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Abstract. Water bodies are being contaminated daily due to industrial, agricultural and domestic eﬄuents. In the last decades, harmful organic micropollutants (OMPs) have been detected in surface and
groundwater at low concentrations due to the discharge of untreated eﬄuent in natural water bodies. As
a consequence, aquatic life and public health are endangered. Unfortunately, traditional water treatment
methods are ineﬀective in the degradation of most OMPs. In recent years, advanced oxidation processes
(AOPs) techniques have received extensive attention for the mineralization of OMPs in water in order to
avoid serious environmental problems. Cold atmospheric plasma discharge-based AOPs have been proven a
promising technology for the degradation of non-biodegradable organic substances like OMPs. This paper
reviews a wide range of cold atmospheric plasma sources with their reactor conﬁgurations used for the
degradation of OMPs (such as organic dyes, pharmaceuticals, and pesticides) in wastewater. The role of
plasma and treatment parameters (e.g. input power, voltage, working gas, treatment time, OMPs concentrations, etc.) on the oxidation of various OMPs are discussed. Furthermore, the degradation kinetics,
intermediates compounds formed by plasma, and the synergetic eﬀect of plasma in combination with a
catalyst are also reported in this review.

1 Introduction
Clean water is necessary to the ecosystem, to sustain life
as well as social and economic development [1,2]. However, as the population is growing, the anthropogenic
eﬀect on the surrounding environment is increasing
every day [3,4]. Nowadays, the wastewater generated
from sources such as industry, agriculture, houses,
and so on contains considerable amounts of organic
micropollutants (OMPs) and thus causes many problems related to the environment and health [3,5–7].
According to several investigations, various OMPs such
as pharmaceuticals, pesticides, organic dyes have been
frequently detected in the wastewater, surface water,
and even in drinking water (see Fig. 1) [5,8–10].
Examples of frequently observed OMPs are listed in
Table 1.
Many wastewater eﬄuents contain a high level of contaminants due to a considerable number of OMPs being
non-biodegradable. Thus, the degradation of OMPs in
water became a major challenge [5,10]. Typical characteristics of wastewater from textile, pharmaceutical, and pesticide industries are presented in Table 2.
According to the data, the higher ratio of COD to BOD
a
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that appear in all three cases indicates that wastewater
had an extremely high level of refractory organic substances. This kind of wastewater must be treated before
releasing in nature in order to prevent harm to living
beings and the environment.
The degradation of most OMPs in conventional
wastewater treatment plants (e.g. using biological processes) is ineﬃcient because of their complex and stable
molecular structures. As a consequence, OMPs unaffected by the treatment are returned to the natural
waters [7,29,30]. Recently, for the removal of OMPs
from wastewater several advanced oxidation processes
(AOPs) have been developed including H2 O2 - Fenton, UV/TiO2 , O3 /H2 O2 , UV/H2 O2 , UV/H2 O2 /O3 ,
and Ultrasound [31–34]. These AOPs are based on the
generation of unstable strong oxidants like hydroxyl
free radicals (HO· ). The HO· is extremely reactive
due to unpaired electron and it can destroy a broad
range of non-biodegradable organic compounds that are
unaltered by conventional methods. The possibilities
of chemical pathways for HO· production in diﬀerent
AOPs are given in Table 3.
Cold plasmas are non-equilibrium non-thermal plasmas due to the diﬀerence in the temperature between
electrons (Te) and other plasma species and the fact
that in active plasma volume overall gas temperature
(Tg) is close to ambient [35–40]. In these plasmas,
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Table 1 List of some commonly observed OMPs in water
bodies
Class of OMPs

Sub-categories

Ref.

Dyes

Azo
Anthraquinone
Sulfur
Nitro
Triarylmethane
Antibiotics
Hormones
Anticonvulsants
NSAIDs
Antihypertensives
Antidepressants
Herbicides
Fungicides
Insecticides
Rodenticides
Bactericides

[11]
[12]
[13]
[14]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

Pharmaceuticals

Pesticides

Fig. 1 Source of OMPs and their ﬂow in the environment

highly energetic electrons play a key role in triggering chemical reactions and governing plasma chemistry via processes of excitation, ionization, dissociation, etc. [36,38,41–44]. On the other hand, in the thermal plasma system, Te and Tg are similar so these systems can be considered to be in local thermodynamic
equilibrium. Comparison of both types of plasma-based
on electron temperature, electron density and gas temperature is presented in Table 4. The range of plasma
properties depends on the type of plasma source, discharge, power signal, working gas, and much more. In
terms of energy consumption, the cold plasma system
requires lower energy to generate reactive species than
thermal plasma system [38,45–48].

For decades non-equilibrium plasmas operating at
low pressures have been used in various applications
due to their rich chemistry [35,37,50–53]. Thus, cold
atmospheric plasmas technologies have been considered
a viable alternative to low-pressure plasma mainly due
to the numerous applications that include samples that
cannot undergo a vacuum [36,38,54–65]. However, ignition and sustaining of cold atmospheric pressure plasmas are more challenging due to the considerably higher
breakdown voltage and set of parameters usually falling
in the unfavorable region of Paschen’s curve [43,63,66–
68]. These issues have been overcome by using noble
gasses as feeding gas, electrode geometry, operation frequency, type of power supply, etc. The cold atmospheric

Table 2 Characteristics of some examples of industrial wastewaters
Physico-chemical parameters
Textile
Pharmaceuticals
Pesticides

COD

BOD

pH

TSS

References

3300 – 3500
4000 – 6000
6000 – 7000

2100 – 2300
300 – 1500
2000 – 3000

8.2–9.6
6.5–8.0
12–14

350 – 410
600–700
250–300

[26]
[27]
[28]

All values are in mg/L except pH,
COD - Chemical oxygen demand,
BOD - Chemical oxygen demand,
TSS - Total suspended solids
Table 3 HO· generation mechanism by various AOPs
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Processes

Reactions

H2 O2 – Fenton
UV/TiO2
O3 /H2 O2
UV/H2 O2
UV/H2 O2 /O3
Ultrasound/UV/O3

H2 O2 + Fe2+ → Fe3+ + HO· + OH−
TiO2 + hν → e− + h+ h+ + H2 O → H+
2O3 + H2 O2 → 2 HO· + 3O2
H2 O2 + UV → 2 HO ·
2O3 + UV + H2 O2 → 2HO· + 3O2
Ultrasound + UV + O3 → HO·

+ HO·
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Table 4 Characteristics of non-thermal plasma and thermal plasma

Plasma state
Electron temperature
Electron density
Gas temperature
Discharge type

Non-thermal plasmas

Thermal plasmas

Reference

Te>> Tg
1–10 eV
Lower electron density (< 1019 m−3 )
300–1000 K
Corona, Glow, Streamer

Te≈Tg
∼ 1 eV
High electron density (< 1021 -1026 m−3 )
10000 K
Arc plasma

[41, 49]

Te–electron temperature, Tg - gas temperature
1eV ≈ 10000 K

pressure plasmas are fulﬁlling the major requirements,
which is the production of highly reactive species at low
gas temperature and this characteristic of cold atmospheric pressure plasmas is the main reason for their
beneﬁcial eﬀect in wastewater treatment sectors [69–
72].
Apart from other approaches for the realization of
AOPs, nowadays, cold plasma-based oxidation techniques have gained a lot of interest. It is shown that
this type of plasma can be used to degrade a variety of
toxic OMPs in water such as pharmaceuticals, organic
dyes, pesticides [30,73–76]. Cold plasma is responsible for the formation of many reactive oxygen species
(e.g. HO· , O· , HO2 · , O3 , H2 O2 , etc.), as well as
ultraviolet light (UV), electric ﬁeld, and sometimes
shockwaves [10,42,58,77–80]. Plasma generated reactive species have high oxidation potential and they can
react and eliminate many stable OMPs at low temperature, at atmospheric pressure, and without using any
kind of hazardous chemicals. For example, plasma generated oxidants HO· , O· , O3 , and H2 O2 have oxidation
potentials of 2.86 V, 2.42 V, 2.07 V and 1.78 V, respectively. These oxidation potentials are all higher than
chlorine (1.36 V) [77,81], which is sometimes used as
a bleaching agent to reduce colour in industrial eﬄuents [82]. Moreover, the treatment of polluted water by
using chlorine is not an eco-friendly process [83,84]. The
cold plasma grants abundant formation of highly reactive species without adding chemical agents. Plasma
treatments will not add to a secondary pollution and
during the processing creates less toxic transformation
intermediates that are biodegradable [85,86]. We can
consider plasma decontamination processes as an ecofriendly technology. But one needs to be aware that
some of the species may persist in the treated water
and might be harmful to some aquatic life [87–89].
Moreover, the cold plasma system can be used alone
or in a combination of conventional wastewater treatment techniques [72,90].
In the last decade, many authors have studied the
use of cold plasmas in applications for wastewater
treatment. A few reviews have been carried out where
authors discussed previously obtained results based on
the treatment of various compounds dissolved in water
(e.g. dyes, phenol, pharmaceuticals, surfactants, pesticides, personal care products, etc.) by plasma technology. In the review of Magureanu et al. [10], the overview
of published data between 1996 and 2013 on the treat-

ment of various pharmaceuticals by plasma is discussed.
In this publication, they assess various reactor conﬁgurations and experimental parameters and related their
inﬂuence to the performance of the plasma system. It
was observed that the plasma generation in the gaseous
phase over thin water ﬁlm by DBD or corona was frequently performed for the removal of pharmaceuticals.
In 2014, Hijosa-Valsero et al. [30] reviewed diﬀerent
plasma reactors and their operating conditions used for
the degradation of various organic compounds, such as
volatile organic carbon, phenols, dyes, pharmaceuticals,
personal care products, and surfactants. According to
their review, they stated that generation of plasma at
the gas-liquid interface was more eﬃcient for degradation as well as for the energy yield than the case when
plasma was generated in the liquid phase. In 2010, the
removal of various classes of dyes by utilizing plasma
is reviewed by Malik, [71]. In his review, the various
plasma reactors were discussed and compared including the energy eﬃciency. It was found that the formation of pulsed corona discharge in ﬁne droplets and over
thin water ﬁlm was the most eﬀective approach among
those analyzed. In 2006 and 2014, Jiang et al. [69] and
Locke, [91] reviewed the use of cold plasma reactors
with varied of reactor conﬁgurations for the degradation of phenol and phenolic compounds. They showed
that cold plasma can eﬀectively degrade range of phenolic compounds. Another investigation on the combined
eﬀect of heterogeneous catalysts and cold plasmas for
the removal and mineralization of organic pollutants
from water is summarized in the critical review of Russo
et al. [92]. They concluded that catalysts played a signiﬁcant role to enhance the performance of the plasma
systems. A recent review by Barjasteh et al. [93] illustrated the overview of cold plasma for water treatment
with a focus on the inactivation of bacteria and degradation of some of the organic compounds.
In recent years, a continuation of work on the treatment of dyes, pharmaceuticals and pesticides by plasma
has been presented in many publications. However, it
was noticed that there were limited review studies performed on papers published in the last 5 to 6 years.
In this article, we tried to make an up-to-date review
of recent investigations that have not obtained attention, as well as on research papers that were published
in the last almost 10 years. All gathered data in this
review can be used for easier selection of the most suitable plasma source for degradation of three diﬀerent

123

283

Page 4 of 26

types of OMPs (pesticides, pharmaceuticals and dyes).
We have tried to discuss the implementation of plasma
sources with various operational parameters and their
eﬀects on the degradation eﬃciency of OMPs. Where
possible we have tried to take into account the energy
eﬃciency of the above mentioned plasma sources.
This article presents a literature review on the
degradation of various OMPs such as pharmaceuticals, organic dyes, and pesticides in wastewater under
the cold atmospheric plasma treatments with a special
focus on plasma sources, reactor conﬁguration as well as
some operating parameters that inﬂuence the degradation of speciﬁc OMPs. After general information about
diﬀerent kinds of plasma sources employed for OMP
treatment, the paper describes speciﬁc approaches used
for the degradation of organic dyes, pharmaceuticals
and pesticides. For each pollutant type, we performed
an excessive literature survey to obtain published information on various sources in terms of design, working
conditions and plasma properties as well as treatment
parameters and removal eﬃciency. We put through a
comparison of diﬀerent sources based on speciﬁc plasma
and sample parameters and make conclusions for each
pollutant type regarding plasma application.

2 Removal of organic micropollutants by
using cold atmospheric plasmas
For several years, cold plasma discharges have been
extensively used for the elimination of organic pollutants from water [72,94–97]. Many diﬀerent plasma
sources, e.g. corona, dielectric barrier discharge (DBD),
atmospheric pressure plasma jet (APPJ), gliding arcs,
and others have been investigated for wastewater treatment. They operate with various power supply signals
(continuous wave at the wide range of frequencies – Hz
to kHz, pulsed voltage signals, etc.), electrode geometries such as a needle to plate, pin to ring, pin to pin
and many other, as well as a variety of working gases
and their mixtures (e.g. air, oxygen, argon, etc.) and
have been extensively tested for the removal of diﬀerent OMPs.
Generally, cold atmospheric plasma setups used for
liquid treatments can be divided into three categories:
discharge above the liquid surface, discharge in bubbles, and direct discharge inside the liquid, and have
been investigated by many researchers to study plasma–
liquid interface phenomenon. Schematics of typical
arrangements are shown in Fig. 2 but in all three categories, there are many electrode geometries used to
produce plasma in particular experiments [42,79].
The setups where plasma is formed above the liquid
surface and in bubbles are commonly used for wastewater treatment whereas direct discharge inside the liquid
is not frequently employed. In the case of a discharge
above the liquid surface, plasma species are formed in
the gas phase near the liquid surface and then transferred inside the liquid sample where they trigger degra-
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dation of OMPs in water [45,76]. In the case of bubbles
in the liquid, plasma is again formed in the gaseous
phase inside the bubble and reactive species originate
from separate plasma sites and enter the sample. So, in
general, the mechanism behind these two approaches
is very similar. The formation of plasma species above
liquid has been studied and it is strongly dependent
on the plasma source, electrode geometries, working
gas, reduced electric ﬁeld [38,72,98]. The next phase in
plasma treatment, the interaction of plasma with liquid is an overly complex phenomenon with many processes occurring simultaneously: ionization, excitation
and dissociation in the gaseous phase, heterogeneous
mass transfer, chemical reactions in bulk liquid, evaporation, electrolysis, and so on [42,98,99].
When the cold plasma is introduced over a liquid
surface in presence of surrounding air, the interaction
environment can be divided into three parts—plasma in
the gas-phase, plasma-liquid interface, and the bulk liquid phase, as schematically shown in Fig. 3 [98]. Reactive species generated in the gas phase can diﬀuse into
the liquid or trigger chemical reactions within the liquid in order to produced secondary species. These reactive oxygen and nitrogen species were formed in the
gaseous, interface, and liquid phase either in plasma
with an addition of a noble gas (e.g. argon) or only
in the plasma formed in surrounding air over the liquid surface [63,98]. In the case of discharge above the
liquid surface, the degradation rate of OMPs inside
water depends on the formation of reactive species near
the interface as well diﬀusion/penetration of reactive
species from gas to the bulk phase [76,100].
Apart from this approach, plasma can be ignited
inside the liquid with or without using an external gas
source. The generation of plasma inside liquid water
with the bubbling of gases for the removal of OMPs
has been investigated by many researchers [73,101,102].
Formation of the discharge in bubbles could improve
the interfacial areas between plasma generated reactive
species and OMPs and consequently increase the elimination rate of pollutants. Additionally, mass transfer
from the gaseous environment to the bulk phase can
also enhance through external gas bubbling. The most
frequently used plasma sources for the generation of
discharge inside bubbles are diﬀerent corona geometries
and DBD [45,73,103,104], whereas, for initiation of a
discharge directly inside liquid without the introduction
of feed gases, electrode conﬁguration creating corona
discharge has been employed [105].
2.1 Removal of organic dyes
One large group of organic micropollutants are dyes
that are commercially used in textile industries. Statistically, around 20 % of industrial water pollution is
caused by the discharging of dye eﬄuents [106]. It is
one of the biggest contributors to the water pollution.
Consequently, some dyes are responsible for the catastrophic damage to aquatic ecological systems ascribed
to their stability in nature [107,108]. Besides, recent
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studies have been illustrated that some dyes are carcinogenic [107,109]. Some of the dyes are diﬃcult to
decompose by conventional water treatment methods
[110–112]. For almost 20 years wide research has been
carried out on the degradation of organic dyes in solution by cold plasma [77,94,113]. In plasma-based degradation of organic dyes in solution, there are several
plasma sources such as corona, DBD, gliding arc, APPJ
that have been evaluated with diﬀerent reactor conﬁgurations, continuous and pulsed voltage signals, input
powers, working gases, etc. Generally speaking, cold
plasma-based advanced oxidation methods show great
potential in mineralization of organic dyes into CO2 and
H2 O or decomposition to the less hazardous intermediates [86,90].
Results of the diﬀerent studies on the cold plasmabased degradation of organic dyes are given in Table 5
as a result of a survey of the literature published in the
last 18 years. For selected target compounds we listed
characteristics of plasma sources and operating parameters used for the decontamination as well as parameters related to the treatment, as they were stated in
the reference. In cases where one publication contained
several pollutants treated under the same conditions,
we grouped the results.
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Corona discharge with various reactor conﬁgurations
has been introduced by many researchers for the treatment of organic dyes. In the case of corona discharge,
mostly the plasmas were formed in the gas phase over
the solution and inside bubbles. Magureanu et al. [74]
evaluated the elimination of methylene blue from aqueous solution by using a pulsed high voltage corona discharge with multi-hollow needle electrodes (6 array of
needles). The needle electrodes were situated at the bottom of the reactor and a grounded electrode was placed
about 5 cm above the tip of the needles. Both electrodes
were located inside the liquid and discharge takes place
in bubbles inside dye solution. The paper presented
results obtained when diﬀerent feed gases (air, argon,
and oxygen) were bubbled in the solution through the
needles. The multi-needle electrodes promote a large
volume of plasma which leads to enhance the interaction between reactive species and dye solution. It was
observed that at the same external power input degradation of methylene blue was enhanced in the particular
order of feed gases: air < argon < oxygen. They have
explained that more eﬃcient degradation in oxygen and
argon in comparison to air plasmas was due to fact
that energy delivered to plasma in these gases is used
to generate more reactive species, whereas, in air, some

Fig. 2 Schematics of experimental setups used in studies of liquid treatments with cold plasma

Fig. 3 Schematic representation of plasma-generated short and long-lived species in the gas phase, at the plasma-liquid
interface, and bulk liquid
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Discharge in bubbles Pulsed

DBD

DBD

Indigo Carmine

Methyl Red

Voltage:
12
kV, 1
frequency: 20 kHz,
pulse width: ∼ 50 ns,
gas: O2 –700 ml/min,
power: 5 W
Voltage: 4kV, pulse 3.2
frequency: 5 kHz,
pulsed width: 750 ns,
gas: mixture of Ar &
O2 –250 sccm
Voltage:
11
kV, 10
pulse repetition rate:
76 Hz, gas: O2 –600
ml/min, power: 1 W

60

250

200

200

50

50

300

100

20

1000

4.08

10 (each)

20

13.25

120

90

100

600

20

60

100

150

[94]

[90]

∼ 100
∼ 90

93

99

100

[109]

[101]

[115]

∼ 77, 70, 91 [105]

[86]

[114]

[74]

References

98
∼ 91

83

90

Co (mg/L) Vo (ml) η(%)
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Discharge above liq- Pulsed
uid surface & post
discharge

Pulsed

Post-discharge

Corona

Acid Orange 142

Voltage: 14 kV, gas:
air–2 L/min, discharge gap/electrode
gap: 0.5
Discharge in bubbles Pulsed/DC Voltage: 4 kV, gas:
ml/min,
O2 –10
power: 4 W
Discharge above liq- DC
Voltage: 12.5 kV,
uid surface
gas: atmosphere air
Discharge in liquid Pulsed
Voltage: 20 kV, frequency: 25 Hz

Discharge above liq- DC
uid surface

Discharge in bubbles Pulsed

condi-

T (min)

Voltage:
17
kV, 20
pulse repetition rate:
72 Hz, gas: O2 –800
sccm, power: 10 W
Voltage:
27
kV, 45
repetitive frequency:
70 Hz, gas: air - 1.4
m3 /h,

Signal type Operating
tions

Discharge in bubbles Pulsed

Mode of discharge

Rhodamine
B, Corona
Methyl
Orange,
Chicago Sky Blue
Crystal Violet
DBD

Corona

Methylene Blue

Corona + TiO2
Brilliant Corona

Corona

Acid Orange 7

Reactive
Blue

Corona

Plasma source

Characteristics of plasma devices

Methylene Blue

Target compounds

Table 5 Literature overview of diﬀerent types of plasma systems used for organic dye removal
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Discharge above liquid surface

Orange I, Crystal Gliding arc
Violet, Eriochrome
Black T

AC

Discharge above liq- AC
uid surface

Post discharge

Methylene
Blue, Direct-APPJ
Methyl
Orange,
Congo Red

DBD

Acid Red 88

Discharge above liq- AC
uid surface and in
bubbles

Discharge above liq- AC
uid surface

Point-to-plate

Methylene Blue

condi-

T(min)

Voltage: 6–8 kV, 30
current: 30–50 mA,
frequency: 9.7 kHz,
gas: air - 1.5 L/min,
power: 8.6 W
Voltage: 2.57 kV, 60
current: 27.7 mA,
frequency: 60 Hz,
Gas: N2 - 0.1 L/min,
power: 59.2 W
Voltage: 20 kV, gas: 4, 5
air–7 L/min, power:
60 W
Voltage: 20 kV, gas: 1
O2 –7 L/min, power:
60 W
Voltage
0.7
kV, 20
current 3 mA, frequency: 16 kHz, gas:
Ar–3 slm, power: 0.2
W
30
Voltage: 1.2 kV: 20
current: 5 mA, frequency: 16 kHz, gas:
Ar–3 slm, power: 0.4
W
30
Voltage: 10 kV, gas: 30, 60, 60
air–900 L/h

Signal type Operating
tions

Discharge in bubbles AC

Mode of discharge

Methylene
Blue, Indirect-APPJ
Methyl
Orange,
Congo Red

DBD

Plasma source

Characteristics of plasma devices

Methylene Blue

Target compounds

Table 5 continued

52.54, 53.03, 83.23

200

200

25

500

100

20

25, 50

100

97, 99, 90
95, 89, 88.4 [117]

87, 92, 84
95, 97, 86

71, 81, 76 [116]

95

[108]

[113]

∼ 100

92, 91

[45]

References

∼ 98

Vo (ml) η(%)

100

Co (mg/L)
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T – Treatment time
Co – Initial concentration
Vo – Volume
η – Removal eﬃciency

Multi-needle
conﬁgurat-ion

Discharge above liq- Pulsed
uid surface

Methyl Orange

Methyl Orange

Glow discharge
+TiO2
Gas discharge cir- Discharge above liq- Pulsed
culatory
airtight uid surface & post
conﬁguran-ion
discharge

condi-

T(min)

Voltage:
46
kV, 20
pulses: 80 per second, gas: O2 –0.08
m3 /h, power: 5.67
W
Voltage: 22 kV, fre- 15
quency: 50 Hz, gas:
O2

Voltage: 15 kV, cur- 60
rent: 0–100 mA, gas:
Ar–1 slm
60

Signal type Operating
tions

Discharge above liq- DC
uid surface

Mode of discharge

Glow discharge

Plasma source

Characteristics of plasma devices

Acid Blue 25

Target compounds

Table 5 continued

400

450

10

500

60

20

20

[118]

[107]

∼ 90 [119]

92

90

78

Co (mg/L) Vo (ml) η(%) References
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part of the energy is consumed for the dissociation of
nitrogen molecules. On the other hand, they reported
that the degradation of methylene blue depended on
initial dye concentration and volume of the solution,
i.e. higher dye concentration degraded more rapidly in
smaller volumes. Li et al. [114] investigated the degradation of Acid Orange 7 dye in a pulsed discharge reactor
with a needle-to-plate electrode conﬁguration and with
air bubbling into the reaction system in the presence
of TiO2 . They observed more decoloration eﬃciency of
dye by adding TiO2 particles into the reactor, which
attributed to photocatalysis in the presence of the ultraviolet light produced in the pulsed plasma system. They
also found that the decoloration eﬃciency of dye was
improved by increasing the input power. Jingyu et al.
[86] studied reactive brilliant blue dye removal with a
point-to-plane DC corona discharge reactor using air as
a working gas while the discharge was ignited over the
liquid surface. In this case, 72 stainless-steel pin electrodes were powered and stainless-steel plate immersed
in dye solution served as a grounded electrode. The
idea behind the multi-pin electrodes is to enable the
large plasma volume on the liquid surface by physically
increasing the number of reaction points. The authors
evaluated the eﬀect of the ratio of the discharge gap
and the adjacent point distance between two electrodes
on decoloration eﬃciency. The main degradation byproducts that were traced were 2,5-diritrobenzoic acid,
1,2-diacetylenzene, and 3- nitrobenzonic acid.
Malik et al. [94] have designed a pulsed corona discharge reactor with needle-plate type electrodes for the
decolorization of methylene blue and they studied the
inﬂuence of oxygen and ozone bubbling on the dye
decomposition. The removal eﬃciency was much higher
when a combination of oxygen and ozone was bubbled
in compared to plasma in pure oxygen and without bubbling of any gases. The presence of additional oxygen
and ozone enhances the production of chemically reactive species in water, which leads to a higher degradation of the dye. They also suggested that the removal
eﬃciency of dye was higher in distilled water than in tap
water, probably due to the interaction of plasma generated species with impurities in tap water. Recently,
Fahmy et al. [90] used a DC corona discharge to eliminate Acid Orange 142 from the water where the plasma
was generated in atmospheric air at the surface of the
sample in a small discharge gap. It was found that the
degradation rate was increased by either increasing the
applied voltage or decreasing the discharge gap. Higher
applied voltage inﬂuenced generation of more energetic
electrons and metastables due to the stronger electric
ﬁeld, which led to the formation of more reactive oxygen species. In the study of Sugiarto et al. [105], pulsed
streamer corona discharge with a ring-to-cylinder electrode geometry system was used to remove dyes including rhodamine B, methyl orange, and Chicago sky blue
from water and plasma was ignited inside the solution.
The sample was recirculated inside the plasma reactor. At the given power input, the degradation rate of
dyes depended on the initial pH of the solution and the
best degradation observed in the acidic medium was
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caused by faster reactivity of hydroxyl radicals with dye
molecules at lower pH. Degradation of dyes was higher
with the addition of hydrogen peroxide into the solution, as a consequence of the dissociation of hydrogen
peroxide by ultraviolet light from the plasma. Additionally, they concluded that the pulsed streamer corona
discharge reactor with two rings was more eﬃcient than
one ring because it provided larger contact area between
the plasma streamer and the solution.
DBD has also been used extensively for the degradation of various types of organic dyes. DBD plasma
formed between two electrodes, however, at least one
electrode covered with a dielectric material, such as
glass, quartz and so on. For most of the cases, the postdischarge and discharge in bubbles type of conﬁgurations have been widely reported in the papers for the
removal of organic dyes. Rahimpour et al. [115] performed an investigation on the removal of crystal violet
dye from a liquid via a post-discharge pulsed DBD reactor, using oxygen as a working gas. In the analysis, oxygen was supplied into the DBD reactor and the eﬄuent
gas was bubbled through the solution to enhance the
mass transfer of reactive oxygen species into the solution which in turn resulted in higher degradation of
the dye. The addition of argon in the working gas at
the ﬁxed input power, lead to a higher degradation of
dye in comparison to pure oxygen case. This eﬀect is
due to the formation of more ozone molecules caused
by higher dissociation of oxygen molecules in the presence of argon metastables and energetic electrons in the
plasma system. The degradation kinetics of crystal violet was found to follow the ﬁrst-order reaction. A complete elimination of total organic carbon (TOC) was
obtained after the plasma treatment, which revealed the
full mineralization of treated solution from unwanted
organic carbon. In the study of Muradia [101], a parallel plate DBD plasma system was used for the decolorization of indigo carmine. The powered (upper) electrode was a metal plate with punched holes and covered with mica sheets with porous grounded electrode
made of graphite. The system was inside the solution
and the working gas (Ar, N2 , He) was bubbled through
the grounded electrode. It has been found that, at the
ﬁxed source voltage, the addition of oxygen in the mixture greatly improved the decolorization rate of dye in
comparison to the pure argon case.
The degradation of methyl red in an aqueous solution was performed with a pulsed DBD in the coaxial
conﬁguration by Piroi et al. [109] where oxygen was
used as working gas. They proposed such a conﬁguration to enhance the contact between plasma generated species and the dye, while the solution was recirculated from the reservoir to the DBD reactor in the
form of a thin layer of water ﬂowing on the surface
of the inner electrode of the reactor. Additionally, the
eﬄuents from the DBD reactor were bubbled through a
reservoir containing the solution, promoting the interaction between ozone and dye molecules and faster
degradation of dye. Since oxygen was used as working
gas, ozone was generated due to oxygen discharge in
the DBD reactor, and it was the main oxidizer in the
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eﬄuent gas. In this paper author also observed that
degradation kinetics followed the ﬁrst-order and that
faster degradation of the dye occurred with lower initial dye concentration. Besides, they also found several
by-products after the treatment, some of them are identiﬁed: 2-ethoxy-2 methylpropane, 2-tert-butoxyethanol,
3-metoxy-3methyl-1-buthanol. Recently, an air DBD
reactor with a glass bead packed bed and microporous diﬀuser plate was developed by Wu et al. [45]
for the treatment of wastewater containing methylene
blue. The plasma was formed in the glass bead packed
bed and the species were transferred into the dye solution via a microporous diﬀuser plate. The role of the
microporous diﬀuser plate inside the DBD reactor was
to enhance the mixing between propagating plasma
species and the solution. Additionally, plasma species
were generated in micropores on the diﬀuser plate and
they interacted with dye molecules. The authors suggested that the packing beads in the plasma zone played
a signiﬁcant role to produce more reactive species in the
reactor as they enable the formation of strong electric
ﬁelds in the cavities. The degradation was higher for the
lower initial concentration of dye. On the other hand,
it was found that the inﬂuence of initial pH and conductivity of the solution on the dye degradation was
small. They proposed a possible degradation mechanism involving energetic electrons, ozone, and hydroxyl
radicals responsible for the formation of intermediate
compounds and their subsequent elimination after the
treatment.
Benetoli et al. [113] evaluated the removal of methylene blue from water by using a point-to-plate type
plasma reactor conﬁguration. Corona discharge was
generated in nitrogen over the liquid surface. Nitrogen was bubbled in the solution from the bottom of
the reactor. The initial temperature of the solution was
particularly important for the removal, and it has been
found that the removal eﬃciency improved when the
temperature was increased. Several long-lived nitrogenbased species were traced inside the solution and they
found zeroth-order degradation kinetics of methylene
blue for higher initial concentration, whereas ﬁrst-order
for the lower initial concentration. In the study of Tang
et al. [108], a post-discharge of a DBD reactor was used
for the removal of Acid Red 88 from aqueous solutions,
with air containing 100 % relative humidity and oxygen were supplied as the working gas. The gas eﬄuents
containing reactive species from the DBD plasma were
injected through the bottom of the solution reservoir
through an annular porous diﬀuser device. The degradation of Acid Red 88 was faster when pure oxygen was
introduced into the DBD reactor than in the case of a
mixture with air with 100 % relative humidity, which
implied that higher ozone generation was obtained with
pure oxygen. The degradation process was ﬁtted with
the pseudo-ﬁrst-order kinetics model and depended on
the input power, initial dye concentration, gas ﬂow rate,
and initial pH value of the solution.
Apart from corona and DBD systems, a few studies have also been carried by authors for the treatment
of organic dyes by sources such as APPJ, gliding arc,
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glow discharge. With these kinds of sources, generally,
plasma occurred in the gas phase over the liquid surface.
Attri et al. [116] compared two needle-type atmospheric
pressure plasma jets (called indirect and direct APPJ)
for the degradation of congo red, methyl orange, and
methylene blue dyes and argon was used as a plasma
gas for both reactors. The indirect APPJ was made
with a hollow inner needle electrode and the grounded
ring-type electrode (copper tape) that was placed outside the glass tube surface, whereas in the case of direct
APPJ, the copper tape as a grounded electrode was
positioned on the outer side of the bottom of the vessel. The degradation of all three dyes was higher when
direct APPJ was introduced to the sample in comparison to the indirect jet. However, the sample volumes
were not reported. According to the optical characterization of both sources, they identiﬁed higher intensity
of excited argon species in direct APPJ, which contributed to the formation of a higher density of reactive
species due to collisions between excited argon species
and water molecules. The authors suggested that the
hydroxyl radicals were the main oxidative species produced in plasma that was responsible for the degradation of dyes.
Decomposition of Orange I, Crystal Violet, and
Eriochrome Black T dyes in the aqueous solutions
under the action of gliding arc discharge was studied by Abdelmalek et al. [117]. The plasma was created between two diverging electrodes when humid air
was supplied. It was found that the degradation of all
three dyes followed ﬁrst-order kinetics. On the other
hand, they also reported that the mineralization of dyes
decreased with a decrease in the plasma exposure time.
Ghodbane et al. [107] evaluated a DC glow discharge
reactor with a combination of photocatalyst (TiO2 )
to remove Acid Blue 25 dye from the liquid medium.
Argon was used as a feed gas and plasma was generated near the liquid surface in a closed reactor chamber
with the absence of air. At the same treatment time,
the presence of photocatalyst enhanced the destruction
of Acid Blue 25. They reported faster degradation in
strongly acidic conditions. Jiang et al. [118] designed
a pulsed-discharge with the needles-to-plate electrodes
operating in an airtight reactor system with plasma
treated sample circulation They treated methyl orange
as the target compound using oxygen as a working gas
that was introduced from the bottom of the reactor
into the discharge zone through the liquid sample. The
needles, i.e. powered electrodes were located vertically
above the dye solution while the grounded electrode was
placed inside the solution. The plasma was generated
between the needle electrodes and the liquid surface.
The plasma-treated solution was injected into the reservoir containing the dye to enhance degradation. They
obtained better degradation for lower initial concentrations and low volume of the compound. In the study of
Sun et al. [119], multi-needle jet (with 24 needle electrodes) produced pulsed plasma that was used to treat
aqueous solution containing methyl orange dye using
diﬀerent working gases (oxygen, air, argon, and nitrogen). A plate disc placed inside dye solution served as
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a grounded electrode and the plasma was formed in the
gaseous phase, between needle electrodes and the dye
solution. Decoloration rate was achieved in the following order of working gases, from higher to lower: oxygen > air > argon > nitrogen. Moreover, it was reported
that a smaller discharge gap was more eﬀective in terms
of degradation caused by the enhancement of the electric ﬁeld in the gap, which leads to the formation of a
large number of reactive species.
2.2 Removal of pharmaceuticals
The daily intensive consumption of pharmaceuticals has
resulted in the increment of water pollution [97]. Many
pharmaceuticals have been identiﬁed in the environment in both low and high concentrations [120]. It has
been found that several pharmaceuticals released in the
environment cause risk on both aquatic species as well
as human health [97]. The greatest source of pharmaceuticals in the environment are eﬄuents from wastewater treatment and drug manufacturing plants [121,122].
However, traditional wastewater treatment plants are
not designed for the reduction of certain pharmaceuticals [123]. Therefore, cold plasma-based advanced oxidation processes have been investigated extensively to
remove various non-biodegradable pharmaceutical compounds [10,96,124].
Various cold plasma devices have been successfully
applied by many researchers for the degradation of
pharmaceuticals, as summarized in Table 6. We listed
references based on diﬀerent pharmaceutical contaminants or groups of contaminants together with plasma
sources and treatment parameters used for their decomposition.
In the study of He et al. [73], a combination of corona
discharge with a needle-type electrode and a TiO2 catalyst was demonstrated for decomposition of tetracycline
antibiotic in an aqueous solution with plasma generated
in the liquid when air was bubbled. The powered electrode was situated at the top of the reactor and the tip
was immersed in the solution, whereas grounded electrode was attached within the solution. In this case, the
plasma was driven by a high voltage AC power signal.
It has been found that high input power and low initial
concentration of antibiotics were beneﬁcial for faster
degradation, while TiO2 catalyst also played a signiﬁcant role in the degradation. According to the proposed
degradation mechanism of tetracycline, they observed
that several processes such as hydroxylation, deamination, oxidation, and opening of the aromatic ring were
responsible for degradation. To increase the contact
surface between plasma reactive species and solution,
a plasma reactor with wetted-wall and pulsed highvoltage source was investigated by Rong and Sun [125]
for the degradation of sulfadiazine. On the other hand,
the authors explained that at higher pH (strong alkaline solution) lower degradation was due to the scavenging eﬀect since hydroxyl radicals reacted with carbonate ions. They also investigated addition of hydrogen and hydroxyl radical scavengers and showed that
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this played a signiﬁcant role in degradation. Hydrogen radical scavengers improved the degradation rate
and hydroxyl radical scavengers inhibited the degradation. Moreover, several intermediates are identiﬁed
before the almost complete mineralization of sulfadiazine.
Dobrin et al. [126] assessed a pulsed corona discharge reactor with 15 copper wires as electrodes and
used oxygen to produce plasma at the water surface
to remove drug diclofenac. The formation of long-lived
reactive species such as hydrogen peroxide measured
in the water and ozone was determined in the gas
phase, where the concentration of hydrogen peroxide
in the solution and ozone in the gas phase was dependent on the plasma treatment time. Complete removal
of diclofenac and several carboxylic acids by-products
(e.g. formic, acetic, oxalic, malonic, maleic, and succinic) was reported. A diﬀerent type of corona discharge
reactors operating with benchtop batch and benchtop
ﬂow-through systems were evaluated by Krause et al.
[127] for removing carbamazepine, cloﬁbric acid, and
iopromide from an aqueous solution. In the case of
benchtop batch conﬁguration, pulsed corona discharge
occurred in the air on the liquid surface, whereas in
the system with the sample ﬂow corona discharge was
generated also in argon-air mixture over a thin water
ﬁlm. In both cases, the grounded electrode coated with
catalyst was submerged inside the solution. The concentration of all target compounds decreased with an
increase of the plasma treatment time. Several types of
submerged electrodes (e.g. boron-doped diamond, iridium oxide, titanium, and iron) serving as a catalyst have
been tested. Faster degradation of carbamazepine in the
presence of a boron-doped diamond electrode has been
observed in comparison to other submerged electrodes.
In order to enhance contact of an eﬀective plasma
area with the liquid, Banaschik et al. [128] used a
pulsed corona discharge reactor with a coaxial geometry
to eliminate seven pharmaceutical compounds (carbamazepine, diatrizoate, diazepam, diclofenac, ibuprofen,
17a-ethinylestradiol, trimethoprim) from water. The
corona discharge was directly generated in the liquid
by a wire-type electrode inserted in the center of the
tube. The sample was continuously recirculated with
about 80 % of the total sample volume processed in the
plasma reactor at the time. The complete degradation
of diclofenac and ethinylestradiol was noticed. They discussed that the solution pH and concentration of longlived nitrogen species inside the bulk liquid were not
varying signiﬁcantly because the liquid was not in the
contact with any kind of air discharge. They suggested
that the short-time high-voltage pulses with fast-rising
time lead to the eﬃcient transfer of energy to electrons,
whereas longer voltage pulses are prone to thermal
losses. They proposed degradation pathways for phenol and found that the hydroxyl radicals were responsible for the primary degradation of phenol. Singh et
al. [129] employed a pulsed corona discharge with multiple needles to remove various pharmaceuticals such
as diclofenac, carbamazepine, and ciproﬂoxacin from
water. Similarly, the plasma was created in ambient air
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Cloﬁbric Acid,
Iopromide
Diclofenac,
Corona
Ethinylestradiol,
Carbamazepine,
Ibuprofen,
Trimethoprim,
Diazepam,
Diatrizoate
Diclofenac,
Corona
Carbamazepine and
Ciproﬂoxacin

Corona
TiO2
Corona

+

Plasma source

AC

Pulsed

Pulsed

Discharge in liquid

Discharge above liquid surface

Pulsed
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Tetracycline

Target
pounds

Voltage: 25 kV, frequency:
30 Hz, gas: ambient air,
power: 101.5 W
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power: 100 W
Voltage: 20 kV, pulse frequency: 22 Hz, gas: O2 –1
L/min, power: ˜24 W
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Table 6 Comparison of selected results on the degradation of the pharmaceuticals by diﬀerent plasma systems
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50 Hz, gas: O2 –3 L/min,
power: 0.53 W
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over the solution surface. They conducted a series of
studies on the inﬂuence of various parameters like voltage, frequency, initial pH, etc. on the degradation eﬃciency. They claimed that the degradation was faster in
acidic conditions and revealed that more reactive oxygen species were formed for lower pH conditions. The
degradation kinetics followed the ﬁrst-order, and the
oxidation rate decreased with an increase in initial concentration.
Recently, Hao et al. [130] used a pulsed coaxial DBD
for the degradation of tetracycline in an aqueous solution. The screw-type electrode was connected to a high
voltage signal and the aqueous solution was falling over
it. The plasma was formed over water ﬁlm while the air
was introduced as a working gas. They reported that
the screw-type electrode produced a strong local electric ﬁeld at the tip, which resulted in a higher plasma
intensity. They obtained a higher ﬁrst-order oxidation
rate constants with lower initial concentration of the
pollutant compound and higher voltage of the pulsed
signal, respectively. Additionally, several intermediates
were identiﬁed. Baloul et al. [131] studied paracetamol removal by using a DBD plasma with a multiple needle-to-plate reactor conﬁguration and diﬀerent
working gases (air, argon, and nitrogen) with plasmas
generated between the tip of the electrodes and the liquid surface. The authors found that higher removal of
paracetamol in air plasma. They noticed two types of
discharge regimes, spark and streamer. It was observed
that the formation of hydroxyl radicals in the spark
regime was higher than in the streamer regime because
the spark regime supported more evaporation and dissociation of water.
Nawaz et al. [132] investigated the degradation of
nitrobenzene in water by utilizing a parallel-plate type
DBD reactor with various working gases including oxygen, air, and nitrogen. In this conﬁguration, the reactive
species were formed in the DBD system and propagated
into a reservoir containing nitrobenzene, so plasma
eﬄuent was reacting with the target molecules. They
also tested the addition of hydrogen peroxide, Fe2+
ions and methanol in the solution. Hydrogen peroxide and Fe2+ ions played a signiﬁcant role in enhancing degradation, whereas methanol greatly decreased
the degradation rate due to its scavenging eﬀect. The
degradation process followed ﬁrst-order kinetic models.
In terms of application, nitrobenzene is used to make
analgesic acetaminophen or paracetamol. Furthermore,
Magureanu et al. [133] studied the decomposition of
pentoxifylline by using a pulsed coaxial DBD reactor
with oxygen used as the working gas. The sample solution was introduced over the surface of the inner electrode using several holes from the top of the DBD
reactor whereas the discharge occurred in the gaseous
phase above the thin water ﬁlm. The solution and gas
eﬄuent containing ozone was transferred into a reservoir at the bottom of the plasma reactor, where the
post-discharge reaction occurred. The degradation was
observed at the plasma-liquid interface as well as in
the solution reservoir by bubbling of the gas eﬄuent.
Higher pulse frequency and lower initial concentration
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of pentoxifylline were noticed to be advantageous for
higher degradation. Several by-products were identiﬁed
before the almost complete degradation was achieved.
The same pulsed coaxial DBD plasma reactor with the
same conditions was used by Magureanu et al. [122] to
remove antibiotics amoxicillin, oxacillin, and ampicillin
from an aqueous solution. The researchers observed
that amoxicillin was decomposed for the shortest treatment time, whereas oxacillin and ampicillin required
longer times. In another study, Magureanu et al. [135]
investigated the degradation mechanism of the enalapril
compound by using the same plasma reactor. They
suggested that processes such as hydrolysis, oxidation,
and intra-molecular dehydration were responsible for
the breakdown of enalapril. Higher mineralization was
obtained at a longer plasma treatment time.
In the study of Smith et al. [134], plasma was generated in ambient air over the liquid surface by using
a nanosecond pulsed DBD source with a ﬂoating electrode for the treatment of high concentrations of antibiotic ampicillin. The degradation rate was higher with
increase in plasma treatment time. According to the
results of the characterization of treated solutions, they
claimed the complete degradation of ampicillin was
achieved. Gao et al. [136] assessed pulsed DBD with
a slightly diﬀerent electrode conﬁguration, where the
plasma was formed in ambient air in between the
ceramic crucible wall (dielectric) and the surface of
the solution, that was used for the treatment of 17bEstradiol. A high-voltage wire type electrode was submerged in a ceramic crucible containing water, while
another electrode was placed in the aqueous solution
of pollutant. The experimental results showed degradation was dependent on the initial amount of pollutants, applied peak voltage, pH, and type of water
samples. On the other hand, with diﬀerent water samples, the level of degradation was observed in the following descending order: ultrapure water, tap water, landﬁll leachate. The authors hypothesized that the lowest degradation of 17b-Estradiol with landﬁll leachate
could be due to higher conductivity and existing impurities (e.g. organic and inorganic). They reported that
higher conductivity caused formation of a weaker electric ﬁeld and less reactive species in the solution which
consequently had a negative inﬂuence on degradation.
Hijosa-Valsero et al. [137] compared two DBD plasma
reactors - conventional batch and coaxial thin falling
water ﬁlm for the removal of cyanide from aqueous solution with helium as a working gas in both plasma reactors. In a conventional batch-type reactor, plasma was
formed directly underneath the Petri dish containing
solution, while, in the other reactor, plasma was generated over the thin falling water ﬁlm. It was found that a
thin falling water ﬁlm reactor had better performance in
comparison to a conventional batch type caused by the
large surface of aqueous solution exposed to the plasma.
The degradation of cyanide in both types of DBD reactors followed the ﬁrst-order kinetics. In medicine, the
compound cyanide can be found in anti-hypertensive,
sodium nitroprusside.
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Recently, Vasu et al. [138] used an APPJ with rod
and ring-type electrode conﬁguration for the decomposition of telmisartan, where the plasma occurred in
argon gas over the liquid surface. However, a complete comparison with the other results could not be
accomplished since the initial concentration and sample volume were not reported. Authors observed solution pH decreased and conductivity enhanced with an
increase in treatment time and applied voltage. The
degradation of telmisartan was observed as pseudoﬁrst-order kinetics with applied voltage. Krishna et al.
[124] evaluated the removal of Verapamil hydrochloride from water under the action of gliding arc plasma
in air where the discharge was created between two
divergent electrodes above the solution. The ﬁrst-order
degradation was obtained and a higher removal rate
constant was noticed when the initial concentration
of the target compound was lower. These researchers
proposed a degradation mechanism with high energy
electrons, ozone, and hydroxyl radicals playing dominant roles in the degradation. In a recent article, El
Shaer et al. [96] compared two plasma reactors with
diﬀerent conﬁgurations - single pin-to-water electrode
with plasma above air-water interface and a conﬁguration with water as an electrode with plasma below the
interface. The degradation of two antibiotics in water:
oxytetracycline hydrochloride and doxycycline hyclate
was examined. In the pin-to-water electrode conﬁguration, a wire-type powered electrode formed plasma in
air over the liquid surface. In the case of water-electrode
conﬁguration, the powered electrode was a hollow needle inserted in a glass tube that was located at the
bottom of the vessel. The discharge occurred in the liquid phase when the air was bubbled through the needle. In both cases, grounded electrode was the copper
plate placed along the vessel wall and submerged inside
the liquid. They concluded that faster degradation was
observed when the plasma generated inside the water
sample than over the water surface.

2.3 Removal of pesticides
Pesticides are nowadays commonly used to protect
crops, vegetables and fruits from pathogens [103]. Most
of the pesticides discharged into water bodies come
from the agricultural industries and through runoﬀ
from the agricultural soils [139]. A variety of pesticides (herbicides, insecticides, fungicides, etc.) have
been observed in surface and ground waters. Even a low
concentration (range of ng/L to μ g/L) of pesticides in
water can have negative eﬀects on the environment and
thus on public health [102,140]. Unfortunately, many
pesticides are non-biodegradable while for certain pesticides conventional treatment methods are ineﬃcient
for degradation due to their chemical structure complexity [141]. Therefore, to eliminate the potential risks
related to pesticides, it is necessary to treat wastewater containing pesticides before releasing them to the
natural water recipient.
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The oxidation of organic pesticides in water based on
low-temperature plasma treatments has been employed
by many authors in order to tackle this issue and it was
found that plasma processing can successfully eliminate pesticides from water without formation of the secondary toxic by-products [142]. A number of research
papers have been published on plasma sources for the
degradation of pesticides in water and a comparison of
selected data is presented in Table 7.
Singh et al. [142] have designed a multiple needle-toplane pulsed corona discharge reactor for the treatment
of an aqueous solution containing carbofuran, where
the plasma was formed in ambient air (without any
external feed gas) over the liquid surface. The tungsten needle high voltage electrodes were attached to the
circular plate and located above the solution, whereas
the ground electrode was ﬁxed in the solution. The
streamer propagation occurs due to the high intensity
of local electric ﬁeld over the tip of the needle electrodes. They studied the eﬀect of several experimental
parameters on the degradation of carbofuran, including
applied pulsed voltage, pulsing frequency, initial carbofuran concentration, initial pH and dependence of
the process on radical scavengers. It was observed that
higher pulsing frequency and applied pulsed voltage
favored faster degradation, suggesting that more reactive species were produced and transferred to the solution. On the other side, addition of radical scavengers
(HCO3− , CO2−
3 and humic acid) diminished the degradation by quenching the hydroxyl radicals. The degradation followed the ﬁrst-order kinetics model, and the
oxidation rate was higher for the lower initial concentration of carbofuran. Moreover, they identiﬁed seven
intermediates compounds before complete mineralization. Bradu et al. [143] used a slightly diﬀerent type
of pulsed corona discharge reactor for the degradation
of 2,4-dichlorophenoxyacetic acid herbicide in water,
where oxygen plasma was formed in between a multiwire array (consisting of 20 copper electrodes) and the
liquid surface. The solution was circulated from the
reservoir to the plasma reactor while the plasma eﬄuent that consisted mainly of oxygen and ozone was bubbled inside the solution from the bottom of the reservoir to induce post-discharge reactions. The concentration of ozone was measured in the plasma eﬄuent
and separately the same amount of ozone was introduced inside the reservoir using a solution for ozonation.
They observed faster degradation when the plasma
was generated at the gas-liquid interface and with the
plasma eﬄuent bubbled inside the solution in comparison to the ozonation alone. Additionally, when 2,4dichlorophenoxyacetic was treated directly by plasma
without bubbling of eﬄuent slower degradation was
noticed than for both cases. In the study of Mededovic
and Locke [144], a pulsed corona discharge with a combination of FeSO4 •7H2 O electrolyte was employed for
the degradation of atrazine in water The plasma was
formed in between point-to-plane electrode inside the
liquid. They claimed the addition of FeSO4 •7H2 O leads
to complete removal of the target compound caused
by Fenton reaction between ferrous ions and plasma

Chlorfenvinphoos

Dichlorvos,
Malathion, Endosulfan
Atrazine
DBD

DBD
Nanoﬁber
membrane
DBD

+

Discharge
DC/Pulsed
above
liquid
surface
Discharge
AC
above
liquid
surface

Discharge
DC/Pulsed
above
liquid
surface

DBD

Atrazine

Atrazine

Mode of dis- Signal type
charge

Corona
dis- Discharge
DC/Pulsed
charge
+ above
liquid
Ozonation
surface + Post
discharge
Corona + Fen- Discharge in DC/Pulsed
ton
liquid

Plasma source

Characteristics of plasma devices

2,4-dichlorophenoxyacetic acid

Target compounds

5

Voltage: 20 kV, frequency: 5
100 kHz, gas: Helium–5
L/min, power: 30 W

5

2

0.03

5

25

Voltage: 80 kV, frequency: 50 8
Hz, gas: atmospheric air

Voltage: 45 kV, pulse fre- 10
quency: 60 Hz, pulse width:
1μ S
Voltage: 23 kV, frequency: 45
300 Hz, pulse duration: 400
ns, gas–air 0.5 SLM, power:
1.7 W

Voltage: 18 kV, Pulse repeti- 30
tion rate: 25 Hz, plasma gas:
O2 –0.3 L/min, power: 11 W

Operating conditions

4

20

100

400

330

[145]

[144]

[143]

References

94

93

[146]

78.98, 69.62, 57.71 [139]

85

61

100

∼ 100

T(min) Co (mg/L) Vo (ml) η(%)

Table 7 Overview of plasma systems described in the literature for the degradation of the pesticides
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AC
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Voltage: 8 kV, frequency: 50
kHz, gas: O2 –1 L/min, power:
40 W

Voltage: 250 V, current: 0–4
A, power: 170 W

Voltage: 80 V, current: 1–2.5
A, power: 200 W

Voltage: 0–250 V, frequency:
5–35 kHz, current: 0–1.2 A,
gas: air, power: 85 W

Operating conditions

Table 7 continued
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50
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6
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6
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Vo (ml)

[148]
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generated hydrogen peroxide. The authors compared
processes with a high voltage electrode made of platinum and nickel-chromium and observed that degradation was ampliﬁed with a platinum type electrode.
Vanraes et al. [145] evaluated the DBD plasmainduced degradation of atrazine in the presence of
adsorption nanoﬁber polyamide membranes. The plasma
was generated in dry air above a thick water ﬁlm
which was introduced on the membrane. It was found
that degradation was increased with addition of the
nanoﬁber polyamide membrane in comparison to the
plasma alone. The main inﬂuence of the membrane
was to expose the pollutants absorbed on the membrane to the plasma. They identiﬁed deethylatrazine
and ammelide as by-products in the degradation process. Sarangapani et al. [139] investigated the degradation of three pesticides dichlorvos, malathion, and
endosulfan in water in a sealed DBD plasma reactor
with two circular plate-type electrodes conﬁguration.
The solution containing pesticides was placed in a petriplate in between two electrodes, whereas the plasma
was formed in the ambient air above the solution. At
ﬁxed applied voltage and treatment time, decomposition rates of pesticides were in the following order:
dichlorvos, malathion, endosulfan. The degradation of
pesticides was ﬁtted by the ﬁrst-order kinetics and the
rate constant increased with applied voltage. Also, they
reported the generation of acidic species in the solution
including nitric acid and nitrous acid. Hijosa-Valsero et
al. [146] compared the degradation of atrazine, chlorfenvinphos, 2,4-dibromophenol and lindane in the aqueous
solutions in a batch type DBD system and in a coaxial
thin falling water ﬁlm reactor with noble gas helium as
a working gas in both types of reactors. In the case of
the DBD batch reactor, a solution containing a petri
dish was placed in two Pyrex glass containers (served
as dielectric barriers). When high voltage was applied
to the electrode the discharge takes place in gas in contact with the sample. In a coaxial thin-ﬁlm DBD reactor, a copper mesh type of electrode was used as a high
voltage electrode and it was wrapped over the glass
vessel (served as a dielectric barrier). A stainless steel
tube acted as a grounded electrode was situated at the
vessel’s axial center. The solution was introduced from
the top and wetted surface was formed on the tube.
The discharge occurs in helium over the thin falling
ﬁlm. The degradation followed the ﬁrst-order kinetics for both reactors and the degradation rate of all
pollutants was faster in the batch type DBD reactor.
Reddy et al. [102] studied the degradation of pesticide endosulfan in an aqueous solution in a combination of a DBD plasma and a cerium oxide catalyst. The
plasma occurred inside the solution when air as a working gas was bubbled through the sample. They claimed
that the addition of catalyst showed better degradation
performance than plasma alone and the enhancement
of degradation of endosulfan in the aqueous solution
was attributed to the catalyst-induced decomposition of
ozone into atomic oxygen species. They reported ﬁtting
of the ﬁrst-order degradation kinetics on both treatment conditions (plasma – catalyst and plasma alone).
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Hu et al. [147] demonstrated the degradation of
dichlorvos and dimethoate in wastewater by utilizing
DBD plasma formed in the air over the solution. It was
found that the reduction of the discharge gap had a signiﬁcant positive eﬀect on degradation due to formation
of a stronger electric ﬁeld and hence higher concentrations of reactive species. On the other hand, the addition of hydroxyl radical scavenger (tertbutyl alcohol)
had an adverse eﬀect on the degradation of both pesticides, demonstrating that hydroxyl radicals were the
main species responsible for degradation. The degradation kinetics of both compounds were a combination of the zeroth and ﬁrst-order. An unusual DBD
plasma reactor has been evaluated by Li et al. [148]
for the treatment of a solution containing nitenpyram,
where the plasma was created in ambient air above
the sample. The reactor consists of a radial-ﬂow sedimentation tank, with a high-voltage electrode situated
on top of the tank above the quartz glass while the
ground electrode was a wire inserted in the center of the
tank, inside the liquid. The solution was recirculated
continuously during plasma treatments. They studied
a series of parameters that inﬂuence the degradation,
including initial pH, the addition of catalysts (FeSO4 ,
Fe2 (SO4 )3 and MnO2 ), solution conductivity, plasma
power, and so on. The degradation rate was improved
by the addition of the catalysts. Apart from this, higher
pH, lower conductivity and higher power supplied to
plasma favored faster degradation process. Li et al. [149]
used the same DBD plasma reactor conﬁguration for
the decomposition of acetamiprid in wastewater. They
tested the eﬀect of a radical scavenger (Na2 B4 O7 ) on
the degradation and showed that it was inhibited by the
addition of Na2 B4 O7 . Recently, Wardenier et al. [103]
used a pulsed DBD plasma reactor coupled with activated carbon and ozonator for the elimination of pesticide alachlor. The experiments were performed in two
diﬀerent modes of operation of the sample ﬂow, batch
recirculation and single-pass. The oxygen was used as
a working gas. They concluded that faster removal of
alachlor was achieved during the plasma-ozonation in
the batch recirculation type reactor conﬁguration.

3 Discussion
A broad range of cold plasma systems with diﬀerent
reactor conﬁgurations and operational parameters have
been employed and evaluated for the removal of OMPs.
In general, the majority of analyzed studies use gasphase plasma established above liquid samples in air
or air mixtures with other working gases. Volumes of
samples processed in the experiments range from 1 ml
to 1000 ml. Types of plasma sources present in the literature and used in the decontamination processes of
the pesticides, pharmaceuticals and dyes are corona,
APPJs, DBDs, etc. [73,74,97,116,122,143]. Of course,
this list is much longer, but we tried to limit the types
of plasma sources that will be discussed to the ones
most commonly used. The corona discharges usually
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have pin pin-to-pin, pin-to-plate or multi-pin conﬁgurations and are powered predominantly with pulsed
signals [94,113,142]. They can operate in the gas phase
where the powered electrode is above the treated solution or in liquid phase. In liquid phase powered electrode is inside the treated solution and the plasma is
formed inside the bubbles or directly in liquid. The pin
electrode conﬁguration is needed in order to obtain the
high electric ﬁeld to ignite the discharge [71,72,91]. The
drawback associated with single pin electrode type conﬁguration is the generation of lower plasma volume.
To enlarge the reaction zone multi-pin electrodes were
studied that can lead to the treatment of larger quantity of contaminated water in a shorter period of time.
Similar issues can be found when using the APPJs
for decontamination of water. The APPJs have plasma
conﬁned in the small volumes and only adding more
APPJs will lead to the treatments of larger volumes of
contaminated water. Geometry of the APPJs will also
inﬂuence the eﬃciency of the treatments. With pinAPPJ (powered electrode is pin type) lower applied
powers will be needed for sustaining the discharge
(larger electric ﬁeld at the tip) if compared with the
DBD type of APPJ (electrodes wrapped around the
glass tube). Another way how to improve the plasma
treatment, especially in the case of pin type plasma
systems, is to increase the plasma-solution interaction
volume through geometries that involve discharges over
the falling ﬁlm [125,130,146] or recirculation of the
treated solution [105,128]. With DBDs that have parallel electrode system this issue is addressed to some
extent. In this case the plasma-liquid interaction surface is larger, but again, if the volume of the treated
solution is signiﬁcant this can hinder the ﬁnal outcome.
In this case the recirculation of the treated solution or
treatment of large area of thin layer of solution will
increase the transfer of the reactive species from the
plasma to the bulk of the solution and increase the eﬃciency.
Pulsed DC corona and DBD plasma over the thin
water ﬁlm are considered most eﬃcient in the degradation of OMPs [71,109,125,127,130] with the eﬃciencies going to 100%. Higher mass transfer of reaction
species from gas to bulk phase with molecular diﬀusion along with the plasma discharge leads to faster
degradation of OMPs [69,150,151]. The thin water ﬁlm
oﬀers a larger surface to volume ratio than other conﬁgurations. The bigger plasma-solution contact surface
means higher residence time, hence, more interaction of
reactive species with the solution for oxidation reaction
[152,153]. Another way to increase the contact surface
is the pulsed corona discharge with a wetted-wall type
reactor and coaxial geometry [125,128]. It was observed
that plasma reactors with continuously mixed solutions
have better performance [109,143,154].
In most cases present in the literature, during the
treatments discharges are in contact with water or operating in water. Apart from the conﬁgurations where
short- and long-lived reactive species created in the
plasma are in direct contact with the contaminated
solution, there are also examples where only long-lived
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species created in plasma are responsible for the degradation of pollutants [30,108,115,118]. In these cases
the short-lived radicals, ions and UV emission are not
involved in the processes of degradation. For example,
Rahimpour et al. [115] used DBD reactor for the treatment of crystal violet dye, where oxygen was used as
a feed gas, and the plasma eﬄuents (e.g. ozone) were
bubbled in the solution column. In another study by
Jiang et al. [118], plasma discharge occurred in the
bubble in the liquid solution, where oxygen was used
as a feed gas. In this case, the plasma eﬄuent along
with treated methyl orange solution passed through the
tube and ﬁnally bubbled in the reservoir (outside of the
plasma reactor). The post-discharge conﬁguration was
more favorable than other operation methods for dye
treatment. It provides a large interfacial area that leads
to an increase in mass transfer between the gas phase
and the liquid phase.
Cold atmospheric plasmas are generated by using
various feed gases, but mostly by using noble gases
(e.g. argon and helium) with the combination of pure
molecular gases and/or air (e.g. oxygen and nitrogen)
[72,119]. Argon and helium have lower breakdown voltage potential characteristics at atmospheric pressure.
Therefore, due to the addition of argon and helium
with other working gases, the lower voltage can eﬀectively ignite and produce stable plasma discharge and
to improve the formation of reactive species. Since they
are usually sustained in air the nitrogen-based species
are formed and transferred to the solution that can lead
to lower pH value of the solution and increased electrical
conductivity [113]. From several experimental studies,
it has been found that the presence of pure oxygen in
the feed promotes faster OMPs degradation due to the
production of the greater amounts of short and longliving reactive oxygen species [71,74,155]. The negative
side of using the noble gases (especially helium) is their
price and need for a more complex system for decontamination. One of the solution is to use the cheaper working gas (for example Ar) and to recirculate it within
the system [30,156].
We can see that direct comparison of the diﬀerent types of plasma devices is not straightforward.
Too many parameters are inﬂuencing the eﬃciency of
the decontamination and it does not depend only on
the type of the plasma device used. Of course, with
increase of the power deposited to the discharge one
can achieve higher decontamination eﬃciency regardless of the device type [101,108] Corona discharges have
the advantage of not using the additional working gas
(APPJs and DBD plasma systems mostly use them).
But the corona pin type discharges are usually low volume discharges. As we mentioned above that is a setback that can be overcome. Similarly with the APPJs if
one uses recirculation of the working gas (for example
Ar) the eﬃciency is obtained and the overall price is still
manageable. All of these issues need to be addressed
in order to be able to upscale the plasma systems in
order to use them in large installations. Unfortunately,
there is no deﬁnite conclusion which type of plasma
device is the most eﬃcient one especially when we take
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into account the type of the pollutant that needs to be
decontaminated.
The same experimental conditions diﬀerent compounds show diﬀerent treatment results, which revealed
that each target compound behaves diﬀerently when
they come in contact with the plasma [10,30,117,157].
The authors reported that the same plasma device cannot degrade various OMPs to the same extent, therefore diﬀerent compounds demand diﬀerent plasma conditions for degradation. Attri et al. [116] have noticed
diﬀerent degradation results at the same experimental
condition during the treatment with three organic dyes
(methylene blue, methyl orange and congo red dyes) by
using argon APPJ. A study conducted by Banaschik
et al. [128], where 7 diﬀerent pharmaceuticals (carbamazepine, diatrizoate, diazepam, diclofenac, ibuprofen,
17a-ethinylestradiol, trimethoprim) were treated by
pulsed corona discharge, while plasma occurs directly
in aqueous solution. It was found that diclofenac
and ethinylestradiol were almost completely degraded,
whereas other compounds were not destroyed completely at the same plasma conditions. It was claimed
that reactivity between compound and ozone was significantly slow. In the case of pesticides, almost the same
dissimilarity is obtained between diﬀerent pollutants
while treatment with the same plasma conditions [139].
Degradation depends on the nature of compounds (e.g.
functional group, molecular structure, etc.). Some persistent organic compounds are not very responsive to
all plasma-generated reactive species (H2 O2 , O3 , etc)
due to their chemical stability [30,69,128]. Some pollutants are hydrophobic and they accumulate at the
surface which leads to an increase in their concentration compared to average bulk concentration [91,157].
In this case proper mixing is required in order to transfer the reactive species into the bulk liquid and to avoid
the consumption of reactive species by pollutants at the
surface. In such cases, plasma reactor with a conﬁguration where reactive species generated over large surfaces (e.g. thin falling ﬁlm with continuous recirculation) could be more eﬃcient for degradation [125,127].
The presence of impurities in the water sample can
diminish the interaction of plasma-produced reactive
species and target molecules in the liquid. For example, higher degradation of OMPs were observed in pure
water than tap water and other water samples with
impurities [94,136]. This eﬀect is due to the interaction
between plasma generated chemically active species
with minerals and some organic substances present in
tap water. Lower solution pH (acidic conditions) and
lower electrical conductivity of the sample seem to
enhance the decomposition of most pollutants due to
the faster reactivity of reactive oxygen species in such
a liquid environment [105,148]. However, a decreased
pH is often not desirable in environmental applications.
The eﬀect of increased solution temperature was shown
to have a positive inﬂuence on the degradation [113]
due to the faster reactivity of plasma-generated reactive species.
When it comes to chemical kinetics and decomposition rates, general degradation of OMPs in most of
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the experiments followed the ﬁrst-order kinetic model
with diﬀerent applied voltage, plasma power, initial
pollutant concentration [90,108,129,147]. Additionally,
a few zero-order degradation kinetics have also been
present in the case of the treatment of dichlorvos and
dimethoate by DBD plasma where the air plasma was
formed over the solution [147]. The ﬁrst-order rate
kinetics indicates that the degradation of OMPs is
directly proportional to the initial concentration of
OMPs. On the other hand, the zero-order kinetics
means that the degradation of OMPs is independent
of the initial concentration of OMPs. Generally, zeroorder kinetics occurs where all reactive species react
with OMPs, especially at a higher initial concentration.
Degradation pathways were analyzed by many
authors using various tools such as liquid or gas
chromatography coupled to mass spectrometry (LCMS, GC-MS) and nuclear magnetic resonance spectroscopy (NMR) enabling identiﬁcation of typically
several transformations products [45,134,142]. Generally, such studies show similar degradation patterns
obtained with plasma treatment in comparison to the
other oxidative water treatment processes. Unlike other
oxidation processes, the study of transformation byproducts provided also evidence for reductive pathway
occurrence in plasma treatments, which is an uncommon and potentially useful feature of plasma-driven
degradation processes [142]. For example, reductive
processes can contribute to the degradation of perﬂuorinated compounds, a group of compounds of major
environmental and human health concern [158].
A synergetic combination of heterogeneous catalysts
and plasma reactors has been proposed as another innovative approach and recommended for eﬃcient OMPs
degradation [114,148]. In all synergetic experimental
setups, adding the catalyst had a beneﬁcial eﬀect on the
eﬃciency of the decomposition process. The most commonly used catalyst with a combination of plasma reactors are TiO2 nanoparticles, and these systems showed
better performances than systems with plasma only.
The increased decomposition with the addition of TiO2
catalyst in the solution is ascribed to the formation of
hydroxyl radicals due to photocatalytic reactions on
the surface of TiO2 in the presence of plasma generated ultraviolet radiation. Therefore, the degradation
of OMPs can be signiﬁcantly improved by the addition
of TiO2 . On the other hand, there a few drawbacks
associated with catalyst implementation. For example,
if the catalysts are added in the form of a slurry then
the separation step must be needed to remove them
from the treated water for safety concerns.
The energy yield is an important, but complex factor in cold plasma-based wastewater treatment and it
depends on several factors (applied power, geometry of
the plasma device, plasma volume/surface, working gas
that is used etc.). The energy yield is mostly expressed
in milligrams or grams/kilowatt-hour (mg or g/kWh)
and represents the energy (kWh) needed to eﬀectively
eliminate the amount of (mg or g) of OMPs from water
[118]. Unfortunately, not all the papers published on
the plasma decontamination have reported the energy
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yields or data necessary to calculate this value. Generally, various authors suggest that a higher energy
yields were obtained with pulsed corona and pulsed
DBD plasma when discharge takes place in oxygen at
the gas-liquid interface [30,71,115,118,122,143]. Based
on the covered literature and available data, the energy
yields for cold plasma-based wastewater treatment systems are in the range of 1 mg/kWh – 12.24 g/kWh for
organic dyes, 0.13 mg/ kWh – 105 g/kWh for pharmaceuticals and 1.22 mg/kWh – 5.1 g/kWh for pesticides.

4 Conclusions
Cold plasma technology-based AOPs is a fast emerging ﬁeld of research aiming to eliminate a wide variety
of non-biodegradable OMPs from water. In this article,
we reviewed various types of cold atmospheric plasma
devices with diﬀerent operating parameters employed
for the degradation of diﬀerent OMPs (organic dyes,
pharmaceuticals, and pesticides) in wastewater. It was
found that many parameters can inﬂuence degradation,
including plasma source, reactor conﬁguration, plasma
gas, type of discharge, target compound, and so on.
Since many diﬀerent experimental setups are exploiting
a variety of plasma sources, for proper comparison one
needs to involve plasma, sample and treatment characteristics.
Overall, it is evident from previous investigations
that the cold atmospheric plasma systems showed the
potential and innovative route for an eﬀective degradation and complete mineralization of OMPs which cannot successfully be removed by conventional treatment
methods. A speciﬁcally distinctive feature of plasma
chemistry is that simultaneously oxidative and reductive contaminant transformation processes can occur.
Therefore, treatment with cold plasma could be an
attractive, valuable, and versatile tool for future applications of OMPs removal from wastewater.
However, the authors would like to highlight that
there was a lack of information in the majority of
papers related to experimental parameters, such as
the exact amount of power consumption in order to
generate the plasma, sample volume, initial solution
pH, solution conductivity, solution temperature, etc.
These parameters can have a signiﬁcant eﬀect on the
degradation of OMPs. Speciﬁcally, they are needed
to assess thoroughly decontamination process performance beyond simple criteria such as the degree of
removal achieved. Widely accepted parameter suitable
for comparing between diﬀerent wastewater treatment
methods, the energy eﬃciency, in the case of plasma
treatment is not only the function of plasma sources
and reactor conﬁgurations but it is also dependent on
the electrical property of the sample. This entanglement
hinders the straight-forward calculation of the parameter and therefore energy eﬃciency of the plasma sources
could not be discussed in this paper. Apart from this,
there are several other factors inﬂuencing the eﬃciency
of the plasma process, including types of pollutants,
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chemical structure, concentration, initial pH, the ability of the water matrix to scavenge reactive species,
mode of discharge, working gases, applied voltage characteristics, etc. We hence would like to conclude that
for the ﬁeld of wastewater treatment with plasma to
further evolve and allow for objective comparisons, a
more methodological approach to the characterization
of experimental systems should be developed.
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(2020)
A. Zille, F.R. Oliveira, A.P. Souto, Plasma Process.
Polym. 12, 98 (2015)
C. Bradu, K. Kutasi, M. Magureanu, N. Puač, S.
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