
Environmental Research 229 (2023) 115976

Available online 22 April 2023
0013-9351/© 2023 Elsevier Inc. All rights reserved.

Thermal plasma potential to remediate soil contaminated with diesel☆ 
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A B S T R A C T   

Petroleum hydrocarbons (PHCs) are recognized as one of the major soil contaminants causing negative envi
ronmental impact. Thereby, PHCs remediation from the soil is essential. Hence, this experimental study aimed to 
assess the potential of thermal water vapor and air plasmas to remediate soil contaminated with habitually used 
PHCs – diesel. The impact of contaminant content in the soil on the remediation process also was estimated. The 
results of this research demonstrated that 99.9% contaminant removal efficiency was received proceeding diesel 
contaminated soil remediation in the environment of the thermal plasma in defiance of whether water vapor or 
air was employed as a plasma-forming gas. Moreover, the soil’s contaminant content (80–160 g/kg) did not 
influence its’ removal efficiency. The soil de-pollution process also caused the decomposition of the soils’ natural 
carbon reserves since carbon content decreased from an initial 9.8 wt% in the clean soil to 3–6 wt% in the 
remediated soil. Furthermore, PHCs – diesel was decomposed into producer gas mainly consisting of H2, CO (also 
known as synthesis gas) and CO2. Thus, the thermal plasma offers a way not only to de-pollute the soil but also to 
reuse the PHCs present in the soil by breaking it down into gaseous products that can further be used to meet 
human needs.   

1. Introduction 

The increasing global population, which induces the ever-increasing 
necessity for goods and constantly growing industrialization, ineluc
tably causes contamination of the natural environment, including water, 
air, and soil, an essential component of human and other living beings’ 
existence (Aggelopoulos, 2022; Azhar et al., 2022; Liu et al., 2023). 
According to FAO and UNEP, in order of importance, the main sources of 
the basic contaminants causing soil pollution are industrial activities, 
mining, waste treatment, agriculture, fossil fuels extraction and pro
cessing, and transport emissions. However, there is a lack of specific, 
reliable, and compatible statistics on the actual emissions of each sector 
(FAO and UNEP, 2021). Focusing on petroleum-derived fuels, the main 
sources of soil contamination with petroleum hydrocarbons (PHCs) are 
petroleum production, petrochemical industries, vehicle exhaust, waste 
engine oil, petroleum sludge, and oil spills. Hence, leakages from storage 
tanks, accidental spills, and improper disposal are well-known ways of 
releasing PHCs (crude oil, jet range fuels, diesel, gasoline) into the 
environment (Ambaye et al., 2022; Hidalgo et al., 2020; Murphy et al., 
2022). PHCs are organic compounds consisting mainly of carbon and 
hydrogen atoms arranged in differing structural configurations 

encompassing alkanes, cycloalkanes, and polycyclic aromatic hydro
carbons. Pyrene, benzene, naphthalene, cyclohexane, butane, pentane, 
and cyclopentene are known as one of toxic petroleum hydrocarbons 
that could be found in contaminated soil. Although petroleum hydro
carbons mainly comprise carbon and hydrogen, they also contain small 
amounts of sulfur, nitrogen, and oxygen (Ambaye et al., 2022; Gkorezis 
et al., 2016; Haider et al., 2021). Amongst petroleum hydrocarbons, 
diesel is one of the most frequently used PCHs nowadays, which mainly 
consists of recalcitrant and less biodegradable hydrocarbons with 8–28 
carbon atoms, including alkanes, cycloalkanes and polycyclic aromatic 
hydrocarbons (Liu et al., 2022a; Shang et al., 2023; Wong et al., 2022). 
Moreover, diesel and other PHCs have high hydrophobic properties and 
show stability and longevity in the soil environment. Thus, the low 
diesel water solubility impedes diesel’s easy removal from the soil. 
Generally, diesel and other PHCs accumulate on the soil’s surface, fill 
soil pores, and create the soil aggregation effect due to diesel non
polarity, allowing diesel to bond with organic matter present in the soil. 
Consequently, this combination between diesel and soil creates water, 
oxygen, and vital nutrients, such as nitrogen and phosphorous shortages 
in the soil. Also, diesel contamination creates a damaging, toxicological 
effect not only on the soil environment but also on groundwater and 
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surrounding water, as well as human and animal well-being (Das et al., 
2022; Haider et al., 2021; C.Liu et al., 2022a; F.Liu et al., 2022b; 
Priyadarshini and Chattopadhyay, 2022). Therefore, the damaging ef
fect of diesel and other PHCs on the environment encourages researchers 
to look for efficient soil de-pollution methods capable of remediating 
diesel and other organic contaminants from the soil. In this context, 
diverse physical, chemical, biological, and thermochemical methods are 
used for soil remediation. These methods are broadly described here: 
(Ambaye et al., 2022; Dai et al., 2022; Lv et al., 2022; Mambwe et al., 
2021; Ossai et al., 2020). Meanwhile, this paper focuses on applying the 
plasma-based method for contaminated soil de-pollution. Plasma treat
ment has recently become recognized as an alternative thermochemical 
method for the remediation of soil polluted with organic contaminants. 
Organic materials in the plasma environment can be decomposed into a 
beneficial intermediate product called synthesis gas. Also, plasma 
technologies are distinguished by the fact that their application does not 
require the use of supplementary chemical materials or often costly 
catalysts. Another vital advantage of this technology is the fast-cleaning 
time since rich with reactive species plasma environment warrants 
efficient chemical reactions (Gimžauskaitė et al., 2022; Rahman et al., 
2015). Moreover, recently Sanjaya et al. (Sanjaya and Abbas, 2023) 
evaluated plasma gasification according to the life cycle assessment 
aspect. The authors’ analysis showed the plasma gasification environ
mental superiority over Energy-from-Waste technologies (e.g., tradi
tional gasification, landfilling, etc.) and has demonstrated its alignment 
with the circular economy principle: circulating materials and products 
at their highest value with minimum impact on the environment. 

Furthermore, focusing on soil remediation, non-thermal plasma 
technologies are frequently applied to de-pollute soil contaminated with 
organic compounds. Additionally, the novelty and scientific innovation 
of the present work lies within the fact that thermal plasma is frequently 
applied for various waste or biomass gasification. Nevertheless, to the 
authors’ knowledge, there is a lack of articles investigating the potential 
to use thermal plasma to de-pollute soil contaminated with PHCs. 
Accordingly, this experimental research aimed to estimate the potential 
of thermal water vapor and air plasmas to de-pollute soil contaminated 
with often-used PHCs – diesel. Also, the effect of the contaminant con
tent in the soil during the de-pollution process was investigated. Thus, in 
this study, the feasibility of the thermal plasma remediation method was 
confirmed by experimental research and the analysis of the soil prop
erties and generated remediation reaction products applying state-of- 
the-art analysis methods, including scanning electron microscopy, 
energy-dispersive X-ray spectroscopy, elemental analyzer (CHNS anal
ysis), thermogravimetric analysis and differential scanning calorimetry, 
and multi-component gas analyzer. The performed experimental 
research revealed that 99.9% of PHCs – diesel contaminant removal 
efficiency can be achieved by performing contaminated soil de-pollution 
process in the environment of the thermal plasma in defiance of whether 
water vapor or air was used as a plasma-forming gas. Furthermore, it 
was found that the soil’s contaminant content (80–160 g/kg) did not 
influence its’ removal efficiency. Finally, it was established that PHCs – 
diesel was decomposed into producer gas mainly consisting of H2, CO 
(also called synthesis gas) and CO2. Consequently, the thermal plasma 
provides a way not only to de-pollute the soil rich with contaminants but 
also to use the PHCs present in the soil again by breaking it down into 
gaseous products that can further be used to meet human consumerism 
needs. 

The application of the ex-situ thermal plasma remediation method 
focuses on the highly PHCs-polluted soil found in industrial areas, oil 
product storage areas (e.g., former oil bases), or other polluted areas (e. 
g., in the area of forest land) where contaminated soil must be collected 
and replaced with clean soil. Meanwhile, contaminated soil is being 
taken away to remediate it by applying ex-situ remediation methods. 

2. Methodology 

2.1. Material used 

The clean and humus-rich soil was gathered from one of the 
Lithuania regions – Kaunas. First, the soil was dried for 24 h in the 
furnace at 70 ◦C and then sifted from debris and stones using 2 mm mesh 
to guarantee fluent soil feeding into the plasma-chemical reactor. Sieved 
humus-rich soil was synthetically contaminated with three distinct 
diesel concentrations (80 g/kg, 120 g/kg, and 160 g/kg). Such pollutant 
concentrations were chosen based on the diesel content found under real 
conditions in Lithuania’s soil. 

2.2. The soil’s ultimate and proximate analysis 

The ultimate and proximate analysis of the clean humus-rich and 
diesel-contaminated soil was performed before the soil remediation 
process in the plasma environment and is presented in Table 1. Ultimate 
analysis specified that soil contamination with diesel enhanced carbon 
concentration from 10.92 wt% in the clean soil to 11.28–16.52 wt% in 
the soil contaminated with 80–160 g/kg of diesel. A similar trend was 
found with hydrogen and nitrogen concentrations, which increased to 
1.17–1.78 wt% and 0.30–0.35 wt%, from the initial concentrations of 
0.96 wt% and 0.18 wt%, respectively, of the clean humus-rich soil. Also, 
the same 0.05 wt% concentration of sulfur persisted in the soil. 

Proximate analysis showed that ash content in the soil decreased 
from primary 85.56 wt% in the clean soil to 79.01–72.58 wt%, with the 
enhancement of contaminants concentrations in the soil. Also, the 
moisture content in the soil increased from 1.32 wt% in the clean soil to 
1.60–2.25 wt% in the soil contaminated with 80–160 g/kg of diesel. 

2.3. Remediation system of contaminated soil 

The experimental research parameters of the diesel-contaminated 
soil remediation in the plasma environment are shown in Table 2. The 
remediation process was carried out at a plasma torch power of 52.8–56 
kW, water vapor flow rate of 5.14 g/s, airflow rate of 4.97 g/s and 
contaminated soil flow rate of 1.5 g/s. The contaminated soil remedia
tion process was conducted under atmospheric pressure for almost half 
an hour (27 min). Thus, in each experiment (80–160 g/kg of diesel in the 
soil), about 2.4 kg of PHCs-diesel contaminated soil was de-polluted. 
Accordingly, the presented ex-situ plasma-based soil remediation sys
tem has the capacity to de-pollute about 5.4 kg/h of contaminated soil. 

Table 1 
The ultimate and proximate analysis of the clean and diesel-contaminated soil.  

Ultimate 
analysis 

Clean humus-rich 
soil, wt % 

Humus-rich soil contaminated with 
diesel, wt %   

80 g/kg1 120 g/kg 160 g/kg 

Carbon (C) 10.92 ±2.05 11.28 
±2.97 

14.40 
±2.51 

16.52 
±2.63 

Hydrogen (H) 0.96 ± 0.43 1.17 ±
0.43 

1.64 ±
0.42 

1.78 ±
0.44 

Nitrogen (N) 0.18 ± 0.30 0.31 ±
0.31 

0.30 ±
0.31 

0.35 ±
0.31 

Sulfur (S) 0.05 ± 0.29 0.05 ±
0.27 

0.05 ±
0.28 

0.05 ±
0.28 

Oxygen (O)2 1.01 6.58 7.25 6.94 

Proximate 
analysis   

Moisture 1.32 ± 0.05 1.60 ±
0.06 

2.25 
±0.09 

1.78 ±
0.07 

Ash 85.56 ± 3.42 79.01 ±
3.16 

74.11 ±
2.96 

72.58 ±
2.90 

1 Diesel concentration in the soil, g/kg. 
2 By difference. 
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The mean operating temperature of the water vapor plasma and air 
plasma systems were equal to 2800 K and 4100 K, respectively. 

The plasma-based soil remediation system is presented in Fig. 1. The 
system is composed of a soil feeder (1), a DC arc plasma torch (2), a 
plasma-chemical reactor (the dimension: 1 m long and 0.4 m in diam
eter) (3), a power supply system – rectifier DC (4), an air supply system 
(5), a steam generator (6), a superheater (7), a water filter for particulate 
matter (8), a condenser (9), and a gas analyzer equipped with a producer 
gas analysis system (10). 

The feedstock feeder is installed at the top of the plasma-chemical 
reactor so that the soil grains can drop straight to the bottom of the 
reactor. The DC arc plasma torch also is fitted at the upper part of the 
plasma-chemical reactor and is oriented at 45◦ angle to the soil flow. 
Such construction provides sufficient conditions for interacting soil 
contaminants with active species in the plasma environment, thus 
ensuring the remediation process. 

2.4. Equipment used for the analysis of soil and producer gas 

Soil analysis was carried out before and after the remediation process 
in the thermal water vapor or air plasma environments. Scanning elec
tron microscopy (SEM, Hitachi S–3400N) characterized the soil surface 
morphology. The energy-dispersive X-ray spectroscopy (EDX, Bruker 
Quad 0540) was applied to identify clean, contaminated, and plasma- 
remediated soil elemental composition. The FLASH 2000 elemental 

analyzer was used to evaluate the soil’s ultimate analysis (CHNS). The 
clean and diesel-contaminated soil’s carbon, hydrogen, and nitrogen 
measurements were carried out according to LST EN ISO 16948:2015 
standard requirements. The sulfur content was evaluated according to 
the BM-8B/3-BO0:2012 methodical. The oxygen content was calculated 
by the difference. Thermal properties of pure diesel, clean and diesel- 
contaminated soil were estimated by the thermogravimetric analysis 
(TGA/DTG) and differential scanning calorimetry (DSC)) using 
NETZSCH STA 449 F3 Jupiter analyzer with a SiC furnace. The quan
tification of produced gas concentrations, which were generated via the 
remediation process of diesel-contaminated soil in the thermal plasma’s 
environment, was done by the multi-component gas analyzer (MRU 
SWG 300− 1). The above-presented research equipment was applied for 
the soil analysis three times to guarantee data reliability. The data 
presented in this experimental research paper are the mean value of 
these replicates. The measurements’ relative error with EDX, TGA, and 
gas analyzer is ±1–2%, ±4% and ±2%, respectively. 

2.5. Basic reactions taking place in a plasma-based soil remediation 
system 

The ability to carry out diesel-contaminated soil remediation in the 
plasma-chemical reactor begins with the formation of the plasma envi
ronment. Plasma is described as a partially or fully ionized gas. The 
plasma stream comprises electrons, positive and negative ions, and 
neutral species, including various atoms, molecules, radicals, and 
excited species. At least part of the plasma species is in electronically 
excited states, which creates a highly reactive environment needed for 
the chemical reactions (Gimžauskaitė et al., 2022; Wang et al., 2018; 
Zheng et al., 2010). 

The formation of the reactive radicals appears during the interaction 
between the energetic electrons emitted from the cathode and the gases 
(Fig. 1). The type of reactive radicals depends on the kind of plasma 
forming gas. In the case of water vapor serving as a plasma-forming gas, 
the plasma reactive species, including O•, H• and OH•, are formed via 
the chemical reactions which are given beneath (Judée et al., 2018; 
Kapaldo et al., 2019; Wang et al., 2018): 

H2O+ e− → H • +OH • +e− (1) 

Table 2 
The experimental parameters of the diesel-contaminated soil remediation pro
cess in the plasma environment.  

Diesel-contaminated soil remediation using: 

Parameter Air plasma Water vapor plasma 

Arc current, A 160 160 
Arc voltage, V 330 350 
Power, kW 52.8 56 
Soil feed rate, g/s 1.5 1.5 
Gasifying agent flow rate, g/s 4.97 5.14 
Diesel amount in the soil, g/kg 80, 120, 160 80, 120, 160 
Mean Tplasma, K 4100 2800 
Plasma torch thermal efficiency (η), % 60–73 78–79  

Fig. 1. The ex-situ plasma-based soil remediation system.  
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H2O+O • → 2OH• (2)  

H2 +O • → OH • +H• (3)  

H2 +OH • → H2O + H• (4)  

When air is applied as a plasma-forming gas, the plasma reactive species 
(O•, N•) are generated via the chemical reactions shown beneath 
(Equations (5) and (6)). Also, the produced plasma reactive species can 
participate in the gas-phase reactions during which nitrogen oxides can 
be formed (Equations (7) and (8)) (Sanito et al., 2022; Shen et al., 2019; 
Topolovec et al., 2022). 

O2 + e− → 2O • +e− (5)  

N2 + e− → 2N • +e− (6)  

N • +O • →NO (7)  

NO+O • → NO2 (8) 

The diesel conversion general chemical reactions (9–14) are pre
sented below (Lee et al., 2010; Martin et al., 2015; Peters et al., 2018; 
Piqueras et al., 2019; Song et al., 2020): 

Steam reforming: 

CnHm + nH2O ↔ nCO +
(m

2
+ n

)
H2 (9) 

Water-gas shift reaction: 

CO+H2O ↔ CO2+H2 (10) 

Partial oxidation: 

CnHm +
n
2
O2 → nCO +

m
2

H2 (11)  

CnHm +
n
2
(O2 + 3.76N2)→ nCO+

m
2

H2 + 1.88nN2 (12)  

CnHm + n(O2 + 3.76N2)→ nCO2 +
m
2

H2 + 3.76nN2 (13) 

Complete oxidation: 

CnHm +
(

n+
m
4

)
O2 → nCO2 +

m
2

H2O (14)  

In addition to the general reactions (Eqs. (9)–(14)), the side reactions 
(Eq. (15)–(17)), such as the formation of the coke, can also appear: 

Boudouard reaction: 

2 CO ↔ CO2 + C (15) 

Reverse gasification: 

CO+H2 ↔ C + H2O (16) 

Decomposition: 

CnHm ↔ nC + m/2H2 (17) 

The given reactions will aid in explaining and comprehending the 
experimental results obtained during the diesel-contaminated soil 
remediation process, which are presented in the following section. 

Moreover, visualizing the basic mechanism of the PHCs de-pollution 
in the plasma environment is also useful. Accordingly, when the soil 
faces the pollution process, the PHCs cover soil grains and first form the 
upper layer above it. Secondly, the PHCs penetrate the soil’s inner layers 
and are absorbed within the pores. The higher the PHCs concentration, 
the more the soil is compressed and flattened, reducing soil porosity. 
Also, the increasing pollutant concentration forms a thicker upper layer 
above soil grains. 

Furthermore, the PHCs contaminated soil de-pollution process in the 
thermal plasma environment comprises several chemical reactions (Eqs. 

(1)–(17)), which was presented above. The process starts with the for
mation of the thermal plasma environment. The plasma torches cathode 
emits energetic electrons, which interact with plasma-forming gas (air 
or water vapor), forming the reactive plasma species (Eqs. (1)–(8)). 
Consequently, a rich in reactive species plasma environment warrants 
efficient PHCs decomposition reactions (Eqs. (9)–(17)), which vary 
depending on the type of plasma forming gas. Firstly, the de-pollution 
process appears at the top layer of the soil. At this level, reactive 
plasma species interact with the upper layer of PHCs located above soil 
grains and decompose it. Further, when the upper pollutant layer is 
handled, active plasma species penetrate the soil pores and react with 
PHCs in inner soil layers. Thus, the soil de-pollution process in the 
plasma environment occurs gradually in the vertical direction of the soil 
layers. The interaction between PHCs and the reactive plasma species 
leads to the PHCs splitting into producer gas (mostly formed of H2, CO, 
and CO2). 

3. Results and discussion 

3.1. Examination of the soil surface morphology 

The surface morphology images of clean soil, soil contaminated with 
80–120 g/kg of PHCs–diesel, and remediated soil in the ambient of 
water vapor plasma or air plasma is provided in Fig. 2. The granular 
structure was visible in all soil samples regardless of whether the soil 
was clean, contaminated or remediated. Further, the roughness of the 
PHCs–diesel contaminated soil surface growth compared to the clean 
soil (Fig. 2 b, c, d). Also, the merge of the soil grains and the more sig
nificant agglomeration formation was seen in the image of soil 
contaminated with the highest (160 g/kg) PHCs–diesel concentration 
(Fig. 2 d). The properties of the humus-rich soil possibly influence such a 
tendency. This type of soil easily crumbles compared to the loam
y–sandy soil analyzed in our previous study (Gimžauskaitė et al., 2020). 
Therefore, only a higher concentration of PHCs–diesel caused the soil 
particles to stick together into larger clods. Meanwhile, in the case of the 
loamy-sandy soil, the soil grains’ stickiness effect was apparent in all 
contaminated soil samples with a diesel concentration of 80–160 g/kg. 

Moreover, after the PHCs–diesel contaminated soil de-pollution 
process in the water vapor plasma or air plasma environments, the 
soil surface demonstrated relatively smoothness close to clean soil. 

3.2. Soil elemental composition analysis 

The elemental composition of the soil before and after the de- 
pollution process in the environment of the water vapor plasma or air 
plasma is given in Table 3. The alteration of the concentration of the 
carbon component in the soil was noticed when the soil was contami
nated with PHCs–diesel and when it was de-polluted using water vapor 
plasma or air plasma. More precisely, the carbon concentration in the 
clean soil was equal to 9.8 wt%. Still, after the soil contamination with 
PHCs–diesel, the carbon concentration increased to 11.3 wt%, 12.7 wt% 
and 14.2 wt% when contaminant content in the soil was equal to 80 g/ 
kg, 120 g/kg and 160 g/kg, respectively. 

Further, the soil de-pollution process in the plasma environment 
influenced the decrease of the carbon concentration in the soil regard
less of the gas type (water vapor or air) used to form the plasma. In both 
cases, the carbon content in the soil reduced to 3–6 wt%. Such carbon 
reduction tendency shows that PHCs–diesel (average formula: C12H23) 
was decomposed from the soil, and the soil de-pollution process suc
ceeded. However, the plasma-based remediation method also affected 
the natural carbon reserves in the soil since the carbon content after the 
remediation process was lower (3–6 wt%) compared to the primary 
carbon content (9.8 wt%) in the clean soil. Thus, part of the natural 
carbon was evaporated during the soil de-pollution process. Moreover, 
the sulfur content in the soil was not recorded after the soil de-pollution 
process. Possibly, as a component of clean soil and diesel, the sulfur was 
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volatilized during soil remediation. Furthermore, since minerals in the 
soil do not participate in the volatilization process but instead remain 
unchanged or recrystallize into secondary minerals (Snellings et al., 
2012), their concentrations after the soil de-pollution process using the 
plasma altered negligibly. 

3.3. Thermal analysis of the soil 

Seeking to determine PHCs–diesel conduct in the humus-rich soil 
within the de-pollution process, the TGA (TG), DTG and DSC evaluations 
were carried out during the combustion process (Fig. 3 a-e). In the first 
place, the measurement was performed with clean humus-rich soil 
(Fig. 3 a). 

The pure soil’s combustion process consisted of the three mass loss 
stages (TG, DTG curves). The first one corresponded to the soil’s mois
ture content reduction (1.32% recorded from 0 to 14.5 min). Under TGA 
and DTG data, the second mass loss of the sample appeared in the range 
of 14.5–24.5 min of the measurement, and it reflected the reduction of 
the organic matter and volatiles (8.27%) in the analyzed soil. Finally, 

the third mass loss stage (between 24.5 and 33 min) represented the 
reduction of the soil’s remaining organic part (4.86%). During the 
combustion process, 85.56% of the ash was generated. 

Further, the pure PHCs–diesel thermal analysis was performed 
(Fig. 3 b). The combustion process of pure diesel consisted of one mass 
loss stage (35.72%) and DTG negative peak (at 243.8 ◦C), which 
appeared from 0 to 16.5 min. This measurement revealed the exact time 
and temperature of the pure diesel combustion. It was necessary to 
understand better the further thermal analysis with PHCs–diesel 
contaminated soil. 

Finally, research was performed with the soil polluted by 80 g/kg, 
120 g/kg and 160 g/kg of PHCs–diesel (Fig. 3 c-e). Four stages of mass 
loss were recorded despite the contaminant content in the soil. The first 
mass loss stage showed a decrease in the soil moisture amount 
(1.6–2.25%), while the first DTG negative peak (the second mass loss 
stage) measured in the range of 10–16 min (at 197.1–254.6 ◦C) identi
fied the volatile organic compounds (VOCs) vaporization and combus
tion. The obtained tendency coincides with the trend obtained during 
the thermal analysis of pure diesel (Fig. 3 b). Thus, it could be stated that 

Fig. 2. The SEM images of soil surface: a – clean soil; b, c, d – soil contaminated with PHCs–diesel 80 g/kg, 120 g/kg, and 160 g/kg, respectively; e, f, g – de-polluted 
soil in the water vapor plasma environment; h, i, j – de-polluted soil in the air plasma environment. 
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the second mass loss stage of the contaminated soil thermal analysis 
reveals the decomposition of diesel from the soil. Meanwhile, the 
reduction of the volatiles and char content in the soil is reflected by the 
third and four stages of the mass loss in the same way as in the case of the 
thermal analysis of the clean soil. Also, the generation of the ash was 
recorded during the thermal analysis of the diesel-polluted soil 
(79.01–72.58%). Furthermore, the curves of the DSC indicate the 
endothermic process. 

3.4. Generated gaseous products analysis 

3.4.1. Gaseous products composition after soil remediation in the water 
vapor plasma environment 

The highest and average values of producer gas concentrations 
generated during the soil de-pollution process with water vapor plasma 
are provided in Table 4. The synthesis gas (H2+CO) and CO2 concen
trations grew with the increase of the PHCs–diesel content in the soil 
from 80 g/kg to 120 g/kg, respectively. Meanwhile, the H2, CO and CO2 
concentrations reduced when the soil was polluted with 160 g/kg of the 
PHCs–diesel. The content of NO, NO2, SO2 and C3H8 varied negligibly in 
all three experimental cases. 

The changes in the producer gas concentrations measured via the soil 
de-pollution process in the water vapor plasma environment are given in 
Fig. 4. 

While oxygen content decreased from 21 vol% to 1.74–0.34 vol%, 
carbon-based materials (PHCs–diesel) were mainly transformed into 
gaseous compounds, including synthesis gas (H2+CO) and CO2 in all 
three experimental cases. Therefore, up to 25.33–37.50 vol% of 
hydrogen and up to 5.27–9.25 vol% of CO were recorded during the soil 
de-pollution process. Also, 16.52–19.43 vol% of carbon dioxide was 
generated. The formation of the synthesis gas was influenced due to the 
predominant steam reforming (Eq. (9)) and decomposition (Eq. (17)) 
reactions. The appearance of the CO2 was noticed due to the prevailing 

water-gas shift (Eq. (10)) and Boudouard (Eq. (15)) reactions. 
The highest synthesis gas amount was generated during the de- 

pollution process of the soil contaminated with 120 g/kg of PHCs–die
sel. Such tendency was mainly affected by two factors: the higher 
contaminant content in the soil compared to 80 g/kg of PHCs–diesel and 
the prevailing fast steam reforming reaction (Eq. (9)). Nevertheless, in 
the case when the soil was polluted with the highest PHCS – diesel 
concentration (160 g/kg), the steam reforming reaction slowed down 
causing the increase of the time needed for the active plasma species to 
react with contaminant molecules. Also, the higher contaminant content 
meant that the competition for active plasma species appeared between 
contaminant molecules. Furthermore, the higher pollutant content 
formed the thicker covering layer above the soil grains. Consequently, 
active plasma species required more time and energy first to decompose 
the PHCs–diesel molecules deployed at the topsoil layer and, finally, 
decompose contaminant molecules located in the inner layers of the soil. 
Hence, the soil de-pollution process slowed down, and it caused the 
generation of the lower content of the synthesis gas. The same trend was 
observed studying the loamy-sandy soil remediation process in the 
water vapor plasma environment (Gimžauskaitė et al., 2020). Further
more, the reverse gasification reaction (Eq. (16)) could also have 
influenced the formation of a lower content of synthesis gas. 

Moreover, small concentrations of the NO (0.51–0.56 vol%), NO2 
(0.05–0.07 vol%), SO2 (0.05–0.07 vol%), and C3H8 (0.16–0.27 vol%) 
were recorded in all three cases (Fig. 4 b, d, f). Such tendency of the 
formation of the gaseous compounds was caused by reactions between 
the active plasma species and the PHCs–diesel. Also, a small amount of 
air (~13%) was used to protect the plasma torches’ cathode from 
erosion. Thus, air also contributed to the formation of these gaseous 
compounds. 

3.4.2. Gaseous products composition after soil remediation in the air 
plasma environment 

The highest and average values of producer gas concentrations ob
tained during the soil remediation with air plasma are shown in Table 5. 
The obtained results showed that CO2 was the main produced gaseous 
product, followed by the traces of the synthesis gas. The highest values 
of the CO2 concentration increased with the increase of the PHCs–diesel 
content in the soil from 80 g/kg to 120 g/kg. However, CO2 content 
decreased with further growth of the soil’s pollutant concentration (160 
g/kg). The concentrations of NO, NO2, SO2 and C3H8 changed insignif
icantly in all three experimental cases. 

The changes in the producer gas concentrations during the interac
tion between the PHCs–diesel polluted soil and air plasma are given in 
Fig. 5. 

Formation of the CO2 was observed during the de-pollution process 
of the soil polluted with 80 g/kg and 120 g/kg of PHCs–diesel, respec
tively. Thus, the highest measured CO2 concentrations corresponded to 
12.17 vol% and 13.17 vol% when the content of PHCs–diesel in the soil 
were equal to 80 g/kg and 120 g/kg, respectively (Fig. 5 a, c). Mean
while, the oxygen content decreased to 4.93 vol% and 1.96% from its 
initial 21 vol% concentration when the de-pollution of the soil 
contaminated with 80 g/kg and 120 g/kg of PHCs–diesel took place. 
This tendency was observed due to the predominant PHCs–diesel com
plete oxidation reaction (Eq. (14)). 

Moreover, when the PHCs–diesel content in the soil was increased to 
160 g/kg, the generation of the CO2 (up to 12.63 vol%), H2 (up to 1.67 
vol%) and CO (up to 4.66 vol%) was measured (Fig. 5 e). Consequently, 
during the soil de-pollution process, the complete oxidation reaction 
(Eq. (14)) took place, and the formation of the CO2 was observed. But 
the environment with the lack of oxygen was formed after a while. Such 
changes in the ambient conditions slowed down the complete oxidation 
reaction (Eq. (14)) and induced the partial oxidation reactions (Eq. (11)– 
(13)) prevailing. Consequently, the H2 and CO (synthesis gas) genera
tion was recorded. 

Further, low concentrations of the NO (0.13–0.2 vol%), NO2 

Table 3 
The elemental composition of the clean, PHCs–diesel contaminated and de- 
polluted soil.  

Element  Clean soil, 
wta% 

Soil contaminated with diesel, 
wt %     

80 g/ 
kgb 

120 g/ 
kg 

160 g/ 
kg  

Carbon  9.86 11.30 12.73 14.19  
Oxygen  49.40 49.63 49.54 49.12  
Silicon  20.77 21.56 22.28 21.21  
Potassium  1.88 1.79 1.27 1.24  
Calcium  10.20 8.46 7.68 7.63  
Magnesium  1.14 0.83 0.79 0.74  
Aluminum  3.37 3.28 2.73 2.93  
Iron  2.31 2.16 2.04 1.79  
Sodium  0.19 0.23 0.21 0.31  
Titanium  0.52 0.49 0.46 0.56  
Sulfur  0.37 0.29 0.29 0.28  

Element Soil remediated with water vapor 
plasma, wt % 

Soil remediated with air 
plasma, wt %  

80 g/ 
kg 

120 g/kg 160 g/ 
kg 

80 g/ 
kg 

120 g/ 
kg 

160 g/ 
kg 

Carbon 4.17 3.22 5.93 4.76 3.11 5.71 
Oxygen 46.15 47.40 45.56 51.46 50.86 50.12 
Silicon 29.61 29.47 27.82 27.75 29.45 28.73 
Potassium 2.22 1.82 2.10 1.51 1.86 1.81 
Calcium 9.94 10.39 11.25 7.62 7.68 7.21 
Magnesium 0.96 1.10 1.11 0.84 0.94 0.86 
Aluminium 3.99 3.50 3.18 3.41 2.99 3.05 
Iron 2.10 2.25 2.27 1.96 2.16 1.86 
Sodium 0.41 0.41 0.39 0.19 0.39 0.23 
Titanium 0.46 0.45 0.40 0.50 0.56 0.42 
Sulfur n.d. n.d. n.d. n.d. n.d. n.d.  

a Weight concentration of element, wt %. 
b Diesel concentration in the soil, g/kg. 
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(0.04–0.05 vol%), SO2 (0.001–0.014 vol%), and C3H8 (0.001–0.044 vol 
%) were measure in all three experimental cases (Fig. 5 b, d, f). Simi
larly, as in the case of using the water vapor plasma, the generation of 
NO, NO2, SO2, and C3H8 was mainly related to the PHCs–diesel 
composition and the use of air to form the plasma environment. 

3.5. The potential to remediate soil contaminated with petroleum 
compounds by applying plasma technologies 

The experiment’s objective was remediating soil from the 
PHCs–diesel. Accordingly, the thermal plasma potential to remediate 
soil contaminated with the PHCs–diesel is provided in Table 6. After the 
de-pollution process, soil samples were analyzed under the normative 
document LAND-89-2010. The PHCs–diesel concentration in the soil 
samples was not found or was below the laboratory detection limit 

Fig. 3. Mass loss dynamics during the process of the combustion: a – clean soil; b – pure diesel; c, d, e − soil polluted with 80 g/kg, 120 g/kg, and 160 g/kg of 
PHCs–diesel, respectively. 

Table 4 
Producer gas concentrations obtained during the soil remediation process.   

Gas concentrations extracted during the soil remediation with water vapor plasma: 

Diesel concentration: 80 ± 3 g/kg 120 ± 3 g/kg 160 ± 3 g/kg  

Highest value, % Average value, % Highest value, % Average value, % Highest value, % Average value, % 

H2 37.50 27.20 41.90 23.89 25.33 16.73 
CO 9.17 6.75 9.25 5.55 5.27 3.70 
CO2 16.52 11.69 19.43 12.65 18.31 13.24 
NO 0.51 0.34 0.56 0.38 0.55 0.38 
NO2 0.05 0.03 0.06 0.04 0.07 0.05 
SO2 0.07 0.05 0.06 0.04 0.05 0.04 
C3H8 0.27 0.19 0.20 0.15 0.16 0.12  
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Fig. 4. Concentrations of producer gas measured during the soil de-pollution process: a-f – soil polluted with 80 g/kg, 120 g/kg, and 160 g/kg of PHCs–diesel, 
respectively. The soil de-pollution process was performed with water vapor plasma. 

Table 5 
Producer gas concentrations obtained during the soil remediation process.   

Gas concentrations extracted during the soil remediation with air plasma: 

Diesel concentration: 80 ± 3 g/kg 120 ± 3 g/kg 160 ± 3 g/kg  

Highest value, % Average value, % Highest value, % Average value, % Highest value, % Average value, % 

H2 0.12 0.01 0.25 0.08 1.65 0.64 
CO 0.1 0.02 1.16 0.40 4.64 2.01 
CO2 12.16 6.32 13.13 6.72 12.61 9.09 
NO 0.21 0.10 0.35 0.15 0.27 0.14 
NO2 0.05 0.03 0.05 0.03 0.04 0.03 
SO2 0.001 0.002 0.001 
C3H8 0.001 0.011 0.005 0.003 0.002  
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(<0.089 g/kg). Consequently, experimental results showed that both 
types of plasma (water vapor and air) are appropriate to de-pollute soil 
contaminated with PHCs–diesel. Additionally, the environment of the 
thermal plasma provides high contaminant removal efficiency. 

Also, a brief comparison of the remediation of soil contaminated with 

petroleum products by applying different plasma technologies is pre
sented in Table 7. Correspondingly, the contaminated soil remediation 
with thermal plasma assured 99.9% contaminant removal efficiency of 
relatively high contents of PHCs–diesel (80 g/kg, 120 g/kg and 160 g/ 
kg) from the soil in a short time (27 min). Meanwhile, the pollutant 
removal efficiency from the soil applying non-thermal plasma ranged 
between 23.0 and 98.5%. 

Seeking to give a little more insight into non-thermal plasma appli
cation for soil de-pollution, a few key research findings from several 
researchers working in the field are provided below. 

Zhao et al. (2021) applied dielectric barrier discharge (DBD) plasma 
for diesel fuel degradation from the soil. While evaluating the influence 
of the initial diesel fuel concentration in the soil, researchers noted that 
62% contaminant removal efficiency was reached after 40 min of 

Fig. 5. Concentrations of producer gas measured during the soil de-pollution process: a-f – soil polluted with 80 g/kg, 120 g/kg, and 160 g/kg of PHCs–diesel, 
respectively. The soil de-pollution process was performed with air plasma. 

Table 6 
The thermal plasma potential to remediate soil contaminated with diesel (80 g/ 
kg, 120 g/kg and 160 g/kg).  

Parameter Water vapor 
plasma 

Air plasma 

PHCs–diesel content in the soil after 
remediation 

<0.089 g/kg <0.089 g/ 
kg 

Contaminant removal efficiency, % 99.9 99.9  
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remediation when the soil was contaminated with 5 g/kg of diesel fuel. 
Meanwhile, 74% of the contaminant was removed from the soil at the 
same 40 min of treatment time when the initial contaminant concen
tration in the soil was equal to 10 g/kg. Also, researchers performed the 
soil remediation process from a heavily contaminated oil field. The 
initial pollutant concentration was equal to approximately 26.4 g/kg. 
The authors stated that 63.53% and 70.39% of aromatic and saturated 
hydrocarbons were removed after 40 min of the soil remediation process 
in the DBD plasma environment. 

Wong et al. (2022) performed diesel fuel contaminated clayey zone 
in situ remediation by synergizing thermal plasma blasting with the 
Fenton reaction. The initial diesel fuel concentration in the soil was 2 
g/kg. The whole pollutant degradation process lasted 48 h. However, 
the researchers found that rapid diesel degradation occurred in the first 
3 h of the remediation process. Meanwhile, the remained remediation 
time did not increase the pollutant degradation efficiency. Furthermore, 
the highest diesel degradation efficiency (88.9–98.5%) was achieved 
using six times plasma blasting with sole H2O2 at 10–20 kV. 

Zhan et al. (2019) used pulsed corona discharge (PCD) plasma to 
remediate gasoline-contaminated soil. Researchers evaluated the impact 
of the initial gasoline concentration and the plasma-forming gas type on 
the success of the polluted soil remediation process. In the case of initial 
gasoline concentration, it was determined that 88% of gasoline was 
degraded after the 60 min remediation process of contaminated soil 
when the initial gasoline concentration was 2 g/kg. Measured degra
dation efficiency was approximately 15% higher than at the primary 
gasoline concentration of 3 g/kg and 33% higher than at the initial 
pollutant content of 4 g/kg. Moreover, researchers stated that degra
dation efficiencies of the gasoline were 86%, 84%, 39%, and 23% under 
air, oxygen, argon, and nitrogen atmospheres, thus indicating that the 
gasoline degradation efficiency depended on the plasma forming gas 
type. 

Li et al. (2017) performed the gasoline-contaminated soil remedia
tion process using the pulsed corona discharge (PCD) plasma. The in
fluence of the initial pollutant concentration (2.5–10 g/kg) on the soil 

remediation with the PCD process was analyzed. The evaluation 
revealed that the degradation efficiency decreased with the increase of 
initial pollutant concentration. Accordingly, after an hour-long soil 
remediation process, gasoline was degraded by 81%, 77%, 67%, and 
57% from an initial concentration of 2.5 g/kg, 5 g/kg, 7.5 g/kg, and 10 
g/kg, respectively. 

Zhao et al. (2023) used dielectric barrier discharge (DBD) plasma to 
remediate gasoline-contaminated soil. The initial concentration of the 
contaminant varied between 2 and 8 g/kg. Authors stated that 91%, 
84%, and 72% of contaminant was degraded within an hour during the 
remediation of soil contaminated with 2 g/kg, 5 g/kg, and 8 g/kg of 
gasoline. Also, the researchers evaluated the impact of the atmosphere 
in which the gasoline (5 g/kg) was degraded. It was observed that after 
an hour of the remediation process, the gasoline removal rate was equal 
to 92%, 87%, 59%, and ~100% under an atmosphere of air, O2, N2, and 
Ar, respectively. 

Aggelopoulos et al. applied dielectric barrier discharge (DBD) plasma 
for the remediation of the n-dodecane polluted soil. The researchers 
pointed out that after a 34-min-long soil treatment process, the removal 
efficiency of the n-dodecane decreased from ~97% to ~91% as the 
initial pollutant concentration increased from 0.5 g/kg to 50 g/kg, 
respectively. 

Redolfi et al. (2009) used dielectric barrier discharge (DBD) plasma 
to remediate the kerosene (0.074 g/kg) contaminated soil. The authors 
noted that after 4–12 min of the remediation process, 25–88% of the 
contaminant was remediated from the polluted soil. 

Abbas et al. (2020) carried out the remediation of soil contaminated 
with a mixture of polycyclic aromatic hydrocarbons (naphthalene, 
phenanthrene and pyrene) using double dielectric barrier discharge 
(DDBD) plasma technology. The initial concentration of the mix of all 
three types of PAH in the soil was equal to 0.1 g/kg. It was stated that 
96.32%, 89.08%, and 88.59% remediation efficiency was achieved 
when naphthalene, phenanthrene, and pyrene were remediated with 
DDBD using air as a carrier gas. 

Geng et al. (2015) performed pyrene-contaminated soil remediation 

Table 7 
Comparison of petroleum products contaminated soil remediation by various plasma methods.  

Reference Discharge type, power kW Gasifying agent Soil pollutant Pollutant content, g/kg Treatment time, min Removal efficiency, % 

This work DC, 56.00 Water vapor Diesel fuel 80–160 27 99.9 
This work DC, 52.80 Air Diesel fuel 80–160 27 99.9 
Zhao et al. (2021) DBD, 0.18 – Diesel fuel 5–10 40 62.0–74.0 
Wong et al. (2022) TPB + H2O2

1, 10–20 kV – Diesel fuel 2 180 88.90–98.50 
Zhan et al. (2019) PCD, 

0.02–0.06 
Air Gasoline 2–4 60 86.0 

Zhan et al. (2019) PCD, 
0.02–0.06 

O2 Gasoline 2–4 60 84.0 

Zhan et al. (2019) PCD, 0.02–0.06 Ar Gasoline 2–4 60 39.0 
Zhan et al. (2019) PCD, 0.02–0.06 N2 Gasoline 2–4 60 23.0 
Li et al. (2017) PCD, 

30 kV 
– Gasoline 2.5–10 60 57.0–81.0 

Zhao et al. (2023) DBD, 0.081 – Gasoline 2–8 60 72.0–91.0 
Zhao et al. (2023) DBD, 0.081 Air Gasoline 5 60 92.0 
Zhao et al. (2023) DBD, 0.081 O2 Gasoline 5 60 87.0 
Zhao et al. (2023) DBD, 0.081 Ar Gasoline 5 60 ~100 
Zhao et al. (2023) DBD, 0.081 N2 Gasoline 5 60 59.0 
Aggelopoulos (2016) DBD, 0.025 Air n-dodecane 0.5–50 22 84.0–94.0 
Aggelopoulos (2016) DBD, 0.025 Air n-dodecane 0.5–50 34 91.0–97.0 
Redolfi et al. (2009) DBD, 0.002 Air Kerosene 0.074 4–12 25.0–88.0 
Abbas et al. (2020) DDBD, 40 kV Air Naphthalene 0.1 30 96.32 
Abbas et al. (2020) DDBD, 40 kV Air Phenanthrene 0.1 30 89.08 
Abbas et al. (2020) DDBD, 40 kV Air Pyrene 0.1 30 88.59 
Geng et al. (2015) PDP, 19 kV Air Pyrene 0.1–0.3 60 66.7–87.9 
Mu et al. (2016) DBD, 33.8 kV Air Pyrene 0.1–0.3 60 ~38–66.6 
Wang et al. (2016) PDP, 16.5 kV Air Pyrene 0.1–0.3 60 42.1–56.9 
Liu et al. (2022c) DBD, 24 kV N2+O2 Pyrene 0.025–0.2 6 ~94–38 
Liu et al. (2022c) DBD, 24 kV N2+O2 Pyrene 0.1 1–10 ~25.5–72 
Liu et al. (2022c) DBD + CeO2 catalyst, 24 kV N2+O2 Pyrene 0.1 1–10 ~55–88 
Liu et al. (2022c) DBD + TiO2 catalyst, 24 kV N2+O2 Pyrene 0.1 1–10 ~66–88 

1 Thermal plasma blasting + Fenton reagent H2O2. 
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using the net-to-net pulsed discharge plasma (PDP). The initial pyrene 
concentration in the soil varied between 0.1 and 0.3 g/kg. The re
searchers found that after an hour of the remediation process, pyrene 
degradation decreased from 87.9% to 72.1% and 66.7%, with the 
contaminant concentration increasing from 0.1 g/kg to 0.2 g/kg and 0.3 
g/kg, respectively. 

Mu et al. (2016) used dielectric barrier discharge (DBD) plasma to 
remediate soil contaminated with pyrene. It was noticed that the initial 
pyrene concentration directly affected the degradation efficiency. 
Accordingly, the degradation efficiency decreased from 66.6% to ~42% 
and ~38% when the pollutant concentration in the soil increased from 
0.1 g/kg to 0.2 g/kg and 0.3 g/kg, respectively. 

Wang et al. (2016) applied the seven-needle-to-net pulsed discharge 
plasma (PDP) to remediate soil contaminated with pyrene. Researchers 
also investigated the effect of the pyrene content in the soil on the 
pollutant degradation efficiency. As in the studies mentioned above, the 
investigation revealed that higher pollutant degradation was obtained 
under the lower pollutant initial concentration. More precisely, the 
pyrene degradation efficiency decreased from 56.9% to 52.6% and 
42.1% when the initial pyrene content increased from 0.1 g/kg to 0.2 
g/kg and 0.3 g/kg, respectively. 

Liu et al. (2022c) performed the degradation of a typical pollutant in 
the soil – pyrene using parallel tubes-array dielectric barrier discharge 
(DBD) plasma cooperating with a catalyst. The initial pyrene concen
tration in the soil ranged between 0.05 and 0.2 g/kg. The researchers 
found that after 6 min of the remediation process, pyrene degradation 
decreased from ~94% to ~85%, ~55%, ~42% and ~38%, with the 
contaminant concentration increasing from 0.025 g/kg to 0.05 g/kg, 
0.1 g/kg, 0.15 g/kg, and 0.2 g/kg, respectively. Also, the pyrene 
degradation efficiencies in simulated soil after adding catalysts (CeO2 
and TiO2) were evaluated. It was noticed that both types of catalysts 
promoted pyrene degradation efficiency compared to solo plasma 
remediation. For instance, after 6 min of the soil remediation process, 
the pyrene degradation efficiency was equal to ~58%, ~78% and ~85% 
when solo plasma, plasma + CeO2, and plasma + TiO2 were applied. 
Moreover, the degradation efficiency increased with an increased 
remediation time from 1 to 10 min. 

Summarily, the other researchers who applied non-thermal plasma 
remediated soil polluted with much lower content of petroleum prod
ucts (0.074–50 g/kg). In most cases, removing petroleum compounds 
from the soil took a longer time (60 min or more) than applying the 
thermal plasma method presented in this article (27 min). Thus, the 
thermal plasma shows higher suitability to remove higher concentra
tions of petroleum compounds from the soil, in a short period, compared 
to the non-thermal plasma. Also, the presented thermal plasma tech
nology has the capacity to de-pollute a higher amount of contaminated 
soil compared to the non-thermal plasma scale. Moreover, since thermal 
plasma technology can work on a larger scale compared to non-thermal 
plasma, it is more suitable for application to de-pollute the highly PHCs- 
polluted soil found in industrial areas, oil product storage areas (e.g., 
former oil bases), or other highly polluted areas where contaminated soil 
must immediately be collected and remediated. However, the research 
of PHCs-diesel contaminated soil de-pollution by thermal plasma tech
nology presented in this article is still in the laboratory exploration 
stage. Thus, the exact cost at the industrial level and overall economic 
aspect can not be provided at this stage of technology development. 

4. Conclusions 

Thermal plasma-based remediation of PHCs–diesel contaminated 
soil was presented in this experimental study. 

The experimental results showed that 99.9% contaminant removal 
efficiency was received during the PHCs–diesel contaminated soil de- 
pollution process in the thermal plasma environment regardless of 
whether water vapor or air was used as a plasma-forming gas. 

Furthermore, the soil’s contaminant concentration (80–160 g/kg) 

did not impact the degradation efficiency extent. 
Soil surface morphology analysis revealed that soil contamination 

with PHCs–diesel caused increased soil surface roughness compared to 
pure soil. However, after the de-pollution process in the water vapor 
plasma or air plasma environments, the soil surface demonstrated 
relatively smoothness close to clean soil. 

Soil elemental composition evaluation showed that irrespective of 
the plasma-forming gas type (air or water vapor) soil de-pollution pro
cess not only succeeded PHCs–diesel removal from the soil but also 
caused the decomposition of the natural carbon reserves in the soil. 

Thermogravimetric analysis revealed the exact time and temperature 
of the pure diesel combustion. Such data helped to identify the 
PHCs–diesel conduct during the combustion process of soil contami
nated with different concentrations of the PHCs–diesel. 

Also, up to 30.6–51.1 vol% of synthesis gas (H2+CO) was produced 
when water vapor plasma was used for the contaminated soil de- 
pollution process. However, only traces of the synthesis gas were 
observed when the soil was de-polluted in an air plasma environment. 

Further research using different operation parameters (e.g., different 
amounts of the plasma-forming gas and contaminant) should reveal how 
the soil remediation process in the thermal plasma environment could 
be further improved and optimized. 
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