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dation was evaluated. 100% removal of 200 mg/L of toluene and MIBK was achieved both
in liquid and gaseous phases after 12 and 16 min of plasma treatment, respectively. The
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first order rate constant of toluene and MIBK degradation (for 200 mg/L each) was 0.421 and
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0.319 min−1 respectively when they were treated individually, and these values decreased
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slightly during degradation of their mixture. MIBK degradation was slower than toluene and

OH radical

it might be due to semi volatile and hydrophilic nature of MIBK. The effect of initial concen-

Pulsed power plasma

tration of toluene and MIBK showed different degradation patterns. Highest degradation of

Toluene

both the compounds was obtained in neutral pH and in absence of scavengers. •OH radical was the major reactive species involved in their degradation. Their degradation in real
environmental matrices showed that removal reduced significantly in secondary effluent
due to scavenging of reactive species by various ions and organic matter. The total number
of degradation intermediates identified in case of toluene and MIBK was 11 and 14 respectively and formate was the one recalcitrant byproduct generated. The degradation pathway
of toluene and MIBK involving reactions of reactive oxygen and nitrogen species and reductive species is proposed.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Industries like paint, pharmaceutical, petrochemical etc. employ huge quantity of organic solvents in their operations and
many of them are volatile in nature (Cseri et al., 2018). Hence
the wastewater generated from these industries contain significant amount of volatile organic compounds (VOCs). Proper
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handling and treatment of VOCs in wastewater is important,
otherwise there is a chance for them to escape into the atmosphere, resulting in severe air pollution problems including
photochemical smog and global warming. Many of the VOCs
are toxic, cause odor problems and some are even carcinogenic (Dewulf and Van Langenhove, 1999). Toluene and methyl
isobutyl ketone (MIBK) are the two important solvents used
in paint (Datta and Philip, 2013) and pharmaceutical manufacturing (Gadipelly et al., 2014) and hence they would be
present in the wastewater generated from these industries.
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Toluene belonging to the BTEX (benzene, toluene, ethylbenzene, xylenes) group of compounds, is present in petroleum
products (Long et al., 2014) and is used in production of paints,
lacquers, adhesives, plastics etc. Toluene is highly toxic and
mutagenic, and it damages the kidney, liver, nervous, reproductive and immune systems (ATSDR, 2015; Wu et al., 2018).
MIBK is primarily used as a solvent for different types of coatings and adhesives, as extraction solvent for pharmaceuticals
and rare earth metals, and used in various other chemical process industries. The health impacts of MIBK exposure includes
irritation of mucous membrane, headache, nausea, weakness
of central nervous system etc. (Chen et al., 2018). Toluene is
a nonpolar compound whereas MIBK is polar in nature. The
water solubility (at 25°C) of MIBK (19,000 mg/L) is considerably
higher than that of toluene (526 mg/L). The toxicity and the
resulting health and ecological impacts of these VOCs makes
their removal from wastewater an important requirement in
industries.
The treatment technologies for toluene removal include
adsorption (Serra et al., 2012), biodegradation (Khodaei et al.,
2017), catalytic oxidation (Liu et al., 2017a), advanced oxidation processes (AOPs) such as UV/H2 O2 (Daifullah and Mohamed, 2004), photocatalysis (Shinde et al., 2012), Fenton’s
process (Choi et al., 2014) etc. However, these technologies
have various limitations such as high energy costs, requirement for continuous supply of chemicals, toxic byproduct
formation, catalyst or adsorbent poisoning, low removal efficiency and slow kinetics. Eventhough MIBK degradation
studies have been carried out using biological methods
(Farnazo et al., 2012; Datta and Philip, 2013; Wang et al., 2017b),
studies on MIBK removal using other physicochemical methods (Tseng et al., 2005) and AOPs are scarce. In biological treatment, MIBK exhibited synergistic or inhibitory effect depending on the compound along with which it is present. The
highly branched structure of MIBK makes it more resistant to
biological oxidation (Suflita and Mormile, 1993). In case of biological processes for VOC removal, the treatment efficiency
especially in case of hydrophobic VOCs is controlled by mass
transfer limitations (Zhang et al., 2018).
Non-thermal plasma technology has become a potential
alternative to overcome limitations of conventional technologies in the treatment of recalcitrant VOCs. Plasma technology can be considered as a combination of various AOPs, and
hence it will be suitable for the degradation of recalcitrant pollutants. Compared to liquid phase electrical discharge, the gas
phase electrical discharge has the advantages such as generation of more reactive species, requirement of low input voltage
etc. (Jiang et al., 2012). The unique advantages of non-thermal
plasma include production of a cocktail of reactive species
(•OH radical, H2 O2 , ozone, aqueous electrons, UV light etc.),
high treatment efficiency in very less treatment time, operation in atmospheric pressure and temperature and no chemical addition (Locke et al., 2006; Jiang et al., 2014).
Most of the plasma studies pertaining to toluene dealt
with degradation of gaseous phase toluene (Huang et al., 2011;
Zhu et al., 2016; Yao et al., 2019). Studies on the treatment of
toluene in aqueous solution are very scarce. In most of the
plasma based studies, the degradation efficiency of toluene
reported is low. MIBK degradation study by plasma technology has not been carried out so far. Liang et al. (2013) re-
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ported less toluene removal even after combining catalyst
with plasma. They obtained the toluene removal efficiencies
of 35%, 43%, 44% and 69% by plasma alone, plasma plus TiO2 ,
BaTiO3 , BaTiO3 /TiO2 systems, respectively for an input voltage
of 20 kV. They also reported the presence of ozone and benzene ring derivatives in the outlet gas. Huang et al. (2011) employed dielectric barrier discharge plasma for gaseous toluene
removal, and found that improved removal efficiency and reduced formation of byproducts in case of plasma-catalysis
compared to plasma alone case. Wang et al. (2017a) reported
that the toluene removal efficiency by plasma-catalysis (CeO2 MnOx ) increased from 46.82% to 95.94%, when the input power
was changed from 15 to 24 W. Even after combining plasma
with catalysts, in the above cited works, they did not obtain
complete toluene degradation. In addition to achieving complete removal of the parent compound, it is important to make
sure that no toxic byproducts are produced during the treatment. For understanding the complete degradation mechanism of the pollutant, it is essential to identify the various
intermediates produced and then to determine the degradation pathway. Most of the previous advanced oxidation studies for toluene removal have looked into degradation mediated by •OH radicals (Tokumura et al., 2008; Hatipoglu et al.,
2010). But in plasma process, in addition to oxidative reactive
species, reductive species such as aqueous electrons (e− aq )
and H• radicals are also produced (Joshi et al., 1995). These reductive species may also have an important role in the pollutant degradation.
The present work deals with degradation study of high concentration (200 mg/L) of toluene and MIBK in aqueous solution by pulsed corona discharge. The importance of pulsed
corona in comparison to continuous corona is the ability to
supply high voltage pulse signals with short rise times and
thus to increase the power input by avoiding spark formation
(Gallagher Jr and Fridman, 2011). With a pulse having short
width and small rise time, the free electrons in the gas will
be accelerated quickly to break the chemical bonds. However,
the heavy ions, which cannot involve in dissociation of water molecules, will not be accelerated enough. Hence it minimizes the power wastage and results in better energy efficiency, which is an important feature of pulsed corona discharge (Sun et al., 1997). The advantage of needle-plate configured reactor used in this study is its suitability to treat VOCs in
liquid phase, gas-liquid interface as well as in gaseous phase.
The reactive species produced by electrical discharge in gas
phase can react very effectively and quickly with hydrophobic
VOCs migrating to plasma channel and those present in interface. Hence, this study has looked into the liquid and gaseous
phase degradation of two VOCs (toluene and MIBK) which are
different in their properties like volatility, hydrophobicity, water solubility etc. The degradation of individual compounds
and their mixture was studied. The extent of mineralization
was determined by carrying out total organic carbon (TOC)
analysis. The effect of initial concentration, solution pH and
scavengers on target compound degradation was evaluated.
The degradation of target compounds in two real environmental matrices (surface water and secondary effluent) was
also evaluated. The various intermediates produced during
plasma treatment of toluene and MIBK were identified and
their degradation pathways were proposed. They involve re-
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Fig. 1 – Circuit employed for high voltage pulse generation and the reactor. AC: alternating current.

actions mediated by •OH radical, reactive nitrogen species and
aqueous electrons.

1.

Materials and methods

1.1.

Materials

The chemicals used in this study (all were analytical grade)
such as toluene (99.8% purity) and MIBK (99.5% purity) were
purchased from Merck and NaNO3 , isopropanol, NaOH and
HCl were purchased from Rankem. NaOH and HCl were used
to adjust the pH of the solution. n-Pentane procured from
SRL (Sisco Research Laboratories) was used for liquid-liquid
extraction of samples before GC-FID (gas chromatography –
flame ionization detector) analysis. Stock solutions were prepared using Millipore water and dilutions were made using
distilled water.

1.2.

Experimental setup and procedure

The setup used for plasma degradation of toluene and MIBK
is shown in Fig. 1. It consists of an electrical circuit which generates the pulse voltage and current and a batch reactor with
needle – plate electrode configuration. The volume of toluene
and MIBK solutions used for experiments was 50 mL each. Input alternating current (AC) voltage of 230 V was stepped up
by a high voltage transformer (100 kVA), and this high voltage AC signal was converted to direct current (DC) voltage by
a high voltage diode (140 kV, 20 mA, 100 kΩ). This high voltage
DC signal was used to charge the capacitor (140 kV, 10,000 pF).
The pulse signal was generated by continuous charging and
discharging of the capacitor by means of a rotary spark gap
(RSG) switch. An AC motor was employed to facilitate the rotation of RSG, and the speed of rotation of RSG decides the
frequency of the pulse waveforms generated. The input voltage was measured using a high voltage probe (P6015A, Tektronix, USA) with 1000× attenuation, and it was connected to
the high voltage electrode of the reactor. The current generated was measured using a current monitor (101, Pearson Electronics, USA) and the electric wire connected to the ground
electrode was passed through the current monitor. The pulse
voltage and current waveforms are given in our earlier work

(Jose et al., 2019), as well as in the supplementary material (Appendix A Fig. S1).
The reactor was made of a glass cylinder having 5.2 cm diameter. High voltage electrodes were a set of seven tungsten
needles (diameter = 1.5 mm), each with a length of 2 cm and
the bottom ground electrode was an aluminum plate. A 4 mm
gap was found as the optimum gap between the needle tip and
solution surface and this gap was maintained throughout the
study. The high voltage pulse signal supplied to the multiple
tungsten needle electrodes initiated the electrical discharge
in the air present in the headspace of the reactor, above the
solution surface. It resulted in the ionization of air, and subsequent formation of plasma streamers. The photographs of
the multi needle tungsten electrodes and the plasma reactor
with the generated streamers is included in Appendix A Fig.
S2. The radius of curvature of tungsten needle tips was 50 μm
which resulted in intense electric field and this caused continuous streamer propagation on solution surface. The produced streamers first diffused to the surface of the solution (or
the gas-liquid interface), and then it diffuses to the bulk solution and during this movement, the plasma reactive species
reacted with the volatile pollutant compounds present in the
gas phase, gas-liquid interface and in the bulk solution. The
reactor was placed in an iced water jacket to control the temperature rise during treatment. Sampling port was provided at
the top of the reactor.
Different batch experiments were conducted to determine
the toluene and MIBK degradation efficiency and to evaluate
the effect of initial concentration, solution pH and scavengers
on the removal. In order to simulate the high concentration of
pollutant compounds present in industrial effluents, 200 mg/L
solutions of both toluene and MIBK were prepared and the potential of plasma (at a peak voltage of 23 kV and pulse frequency of 25 Hz) for the treatment of such solution was evaluated. Liquid and gas samples were taken at every 2 min and
GC-FID (gas chromatography – flame ionization detector) was
used for determination of target compound concentration. Using change in the concentration values, the percentage degradation of toluene and MIBK was determined. In addition to
that, the energy efficiency of degradation was determined. Energy efficiency is an important parameter with respect to competence of a technology with others and also for scale up. It is
determined by dividing the amount of compound degraded (in
grams) by the total energy consumed (in kWh). The supplied
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energy is determined by integrating one voltage and current
pulse signal and multiplying with pulse repetition rate (frequency) and the electrical discharge duration (Eq. (1)).
Input energy =

t =N

∫ V (t ) I(t ) dt × f

(1)

t=0

where V(t), I(t) and f are instantaneous voltage, instantaneous
current and pulse frequency, respectively.
The degradation study of toluene and MIBK individually
as well as in mixture was conducted. The effect of solution
pH was studied for various initial pH of 3, 7 and 12. The
scavenger studies were conducted using 1 mol/L isopropanol
(•OH scavenger) and 0.1 mol/L nitrate (aqueous electron scavenger). The extent of mineralization during plasma treatment
was determined using TOC (total organic carbon) analysis.
The treatment of toluene and MIBK in surface water and secondary treated effluent was performed. The various intermediate compounds generated during toluene and MIBK degradation were analyzed using GC–MS (purge and trap technique)
and ion chromatography.

1.3.

Analytical procedure

The concentration of toluene and MIBK in liquid and gaseous
samples was determined using gas chromatography - flame
ionization detector (Clarus 500, Perkin Elmer, USA) equipped
with Elite-624 capillary column. Nitrogen was employed as the
carrier gas (flow rate 2 mL/min). The temperatures of injector, oven and detector were kept at 200, 120 and 250°C, respectively. The split ratio was fixed as 3:1. The toluene and MIBK in
liquid samples were extracted by liquid-liquid extraction using n-pentane at a ratio of 1:1.
The filtered liquid samples (20 mL) at various time intervals
were analyzed using GC–MS (7820A, Agilent, USA) equipped
with purge and trap technique for identification of intermediates. The column used was HP5-MS and high pure helium
(99.995 vol.%) was used as carrier gas. The oven was started
at 32°C (held for 5 min), and a ramp of 10°C/min was provided till 250°C (held for 5 min). The split ratio given was
50:1. Nitrogen was used in the purge and trap equipment. The
samples were analyzed for ions using ion chromatography
(Integrion, Thermo Scientific, USA) connected with AS18 column. NaOH (35 mmol/L) was used as the mobile phase (flow
rate 1 mL/min). TOC analyzer (TOC - VCPH , Shimadzu, Japan)
equipped with a Non-Dispersive Infrared Detector was employed to measure the TOC values of the treated and untreated
samples.

2.

Results and discussion

2.1.
Degradation of toluene and MIBK by plasma
technology
Toluene and MIBK solutions of each having 200 mg/L concentration was subjected to corona discharge at 23 kV pulse peak
voltage and 25 Hz frequency, which were optimized in our earlier studies (Singh et al., 2017; Jose et al., 2019). The input power
corresponding to peak voltage of 23 kV was 92 W. Since these
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two compounds are VOCs, it is important to measure their
concentration both in liquid and gaseous phase, to confirm total degradation. The change in their concentration as a function of treatment time is shown in Fig. 2. The concentration of
toluene in both liquid and gas phase decreased continuously
with time and became undetectable at 12 min and the energy
efficiency for complete removal was 0.543 g/kWh. In case of
MIBK, the liquid phase concentration decreased continuously
but the gas phase concentration increased from an initial concentration of 60 to 121.5 ppmW after 2 min and thereafter it
decreased with time. The initial increase in gas phase concentration of MIBK is due to rise in solution temperature of
13°C (from 29.5 to 42.5°C) in the initial 2 min of corona discharge (Fig. 2c), which resulted in increased volatilization of
semi-volatile MIBK. Even though an ice water jacket was provided to control the rise in temperature, an increase in temperature was observed in the initial 2 min. The temperature
reduced from 42.5 to 39°C after 10 min. Complete degradation
of MIBK was obtained in 16 min of corona discharge, with an
energy efficiency of 0.408 g/kWh.
The degradation data of toluene and MIBK degradation was
found to be fitting to the first order decay exponential function
(Eq. (2)).
C = Co × e−kt

(2)

where, C (mg/L) is the concentration of toluene or MIBK after
treatment time t (min), Co (mg/L) is the initial concentration,
and k is the first order rate constant.
For the 200 mg/L solution prepared, after partitioning between the liquid and gaseous phases, the initial liquid phase
concentration of toluene and MIBK was 185 and 183.6 mg/L,
respectively and hence most of the degradation happened
in liquid phase. The degradation data of toluene and MIBK
was fitted to zero order (concentration vs. time), first order
(ln(concentration) vs. time) and second order ((1/concentration) vs. time) reaction equations, and the best fit with highest
R2 value was obtained in case of first order equation. Hence,
toluene and MIBK degradation followed first order kinetics.
Appendix A Table S1 shows the rate constant and R2 value obtained after fitting toluene and MIBK degradation data to zero,
first and second order rate equations. The graphs showing the
fitting to zero, first and second order rate equations are shown
in Appendix A Fig. S3. The first order rate constant of toluene
and MIBK degradation in liquid phase was determined as 0.421
and 0.318 min−1 , respectively.
The reason for low rate of degradation of MIBK in comparison to toluene is because of the difference in their physicochemical properties. Plasma based technology is especially
suited for the treatment of hydrophobic compounds, which
would be concentrated more at the gas-liquid interface. The
concentration of a compound at the surface of the solution
or the gas-liquid interface is one of the important factors affecting a compound’s treatability by plasma discharge in gas
phase because plasma initiated reactions predominantly occur in the interface (Thagard et al., 2016; Stratton et al., 2017).
The log Kow (where Kow is the partition coefficient) value of
MIBK is 1.31 and that of toluene is 2.73. The water solubility
of toluene and MIBK at 25°C is 526 and 19,000 mg/L, respectively. These values make it clear that toluene is a hydropho-
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Fig. 2 – Change in (a) toluene and (b) methyl isobutyl ketone (MIBK) concentration in liquid and gas phase during pulsed
power treatment (23 kV, 25 Hz) and (c) change in temperature of solution during corona discharge.

bic compound and MIBK is less hydrophobic in nature. The
initial liquid phase concentration of toluene (185 mg/L) and
MIBK (183.6 mg/L) measured included the concentrations in
both bulk liquid phase and gas-liquid interface. Due to MIBK’s
low hydrophobicity, less MIBK molecules would be present in
the interface compared to that of toluene and hence, MIBK
degradation was slower.
Thagard et al. (2016) showed that pulsed power technology is appropriate for the treatment of pollutants that have
surfactant-like behavior, and are present in the gas - liquid
interface in higher concentrations, where the plasma based
reactions primarily happen. The surface concentration is the
major factor deciding a compound’s treatability by plasma.
Since MIBK is a semi-volatile compound and less hydrophobic in nature, less amount of it would be present in the interface and gaseous phase compared to toluene and majority would be present in the bulk solution. Hence, the reactive oxygen species (ROS) produced in the gas phase need to
diffuse into the solution (Foster, 2017) in order to react with
MIBK. But ROS would have directly reacted with majority of
toluene present in the interface due to its hydrophobic nature. In addition to that, the degradation efficiency depends
on the structure of the compound. The C=O group in MIBK,
which is electron withdrawing in nature, reacts slowly with
oxidizing radicals. As a result, complete MIBK removal happened in 16 min whereas toluene took only 12 min. The accumulation of •OH radicals at the air-water interface compared
to bulk solution (Roeselová et al., 2004) and the high concen-

tration of toluene molecules at the interface (Hatipoglu et al.,
2010) greatly enhanced the toluene degradation at the interface. Vione et al. (2007) reported about 400 times accumulation
of VOC such as benzene at air-water interface, than droplet
bulk. Since both the volatility and the log Kow of toluene is
higher than that of MIBK, toluene got degraded faster in the
needle plate configured plasma reactor.
Karatum and Deshusses (2016) reported a removal efficiency of 74% for toluene and 50% for methyl ethyl ketone
(MEK) while treating VOCs in gas phase (95–100 ppmV) using
dielectric barrier discharge plasma at a specific input energy
of 350 J/L. Toluene removal was higher than MEK because compounds with large number of methyl groups could be more reactive due to lose or gain of a proton in the methyl group. They
have shown that benzene and MEK were not easily degraded
with plasma. Bustillo-Lecompte et al. (2018) evaluated the
photochemical degradation of BTEX (benzene, toluene, ethylbenzene, and xylenes) (TOC inlet concentration of 100 mg/L)
using UV and H2 O2 and showed that 60% TOC was removed in
4 hr. Further increase in TOC removal was obtained with acidic
conditions (pH = 3) and with longer treatment time. Compared
to that, 100% toluene removal was obtained in very short time
of 12 min in this study.
In the present study, the TOC removal achieved during
toluene removal was 50.8% after 12 min and it increased to
82.8% after 30 min. In case of MIBK, the TOC removal was
59.2% after 12 min, and it became 70.7% after 30 min. 100%
TOC removal was not obtained because of the formation of
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Fig. 3 – Change in percentage degradation of (a) toluene and (b) MIBK for different input voltages. Reaction conditions: initial
concentration 200 mg/L, pulse frequency 25 Hz.

short chain carboxylic acids and other recalcitrant degradation intermediates. After 30 min of plasma treatment, the concentration of all intermediates except formate became negligible. The formate concentration was 24.2 and 21.5 mg/L
in case of toluene and MIBK, respectively and these concentrations were found to remain almost constant with further
treatment. The TOC contributed by the formate remaining
after 30 min was 6.45 (22% of leftover TOC) and 5.73 mg/L
(15% of leftover TOC) in case of toluene and MIBK, respectively. Zazo et al. (2005) studied oxidation of phenol by Fenton’s process and reported that intermediates such as oxalic
and acetic acids were refractory to oxidation reaction. They
demonstrated that total oxidation of formic acid was achieved
after 4 hr with 14 times the stoichiometric requirement of
H2 O2 needed to oxidize formic acid to CO2 . Continuous increase in the amount of formic and oxalic acids was demonstrated by Ceriani et al. (2018) during plasma based treatment
of 5 × 10−4 mol/L phenol solution.

2.2.
Effect of input voltage on toluene and MIBK
degradation
The degradation efficiency of chemical compounds in plasma
processes depends on the supplied electrical energy, which in
turn depends on the input voltage and pulse frequency. It is
clear from Fig. 3a and b that the percentage degradation of
toluene and MIBK (initial concentration = 200 mg/L) increased
with increase in input voltage, and highest removal was obtained at 23 kV. At an input voltage of 23 kV, after 2 min of
treatment, the removal efficiency of toluene and MIBK was
63.4% and 33.2%, respectively. The toluene degradation rate
was higher compared to that of MIBK. This was due to higher
hydrophobicity of toluene and faster reaction with the diffusing reactive species. The input power corresponding to the input voltages of 17, 20 and 23 kV was 69, 81 and 92 W, respectively. Among various pulse frequencies of 20, 25 and 30 Hz,
even though highest percentage degradation was obtained for
30 Hz, since there was no significant difference between energy efficiency obtained for 25 and 30 Hz, pulse frequency of
25 Hz was used for the studies (Singh et al., 2016b). The pulse
width was measured as 0.125 μsec and rise time of the high
voltage pulse was 0.03 μsec. Pulses with fast rise time and

short width will be able to generate strong electric field with
improved energy efficiency (Shi et al., 2009).

2.3.

Effect of initial concentration

Fig. 4 shows the effect of initial concentration on degradation efficinecy of toluene and MIBK. For toluene, the percentage degradation increased with initial concentration in the
range 10–100 mg/L and it decreased for 300 mg/L. This behavior of toluene could be explained in relation to its volatility and the amount of reactive species produced at fixed
input energy. When the initial concentration was 10 mg/L,
only some of the reactive species might have reacted with
toluene, and most of the reactive species might have recombined with each other and converted to stable molecular products (Sahni and Locke, 2006). With increase in concentration up to 100 mg/L, due to hydrophobic nature of toluene,
more of toluene molecules would be available in gas-liquid
interface and plasma channel where it could efficiently react with plasma reactive species resulting in faster degradation (Joshi and Thagard, 2013). Franclemont et al. (2015) reported that, compounds in the bulk solution would diffuse to
the plasma channel above interface and react with •OH radicals thereby preventing their recombination. For 300 mg/L solution, the degradation efficiency reduced because the reactive species produced would not be sufficient for this high
concentration of toluene. Zhu et al. (2016) studied plasma
degradation of gaseous toluene and showed that with increase in toluene concentration, the percentage degradation
first increased slightly, reaching a maximum value of 94.80%
at 10 g/Nm3 (grams per normal cubic meter) and then decreased. Tomizawa and Tezuka (2007) reported that with increase in initial concentration of phenol, the rate of phenol
degradation also increased. They showed that the kinetics of
phenol degradation changed from the first-order to zero-order
rate law, according to the initial concentration. The energy of
the pulse corresponding to input voltage of 17 and 23 kV was
2.76 and 3.68 J/pulse respectively. The energy efficiency (17 kV,
25 Hz) was highest for 300 mg/L solution and it reduced with
decrease in initial concentration (Fig. 4b) (Singh et al., 2016b).
This was because all the reactive species produced was effec-
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Fig. 4 – Change in (a) toluene removal and (b) its energy efficiency and (c) MIBK removal and (d) its energy efficiency for
various initial concentrations (17 kV, 25 Hz).

tively utilized to decompose the high concentration of toluene
present in the system.
In case of MIBK, the percentage degradation reduced with
increase in the initial concentration, however, the amount of
MIBK degraded was greater in case of higher initial concentrations. After 2 min, the degradation efficiency was 44.1% for
20 mg/L MIBK (8.82 mg/L was degraded) whereas it was 19.7%
in case of 300 mg/L (59.1 mg/L was degraded) solution. This
could be explained in relation to two aspects, one with respect to effective utilization of reactive species in high concentration of MIBK and other related to semi-volatile nature
of MIBK. Since MIBK is a semi-volatile compound, more of it
would be present in bulk liquid phase and the reactive species
produced need to diffuse to the interface and thereafter to the
bulk solution in order to react with MIBK molecules. Due to
diffusion limitations of reactive species and its inefficient utilization, the amount of MIBK degraded was lesser at lower initial concentrations. The energy efficiency of MIBK degradation
increased with increase in initial concentration (Fig. 4d).
Therefore, apart from the input energy, the removal and energy efficiency of gas phase plasma system depends strongly
on the physicochemical properties of the compound, especially volatility and hydrophobicity. The first order degradation rate constant of MIBK was notably smaller than that of
toluene in both the phases (Appendix A Table S2). The rate
constant of gas phase degradation of toluene decreased with
increase in initial concentration and that of MIBK increased
with increase in initial concentration. This was because of
the higher gaseous concentration of toluene due to its higher
volatility than MIBK. With increase in initial concentration of
toluene, the reactive species generated initially was not suffi-

cient to react with toluene present in gas phase while in case
of MIBK, the reactive species produced degraded the MIBK gas
molecules effectively.

2.4.

Degradation of toluene and MIBK mixture

The degradation of toluene and MIBK mixture in a 1:1 ratio, 200 mg/L each was conducted at 23 kV peak voltage and
Appendix A Fig. S4 shows that degradation kinetics of both
toluene and MIBK in single compound and mixed systems are
almost similar. That means, in case of both toluene and MIBK,
there was no significant effect of one compound on the degradation of other. There was slight decrease in rate constant of
degradation in mixed treatment with 0.377 min−1 for toluene
and 0.277 min−1 for MIBK in comparison with that of individual degradation (Section 2.1). This indicates that the reactive
species produced at 23 kV were sufficient for the degradation
of both toluene and MIBK when they were present in a mixture
and also there might not be any interaction between the two
compounds during the treatment. For 65% removal, the energy
efficiency of toluene (2.1 g/kWh) was significantly higher than
that of MIBK (0.9 g/kWh).

2.5.
Effect of pH and reactive species scavengers on
degradation efficiency
The characteristics of the industrial wastewater often changes
with the pH going to either acidic or alkaline range and also
lot of organic and inorganic compounds would be present
in it. Wastewater can contain various reactive species scav−
−
−
−
engers like alcohols, ions such as NO3 , PO4 3 , CO3 2 , HCO3
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Fig. 5 – Change in percentage degradation of toluene with (a) pH and (b) in presence of scavengers, and change in
percentage degradation of MIBK with (c) different pH and (d) in presence of scavengers (12 kV, 25 Hz). IPA: isopropanol.

etc. (Jiang et al., 2014). Hence, it is necessary to understand
how the complex characteristics of the wastewater affects the
degradation of target compounds. So the plasma degradation
of 200 mg/L of toluene and MIBK was carried out at pH 3, 7 and
12 (12 kV).
Among various plasma reactive species, the strongest oxidizing species is •OH radical and the strongest reducing
species is aqueous electron. The concentrations of •OH, H2 O2 ,
superoxide and ozone measured after 10 min of plasma discharge at 23 kV were 0.260, 0.353, 0.046 mmol/L and 1 mg/L, respectively. Even though the concentration of H2 O2 was higher
than that of •OH, the oxidation potential of H2 O2 is 1.77 V,
which is much lower than that of •OH (2.85 V). H2 O2 can
also contribute to additional production of •OH Eqs. (3)-((5))
Joshi and Thagard, 2013). The concentration of superoxide and
ozone measured in the present system was very less. Though
aqueous electrons (e− aq ) and •H radical are reductive species,
the reduction potential of e− aq (−2.77 V) is higher than that of
•H (−2.3 V) (Joshi and Thagard, 2013). During plasma discharge
in air, the solution pH became acidic and in acidic conditions,
the generated •H radical would be converted to •OH and H2 O2
through reactions shown in Eqs. (5)-((7) (Singh et al., 2016a).
Therefore, due to the increased production of •OH in acidic
conditions and since e− aq being the strongest reducing agent,
scavengers for •OH and e− aq were employed to evaluate their
role in the degradation of toluene and MIBK.
H2 O2 + O → HO2 • + •OH

(3)

H2 O2 + HO2 • → O2 + H2 O + •OH

(4)

H• + H2 O2 → H2 O + •OH

(5)

H• + H2 O → H2 + •OH

(6)

H• + HO2 • → H2 O2

(7)

Isopropanol (IPA, 1 mol/L) was used to scavenge the •OH
radicals (Buxton et al., 1988; Zhang et al., 2010) and 0.1 mol/L
−
NO3 was used as the aqueous electron (reductive species)
scavenger (Li et al., 2012; Stratton et al., 2017). Reactive species
scavenger studies were conducted for 20 mg/L each of toluene
and MIBK (12 kV). Since low concentration of 20 mg/L of
toluene and MIBK was used, these compounds would not surpass the reaction between reactive species and the scavenger.
The study of effect of different pH (Fig. 5a and c) and scavengers (Fig. 5b and d) on the degradation of toluene and MIBK
revealed the role of various active species involved in their
degradation. In case of both compounds, highest percentage
degradation was obtained for pH 7 when no scavengers were
present in the solution. The type of various reactive species
produced during corona discharge varies with respect to pH
of the solution. In acidic conditions, the concentration of •OH
radicals were higher and H2 O2 decomposition did not happen (Feng et al., 2009). In alkaline pH, more aqueous electrons
(e− aq ) were produced (Eq. (8)) and •OH radicals would be scavenged by OH− ions (Eq. (9)) (Liu et al., 2016). The change in
•OH radical concentration at pH 7, 3 and 12 are given in Appendix A Fig. S5 and change in •OH and H2 O2 concentration in
distilled water and 1 mol/L IPA are given in our earlier study
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(Jose et al., 2019).
k = 2.2 × 107 L/(mol·sec )

H • +OH− −−−−−−−−−−−−−−−−−> e− eq + H2 O

k =1.3 × 1010 L/(mol·sec )

•OH + OH− −−−−−−−−−−−−−−−−−> O•− + H2 O

(8)

(9)

When pH was 7, both •OH radicals and e− aq were present in
solution. The highest removal of toluene and MIBK obtained at
pH 7 and in absence of scavengers indicates that both oxidative and reductive species are involved in their degradation.
The enhancement of concentration of either •OH radicals or
e− aq by changing the pH or by adding scavengers resulted in
decreased removal. Hence, toluene and MIBK degradation by
plasma involves both oxidative and reductive reactions. The
lowest degradation was obtained when pH was 12 and when
1 mol/L IPA was present. That means scavenging of •OH by IPA
and OH− ions (at pH 12) resulted in lowest removal efficiency
of toluene and MIBK. This shows that •OH radicals has major
role in toluene and MIBK degradation. The conductivity of the
solution at initial pH of 3 and 12 was 0.422 and 4.57 mS/cm respectively. The reduced degradation at higher pH of 12 could
also be attributed to the effect of higher conductivity which
resulted in reduced generation of active species. Increase in
conductivity results in higher discharge current, generation of
short and bright streamers, intense UV light and reduction in
concentration of active species (Locke et al., 2006). Hence, lowest removal efficiency obtained at pH 12 was due to decrease in
•OH radical concentration as shown in Appendix A Fig. S5. The
pulsed streamer discharge generates charged particles with
energy of 5–20 eV which can cause excitation, dissociation
and ionization of water molecules leading to the formation
of various reactive species (Joshi et al., 1995; Jiang et al., 2014).
Toluene degradation could be initiated by •OH radical addition
to unsaturated double carbon–carbon bonds of the benzene
ring (Lukeš, 2001) or through H-atom abstraction from the
methyl group (Nam et al., 2005). In case of MIBK, the •OH radical could interact with the carbon atom of the polarized carbonyl group instead of hydrogen abstraction or electrophilic
addition reactions (Lukeš, 2001; Jiang et al., 2014). After corona
discharge treatment (12 kV, 25 Hz) of 14 min, 69.2% of 1 mol/L
IPA got degraded.
The gap between percentage degradation curves (Fig. 5)
were more in case of MIBK than toluene. Due to the semivoltatile and less hydrophobic nature of MIBK, the reactive
species need to diffuse to the bulk solution in order to react with MIBK molecules. Hence, the solution properties like
pH and presence of scavengers would have profound impact
on MIBK degradation. The removal efficiency was drastically
reduced at pH 12, when e− aq was the predominant species
(Liu et al., 2016). This shows that, e− aq alone cannot degrade
the compound effectively, instead e− aq and •OH together contributed to the removal. But in case of toluene, due to its high
hydrophobicity, more number of toluene molecules would
be present in gas-liquid interface. Since most of the plasma
based reactions are taking at the gas-liquid interface, plasma
degradation of toluene was faster and it was less sensitive
to the presence of different solution characteristics including pH, scavengers etc. (Stratton et al., 2017). According to
Thagard et al. (2016), the concentration of the compound in

the gas-liquid interface is the major factor deciding the treatability of a compound by plasma technology. Hence, when the
degradation of toluene and MIBK is compared with respect
to their hydrophobicity, solution pH and different scavengers,
it is clear that, hydrophobicity has major influence on the
compound degradation than pH and scavengers. The study of
the effect of pH and scavengers revealed that, the underlying
degradation mechanism of toluene and MIBK was similar, but
the rate of degradation was significantly affected by the properties of the compound like hydrophobicity, volatility etc.

2.6.
Toluene and MIBK degradation in real environmental
matrices
In addition to mechanistic studies using scavenger compounds, the plasma degradation of toluene and MIBK was
evaluated in complex environmental matrices, which include
surface water and secondary treated effluent. These real matrices revealed the capability of corona discharge plasma for
the treatment of contaminated water systems. River water
from Cauvery river from Karnataka, India was used as the surface water sample and effluent taken from SBR (sequential
batch reactor) outlet of STP (sewage treatment plant) present
in Indian Institute of Technology, Madras campus was used as
the secondary effluent sample. The important characteristcs
of both these water samples are given in Appendix A Table
S3. Toluene and MIBK solutions (20 mg/L) were prepared using distilled water, surface water and secondary treated effluent and plasma treatment (12 kV, 25 Hz) was carried out. The
results shown in Fig. 6a and b indicate that the removal was
reduced in case of real matrices for both toluene and MIBK.
A significant reduction in removal efficiency was observed for
solutions prepared with secondary effluent and the degradation graph of surface water samples fell in between distilled
water and secondary effluent. The reason for lowest degradation in case of secondary effluent could be the scavenging of
reactive species by the some of the ions such as CO3 2– , HCO3 – ,
PO4 3− , Cl− etc. and the residual organic matter (COD (chemical oxygen demand) = 40.9 mg/L) present in it. The values of
various parameters of surface water was significantly lower
than that of secondary effluent and hence the reduction in removal efficiency was less. In case of toluene, the removal efficiency in surface water was only slightly lower than that in
distilled water. The low COD in surface water would be easily
degradable by the reactive species generated in plasma. Due to
the semi-volatile nature of MIBK, the solution characteristics
had more influence on its degradation than on toluene. The
results obtained with real matrices are going in accordance
with the results of scavenger studies shown in Fig. 5b and d.
That means, scavenging compounds such as organic matter
and various ions causing high conductivity present in secondary effluent would have scavenged both •OH radicals and
e− aq , resulting in reduced degradation efficiency. During treatment of individual compounds, the concentration of reactive
species at a particular location (either plasma interior or gasliquid interface or bulk liquid) would change depending on
the compound being treated because of the difference in reactivity of compounds with the reactive species (Thagard et al.,
2016). Since pH of secondary effluent was neutral, pH did not
have a negative effect on the removal efficiency. For 200 mg/L
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Fig. 6 – Change in percentage degradation of (a) toluene and (b) MIBK in distilled water, surface water and secondary treated
effluent. Reaction conditions: initial concentration 20 mg/L, 12 kV, 25 Hz.

of toluene and MIBK solution prepared in secondary effluent,
the TOC removal obtained after 18 min of corona discharge
(23 kV) was 44.2% and 61.7% in case of toluene and MIBK, respectively. These results showed that pulsed power plasma
could be used for degradation of toluene and MIBK in real environmental matrices.

2.7.
Transformation products of toluene and MIBK and
the proposed degradation pathway
The identification of the transformation products of toluene
and MIBK degradation was performed using GC–MS employing purge and trap technique and by ion chromatography.
In case of toluene, eleven intermediate compounds were
detected and their details along with the retention time
are shown in Appendix A Table S4. Benzene, nitrobenzene,
benzaldehyde and formic acid were previously identified in
plasma degradation studies of toluene by Huang et al. (2011).
Benzaldehyde, the major toluene degradation intermediate
detected in this study was also reported by various earlier
studies on toluene degradation by plasma (Huang et al., 2011;
Yao et al., 2019) as well as photo-oxidation (Hatipoglu et al.,
2010). 3-Methyl-4-nitrophenol and 5-methyl 2-nitrophenol
were reported during gaseous toluene degradation using positive corona discharge by Van Durme et al. (2007). The concentration of all identified intermediates except formic acid
decreased with increase in treatment time and reached negligible values after 24 min. Benzaldehyde took 30 min for complete disappearance. The concentration of formate increased
till 18 min. and therafter its concentration remained almost
constant. In case of degradation of toluene in secondary effluent, one more intermediate compound, 2-ethenyl bicyclo
hexan-2-ol was formed.
The degradation was found to occur in both oxidative and
reductive conditions with oxidation being the major mechanism. The proposed pathway for toluene degradation as
shown in Fig. 7 has seven major routes. The toluene decomposition can happen mainly by energetic electron impacts and
reaction with free radicals such as •OH (Huang et al., 2011). A
major reaction during toluene degradation is the formation
of benzaldehyde (Route 4), since it was the main intermediate detected. The first step would be hydrogen abstraction

from methyl group by •OH radical, which would form benzyl radical. It would undergo further oxidation to form benzaldehyde and benzoic acid (Liu et al., 2017b). The bond energy of C–H bond in methyl group is 3.7 eV which is lower than
the other bonds in toluene. The breaking of the C–C bond between methyl group and benzene ring by energetic electron
impact would produce phenyl radical and •CH3 radical (Route
1). Since electrical discharge happened in air medium, in addition to reactive oxygen species (ROS), reactive nitrogen species
(RNS) such as •NO and •NO2 were also formed in the plasma
channel. These RNS resulted in the formation of NO and NO2
group containing intermediate compounds (Giardina et al.,
2019). The formation of nitrophenols and nitrosophenols were
reported by Lukes et al. (2014) during degradation of phenol
by gas discharge plasma. The phenyl radical could react with
•NO2 and H• to form nitrobenzene and benzene respectively
(Huang et al., 2011). 3-Methyl-5-nitro phenol could be formed
either from nitrobenzene by subsequent reactions with •CH3
−
and OH or from cresol. Toluene would be transformed to
cresol by reaction with •OH radical (Hatipoglu et al., 2010)
and cresol could be converted to 3-methyl 5-nitrophenol by
reaction with •NO2 species. The •CH3 radical released from
toluene by electron impact would be oxidized to formic acid
(Yao et al., 2019). 1-Methyl-2-nitroso benzene (Route 2) and
1-methyl-3-nitro benzene (Route 3) would have formed by reaction of toluene with •NO and •NO2 respectively. Benzaldehyde formed through route 4 could have oxidized to cyclohexanone which further reacts with •CH3 to form 2-methyl
cyclohexanone (Route 7). The aromatic intermediates are further attacked by energetic electrons and •OH radical leading
to the cleavage of the benzene ring. The identified octyn-1ol indicates that the aromatic ring is opened and it might
have formed from 2-methyl cyclohexanone by reactions with
O atom and •OH. The aliphatic compounds formed by ring
cleavage further underwent series of oxidation to form CO2
and H2 O (Yao et al., 2019). Due to the generation of reducing
species such as aqueous electrons (e− aq ) and H• radical during corona discharge, the NOx species produced would have
converted to NH2 group which would react with excess CO2 to
form urea. Phenylmethoxy urea could have formed by the reaction of benzyl radical with urea (Route 5). Additionally, benzyl radical could also have reacted with octyn-1-ol and urea
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Fig. 7 – Degradation pathway of toluene. The numbers 1, 2, 3, 4, 5, 6, and 7 refer to different routes. e− aq : aqueous electrons.

to form benzene propanoic acid α (hydroxyl imino) compound
(Route 6).
Based on the fourteen intermediate compounds (Appendix
A Table S5) identified during MIBK degradation, the possible degradation pathway of MIBK is proposed. Previous studies on MIBK decomposition have not proposed its degradation pathway so far. It was found that the concentration
of all identified intermediates decreased significantly after
24 min of treatment. Isopropenyl acetate was the major intermediate produced during MIBK degradation. The formate
concentration reached its maximum value after 24 min and
thereafter the concentration did not change considerably.

During the degradation of MIBK solution prepared in secondary effluent, two more intermediate compounds (1-methyl
pentyl hydroperoxide and oxalic acid allyl hexyl ester) were
observed.
The pathway shown in Fig. 8 has six major routes. Scavenger and pH studies have shown that the major reactive
species involved in MIBK degradation is •OH radical. In case
of aliphatic hydrocarbons, hydrogen abstraction by •OH radical is the primary reaction which yield H2 O and an organic
radical (Jiang et al., 2014). •OH radical would have reacted with
MIBK by hydrogen abstraction and formed alkyl radicals and
through C–C scissions, alkyl radicals might have converted
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Fig. 8 – Degradation pathway of MIBK.

to compounds like acetone (Mamaghani et al., 2019). Acetone
could have undergone reduction by reaction with e− aq or H•
radical forming propane (Gordon and Heimel, 1951) which further reacts with •NO2 to form 2-nitropropane (Route 2). 2Nitropropane could also have formed by breaking of MIBK
molecule by •OH radical and subsequent reaction with •NO2
(Route 3). 2-Nitropropane would have again converted to nitroethane and isopropylamine. Acetone might have reacted
with acetic acid (which is a probable break down product)
to form isopropanyl acetate (Sunner, 1757) (Route 3), which
was the major intermediate detected during MIBK degradation. Plasma can be used for polymerization reaction which
involves initiation, propagation of the reaction and termination stages (Bogaerts et al., 2002). Two compounds identified
i.e., N–N’–bis(2 methyl 2 nitroso pentan-4 one) and vinyl hexyl
ether indicates that polymerisation or dimerization has happened during corona discharge. Due to the high concentra-

tion of isopropanyl acetate produced, some of it might have
undergone polymerization along with two molecules of 2nitropropane to form N–N’–bis(2 methyl 2 nitroso pentan4 one) and some isopropanyl acetate molecules might have
converted to isopropyl vinyl ether and formic acid. Ketone
compounds can be oxidized into carboxylic acids by reaction
with strong oxidizing agents (Bahl and Bahl, 2005). Hence 2oxo propanoic acid (pyruvic acid) (Route 4) might have produced by acetone oxidation and it would have further re−
acted with OH to form 2-oxo propanoic acid ethyl ester. Oxaluric acid might have produced by reaction of two molecules
each of acetone and isopropylamine (Route 5). Mesityl oxide
which is one intermediate in synthesis of MIBK from acetone could have formed by dehydrogenation of MIBK molecule
(O’Keefe et al., 2007). The TOC removal and the change in
concentration of intermediates shows that most of the intermediate compounds were converted to lower carboxylic
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acids like formic acid, which further converted to CO2 and
water.

3.

Conclusions

The results of this study demonstrated the potential of pulsed
power technology for the treatment of toluene and MIBK in
aqueous solution. Toluene and MIBK each with 200 mg/L initial concentration was degraded to non-detectable level in 12
and 16 min respectively at an input pulse voltage of 23 kV
and frequency of 25 Hz. The energy efficiency of 50% degradation of toluene and MIBK were 1.863 and 1.165 g/kWh respectively. The toluene and MIBK degradation followed first
order kinetics. TOC removal of 82.8% and 70.7% was obtained
after 30 min in case of toluene and MIBK, respectively. The
degradation study of mixture of toluene and MIBK revealed
that the removal of one compound seems to be unaffected
by the presence of the other, with only a slight decrease in
degradation rate constant. The first order rate constant decreased from 0.421 to 0.377 min−1 for toluene and from 0.318
to 0.277 min−1 for MIBK, from single compound system to
mixed system. The toluene removal efficiency increased initially with increase in concentration upto 100 mg/L and decreased for 300 mg/L, while the highest energy efficiency was
obtained for 300 mg/L solution. In case of MIBK, the percentage
degradation decreased and energy efficiency improved with
increase in initial concentration from 20 to 500 mg/L. The removal efficiency of both toluene and MIBK decreased in acidic
(pH 3) and alkaline conditions (pH 12) compared to neutral pH.
The evaluation of effect of pH and scavengers revealed that
both oxidative and reductive species are involved in toluene
and MIBK degradation and •OH radical has major role in their
degradation. The removal of toluene and MIBK was significantly affected when they were present in secondary treated
effluent because of the scavenging effects of the ionic and organic constituents. In case of toluene degradation, benzaldehyde was the major compound detected among 11 intermediates. Isopropenyl acetate was the major intermediate among
14 compounds identified during MIBK degradation. The concentration of all identified intermediates except formic acid
decreased significantly after 24 min of treatment. The formate
concentration remained after 30 min in case of toluene and
MIBK solutions was 24.2 and 21.5 mg/L, respectively. Using the
various intermediates identified, a possible degradation pathway of both toluene and MIBK is proposed.
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