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Abstract

This study evaluates the effectiveness of bioremediation of oil-contaminated terrestrial ecosystems using a composition
of organomineral ameliorants. The aim of the study is to establish the influence of ameliorants on reducing the phyto-
toxicity of oil-contaminated organogenic soils and to track the dynamics of the decline in oil concentration in the soil
under their influence. The study is directed at developing an ecologically safe and sustainable method for cleaning soils
from oil contamination, which minimizes the negative impact on the environment and contributes to the restoration of
soil fertility. As a result, the optimal ratio of components of the peat-diatomite ameliorant (PDA) for activating biore-
mediation processes in oil-contaminated soils was experimentally substantiated. The following component ratio of
PDA was recognized as the most effective for the bioremediation of oil-contaminated soils: peat 51.5-53.5 %; sapropel
31.0-33.5 %; diatomite 15.0-15.5 % (by mass of air-dry matter). A direct dependence of the efficiency of oil destruction
in oil-contaminated ecosystems on the application of PDA in the recommended composition was established. The re-
sults of the research confirm the effectiveness of the developed PDA.
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Introduction

Russia is one of the world’s leaders in hydrocarbon production and export, relying on an exten-
sive pipeline network with a total length of approximately 55 thousand km on the territory of the
Russian Federation. However, during the processes of extraction and transportation, emergency
situations occur related to pipeline ruptures, the cause of which, as a rule, is corrosion (> 90 %),
resulting in large areas of land resources being withdrawn from economic use [1-3].

According to data from the Ministry of Natural Resources and Ecology of the Russian Federa-
tion, annual losses amount to more than 100 thousand t of oil, which causes large-scale negative
impacts on terrestrial ecosystems and leads to significant transformation of the physicochemical
properties and structure of all components of the natural environment, while the scale of reclamation
efforts remains critically low. The area of disturbed lands resulting from the activities of oil and gas
producing companies reached 596,7 thousand ha by the end of 2023, with a total reclaimed area of
only 23,3 thousand ha (< 4 %).
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Oil and gas fields in Russia are explored and developed across various soil-climatic zones; how-
ever, they are predominantly located in the middle taiga zone, within the boundaries of raised bogs,
which are represented by organogenic (peat) soils. In this regard, these types of terrestrial ecosystems
are more susceptible to the risk of negative impacts from accidental oil spills [4-6].

For organogenic soils, the residual oil concentration varies depending on the region and ranges
from 1 to 15 g/kg on agricultural lands and from 1 to 67 g/kg on forestry lands [7, 8]. In the Russian
Federation, there are no unified maximum permissible concentrations of oil in soils, which is ex-
plained by the exceptional complexity and variability of the chemical composition characteristic of
both the soils themselves and the wide range of oil products [9], therefore, individual oil-producing
regions of Russia have established standards for the permissible residual content of oil and its trans-
formation products following reclamation works.

Numerous studies have established that with increasing oil concentration in terrestrial ecosys-
tems, the concentration of agrochemical elements available to microorganisms and plants — such as
nitrate nitrogen, mobile phosphorus, and exchangeable potassium — decreases. Furthermore, the in-
creasing amount of carbon resulting from contamination disrupts the carbon-to-nitrogen balance in
the soil, thereby reducing its fertility [10-12]. This is caused by the ongoing processes of soil particle
encapsulation by a dense oil film, which inhibits chemical and biochemical processes in terrestrial
ecosystems, impeding the biodegradation of petroleum hydrocarbons.

Soil contamination with petroleum hydrocarbons significantly alters the composition and availa-
bility of elements for plants. Currently, the most effective method for cleaning oil-contaminated soil
is bioremediation, the essence of which lies in creating optimal conditions for the development of
hydrocarbon-oxidizing microflora [13-15]. To activate bioremediation processes, chemical fertilizers
are generally applied to the soil, with the molecular ratios of nutrients — carbon (C), nitrogen (N), phos-
phorus (P), and potassium (K) — required to be as follows: C:N:P = 100:9:1, C:N:P = 100:7.5:0.66,
C:N:P =100:3.75:0.25, and C:N:K = 100:17:6. The development of hydrocarbon-oxidizing microor-
ganisms also requires soil saturation with water and oxygen, as well as a pH close to neutral [16-18].
Such conditions can be established by applying chemical fertilizers or organomineral ameliorants.

Unlike ameliorants, chemical fertilizers have a number of significant drawbacks, as their exces-
sive application promotes the migration of constituent components into groundwater and various wa-
ter bodies. Furthermore, the results of long-term studies show that the use of chemical fertilizers leads,
after several years, to a negative impact on the agrochemical and biological properties of the soil and,
consequently, to the suppression of vegetation even after the planting of green manure crops [19-21].

Given the above, it is necessary to comprehensively assess the effectiveness of using a compo-
sition of organomineral ameliorants for activating bioremediation processes in oil-contaminated ter-
restrial ecosystems. To achieve the stated objective, the following tasks have been formulated: to
investigate the influence of the organomineral ameliorant composition on reducing the phytotoxicity
of oil-contaminated organogenic soils; to establish the dynamics of the decline in oil concentration
by the end of the experimental research phase; to evaluate the ecological effectiveness of the or-
ganomineral ameliorant composition and to provide recommendations on the percentage ratio of com-
ponents — peat, sapropel, and diatomite.

Methods

Experimental studies were conducted using containers with a volume of 500 ml in three repli-
cates over a period of 1 month. The use of containers of this volume was determined by the need to
create a limited space for the development of the root system, which allows modeling conditions of
restricted access to nutrients and moisture. This volume ensures that the root system will inevitably
and rapidly come into contact with the contaminated substrate, thereby accelerating the manifestation
of the effect and reducing the duration of the experiment. Otherwise, in larger vessels, the plant could
avoid the toxicant for a longer period by developing roots in an uncontaminated zone.
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Observations during the first month were the most informative, as they allowed a full assessment
of germination, initial growth, and the severity of toxic stress in plants. Shortening the duration of the
experiment to 1 month enables rapid acquisition of data on the primary impact of pollutants and
allows a conclusion to be drawn regarding the feasibility or non-feasibility of further field studies.

The containers used for the studies were made of colored polypropylene. A fixed photoperiod
was maintained — the duration of the light period was 14 h. Phytolamps with a spectral composition
optimized for the process of photosynthesis were used as the light source. Ten seeds of common oat
(Avena sativa) were planted in each container.

Four hundred ml of oil per 1 kg of soil was applied to the soil, which amounted to 63 g/kg
according to the Method for measuring the mass concentration of oil products in soil and bottom
sediment samples using the AN-2 analyzer (FR.1.31.2011.11314). Carbon tetrachloride was used
as the extractant. Preliminary studies established that at the given level of oil contamination on this
soil type, germination of common oat seeds was absent over the course of one month. This fact
served as the basis for selecting the indicated pollutant concentration as the model concentration
for subsequent experiments. A composition of ameliorants comprising various proportions of com-
ponents — peat, sapropel, and diatomite — was then applied to the oil-contaminated soil at a rate of
10 % of the air-dry soil mass. Moisture content was maintained at 60-70 % of the total water-holding
capacity of the contaminated soil with the applied ameliorants, which corresponds to the optimal
moisture conditions.

Taking into account the possible nonlinear nature of the response function, three variation levels
were defined for each factor. The determination of the maximum and minimum values of these levels
was carried out with consideration of economic feasibility and the availability of raw materials in
Russia. As a result, peat dominates in the composition of the mixture, followed by sapropel and
diatomite. For computational convenience, the variation level values are presented in grams, which
were then recalculated as percentage ratios (Table 1): peat (X1) 0.720-1.098, sapropel (X2) 0.450-0.801,
diatomite (X3) 0.216-0.288.

The basic level X;” and the variation interval AX; were calculated using the formulas

X.O: )(iu_'_>(iI .
1 2 4
u_ oyl
ax XX
2

where i is the factor number; X', X/ are the upper and lower levels of the factors.

The factors, levels, and variation intervals are summarized in Table 1, which lists the composi-
tion components in grams/percentages.

A matrix of experimental studies was compiled, and the number of experiments and the values
of factor levels in each of them were determined (Table 2).

When using a second-order composite design, two additional levels are also applied — star arms
o and —a, which are added to the upper level and subtracted from the lower level of variation, thereby
ensuring the orthogonality of the second-order central composite design. Therefore, the number of
experiments is determined by the formula

N=2"+2n+ng=2%+23+1=15,

Table 1

Factors and their variation levels

where n is the number of factors; no is the number Peat (X1) Sapropel (X2) | Diatomite (1a)
of experiments at the zero level, no = 1.
Taking into account the number of experi- gpPef éggg; :g? gggé; ggg 8322; iii
. . asic . . . . . .
ments conducted, the star arm is calculated using Lower 0720/415 | 0450/245 | 0216/125
the formula
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Table 2 n_on
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Matrix of experimental studies

Experiment Peat (X, Sapropel (X;) | Diatomite (X: .

number G| Sapropel () ) Diatomite () Thus, the orthogonality of the central
1 1.098 0.801 0.288 composite design is ensured by the corre-
2 0.720 0.801 0.288 sponding star arms o = 1.215 and oo = —1.215.
3 1.098 0.450 0.288 :
4 0720 0.450 0.288 For this purpose, one of the upper-level factors
5 1.098 0.801 0.216 of the experimental composition is increased
° o oo oo by 21.5 %, and the lower level is decreased by
8 0.720 0.450 0.216 21.5 %, while the remaining factors are fixed at
9 1.335 0.626 0.252 zero level. For example, the upper level of the
10 0.569 0.626 0.252 L . .
1 0.909 0.974 0.252 p_eat concentration in _tr_\e peat-diatomite ame-
12 0.909 0.356 0.252 liorant (PDA) composition amounted to 1.335,
13 0.909 0.626 0.348 and the lower level to 0.569, with the zero levels
14 0.909 0.626 0.171 f | fixed at 0.450 and di . 0.216
15 0.909 0.626 0.25 of sapropel fixed at 0.450 and diatomite at 0.

(Table 2, experiments 9, 10).
As the responses by which the decision on the optimal composition of the organomineral ame-
liorant mixture was made, the following were recorded Yt (T, %) — the phytotoxicity level of oil-
contaminated terrestrial ecosystems [22], Yng (N, 9/kg) — the oil destruction indicator (reduction in

oil concentration in the study object after one month), g/kg.

In the study of phytotoxicity, a comprehensive analysis was used, taking into account the germi-
nation of common oat seeds, the length of the above-ground and below-ground parts of the plant, as
well as the phytomass. When assessing the degree of phytotoxicity, the samples were compared with
a control (uncontaminated) sample [23].

The processing of the obtained data was carried out using methods of mathematical statistics,
ensuring high reliability and objectivity of the results. To implement these methods, a suite of modern
software was applied, including Microsoft Excel for basic processing, Design-Expert 13, and “Trendy
FSP-1” (https://igduran.ru/soft/trends?2) for in-depth analysis and experimental design [16, 24].

Materials

Oil. Commercial crude oil from the Lyantorskoye oil and gas field was used as the contaminant.
The main physicochemical parameters of the oil are as follows: chloride salt content — 0.1 %; total
sulfur —0.99 % (sulfurous); paraffinic hydrocarbons — 2.4 %; density — 894 kg/m? (heavy crude oil).

Composition of organomineral ameliorants. In order to enhance the efficiency of oil destruction
using the natural potential of peat, diatomite, and sapropel, a composition — the peat-diatomite ame-
liorant — was developed [25]. The PDA comprises:

+ Raised bog milled peat with a particle fraction of 0 to 10 mm. Raised bog peat is a product of
incomplete decomposition of plants under conditions of elevated moisture and acidity, which deter-
mines its specific properties. The moisture content of the peat used ranged from 40 to 60 %, and the
pH of the aqueous extract was in the range of 4.5-5.5, indicating an acidic reaction of the medium.
The degree of decomposition of organic matter in the raised bog peat did not exceed 25 %, indicating
its relatively weakly altered structure and high porosity. The ash content of the peat was negligible,
amounting to less than 5 %. The main inorganic compounds contained in the peat included total
nitrogen (up to 1.5 %), and total phosphorus, potassium, and calcium (combined up to 0.6 %). The
humic substance content was 31.5-32.5 %.

« Diatomite conforming to TU 5761-001-59266087-2005. This natural material is a sedimentary
rock composed predominantly of fossilized remains of diatom algae. The composition of diatomite, %:
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Si0; 73.98+0.07; Al203 9.04+0.12; TiO2 0.50+0.02; Fe 3.84+0.20; MgO 1.45+0.02; CaO 1.50+0.14;
Na,O 0.21+0.01; K20 0.60+0.01; P20s 0.1540.00. Loss on ignition 9.2+0.00 %, pH 6.254+0.25. The
uniqueness of diatomite lies in its high silica content (more than 70 %) and, consequently, its well-
developed porosity. It is precisely this high porosity that accounts for the enhanced sorption capacity
of diatomite with respect to hydrocarbons, as confirmed by a number of scientific studies [26, 27].
In the framework of this study, diatomite flour with a particle fraction of less than 1 mm and a mois-
ture content not exceeding 5 % was used, which ensured optimal conditions for adsorption and further
analysis.

« Sapropel conforming to TU 0135-001-94744244-2007. Sapropel is a unique mineral resource
formed at the bottom of freshwater bodies under conditions of oxygen deficiency and high organic
matter content. A characteristic feature of sapropel is the manifestation of a reductive nature of its
oxidation-reduction potential (Eh < 19 mV), which creates favorable conditions for the development
of anaerobic microorganisms and promotes the processes of organic matter decomposition. The sap-
ropel represented a homogeneous mass of dark brown color. Its moisture content did not exceed 60 %,
and the pHn,0 value was in the range of 8.1-8.5, indicating a weakly alkaline reaction. The mass
fraction of organic matter, recalculated on a dry matter basis, was not less than 52 %, and the ash
content was not more than 48 %. Furthermore, the sapropel contained a significant amount of macro-
elements essential for plant nutrition — total nitrogen not less than 1.67 %, total phosphorus not less
than 0.25 %, total potassium not less than 0.3 %, and total magnesium not less than 0.6 %, recalcu-
lated on an absolutely dry matter basis. CaO 6.2 %, Fe-O3 0.98 %, and SOz 9.7 % by mass fraction
on an absolutely dry matter basis were also detected in the composition.

For the conduct of the experiment, an organomineral PDA composition was prepared from the
three listed components. The mixing process was carried out until a homogeneous mass was obtained,
ensuring uniform distribution of the components.

The size of the mixture fraction was 0-10 mm, which ensured the optimal structure of the material
and the availability of nutrients and moisture for the plants. As the size of the material fraction de-
creases, the sorption capacity for oil products increases due to an increase in the specific surface area.
This justifies the choice of a fine fraction, as particles with a size of several millimeters have the
maximum contact area with oil-contaminated soil and oil, which accelerates the sorption and biodeg-
radation of hydrocarbons. Thus, the addition of well-structured material with a fraction of 0-10 mm
increases the total porosity, improves infiltration and capillary rise of moisture, which is critical for the
restoration of root systems and the activity of soil microbiota in contaminated areas [28]. A homoge-
neous fine fraction also ensures uniform distribution of the ameliorant throughout the profile during
mechanized application and mixing with the
soil (milling, cultivation), while larger particles "
(> 10-20 mm) are unevenly distributed throug-
hout the soil profile.

In order to prevent sticking and clumping,
the moisture content of the PDA mixture was
maintained at a level not exceeding 15 % before
application (Fig.1).

Test object. According to the results of
theoretical studies, biological plant resources are
widely used for the purpose of soil bioremedia-
tion from various pollutants [8, 13, 29]. Planting
plants promotes the development of oil-oxidizing
microorganisms in the rhizosphere. In this study,
oats (Avena sativa), an annual grain crop reaching Fig.1. Surface morphology of the PDA
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3-6 mm in stem diameter and 170 cm in height, was used as a test object. Characteristic features are
rough leaves up to 45 cm long, having a green or bluish tint, often covered with a waxy coating.
Resistance to high acidity (pH 5-6) makes oats suitable for the development of peat and swampy
lands. The seeding rate is 130-150 kg/ha, but if the soil is contaminated with oil, the seeding rate
should be increased to 200 kg/ha. [1]. The use of oats as a test object is also regulated by regulatory
documents (MR 2.1.7.2297-07. Justification of the hazard class of production and consumption waste
based on phyto-toxicity) [30].

Oil-contaminated soil. Due to the fact that a significant share of hydrocarbon production and
transportation in the Russian Federation takes place in regions with a predominance of swampy and
peaty soils, raised bog peat was used as a model oil-contaminated ecosystem in laboratory experi-
ments. In this case, peat was considered not as an analogue of a specific genetic type of peaty soil,
but as a standardized organic substrate with a high content of organic matter and developed porosity,
which are characteristic of the marsh ecosystems of the northern regions. The degree of peat decom-
position R is 26 %, the ash content A is 14 %, the moisture content W is 45-60 %, the humic acid
content is 32.5 %, and the fractional composition is from 0 to 20 mm. The oil contamination level is
63 g/kg, which allows us to create conditions typical of emergency spill zones, conduct controlled
experiments, and obtain reliable data on self-purification processes and bioremediation capabilities.

Discussion

The results of the experiments (Table 3) revealed a significant effect of PDA on the processes of
detoxification of oil-contaminated soil. The analysis of phytotoxicity showed a decrease from 1 (con-
trol) to 0.063 %, which reflects a significant improvement in the conditions for vegetation restoration.
At the same time, there was a decrease in the concentration of oil from 63 (control) to 41.5 g/kg,
which indicates the activation of hydrocarbon biodegradation processes under the influence of PDA.

Table 3
Experimental design matrix with response results
XPenment | peat (x;) | Sapropel (X;) | Diatomite (Xs) Yo, % Y 0/kg
1 1.098 0.801 0.288 0.237+0.017 46.8+5.9
2 0.720 0.801 0.288 0.147+0.014 48.9+6.3
3 1.098 0.450 0.288 0.063+0.011 48.9+5.4
4 0.720 0.450 0.288 0.192+0.010 47.0+5.9
5 1.098 0.801 0.216 0.138+0.013 52.5+7.0
6 0.720 0.801 0.216 0.128+0.011 45.1+5.6
7 1.098 0.450 0.216 0.074+0.012 442454
8 0.720 0.450 0.216 0.134+0.020 41.544.9
9 1.335 0.626 0.252 0.015+0.013 43.2+5.2
10 0.569 0.626 0.252 0.178+0.017 49.9+6.5
11 0.909 0.974 0.252 0.220+0.019 43.8+5.3
12 0.909 0.356 0.252 0.154+0.015 42.6+5.1
13 0.909 0.626 0.348 0.306+0.067 47.3+6.0
14 0.909 0.626 0.171 0.250+0.022 48.4+6.2
15 0.909 0.626 0.252 0.177+0.017 50.8+6.6

Given the complexity and nonlinearity of bioremediation processes [31-33], a functional-factor
power model was selected:

Y = AX™+ AX + AXSS + AT + Bt o,

where o is the root mean square error of determination.
The functional-factorial power model appears to be more adequate than a simple linear model,
and it allows us to identify the key factors that determine the effectiveness of the ameliorant. The
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interaction of the three components can lead to a synergistic or antagonistic effect. The power func-

tions in the model allow us to account for the nonlinearity of the influence of each component, and

the interaction term A X"™x)™*x™ allows us to assess the synergism or antagonism between the

components of the ameliorant. The individual terms Ax™ reflect the individual contribution of each
component, and the constant term B — represents the base value of the soil parameter (Yng, g’kg; Y7, %).

After estimating the model parameters, it can be used to optimize the composition of the ameliorant
to achieve the best soil purification results.

The developed mathematical models are designed to analyze changes in phytotoxicity and oil deg-
radation indicators, which allows us to understand the processes occurring in the samples under study,

Y, =-0.404x>%* —2.660x;°® +0.00006x;**** +3.971x>**x. ®*xJ*** +0.330 +0.028; (1)
Yy, =66.1x° —5.7;"° +5.2x;° —102.1x ' x;*x; " +49.7 £2.6. 2)

Graphical representations of the models for three factors using formulas (1), (2) are shown in
Fig.2, 3. Microsoft Excel was used to create the response surfaces.

Phytotoxicity. Based on the experimental data (Table 3), using the obtained regression equa-
tion (1), graphs (Fig.2) were constructed for the phytotoxicity indicator T of oil-contaminated soil
at different ratios of organomineral ameliorants added to it.

Fig.2 shows that the main contribution to reducing the phytotoxicity of oil-contaminated soil is
made by increasing the concentration of peat in the composition of organomineral ameliorants, with
a minimum and average content of diatomite ranging from 0.216 to 0.252 g. The substrate variant
with a minimum proportion of peat and sapropel, regardless of the variations in the concentration of
the latter, demonstrates the highest level of phytotoxicity, ranging from 0.175 to 0.225 %. Increasing
the concentration of sapropel in the composition of organomineral ameliorants slightly reduces the
phytotoxicity index.

As a result, it was found that the experimentally determined indicator of phytotoxicity of oil-con-
taminated soil changes monotonously under the influence of four factors — the additive (independent)
effects of each component and the multiplicative (interconnected) effect of the entire mixture.

The change in the T indicator is described by the Yr, functional-factorial model, which consists
of the sum of the initial indicator (before the introduction of cleaning components into the soil) and
four power functions that reflect the additive and multiplicative effects of the reclamation components
on reducing phytotoxicity.

The T index of oil-contaminated soil, due to a change in the proportional ratio of the PDA com-
ponent in the amount of 10 % of its conventionally dry weight, decreases with a mean square error of
0.028 % in the sum of power functions interacting additively and multiplicatively with the degree
indices of the corresponding components 2.04; 1.09; —4.69 and 0.33; 1.05; 0.22, the function is mono-
tonically concave, such that with fixed contents of peat 1.1 g, sapropel 0.450 g, diatomite 0.216 g,
it decreases from the initial value of T = 0.33 % to the minimum value of T = 0.066 %.

Based on the results of the developed models, it can be noted that by the end of the experimental
studies, the lowest values of the T coefficient were 0.066 %. At the same time, the optimal values of
the PDA components for achieving the best phytotoxicity indicators were as follows: peat
(X1) — 1.094-1.098, sapropel (X2) — 0.450-0.463 and diatomite (X3) — 0.216-0.252.

Thus, optimizing the composition of PDA by increasing the peat content and maintaining an
optimal level of diatomite content is a key factor in activating the bioremediation processes of oil-
contaminated soils in terms of reducing their phytotoxicity. The reduction of phytotoxicity is achieved
through the synergistic effect of peat and diatomite. Peat binds and neutralizes the toxic components
of oil, while diatomite improves soil structure and maintains the moisture necessary for bioremedia-
tion. Sapropel contributes to increasing fertility, but its effect is less pronounced than that of peat.
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Fig.2. Changes in the phytotoxicity of an oil-contaminated terrestrial ecosystem with different ratios of PDA components
and concentrations of diatomite 0.216 g (a); 0.252 g (b); 0.288 g (c).
The red circle indicates the optimal parameter, and the arrow indicates the mean square error of the determination
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Fig.3. Changes in the concentration of oil in an oil-contaminated terrestrial ecosystem with different ratios of PDA components
and concentrations of diatomite 0.216 g (a); 0.252 g (b); 0.288 g (c).
The black circle indicates the optimal parameter, and the arrow indicates the mean square error of the determination
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Destruction of oil. Bioremediation of oil-contaminated terrestrial ecosystems is based on re-
ducing the negative impact of petroleum hydrocarbons on the soil environment. The key process is
the biological degradation of complex compounds by microorganisms. The goal is to break down
petroleum hydrocarbons into their simplest and non-toxic components, such as water (H20) and car-
bon dioxide (COy).

The degradation process involves the active participation of both aerobic and anaerobic micro-
organisms, each of which plays a specific role in the decomposition of oil. Aerobic microorganisms
use oxygen to oxidize hydrocarbons, while anaerobic microorganisms, which operate in an oxygen-
free environment, use other substances, such as sulfates or nitrates, to break down the oil. The inter-
action between these two groups of microorganisms effectively degrades the oil contamination, re-
storing the soil’s natural properties and creating conditions for the restoration of vegetation and the
entire ecosystem. The effectiveness of bioremediation is determined by the rate of hydrocarbon de-
composition and the degree of reduction in the toxicity of contaminated soil.

The selection of the optimal composition of the ameliorants plays an important role in the biore-
mediation of oil-contaminated soils, as it allows for the targeted correction of abiotic factors that limit
the activity of hydrocarbon-oxidizing microorganisms and plant growth, providing the necessary nu-
trients (nitrogen, phosphorus, and potassium), reducing the phytotoxicity of oil, and normalizing the
pH and Eh of the soil, which significantly increases the speed and efficiency of the biodegradation of
petroleum hydrocarbons and restores the ecological function of the contaminated soils.

The results of experimental studies prove that the indicator of destruction of oil pollution of the
soil Ny at different proportional ratio of organomineral ameliorants in PDA changes monotonously
under the influence of four factors — additive (independent) influences of each component and multi-
plicative (interconnected) influence of their mixture (Fig.3).

The indicator of soil oil pollution destruction is described by the functional model Yng, which

consists of the sum of the initial indicator (before the application of PDA to the soil) and four power
functions that reflect the additive and multiplicative effect of these components on reducing the de-
gree of pollution. Due to a change in the proportional ratio of the organomineral ameliorants in the
volume of 10 % of its conditionally dry weight, Ns decreases with a relative error of 5.6 % in the sum
of power functions interacting additively and multiplicatively with exponents of the corresponding
components 1.86; —1.3; 0.95 and 0.74; 0.9; 1.1, the function is monotonically concave, such that it is
demonstrated that with optimal peat contents of 0.720 g, sapropel 0.450 g and diatomite 0.216 g, the
initial oil concentration of 63 g/kg decreases by 34 % to a minimum value of 41.5 g/kg within a
month. For comparison, the oil concentration decreased by 6 % over the same period without the use
of ameliorants.

The intensification of biodegradation of petroleum hydrocarbons is observed when the pH of the
medium shifts from the acidic region to values close to neutral (pHu,0 4.5-6.3), which is due to more
favorable conditions for the implementation of the catalytic functions of oil-degrading microorganisms.
Optimizing the redox potential of the soil environment from 187 to 213 mV also contributes to the
activation of the catabolic enzymatic systems responsible for the metabolism of hydrocarbon sub-
strates, due to the enhancement of aerobic conditions and the predominance of oxidative reac-
tions [15]. An increase in the sapropel concentration in the PDA composition causes the most pro-
nounced shift of the medium reaction to the alkaline region.

Conclusion

Based on the analysis of the data obtained during the experiment and processed in the Design-
Expert 13 program, the optimal ratio of PDA components was determined to achieve the specified
target values for two key responses: Yt (phytotoxicity indicator) and Yny (0il destruction indicator).
The optimization was conducted with two important conditions in mind — maximizing the inclusion of
peat in the mixture, which has economic and environmental benefits, and ensuring a balanced response
across all target indicators.
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The priority of the Yny response value during optimization indicates the special importance of this

characteristic, as the main purpose of using PDA is the decomposition of oil products, so the composi-
tion of the mixture was selected to ensure maximum efficiency of this process.

The use of Design-Expert 13 allowed not only to determine the optimal percentage of compo-
nents, but also to take into account the complex interactions between them, which increases the
reliability and reproducibility of the results, as well as provides the possibility of further scaling and
industrial application of the developed PDA.

From Fig.4, a, it can be seen that in order to achieve an optimal balance between oil destruction
and phytotoxicity reduction, the following ratio is required: peat 0.778 g, sapropel 0.479 g, and
diatomite 0.229 g. In parallel, the environmental parameters are maintained at a pH of approximately
5.91 and an Eh of approximately 206.51 mV. The following results are achieved — residual oil content
of 45.3 g/kg and a phytotoxicity index of 0.176 %. In the graph (Fig.4, b), which focuses on reducing
the oil concentration, there is a change in the component ratio that leads to a decrease in the oil content
of Yng to 42.2 g/kg. Comparing these two options allows you to choose the composition of the PDA

based on the specific goals of reclamation.

Thus, as a result of the conducted research, the optimal ratio of peat, sapropel, and diatomite raw
materials, which form the basis of PDA, has been substantiated. The optimal ratios of PDA compo-
nents in grams/percentages by weight of air-dry matter are presented in Table 4.

Peat raw materials predominate in PDA, which is due to the presence of metabolically active
hydrocarbon-oxidizing microorganisms in peat [34, 35], as well as the porous structure of peat, which
can adsorb free oil, increasing the survival rate of plants and microorganisms. Sapropel demonstrates
a complex positive effect on the agrochemical properties of oil-contaminated soils, combining the
functions of a ameliorant and a bioactivator, improving the agrochemical indicators (C:N:P:K) of the
contaminated soil and stabilizing the pH, which is especially important in peat bogs with a low pH
level (4.0-4.5). Diatomite is essential for seed germination and improving the moisture capacity of
the ameliorant due to its high silicon content. Its porous structure increases the water-holding capacity
of the ameliorant, ensuring a uniform supply of moisture and nutrients to the roots, which creates
favorable conditions for plant growth. For example, when the concentration of diatomite in the PDA
was high, the germination rate was 40 % during

i i i Table 4
the first week of the experiment and 83 % during _ _
the second week, while when the concentration The optimal ratio of PDA components
of diatomite was low, the germination rates were Raw materials Minimum Maximum
only 16.7 % _and 64 %, r_espectlvely. By the end Peat 0.720/515 0.770/53.5
of the experimental period, the laboratory ger- Sapropel 0.450/31.0 0.470/33.5
mination rate of seeds in the variants with a high Diatomite 0.216/15.0 0.223/15.5
a b
e
0.720 1.098 0.450 0.801 10216 0.288 | 0.720 1.098 0.450 0.801 0216 0.288
A:Peat=0.778 B:Sapropel = 0.479 C:Diatomite = 0.229 A:Peat=0.720 B:Sapropel = 0.450 C:Diatomite = 0.216
|
0.015 0.306 5.73 6.67 184.93 220.85 0015 0.306 5.73 6.67 184.93 220.85
T=0176 pH=5.91 Eh = 206.51 7=0191 pH=591 Eh = 208.02
415 525 415 525
Ng=453 Na=42.2
Fig.4. Component ratio to achieve the best ratios of PDA components, reaching the target response levels Yr, Yn,:
a — under equal conditions of response values; b — Yn, in priority
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concentration of diatomite reached 98 %, which was 6 % higher than the maximum value in the
variants with a minimum dose of diatomite (92 %).

Thus, the optimal ratio of peat, sapropel, and diatomite raw materials, which form the basis of
PDA and ensure maximum efficiency of bioremediation of oil-contaminated soils, has been experi-
mentally determined. The effectiveness of oil degradation in oil-contaminated terrestrial ecosystems
was found to depend on the application of PDA in the following ratio of organic and mineral amelio-
rants: peat 51.5-53.5 %, sapropel 31.0-33.5 %, and diatomite 15.0-15.5 % by weight of air-dry matter.
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