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Abstract

Soil pollution by oil and petroleum products is a serious environmental problem, especially relevant for industrialized
regions. Microbiological remediation based on the use of oil-oxidizing microorganisms is a promising method of
restoring polluted soils. The aims of the study are to develop a composition and assess the effectiveness of a spe-
cialized bio-based product adapted to the climatic conditions of northwest Russia. Bacterial strains capable of uti-
lizing petroleum products as the only carbon source have been selected and cultivated. Based on laboratory tests,
a consortium of microorganisms was selected, including strains of Acinetobacter sp. (VKM B-3202), Rhodococcus
erythropolis (VKM Ac-858 T) and Pseudomonas alcaligenes (VKM B-1295), and their growth activity was evalu-
ated. Three biologics compositions have been developed, differing in the proportions of bacterial suspensions by
volume, and the technology of their application to oil-contaminated soils has been determined. The effectiveness of
cleaning soils contaminated with oil and petroleum products (gasoline, diesel fuel, oil products from a spill at the
Tammisuo railway station (Vyborg) at temperatures of 10-20 °C, typical for the climate of the region, was studied
in laboratory conditions. At a temperature regime of 20+1 °C and natural soil moisture, after 60 days of the experi-
ment, the maximum concentration reduction rates reached 75.59 % for crude oil, 71.97 % for oil products from the
spill, 90.53 % for diesel fuel, 75.81 % for gasoline. At a temperature of 10+1 °C — 40.62 % for crude oil, 49.58 %
for oil products from the spill, 69.06 % for diesel fuel, 68.10 % for gasoline. The results of the study confirm the
effectiveness of the developed bio-based product for oil-contaminated soil purification in the climatic conditions of
northwestern Russia.
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Introduction

The oil industry is the leading industry in Russia, while significant production volumes are asso-
ciated with a large proportion of waste generated as a result of the activities of oil companies [1, 2].
Petroleum products enter the environment for various reasons — accidents on pipelines, spills from
shipping vessels, violations of drilling techniques, etc. [3, 4]. Soils, water, vegetation, and atmos-
pheric air are susceptible to pollution due to the volatility of petroleum product components [5].

Russia has recorded 14 accidents at freshwater facilities, 12 of which occurred as a result of spills
from ships and from a fuel oil pipeline in 2023%. In December 2024, the largest accident occurred in

1 On the state and protection of the environment of the Russian Federation in 2023. State report. Moscow: Ministry of Natural
Resources and Environment of the Russian Federation; Intellectual Analytics LLC; FGBU Directorate of Scientific and Technical
Progress; Foundation for Environmental Monitoring and International Technological Cooperation, 2024, p. 707.
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the Kerch Strait of the Black Sea, as a result of which, according to various estimates, from 3700 to
5000 t of oil entered the marine environment. Soil resources are equally susceptible to oil product
contamination. According to Rosprirodnadzor, the area of disturbed land due to leaks during the
transit of oil, gas, and refined petroleum products in 2023 amounted to 122 hectares?. According to
the data of oil and gas producing companies, in comparison with 2022, the area of all disturbed lands
increased by 4.6 %?.

The negative impact on the soil cover from the ingress of petroleum products is associated with
a reduction in biodiversity, death of animals and plants, the entry of toxic chemicals into the soil and
atmospheric air [6], fertility degradation [7], and other dangerous consequences for the environment [8].
For the Northwestern Federal District, the problem of soil pollution with petroleum products is rele-
vant due to the large length of pipeline, shipping and automobile transport in the region, as well as
the presence of the largest oil loading terminals [9].

Various methods of restoring disturbed lands have been developed to eliminate the consequences
of oil and petroleum products entering the soil: mechanical, physico-chemical, biological, thermal,
electrical, etc. [10]. Microbiological remediation, based on the ability of microorganisms to absorb
pollutants, is considered the most promising method in terms of the degree of purification and eco-
nomic costs [11, 12]. Microorganisms with a petro-destructive ability include bacteria (Pseudomonas,
Flavobacterium, Acinetobacter and others) [13, 14], fungi (Alternaria, Aspergillus, Candida and
others) [15, 16] and microalgae (Chlorella vulgaris) [17]. Microorganisms are mainly used to remove
oil pollution from soils and some types of wastewater. The method is carried out both directly at
the site of contamination (in situ) [18], and with excavation of soil for placement in bioreactors
(ex situ) [19], in some cases these methods are combined [20].

To introduce microorganisms into a polluted environment, biologics are used from three com-
ponents necessary for their functioning:

« strains of microorganisms adapted to specific environmental conditions and contributing to the
degradation of hydrocarbons (main component);

« sorbent carrier of both natural (peat, zeolite) and synthetic (polymers) origin [21, 22];

« a complex of nutrients (nitrogen, phosphorus, potassium, sulfur) that creates a favorable envi-
ronment for the development of microorganisms [23, 24].

Natural sorbents, in addition to their main function, contribute to the improvement of the physico-
mechanical and physico-chemical properties of soils [25, 26]. A number of biologics have been de-
veloped that differ in composition and properties [27-29], but their use is limited by the climatic con-
ditions of the environment [30]. The Leningrad Region is characterized by moderate temperatures in
summer, on average not exceeding 20 °C, which is not suitable for the development of most types of
microorganisms [31]. In this regard, a significant part of the patented biological products cannot be
used in the Northwestern Federal District, and most of the developments adapted for this region have
not been put into practice [32].

The aims of the study are to develop a composition and assess the effectiveness of a specialized
bio-based product adapted to the climatic conditions of northwest Russia.

Objectives of the work: scientific review on the research topic, selection and cultivation of psy-
chrophilic bacterial strains, assessment of the growth activity of strains in the presence of petroleum
products as the only carbon source, development of options for the composition of bio-based products
and technology for applying biological products to oil-contaminated soils, evaluation of the effec-
tiveness of purification of oil-contaminated soils with the proposed formulations in laboratory condi-
tions.

2 Environmental protection in Russia. 2024. Statistical collection. Moscow: Federal State Statistics Service (Rosstat), 2024,
p. 118. URL.: http://ssl.rosstat.gov.ru/storage/mediabank/Oxrana_okruj_sredi_2024.pdf (accessed 03.03.2025).

3 On the state and protection of the environment of the Russian Federation in 2023. State report. Moscow: Ministry of Natural
Resources and Environment of the Russian Federation; Intellectual Analytics LLC; FGBU Directorate of Scientific and Technical
Progress; Foundation for Environmental Monitoring and International Technological Cooperation, 2024, p. 707.
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Methods

For the study, a site was selected in the area of
the Tammisuo railway station (Vyborg, Leningrad
Region), where a massive spill of petroleum products
occurred as a result of a leak in transport tanks
located underground. The characteristic features of
the territory are podzolic alluvial low-humus soils
and vegetation cover, represented by shrubby
plants, weedy herbaceous vegetation and mossy.
During the reconnaissance survey of the spill site
and adjacent territories, signs of a negative impact
on the components of the natural environment were
recorded — the suppression of herbaceous plant
communities, the death of representatives of the
animal world, and the blackening of shrub leaves.

Oil-contaminated soil was sampled using the
envelope method at five test sites near the spill
(Fig.1). From each site, samples were taken from
two layers, from depths of 0-0.05 and 0.05-0.2 m,
after which they were combined into one common sample for subsequent analysis. The choice of trial
sites is determined by the uniformity of vegetation cover and different levels of pollution (Fig.2). The
thickness of the oil-contaminated soil layer varied from 5-20 cm. Also for modeling pollution in
laboratory conditions from the spill site according to GOST 2517-2012 “Qil and petroleum products.
Sampling methods” the samples of pure petroleum product (without impurities of water and soil) and
pure soil (without contamination with petroleum products) were taken.

Further sample preparation and experimental studies were carried out in the laboratory of the
Scientific Research Center “Ecosystem” of the Mining University, where the selected samples were
transported in a marked hermetically sealed container made of dark glass. To prepare the soil for
analysis, inclusions were removed from the samples, the samples were crushed in a mortar, dried to
an air-dry state and sifted through a sieve with a hole diameter of 1 mm. The samples were stored at
a temperature of 4+2 °C. The preparation of water extracts for pH determination was carried out by
adding 150 cm?® of distilled water to pre-dried and crushed soil samples weighing 30 g. For X-ray
fluorescence analysis (XFA), the working samples obtained by quartering the initial sample were
ground to a powder state.

Fig.1. Map-scheme of soil sampling. Blue contour —
localization of the spill; P.1- P.5 — Sampling sites

N /N 2
KA

Fig.2. Sampling sites;a—~N1;b-N3;c-N4
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The concentration of petroleum products was determined by fluorimetric analysis using a Fluo-
rat-02-3M liquid analyzer for soil samples from the spill at the beginning of the study and subse-
quently to evaluate the effectiveness of the developed biological product [33]. Before the study, the
purity of hexane was checked, calibration solutions were prepared, and the analyzer was calibrated.
After extraction of petroleum products from the soil, the fluorescence intensity of the purified extract
was measured on the specified liquid analyzer. The concentration of petroleum products in the sample
was determined by the ratio of the mass concentration of petroleum products in the hexane solution
of Cm, the final volume of the hexane solution and the dilution coefficient of the extract K to the mass
of the soil sample m. The result X is shown in Table 1.

Table 1

Concentration of petroleum products in the soil according to the results of fluorimetric analysis

Sample m, g K Cn
1 0.206 5 5.24

X, mg/kg

3180+800

5

3 0.202 5.72 35404885
4 0.200 3.94 492+120
5 0.223 1.43 160+64

* The value obtained exceeds the measurement limit.

Based on the results of determining the pH of aqueous extracts from soils with a pH meter
pH-150Ml, it was decided to exclude the influence of the acidity of soil samples on the oil-oxidizing
activity of bacteria and the indicators of soil purification efficiency obtained during further research
due to minor differences in the pH values obtained.

To determine the content of heavy metals in samples that can affect the activity of oil-oxidizing
microorganisms, a chemical analysis of soil composition was performed using X-ray fluorescence
analysis using a portable X-ray fluorescence spectrometer NITON XLt. The elemental composition
of sample N 2, obtained from the results of the RFA, is presented in Table 2. According to the results
of a semi-quantitative analysis, exceedances of the maximum permissible concentration established
by SanPiN 1.2.3685-21 for zirconium, zinc, chromium, and vanadium were revealed.

Table 2
The elemental composition of sample N 2 according to the results of the RFA
Element Concentration, mg/kg PCL, mg/kg* Hazard class

Mo 32.1£3.2 50 3
Zr 37.2+4.3 6 3
Sr 12.6+2.0 200 2
Zn 102.4+10.9 55 1
Fe 169.4+27.6 - 4
Cr 175.8+65.8 100 1
V 343.0£117.6 150 3
Ca 2021+403 -

K 1651428 -

* Sanitary Rules And Normatives 1.2.3685-21 “Hygienic standards and require-
ments for ensuring the safety and (or) harmlessness of environmental factors for humans”.

The determination of the elemental composition of pure petroleum products from the spill was
carried out by gas chromatography-mass spectrometry (GCMS), which combines the functions of gas
chromatography and mass spectrometry [34]. The study was performed on a Shimadzu GCMS-
QP2010 SE gas chromatography-mass spectrometer with a helium carrier gas. A sample of 1 g of
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petroleum product was taken for analysis, from which a sample in the amount of 1 ul was inserted
into the chromatograph evaporator with a micro-syringe. Based on the results of the GCMS, a chro-
matogram was obtained and the hydrocarbon components of the petroleum product were identified,
most of which have from 15 to 26 carbon atoms, a linear structure and are typical components of
heavy fuels such as fuel oil, diesel fuel, etc.

The experimental study on the creation of a bio-based product for soil purification from oil and
petroleum products included five stages:

« selection and cultivation of bacterial strains;

« determination of the number of cells in bacterial suspensions;

« assessment of the growth activity of bacterial strains on nutrient media with the addition of
petroleum products;

« development of the composition of a bio-based product;

« assessment of the effectiveness of oil-contaminated soil treatment.

The basis of the bio-based product was selected from the strains from the All-Russian collection of
microorganisms (VKM IBFM RAS, Pushchino, Russia) — Acinetobacter sp. (catalog number B-3202,
hereinafter — 3202), Rhodococcus erythropolis (Ac-858 T, hereinafter — 858), Pseudomonas alcaligenes
(B-1295, hereinafter — 1295).

The selected strains of microorganisms are representatives of psychrophilic aerobic bacteria, have
the ability to oxidize petroleum hydrocarbons and other organic substances, which is an important cri-
terion for selecting strains for effective bioremediation of oil-contaminated soils [35]. Bacterial strains
were obtained as a culture on mown agar. For culture re-sowing, a nutrient medium, HMS-agar, was
prepared in Petri dishes, on the surface of which seed was introduced with zigzag-shaped movements
(“stroke” sowing), after which the Petri dishes were placed upside down in a thermostat at 28+2 °C for
three days. Thus, a sufficient amount of culture was obtained for further research.

To determine the number of cells, bacterial suspensions were prepared by washing them off the
surface of the nutrient medium and 10 dilutions of the initial bacterial suspension, for which the op-
tical density was determined on a Hach-Lange DR 5000 spectrophotometer. The number of tubes for
the preparation of the initial cell suspension was selected experimentally for each bacterial strain. The
cell concentration in the initial suspension was chosen with the condition of non-zero optical density
of the suspensions of the latest dilutions, taking into account the nonlinear relationship between the
optical density of the suspension and the number of bacterial cells in it. The sowing was carried out
using the Drigalsky method. After three days, the number of colonies in Petri dishes for each strain
was calculated. Based on the data obtained, calibration curves were constructed, which were used to
determine the number of cells in bacterial suspensions (Fig.3).
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Fig.4. Microscopic pictures of cells of strain 3202 on Voroshilova — Dianova
nutrient medium with the addition of a carbon source (@); strain 858 (magnification x400) (b);
strain 1295 on a nutrient medium with the addition of glucose (magnification x400) (c)

To determine the proportions of strain culture application to the soil, the growth activity of the
strains on mineral nutrient media was preliminarily determined in the presence of oil and petroleum
products as the only carbon source, including crude oil, diesel fuel, gasoline, and petroleum products
from the spill [36]. In the control sample, glucose served as the carbon source. Surface cultivation of
the strains was carried out at a temperature of 262 °C for seven days. The growth activity of the strains
was assessed both visually and by microscopy of fixed preparations (Fig.4).

The assessment of the growth of the 3202 strain culture was carried out visually due to the good
distinctness of the colonies on the nutrient medium: small colonies have the appearance of a solid
cloudy coating, larger colonies are convex, round, white, shiny (Fig.4, a).

Colonies of strain 858 on all nutrient media had the appearance of a continuous cloudy-white
coating. To identify the growth of the culture, fixed preparations of colony cells grown on nutrient
medium in Petri dishes were prepared. The presence of a large number of bacterial cells in smears from
the surface of the nutrient medium for strain 858 was recorded at an increase of 400 times (Fig.4, b).

Despite the absence of visual differences in cultural properties, polymorphism of strain 1295
cells was revealed in the microscopic picture. When growing on a nutrient medium with the addition
of glucose (a rich substrate), a significantly larger number of bacterial cells are observed, they are
shortened, lined up in chains (Fig.4, c). On a nutrient medium with the addition of petroleum products
(poor substrate), there are significantly fewer cells in the field of view, they are connected in stellate
structures and have different lengths.

The results of the evaluation of the growth activity of strains on nutrient media with petroleum
products and glucose are presented in Table 3.

Table 3
Growth activity of strains on nutrient media with the addition of petroleum products
Strain Glucose Oil Oil product Gasoline Diesel fuel
3202 ++ + _ ++ _
858 ++ + + + +
1295 + + + + ++

Note. + low growth activity; ++ high growth activity; — no growth.

As can be seen from Table 3, the growth activity of the strains was recorded for almost all ex-
periments based on the evaluation results. The exception was the experience with the addition of
petroleum products and diesel fuel for strain 3202, where there was no growth.

Based on the data obtained, variants of the composition of the bio-based product with different
proportions of bacterial suspensions are proposed (Table 4).

8
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The following samples were prepared to Table 4
evaluate the effectiveness of cleaning oil-contami-
nated soils using the developed formulations:

« soil with the introduction of crude oil (O)

S wt.%;

Variants of bio-based product compositions

Composit 1 Composit 2 Composit 3

Strain - — - -
Proportions of application of bacterial suspensions

3202 1 1 1
« soil with diesel fuel (DF) 5 wt.%; 858 1 2 2
« s0il with gasoline (G) 5 wt.%; 1295 2 1 2

« soil with petroleum products (PP) from the
spill.

Bacterial suspensions were prepared by flushing to introduce bioremediation compounds into the
soil. The optical density of bacterial suspensions and the concentration of bacterial cells in suspensions
(CFU/mI) were determined by the spectrophotometric method based on the calibration dependences ob-
tained, and in all bacterial suspensions the cell concentration was in the range of 107-10'> CFU/ml. Next,
the soil samples were packaged in isolated 200 g cuvettes in accordance with the proportions of bacterial
suspensions (Table 4) in the amount of 20 ml for each soil sample. Soil samples without bacterial suspen-
sions were used as controls (Table 5).

Table 5
Sample matrix
Temperature
Pollutant 20+1 °C 10£1 °C
Composition 1 | Composition 2 | Composition 3 C Composition 1 | Composition 2 | Composition 3 C
G G/1 G/2 G/3 G/IC G/l G2 G/3 GIC
o} 0o/1 0/2 O/3 o/C 0/1 0/2 073 o/C
DF DF/1 DF/2 DF/3 DF/C DF/1 DF/2 DF/3 DF/C
PP PP/1 PP/2 PP/3 PP/C PP/1 PP/2 PP/3 PP/C

The simulation of the climatic conditions of the warm season, typical for the Leningrad Region,
was carried out at temperatures of 201 and 10+1 °C for 60 days using the Klimatostat R-2 equip-
ment. The studied soil samples were periodically moistened and mixed with a sterile spatula. Then,
for 60 days, soil samples were taken to determine the concentration of oil and petroleum products
using the fluorimetric method.

Discussion

The evaluation of the effectiveness of soil purification from petroleum products using the developed
biological product was carried out through mathematical processing of the data obtained. Diagrams
reflecting the dynamics of the decrease in the concentration of petroleum products under the action
of biologics compositions relative to the initial values (IV) are shown in Fig.5, 6.

The results of evaluating the effectiveness of soil purification with various compositions of the de-
veloped biological product for 60 days at temperatures of 20£1 and 10+1 °C are presented in the Table 6.

Conclusion

Soil pollution by oil and petroleum products remains an urgent environmental problem requiring
comprehensive study and development of new effective cleaning technologies. Among the numerous
methods of removing pollutants from soils, microbiological remediation is the most promising, the
advantages of which include waste-free, high efficiency, low cost, and the possibility of restoring the
fertile properties of the soil.

As part of the study, a new biological product was developed, which includes the bacterial consor-
tium Acinetobacter sp. (VKM B-3202), Rhodococcus erythropolis (VKM Ac-858 T), Pseudomonas al-
caligenes (VKM B-1295), which has a recycling activity against petroleum hydrocarbons. Three variants
of the composition of this biological product have been prepared, differing in the volume ratio of bacterial
suspensions (1:1:2, 1:2:1, 1:2:2 for compositions 1, 2, 3). It was found that all bacterial strains exhibit
high growth activity in the presence of oil, gasoline, diesel fuel, and petroleum products from the spill as
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Table 6

Efficiency of soil purification from petroleum products

Pollutant The c_ompositign_ with The propo_rtion of _bac_terial Reducing the_concentration
the highest efficiency suspension application of pollutants in 60 days, %
20+1 °C
PP 1 1:1:2 71,97
O 2 1:2:1 75,59
DF 2 1:2:1 90,53
G 3 1:2:2 75,81
10+1 °C
PP 3 1:2:2 49,58
O 1 1:1:2 40,62
DF 1 1:1:2 69,06
G 1 1:1:2 68,10

the only carbon source in nutrient media, with the exception of strain B-3202 because in the experimental
variants with diesel fuel and petroleum products, bacterial growth on nutrient media was not recorded.

According to the results of evaluating the effectiveness of cleaning oil-contaminated soils with
the application of the developed biological product at a temperature of 20+1 °C and natural soil mois-
ture after 60 days of the experiment, the following maximum concentration reduction rates were ob-
tained: for crude oil — 75.59 %; for oil products from the spill — 71.97 %, for diesel fuel — 90.53 %;
for gasoline — 75.81 %. At a temperature of 10+1 °C: for crude oil — 40.62 %; for oil products from
the spill — 49.58 %; for diesel fuel — 69.06 %; for gasoline — 68.10 %.

The developed biological product can be used to clean oil-contaminated soils in the North-
western Federal District, including in the area of the Tammisuo railway station (Vyborg, Leningrad
Region) or in regions with similar soil and climatic conditions.

The direction of further research is to evaluate the effectiveness of the developed technology for
reclamation of oil-contaminated soils in the field.

The results presented in this study are protected by a patent [37].
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