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Abstract. The analysis of the main environmental consequences of leaks and local spills of petroleum products at the
enterprises of the mineral resource complex is presented. It is established that the problem of soil contamination with
petroleum products at the facilities of the mineral resource complex and enterprises of other industries is caused by
significant volumes of consumption of the main types of oil products. Based on the results of the author's previous field
research, a series of experiments was carried out, consisting in modeling artificial soil pollution with petroleum products
such as gasoline, diesel fuel, highly refined oil, motor oil, and transmission oil, followed by their purification by heat
treatment at temperatures of 150, 200, and 250 °C. The 250 °C limit of the heating temperature was set due to the need
to partially preserve the structure and quality of the soil after heat treatment to preserve its fertility. When the processing
temperature rises to 450 °C, all humates are completely burned out and, as a result, productivity is lost. Confirmation
is provided by the results of experiments to determine the humus content in uncontaminated soil and soil treated at
different temperatures. It was found that at a maximum processing temperature of 250 °C, about 50 % of the initial
organic carbon content is preserved. According to the results of the conducted experimental studies, the dependences
of the required processing temperature on the concentration of petroleum products to reduce the concentration of pe-
troleum products to an acceptable level have been established. The methodology of thermal desorption cleaning of soils
with varying degrees of contamination at enterprises of the mineral resource complex is presented.

Keywords: soil contamination with petroleum products; pollution level; engineering and environmental survey; enter-
prises of the mineral resource complex; thermal desorption treatment; methodology of soil purification from petroleum
products

Acknowledgment. The research was carried out with the financial support of the RFBR in the framework of research
project N 20-35-90030.

Accepted: 24.01.2022 Online: 14.02.2022 Published: 29.04.2022

Introduction. According to official information provided by the Ministry of Energy of the Rus-
sian Federation, over the past ten years, the volume of domestic trade in petroleum products (PP) on
the largest exchanges in Russia has increased one and a half times and amounted to more than 20 mil-
lion tons in 2020 [1]. The increase in the production of petroleum products is due to the fact that
liquid fuel obtained from hydrocarbon raw materials is convenient and easy to operate, characterized
by a large amount of energy per unit volume [2]. The major types of petroleum products consumed
include gasoline, diesel fuel, and various other fuels and lubricants [3-5].

Technological processes at the production facilities of the mineral resource complex using petro-
leum products can lead to the occurrence of local emergency spills and leaks, which represent spot
uneven contamination with an area of up to 5 m’. The risk of oil products entering the soil surface
occurs in places where equipment is serviced and refueled, parking for cars and heavy machinery, etc.
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Territories for the storage of petroleum products (tank farms) ensure the autonomy of mining and pro-
cessing enterprises; however, they are potential sources of oil products entering the soil as a result of
draining and filling operations [6-8].

When conducting monitoring activities at the production facilities of the mineral resource complex,
the main directions for controlling soil pollution are specific substances formed in the process of ex-
traction, processing, and production of finished products according to different technologies [9-11]. The
point flow of petroleum products into the environment is often ignored due to the difficulty of visual
identification and the lack of control of their content in the framework of production monitoring as
an inappropriate potential contaminant of soils of the mining and processing industry.

It should be noted that other industries that operate petroleum products in the urban environment
(construction, housing and communal services, gas stations, transport, etc.), also create a risk of local
spills and leaks [12-14].

Thus, the failure to account for incidents of local spills and leaks, as well as the lack of control
of soil contamination with petroleum products, can lead to persistent contamination and the formation
of lithochemical pollution plumes and flows in the case of multi-year spot contamination. The accu-
mulation of hydrocarbon components over time can lead to irreversible consequences for the ecosys-
tem, which is associated with the high migratory ability of some petroleum products and the limited
resistance of soils to pollutants, and their ability to self-purification.

The severity of the consequences for soils with the local intake of petroleum products is caused
by many factors but has common mechanisms. With an increase in the content of organic carbon of
anthropogenic origin, the sources of which are petroleum products, there is a quantitative and quali-
tative transformation in the humus horizon, the mobility of humus components increases due to
changes in the redox properties of soils, the hydrophobicity of soils increases, which entails a viola-
tion of the flow of water to the roots of plants. Subsequently, these factors lead to the loss of soil
nutrients, leading to oppression of vegetation up to its complete death due to suppression of photo-
synthetic activity and productivity [15-17].

According to the results of microbiological studies by various Russian and foreign authors, the
presence of petroleum products in soils violates the soil microbiocenosis by reducing the number of
colonies of microorganisms that are unable to oxidize hydrocarbon components [18-20]. With the
help of biological tests, it has been proved that there is also a decrease in the survival rate of various
invertebrate organisms [21-23].

Climatic conditions and soil type can affect the nature of pollution and accumulation of hydro-
carbon components. When spills occur in areas where precipitation exceeds their evaporation, there
is a high probability of the appearance of lithochemical pollution plumes and flows due to the ability
of petroleum products to form a stable oil-water emulsion. In areas where the evaporation of moisture
from the soil exceeds the amount of precipitation, partial removal of light fractions with moisture
occurs. Heavier hydrocarbon fractions can also accumulate and migrate [24, 25].

Based on the information provided, we can talk about the need for timely detection of local spills
and leaks in the territories of various production facilities to prevent the consequences arising from
long-term anthropogenic impact. To assess the level of soil contamination with petroleum products
in the Russian Federation, the following threshold levels of concentration of petroleum products are
recommended: permissible level of contamination — less than 1000 mg/kg; low — from 1000 to
2000 mg/kg; average — from 2001 to 3000 mg/kg; high — from 3001 to 5000 mg/kg; very high — more
than 5000 mg/kg [26-28].

Thus, carrying out operational measures aimed at reducing the concentration of petroleum prod-
ucts in soils at local areas of spills and leaks to an acceptable level, i.e., less than 1000 mg/kg, will
prevent the accumulation and uncontrolled migration of pollutants.
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Following our review of modern methods for soil purification from petroleum products, we
chose the process of thermal desorption as a promising technology, which has many advantages, such
as suitability to various types of pollutants, a short treatment period, high efficiency, technical sim-
plicity of the method, and the possibility of selecting the optimal temperature regime depending on
the final goal of purification [25, 29]. The aim of the research is to develop a methodology for thermo-
desorption remediation of local soil pollution from petroleum products at the facilities of the mineral
resource complex. The objectives of the research are to monitor soils in the impact zone of production
facilities as sources of oil products and to study the thermal effects on oil-contaminated soils in vitro.

Methodology. The author's research allowed to establish the level of soil contamination with
petroleum products on the territory of two production facilities that have a risk of local emergency
spills and technological leaks, as well as to investigate the possibility of using low-temperature ther-
mal desorption to reduce the concentration of pollutants to an acceptable level with subsequent return
of soils to the ecosystem [25].

During the engineering and environmental survey of the territories of production facilities, the
following signs of potential contamination with petroleum products of test sites for subsequent sam-
pling were identified:

o the study area is partially or completely devoid of vegetation (visual assessment),

e soils have a characteristic smell of petroleum products of varying intensity (organoleptic assess-
ment);

¢ proximity of production facilities with an increased probability of leaks and spills (subjective prob-
abilistic assessment).

The content of petroleum products was determined using standard methods by fluorimetric and
spectrophotometric methods (PND F 16.1:2.21-98, RD 52.18.575-96). The use of several methods to
determine the level of soil pollution made it possible to exclude the uncertainty of the obtained
results [30].

The choice of the methods used is due to the simplicity of the equipment operation, the sensitivity
to low concentrations (in the case of the application of the fluorimetric method), and the similarity of
the spectra of most petroleum products in the near-infrared area when using the spectrophotometric
method, which allows to obtain the value of the gross content of petroleum products regardless of the
type of petroleum product that polluted the soil [31-33].

A tank farm for storing oil prod-
ucts was the first study object. The
risk of local spills and leaks is caused Sampling site N 6
here by the presence of a drain-filling
overpass. Considering that the terri-
tory of the park itself is concreted and
paved, test sites were laid along the
perimeter. In total, nine test sites were
laid with a total of 21 soil samples N
(a'long three hprizons A0, Al, and A2 3 S'a;np“ng . ;Samp“né GeNo ‘ : S'lglsl‘;‘r]lgn :;/i; !
with a sampling depth of 0-5, 5-15, 16,750 mg/kg 7 7,260 mg/kg =

Sampling site N 7

and 15-20 cm, respectively). The ' 2

scheme of sampling sites and the con- e - I e

tent of petroleum products are shown

. . Fig.1. Scheme of soil sampling sites on the territory of the first studied object,
in Fig.1. Furthermore, one back- indicating the average values of the bulk content for three sampled horizons

ground soil sample was taken outside and the levels of soil pollution with oil products
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the impact zone of the production fa-

Very high pollution level Very high pollution level

5,400 mg/kg _ 16,750 mg/kg cility (not contaminated with petro-

W

leum products). The soils of the ter-
ritory of the investigated production
facility are podzolic [25].

The results of visual assessment

and laboratory studies to determine

Fig.2. Comparison of a visual assessment on the territory of the first studied the level of soil pollution allowed us
object and the results of laboratory analysis of the level of soil pollution t tablish that tati )

with oil products (according to the average value of the bulk content for three O cstablis at vegetation suppres
sampled horizons) sion of varying degrees is observed

at the sampling sites, depending on

the bulk content of the pollutant

Sampling site N 2 Sampling site N 3 :
604 l%lg/kg 2,190 mg/kg (Fig.2).

A parking site of quarry vehi-
“‘g‘g(‘)‘(‘;i:é‘/‘;\g 4 cles located on the territory of a large

mining enterprise of the Russian
Federation was the second object

Sampling site N 5 . .
2,060 mg/kg under study. The risk of local spills
- and leaks may be caused by the
Sampling site N 1 . .
351 mg/kg maintenance of machinery and the

use of other equipment. In total, five

Permissible Low Average . . .
test sites were laid, sampling was
Fig.3. S'ch'eme. of soil sampling sites on the territory of the secopd studi.ed carried out to the depth of the entire
object (indicating the values of the bulk content and levels of soil pollution .
with oil products) surface layer (0-20 cm) with the re-

ceipt of five combined samples. The

scheme of sampling sites and the

Averz’ﬁ;(;’ 1;:;;;:;1 fevel very “,;g(,‘;,},";n"jg‘};?; fevel content of petroleum products are
- % e shown in Fig.3. One background soil

: = 88 sample was also taken outside the
impact zone of the production facil-
ity (not contaminated with petro-
leum products). The soils of the ter-
ritory of the investigated production

Fig.4. Comparison of a visual assessment on the territory of the second studied
object and the results of laboratory analysis of the level of soil pollution facﬂity are gray forest [25].

with oil products

On the territory of the second
production facility, the dependence of vegetation oppression on the level of soil contamination with
petroleum products was revealed (Fig.4).

The temperature conditions were simulated using the LECO TGA701 thermogravimetric ana-
lyzer. The experiment was carried out on contaminated soils taken from the territory of the first study
object, having higher values of the gross content of petroleum products and contaminated (presuma-
bly) with gasoline and diesel fuel, and applied further on soils sampled from the territory of the second
study object, contaminated (presumably) with gasoline, diesel fuel and oils (in small quantities).

The purpose of this stage of research was to establish an optimal temperature regime for soils
taken from the territories of real production facilities, at which the concentration of petroleum prod-
ucts decreases to an acceptable level. Additionally, studies were carried out to determine the total
content of organic carbon by low-temperature thermocatalytic oxidation of soil samples using a
TOC-V CSH analyzer for the subsequent calculation of the total content of humus by the indirect
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method (due to the lack of direct determination methods) for background samples of soils treated at
the established optimal temperature regime (to determine the residual humus content) and not treated
(to determine the initial humus content).

To develop a methodology for the thermal desorption treatment of local soil contamination from
petroleum products at the facilities of the mineral resource complex, the maximum concentration of
petroleum products has been established, which can be reduced to an acceptable level when using the
previously established temperature regime (treatment at 250 °C).

The research was carried out in five stages:

e Simulation of soil pollution in the concentration range from 2,000 to 200,000 mg/kg using
various petroleum products.

e Thermal desorption treatment of contaminated soils with a final treatment temperature of 150,
200, and 250 °C.

e Analysis of thermogravimetric curves to obtain the percentage of loss by weight of contami-
nated soils during heat treatment.

¢ Determination of the residual content of petroleum products in treated soils by spectrometric analysis.

¢ Analysis of the experimental results with obtaining the values of the maximum concentrations
of various petroleum products, which can be reduced to an acceptable level at the final processing
temperature of 150, 200, and 250 °C.

To simulate pollution, virgin soil of the Leningrad Oblast (podzolic) with a background content
of petroleum products less than 25 mg/kg (according to the results of laboratory studies, taking into
account the sensitivity of the method used) and the following types of petroleum products were used:
gasoline AI-95 (B), diesel fuel Euro-5 (DT), highly refined mineral oil (deep purification) R-2 (MV),
synthetic engine oil SW-40 (MM), and semi-synthetic transmission oil GL-4 75W-90 (TM).

The sampling of virgin soil samples (2 g with an accuracy of 0.001) was carried out in special
aluminum crucibles (Fig.5, left), which were subsequently placed in ceramic crucibles of the
LECO TGA701 thermogravimetric analyzer. Quantitative application of the studied petroleum
products was carried out by gravimetric method using a microliter syringe to create contaminated
soils in the range from 2,000 to 200,000 mg/kg (Fig.5, right).

For each of the studied types of petroleum products, a series of experiments was carried out,
consisting of heat treatment of contaminated soils with maximum heating up to 150, 200, and 250 °C.

The residual content of petroleum products in treated soils was determined only by the spectro-
metric method using the IR-Fourier Shimadzu spectrometer IRAffinity-1. The exclusion of the fluo-
rimetric method from the methods for determining the content of petroleum products is due to the
fact that only aromatic hydrocarbons have the fluorescence effect; these compounds are partially or
completely desorbed during heat treatment, which can significantly distort the results when determin-

ing the residual content [34-36].

100,000 mg/kg
150,000 mg/kg
200,000 mg/kg

2,000 mg/kg
3,000 mg/kg

5
1
g
)
S
=
=
-

40,000 mg/kg
70,000 mg/kg

Fig.5. Simulation of contaminants in the concentration range from 2,000 to 200,000 mg/kg
(using diesel fuel as an example)
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In order to measure the humus loss in soils at various processing temperatures, studies were
conducted to determine the total content of organic carbon for clean soil (not thermally treated) — to
assess the initial humus content; the clean soils were treated thermally at temperatures of 150, 200,
and 250 °C; the similar procedure was applied to soil samples artificially contaminated with petro-
leum products with a residual content of less than 25 mg/kg — to obtain the residual humus content.

To assess the mass loss for uncontaminated soil during heat treatment, clean soil samples were
loaded during each series of the experiment. According to the obtained thermogravimetric curves
(TGC) of uncontaminated soil, the following indicators were calculated: the percentage of soil mois-
ture by mass loss when heated from 25 to 105 °C; the estimated residual humus content by the dif-
ference in the total mass loss of clean soils when heated to 150, 200, and 250 °C, and the humidity.

During the thermal treatment of soils contaminated with the studied petroleum products in the
concentration range from 2,000 to 200,000 mg/kg with a maximum heating temperature of 150, 200,
and 250 °C, the following results were obtained:

e total percentage of mass loss during the heat treatment;

e percentage of mass loss of petroleum products, taking into account the total mass loss of a
clean soil sample;

e residual content of petroleum products drawn after the TGC, taking into account the percentage
of mass loss of a clean soil sample;

e residual content of petroleum products;

e the treatment intensity;

e characteristics of the total percentage of mass loss of a pure soil sample by TGC with an indi-
cation of the residual humus content;

¢ the maximum content of petroleum product in the soil, which can be reduced to an acceptable level.

All the results of previous and current studies were obtained using the equipment of the Common
Use Center of the Saint Petersburg Mining University.

Results. After a series of experiments on thermal effects on oil-contaminated soils from the first
production facility, it was found that at the final processing temperature of 250 °C, the concentration
of petroleum products decreases to an acceptable level in all the samples of contaminated soils. The
results are presented in Fig.6 and in Table 1, (the residual concentration of petroleum products is
presented taking into account the sensitivity of the applied methods).

The established tem-
i Mass = " — — t i i
e =y T ; 225 applied to clean the soils
99 | 200 selected from the terri-
X 1-A2
P s o5 tory of the second pro-
g 3A2 ¢ duction facility. The re-
— 98 e t150 & .
E 3-A0 £ sidual contents of the pol-
= ~ 1-Al = .
8 sal | 125 2 lutant are presented in
(7 : =]
97 fl;:yeiqpofratiqn 3.Aa1 100 & Table 2.
of light fractions o e
(presumably) E f e e e SRR 1-A0 | s The mltlal content Of
: : vaporation o # 3 . .
96 Ao L -/ h(eavy ﬁ"“{j{";s . , soil humus in the area of
) i presumably i i ) .
Heating / | 1 the first production fa-
[leve ; : ‘ .- .
; : ; ] A2 25 cility was 1.59 %, the resi-
8:20 16:40 25:00 33:20 41:40 50:00 58:20 dual (aﬂer heat treatment
Time, min:s at 250 OC) was 0.78 %.
Fig.6. Thermogravi'metric curve of the optima! temperature regime The initial content of soil
for cleaning the studied soils from oil products
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humus in the area of the second production facility was 3.92 %, the residual was 2.02 %. The loss of
humus from the initial content is 50.94 and 48.97 %, respectively.

Table 1
PP concentration in soil samples taken from the territory of the tank farm,
before and after the thermal treatment
Sampling Sampled Concentration before treatment, |The average value of the concentration in the] Concentration after treatment,
site horizon mg/kg soil layer (0-20 cm), mg/kg mg/kg
1 A0 7,000 5,400 Below 25
Al 5,650 Below 25
A2 3,540 Below 25
2 A0 6,650 7,260 360
Al 7,200 410
A2 7,950 130
3 A0 16,300 16,750 20
Al 24,850 Below 25
A2 9,100 Below 25
Table 2

PP concentration in soil samples taken from the territory of the quarry vehicle parking,
before and after the thermal treatment

Sampling site Concentration before treatment, Concentration after treatment,
mg/kg mg/kg
1 2,190 415
2 8,000 670
3 2,060 345

Experimental studies on soils taken from the territories of the real production facilities showed
that the final processing temperature did not exceed 250 °C, which is significantly lower than the
burning temperature of all humates (450 °C), and the residual humus content is about 50 % of the
original, which allows the return of soils to the ecosystem as either a technical substrate or a fertile
layer. At the same time, there may be an economic effect due to the absence of the need to bury
contaminated soils and the use of imported soil.

Table 3 shows an example of a data array obtained by heat treatment of soils artificially polluted
with gasoline, where the concentrations ranged between 2,000 and 200,000 mg/kg under the maxi-
mum heating temperature of 150 °C. Figure 7 shows an example of interpreted TGC for soils con-
taminated with gasoline in the concentration range from 2,000 to 200,000 mg/kg and treated at the
temperature of 150 °C.

It should be noted that the specification of the equipment used (the LECO TGA701 thermogra-
vimetric analyzer) makes it possible to treat soil samples at a given final temperature to a relatively
constant mass, which provides an almost complete yield of fractions of petroleum products that can
be desorbed. Based on the results obtained, it was found that during the desorption of petroleum
products, the processing time depends on the type of petroleum product contained in the soil. Thus,
when contaminated with gasoline and diesel fuel, the average processing time to obtain purified soil
was about 6 hours over the entire studied temperature range, considering the time for the heating to a
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given temperature. Under similar thermal conditions, the processing time of soils contaminated with
highly refined, motor, and transmission oils was 8-10 hours.

Table 3
Results of experimental and laboratory studies for soils contaminated
with gasoline and treated at the temperature of 150 °C
Initial PP concentration, 2,000 3,000 5,000 10,000 40,000 70,000 100,000 150,000 200,000
mg/kg 0.2 %) 0.3 %) 0.5 %) 1 %) (4 %) (7 %) (10 %) (15 %) (20 %)

Mass loss 2.81 2.91 3.10 3.59 6.51 9.44 12.36 17.20 22.05
(loss of PP), % (~0.2) (~0.3) (0.49) (0.98) (3.9) (6.83) (9.75) (14.59) (19.44)
Residual
PP concentration, mg/kg ~0 ~0 100 200 1,000 1,700 2,500
(by mass loss, TGC)
Residual
PP concentration, mg/kg 41.4 77.8 118.3 242.6 1,024.3 1,760.0 | 2,481.3

(by the analysis results)

Degree of treatment, % 98.0 97.3 98.0 98.0 97.5 97.5 97.5 97.3 97.2

Total loss (according to TGC) 2.61 % (including moisture 2.05 %)
Humus burning (according to TGC) 0.56 %
Humus burning (according to the analysis results) 0.64 %

Loss of clean soil, %

Maximum concentration

for treatment, mg/kg 39,100

The results of laboratory analyses to determine the total organic carbon content showed that the
average percentage of humus content in soils used to simulate the process of contamination with
various petroleum products is:

8.89 % for the uncontaminated soil with the background PP content < 25 mg/kg,
8.25 % for the soil treated at 150 °C and the PP content < 25 mg/kg,
7.12 % for the soil treated at 200 °C and the PP content < 25 mg/kg,
4.48 % for the soil treated at 250 °C and the PP content < 25 mg/kg.
The results of experimental

100~ studies on the thermal desorp-
Q lean soi i 1 1fi-
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T > r = . . .
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concentration to an acceptable level in the entire studied range (from 2,000 to 200,000 mg/kg). At the
same time, the maximum concentration in soils, which can be reduced to an acceptable level under this
temperature regime, cannot be limited, which is due to the almost complete desorption of gasoline at
200 °C.

In case of soil contamination with diesel fuel, treatment at 150 °C allows treatment with a pollutant
content of up to 3,100 mg/kg, which corresponds to a high level of pollution. An increase in the treat-
ment temperature to 200 °C ensures the purification of soils with a diesel fuel content of 6,200 mg/kg,
1.e. very high pollution level. At 250 °C, the maximum concentration that can be reduced to an accepta-
ble level is 11,500 mg/kg. An increase in the final processing temperature from 150 to 200, and 250 °C
leads to an increase in the degree of purification from 67.8 to 79.6 and 89.9 %, respectively.

The studied oils (highly refined, motor, and transmission) are the most difficult pollutants for soil
remediation, which is caused by the presence of heavier hydrocarbon fractions. The results of experi-
mental studies have shown that treatment at 150 °C is low-effective (the degree of purification is ~7 %).
An increase in the treatment temperature to 200 °C makes it possible to clean soils contaminated with
oils up to 2,000 mg/kg (degree of purification ~50.5 %), which corresponds to the threshold value of
low and medium pollution levels. The maximum concentration of oils that can be reduced to an ac-
ceptable level in the studied range of low-temperature desorption is 3,800 mg/kg (68.0 % degree of
purification), which is characterized as a high level of soil contamination with petroleum products.

Discussion. According to international studies, the thermal conductivity of different types of soils
differs little from each other, therefore heating minimally depends on the heterogeneity of the soil struc-
ture or the distribution of pollutants, while the soils treated with thermal desorption are dried, which
makes even dense clays sufficiently permeable for desorption and this method is effective [37, 38]. The
studied soils belong to the type of podzolic and gray forest, prevalent in approximately 50 % of the
territory of the Russian Federation [25]. Despite the provided information, with the practical application
of the technology on the territory of a specific production facility, it is possible to conduct preliminary
studies of thermal desorption using several reference soil samples.

Experimental studies on the establishment of an optimal temperature regime by thermal action on
soils selected from the territories of the real production facilities confirm the assumption that low-tem-
perature thermal desorption can be used to clean soils from petroleum products in the event of local
spills and leaks. The specification of the studied production facilities and the petroleum products used
on their territory show that the soils are presumably contaminated with gasoline and diesel fuel at the
first facility and with gasoline, diesel fuel, and oils at the second one. This explains the higher values
of the residual content of petroleum products in the soils of the quarry vehicle parking due to the low
degree of desorption of oils compared to gasoline and diesel fuel at 250 °C. It was found that heat
treatment at 250 °C of background soil samples of both objects having different initial humus content
and belonging to different types of soils allows preserving about 50 % of humus from its initial content.

The assumption about the possibility of using low-temperature thermal desorption to purify soils
from petroleum products while preserving part of the humus was confirmed by experimental studies,
that had not been conducted before, to simulate soil contamination with petroleum products, represented
by gasoline, diesel fuel, and various oils, and their heat treatment within the established temperature
regime. It should be noted that the desorption time is mainly affected only by the type of petroleum
product, which is associated with the boiling point temperatures and different contents of light and
heavy fractions. In the soils with a processing temperature of 250 °C, preservation of ~50 % of humus
from the initial content is also observed. When processing soils at 150 and 200 °C, the preservation of
humus from the initial content is more effective, ca. 90 and 80 %, respectively.

Based on the results of the analysis of production processes with the risk of local spills and leaks,
measures have been developed to sanitize territories using low-temperature desorption from petroleum
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products in two main scenarios with a guaranteed result of reducing the pollutant content to an ac-
ceptable value:

1) in the case when the type of petroleum product is determined, which is the only hydrocarbon
pollutant in the territory with the detected excess of the permissible level (1,000 mg/kg);

2) in the case when several potential types of petroleum products have been identified (a mixture
of petroleum products) or identification of the type of petroleum product is impossible with the de-
tected excess of the permissible level (1,000 mg/kg).

When remediating territories according to the first scenario, it is recommended:

e Thermal desorption treatment at 150 °C in case of soil contamination with gasoline up to
39,100 mg/kg (treatment time ~6 h) and with diesel fuel up to 3,100 mg/kg (treatment time ~6 h).

e Thermal desorption treatment at 200 °C in case of soil contamination with gasoline over
39,100 mg/kg (treatment time ~6 h), diesel fuel in the concentration ranging from 3,100 to
6,200 mg/kg (treatment time ~6 h), oils (highly refined, motor and transmission) up to 2,000 mg/kg
(treatment time 8-10 h).

e Thermal desorption treatment at 250 °C in case of soil contamination with diesel fuel in the
concentration range from 6,200 to 11,500 mg/kg (treatment time ~6 h), oils (highly refined, motor,
and transmission) in the concentration range from 2,000 to 3,800 mg/kg (treatment time 8-10 h).

When remediating territories according to the second scenario, it is recommended:

e Focusing on the established dependencies of the required treatment temperature on the con-
centration of petroleum products having lower purification rates (due to the inability to accurately
determine the mass fractions of each of the petroleum products that have contaminated the soil) if
several potential types of petroleum products (a mixture of PP) are identified.

e Cleaning the soil at a temperature of 250 °C with a gross content of petroleum
products < 3,800 mg/kg to ensure a guaranteed result if it is impossible to identify the type and (or)
types of petroleum products for one reason or another.

Conclusion. Based on the results of experimental studies on the heat treatment of contaminated
soils sampled at the territories of real production facilities, a series of experiments on cleaning artifi-
cially polluted soils with various petroleum products in the concentration range from 2,000 to
200,000 mg/kg at maximum treatment temperatures of 150, 200, and 250 °C, as well as determining
the percentage of humus losses during heat treatment, the authors developed the methodology for
low-temperature thermal desorption at enterprises of the mineral resource complex and options for
which this treatment is economically and environmentally appropriate.

The developed methodology can be used at enterprises of the mineral resource complex and
other industries (construction, housing and communal services, gas stations, transport, etc.) in order
to maintain an acceptable level of petroleum products in the soil and (or) during land rehabilitation.
In the case of rehabilitation, the amount of humus that needs to be introduced to restore fertility is
reduced by preserving part of the initial humus content in the thermally treated soils. Technical sup-
port for the practical application of low-temperature thermal desorption may consist in the use of
existing installations, such as an indirect heating drum furnace with the possibility of modernization
or the design of mobile installations, depending on the situation.
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