil
	2.2.7 Determination of the mass fraction of sulfur

	2.3 Biodesulfurization
	2.3.1 Preparation of the inoculum
	2.3.2 Synthesis of deep eutectic solvents
	2.3.3 Experimenting


	3 Research results and discussion
	3.1 Isolation of sulfate-oxidizing and sulfate-reducing bacteria from crude oil
	3.2 Genetic identification of bacteria based on the analysis of the nucleotide sequence of a fragment of the 16S rRNA gene
	3.3 The effect of heavy metals on the activity of isolated microorganisms
	3.4 Microbial activity against sulfur in the composition of crude high-sulfur oil
	3.5 Biodesulfurization of high-sulfur oil from the Karazhanbas field in Kazakhstan

	4 Conclusion
	CRediT authorship contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	References


