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Abstract

Volatile organic compounds (VOCs) are among the most common anthropogenic air pollutants.
They have been linked to various human diseases, including cancer, cardiovascular disease,
lung, and respiratory diseases. As a result, reducing VOC emissions has become a significant
concern and a significant research area worldwide. Non-thermal plasmas (NTPs) are an
attractive technique for removing VOC emissions from ambient air. This research concerned
the use of a non-thermal plasma dielectric barrier discharge (DBD) method to remove various
volatile organic compound emissions from ambient air. The model VOC compounds chosen
were hexane, cyclohexane, benzene, and methanol. The principal aim of this research was to
improve the performance of a non-thermal plasma DBD reactor on the removal efficiency of
VOCs at ambient temperature and atmospheric pressure. The effects of key process parameters
such as carrier gases (nitrogen, dry and humidified air), plasma power, oxygen concentrations,
residence time and inlet concentration on the removal efficiency, product selectivity and
elimination of unwanted by-products were investigated. These investigations showed that the
removal efficiencies of the VOCs generally increased with increasing plasma power and
residence time, regardless of the carrier gas used. The maximum removal efficiencies of the
three 6-carbon hydrocarbons used, hexane (94.4%), cyclohexane (98.2%) and benzene (93.7%),
were achieved in humidified air plasma. In contrast, the 96.7% maximum methanol removal
efficiency was obtained in dry air plasma. However, the removal efficiency of VOCs decreased
with increasing inlet concentration due to the increased number of VOC molecules flowing into
the plasma reactor at constant discharge length, plasma power and residence time. It was found
that increasing Oz concentration from 0 to 21% increased the removal efficiency and selectivity
to CO2 due to the increase in the generation of oxygen radicals. The decomposition products
were CO2, CO, Ha, and lower hydrocarbons (C1-Cs), depending on the model VOC and the
carrier gas used. Oz concentrations were below 10 ppm in dry air plasma for all the studied
VOCs, and NOx was not detected in any carrier gas. To some extent, the hexane, cyclohexane,
and benzene decomposed into solid residue due to the oligomerisation of hydrocarbon radicals
produced in the DBD plasma system in pure nitrogen and dry air plasma, which would cause
arcing and blockage problems after prolonged operation. The effect of water vapour was
investigated to determine whether it would reduce the formation of these solid residues in the
DBD reactor. Water at RH= 25% (hexane and cyclohexane) and 35% (benzene) significantly
increased the removal efficiency and the CO; selectivity while eliminating the solid residue and
NOx in the NTP-decomposition of VOCs, probably via the formation of potent OH radicals.

Humidification generally improved the removal efficiency and increased the yield of H; and



CO selectivity. These results imply that the decomposition of VOCs by non-thermal plasma
DBDs is dominated by the effect of OH and O radicals. The addition of water to the
decomposition process suppressed O3z formation and reduced selectivity to CO in all tested
conditions. Therefore, the performance of DBD plasmas in removing hexane, cyclohexane,
benzene, and perhaps other VOCs would improve when operating in humid conditions or when
the inlet gas stream is humidified. In addition, the technique of eliminating solid residue by the
addition of water vapour provides a simple solution to a problem that is limiting the application

of DBD systems of VOC removal and similar applications.
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Chapter 1. Introduction

1.1 Volatile organic compounds

Volatile organic compounds (VOCs) are generally defined as carbon-based species with boiling
points below 260 °C at atmospheric pressure. The World Health Organization (WHO) defines
VOCs “as organic compounds with boiling points from 50 to 260 °C at atmospheric pressure”
(WHO, 1989). Scientists have defined VOCs as hydrocarbon compounds that can vaporise and
enter the earth’s atmosphere under normal atmospheric conditions (Derwent, 1995; Helmig et
al., 2009). Chemically, VOCs are organic compounds consisting of C, H atoms and other atoms
(i.e., O, S, N, and halogens), which can be saturated or unsaturated, aromatics or non-aromatics.
These compounds are often classified into methane and “non-methane volatile organic
compounds” (NMVOC), including volatile and semi-volatile alkanes, cycloalkanes, alkenes,
alcohols, aromatic compounds, aldehydes and ketones, as well as oxygenated/halogenated
compounds (Jiang et al., 2018). Alkanes and aromatic hydrocarbons constitute the highest

percentage of VOCs in the atmosphere (Thevenet et al., 2014).

The emission of VOCs from chemical processing plants, agricultural practices, transportation
and consumer products has become a global problem that adversely affects the atmosphere and
causes serious human health concerns (Einaga et al., 2008; Liang et al., 2021). According to
the Department for Environment Food and Rural Affairs national statistics, NMVOC emissions
have decreased by 67% since 1970 to 785,000 tonnes in 2020 in the UK, as shown in Figure
1.1 (DEFRA, 2022). The NMVOCs can pose adverse health and environmental effects.
NMVOCs can react with other air pollutants in the presence of sunlight (via ultraviolet
radiation) to produce ground-level ozone. Ozone endangers human health by causing
inflammation and asthma but also causes oxidative damage to vegetation, including crops
(DEFRA, 2022).
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Figure 1.1 The NMVOC emissions in the UK: 1970-2020. Reproduced from the Department for Environment
Food and Rural Affairs (DEFRA, 2022).

Climatic studies have revealed that VOCs are precursors to the formation of photochemical
smog, organic aerosols, ground-level ozone, and global warming. According to the
International Agency for Research on Cancer (IARC), excessive exposure to VOCs such as
benzene in the air has increased the risk of developing cancer (IARC, 2017). For example, a
link between leukaemia and benzene emission has been established (Hanna et al., 2007). A
clear relationship has also been demonstrated between VOC emissions and brain cancer
(Boeglin et al., 2006; Karatum et al., 2016). Therefore, increasingly stringent environmental

regulations worldwide enforce continuous monitoring and control of VOC emissions.

Currently, VOC remediation technologies, including thermal incineration, condensation, bio-
filtration, catalytic and thermal oxidation, adsorption and absorption, are used for controlling
VOC emissions (Hu et al., 2015). These techniques have some limitations. For example,
condensation has proven effective for treating high VOC concentrations but requires post-
treatment and frequent maintenance (Uria-Tellaetxe et al., 2016). Thermal oxidation has the
drawback of generating toxic by-products (such as NOx) and requiring additional control
equipment for halogenated compounds (Choi et al., 2000). The treatment of biodegradable
organic pollutants by bio-filtration and membrane separation has proven effective; however, it
takes longer to control biological parameters (Steinberg et al., 2005). Although adsorption is
effective for low concentration VOCs, contaminant re-emission is possible (Tian et al., 2016).
Catalysts such as metal oxides containing Fe (Lu et al., 2015), Cu (Zheng et al., 2017), Mn
(Vandenbroucke et al., 2014), Ni (Liu et al., 2017b) have been widely studied for the
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decomposition of VOC:s. It is regarded as one of the methods of mitigating secondary emissions
(e.g., NOx). Although the addition of a catalyst significantly increases VOC removal, it remains
a significant challenge to promote CO- selectivity and lower Oz emission. Due to economic or
technical restrictions, these conventional methods were unsuccessful/inefficient in
decomposing low concentrations of VOCs from contaminated air streams. Therefore, it is
essential to explore/develop an efficient, more economical, and environmentally friendly VOC
treatment technology with high removal efficiency and low energy consumption for
decomposition of dilute VOCs. A technology based on non-thermal plasma could be a good
approach and is receiving significant interest in VOC decomposition because of the following

advantages:

1. Operate at ambient temperature and atmospheric pressure
2. It can be combined with a variety of packing materials/catalysts
3. Rapid attainment of a steady-state (seconds to minutes), allowing for fast start-up and

shutdown in practice (Thevenet et al., 2014; Bogaerts et al., 2018).

1.2 Non-thermal Plasmas

Non-thermal plasma (NTP) is an emerging technology gaining global attention for
decomposing VOC emissions. NTPs activate molecules by applying an electric field to the gas
molecules rather than with temperature (as in thermal plasmas). In an NTP, the electrons are
accelerated by sufficiently strong electric fields. These energetic electrons collide with gas
molecules to produce various species, including free radicals, excited atoms, UV photons and
ions. The average electron temperature is typically in the range 10000 — 100000 K
(corresponding to 1 -10 eV), which is significantly greater than that of the heavy species, which
remain between 300 to 1000 K (T, > T3) (Yanetal., 2002). Active species can react with VOC
gas molecules and oxidise them into less toxic/more environmentally friendly compounds
(Fridman, 2008).

Dielectric barrier discharge (DBD) technology is one of the most studied NTP techniques for
removing VOCs among different NTP reactors. It has gained more attention than other methods
for treating VOCs because it exhibits many advantages, including flexibility in terms of reactor
design, moderate cost, work with mixtures of gases, operating close to room temperature and
atmospheric pressure (Subrahmanyam et al., 2006; Bogaerts et al., 2018). In addition, it is easy
to scale up for the industrial application, operating at low power, reproducible plasma
conditions, and rapid attainment of a steady-state allows for fast start-up and shutdown in
practice (Xiao et al., 2014; Bogaerts et al., 2018).
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Plasma-only and plasma-catalytic techniques have been tested in the removal of several types
of VOCs from a contaminated point source of ambient air streams. Overall, the main limiting
factors from the previous studies of NTP decomposition of VOCs include the formation of
harmful by-products such as ozone and NOx (Shang et al., 2020), low product selectivity, high
energy consumption, high cost of catalysts, catalyst deactivation and disposal, and formation
of solid residue in the DBD reactor due to the complex nature of VOCs as well as lack of control
of products. Therefore, to overcome these shortcomings, there is an urgent need to develop an
effective and promising VOCs decomposition technique at ambient temperature and

atmospheric pressure.

1.3 Aims and objectives

The principal aim of this work is to explore and develop an efficient and environmentally
friendly technique for the decomposition of main VOCs (i.e., alkanes, aromatics, and alcohols)

using NTPs by investigating the effect of key process parameters.
The main objectives of this research are to:

1. Demonstrate the application of NTPs DBD reactor for decomposition of VOCs (using
hexane and cyclohexane as a model compound of alkanes, benzene as a model
compound of aromatics, and methanol as a model compound of alcohols) at ambient
temperature and atmospheric pressure.

2. Investigate the effects of plasma power, carrier gas (nitrogen, dry and humidified air),
specific input energy (SIE), oxygen concentrations, inlet concentration, residence time,
and moisture content on the removal efficiency of hexane, cyclohexane, benzene, and
methanol.

3. Eliminate/reduce the formation of solid residue and unwanted by-products (O3 and
NOXx) in the NTP decomposition of hexane, cyclohexane, benzene, and methanol by
optimising the reaction parameters.

4. Explore the NTPs VOC decomposition mechanism using different carrier gases and
develop a semi-empirical model for removing VOCs from the gas stream at ambient

temperature and atmospheric pressure.
1.4 Thesis structure

Chapter 2 presents an extensive background of this research.

Chapter 3 presents materials, chemicals, equipment, analytical methods, experimental setups,

and the methodology employed in this research.
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Chapter 4 presents the oxidative removal of hexane from the gas stream by the DBD reactor
and the effect of the gas environment. The role of N2, dry and humidified air carrier gases are
evaluated in terms of removal efficiency, product selectivity and elimination of unwanted by-
products. The effect of oxygen concentrations (0 — 21% ) on the removal of hexane and product
selectivity was also studied at constant plasma power and residence time in an N2-O2 mixture

for further insight into oxygen’s role.

Chapter 5 In this chapter, the removal of cyclohexane as a toxic pollutant from ambient air
was investigated in a DBD reactor at ambient temperature and atmospheric pressure. The effects
of SIE, carrier gases (nitrogen, dry and humidified air), residence time, and inlet concentration
on the removal of cyclohexane, product selectivity and elimination of solid residue in the DBD

reactor are evaluated.

Chapter 6 reports an investigation on the decomposition of benzene vapour using NTPs: the
effect of moisture content on eliminating solid residue. The effects of plasma power, carrier
gases and moisture content on the removal of benzene vapour in a DBD plasma reactor are

presented.

Chapter 7 presents the plasma-assisted removal of methanol in N2, dry and humidified air using
a DBD reactor.

Chapter 8: In this chapter, a general summary of this research and results obtained in this work

are explained, as well as future work.



Chapter 2. Literature review

This chapter presents an extensive literature research/review into the general definition of
VOCs, sources of VOC emissions, and conventional VOC removal/control technologies. The
concept of plasma as an emerging technology gaining attention in VOC removal is presented.
The significance of this chapter is to review the previous work on the NTP decomposition of

VOCs and identify the missing gap in this research area.

2.1 VOC emissions and their control technologies

A large number of VOCs are released into the atmosphere from various sources. The most
common anthropogenic sources of VOCs include emissions from chemical industries, waste
treatment techniques, motor vehicle exhausts, consumer products, household decorative
materials etc. (Liotta, 2010). In contrast, biogenic sources include emissions from plants, trees,
animals, and natural forest fires (Schiavon et al., 2017). VOCs can react with nitrogen oxides
in humidity, sunlight, and low wind to generate ground-level ozone R (2.1) (Wei et al., 2011;
Bouchaala, 2012). Several studies have shown a correlation between VOC emissions and the
appearance of major environmental problems, such as photochemical smog, secondary

aerosols, and ground-level ozone.
VOCs + NOg + Sunlight — O3 + NOg + other products R (2.1)

Moreover, epidemiologic research has shown that long-term exposure to a VOC-containing
atmosphere can cause severe health problems (Liotta, 2010). Table 2.1 lists an overview of
common VOC emission sources and their health hazards (Liotta, 2010; VVandenbroucke et al.,
2011), and Table 2.6 presents some VOCs decomposed by plasma DBD reactor (Li et al., 2020),

as shown in 2.7.

It is impossible to control biogenic sources of VOC emissions, and researchers are focusing
their efforts on reducing pollution caused by anthropogenic sources. In order to limit VOC
emissions, relevant laws are becoming more stringent. For example, The Gothenburg Protocol
(2012) mandates a 50% reduction in maximum VOC emissions in EU member countries by
2020, compared to the baseline year of 2000 (Liotta, 2010).



Table 2.1 Common VOC emission sources and their health hazards (Liotta, 2010; Vandenbroucke et al., 2011).

VOC Source Health hazards

Acetaldehyde Pharmaceutical and petroleum Bronchitis, diarrhoea, headache
products

Acetone Chemical industries Carcinogen

Aniline Leather processing Kidney and liver diseases

Benzene Vehicle exhaust gases, combustion  Carcinogen

Cyclohexane

Chemical industries, jet fuel

Nervous system impairment

Formaldehyde Chemical industries Carcinogen

Toluene Paint industries, chemical plants Nausea, muscle weakness

Xylene Chemical industries, paint Paralysis of the nerve system
industries

Phenol Combustion processes Respiratory diseases

Chlorobenzene Pharmaceutical and paint Paralysis of the nervous system
industries

Therefore, the removal of VOCs from air streams is critical for air pollution control, since
VOCs are one of the most severe environmental issues affecting our quality of life. Process
improvements, exhaust treatments, or a combination of both are the most common ways to

reduce VOC emissions.

2.2 VOC treatment technologies

VOCs are typically removed from gas streams using add-on control technology, namely
destruction and recovery processes, as indicated in Figure 2.1 (Khan et al., 2000). Destruction
techniques include various oxidation methods such as biofiltration, catalytic oxidation, thermal
oxidation, and plasma technology to decompose VOCs (Khan et al., 2000). Recovery
techniques include condensation, membrane separation, absorption, and adsorption to remove
VOCs from the gas stream (Khan et al., 2000).

Bio-filtration is a cost-effective approach for removing VOCs at high airflows (100 — 100,000
m3/hr) and low concentrations (< 1000 ppm). The technique has been widely used in removing
odorous VOCs (Devinny et al., 1999). The method generally uses micro-organisms (e.g.,
bacteria) to decompose VOCs to H20, CO., biomass, and other by-products. The VOC is passed
through a porous medium consisting of compost or soil that supports the population of the
microbes. In the process, VOCs are initially absorbed from the air feed to the biofilm of the
medium. Once absorbed, the bacteria decompose them into CO», H,O, biomass and inorganic
by-products (Deshusses et al., 2000).



VOC removal

technologies

Destruction Recovery
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Thermal
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separation

Figure 2.1 Classification of VOC removal technologies.

Previous researchers reported about 99% removal efficiency of toluene was achieved using bio-
filters (Deshusses et al., 2000).

Thermal oxidation is a fume incineration technique that typically achieves 95 to 99% removal
of 100 to 2,000 ppm VVOC concentrations at residence times between 0.5 and 1.0 s. The method
can be used in treating all types of VOC emissions. The thermal oxidation system can treat a
gas stream at the flow rate of 1,000 to 500,000 cubic feet per minute. The system typically
combusts VOCs at temperatures of 704 to 815 °C, but the specific operating temperature
depends on the nature and concentration of the VOC in the gas stream. VOCs at low initial
concentrations will require higher heat input and longer residence times to achieve the desired

removal efficiency (Parmar et al., 2008).

Catalytic oxidation has been proved to improve the removal efficiency of VOCs at moderate
temperatures to address the energy-intensive aspect of the thermal oxidation process (Khan et
al., 2000). It involves the incorporation of a catalyst into a thermal oxidation technique to
facilitate the oxidation process through the adsorption and reaction of the oxygen molecule and

VOCs on the catalyst's surface. The addition of the catalyst in this method can decrease the
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reaction temperature to about 320 to 540 °C. In this technique, various catalysts (binary oxides,
supported noble metals, solid solutions of metal oxides, and doped metal oxides) have been
developed and used in the treatment of VOCs. Metal oxides are the most common catalyst used
in this process. However, catalytic oxidation reactors can treat VOCs with concentrations in the
range of 100 to 2000 ppm. This technique is applicable to VOCs with low concentrations.
Removal efficiencies of 90 to 95% have been reported in previous work (Ruddy et al., 1993).
The main drawback of catalytic oxidation is catalyst deactivation caused by toxic components
(halogens and sulphur) in the ambient air stream, including maintenance costs and costs

associated with catalyst replacement (Khan et al., 2000).

The condensation method is the most widely used technique for treating highly concentrated
VOC:s (i.e., > 5,000 ppm). The technique employs a drop in temperature or increase in pressure
to cause the VOC in the exhaust stream to condense. In addition, the cleaned air stream is
separated from the condensate containing pollutants. However, VOCs with low boiling points
can require extensive cooling or pressurization, which is not economical (Khan et al., 2000),
and the method is only practical for “high” concentrations. In contrast, many problematic levels

of emission are much lower than this.

Absorption is a method of removing VOCs from gas streams by contacting the air pollutant
with a liquid medium. The soluble VOCs transfer to the liquid phase. The air stream is
effectively scrubbed. This process occurs in an absorber tower designed to provide the liquid
vapour contact area required for mass transfer. The liquid and vapour residence times typically
range from 1-10 s. Absorption can accomplish 95 to 98% removal efficiency of VOCs (William
et al., 1997). In addition, the technique can treat 500 to 5,000 ppm VOC concentrations. Due
to start-up time constraints, absorption is unsuitable for cyclic operation. It is, however, suitable
for a high humidity stream with a relative humidity of more than 50% (Khan et al., 2000).

VOCs flowing through a solid particle bed are captured by physisorption (rather than
chemisorption, with true chemical bonds). The adsorption is employed to remove VOCs from
low to medium concentrations, e.g., VOC concentrations of less than 300 ppm gas streams. The
adsorptive capacity of the solid tends to increase with VOC concentration, molecular weight
and boiling point (Khan et al., 2000). Table 2.2 provides a summary of typical VOC treatment

technologies along with their removal efficiencies.



Table 2.2 Common conventional VOC treatment technologies.

Treatment Removal Comments References

method efficiency (%)

Biofiltration 60-95 It necessitates a lower initial investment, produces (Steinberg et
less non-harmful secondary waste, and is non- al., 2005;
hazardous Wang et al.,
It requires a big space and a lengthy setup time. 2009)

Require more time for control of biological
parameters, no material recovery, require selective
microbes.

Catalytic 90-98 Possible energy recovery of up to 70% (Papaefthimiou

oxidation Require catalyst deactivation and disposal. Energy €t al., 1998;
efficiency is highly sensitive to operating parameters. Azalim et al.,

2011)

Thermal 95-99 Possible energy recovery of up to 85% (Choi et al.,

oxidation Additional control equipment may be required for 2000)
halogenated and other compounds.

Production of toxic by-products (e.g., NOx)

Condensation 70-85 Product recovery can offset annual running costs (Belaissaoui et
Require post-treatment and frequent maintenance; al., 2016; Uria-
not economical, not applicable for VOCs having Tellaetxe etal.,
boiling points above 30°C 2016)

Absorption 90-98 Product recovery can offset the annual running cost  (Bay et al.,
Not suitable for VOCs having low concentrations, 2006; Jeon et
require pre-treatment of the volatile organic al., 2008)
compounds, generate wastewater
After absorption, the solution must be discarded
Careful maintenance is needed

Adsorption 80-90 Proven to be efficient for low VOCs and compounds (Tian et al,,
recovery could help offset annual operational costs 2016; Zhu et
risk of pollutants re-emission, and during the al., 2016a)

desorption process, secondary contamination may
occur

Moisture-sensitive; certain compounds, such as
aldehydes, ketones, and esters, block pores and
reduce treatment efficiency

Among the highlighted VOC treatment methods, thermal oxidation and adsorption are the two
most extensively used processes in the industrial sector. However, thermal oxidation consumes
a lot of energy because it requires gas heating to reach the reaction temperature. In adsorption,
the saturated adsorbents must be regenerated via desorption, which is typically very energy-
intensive, and the desorbed gas must be treated further (Kim et al., 2017). Catalytic oxidation
has the disadvantages of the high cost of catalyst, rapid deactivation of catalyst by poisoning
and sintering, and carbon deposition during the treatment process.

In general, conventional VOC abatement technologies have various restrictions related to
economy and technology, particularly for removing diluted VOCs (Subrahmanyam et al.,
2007). Therefore, it is essential to explore/develop an efficient, more economical, and

environmentally friendly VOC treatment technology with high removal efficiency and low
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energy consumption for the decomposition of lower concentration VOCs. NTP could provide

some solutions, and it is receiving significant interest in VOC decomposition.

2.3 Plasma

Solids, liquids, and gases are the three basic states of matter. As the temperature or energy
increases, molecules become more energetic, causing matter to change states in the order of
solid, liquid, and then gas. If further energy is added to a gas, the molecules begin to ionise,
forming a plasma. Therefore, plasma is often referred to as the fourth state of matter. Plasma is
typically a collection of electrons, ions, radicals, excited and neutral molecules, or atoms.
Plasmas are approximately estimated to comprise more than 99% of matter in the universe and
can occur naturally or artificially (Langmuir, 1928; Fridman et al., 2004; Fridman, 2008). The
solar wind, corona, nebula, aurora borealis and lightening are the primary forms of naturally
occurring plasmas, as presented in Figure 2.2. Plasmas can be produced artificially in the

laboratory or industries for various utilizations such as microwave ovens, plasma TV,

fluorescent lamps, and others (N6rtemann, 1999; Fridman et al., 2004; Fridman, 2008).

(a) (b) (c) (d)
Figure 2.2 Examples of naturally produced plasmas (a) lightning, (b) aurora borealis, (c) solar wind, and (d) solar
corona.
Plasma has three key characteristics that make it appealing for use in chemistry and chemical
engineering fields:

1. Plasmatemperatures and energy densities can far exceed those of conventional chemical
technologies,

2. Plasmas can produce extremely high concentrations of energetic and chemically active
species (e.g., electrons, atoms, radicals, ions, and excited species).

3. Plasma systems can be far from thermodynamic equilibrium, allowing for extremely

high concentrations of chemically active species.

These characteristics of plasmas enable considerable intensification of chemical processes, an
increase in treatment efficiency, and, in many cases, successful stimulation of chemical

reactions that are hard to stimulate in conventional processes (Fridman. A, 2008).
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Plasmas can be classified into thermal and non-thermal plasmas (NTPs) depending on the
electron temperature (Te) and temperature of heavy species (Tn) (ions, molecules, radicals, and
atoms). In thermal plasma, the electrons and heavy species have the same temperatures (T, =
T, = 10 000 K), so it is regarded as an "equilibrium plasma” (Yang et al., 2005; Fridman,
2008). Thermal plasma systems involve the application of high power and high temperatures in
the gas volume, and the increased power is introduced to all plasma particles. Energetic
electrons convey the energy in thermal plasmas to the molecules and ions (Schiavon et al.,
2016). Industrial thermal plasmas are typically generated by arc and torch plasmas. These
thermal plasmas have broader applications in plasma cutting, vapour deposition, material

processing, waste material destruction and metal processing (Samal, 2017).

In NTPs, often referred to as "cold" plasmas, the average electron temperature is in the range
of 10,000 — 100,000 K (1-10 eV), which is significantly higher than that of the heavier species
(atoms, ions etc.), which remain between 300 to 1000 K (T, >» Ty,) (Fridman, 2008). The
average energy of the electrons is in the range of 1 -10 eV (Yan et al., 2002). The energy is
delivered initially to the electrons rather than imparting kinetic energy to the gas species. The
actual gas temperature remains cold, but the electrons have high temperatures. Moreover, as
these energetic electrons impact the neutral gas species, leading to ionization, excitation and
dissociation, species such as ions, free radicals and molecules are generated, which can result
in chemical reactions (Fridman et al., 2004; Fridman, 2008). The generation of highly reactive
species in the NTP at ambient temperature and atmospheric pressure has led to a large number
of applications of plasma technology in air pollution treatment (e.g. NOx and VOC destruction)
(Dewulf et al., 1999), polymer technology, ozone generation (Harling et al., 2009), sterilization
of medical facilities (Bodar et al., 2003) and the hydrogenation of CO2 (Bunn et al., 2005).

Table 2.3 summarizes the main advantages and disadvantages of thermal and non-thermal
plasma techniques for VOCs reduction. The problem of the high energy consumption of thermal
plasmas, material costs, as well as the challenges of quick deactivation of catalyst by poisoning
and sintering, and carbon deposition in plasma catalytic systems, are prompting more interest
in NTP-only systems for the treatment of VOCs (Liu et al., 2017a). NTP technology has also
been recognised as having a lower environmental impact than traditional VOC removal
technologies, owing to increased removal efficiency and the reduction of unwanted by-
products. Another advantage of NTP technology over thermal and catalytic approaches is
improved process control. The amount of energy added to the process is easily controlled by
controlling the power supply to the plasma-producing electrodes (Fabry et al., 2013).
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Table 2.3 Comparison of thermal and non-thermal plasmas (Urashima et al., 2000; Fridman et al., 2004).

Type of plasma

Advantages

Disadvantages

Thermal plasma .

Non-thermal plasma

Thermal plasmas are generally more
potent than non-thermal plasmas.

Can decompose VOCs with high
concentrations in gas streams because
of high temperature

It uses an electric field to activate
molecules rather than temperature, and
the gas temperature remains at room
temperature.

Operate at low temperatures and
atmospheric pressure

Less expensive than thermal plasmas
because most of the electric input goes
straight into energizing the electrons
rather than heating the entire plasma
species

Optimize removal efficiency
(conversion) using electrical input
instead of temperature

Selective to chemical reactions
Non-thermal plasmas have the potential
to enable thermodynamically
unfavourable chemical reactions (e.g.,
CO; reduction, VOCs abatement, odour
removal) to occur at ambient
conditions.

Less risk of electrode damage due to
ambient conditions

Less cost-effective

Low energy efficiency

Due to the high temperature in
the plasma reactor, there is a
greater danger of damage to
the electrodes or reactor
material.

Not applicable when treating
VOCs with high
concentrations in gas streams
Low energy efficiency
Non-thermal plasmas have not
been realized in extensive
scale processes

Generation of unwanted by-
products (solid residue, NOx
and O3)

2.4 Elementary processes in NTPs

The main elementary reactions in NTPs can be classified into two (2): the primary and the

secondary processes depending on the timescale of streamer propagation (Kim, 2004). Figure

1.1 presents an overview of the NTP elementary process (Kim, 2004). The typical timescale of

the primary processes is 1078 s and the initial stages of the NTP generation in this technique

are electron impact ionization, excitation, dissociation, charge transfer and light emission (Kim,

2004). In addition, the efficiency of the primary process is mainly dependent on the

characteristics of the energization, such as pulse, AC, AC + pulse or DC, DC+ pulse, frequency,

voltage rise-time etc. The subsequent chemical reactions involving the products of primary

processes, such as electrons, radicals, ions, and excited molecules, are referred to as secondary

processes. In these secondary processes, radical-neutral recombination produces additional

radical species and reactive molecules like H202, O3z, and HO2 (Kim, 2004).
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Figure 2.3 An overview of the typical timescale of events in the NTP generation process (Kim, 2004).

In the NTP system, the collision between the energetic electrons and carrier gas (background
gas) may lead to molecular and electron reactions resulting in active species such as gas-phase
gas-phase radicals and excited and ionic species. These active species may lead to molecular
and atomic reactions and decomposition reactions (Eliasson et al., 1991; Gaens et al., 2013).
An overview of the chemical reactions initiated by the energetic electrons/electric field in the
NTP system at low temperatures and ambient pressure is summarized in Table 2.4. The
excitation, dissociation, attachment, and dissociative attachment are the most effective

processes under plasma conditions because the techniques need lower average electron energy.

Table 2.4 An overview of NTP reactions induced by the energetic electrons (Eliasson et al., 1991; Gaens et al.,

2013).

Electron/molecular reactions in NTP processes

Excitation

Dissociation
Attachment

Dissociative Attachment
lonization

Dissociative lonization
Recombination

Detachment

e+ A,

e+ A

A* +e

2A +e

e+A+M=A+M
e+A; = A +A
e+ A = A +2e

e+A; = A"+ A+2e

e+ A

e + Ay

A
A, + 2e

R (2.2)
R (2.3)
R (2.4)
R (2.5)
R (2.6)
R (2.7)
R (2.8)
R (2.9)

Note: e stands for electrons; A and B represent atoms; A, and B, represent molecules; M stands for a collision

specie; the excited species are marked with an asterisk (*); the species marked + or - are ions.
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In the NTP process, the outlined reaction channels may contribute to the formation of various
reactive intermediates leading to corresponding products depending on the average electron
energy that can be described by electron energy distribution function (EEDF). The lower
energic electrons can lead to the formation of intermediates by excitation, dissociation,
attachment, and dissociative attachment of molecules (Az). In contrast, the electrons in the
higher energy tail of EEDF may contribute to the formation of atomic and molecular ions by
ionization and dissociative ionization of molecules (A2). Furthermore, the molecular ions (A2+,
A-) can return to the ground state A2 molecule by the recombination and detachment reactions
(Eliasson et al., 1991; Gaens et al., 2013).

2.5 Conventional NTP reactors

There are various types of NTP reactors, including microwave, electron beam, gliding arc
discharge, corona discharge, surface discharge, DBD, ferroelectric pellet packed-bed reactor,
etc. These NTP techniques are further sub-divided based on the discharge mode, dielectric

barrier or catalyst, power supply and geometry, etc.

2.5.1 Microwave Plasmas

As shown in Figure 2.4 (Urashima et al., 2000), microwave discharge is a high-frequency
discharge (also known as high-frequency glow discharge). A continuous discharge is formed
when the discharge frequency between two electrodes is high enough. This type of travelling
wave discharge creates stable plasmas throughout a wide pressure range (10~* — 101Pa)
atmospheric pressure, discharge tube diameter (0.5 — 150 mm), frequency (1 MHz — 10 GHz)
and high-frequency power (50 — 3000 W)(Arno et al., 1995; Teply et al., 1995). The microwave

plasma can only operate at frequencies greater than 10° Hz.

15



HF power HF wave
amplifier gemerator

Surface wave plasma
\ I - — |. ..... Wave launcher

-
~—
~
~

»
~——

—
Inlet \ / Exhaust

~. o
Swe e
=~ -

Air cooling

Figure 2.4 Schematic of a microwave plasma reactor (Urashima et al., 2000).

2.5.2 Electron beam plasmas

The electron beam is another method of generating NTPs. It consists of an electron accelerator

and a high DC voltage supply system, as shown in

Figure 2.5. The technology operates at a gas flow rate of 10% to 10° m3/h and has high plasma
densities. The electrons are accelerated by an electric field and a magnetic field in a high
vacuum accelerating tube to create a larger plasma zone. The energetic electrons are generated
at the outer section of the reaction chamber and subsequently injected into the gas stream via a
boron nitride or a thin titanium film. The VOCs can react with the injected electrons through
dissociation, dissociative and direct ionization, excitation, dissociative attachment and radiation
(Urashima et al., 2000). Hakoda et al. (2000) studied the decomposition of trichloroethylene
(TCE) using electron beam plasma. The concentration of TCE decreased exponentially when

the dose of electrons was increased (air-absorbed energy).
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Figure 2.5 Schematic of an electron beam plasma reactor.
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For VOCs that require a large number of electrons to decompose, such as the stable carbon
tetrachloride, electron beam processing efficiency was found to be remarkably high (Penetrante
etal., 1996). Because of their high cost, electron-beam plasma reactor has not been widely used
in VOC treatment (Hirota et al., 2004).

2.5.3 Gliding arc discharge

Gliding arc discharge (GAD) is another type of NTP that can produce high plasma density at
atmospheric pressure. GAD may have high levels of current, electron density, and power, which
are typical of thermal plasmas and low temperatures and a high electric field, which are typical
of NTPs (Fridman, 2004). Figure 2.6 Mutaf-Yardimci et al. (2000) shows a schematic of a

gliding arc plasma reactor.

Electrode

Electrode

Figure 2.6 Schematic of the gliding arc discharge plasma reactor (Mutaf-Yardimci et al., 2000).

GAD is generated between two or more electrodes positioned in a rapid gas flow. When the
applied voltage reaches the breakdown voltage value, for example, ~3 kV/mm in the air at
atmospheric pressure, the gliding discharge plasma begins at the shortest distance, 2 — 5 mm,
between two diverging electrodes. After the breakdown, a spark channel quickly forms across
the gap between the blades. The column is dragged downstream by the gas flow, increasing the
length of the plasma column, and as the plasma column reaches its maximum discharge length,
it vanishes. A new one begins at the shortest distance between the electrodes (Mutaf-Yardimci
et al., 2000). The plasma rapidly cools to a gas temperature of 1000K or less during the
transition. The electron temperature rises to 1 eV, the vibrational temperature increases to
3000-5000K, and the electron density remains at the thermal plasma level. In the meantime,
the ionisation mechanism can shift from thermal to non-equilibrium, supported by direct
electron impact, and up to 75-80% of total power can be wasted in the non-thermal zone
(Fridman, 2004). The GAD plasma combines the properties and advantages (and, sadly,

occasionally problems) of many other discharges, such as low-temperature glow or corona and
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thermal arc discharges. GAD has already found applications in exhaust gas cleaning and waste

removal, but high energy consumption limits its application (Fridman, 2004).

2.5.4 Corona Discharge

Corona discharge plasmas are weakly luminous discharges that can be generated at atmospheric
pressure. The discharge is generated by strong electric fields near sharp edges, points, needles,
or thin diameter wires on an electrode. The typical corona discharge reactor is presented in
Figure 2.7.

Cathode

Corona Discharge

Drift Region

Anode NN

Figure 2.7 Typical configuration of corona discharge (Chen et al., 2014).

The corona discharges are usually non-uniform: a high electric field, brightness and ionisation
are all concentrated around one electrode. The weak electric fields drag charged particles from
one electrode to another close to an electric circuit. The corona circuit is closed by a

displacement current rather than charged particle transport in the early stages of the breakdown.

Pulsed corona discharge (PCD) is another method of generating non-thermal plasmas. The
application of the PCD system for VOC treatment was introduced in the 1980s. A typical
example of pulsed corona discharge is shown in Figure 2.8 (d). This technique is characterized
by a pulsed power supply with a very low voltage rising time of tens of nanoseconds. The
voltage level required to energize the discharge process largely depends on VOC composition,
pulse duration and the discharge gap between the electrodes (McAdams, 2001). However, the
pulsed voltage duration is between 100 — 200 ns to confirm that the spark formation is prevented
and that the energy dissipation by ions is minimal. Previous researchers have reported that the
electrode configuration of pulsed corona discharge reactors can be either wire-to-plate or wire-
to-cylinder (Kim, 2004).
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The PCD generally consists of streamers in which the ionization chamber is spread over the
entire discharge gap (e.g., 10 cm or more). These are favourable factors for scaling up and
reducing pressure drop in the decomposition of VOCs (McAdams, 2001). The most significant
disadvantage of a corona discharge reactor is the occurrence of discharge destabilisation in the
form of sparks, which causes insulation layer degradation and, as a result, increases energy
consumption and lack of homogeneity. Although there has been some research on corona
discharge with an emphasis on VOC abatement, the results do not strongly suggest that it is
effective for VOC removal due to low energy efficiency and high sensitivity to gas humidity
(Schiorlin et al., 2009).

2.5.5 Dielectric barrier discharge plasma reactor

Dielectric barrier discharge (DBD), also known as "silent” discharge, is an NTP technology that
has been known for over 165 years. The typical DBD reactor consists of two parallel electrodes,
with at least one electrode covered by a dielectric material. An inner electrode is often enclosed
by a dielectric tube with a few millimetres gap. The outer electrode is typically a mesh or foil
wrapped around the dielectric tube. One of the electrodes is grounded, while the other is
connected to a power supply. The gas enters from one side, is gradually activated as it passes
across the gap between the inner electrode and the dielectric tube, and then exits from the other
side (Bogaerts et al., 2018). DBD reactors are typically used in cylindrical or planar
configurations, as presented in Figures 2.8 (a) and (b). One or two dielectric barrier layers are
placed either (i) on a powered or a ground electrode, (ii) on two electrodes or (iii) between two

metal electrodes.
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(a) DBD planar configurations

(b) DBD cylindrical configurations
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2.4 Ferroelectric pellets

@ Pulsed high voltage

Figure 2.8 Schematics of basic NTP DBD reactors (Vandenbroucke et al., 2011).

The DBD electric discharge mechanism largely depends upon the two electrodes, the discharge
gap between the electrodes, the dielectric material, the high power/ strength of the electric field,
and the gas flow through the discharge gap. The electric field is generated between the two
electrodes. The first electrode is connected to a high voltage power source (cathode), while the

second electrode is grounded (anode) (Fridman, 2008).

The plasma is generated by transmitting the electric energy to the electrons rather than gas
molecules. The electric field between the two electrodes increases with an increase in applied
voltage (usually ranging between 10-30 kV) until the gas breaks down (Yehia, 2016). The
energetic electrons within the gap collide with the molecules (atoms), causing ionization,
dissociation, and excitation (Fridman, 2008; Schiorlin et al., 2009). Furthermore, the gas
temperature remains low, and a voltage of 10-30 kV with high frequencies is required to

maintain the plasma discharges (Wang et al., 2012).

The most used dielectric material includes glass, quartz, ceramics, polymer materials, and
ferroelectric materials. The dielectric barrier's function is to limit the amounts of charge

transferred between both electrodes, thus the electric current preventing the arc discharge
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(Kogelschatz, 2003; Bogaerts et al., 2018). However, the discharge characteristics (e.g., density
and energy level of various species) in DBD largely depend on the gas composition, dielectric
material's nature, and operating parameters of voltage and frequency (Kogelschatz, 2003). In
addition, when the electron density in the discharge gap attains a high level, a large amount of
separate and short-lived filaments is produced, also known as micro-discharges. Moreover, in
some cases, many micro-discharges are formed at a pressure of 10° Pa, which is the most

favourable pressure range for ozone production and VOC treatment (Kogelschatz, 2003).

Surface discharge (SD) is another way of generating NTPs in a DBD reactor. It is identical to
DBD as it uses a dielectric barrier layer. The SD reactor consists of a short and long electrode
on a dielectric surface and a lengthy counter-electrode on the bottom side of the dielectric
surface (Figure 2.8 (c)). In this type of configuration, a series of strip electrodes can be located
on the inner surface of a cylindrical surface discharge reactor. The plasma is generated between

the surface of the electrodes and the middle rod electrode (Kogelschatz, 2003).

A ferroelectric pellet packed-bed reactor is shown in Figure 2.8 (e). This is simply a packed-
bed reactor filled with ferroelectric material such as barium titanate (BaTiOz), with a dielectric
constant between 2 000 and 10,000 (Liang et al., 2009). Other perovskite materials used as
ferroelectric materials include CaTiOs, MgTiO4, PbTiOz (Ogata et al., 1997) etc. There are two
major ferroelectric pellet packed-bed reactor configurations: coaxial and parallel-plate
configurations. When the ferroelectric material, for example, BaTiOs, is exposed to a strong
external electric field, polarization occurs toward the electric field, leading to a high electric
field at the points of contact of the pellets. Partial electric discharge occurs in the region of the
pallet's contact points. Previous researchers have reported that incorporating ferroelectric
pellets packed bed NTP systems with catalysts increase the removal efficiency and reduces the
formation of toxic by-products at low energy consumption. For example, when the packing
material is placed in the plasma zone of the reactor, the short and long-lived species will interact
with the packing material, and the packing material will influence the plasma discharge
properties. As a result, radicals, surface discharge, electron- and photon-induced processes, and
excited species can contribute to VOC decomposition and suppressed ozone concentration (Ll
etal., 2020). However, ferroelectric pellets in the discharge region favoured electrical discharge

but increased pressure drop over the reactor length (Liang et al., 2013).

The plasma-packed beds/catalyst reactors have many advantages in terms of VOC removal
efficiency, CO; selectivity, and energy efficiency. Furthermore, optimising a particular system
requires a more profound knowledge of the interaction between plasma and packing
materials/catalysts.
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Among the NTP reactors, the DBD reactor is one of the most studied techniques for removing
VOCs. It is gaining more attention than any other method to treat VOC emissions. It exhibits
many advantages, including flexibility in reactor design, working with mixtures of gases, and
operating close to room temperature and atmospheric pressure. In addition, it operates at low
power and close to room temperature, it has reproducible plasma conditions, and rapid
attainment of a steady-state allows for fast start-up and shutdown in practice (Xiao et al., 2014;
Bogaerts et al., 2018).

2.6 Fundamental parameters of DBD reactors and their influence on VOC decomposition

It has been more than 150 years since W. Siemens invented the DBD reactor in 1857 (Siemens,
1857). The original DBD reactor focused on ozone generation, and it was the first time an NTP
system was utilised in an environmental application. The device comprises two coaxial
cylindrical glass tubes with high voltage and ground electrodes attached to the inner surface of
the inner tube and the outer surface of the outer tube, respectively, as shown in Figure 2.9. The

discharge occurred when oxygen or air passed through the annular gap between two glass tubes.
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Figure 2.9 The first DBD ozone generator of W. Siemens, 1857 (Siemens, 1857).

Early studies on the application of DBDs to treat VOCs from the contaminated gas stream were
reported by Berthelot in 1876 and Schwarz and Kunzer in 1929 (Kogelschatz, 2003).

The full application of DBD reactors for VOC treatment begins from around 1990 because the
focus on VOC emissions was realised later than NOyx and SO> (Li et al., 2020). Before 2000,
most DBD reactors used to decompose VOCs were carried out without packing materials or
catalysts, and the removal efficiency was employed as the primary criterion for evaluating
reactor performance (Li et al., 2020). Combining the catalyst with DBD opened new avenues
for VOC treatment research. Extensive research on plasma catalytic DBD has been conducted
over the last two decades, including metal-supported catalysts, packing materials, catalyst
placement, etc. Some researchers have focused their attention on improving the configurations
and main parameters of the DBD in the treatment of different VOCs (L.i et al., 2020). Because
unwanted by-products are inevitable in the decomposition of VOCs, CO: selectivity,

mineralization rate (also known as COx selectivity), and elimination of unwanted by-products
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(solid residue and NOx) must be used as an assessment variable rather than only removal

efficiency.

The main design parameters of DBD reactors are dielectric materials, electrode materials,
discharge length, discharge gap and type of dielectric barrier material, as presented in Figure
2.10. These parameters have a significant influence on the performance of the DBD reactors in

terms of removal efficiency, energy efficiency and product selectivity.
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tube tube
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Figure 2.10 Schematic diagram of DBD reactor.

Therefore, reviewing the influence of the fundamental DBD parameters and the operating
conditions on the removal of VOCs may provide the basis for improving/optimizing the
performance of the DBD reactor. The effects of main DBD parameters are reviewed based on

the previous studies on the decomposition of VOCs using DBD reactors.

2.6.1 Dielectric materials for DBD reactor

The dielectric barrier material is one of the most significant discharge parameters in the DBD
technique. The dielectric material is an electrically insulating material between the metallic
plates of a capacitor that an applied electric field can polarize. The polarization of the dielectric
material by the applied electric field increases the capacitor's surface charge for the given
electric field strength. Typical dielectric materials include quartz, glass, ceramics, alumina, and
ferroelectrics, and they have different dielectric constants, as shown in Table 2.5.

Table 2.5 Properties of dielectric barrier materials (Xiao et al., 2014).

Dielectric material Dielectric constant
Glass 4-6

Quartz 4-7

Aluminium oxides ~10
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Ceramics 10s — 10,000s
Ferroelectrics (i.e., BaTiOs3) 100s -10,000s
TiO; 75-150

In most of the previous studies, quartz tubes (Raju. et al., 2013; Chen et al., 2016), silica glass,
aluminium oxide (Byeon et al., 2010; Kim et al., 2011) and ceramic materials (Guo et al., 2017)
have been used as dielectric barrier materials. Among all the dielectric materials studied, quartz
is the most common material used for VOC decomposition in a DBD reactor due to its
commercial application and moderate cost. The dielectric material influences the discharge
characteristics of the DBD plasma system, which impacts VOC removal efficiency. Since the
dielectric and gas gap capacitances in the circuit are connected in series, raising the dielectric
capacitance increases the strength of the electric field in the discharge gap, resulting in higher

micro-discharge.

Kundu et al. (2012) investigated the performance of a double DBD reactor for the
decomposition of methane in an argon plasma. They used quartz tubes and alumina as dielectric
materials. They found that the DBD reactor with alumina showed a higher removal efficiency
(52%) of methane when compared with the quartz DBD reactor (46%) at a constant flow rate
(100 ml/min) and 11 kV. The higher removal efficiency in the alumina DBD reactor may be
due to the greater dielectric constant of alumina (9.8) compared with the quartz DBD reactor
(3.7). Khoja et al. (2017) reported a higher methane removal efficiency in an alumina DBD
reactor. They reported that alumina dielectric material accelerated the generation of highly
energetic electrons due to a stronger electric field. Furthermore, the higher removal efficiency
of methane in the alumina DBD reactor may be due to the porosity and roughness of the
dielectric material, which increases the residence time in the reactor. As a result of its porous
nature, the aluminium reactor's prolonged residence time allowed for more collisions between

energetic electrons and gas molecules.

In general, VOC removal efficiency can be increased by using a suitable dielectric material in
the DBD reactor. Dielectric materials with a higher dielectric constant can generate a stronger
electric field and enhance the ionization of the gas molecules. For example, dielectric material
with high dielectric constant, such as ferroelectrics, can be used for industrial applications to
treat VOCs from the gas stream. Therefore, there's a growing need to investigate the most
efficient dielectric barrier material for higher energy efficiency and effective performance of
the DBD system.
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2.6.2 Electrode material

The strength of plasmas and their associated discharges is a function of the electrode type. In a
DBD reactor, the electrode material plays a significant role in the generation of ions, radicals,
and excited species. The intensity of the plasma is directly related to the type of electrode
material because different electrode has different electrical properties, e.g., conductivity and
resistivity, which can influence plasma discharge. The work function and secondary electron
emission of the electrodes directly impact the plasma reactor's discharge current and electric
field distribution (Barankova et al., 2010).

Most of the previous studies on VOC decomposition reported the use of metallic rod electrodes,
copper, tungsten, sintered metal fibres (SMF), ferroelectric materials and brass wire for the
abatement of VOCs in a DBD reactor (Zhang et al., 2015a). Sivachandiran et al. (2012)
investigated plasma-assisted oxidative removal of chlorobenzene using a silver paste,
aluminium foil and copper wire electrodes. At specific input energy (“SIE”) of 310 J/L, 90%
removal efficiency was achieved in the silver paste electrode DBD reactor, which decreased to
85 and 80% for copper wire and aluminium foil. The product selectivity was also increased
using silver paste dielectric material. The formation of “unusual” coronas outside the reactors
with aluminium foil and copper electrodes could be the main reason for low removal efficiency
compared with silver paste DBD reactor. They concluded that the formation of unusual corona
outside the plasma reactors with aluminium foil and copper wire could cause lower removal
efficiency than in the silver paste reactor. Corona can form in the gaps between the ground
electrode and dielectric barrier due to poor contact. In the reactor with a silver paste electrode,
the absence of a gap between the dielectric barrier and electrodes increases maximum energy
consumption, resulting in the generation of micro-discharges. In addition, Kim et al. (2004)
reported similar findings in the packed plasma-assisted benzene decomposition using a silver

paste, aluminium tape and copper mesh electrodes.

2.6.3 Discharge length

In a DBD reactor, discharge length refers to the lengths of the discharge zone, high voltage
electrode or the reaction region where highly energetic electrons are generated. Some
researchers reported the significant impact of discharge length on the removal efficiency of
VOCs. Zhang et al. (2014) studied the plasma-assisted decomposition of styrene in a DBD
reactor with 1.8, 3.6, 5.4 and 7.2 cm discharge lengths. They investigated the effect of the
discharge lengths on product selectivity and removal efficiency of styrene at SIE of 170 J/L and
235-ppm styrene inlet concentration. The maximum removal efficiency of styrene was obtained
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at 7.2 cm (most extended discharge length), and the minimum was recorded at 1.8 cm (lowest
discharge length). They also reported that the maximum CO: selectivity (84%) was obtained at
7.2cm, more significant than the minimum selectivity recorded at 1.8 cm discharge length.
Khoja et al. (2017) evaluated the plasma decomposition of methane using different types of
DBD systems. Their results showed that the removal efficiency of methane could be intensified
by increasing the length of the discharge length from 10 to 30 cm. It is important to note that
increasing the discharge length also increases the residence time of VOCs in the plasma zone,
which increases VOC decomposition due to the increased chances of collision between VOC
molecules and energetic electrons and other reactive species (Zhang et al., 2014; Khoja et al.,
2017).

By increasing the discharge length of the plasma reactor, a low voltage is needed to ignite the
plasma. Therefore, increasing the discharge length results in a higher effective electrode
surface, leading to more micro-discharges inside the plasma reactor, which increases the
likelihood of gas breakdown (Bahri et al., 2016). However, a longer discharge length at a
constant input power results in a lower power density due to the expanded plasma zone.
Furthermore, increasing the discharge length results in increased energy loss due to dielectric
barrier heat dissipation (Wang et al., 2013). The limitation of increasing discharge length is the
need to apply more plasma power to accelerate plasma generation, which may lead to higher

energy consumption.

2.6.4 Discharge gap

The discharge gap refers to the distance between the inner electrode and dielectric material
where plasma reactions are usually taken, as shown in Figure 2.9. DBD reactor designs require
a suitable discharge gap to maintain stable plasma conditions. On a laboratory scale, discharge
gaps between 1 - 6 mm are applicable for VOC decomposition. For example, several studies
have been carried out with a discharge gap between 2-3 mm in the plasma-assisted
decomposition of VOCs (Karuppiah et al., 2013). Mustafa et al. (2018) investigated the
decomposition of benzene in a DBD reactor consisting of two cylindrical dielectric inner tubes
with discharge gaps of 3mm (reactor A) and 6mm (reactor B). It was found that the maximum
removal efficiency of benzene (94.6%) was obtained in the reactor with a shorter discharge gap
(reactor A) compared to (85.5%) for the reactor with a more significant discharge gap (reactor
B). This is because a short discharge gap can increase the mean electric field strength in the
discharge region, which may increase removal efficiency. However, if the discharge gap is too
small, an arc or spark discharge may occur, and the interaction between the target VOC
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molecule and the active species may be limited due to a short residence time. As a result, to
achieve an effective DBD performance for VOC decomposition, both the discharge gap and the
residence time must be considered. The solid residue was formed in the DBD reactor, which
can cause operation problems over time. In addition, Magureanu et al. (2007) reported similar
findings on the plasma-assisted decomposition of trichloroethylene in a DBD reactor with
discharge gaps between 1-5 mm. It was found that DBD reactors with a discharge gap between
1-3 mm have the maximum removal efficiency of trichloroethylene. The enhancement of the

removal efficiency of VOCs with smaller discharge gaps could be due to two reasons:

(i) The decrease in the discharge gap between the reactor electrodes and dielectric
material can significantly increase the electrical field strength, improving the energy
of generated electrons reacting with VOC molecules in the plasma reaction zone,
and significantly increasing removal efficiency (Ma et al., 2015).

(i) The shorter discharge gap facilitates the formation of energetic electrons and active
radicals, such as OH-, 0 and N' in the discharge zone, which can increase the
chances of collision between the VOC model compounds and the active radicals
during the decomposition process. Furthermore, a short discharge gap can limit the
mobility of highly energetic electrons in the discharge region, giving way to the

increased collision capabilities (Sultana et al., 2015).

However, an increase in the discharge gap causes a significant decrease in the power density,
known as the discharge power per volume at fixed plasma power, due to the rise in plasma
volume. Moreover, an increase in the discharge gap may lead to partial plasma discharge instead
of full discharge (Mei et al., 2017).

Even though the geometry of the DBD reactor is simple, its design variables are diverse. For
example, various plasma DBD reactors design variables, such as reactor configuration,
discharge gap and length, electrode material, dielectric material and thickness, and many
dielectrics, will influence plasma discharge characteristics and, thus, the removal efficiency of
VOC. In most cases, optimising the plasma reactor design variables will result in an increased
electric field or discharge current, which will increase the removal efficiency of VOC and CO>

selectivity.

2.7 Non-thermal plasmas (NTPs) for decomposition of VOCs

There are hundreds of types of VOCs released from a wide range of industrial processes,
making VOC abatement complex. These VOCs are aromatics, ketones, aldehydes, alcohols,

esters, alkanes, alkenes, halocarbons etc. The chemical structure, weight of hydrogen (mass
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percentage) and ionisation potential of distinct VOCs can all influence how difficult they are to
decompose in DBD. In recent years, many studies have been conducted to identify the best
possible operating conditions for removing different types of VOCs from an ambient air gas

stream using NTPs. Table 2.6 illustrates common VOCs treated by a plasma DBD reactor.

Table 2.6 Common VOCs decomposed by plasma DBD reactor (Li et al., 2020).

Classification Target VOC

Alkanes Propane, Ethylene, Methane

Aromatics Toluene, Xylene, Styrene, Benzene

Esters Ethyl acetate

Ketones Acetone

Alcohols Methanol, Ethanol

Aldehydes Acetaldehyde, Formaldehyde

Halocarbons Chlorobenzene, Dichloromethane, Trifluoromethane,

Tetrachloromethane, Trichloroethylene

Typical VOCs from industrial streams, waste treatment plants and consumer products are
branched and cyclic alkanes, aromatic hydrocarbons, alcohols, and aldehydes (Mustafa et al.,
2017). Alkanes and aromatics are more easily emitted in the environment than any other VOC
class and are typically volatile to quickly enter the earth's atmosphere (Vandenbroucke et al.,
2011). Furthermore, alkane and aromatic hydrocarbons constitute the most common

anthropogenic VOCs in the atmosphere (Thevenet et al., 2014).

This research focussed on hexane, cyclohexane, benzene, and methanol. Hence, the NTP
decomposition of hexane, cyclohexane, benzene, and methanol are reviewed in the next few

sections.

2.7.1 Hexane

Hexane is one of the most used saturated aliphatic hydrocarbons. It is classified as a highly
volatile VOC because of its relatively low boiling point (69°C). It is very stable due to its
saturation and non-polarised nature (Son et al., 2021). It has many adverse effects on both the
environment and human health. Therefore, the EPA classified hexane as a hazardous air
pollutant under the Clean Air Act (EPA, 1990). It is widely used as a solvent in cleaning and
extraction processes and significantly in the gasoline, ink, and glue industries (Bouchard et al.,
2008; Lee et al., 2010). Large amounts of hexane from service stations, automobile exhaust,
food and chemical processing industries pollute the environment and pose serious health
hazards to humans (Spigno et al., 2005). Chronic exposure to hexane in the air is linked to

polyneuropathy in humans, blurred vision, headache, and dermatitis (Sarigiannis et al., 2011).
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Previous studies have been carried out into applying NTP techniques such as gliding arc
discharge, corona discharge and packed dielectric reactor for the decomposition of alkanes. Hill
et al. (2007) studied the decomposition of propane in a packed dielectric reactor using an air
carrier gas. They observed that increasing the specific input energy resulted in higher removal
efficiencies. The primary decomposition by-products were CO2 and CO, and no hydrocarbon
products such as methanol, ethane, ethanol, or acetylene could be detected. However, they
reported high concentrations of NOx as the by-products. Oxygen plays an essential role in the
decomposition of VOCs in the DBD reactor. The O content of the discharge gas has a
significant impact on the removal efficiency. Jin et al. (2016) investigated the decomposition
of n-hexane in 15% O> (N2 balance) using an NTP-DBD reactor filled with quartz, porous
alumina balls and fewer alumina balls. They found that CO, CO and liquid products (3-
hexanone and 2-hexanone) were the main decomposition by-products. However, high Os

concentrations were observed during the decomposition process (Jin et al., 2016).

VOCs are decomposed by collisions with the energetic electrons, excited and metastable
nitrogen species in the pure nitrogen carrier gas. After introducing O to the DBD plasma, the
oxygen molecules, atoms, and OH radicals contribute to the decomposition of the VOC, thereby
increasing the removal efficiency. When the O concentration increases over a certain level,
however, the generation of Oz and NOXx begins to appear, consuming a considerable number of
reactive species generated from O, and N, leading to a decreased removal efficiency (Li et al.,
2020). Marotta et al. (2007) studied the decomposition of n-hexane and 2,2,4-trimethylpentane
in a DC corona discharge. They reported that oxygen radicals directly oxidise alkane radicals
to ketones. However, solid black deposits were formed in the reactor, which may cause damage
and loss of activity over time. Yan et al. (2007) investigated the decomposition of hexane using
a gliding arc discharge plasma at different oxygen concentrations. They found that increasing
the oxygen concentration in the background gas increases the removal efficiency but results in
a high NOx concentration. The selectivity to CO2 is higher when compared with CO selectivity
due to fast oxidation of CO to COz by O radicals.

Overall, the main drawbacks of the previous research on the application of NTP for removing
alkanes from waste gas streams are low selectivity and the formation of unwanted by-products
such as NOx, Oz, and solid residue in the DBD reactor. The formation of solid residue may
eventually foul the NTP reactor. Though some researchers applied plasma catalytic systems to
decompose VOCs, the major limitations of the catalytic systems were the high cost of catalysts,
catalyst deactivation and disposal, and carbon deposition due to the complex nature of VOCs.

Furthermore, there is still a knowledge gap on the optimal oxygen concentration for the
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decomposition of alkanes. To address these problems, there is an urgent need to optimise the
non-catalytic plasma system for the abatement of VOCs by improving removal efficiency,
product selectivity, and the elimination of unwanted by-products. In addition, the influence of
water vapour on the decomposition of VOCs in DBD is not negligible since industrial oxidation
processes can release exhaust gases containing water vapours (Liotta, 2010). Hence, water

vapour's role in hexane decomposition must be investigated.

2.7.2 Cyclohexane

Cyclohexane plays a significant role in the modern world due to its presence in consumer
products such as diesel fuels, jet fuels, and chemical solvents. Cyclohexane is one of the most
common cycloalkanes and is classified as a highly volatile organic compound. It is produced
industrially from the hydrogenation of benzene. Recent research shows that producers of
cyclohexane account for 11.4% of the global demand for benzene (Salamanca et al., 2017). In
addition, cyclohexane is one of the most used non-polar solvents globally and is an intermediate
in the production of nylon 6, 6. About 55% of the global use of cyclohexane is in the synthesis
of adipic acid, and ~26 % for caprolactam production. In 2013, about 3.5 Mt of adipic acid were
produced worldwide, and nearly 95% of the global production of adipic acid was achieved
through the oxidation of cyclohexane (between 125 and 165°C). This has significantly increased
cyclohexane emission to the ambient air (Kuo et al., 2014). Other sources of cyclohexane

emission include spills from petroleum products, solvent usage, and rubber industries.

Miotek et al. (2015) investigated the removal of cyclohexane from ambient air using a 3-phase
gliding arc plasma reactor. The study evaluated the effect of plasma power, inlet concentration
and gas flow rates on cyclohexane removal efficiency in synthetic air carrier gas over
Ni/cordierite and NisAl catalyst. It was reported that the removal efficiency of cyclohexane
increased with power at constant concentration due to the increase in electric field strength. The
removal efficiency increased with residence time due to more significant contact between the
cyclohexane molecules and highly energetic electrons in the plasma zone. Furthermore, the
selectivity to CO> increased with plasma power and residence time, while the selectivity to
lower hydrocarbons decreased. At “high” concentrations, i.e., the removal efficiency remained
the same when the cyclohexane concentration was above 0.5% vol. Carbon dioxide, water,
acetylene, methane and solid deposits was identified as the main products of cyclohexane
decomposition (Mtotek et al., 2015). In addition, the selectivity to LHC was very low: only
traces of C1-Cz hydrocarbons were detected at high power, although after the experiments, the

deposition of electrode material and soot was observed. In another study, Raju et al. (2013)
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studied plasma catalytic decomposition of a mixture of cyclohexane (75 ppm), n-hexane (100
ppm) and p-xylene (75 ppm) in a DBD reactor (over sintered metal fibres-made of Fe-Cr alloy)
SMF, CoOx/SMF, MnOx/SMF catalyst using dry and humid air (2.3 vol% humidity) carrier
gases at 298K respectively. It was reported that the removal efficiency of cyclohexane increased
with increasing specific input energy. It was also observed that the presence of OH: radicals in
the water vapour resulted in higher removal efficiency of cyclohexane at given specific input
energy over a MnOx/SMF catalyst. The major limiting factors from previous studies of
cyclohexane decomposition include the formation of toxic by-products such as 0zone and NOx.
Furthermore, the formation of solid deposits in the reactor may cause fouling problems after

prolonged operation, high energy consumption and low selectivity.

2.7.3 Benzene

Benzene is one of the most common aromatic VOCs widely used in chemical processing
industries, and its emission is problematic due to its high toxicity (Ye et al., 2008). According
to the International Agency for Research on Cancer (IARC), excessive exposure to VOCs such
as benzene in the air has increased the risk of developing cancer (IARC, 2017). For example,
leukaemia can be caused by benzene emissions (Hanna et al., 2007), and there is a clear
relationship between VOC emissions and brain cancer (Boeglin et al., 2006; Karatum et al.,
2016). In recent years, various attempts have been made to remove benzene emissions from
ambient air using NTP-DBD systems. Ye et al. (2008) studied the removal of benzene ina DBD
reactor using air (RH=70%). They reported that the removal efficiency of benzene significantly
increased with increasing plasma power at a constant initial concentration. They also obtained
a maximum removal efficiency of about 45% at higher power (112 W). They also observed that
the removal efficiency decreased with increasing inlet concentrations of benzene. However, a
brown polymeric residue was formed on the reactor's inner wall, which might eventually lead
to the mechanical breakdown of the dielectric owing to thermal energy build-up. Cal et al.
(2001) studied the removal of benzene in a planar DBD reactor as a function of relative
humidity (RH). They found that about >99.9% benzene was removed in both dry and
humidified air gas streams. However, the degree of mineralization in humidified plasma
increased compared to dry air plasma. Unfortunately, high relative humidity causes a polymeric
residue to form on the dielectric plates, which reduces the removal of benzene over time. Kim
et al. (2008) studied the effect of oxygen concentration and discovered that a 3-5% O
concentration was optimal for benzene decomposition using a DBD plasma. The removal
efficiency was substantially reduced when the oxygen content rises. They believe that the

contribution of N radicals and excited N2 molecules to higher benzene degradation at lower O>
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partial pressure is due to the contribution of N radicals and excited N2 molecules. Lee et al.
(2004) investigated benzene decomposition (100 ppm) in a DBD reactor using air. They
reported that O radicals from O> react with benzene to produce H.O and CO». The final
decomposition products were not complete oxidation of H,O and CO2. However, benzene was
also converted into secondary products such as phenol, benzenediol and benzaldehyde. From
their findings, it was expected that the hydrocarbon radicals formed can react with other
reaction intermediates in the oxidation stage to produce higher aromatics compounds which are
undesired by-products that can limit the application of DBD reactors. Some researchers also
reported that the optimum amount of humidity to achieve the maximum benzene degradation
was between 30% and 40% relative humidity (Jiang et al., 2016; Ma et al., 2016). For example,
Ma et al. (2016) investigated the influence of relative humidity (RH = 0 — 83%) on benzene
decomposition using DBD non-thermal plasma reactor. They observed the maximum removal
efficiency of benzene at a relative humidity of 40%, which significantly decreased with
increasing the relative humidity. The removal efficiency of benzene increased as a result of the
formation of OH radicals when water vapour was introduced to the DBD system. However, the
removal efficiency decreased to 69% when the relative humidity increased to 80%. In another
study, Jiang et al. (2016) investigated the influence of water vapour (relative humidity 0 to
80%) on the plasma-assisted decomposition of benzene. They reported that the removal
efficiency and COg selectivity increased when the relative humidity increased from 0 to 30%.
They obtained the maximum removal efficiency of benzene at 30% relative humidity, which
significantly decreased when relative humidity increased above 30%. However, solid residue
was accumulated in the reactor. Saleem et al. (2019g) investigated benzene decomposition in
H> and CO- carrier gases using a DBD reactor. They reported almost complete removal of
benzene in both H> and CO; carrier gases. They found that the removal efficiency of benzene
increased with plasma power and residence time. However, solid residues were formed in both
carrier gases. These solid residues are undesired by-products of the NTP decomposition of

VOCs and may cause operational problems.

The formation of high concentrations of Oz and NOx during benzene decomposition has been
reported in previous studies of plasma DBD decomposition of benzene (Jiang et al., 2016; Ma
et al., 2016). The generation of Oz and NOx is inevitable during plasma discharge of the DBD
reactors, which are serious air pollutants. Solid residue formation and poor product selectivity
are the main drawbacks limiting the application of the NTP-DBD system for VOC reduction.
The solid residues must be eliminated to optimize the performance of the NTP reactors in
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practical applications. Therefore, the complete removal of benzene into less toxic by-products

is essential.

Water vapour is an important parameter in VOC decomposition in NTP-DBD reactors.
Determination of the role of H20O vapour is of great interest because most of the emissions from
chemical processing industries contain water vapour in the gas streams under fluctuating
conditions (Vandenbroucke et al., 2011). The H2O molecule has electronegative properties, and
it can be transformed into OH and H radicals in a DBD reactor through an electron-impacted
reaction, as reported by (Vandenbroucke et al., 2011; Abdelaziz et al., 2018), as shown in
R(2.10) - R(2.13).

e+H,0->e+OH +H R(2.10)
N,(A3Y,") +H,0 > N, + OH + H: R(2.11)
e +0, » e+ 0('D) + 0CP) R(2.12)
0(*D) + H,0 — 20H R(2.13)

Previous studies on the decomposition of benzene under the influence of humidity indicated

that water vapour could influence benzene decomposition in the following ways;

(1) the addition of a small amount of water vapour is thought to substantially impact the
formation of active species. The concentrations of OH and H radicals could be
increased by the presence of water vapour, leading to an increased number of
reactive species in the plasma, resulting in higher removal efficiencies and CO>
selectivity (Jiang et al., 2016; Ma et al., 2016).

(i)  excess water vapour has a negative impact on benzene removal because of its
electronegative properties, which limit electron density and quench active radicals
(Jiang et al., 2016; Ma et al., 2016).

(iii) In addition, water vapour can also alter the properties of the discharge. When water
vapour accumulated on the dielectric surface, the surface resistance decreased. The
effective dielectric capacity decreased, decreasing the total current and the number

of energetic electrons in the system (Falkenstein et al., 1997).

Thus, understanding the influence of water vapour in the decomposition of VOCs must be
thoroughly investigated. In addition, a better understanding of the benzene decomposition
pathways in an NTP system using dry and wet air would be beneficial in developing an efficient

DBD technique involving various plasma species with optimized removal efficiency.
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2.7.4 Methanol

Methanol is one of the most common alcohols and is a key product in the chemical industry. It
is mainly used to produce other chemicals, such as acetic acid, formaldehyde, and polymers
(Irena and methanol institute, 2021). Methanol is classified as a “highly volatile” alcohol that
has been widely used as a solvent in the chemical processing industries (Zhu et al., 2016b).
Recent research shows that methanol production has nearly doubled in the past decade. Under
the current situation, the production rate could rise to about 500 Mt per annum by 2050, leading
to increased methanol emissions (Irena and methanol institute, 2021). Long-term exposure to
methanol can cause nausea, headaches, blurred vision and neurological damage (Zhu et al.,
2016b).

Previous researchers have studied the use of DBD plasma reactors to decompose odorous VOCs
such as methanol. Sato et al. (2005) investigated methanol decomposition in a DBD reactor at
a 16-20 kV voltage using an air carrier gas. Although a high removal efficiency was achieved,
they did not report the product's composition. The hydrogen concentration and yield were not
reported in their studies. Wang et al. (2016) reported the direct conversion of methanol into
value-added chemicals and fuels in a DBD reactor using an N2 carrier gas. They studied the
influence of processing parameters such as plasma power (20 — 50 W), methanol inlet
concentration and pre-heating temperature (80 °C) using a DBD reactor consisting of stainless-
steel mesh, discharge length of 100 mm, discharge gap of 2 mm, frequency of about 8-12 kHz
and peak voltage of 30 kV. They reported a removal efficiency of 74% at 50 W and a constant
concentration of CH3OH in N2 flow rate of 250 ml/min. It was demonstrated that increasing the
power increased the methanol removal efficiency and product selectivity to n-CsH1o, H2, and
CO. Therefore, optimizing plasma power could be an efficient way of reducing the generation
of CO. Wang et al. (2019) studied methanol oxidation in a DBD reactor using an air carrier gas.
They reported that for an NTP-only system, the removal efficiency of methanol increased from
14.1% to 43.9% when the input power increased from 0.3 to 0.9 W. Their findings showed the
formation of a high concentration of O3 (about 773 ppm), which is an undesirable by-product
that can limit the usage of NTP-DBD reactors. Futamura et al. (2004) observed relatively low
methanol conversions (between 8-26%) at 1-mol % inlet concentration and a gas flow rate of
100 ml/min using N2 in two different configurations of the DBD reactor. In another study, Shuji
Tanabe (2000) used a DBD reactor to decompose methanol to hydrogen using argon carrier gas
at a low voltage of 2-6 kV. They obtained a maximum removal efficiency of 80%, and the yield
of Ha increased with increasing plasma power in the absence of humidity. They reported a

significant increase in the yield of H, when H20 was introduced to the DBD system. CO or
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CO2 was the other main product. They also reported that, in addition to methanol decomposition
to Hz and CO, the reaction between CH3OH and H20 produced H, and CO. simultaneously.
Their findings explained the influence of H2O in converting CH3zOH to Hz and CO>. In humid
plasma, H and OH radicals can be generated through electron impact dissociation of H2O
molecules. OH is an important radical in the NTP system, which can oxidise CO and
hydrocarbons intermediates resulting to the formation of high CO2. Norsic et al. (2018)
investigated methanol oxidation using dry and humidified air carrier gases. They reported a
removal efficiency of 60% in dry air plasma, which decreased to 43% when water vapour with
a relative humidity of 35% was introduced to the DBD system. Their findings showed that high
humidity had an inhibitive influence on methanol decomposition and hindered the formation of
secondary products such as formaldehyde, methylal and methyl formate. They reported that the
presence of water vapour with very low humidity enhances the OH radical concentration which
can increase the chemical reactivity. The affinity of formaldehyde (HCOH) to H>O would
promote its conversion into CO- instead of CO. In addition, the complete oxidation of methylal
and methyl formate under the influence of water vapour can also increase selectivity to CO..

Compared to catalytic oxidation processes, treatment with NTP-only systems successfully
reduced low methanol concentrations with minimal energy usage. However, the process is
adversely affected by high humidity, and because it is non-selective, it produces undesired by-
products such as Oz and NOx. In addition, the features of the plasma discharge characteristic
and the chemistry of the plasma are influenced by the water vapour in the gas stream, which
has a substantial impact on the removal efficiency. High humidities reduced the current at
constant applied voltage due to the dielectric's surface resistance alteration and lowered the
transferred charges between the electrodes, limiting the plasma volume (Falkenstein et al.,
1997). Solid residue formation can cause fouling problems for the DBD reactors over a long
operation. Rico et al. (2010) reported the formation of coke during the conversion of CH3OH

into CO and H> using a DBD reactor.

2.8 Summary

Despite numerous previous efforts to remove various VOCs from ambient air gas streams using
NTPs, various problems persist, including low removal efficiency, low selectivity, high ozone
generation, and the formation of unwanted by-products such as NOx and solid deposition. The
formation of solid deposits in the reactor will cause arcing and blockage problems after
prolonged operation. The solid residue can change the dielectric constant of the quartz tube and
interfere with the overall performance of the plasma DBD reactor. Therefore, it is necessary to
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optimize the performance of NTP-only systems by systematically investigating the effect of
various carrier gases, oxygen concentrations, plasma power, residence time, VOC inlet
concentrations and moisture content on the removal efficiency, product selectivity and
elimination of the solid residue in the DBD reactor. Furthermore, understanding the VOC
decomposition pathways in the plasma-only system using different carrier gases is necessary
for the full application/scale-up of NTP-DBD technology. Since most of the emissions from the
chemical processing industries contain water vapour in the gas streams at fluctuating
conditions, the inclusion of dry and humidified air carrier gases will allow the role of H20-

derived radicals to be explored.

Table 2.7 give an overview of the previous studies on VOC decomposition using NTPs.
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Table 2.7 An overview of the previous work on VOCs decomposition with NTP

VOCs -rre)./ar::?coo: NTP Carrier gas (C;”pm) I(:r:]ci\;vmri?]';e RE (%) E}?ﬁ\r/%)y feld Main by-products References
Toluene DBD Air 95.0 6600 74.0 2.60 Benzoic acid crystals (Karatum et al., 2016)
Toluene DBD Nitrogen 400 2000 21.1 4.70 Brown solid deposits (Ognier et al., 2007)
Dry air 23.0 5.20
Toluene DBD Air 1000 200 70.0 32.2 Benzoic acid residue (Ban et al., 2006)
Toluene DBD Humid air 100 1000 46.0 0.30
(RH = 55%)
Propane DBD Air 100 2000 17.4 1.41 NOx (Hill et al., 2007)
Propane PCD Air 14000 500 68.1 4.50 n.d (Jarrige et al., 2006)
Hexane DBD Air 15% O, 367 500 78.2 0.81 Os;, 3-hexanone and 2- (Jinetal., 2016)
(N2 balance) hexanone
Hexane CD Air 500 800 57.1 - O3, Black solid deposits (Marotta et al., 2007)
Hexane GAD Air 968 1170 81.3 - NOx (Yan et al., 2007)
Nitrogen 57.1
Argon 56.0
Cyclohexane GAD Air O.5I, 1% 3333 925 - Solid residue (Miotek et al., 2015)
vol.
Benzene DBD Humid air 276 104 454 3.90 Brown polymeric residue (Ye et al., 2008)
(RH =70%)
Benzene DBD Dry air 200 4000-5000 75.2 5.70 Os (Kim et al., 2008)
(5% O,)
Benzene DBD Air 500-2700 500-2000 >09.9 - Polymeric residue (Cal et al., 2001)
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Benzene DBD

Benzene DBD

Benzene DBD

Benzene Hybrid
surface/packed-
bed discharge
(HSPBD)

Methanol DBD

Methanol DBD

Methanol SDBD

(RH = 0-90%)
Dry air

Air

Humid air
Air

Nitrogen

Nitrogen/Air
Dry air

Humid air
(RH= 35%)

100
95.0
500
400

18.0
mol%

446
50.0

200
6600
1400
500

250

1000
5000

90.0
58.0
75.1
65.0

74.0

44.0
60.0
43.1

1.50
0.50
15.2

5.00

1.30
0.16
0.12

Benzoic nitric and phenol
Solid residue
NOx, Os, Phenol derivative

Solid residue, NOx, O3, formic
acid

1,5-heptadien-3-yne

O3, HCHO and HCOOH
03, HCOH

(Lee et al., 2004)
(Karatum et al., 2016)
(Ma et al., 2016)
(Jiang et al., 2016)

(Wang et al., 2016)

(Wang et al., 2019)
(Norsic et al., 2018)
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Chapter 3. Materials and methods

3.1 Materials and methods

This chapter describes the materials, equipment, experimental setup, and methodology used for
this research. The materials and chemicals used for this research and their specifications are
presented in Table 3.1. Table 3.2 shows the lists of the equipment used for the decomposition
of hexane, cyclohexane, benzene, and methanol. Methanol (> 99.9%), hexane (95%),
cyclohexane (99.5%), and benzene (99.8%) were purchased from Sigma Aldrich. Pure nitrogen
(> 99.9%), dry air (zero grade) consisting of 80% N2, 20% O, and oxygen (>99.9%) were
purchased from BOC industrial gases (UK). The purity of hexane is 95% because it consists of
typical impurities such as non-volatile matter, sulphur compounds, aromatic hydrocarbons
(CeHes), thiophene and water. The presence of impurities cannot affect the findings because the

hexane purity is 95.0% which is the minimum assay for plasma/GC analysis.

Table 3.1 Materials and chemicals.

Material Product Model/Purity
Methanol Sigma-Aldrich >99.9%
Hexane Sigma-Aldrich 95%
Cyclohexane Sigma-Aldrich 99.5%
Benzene Sigma-Aldrich 99.8%
Nitrogen gas BOC >99.9%

Dry air gas BOC Zero grade
Oxygen gas BOC >99.9%

Table 3.2 List of equipment for the decomposition of VOC.

Equipment Uses/Product Availability/Model

DBD reactor Decomposition of VOC Pl-Laboratory SCEAM

Gas Chromatography Varian/Agilent Varian 450 — GC

Digital Weighing Balance RADWAG AS 220/C/2

Digital Flowmeter Agilent Technologies Optiflow 570

Gastec Detector Tube Gastec GV-100

Mass Flow Controller Bronkhorst F201

GC-MS system Agilent Technologies Agilent 8890 GC/5977B MSD
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3.2 Experimental setup

A schematic of the experimental setup is shown in Figure 3.1 below:

Gauge
Pressure
@ DBD Reactor
Model VOC
Mass | t 4 » +
Flow :
Controller|
7 = -~ —-— — — B Power Source
- = = High voltage e
-gg probe R T
. o Y o |V
=t i ‘f: Oscilloscope i
510) NE R0 High voltage power L
@ "G g ; il supply low voltage probe
., @
. To Fume «
— Cupboard
Water Bubbler = v
E [
X ~ T c—
<
. Computer 5
0, N,  Dryair P Gas 4 GC-MS
. - chromatography : analyser

Cylinder Cylinder cyjinder

=

:
el

Figure 3.1 A schematic of the experimental setup.

The dielectric barrier discharge (DBD) reactor comprises two coaxial quartz tubes, the smaller
one in the inner and the larger one outside. There were two 316 stainless steel metal electrodes:
a mesh (60 mm) on the outside of a cylindrical quartz tube (330 mm long, 15 mm internal
diameter, and 18 mm external diameter) and the other, a sheet within the inner quartz tube (12
mm outer diameter). One end of the inner quartz tube was closed to allow the gas to pass through
the annular gap. The discharge gap was 1.5 mm, and the inner tube was secured with quartz
wool to keep the discharge gap consistent. Therefore, the plasma was formed in the space
between these coaxial quartz tubes. The discharge zone was 60 mm long (i.e., the length of the
exterior mesh), resulting in a discharge volume of 3.82 cm?®. In the current experimental setup,
the discharge zone is where the two electrodes overlap. The residence time was calculated based
on this volume. The cross-section of the DBD reactor is shown in Figure 3.2.
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Figure 3.2 Section of DBD plasma reactor.

The plasma generator supplies the power to the dielectric barrier discharge (DBD) system at
about 20 kHz. The power source unit of the plasma could provide 0-100 W by regulating the
amplitude of the applied voltage. In this work, an alternating sinusoidal high voltage of about
20 kV amplitude (peak-to-peak) and frequency of 20 kHz was applied to the two stainless steel
mesh electrodes of the DBD reactor. In addition, a variac AC transformer was used to regulate
the power supplied to the reactor from the plasma power source. A P6015A high voltage probe
was used to monitor the voltage signal/waveform applied to the plasma DBD reactor, and a
PEM CWTO003X/B current probe was used to determine the plasma current signal/waveform.

Furthermore, the voltage and current signals were recorded by a TPS 2014 four-channel digital
storage oscilloscope (Tektronix). The discharge power was determined by integrating the

current signal I(t) and the voltage (U(t)) recorded by the oscilloscope.

P = lJTU(t)I(t)dt 3.1
=7) (3.1)

Nitrogen and dry air (zero grade) were purchased from BOC industrial gases U.K. As shown in
Fig. 1, Bronkhorst F201 mass flow controllers (MFC) were used to control the flow rate of the
carrier gases (70-190 ml/min). The carrier gases pass through the model VOC bubbler to be
saturated with the desired amount of the VOC (hexane, cyclohexane, benzene, and methanol),
respectively. The mixture of the VOC vapour and carrier gas then passed through the DBD
reactor. To investigate the influence of O, concentration, the flow rates of N2 (MFC-1) and O>
(MFC-2) were changed proportionally, but the total flow rate was maintained at 100 ml/min.

In addition, for humidified air experiments, water vapour of relative humidity in the range of 0

— 25% (at 20°C and atmospheric pressure) was introduced into the non-thermal plasma DBD

reactor by passing dry air through a conventional water bubbler kept in a standard water bath

(20°C). The relative humidity of the carrier gas (humidified air) was controlled using a humidity
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regulator, which was a jacketed Dreschel bottle containing a deionized water. The relative
humidity was regulated by varying the flow rate of the dry air passing through the water bubbler
using MFC. A Grant LTC1 Water Recycler kept the Dreschel's temperature constant at 20°C.
The relative humidity of the humidified air exiting the Dreschel bottle was measured using a
calibrated PCE-PCO 1 humidity meter.

To study the effect of moisture content on the reaction of the benzene decomposition, water
vapour with RH in the range of 0, 15, 25, 35 and 40% (at 1 atmosphere and 20°C) was supplied
to the DBD system through a water bubbler kept in a standard water bath (20°C).

Figure 3.3 shows the DBD plasma reactor used in a laboratory setup for this research.

Figure 3.3. The DBD plasma reactor in a laboratory setup.

3.3 GC calibration and product analysis

The Varian 450 gas chromatograph was calibrated for each model VOC. To determine the peak
areas, known concentrations of hexane, cyclohexane, benzene, and methanol were injected into
the gas chromatograph. A calibration curve was then developed by plotting the peak areas
obtained as a function of concentrations. All tests were carried out under controlled reaction
settings of standard temperature and pressure (STP) and were repeated three times.

The inlet and outlet concentration of the model VOC and the product gas composition were
determined by a Varian 450-GC equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). The TCD detector was used for measuring methane, carbon
dioxide, hydrogen, oxygen, nitrogen and carbon monoxide and the FID for measuring the

concentrations of the model VOC and lower hydrocarbons (LHC- C1-Cs).

The concentrations of NO + NO> at the reactor outlet when working at a steady-state were
analysed with the aid of GV-100 Gastec tube detectors (detection limit = 0.01 ppm and accuracy
= 40.05 ppm). The gas samples were collected from the reactor outlet in a gas sampling bag.

A freshly sealed NOx detector tube was inserted into the pump. The tips of the fresh detector
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tubes were broken with the aid of the tube tip breaker in the Gastec pump. The tube was inserted
into the pump inlet with the arrow on the tube pointed toward the pump. The guide marks on
the pump body aligned with the handle's guide marks. The detector tube was connected to the
gas sampling bag. The handle of the Gastec pump was pulled all the way out until it was locked
at one pump stroke (100 ml), and two minutes were allowed to complete and confirm the
sampling. The concentration levels of NOx at the interface where the stained reagent meets the

unstained reagent were measured.

The plasma zone wall temperature was measured by FLIR TG165 imaging IR thermometer,
and the downstream gas temperature was measured using RS-PRO digital thermometer, as
shown in Figure 3.4. The thermocouple was used to measure the gas temperature at different
plasma power (2 — 10 W), and the plasma zone wall temperatures were also recorded.

;Thermal couple

Plasma zone Gas flow

Gas flow

Figure 3.4 Setup for temperature measurement

The mass of the residue formed in the DBD reactor was determined by the simple weighing
method. The DBD reactor was weighed before and after the experimental runs. The hexane was
used to dissolve collected solid residue and filtered by a 0.22- um organic phase needle-filter
and analysed with a GC-MS analyser (Models Agilent 8890GC/5977B MSD single quadrupole
MS with Electron Impact (EI) ionisation source). The GC-MS analyser is equipped with
capillary column Rtx 1701: 0.25 mm ID x 0.25 pm film thickness x 60 m length. The injection
volume was 1 pL, and the inlet temperature was 250 °C. The sample analysis was performed
using the MS scan mode, which was qualitatively evaluated based on peak areas and retention
times. The data analysis was conducted using Agilent mass hunter software. In addition, a
cooling trap was used to collect the condensable products of benzene decomposition in the gas
stream from the outlet of the plasma DBD reactor. The condensable products were continuously
collected using hexane (purity 95% anhydrous, Sigma-Aldrich) at a relative humidity of 35%,
at 20°C, 10 W, 350 ppm and 2.3 s for 8 hours. The collected liquid sample was analysed using
GC-MS and qualitatively identified using the mass spectral library of the National Institutes of
Standards and Technology (NIST).
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3.4 Ozone measurement

Ozone concentrations from the outlet of the DBD reactor were measured using the standard
potassium iodide (KI) titration technique (U Chasanah, 2019; Yulianto et al., 2019).

Figure 3.5 shows the schematic setup of 0zone measurement.

To Na2S:203

......... Titration Na2S:203

Sampling O3 [\

(KT solution)

Figure 3.5 Schematic setup of the 0zone measurement.

The amount of ozone produced was determined by passing the gas stream through a 0.2M K
trap with a known volume of at least 100 mL and an exposure time of about 10 minutes. The
colour of the Kl solution was changed from clear to yellow-brown showing ozone oxidised Kl
solution. The Os was calculated using the reaction of I~ with Os, which produced I2. The I, was

formed through oxidation reaction R(3.2).
0; + 21"+ H,0 = I, + 20H™+ 0, R(3.2)

Titrations were performed using 0.005N sodium thiosulfate and 5 mL of 2N H2SO4 as an
indicator until the yellow iodine colour disappeared. In this work, 1 - 2 mL of starch indicator
solution was added, which turned the solution blue. Titrations were performed until the amount
of I> was proportional to the amount of sodium thiosulfate, as indicated by a change in colour
from brownish-yellow to clear and colourless. The number of moles of Oz was equal to half the

number of moles of iodine, according to the chemical equation R(3.3).
I, + 2Na,S,05; = 2Nal + Na,S,04 R(3.3)
Therefore, Oz concentration can be calculated using equation 3.4.

R XV, XM x 1000
Qxt

03(ppm) = R(3.4)
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where Oz is the ozone concentration in ppm, Vtis the total volume of titrant (sodium thiosulfate)
in litres, R is the gas constant, M is the molarity of titrant (sodium thiosulfate) in mol/L, Q is
the total flow rate in ml/min and t is the time of exposure of ozone to the Kl solution.

3.5 Experimental variables
The experimental variables studied were:

1. Model VOCs:
a. hexane (CgHyy)
b. cyclohexane (CsH12)
c. benzene (C¢Hg)
d. methanol (CH;0H)

The model VOCs were chosen because alkanes (including cycloalkanes), aromatics, and
alcohol hydrocarbons constitute the most common anthropogenic VOCs in the atmosphere.
Hexane, cyclohexane, benzene, and methanol are more easily emitted into the environment than
any other VOC and are typically volatile, allowing them to enter the earth's atmosphere quickly
(Vandenbroucke et al., 2011). Furthermore, hexane, cyclohexane, and benzene have been
chosen to represent the Cs sequence to explore the plasma-assisted decomposition differences
between straight-chain, ring, and aromatic compounds. Methanol was also chosen when a
specific industrial problem with a local industrial partner (confidential) was identified. The dry
air, humidified air, and nitrogen were chosen because they are usually present in the air in most
pollution sources. The selection of dry and humidified air allowed the role of water derived

radicals to be investigated. They can help develop the mechanism of VOC decomposition.
2. Concentration: 220 — 520 ppm.

The concentration of VOCs was chosen based on the permissible exposure limit (PEL). VOC
concentrations below and above the PEL were selected to study the concentration's effect on

the removal efficiency.
3. Plasma power: 2 -10 W.

The plasma power is an important parameter in the plasma system. It was hoped that an optimal

plasma power could be discovered to allow for satisfactory VOC decomposition while keeping

the process's operating costs to a minimum. In the current laboratory setup, the maximum power

the plasma could be subjected to was around 100 W. The plasma power in the range of 2 to 10

W was chosen based on the previous findings. The performance of the DBD reactor at 10 W

would be evaluated in terms of removal efficiency, and if necessary, a higher plasma power
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would be explored. It was also decided that testing five levels of plasma power, with increments

of 2 W, would provide a sufficient body of data for the study.
4. Residence time:

The residence time within the plasma region of the DBD reactor was investigated to determine
how it affected the VOC decomposition in the gas stream. The residence time was changed by
changing the flow of nitrogen and dry air gases using a Bronkhorst mass flow controller. The
different levels of gas flow rate were chosen to generate a good amount of data to evaluate the
impact of residence time on the VOC decomposition. The flow rate levels were set at 70, 100,
130, 160 and 190 ml/min. The VOC removal efficiency using the chosen flow rates was to be
evaluated, and if necessary, the flow rates were decreased or increased to get the desired range
of VOC conversion. A “plasma volume” of 3.82 cm® was used to convert the flow rates into

respective residence times of 3.3, 2.3, 1.8, 1.4 and 1.2 s.

3.6 Experimental procedure

1. The DBD reactor was placed inside the fume cupboard. The clips of the power source
unit were attached to the plasma device, one with the central metallic mesh around the

quartz tube and the other to the top end of the reactor cap, as shown in Figure 3.3.

2. The carrier gas cylinder (N2 or dry air) was opened, and the flow streams were connected
to the bubbler with the aid of Bronkhorst F201 mass flow controllers. The gas was
bubbled through the VOC bubbler at a specified flow rate, which entrained the model
VOC before flowing into the plasma DBD reactor. An online Varian 450 gas
chromatography was connected to the exit of the DBD reactor to measure the

concentration of the gaseous products.

3. The dielectric barrier discharge reactor was continually purged (for 30 minutes) by the
selected carrier gas (N2 or dry air) to remove air from the system once all connections
were made (confirmed by GC analysis). A computer-controlled mass flow controller
was then used to determine the flow rate of a specific gas. After stabilising the flow, a
digital bubbler flow meter was used to check the actual flow rate.

4. After stabilising the flow rate, blank (no plasma) runs were completed to determine the
initial peak areas of hexane, cyclohexane, benzene, and methanol using nitrogen, dry
and humidified air. In the blank run, the plasma power was turned off to determine the
inlet concentrations of hexane, cyclohexane, benzene, and methanol in the absence of

any reaction. The blank run also aided in detecting any noise in the GC interface. Before
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10.

11.

12.

each run of experiments, the blank run was tested at least two times after obtaining a

stable reading.

For determining the steady state before final measurements, the peak area of the initial
concentration of the model VOC, conversion and product selectivity were analysed by
a GC every 20 minutes. It was noticed from the stability test that the experiments ran in
a stable way under plasma conditions after 20 minutes. The peak area of the model
VVOCs was compared with the peak area of the standards at the same residence time.

After obtaining a consistent VOC inlet concentration reading, the power source unit of
the plasma systems was turned on and set at a specific wattage using a variac of the HV-
plasma controller for at least 10 minutes to remove power variations. An energy meter
was used to continuously check the power delivered to the reactor. When the power
measurement on the energy metre was stable, the sample was injected into the Varian
450-gas chromatograph.

After four minutes of sample injection into the GC, the plasma power was turned off.
The GC chromatogram was obtained after 15 minutes.

When a considerable amount (visible) of solid residues were formed inside the DBD
reactor, it was replaced with a clean/new reactor and steps 3—6 were repeated. The used
reactor was cleaned in the furnace for 4 hours at 680-700 °C.

For studying the effect of concentrations, the output stream from the bubbler was diluted
with the same carrier gas to alter the concentration of hexane, cyclohexane, benzene,
and methanol in the DBD reactor. In addition, a Varian 450-GC was used to measure
the variations in VOC inlet concentration.

The experimental runs were carried out by altering the level of plasma power, VOC inlet
concentrations, residence time, oxygen concentration and relative humidity. All
measurements were repeated three times.

The amount of the solid/viscous residues formed in the decomposition of VOC (hexane,
cyclohexane, and benzene) was determined by a simple weighing method. The dielectric
barrier discharge reactor was weighed before and after the experiment, and the
solid/viscous residue was analysed using a GC-MS analyser.

After the experiment was completed, the plasma system was switched off, and the flow
from the control system was lowered to zero. Gas cylinders were closed, and all the
connections between the Varian 450 gas chromatography and the DBD reactor were

disconnected.
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3.7 Definitions

The removal efficiency of volatile organic compounds (VOCs) was defined as:

. . [Voc]in - [VOC] out
Removal efficiency (%) = x 100
Y [VOCT;n

where [VOC];, is the initial concentration of VOC introduced in the reactor and [VOC],,; is

the outlet concentration (ppm).

The specific input energy (SIE) was defined as:

Specific input 4/ P(W)/1000
pecific input energy =
Q(L/min)
_ g RE.[VOC];,. M X 0.15
Energy yield (EY) (kWh) = SI]IEHV
= 'm

where M is the molecular weight of the VOC in g/mol.c
The hexane removal efficiency was defined as:

CeHq4lin - [CcH
Removal efficiency (%) = [CoHialin ~ [Ce 14]outx 100
[C6H14]in

The selectivity of different gas products was evaluated using the following equations:

LHC selectivity (%) = 2 moles of LHC produced X m (mol/min) .
selectivity () = 1o of CgHy4 converted (mol/min)

Where LHC: lighter hydrocarbon products (C:-Cs), m is the number of carbon atoms in the

molecules respectively.

€O, selectivity (%) = moles of CO, produced < 100
z Selectivity (%) = 6 X moles of C4H,,4 converted

CO selectivity (%) = moles of CO produced < 100
SECCVIY ) = 6 X moles of CgHq4 converted

The cyclohexane removal efficiency was defined as:

CcHiolin — [CcH
Removal efficiency (%) =[ ofiz)in — [CoHizlou X 100
[C6H12]in

LHC selectivity (%) = 2. moles of LHC X m (mol/min) « 100
SEECVIY A7) = 6 X moles of converted cyclohexane (mol/min )

€O, selectivity (%) = moles of CO, produced < 100
2 Selectivity (o) = 6 X moles of converted cyclohexane
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H, yield (%) = moles of H, produced % 100
2)1e /™ 6 x moles of [CeH12]in

In humid air carrier gas:

H, yield (%) = moles of H, produced < 100
2 yie /™ (6 x moles of [C¢Hy5]in) + moles of H,0 in

The removal efficiency of benzene was defined as:

CeHglin - [CcH
Removal efficiency (%) = [CoHolin - [Ce 6]Outx 100
[C6H6]in

The selectivity of different gas products was evaluated using the following equations:

LHC selectivity (%) = 2moles of LHC produced x m (mol/min) o
selectivity (0) = == oles of CgHg converted (mol/min)

€0, selectivity (%) = moles of CO, produced < 100
2 SECCVIY A7) = 8 X moles of C¢Hg converted

€O selectivity (%) = moles of CO produced % 100
SEleCVIly L) = e moles of Ce¢Hg converted

The removal efficiency of methanol was defined as:

[CH3OH]in - [CHSOH]out
Removal efficiency (%) = %X 100
Y [CH, OH];,

The following formulae were used to determine the selectivity of different gas products:

Y. moles of C,,,H, produced X m (mol/min )
CH lectivity (%) = x 100
mHn selectivity (%) moles of CH;OH converted (mol/min )

moles of CO, produced

CO. selectivity (%) = X 100
» selectivity (%) moles of [CH;0H] converted

CO selectivity (%) = moles of CO produced < 100
SV ) = Tholes of [CH;0H] converted

The yield of hydrogen was defined as:

moles of H, produced

H, yield (%) = x 100
2 yield (%) 2 X moles of [CH;0H];, + moles of H,0 In
Cou
Carbon balance (CB) = 2Cou, 14
Z Cin
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Chapter 4. Oxidative removal of hexane from the gas stream in a

dielectric barrier discharge reactor

4.1 Introduction

In this chapter, the removal of hexane from a gas stream using a dielectric barrier discharge
(DBD) reactor was investigated at ambient temperature and atmospheric pressure. The roles of
N2, dry and humidified air carrier gases were studied in terms of removal efficiency, product
selectivity and elimination of unwanted by-products. The oxygen concentration was also varied
over 0 — 21% at constant power and residence time in an N2-O2 mixture for further insight into
oxygen’s role. The effect of plasma power on the plasma zone wall and the downstream gas

temperature was also investigated.
4.2 Results and discussion

4.2.1 Effect of power and carrier gases

The influence of plasma power on the removal efficiency of hexane in N2, dry and humidified
air carrier gases are presented in Figure 4.1. In this study, the influence of the carrier gases: N2,
dry and humidified air, was studied at constant inlet concentration and residence time. The input
power of the plasma reactor was varied over the range of 2-10 W at ambient temperature and
atmospheric pressure. It was observed that the removal efficiency of hexane increased
proportionally with increasing plasma power regardless of the carrier used. The higher plasma
power could increase the numbers and the mean energy of the energetic electrons, thereby
increasing the amounts of reactive species due to collision between the energetic electrons and
gas molecules (Zhu et al., 2015). The collision probability between hexane molecules and
reactive species increased accordingly. As a result, the hexane removal efficiency was

increased.
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Figure 4.1 Effect of power and carrier gases on the removal efficiency of hexane (Reaction conditions:

temperature = ambient; Inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time
=2.3s; SIE=1.2 -6 kJ/L).

Increasing the plasma power at constant inlet concentration and residence time would increase
the number of energetic electrons and reactive species in the plasma reactor. As the power
increased, the probability of the collision between the reactive species and VOC molecules in
the plasma discharge zone increased, which enhanced the removal efficiency (Karatum et al.,
2016). The removal efficiency of hexane increased from 19.6 (N2), 29.7% (dry air), 45.5%
(humidified air) to 75.6%, 84.9% and 94.4% when the power increased from 2 to 10 W,
respectively.

Humidified air carrier gas showed the highest removal efficiency of 94.4%, followed by dry air
(84.9%) and nitrogen (75.6%). This is probably due to the formation of O and OH radicals in
dry and humidified air carrier gases. It has been reported that the oxidation power of OH radicals
is higher than excited O species or other radicals generated in non-thermal plasma reactors
(Sun et al., 1997). Relative humidities of 25% and 30% have been reported to increase
cyclohexane and benzene’s removal efficiency due to the influence of OH in the plasma

decomposition process (Kim et al., 2003).

Figure 4.2 presents the system's energy yield as a function of power. The energy yield was
determined and analyzed at a constant initial concentration and fixed residence time at ambient
temperature and atmospheric pressure. It was observed that the energy yield decreased with
increasing plasma power in all the carrier gases, even though the removal efficiency of hexane

increased. This may be partially due to energy loss to vibration and electronic excitation of
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carrier gas molecules, resulting in decreased input energy (Mustafa et al., 2018). In addition,

there are “diminishing returns” as the plasma input power increases (Saleem et al., 2019f).
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Figure 4.2 Effect of power and carrier gases on the energy yield of hexane decomposition (Reaction conditions:
Temperature = ambient; inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time
=2.3s;SIE=1.2 -6 kJ/L).

Figure 4.3 shows the selectivity to lower hydrocarbons (C:-Cs) as a function of carrier gases
and plasma power.
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Figure 4.3 Effect of power and carrier gases on selectivity to C1-Cs (Reaction conditions: Temperature =
ambient; inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s; SIE =
1.2 -6 kJ/L).
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The selectivity to lower hydrocarbons significantly increased with increasing plasma power in
pure N2 but decreased in humidified and dry air carrier gases, as shown in Fig. 4.2. For instance,
selectivity to lower hydrocarbons increased from 15.7% to 38.9% in N2 and decreased from
4.3% to 2.7% in humidified air when the plasma power increased from 2W to 10 W. The
increase in selectivity to lower hydrocarbons in N2 plasma could be due to the absence of
oxygen in nitrogen plasmas. Therefore, nitrogen excited species such as Nz, N2(A), N, (A3Y, )
and highly energetic electrons favoured decomposition to lower hydrocarbons and solid
residue. However, the decrease in lower hydrocarbon selectivity in humidified and dry air
carrier gases is probably due to the presence of O, and H20 in the decomposition process, which
promotes the formation of CO, and CO. Furthermore, the selectivity to lower hydrocarbons
(C1-Cs) decreases as the O2 concentration in the carrier gases increases. Similar findings have
been previously reported in the non-thermal plasma decomposition of hexane (Yan et al., 2007;
Agiral et al., 2010). The presence of H,O vapour in the plasma-assisted decomposition of VOCs

has been shown to reduce the selectivity to lower hydrocarbons and improve selectivity to CO>
(Trushkin et al., 2013).

The effect of power and carrier gases on selectivity to CO, and CO are presented in Figure 4.4
(@) and (b).
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Figure 4.4 Effect of power and carrier gases (a) on selectivity to CO- (b) on selectivity to CO (Reaction
conditions: Temperature = ambient; Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time =
2.3s;SIE=1.2 -6 kJ/L).

The selectivity to CO2 can be observed to increase significantly with increasing plasma power
in dry and humidified air. It was observed that selectivity to CO> increased from 9% (dry air)
and 38.1% (humidified air) to 40.8% and 84.7% when the plasma power increased from 2 to
10 W. The increase in selectivity to CO2 must be due to the presence of OH and O radicals in
humidified and dry air carrier gases (Raju et al., 2013). The number of reactive species (e.g. O
and OH) increased as the input energy increased, which would increase the likelihood of
oxidation of intermediate products into final decomposition products, resulting in higher
selectivity of CO; and CO (Ma et al., 2016). However, the selectivity to CO remained constant
in dry air as the plasma power increased, but CO selectivity initially increased when power

increased from 2 to 4 W in humidified air plasma.

4.2.2 Effect of plasma power on DBD reactor wall and downstream gas temperature

The influence of the plasma power on the DBD reactor wall and downstream gas temperature

on the reaction performance was also examined, as shown in Figure 4.5.
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Figure 4.5 Effect of plasma power on DBD reactor wall and downstream gas temperature (Conditions: Total

flow rate = 100 ml/min, Power = 2-10 W, Concentration = 350 ppm).

It was observed that both the DBD reactor wall and downstream gas temperature increased with
the power. The maximum removal efficiency of hexane was achieved at maximum plasma zone
wall temperature and downstream gas temperature respectively. Increasing the plasma power
at constant residence time and fixed initial hexane concentration would increase the number of
energetic electrons and reactive species in the plasma reactor. In addition, the increase in plasma
power increased the molecules internal energy and gas temperature in the plasma DBD reactor,
which is beneficial to the conversion of VOC (Wang et al., 2016).

4.2.3 Hexane decomposition pathways in a DBD plasma system

Dielectric barrier discharge NTPs consist of reactive species such as energetic electrons, atoms,
ions, and molecules. The highly energetic electrons generate excited species and gas-phase
radicals, with average electron energies from 1-10 eV (Petitpas et al., 2007). The energetic
electrons can react with VOCs (e.g., hexane) to decompose them into various products such as
LHCs, CO2 and H2O (Lee et al., 2004; Hoseini et al., 2019). Moreover, the energetic electrons
can generate more reactive species through electron impact dissociation, ionization and

excitation of the VOC molecules and the carrier gases, which can trigger VOC decomposition.

In this study, the NTP decomposition of hexane can take place through the following major

pathways:
(i) direct: electron impact decomposition

(ii) indirect: collisions with reactive species (excited species and gas-phase radicals).
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The two major pathways can initiate hexane decomposition.

The proposed hexane decomposition pathways in N2, dry and humidified air carrier gases are
presented in R(4.1)-R(4.3):

. N3, N2(A), Na(A3E,™h),
CoHyy/N, oz 2 Ne@2u )y b 0,0, solid residue R(4.1)

. e,N;, NZ(A)'OE O(SP)’ O(ID)’ . .
CeHy4/Air C0,, CO,LHC (C;—C5s), 05, solid residue R(4.2)

e, H,0(D),0H-
CeHya/Air + H,0 —————— €0, €O, LHC (C;~Cs), H,0 R(4.3)

R(4.3) is the most important reaction; it is the primary source of gas-phase radicals, such as
H:, 0(*D), OH: that promoted hexane decomposition, product selectivity, and elimination of

unwanted by-products such as ozone and solid residue.

In hexane molecules, the bond dissociation energy of the C-C is 3.74 eV and 4.25 eV for the
C-H bonds (Luo, 2004). Thus, it is more likely that the initial step of hexane decomposition can

occur by breaking the C-C bond than the stronger C—H bond.

In the N2 plasma, the removal efficiency increased with plasma power due to the increased
concentration of excited nitrogen species such as N2, N2(A) and metastable N,(A3Y, ). The
N2 molecules become energised and change to a higher energy state after collision with highly
energetic electrons. The average electron temperature of pure nitrogen is 3.85 eV (Luo, 2004).
Nitrogen’s excited species N2(A) and nitrogen metastable state N, (A3Y, ") with mean electron
energies above 3.74 eV can break the C-C bond in hexane, leading to the formation of
intermediates, which are converted to C:-Cs hydrocarbons and solid residues (probably of
longer chain hydrocarbons). Initially, the excited N2 species collide with hexane molecules,
reducing CsH1s to C¢H,5° and H- which then decompose further into lower hydrocarbons.
Previous studies reported that the excited species of N2 has played an important role in the non-
thermal plasma decomposition of VOCs (Bityurin et al., 2009). Probably, the energetic
electrons and the excited species of N2 colliding with hexane molecules convert the CsH14 to
lower hydrocarbons (C:-Cs) and solid residue through dissociation by electron impact, the
reaction between hexane ions and radicals and recombination reactions, as has been suggested
before (Yan et al., 2007; Son et al., 2021).

The additional presence of O in dry air plasma can lead to the generation of O radicals, excited
O, atoms and molecules. These species can increase the removal efficiency of VOCs and
change product selectivity. The decomposition of hexane can occur through hydrogen

abstraction by O2 molecules, forming hexyl radicals and HO2. The hexyl radicals can react with
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O- species and O radicals to form various products, such as C1-Cs: (CH4, C2Ha, C3Hg, C4Hs,
CsH1o and CsH1y).

The oxidation of hydrocarbons using non-thermal plasmas causes the formation of CO, H20,
and CO (Marotta et al., 2007; Karatum et al., 2016). In this study, it was observed that the
presence of O increased the removal efficiency of hexane whilst increasing the production of
CO2 and CO. The probable route is that the decomposition process was initiated by energetic
electrons, converting hexane into lower hydrocarbons. Excited O species and O radicals could

oxidize the lower hydrocarbons to generate CO2 and CO, as shown in R(4.1).

The introduction of H20 vapour to the DBD system changed the outcomes further due to the
formation of different reactive species, such as OH-, 0, 03, H" as shown in R(4.3). The OH and
H radicals were generated by the direct collision of energetic electrons with H2O (Karuppiah et
al., 2012). The electrons have sufficient energy to produce chemically reactive species from
H-O via dissociation, ionization and excitation (Liu et al., 2017a). The reactive species, such
as OH:, O, 03, can oxidize the hydrocarbon products to produce CO2, CO and H>O. It has been
reported that water vapour increases the selectivity of COx and suppresses the formation of

lower hydrocarbons (Trushkin et al., 2013).

The selectivity is also affected by varying the power. The main products identified in this study
were lower hydrocarbons C1-Cs: (CHa, C2Ha, C3Hs, C4Hs, CsHio and CsHi2), CO2, CO, and
H20. Furthermore, yellow solid/viscous deposits were also formed in the DBD reactor in

nitrogen and dry air carrier gases, and in dry air (only), Oz was also observed.

4.2.4 Ozone and NOx formation

Ozone and NOx generation are inevitable by-products in the NTP decomposition of volatile
organic compounds in dry air plasmas. Here, the DBD reactor outlet Oz concentrations were

measured using standard Kl solution techniques, as described in section 3.4.

Figure 4.6 shows Oz formation as a function of plasma power in the dry air carrier gas.
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Figure 4.6 Ozone formation as a function of input power (Reaction conditions: Temperature = ambient; Inlet
concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time =2.3s; SIE = 1.2 — 6 kJ/L;
Carrier gas = dry air).

The Oz concentration increased from 2.9 to 6.9 ppm when power increased from 2 to 10 W.
The formation of ozone is initiated via a collision with highly energetic electrons, which splits
the oxygen molecules into atomic oxygen as shown in R(4.4)-R(4.5) (Gudmundsson et al.,
2013):

e+ 0, = OCP) + 0C3P) +e (6.1eV) R(4.4)
e+ 0, > 0CP)+ 0('D) +e(8.4¢eV) R(4.5)

In the presence of a third body molecule M (M = N, O, reactor wall or the surface of the
dielectric), atomic oxygen will then react with oxygen molecules to generate Oz as shown in
R(4.6) (Atkinson et al., 1997):

0+0,+M—>0;+M R(4.6)

In humidified air, Oz was not detected. This is because the intermediate products generated in
the plasma react with OH and O radicals, leading to the formation of oxidized hydrocarbons,

such as ethyl acetate and acetic acid (Appendix A-4.1) and OH' which decomposes Os.

However, NOx formation is a serious problem in the non-thermal plasma-assisted abatement

of VOCs because its formation can reduce the performance of the NTP reactors

(Subrahmanyam et al., 2006; Karatum et al., 2016). NOx has a wide range of environmental

and health effects. It can cause can infiltrate through the lung's alveolar cells (epithelium) and

surrounding capillary capillaries, disrupting alveolar architecture and their function. NOX is

generated from reactions between atomic or excited nitrogen and excited oxygen. In this study,
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Gastec Detector Tubes (detection limit =0.1 ppm) were used to measure the NOXx concentrations
in the DBD outlet. NOx was not detected in the effluent of the DBD reactor used in this study.
This could be due to the impact of low flow rates, low plasma power, and composition of the
pollutants. It is important to note that operating a DBD reactor at very flow rates and low plasma
power can increase both the specific input energy and residence time, and both can suppress
the formation of Oz and NOx. Furthermore, the presence of H2O in the plasma discharge zone
leads to more OH radicals, leading to the rapid oxidation of NOx to HNO: in the decomposition
of VOCs (Zheng et al., 2013).

4.2.5 Effect of oxygen concentration

The effect of O, concentration on removal efficiency and product selectivity was investigated
using mixtures of N2 and O at constant power and residence time. The O2 concentration in the

gas mixture was set at 0, 5, 10, 15 or 21% (to match ambient air).

Figure 4.7 shows the influence of increasing Oz concentrations on the removal efficiency of
hexane.
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Figure 4.7 Effect of oxygen concentration on removal efficiency of hexane (Reaction conditions: Temperature =
ambient; power = 6 W; Inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time
=2.35s; SIE=3.6 ki/L).

The removal efficiency of hexane increased with increasing O concentration, from 48.9% to
61.1%, as the O2 concentration increased from 5% to 21%. The increase in removal efficiency
is probably due to the formation of more excited O> species and O radicals in the plasma DBD,

which are proportional to the oxygen concentration at a constant power (Yao et al., 2015). It

59



has been reported that Oz is an important parameter that promotes the NTP decomposition of
alkanes (Jiang et al., 2020). The initial step in non-thermal plasma DBD decomposition of
hexane is the electron impact excitation of molecular O> producing atomic O radicals in the
excited O(*D) and ground O(3P) states. The O(*D) and O(3P) species can break the C-H bond
in alkanes (Zhang et al., 2004). The mechanism of the formation of excited O(*D) and ground

O(3P) states by electron impact in DBD plasma is described in R(4.7) — R(4.8):
e+ 0, > 0,(A%Y,") = e+ 0CP)+0(P) R(4.7) (Kudryashov et al., 2018)
e+ 0, > 0,(B3Y,) »e+0CGP)+0(*D) R(4.8)

The hexane decomposition occurs when O(D) and O(3P) abstract hydrogen from CgHaa,
which leads to the formation of OH and hexyl radicals. The hexyl radical formed in the
discharge zone in the presence of molecular O is then transformed into a product mixture of
CO, COz and C;-Cs hydrocarbons through reactions as shown in R(4.9)-R(4.12).

CeHys + OCPP) > OH' + C¢Hy5' R(4.9)

CeHy, + O(*D) > OH + CeHys R(4.10)
C¢H;3" + O(*D) - products (CO, CO,,C; — Cs) R(4.11)
C¢H;3" + O(3P) - products (CO,CO,,C; — Cs) R(4.12)

Therefore, adding oxygen to the plasma DBD system facilitates the generation of free oxygen
radicals to initiate or replace the chain initiation and propagation stage through faster processes
involving electron impact on O2 molecules. This resulted in a significant increase in the removal

efficiency of hexane and selectivity to COa.

Figure 4.8 illustrates the effect of O, concentration on selectivity to CO2and CO.
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Figure 4.8 Effect of oxygen concentration on CO and CO selectivity (Reaction conditions: Temperature =
ambient; Power = 6 W; Total flow rate = 100 ml/min; Residence time = 2.3 s; SIE = 3.6 kJ/L).

It was observed that selectivity to CO> increased with increasing O2 concentration at constant
power. It was also noted that selectivity to CO slightly increases when Oz concentration
increases to 5%, then remains constant when O increases from 5 to 21%. The selectivity to
CO2 is much higher than the CO selectivity as the Oz concentration increases, increasing from
4.4% to 23.9% when O increases from 5 to 21%. The relatively small increase in CO with
increasing power is due to the rapid oxidation of CO to CO> by O radicals, which become more
available as the input Oz concentration increases (Yan et al., 2007). Marotta et al. (2007) also
reported that the oxidation of hydrocarbons using non-thermal plasma results in the formation

of CO, and minimal amounts of CO.

Figure 4.9 shows the effect of O2 concentration on selectivity to lower hydrocarbons. It was
observed that selectivity to lower hydrocarbons significantly decreased with increasing O>
concentration. This is due to the increase in oxygen reactive species, which oxidized the

fragments of hexane to CO and CO- at the expense of C1-Cs products.
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Figure 4.9 Effect of oxygen concentration on selectivity to C1-Cs (Reaction conditions: Temperature = ambient;
Power = 6 W; Total flow rate = 100 ml/min; Residence time = 2.3 s; SIE = 3.6 kJ/L).

4.2.6 Solid and liquid residues in the DBD reactor

In the DBD technique, some undesired by-products may form during complex chemical
processes in the plasma reactor (Mustafa et al., 2018; Wenjing Lu, 2019). The undesired by-
products can be solid residue or gaseous emissions (Wenjing Lu, 2019). Solid residues have
previously been observed during the plasma-assisted decomposition of VOCs, such as
ethylbenzene and toluene (Karatum et al., 2016) and benzene (Saleem et al., 2019g). The solid
deposition is a challenge in the application of plasma in various VOC decomposition processes
because their formation can eventually foul the dielectric barrier discharge reactor (Saleem et
al., 2019f). Furthermore, the solid residues can alter the quartz's dielectric constant, causing
thermal energy to accumulate, which can cause mechanical failure of the dielectric barrier
(Wenjing Lu, 2019).

In this study, significant amounts of solid/viscous liquid residues were deposited on the inner
tube’s external surface and the DBD reactor’s inner wall in N2 and dry air plasmas, as shown
in Figure 4.10 (a) and 4.8 (b). However, as shown in Figure 4.10 (c), no deposit was observed

when the air was humidified.
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(a) Nitrogen carrier gas.

V. . +." A

(c) Humidified air carrier gas.

B @

Figure 4.10 Dielectric barrier discharge reactors after hexane decomposition in (a) Nitrogen carrier gas (b) Dry

air carrier gas, (c) Humidified air carrier gas.

The mass of solid residue was determined by weighing the reactor before and afterwards. The
solid deposits accounted for 36% and 31% of the total carbon in the decomposition reaction of
hexane in N2 and dry air, respectively. To determine the composition of the solid, the residue
was dissolved in n-decane and analysed by GCMS. In nitrogen and humidified air plasmas, the
GCMS showed that the solid residue consisted of cyclohexane, hexane, 3-methyl, heptane, 3-
methyl, octane, and toluene, as shown in Table 4.1 and Appendix A-4.6. However, ethyl acetate
and acetic acid were observed in humidified air plasmas.
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Table 4.1 Decomposition products identified by GC-MS in Nitrogen, dry and humidified air

Name of Chemical Chemical structure Nitrogen Dry air Humidified
compound formula air
Cyclohexane CeHip O + - +
Hexane, 3-methyl C,Hi6 /\)\/ + - +
Heptane, 3-methy!l CgHyg \/\)\/ + - +
Octane CgHig P VaVaY4d + - +
Toluene C,Hg @/ + _ +
Ethyl acetate C4Hg0, O - - +
)ko/\\
Acetic acid CH;COOH o] - - +

)LOH

" —":not detected and " + " : detected

These solid deposits are undesired, as their formation may foul the DBD reactor over prolonged
operation. For novel DBD plasma technology to address this drawback, the formation of solid
deposits must therefore be eliminated or reduced. In this study, H20 vapour with a RH of 25%
(absolute humidity = 0.004 kg/m?) at 20 °C was used as a carrier gas at similar experimental
conditions (N2 and dry air) to eliminate the formation of solid deposits in the DBD reactor. The
solid deposits were prevented, as shown in Figure 4.8 (c), so there is a relatively simple solution
to this problem. The elimination of the deposit in the humidified stream was due to the
formation of OH radicals, which provided sufficient OH and O to the DBD system. The OH,
H and O radicals generated in the plasma reactor can convert hexane and its intermediates to

CO, CO2, and H20, resulting in the elimination of solid residue in the DBD reactor.

4.2.7 Reaction kinetics of hexane decomposition using NTP-plasma

In the determination and prediction of the performance of DBD plasma reactors, the
development of VOC abatement models is important. A previous study by Yu et al. (2012)
showed that the decomposition of a compound in a non-thermal plasma system was energy-
dependent. In this study, a previously published 1% order kinetic model was used to evaluate the
NTP decomposition process (Anderson et al., 1999; Zhang et al., 2011). The model equations

R (4.13) and R (4.14) are semi-empirical and do not explain the complex decomposition
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reaction in the plasma reactor. The model combined the decomposition processes into a simple
equation, which gives the overall kinetic relationship.
ksie

X' + [C¢H;4] — Products R (4.13)
Therefore, the equation of NTP decomposition of the model compound with respect to specific
input energy (SIE) can be written in the general form (Yu et al., 2012):

— d[CcH
r= =1y x dCeHal/ o — kgpCoH,, R(4.14)
where kgg represents the energy constant (L/kJ), and n is the reaction order.

Figure 4.11 is a plot of natural logarithms of the remaining hexane fraction as a function of SIE.
Based on this graph, the decomposition of hexane in N2, dry and humidified air can be

represented by equation 4.15.
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Figure 4.11 Effect of SIE on the remaining fraction of hexane in different carrier gases (Reaction conditions:
Temperature = ambient; Inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time
=2.3s; Power =2 - 10 W).

CeH
nLCetal _ —kgg X SIE (4.15)

[CeHaalo

The overall energy constant kg on the decomposition process can be determined from the

slope of the fitting curves. The plot of In _[CC6H14]

[ 6 14-]0

as a function of SIE exhibits a straight line in

all the carrier gases. Therefore, the decomposition of hexane in a DBD reactor as a function of
specific input energy (SIE) shows first-order kinetics. Similar findings have been reported in
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the plasma-assisted decomposition of toluene (Saleem et al., 2019f; Saleem et al., 2021b) and
benzene (Saleem et al., 2019g). The electron impact plays a significant role in the non-thermal
plasma decomposition of VOCs.

4.3 Summary

In this study, the decomposition of hexane in a non-thermal plasma dielectric barrier discharge
(DBD) system was investigated. The experiments were carried out using three different carrier
gases (N2, dry and humidified air) at plasma powers across the range of 2-10 W. The effect of
oxygen was also investigated via experiments with N2/O> mixtures at concentrations between
0 and 21%. The hexane removal efficiencies were shown to increase with increasing power and
O concentration. Hexane mainly decomposed to lower hydrocarbons (C:-Cs), CO, CO., and
solid/viscous residues. In N2, hexane is mainly decomposed to C1-Cs and solid deposit. In N2,
the NTP exhibited the lowest removal efficiency. The removal efficiency in air and humidified
air was higher due to the formation of O and OH radicals. CO, CO2, C1-Cs, Oz and solid residue
were the main products in dry air. In both N2 and dry air, the deposits formed would create
fouling and other problems, such as arcing, over time. However, the introduction of water
vapour (RH= 25%) significantly increased the removal efficiency and the selectivity to CO»,
while preventing the formation of solid residue and Os, probably due to the formation of potent
OH radicals. Furthermore, the maximum removal efficiency achieved in this parameter space,

94.4%, and the maximum CO; selectivity, 84.7%, was achieved in humidified air.

Increasing the O2 concentration was shown to increase both the removal efficiency and the CO»
selectivity, probably due to the generation of more reactive oxygen radicals. As O
concentration increased from 5 to 21%, the product formation shifted toward CO>, and the
production of lower hydrocarbons decreased. A simple first-order reaction model was shown
to be consistent with the non-thermal plasma decomposition of hexane in all three atmospheres
investigated. Rate constants (“energy constants”) were derived for all three atmospheres. This

would be vital information for reactor design and scale-up of this technology.

The key finding of this work is the role of H>O and OH radicals: these results indicate that high
hexane removal efficiencies can be achieved in humid air (or by humidifying dry air streams)

at low powers (10W or less) without residue formation or NOx or ozone formation.
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Chapter 5. Removal of cyclohexane as a toxic pollutant from air using a

non-thermal plasma: Influence of different parameters

5.1 Introduction

In this chapter, the removal of cyclohexane as a toxic pollutant from ambient air was
investigated in a dielectric barrier discharge (DBD) reactor at ambient temperature and
atmospheric pressure. The effects of specific input energy (SIE) (1.2-3 kJ/L), carrier gases,
residence time (1.2-2.3 s) and concentration (220-520 ppm) were evaluated to investigate the
performance of the DBD reactor in terms of removal efficiency, product selectivity and
elimination of solid residue. The carrier gases were chosen because they can aid in developing
the pathways of VOCs abatement using NTPs. The dry and humidified air carrier gases could
help in the treatment of actual waste gases containing VOCs because they are usually present

in the air in most industrial pollution exhausts.
5.2 Results and discussion

5.2.1 Effect of SIE and carrier gas

Specific input energy (SIE) is an important factor influencing VOC decomposition in dielectric
barrier discharge (DBD) reactor, and it is directly associated with the plasma input power of
the system in this study. The SIE of the plasma reactor was varied over the range of 1.2-3.0
kJ/L by increasing the plasma power at a fixed flow rate of 100 mL/min. The effect of SIE on
the removal efficiency of cyclohexane in nitrogen, dry and humidified air plasmas is shown in
Figure 5.1.
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Figure 5.1 Effect of SIE on the removal efficiency of cyclohexane in nitrogen, dry and humidified air carrier gas
(Reaction conditions: Temperature = ambient; Concentration = 220 ppm; Total flow rate = 200 ml/min;
Residence time = 2.3 s).

The SIE was increased by increasing the plasma input power (2-5 W) at constant inlet
concentration (220 ppm) and residence time (2.3 s). In all cases, the removal efficiency of
cyclohexane increased with increasing SIE. The maximum removal efficiency of cyclohexane
(98.2%) was achieved at 3.0 kJ/L (5 W) in humidified air. In this study, the increase in SIE was
realized by increasing the voltage (peak to peak). Hence, the increase in SIE led to an increase
in the reduced electric field, hence the average electron energy, meaning that the concentration
of energetic electrons increases. Clearly, increasing the SIE at constant concentration and flow
rate increased the number of highly energetic electrons and active species in the DBD reactor
in all the carrier gases. Mtotek et al. (2015) reported that an increase in plasma power at constant
inlet concentration increased the electron density, which increased the rate of collision between
cyclohexane molecules and the energetic electrons, which led to higher conversion of
cyclohexane in gliding arc plasma reactor. Similar findings have been reported on the effect of
SIE in the decomposition of hexane, toluene and benzene in an NTP DBD reactor (Karatum et
al., 2016; Saleem et al., 2019g). Moreover, in addition to the direct electron impact
decomposition of cyclohexane, increasing the SIE produces more chemically reactive species
such as OH-, 0, and N.", which take part in the conversion of cyclohexane and reactive
intermediates in the plasma reaction. At 3.0 kJ/L, the removal efficiency of cyclohexane in
humidified air plasma was higher than that in dry air and nitrogen. The results showed that
humidity has a vital influence on the removal efficiency of cyclohexane in the non-thermal
plasma DBD reactor process. It has been reported that the relative humidity of about 30%

significantly increased the concentration of OH- radical (Kim et al., 2003). In addition to the
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energetic electron-initiated decomposition of cyclohexane molecules, the formation of more
reactive OH and O radicals at higher SIE creates new cyclohexane decomposition pathways
through oxidation of cyclohexane and intermediates leading to higher removal efficiency and

product selectivity.
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Figure 5.2 Effect of SIE on the energy yield of cyclohexane in nitrogen, dry and humidified air carrier gas
(Reaction conditions: Temperature = ambient; Concentration = 220 ppm; Total flow rate = 100 ml/min;
residence time = 2.3 s).

Figure 5.2 presents the energy yield of the system as a function of SIE. The energy yield was
evaluated and compared at constant initial concentration and fixed residence time at ambient
temperature and atmospheric pressure. The energy yield decreased with increasing SIE in all
carrier gases. This may be partially due to energy loss to vibration and electronic excitation of
carrier gas molecules, resulting in decreased input energy (Mustafa et al., 2018). In addition,
there are “diminishing returns” as the plasma input power increases (Saleem et al., 2019f). In
humidified air plasmas, the maximum energy yield obtained was 0.47 g/kWh at the SIE 1.2
kJ/L. At 3.0 kJ/L, the introduction of oxygen and water vapour in the DBD plasma not only
increased the removal efficiency of cyclohexane but also enhanced the energy yield of the
system. The energy yield of the DBD-plasma reactor for non-thermal plasma removal of
cyclohexane followed a sequence of nitrogen plasma < dry air < humidified air carrier gas in
the SIE range tested.

The main products from cyclohexane decomposition were Hz, C1-Cs “lower hydrocarbons”,
CO, COg, and solid residue. Figure 5.3 shows the effect of SIE on the selectivity to lower

hydrocarbons (C1-Ca).
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Figure 5.3 Effect of SIE on selectivity to LHC in nitrogen, dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; Concentration = 220 ppm; Total flow rate = 100 ml/min; Residence time =
2.359).

The selectivity to lower hydrocarbons increased monotonically with increasing SIE in nitrogen
plasma but decreased in dry and humidified air. The decrease in selectivity to lower
hydrocarbons is due to oxygen and water vapour, which promotes the selectivity to CO and
CO2 in dry and humidified air plasmas.

The effect of SIE on the selectivity to Hz yield is presented in Figure 5.4:
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Figure 5.4 Effect of SIE on yield of Hz in nitrogen, dry and humidified air carrier gas (Reaction conditions:
Temperature = ambient; Concentration = 220 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s).

It can be observed that the Hy yield significantly increased with SIE in all the carrier gases. This

is because increasing SIE increased the number of energetic electrons and excited species that
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could promote the ring-opening of cyclohexane to produce hydrogen and lower hydrocarbons
(Karatum et al., 2016; Saleem et al., 20199).

In pure nitrogen plasma, excited nitrogen N, (A3 ¥:+) and N(?D) can break the C-H and C-C
bonds of VOC molecules. Therefore, N5 with 6.17 eV mean electron energy can efficiently
break the C-H (4.32 eV) and C-C (3.59 eV) in cyclohexane molecules. It was observed that the
absence of oxygen in nitrogen plasmas resulted in the higher formation of lighter hydrocarbons

(C1-Cs), H2 and solid residue in the decomposition process.

Figure 5.5 shows the effect of SIE on the selectivity to CO and CO: in dry and humidified air.
It can be observed that selectivity to CO> significantly increased with SIE, while selectivity to
CO remains constant in dry air plasma. In humidified air plasma, the CO selectivity slightly
increases when SIE increases from 1.2 to 1.8 kJ/L and remains constant when SIE increases to
2.4 -3.0 kJ/L. This is because the O and OH radicals generated from electron impacted
dissociation of H2O molecules can oxidise CO leading to higher selectivity to CO; at higher
SIE. Clearly, the introduction of water vapour with a relative humidity of 25% (0.004 kg/m?)
at 20 °C could increase CO», which is a desirable non-harmful product and suppressed CO
formation. In this study, the CO concentration at all SIE is well below the permissible exposure
limit (PEL) of 50 ppm.
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Figure 5.5 Effect of SIE on selectivity to CO and CO; in dry and humidified air carrier gas (Reaction conditions:

Temperature = ambient; Concentration = 220 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s).

Similar findings were reported in plasma-catalytic removal of CeH12 in a gliding discharge
reactor (Mtotek et al., 2015). The maximum selectivity to CO, was achieved in humidified air
carrier gas at 3.0 kJ/L. This is due to the increase in OH, H and O radicals which convert the

fragments of cyclohexane to CO, CO- and H: at the expense of lower hydrocarbons. Trushkin
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et al. (2013) reported that the presence of water vapour suppressed the selectivity to light
hydrocarbons and promoted CO- selectivity during the NTP-assisted decomposition of toluene.
The lower hydrocarbons are converted to Hz, and CO:..

5.2.2 Effect of concentration

The effect of cyclohexane concentration on the removal efficiency in nitrogen, dry and
humidified air carrier gas is shown in Figure 5.6. In this study, concentration was varied
between 220-520 ppm at the total flow rate of 100 ml/min, residence time (2.3 s) and SIE (2.4
kJ/L) to evaluate the performance of the DBD reactor at a higher concentration of cyclohexane.
Clearly, concentration is a significant parameter that influences the removal efficiency of
cyclohexane regardless of the carrier gas: the removal efficiency of cyclohexane decreased
significantly with increasing concentration. The maximum removal of cyclohexane was
observed at 220 ppm (93.5%) in humidified air and decreased significantly when increasing the

concentration up to 520 ppm (50.8%) at constant SIE and residence time.
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Figure 5.6 Effect of concentration on removal efficiency of cyclohexane in nitrogen, dry and humidified air
carrier gas (Reaction conditions: Temperature = ambient; SIE = 2.4 kJ/L; Total flow rate = 100 ml/min;

Residence time = 2.3 s).

The reduction in removal efficiency is due to the increase in the number of cyclohexane
molecules flowing into the plasma reactor at constant plasma power and residence time. On
average, each molecule will collide with fewer active species and electrons in the plasma reactor
(Chen et al., 2016). In addition, the number of molecules in the discharge region increases,
although SIE, residence time, discharge gap and discharge length remain fixed. For this reason,

the ability of undecomposed cyclohexane gas molecules to escape from the DBD reactor
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discharge area increases. Similar findings have been observed in the plasma-assisted

decomposition of benzene (Saleem et al., 2019g).

The effects of concentration on selectivity to LHC (C1-Ca), H2, CO, and CO: in each carrier gas

are presented in Figure 5.7, Figure 5.8 and Figure 5.9.
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Figure 5.7 Effect of concentration on selectivity to LHC in nitrogen, dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; SIE = 2.4 kJ/L; Total flow rate = 100 ml/min; Residence time = 2.3 s).
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Figure 5.8 Effect of concentration on yield of H; in nitrogen, dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; SIE = 2.4 kJ/L; Total flow rate = 100 ml/min; Residence time = 2.3 s).
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Figure 5.9 Effect of concentration on selectivity to CO and CO: in dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; SIE = 2.4 kJ/L; Total flow rate = 100 ml/min; Residence time = 2.3 s).

It can be observed that selectivity to LHC, CO and CO. decreased with increasing cyclohexane
inlet concentration at constant residence time and SIE. Furthermore, as the cyclohexane inlet
concentration increases, H, yield decreases. This could be due to a decrease in the relative
number of reactive species (N3, e) when compared with cyclohexane molecules. At higher inlet
concentrations, more cyclohexane entered the discharge zone (at fixed reaction conditions: SIE
= 2.4 kJ/L, residence time = 2.3 s), which reduced the contribution of energetic electrons and
excited background gas/carrier gas in the decomposition of cyclohexane to lower hydrocarbons
and hydrogen, hence energy consumption increased. Similar findings were reported in the

plasma-assisted decomposition of toluene (Saleem et al., 2018).

The selectivity to CO, followed a similar pattern as that of H.. For example, in dry and
humidified air carrier gases, selectivity to CO decreased from 56.9% and 66.4% (220 ppm) to
21.5 and 24.5% (520 ppm). This could be due to the constant number of energetic electrons and
active radicals reacting with higher cyclohexane molecules at high concentrations. In summary,
each VOC molecule shares fewer electrons and active species, resulting in decreased product
selectivity (Wang et al., 2017).

5.2.3 Effect of residence time

To investigate the effect of residence time on the removal efficiency of cyclohexane in nitrogen,
dry and humidified air, the residence time was varied in the range of 1.2 to 2.3 s at constant
concentration and fixed plasma power. The effect of residence time on the removal efficiency

of cyclohexane is shown in Figure 5.10. It can be observed that the removal efficiency of
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cyclohexane increased with residence time in all carrier gases. At 4 W, the removal efficiency
of cyclohexane in dry and humidified air plasmas significantly increased from 59.9 and 70.9%
(1.2 s) to 87.5 and 93.7% (2.3 s), respectively.
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Figure 5.10 Effect of residence time on removal efficiency of cyclohexane in nitrogen, dry and humidified air
carrier gas (Reaction conditions: Temperature = ambient; Concentration = 220 ppm; Flow rate = 100 -190
ml/min; Power = 4 W).

The residence time is controlled by changing the flow rate (Saleem et al., 2019¢e). The SIE
strongly affects the decomposition of the VOC compounds and depends on the power and flow
rate used. Here, power was kept constant, so the SIE only depended on the flow rate. Therefore,
at a lower flow rate, SIE increases, and a higher value of SIE contributes to increasing the
decomposition of VOC compounds, as, at higher residence times, the cyclohexane molecules
and carrier gas are subjected to the DBD reactor discharge zone for a longer time, leading to an
increase in collisions with energetic electrons, and other active species. In humidified air
plasma, the maximum removal efficiency obtained was 93.7% (2.3 s). Again, the humidified

air environment exhibited the highest conversion due to the presence of OH: radicals.

Figure 5.11, Figure 5.12, and Figure 5.13 show the selectivity to various products in nitrogen,
dry and humidified air carrier gas. Lower hydrocarbons (C1-C4), Hz, CO, and CO> are the main
products of the plasma decomposition of cyclohexane. It can be observed that selectivity to Ha

and CO> increased with increasing residence time.
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Figure 5.11 Effect of residence time on selectivity to LHC in nitrogen, dry and humidified air carrier gas

(Reaction conditions: Temperature = ambient; Concentration = 220 ppm; Flow rate = 100 -190 ml/min; Power =
4W).
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Figure 5.12 Effect of residence time on the yield of H, in nitrogen, dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; Concentration = 220 ppm; Flow rate = 100 -190 ml/min; Power = 4 W).
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Figure 5.13 Effect of residence time on selectivity to CO2 and CO in dry and humidified air carrier gas (Reaction

conditions: Temperature = ambient; Concentration = 220 ppm; Flow rate = 100 -190 ml/min; Power = 4 W).

In humidified air plasma, the OH' radicals are generated from the dissociation of H2O in the
DBD plasma reactor. They react with cyclohexane fragments to produce CO and CO2, while
the H' radicals can react to produce H: through a combination reaction. Hydrogen is produced
by H-abstraction from the C-H bond (4.32 eV) of cyclohexane molecule, while CO, CO> and
LHC require breakage of C-C (3.82 eV) bonds. Cyclohexane is decomposed in DBD plasmas
via two reaction pathways: (1) C-H bond cracking and subsequent steps for radical generation
and (2) cracking of C-C bonds (Gong et al., 2012). Most LHCs are produced by cracking the
C-C bonds of cyclic VOCs with energy below 8 eV in the plasma process (Blin-Simiand et al.,
2008). However, selectivity to LHC increased with residence time only in nitrogen. This is
probably due to the absence of oxygen, which would promote the formation of lower
hydrocarbons and solid deposits. It was also observed that selectivity to CO slightly increased.
Selectivity to CO> significantly increased due to the presence of O- and OH- radicals at all tested

conditions, which is in agreement with previous experimental studies (Mtotek et al., 2015).

5.2.4 Mechanisms of cyclohexane decomposition

In a typical non-thermal plasma DBD system, the mean electron energy is in the range 1-10 eV
(Petitpas et al., 2007). In the Maxwellian electron energy distribution function (EEDF), the
higher the average electron energy, the more electrons with higher energy will be produced.
Highly energetic electrons can produce more active species via increased electron-impact

dissociation, ionization and excitation of the carrier gases and cyclohexane molecules, which
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can initiate cyclohexane decomposition, as shown in reactions (R5.1) - (R5.9). At higher SIEs,
energetic electrons collide with the carrier gases, transform them into radicals, and react with
cyclohexane molecules. In the carrier gases used here (nitrogen, dry and humidified air) the
excited species include: N3, N,(A), 05 and gas-phase radicals such as O, OH-and H-. The
radicals are generated due to the collision of energetic electrons with N,(A) and on H,0 as
shown in R (5.1) to R (5.8):

e+N,—»e+N +N R (5.1)
e+N, >e+N; R(5.2)
e+ N, > N,(A) +e R (5.3)
e+0,-2e+0+0 R (5.4)
e+ H,0->H +0H +e R (5.5)
e+ 0, > 0(D) +0CP)+e R (5.6)
N,(A) + H,0 > N, + OH' + H- R (5.7)
0 + H,0 - 20H: R (5.8)

The decomposition of cyclohexane can occur via three pathways, as shown in Figure 5.14.

(1) electron-impacted decomposition reactions e*
(i) collision-induced cyclohexane decomposition by excited species such as N3

(iii)  reactions with gas-phase radicals (O, OH"),
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Figure 5.14 Proposed cyclohexane decomposition reaction route.

In cyclohexane, the bond dissociation energy for the C-H bond (4.32 eV) is higher than that for
the C-C bond (3.59 eV) (Gong et al., 2012). Therefore, the initial step of cyclohexane
decomposition is more likely to take place through C-C bond breakage than the C-H bond.
Excited species (N3),gas — phase radicals (O, 0H") and highly energetic electrons with
energy greater than 3.59 eV can crack the cyclohexane ring to form products R (5.9)- R (5.17).
The decomposition of cyclohexane is triggered by a direct collision between energetic electrons
and cyclohexane molecules. In an electron-impacted decomposition reaction, there are two
major decomposition pathways: (a) the ring-opening reaction of cyclohexane to create CqHy 4

(b) the dehydrogenation reaction of cyclohexane to convert to C¢H,;" R (5.9) -R (5.10).
Ce¢Hi, +e - C¢H;y +H+e R (5.9)
C¢Hyy +H+e - C,Hg + C,H, +Hy + € R (5.10)

In pure nitrogen carrier gas, the removal efficiency increased with SIE due to the high
proportion of excited N, species. After the collision with highly energetic electrons, the N,
molecules became excited and shifted to a higher energy state. The excited N, species can
collide with cyclohexane molecules R (5.11), converting CcH;, to CH,; and H, which further
decomposes to lower hydrocarbons, an example of which is shown in R (5.12). It has been
reported that excited species of N, play a significant role in the non-thermal plasma
decomposition of volatile organic compounds (Bityurin et al., 2009).
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CeHyp + N3 > CeHyy + H+ N, R (5.11)
CeHyy + H+ N, - C,H, + C,Hg + Hy + N, R (5.12)

In addition, metastable N, also contributes to higher removal efficiency. The decomposition of
cyclohexane occurs through cracking of the cyclohexane ring due to collision with metastable
N,, resulting in energy transfer and subsequent decomposition of the cyclohexane molecules to
lower hydrocarbons and hydrogen (Snoeckx et al., 2013).

The presence of oxygen in dry air can lead to the formation of excited oxygen atoms and
molecules and O- radicals. These species will participate in the decomposition of cyclohexane
and the formation of plasma products. A proposed reaction scheme for the decomposition of

cyclohexane to main by-products can be summarized in R (5.13) -R (5.17).

CeHyp + € > C,Hg + CoH, + Hy, + € R (5.13)
C,Hg + Hy, + e - 2C,H, + 2H, + e R (5.14)
C,H, + 20, - 2CO + 2H,0 R (5.15)
2C,H, + 30, - 4CO + 2H,0 R (5.16)
2C0 + 0, o 2CO, R (5.17)

The energetic electrons initiate the ring-opening reaction, converting the cyclohexane into
lower hydrocarbons and hydrogen R (5.13)-R (5.14). The oxidation of C,H, and C,H, from R
(5.15)- R (5.16) to form CO and H, 0 by oxidative specie O, is possible. CO can further oxidize

to form CO, by reaction with excited oxygen atoms or OH- radicals.

The introduction of water vapour gave new insights into the cyclohexane decomposition
pathway in non-thermal plasma DBD reactors. The electrons have enough energy to produce
chemically reactive species, e.g., O,0H- in humidified air carrier gas via excitation,
dissociation, and ionization. OH-, radical is one of the most reactive radicals for the
decomposition of hydrocarbons. In humidified air plasmas, OH- radicals can convert
cyclohexane to lower hydrocarbons (C; — C4), H,, CO, CO, and H, 0. Traces of cyclohexanol
were also observed as one of the products between 2.4 to 3.0 kJ/L SIE at a constant
concentration (220 ppm) and residence time (2.3 s). The addition reaction of C,H,;" under the
influence of OH" radicals to decompose to C¢H,; OH and the dehydrogenation reaction of C4H; 4

under the influence of oxygen radicals to produce lower hydrocarbons (Jiang et al., 2018).
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5.3 Cyclohexane by-products

5.3.1 Solid deposit

Solid residues were deposited on the inner wall of the DBD reactor, as well as the surface of
the inner electrode. Saleem et al. (2019g) similarly reported the formation of light yellow (in
Ho carrier gas) and dark brown (in COz carrier gas) solid deposits inside the DBD reactor in the
plasma-assisted decomposition of benzene. Similar findings were reported in the plasma-
assisted decomposition of ethylbenzene (Karatum et al., 2016). Guo et al. (2008) reported the
formation of a yellow solid deposit after the plasma decomposition of toluene in the DBD

reactor and expressed the deposit as an aromatic polymer.

In this study, it can be observed that solid residues were formed on the inner wall of the reactor

as well as the external surface of the inner tube in nitrogen and dry air carrier gases, as shown
in Figure 5.15.

(&) Nitrogen plasma (b) Dry air plasma

€ a

(c) Humidified air plasma

Figure 5.15 DBD reactors after cyclohexane decomposition in (2) nitrogen, (b) dry air and (c) humidified air.

The deposit was dark brown in nitrogen, and dark brown with yellow viscous residue in dry air.
Cyclohexane formed solid residue due to the oligomerisation of hydrocarbon radicals produced
in the plasma system in pure nitrogen and dry air due to the absence of oxygen in nitrogen and
low oxygen environment in a dry air carrier gas. Zheng et al. (2014) reported similar findings
in plasma-assisted removal of acetone in a packed-bed DBD reactor. In a previous study, the
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formation of yellow deposit inside the DBD reactor was also reported, and it is possible that the
formation of yellow deposit was due to an oligomerization mechanism of monomers to produce
macromolecular products (Saleem et al., 2019b). Here, the solid deposits formed in nitrogen
were evaluated by weighing the DBD reactor before and after the experiments at constant SIE
(3.0 kJ/L), concentration (220 ppm) and residence time (2.3 s). The solid residue was found to
account for about 53% of the carbon in the reaction and then analysed with a CHNS analyser.
Some portion of the solid residue was dissolved in cyclohexane and analysed using GC-MS. It
was found that the solid deposit consists of 62.4% carbon, 7.9% hydrogen and 15.8% nitrogen.
The GC-MS analysis revealed that the solid residue consists of aromatic polymers and nitrogen
containing compounds such as benzonitrile. Milotek et al. (2015) reported that solid deposits
formed during the plasma decomposition of cyclohexane in a gliding discharge reactor using
dry air were carbonaceous compounds, and their presence can cause a fouling problem to the
reactor. The formation of a solid deposit would change the dielectric constant of the glass quartz
and may lead to thermal energy build-up, which would break down the dielectric barrier (Chen
et al., 2009).

Therefore, to address this problem, solid deposit formation must be reduced or eliminated for
novel DBD plasma technologies. To eliminate the formation of solid deposits in the DBD
reactor, humidified air was used as a carrier gas under the same experimental conditions. It
was observed that removal efficiency and product selectivity were enhanced. Furthermore, solid
deposits were eliminated in humidified air. This was probably due to the presence of OH:
radicals. The OH: radicals formed by dissociative electron collision with H,O may lead to higher
conversion rates and provide more oxygen to the system, which eliminates the solid residue in
the humidified air environment, as shown in Figure 5.15(c). The formation of solid residues is
directly associated with the absence of oxygen or low oxygen content in the carrier gas (Zheng
etal., 2014).

5.3.2 Ozone and NOx formation

Ozone is an unavoidable by-product in dry air plasmas. In this study, the effect of SIE on ozone
formation was investigated at constant concentration and residence time at ambient temperature
in dry air. Ozone concentrations at the outlet of the DBD reactor when operating at a steady-
state were measured using Gastec detector tubes. Figure 5.16 shows the effect of SIE on ozone

formation.
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Figure 5.16 Ozone concentration as a function of SIE (Reaction conditions: Temperature = ambient;

Concentration = 220 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s; Carrier gas = dry air).

It was observed that ozone concentrations increased with SIE. Similar findings were reported
in the DBD plasma-assisted decomposition of acetone in dry air. Plasma generated in a
dielectric barrier discharge (DBD) can produce O3 via various routes. Ozone can be produced
by a direct reaction between oxygen and highly energetic electrons (Hama Aziz et al., 2017).
The formation of ozone by this route is a two-step process: (1) Firstly, the atomic oxygen
radicals are formed through dissociation of oxygen molecules by electron impact reaction, as
shown in R (5.18).

0, +e>0+0 R (5.18)

(2) Finally, the atomic oxygen reacts with molecular oxygen via three-body collisions that lead

to the formation of ozone according to reaction R(5.19).

M represents nitrogen or oxygen molecules. In addition, NOx formation is a major factor of
concern in the plasma-assisted decomposition of VOCs (Subrahmanyam et al., 2006), and its
formation reduce the energy efficiency of the treatment process (Karatum et al., 2016). The
dissociation of dry air may lead to N and O generation, which is the major source of NOx.
However, the operating conditions, property of VOCs, SIE, humidity and reactor configuration
can be important factors affecting the NOx formation (Harling et al., 2009). NOx was not
detected in the effluent in this study by using Gastec detector tubes. This could be due to the
influence of lower flow rates, the nature of VOC, and reactor configuration during the
cyclohexane decomposition. Similar findings have been reported in previous experimental

studies (Harling et al., 2009; Raju et al., 2013). However, it is also possible to reduce the
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formation of NOx in an air DBD plasma by optimizing the specific input energy (SIE), reactor

design and operating conditions (Harling et al., 2005; Harling et al., 2008).

5.3.3 A semi-empirical model of cyclohexane decomposition

In NTP reactors, the actual reaction rate constant is a critical parameter to evaluate and predict
the removal efficiency of VOCs. A previously published worked indicated that the
decomposition of a compound in NTPs was energy-dependent. In this study, it was observed
that the removal efficiency of cyclohexane in a non-thermal plasma DBD depended upon
plasma power, concentration, and residence time. Most of the previous studies on VOCs
evaluated the decomposition model as a function of SIE (Karatum et al., 2016; Saleem et al.,
20199g). The reaction rate constant was evaluated based on residence time at fixed plasma power
in nitrogen, dry and humidified air. A previously published work (Anderson et al., 1999; Zhang
et al., 2011) based on a first-order kinetic model was employed. The model equation R(5.20 -
R 5.23) are semi-empirical and does not explain the complex chemical reaction taking place in
the DBD reactor. Instead, it combines all processes into a single equation, which frequently
yields a satisfactory overall kinetic relationship.

k
X + [C¢H;2] = Products R (5.20)
r = f(Power, Concentration, residence time) . ) ) R (5.21)
d|CH
r= % = k.[CcHy]* . . . R (5.22)

by integrating R (5.22) and assuming n=1, the cyclohexane outlet concentration at any given

residence time can be written by the expression R (5.23).
[CeHiz] = [CeHizlo x e7™X0 . . . R (5.23) (5.22)

Where X is a “lumped” concentration of all radicals produced in the plasma discharge zone,
[CeH2] and [C¢H;,], are the outlet and inlet concentration of cyclohexane in ppm, k is the
reaction rate constant, and n is the reaction order. The natural logarithmic plots of the remaining
fraction of cyclohexane with respect to residence time in a different type of carrier gas are
presented in Figure 5.17. The plot exhibits a straight line in all the carrier gases. Therefore, the
decomposition of cyclohexane in nitrogen, dry and humidified air carrier gases can be expressed

as:

[C6H12]
lnm = -k, Xt . . . R (5.24)
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The models are semi-empirical and summarize the non-thermal plasma decomposition of

cyclohexane, which can be used to predict the removal efficiency of the DBD plasma system.
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Figure 5.17 Effect of residence time on the remaining fraction of cyclohexane in nitrogen, dry and humidified air
(Reaction conditions: Temperature = ambient, power = 4 W, Concentration = 220 ppm, Flow rate = 100 — 190

ml/min).

The reaction rate constants are 0.83, 1.02 and 1.3 s~ for nitrogen, dry and humidified air,
respectively. This shows that longer residence time provides more contact time between the
energetic electrons and cyclohexane molecules in the DBD reactor. Therefore, residence time

plays a significant role in the decomposition of VOCs.

5.4 Summary

A dielectric barrier discharge (DBD) reactor was used to remove cyclohexane from an ambient
air gas stream as a function of carrier gas (nitrogen, dry and humidified air), specific input
energy (1.2 - 3.0 kJ/L), concentration (220 - 520 ppm) and residence time (1.2 - 2.3 s) at ambient
temperature and atmospheric pressure. The key findings were that in nitrogen, cyclohexane
decomposed mainly to Ho, lower hydrocarbons (C:-Cs) (“LHC”) and solid residue. In dry air,

CO, CO», and water were also formed. In humidified air, the water vapour had three effects:
(i) it reduced LHC whilst increasing the yields of H. and CO>

(ii) prevention of solid residue formation, presumably due to the formation of OH' radicals
(iii) increased conversion of the cyclohexane.

(iv) reduced CO formation
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(v) eliminated O3

Hence, the performance of DBD devices to remove cyclohexane, and perhaps other VOCs
would improve when operating in humid conditions, or when the inlet gas stream is humidified.
The maximum cyclohexane removal efficiency (98.2%) was achieved at specific input energy

of 3 kJ/L and a residence time of 2.3 s in humidified air.
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Chapter 6. Decomposition of benzene vapour using non-thermal plasmas:

effect of moisture content on eliminating solid residue

6.1 Introduction

In this chapter, a dielectric barrier discharge (DBD) reactor was used to decompose benzene in
dry and humidified air at ambient temperature and atmospheric pressure. The effect of process
variables such as plasma power (2-10 W) and moisture content (relative humidity of 0 - 40% at
20°C) on the removal efficiency of benzene, product selectivity, and elimination of the solid
residues in the reactor was investigated. Benzene was chosen as a model VOC compound

because of its abundance and significant adverse health effect.
6.2 Results and discussion

6.2.1 Effect of power and carrier gases

Plasma power and carrier gases have a key role in the decomposition of VOCs in dielectric
barrier discharge (DBD) systems. The effects of power and carrier gases were investigated on
the removal of benzene (removal efficiency) and product selectivity. The effects of plasma
power and carrier gases on the removal of benzene are presented in Figure 6.1. The plasma
power varied in the range of 2 -10 W, and the carrier gases were dry and humidified. The inlet
concentration of benzene was 350 ppm, and the residence time was 2.3 s.
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Figure 6.1 Effect of power on the removal efficiency of benzene (Reaction conditions: Temperature = ambient;
Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, Relative humidity = 25% at
20°C, SIE=1.2-6 kJ/L).
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The benzene removal efficiency increased from 16.8% to 56.8% and 24.5% to 77.9% when the
plasma power increased from 2 to 10 W in dry and humidified air. The plasma power increased
the number of highly energetic electrons in the DBD reactor (Wu et al., 2014; Zhu et al., 2015);
hence, the number of reactive species produced by the collisions between the energetic electrons

and the carrier gas molecules significantly increased, leading to benzene higher decomposition.

Figure 6.1 also shows benzene's removal efficiency in humidified air plasma was significantly
higher than in dry air. The hydroxyl radical (OH-) generated in humidified air plasma is a more
potent oxidant than the O radical (formed in dry air plasma) and can oxidise the VOC molecules
(Jiang et al., 2015). Therefore, the formation of more OH and O radicals at higher plasma power
increases the decomposition of benzene through oxidation of the benzene intermediates,

resulting in a higher removal efficiency and CO> selectivity.
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Figure 6.2 Effect of power on the energy yield of benzene decomposition (Reaction conditions: Temperature =
ambient; Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, Relative humidity =
25% at 20°C, SIE = 1.2 — 6 kJ/L).

Figure 6.2 shows the effect of plasma power on the energy yield of the process. It was observed
that as the plasma power and removal efficiency increased, the energy efficiency decreased.
Similar observations were reported in Chapter 4 and Chapter 5 of this work. To improve the
energy efficiency of the decomposition process, the plasma power needs to be optimized for

the desired removal efficiency.

The products of benzene decomposition using dry and humidified air carrier gases were CO3,

CO and lower hydrocarbons (C1-Cs). Solid residues and Oz were also formed.

88



Figure 6.3 demonstrates plasma power's effect on the selectivity to CO, and CO in dry and
humidified air.
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Figure 6.3 Effect of power on selectivity to (a) CO,, and (b) CO, (Reaction conditions: Temperature = ambient;
Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, Relative humidity = 25% at
20°C, SIE = 1.2 - 6 kJ/L).

As observed in Figure 6.3 (a) and Figure 6.3 (b), the selectivity to CO2and CO increases with
increasing plasma power in both dry and humidified air. The selectivity to CO2 and CO

increased from 4.0% to 10.8% and from 4.7% to 6.7% when plasma power increased from 2 to
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10 W in dry air, respectively. The selectivity to CO> was low because CO is rarely oxidised to

CO2 using dry air carrier gas in an NTP alone system (Ogata et al., 1999).

From Figure 6.3 (a) and Figure 6.3 (b), it can be observed that humidified air plasma exhibits
the highest selectivity to CO> (up to 51.3% at 10 W). In contrast, selectivity to CO remains
constant as the power increases from 6-10 W. In addition, the maximum selectivity to CO in
humidified air was around 3.1%. The humidified air plasma significantly reduced the
production of CO and enhanced CO; selectivity as power increased. The O and OH radicals
participated in the oxidation of the CO and the reaction intermediates produced during VOC
decomposition (Vandenbroucke et al., 2011). The introduction of water vapour to the non-
thermal plasma DBD system increases the selectivity to CO2 and decreases CO selectivity
(Thevenet et al., 2008).

The effect of plasma power on C1—Cs lower hydrocarbons selectivity in dry and humidified air

plasmas is shown in Figure 6.4.
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Figure 6.4 Effect of power on selectivity to C1-Cs (Reaction conditions: Temperature = ambient; Concentration =
350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, Relative humidity = 25% at 20°C, SIE=1.2 -6
kJ/L).

In dry and humidified air, the selectivity to C1—Cs lower hydrocarbons decreased as power
increased. The presence of OH and O radicals, which increased the selectivity to CO and CO>
in humidified air and dry air plasmas, could explain the decrease in selectivity to lower
hydrocarbons. The OH and O radicals can oxidise the reaction intermediates to CO, CO3, and
H-0, decreasing C1-Cs formation in humidified and dry air. As reported in the previous studies
of the NTP decomposition of benzene (Ye et al., 2008; Saleem et al., 20199), in this study,
solid residues were also formed. Here, dark brown and yellowish-brown solid residues, which

may foul the reactor over time, were deposited in the DBD reactor in dry and humidified air. In
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addition, the solid residues formed in the reactor can change the dielectric constant of the quartz,
resulting in the mechanical problem of the dielectric due to thermal energy built up in the NTP
system (Ye et al., 2008). The introduction of water vapour with RH of 25% (4.0 x 10 kg/m®)
at 20 °C reduced the mass of the solid residue from 37.1% in dry air to 18.6% in humidified air.
Therefore, there may be an optimum moisture content that can help in reducing/eliminating the
solid residue formation in the NTP-DBD system.

6.2.2 Effect of water vapour

The relative humidity was varied across the range of 0% - 40% at 20°C. Figure 6.5 shows the

effect of relative humidity on the removal efficiency of benzene.
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Figure 6.5 Effect of relative humidity on the removal efficiency of benzene (Reaction conditions: Power = 10 W;
Temperature = ambient, Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, SIE =
6 kJ/L).

Clearly, the removal efficiency of benzene increased with increasing relative humidity. The
benzene removal efficiency was 56.8% at RH of 0% at 20°C, which increased to 93.7% at RH
of 35% at 20°C. The increased removal efficiency of benzene could be due to the formation of
OH radicals in the humidified air. The water vapour plays a vital role as it provides H and OH
radicals via the electron impact dissociation of H,O molecules (Vandenbroucke et al., 2011,
Abdelaziz et al., 2018):

e+H,0 >e+OH +H R (6.1)
N,(A’Y,") + H,0 » N, + OH + H R (6.2)
e +0, > e+ 0(*D)+ 0(CP) R (6.3)
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0('D) + H,0 — 20H: R (6.4)

As the relative humidity increases, the OH radical concentration will increase, which leads to
higher removal efficiency of benzene and selectivity to CO». It has been reported that OH
radicals generated in humidified air plasmas are much more potent oxidants than the oxygen

atoms or peroxy radicals produced in the non-thermal plasma technique (Jiang et al., 2015).

Figure 6.6 shows the effect of increasing humidity on the conversion to CO and COo.
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Figure 6.6 Effect of relative humidity on selectivity to CO and CO- (Reaction conditions: Power = 10 W;
Temperature = ambient, Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, SIE =
6 kJ/L).

Clearly, increasing humidity is desirable here, as it increases CO., which is desirable as a non-
toxic product, and decreases CO. Note that the CO level at all powers is well below the
occupational exposure limit of 50ppm, as it is in the range of 3-18ppm. It was observed that
selectivity to CO- increased from 18.6% to 82.4% when the relative humidity increased from
0% to 35% at 10 W, respectively. The formation of more radicals such as OH and O at higher
relative humidity must account for the increase in selectivity to CO> (Raju. et al., 2013; Ma et
al., 2016). However, increasing the relative humidity further (between 40% to 80%) may

negatively affect the removal efficiency of alkanes and aromatic VOCs in NTPs.

The effect of increasing humidity on selectivity to C1-Cs is shown in Figure 6.7.
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Figure 6.7 Effect of relative humidity on selectivity to C1-Cs (Reaction conditions: Power = 10 W; Temperature
= ambient, Concentration = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s; SIE = 6 kJ/L).

The selectivity to C1-Cs hydrocarbons decreased with increasing relative humidity, as shown in
Figure 6.7. The presence of O and OH radicals in the plasma system suppressed LHC formation
or oxidised the LHC intermediates to CO..

However, increasing the relative humidity further (between 40% to 80%) may negatively affect
the removal efficiency of alkanes and aromatic VOCs in non-thermal plasmas. In this study,
the influence of increasing relative humidity above 35% (i.e., relative humidity of 40% at 20 °C
at 10 W) was investigated. The removal efficiency of benzene and CO; selectivity significantly
decreased from 93.7% and 82.4% to 81.4% and 69.8% as the relative humidity increased from
35% to 40% at 10 W, as shown in Figure 6.5 and, Figure 6.6 respectively. This indicates the
negative effect of excess water vapour on benzene decomposition. As the relative humidity
increases, more energetic electrons may be quenched by electronegative water molecules,
lowering the electron density and average energy in the discharge region, reducing active
species generation, which decreases removal efficiency and CO> selectivity (Jiang et al., 2016).
At higher relative humidity, the presence of water vapour may also change the plasma
characteristics, thereby reducing the total charge transferred in a micro-discharge of DBD
plasma and, as a result, decreasing the volume of the reactive plasma zone (Falkenstein et al.,
1997). The selectivity to lower hydrocarbons also decreased with increasing relative humidity

to 40%, as shown in Figure 6.7.

93



In this study, the maximum removal efficiency of benzene was about 93.7%, and the highest
CO; selectivity (82.4%) was achieved at a relative humidity of 35% (absolute humidity = 0.006
kg/m?®) at 20°C at 10 W. Hence, relative humidity of 35% at 20°C appears to be the most suitable
humidity in the range for the non-thermal plasma decomposition of benzene. Even though
maximum removal efficiency, CO- selectivity and elimination of solid residue were achieved
at 35% relative humidity, the carbon balance was the incomplete due possible formation of
condensable products. Therefore, the ice cooling trap method collected the condensable
products. The collected liquid phase sample was qualitatively analysed using GC-MS. The GC-
MS analysis revealed that the liquid-phase products consist of oxygenates such as 2-hexanone,

3-hexanone and 3-hexanol, respectively.

Summary of benzene removal efficiency and product selectivities is presented in Table 6.1.

Table 6.1 Overview of benzene removal efficiency and product selectivities. (Conditions: Total flow rate = 100
ml/min, Power = 10 W, Concentration = 350 ppm, SIE = 6 kJ/L, Relative humidity = 35% at 20°C).

Compounds Removal efficiency (%0) Selectivity (%0)
Benzene 93.7

CO; - 82.4

Cco - 3.0

Ci-Cs - 0.7

Oxygenates - 13.9

6.2.3 Ozone and NOx formation in the DBD reactor

In dry air, non-thermal plasma decomposition of VOCs unavoidably produces Osz. The
generation of O3 in the plasma DBD system is initiated through collisions between energetic

electrons and the oxygen molecules, which convert O into atomic oxygen:
e+ 0, > 0CGP)+ O0CP) +e(6.1eV) R(6.5) (Gudmundsson et al., 2013)
e+ 0, > 0CP)+0('D) +e(8.4eV) R(6.6) (Gudmundsson et al., 2013)

Furthermore, the reaction between the excited state of nitrogen and oxygen can produce
additional O radicals in the air, as shown in R (6.7) (Kogelschatz et al., 1997).

N,(A4%y#B%M,;)+0, >N, +0+0 R (6.7)

O3 can be formed through a three-body recombination reaction of molecular oxygen and atomic

oxygen, as shown in R (6.8).

0+0,+M—>0;+M R (6.8) (Zhu et al., 2014)
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The third body, M, can be oxygen or nitrogen or the surface of the dielectric in the DBD reactor
(Atkinson et al., 1997; Zhu et al., 2014). For a better understanding of the influence of water
vapour on the O3z concentration in benzene decomposition, it was evaluated across a range of

relative humidities, from 0% to 35% at 20 °C at constant power at ambient conditions.

O3 concentration (ppm)

0 10 20 30 40
Relative humidity (%6)

Figure 6.8 Ozone concentration as a function of relative humidity (Reaction conditions: Power = 10 W;
Temperature = ambient; SIE = 6 kJ/L).

The introduction of water vapour significantly decreased the ozone concentration. The ozone
concentration decreased from 7.3 ppm at 0% RH to 0.5 ppm at 35% RH at 20°C, as shown in
Figure 6.8. The introduction of water vapour into the DBD system causes the production of
hydroxyl radicals (OH), which would result in the rapid consumption of O atoms (Zhu et al.,
2014). The OH radical is the most desired reactive species since it is a powerful and non-
selective oxidant. It can react with most organic contaminants by either removing hydrogen
from alcohols and saturated aliphatic hydrocarbons or adding electrophilic H to unsaturated
hydrocarbons (Lukes et al.; Hama Aziz et al., 2017).

The addition of water vapour to the DBD suppressed ozone generation as a result of the
consumption of O(*D) (Ma et al., 2016). In addition, Oz concentration decreased due to an
increase in direct interactions between Oz and gas-phase radicals, including OH and H radicals.
The generation of OH and H radicals from electron impact dissociation of H>O was described
in R (6.1). Therefore, the O3z destruction reactions can be summarised as (Zhu et al., 2008;
Karuppiah et al., 2012):

0; + H - 0, + OH: R (6.9)
0; + OH - 0, + HO, R (6.10)
0; + HO;, — 20, + OH R(6.11)
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NOx is a common undesired by-product in the NTP decomposition of volatile organic
compounds, and its generation can cause severe environmental problems (Subrahmanyam et
al., 2006). NOx can be generated through the electron impact dissociation of N2/O> (dry air) as
described in R (6.12)-R (6.16) (Zheng et al., 2014; Zhu et al., 2014). However, the OH radicals
can oxidise NO to form HNO, as shown in R (6.17) (Zheng et al., 2013).

N,+e—>N+N +e R (6.12)
0,+e->0+0 +e R (6.13)
N+ 0 - NO R (6.14)
NO + 0 - NO, R (6.15)
0; + NO - 0, + NO, R (6.16)
OH + NO — HNO, R (6.17)

NOx concentrations were measured using Gastec Detector Tubes (detection limit = 0.1 ppm).
In this study, no traces of NOx were identified under all the experimental conditions. Similar
findings have been reported in the plasma-assisted decomposition of alkanes and aromatic
VOCs (Raju. et al., 2013). This could be due to the presence of water vapour in the reaction,
which provides more OH radicals in the plasma discharge, resulting in fast oxidation of the
VOC molecules (Zhu et al., 2014). In addition, OH radicals suppressed the formation of O3 in
the decomposition process, leading to the conversion of NOx to HNO.. In addition, OH radical
shut down the O3 containing route, as shown in R (6.10). Therefore, it is possible to eliminate
or reduce NOx concentrations below 0.1 ppm by controlling the amount of water vapour in the
carrier gas and plasma power.

6.2.4 Solid residue formation in the dielectric barrier discharge reactor

The formation of solid residues in the plasma-assisted decomposition of volatile organic
compounds is one of the major drawbacks limiting the full application of non-thermal plasmas
DBD reactors. Previous researchers have observed the formation of dark-brown and light-
yellow solid residues inside the dielectric barrier discharge reactor during benzene
decomposition (Guo et al., 2008; Saleem et al., 2019g). In addition, the appearance of
polymeric materials in the DBD reactor after benzene decomposition has been reported (Cal et
al., 2001; Ye et al., 2008).

In this study, solid residues were formed on the inner wall of the DBD reactor and the surface

of the inner tube in dry and humidified air carrier gases, as shown in Figure 6.9 (a) and Figure
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6.9Figure 6.9 (b). It was observed that the colour of the residue was dark brown in dry air
plasma and yellowish-brown in the humidified air carrier gas. Saleem et al. (2019g) reported
similar findings in the plasma-assisted decomposition of benzene using Hz and CO: carrier
gases. Karatum et al. (2016) reported the formation of dark-brown solid residue in the plasma-
assisted decomposition of ethylbenzene and toluene. However, Figure 6.9 (b) and Figure 6.9
(c) show how this deposition decreased with increasing humidity. The solid residue formation
is undoubtedly due to the oligomerisation reactions of smaller monomers and benzene itself to

oligomers (Saleem et al., 2019a).

() Dry air plasma

(c) Humidified air plasma (RH 35% at 20 °C )
Figure 6.9 Plasma DBD reactors after benzene decomposition in nitrogen, dry and humidified air carrier gases.

(a) Nitrogen plasma, (b) Dry air plasma, (¢) Humidified air plasma.

The name of the compound, chemical formula, and chemical structure of the composition of
the solid residues formed during the decomposition of benzene decomposition is presented in
Table 6.2.
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Table 6.2 Decomposition products identified by GC-MS in dry and humidified air

Name of compound Chemical formula  Chemical structure Dry air Humidified air

3-Hexanone CeH;,0 /\)OI\/ - +

2-Hexanone C4H,,0 )‘j\/\/ - +

3-Hexanol CxH,,0 /\/‘J’“\/ - +

2,4-Dimethylheptane CoH, w - +

Ethylbenzene C¢Hio @_\ + -

Ethynylbenzene CgHg @_\ + +

N\

Styrene CgHg < PN + —

Hydroperoxide,1- CeH,40, T o - +

ethylbutyl T

Hydroperoxide,1- CeHy40, \/\/L - +

methylpentyl oy

Pyridine, 3-methyl C¢H,N = + -
N/

Benzonitrile CeHgN f’\] + +

1,2-Propynylbenzene CoHg I@ + -

Nitrobenzene CcHsNO, = ‘ - +

%T\ =
2-Nitrophenol CcHsNO, " ii - +

" — ":not detected and " + " : detected



In dry air plasma, the composition of the solid residue includes aromatics such as ethylbenzene,
styrene, ethynylbenzene, benzonitrile, and 1,2-propenyl benzene. These are undesired products
in the plasma decomposition of VOCs. The introduction of water vapour (relative humidity of
25% at 20°C) reduced the formation of aromatics products and promoted the formation of
oxygenated products, including 3-hexanone and 2-hexanone, 3-hexanol, etc. The solid deposit
accounted for 37.1% of the carbon in the decomposition process in dry air plasma and reduced
t018.6% when water vapour with RH of 25% at 20°C was introduced to the DBD system at 10
W, 350 ppm and 2.3 s. This was probably due to the formation of OH radicals in the plasma. It
also implies that water vapour (relative humidity of 25% at 20°C) promotes the decomposition
process towards increasing the removal efficiency of benzene. The detailed peaks of the
products identified by the GC-MS are also shown in Appendix A-6.1 and A-6.2.

Previous work on the decomposition of VOCs using a non-catalytic and catalytic plasma system
described the residues as carbonaceous or aromatic deposits (Chen et al., 2009; Karatum et al.,
2016). The formation of solid residues during the decomposition process is a matter of concern
because their production may foul the dielectric barrier discharge reactor over a long operation
time and are undesirable by-products. Solid residue formation must be minimised or eliminated

for DBD plasma techniques to be more effective and efficient.

Here, increasing the relative humidity to 35% at 20°C removed the solid residue entirely,
indicating that humidification of the input stream could be a straightforward solution to the

problem, with various other benefits (reduction of ozone, CO, and lower HCs).

6.2.5 Benzene decomposition pathways in a DBD plasma system

Non-thermal plasmas consist of reactive species such as energetic electrons, atoms, ions, and
molecules. The highly energetic electrons generate excited species and gas-phase radicals. The
energetic electrons can react with VOCs to decompose them into various products such as
LHCs, CO2 and H20O (Lee et al., 2004; Hoseini et al., 2019). The average electron energy in a
typical non-thermal plasma DBD process is in the range of 1-10 eV (Yan et al., 2002; Fridman,
2008). Benzene is very stable, with a m —bond system. The bond dissociation energy (BDE) of
C-H and C=C bonds in benzene is 4.6 eV and 5.4 eV (Xu et al., 2014). The average electron
energy of the plasma system at 0%, 15%, 25% and 35% RH is 4.14, 4.49, 4.74 and 5.0 eV,
respectively, as evaluated using BOLSIG+ (See Appendix A-6.5) (Hagelaar et al., 2005). Note

that 4.6 eV is required to break the C-H bond in the aromatic ring of benzene.
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There is a range of possible benzene decomposition pathways in a non-thermal plasma DBD
reactor. Ring-opening and subsequent dehydrogenation of benzene by highly energetic

electrons to form the phenyl radical C4Hx is a common initial step (Jiang et al., 2018):
CcHg +e > H + CeHs + e R (6.18)

In addition to the direct benzene decomposition by energetic electron impact reactions,
collision-induced benzene decomposition by excited species such as N3, N can also lead to the

formation of phenyl radical as demonstrated in R (6.19):
C¢Hg + N3 > H' + CgHi + N3 R (6.19)

Furthermore, the electron impact dissociation of H,O and O> in the DBD system produces H,
OH and O radicals that can initiate the decomposition reaction through dehydrogenation of
benzene to form phenyl radical (C¢Hz) R (6.20) -R (6.22) (Jiang et al., 2018):

CeHg + H = H + H+CgHs R(6.22)

The ring derivatives of benzene, such as phenol, nitrobenzene, and 2-nitrophenol, can be formed
through the reaction between phenyl radicals and gas-phase radicals, as shown in R (6.23)-R
(6.25) (Lee et al., 2004; Ma et al., 2016).

C¢H; + OH' - C4H;OH R (6.23)
C¢H; + NO, - CgHsNO, R (6.24)
C¢H; + O + NO, —» C4HsNO; R (6.25)

The O and OH radicals can further oxidise the reaction intermediate to form C;H;OH, CO> and
H20 R (6.26) — R (6.30) (Jiang et al., 2018).

CeH: + 0> CO+ CsH: R (6.26)
CsH; + OH' > CcHOH R (6.27)
CsH:OH + OH - H,0 + C;H,OH R (6.28)
CsH,OH + 0, —» HO,+ CsH, O R(6.29)
CsH,O0 + 0 > CO, + C,Hy R (6.30)
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However, apart from the oxygenated products, the reactive species can react with the fragments
of model VOC and open a new pathway for the formation of lower hydrocarbons (C1-Cs4), CO
and CO, as shown in R (6.31)-R (6.35) :

C4Hy + OH - CO + C3Hsg R (6.31)
C3Hz + OH' —» CO + C,H¢ R (6.32)
C,Hg +e—>CH;+CH; +e R (6.33)
2CHz + 2H' - 2CH, R (6.34)
2CO + 05 - 2C0, R (6.35)

Moreover, the reaction intermediates can form higher hydrocarbons such as benzonitrile,

ethylbenzene, ethynylbenzene, 2, 4-dimethylheptane, 1, 2-propenyl benzene and pyridine, 3-
methyl as identified in the GC-MS analysis.

6.3 Comparative decomposition of hexane, cyclohexane, and benzene in different carrier

gases: understanding the effects of chemical structure

The removal efficiency of different Ce¢ VOCs (hexane, cyclohexane, benzene) in nitrogen, dry

and humidified air carrier gases is presented in Figure 6.10.
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Figure 6.10 Effect of power and carrier gases on the removal efficiency of HCB (a) nitrogen, (b) dry air, and (c)
humidified air (Reaction conditions: Temperature = ambient; Concentration = 350 ppm; Total flow rate = 100
ml/min; Residence time = 2.3 s, Relative humidity 25%).

It shows that the removal efficiency of hexane, cyclohexane and benzene increased with
increasing power regardless of the carrier gas used. Increasing the plasma power at constant
inlet concentration and residence time can increase the number of highly energetic electrons
and chemically reactive species (O, OH', N3) capable of initiating various reactions in the DBD

reactor, increasing the removal efficiency of VOCs (Zhu et al., 2015).

The order of the removal efficiency follows benzene < cyclohexane < hexane. The maximum
removal efficiency was achieved in humidified air plasma. It was noted that the oxidation power

of OH radicals is higher than excited O,, O or N2 species or other radicals generated in NTP
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reactors (Sun et al., 1997). The findings revealed that water vapour with a relative humidity of
25% at 20 °C significantly impacts the removal efficiency of the Ce series in the NTP-DBD
reactors. It has been reported that a relative humidity of about 30% increased the concentration
of OH radicals during the NTP decomposition of benzene (Kim et al., 2003). In addition to the
energetic electron-initiated decomposition of hexane, cyclohexane and benzene, the formation
of more reactive OH and O radicals at higher power opens new decomposition pathways via
oxidation of model VOCs and intermediates resulting in higher removal efficiency and CO>
selectivity in humidified air plasma. The enhanced average electron energy of the humidified
air is another factor affecting the reaction (nitrogen (3.85 eV), dry air (4.14 eV) and humidified
air (4.73 eV) as evaluated using BOLSIG+ (Appendix A-6.5) (Hagelaar et al., 2005)).
Therefore, the maximum removal efficiency obtained in humidified air plasma can be attributed
to its highest average electron energy and the formation of more reactive species (i.e., OH, O)

in the reactor.

Figure 6.10 shows that the removal efficiency is different in the decomposition of hexane,
cyclohexane, and benzene, indicating that the chemical structure of the model VOCs does play
an important role in the reaction under plasma conditions. As shown in Figure 6.10, hexane was
more easily decomposed than cyclohexane and benzene in all the carrier gases. This is due to
the differences in the chemical structure and bond dissociation energy of the model VOCs. The
strength of the chemical bond of the VOC molecules is one of the main parameters affecting
the removal efficiency of VOCs in the plasma system. The C-H and C-C bond dissociation

energy in the model, VOCs, are summarized in Table 6.3.

Table 6.3 Bond dissociation energy of hexane, cyclohexane, and benzene.

Model VOC Bond dissociation energy (eV)

C-H C-C
Hexane 4.25 3.74
Cyclohexane 4.32 3.82
Benzene 4.60 5.40

Among the Cs series of VOCs, the bond dissociation energy of the C-C bond in the benzene
ring (5.4 eV) is the highest, followed by that in cyclohexane (3.82 eV), and that in hexane (3.74
eV). Therefore, simple hydrocarbons, e.g., alkanes, are easier to decompose than cyclic alkanes
and aromatic VOCs. The carbon balance of some of the results of the plasma-assisted

decomposition of hexane, cyclohexane and benzene are presented in Appendix A-6.6.

One of the key factors restricting the broad application of non-thermal plasma DBD reactors is

the formation of solid residues in the plasma-assisted decomposition of VOCs. In this work,
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solid residues formed in hexane, cyclohexane, and benzene decomposition due to the
oligomerization of hydrocarbon radicals generated in the plasma reactor. Table 6.4 summarises
the solid residue formation in different carrier gases.

Table 6.4 Formation of solid residue in different carrier gases.

Carrier gas Model VOC
CeH14 CeH12 CeHs
Nitrogen Yellow Dark brown Dark brown
Dry air Yellow Yellow Dark brown
Humidified air (RH = 25% at 20 °C) Disappeared Disappeared Yellow and dark

brown

The solid deposition would cause operational problems by fouling and eventually blocking
pipework. Therefore, the solid residue must be eliminated in the plasma reactor to address this
problem. It has been observed that the introduction of water vapour with a relative humidity of
25% at 20 °C eliminated the formation of solid residue during the decomposition of hexane and
cyclohexane. The presence of OH radicals has probably caused this effect. However, solid
residue is also formed during benzene decomposition in humidified air under the same
experimental conditions. This may be due to the lower hydrogen weight fraction in the benzene
compared to hexane and cyclohexane. When the relative humidity is increased to 35%,
however, the solid residue was eliminated, indicating the amount of OH is important in the
plasma process and that the solid residue formed by the benzene was more intransigent than
that formed by the other species. Perhaps this indicates that it contained more aromatic bonds
than the other species’ solid residues, which seems likely. The OH' and H- generated through
dissociative electron collision with H20 can easily react with H abstracted from hexane or
cyclohexane. VOC molecules with a large number of hydrogens tend to be more reactive with
OH' or H'.

6.4 Summary

The decomposition of benzene in a DBD reactor was studied as a function of power and air
humidity at ambient temperature and atmospheric pressure. The removal efficiency of benzene
increased with increasing plasma power in both dry and humidified air plasma but was always
significantly higher in humidified air and was as high as 93.7% in 35% humidified air. The
benzene decomposition products were CO», CO, lower hydrocarbons (C1-Cs) and solid residue.
As power increased, the selectivity to CO and CO- increased, whereas C;:-Cs decreased. The

presence of water vapour had a number of desirable effects:

a. Significantly increased the removal efficiency of benzene
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b. Significantly reduced formation of C1-Cs
c. Increased selectivity to CO2 (up to 82.4%)
d. Eliminated solid residue formation

e. Reduced ozone formation

Proposed mechanisms for these effects are given within this paper in detail, but all centre on
the formation of OH radicals. The OH radical is highly reactive than oxygen excited species,
and its presence opens up various new reaction pathways for the decomposition of benzene into

smaller molecules, most of which are less toxic.

Overall, DBD performance in benzene decomposition, and therefore perhaps other aromatic
VOCs, can be greatly improved by optimising plasma power and carrier gas moisture content.
In particular, the elimination of solid residue by operating at higher humidities in this study
provides an effective solution to a problem limiting the full application of the DBD system for
VOC removal.
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Chapter 7. Plasma-assisted removal of methanol in N2, dry and humidified

air using a dielectric barrier discharge (DBD) reactor

7.1 Introduction

In this part of the research, a non-thermal plasma dielectric barrier discharge (DBD) was used
to remove methanol from ambient air. The effects of carrier gases (N2, dry and humidified air),
power (2-10 W), inlet concentration (260-350 ppm), and residence time (1.2-3.3 s) were
investigated to evaluate the performance of the plasma DBD reactor in terms of removal
efficiency, product selectivity and elimination/reduction of unwanted by-products. Pathways
for the decomposition of methanol in the NTP-alone system using different atmospheric gases

have been explored.
7.2 Results and Discussion

7.2.1 Effect of carrier gases and power

The effect of power on the removal efficiency of methanol in N2, dry, and humidified air is
shown in Figure 7.1. The input power significantly affects the performance of the reaction
regardless of the carrier gas used. In N2 carrier gas, methanol decomposition increases from
27.6% to 71.3% when the input power is increased from 2 W to 10 W (SIE = 1.7 — 8.6 kJ/L).
This is generally expected because as the input power increases, the number of the energetic
electrons increases, increasing the number of excited species, ions, and free radicals due to the
collision between these energetic electrons and gas molecules (Saleem et al., 2019d). Therefore,
the reaction probability between the reactive species and CH3OH molecules in the discharge

zone increased (Wang et al., 2019).
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Figure 7.1 Effect of power in different carrier gases as a function of removal efficiency of methanol (Reaction
conditions: Temperature = ambient; Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time =
3.3 s, SIE = 1.7 — 8.6 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3
measurement results).

The maximum methanol removal efficiency of 96.7% was achieved in dry air, followed by
humidified air (77.7%) and N2 (71.3%) at 10 W and 3.3 s. This was due to the action of the O
radical in dry air, which dominates the plasma system's decomposition process. The average
electron temperature of dry air is 4.14 eV, which is higher than the 3.85 eV mean electron
energy of pure nitrogen (Luo, 2004). It is well known that the decomposition of dilute volatile
organic compounds in dry air plasmas is initiated by the direct electron impact dissociation of
N2 and O to form chemically reactive species such as N, N,(A3Y,, %), O, and O(*D) for the
conversion of VOCs and intermediates into H20, CO, CO., and other by-products (Zhu et al.,
2016b). Therefore, the generation of higher discharges in dry air plasma can lead to the
formation of excited species such as O-radicals, excited N2 and metastable N, (A%Y,, ™) (Sato et

al., 2005). This resulted in a more significant increase in the conversion of methanol.
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Figure 7.2 Effect of power and carrier gases on the energy yield (Reaction conditions: Temperature = ambient;
Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 1.7 — 8.6 kJ/L, Relative
humidity = 24%, Error bars represent the standard deviation = ¢ for 3 measurement results).

Figure 7.2 shows the effect of power and carrier gases on the energy yield of the plasma reaction
process. The energy yield significantly decreased as the power increased from 2 to 10 W in all
the carrier gases. For example, the energy yield decreased from 0.11 to 0.04 (g/kWh) with
increased plasma power from 2 to 10 W in dry air plasma, which was inconsistent with previous
results in Chapters 4-6. Previous studies have reported similar findings (Wang et al., 2016;
Saleem et al., 2021a).

Carbon dioxide, carbon monoxide, methane, ethane, n-butane, butene, and hydrogen were
produced in all carrier gases. Previous investigations reported only the production of CO, CO>

and H: as the major products formed in dry or humid air carrier plasma (Shuji Tanabe, 2000).

The effect of power in different carrier gases as a function of selectivity to CO2, CO, C,-Cy,

CHa, and H> yield is presented in Figure 7.3 - Figure 7.4.
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Figure 7.3 Effect of power in different carrier gases as a function of selectivity to CO; (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE =
1.7 — 8.6 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement

results).
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Figure 7.4 Effect of power in different carrier gases as a function of selectivity to CO (Reaction conditions:

Temperature = ambient; Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE =

1.7 — 8.6 kJ/L, Relative humidity = 24%, Relative humidity = 24%, Error bars represent the standard deviation +

o for 3 measurement results).
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Figure 7.5 Effect of power in different carrier gases as a function of selectivity to C,-C4 (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE =

1.7 — 8.6 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement
results).
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Figure 7.6 Effect of power in different carrier gases as a function of selectivity to CH4 (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE =

1.7 — 8.6 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement
results).
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Figure 7.7 Effect of carrier gases and power on yield of H, (Reaction conditions: Temperature = ambient;
Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 1.7 — 8.6 kJ/L, Relative

humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).

As presented in Figure 7.3 - Figure 7.4, increasing the input power increases product selectivity,
indicating that the high input power directly enhances the product selectivity due to the high
number of energetic electrons. The relationship between electron energy distribution function
(EEDF) and electron energy indicates that the higher the mean electron energy is, the more
electrons with higher energy will be generated (Michelmore et al., 2013). Electron impact
dissociation has been reported to play a significant role in decomposing VOCs to produce CHs
radicals, which recombine to produce higher hydrocarbons (Saleem et al., 2019a). These
findings indicate that the presence of O in dry air favoured the formation of CO and suppressed

hydrocarbon formation.

Figure 7.5 and Figure 7.6 also show that higher input power resulted in higher selectivity to Co-
Casand CHa in all the carrier gases. For instance, C2-C4 selectivity increased from 5.1% to 16.6%
in N2, and CHjs selectivity increased from 9.7% to 17.9% in dry air. The selectivity to C»-Cs
(C,Hg, C4H o and C4Hyg) is higher in N2 plasma than in dry and humidified air, especially at
higher input power. This is because the presence of the O radical in dry air opens up routes to
CO formation instead. The maximum selectivity to C>-C4 was observed in N> plasmas. This
was due to enrichment in CHjs radicals compared to other carrier gases tested here, which can
be converted to CHa, CoHe, CoHs, CsHg, and CsHio (see section 7.2.4 ). In N2 plasma, the
probability of collision between CH3OH and various excited N2 species (e.g. metastable state
nitrogen N, (A3Y,*) ) are higher, leading to more CHj radicals at higher residence time. The

CHzs can be dimerised to form CzHs, and CH4 can be generated through the hydrogenation
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reaction of CHz, as shown in R (4)-R (5) (Kim et al., 2014b). However, the selectivity to C»-Cs
is lower in dry and humidified air when compared with N2 plasma. This is because the presence
of O and OH radicals in dry and humidified air oxidises the intermediate species to CO and
CO2 (Zhu et al., 2016b). At the same time, the excited N, metastable Nz, can be
guenched/consumed by oxygen species to form ground state N> and NOx (NO + NOy). It is
significant to note that NOx was not detected in the present study. Furthermore, as the input
power increases, methanol decomposition leads to a higher yield of H> through recombination
reaction of H-radicals or dissociation of CH3OH (Kim et al., 2014a; Zhang et al., 2015b).

In humid air, this route is joined by other routes based on the OH radical formed from the
dissociation of H20, which promotes CO» formation. In addition, O and OH radicals can also
oxidise hydrocarbon species and CO leading to higher CO2 selectivity (Trushkin et al., 2013).
The presence of water vapour reduces the methanol removal efficiency. This is probably due to
the opening up of the reverse reaction OH + CHs to CH3OH. Also, greater humidity reduces
the transfer of charges between the electrodes, leading to a decrease in effective plasma volume,
(Petitpas et al., 2007) which leads to a higher reduction of the plasma electric field (Van Durme

et al., 2009), which would also decrease the removal efficiency.

However, water addition increased the selectivity to CO2 and CHs and the yield of Ha, rather
than CO and longer hydrocarbons. The increase in CO; selectivity is due to the more rapid
oxidation of CO to CO- by the OH radical than by the O- (dry air) or N2* (in nitrogen only).
Clearly, introducing water vapour to the NTP-alone system could (i) reduce CO generation, (ii)
reduce Oz concentration, (iii) increase the yield of Ho, and (iv) increase CO. selectivity.

Detailed mechanisms of the methanol decomposition pathways are presented in 7.2.4.

The formation of solid residues during the decomposition process is a source of concern because
they can foul the DBD reactor over time and are undesirable by-products. Solid residue
formation must be reduced or eliminated for DBD plasma techniques to be more effective and
efficient (Saleem et al., 2019c; Saleem et al., 2020). In this work, no solid residue was formed
in the DBD reactor in all the tested carrier gases. This could be due to the influence of operating
conditions, reactor configuration and nature of the model VOC (i.e., CH3zOH), which produced
more OH- radicals through the dissociation of methanol during the decomposition process. In
the NTP decomposition of VOCs, reactive species such as OH, O and H radicals can be
generated due to the impact of energetic electrons on the VOC molecules and the carrier gases.
The electrons have mean energies in the range 1-10 eV (Petitpas et al., 2007). Therefore, in
methanol decomposition, OH radicals can easily be generated from the electron impact
dissociation of CHsOH. It has been reported that OH and O radicals are potent oxidants
112



produced in the non-thermal plasma technique (Jiang et al., 2015). The OH, H and O radicals
generated in the plasma reactor can convert methanol and its intermediates to CO, CO., Hz and
H20. In addition, the methanol produces OH radicals that can break down C and more complex
hydrocarbons that form the solid deposits. Another reason for the elimination of solid residue
is the shorter discharge gap used in this study compared with the larger discharge gap from
previous studies. The shorter discharge gap can significantly increase the electric field strength,
which could increase the number of energetic electrons the energy in the plasma discharge zone
(Ma et al., 2015). The shorter discharge gap (1.5 mm) can facilitate the generation of more OH
radicals from electron impact dissociation of CH3OH, increasing the removal efficiency and

fast oxidation of carbon species to CO and CO..

7.2.2 Effect of CH30OH concentration

Figure 7.8 shows the effect of CH3OH concentration on the removal efficiency in N2, dry, and
humidified air. The inlet concentration of CH30H was varied over the range of 260-350 ppm
with a total gas flow rate of 70 ml/min (residence time of 3.3 s) and input power of 6 W at
ambient temperature and atmospheric pressure. It was observed that the removal efficiency of
methanol decreased with increasing the inlet concentration of CH3OH regardless of the carrier

gas used.
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Figure 7.8 Effect of concentration on removal efficiency of methanol in N, dry and humidified air (Reaction
conditions: Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE =

5.1 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).

For instance, the removal efficiency of methanol in N, dry and humidified air plasmas are
55.4%, 86.0% and 62.6% at an inlet concentration of 260 ppm, respectively. However, these
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values decreased to 28.6%, 55.4% and 36.5% when the inlet concentration increased to 350
ppm. This is because the number of methanol molecules flowing into the DBD reactor increases
while discharge length, input power, and residence time remain fixed. As a result, the
undecomposed VOC molecules have a greater probability of leaving the DBD reactor discharge

area unreacted.

The effect of CH30H inlet concentration on selectivity to CO2, CO, C,-C4, CHa, and Hy yield
in different carrier gases is presented in Figure 7.9 -Figure 7.13.
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Figure 7.9 Effect of concentration on selectivity to CO2 in N2, dry and humidified air (Reaction conditions:
Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 5.1 kJ/L,

Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.10 Effect of concentration on selectivity to CO in N, dry and humidified air (Reaction conditions:
Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 5.1 kJ/L,

Relative humidity = 24%, Error bars represent the standard deviation = ¢ for 3 measurement results).
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Figure 7.11 Effect of concentration on selectivity to CHa4 in N2, dry and humidified air (Reaction conditions:
Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 5.1 kJ/L,
Relative humidity = 24%, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3

measurement results).
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Figure 7.12 Effect of concentration on selectivity to C»-C4 in Ny, dry and humidified air (Reaction conditions:
Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 5.1 kJ/L,

Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.13 Effect of concentration on yield of Hz in Ny, dry and humidified air (Reaction conditions:
Temperature = ambient; Power = 6 W; Total flow rate = 70 ml/min; Residence time = 3.3 s, SIE = 5.1 kJ/L,

Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).

The selectivity to CO. decreased with increasing CH3OH inlet concentration. For example,
increasing CH3OH inlet concentration from 260 ppm to 350 ppm resulted in a considerable
decrease in CO; selectivity from 25.3% and 10.1% in dry air plasma. The selectivity to CO
increased as the CH3OH inlet concentration increased from 260 ppm to 320 ppm in all the
carrier gases and then decreased when methanol concentration increased to 350 ppm. In
humidified air plasma, an increase in CHs selectivity from 15.8 to 17.9% was observed when
methanol concentration increased from 260 to 320 ppm, as shown in Figure 7.11. The
selectivity to C»-Cs4 decreases as the CH3OH inlet concentration increases, as more CHs radicals
are produced, which react with H-radicals to form CHs (see mechanisms in section 7.2.4).

The H> yield decreases as the CH3OH inlet concentration increases from 260 to 350 ppm. This
Is because, at higher concentrations, the number of energetic electrons, excited species, and gas-
phase radicals is reduced per methanol molecule, resulting in a more significant reduction in
the yield of Hz in the decomposition process. Furthermore, more VOC molecules were
subjected to the discharge zone at higher concentrations, while the concentration of energetic
electrons, excited species, and gas-phase radicals remained constant (Chen et al., 2014; Norsic
et al., 2018).

7.2.3 Effect of residence time

Figure 7.14 shows the effect of residence time on the removal efficiency of methanol in N,

dry, and humidified air carrier gases. The removal efficiency of methanol significantly
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increased from 29.6%, 32.4%, 50.8% at 1.4 s to 55.4%, 62.6%, and 86.1% at 3.3 s in Np,
humidified and dry air carrier gases, respectively. Clearly, the removal efficiency of methanol
significantly increases with increasing residence time in all carrier gases.
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Figure 7.14 Effect of residence time on the removal efficiency of methanol in N2, dry and humidified air
(Reaction conditions: Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power = 6

W, SIE = 2.3 - 5.1 kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3
measurement results).

The VOC molecules have more time to interact with the reactive plasma-generated species at
higher residence times, increasing removal efficiency(Saleem et al., 2018). The maximum
removal efficiency of methanol achieved was 86.1% at 3.3 s in dry air plasma.

The effect of residence time on selectivity to CO2, CO, C»-C4, CH4, and H: yield in different
carrier gases is presented in Figure 7.15 - Figure 7.19.
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Figure 7.15 Effect of residence time on selectivity to CO- in N, dry and humidified air (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power =6 W, SIE=2.3-5.1
kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.16 Effect of residence time on selectivity to CO in N, dry and humidified air (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power =6 W, SIE=2.3-5.1

kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.17 Effect of residence time on selectivity to C,-C4 in N2, dry and humidified air (Reaction conditions:

Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power =6 W, SIE=2.3-5.1

kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.18 Effect of residence time on selectivity to CH4 in Ny, dry and humidified air (Reaction conditions:

Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power =6 W, SIE=2.3-5.1

kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).
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Figure 7.19 Effect of residence time on selectivity to C,-C4 in N2, dry and humidified air (Reaction conditions:
Temperature = ambient; Concentration = 260 ppm; Flow rate = 70 -160 ml/min; Power =6 W, SIE=2.3-5.1
kJ/L, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3 measurement results).

The product selectivity and H: yield increased with residence time. The CO; selectivity and H>
yield increased from 17.3%, 14.4% to 25%, and 43.2% as the residence time increased from
1.4 to 3.3 s in humidified air. The selectivity to CO and yield of H increased due to more
reaction/collision time between the energetic electrons, gas-phase radicals (OH:, O-and H")

and the methanol molecules in the plasma zone.

7.2.4 Mechanisms of methanol decomposition using NTP-plasma

In a dielectric barrier discharge (DBD) plasma, discharge occurs in three stages: breakdown,
quasi-equilibrium, and non-equilibrium (Kogelschatz, 2003). Non-equilibrium plasmas cause
the formation of excited species, ions, and radicals. The average electron energy in the DBD
system is between 1 and 10 eV (Petitpas et al., 2007). The excited species such as N2, N2(A),
N,(A%Y, ™), Oz and radicals (O, H and OH) could be generated through continuous collision
with the energetic electrons produced in the DBD plasma reactor as reported in Chapter 5. The
plasma-assisted decomposition of VOCs in N2, dry and humidified air carrier gases can be
initiated in three pathways: electron-impact decomposition reactions e*, collisions with excited
species such as N2 and O, and reactions with gas-phase radicals, such as O, H or OH. The C-
O, C-H, and O-H bond dissociation energies of CH3zOH are 3.638 eV, 4.291 eV, and 4.768 eV,
respectively (Qi et al., 2019). Therefore, electrons, excited species, and gas-phase radicals with

energies above 3.638 eV could break the strong C-O bond in methanol, generating
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intermediates that are further converted to gaseous products such as CO2, CO, CH4, Hz, and C»-

C4 hydrocarbons.

Methanol decomposes to species such as CH;*, CH,OH, and CHOH through electron-impacted
reaction as shown in R(7.1)-R(7.3) (Han et al., 2006).

CH;0H + e > CHy + OH' + e R(7.1)
CH;0H + e - CH,OH + H + e R(7.2)
CH;0H + e > CHOH + H, + e R(7.3)

Once produced, CHs can easily react with H radicals to form CH4 through hydrogenation
reaction R(7.4) (Kim et al., 2014a). CHz can also dimerise to form longer hydrocarbons such
as CzHs, CoHs, C4Hg, and C4Hio through hydrogenation and coupling reactions between the

CmHn species at low temperatures, as shown between R(7.4)- R(7.8).

CH; +H - CH, R(7.4)
CH; + CH; — C,Hg R(7.5)
C,H¢ +H —» C,Hs + H, R(7.6)
C,Hs + C,Hs - C4Hy R(7.7)
C,Hip+e - C4Hg +H, +e R(7.8)

CH2O is unstable in NTPs, (Zhang et al., 2015b) and can be converted to CO and H> via electron
impact dissociation reaction, as shown in R(7.9) (Han et al., 2006).

CHOH +e —» CO+H, +e R(7.9)

It has been proposed that the direct collision of methanol molecules with excited species and
gas-phase radicals could open up a new decomposition pathway, as shown in R(7.10)-R(7.14)
(Lee et al., 2013).

CH;OH + N, N, (A) > CH; + OH' + N, N, R(7.10)
CH;0H + N,N,(A) > CH;0' + H+ N, N, R(7.11)
CH,OH + N,N,(A) > CH,O0H  + H+ N, N, R(7.12)
CH;0H + 0,0('D) - CH,OH" + OH: R(7.13)
CH5O0H + 0,0(!D) - CH;0 + OH: R(7.14)

The addition of water vapour to non-thermal plasma DBD reactors provided new insights into

the methanol decomposition pathway. Here, the radicals H- and OH- are generated through the
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electron impact dissociation and excitation reaction of H.O molecules as shown in R(7.15) —
R(7.18) (Vandenbroucke et al., 2011; Abdelaziz et al., 2018).

H,0+e —>OH +H+e R(7.15)
N,(A3Y, ") +H,0 > N, + OH + H: R(7.16)
e +0, » e+ 0('D) + 0CP) R(7.17)
0(*D) + H,0 — 20H R(7.18)

The OH, O and H radicals generated can convert methanol to CO», H> and H>O as shown in
R(7.19) — R(7.22). It is important to note that the introduction of water vapour with a relative

humidity of 24% at 20 °C increased CO., CH4 and Hz and decreased CO and longer hydrocarbon

selectivities.

CH;0H 4 OH' - CH,O0H' + H,0 R(7.19)
CH;0H + OH' = CH50" + H,0 R(7.20)
CH5;0H — 2H, + CO R (7.21)
CO + H,0 = H, + CO, R(7.22)

The CH30OH decomposition pathway R(7.21) is followed by H2O gas shift reaction R(7.22)
when water vapour is added to the DBD process, leading to increased CO> selectivity and H>
yield (Zhang et al., 2016). The H radical produced through the dissociation of CH3OH can
recombined with the H radical generated from the dissociation of H.O to form more Ho, as
shown in R(7.23).

H +H - H, R(7.23)
CHOH + H' - HCO + H, R(7.24)
H +HCO-+e —-H, +CO R(7.25)

Another reason for the increased H> is that during methanol conversion using non-thermal
plasma, Ha is also produced through the reaction of CH>O with H radicals as in R(7.24), and
HCO can further react with H radical to form H> and CO, as in R(7.25) (Kim et al., 2014a).
This agrees with the experimental findings that H> yield increased and CO decreased with

plasma power when water vapour was introduced.

The interaction of H20O with CH3OH is also known to be a significant pathway for the
production of H2 and CO2 R(7.26) (Zhang et al., 2016).

CH;0H + H,0 — 3H, + CO, R(7.26)
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Shuji Tanabe (2000) also reported that, apart from methanol decomposition to Hz and CO, as
shown in R(7.21), there was another reaction pathway: that between H>O and CH3OH, leading
to CO2 and Hx (see R(7.26)). In addition, water vapour increased the selectivity to CO>
(Thevenet et al., 2008). The O and OH radicals can oxidise CO to COg, as shown in R(7.27)
and R(7.28) (Atkinson et al., 1997), and hydrogen radicals can recombine to form Hz (R7.29)
(Panda et al., 2020).

CO + OH: - CO, +H R(7.27)
CO + 0 - CO, R(7.28)
H +H - H, R(7.29)

Based on the analyses above, the methanol decomposition pathways are summarised in Figure
7.20.

o

/ €02 > (o,

-H _
CH;0H — CH,0H—> cH,0 H> HCO —— H,
H
OH

+

> C2H6 C2H5 +C2H5 > C4H10 ?C4H8 + H2

3
+CH,4 )

-H

Figure 7.20 Decomposition pathways of methanol.

7.2.5 Ozone and NOx formation

Ozone is one of the main by-products formed in non-thermal plasma DBD abatement of VOCs
using dry air. Os formation can be initiated in a DBD plasma via collisions between energetic

electrons and oxygen molecules, as shown in R(7.30) -R(7.31) (Gudmundsson et al., 2013).
e+ 0, > 0CGP)+ O0CP) +e(6.1eV) R(7.30)
e+ 0, > 0CP)+0('D) +e(84eV) R(7.31)

Furthermore, O3 can also be generated through a three-body recombination reaction of atomic
oxygen O and molecular oxygen, as shown in R(32). (Zhu et al., 2014) The third body M can

be oxygen or nitrogen molecules in the dry air carrier gas.
0+0,+M->0;+M R(7.32)

Here, the influence of input power on ozone formation at constant CH3OH concentration (260
ppm) and residence time (3.3 s) in dry and humidified air carrier gases were studied. The O3

concentrations from the outlet of the DBD reactor were measured using the standard K1 solution
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method as described by Yulianto et al. (2019). The Oz concentration as a function of input

power using dry and humidified air carrier gases is presented in Figure 7.21.
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Figure 7.21 Ozone concentration as a function of input power (Reaction conditions: Temperature = ambient;
Concentration = 260 ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s; SIE = 1.7 — 8.6 kJ/L; Carrier gas
= dry and humidified air, Relative humidity = 24%, Error bars represent the standard deviation + ¢ for 3
measurement results).

The ozone concentration increased with input power in dry air. The Oz concentration increased
from 2.4 ppm (2 W) to 10.2 ppm (10 W) at constant inlet methanol concentration (260 ppm)
and residence time (3.3 s) in dry air. However, ozone concentration initially increases when the
plasma power increases from 2 to 6 W and decreases when plasma power increases (8- 10 W)

in humid air plasma.

The introduction of water vapour significantly reduced the ozone concentration at every point
and kept it below 3 ppm. Water addition reduces the production of ozone due to the utilisation
of 0(*D) by H20, the primary source of ozone formation (Zhu et al., 2008). H,O decreased the
O3 concentration by quenching the energetic electrons (Huang et al., 2011). On the other hand,
the O3z concentration decreased due to an increase in direct interactions between Oz and gas-
phase radicals such as OH, H and HO;, radicals. As a result, the O3 destruction reactions can be
summarised as follows: R(7.33)-R(7.35) (Zhu et al., 2008; Karuppiah et al., 2012).

05 + OH = 0, + HO, R(7.34)
0, + HO, — 20, + OH- R(7.35)

In the plasma-assisted decomposition of VOCs, the formation of NOx is a significant health
and environmental concern (Subrahmanyam et al., 2006) and decreases the efficiency of the
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abatement process (Karatum et al., 2016). In dry air plasma, NOx can be formed via the electron
impacted dissociation reaction of N2/O> as shown in R(7.36)-R(7.40) (Zheng et al., 2014; Zhu
etal., 2014).

0,+e->0+0 +e R(7.36)
N,+e—>N+N +e R(7.37)
0+ N - NO R(7.38)
0 4+ NO - NO, R(7.39)
NO + 03 = 0, + NO, R(7.40)

The excited N2 or metastable N2 species can be quenched/consumed by oxygen species to form
ground state N2 and NOx (NO + NOy) (Harling et al., 2009). In this work, the DBD outlet NOx
concentrations at a steady-state were measured using Gastec detector tubes (detection limit =0.1
ppm). NOx was not detected in any of the tested experimental conditions; hence, it is below 0.1
ppm and is therefore not at problematic levels. This could be due to more OH radicals in the
decomposition process generated from the electron impact dissociation reaction of CHsOH and
H-0, which provides more OH radicals in the plasma discharge, resulting in the conversion of
VOC intermediates to CO2, H>O and Hz (Zhu et al., 2014). Furthermore, the OH radicals can
oxidise NO to form HNO, as shown in R(7.41) (Zheng et al., 2013).

NO + OH — HNO, R(7.41)

Since OH and H radicals can shut down the ozone pathway, as shown R(7.33-7.34), it is
possible to eliminate or reduce NOx concentrations to below 0.1 ppm by preventing reducing
ozone formation either by operating the DBD reactor at low flow rates and low plasma power,
or by the introduction of water vapour with a relative humidity of 24%. It is important to note
that operating a DBD reactor at very flow rates and low plasma power can increase the specific
input energy and residence time, which can affect the product distribution. The carbon balance
analysis is presented in Appendix A-7.1.

7.3 Summary

A dielectric barrier discharge (DBD) plasma system was used to remove methanol from gas
streams at ambient temperature and pressure. The system was studied with carrier gases of dry
air, humidified air and nitrogen to determine the respective roles of N2, Oz and H2O. The plasma
power (2-10 W), CH3OH inlet concentration (260-350 ppm), and residence time (1.4-3.3 s)

were varied for each gas. The removal efficiency of methanol increased with input power and
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residence time regardless of the carrier gas used and decreased with increasing CH3OH inlet
concentration. The maximum removal efficiency of methanol (96.7%) was achieved at 10 W
and a residence time of 3.3 s in dry air plasma. The methanol removal efficiency increased in
the series: N> < humidified air < dry air. In dry air plasma, the findings suggest that the action
of O radicals dominates the methanol decomposition. Methanol was converted to CO3, Ha, and
various hydrocarbons (CH,, C,Hg, C4,H; and C,Hg). The N2 carrier gas exhibited the highest
selectivity to C»-C4 hydrocarbons due to the absence of O and OH, which could decompose
hydrocarbons. CO, and CO production was lower in N> than the other carrier gases, again
because of the absence of O and OH radicals, which resulted in higher selectivity to
hydrocarbons. The introduction of H2O (RH= 24% at 20°C ) into the carrier gas reduced the
removal efficiency but significantly improved selectivity toward CO2 and H.. There were
various other benefits to the presence of H-O, including significant reductions in both O3z and
CoO.

The reaction mechanisms for the various decomposition pathways of methanol have been
hypothesised, including electron impact decomposition reaction, direct collision with excited
species, and reaction with gas-phase radicals such as O, H or OH. The role of the OH radical
can largely explain the effects of H2O inclusion. Furthermore, no solid residue was formed in
the DBD reactor in all the carrier gases. Overall, the dry air plasma exhibited the highest
removal efficiency, but the humidification, although it decreased the removal efficiency,
significantly reduced various typically unwanted species, including CO and Oz, whilst

increasing the more desired (less toxic) species, such as CO2 and Ho.

7.4 Analysis of the overall performance of the DBD reactor

Table 7.1 provide the overall assessment of the performance of the developed DBD reactor
compared with the conventional methods of VOC decomposition in terms of removal efficiency

and the formation of unwanted by-products.
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Table 7.1 Overall assessment of the performance of the developed DBD reactor compared with other

conventional methods

Treatment
technique

Removal
efficiency %

Secondary
by-products

Comments

References

NTP-DBD

Biofiltration

Thermal oxidation

77-98

60-95

95-99

Solid residue

Ozone

Biomass

Combustion
products

127

Flexible and
simple reactor
design

Low energy
consumption
Work with
mixture of gases
(vOC and
carrier gases)
Higher removal
efficiency and
product
selectivity have
been achieved at
low plasma
power (10 W)
The reactor
operates close to
room
temperature
Convert  toxic
VOCs to
environmentally
friendly product
Solid deposition
and 0zone
formation were
eliminated in
the presence of
humid air

NOx was below
the  detection
limit

Selective  and
slow
decomposition
process

Longer
retention time
No recovery of
materials

Require
additional
control of
process
equipment
Re-emission of
VvOC after
treatment

High energy
consumption
Produce high
NOx and ozone

This study

(Steinberg et al.,
2005)

(Choi et al., 2000)



Condensation 70-85 Condensate
Catalytic 90-98 Ozone and NOx
oxidation Solid residue
Adsorption 80-90 Spent carbon

Requires  post
treatment  and
frequent  turn
around
maintenance
Require
extensive
cooling (not
economical)
Good product
recovery

Only applicable
for VOCs with
boiling  points
above 33 °C

Catalyst
deactivation
High cost of
catalyst
replacement
Some
compounds can
poison the
catalyst

Susceptible to
moisture
Blockage of the
pores, thereby
decreasing
treatment
efficiency

(Belaissaoui et al.,
2016; Uria-
Tellaetxe et al.,
2016)

(Azalim et al.,,
2011)

(Tian et al., 2016)

In addition, the selected results of this work are summarized and compared with previous

studies of the plasma-assisted decomposition of VOCs, as shown in Table 7.2
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Table 7.2 Comparison of selected removal efficiency (RE) and energy yield (EY) for this study with previous

studies.
VOCs -rrgiioo: NTP Carrier gas (C;E)m) (I?)/E) )I?ich!I’gy References
(9/kWh)
Hexane DBD Nitrogen 350 756 057 This study
Dry air 350 849 0.64
Humid air 350 94.4 0.71
Hexane DBD Air15% O, 367 78.0 0.80 (Jin et al., 2016)
(N2 balance)
Hexane CD Air 500 57.0 ND (Marotta et al., 2007)
Hexane GAD Air 968 81.0 ND (Yan et al., 2007)
Nitrogen 968 57.0 ND
Argon 968 56.0 ND
Cyclohexane DBD Nitrogen 220 914  0.28 This study
Dry air 220 95.7 032
Humid air 220 98.2 047
Cyclohexane GAD Air 05,1% 925 ND (Miotek et al., 2015)
vol.
Benzene DBD Dry air 350 56.8 0.12 This study
Humid air 350 77.9 0.15
Benzene DBD Humid air 276 45 3.90 (Yeetal., 2008)
(RH =70%)
Benzene DBD Dry air 200 75 5.70 (Kim et al., 2008)
(5% Oy)
Benzene DBD Air 500- >09.9 ND (Cal et al., 2001)
RH = o 2700
90%)
Benzene DBD Dry air 100 90 1.50 (Lee et al., 2004)
Benzene DBD Air 95 58 0.50 (Karatum et al., 2016)
Benzene DBD Humid air 500 75 15.2 (Ma et al., 2016)
Methanol DBD Nitrogen 260 71.3 0.02 This study
Dry air 260 96.7 0.04
Humid air 260 77.7  0.03
Methanol DBD Nitrogen 18 74 5.00 (Wang et al., 2016)
mol%
Methanol DBD Nitrogen/Air 446 44 1.30 (Wang et al., 2019)
Methanol SDBD Dry air 50 60 0.16 (Norsic et al., 2018)
Humid air 50 43 0.12
(RH= 35%)
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The developed DBD reactor in this study enhanced the removal efficiency of VOCs such as
cyclohexane (98.2%), methanol (96.7%), hexane (94.4%), benzene (77.9%) and improved
product selectivity at low plasma power (10 W), and low energy consumption close to room
temperature at atmospheric pressure in the presence of humid air. Furthermore, the developed
DBD reactor in this study improved technology for the reduction of VOCs in gaseous effluents
based on a low-cost, low energy non-thermal plasma technology, so pertains to indoor and

outdoor air quality control.
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Chapter 8. Conclusions and recommendations

8.1 Conclusions

The decomposition of a sequence of three 6-carbon hydrocarbons, hexane (as a model linear
alkane), cyclohexane (as a model cycloalkane) and benzene (as a model aromatic), was studied
in a non-thermal plasma dielectric barrier discharge (DBD) reactor, at ambient temperature and
atmospheric pressure. Because alkanes (including cycloalkanes), aromatics, and alcohol are the
most common anthropogenic hydrocarbon VOCs in the atmosphere, they were chosen as the
model VOCs. Hexane, cyclohexane, and benzene are prominent representatives of alkanes,
cycloalkanes and aromatics and are classified as highly volatile organic compounds. Methanol
was also studied as a common VOC pollutant. Methanol is odorous volatile alcohol that has
been mainly used industrially as a solvent, alternative source of fuel and pesticide. The process
parameters studied were: plasma power, specific input energy, carrier gases (nitrogen, dry air
and humidified air), oxygen concentration, inlet VOC concentration, residence time, and
moisture content. The output variables were VOC removal efficiency, product selectivity and

elimination/reduction of unwanted by-products.

Broadly, this study demonstrated that in an NTP-assisted VOC decomposition, in addition to
the energetic electron impact causing direct VOC molecule decomposition, the excited state of
carrier gas molecules (i.e. N, N, (A3}, ), O, and O(*D), and OH species) has a significant

effect on the VOC removal efficiency and product selectivity.

In hexane decomposition, the removal efficiency increased with increasing plasma
power/specific input energy (SIE) and Oz concentration. Hexane mainly decomposed to lower
hydrocarbons (C1-Cs), CO, COz, and solid/viscous residues. The removal efficiency in air and
humidified air was higher than N> due to the formation of O and OH radicals. N2 plasmas
exhibited the lowest removal efficiency of hexane due to the absence of oxygen in the
background gas. The maximum removal efficiency, of 94.4%, and CO: selectivity, of 84.7%
were achieved in humidified air. This was due to the presence of potent OH radicals which has
higher oxidation power than the O and nitrogen excited species.

Increasing the O2 concentration increased both the removal efficiency and COz selectivity. This
is probably due to the generation of more oxygen radicals. As O, concentration increased from
5 to 21%, the proportion of CO: in the product gas increased, and the selectivity to lower

hydrocarbons decreased.
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A simple first-order reaction model was developed, which was consistent with the NTP
decomposition of hexane in all three atmospheres. Rate constants (“energy constants”) were
derived for all three atmospheres. This would be vital information for reactor design and scale-
up of this technology.

In the case of cyclohexane decomposition, the removal of cyclohexane increased with residence
time and specific input energy in all the carrier gases. However, the removal efficiency of
cyclohexane decreased with increasing inlet concentration at constant residence time and SIE.
The maximum removal efficiency (98.2%) was achieved at an SIE of 3 kJ/L and a residence
time of 2.3 s in humidified air. The key findings were that cyclohexane decomposed mostly
into Ha, lower hydrocarbons (C1—Cs4) ("LHC"), and solid residue in nitrogen. Other species,
including CO, CO3, and water, were generated when dry air was used as the carrier gas. When
humidified air was used, there were further effects due to the water vapour, which had three

effects:
(1) it lowered LHC while increasing CO2 and H yields.

(i1) it prevented solid residue formation in the DBD reactor, probably due to the production

of OH radicals in the plasma reactor.
(iii) it increased the removal of cyclohexane.

The maximum O3 concentrations (< 10ppm) were observed at 3.0 kJ/L SIE in dry air. NOx was
not detected in any carrier gas.

The benzene removal efficiency and the selectivity to CO2 increased with plasma power/SIE in
both dry and humidified air. In contrast, the selectivity to LHC decreased. The most important
finding of this study was that the formation of solid residue in the plasma reactor was removed
by operating in humidified air. As the amount of water vapour increased from 0 to 35% at 20°C,
the benzene removal efficiency and CO- selectivity increased; Oz decreased from 7.3 ppm to
0.5 ppm; NOx and solid residue were eliminated. These effects are due to OH radicals.
Mechanisms for the various effects are proposed in Chapter 7. The maximum benzene removal
efficiency was 93.7%, and the maximum selectivity to CO, was 82.4% (both at a relative
humidity of 35% at 20°C and 10 W).

The chemical bond energy of the VOC molecules are one of the main parameters that can
determine the removal efficiency of VOCs in the plasma system. Under NTP conditions, the
removal efficiency depends on VOCs’ chemical structures. The bond dissociation energy of the
C-C bond in the benzene ring is the highest among the Cs series of VOCs evaluated in this

study, followed by the C-C bond in cyclohexane, then benzene. In these results, it can be
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observed that alkanes hydrocarbons, break down faster than cycloalkanes, which break down
faster than aromatics. The increasing order of the removal efficiency follows the sequence

benzene < cyclohexane < hexane.

In methanol decomposition, the conversion of methanol increased with power/SIE and
residence time regardless of the carrier gas used. However, the removal efficiency decreased
with the increasing concentration of CH3OH. The removal efficiency of methanol followed a
sequence of dry air > humidified air >N carrier gas. The O radical in dry air dominates the
decomposition process of the plasma system. This is because in the presence of water vapour,
the OH from CHsOH may be consumed by the OH radical formed from the dissociation of
water, leading to decreased removal efficiency. The introduction of water vapour into the DBD
system decreased the removal efficiency but had a number of significant advantages: increased
CO; selectivity and yield of Hz and significantly reduced formation of Oz, CO and higher
hydrocarbons. These effects are due to the presence of potent OH radicals. Overall, this research
indicates that methanol can be almost completely removed with the correct operating
parameters (96.7% removal; 10W; 3.3s in dry air plasma) and shows that humidification of the

gas stream is beneficial.

The reactive species such as the OH radicals responsible for the decomposition of VOCs are
highly dependent on the composition/nature of the model compound. The OH radicals can
easily oxidise reaction intermediates to CO, and H>O. The OH radicals can also oxidise the
carbon species, thereby eliminating solid residue. The VOCs without OH groups in their
structure, e.g., hexane, cyclohexane, and benzene, are better decomposed using humidified air
plasma due to OH radicals, which have high oxidation power at a certain amount of water
vapour (RH of 25% for hexane and cyclohexane, and RH of 35% for benzene). However, the
removal efficiency of CH3OH decreased in humidified air plasma, because the energetic
electrons could be quenched by electronegative properties of H.O molecules (the OH from
CH3OH may be consumed by OH from H20).

The synergistic effect of the plasma and water vapour was studied to determine whether it
would reduce the formation of unwanted by-products such as Oz, NOx and solid residue in the
DBD reactor. The introduction of water vapour with RH= 25% at 20 °C for hexane and
cyclohexane, and RH= 35% for benzene, significantly increased the removal efficiency and the
CO:; selectivity while wholly eliminating solid residue and NOx in the NTP-decomposition of
VOCs. Again, this is due to the presence of potent OH radicals. In the gas phase reaction, the
OH radicals can oxidise the reaction intermediates of VOC to COz and H»O faster than oxygen
atoms, thereby increasing removal efficiency, CO2 selectivity, and elimination of solid residue
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and NOx. The OH radicals can convert NO to HNOg, and, further, oxidise it to NO2 and H-O.
In addition, OH radicals can remove solid residue through the reaction OH + C - CO + H
(gas/solid-phase reaction). Humidification improved the removal efficiency and increased the
yield of H> and CO- selectivity. These results imply that the decomposition of VOCs by non-
thermal plasma DBDs is dominated by the effect of OH and O radicals. Furthermore, the
addition of water to the process suppressed Oz formation and reduced CO formation in all the
tested conditions. NOx was not detected (<0.1 ppm) in any of the tested experimental conditions
in this research.

Overall, the performance of DBD plasmas in the decomposition of hexane, cyclohexane,
benzene, and perhaps other alkanes and aromatic VOCs can be greatly improved by optimizing
plasma power and carrier gas moisture content. Furthermore, the performance of the DBD
would improve when operating in humid conditions or when the inlet gas stream is humidified
at low powers (10W or less)/SIE, as it can eliminate the formation of solid residues, NOx and

0zone.

134



8.2 Future work

8.2.1 Advanced plasma diagnosis of the VOC decomposition process

The measurement of the plasma properties during the decomposition of the VOCs process is
the major area where more research is needed. In situ, measurements are critical for detecting
and quantifying the actions of the reactive species generated in the plasma. This knowledge
would help develop a better understanding of the chemical reactions that occur in the plasma
zone of the DBD reactor. They would also aid in the optimization of the plasma technique and
conditions for efficient VOC decomposition using non-thermal plasmas. The diagnosis
technique of the plasma parameters such as electron temperature, electron density and reactive
radical density (with FTIR and OES (optical emission spectrum)) should be evaluated further
to understand the NTP decomposition pathways in the DBD reactor.

8.2.2 Kinetic simulations and scale-up investigation of VOCs decomposition using NTP

reactors

Another area that has to be developed is kinetic simulation. It is important to model the
decomposition of alkanes (hexane and cyclohexane), aromatics (benzene), alcohols (methanol),
and mixtures of different VOCs to back up the experimental findings and better comprehend
the decomposition pathways of VOCs in the plasma system. The semi-empirical models
developed in chapters 4 & 5 would be vital for reactor design and scale-up of this technology.
In addition, these semi-empirical models could serve as the basis for kinetic modelling and can
be used in predicting the removal efficiency of the DBD plasma system. The kinetic data could
be used as an input in chemical reaction engineering design challenges like scale-up studies.
Applying suitable chemical kinetic models would allow the development of an efficient
dielectric barrier discharge system to achieve maximum removal efficiency of VOCs at least
expense. Process scaling-up remains a significant challenge for environmental applications of
NTPs. Therefore, understanding the effect of reactor hydrodynamics on process performance
is a critical step toward overcoming this challenge. The concepts of chemical engineering could
be used to evaluate the effect of DBD reactor configurations, plasma properties, process
operating parameters, and flow regimes, e.g., laminar or turbulent flow, on a DBD system's

performance.
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Appendix A-4.2: GC-MS analysis of the hexane decomposition in nitrogen carrier gas.
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Appendix A-4.6 Decomposition products identified by GC-MS in Nitrogen, dry and humidified air
Name of compound ~ Chemical Chemical structure Nitrogen Dry air Humidified air
formula
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Appendix A-6.3 : EEDF as a function of electron energy/eV in dry air.
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Appendix A-6.6 Carbon balance of hexane, cyclohexane, and benzene decomposition.

A. Hexane decomposition carbon balance (Reaction conditions: temperature = ambient; Inlet concentration of

hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s; Plasma power = 10 W, SIE = 6 kJ/L).

Carrier gas  Nitrogen Dry air Humid air
Compounds  Inlet Outlet  Inlet Outlet Inlet Outlet
(mol%) (mol%)  (mol%) (mol%) (mol%) (mol%)
Hexane 100 24.4 100 15.1 100 5.60
CO2 0.00 0.00 0.00 40.7 0.00 84.6
Co 0.00 0.00 0.00 2.20 0.00 4.79
Ci1-Cs 0.00 38.9 0.00 5.77 0.00 2.68
Solid/viscous  0.00 36.7 0.00 36.2 0.00 0.00
residue
Missing 0.00 0.00 0.00 0.03 0.00 2.33
Carbon
Total 100 100 100 100 100 100
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B. Cyclohexane decomposition carbon balance (comparative study section: Reaction conditions: temperature =
ambient; Inlet concentration of hexane = 350 ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s; Plasma
power = 10 W, SIE = 6 kJ/L).

Carrier gas  Nitrogen Dry air Humid air
Compounds  Inlet Outlet  Inlet Outlet Inlet Outlet
(mol%) (mol%)  (mol%) (mol%) (mol%) (mol%)
Hexane 100 35.2 100 21.2 100 11.0
CO2 0.00 0.00 0.00 16.2 0.00 74.8
CO 0.00 0.00 0.00 21.2 0.00 3.89
Ci-Cy4 0.00 31.9 0.00 3.71 0.00 1.23
Solid/viscous  0.00 32.8 0.00 36.1 0.00 9.01
residue
Missing 0.00 0.1 0.00 1.59 0.00 0.07
Carbon
Total 100 100 100 100 100 100

C. Benzene decomposition carbon balance (Reaction conditions: Temperature = ambient; Concentration = 350
ppm; Total flow rate = 100 ml/min; Residence time = 2.3 s, Relative humidity = 25% at 20°C, Plasma power =
10 W, SIE = 6 kJ/L).

Carrier gas  Dry air Humid air
Compounds  Inlet Outlet Inlet Outlet
(mol%) (mol%) (mol%) (mol%)
Benzene 100 43.1 100 22.1
CO2 0.00 10.7 0.00 51.2
Co 0.00 6.56 0.00 3.07
C1-Cs 0.00 2.32 0.00 1.00
Solid/viscous  0.00 37.2 0.00 225
residue
Missing 0.00 0.12 0.00 0.13
Carbon
Total 100 100 100 100
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Appendix A-6.7: Typical voltage/current waveform at the plasma power of 10 W in dry air.
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Appendix A-6.8: Typical voltage/current waveform at the plasma power of 10 W humidified air.
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Appendix A-7.1 Carbon balance of methanol decomposition.

Methanol decomposition carbon balance ((Reaction conditions: Temperature = ambient; Concentration = 260
ppm; Total flow rate = 70 ml/min; Residence time = 3.3 s, Plasma power = 10 W, SIE = 8.6 kJ/L, Relative
humidity = 24%).

Carrier gas  Nitrogen Dry air Humid air
Compounds  Inlet QOutlet  Inlet Outlet Inlet Outlet
(mol%) (mol%)  (mol%) (mol%) (mol%) (mol%)
Methanol 100 28.7 100 3.3 100 22.3
CO2 0.00 15.7 0.00 27.9 0.00 335
CO 0.00 9.15 0.00 43.3 0.00 15.5
C2-Cs 0.00 16.5 0.00 9.24 0.00 5.65
CHg4 0.00 15.7 0.00 12.5 0.00 17.9
Oxygenates  0.00 6.78 0.00 3.60 0.00 4.80
Missing 0.00 7.35 0.00 0.16 0.00 0.35
Carbon
Total 100 100 100 100 100 100

Appendix A-8 The standard error calculated for ozone measurement

A table showing the accuracy of each ozone measurement has been provided in Appendix A-8.

Example of error measurement for ozone has been presented.

The standard error gives the accuracy of a sample mean by measuring the sample-to-sample
variability of the sample means. The Standard error of the mean (SEM) describes how precise

the mean of the sample is as an estimate of the true mean of the population.

SEM is calculated simply by taking the standard deviation and dividing it by the square root of
the sample size, as shown in the Equation below.

32N 6 — )7
SEM = \/ NN —1)

where:

e Xiisthe i measure;
e "X (x-bar) stands for the mean value of our dataset; and

e N is the number of data points.
The standard error was determined using the following steps:

1. The mean value ("x) was evaluated. It's usually the arithmetic average.
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The differences “xi—x for every point were determined.
Square the differences for each point separately, (xi—x )2.
All of the squared differences Y (xi—x )? were added up.
Divide the sum by the product N(N—1).

Finally, the square root of this ratio was worked out.

o g~ w DN

The standard error gives the accuracy of a sample mean by measuring the sample-to-sample

variability of the sample means.

The standard error calculated for ozone measurement

Plasma power (W) Ozone 1 Ozone 2 SEM
(opm) (ppm)
2 2.88 2.94 0.021213
4 4.344 4.416 0.025456
6 4.812 4.968 0.055154
8 5.76 5.808 0.023037
10 6.804 7.032 0.08061
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