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Abstract

The scale of the environmental problem associated with the pollution of vast areas of industrial zones in the oil
industry is significant and requires the use of new technological approaches in solving it. A developing technology
in this field is the use of electrochemical remediation, i.e., the removal of petroleum products and associated
aqueous contaminant solutions from environments using low-voltage electric currents. The advantage of this
method is the purification of both the surface fertile soil and the deeper soil layers. A current trend in the deve-
lopment of electrochemical remediation methods is their integration with other remediation technologies, which
increases remediation efficiency through oxidation or pollutant extraction, as well as significantly reduces the
time required for remediation. This work is devoted to combining the treatment of oil-contaminated soils with
direct electric current with the adding of the oxidizing component, calcium peroxide. The creation of a reactive
geochemical barrier made of calcium peroxide in the interelectrode zone is proposed. This barrier will act as an
inductor of oxidative reactions that promote the gradual mineralization of petroleum hydrocarbons. The for-
mation of a directed contaminated electrophoretic flow moving from the anode to the cathode through a layer of
calcium peroxide is simulated under laboratory conditions, and the characteristics of the purification process are
investigated. The dynamics of such important environmental parameters as voltage, acidity of the treated me-
dium, volume of the generated electrophoretic flow and the content of petroleum products in the solid (soil) and
liquid (water) phases after cleaning are studied.
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Introduction

Industrial operations can lead to pollution, which significantly change the chemical composition
of soils and groundwater. Groundwater and upper confined aquifers are particularly vulnerable.
Groundwater accounts for a quarter of all freshwater reserves, while surface water accounts for less
than one percent. The interconnectedness of these two water resources leads to the active migration
of pollutants between them and the soil environment. Groundwater pollution can quickly spread over
large areas, affecting surface water bodies and drinking water systems, making this problem ex-
tremely pressing.

According to the State report “On the state and protection of the environment of the Russian
Federation in 2023”, 4516 cases of groundwater pollution were identified, 2799 of which were related
to drinking and domestic water intake. Approximately 36 % of these cases are related to industrial
activities.
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The main pollutants of groundwater are nitrogen compounds (nitrates, nitrites, ammonia or am-
monium), oil products, sulfates, and chlorides, as well as heavy metals and phenols [1-6]. Contami-
nation of soils and groundwater by organic compounds, particularly petroleum hydrocarbons, is an
increased danger. The number of cases of groundwater contamination by oil products at the beginning
of 2025 was 913. The routes of entry are quite varied and include accidental spills during oil produc-
tion and transportation, infiltration due to damaged storage facility insulation, and inadequate treat-
ment of industrial wastewater. The content of organic components in groundwater exceeds regulatory
limits by tens of times in areas of the oil industry. The situation is complicated by the extremely
difficult and resource-intensive monitoring of the underground migration of pollutants and their re-
moval.

One of the developing approaches to solving this problem is the use of electrokinetic [7-9]
and electrooxidating technologies [10, 11], which allow not only for the purification of soil and
water in wells at significant depths, but also, if necessary, for the correction of the direction of
groundwater movement by creating an electrophoretic flow between oppositely charged elec-
trodes [12-16].

The combination of this technology with other remediation methods is of interest [17-22]. In
particular, it is possible to create additional active geochemical barriers to accelerate the electro-
chemical cleaning process and increase its efficiency [23-25]. Geochemical barriers are areas of
geochemical systems in which a sharp decrease in the intensity of chemical element migration oc-
curs and, as a consequence, their accumulation or transformation occurs too. Artificially created
active barriers, including fillers or active elements from substances capable of entering into physico-
chemical reactions with pollutants, allow for their removal [26-28]. In general, the barrier is in-
stalled perpendicular to the trajectory of contaminated groundwater. As water passes through the
barrier, contaminants are retained and undergo chemical reactions [29]. These reactions facilitate
the purification of the flowing stream. Ideally, barriers should have sufficient reactivity to com-
pletely trap toxicants — they should be permeable to water, but not to pollutants, and they should
not require high energy consumption.

This paper presents the results of studies on the cleaning of oil-contaminated environments by
combining low-current electrical treatment and chemical purification in a calcium peroxide (CaO>)
barrier. The addition of calcium peroxide promotes the oxidation of petroleum hydrocarbons [30, 31].
Petroleum hydrocarbon particles surrounded by a water shell move in the soil, and the ions resulting
from dissociation migrate to the anode and cathode during using the electrokinetic method. All this
creates a controlled electrophoretic flow throughout the entire volume of the soil and facilitates the
passage of the flow through a permeable barrier of CaO,.

Methodology

Experimental studies were aimed at removing diesel fuel from the aqueous soil phase and soil
using a permeable reactive barrier of calcium peroxide and directed electrokinetic action.

During the experiments, conditions were  pgecuoiye
created where calcium peroxide served as the pri- (water)
mary cleaning agent, and the application of elec- [
tric current generated a flow of contaminated T

Power supply

liquid toward the CaO3 barrier, accelerating its iU _ Liquid
movement.
A laboratory installation, which included an e e e s

open-type electrochemical cell, an APS-1203 sta- o
bilizing power source, electrodes, vessels for elec- oo
trolyte (water) and polluted water flow, was used flow

for the experiments (Fig.1, 2).

Fig.1. Scheme of the research facility
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Fig.2. Cell loading variant for experiments. Soil sampling reference points:
1 — cathode; 2 — calcium peroxide layer; 3, 4 — points in the anode space; 5 — anode

The experimental electrochemical cell was shaped like a parallelepiped made of plexiglass. Its
dimensions were 380 mm long, 58 mm wide, and 90 mm high. The electrodes used were rectangular
stainless steel plates with a mesh structure, ensuring a uniform electric field throughout the soil
volume. The electrode material was sufficiently resistant to surface reactions.

A model environment was previously prepared, it was loam-based soil specially contami-
nated with diesel fuel. Previous studies on electrochemical cleaning conducted by the authors
revealed general patterns in the reduction of oil product content in various soil types. Cleaning
efficiency decreases in the order clay, loam, and sand (average 84.5 — 75 — 69 %) [9], with loam
representing the median value. This, as well as the widespread occurrence of loams, led to the
use of this soil type as the basis for the model soil. Diesel fuel was chosen as the pollutant com-
ponent for the experiments due to its widespread use in transport and technical equipment, making
it one of the most common water and soil pollutants. The reduction in oil and diesel fuel content
follows similar patterns.

Ten grams of diesel fuel were added to 1 kg of soil, mixed, and left to stand for 24 h. Key fuel
properties: density at 15 °C (GOST R 57037-2016) — 841.5 kg/m?3; mass fraction of polycyclic
aromatic hydrocarbons (GOST EN 12916-2017) — 2.2 %; mass fraction of sulfur (GOST I1SO
20884-2016) — 7.6 mg/kg; closed crucible flash point (GOST 6356-75) — 71 °C; coking properties
of 10 % distillation residue (ISO 10370-2014) — < 0.10 wt.%; ash content (GOST 1461-2023) —
none; water content (1ISO 12937-2000) — < 30 mg/kg; total contamination (GOST EN 12662-2016) —
< 12 mg/kg; copper plate corrosion at 50 °C (3 h) (GOST ISO 2160-2013) — class 1; kinematic
viscosity at 40 °C (GOST 33-2016) — 3.247 mm?/s.

A CaO:> layer served as an active geochemical barrier with oxidizing properties. A 50-gram
sample of calcium peroxide was placed in the central zone of an electrochemical chamber, in which
soil contaminated with diesel fuel had been manually compacted. The calcium peroxide area was
initially separated from the bulk of the soil using a paper filter, which was later removed.

Water (electrolyte) was supplied to the soil container through a system of perforated tubes. Ad-
ditional containers were used to collect the overflowing liquid exiting the main cell. One metal plate
was connected to the positive pole of the electric current source (anode), and the other to the negative
pole (cathode). A uniform distribution of electric current was achieved in the soil samples. A voltage
of 20 V was applied to the electrodes. During the treatment, process parameters such as amperage,
pH, volume of electrophoretic flow passing through the soil, and oil products concentration were
measured. The primary indicator determining the treatment effectiveness was the oil products content
in the outgoing liquid stream and the soil.

Tap water was used for the experiments, since distilled water does not ensure a sufficient rate of
liquid flow transfer due to the absence of salts capable of dissociation. The main physicochemical
characteristics of the water (electrolyte) before entering the unit: pH — 7.40; total mineralization (dry
residue) — 348 mg/l; total hardness — 5.7 °J; permanganate oxidizability — 0.037 mg/l; oil products —
< 0.05 mg/l; iron (Fe, total) — 0.04 mg/l; nitrates (as NO3") — 1.1 mg/I; sulfates (SO4>") — 105 mg/I;
chlorides (CI") — 11 mg/l; residual free chlorine — 0.41 mg/I.

138
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2026. Vol. 281. Iss. 1. P. 136-144 .' '5*@
© Nikolai S. Shulaev, Valeria V. Pryanichnikova, Ramil R. Kadyrov, 2026  wicias

e

The treatment time was 10 h (600 min). Electric current measurements were taken every
30 min.

The gross oil product content in soil was determined according to RD 52.18.575-96 “Determi-
nation of the gross oil product content in soil samples by infrared spectrometry”, and in water according
to PND F 14.1:2:4.5-95 “Methodology for measuring the mass concentration of oil products in
drinking, surface, and wastewater by IR spectrometry”. A KN-3 concentration meter was used in the
experiments.

The acidity of the purified water flow was determined using a potentiometric pH measurement
method using an ANION-4100 device, while soil acidity was determined using an HI19921 soil tem-
perature and moisture meter.

The electrolyte (water) volumes fed into the cell and exiting it after the cathode were measured
to estimate the volume of the purified liquid (electrophoretic) flow. Measurements were taken every
hour.

Results and discussion

During the experiments, current measurements were taken every 30 min at an interelectrode
voltage of 20 V. Current changes over time are shown in Fig.3. The average values for three replicate
experiments are presented here and below.

As can be seen from the graph in Fig.3, at the initial stage (up to 180 min), the amperage in-
creases, which is explained by the transition of salts from the sorbed to the dissolved (ionic) state.
Furthermore, the temperature of the treated soil increases, leading to a decrease in the viscosity of the
electrophoretic flow and an increase in the velocity of ion movement. The ion concentration then
decreases, and the current reaches a steady-state value determined by the mineralization of the water
(electrolyte).

The electrophoretic flow volume, corresponding to the volume of purified liquid flow passing
through the calcium peroxide barrier, was measured every hour. The results are presented as a dia-
gram in Fig.4.
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Formation of an electrophoretic flow ensures the transport of pollutants toward the cathode, which
in this case was used to create a directed flow of contaminated water toward the active calcium peroxide
barrier. The electrophoretic flow rate increases from Gi = 19 ml/h = 19-1072 I/h ™! to G, = 200-107 I/h?
due to an increase in the treated soil temperature from 20 to 61 °C, which leads to a decrease in the
pore fluid viscosity and an increase in the filtration coefficient, which determine the volumetric flow
rate in the interelectrode space.

The acidity of the medium — the soil at the cathode and anode, and the liquid after passing through
the cell — was measured hourly. The results of the pH measurements at the cathode and anode are
presented in Fig.5. The acidity of the liquid flow at the cell outlet after the cathode and the soil acidity
in the near-cathode zone were identical.

As can be seen from the graphs in Fig.5, an alkaline environment forms at the cathode, while an
acidic environment forms at the anode. The excess concentration of negative ions at the cathode
coincides with the positive ions excess concentration at the anode. This is explained by the fact that
the velocity of ion movement toward the electrodes can be estimated using the equation

V= —Egrad(Pi|pi|U ),
i

where k is the permeability coefficient; u is the dynamic viscosity coefficient of the liquid, Pas; P is
the hydrostatic pressure, Pa; U is the voltage between the electrodes, V; p+ is the charge density of
positive and negative ions, C/m?;

p, =2 78N;
p_=>zen,

zi is the charge number of positive ions of type i; ni is the concentration of positive ions of type i, m=;
zj is the charge number of negative ions of type j; nj is the concentration of negative ions of type j, m=;
e is the elementary charge, e = 1.6:10%° C.

Since hydrostatic pressure is small compared to electrostatic interaction P << p-U, it follows
from the velocity equation that, with equal charge densities of positive and negative ions, the veloci-
ties of positive ions moving to the cathode and negative ions moving to the anode are practically the
same.

The key parameter determining the effectiveness of the cleaning is the oil products content in the
soil and liquid after the calcium peroxide barrier. Analysis for the quantitative content of oil products
was carried out after 10 h. Soil was collected in the near-cathode zone. Each sample was divided into
three parts and analyzed using a concentration meter, after which the arithmetic mean value of the oil
product content was determined, which was then used to determine the cleaning efficiency.
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Fig.5. Acidity change at the electrodes
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The initial oil products concentration in the soil Cin» was 10,020 mg/kg (averaged over three
measurements). The concentration in the cathode zone after the calcium peroxide layer Cc after
10 h of the experiment was 1601 mg/kg. Based on this, the effectiveness of soil remediation after the
peroxide barrier

SZM-IOO%ZM-IOO%:M.M %.
C, 10,020

The oil product content in the liquid exiting the cell was 1826 mg/I.

The creation of an electroosmotic flow under the influence of an electric current leads to the
movement of contaminants, including oil products, into the cathode zone, followed by their leaching
with the liquid phase. This results in an increased oil product content in the water compared to the
soil medium (approximately 2 %). The oil product content in the near-cathode zone of the soil was
3737 mg/kg in a similar experiment without a calcium peroxide layer. The soil cleaning efficiency
without a peroxide barrier reached 62.7 %. The oil product content in the electrophoretic flow without
peroxide purification was 8461 mg/l. Therefore, it can be concluded that the calcium peroxide bar-
rier increased the groundwater cleaning efficiency to 78.42 %.

The reduction of oil product content in the peroxide layer is achieved through oxidation
processes, specifically the formation of hydrogen peroxide (H202) and hydroxyl radicals. The hy-
droxyl radical is a powerful oxidizing agent that plays a crucial role in the chemical oxidation of
hydrocarbons; however, its lifetime does not exceed 10~° s. When hydroxyl radicals interact with
monoaromatic rings, so-called hydroxycyclohexadienyl radicals are formed. Subsequently, more
than 80 % of these radicals are converted to phenol and undergo further oxidation. Under ideal
conditions, complete mineralization of organic compounds is possible [32-34]. Hydrogen peroxide
is unstable and also actively participates in the oxidation of organic matter [35, 36]. The relatively
short lifetime of hydrogen peroxide (from several minutes to several hours) and hydroxyl radicals
can be compensated for by using solid peroxides, such as calcium peroxide, in groundwater cleaning.

As a result of the interaction of calcium peroxide with water, the following chemical reactions
occur:

Ca0; + 2H20 — H20, + Ca(OH)y;
2H,07, — 2H,0 + Oy;
H.O, +e — OH* + OH".

When optimal process conditions are created, complete mineralization of petroleum hydrocar-
bons in groundwater gradually occurs. However, it should be noted that deviating from optimal pro-
cess conditions can lead to secondary contamination of the treated environment due to the formation
of highly toxic intermediate oxidation products, including organochlorine compounds. Therefore, it
is crucial to monitor the environment toxicity after treatment using chemical analysis or integrated
assessment using biotest methods. To prevent and minimize the formation of toxic compounds, it is
recommended to conduct preliminary laboratory tests on samples collected from a specific contami-
nated site before implementing electrochemical treatment technology in the field. This will allow for
the selection of the most appropriate treatment parameters (voltage, time, etc.) and, in extreme cases,
the need for additional soil flushing.

A key parameter of the system is energy consumption

T
W = [UlI(t)dt =Ug,
0

where 0, T are the time integration limits; | is the amperage, A; U is the average voltage, V; q is the
electric charge passed between the anode and cathode, C.

The energy consumption calculated based on the obtained data was 35.58 MJ per 1 kg of oil
products.
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Conclusion

Experimental studies have shown that the combined use of electrochemical treatment with the
creation of a reactive geochemical barrier made of calcium peroxide is effective for both soil reme-
diation and groundwater cleaning.

The cleaning process operates simultaneously in several directions. During electrokinetic
cleaning, passing an electric current through oil-contaminated soil causes the movement of oil par-
ticles surrounded by an aqueous phase toward the cathode, creating an electrophoretic flow directed
toward the geochemical barrier. The barrier's active element, calcium peroxide, promotes the oxi-
dation of organic compounds by generating hydrogen peroxide upon reaction with the aqueous
medium. The decomposition of some hydrocarbons occurs through electrically induced oxidation
reactions, including those involving hydroxyl radicals formed in the soil.

The use of an additional oxidizing layer increased cleaning efficiency by 21.32 %. Overall,
combining the two methods under consideration resulted in a diesel fuel removal efficiency of
84.02 %. The oil products concentration in the electrophoretic outlet stream also decreased sig-
nificantly. The oil product content in the simulated groundwater (the contaminated water stream
exiting the electrochemical chamber) without peroxide treatment was 8461 mg/l. This value de-
creased by 6635 mg/l with the formation of a calcium peroxide barrier layer. Thus, the cleaning
efficiency reached 78.42 %, suggesting that this method can be used to treat contaminated ground-
water.

It should be noted that the electrochemical cleaning processes with the formation of a geo-
chemical barrier, discussed in this article, were studied using a simulated contaminated medium —
loam soil contaminated with diesel fuel. In this regard, expanding the scope of the study to other
soil types or contamination with other types of oil products is of practical interest. However, the
obtained results already allow us to understand the general patterns of cleaning processes in aquatic
and soil environments. Clayey soils are characterized by fine dispersion and the presence of iron-
containing mineral compounds, which creates more favorable conditions for electrooxidative pro-
cesses, particularly Fenton-like reactions, compared to sand. However, the high permeability of
sand promotes the intensification of electrokinetic processes — the movement of pollutants in the
aqueous phase.

The presented studies can be used to determine the operating parameters of an industrial -
scale groundwater cleaning equipment, as well as to design future models of such installations.
In particular, calculations based on the experimental results showed that the specific energy con-
sumption of a soil cleaning installation for combined cleaning is relatively low and amounts to
35.58 MJ, or 9.8 kW-h per 1 kg of oil products. The cost of 1 kg of oil products removing will be
98 rub. at an electricity price of 10 rub. per 1 kW-h. The oil content of dry soils ranges from
10 to 300 g/kg. Soil containing more than 150 g of oil products per 1 kg of soil is classified as
extremely contaminated. If the contamination level of a soil plot is 30 % (300 g/kg), which cor-
responds to an accidental oil spill, the cost of 1 kg of soil cleaning will be 29.4 rub. It should be
noted that electricity will not be consumed immediately, but over a long period (for example,
during the warm season), making it possible to use alternative energy sources such as solar panels.
In general, the economic costs are justified when electrochemical soil treatment is carried out at
significant depths, as well as for groundwater, when other treatment technologies are difficult
or practically impossible to implement. The overall cost of remediation can be reduced by com-
bining electrochemical treatment with other technologies, such as sorbents and phytoremediation,
if necessary.

This combined method of remediating contaminated areas using electrochemical treatment and
the creation of a geochemical barrier can be used to clean both deep soil horizons and groundwater
contaminated with various types of oil products. Of interest is further study of the specific spatial
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distribution of pollutants in the zones between the electrodes and the geochemical barrier as well
as the selection of optimal volumes of calcium peroxide necessary and sufficient for effective
remediation.
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