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ABSTRACT Water quality improvement and collecting safe water are two of the paramount concerns in
today’s world. Numerous water treatment and pollutant removal processes are introduced that vary with
the type of pollutants. Among the proposed pollutant degradation methods, pulsed power is one of the
effective methods that can be applied not only to degrade a wide range of contaminants but also to address
the environmental issues associated with water treatment chemicals. The effectiveness of the pulsed power
technology in water treatment was studied for a wide range of pollutants including microorganisms, nutrient
pollution, emerging pollutants, and organic pollutants. This paper presents a review of pulsed power systems
developed for organic and inorganic pollutants degradation in different water treatment applications. Also,
it presents the effectiveness of several factors like the electrical characteristics of the pulse voltages and
treatment time on degradation rates of different pollutants.

INDEX TERMS Water treatment, pulsed power systems, advanced oxidation method, decontamination.

I. INTRODUCTION
With respect to recent climate changes, efficient collection
and storage of water are essential but not enough. The lack of
efficient water treatment can result in environmental pollution
and cause risks to human health. Drinking water shortage
is one of the major threats to human lives throughout the
world. Providing safe drinking water and maintaining a clean
water environment are critical issues and need to be addressed
properly using efficient and cost-effective treatment methods.

Compared to conventional water treatment technologies
such as using chemical and antimicrobial additives, pulsed
power technologies provide more benefits owing to several
physical and chemical reactions occurring during the treat-
ment process that makes these technologies more effective
for the treatment of a wide range of pollutants [1]–[8].
In pulsed power systems, ultra-violet (UV) radiation, shock
waves, charged particles, and free radicals can be gener-
ated due to plasma discharges. Water discharges and pulsed
electric fields are mainly used for bacterial inactivation in
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water [9]–[11]. Electrical discharges in water and at
water surface facilitate the destruction of the water pollu-
tants [12], [13]. Generally, three electrical discharge systems
have been used for water treatment: pulsed discharge plasma
system, pulsed corona discharge system and dielectric bar-
rier discharge system [14]. The UV radiation is generated
by corona and arc discharge in water, where it can pro-
duce hydrogen peroxide and hydroxyl radicals and facilitate
water decontamination process [15]–[19]. In conventional
UV water treatment systems, low-pressure mercury lamps
were used to emit germicidal radiation [20]. Low-pressure
mercury lamps can generate several emission lines under
100-200 Pa pressure. Among these emission lines, only two
of them are in the UV region with a wavelength of 185 and
254 nm and most of the emission lines are outside the micro-
bial inactivation region. Compared to low-pressure mercury
lamps, medium-pressure mercury UV lamps can produce
several broad emission lines with higher light intensity under
hundreds of kPa mercury pressure. Both low and medium
pressure mercury lamps emit UV radiation continuously.

The ozonation process is widely used for drinking water
and wastewater treatment [21], [22]. To improve ozone
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generation efficiency in the air, electrical discharges are usu-
ally used. The ozone generation can be influenced by several
factors like input power, the discharge gap, the duration of
applied voltage pulses and water vapor formed above the gas-
liquid surface. With higher input power, a larger discharge
gap, narrow high voltage pulses, and a thin layer of water
vapor, ozone generation efficiency can be improved [23].

In the recent generation of the pulsed power systems, repet-
itive pulses with a moderate peak power are generated [24].
Conventional pulsed power generators (PPGs) generate high
power pulses, hundreds kW (few hundred kV and few kA),
with narrow pulse width (few ns). However, repetitive PPGs
generate medium power pulses (few kW) with small duration
(hundred µs- few ns) and a few hundred Hz to few kHz
repetition frequencies. Repetitive PPGs benefit from high
reliability, smaller size and lower maintenance compared to
conventional PPGs [25]. Semiconductor switches and mag-
netic switches are usually used to improve the performance
of PPGs [24], [26]–[28].

Pulsed discharge plasma is one of the effective meth-
ods introduced for water treatment. Generally, the proposed
plasma water treatment methods can be classified as a remote
plasma method, indirect plasma method, and direct plasma
method. For the remote plasma method, the high-pressure
plasma reactor is used to generate different hydroxyls and
ozone to be injected into liquid samples [29]. Gas dis-
charge lamps are usually utilized in indirect plasma meth-
ods to generate UV for water/liquid treatment. For direct
plasma method, pulsed arc and corona discharges are usu-
ally occurred in contaminated water/liquid resulting in free
radicals and ion generation [30]–[32].

In the pulsed corona systems, pulsed power supplies are
utilized to generate high power pulses (>100 kW) with oper-
ating frequency of (100-1000 Hz), nanosecond order voltage
rise time and short duration (<µs). In the pulsed arc dis-
charged system, the operating frequency is lower than the
corona system (10−2-10−3 Hz) and the maximum amplitudes
of the voltage and the current are >1 kV and >1 kA, respec-
tively. A large energy capacitor is charged by a high voltage
pulse with a microsecond rise time and is discharged directly
into the water [33]. Among the electrical discharge systems
proposed for water treatment, the pulsed corona discharge
system in water demonstrated a better effect on the degrada-
tion of organic water pollutants [34]. Water surface discharge
(WSD), in the form of pulse corona or streamer discharge on
the water surface, has been proposed for effective microor-
ganism decontamination, degradation of hazardous organic
compounds, and treatment of harmful algal blooms [13], [35].
The advantage of this method is a simultaneous contact of
the discharge plasma with gas and liquid molecules. Atmo-
spheric WSD combines the gas phase discharge formed on
the water surface with the liquid discharge, without requiring
any additional supplementary gas [36]. WSD initiates several
physical and chemical processes, resulting in intense EFs,
UV emission, shock waves, and reactive radicals, ions, and
molecular species in the air at the surface and in the water.

Primary radicals or ions generated in the gas-liquid inter-
face are injected into the water to react and form secondary
molecular species, e.g., OH radicals, H2O2, and ozone,
which are very efficient to degrade organic pollutants in
water [36]–[39].
In a dielectric barrier discharge (DBD) system, the electri-

cal discharges occur between two electrodes. One of these
electrodes is covered by a dielectric material; i.e. water in
water treatment application. An inelastic collision between
free electrons is generated in the discharge gap due to an AC
voltage, which consequently results in ionizing an ambient
gas molecule and generating more free electrons. With more
free electrons, an electron avalanche (streamer) will be pro-
duced that has high energy. Water pollutants will be degraded
by free radicals and ions produced through plasma chemical
reactions initiated by the energetic electrons [34].
The electric fields induce a transmembrane voltage on the

biological cell that will result in electropermeabilization of
the bacterial cell membrane and consequently decontamina-
tion of bacteria. For a spherical cell, the relationship between
the induced transmembrane voltage and applied electric fields
is given by Schwan’s equation shown by Eq. 1 [40], [41].

1∅ = 1.5ERcosθ (1)

where 1∅ is the induced transmembrane voltage, E is the
applied electric field, R is the radius of the cell and θ is
the polar angle between the charged surface in respect to the
center of the cell.

In this paper, several pulsed power water treatment systems
are reviewed and compared for the treatment of water con-
taminated with a wide range of pollutants including microor-
ganisms and organic compounds. The rest of this paper is
organized as follows: The pulsed power technology is intro-
duced in section II. Several pulsed power systems developed
for microorganism degradation are presented in section III.
In section IV, organic compounds degradationmethods devel-
oped based on pulsed power technology are discussed. Dye
decomposition techniques, persistent organic pollutants, and
pharmaceutical compounds degradation methods are pre-
sented in sections V, VI, and VII, respectively. Section VIII
presents a few more pulsed power wastewater treatment
methods developed for the degradation of compounds that
are not listed in the aforementioned sections such as calcium
carbonate, NO and N-dimethyl-p-nitrosoaniline. Finally,
a conclusion is drawn in section IX.

II. PULSED POWER TECHNOLOGY
The technology of accumulating energy on capacitors and
inductors over a relatively long period of time and releasing
it over a very short period of time is known as pulsed power
technology. Compared to multilevel converters by which
the stored energy on DC link capacitors is released over
multiple steps and generate staircase pulses [42], in the pulsed
power system, the released energy is usually in the form of
high-power unipolar or bipolar pulses [43]. A typical high-
power unipolar pulse generated by a pulsed power system is

150864 VOLUME 7, 2019



N. Ghasemi et al.: Review of Pulsed Power Systems for Degrading Water Pollutants

shown in Fig. 1. Although the power of the generated pulses is
very high, around a few GW, their energy is very low, around
a few J. In addition to the amplitude of the generated pulses,
other electrical characteristics of the pulses like repetition
rate, rise time, pulse duration, and the number of pulses play
critical roles in the pulsed power applications [44], [45].
This is an emerging technology used for a wide range
of applications including defense, food processing, liquid
treatment, surfactant infection, bacteria inactivation, material
processing and plasma medicine [24], [46]–[48].

FIGURE 1. A typical high-power pulse generated by a pulsed power
system.

When the generated pulses are applied to liquid and
gas samples, plasma is produced that consists of charged
and neutral particles like electrons, excited species, and
ions. Generally, two different types of plasma are usually
generated, thermal and non-thermal plasma. The thermal
plasma is used for nuclear fusion and welding applications.
However, non-thermal plasma is usually used for biomedical
and environmental applications and includes plasma jets,
corona discharges and dielectric barrier discharges (DBDs).
The non-thermal plasma is based on chemical and physical
reactions and results in biologicals effects and production of
some biocidal agents such as electric fields (EFs), reactive
chemical species, ultraviolet radiation (UV), heat and shock
waves [46], [49]. The EFs are generated when high voltage
pulses with short duration are applied across two electrodes
placed on both sides of the sample. The pulsed EF showed
great potential to be applied as an effective method for indus-
trial and bioelectric applications such as food pasteurization
and medical electroporation treatments [24], [46]. Several
reactive species like OH radicals, ozone, and hydrogen per-
oxide can be formed in gas-liquid phases in a treatment
system when plasma discharges are applied [50], [51]. With
plasmas occurring in the gas phase above the liquid surface,
the reactive species are formed, penetrated and dissolved into
the liquid and facilitate the chemical and biocidal processes.
However, with the plasma discharges generated in the liquid
phase, physical processes like EFs, shock waves and UV
highly contribute to the biocidal process in addition to chem-
ical effects. The high oxidizing properties of these reactive
species make them potential candidates for facilitating the
decontamination/treatment processes.

The UV radiation is produced by the gas phase and under-
water plasmas. The UV radiation with less than 300 nm

wavelength was found to be an effective process for germi-
cidal actions [18], [52]. The intensity of the UV produced
from high voltage and high current arc discharges in water
was found to be of the order 1 MW/cm2 that is strong enough
to inactivate most of the microorganisms in water [46].
Depending on the plasma energy, the thermal effects can be
significant or moderate. For instance, for surface treatment
of heat-sensitive materials, low energy plasma is used how-
ever for electrosurgery applications, high energy plasma and
moderate thermal effects are more desirable. A portion of
the underwater energy discharges converts to the shock wave
formed in water. Shock waves have been used in several
applications not only for bacteria inactivation but also for
kidney stone disintegration, bone and tissue healing and pain
treatment [46].

The shape of utilized electrodes and the electrical charac-
teristics of the pulses (such as frequency, the amplitude of the
voltage and pulse width) can affect the plasma phenomena
which happens in the system. Plasma jets are highly used in
biomedical applications because of their capability in extend-
ing the plasma to most regions, even the ones that are not
confined by electrodes and dielectrics. For corona discharges,
point-to-point, point-to-plane, and concentric rod-to-cylinder
electrodes are usually used that lead to forming a sharp non-
uniform field near one or both electrodes. Corona discharges
occur when the localized field near electrodes is stronger than
in the rest of the gap between the electrodes. DBD discharges
can be achieved over a wide range of frequency (50Hz- Radio
Frequency) using two electrodes that at least one of them is
covered by dielectric layers. A charge accumulates on the
dielectric when a high voltage sinusoidal signal is applied to
the electrodes and that results in generating a large number
of micro discharges that are beneficial for biomedical and
industrial applications like surface sterilization [46].

III. MICROORGANISMS DEGRADATION
Pulsed power systems were found to be an effective treatment
method not only for industrial wastewaters but also for hospi-
tal and residential wastewaters. Non-thermal plasma is one of
the effective methods introduced for microorganism inactiva-
tion and water disinfection and decontamination [53]–[55].

A. E. coli INACTIVATION
Escherichia coli (E. coli) is one of the most harmful bac-
teria that is widely found in wastewaters. Several treat-
ment methods have been proposed for (E. coli) inactivation
like using mercury lamps, a pulsed xenon flashlamp, and
non-thermal plasma. In comparison with mercury lamps,
pulsed xenon flashlamp can emit several strongUV radiations
under 50-100 kPa xenon pressure and pulsed conditions.
A pulsed xenon flashlamp was used in [56] to provide high
energy UV radiation with a broadband emission spectrum
for Escherichia coli (E. coli) inactivation. A pulsed power
source was utilized to produce high power pulses to drive
the flashlamp. In this system, a 40 µF capacitor was first
charged to store 20 J of energy and then discharged through
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the flashlamp within 30 µs. Driving the flashlamp by several
narrow pulses resulted in generating high energy UV radi-
ation. The experimental results revealed that the germicidal
efficiency of pulsed UV radiation is a function of the wave-
length. The short duration and high-power characteristics of
the pulsed UV sources make them potential candidates for
rapid disinfection. A needle to plate electrode configuration
was used in [15] for E. coli inactivation in aqueous solutions
using UV radiations generated by corona discharges. The
initial amount of viable E. coli bacteria was 105 CFU/ml
and the volume of bacteria solution was 1600 ml. Potassium
ferrioxalate actinometry was utilized for quantitative analy-
sis of ultraviolet radiation. In this regard, several solutions
with different conductivities (100-500 µS/cm) and pH values
(2.8-3) were prepared. The needle electrode was made of
tungsten wire and energized by high voltage pulses with the
amplitude ranging from 17-29 kV and repetitive frequency
of 0-100 Hz. The experimental results showed that increasing
solution conductivity and the applied voltage resulted in UV
radiationwith stronger intensity. On the other hand, for higher
solution conductivity the yield H2O2 decreased because of
increasing photolysis of H2O2. The E. coli concentration
decreased by four orders of magnitude after 15 min treatment
using 23 kV pulsed voltage with 50 Hz repetition frequency.

Pulsed electric fields were also introduced as an effec-
tive means to degrade bacteria like E. coli [57]. The results
presented in [57] showed that for the applied pulses with
60 ns, 300 ns and 2 µs duration, 164 kV/cm, 107 kV/cm
and 66 kV/cm electric fields were required respectively for
one log reduction of E. coli in 0.1 cm3 of tap water. As it
is discussed in [58], the strong electric field and narrow
high voltage pulses are the most effective factors for bacteria
decontamination.

A continuous treatment chamber including two high volt-
age and ground electrodes was designed for E. coli and
Bacillus subtilis (B-subtilis) spore inactivation [58]. The
designed treatment chamber is shown in Fig. 2. The volume of
the treatment area in the chamber was 2.8 – 4.75 ml and the
flow rate was 0.25 L/min. The effects of all critical factors
including electric field intensity, pulse shape and duration,
treatment time and temperature on E. coli and B-subtilis

FIGURE 2. Coaxial treatment chamber for E. coli and B-subtilis spores
inactivation [58].

spores inactivation were studied. The initial concentration
of the bacteria strains was 105-106 CFU. In the designed
system, magnetic pulse compressor was utilized to increase
the repetition rates of the high voltage pulses. For E. coli
inactivation, 19 kV pulses with a duration of 200 ns full-
width at half-maximum (FWHM) and 110 kV/cm electric
field were applied that resulted in 3-4 log reduction in E. coli
viability. Also, it was shown that 1.5 mm change in the
electrode gap led to one log reduction in E. coli viability.
The investigation on the relationship between pulse repetition
rate and E. coli viability revealed that with higher repetition
rate lower E. coli viability was achieved. For instance, with
45 pulses, E. coli viability decreased by one order of magni-
tude whereas, with 70 pulses, it reduced by four orders of the
magnitude. In addition to pulse repetition rate, higher electric
field, 110 kV/cm resulted in higher inactivation rate, 4 logs
reduction in E. coli viability. One log reduction achieved for
B-subtilis spores using 110 kV/cm electric field and 19 kV
pulses with a duration of 200 ns full-width at half-maximum.

An E. coli inactivation system was developed in [59] using
a three-phase discharge plasma reactor that was energized by
a bipolar pulsed power supply. The developed three-phase
reactor consisted of a high voltage electrode that was not
in direct contact with water and a ground electrode. The
utilized pulsed power supply has a capability to generate
pulses with the amplitude between 0-100 kV (peak-peak)
and with a repetition frequency of 1-200 Hz, the rise time
of 40-100 ns, and pulse width of 500-1000 ns. In this study,
it was shown that the strong electric field, formed active
species and the pH of the solution are more critical factors
for facilitating the inactivation process whereas solution con-
ductivity is less effective. The experimental results revealed
that for 250 ml solution contaminated with E. coli with a
concentration of 106 CFU/ml it took about 5 min to achieve
98.5% inactivation efficiency using 50 kV pulses with 50 Hz
repetition frequency and with 910 µS/cm solution conduc-
tivity. Also, it was illustrated that under the same electrical
conditions, the inactivation efficiency reached about 96%
when the pH of the solution was 7.26 (alkaline solution).

The effect of nanosecond pulsed electric field on the E. coli
inactivation was studied in [60]. For conducted tests, E. coli
bacteria (with an initial concentration of 1012) was added
to one liter of salty water with a conductivity of 0.02 S/m.
The water solution was injected into a treatment cham-
ber equipped with two stainless steel electrodes placed in
parallel. The diameter of both electrodes was 15mm and
they were separated by a 2mm gap. The utilized pulse
generator generated pulses with 20 kV amplitude, 1 Hz
frequency, 60 ns duration, and 20 ns rise time to excite the
high voltage electrode. The number of pulses was changed
between 100 and 500. It was shown that the nanosecond
PEFs could affect the E. coli membrane permeability and
reduce the viable E. coli resulting in one log reduction using
500 pulses.

Pulsed dielectric barrier discharge (DBD) reactor is used
in numerous applications to produce non-thermal plasma
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for water purification. In [61], a wire-cylindrical discharge
plasma reactor was developed to inactivate E. coli in 250 ml
water solution. Glass pellets and air bubbling have been uti-
lized to facilitate the water treatment process and increase the
treatment efficiency by generating strong UV radiation and
more chemically active species likeO3, H2O2, OH andO. The
inactivation efficiency increased to 99.98% after 25 min of
treatment using bipolar pulsed DBD at 40 kV and 50 Hz and
air bubbling with an airflow rate of 0.75m3/h. Fig. 3 shows
the schematic diagram of the developed system for E. coli
treatment.

FIGURE 3. Schematic diagram of the developed system for E. coli
treatment [61].

The electric field, shock waves, ozone and active species
caused by streamer discharges generated in water massively
contribute to the decomposition of pollutants and microor-
ganisms. Having said that, the streamer discharge method is
known as one of the effective methods proposed for water
decontamination.

A water disinfection system was developed in [62] to
treat 50 ml water sample contaminated with E. coli bacteria
with a concentration of 107 cells/ml using a pulsed streamer
discharge system. As shown in Fig. 4, a needle plate is
used for streamer discharge. A discharge free transformer,
a high voltage diode and rotating spark gap switch were
used to generate a high voltage AC signal, high voltage
DC signal and high voltage square pulses, respectively. The
experimental results revealed that the treatment time, applied
voltages and alkalinity are the most effective factors that can
change the treatment efficiency. Also, it was shown that the
treatment time decreased significantly, when the number of
pulses, the amplitude of the applied voltage and the operating
frequency were increased. For 7 log reduction of E. coli,
23 kV pulses with a frequency of 25 Hz, 0.4 µs rise time and

FIGURE 4. Pulsed power system with needle plate configuration for water
disinfection [62].

17 ms duration were applied that resulted in 100% E. coli
reduction after 10 min of treatment.

A corona discharge reactor including multiple tungsten
electrodes with a needle plane configuration was utilized
in [63] for E. coli degradation that is shown in Fig. 5. In this
system, a transformer is used to increase the input voltage
that is then rectified through a high voltage diode. Square
pulses are generated using a rotating spark gap, and its switch-
ing speed determines the duration of generated pulses. The
plasma treatment caused deformations of bacteria membrane
and E. coli cell devastation. The results illustrated that all
E. coli cells were totally degraded (7-log reduction) after
6 min treatment applying 23 kV pulses with a frequency
of 25 Hz.

FIGURE 5. E. coli treatment system with multiple electrode reactor with a
needle plane configuration [63].

A pulsed corona supply was designed including a tungsten
wire electrode to degrade E. coli and Bacillus subtilis bacteria
in 10 ml water and vegetative state respectively [64]. The
wire reactor generated corona discharges when it is excited
by 120 kV pulses with 0.1 Hz frequency and a duration
of 600 ns. After eight and fifteen corona discharges E. coli
concentration dropped by about three and four orders of the
initial concentration, respectively.

To decrease B. subtilis concentration in the vegetative
state down to 10−4 of its initial concentration, 30 corona
discharges were required. In addition, a plane-to-plane elec-
trode was utilized to generate a homogeneous electric field
for E. coli decontamination. Compared to the pulsed water
corona dischargemethod, the degradation efficiency achieved
by using the pulsed electric field was lower.

A gliding arc reactor consisting of two stainless steel elec-
trodes shown in Fig. 6 were used to generate arc discharges
that resulted in producing low power non-thermal plasma
used for E. coli colonies inactivation [65]. A portable fly-
back pulsed power supply was utilized. The amplitude and
frequency of the generated pulses were 20V and 250Hz,
respectively. The water sample was sprayed through low
power pulsed gliding arc discharge to enhance E. coli inac-
tivation. Classical colony counting method was used to quan-
tify the inactivated E. coli colonies. The results showed that
after 2 min treatment, E. coli colonies were reduced by
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FIGURE 6. Gliding arc reactor developed for E. coli inactivation [65].

4 logarithmic units by spraying the water sample through
plasma using air/ argon as carrier gases. Also, it was illus-
trated that when bacteria were in adherent phase, increas-
ing the gas flow rate led to H2O2 reaction and penetration
enhancement and consequently higher E. coli inactivation
rate.

A multiple-needle-cylinder reactor was designed to gen-
erate unstable pulse arc discharges for treatment of 300 ml
deionized water contaminated with E. coli [66]. In the devel-
oped system, a microsecond pulse generator was used to
generate 20 kV pulses with 100 Hz frequency and energy
of 0.2 J/pulse. The duration of the main pulse was 150 ns.
Several experimental tests have been conducted to study the
effect of electrode gap distance, different electrical parame-
ters and solution characteristics on E. coli inactivation effi-
ciency. The experimental results showed that with 5 mm
electrode gap distance, the plasma energy density of 8 J/ml,
water conductivity less than 50µS/cm and 3.5 L/min air bub-
bling flow, 100% E. coli decontamination rate was achieved
after 5 min. In addition, it was shown that among the exam-
ined parameters, energy density has the highest impact on the
E. coli inactivation rate.

A wastewater treatment system was developed in [67] to
disinfect a water solution (10 ml) contaminated with E. coli
and Enterococcus faecalis (E- faecalis) as a gram-negative
and gram-positive bacteria, respectively. Spark discharge
plasma was generated using two needle electrodes. High
voltage pulses with an amplitude of 10 kV and a frequency
of 30 Hz were generated to excite the high voltage electrode.
Electric field and H2O2 molecules were produced through
plasma reaction process and effectively contributed to E. coli
and E. faecalis inactivation. Compared to these two fac-
tors, pH was not an effective factor for bacteria inactivation.
The initial concentration of E. coli and E. faecalis cell was
108 CFU/ml. The complete inactivation of E. faecalis was
achieved after 12 min of treatment; however, longer treatment
time (15 min) was required for E. coli inactivation because of
the complex structure of gram-negative bacteria. The results
showed that as the treatment time goes by, the nitrate and
nitrite concentration increased that could be a side effect of
the proposed method.

B. LEGIONELLA PNEUMOPHILA MICROBES
INACTIVATION
Legionella pneumophila is commonly found in natural and
manufactured water systems that may cause lung infections
and pneumonia especially in aged people with weak immune
systems. Treatment of the Legionnaire’s disease can be a
time-consuming process and patients may require intensive
care. Therefore, the prevention of these diseases is necessary
and can be accomplished by disinfecting the water systems.

Two disinfectionmethods were proposed in [68] for decon-
tamination of Legionella pneumophila microbes. For pulsed
corona disinfection method, high voltage pulses with an
amplitude of +80 kV, 20 Hz frequency, 140 ns pulse dura-
tion, and 20 ns rise time were generated by a Marx-Bank
pulse generator to produce plasma at the electrode/liquid
interface using a tungsten high voltage electrode. This
method resulted in 100% bacterial decontamination and no
Legionella colonies were found after 12.5 min of the treat-
ment. The pulsed electric field was also introduced as an
effective disinfection method for this application. In this
system, the electric field was generated along the wire by
applying -80 kV pulses with a frequency of 20 Hz and 240 ns
duration. Compared to plasma treatment, all Legionella
colonies were not totally removed after 25 min of treat-
ment time and the decontamination rate was decreased (the
viable cell population was 2.54 CFU/ml) by PEF treatment.
In comparison to the pulsed electric field, for the same input
energy, pulsed corona plasma was found to be more efficient
decontamination method.

C. PSEUDOMONAS BACTERIA
A colony of microorganisms that are attached to surfaces like
piping is known as biofilms that can cause problems in human
health and ecosystems. Pseudomonas bacteria is a common
bacteria that can be found in water, soil, and plants [69].
Biofilm formation of Pseudomonas bacteria on the surfaces
of drinking water reservoirs and pipes can be a major threat to
human health and effective disinfection methods are required
for inactivation and removal of the microbial biofilms.
Different studies showed that pulsed power systems can
effectively affect this type of bacteria and can be a poten-
tial replacement for chemical disinfection methods used for
hospital wastewater treatment.

1) PSEUDOMONAS FLUORESCENS AND SPORES OF
BACILLUS CEREUS
Two pulsed electric field and pulsed corona discharge sys-
tems have been designed in [70] for treatment of liquids
and air contaminated with microorganisms. The effects of
pulsed electric fields and corona discharges on inactivation
of Pseudomonas fluorescens (gram-negative bacterium) and
spores of Bacillus cereus (gram-positive bacterium) have
been studied. The generated pulses had these specifications:
100 kV amplitude, 10 ns rise time, 150 ns duration, the rep-
etition rate of 1000 pps. The experimental results showed
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that with 70 kV/cm electric fields generated in liquid, for
one log reduction of Pseudomonas fluorescens and Bacillus
cereus, 85 kJ and 500 kJ energy should be delivered per liter
of these solutions, respectively. Compared to pulsed electric
fields, corona discharges occurring in a liquid medium was
a more efficient process by which lower energy (25 kJ/L)
was required for one log reduction of both gram-positive and
gram-negative bacteria. For corona discharges occurring in
the air, the efficiency of 2 J/L per log reduction was reported.

2) PSEUDOMONAS PUTIDA
A pulsed electric field treatment system was developed
in [71] to treat the hospital wastewater sample consist-
ing of pathogenic and antibiotic-resistant bacteria. The
Pseudomonas putida with a concentration of 108 CFU/ml
was suspended in a water solution and used as a reference
bacterium. The developed system generated pulses with an
amplitude of 20 kV, a duration of 600 ns and frequency
of 0.3 Hz to energize the electroporation cuvettes with the
volume of 400 µL that were filled with wastewater samples.
This system could reduce the Pseudomonas putida popula-
tion by 3.6 logs of CFU using 10 pulses without increasing
genotoxicity in hospital wastewater or generating genotoxic
byproducts in tap water. The maximum bacteria reduction
achieved was 6 log of CFU using 120-200 pulses.

D. MICROBIAL PATHOGENS DECONTAMINATION
A high voltage pulsed-plasma gas-discharge system was
developed in [72] to inactivate the microbial pathogens in the
poultry wash water. The proposed system could affect a wide
range of microbial pathogens in poultry wash water including
E. coli, Campylobacter jejuni, Campylobacter coli, Listeria
monocytogenes, Salmonella enterica serovar Enteritidis and
S. enterica serovar Typhimurium, all with an initial concen-
tration of 108 CFU/ml. The developed system that is shown
in Fig. 7 included one stainless steel grounded electrode,
a coaxial high voltage electrode and eight pulse forming
lines to generate high voltage pulses. The charging voltage
of the pulse forming line was 23.5 kV and pulse rate was
124 pps and the energy per pulse was 3.7 J. The outcomes
of the experimental results showed that with this treatment
system, the populations of microbial pathogens were reduced

FIGURE 7. Pulsed-plasma gas-discharge system for poultry wash water
microbial pathogens inactivation [72].

significantly (≤ 8 log CFU/ml) within 30 s treatment time
at 4 OC.

E. CYANOBACTERIA CELLS DESTRUCTION
A pulsed streamer discharge system was developed in [73] to
degrade the M. aeruginosa cells. M. aeruginosa is one type
of cyanobacteria. As illustrated in Fig. 8, a grounded cylinder
electrode and a stainless needle discharge electrodewere used
to generate streamer-like discharge. The needle discharge
electrode was excited by 160 kV pulses with 2 µs duration
generated by a Blumlein-type pulse forming network. The
pulsed power generator consists of a DC source, a pulse
transformer, a spark gap switch, and 15 LC ladder stages.
The discharge current through the discharge chamber and
the applied energy were 500 A and 83J/pulse, respectively.
It was shown that shockwave and discharge current were
two effective factors for cyanobacteria cells destruction and
M. aeruginosa sediment was formed and settled at the bottom
of the chamber after 2 hours of treatment time.

FIGURE 8. Pulsed streamer discharged system (a) discharge chamber,
(b) pulsed power generator [73].

An underwater plasma discharge device shown in Fig. 9
was developed in [74] using 12 2mm-tungsten capillary elec-
trodes inserted into a reactor to degrade 10-50 µm microor-
ganisms (Tetraselmis suecica, Nauplius, Thalassiosira sp.,
Skeletonema sp., Biddulpia sp.) and heterotrophic, E. coli,
intestinal enterococci and Vibrio cholera O1, O139 bacteria
in ship’s ballast water. The electrodes were energized by
1.2 kV pulses with a frequency of 10 kHz and a pulse width
of 5 µs. The flow rate and the volume of the reactor were
5 ton/h and 1.59 L, respectively. The number of surviving
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FIGURE 9. Underwater plasma discharge device consists of
12 2mm-tungsten capillary electrodes [74].

bacteria was measured in the treated ballast water on day 0
and day 5. After plasma treatment, the concentration of
10-50µmalgaemicroorganisms decreased significantly from
1613 cells/ml to 2 cells/ml and from 139 cells/ml to 5 cells/ml
on days 0 and 5, respectively. In addition, the developed
system could degrade the involved heterotrophic bacteria,
E. coli, and Intestinal enterococci bacteria. The initial size of
its colony was 591 cells/ml and it dropped to 189 cells/100ml
after pulsed power treatment on day 0 and to 43 cells/ml
on day 5. In addition, no E. coli and Intestinal enterococci
bacteria cells were detected after pulsed power treatment on
day 5.

IV. ORGANIC COMPOUNDS DEGRADATION
High voltage pulse discharge in water is one of the effective
methods introduced for organic compounds decomposition
due to strong UV radiation, intense shock waves and chemi-
cally active species generated by plasma discharges in water.
For the efficient and effective plasma generation, the applied
high voltage pulses should have a fast rise time and narrow
width. The formation of active species is highly affected by
the structure of the plasma/discharge reactors [75].

Several plasma reactors have been designed for efficient
toxic organic compounds decontamination, which are mainly
based on pulsed corona discharges, dielectric barrier dis-
charges, streamer, and spark discharges and ozone [76]. The
corona discharge in the gas phase would result in more

free radicals and free electrons generated through corona
discharge process that can facilitate the pollutants degra-
dation [63]. Pulsed corona discharge reactors are the most
used reactors for water treatment systems. These reactors are
usually made of stainless steel and designed in the form of a
needle, multiple needle plate, and wire. High voltage pulses
with short rise time and duration are usually generated to
energize the reactors. The highest decontamination efficiency
would be achieved by spraying a water solution into plasma
in the gas phase [76].

A. PHENOL DECOMPOSITION
A pulsed high voltage process is one of the effective methods
that has been used for hazardous chemical wastes treatment.
Active hydroxyl radicals, oxygen radicals, and ozone are
generated through non-thermal plasma generation process
and can affect the organic chemical compounds and degrades
them [37], [77]. Several pulsed power systems mainly corona
discharge systems were developed to decompose phenol in
water solutions.

An aqueous phenol decomposition method was proposed
in [37] using a high voltage pulsed streamer discharge formed
in the gas phase above the water surface. Among the utilized
reactors, a ring-shaped ground electrode played an effec-
tive role in phenol decomposition compared to straight and
semicircular electrodes. High voltage pulses, 25 kV with a
repetition frequency of 100 Hz were applied to treat 200 ml
distilled water contaminated with 50 ppm phenol. The phenol
decomposition rate was studied in different enveloping gases
including oxygen, air, and argon. It was shown that argon was
the most effective gas that could enhance the phenol decom-
position rate up to 80% over 5-20 mm distances between
the needle electrode tip and the water surface. Although
using argon as an enveloping gas resulted in higher phenol
decomposition rate, the change in argon flow did not affect
the phenol decomposition rate. However, with higher oxygen
flow rate, lower phenol decomposition rate was achieved.
Also, it was shown that after 60 min treatment time with
1 L/min oxygen flow rate, the decomposition rates achieved
with water surface plasma, streamer discharges, and corona
discharges were around 60%, 25%, and 15%, respectively.

Two stainless steel and tungsten electrodes have been used
as a grounded and high voltage electrodes to decompose
two organic compounds, phenol, and sodium formate both
with 1mM concentration, by discharging inside bubbles in
water [77]. Both electrodes immersed in the water solution
with a volume of 15 ml. A pulsed power generator has been
developed to excite the tungsten electrode. The amplitude
and repetition rate of the generated pulses were 20 kV and
250 pps, respectively. For the water solution contaminated
with only sodium formate, 30 min of treatment time was
required for 100%TOC removal rate; however, for the phenol
solution, the TOC removal rate was 17% after 30 min.

A nanosecond pulsed power generator was developed to
treat a 500 ml surfactant aqueous solution [78]. Nonylphenol
ethoxylate is one of the persistent surfactant pollutants.
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Several treatment methods have been proposed for surfactant
treatment. Among the proposed methods, pulsed power is
introduced as the most effective treatment method due to
the large production of hydroxyl radicals caused by UV and
shockwaves generated by pulsed discharges. Fig. 10 shows
a schematic diagram of the developed pulsed power system.
In this system, a highly pressurized gas gap switch is used to
generate a high voltage pulse with a sharp rising time. When
the inner wire electrode was energized by nanosecond pulsed
power, streamer discharges occurred between the inner wire
electrode, the flowing solution, and the outer electrode. The
discharge plasma generated between two inner and outer
electrodes affected the flowing solution. Active species were
generated by electric discharges and UV and then immersed
in the solution. The surfactant solution concentration was
400 ppm. High voltage pulses with the amplitude of 39 kV
and duration of 1.5 ns were applied to the high voltage reactor.
It was shown that 100% decomposition rate was achieved
after 20 min treatment.

FIGURE 10. Schematic diagram of the streamer discharge system
developed for surfactant treatment [78].

A pulse generator was developed in [79] to generate pulses
with an amplitude of 40 kV, 10 Hz repetition frequency and
50 ns duration to excite the utilized reactor. The reactor
created pulsed corona discharges above the water to degrade
the phenol in water solution. The developed corona above
water system is shown in Fig. 11. The initial concentration
of the phenol was 1 mM. The phenol removal rate achieved
by adding hydrogen peroxide (1mM) was 91%. However,
by adding iron (III) sulfate with 1 mM concentration and
butanol with a concentration of 1 mM, the removal rate
changed to 69% and 40%, respectively.

FIGURE 11. Phenol removal system using corona above water
reactor [79].

To degrade the organic compounds specifically phenol in a
water solution, a treatment system shown in Fig. 12 has been
developed in [80]. Pulsed high voltage discharges including
streamer corona discharge and spark discharge have been
generated using needle-plate electrode and a pulse generator.
To generate streamer corona discharge, the needle electrode
was energized by 17.5 kV pulses with 5µs duration while for
spark discharge generation the needle electrode was excited
by 20 kV pulses with a duration of 5 µs. The pulse repetition
rate for streamer corona discharge was 30 pps while for spark
discharge the repetition rate was 2.54 pps. The phenol in the
water solution was totally degraded after 75 min of treatment
time by streamer corona discharge. However, longer treat-
ment time (100 min) was required for complete degradation
of the phenol when the spark discharge was applied.

FIGURE 12. Phenol degradation system using a high voltage pulse
generator and needle-plate electrode [80].

Pulsed-streamer corona discharge was used in [81] to form
a non-thermal plasma for phenol degradation (with 50 ppm
initial concentration) in aqueous solution. The corona dis-
charge also resulted in generating active species including
hydroxyl radical, hydrogen peroxide and ozone. These active
species were beneficial for achieving effective degradation
process. The schematic diagram of the developed system is
shown in Fig. 13. A point-to-plane electrode with a diameter
of 46 mm and a length of 32 mm was utilized. High voltage
pulses with adjustable amplitudes ranging from 0 to 30 kV,
fast-rising time (several tens of ns) and 48 pps repetition rate
were applied to the reactor to generate a corona discharge.
For 20 kV applied pulse voltage, the complete phenol removal
was achieved after 12.7 min of residence time. It was shown

FIGURE 13. Pulsed-streamer corona system for phenol degradation [81].
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that with 17 kV pulses, the treatment time could be decreased
to 12 min and 10.6 min using argon gas bubbling and oxygen
gas bubbling, respectively. In addition, the total organic car-
bon removal rate was reported as 86% and 83% after 22 min
with and without oxygen gas bubbling using 17.5 kV pulses.

Two reactors, corona above water and aerosol reactors
have been used in [82] for aqueous and gaseous streams
treatment and facilitate biodegradation in wastewaters. The
combination of pulsed corona and catalyst resulted in 99% of
the degradation of phenol. A high-power pulse generator was
designed to generate 60 kV pulses with a frequency of up to
500 Hz, the rise time of 15 ns and 100 ns duration. It was
shown that corona above water reactor presented higher effi-
ciency for phenol degradation compared to other techniques
for which both electrodes of the reactors are placed in the
water. For the purpose of water treatment with a flow rate of
200 L/h, four corona above water modules have been devel-
oped which can handle 210 A. A phenol reduction of 33%
was achieved after one pass and at a yield of 200 g/kWh
using four-module treatment system with 7.2 W input power
applied to four modules. However, the phenol reduction
rate of 99% was achieved after three passes and at a yield
of 18 g/kWh using aerosol reactor with four nozzles and
360 W input power.

Degradation of phenol in aqueous solution was conducted
in [83] using a pulsed discharge plasma reactor. Oxygen and
argon were used as additive gases to facilitate the phenol
degradation process. Compared to argon, oxygen addition
resulted in a wider and stronger streamer discharge. The
presented results revealed that the degradation efficiency was
improved by increasing the input voltage, the energy deliv-
ered to the reaction system, solution pH and gas bubbling
rate. Compared to these factors, the solution conductivity
presented little effect on phenol degradation efficiency. It took
about 120 min to completely degrade phenol with an initial
concentration of 50 ppm in 200ml solution with a conduc-
tivity of 100 µS/cm and 7.6 pH, using 30 kV input pulsed
voltage with 100 ml/min oxygen flow rate.

In [84], a pulsed corona discharge reactor consisted of
a needle-point electrode and a planar ground electrode was
used to degrade phenol as an organic compound in a water
solution. The initial phenol concentration and the pH in
water solution were 100 ppm and 5, respectively. As shown
in Fig. 14, the high voltage electrode is submerged in the
water solution and supplied by 45 kV pulsed voltages with
the frequency of 60 Hz. Two ground electrodes were used
for tests, a stainless steel ground electrode and a reticulated
vitreous carbon with the macroscopically porous surface. The
stainless steel ground electrode was placed 3-5 mm above
the water surface to form discharges in the liquid phase, gas-
liquid phase and gas phase. Such a configuration produces
a non-thermal plasma discharge in the gas phase and pulsed
streamer corona discharge in the liquid phase, generating
hydrogen peroxide and hydroxyl radicals in the liquid phase
and ozone in the gas phase. The combination of these phe-
nomena led to the formation of more reactive species in the

FIGURE 14. Phenol degradation system with needle-point electrodes and
(a) a stainless steel ground electrode, (b) vitreous carbon ground
electrode [84].

gas and liquid phases, improving the phenol removal rate.
The removal rate of phenol was 35% after 60 min treatment
when the stainless steel ground electrode was placed in the
gas phase contains pure oxygen and potassium chloride salt
was added to the solution. Higher removal rate (97.5%) was
achieved when the test conditions were almost the same and
just potassium chloride salt was replaced by ferrous sulfate.
The phenol removal rate reached 97% after 30 min of corona
treatment using reticulated vitreous carbon electrode. This
improvement is mainly due to the larger amount of ozone
generated because of using a vitreous carbon electrode.

B. ACID DECOMPOSITION
Amultiple pin-plane corona discharge reactor was developed
in [85] to degrade 2, 4 dichlorophenoxyacetic acid (2, 4-D)
with an initial concentration of 10mg/l. The developed pro-
totype is the same as the one proposed in [62]. It was shown
that the oxidation rate of organic compounds is proportional
to the applied pulse voltage and frequency, it means for faster
degradation rate, pulses with higher voltage and frequency
are required. As it is addressed in [62], 92% removal rate was
achieved after 10 min of treatment time with 15 kV pulses
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and a frequency of 25 Hz. However, 6 min treatment time
was required to completely remove 2, 4-D pollutants when
25 kV pulses with 25 Hz frequency were applied.

A corona discharge water treatment system was developed
in [86] for organic compounds (phenol, acetic acid, and
Rhodamine B) decomposition. Two stainless steel wire and
plate electrodes were utilized. The plate electrode was
grounded and submerged in a water solution and the wire
electrode was placed above the water surface to create a
corona discharge in the gas phase. The wire electrode was
supplied by positive and negative high voltage DC signals in a
range of 17-20 kV. The phenol degradation rate was increased
when a negative high voltage signal was used for wire elec-
trode excitation. Further enhancement in degradation rate was
observed in the experimental results when corona discharge
was generated in O2 and CO2 mixture in the gas phase. Also,
it was shown that 50% concentration for O2 was the optimum
concertation by which a high degradation rate over a short
treatment time was achieved. As it is shown in experimental
results, 17 mm was the optimum gap between two electrodes
at which higher degradation rate was achieved compared to
14 mm and 20 mm gaps. For 100 ml of a water solution
contaminated with phenol with a concentration of 50 g/m3,
the maximum degradation rate of aqueous phenol (C6H5OH)
(>99%) was achieved after 1-hour treatment when 16.7 kV
DC voltage was applied and the ratio of CO2 and O2 was 3/7.

As it is addressed in [87], advanced oxidation methods like
UV and ozonation failed to effectively remove perfluoroalkyl
acids due to strong carbon-fluorine bond. To address this
issue, a plasma-based water treatment system including a
laminar jet with bubbling (LJB) reactor was developed in [87]
to remove perfluorooctanoic acid (PFOA) in a water solution.
High removal rate and high removal efficiency have been
targeted through the experimental tests. To achieve a high
removal rate, the discharge voltage and energy were set at
25 kV and 0.63 J respectively and the repetition frequency
was 120 Hz. However, for high removal efficiency, the dis-
charge voltage, energy, and frequency were decreased to
16 kV, 0.13 J, and 20 Hz, respectively. The achieved results
revealed that for 20 µM concentration of PFOA dissolved
in 1.4 L of deionized water, 30 min treatment time was
required for 90% removal of PFOA when a high-power input
signal (76.5W) was applied (high removal rate). For the same
PFOA concentration and the sample volume, only 25% of
PFOA was removed when the input power was 4.1 W (high
removal efficiency).

A plasma discharge system with nine-hole electrode sys-
tem was developed in [88] to decompose acetic acid with an
initial concentration of 10 ppm in a water solution. In this
system, the utilized dielectric spacer has nine holes that allow
for nine parallel oxygen discharges. Compared to other water
pollutants, acetic acid is more persistent and has a better
reactionwithHydroxyl radicals (OH) than ozone. To generate
OH, several methods have been proposed like pulsed streamer
discharges, pulsed/DC discharges in bubbles floating in the
water and pulse corona discharges over the water surface.

Compared to the single-hole electrode system, the decom-
position efficiency of acetic acid was improved using a
nine-hole electrode system. In the developed system shown
in Fig. 15, the high voltage pulses discharged in the bubbles
generated in the water solution to facilitate the decomposition
rate of the acetic acid. It was shown that with higher solution
conductivity, discharge input power, and repetition frequency,
more OH radicals were generated resulted in higher decom-
position rate. However, to avoid the high quenching rate of
OH radicals, the input discharge power should be decreased.
The idea of using the nine-hole electrode found to be an effec-
tive solution for generating more OH radicals and decreasing
the OH radicals quenching rate. The generated high voltage
pulses had an amplitude of 8 kV, a frequency of 1 kHz, the rise
time of 100 ns and a duration of 200 ns. The largest reduction
in total organic carbon (TOC) concentration (5.5 ppm) was
achieved using oxygen as a discharge gas after 20 min of
treatment time and the maximum decomposition rate was
19.8 µg/min.

FIGURE 15. A plasma discharge system with nine-hole electrode system
(a) the system block diagram (b) high voltage pulse supply [89].

V. DYE DECOMPOSITION
So many Industrial settings such as textile manufacturers
and die users generate wastewater with high concentrations
of toxic organic pollutants. Conventional treatment tech-
nologies such as chemical processing, biological treatment,
and advanced filtration systems are not always suitable
options for such pollutants degradation due to the possi-
bility of generating secondary pollutants and high main-
tenance costs. Therefore, an advanced, cost-effective and
efficient technique is required for the decomposition of dye
wastewater [90], [91].
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A. INDIGO CARMINE DECOMPOSITION
Two pulsed DBD reactors were developed to treat the indigo
carmine as a waste agent for dye wastewater treatment [90].
The first one was an extendable reactor with five electrodes
covered with quartz tubes and the second one was an array
reactor. A pulsed power supply was developed consisting
of two transformers and a rectifier to charge a capacitor.
A hydrogen thyristor was used to control the capacitor dis-
charge. The maximum amplitude achieved for discharge
pulse was 17 kV and its duration and repetition rate were
130 ns and 130 pps, respectively. The experimental results
showed a 99% decolouration efficiency after 10 min treat-
ment, an 83% unsaturated bond decomposition rate after
60 min treatment and a 74% chemical oxygen demand degra-
dation rate. The developed dye wastewater degradation sys-
tem is shown in Fig. 16.

FIGURE 16. Dye wastewater degradation system using pulsed DBD
reactor [90].

A pulsed corona discharge reactor consisting of a cylin-
drical electrode and a discharge wire was used in [91] to
decompose dye in water solution. Fig. 17 presents the pulsed
power generator with a pulsed corona reactor developed for
dye decomposition in water solution.

FIGURE 17. Pulsed corona discharge system for dye decomposition [91].

In this system, a pulsed power generator (PPG) generated
a 25 kV pulse with a duration of 70 ns, a repetition rate

of 100 pps and 50 ns rise time. To study the performance of
the developed system, at first water solution of indigo carmine
was sprayed into the corona reactor then discharge power was
injected into the reactor. The experimental results revealed
that for indigo carmine, 1 min treatment with 8.6W discharge
power is required for the chromogenic bond decomposition
while unsaturated bond was decomposed (complete decom-
position) after 60 min of treatment time with the same dis-
charge power. Also, it was shown that for the same discharge
power, the decomposition rate of the unsaturated bond was
more influenced by a larger number of pulses than higher
charging voltages.

A coaxial dielectric barrier discharge (DBD) system was
applied in [92] to degrade indigo carmine solution with
250 mg/l initial concentration. As it was addressed in [80],
pulsed DBD method usually produces ozone and UV radi-
ations and is more efficient and effective decontamination
method compared to Fenton oxidation, ozone treatment, and
bioremediation method. Fig. 18 presents the schematic dia-
gram of the developed coaxial DBD system. The experimen-
tal results showed that with higher discharge voltage, more
oxidation products such as H2O2 and O3 were produced.
Also, it was shown that the indigo carmine solution was
totally degraded after 10min treatment using 25 kV discharge
voltage with 200 Hz frequency.

FIGURE 18. Schematic diagram of the coaxial DBD system for indigo
carmine degradation [92].

In [93], a seven-electrode reactor was designed to treat
indigo carmine solutions consisting of 15.4 mg/l of potassium
indigo trisulfonate, 1.33 g/L of phosphoric acid and 1 g/L
of sodium dihydrogen phosphate. Increasing the number of
electrodes resulted in effective treatment within a shorter
time compared to a one-electrode reactor. The experimental
results showed that for the developed seven-electrode reactor,
the concentration of the generated ozone is 1.3 mg/l that is
about 1.6 times greater than the ozone concentration achieved
by the one-electrode reactor. The seven-electrode reactor was
excited by high voltage pulses with an amplitude of about
25 kV and a repetition rate of 500 pps. The discharge power
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FIGURE 19. Indigo carmine decomposition system with seven-electrode
reactor [93].

per pulse was 87 mJ. Fig. 19 shows the treatment system
with the seven-electrode reactor. The treatment time for 100%
reduction of indigo carmine with 20mg/l initial concentration
was 40 s using the seven-electrode reactor; however, with
one-electrode reactor with 12 mJ discharge power per pulse,
the treatment time was 300 s for 100% reduction of indigo
carmine.

An indigo carmine decoloration method was proposed
in [89] by spraying water solution droplets into a pulsed
streamer discharger in the air phase. The investigation on
the solution samples revealed that by spraying water droplets
into the discharge area reduced the time (0.57 times shorter)
required for indigo carmine decoloration compared to flow-
ing the water film on the chamber wall. It was also shown
that the decoloration process was faster near the cylindrical
electrode than near the wire electrode. The sample water
volume was 1L and its concentration was 20 mg/l. High
voltage pulses with an amplitude of 28.2 kV and frequency
of 100 pps were applied and the discharge current was 111 A.
Experimental results showed that by spraying the water solu-
tion into discharge area near the cylindrical electrode, where
more radicals were available, the achieved decoloration rate
was 100% after 2 min treatment.

An indigo carmine decolorization was conducted in [94]
using a coaxial cylinder reactor comprised of a wire electrode
(inner electrode) and a cylinder electrode (outer electrode).
The wire electrode was supplied by nanosecond pulses to
produce streamer discharges in the gas phase close to water
solution surface. For the experimental test, 500 ml water
solution including indigo carmine with a concentration of
20 mg/l was prepared. Fig. 20 presents the developed
treatment system. The experimental results showed that
the decolorization ratio could be improved utilizing higher
charging voltage and pulse repetition rate. For instance,
100% decolorization rate was achieved after 12min treatment

FIGURE 20. Developed coaxial cylinder reactor for indigo carmine
decolorization [94].

with 2.78 kV charging voltage and 50 pps pulse repetition rate
while with the same charging voltage and 10 pps pulse repe-
tition, 100% decolorization rate was achieved after 20 min
treatment. Also, it was shown that during 4 min treatment
and with 50 pps pulse repetition rate, the decolorization
ratio was about 65% when the applied charging voltage was
2.78 kV that increased to about 78% with 3.2 kV charging
voltage. Although increasing the pulse repetition rate resulted
in higher decolorization ratio, the decolorization efficiency
dropped at higher pulse repletion rate. In addition, it was
shown that using ozone did not result in higher decolorization
efficiency as compared to using the discharge reactor.

A coaxial electrode consisting of a stainless wire and a
grounded cylindrical stainless mesh as shown in Fig. 21 was
developed to generate streamer discharge in the air for indigo
carmine decomposition [95]. One liter water solution com-
posed of indigo carmine with a concentration of 20 mg/l
dissolved in purified water was prepared for the experimen-
tal test. The solution droplets were formed using a nozzle
and sprayed into the acrylic cylinder for treatment. The
charging voltage was 13.5 kV and the pulse repetition rate
was 1000 pps. In the experimental tests, several pulses with

FIGURE 21. Indigo carmine decomposition using a coaxial electrode and
pulse power generator [95].
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different durations (60, 80, 100, 120 and 140 ns) were applied.
As it was shown in the experimental results, the treatment
time decreased using wider pulses up to 100 ns but beyond
this value (≥100 ns) the treatment time increased because
the decomposition ratio decreased. Therefore, with 13.5 kV
charging voltage with 100 ns duration and 1000 pps repe-
tition rate, the highest efficiency was achieved for both the
generator and the indigo carmine treatment. The composition
ratio reached about 95% after 60 min treatment time. Also,
it was illustrated that higher resistance of the pulse power
generator resulted in higher discharge power and efficiency
for the generator and treatment.

A point-to-plane electrode configuration was used
in [36], [38] to treat orange II and indigo carmine organic
dyes with WSD. A high voltage needle electrode was placed
in air and a plate ground was immersed in water [36] as
shown in Fig. 22. Indigo carmine solution with 30 mg/l
concentration in deionized water was used. The authors first
analyzed the effects of pulse voltage amplitudes on the chem-
ical process induced by theWSD. They applied 9.1 to 21.6 kV
of about 2 µs duration pulses at 500 Hz pulse repetition rate.
The complete decoloration of the indigo carmine solution
was achieved after 7.5 minutes with 16.5 kV pulse amplitude.
They reported 0.4 to 0.65 g/kWh energy efficiency for 40%
decoloration for voltage amplitudes from 9.1 to 21.6 kV [36].

FIGURE 22. Water surface discharge for decomposing indigo carmine
used in [36].

B. AZO DYE DECOMPOSITION
The textile industry is one of the main industrial wastew-
ater generators. They are using numerous dyes with dif-
ferent chemical structures. One of the highly used dyes
is azo dye with several bonds of hydroxyl, nitrogen, and
amines [96]. Several pulsed power systems have been used
for azo dye degradation in industrial wastewaters. A plasma
discharge system was used in [96] for the degradation of
Acid black 52 (AB52) with a concentration of 1 mM. The
developed system contained two tungsten electrodes, one was
immersed in the water solution (cathode) and the other one
was placed on the gas phase, 5mm above the water solution
surface (anode). A high voltage DC signal with an amplitude
of 1 kVwas applied to the anode. The DC electrical discharge

(plasma discharge) occurred in the gas phase above the water
solution resulted in generating active species like NO, O+2
and Na and reactive oxygen species that diffused into the
water. The interactions between the generated active species
and the water samples led to dye molecule breaking and
color decomposition. The initial volume of the preparedwater
solution was 100ml. The experimental results revealed that by
adding ferrous sulfate (FeSO4) to the water sample, a higher
degradation rate achieved due to larger HO generated. The
degradation rate achieved after 60 min of treatment was 96%
by adding FeSO4; however, the degradation rate was 30 %
after 90 min of treatment without Fe.

A multi-needle-to-plate reactor was utilized for azo dye
decoloration [97]. In this pulsed-corona discharge system,
the reactor was supplied by high voltage pulses with<100 ns
rise time, the maximum amplitude of 50 kV, adjustable rep-
etition frequency ranging between 0-200 Hz and <500 ns
duration. These pulses were generated using an adjustable
DC power supply, adjustable trim capacitance, 2 nF storage
capacitor and rotating spark gap switch as shown in Fig. 23.
The experimental results showed that for higher pulse volt-
age amplitude and frequency, the decoloration rate increased
significantly. For 400 ml solution contains azo dye with a
concentration of 10 mg/l with pH of 6.4, the decoloration rate
reached about 58% after 60 min treatment when 30 kV pulses
with 50 Hz frequency were applied. The decoloration rate
increased to 94.8% after 60 min treatment with 30 kV pulses
and 75 Hz repetition frequency whereas the decoloration rate
was about 18% after the same treatment time and with 30 kV
pulses and repetition frequency of 25 Hz. Also, it was shown
that with 30 kV pulses at a repetition frequency of 50 Hz and
three different pH levels (4, 6.4, 10), the maximum decol-
oration rate (86.7 %) was achieved at pH = 4 after 60 min
treatment. In addition, it was shown that the gas bubbling
rate could significantly affect organic pollutant degradation.
With more accelerating electrons originated from discharge
electrode in the multi-needle-to-plate reactor and higher gas
bubbling rate, higher ionization rate will be achieved between
accelerating electrons and gas molecules that results in higher
decoloration rate.

FIGURE 23. Azo dye decoloration system using multi-needle-to-plate
reactor [97].

Sunset yellow is a member of the azo dye family that
is widely used in different industries ranging from food to
the textile industry. Several advanced oxidation methods like
Fenton process, photochemistry, zonation, and wet oxidation
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have been proposed to treat the sunset yellow wastewater.
The main drawback of most of these methods is produc-
ing dye wastewater sludge [98], [99]. High voltage pulsed
electric discharge is one of the effective advanced oxidation
processes for sunset yellow wastewater decoloration [100].
Zho et al. designed a point-to-plane electrode system and
a copper mesh-plate discharge system in [100] to degrade
sunset yellow with an initial concentration of 50 mg/l in 1L
solution. Zho et al. studied the change in the degradation rate
with respect to the variation of pH, reactor configuration,
discharge type and bubbling gas type. The utilized pulsed
power supply generated 30 kV pulses with 66.7 Hz repetition
frequency, 20 µs duration and very sharp rising time. Two
different types of discharge systems were developed, a hybrid
gas-liquid discharge system for which the plate electrode was
immersed in solution and a hybrid series discharge system
with a plate electrode above the solution surface. Compared
to hybrid gas-liquid discharge system, the series discharge
system could generate more ozone that resulted in the pro-
duction of more OH and H2O2. Also, it was shown that
by adding the oxygen gas bubbling, Fe2+ (forming Fenton
reaction) and using coppermesh plate the degradation process
can be improved. Among different pH values, pH = 1 had the
highest impact on the sunset yellow degradation process. The
degradation efficiency was nearly 100% after 120 min when
the copper mesh plate and oxygen gas bubbling were used.

Amaranth is one of the synthetic azo dyes used in dye
and food industries and cannot be degraded by conventional
water treatment techniques. A three-phase discharge plasma
reactor was developed in [101] to remove amaranth from a
water solution. The amaranth removal rate was investigated
under different physical and electrical conditions. An aque-
ous solution contaminated with amaranth with a concentra-
tion of 24 mg/l dye was used for experimental tests. The dye
solution was injected into the reactor first and then the formed
gas bubbles were added to the reactor to facilitate dye contam-
ination and active species formation leading to decontamina-
tion efficiency improvement. The number of active species
formed during the decontamination process was related to the
gas flow rate. For high gas flow rate, more air bubbles and
consequently more active species were formed. In addition to
the gas flow rate, it was shown that the decolorization rate
was highly influenced by the applied pulse voltage, pulse
duration, and repetition frequency, pH and solution conduc-
tivity. To avoid temperature rise in plasma channels, the input
voltage was increased to a certain level, 50 kV and beyond
this level, the decoloration rate decreased. At high repetition
frequency, higher energy density was achieved and the more
energy delivered to the sample resulted in generating more
active species and higher dye removal efficiency. The solution
pH and initial conductivity had contrary effects on the decol-
oration rate. For a solution with high pH, the decoloration
rate decreased whereas, with high initial conductivity, the
decoloration rate increased. The decolorization rate achieved
after 30 min of treatment time was 81.24% using 50 kV
voltage pulses with 50 Hz frequency.

Wang et al. developed a pulsed discharge plasma system
suitable for organic dye decoloration [102]. The developed
system is shown in Fig. 24 was equipped with a DC power
supply, a rotating spark-gap switch and two capacitors, one
as storage and the other one as a trimming capacitor. A multi-
needle-to-plate electrode was used to generate a plasma dis-
charge in the gas-liquid phase. Acid orange 7 (AO7) with
an initial concentration of 20 mg/l was used as an organic
dye sample. High voltage pulses with an amplitude of 16 kV,
18 kV and 20 kV and a frequency of 50 Hz were generated.
In order to facilitate the decoloration process and improve
the efficiency of the system, air bubbles with different flow
rates (0 L/min, 2 L/min and 4 L/min) and activated carbon
were added to the solution. The experimental results showed
that with 20 kV, 50 Hz pulses and a flow rate of 4 L/min,
the decoloration rate was 76.7% after 120 min of treatment
time without adding activated carbon. However, by adding
activated carbon, this rate increased to 96.1% after the same
treatment time.

FIGURE 24. A pulsed plasma discharge system developed for acid
orange 7 decoloration [102].

A plasma discharge system was used in [103] for degra-
dation of Acid Orange 142 (AO142) dye in 100 ml water
solution. The developed plasma discharge system composed
of a DC power supply and a pin-to-plate reactor that consists
of two electrodes with a 5 mm gap between them. A high
voltage electrode was made of different materials (aluminum,
steel, and copper) and excited by 12.5 kV DC voltage and a
stainless steel ground plate electrode immersed in the water
solution. The initial concentration of AO142 was 20ppm.
Among different materials used for high voltage electrode,
steel resulted in higher degradation efficiency that wasmainly
due to the catalytic effect of Fe2+ generated through steel
electrode corrosion during the treatment process and diffused
into the solution. Generally, it was shown that addition of an
iron catalyst to the plasma process resulted in larger degra-
dation efficiency. Also, it was shown that at lower pH level
(pH 3, acidic condition), Fe2+ is more stable and more reac-
tive oxygen species were generated due to Fenton’s reaction
that resulted in higher dye degradation rate. The maximum
decoloration efficiency (95.05%) was achieved at constant
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pH = 3 after 20 min of treatment using high voltage steel
electrode and Fe2+ with initial concentration of 0.9 mM.

C. ORGANIC DYE DECOLOURATION
In [104], three pulsed plasma discharges have been inves-
tigated for organic dyes degradation in contaminated water
using two needle-to-plane electrodes. Fig. 25 presents the
developed continuous dye degradation system. A high-power
supply is used to generate high voltage pulses with 20 kV
amplitude and 25 Hz frequency. Three discharge modes
include streamer, spark and spark-streamer modes. Hydroxyl
radicals, UV light radiation and shock waves were gener-
ated through decoloration process. In comparison between
these three discharge modes, it was demonstrated that dur-
ing streamer discharge treatment dye removal by hydroxyl
radicals was dominant process whereas, during spark and
spark-streamer discharge treatments, physical effects like UV
radiation and shock waves are more dominant factors for the
efficient dye removal process. The prepared solution included
Rhodamine B (basic dye), Methyl Orange (acid dye), and
Chicago Sky Blue (direct dye) all with a concentration
of 0.01 g/L. it was shown that spark-streamer mode enhanced
the decoloration process resulted in a 95% decoloration rate
for 300 ml of the solution after 100 min of treatment.

FIGURE 25. Organic dyes (Rhodamine B, Methyl Orange, and Chicago Sky
Blue) degradation system [104].

A high-frequency bipolar pulse power system is shown
in Fig. 26 that was designed in [105] to generate pulsed
electrical plasma discharge using tungsten wire-to-wire metal
electrodes. For the experimental tests, 250 ml of deminer-
alized water was mixed with an organic dye Fluorescein-
4-isothiocyanate and the conductivity of the solution was
500µS/cm. The amplitude and frequency of the applied bipo-
lar pulses were 900V and 5 kHz, respectively. Ton time (pulse
duration) was 20 µs and Toff (time interval between pulses)
time was 200 µs. It was shown that with adding air bubbles,
it is possible to achieve electrical discharge in solution at low
discharge voltage and liquid conductivity. Also, Toff time was
found to be the most effective parameter for optimization and
energy efficiency improvement in the developed system.

A glow discharge plasma wastewater treatment method
was proposed in [106] that was found to bemore cost effective
and efficient for organic pollutants treatment as compared
to the corona discharge method. Two different electrode

FIGURE 26. Fluorescein-4-isothiocyanate decomposition using a bipolar
pulse power system with wire-to-wire tungsten electrodes [105].

FIGURE 27. Electrode configuration for the glow discharge plasma system
(a) parallel configuration and (b) perpendicular configuration [106].

configurations have been designed, parallel and perpendicu-
lar configurations as shown in Fig. 27. For the parallel model,
two high voltage electrodes were placed on the surface of
the water solution in parallel. For the perpendicular model,
the ground electrode immersed in a water solution and the
high voltage electrode was placed on the surface of the water
perpendicular to the ground electrode. Methyl orange and
azobenzene both with a concentration of 10 mg/l were used
as organic pollutants. The volume of the water solution was
50 ml. The discharge voltage amplitude was 6 kV and its
frequency was 20 kHz. The distance between electrodes and
the immersion depth were changed to study their effects on
the generated magnetic fields and the electric field area. The
applied electric field strength was varied by changing the
distance between the electrodes and/or immersion depth. For
instance, increasing the immersion depth to 1.5mm reduced
the electric field to 5.55 MV/m compared to 7.4 MV/m for
a 0.5 mm immersion depth. Also, increasing the distance
between two parallel electrodes from 3mm to 5mm decreased
the electric field from 7.56 MV/m to 6.62 MV/m. After
15 min of treatment with 4mm horizontal distance between
parallel electrodes, methyl orange, and azobenzene decol-
oration rates were 93% and 85%, respectively.

D. METHYLENE DEGRADATION
A methylene blue degradation approach was presented in
[107] using a pulse power system as shown in Fig. 28. In this
system, the cylindrical container was filled with contami-
nated water. The distance between the water level and the tip

150878 VOLUME 7, 2019



N. Ghasemi et al.: Review of Pulsed Power Systems for Degrading Water Pollutants

FIGURE 28. Pulse power system for methylene degradation using needle
plate reactor [107].

of the electrode was adjusted for optimum reactive oxygen
species formation. High voltage pulses with an amplitude
of 23 kV and a frequency of 25 Hz were generated to degrade
methylene with a concentration of 50 mg/l. As shown in
experimental results, methylene compounds were completely
degraded after 10 min treatment. This paper also showed that
high alkalinity and the natural organic matter had a negative
effect on methylene degradation efficiency and decreased the
rate of reactive oxygen species formation while acidic pH
enhances reactive oxygen species formation.

To decolorize methylene blue in distilled water, pulsed
corona discharge and ozonation systems were combined
in [108]. The developed system consisted of a 40 kV DC
source, a needle –plate reactor, a rotating spark gap switch,
an O2 cylinder and an O3 generator as shown in Fig. 29.
The experimental results revealed that the methylene blue
with a concentration of 13.25 mg/l in 20 ml sample was
decolorized after 120 min when high voltage pulsed corona
discharges (40 kV) with 60 Hz repetition frequency have
been applied. By adding O2 bubbling with a flow rate
of 10 ml/min, the decoloration time decreased to 25 min and
it could be even reduced to 8 min if bubbling of O2 contained
1500 µ mol O3/l. Also, it was shown that for pulsed corona
discharge with the bubbling of O2 contained 1500µmol O3/l,
the energy efficiency was improved by 15 times as compared
to pulsed corona discharge with O2 bubbling.

FIGURE 29. Methylene blue decoloration system using pulse corona
discharge and ozonation [108].

A pulsed corona discharge reactor was used in [109]
for methylene blue and phenol decomposition in water.

The developed system consisted of a 40 kV DC source,
a rotating spark gap switch operated at 60 Hz, Pyrex tube
reactor fitted with needle-plate electrodes. Silica gel and
alumina were used as effective plasma catalysts to facili-
tate methylene blue and phenol decomposition process. Fast-
rising pulses, 50 ns with an amplitude of 40 kV with a
repetition rate of 60 pulses/s have been applied to decom-
pose methylene blue and phenol with initial concentrations
of 13.25 mg/l and 25 mg/l, respectively. With the flow rate
of 3.3 ml/min, the methylene blue concentration dropped to
3 mg/l using pulsed corona discharges in water and it was fur-
ther reduced to 1.1 mg/l and 0.47 mg/l by adding α-alumina
and γ -alumina, respectively. The combination of silica gel
and corona discharges resulted in methylene blue with ultra-
low concentration (below the detection limit) after more than
100 hours of treatment. For phenol decomposition, the flow
rate was 3.3 ml/min and pulsed corona discharges resulted
in 4 mg/l phenol reduction. Lower phenol concentrations,
9 mg/l, and 8 mg/l were achieved using ozone and silica gel
respectively in addition to pulsed corona discharge. The addi-
tion of ozone and silica gel together with pulsed corona dis-
charges resulted in 3.5 mg/l phenol residual. The best energy
efficiency achieved for methylene blue and phenol decom-
position using pulsed corona discharges, ozone, and silica
gel simultaneously was 2.7×10−9 mol/J and 5.7×10−9 mol/J
respectively with a flow rate of 10 ml/min for methylene blue
solution and 3.3 ml/min for phenol solution.

VI. PERSISTENT ORGANIC POLLUTANTS
Persistent organic pollutants (POPs) are usually found in
wastewaters and hardly can be degraded using conventional
water treatment methods. However, nanosecond pulsed dis-
charge plasma can be effectively applied for the degradation
of this type of pollutants. A nanosecond pulsed discharged
method is presented in [110] to continuously degrade POPs
in 1L oil and gas industrial wastewater. To enhance the effec-
tiveness of treatment, the wastewater was spraying to the gas
phase region. As shown in Fig. 30, the developed continuous
treatment system had a coaxial cylinder discharge reactor
with a high voltage tungsten electrode and a stainless steel
ground electrode. The amplitude of the generated nanosecond
pulses was changed between 30 kV and 50 kV and the repe-
tition rate was changed between 200 and 1000 pps. The flow
rate of the treatment systemwas 205 L/min. The effectiveness
of the decontamination process was evaluated by measuring
the total organic carbon (TOC) in the organic compounds.
The experimental results showed that there is a positive cor-
relation between the discharge voltage and achieved TOC
removal rate for a given number of pulses that means larger
discharge voltages resulted in higher decontamination rates;
however, at a certain voltage level, applying more pulses did
not increase the decontamination rate. For instance, the TOC
removal rate achieved at 40 kV and with 600 pps was
higher than that achieved with 1000 pps. The maximum TOC
removal rate was 35% after 3 hours of continuous treatment
using 40 kV pulses with 600 pps.
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FIGURE 30. Nanosecond pulsed discharge plasma system for POPs
degradation [110].

VII. PHARMACEUTICAL COMPOUNDS DEGRADATION
Several pulsed power treatment systems were developed
to degrade single and mixed pharmaceutical compounds.
Depends on the structure of the pollutants, treatment duration
may vary. For instance, longer treatment is required for mixed
pollutants compared to single pollutants [111].

A pulsed corona discharge system that is shown
in Fig. 31 was developed in [98] for pharmaceutically active
compounds (PACs) degradation such as diclofenac (DCF),
carbamazepine (CBZ) and ciprofloxacin (CPF). The initial
concentration of utilized PACs was 1 mg/l. In the devel-
oped system, a multiple-needle pulsed corona reactor was
used to generate pulsed corona discharges. The high voltage
electrode was excited by 25 kV pulses with a repetition
frequency of 30 Hz. All DCF, CBZ, and CFP compounds
were completely degraded after 4, 6 and 8 min treatment,
respectively.

FIGURE 31. Pulsed corona discharged system for DCF, CBZ and CPF
degradation [111].

A plasma generation system was developed in [112] using
a helical resonator and a Pt/Ir electrode to degrade four

FIGURE 32. Plasma discharge system applied for degradation of
ampicillin, ibuprofen, fluoxetine, and propranolol in water solutions [112].

popular pharmaceutical compounds including ampicillin,
ibuprofen, fluoxetine, and propranolol. As shown in Fig. 32,
a sinusoidal signal was generated and amplified to energize
the helical resonator and excite the electrode. The fundamen-
tal frequency of the sinusoidal signal was adjusted accord-
ing to the frequency of the resonator that was 1.65 MHz
and the amplitude of the signal was kept at 71 V. The dis-
tance between the tip of the electrode and the water surface
was fixed at 2mm. The initial concentration of all com-
pounds except fluoxetine was 100 mg/l. Fluoxetine initial
concentration was 25 mg/l. After 3 hours of plasma treat-
ment, Ibuprofen and Ampicillin were the least and the most
degraded compounds with 90.91% and 100% degradation
rates, respectively. Fluoxetine and Propranolol were the sec-
ond and third highly degraded compounds with a degradation
rate of 99.66% and 99.64%, respectively.

A coaxial dielectric barrier discharge (DBD) reactor was
used in [113] to degrade pentoxifylline with a concentration
of 100mg/l in 200mlwater solution. Two electrodes were uti-
lized, the inner electrode was supplied by a high voltage and
the outer one was grounded. The pentoxifylline solution was
pumped from the reservoir and flowed on the surface of the
inner electrode where it was exposed to the plasma discharge
in pulsed mode. The developed setup is shown in Fig. 33.

FIGURE 33. A pulsed power system for pentoxifylline degradation [113].
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In this pulsed power system, a rotating spark gap switch was
used to discharge the utilized 190 pF capacitor subsequently
and adjust the frequency of the pulses. The generated voltage
pulses had the amplitude of 12 kV, the rise time of 9ns,
duration of 30ns and repetition frequency of 120 Hz. The
delivered energy per each pulse was 10 mJ. The generated
plasma discharges resulted in 92% pentoxifylline removal
rate after 60 min treatment.

Treatment of wastewaters contaminated with analgesic
drugs including non-steroidal anti-inflammatory drugs
(NSAIDs), particularly ibuprofen, became an emerging issue
nowadays due to large consumption of this medicine as a pop-
ular painkiller. Several advanced oxidation processes such as
photoelectron-photon, ozonation, and sonochemical process
were introduced for degradation of ibuprofen in wastewa-
ters; however, some drawbacks of these methods, such as
high power consumptions, hinder their efficient application
for ibuprofen decomposition [114]. In contrary, the non-
thermal plasma technique showed a great potential to degrade
ibuprofen in wastewaters efficiently. A cylindrical wetted-
wall reactor was used in [114] to decompose ibuprofen in a
500ml water solution. The developed plasma system included
a high voltage stainless steel reactor with an inner diameter
of 3 mm, a 25 cm graphite ground electrode with the inner
diameter of 5 cm, a rotating spark gap switch and a DC power
supplywith adjustable voltage level (0-50 kV). The amplitude
of generated pulses was 32 kV and the frequencywas adjusted
at 50 Hz, 75 Hz, and 100 Hz. The water solution was pumped
into the systemwith 64 L/h flow rate. Fig. 34 shows the devel-
oped system. It was shown that the degradation process was
faster when ibuprofen compounds with low initial concen-
tration were used and a larger degradation rate was achieved
using pulses with high repetition frequency. For ibuprofen
with an initial concentration of 60 mg/l, the removal rate
was 83% after 60min of treatment using 32 kV pulses with a
frequency of 100 Hz.

FIGURE 34. The plasma treatment system for ibuprofen
decomposition [114].

A water surface discharge system was developed in
[115] for ibuprofen degradation in 1000ml water solution.

Compared to other water surface discharge systems, in this
system, the water solution was sprayed on the high voltage
electrodes. The developed system benefited from a uniform
discharge, higher absorption of active species and less erosion
of the high voltage electrodes that are due to the change in the
injection of water solution to the system. As shown in Fig. 35,
this system had three discharge reactors, Ra, Rb and Rc with
one, two and multiple water spout, respectively.

FIGURE 35. The block diagram of water drop induced discharge
treatment system for ibuprofen degradation [115].

The discharge reactors with one and two spout comprised
of a high voltage stainless steel electrode and a graphite
plate as a ground electrode that separated by 1 cm. For the
discharge reactor with multiple waterspouts, 15 stainless steel
pipes formed the high voltage electrode and a stainless steel
plate was used as a ground electrode. The distance between
these two electrodes was adjusted between 0.5 cm and 3 cm.
The high voltage electrodes were energized by pulses with an
amplitude between 17-31 kV, repetition frequency of 100 pps,
duration of 500 ns and the rising time of 60 ns. The exper-
imental results showed that for a fixed water flow rate,
increasing the voltage resulted in larger ibuprofen removal
rate. Also, for the same input voltage, increasing water flow
rate led to stronger discharge and more active species gen-
eration and consequently larger removal rate. The maximum
reported ibuprofen degradation rate was 100%, achieved after
80min of treatment, using 31kV pulsed and with a flow rate
of 0.95 L/min.

VIII. OTHER POLLUTANTS
Calcium carbonate is a chemical compound with low sol-
ubility in water that sediments when the water is heated
up or concentrated. A large energy is required to disrupt the
intramolecular bonding in calcium carbonate that results in
calcium ions sediments and bicarbonate ions dissociation.
In [116], a pulsed power system was used as a physical
water treatment method to avoid calcium ions sediments in
form of the adherent deposit that causes blockage in water
flow and lower thermal efficiency in heat transfer equipment.
The utilized pulsed power system generated high-frequency
electrical pulses and a variable DC electric field. The experi-
mental results showed that the pulsed power system could be
successfully used to prevent calcium carbonate scale forma-
tion on the heat transfer surface of the developed prototype
shown in Fig. 36.
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FIGURE 36. A pulsed power system for calcium carbonate treatment in
water [116].

A three-stage Blumlein generator was developed in [117]
to generate pulsed corona discharges. Each stage of this
generator consists of two coaxial cables and a concentric
electrodes reactor as shown in Fig. 37 and it was used to gen-
erate repetitive pulses (1-13 pulse per second) with 40-120 ns
duration to remove NO form N2+O2+H2O mixture. The
initial concentration of NO was 200 ppm. The relationship
between NO removal energy efficiency, removal ratio and the
pulse width were studied. It was shown that with lower NO
removal ratio and narrower pulses, the removal energy effi-
ciency was increased. The experimental results showed that
with larger pulse repetition rate and pulse width, lower NO
concentration is achieved. For instance, NO concentration
dropped to 4ppm when the pulse repetition rate was 10 pps
and the pulse duration was 120ns. In addition, it was shown
that 27 g/kWh removal energy was required for 90% removal
of NO when repetitive pulses (10 pps) with 40 ns duration
were used.

FIGURE 37. NO removal prototype with concentric electrode reactor [117].

In [118], a wastewater treatment system shown in Fig. 38
was developed using two dielectric barrier discharge (DBD)
tubes for ozone generation. The utilized pulsed power supply
generated 35 kV pulses with 50 Hz frequency. A mixture
of wastewater, latex and washing detergent was used as a
water sample for the treatment process. After 100 min treat-
ment of 50 ml wastewater, the chemical oxygen demand
(COD) was dropped by 13% while biological oxygen

FIGURE 38. Ozonation system developed for wastewater treatment [118].

demand (BOD5) was increased after long ozonation. The
initial concentrations of COD and BOD5 were 441 mg/l and
128 mg/l, respectively. The experimental results revealed that
after ozonation treatment, the biodegradability of the wastew-
ater was improved that is represented by higher BOD5 to
COD ratio.

In [16] three needle-cylinder electrodes were developed
to treat N-dimethyl-p-nitrosoaniline (RNO) with an initial
concentration of 1.33×10−5 mol/L in 50ml wastewater using
DC and pulsed corona discharges as shown in Fig. 39.

FIGURE 39. Pulsed corona discharge system for RNO treatment
(a) DC corona discharge reactor, (b) and (c) pulsed corona discharge
reactors [16].

For the DC corona discharge treatment method, the stain-
less steel needle electrode shown in Fig. 39(a) was energized
by a high voltage DC signal. A brass grounded cylinder
electrode is used for DC corona discharge. For the pulsed
corona discharge generation, 9 kV pulses with a frequency
of 1 kHz, the pulse duration of 200 ns and a rising time
of 25 ns were applied. The results of DC corona discharge
tests revealed that RNO reduction was 1.5×10−6 mol/L after
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TABLE 1. Comparison of pulsed power systems developed for water treatment application.
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TABLE 1. (Continued.) Comparison of pulsed power systems developed for water treatment application.
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TABLE 1. (Continued.) Comparison of pulsed power systems developed for water treatment application.
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TABLE 1. (Continued.) Comparison of pulsed power systems developed for water treatment application.

FIGURE 40. Typical discharge reactors for water treatment (a) electrohydraulic discharge reactor (direct discahrge), (b) gas phase discharge reactor and
(c) electrohydraulic indirect discharge reactor.

38 min treatment using negative corona discharge with dis-
charge power of 0.4 W. However, the reduction rate was
9×10−6 mol/L after 50 min and 25 min of treatment time

using positive DC corona discharges with a discharge power
of 0.3 W and 0.6 W, respectively. The results showed that at
lower pressure, RNO reduction efficiency can be improved
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FIGURE 41. Summary of the proposed pulsed power treatment methods.

using pulsed corona discharge. The pulsed power system was
also showed potential in the degradation of other bacteria
including Legionella pneumophila, Pseudomonas, Bacillus,
cyanobacteria, and E-faecalis.

IX. SUMMARY
This paper focused on water treatment applications using
pulsed power systems. Table 1 compares pulsed power
systems developed for water treatment application. Fig. 40
represents some of the typical discharge reactors introduced
for water treatment. Fig. 41 shows the proposed treatment
methods for wastewater applications using pulsed power
system. Several pulsed power treatment systems have been
developed for the decontamination ofmicroorganisms, E. coli

in particular. Developed pulsed power systems have been
mainly used to generate high energy UV radiations, streamer
discharges, corona discharges, arc discharges and pulsed
electric fields to inactivate microorganisms in different appli-
cations. Applying high voltage pulses with high repetition
frequency and energy density, narrow pulse width and the fast
rise time will result in higher E. coli removal rate. Among
the developed methods, the arc discharge system was found
as an effective treatment system for degradation of E. coli
bacteria over a short treatment period. Compared to arc dis-
charges, corona discharges and pulsed electric field were also
effective for E. coli degradation but over longer treatment
times in order to deliver sufficient energy for bacteria cell
membrane electroporation. The pulsed power system also
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showed great potential in the degradation of other bacteria
including Legionella pneumophila, Pseudomonas, Bacillus,
cyanobacteria, and E-faecalis.

For the purpose of organic chemical compounds decom-
position in water solutions, ozone and active hydroxyl and
oxygen radicals are usually generated through gaseous and
aqueous discharges because they can facilitate the organic
compounds degradation process. To generate more free rad-
icals, stronger UV radiations, corona, streamer, and spark
discharges are required. To achieve this, high voltage pulses
with narrow pulse width and high repetition frequency
should be generated using proper pulse power systems.
Different enveloping gasses such as oxygen, argon, and air
can be utilized to facilitate the phenol decomposition process.
Among these gasses, argon has the highest impact on phenol
decomposition rate while higher oxygen flow rate decreases
the phenol decomposition rate. Among the reviewed phenol
degradation methods in water solutions, the highest degrada-
tion rate (97%) was achieved using pulsed corona discharged
reactor. This reactor consisted of a planar ground electrode
placed above the water surface and a high voltage needle-
point electrode submerged in water solution. With more gen-
erated free radicals and ozone, the higher phenol degradation
rate was achieved.

To increase the acetic acid decomposition rate, more
OH radicals are required. To generate more OH radicals,
the discharge input power, and the repetition frequency
should be increased and high conductive solution should be
used.

To treat the dye wastewaters produced by many industrial
settings, several pulse power systems proposed consisting
of different types of reactors and pulsed power generators.
Pulsed corona discharge reactor, DBD reactor, corona reac-
tor, coaxial reactor, multiple-electrode, and needle-to-plate
reactors are used in different applications. Pulse corona dis-
charge reactor is one of the widely used reactors in dye
wastewater treatment systems. Several factors can improve
the dye decomposition process such as high voltage pulses
with high repetition frequency, high solution conductivity,
and low pH. In addition to these factors, adding gas bubbles
to the utilized reactor and using more reactors will facilitate
the degradation process. In comparison between streamer,
spark and spark-streamer discharge modes, it was shown that
spark-streamer mode has a higher impact on the decoloration
process.

Pharmaceutical compounds are widespread in hospital and
residential wastewaters. Similar to other pollutants, the pene-
tration of these compounds into the water environment should
be avoided. In this regard, several plasma-based treatment
systems were developed that could significantly degrade
these pollutants in wastewaters. Among these compounds,
Ibuprofen ismore studied andmainly targeted for degradation
in different literature. The results of these studies showed
that for compounds with lower initial concentration, the
degradation process is faster and higher repetition frequency
contributes to a larger degradation rate.

The pulsed power technology presents a powerful potential
for water treatment. The efficiency of the treatment process
can be highly affected by several factors including pulse
parameters (amplitude, frequency, bandwidth and number of
pulses), reactor configuration, solution properties (conduc-
tivity, pH level) and treatment duration. All of these factors
should be properly studied and designed for different appli-
cations in order to achieve efficient treatment process.

REFERENCES
[1] K. A. Kitzman, E. F. Maziarz, B. Padgett, C. D. Blumenschein, and

A. Smith, ‘‘Chemical vs. non-chemical cooling water treatments—A
side-by-side comparison,’’ in Proc. IWC, vol. 3, 2003, p. 22.

[2] J. E. Foster, ‘‘Plasma-based water purification: Challenges and prospects
for the future,’’ Phys. Plasmas, vol. 24, no. 5, 2017, Art. no. 055501.

[3] J. S. Clements, M. Sato, and R. H. Davis, ‘‘Preliminary investigation of
prebreakdown phenomena and chemical reactions using a pulsed high-
voltage discharge in water,’’ IEEE Trans. Ind. Appl., vol. IA-23, no. 2,
pp. 224–235, Mar. 1987.

[4] H. Akiyama, S. Sakai, T. Sakugawa, and T. Namihira, ‘‘Invited
paper—Environmental applications of repetitive pulsed power,’’ IEEE
Trans. Dielectr. Electr. Insul., vol. 14, no. 4, pp. 825–833, Aug. 2007.

[5] J. Lane, Y. Cho, and W. Kim, ‘‘Pulsed-power water treatment as a green
scale inhibitor for HVAC and once-through industrial systems,’’ NACE
Int., Houston, TX, USA, Tech. Rep. NACE-04541, 2004.

[6] P. S̆unka, ‘‘Pulse electrical discharges in water and their applications,’’
Phys. Plasmas, vol. 8, no. 5, pp. 2587–2594, May 2001.

[7] A. G. Amr and K. H. Schoenbach, ‘‘Biofouling prevention with pulsed
electric fields,’’ IEEE Trans. Plasma Sci., vol. 28, no. 1, pp. 115–121,
Feb. 2000.

[8] E. L. Neau, ‘‘Environmental and industrial applications of pulsed power
systems,’’ IEEE Trans. Plasma Sci., vol. 22, no. 1, pp. 2–10, Feb. 1994.

[9] A. J. Varkey, M. D. Dlamini, and S. K. Mkhonta, ‘‘Decontami-
nation of bacteria from water with moderate electric and magnetic
fields,’’ Univ. Swaziland, Manzini, Swaziland, Tech. Rep. 10.20944
preprints201711.0202.v1, 2017.

[10] N. Dutreux, S. Notermans, T. Wijtzes, M. M. Góngora-Nieto,
G. V. Barbosa-Cánovas, and B. G. Swanson, ‘‘Pulsed electric fields
inactivation of attached and free-living Escherichia coli and Listeria
innocua under several conditions,’’ Int. J. Food Microbiol., vol. 54,
nos. 1–2, pp. 91–98, 2000.

[11] K. H. Schoenbach, R. P. Joshi, R. H. Stark, F. C. Dobbs, and S. J. Beebe,
‘‘Bacterial decontamination of liquids with pulsed electric fields,’’ IEEE
Trans. Dielectr. Electr. Insul., vol. 7, no. 5, pp. 637–645, Oct. 2000.

[12] S. Kanazawa, H. Kawano, S. Watanabe, T. Furuki, S. Akamine, R. Ichiki,
T. Ohkubo, M. Kocik, and J. Mizeraczyk, ‘‘Observation of OH radicals
produced by pulsed discharges on the surface of a liquid,’’Plasma Sources
Sci. Technol., vol. 20, no. 3, Jun. 2011, Art. no. 034010.

[13] H. Akiyama, ‘‘Streamer discharges in liquids and their applications,’’
IEEE Trans. Dielectr. Electr. Insul., vol. 7, no. 5, pp. 646–653, Oct. 2000.

[14] M. Naïtali, G. Kamgang-Youbi, J.-M. Herry, M.-N. Bellon-Fontaine, and
J.-L. Brisset, ‘‘Combined effects of long-living chemical species during
microbial inactivation using atmospheric plasma-treated water,’’ Appl.
Environ. Microbiol., vol. 76, no. 22, pp. 7662–7664, 2010.

[15] P. Lukes, M. Clupek, V. Babicky, and P. Sunka, ‘‘Ultraviolet radiation
from the pulsed corona discharge in water,’’Plasma Sources Sci. Technol.,
vol. 17, no. 2, May 2008, Art. no. 024012.

[16] T. Fumiyoshi, F. Yasutomo, U. Satoshi, and W. Tsuneo, ‘‘Study of
wastewater treatment by OH radicals using DC and pulsed corona dis-
charge over water,’’ Jpn. J. Appl. Phys., vol. 45, no. 4R, p. 2743, 2006.

[17] L. R. Grabowski, Pulsed Corona in Air for Water Treatment, vol. 68.
Eindhoven, The Netherlands: Technische Univ. Eindhoven, 2006.

[18] A. M. Anpilov, E. M. Barkhudarov, Y. B. Bark, Y. V. Zadiraka,
M. Christofi, Y. N. Kozlov, I. A. Kossyi, V. A. Kop’ev, V. P. Silakov,
M. I. Taktakishvili, and S. M. Temchin, ‘‘Electric discharge in water as a
source of UV radiation, ozone and hydrogen peroxide,’’ J. Phys. D, Appl.
Phys., vol. 34, no. 6, p. 993, 2001.

[19] P. Sunka, V. Babický, M. Clupek, P. Lukes, M. Simek, J. Schmidt, and
M. Cernák, ‘‘Generation of chemically active species by electrical dis-
charges in water,’’ Plasma Sources Sci. Technol., vol. 8, no. 2, p. 258,
Jan. 1999.

150888 VOLUME 7, 2019



N. Ghasemi et al.: Review of Pulsed Power Systems for Degrading Water Pollutants

[20] A. Al-Shamma’a, I. Pandithas, and J. Lucas, ‘‘Low-pressure microwave
plasma ultraviolet lamp for water purification and ozone applications,’’
J. Phys. D, Appl. Phys., vol. 34, no. 18, p. 2775, 2001.

[21] U. von Gunten, ‘‘Ozonation of drinking water: Part II. Disinfection and
by-product formation in presence of bromide, iodide or chlorine,’’Water
Res., vol. 37, no. 7, pp. 1469–1487, Apr. 2003.

[22] Y. Lee, S. Imminger, N. Czekalski, U. von Gunten, and F. Hammes,
‘‘Inactivation efficiency of Escherichia coli and autochthonous bacteria
during ozonation of municipal wastewater effluents quantified with flow
cytometry and adenosine tri-phosphate analyses,’’ Water Res., vol. 101,
pp. 617–627, Sep. 2016.

[23] P. Lukes, M. Clupek, V. Babicky, V. Janda, and P. Sunka, ‘‘Generation of
ozone by pulsed corona discharge over water surface in hybrid gas–liquid
electrical discharge reactor,’’ J. Phys. D, Appl. Phys., vol. 38, no. 3, p. 409,
2005.

[24] H. Akiyama, T. Sakugawa, T. Namihira, K. Takaki, Y. Minamitani,
and N. Shimomura, ‘‘Industrial applications of pulsed power technol-
ogy,’’ IEEE Trans. Dielectr. Electr. Insul., vol. 14, no. 5, pp. 1051–1064,
Oct. 2007.

[25] A. Tokuchi, N. Ninomiya, J. Weihua, and K. Yatsui, ‘‘Repetitive pulsed-
power generator ‘ETIGO-IV,’’’ IEEE Trans. Plasma Sci., vol. 30, no. 5,
pp. 1637–1641, Oct. 2002.

[26] S. Madichetty and S. Mishra, ‘‘High voltage repetitive pulsed power
generator by using modular multilevel converter,’’ Int. J. Ambient Energy,
vol. 40, no. 4, pp. 427–433, 2017.

[27] Y. Teramoto, D. Deguchi, S. Katsuki, T. Namihira, H. Akiyama, and
I. V. Lisitsyn, ‘‘All-solid-state trigger-less repetitive pulsed power gen-
erator utilizing semiconductor opening switch,’’ in 28th IEEE Int. Conf.
Plasma Sci. 13th IEEE Int. Pulsed Power Conf., Dig. Papers, vol. 1,
Jun. 2001, pp. 540–543.

[28] W. Jiang, N. Oshima, T. Yokoo, K. Yatsui, K. Takayama, M. Wake,
N. Shimizu, and A. Tokuchi, ‘‘Development of repetitive pulsed power
generators using power semiconductor devices,’’ in Proc. IEEE Pulsed
Power Conf., Jun. 2005, pp. 1167–1172.

[29] K. Yasuoka and K. Sato, ‘‘Development of repetitive pulsed plasmas in
gas bubbles for water treatment,’’ Int. J. Plasma Environ. Sci. Technol.,
vol. 3, no. 1, pp. 22–27, Mar. 2009.

[30] J.-S. Chang, ‘‘Recent development of plasma pollution control tech-
nology: A critical review,’’ Sci. Technol. Adv. Mater., vol. 2, no. 3,
pp. 571–576, 2001.

[31] A. Pokryvailo, Y. Yankelevich, M. Wolf, E. Abramzon, S. Wald, and
A. Welleman, ‘‘A high-power pulsed corona source for pollution control
applications,’’ IEEE Trans. Plasma Sci., vol. 32, no. 5, pp. 2045–2054,
Oct. 2004.

[32] H. Romat, H. Zastawny, J. Chang, and N. K. Leitner, ‘‘Pulsed arc dis-
charges for water treatment and disinfection,’’ in Proc. Electrostatics Ser.,
Inst. Phys. Conf. Ser. Boca Raton, FL, USA: Taylor & Francis, 2004,
pp. 325–330.

[33] B. R. Locke, M. Sato, P. Sunka, M. R. Hoffmann, and J.-S. Chang,
‘‘Electrohydraulic discharge and nonthermal plasma forwater treatment,’’
Ind. Eng. Chem. Res., vol. 45, no. 3, pp. 882–905, 2006.

[34] M. A. Malik, A. Ghaffar, and S. A. Malik, ‘‘Water purification by elec-
trical discharges,’’ Plasma Sources Sci. Technol., vol. 10, no. 1, p. 82,
Feb. 2001.

[35] P. Lukes and B. R. Locke, ‘‘Plasmachemical oxidation processes in a
hybrid gas–liquid electrical discharge reactor,’’ J. Phys. D, Appl. Phys.,
vol. 38, no. 22, p. 4074, 2005.

[36] Ruma, H. Hosano, T. Sakugawa, and H. Akiyama, ‘‘The role of pulse
voltage amplitude on chemical processes induced by streamer discharge
at water surface,’’ Catalysts, vol. 8, no. 5, p. 213, 2018.

[37] M. Sato, T. Tokutake, T. Ohshima, and A. T. Sugiarto, ‘‘Aqueous phenol
decomposition by pulsed discharges on the water surface,’’ IEEE Trans.
Ind. Appl., vol. 44, no. 5, pp. 1397–1402, Sep. 2008.

[38] Ruma, S. H. R. Hosseini, K. Yoshihara, M. Akiyama, T. Sakugawa,
P. Lukeš, and H. Akiyama, ‘‘Properties of water surface discharge at
different pulse repetition rates,’’ J. Appl. Phys., vol. 116, no. 12, 2014,
Art. no. 123304.

[39] K. Yoshihara, Ruma, S. H. R. Hosseini, T. Sakugawa, and H. Akiyama,
‘‘Study of hydrogen peroxide generation by water surface discharge,’’
IEEE Trans. Plasma Sci., vol. 42, no. 10, pp. 3226–3230, Oct. 2014.

[40] T. Kotnik and D. Miklavčič, ‘‘Analytical description of transmembrane
voltage induced by electric fields on spheroidal cells,’’ Biophys. J.,
vol. 79, no. 2, pp. 670–679, 2000.

[41] P. Marszalek, D. S. Liu, and T. Y. Tsong, ‘‘Schwan equation and trans-
membrane potential induced by alternating electric field,’’ Biophys. J.,
vol. 58, no. 4, pp. 1053–1058, 1990.

[42] N. Ghasemi, F. Zare, A. A. Boora, A. Ghosh, C. Langton, and
F. Blaabjerg, ‘‘Harmonic elimination technique for a single-phase mul-
tilevel converter with unequal DC link voltage levels,’’ IET Power Elec-
tron., vol. 5, no. 8, pp. 1418–1429, Sep. 2012.

[43] M.-K. Nguyen, F. Zare, and N. Ghasemi, ‘‘Switched-capacitor-based
nanosecond pulse generator using SiC MOSFET,’’ in Proc. Australas.
Univ. Power Eng. Conf. (AUPEC), 2018, pp. 1–6.

[44] S. Zabihi, F. Zare, G. Ledwich, A. Ghosh, and H. Akiyama, ‘‘A novel
high-voltage pulsed-power supply based on low-voltage switch–capacitor
units,’’ IEEE Trans. Plasma Sci., vol. 38, no. 10, pp. 2877–2887,
Oct. 2010.

[45] P. Davari, F. Zare, A. Ghosh, and H. Akiyama, ‘‘High-voltage modular
power supply using parallel and series configurations of flyback converter
for pulsed power applications,’’ IEEE Trans. Plasma Sci., vol. 40, no. 10,
pp. 2578–2587, Oct. 2012.

[46] A. Hidenori and H. Richard, Bioelectrics. Tokyo, Japan: Springer, 2017.
[47] S. Masayuki, ‘‘Environmental and biotechnological applications of high-

voltage pulsed discharges in water,’’ Plasma Sources Sci. Technol.,
vol. 17, no. 2, 2008, Art. no. 024021.

[48] T. A.Mehlhorn, ‘‘National security research in plasma physics and pulsed
power: Past, present, and future,’’ IEEE Trans. Plasma Sci., vol. 42, no. 5,
pp. 1088–1117, May 2014.

[49] M. Moreau, N. Orange, and M. G. J. Feuilloley, ‘‘Non-thermal plasma
technologies: New tools for bio-decontamination,’’ Biotechnol. Adv.,
vol. 26, no. 6, pp. 610–617, Nov./Dec. 2008.

[50] T. Miichi, N. Hayashi, S. Ihara, S. Satoh, and C. Yamabe, ‘‘Generation
of radicals using discharge inside bubbles in water for water treatment,’’
Ozone, Sci. Eng., vol. 24, no. 6, pp. 471–477, 2002.

[51] C. Yamabe, F. Takeshita, T. Miichi, N. Hayashi, and S. Ihara, ‘‘Water
treatment using discharge on the surface of a bubble in water,’’ Plasma
Processes Polym., vol. 2, no. 3, pp. 246–251, 2005.

[52] M. Barrett, K. Fitzhenry, V. O’Flaherty, W. Dore, S. Keaveney,
M. Cormican, N. Rowan, and E. Clifford, ‘‘Detection, fate and inac-
tivation of pathogenic norovirus employing settlement and UV treat-
ment in wastewater treatment facilities,’’ Sci. Total Environ., vol. 568,
pp. 1026–1036, Oct. 2016.

[53] B.-L. Qin, G. V. Barbosa-Canovas, B. G. Swanson, P. D. Pedrow, and
R. G. Olsen, ‘‘Inactivating microorganisms using a pulsed electric field
continuous treatment system,’’ IEEE Trans. Ind. Appl., vol. 34, no. 1,
pp. 43–50, Jan. 1998.

[54] C. W. Chen, H.-M. Lee, and M. B. Chang, ‘‘Inactivation of aquatic
microorganisms by low-frequency AC discharges,’’ IEEE Trans. Plasma
Sci., vol. 36, no. 1, pp. 215–219, Feb. 2008.

[55] F. Espino-Cortes, A. H. El-hag, O. Adedayo, S. Jayaram, and
W. Anderson, ‘‘Water processing by high intensity pulsed electric fields,’’
in Proc. IEEE Conf. Elect. Insul. Dielectr. Phenomena, Oct. 2006,
pp. 684–687.

[56] T. Wang, S. J. MacGregor, J. G. Anderson, and G. A. Woolsey, ‘‘Pulsed
ultra-violet inactivation spectrum of Escherichia coli,’’ Water Res.,
vol. 39, no. 13, pp. 2921–2925, 2005.

[57] K. H. Schoenbach, F. E. Peterkin, R. W. Alden, III, and
S. J. Beebe, ‘‘The effect of pulsed electric fields on biological cells:
Experiments and applications,’’ IEEE Trans. Plasma Sci., vol. 25, no. 2,
pp. 284–292, Apr. 1997.

[58] R. Narsetti, R. D. Curry, K. F. McDonald, T. E. Clevenger, and
L. M. Nichols, ‘‘Microbial inactivation in water using pulsed electric
fields and magnetic pulse compressor technology,’’ IEEE Trans. Plasma
Sci., vol. 34, no. 4, pp. 1386–1393, Aug. 2006.

[59] R. Zhang, L. Wang, Y. Wu, Z. Guan, and Z. Jia, ‘‘Bacterial decon-
tamination of water by bipolar pulsed discharge in a gas–liquid–solid
three-phase discharge reactor,’’ IEEE Trans. Plasma Sci., vol. 34, no. 4,
pp. 1370–1374, Aug. 2006.

[60] A. Guionet, V. Joubert-Durigneux, D. Packan, C. Cheype, J.-P. Garnier,
F. David, C. Zaepffel, R.-M. Leroux, J. Teissié, and V. Blanckaert, ‘‘Effect
of nanosecond pulsed electric field on Escherichia coli in water: Inactiva-
tion and impact on protein changes,’’ J. Appl. Microbiol., vol. 117, no. 3,
pp. 721–728, 2014.

[61] C.-H. Wang, Y. Wu, and G.-F. Li, ‘‘Inactivation of E. coli with plasma
generated by bipolar pulsed discharge in a three-phase discharge plasma
reactor,’’ J. Electrostatics, vol. 66, nos. 1–2, pp. 71–78, 2008.

VOLUME 7, 2019 150889



N. Ghasemi et al.: Review of Pulsed Power Systems for Degrading Water Pollutants

[62] R. K. Singh, V. Babu, L. Philip, and S. Ramanujam, ‘‘Disinfec-
tion of water using pulsed power technique: Effect of system param-
eters and kinetic study,’’ Chem. Eng. J., vol. 284, pp. 1184–1195,
Jan. 2016.

[63] R. K. Singh, L. Philip, and S. Ramanujam, ‘‘Disinfection of water by
pulsed power technique: A mechanistic perspective,’’ RSC Adv., vol. 6,
no. 15, pp. 11980–11990, 2016.

[64] A. Abou-Ghazala, S. Katsuki, K. H. Schoenbach, F. C. Dobbs, and
K. R. Moreira, ‘‘Bacterial decontamination of water by means of
pulsed-corona discharges,’’ IEEE Trans. Plasma Sci., vol. 30, no. 4,
pp. 1449–1453, Aug. 2002.

[65] R. Burlica, R. G. Grim, K.-Y. Shih, D. Balkwill, and B. R. Locke,
‘‘Bacteria inactivation using low power pulsed gliding arc discharges
with water spray,’’ Plasma Processes Polym., vol. 7, no. 8, pp. 640–649,
Aug. 2010.

[66] Y. Huang, Y. Kou, C. Zheng, Y. Xu, Z. Liu, and K. Yan, ‘‘Escherichia
coliinactivation in water using pulsed discharge,’’ IEEE Trans. Plasma
Sci., vol. 44, no. 6, pp. 938–943, Jun. 2016.

[67] Z. Rashmei, H. Bornasi, and M. Ghoranneviss, ‘‘Evaluation of treatment
and disinfection of water using cold atmospheric plasma,’’ J. Water
Health, vol. 14, no. 4, pp. 609–616, 2016.

[68] R. Banaschik, G. Burchhardt, K. Zocher, S. Hammerschmidt,
J. F. Kolb, and K.-D. Weltmann, ‘‘Comparison of pulsed corona plasma
and pulsed electric fields for the decontamination of water containing
Legionella pneumophila as model organism,’’ Bioelectrochemistry,
vol. 112, pp. 83–90, Dec. 2016.

[69] M. Garvey, D. Rabbitt, A. Stocca, and N. Rowan, ‘‘Pulsed ultraviolet
light inactivation ofPseudomonas aeruginosa and Staphylococcus aureus
biofilms,’’Water Environ. J., vol. 29, no. 1, pp. 36–42, 2015.

[70] E. J. M. van Heesch, A. J. M. Pemen, P. A. H. J. Huijbrechts,
P. C. T. van der Laan, K. J. Prasinski, G. J. Zanstra, and P. de Jong,
‘‘A fast pulsed power source applied to treatment of conducting liq-
uids and air,’’ IEEE Trans. Plasma Sci., vol. 28, no. 1, pp. 137–143,
Feb. 2000.

[71] C. Gusbeth, W. Frey, H. Volkmann, T. Schwartz, and H. Bluhm, ‘‘Pulsed
electric field treatment for bacteria reduction and its impact on hospital
wastewater,’’ Chemosphere, vol. 75, no. 2, pp. 228–233, 2009.

[72] N. J. Rowan, S. Espie, J. Harrower, J. G. Anderson, L. Marsili, and
S. J. Macgregor, ‘‘Pulsed-plasma gas-discharge inactivation of microbial
pathogens in chilled poultry wash water,’’ J. Food Protection, vol. 70,
no. 12, pp. 2805–2810, 2007.

[73] Z. Li, S. Sakai, C. Yamada, D. Wang, S. Chung, X. Lin, T. Namihira,
S. Katsuki, and H. Akiyama, ‘‘The effects of pulsed streamerlike dis-
charge on cyanobacteria cells,’’ IEEE Trans. Plasma Sci., vol. 34, no. 5,
pp. 1719–1724, Oct. 2006.

[74] Y.-S. Byeon, E. J. Hong, S. Yoo, T. Lho, S.-Y. Yoon, S. B. Kim,
S. J. Yoo, and S. Ryu, ‘‘Ballast water treatment test at pilot-scale using an
underwater capillary discharge device,’’ Plasma Chem. Plasma Process.,
vol. 37, no. 5, pp. 1405–1416, Sep. 2017.

[75] J. Shi, W. Bian, and X. Yin, ‘‘Organic contaminants removal by the tech-
nique of pulsed high-voltage discharge in water,’’ J. Hazardous Mater.,
vol. 171, nos. 1–3, pp. 924–931, Nov. 2009.

[76] M. A. Malik, ‘‘Water purification by plasmas: Which reactors are most
energy efficient?’’ Plasma Chem. Plasma Process., vol. 30, no. 1,
pp. 21–31, 2010.

[77] M. Iwabuchi, K. Wada, K. Takahashi, K. Takaki, and N. Satta, ‘‘Simulta-
neous decomposition of phenol and sodium formate by discharge inside
bubble in water,’’ Trans. Mater. Res. Soc. Jpn., vol. 41, no. 2, pp. 183–187,
2016.

[78] M. Morimoto, K. Shimizu, K. Teranishi, and N. Shimomura, ‘‘Surfac-
tant treatment using nanosecond pulsed powers and action of electric
discharges on solution liquid,’’ IEEE Trans. Plasma Sci., vol. 44, no. 10,
pp. 2167–2172, Oct. 2016.

[79] L. R. Grabowski, E. M. van Veldhuizen, A. J. M. Pemen, and
W. R. Rutgers, ‘‘Corona above water reactor for systematic study of
aqueous phenol degradation,’’ Plasma Chem. Plasma Process., vol. 26,
no. 1, pp. 3–17, 2006.

[80] B. Sun,M. Sato, and J. S. Clements, ‘‘Oxidative processes occurringwhen
pulsed high voltage discharges degrade phenol in aqueous solution,’’
Environ. Sci. Technol., vol. 34, no. 3, pp. 509–513, Dec. 1999.

[81] B. Sun, M. Sato, and J. S. Clements, ‘‘Use of a pulsed high-voltage
discharge for removal of organic compounds in aqueous solution,’’
J. Phys. D, Appl. Phys., vol. 32, no. 15, p. 1908, 1999.

[82] A. Pokryvailo, M. Wolf, Y. Yankelevich, S. Wald, L. R. Grabowski,
E. V. M. Van Veldhuizen, W. R. Rutgers, M. Reiser, B. Glocker,
T. Eckhardt, P. Kempenaers, and A. Welleman, ‘‘High-power pulsed
corona for treatment of pollutants in heterogeneous media,’’ IEEE Trans.
Plasma Sci., vol. 34, no. 5, pp. 1731–1743, Oct. 2006.

[83] J. Li, M. Sato, and T. Ohshima, ‘‘Degradation of phenol in water using
a gas–liquid phase pulsed discharge plasma reactor,’’ Thin Solid Films,
vol. 515, no. 9, pp. 4283–4288, 2007.

[84] D. R. Grymonpré, W. C. Finney, R. J. Clark, and B. R. Locke, ‘‘Hybrid
gas–liquid electrical discharge reactors for organic compound degrada-
tion,’’ Ind. Eng. Chem. Res., vol. 43, no. 9, pp. 1975–1989, 2004.

[85] R. K. Singh, L. Philip, and S. Ramanujam, ‘‘Removal of
2,4-dichlorophenoxyacetic acid in aqueous solution by pulsed corona
discharge treatment: Effect of different water constituents, degradation
pathway and toxicity assay,’’ Chemosphere, vol. 184, pp. 207–214,
Oct. 2017.

[86] N. Sano, T. Kawashima, J. Fujikawa, T. Fujimoto, T. Kitai, T. Kanki, and
A. Toyoda, ‘‘Decomposition of organic compounds in water by direct
contact of gas corona discharge: Influence of discharge conditions,’’ Ind.
Eng. Chem. Res., vol. 41, no. 24, pp. 5906–5911, 2002.

[87] G. R. Stratton, F. Dai, C. L. Bellona, T. M. Holsen, E. R. V. Dickenson,
and S. M. Thagard, ‘‘Plasma-based water treatment: Efficient transforma-
tion of perfluoroalkyl substances in prepared solutions and contaminated
groundwater,’’ Environ. Sci. Technol., vol. 51, no. 3, pp. 1643–1648,
2017.

[88] K. Sato, K. Yasuoka, and S. Ishii, ‘‘Water treatment with pulsed dis-
charges generated inside bubbles,’’ Electr. Eng. Jpn., vol. 170, no. 1,
pp. 1–7, 2010.

[89] T. Kobayashi, T. Sugai, T. Handa, Y.Minamitani, and T. Nose, ‘‘The effect
of spraying of water droplets and location of water droplets on the water
treatment by pulsed discharge in air,’’ IEEE Trans. Plasma Sci., vol. 38,
no. 10, pp. 2675–2680, Oct. 2010.

[90] G. Jin, G. Pingdao, Y. Li, and Z. Fangchuan, ‘‘Degradation of dye
wastewater by ns-pulse DBD plasma,’’ Plasma Sci. Technol., vol. 15,
no. 9, p. 928, 2013.

[91] Y. Minamitani, S. Shoji, Y. Ohba, and Y. Higashiyama, ‘‘Decomposi-
tion of dye in water solution by pulsed power discharge in a water
droplet spray,’’ IEEE Trans. Plasma Sci., vol. 36, no. 5, pp. 2586–2591,
Oct. 2008.

[92] S. Jiang, J. Rao, Z. Wu, and Z. Li, ‘‘Effects of coaxial dielectric barrier
discharge system on water treatment by water stream well mixed with
air,’’ IEEE Trans. Dielectr. Electr. Insul., vol. 23, no. 6, pp. 3328–3335,
Dec. 2016.

[93] T. Sugai, P. T. Nguyen, T. Maruyama, A. Tokuchi, and W. Jiang,
‘‘The effect of scale-up of pulsed corona discharge for treatment of
pollution water sprayed in discharge gap,’’ IEEE Trans. Plasma Sci.,
vol. 44, no. 10, pp. 2204–2210, Oct. 2016.

[94] T. Yano, N. Shimomura, I. Uchiyama, F. Fukawa, K. Teranishi, and
H. Akiyama, ‘‘Decolorization of indigo carmine solution using nanosec-
ond pulsed power,’’ IEEE Trans. Dielectr. Electr. Insul., vol. 16, no. 4,
pp. 1081–1087, Aug. 2009.

[95] T. Suzuki, Y. Minamitani, and T. Nose, ‘‘Investigation of a pulse circuit
design and pulse condition for the high energy efficiency on water treat-
ment using pulsed power discharge in a water droplet spray,’’ IEEE Trans.
Dielectr. Electr. Insul., vol. 18, no. 4, pp. 1281–1286, Aug. 2011.

[96] J. V. Sánchez, C. T. Segundo, E.M. Palacios, A. G. Díaz, P. G. R. Romero,
and H. M. Valencia, ‘‘Degradation of textile dye AB 52 in an aqueous
solution by applying a plasma at atmospheric pressure,’’ IEEE Trans.
Plasma Sci., vol. 45, no. 3, pp. 479–484, Mar. 2017.

[97] H. Wang, J. Li, and X. Quan, ‘‘Decoloration of azo dye by a multi-
needle-to-plate high-voltage pulsed corona discharge system in water,’’
J. Electrostatics, vol. 64, no. 6, pp. 416–421, 2006.

[98] G. O. El-Sayed, S. M. Taleb, and H. M. Gouda,‘‘Decolorization and
degradation of sunset yellow in aqueous solutions by advanced Fenton
oxidation,’’ J. Basic Environ. Sci., vol. 4, pp. 18–23, Jan. 2017.

[99] P. V. Nidheesh, M. Zhou, andM. A. Oturan, ‘‘An overview on the removal
of synthetic dyes from water by electrochemical advanced oxidation
processes,’’ Chemosphere, vol. 197, pp. 210–227, Apr. 2018.

[100] Z. Zhou, Y.Ma, Y. Liu, S. Lu, and Z. Ren, ‘‘Formation of hydrogen perox-
ide and treatment of Sunset Yellow wastewater using pulsed high-voltage
discharge system,’’Can. J. Chem. Eng., vol. 95, no. 2, pp. 290–296, 2017.

[101] R. Zhang, C. Zhang, X. Cheng, L. Wang, Y. Wu, and Z. Guan, ‘‘Kinetics
of decolorization of azo dye by bipolar pulsed barrier discharge in a three-
phase discharge plasma reactor,’’ J Hazard Mater., vol. 142, nos. 1–2,
pp. 105–110, 2007.

150890 VOLUME 7, 2019



N. Ghasemi et al.: Review of Pulsed Power Systems for Degrading Water Pollutants

[102] H. Wang, H. Guo, Q. Wu, G. Zhou, and C. Yi, ‘‘Effect of activated carbon
addition on H2O2 formation and dye decoloration in a pulsed discharge
plasma system,’’ Vacuum, vol. 128, pp. 99–105, Jun. 2016.

[103] A. Fahmy, A. El-Zomrawy, A. M. Saeed, A. Z. Sayed, M. A. E. El-Arab,
and H. A. Shehata, ‘‘Modeling and optimizing Acid Orange 142 degrada-
tion in aqueous solution by non-thermal plasma,’’Chemosphere, vol. 210,
pp. 102–109, Nov. 2018.

[104] A. T. Sugiarto, S. Ito, T. Ohshima, M. Sato, and J. D. Skalny, ‘‘Oxidative
decoloration of dyes by pulsed discharge plasma in water,’’ J. Electrostat-
ics, vol. 58, nos. 1–2, pp. 135–145, 2003.

[105] P. Baroch, V. Anita, N. Saito, and O. Takai, ‘‘Bipolar pulsed electrical
discharge for decomposition of organic compounds in water,’’ J. Electro-
statics, vol. 66, nos. 5–6, pp. 294–299, 2008.

[106] W. Liu, Q. Zhao, T. Wang, X. Duan, C. Li, and X. Lei,
‘‘Degradation of organic pollutants using atmospheric pressure glow
discharge plasma,’’ Plasma Chem. Plasma Process., vol. 36, no. 4,
pp. 1011–1020, Jul. 2016.

[107] R. K. Singh, V. Babu, L. Philip, and S. Ramanujam, ‘‘Applicability of
pulsed power technique for the degradation of methylene blue,’’ J. Water
Process Eng., vol. 11, pp. 118–129, Jun. 2016.

[108] M. A. Malik, U. Rehman, A. Ghaffar, and K. Ahmed, ‘‘Synergistic
effect of pulsed corona discharges and ozonation on decolourization of
methylene blue in water,’’ Plasma Sources Sci. Technol., vol. 11, no. 3,
p. 236, 2002.

[109] M. A. Malik, ‘‘Synergistic effect of plasmacatalyst and ozone in a pulsed
corona discharge reactor on the decomposition of organic pollutants in
water,’’ Plasma Sources Sci. Technol., vol. 12, no. 4, p. S26, 2003.

[110] S. Kodama, A. Izumino, D. Wang, and T. Namihira, ‘‘Optimization of
persistent organic pollutants treatment in wastewater using by nanosec-
ond pulsed non-thermal plasma,’’ in Proc. IEEE 21st Int. Conf. Pulsed
Power (PPC), Jun. 2017, pp. 1–4.

[111] R. K. Singh, L. Philip, and S. Ramanujam, ‘‘Rapid degradation, min-
eralization and detoxification of pharmaceutically active compounds in
aqueous solution during pulsed corona discharge treatment,’’Water Res.,
vol. 121, pp. 20–36, Sep. 2017.

[112] A. Sohrabi, Novel Plasma Based Technology for Treatment of Emerging
Contaminants in Water: Understanding Physiochemical Processes and
Applications. Edmonton, AB, Canada: Univ. of Alberta, 2017.

[113] M. Magureanu, D. Piroi, N. B. Mandache, V. David, A. Medvedovici,
and V. I. Parvulescu, ‘‘Degradation of pharmaceutical compound pentox-
ifylline in water by non-thermal plasma treatment,’’ Water Res., vol. 44,
no. 11, pp. 3445–3453, 2010.

[114] J. Zeng, B. Yang, X. Wang, Z. Li, X. Zhang, and L. Lei, ‘‘Degradation of
pharmaceutical contaminant ibuprofen in aqueous solution by cylindrical
wetted-wall corona discharge,’’ Chem. Eng. J., vol. 267, pp. 282–288,
May 2015.

[115] X. Wang, D. Zhao, X. Tan, Y. Chen, Z. Chen, and H. Xiao, ‘‘Discharge
characteristics of plasma induced by water drop and its potential for water
treatment,’’ Chem. Eng. J., vol. 328, pp. 708–716, Nov. 2017.

[116] Y. I. Cho, J. Lane, and W. Kim, ‘‘Pulsed-power treatment for physi-
cal water treatment,’’ Int. Commun. Heat Mass Transf., vol. 32, no. 7,
pp. 861–871, 2005.

[117] T. Namihira et al., ‘‘Improvement of NOX removal efficiency using short-
width pulsed power,’’ IEEE Trans. Plasma Sci., vol. 28, pp. 434–442,
May 2000.

[118] S. A. Hashim, F. N. D. B. Samsudin, C. S. Wong, K. A. Bakar,
S. L. Yap, and M. F. M. Zin, ‘‘Non-thermal plasma for air and
water remediation,’’ Arch. Biochem. Biophys., vol. 605, pp. 34–40,
Sep. 2016.

NEGAREH GHASEMI (M’11–SM’18) received
the Ph.D. degree in electrical engineering from the
Queensland University of Technology, Australia,
in 2013. From 2013 to May 2018, she was a Lec-
turer with the Power Engineering Group, Queens-
land University of Technology. She is currently
a Lecturer with the School of Information Tech-
nology and Electrical Engineering, The University
of Queensland, Australia. Her research interests
include power electronics, pulsed power, and ultra-

sound systems and their applications, including wastewater and liquid treat-
ment. She is a member of the editorial board of the International Journal of
Power Electronics.

FIRUZ ZARE (S’98–M’01–SM’06) received the
Ph.D. degree in power electronics from the
Queensland University of Technology, Australia,
in 2002. He has spent several years in industry
as a Team Leader, working on power electronics
and power quality projects. He has received sev-
eral awards such as an Australian Future Fellow-
ship, the Symposium Fellowship by the Australian
Academy of Technological Science, the Early
Career Academic Excellence ResearchAward, and

the JohnMadsenMedal fromEngineers Australia. He has published over 220
journals and conference papers and technical reports in the area of power
electronics. He is an Academic Staff with The University of Queensland,
Australia, and a Task Force Leader of Active Infeed Converters within
Working Group one at the IEC standardization TC77A. His main research
areas include power electronics topology, control and applications; power
quality and regulations; and pulsed power applications. He is an Associate
Editor of the IEEE ACCESS journal and the IEEE JOURNAL OF EMERGING AND

SELECTED TOPICS IN POWER ELECTRONICS.

HAMID HOSANO (M’09) received the M.Sc.
(Eng.) degree from the Sharif University of Tech-
nology, in 1990, and the Ph.D. degree fromTohoku
University, Sendai, Japan, in 1999.

He was a Lecturer with the Sharif University of
Technology, from 1990 to 1996. He has served as
a Research Associate and an Associate Professor
with Tohoku University, from 1999 to 2006. From
2006 to 2008, he was a Visiting Scientist with
the Department of Bioengineering, University of

Washington, Seattle, WA, USA. In 2008, he joined Kumamoto University,
Japan, where he is currently a Professor with the Bioelectrics Department,
Institute of Pulsed Power Science, and the Graduate School of Science
and Technology. His research interests are biomedical application of pulsed
power, shock waves, therapeutic ultrasound, and bioelectrics. He is an
Editor of several journals, including the Shock Waves (Springer) and the
Shock & Vibration.

VOLUME 7, 2019 150891


