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Abstract
A gas phase discharge pulsed plasma was employed to evaluate the effect of different
electrolytes (anions such as CO₃² ̄, PO₄³ ̄, SO₄² ̄, Cl

and NO₃‾) on the degradation of

chlorobenzene. Plasma degradation of volatile organic compounds (VOCs) such as chloroform,
chlorobenzene, toluene and MIBK (methyl isobutyl ketone) in presence of various wastewater
matrices such as sulfate ion, organic matter and turbidity was studied. An initial concentration of
200 mg/L of each of the VOC and an input voltage of 17 kV was used. The highest degradation
of chlorobenzene was obtained in presence of SO₄² ions and lowest when CO₃² was present in
solution. The increase in chlorobenzene removal efficiency in presence of SO₄² could be due to
the formation of SO4•‾ radical during plasma discharge. The •OH radical concentration
decreased from 194 to 106.7 µM when sulfate was increased from 0 to 83.75 mM. This may be
due to the reaction of •OH with sulfate ion to form SO4•‾ radical during plasma discharge. By
employing tert-butyl alcohol (TBA) as selective •OH scavenger, the role of SO4•‾ radical in

1
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degradation was also observed. Organic matter and turbidity did not show a major effect on
degradation of selected VOCs. The turbidity of solutions decreased significantly after 10 min of
plasma treatment. The results of the study clearly indicate the effectiveness of pulsed power
plasma technology for the treatment of industrial wastewaters.

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.
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Water Impact Statement

Pharmaceutical and paint industry wastewater are characterized by high concentration of volatile
organic solvents (VOCs) and many of them are toxic and recalcitrant. This study revealed
generation of SO4•‾ radical in sulfate containing solution by pulsed plasma discharge in air,
which enhanced the degradation of VOCs such as chlorobenzene, chloroform, toluene and
MIBK. High glucose concentration and turbidity did not affect the degradation of the VOCs
significantly and satisfactory turbidity removal was also achieved. Therefore plasma technology
could be a promising technique for the treatment of organic solvent containing industrial
wastewaters.

1. Introduction
The effluent from pharmaceutical and paint industries contains various recalcitrant and
toxic compounds, the major constituents being variety of organic solvents 1. The solvent
consumption in the pharmaceutical industry is in the range of 10 – 800 kg/kg of active
2
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2

and the pharmaceutical wastewater contains about 80% of

organic solvents 3. Most of the APIs are produced by complex chemical synthesis processes,
during which wide range of raw materials, solvents, reaction intermediates and drug residues will
be released to the effluent. Paint and coating industry is the largest consumer of organic solvents
with a consumption of 2 million tons per year 1. Many of the solvents belong to the category of

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

volatile organic compounds (VOCs), and are hazardous and persistent in nature. VOCs are
characterized by their low boiling point (50 – 260 oC) at atmospheric conditions and they belong
to different molecular structures such as alkanes, alkenes, aromatics, halogenated compounds,
aldehydes, ketones, alcohols etc 4. VOCs can cause odour problems, nausea, skin mucosa,
respiratory diseases, nervous system damage and some are even carcinogenic 5.

Depending on

their molecular structure and concentration, VOCs form photochemical smog, secondary
pollutants like tropospheric ozone and secondary organic aerosols 6. Hence proper handling and
treatment of effluent containing VOCs is a critical requirement in water and air pollution control.
Organic solvents such as toluene, methyl isobutyl ketone (MIBK), chlorinated solvents
such as chloroform and chlorobenzene are commonly present in pharmaceutical wastewater.
Among these, chloroform, chlorobenzene and toluene are categorized as priority pollutants under
US clean water act 7. Chloroform is the most abundant halo-hydrocarbon in the atmosphere and
it is a probable human carcinogen 8. Prolonged exposure to chlorobenzene causes adverse effect
on central nervous system, liver and kidney 9. Toluene is a widely released air pollutant and it is
toxic, mutagenic, and damages nervous system, lungs etc 10. Chronic exposure to MIBK results
in headache, dizziness, nausea, narcosis and irritation of the mucous membrane
these four VOCs are selected as target pollutants for this study.

3

11.

Therefore
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total dissolved solids (TDS), conductivity, high concentration of chloride (760 – 4200 mg/L),
sulfate (890 – 1500 mg/L) and nitrate ions (268 mg/L). The BOD/COD ratio of the
pharmaceutical effluent is in the range of 0.1 – 0.6 and total alkalinity is 1279 – 2140 mg/L as
CaCO3

7, 12, 13.

In paint manufacturing wastewater, average values of various parameters are:

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

conductivity - 2.33 mS/cm, COD - 16342.3 mg/L, BOD - 1465.2 mg/L, alkalinity – 1600 mg/L
as CaCO3, sulfate – 2389 mg/L, chloride – 266.3 mg/L and nitrate – 1662 mg/L 14-16. Hence, it is
important to consider the effect of various ions/electrolytes especially chloride, sulfate and
nitrate on the treatment of VOCs in pharmaceutical and paint effluents.
Various methods used for VOC removal include adsorption, membrane separation,
condensation, catalytic oxidation, biodegradation, photocatalysis and other advanced oxidation
processes (AOPs)

4, 6.

However, these techniques have many limitations. Adsorption is suitable

only for dilute VOC emissions, membrane separation is expensive, condensation is energy
intensive, catalyst poisoning is an issue in catalytic oxidation, biological processes are sensitive
to concentration and toxicity of the compound and it requires longer treatment time 4, 17. Among
AOPs, plasma technology is emerging as a capable technology for the rapid degradation of
recalcitrant compounds. Plasma consists of different types of highly reactive chemical species
which include free radicals like•OH andO•, H2O2 and O3, reductive species such as aqueous
electrons (e⁻aq) and H• and it also generates UV light, shockwave etc

18, 19.

Plasma technology

has various advantages such as: it does not require externally supplied chemicals, operates at
atmospheric temperature and pressure and it is an environment friendly technology 18.
In real wastewater wherein the target pollutant compounds are present, there would be
various inorganic and organic substances present,which can positively or negatively affect the
4
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influenced by various parameters like total dissolved solids, total suspended solids, pH, turbidity,
organics etc. Depending on the inorganic ion present, the degradation efficiency of ozonation
and electrical discharge processes would be enhanced or reduced. The enhancement could be due
to generation of SO4•‾ and NO3•radicals in solutions containing SO42‾ and NO3‾, respectively, by

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

consuming •OH radicals

20.

It is reported that anions react with •OH radicals and affect the

degradation efficiency 18, but usually cationic species will not influence the treatment process
apart from increasing the conductivity. Liu et al.

22

21

demonstrated that methyl violet degradation

by gliding arc plasma was inhibited by the anions in the order, CO32‾ > Cl‾ > SO42‾ > NO3‾.
Also, CO32‾ showed strongest inhibition, NO3‾ did not cause any inhibition, and SO42‾
(concentration = 150 mM) inhibited slightly (3.91 % reduction in removal efficiency). Formation
of SO4•‾radical from SO₄² ion was proposed by Zhang et al.

20

and Shan et al.

23

in surface

discharge plasma and catalytic ozonation, respectively. Addition of SO₄² ion has shown a
positive effect on oxalic acid degradation by catalytic ozonation

23.

Compared to •OH radical,

SO4•‾radical has a longer life time because it prefers electron transfer reactions, while •OH
radical reacts non-selectively through a series of reactions involving electrophilic addition,
hydrogen abstraction and electron transfer

24.

SO4•‾radical has higher standard redox potential

than •OH at neutral pH 25.
In addition to the electrolytes, the type of organics present in the wastewater also
influence the treatment efficiency.Villegas-Guzman et al.

26

carried out sonochemical

degradation of antibiotic dicloxacillin and demonstrated that inhibition of dicloxacillin
degradation happened at high concentration of 2-propanol (4.9 mM), while no change in

5
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humic acid can either act as a scavenger of •OH radicals or in some cases it can react with ozone
to generate •OH 27. Liu et al. 28 reported that anions such as CO32‾, NO3‾, Cl‾ and SO42‾ inhibited
aniline removal by dielectric barrier discharge plasma but coexisting organics did not affect the
aniline degradation. Turbidity is another parameter which affects the treatment efficiency of

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

processes like photocatalysis. In presence of suspended particles, the photocatalytic removal
efficiency would decrease significantly because the solid particles could screen the radiation or
quench the reactive species 29. Studies on the influence of easily degradable organic matter and
turbidity on plasma degradation of selected VOCs are scanty. Various organics showed different
effects on the formation of reactive species, which in turn affects the removal of the particular
pollutant. None of the earlier advanced oxidation studies, for degradation of chlorobenzene in
aqueous solution, such as UV-H2O2-O330, Fenton’s process31 and glow discharge plasma 32 have
explored the effect of different ions on the removal efficiency. To the best of our knowledge,
none of the previous studies has evaluated the effects of various electrolytes on chlorobenzene
degradation in aqueous solution by pulsed power plasma. Also not many details are available
about the formation of SO4•‾ radical in sulfate containing solution, which influenced the removal
of chlorobenzene, chloroform, toluene and MIBK. Therefore it is necessary to evaluate the effect
of different electrolytes, turbidity and organic matter on the plasma degradation of target VOCs.
The objectives of the present study are: (i) to investigate the effect of various electrolytes
(anions such as CO₃² ̄, PO₄³ ̄, SO₄² ̄, Cl and NO₃‾) on the degradation of chlorobenzene; (ii) to
evaluate the formation of SO4•‾radical from SO₄² ion in plasma system by conducting suitable
scavenger studies and (iii) to understand the effect of sulfate concentration, organic matter and
turbidity on the plasma degradation of chloroform, chlorobenzene, toluene and MIBK. In this
6
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short width has the advantages of generating strong electric field without producing spark and
increased energy efficiency 33.
2. Materials and Methods

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

2.1 Materials
Analytical grades chloroform, chlorobenzene, toluene, MIBK, dinitrophenyl hydrazine
(DNPH) and tert-butyl alcohol (TBA) were purchased from Merck (India). Analytical grades
Na2CO3, KCl, NaNO3, Na2SO4, KH2PO4, glucose, NaH2PO4, H3PO4, HCHO, dimethyl sulfooxide (DMSO) and isopropanol (IPA) procured from Rankem (India) were used for the present
study.
2.2 Experimental setup
The experimental assembly consisted of a DC high voltage power supply connected with
a rotating spark gap (RSG) mechanical switch which was connected to the reactor (Fig. 1). The
RSG converted high voltage (HV) DC signal to HV pulse signal, which was supplied to the
multiple needle tungsten electrodes in the reactor. The pointed needles were kept at a gap of 4
mm above the solution surface. The HV pulse signal ionized the air and plasma streamers were
produced. The circular ground electrode (diameter = 52 mm) was made of aluminium. 50 mL
solution was taken inside the reactor for the studies. The reactor was placed inside an iced water
tray for regulating the temperature increase during the electrical discharge. The rotation of RSG
determined the pulse frequency. Samples were taken through the port (which was closed with a
rubber septa) provided at top of reactor and analyzed for the particular compound using GC-FID

7
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circuit used and the pulse voltage and current waveforms are given in our previous study 34.

Fig. 1. Reactor setup used for plasma degradation studies
2.3 Experimental procedure
Various batch experiments were conducted to study the effect of different electrolytes
(Na2SO4 - 5.583 mM, KCl - 16.75 mM, NaNO3-16.75 mM, Na2CO3 -5.583 mM and KH2PO42.279 mM) on chlorobenzene degradation. The concentration of each salt was taken in such a
way that conductivity of the solution was 1000 µS/cm. An input peak voltage of 17 kV and pulse
frequency of 25 Hz were used throughout the study. The quantity of •OH radicals generated in
presence of various sulfate concentrations (0.335, 5.583 and 83.75 mM) was quantified using
dimethyl sulfoxide (DMSO) as chemical probe. The effect of different sulfate concentrations (0,
5.583 and 83.75 mM) on the degradation of four VOCs such as chlorobenzene, chloroform,
toluene and MIBK (each having initial concentration of 200 mg/L) was evaluated. In order to
understand the contribution of SO4•‾and •OH radicals in chlorobenzene degradation, 1M IPA
(isopropanol) and 1M TBA (tert-butyl alcohol) were used as scavengers. The influence of other
wastewater matrices such as organic matter and turbidity on the plasma degradation of the four

8
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matter. Glucose concentrations of 5000 and 10000 mg/L were employed in the present study to
represent the easily degradable organic matter in the pharmaceutical and paint industrial
wastewaters. While studying the effect of turbidity, solution turbidity was adjusted to 50 and 200
NTU using bentonite clay.

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

2.4 Analysis
GC-FID (Perkin Elmer) was used to determine the concentrations of chloroform,
chlorobenzene, toluene and MIBK. The injector, oven and detector temperatures were kept as
200, 120 and 250 oC, respectively. Elite-624 column was used and high purity nitrogen was used
as carrier gas at a flow rate of 2 mL/min. Samples for GC analysis were prepared by extracting
the water sample using n-pentane (1:1 ratio) and injected in GC using auto sampler. A split ratio
of 3:1 was employed.
The intermediate compounds produced during chlorobenzene degradation in presence of
glucose were analyzed using GC-MS (Agilent) connected with purge and trap assembly. Filtered
sample (volume= 20 mL) was taken for purge and trap analysis. Nitrogen was used as the purge
gas for duration of 9 min. The oven temperature was set as 35 oC for 1 min, increased at a rate of
10 oC/min up to 280 oC and held for 5 min. HP5-MS column was connected in GC-MS and a
split of 50:1 was employed.
The •OH radical concentration was analyzed using derivatization technique

35.

For this

28.2 mM DMSO solutions with different sulfate concentrations (prepared using Na2SO4) of 0,
0.335, 5.583 and 83.75 mM, corresponding to a conductivity of 0, 60, 1000 and 15000 µS/cm,
respectively, were subjected to plasma discharge at 17 kV. DMSO reacted with •OH radical to
9
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formaldehyde and its quantification was carried out by derivatization using DNPH. For this, 5
mL sample was mixed with 5 mL of pH 4 buffer (NaH2PO4 + H3PO4) and 1 mL of saturated
DNPH solution. The reaction mixture was incubated at 40 oC for 1 h, for the formation of
hydrazone which was analyzed in HPLC (C18 column) at 360 nm. Acetonitrile and water at a

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

ratio of 70:30 was used as the eluent.
Conductivity was analyzed using conductivity probe (Hach, USA) and turbidity was
measured using turbidity meter (Hach, USA).
3. Results and Discussion
3.1 Effect of various electrolytes on chlorobenzene degradation
Pharmaceutical wastewater contains high concentration of various inorganic ions
especially chloride and sulfate along with the VOCs. In order to treat such wastewater using
pulsed plasma technology, it is necessary to understand the effect of these ions on the
degradation efficiency of target VOCs. It is reported that various inorganic salts or anions
exerted different effects on the pollutant compound removal by plasma oxidation 20, 27. Inorganic
cations do not show much influence on the plasma degradation efficiency, except increasing
conductivity. Wang et al.

21

reported that inorganic cations such as Na+, K+, Ca2+and Mg2+ did

not influence the photo degradation reaction, since they all are in the stable oxidation states.
Chlorobenzene solutions with an initial concentration of 200 mg/L and each having a
conductivity of 1000 µS/cm was prepared using different salts such as Na2SO4 (5.583 mM), KCl
(16.75 mM), NaNO3 (16.75 mM), Na2CO3 (5.583 mM) and KH2PO4 (2.279 mM). Then the
solution was irradiated with pulsed corona discharge at a voltage of 17 kV and pulse repetition
10

Environmental Science: Water Research & Technology Accepted Manuscript

form methyl radical and methane sulfinic acid. Methyl radical underwent oxidation to produce

Page 11 of 36

Environmental Science: Water Research & Technology
View Article Online

DOI: 10.1039/D0EW00388C

be faster. As a result, the target compound degradation would be very fast and the effect of
different electrolytes might not be clearly visible. Hence, an input voltage of 17 kV was chosen
for the experiments. Fig. 2 shows that each of these ions has different effects on chlorobenzene
degradation. To assess the effect of different electrolytes, the degradation of chlorobenzene in

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

presence of various ions was compared with the degradation in distilled water. SO₄² ̄, Cl and
NO₃ showed a positive effect on chlorobenzene degradation whereas, CO₃² and PO₄³ ions
reduced the removal efficiency. Among all the anionic species tested, highest chlorobenzene
degradation was obtained in presence of SO₄² ion. After 4 min, the percentage degradation of
chlorobenzene obtained was 80%, 75%, 73.3%, 72.3%, 63.9% and 56.2 % in case of SO₄² ̄, Cl ̄,
NO₃ , distilled water, PO₄³ and CO₃² containing solutions, respectively. This also points to the
fact that the effect of conductivity on plasma degradation depends mainly on the type of ionic
species present in the solution or wastewater. Thagard et al. 36 reported that the amount of H2O2
produced varied according to the compound used to adjust the conductivity; i.e., a low
concentration of H2O2 was produced with 2 mS/cm NaOH compared to 2 mS/cm H3PO4. This
was because hydroxide ion is a better scavenger of •OH radicals (which are the precursor for
H2O2 formation) than phosphate ions and also due to faster decomposition of H2O2by UV light at
alkaline pH.

11
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Fig. 2. Effect of different inorganic anions (solution conductivity = 1000 µS/cm) on
chlorobenzene degradation (initial concentration = 200 mg/L, voltage = 17 kV)
The enhanced chlorobenzene degradation obtained in SO₄² containing solution could be
due to SO4•‾ radical produced by the reaction of SO₄² ion with •OH radical (Eq. 1) in high
voltage pulsed corona discharge in air 20. The oxidation potential of SO4•‾radical is 2.6 V which
is comparable to that of •OH and the half-life of SO4•‾ is more than that of •OH 27. The half-life
of SO4•‾ and •OH are 30-40 µSec and <1 µSec, respectively. As a result of this, increased mass
transfer and contact between SO4•‾ radical and the pollutant compound is possible

37.

In gas

phase electrical discharge systems, which was employed in the present work, the diffusion of
reactive species formed in gas phase to the bulk liquid phase is important for the compound
degradation

18.

Hence, the formation of SO4•‾radical, which has longer lifetime, could have

resulted in better degradation efficiency. Shan et al.

23

demonstrated improved catalytic

ozonation of oxalic acid by Ce-Ti-Zr oxide catalyst in presence of SO₄²

ion due to the

generation of SO4•‾radical. They explained that the longer lifetime of SO4•‾radical compared to
12
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of oxalic acid. Merouani et al.

38

reported increased discoloration of dye mixture by gliding arc

discharge plasma when the concentration of SO₄²

ion increased and they attributed it to

production of SO4•‾radical by reaction of SO₄² with •OH. The formation of SO4•‾ radical by the

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

reaction of SO42- ion and •OH was also reported by Liu et al. 22 and Ren et al. 39.
SO₄² + •OH SO4•‾ + OH‾

(1)

Even though the rate constant of reaction between SO₄² ion with •OH is low (3.5 * 105
M-1 s-1)

39,

reduced concentration of •OH was observed (Fig. 3) at increased concentrations of

SO₄² ion in solution. Higher conductivities might have lowered the generation of •OH radicals
and a portion of •OH would have converted to SO4•‾ radical. The decrease in concentration of
•OH at higher concentrations of SO₄²

ion and the higher chlorobenzene degradation indicate

the formation of SO4•‾radical in plasma system.
The conversion of SO4•‾ radical to •OH radical happens at alkaline pH and the reactions
are given in Eq. 2 and 3. In SO4•‾ /•OH systems, when pH is less than 9, SO4•‾ is the major
reactive radical and when pH is greater than 9, •OH becomes the dominant one 40, 41.
SO4•‾ + H2O SO₄² + •OH + H+

k < 1*103 M-1s-1

(2)

SO4•‾ + OH‾ SO₄² + •OH

k = 6.5*107 M-1s-1

(3)

13
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medium, the solution pH became acidic

34

and hence the reaction given in Eq.3 would not have

happened and SO4•‾ would be the major reactive radical.
SO4•‾radical is more selective than •OH radical and it is more prone to react with

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

electron-donating groups like -OH, -NH2, π electrons on aromatic compounds and unsaturated
bond containing organic compounds via electron transfer reaction

40.

Compared to •OH,

SO4•‾radical is more selective for oxidation of compounds containing benzene ring and carboncarbon double bonds

42.

Anipsitakis et al.

43

reported that at pH of 5.5, SO4•‾radical would be

having higher redox potential than •OH. Due to various reasons such as affinity of benzene ring
in chlorobenzene molecule to the SO4•‾radical

40,

generation of acidic pH conditions during

electrical discharge in air44, and volatile nature of chlorobenzene and faster reaction with
diffusing SO4•‾radical, which has more life time than •OH, better degradation of chlorobenzene
was achieved when SO₄² ion was present in solution. By analyzing the effect of pH and by
conducting scavenger studies, the major role of oxidative species than reductive species in
chlorobenzene degradation has been elucidated in our earlier study 45.
Previous plasma studies have reported a reduction in target compound removal efficiency
in presence of Cl‾ ion

20, 38.

However, a slight enhancement of chlorobenzene degradation was

observed in the present study. Even though the •Cl radical generated by the reaction of Cl‾ and
•OH, is a weak oxidant (oxidation potential = 1.36 V), strong oxidizers such as Cl2•‾ and HOCl
produced might have resulted in slightly better removal efficiency of chlorobenzene. Ozone
generated during corona discharge

46

also could react with Cl‾ to form HOCl. Various reactions

14
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during chlorobenzene degradation

45

20, 22.

The chloride ion released

also would have aided these reactions. Seymour et al.

47

reported enhancement in chlorobenzene degradation by sonication in presence of NaCl. This was
due to increase in ionic strength of the aqueous solution which drove the chlorobenzene

Published on 02 July 2020. Downloaded on 7/7/2020 6:14:21 AM.

molecules to the bulk solution – bubble interface, where it reacted rapidly with the free radicals.
•OH + Cl‾ •Cl + OH‾

(4)

•Cl + Cl‾ Cl2•‾

(5)

Cl2•‾+ H2O HOCl + HCl

(6)

Cl‾ + O3 + H+HOCl + O2

(7)

Chlorobenzene degradation was slightly enhanced in presence of NO3‾ ion. NO3‾ is a
scavenger of aqueous electrons 27, which is a reducing species produced in plasma system. When
aqueous electrons were scavenged, it would prevent its recombination reaction with •OH,
resulting in increased net concentration of •OH48, which along with NO3• radical generated in
the system resulted in better chlorobenzene degradation. Liu et al.

22

reported that the plasma

removal efficiency of methyl violet was not affected much by the presence of nitrate.
The lowest chlorobenzene removal was observed in CO₃² containing solution. CO₃² is a
well-known •OH scavenger, which produces less reactive secondary radical CO₃• (oxidation
potential = 1.59 V) 49. PO₄³ ion is also an •OH scavenger with the reaction rate constant value
of < 1.0 * 107M-1s-118, 50. Hence the chlorobenzene degradation was decreased in the presence of
phosphate ion.
15
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The effect of different sulfate concentrations on •OH radical generation was evaluated.
For this, solutions with different sulfate concentrations of: 0,0.335, 5.583 and 83.75 mM were
prepared (corresponding solution conductivities were 0, 60, 1000 and 15000 µS/cm) and
subjected to pulsed electrical discharge at an input peak voltage of 17 kV and pulse repetition
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rate of 25 Hz. The quantity of •OH radicals generated in solutions with various sulfate
concentrations and in distilled water is shown in Fig.3. After 2 min, the •OH concentration was
194, 133.7, 120 and 106.7 µM in case of 0, 0.335, 5.583 and 83.75mM sulfate solutions,
respectively. The •OH concentration decreased with increase in SO42- concentration. The
reduction in •OH concentration with increase in SO42- concentration, could be due to two
reasons; i) reduced formation of •OH at higher conductivities 35, and ii) conversion of a part of
formed •OH to SO4•‾ radical at acidic conditions (Eq. 7 and 8) 23. The solution pH became acidic
due to plasma discharge in air, which formed nitrous and nitric acid in solution

44.

The nitrate

concentration in solution after 2 min was 64.7 mg/L and it became 270.2 mg/L after 6 min of
pulsed discharge. With increase in SO42-concentration, the solution conductivity also increased.
The •OH radical intensity decayed when conductivity was increased above 80 µS/cm 36, 51. Even
though, •OH concentration has decreased with increase in sulfate concentration, SO4•‾ radical
produced has resulted in enhanced chlorobenzene degradation. This could be due to the various
advantages of SO4•‾ radical over •OH in reacting with chlorobenzene. After 2 min, the increase
in •OH concentration was at a slower rate. This could be due to the recombination of •OH
radicals at higher concentrations and higher conductivity, resulting in reduced total concentration
of •OH (Eq. 9) 36, 52.
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3.1.1 Effect of sulfate concentration on •OH radical generation
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H+ + SO42⁻  HSO4⁻

(7)

HSO4⁻ + •OH  SO4•‾ + H2O

(8)

•OH + •OH  H2O + O

(9)

Fig. 3. Change in •OH radical concentration for different sulfate concentrations (input voltage=
17 kV)

3.1.2 Role of SO4•‾ and •OH radicals in chlorobenzene degradation
In order to confirm the formation of SO4•‾radical in SO₄² ion containing plasma system,
suitable chemical probes or scavengers were employed 40. Based on the rate constant of reaction
of SO4•‾and •OH radicals with the scavenger compound, isopropanol (IPA) and tert-butyl alcohol
(TBA) were chosen to identify the SO4•‾radicals

53.

IPA is a good scavenger of both •OH

(2.8*109 M-1s-1) and SO4•‾radicals (6*107 M-1s-1) whereas TBA reacts at higher rate with •OH
radical ((3.8-7.6)*108 M-1s-1) and at a lower rate with SO4•‾ radical ((4.0-9.1)*105 M-1s-1)

17

54, 55.
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only around 47 times faster 54. Hence, in SO₄² ion containing plasma system, by comparing the
chlorobenzene degradation in presence of IPA and TBA, SO4•‾radical formed could be
identified. If SO4•‾radical is majorly involved in chlorobenzene degradation in SO₄²

ion

containing system, it is expected that, the degradation efficiency would not be significantly
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affected by the presence of TBA. Chlorobenzene solution having an initial concentration of 200
mg/L and containing 5.583 mM Na2SO₄was subjected to plasma treatment at an input peak
voltage of 17 kV in three different conditions – 1) in distilled water, 2) in 1 M IPA and 3) in 1 M
TBA and the results are shown in Fig. 4. After 4 min of pulsed power discharge, the reduction in
chlorobenzene removal efficiency was 27.6 % in presence of IPA, whereas it was only 3.1 %
when TBA was present. This shows that even when TBA scavenged a large amount of •OH
radicals, the chlorobenzene degradation was not affected much because of the SO4•‾radical
formed in the system. Significant reduction in removal efficiency in IPA containing solution
reveals that, IPA scavenged a major quantity of both •OH and SO4•‾ radicals. Ren et al.

39

used

TBA to evaluate the contribution of •OH radical for trans-ferulic acid degradation by dielectric
barrier discharge plasma.
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TBA reacts at about 870 times faster with •OH than SO4•‾, while the reaction of IPA with •OH is

Page 19 of 36

Environmental Science: Water Research & Technology
View Article Online

DOI: 10.1039/D0EW00388C

TBA and 1 M IPA; input voltage = 17 kV, Initial concentration of chlorobenzene = 200 mg/L)
3.2 Effect of sulfate concentration on removal of various volatile organic compounds
Since sulfate is a common ion present in pharmaceutical and paint industry wastewater
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and previous experiments showed enhanced degradation of chlorobenzene in presence of sulfate
ions (Fig. 2), studies were conducted to evaluate the effect of sulfate ions on the degradation of
VOCs such as chloroform, toluene and MIBK. The plasma degradation of these compounds
depends on their various physicochemical properties like volatility, water solubility,
hydrophobicity, oxidized or reduced state etc. The conductivity of the solution changes
according to the concentration of various ions present in the system. With increase in
conductivity, the streamers become shorter and brighter and increased emission of UV light
occurs and it affects the concentration of reactive species produced

56.

The concentration of

reactive species generated is influenced by i) the nature of the ion present in the solution, ii)
scavenging nature of the ions, and iii) pH of the system

36, 57.

If the ions scavenge the •OH

radical, it would decrease the removal efficiency and if other radicals like SO4•‾radical are
produced during the process, it would enhance the pollutant degradation 20.
The effect of different sulfate concentrations such as 0, 5.583 and 83.75 mM
(corresponding to conductivity of 0, 1000 and 15000 µS/cm) on degradation (input voltage = 17
kV) of the selected VOCs (each having initial concentration of 200 mg/L) was evaluated. It can
be seen from Fig. 5 that with increase in sulfate concentration, the removal efficiency was
increased in case of all four compounds, but significant improvement was observed in case of
chloroform and chlorobenzene and the effect on toluene and MIBK degradation was minimal.

19
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Fig. 4. Degradation of chlorobenzene in presence of various scavengers (Distilled water, 1 M
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of the •OH radicals by SO42- ions, and this resulted in increased concentration of aqueous
electrons, which degraded chloroform faster. Though SO4•‾radical might have been generated in
the system, as the carbon in chloroform is in highly oxidized form, it could be predominantly
degraded by reduction by aqueous electrons 34. In case of chlorobenzene, with increase in sulfate
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concentration, the SO4•‾ radical produced by the reaction of •OH with SO42- ions, could have
resulted in better removal. In plasma system, the major reaction in chlorobenzene degradation is
oxidation 45. Since SO4•‾ radical could react selectively with π electrons of unsaturated bond in
the aromatic ring of chlorobenzene 40 and also due to its longer life time and better mass transfer
in the solution than •OH, SO4•‾ radical is more effective for degradation of chlorobenzene than
hydroxyl radicals.
The analysis of effect of pH and scavenger compounds has revealed the role of both
oxidative and reductive species on degradation of toluene and MIBK in our previous study.
Hence, the effect of sulfate concentration on toluene and MIBK was minimal as compared to
chloroform and chlorobenzene where one reactive species (either oxidative or reductive species)
is predominantly involved in their degradation. The first order rate constant of degradation of
chloroform, chlorobenzene, toluene and MIBK in presence of 83.75 mM sulfate was determined
as 0.306, 0.433, 0.361 and 0.147 min-1. The chlorobenzene degradation was faster whereas the
degradation of MIBK was the slowest. This can be explained with respect to the higher volatility
and hydrophobicity of chlorobenzene compared to MIBK. Due to these properties, higher
concentration of chlorobenzene would be present in the gas-liquid interface where it could
rapidly react with the diffusing reactive species 58. The water solubility of MIBK is 19000 mg/L

20
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The increased chloroform removal at higher sulfate concentration may be due to the scavenging
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compared to solution surface and hence, its rate of degradation was the slowest. The results of
degradation of chlorobenzene in presence of various ions (section 3.1) and the effect of different
sulfate concentrations on degradation of all the four VOCs shows that, plasma technology is a
suitable treatment in presence of most of the ions. However, in case of certain ions, removal
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efficiency can reduce. So proper care need to be taken while selecting a technology for the
treatment of a particular type of wastewater based on its characteristics.

(a)

(b)

(c)

(d)

21

Environmental Science: Water Research & Technology Accepted Manuscript

(at 25 oC) and due to its hydrophilic nature, more of it would be present in the bulk liquid phase
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(d) MIBK, for different sulfate concentrations (initial concentration of each compound = 200
mg/L, voltage = 17 kV)
3.3 Effect of the presence of easily degradable organic compound on removal of various
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volatile organic compounds
Wastewaters from industries like pharmaceutical and textile industry have easily
degradable organic compounds and many inorganic salts along with toxic and difficult to
degrade volatile organic compounds. This may affect the performance of technologies like
plasma. Hence, it is necessary to study its effect on compound degradation. In order to study the
effect of easily degradable organic matter on VOC degradation by plasma process, two different
glucose concentrations of 5000 and 10000 mg/L were used. Glucose was selected as the
representative of easily degradable organic matter. The effect of glucose concentration on
degradation of chloroform, chlorobenzene, toluene and MIBK is shown in Fig. 6. It can be seen
from Fig. 6 that both the glucose concentrations used did not have significant effect on the
degradation of any of the four compounds. The results can be explained with respect to the role
of major reactive species involved in the degradation of the particular compound. Presence of
glucose enhanced chloroform removal slightly. This may be due to the consumption of a part of
•OH radicals by glucose, which increased the concentration of aqueous electrons, which
degraded chloroform by reductive reaction. But in cases of other three compounds, •OH played a
major role in their degradation and hence scavenging of a small part of •OH by glucose reduced
the removal efficiency slightly. The amount of •OH radicals measured after 2 min (input voltage
= 17 kV) was 194 µM and it was 210 µM after 6 min and this would be sufficient to degrade the
target pollutants in presence of glucose. Another reason could be the high solubility of glucose in
22
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Fig. 5. Change in degradation efficiency of (a) chloroform, (b), chlorobenzene,(c) toluene and

Page 23 of 36

Environmental Science: Water Research & Technology
View Article Online

DOI: 10.1039/D0EW00388C

target pollutant compounds which are volatile in nature would move to liquid-gas interface and
reacts faster with the diffusing reactive species. Villegas-Guzman et al.

26

studied the effect of

glucose on sono-chemical degradation of antibiotic dicloxacillin and reported that no significant
inhibition of dicloxacillin removal was observed in presence of high concentration of glucose
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(4.9 mM); they attributed this to the high solubility of glucose compared to dicloxacillin and
hence glucose would be present in bulk liquid phase away from cavitation bubbles, while
dicloxacillin was present closer to the bubbles. Hence, glucose did not compete for •OH radicals
and dicloxacillin degradation was not affected.
GC-MS analysis (using purge and trap technique) was carried out to identify intermediate
compounds formed during chlorobenzene (200 mg/L) degradation in presence of glucose (10000
mg/L). Eight intermediates were identified and they were – benzene, toluene, nitrosobenzene, 2chlorophenol, 1,4-dichlorobenzene, 1-chloro 4 nitroso benzene, nitrobenzene and 1-chloro 3
nitrobenzene. Since electrical discharge happened in air, O2 and N2 molecules got dissociated
and formed NOx molecules, which reacted with some intermediates and formed nitrogen
containing compounds. It can be seen from Fig. S1 of the supplementary materials that the
concentration of intermediates increased with time and after 8 min, the concentration of all
intermediate compounds were found to decrease; at the end of 20 min, their concentration
became negligible. The highest concentration of few compounds were obtained at 4 min and for
some other compounds, it was at 8 min. Hence, even though very high concentration of glucose
was present along with chlorobenzene, it did not affect the chlorobenzene degradation
significantly. Also the presence of glucose did not result in formation of any recalcitrant toxic
compounds, during the degradation of chlorobenzene. Using the identified intermediates, a
23
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water (909 g/L). As a result, majority of glucose would be present in bulk solution phase and the
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The pathway of degradation of chlorobenzene in distilled water is given in our previous work 45.
The COD removal obtained in case of chloroform, chlorobenzene, toluene and MIBK (each
having an initial concentration of 200 mg/L and mixed with 5000 mg/L glucose) after 10 min
was 39.2, 36.7, 38.1 and 37.5 %, respectively. The theoretical CODs of 200 mg/L of chloroform,
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chlorobenzene, toluene and MIBK are: 26.8, 397.9, 625.4, 542.9 mg/L, respectively and that of
5000 mg/L glucose is 5333.3 mg/L. Using the theoretical COD values and the percentage COD
removal, the amount of glucose degraded in case of chloroform, chlorobenzene, toluene and
MIBK plus 5000 mg/L glucose solutions was calculated as 1951.0, 1852.5, 1870.4 and 1821.6
mg/L, respectively (Table S1 of supplementary materials).

(a)

(b)
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possible degradation pathway of chlorobenzene (Fig. S2) in presence of glucose is proposed.
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(c)

(d)

Fig. 6. Change in removal efficiency of chloroform (a), chlorobenzene (b), toluene (c) and
MIBK (d) for different concentrations of organic matter (initial concentration of each compound
= 200 mg/L, voltage = 17 kV)

3.4 Effect of turbidity on removal of various volatile organic compounds during plasma
treatment
The turbidity of wastewater is an important factor which adversely affects the
degradation efficiency of advanced oxidation processes like photocatalysis

29.

Hence, turbid

solutions of 50 and 200 NTU were prepared using bentonite clay and plasma degradation study
of chloroform, chlorobenzene, toluene and MIBK in turbid solutions was carried out. It can be
seen from Fig. 7 that the effect of turbidity on all four compounds was minimal. It may be
because of the occurrence of majority of the plasma based reactions at gas-liquid interface and
the less sensitive nature of such reactions to the presence of co-contaminants

59

like suspended

solids. The degradation pattern of chlorobenzene, toluene and MIBK was similar with a slight
positive effect on degradation by turbidity. In case of chloroform, there was a slight reduction in

25
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chlorobenzene, toluene and MIBK could be explained with respect to their increased
concentration in the gas – liquid interface in turbid solutions and also because of •OH radicals
being the major reactive species involved in their degradation. During plasma discharge, the
flocculation of suspended particles also happened, which might have aided the movement of
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these volatile compounds to the top of the gas-liquid interface, where they reacted quickly with
the diffusing •OH species. Thagard et al. 58 showed that plasma treatment is more appropriate for
the degradation of surfactant-like compounds which are more concentrated at the gas-liquid
interface, where the free radical reactions predominantly occur. Tijani et al. 60 reported that ultrasonication can degrade volatile organic compounds in wastewater having high turbidity. Peters 61
demonstrated that inorganic components in water had a positive effect on sonolytic degradation
of volatile pollutants by changing the radical production; compared to pure water, sonication in
presence of quartz particles resulted in enhanced oxidation due to the formation of hydrogen
peroxide. But in case of chloroform, this type of degradation pattern was not observed because
the major reactive species responsible for chloroform degradation is aqueous or hydrated
electrons (e⁻aq) and it could be formed at the water surface and in bulk solution

62.

In case of

turbid solutions, the colloidal and suspended solids could affect the solvation of electrons and
since e⁻aq is negatively charged, it could be affected by the negatively charged colloids

50

and

these would have resulted in slightly reduced removal of chloroform. There was a very small
amount of adsorption of the chemical compounds to the bentonite clay. Out of the initial
concentration of 200 mg/L each of chloroform, chlorobenzene, toluene and MIBK, the amount
adsorbed to bentonite clay was 1.8, 3.5, 4.1, 1.2 mg/L, respectively.
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remove the turbidity by flocculating the colloidal particles. In case of turbid solutions of all the
four VOCs, the final turbidity obtained after 10 min of plasma treatment was less than 2 and 5
NTU in case of 50 and 200 NTU solutions, respectively (Table 1). The picture of the reactor
having the settled flocs is given in Fig.S3. Ghezzar et al. 63 showed that initial turbidity of 125.1
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NTU of the wastewater decreased to 21 NTU after 180 min of gliding arc discharge plasma
treatment. There could be different mechanisms involved in the coagulation of suspended
particles during plasma treatment. One of the most important parameter in coagulation process is
pH. The charge of the colloids is affected by the pH of the solution and the pH became acidic
(pH ≈ 3) during initial 2 min itself due to dissolution of generated NOx in solution and release of
H+ ions. When pH decreased to acidic range, H+ neutralized the superficial charge of the clay
particles. The conversion of negatively charged colloids to neutralized colloids would make them
flocculate and settle down. The electric field generated in the system also could promote the
flocculation process 64.

(a)

(b)
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In addition to the pollutant removal in turbid solution, plasma technology was able to
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(c)

(d)

Fig. 7. Change in removal efficiency of chloroform (a), chlorobenzene (b), toluene (c) and
MIBK (d) for different turbidities (initial concentration of each compound = 200 mg/L, voltage =
17 kV)

Table 1. Final turbidity obtained after 10 min of pulsed plasma treatment
Target pollutant

50 NTU solution

200 NTU solution

Final turbidity after 10 min of treatment
Chloroform

1.85

4.58

Chlorobenzene

1.51

3.91

Toluene

1.94

2.23

MIBK

1.46

2.87

3.5 VOC degradation in liquid and gaseous phase during plasma treatment
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evaluate its degradation in both liquid and gaseous phases during plasma treatment. Even though
VOCs partitioned into the gas phase, as the reactor was a completely closed system, there was no
escape of VOCs from the reactor. The VOC present in the gas phase also got degraded
simultaneously with degradation in aqueous phase. This was due to the reaction of reactive
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species formed in gas phase with the VOC present in the gas phase. The change in aqueous and
gaseous phase concentrations of chloroform, chlorobenzene, toluene and MIBK during plasma
discharge at 23 kV and 25 Hz, are shown in Fig S4.a and S4.b, respectively. The liquid phase
concentration of chloroform, chlorobenzene, toluene and MIBK, became non detectable in 10,
12, 12 and 16 min., respectively. Even though the reactor was placed inside an iced water tray,
temperature rise was not completely suppressed. There was a temperature rise of 13 oC (from
29.5 oC to 42.5 oC) in the initial 2 min of plasma discharge, and after 2 min, temperature slowly
decreased and reached 39.5 oC at 10 min. Due to temperature rise in the initial 2 min, there was
more volatilization of MIBK ,which is relatively a semi-volatile compound, in the first 2 min of
treatment and thereafter its concentration decreased. The TOC removal obtained in case of
chloroform (after 10 min), chlorobenzene, toluene and MIBK (after 30 min) was 91 %, 49.1 %,
82.8 % and 70.7 %, respectively. After plasma treatment, the chloride ion concentration
measured in the solutions containing chloroform and chlorobenzene was 135.1 mg/L (after 10
min) and 46.1 mg/L (after 16 min), respectively. After the specified time, the chloride
concentration was almost constant. The initial chloroform and chlorobenzene concentration
measured was 155.5 mg/L and 173.2 mg/L, respectively. So, if complete dechlorination of 155.5
mg/L chloroform happened, it would generate 138.6 mg/L chloride. In the present study, the
chloride measured after 10 min was 135.1 mg/L. That means 97.5% of the chlorine present in
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degradation happened. For 173.2 mg/L of chlorobenzene, 54.6 mg/L chloride would be produced
in case of complete dechlorination, whereas the chloride measured after 16 min was 46.1 mg/L.
Even though complete degradation of chlorobenzene happened in 12 min, the chlorine present in
chlorobenzene got released to solution was 84.4%; remaining chlorine might have been present
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in chlorinated intermediates. Also, some amount of chlorine gas might have generated during
plasma treatment 65.
Conclusion
A multiple needle configured surface discharge plasma reactor was employed to degrade
chlorobenzene in presence of various inorganic ions. The removal efficiency improved when
SO₄² ̄, Cl and NO₃ ̄ions were present in solution and it decreased in presence of CO₃² and PO₄³
̄. The enhanced chlorobenzene degradation in SO₄²

containing solution could be due to

formation of SO4•‾radical in the plasma system by the reaction of •OH and SO₄² ion. The •OH
generated in distilled water after 2 min was194 µM and it reduced to 106.7 µM when 83.75 mM
sulfate was present and it might be due to the conversion of •OH to SO4•‾radical. The
comparison of chlorobenzene degradation in presence of IPA and TBA revealed that
SO4•‾radicals were formed in the system and it contributed to chlorobenzene removal. Though
the degradation of all four VOCs – chloroform, chlorobenzene, toluene and MIBK was enhanced
with increase in sulfate concentration, the effect was more evident in case of chloroform and
chlorobenzene. The effect of easily degradable organic matter and turbidity on the removal of
four selected VOCs was minimal. In presence of glucose, there was a slight increase in removal
only in case of chloroform and this could be due to the increased concentration of aqueous
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chloroform got released to the solution as chloride ion after 10 min, when complete chloroform
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remove turbidity of the solution by flocculating the colloids and the turbidity reduced from 200
and 50 NTU to less than 5 and 2 NTU, respectively after 10 min. Hence, industrial wastewater
containing various ions, high concentration of organic matter and turbidity can be treated
effectively using pulsed power plasma technology. The results of the study revealed that most of
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the inorganic ions present will enhance the degradation efficiency and satisfactory turbidity
removal was obtained. Therefore, pulsed power plasma process could be a promising technique
for the treatment of pharmaceutical and paint industry wastewaters.
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SO4•‾ radical was produced in sulfate containing solution by plasma discharge in air, which
enhanced the degradation of chlorobenzene, chloroform, toluene and MIBK
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