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In the present study, pollutant degradation eﬃciency was investigated by recycling of overhead gases from
gaseous phase to aqueous phase in gas-liquid interface pulsed corona discharge reactor. Methylene blue (MB)
was used as a model pollutant and its degradation was compared by recycling and non-recycling of oxygen, air
and argon gases. The degradation rate constants of MB were 0.28 and 0.23 min−1 in recycled condition which
was decreased to 0.22 and 0.21 min−1 in non-recycled condition in oxygen and argon gas, respectively. On
contrary, in air medium, comparatively higher MB degradation rate (0.21 min−1) was achieved in non-recycled
condition compared to recycled condition (0.11 min−1). The long-lived reactive oxygen species (ROS) such as
hydrogen peroxide and ozone were quantiﬁed in both conditions. We observed that the concentration of ozone
present in the aqueous solution was slightly higher in recycling conditions as compared to that of non-recycled
condition in all the gases. Moreover, higher hydrogen peroxide concentration was detected in recycled condition
(185 and 168 mg/L) compared to non-recycled condition (112 and 40 mg/L) in the presence of oxygen and
argon, respectively, and vice-versa in air medium. The economic comparison revealed that up to 33% of electrical energy could be saved by recycling overhead oxygen gas.

1. Introduction
Water pollution is garnering major attention not only for its impact
on water availability and quality, but also for its adverse eﬀects on
humans and aquatic ecosystem. Apart from microbiological contamination, the voracious consumption and introduction of new chemicals discharged by various industries such as textile, pharmaceutical
manufacturing, tannery, paint, printing, cosmetics manufacturing etc,
are on rise. Various chemical laden eﬄuent by industries causes signiﬁcant environment damage and human diseases [1–4].
Several conventional methods such as coagulation/ﬂocculation [5],
adsorption [6], biological treatment [7], and diﬀerent advanced oxidation processes (AOPs) like ozonation [8], fenton oxidation [9], photofenton [10] and photo-catalytic degradation [11,12] have been implemented to treat the various organic pollutants from industrial
eﬄuent. However, many of these techniques are having some limitations. Conventional treatment methods are not eﬀective in removing
complex organic pollutants from industrial wastewater. Also, many
pollutants are resistant to biological degradation, which results in the
membrane fouling/damage (due to deposition and reactivity of the
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pollutants on the surface or within the pore of the membrane) and incomplete mineralization [13]. Though AOPs have the potential to remove these pollutants from industrial wastewater, the treatment costs
of these technologies are relatively higher and required large consumption of chemicals/catalysts [14,15]. Hence, researchers worldwide
are still trying to ﬁnd an optimized technique to reduce the impact of
industrial discharges to the environment.
In recent time, plasma technology has emerged as one of the new
advanced oxidation processes (AOP) for the treatment of organic
compounds in water, sterilization of water, synthesis materials and
nanoparticles, energy generation and application in medicines [16–27].
Corona discharge is one such method, which is widely being used recently by various researchers for the plasma generation to treat various
organic pollutants and pathogens from water [28–33]. Typical corona
discharge requires two asymmetrical electrodes; ﬁrst, the electrode
having very high curvature (such as needles and wires) and the second
electrode having lesser curvature such as a plate. This conﬁguration
creates a very high electric ﬁeld and very sharp voltage pulse in
duration of nanoseconds to microseconds. Plasma can be generated
either by high voltage electric discharge directly inside the water
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Therefore, the distance between tip of the needles and water surface
can be adjusted 1 mm by one rotation of screw rod. The reactor
chamber was formed using cylindrical glass of diameter 4.5 cm and
height of 6 cm. The two electrodes were provided with ports and valves
to facilitate the entry and exit of required gases (Ar, O2 and Air), recycling of gases as well as for sample collection. Gas was recycled as
forced system. Fresh gases were continuously introduced during the
experiment, which could develop pressure in the head space above the
liquid inside the reactor. A tube was connected from the head space to
the bottom part of the electrode for the recycling. Due to the pressure
gradient developed between the head space and liquid, the gases were
recycled through bottom part of the reactor. A hole was provided at the
center of the ground (bottom) electrode, through which recycled gas
was introduced to the reactor. The reactor was provided with a water
jacket in order to maintain constant temperature during the span of the
experiment. The reactor was ﬁlled with 50 mL of sample solution methylene blue (MB) or water. The tip of the streamer was maintained at a
height of 5 mm from the surface of the sample solution for the production of surface corona discharge. The reactor was sealed properly to
prevent leaks of gases using a gasket and septum. The hard-ﬂexible tube
made up of teﬂon was used for the recycling experiments. The extra
built pressure was released during each sampling (after 2 min of
treatment time). There no condensation in the tube was observed
during the experiment. The length, diameter and thickness of the tube
was 10 cm, 6 mm and 1 mm, respectively. The temperature of the tube
was around 30–40 °C.

(electrohydraulic discharge) or as a discharge in the air above the
water. High voltage corona discharge in air or water generates plasma,
which is a mixture of highly reactive oxygen species (ROS) like hydroxyl radical, ozone, hydro peroxyl, hydrogen peroxide and atomic
oxygen, which then reacts with the organic contaminants and breaks
them into innocuous compounds [16,34,35].
Direct corona discharge (electrohydraulic discharge) has its own
pros and cons; direct interaction of the reactive species to the pollutants
is advantageous whereas the concentration gradient that forms due to
the low rate of transport in the liquid phase stands as the disadvantage
[36,37]. Similarly, diﬀusion of reactive species from gas phase to bulk
liquid is the major limitation of gas phase electrical discharge [38] and
this shortcoming was avoided by developing hybrid gas-liquid reactor
[39–42]. In hybrid system, high voltage reactor is submerged in the
liquid and ground electrode is suspended in the gas phase. The beneﬁt
of this reactor is that the discharge could also happen in gas phase and
liquid phase, intensifying the reactive species formation and thus resulting in an eﬃcient pollutant removal by dissolving reactive species
in the liquid. However, in hybrid gas-liquid discharges, a part of ROS
generated in gaseous phase discharge may not diﬀuse and react with
the pollutants present inside liquid. The recycling of ROS from overhead gaseous phase to liquid phase would increase the degradation
eﬃciency of the corona discharge based plasma reactors.
Therefore, the objective of the present study is to recycle the ROS
present in overhead gaseous phase to aqueous phase in order to further
improve the pollutant degradation. Methylene blue (MB) was used as a
model pollutant and its degradation was compared by recycling and
non-recycling of overhead gases in the reactor. Though, some of the
studies have discussed about the MB degradation in gas phase plasma
treatment [32,42–46], the insight into eﬃcient utilization of gas-phase
ROS for the MB degradation is lacking. Thus, in this study an attempt
was made for the eﬃcient utilization of overhead gas-phase ROS for the
MB degradation in gas phase corona discharge reactor. An economic
comparison between recycling and non-recycling condition of the
pulsed corona discharge treatment was also performed.

2.3. Experimental procedure
Diﬀerent batch experiments were performed for the degradation of
MB and to measure the concentration of H2O2 and O3 in recycled and
non-recycled conditions. In recycled condition, the headspace gases
were recycled back to aqueous phase by opening valve. For MB degradation, 50 mL sample solution of MB with 50 mg/L concentration
was used as the sample and was treated in the reactor for a total
duration of 10 min. Samples were collected at intervals of 2 min to
measure the residual MB concentration in both recycling and non-recycling conditions. Similarly, various experiments were carried out in
deionized water (50 mL) and concentrations of H2O2 and O3 were
measured. A constant ﬂow rate of 50 mL/min of diﬀerent gases
(Oxygen, pure air and Argon) was purged during the experiments.
Gases were introduced perpendicular to the liquid surface above 3 cm
of the plasma region. The uniform gaseous environment can be expected due to 3 cm air gap. The system was purged for 5 min with a very
high ﬂow rate of gases before experimentation. All the batch experiments were performed at an applied voltage of 16 kV with a pulse
frequency of 25 Hz. The solutions were manually mixed during each
sampling (after each 2 min) in both recycling and non-recycling condition. All the experiments were performed in deionized water of initial
pH 7 and conductivity of 18 μS/cm. The MB degradation eﬃciency and
energy consumption for the present treatment method were determined
using Eqs. (1) and (2) [18,19].

2. Materials and methodology
2.1. Reagents and apparatus
Methylene blue (99% purity, Paxmy chemicals, India) was used as a
model organic pollutant. Titanium(IV) Oxysulfate-sulfuric acid (Sigma
Aldrich, India) and Ozone kit (Prerna Laboratory, Pune, India) was used
for the analysis of H2O2 and O3, respectively.
2.2. Experimental set up and reactor conﬁguration
The experimental set up used in the present study is as shown in
Fig. 1. For generation of high voltage an AC source was used, which
consisted of a discharge-free test transformer (100 kV, 5 kVA) and the
AC source was converted to a DC source using a high voltage diode
(140 kV, 20 mA, 100 kΩ). The continuous DC source was converted to
pulse by means of a Rotating Spark Gap (RSG), wherein the shape of the
pulse was recorded by using an oscilloscope (HP 54645A, 100 MHz).
The pulse voltage and injected current in the reactor was recorded using
a voltage probe (EP–50 K, PEEC, Japan) and current probe (Pearson
Electronics, USA, model no – 101), respectively.
The corona discharge was produced by using a multiple-needle and
plate arrangement. The reactor consists of an electrode made of iron
with nine streamers attached to a circular plate and the tip of each
streamer needle had a radius of curvature of 50 μm. The electrode was
connected to the high voltage DC source. The bottom of the reactor was
a plane electrode, which was grounded. The high voltage electrode was
also adjustable in its pitch using a screw arrangement so that the
electrode distance can be adjusted (increased or decreased) from the
water surface. One pitch rotation was equivalent to 1 mm distance.

C
% Degradation (η) = ⎛1 − t ⎞ × 100
C0 ⎠
⎝
⎜

Wp =

t=T

∫t=0

U (t ) I (t ) dt × f

⎟

(1)

(2)

where C0 (mg/L) was the initial MB concentration and Ct (mg/L) was
the MB concentration at treatment time ‘t’. Wp is the input power (kW),
which was calculated by recording instantaneous voltage, U(t); and
current I(t) over the one cycle. ‘f’ was the applied pulsed frequency in
Hz.
924
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Fig. 1. Schematic of experimental set-up.

Fig. 2. Typical waveforms of discharged voltage (left) and discharged current (right) in presence of diﬀerent gases.

instrument was equipped with non-dispersive infrared analyzer. The
puriﬁed air was used as the carrier gas. The blank experiments with
deionized water were also performed. In order to minimize experimental errors, the TOC value of blank was subtracted from the TOC
values of samples.

2.4. Analytical procedures
2.4.1. Analysis of methylene blue (MB)
The concentrations of MB in the collected samples were measured
using an UV spectrophotometer (Schimadzu, Japan) at maximum absorbance of 668 nm wavelength.

2.4.5. Estimation of nitrate concentration
Nitrate ion concentration in liquid samples was measured using
AS11 (4 × 250 mm) column in ion chromatography (DX-100, Dionex,
USA), equipped with electron conductivity detector. 3 mM methane
sulfonic acid and 12 mM NaOH was used as eluent.

2.4.2. Analysis of hydrogen peroxide concentration
The concentration of H2O2 was determined by colorimetric method,
where 2 mL of aqueous solution of reactor sample was mixed with 1 mL
of titanium (IV) oxy sulfate-sulfuric acid solution to form perititanic
acid complex. The complex formed gives a yellow colored solution
whose concentration was determined by using an UV spectrophotometer at 410 nm wave length. The minimum hydrogen peroxide
concentration measured was 1 mg/L.

3. Results and discussion
3.1. Discharge characteristics

2.4.3. Estimation of ozone (O3)
An ozone kit (Prerana laboratories, Pune, India) based on DPD (N,Ndiethyl-p-phenylenediamine) method was used to determine the concentration of dissolved O3 in deionized water. The ozone reacts with
DPD in the presence of potassium iodide to produce pink color. The
intensity of color is proportional to the dissolved ozone concentration
and was measured by comparison against standard color indicated on a
comparator. The ozone kit could measure a minimum dissolved ozone
concentration of 0.1 mg/L.

Pulsed voltage and current waveforms were recorded in diﬀerent
gases and is shown in Fig. 2. Pulse voltage of amplitude 16 kV and pulse
frequency of 25 Hz were used in this experiment. The pulse width in air
and oxygen was similar (∼2 μs). However, amplitude of pulse in
oxygen medium was slightly lower than that of amplitude in air
medium. In presence of argon, the pulse width was 4 μs. The peak
discharge current and area of the pulse in case of air medium, was
found to be the highest followed by oxygen and argon. The average
power dissipated in the discharge was 26.18, 22.23 and 21.75 W in air,
oxygen and argon gas, respectively. We did not observe any signiﬁcant
variation in current proﬁle in recycling and non-recycling conditions in
diﬀerent gases.

2.4.4. Total organic carbon analysis
The total organic carbon (TOC) content of the treated and nontreated samples was analyzed in TOC analyzer (Shimadzu, Japan). The
925
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in the presence of oxygen followed by argon and air. The value of the
hydrogen peroxide and ozone concentration is comparable to the values
reported in the plasma treatment processes [18,30,45]. The formation
rate of main oxidative species during plasma generation under diﬀerent
ambient gases was discussed earlier in various literatures [39,50,51]. In
the oxygen environment, the atomic oxygen gets generated by the
bombardment of highly excited electrons in the plasma region (Eq. (3)).
Atomic oxygen generates %OH after reaction with water molecules,
which further gets converted to hydrogen peroxide (Eqs. (5) and (7)).
The %OH also get formed by the dissociation of water molecules caused
by the impaction of electrons (Eq. (6)). In argon environment, %OH can
be formed only by the dissociation of water molecules caused by the
excited Ar atoms (Eqs. (10) and (11)) [52]. In case of argon, the concentration of O and O3 is negligible, which again leads to the lesser
H2O2 production. However, it is worth to mention that a large increase
(3.2 times) of H2O2 was observed in recycled condition compared to
non-recycled condition. The probable reason could be the rate limiting
step of Eq. (11), where the reaction between Ar* and vapour phase H2O
droplets is more favourable (due to high interfacial mass transfer)
compared to reaction between Ar* and bulk H2O.

Fig. 3. Concentration of hydrogen peroxide in recycled and non-recycled condition;
Initial pH of the solution = 7, gas ﬂow rate = 50 mL/min, pulsed voltage and frequency
was 16 kV and 25 Hz respectively.

3.2. Hydrogen peroxide concentration in recycled and non-recycled
condition
The ROS such as %OH, O, H2O2 and O3 are responsible for the degradation of organic compounds in the water. In the presence of different gases, the ROS such as H2O2 and O3 were quantiﬁed in recycled
and non-recycled conditions in de-ionized (DI) water. The short-lived
species such as %OH, O, H and e-aq were not quantiﬁed as the residence
time of ROS (2.4 s) in recycling duct is much higher than the lifetime of
these short-lived species (in nano seconds). Therefore, these short-lived
species would die-oﬀ or get converted to their stable form such as H2O2
before reaching to the aqueous solution. The results of the quantiﬁcation of hydrogen peroxide in liquid phase are shown in Fig. 3. The result
clearly shows a higher concentration of hydrogen peroxide in the recycling condition as compared to that of the non-recycling condition
with oxygen and argon gases. This could be due to the dissolution of
gas-phase H2O2 in water in recycled condition, which otherwise would
not have been dissolved in the water (in case of non-recycling condition). The reactive species such as e−, O, O3 and %OH are responsible
for the formation of H2O2 in the presence of water molecule in both gasphase and aqueous solution (Eqs. (3)–(7)) [47]. The dissolution of additional gas-phase H2O2 increased the total H2O2 concentration in liquid-phase.

e − + O2 → O + O + e −

(3)

O + O2 + M → O3 + M

(4)

O + H2 O → HO· + HO·

e−

+ H2 O →

HO·

+

HO·

H·

+

HO·

+

(8)

O + N2 → NO + N; k = 7.6 × 10 exp(−38000 K/T)

(9)

(12)

3.3. Eﬀect of recycling on ozone formation
The quantiﬁcation of ozone was performed at pulsed voltage of
16 kV and the results obtained are shown in Fig. 4. The production of
ozone in case of the recycled condition as compared to that of the nonrecycled condition in all the gases. The fastest rate of production of
ozone was observed in recycled condition in the oxygen environment
followed by air and argon environment. This is a predictable observation as the abundance of oxygen present in the reactor facilitates higher
production rates of ozone (Eqs. (3) and (4)). The ozone concentration
was also detected in case of argon. This may be due to the dissolved
oxygen present in the water, which could react with atomic oxygen and
form ozone molecules in the water. However, the detected ozone concentration was very less (≤1 mg/L) in all the gases. Similar trend have
been reported in earlier studies [18,32,54].

On contrary, a relatively higher concentration of H2O2 was detected
in non-recycled condition compared to recycled condition in air
medium. The lesser production of H2O2 in recycled condition could be
due to the lesser production of ROS such as O and %OH, and comparatively higher production of NO (Eqs. (8) and (9)). It is evident that
the rate constant of Eq. (8) [48] is one order of magnitude lesser than
the rate constant of Eq. (9) [49]. Therefore, the formation of NO by
reaction between O and N2 causes the depletion of O atoms in recycled
condition and hence leading to a lesser H2O2 formation.

10

(11)

Nitrate and pH of the treated aqueous solution in the diﬀerent
gaseous medium is presented in Table 1. It can be noted that the nitrate
concentration in air medium is signiﬁcantly higher compared to oxygen
and argon. Therefore, in air medium, NO3− and NO2− formed by the
dissolution of NO in water can also react with H2O2, which could further reduce the H2O2 concentration in water.

(7)

O + H2O → HO· + HO·; k = 1.12 × 1010exp(−9115 K/T)

Ar * + H2 O → Ar + HO· + H+

N2* + H2 O → N2 + HO· + H·

(6)

→ H2 O2

(10)

In air, although excited nitrogen molecules can form the %OH by
reaction with water molecules (Eq. (12)) [53], the formation of NO (Eq.
(9)) leads to the depletion of available O atoms, which is required for
the H2O2 formation. However, the measurement for NO in gas phase
was not performed in the study.

(5)

e−

e− + Ar → Ar * + e−

3.4. Eﬀect of recycling of gases on MB degradation
For the MB degradation experiment, 50 mL of MB sample was
Table 1
Nitrate concentration and pH in deionized water after 10 min of plasma treatment in
presence of diﬀerent gases.

Nitrate (mg/L)
pH

Hydrogen peroxide formation was also compared at diﬀerent gaseous environments. The rate of H2O2 formation was found to be higher

Oxygen

Argon

Air

8.62 ± 3.05
2.95 ± 0.02

9.31 ± 3.28
3.05 ± 0.02

134 ± 14.46
2.64 ± 0.03

*Initial pH of solution was 6.9.
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Table 2
TOC reduction in recycled and non-recycled conditions in presence of diﬀerent gases after
12 min of treatment time; Applied pulsed voltage = 16 kV and frequency = 25 Hz.

Recycled
Non-recycled

Oxygen

Argon

Air

72%
66%

62%
61%

45%
56%

Also, it is noted that, after 10 min, the diﬀerence in% degradation is
not signiﬁcant in case of oxygen and argon gas. After 10 min of treatment, the concentration of MB is low (< 10 mg/L) and hydrogen peroxide concentration is too high (168–185 mg/L). Therefore, the concentration of oxidants would not be limiting for MB degradation.
Hence, an insigniﬁcant diﬀerence in MB degradation was observed in
recycling and non-recycling condition.
The mineralization of the MB in recycled and non-recycled condition was further evaluated using TOC analysis and the results are shown
in Table 2. TOC reduction results are in consistent with the results of
MB degradation (Fig. 5 and Table 2). From, Table 2, it is evident that
the higher TOC reduction was obtained in oxygen gas followed by
argon and air. TOC reduction in recycled oxygen gas was 72%, which
was higher than that of in non-recycled oxygen gas (66%). On contrary,
a higher TOC reduction was obtained in non-recycled air medium
compared to recycled air medium. Nonetheless, the diﬀerence in TOC in
recycled and non-recycled argon was insigniﬁcant. A good TOC removal was achieved in the system. The reactor volume was very low
(50 mL) and power deposition was very high (21.75–26.18 W). Due to
higher energy deposition in small volume of aqueous solution, a high
pollutant mineralization can be expected. Some of the previous studies
reported the TOC removal in the range of 20–70% by utilizing power of
1–70 W under the diﬀerent plasma treatment process [30,32,44,45].

Fig. 4. Concentration of ozone generated in recycled and non-recycled condition; Initial
pH of the solution = 7, gas ﬂow rate = 50 mL/min, pulsed voltage and frequency was
16 kV and 25 Hz, respectively.

3.5. Economic comparison between recycled and non-recycled condition
Fig. 5. Methylene blue degradation in recycled and non-recycled condition; Initial pH of
the solution = 7, gas ﬂow rate = 50 mL/min, pulsed voltage and frequency was 16 kV
and 25 Hz respectively.

Comparison of treatment cost is very important aspects for the implementation of any technology. An attempt was made to compare the
operation cost of the present treatment system in recycling and nonrecycling conditions. The operating cost was evaluated in terms of
consumption of electrical energy (EE), which was expressed in kWh
required per m3 of water treated. The treatment level was ﬁxed for 50%
and 90% degradation eﬃciency. The pseudo ﬁrst order kinetic constants (k) and treatment times (t0.5 and t0.9) were also compared in
recycled and non-recycled conditions. From Table 3, it is evident that
the treatment cost in recycling condition is signiﬁcantly lower than that
in non-recycling condition in all the gases except air. Similarly, the
treatment time required in recycled conditions was much lower than
that of non-recycled conditions, as the rate constants were higher in
recycled conditions. For the 50% MB degradation with recycling, 33.34
and 9.1% electrical energy can be saved in oxygen and argon gas, respectively. Also for the 90% MB degradation, the electrical energy can

treated in the reactor ﬁrst with oxygen followed by argon and ﬁnally
with air supplied at 50 mL/min in order to study the diﬀerence in degradation of MB in the three ambient conditions. The results of the
experiment are as shown in Fig. 5. A ﬁgure representing the validation
of pseudo-ﬁrst order kinetics is also shown in Fig. 1S of Supplementary
material. In ambient oxygen, a faster degradation rate of MB was observed in the recycling condition compared to that in the non-recycling
condition. In case of argon, a similar trend was observed, however, a
delay of 4 min was observed during starting of the degradation process.
However, in presence of air, the MB degradation in non-recycled condition was higher than that of the recycled condition, which could be
correlated with the H2O2 production in the reactor (Fig. 3). The concentration of H2O2 in water is the indirect representation of higher %OH
concentration in aqueous solution, as indicated in Eqs. (13) and (14).
However, dissociation of water vapor molecules due to direct electron
impact is the common source of %OH formation in all the gases as
shown in Eq. (15) [55]. The formation of oxidizing species such as %OH
in diﬀerent gaseous environment is responsible for the pollutant degradation and their concentrations is the indirect indication of the
pollutant degradation eﬃciency [32,40,50,56]. Also, recycling may
cause bubbles, which help in interfacial mass transfer and in turn increases the pollutant degradation.

H·

+ H2 O2 → H2 O +

OH·

(13)

−
eaq

+ H2 O2 → OH− + OH·

(14)

e− + H2 O → OH. + H. + e−

Table 3
A brief comparison of pulsed corona discharge treatment in recycling and non-recycling
condition of ROS; where k = ﬁrst order kinetic constant, t0.5 = Time required for 50% MB
degradation, t0.9 = Time required for 90% MB degradation, EE0.5 and EE0.9 are the
electrical energy required for 50 and 90% MB degradation, respectively, at an initial
concentration of 50 mg/L.
Parameters

k (min−1)
t0.5 (min)
t0.9 (min)
EE0.5 (kWh/m3)
EE0.9 (kWh/m3)

(15)
927

Recycled

Non-recycled

Oxygen

Argon

Air

Oxygen

Argon

Air

0.28
2.00
7.00
14.82
51.87

0.23
5.00
10.50
36.25
76.12

0.11
9.00
11.50
78.54
100.36

0.22
3.00
10.50
22.23
77.78

0.21
5.50
10.50
39.88
76.12

0.21
5.50
10.50
48.00
91.62
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Table 4
A brief economic comparison across various studies use plasma treatment for MB degradation.
Types of discharge

Electrode conﬁguration

Treatment eﬃciency (%)

Energy yield (g/kWh)

References

DBD
DC Diaphragm discharge
RF plasma
Microwave discharge
PCD
DBD
DBD
PCD

Wire-to-cylinder
Two electrodes separated by a pin-hole diaphragm
Pipe-to-rod
–
Needle-to-plane
Rod-to-cylinder
Multiple wire-to-plane
Multiple pin-to-plane

73–94
50
50
50
50
95
50
90

13.1–67.0
0.042
0.037
0.16
0.34
57
1.30
7.64–28.65

[45]
[60]
[61]
[62]
[63]
[58]
[59]
Present study

DBD – Dielectric Barrier Discharge, PCD − Pulsed Corona Discharge.

was observed in presence of oxygen followed by argon and air. TOC
reduction also improved from 66 to 72% by recycling overhead oxygen
gas. This study could help in improve the degradation eﬃciency and
minimize energy cost by recycling gases. The approach of the present
study can be implemented in the design of continuous ﬂow reactor also.
The multiple tubes can be used for the recycling of gases from head
space plasma region to the ﬂowing liquid region. However, this study
provides the ﬁrst-hand information for the designing a big-scale plasma
treatment system with the provision of recycling of head space gases.
Further study needed for the implementation of this recycling design
aspects in plasma reactors.

be remarkably reduced by 33.31 and 2.1% in oxygen and argon gas,
respectively. Thus, it is evident that the operating cost of gas-phase
pulsed corona discharge processes can be signiﬁcantly reduced by recycling overhead gases.
Regarding energy eﬃciency, various studies have reported varied
eﬃciency in terms of g/kWh of pollutant degradation. The reported
energy eﬃciency in literature varied between 0.1 and 57 g/kWh depending on the types of electrical discharges and initial pollutant concentration [43,57–59]. In the present study, the energy eﬃciency obtained was in the range of 7.64–28.65 g/kWh under various conditions
as mentioned. A brief economic comparison for the removal of recalcitrant pollutants from above reported literature is summarized in
Table 4. In general, it is observed that the energy eﬃciency is good for
higher pollutant concentration in plasma reactor. Also, it is noted that
the energy eﬃciency is generally higher for the dielectric barrier discharge compared to corona discharge processes.
Diﬀerent experimental conditions, variable pollutant concentrations
employed in various water treatment technologies makes it diﬃcult to
compare the treatment cost. However, considering diﬀerent experimental conditions some recent review paper reported the cost involved
in the various AOPs and adsorption process. Deng et al., reported the
treatment cost range between $66 to $206/m3 in UV assisted AOPs
[64]. Mahamuni et al., extensively reviewed the cost involve in ultrasonication, UV, ozone, photocatalysis and hydrogen peroxide assisted
process and reported the treatment cost in the range of $5 and $4105/
m3 treatment of various types of pollutants in wastewater [65]. In this
study, we achieved the treatment cost as low as $52/m3 for 90% MB
removal in recycling conditions which is comparable to other AOPs,
however, higher than the adsorption process. Adsorption processes uses
activated charcoal, clay, zeolites and biomass material, whose market
price are very cheap as $0.03–$0.12/kg [66]. However, mineralization
of pollutants, recovery and disposal of adsorbents causes an extra environmental and economic burden. In the present scenario, though
plasma processes require comparatively higher cost for the removal of
recalcitrant pollutants from wastewater, it has obvious advantages such
as clean, no requirement of chemical additives and high mineralization
capabilities of recalcitrant chemicals.
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