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Organochlorine pesticides have been used widely in agricul-
ture for effective pest control. However, organochlorine pes-
ticides such as dichloro-diphenyl-trichloroethane (DDT)
contaminate soil, groundwater and cause carcinogenic effects,
reproductive disorders for birds, humans and other mammals.
Consequently, the use of DDT in agriculture has been gradu-
ally forbidden since 1972. Nevertheless, due to the long half-
life of DDT (~36 years), its residues are still present in the soil.
Therefore, there is a need to find a method for the treatment
of this dangerous contaminant in the soil. This experimental
research is aimed to analyse thermal air and water vapour plas-
mas eligibility to remediate soil contaminated by organochlo-
rine pesticides (mainly DDT). Hence, parameters of the pol-
luted soil were investigated before and after the treatment with
thermal plasma using scanning electron microscopy (SEM), an
optical microscope, a photo camera, energy dispersive X-ray
spectroscopy (EDX) and gas chromatography-mass spec-
trometry (GC-MS). SEM analysis revealed that interaction of
polluted soil with thermal air plasma or water vapour plasma
caused structural changes of the soil. EDX data demonstrat-
ed complete removal of chlorine after the soil cleaning with
plasmas. Moreover, the measurements performed with GC-
MS confirmed that organochlorine pesticides concentrations
in the soil were reduced noticeably after the soil cleaning with
thermal plasmas. Thus, experimental results indicate that con-
taminated soil treatment using thermal air or water vapour
plasma has satisfactory pesticides degradation capacity.
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mediation

INTRODUCTION

ver, filariasis, dengue [3, 4]. The use of pesticides
sharply increased after the Second World War,

Pesticides are used in agriculture to prevent or
control pests, weeds and to reduce or eliminate
yield loses, as well as keep high product quality
[1, 2]. Also, pesticides can be utilised to prevent
or control diseases, including malaria, yellow fe-

and it helped to raise agricultural productivity,
economy and fight with the disease [5, 6]. How-
ever, after some time, scientists realised that part
of the pesticides have low water solubility, low vol-
atility and resists natural degradation. Thus, they
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are persistent in the environment [7, 8]. High
concentrations of pesticides can cause harm to
wildlife, humans and in general terms a varie-
ty of ecosystems. Such pesticides are classified
as persistent organic pollutants (POPs) and are
listed in the Stockholm Convention on POPs.
Aldrin, endosulfan, dichloro-diphenyl-trichlo-
roethane (DDT), alpha-hexachloro-cyclohex-
ane (a-HCH), beta-hexachloro-cyclohexane
(B-HCH), lindane (y-HCH) commonly known
as organochlorine pesticides (OCP) belong to
persistent organic pollutants [9, 10].

Moreover, the United States Environmen-
tal Protection Agency (USEPA) has classified
DDT and its metabolites, dichloro-diphenyl-di-
chloroethylene (DDE), dichloro-diphenyl-di-
chloroethane (DDD) as priority pollutants and
banned its use [11, 12]. DDT was widely pro-
duced, used and still is a very well known pes-
ticide worldwide. Even though dichloro-diphe-
nyl-trichloroethane has been gradually banned
since 1972, its residues still exist in the environ-
ment (e.g. soil, water). Accordingly, DDT has
a long dissipation half-life (~36 years) in the soil
[13, 14]. Soil contamination with DDT is an en-
vironmental issue not only due to the high sorp-
tion of organochlorine pesticides onto the soil
matrix, but also because of continuous desorp-
tion from the soil matrix that causes secondary
pollution of the atmosphere and water [13, 15-
17]. Therefore, it is imperative to find a remedi-
ation method which enables to remove organ-
ochlorine pesticides from the soil completely.
Hence, different soil remediation methods based
on biological (e.g. phytoremediation), chemical
(e.g. catalytic de-chlorination), physical (e.g.
soil excavation), thermal (e.g. incineration) pro-
cesses have been utilised for the elimination of
pesticides from the soil. However, these me-
thods had drawbacks, including long treatment
time, strong dependence on environmental con-
ditions, generation of toxic by-products, incom-
plete degradation of pesticides, limited penetra-
tion of reagents within the soil matrix [18-21].

Consequently, plasma technologies are progres-
sively becoming the focus of research studies on
remediation of pesticides contaminated soil [6, 22—
27]. Recently, Ma et al. [22] have presented one of
the newest research about the non-thermal pulsed
corona discharge plasma usage for the treatment of

vaporised DDT. The degradation efficiency of DDT
varied from 56.3% to 94.2% depending on the used
air temperature, energy density, oxygen content
and humidity. Wang et al. [23] used the same type
of plasma for the degradation of pentachlorophe-
nol (PCP) in the soil. The researchers stated that
87% of pentachlorophenol was remediated from
the soil within 60 minutes. Later on, Wang et al.
[24] were investigating the influence of the plasma
forming gas type on the PCP contaminated soil
remediation process. They pointed out that after
45 minutes of the soil treatment, the degradation
efficiency of pentachlorophenol was equal to 92%,
77%, 19% and 8% in the oxygen, air, argon and ni-
trogen atmospheres, respectively.

Lately, non-thermal plasma was applied
for the neutralisation of pesticides. Based on
the above-presented experimental results, this
type of plasma does not provide complete neu-
tralisation of pesticides. Meanwhile, thermal
plasma has the potential to completely degrade
pesticides due to its specific features, including
a higher concentration of active plasma species
and higher temperature compared to non-ther-
mal plasma. Also, the soil remediation with
thermal plasma is fast in time, and it does not
require soil pre-treatment or additional mate-
rials/reagents. Additionally, there is no limit
on the state of matter or the concentration of
the pollutant.

Moreover, the efficiency of pesticides degra-
dation strongly depends on the type of plasma
forming gas. The major radicals of water vapour
plasma (OH, H) and air plasma (O) are consid-
ered to be one of the most reactive radicals that
trigger and accelerate degradation reactions of
the pollutants. Hence, the purpose of this ex-
perimental study was to analyse thermal air and
water vapour plasmas eligibility to remediate
soil contaminated by organochlorine pesticides,
which are added in the Stockholm Convention
POPs list.

METHODOLOGY

The types of organochlorine pesticides with
whom the soil was contaminated are presented
in Table 1. The plasma chemical reactor used for
the remediation of the soil polluted by organo-
chlorine pesticides is presented in Fig. 1.
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Firstly, the contaminated soil was sifted
through a 2 mm mesh to eliminate debris, and
then the soil was treated with air plasma or wa-
ter vapour plasma. The interaction between pol-
luted soil and thermal plasma was carried out
under atmospheric pressure for thirty minutes.
When the air was used as a plasma forming gas,
the power of the plasmatron was 52.8 kW at an air
flow rate of 4.9 g/s. The average temperature of air
plasma system was 2400 K. In the case with wa-
ter vapour plasma, the power of plasmatron was
equal to 56 kW, and water vapour flow rate was
equal to 3.8 g/s. The mean temperature of the wa-
ter vapour plasma system was equal to 2800 K.

Soil analysis was done before and after the re-
mediation with thermal plasmas. Soil surface
morphology of organochlorine pesticides con-
taminated soil and soil cleaned with plasma
was studied by a scanning electron microscope
(SEM, Hitachi S-3400N), an optical microscope
(Olympus BX 51) and a photo camera (NICON
D90). Energy dispersive X-ray spectroscopy
(EDX, Bruker Quad 0540) was used to identi-
fy the elemental composition of soil polluted
by pesticides as well as cleaned soil. The organ-
ochlorine pesticides concentrations in the con-
taminated and plasma remediated soil were
measured by gas chromatography-mass spec-
trometry (GC-MS).

Table 1. Types of organochlorine pesticides with whom the soil
was contaminated

Types of organochlorine pesticides

Name Abbreviation cfl‘:ﬁn":liflgl
Ditcr:llf?lfr:;?:::g ] DDT CHCl,
Schoroethylene PPE G
Dgitlﬁfrféfﬁaenng ] DDD CaHioCl,
P rdonoane | @HCH cHa,

S dohoane PHOD R,
ceonmane orlingane HCH CH,
delta-Hexachloro- (5-HCH) CHCL

cyclohexane

Polluted soil inlet

Y Plasmatron

Polluted
soil grain
Plasma jet
Grate
Remediated
soil grain

Remediated soil outlet

Fig. 1. The plasma chemical reactor used for polluted soil
remediation [28]

RESULTS AND DISCUSSION

Soil colour changes before and after treatment
with thermal plasma were analysed with optical
microscopy, photo camera and results present-
ed in Fig. 2. Before the remediation process,
the soil was darker compared to treated soil and
contained green particles which correspond to
pesticides. After interaction with thermal plas-
ma, the soil became lighter brown with a red-
dish tint. This tint is a feature of trivalent ferric
compounds. The darker colour of polluted soil
was caused by a small number of humic com-
pounds (carbon) in the soil. Generally, humic
compounds cause black or brown soil colour.
The colour tint depends on the concentration of
carbon in the soil. During the reaction among
soil and thermal plasma, the decomposition and
evaporation of humic compounds in the soil
appeared. This process caused the brightening
of soil colour. Also, the redness caused by iron
compounds in the soil come to the fore due to
the carbon reduction in the soil.
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(b)

()

Fig. 2. Soil: (a), (d) — contaminated by organochlorine pesticides (green particles — pesticides), (b), (¢) — after treatment with air plasma,
(c), (f) — after treatment with water vapour plasma. Figure 2 (a), (b) and (c) were taken with a photo camera, while Fig. 2 (d), (e) and (f) were

taken with an optical microscope

Contaminated soil analysis with SEM

Surface morphology of soil contaminated by
organochlorine pesticides and soil cleaned with
thermal plasma was analysed by a scanning elec-
tron microscope (Fig. 3). All soil samples have
a granular structure and consist of approximate-
ly uniform size particles (Fig. 3a, ¢, e). Never-
theless, contaminated soil has a relatively rough
surface (Fig. 3b), while soil remediated with
thermal plasma has a relatively smoother surface
(Fig. 3 d, e). The pesticides impurity in the soil
can influence the roughness of polluted soil sur-
face. Surface morphology of the organochlorine
pesticide particle is shown in Fig. 4. The pesti-
cide is constituted of irregularly-shaped agglom-
erates with a comparatively rough surface. Thus,
pesticides possibly affected surface morphology
of polluted soil.

Contaminated soil analysis with EDX

Elemental composition of organochlorine pes-
ticide particle is summarised in Table 2. It is
known that chlorine, carbon and hydrogen
molecules compose organochlorine pesticides
(Table 1). Consequently, pesticide analysis car-
ried out by energy dispersive X-ray spectrosco-
py (EDX) indicated that the concentrations of
chlorine and carbon in the pesticide particle are

Table 2. Elemental composition of organochlorine pesticide par-
ticle

Pesticide particle
Element
Concentration, at %

C 3.13
(0] 3744
Si 2.94
c 13.71
Cu 36.31
K 0.25
Ca 3.13
Mg 0.07
Al 1.86
Fe 0.83
0.27

P 0.06

equal to 13.71% and 3.13%, respectively. How-
ever, EDX cannot detect hydrogen.

Additionally, a significant part of the sam-
ple elemental composition is formed by copper
(36.31%), oxygen (37.44%) and calcium (3.13%).
Hence, copper-based compounds are commonly
used as pesticides (e.g. fungicides, herbicides, al-
gicides) [29]. Bordeaux mixture — Cu(OH),CaSO,
is a widely used fungicide. The combination of
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Fig. 3. SEM surface views of soil: (a), (b) — soil polluted by organochlorine pesticides, (c), (d) — soil cleaned with air plasma, (e),
(f) — soil cleaned with water vapour plasma

Fig. 4. SEM surface views of organochlorine pesticide particle
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Bordeaux mixture and DDT was used often be-
cause it increased harvest in agriculture [30].
Consequently, it allows assuming that soil was
contaminated with the mix of organochlorine
pesticides and Bordeaux mixture. As a result of
this, high concentrations of copper, oxygen and
calcium came from Cu(OH),CaSO,. Moreover,
Bordeaux mixture has a green colour. Also, cop-
per compounds during interaction with the envi-
ronment (air, oxygen, water) form a green outer
layer. These green particles can be seen in con-
taminated soil (Fig. 2a).

Elemental composition of the soil before and
after remediation with thermal plasma is pre-
sented in Table 3. Contaminated soil consisted of
0.14% of chlorine, whereas after interaction with
air plasma or water vapour plasma, chlorine was
not detected at all. Also, the changes in carbon
concentration in the soil were observed. Before
the remediation process, the carbon content in
the soil was equal to 17.35%. After cleaning with
air plasma and water vapour plasma, it decreased
to 8.92% and 7.98%, respectively. Thus, soil re-
mediation with thermal plasma showed a no-
ticeable change in chlorine and carbon concen-
trations. Since organochlorine pesticides consist
of carbon, hydrogen and chlorine molecules, this
takes to the presumption that via the remediation
process, conversion of organochlorine pesticides

took place. Also, the gasification process, which
occurred during an interaction between contami-
nated soil and thermal plasma caused the decom-
position and evaporation of natural carbon in
the soil. Consequently, the decrease in total car-
bon content in the soil was observed.

Gas chromatography-mass spectrometry
results
The organochlorine pesticides concentrations
in the contaminated and plasma treated soil are
shown in Table 4. The initial concentrations of al-
pha-HCH, delta-HCH, lindane (gamma-HCH),
beta-HCH, 4,4’-DDE and 4,4’-DDD were equal
to 19.8 ug/kg, 360 ug/kg, 15.1 pg/kg, 99.4 ug/kg,
89.4 ug/kg and 137 ug/kg, respectively. Moreo-
ver, 4,4-DDT formed the highest - 1569 pg/kg
concentration in the soil. After soil cleaning with
air plasma or water vapour plasma, the concen-
trations of organochlorine pesticides in the soil
decreased to negligible values of <3.0-5.0 ug/kg.
Therefore, the notable reduction of organochlo-
rine pesticides in the soil indicates that thermal
plasma has satisfactory pesticides degradation
capacity and is suitable to remediate polluted soil.
Moreover, the significant difference between
treatmentresultsobtainedwithairplasmaandwater
vapour plasma was not found. Both thermal plas-
mas are capable of remediating soil contaminated

Table 3. Elemental composition of organochlorine pesticides contaminated and plasma cleaned soil

Soil polluted with organochlorine

Soil treated with air plasma

Soil treated with water vapour

Element pesticides plasma
Concentration, at % Concentration, at % Concentration, at %
C 17.35 8.92 7.98
0 56.94 59.64 59.34
Si 18.11 21.89 23.79
cl 0.14 not detected not detected
K 0.92 1.52 1.33
Ca 0.43 0.27 0.41
Mg 0.33 0.40 0.46
Al 3.53 472 4.11
Fe 0.93 1.09 1.28
Na 0.52 0.73 0.46
Ti 0.26 0.23 0.29
P 0.20 0.15 0.20
Cu 0.37 0.46 0.38
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Table 4. Organochlorine pesticides concentrations in the soil before and after remediation with thermal plasma

Organochlorine pesticides

Lindane a . 2
(alpha-HCH) | (delta-HCH) | (o | (betarHCH) | 4,4-DDE | 4,4-DDD | 44-DDT

ro/kg kg/kg kg/kg kg/kg kg/kg ro/kg | pg/kg

Soil polluted with or- 19.8 360 15.1 99.4 89.4 137 1569
ganochlorine pesticides

Soil treated with water <4.0 <3.0 <40 <4.0 <3.0 <40 <50

vapour plasma
Soil treated with air <4.0 <3.0 <40 <4.0 <3.0 <40 <50

plasma

by organochlorine pesticides. However, the air
as a plasma forming gas is easily accessible and
usable [31]. Also, the air plasma-chemical re-
mediation system is slightly simpler compared
to the water vapour system which needs a steam
generator and a superheater. Accordingly, the use
of air as a plasma forming gas should be preferred.

CONCLUSIONS

In this experimental research, remediation of
organochlorine pesticides contaminated soil
was carried out by using air plasma and water
vapour plasma.

Scanning electron microscope data showed
soil surface morphology changes after inter-
action with thermal plasmas. Before the reme-
diation process, the soil surface was relatively
rough. After treatment, it became relatively
smooth. The roughness of the contaminated soil
surface possibly was influenced by pesticides, as
it also has a rough surface morphology.

Measurements carried out by energy disper-
sive X-ray spectroscopy revealed a reduction
of the main components of the organochlorine
pesticides — chlorine and carbon in the soil af-
ter remediation with thermal plasmas. Chlorine
was not found at all. The carbon concentration
decreased from 17.35% to 8.92% and 7.98% after
reaction with air plasma and water vapour plas-
ma, respectively.

Measurements taken with gas chromatog-
raphy-mass spectrometry indicated a signifi-
cant reduction of organochlorine pesticides in
the soil after remediation with thermal plasmas.
The main contaminant - DDT concentration in
the polluted soil was equal to 1569 ug/kg, after

treatment with plasmas, it decreased to a negligi-
ble value of <3.0-5.0 pg/kg.

A significant decrease of organochlorine pes-
ticides in the soil after the remediation process
shows that thermal plasma has satisfactory pes-
ticides degradation capacity and is appropriate
to treat contaminated soil.
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CHLORO ORGANINIAIS PESTICIDAIS
UZTERSTO GRUNTO VALYMAS TERMINE
PLAZMA

Santrauka
(DDT),

endosulfanas priskiriami chloro organiniams pesti-

Dichloro-difenil-trichloroetanas aldrinas,

cidams (COP), kurie buvo plac¢iai naudojami Zemés

tkyje kenkéjams naikinti. COP aplinkoje gali islikti
nepakite ilga laika (pvz., DDT skilimo pusperiodis
trunka apie 36 metus). Tokiu bidu grunte ar pozemi-
niame vandenyje susikaupe didesni pesticidy kiekiai
tampa tos terpés ter$alais, trikdanciais ekosistemy
veiklas ir galindiais sukelti kancerogeninj poveikj ar
reprodukcinius sutrikimus pauks$é¢iams, Zmonéms
ir kitiems zinduoliams. Nors $iy patvariy organiniy
junginiy gamyba ir naudojimas buvo nutraukti arba
bent jau apriboti 2001 m. pasirasius Jungtiniy Tauty
Stokholmo konvencijg, tadiau jy sukeltos tarsos zidi-
niai (pvz., COP liekanos grunte) egzistuoja iki $iol.
Siekiant panaikinti COP liekanas grunte, ieSkoma
tinkamiausiy $iy pavojingy tersaly iSvalymo metoduy.
Eksperimentinio tyrimo tikslas — i$tirti terminés
oro plazmos ir terminés vandens garo plazmos tin-
kamumga chloro organiniais pesticidais (daugiausia
DDT 1569 ug/kg) uzterstam gruntui valyti. Gruntas
buvo tiriamas prie§ ir po valymo su termine plaz-
ma naudojant skenuojantj elektroninj mikroskopa
(SEM), optinj mikroskopa, fotokamerg, rentgeno
spinduliy energijos spektroskopa (EDS) ir dujy chro-
matografg-masiy spektrometrg (GC-MS). Su SEM
gauti rezultatai parodé, kad saveikos metu tarp uzters-
to grunto ir terminés oro plazmos, taip pat terminés
vandens garo plazmos vyko grunto struktariniai po-
ky¢iai. EDS matavimai atskleidé, kad termine plazma
i$valytame grunte nebuvo aptikta chloro. Matavimai,
atlikti su GC-MS, patvirtino, kad chloro organiniy
pesticidy koncentracijos grunte po grunto valymo
su termine plazma sumazéjo iki minimaliy verciy
(<3,0-5,0 pg/kg). Gauti eksperimentiniai rezultatai
parodé, kad uzter$to grunto valymas tiek termine oro
plazma, tiek termine vandens garo plazma yra tinka-
mi metodai pesticidy $alinimui i§ grunto.
Raktazodziai: terminé plazma, chloro organiniai

pesticidai, grunto valymas



