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Abstract. The scale of land pollution with oil waste necessitates the use of economical and effective methods of
recultivation. Phytoremediation is one of the simplest methods, but it has a number of limitations, so additional
preparation of the territory is often required before it is carried out. Preliminary electrical preparation and subsequent
seeding of special phytoremediants are of interest. Passing a constant electric current through the soil volume under
a low voltage removes toxicants from deep soil layers even with flooding. In addition, it reduces pollutant content
in the upper layer, where the plants root system is located, which creates more favorable conditions for phytoreme-
diants. Adequately selected types of plants will ensure additional soil cleaning, improve its structure and air ex-
change. The results of two research directions are presented. Experiments on the study of plant resistance to oil-
contaminated soil substrate allowed establishing contamination thresholds at which it is advisable to sow a particular
species, and to choose optimal phytoremediants. The study of the oil-containing soil cleaning in a monocathodo-
centric electrochemical installation with the fixation of main characteristics (oil products concentration, soil tem-
perature, volt-ampere characteristics) allows us to develop technical measures to prepare territories for phytoreme-
diation taking into account the relief features.
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Introduction. Anthropogenic pollution and degradation of soils are one of the most acute
environmental problems. The total area of disturbed lands in the Russian Federation reached
1084.6 thousand hectares and continues to grow (an annual increase is to 7.7 thousand hectares)
according to the official report of the Ministry of natural resources and ecology in 2020. Most of
the disturbed territories belong to the category “industrial and other purpose lands™. The list of the
main soils pollutants varies depending on the prevailing industries (heavy metals and oil products,
residual pesticides and salts). The priority pollutants of oil-producing and oil-refining regions are
oil products and various accompanying salt solutions. An accurate assessment of the oil-contami-
nated area is not possible due to the difficulty of identifying relatively small local leaks and spills
[1]. The negative effects of the oil products on the environment are water-air imbalance, gluing,
soil structural elements enlargement, violation of the soils bearing capacity, micro- and mesofauna
suppression [2-4]. There is a wide range of soil-cleaning and remediation technologies with differ-
ent characteristics. The combination of such methods taking into account the specificity of the prac-
tical tasks is the most effective [5-9].
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Soil phytoremediation (i.e. the use of plants to remove pollutants and improve soil properties) is
one of the most cost-effective technical directions [10-12]. However, it does not always provide suf-
ficiently fast and effective cleaning. The intensity of phytoremediation significantly depends on the
temperature of the soil-air environment, the light regime, the presence of biogenic elements, the form
in which the toxicants are in the ground, etc. [13-16]. It should be taken into account that the ability
of plants to absorb chemicals changes under phytogeochemical stress [17]. The combination of phy-
toremediation with preliminary preparation of the territory by other technologies allows improving
the quality and speed of degradated lands remediation [18-22].

The preliminary preparation of the contaminated area by passing direct current through the soil
massif to remove toxicants and further phytoremediant sowing is very interesting [23-26].

The electro-induced processes prepare the surface layer for sensitive phytoremediant plants and
reduce the toxic components content at depth. So special wells are prepared in the soil by automatic
or manual drilling, taking into account the degree of oil products vertical distribution. Cathodes and
anodes connected to the power supply are mounted into wells. Small currents stimulate electro-oxi-
dative [27-30] and electrokinetic reactions [31-34], promote stable complexes destruction and toxi-
cants transformation into more bioavailable forms and cause other physicochemical phenomena [35].
The size, composition and texture of the electrodes are selected depending on soil properties, the
characteristics of the horizontal and vertical toxicants distribution, the required treatment time and
other conditions. The result of electrical remediation is the removal of various components (petroleum
products, heavy metals, desalination). Periodic change of the electrodes polarity are practiced to avoid
soil acidification during electrical treatment.

Objectives of this work are to establish the threshold values of oil pollution based on the analysis
and synthesis of experimental data, at which seed germination and further growth of the studied plants
are possible; to select tolerant plants species that are optimal for variable terrain and watering condi-
tions; to study the specifics of energy-efficient soil preparation to species — phytoremediants due to
preliminary electrochemical cleaning.

The presented research materials are aimed at developing the technology of complex recultiva-
tion of oil-contaminated soils. This technology includes higher flora species sowing with preliminary
electrochemical soil preparation, taking into account the relief and the moisture degree.

The considered combined remediation method can be implemented on various soils. The type of
plant (from the studied ones) that is optimal for specific conditions is selected at the phytoremediation
stage of research. Also additional measures can be taken to improve the soil structure (mulching,
organic fertilizers, claymation, etc.), if it is necessary. Electrochemical treatment is applicable on both
sand, loam and clay.

The possibility of growing some types of plants on oil-contaminated soil was considered in the
early works of the authors [36]. General patterns of electro-induced reduction of the oil products
content in soils were established [37, 38]. This work continues and expands the cycle of research in
these areas.

Methodology. The first stage of the experiments was studying the resistance of certain types of
higher plants to oil pollution by germinating them on soil with different oil concentrations and deter-
mining the seeds germination percentage. The ultimate goal of these experiments was to select tem-
perate zone plant species tolerant to oil pollution and to determine the threshold values of the toxicant
content during their germination. The second stage included the electrical treatment of oil-contami-
nated soil at an experimental laboratory installation with an assessment of the cleaning degree and
monitoring of the voltage, temperature, and acidity of the soil. These parameters allow defining the
intensity and features of the cleaning process. This stage is aimed at developing effective measures
for the preliminary preparation of heavily oil-contaminated soils for the subsequent selection of phy-
toremediants.
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Experiments were carried out with a model soil based
on leached chernozem. In all cases, oil with a density of |
0.876 g/cm® and a content (% by weight) of sulfur — 2.95, pa-
raffins — 3.1, resins — 14.6, mechanical impurities — 0.880 was
used to pollute the soil. Variations of the model soil were pre-
pared for different series of experiments. The model soil com-
position corresponded to the contaminated soil taken from the : : ;
spill sites at the oil field of the Republic of Bashkortostan. Re- Fig.1. Containers with seedlings
search was carried out at an air temperature of 20 °C and at- of tested Ipomoea purpurea

. P (first row on the left)
mospherlc humldlty of 67 %. and Fagopyrum esculéntum (2-4 rows)

The first stage. Experiments to determine the resistance
of higher plants species to soil oil pollution were carried out in spring and summer in the labora-
tory, and in autumn and winter with the use of the LCC-1000MP Diahan Labtech climate camera
(to clarify the results). The illumination in the climate camera was maintained 4000 lux with the
“day — night” photoperiod. The reaction of plants was studied by the method of seed germination
in model soils with different concentrations of the toxicant with the calculation of the germination
percent and further determination of the viable seedlings number.

First, the soil (leached chernozem) was prepared by removal of roots and small stones, sifting,
weighing. 100 g of soil was poured into plastic containers. Different volume of crude oil (1; 2; 5; 10;
50; 100 ml) was put into each sample using a pipette, and then the soil was thoroughly rubbed and
mixed to evenly contaminant distribution. Twenty seeds were sown in each container so that the soil
layer covering them was about 1 cm. Then 60 ml of tap water was added. The control was soil without
oil contamination. Three samples with each oil dose were prepared for experiments. The containers
were kept at a temperature of 20 °C and the illumination mode corresponding to the daytime of spring-
summer period. The number of seedlings was counted and the percentage of germination was deter-
mined after seven days in each container (Fig.1). The number of viable seedlines was recalculated to
determine their survival after two weeks.

The results were used to identify the main effects exerted by different volumes of toxicant on the
germination, with further detailed statistical processing.

The second stage. Electrotreatment of contaminated soil, which was carried out on a laboratory
installation with a cylindrical cell, centric placement of the cathode and peripheral placement of
anodes (Fig.2).

It is necessary to remember that highly mineralised
reservoir water become the limiting factor of plant develop-
ment during the remediation of oil field spills. Therefore, it is
important that the technology of preliminary preparation of
the contaminated area for sowing phytoremediants not only
reduces the oil products amount, but also desalinizes the soil.
Therefore, the model soil variants containing oil (1 and 10 %
by weight) and a solution of salts (40.8 % by weight)
were prepared for the electrical treatment experiments.
The composition of the salt solution corresponded to
the reservoir waters of the deposit included (mg/kg) [39]:
sodium chloride — 86000, calcium chloride — 10500, magne-
sium chloride — 5200, sodium sulfate — 4000, sodium bicar-

Fig.2. The diagram of the central
cathode and peripheral anodes installation

bonate — 400. d, — anodes diameter; d; — cathode diameter;
The central element of the electrochemical cell is a /imterelectrode distance; Ry —distance between the.
. . . . centers of the cathode and anodes; K — central cathode;

hollow cylindrical steel cathode with perforation on a surface U - voltage between the cathode and anodes
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(a drainage system for removing soil electrophoretic flow can be also connected, if it is necessary).
Anodes are installed along the perimeter of the radial cell, at an equal distance from the cathode. All
electrodes are connected to the corresponding pole of the power supply.

The installation used in the experiments had following characteristics: electrochemical cell di-
ameter — 0.3 m; the soil layer height is 0.1 m; the cathode was made of a perforated steel tube, the
anodes (with diameter 2.5 cm) are mesh cylinders (tubes) made of titanium with an oxide-ruthenium
coating; the cell capacity reached 3 kg of model soil.

Several series of experiments on passing currents through chernozem containing different oil
volumes were carried out. The constant amperage was maintained during the experiments: 0.8 A — in
a series of experiments with 1 % soil contamination, 1 A in — a series with 10 % contamination. The
use of these current values in each case is due to the fact that they are minimal, at which the voltage
change between the electrodes is recorded, so we can talk about the appearance of electro-induced
processes. The period of electric current passing was 360 min.

The oil products content in the soil was determined by IR spectrometry with the use of
KN-2m. The parameters of voltage, temperature, humidity, and acidity were recorded every
30 minutes in the cathode, anode, and interelectrode zones. Multimeter, RGK thermal imager,
digital soil moisture analyzer MC-7828SOIL, soil temperature and humidity analyzer HI9921
were used. Monitoring of these parameters allows determining the electrophysical reactions
intensity.

Results and their discussion. Experiments on the plants reaction to soil pollution
conducted over several years revealed some species resistant to the toxicants (Typha latifolia,
Phragmites communis [36], Fagopyrum esculéntum and Ipomoea purpurea). These species have
very different ecological niches, which allows them to be used at various territories.

Reliable inverse dependences of seed germination on the pollutants concentration were
established in all cases after results statistical processing (Fig.3). The seeds of Ipomoea and
Fagopyrum germinated more evenly, the seedlings condition was also more uniform in the same
samples.

Experimentally obtained data on the toxicant level at which the seeds germination is equal
to or exceeds the control values (i.e. a stimulating effect) are summarized in the Table. These
values can be taken as a threshold level of pollution at which the use of a particular type of plants
on oil-contaminated soils is effective. Moisture-loving Typha latifolia and Phragmites communis
were additionally germinated with reservoir waters (the seedlings appeared in the sample with
5 ml content).

a 70 b
. 60 . 80
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g 40 1 £
E 30 E 40
[0 [0
© 20 © o
10 5
0 T 0 " =
1 5 10 20 2 5 10 50 100
Oil content in the soil, ml Oil content in the soil, ml

Fig.3. The dependence of the seeds germination on the oil content in the soil:
a — experiments with Typha latifolia (1) and Phragmites communis (2);
b — experiments with Fagopyrum esculéntum (3) and Ipomoea purpurea (4)
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Parameter Typha latifolia Iz}(l)}:zi:;li:iess fzcngl?ri :Z:Z Ipomoea purpurea
Seed germination in the control, % 52 43 65 75
Oil volume in the sample
(germination is not less than control), 10 5 10 2
ml
Oil vol in th 1 100 100

il volume in the sample 3 30 (sngle (sngle

at zero germination, m seedling) seedling)
Regression equation, y=-2.642x2 + y=—4x’+ y=-6.964x2 + y=-5312x2+
describing the dependence +12.35x +42.8 +14.8x+32.2 +37.17x +33 +22.54x +56.25
Approximation reliability r?=0.988 ?=0.999 ?=0.918 r?=0.955

The seedlings remained viable for 14 days after their appearance in all series of experiments (the
period of monitoring their condition). They retain a green color without any damage to the leaf blades
or yellowing. Thus, the data obtained indicate high resistance of all four species to oil pollution. These
species can be used for seeding in polluted areas to improve soil properties both independently and
during the final stage of complex remediation (for example, after the preliminary electrochemical
treatment in our case).

Typha latifolia and Phragmites communis are moisture-loving wild-growing widely distributed
plants and can be used for the recultivation of oil-contaminated lowlands and swampy areas.
They can be sown at the territories of oil and reservoir water spills of oil deposits. It is necessary
to create an irrigation system, if sowing is carried out during the dry summer period for normal
germination and growth. These species are characterized by a decrease in the oil products
content in the root zone, including due to the increased activity of hydrocarbon-oxidizing microor-
ganisms [40].

The use of Amaranthus retroflexus L. after electrical treatment is also promising. It is a ubiqui-
tous weed resistant to an increased content of oil products and mineral salts in the soil (experiments
are planned).

Ipomoea purpurea is a climbing ornamental plant. It is suitable for use at urban territories with
moderate moisture, for example, for sowing after electrical treatment of gas stations soils, areas along
roads with fuel and lubricants spills, etc.

Fagopyrum esculéntum is a food and honey crops. However, it is recommended to use it exclu-
sively as an agrotechnical culture in the context of studies, since it has a very intensive interchange
of metabolic products between roots and leaves [41]. The issue of accumulation of harmful products
of toxicants transformation in various parts of the plant requires study; therefore, it is rational not to
eat the plant, when using it for final remediation.

All the studied species are unpretentious to environmental conditions, they are often found in a
temperate climate zone, seed material is easy to collect in the field (significant expenses for its pur-
chase are not required).

Studies of oil-containing soil cleaning by low currents with cathodocentric electrode separation,
which precede further phytoremediation, have shown significant efficiency. There was a decrease in
the level of o1l pollution in electrotreated soil (the cleaning degree is 47-65 %) in all cases. In addition,
the oil products distribution over the interelectrode zones gradually occurs: there are an increase in
their content at the cathode and a decrease at the anode (Fig.4).

The voltage increased from 8.9 to 9.4 V, when an electric current is passed through the soil with
1 % contamination. It varied in the range of 9.8-10.9 V in the soil with 10 % contamination. There is
an increase in soil temperature in the cathode zone (temperature gradient is up to 8 °C), while the
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temperature in the anode and in the middle
zones is almost the same (Fig.5). The use of

% 10000 — a thermal imager makes it possible to ana-
2 £ 8000 ‘l "N . lyze the soil temperature profile in the cell.
ég 6000 h--’ ’__/._.. The temperature zones highlighted in the
3% 4000 -~ ° _ images allow us to assess the electrical
© 2 2000 ) Anode conductivity of individual areas. Higher

3 L heating indicates the medium resistance

0 = / <" Interelectrode ) . ..
: / ' Zone increase and electrical conductivity decrease
3 """--éthode (the area with white-red coloring in Fig.5).
: : This means that salts dissociation, migration
Electrical treatment time, h . .. . : .
and reduction of active ions (i.e. desalination
. occurs) is taking place at this areas.

The pH distribution also confirms it. The
| alkaline medium is formed at the cathode as
a result of the hydroxyl ions formation. The
acidity increases in the rest of the electro-
chemical cell.
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60000 {* | : ' '

ao00V” / Anode It is necessary to use special equations

20000/ / to estimate the energy consumption of this
|/ £ Interelectrode .. .

0¥ / / one method on cathodocentric installations, tak-

3/ ing into account the oil-contaminated soils

6 parameters changes (in particular, resisti-

Electrical treatment time, h vity) during the electrical process. The

energy parameters of electrochemical clean-

Fig.4. Spatio-temporal distribution of the oil products . . . . .- .
& b P P ing (including in the real conditions) will be

concentration in the soil in various series of experiments:

a — the minimum level of pollution (1 %); determined in this way. The total amperage
b — the maximum level of pollution (10 %) between the anodes and the cathode is deter-
mined by the equation [37]
USN
[=—-, (1)
pl

where N — is the number of anodes, pcs.; p — is the treating soil specific resistivity, Q-m; / — is the
interelectrode distance between the central cathode and the anodes, m.
The effective area of the electric current channel between the opposite charged electrodes are
determined as follows:
_ d, +d, o
2

N ; (2)
where H — is the contamination depth, m.
The interelectrode distance is calculated by the equation

b d, +d,

5 3)

Specific electricity costs (J/kg of
petroleum products) is determined by the
equation

a

l:Rak_

1
e, =—|Uldt, (4)
=)
where V' — is the oil-contaminated soil volume,
Fig.5. Thermal imaging of a radial cell with soil: m?; ¢o — initial concentration of oil products,
initial (a) and final (b) treatment stages kg/m3.
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The soil resistivity increases during the electrical treatment, as follows from experimental studies
[39]. The specific resistance change in time can be estimated in the first approximation by the
equation

p:p0(1+at); &)
o= Pr —Po ! , (6)
pO qspcOV

where po — 1s the soil resistivity at the initial moment of time, Q-m; px — is the final value of the soil
resistivity at the last stage of electrical treatment, Q-m; gs, — is the specific electric charge, which
should ensure the oil-contaminated soil cleaning, C/kg, ¢s, values were established for clay, sandy
soil and chernozem previously [39].

The specific energy consumption depending electrotheatment modes with constant value of am-
perage or voltage. So specific energy consumption for the constant voltage will be calculated with
the use of equations (4) and (5):

e ol jUza’t_ 1 I U’Sdt 1 U2$I d 1 U’S
PV RV p,(1+at)l ¢V pl T (1+ar) ¢V p,la

In (1+az); (7)

specific energy consumption with a constant amperage is

1 1 2
Eqp =%—Vj12p0(1+at)édt :%—Vlzp0é£t+%). (8)

The calculation of the energy efficiency of the laboratory installation using the above equations
and the experimental data obtained showed that the specific energy consumption is 0.1139 MJ per
1 kg of soil containing 1 % of oil.

The above methodology for determining energy consumption can be used in the design of spe-
cialized electrical cleaning installations for specific conditions, taking into account the properties of
oil-contaminated areas and their contamination degree.

Conclusion. The conducted experimental and theoretical studies in two scientific fields allowed
us to identify the main approaches for the implementation of a complex technology of oil-contami-
nated territories remediation.

Four types of plants — potential tolerant phytomeliorants suitable for the remediation of oil-con-
taminated soils of various territories have been selected. The thresholds values of the oil products
content in the soil, which are recommended to phytoremediation were defined. Reliable dependences
of seed germination on the oil products content have been established. It is proposed to use Typha
latifolia and Phragmites communis species on highly moist soils, including hollows and ravines filled
with water-oil emulsion and oil production brines (germination reaching and exceeding the control
value with oil content up to 10 and 5 ml in the sample). It is advisable to use the Ipomoea purpurea
in urban areas (the threshold volume of oil in the sample is 2 ml). Fagopyrum esculéntum is useful at
the moderately moist agricultural areas exposed to oil spills (the threshold volume is 10 ml in the
sample).

It is recommended to carry out electrochemical soils cleaning using a monocathode centric elec-
trode placement scheme for preliminary preparation for phytoremediation and for oil products content
reduction to the threshold values of specific species. This arrangement of the electrodes will allow to
prepare the soil effectively even with a significantly rugged landscape, i.e. in the presence of lowlands
and hills, in watered areas. The oil products cleaning degree in accordance with the conducted
experiments reached 65 %. Temperature gradient during electric heating of soil was up to 8 °C.
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A method for determining some energy parameters of electroremediation process using a cathodo-
centric arrangement of electrodes, taking into account changes in soil resistance has been deve-
loped.

The results obtained will contribute to the practical implementation of the technology of complex
oil-contaminated soils cleaning based on phytoremediation with preliminary electrotreatment in real
conditions.
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