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The objective of this research is to investigate the effect of temperature on toluene removal using 

electron attachment reaction. Because of the high temperature found in the exhaust gas from many industrial 

sources, temperature effect must be understood in order to scale up of the corona discharge reactor. The other 

parameters investigated are the cathode diameter, discharge current, inlet concentration, percentage of oxygen 

and the amount of water vapor in the gas stream. 

 

As seen from the experimental results, the removal efficiency per residence time generally increases 

with the temperature. It is found that the thicker the cathode diameter, the higher the discharge current, or the 

higher the percentage of coexisting oxygen, the removal efficiency becomes. On the other hand, the higher the 

inlet concentration of toluene or water vapor, the lower the removal efficiency becomes. Though the analysis of 

the deposit sample found the glass section at the top of the reactor has been carried out using a gas 

chromatograph/mass spectrometer, the identification of the compounds is not completed yet. However, the 

evidence strongly suggests that polymerization of toluene may occur. Moreover, in the case of 30 percent 

oxygen, ozone concentration is measured and found to decrease when the temperature increases, while NOx 

increases with the temperature.    
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CHAPTER I 

 

INTRODUCTION 

 

Nowadays, air pollution has become one of the most serious 

environmental problems. There are many sources of air pollutants such as 

heavy concentration of vehicles that release a large amount of toxic and 

obnoxious emissions. In addition, urban and suburban air quality may have 

deteriorated to an unacceptable level of various gaseous pollutants as well as 

particulate matter because of emission from a sizable number of industrial 

plants.  

 

In the chemical industry, organic solvents such as aromatic 

hydrocarbons, alcohol, ketones and esters are widely found in many 

applications, including plastic industry, printing ink industry, paint and 

adhesive industry. Several chemical solvents are not only used as solvent but 

also used to extract, or as reagent for preparing, other chemicals. Although 

these chemicals are useful and necessary to meet human needs, they also lead 

to strong impact on the environment. In short, their properties are often toxic to 

the life cycle, flammable and sometimes malodorous. If there happens any 

leakage from a process to the environment, it can cause adverse effect to the 

environment and human health. It is also known that cancer may result from 

repeated and/or prolonged exposure to some dilute solvent vapor. The emission 

standard of solvents from a stack to the atmosphere is often controlled at the 

level of parts per million (ppm) and the total amount of each chemical released 

in a specified time duration is also controlled. In any case inadequately treated 

emission will lead to air contamination problems, not to mention bad smell that 

becomes public nuisance.  
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Calm wind also aggravates the air pollution problem. If there is not 

sufficient wind dilution effect, the pollutant gas will not disperse well to the 

atmosphere. Then the pollutant gas will drop back to the ground level not far 

from the plant, thus causing problems to the community around the factory. 

Several instances have happened around the Mabtaput Industrial Estate, 

including one widely reported in May 1996. In that incident, teachers and 

students in Mabtaput Panpittayakarn School, Buddhist monks in Wat 

Sophonwanaram and several communities numbering about 15,000 persons 

around the Industrial Estate were affected by malodorous gases that spread 

from the Estate, and many of them became sick. Their symptoms were 

respiratory irritation, bronchial asthma, vomit and skin irritation.  

 

Most factories in the chemical process industry utilize many types of 

solvents or volatile organic compounds (VOCs) in their processes. Generally 

the regulated emission values are set at the level of ppm. However in some 

cases, such as dioxins, the current emission standard may be too high for the 

long-term health of human being. In addition, some conventional gas 

purification methods are not economically suitable for the effective treatment 

of low concentration gas. Because of wider public complaints and heightened 

awareness of the danger associated with polluted air, more attempts at air 

pollution control have increasingly been made. In this research, electron 

attachment reaction in a corona discharge reactor will be used for the treatment 

of low concentration air pollutants.  

 

 The VOCs investigated in this research is toluene (methyl benzene), 

which has an aromatic-hydrocarbon structure. This chemical has the 24th 

highest production rate in the USA and is widely used in the chemical industry. 

Toluene is on the “list of hazardous air pollutants” which gives general 

information on the source of the pollutant and the nature of the known or 

suspected adverse health effects associated with exposure. Inhalation of toluene 

may cause irritation of the upper respiratory tract. Symptoms of overexposure 
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may include fatigue, confusion, headache, dizziness and drowsiness. Peculiar 

skin sensations (e.g. pins and needles) or numbness may be produced. Very 

high concentrations may cause unconsciousness and death. 

 

The major use of toluene is as a mixture added to gasoline to improve its 

octane ratings. Toluene is also used to produce benzene and as a solvent in 

paints, coatings, adhesives, inks, and cleaning agents. Toluene is also used in 

the production of polymers related to nylon, plastic soda bottles, and 

polyurethanes and in the production of pharmaceuticals, dyes, cosmetic nail 

products, and the synthesis of organic chemicals. The vapor may cause 

headache, nausea, dizziness, drowsiness, confusion and incoordination. 

Toluene also causes skin and eye irritation. It is an aspiration hazard and 

swallowing or vomiting of the liquid may result in aspiration into the lungs.  

 

By the way, it has been reported that toluene vapor is the adverse 

component of the highest concentration in the gas samples taken at the 

Maptaput Industrial Estate when the above-mentioned incident happened in 

May 1996. 

  

In this research emphasis will be placed on the effect of the gas 

temperature because it has not been investigated while the exhaust temperature 

of most stack gases is always higher than room temperature. 
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1.1 Objective of research work 

 

 1.1.1 Carry out experiments to find out the effect of temperature on the 

removal efficiency of toluene from an inert gas at atmospheric pressure using 

the deposition-type reactor. 

 1.1.2 Investigate the influence of coexisting gas components on the 

removal efficiency of toluene vapor from nitrogen. 

 

1.2 Scope of research work 

 

 1.2.1 The experimented gas in this research is toluene 

 1.2.2 The influence of coexisting gas components is: 

  - Oxygen or water vapor  

 1.2.3 The experimented conditions investigated are as follows: 

  - 3 discharge currents 

- 3 cathode sizes are investigated 

- 3 inlet concentrations 

  - Space velocity gas at room temperature is 55.8 hr-1 

  - Temperature range is room temperature to 400 °C 



 

 

 

CHAPTER II 

 

LITERATURE REVIEW 

 

Gas discharge technology is one promising method of achieving ultrahigh 

purification.  Application of gas discharge processes with high-energy electrons 

has existed for over a hundred years, dating to the first electrostatic precipitator 

of Lodge (Oglesby and Nichols, 1978) and ozonizer of Simens (Horvath, 1980). 

The electrostatic precipitator (ESP) is a device-utilizing corona discharge for 

removing particulate pollutants in the form of either a solid (dust or fumes) or a 

liquid (mist) from a gas using the electrostatic force. One may realize that the 

corona-discharge reactor for the gaseous pollutant remover used in this work has 

the same working principle as ESP. Most information on ESP however focuses 

on the removal of particulate matter, whereas the reactor proposed in this work, 

utilizing low-energy electrons in gas discharge to induce electron attachment 

reaction, aims at separating gaseous impurities from a gas stream. Application of 

the electron attachment (a reaction of low-energy electrons and gas molecules to 

produce negative ions), first proposed by Tamon et al. (1989), is still innovative 

for gas seperation processes nowadays. 

   

        Many publications on electron attachment and other reactions of electron 

with many kinds of gas molecules have appeared but most of them involve only 

the reaction kinetics (Moruzzi and Phelps, 1966, Caledonia, 1975 and Massay, 

1976). In fact basic information on gas purification using electron attachment and 

the proposed use of the selectivity of electron to remove the electronegative 

gaseous molecules are still scarce. 
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        Applications of gas discharge technology conducted to date are reviewed as 

follows. 

 

Castle, Inculet, and Burgess (1969) discussed briefly about surface 

oxidation of discharge electrodes used in a wire-tube electrostatic precipitator. 

The rate of ozone generation in the precipitator with both stainless steel and 

copper wires was clarified.  The reaction rate of ozone depended on the intensity 

of electron flux through the gas. The concentration of ozone generated was a 

linear function of current but decreased as the gas temperature increased. 

 

Dorsey and Davidson (1994) reported an assessment of the contribution of 

contaminated wires and plates to ozone production in electrostatic air cleaners. It 

was found that runaway ozone generation due to contamination of electrode 

surfaces was a limiting factor in the long-term (7 weeks) effectiveness of 

electrostatic air cleaners.  The corona discharge degraded to streamers after only 

two weeks, causing increased ozone levels.  Wire contamination alone can 

increase ozone generation.  These findings have serious implications for the safe 

operation of electrostatic air cleaners. 

 

Chemical Vapor Decomposition (CVD) occurring on a discharge wire of 

an electrostatic air cleaner causes the corona current to decrease more than 95% 

at the same voltage (after 180 hrs operation). This phenomenon was shown by 

Jan H. Davidson et al. (1998). Neither current drop nor deposition occurred when 

operated with clean or dry air (after 2 days).  

 

        Tamaki et al. (1979) reported the use of DC and AC coronas for the removal 

of NO from a flue gas under several discharge conditions.  However, the process 

was energywise inefficient, and the performance was poor.  The poor 

performance was probably due to the small ionization region of DC coronas 

(small active treatment volume), and the power efficiency was low because a 
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large amount of energy was expended on ion migration, which did not contribute 

to the production of radicals. 

 

Several types of DC energized point-electrode reactors have been 

developed and tested for gas chemistry applications.  Although designed with 

different purposes in mind, the configurations could be put to other uses. 

 

Castle, Kanter, Lee, and Kline (1984) tested a narrow-gap, multipoint-to-

plane geometry device in which the gas passed through a corona discharge at 

high velocity (approximately 100 m/s).  The upper multipoint electrode (cathode) 

was separated from the lower flat electrode (anode) by acrylic spacers that 

electrically isolated the electrodes and allowed visual observation of the corona.  

The narrow gap spacing ensured that the inter-electrode space was filled with 

corona induced plasma.  However, the lateral spacing of the pins allowed major 

fractions of the gas flow to bypass the corona zones.  A DC current was applied 

to the multipoint pins through current limiting resistors. 

 

        Another type of a multipoint-to-plane device was constructed by 

Yamamoto, Lawless, and Sparks (1988, 1989).  This device was in the form of a 

narrow-gap, triangle-shaped, DC corona discharge device.  The design was 

intended to reduce the electrical sneakage (bypassing of the corona induced 

plasma) which was the major problem for the device with multipoint-to-plane 

geometry.  The volumetric filling factor of the corona induced plasma in this 

device was much higher than in the typical multipoint device. 

 

An experimental investigation has been conducted by Chang, Jen-Shih et 

al. (1988) to obtain electrode surface temperature profiles of cylindrical hollow 

electrodes under corona discharges. The result show that a slight temperature 

increases (about 5 Kelvin within the 10 W input for discharge power level) 
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occurs near the edge of the cylindrical hollow electrodes. Thus, the corona 

discharge still can be categorized as a cold discharge region. 

 

The pulsed electron technology has also been shown to be capable of 

generating ozone and active radicals and decomposing several unwanted gases 

as well as aerosol particles. 

 

Higashi, Sugaya, and Ueki (1985) and Weiss (1985) conducted the 

reduction of CO2 the in exhaust gas from a diesel engine vehicle.  It was shown 

that CO2 concentration in a N2-CO2 or even pure CO2 gas could be reduced by 

DC and pulsed corona discharges, respectively.  Further experiments for soot 

elimination and NOx and SOx reduction in a diesel-engine exhaust by a 

combination of discharge plasma and oil dynamics have been investigated by 

Higashi, Uchida, Suzuki, and Fujii (1991, 1992). 

 

Chang (1989) and Chakrabarti et al. (1995) found that the removal of 

NOx, SOx, and aerosol particles could be achieved when NH3 or H2O was 

introduced into a pulsed streamer corona reactor. The pulsed electrons have been 

shown to cause reactions between oxidizing radicals such as OH, O, and O3 on 

the one hand and NOx and SOx on the other hand at the concentrations found in 

flue gases to form several acidic aerosol particles with NH3 or H2O injections. 

 

Recent experimental study done by Helfritch (1993) led to the conclusion 

that H2S decomposition to hydrogen and sulfur could be directly achieved 

electronically.  A wire-in-tube pulsed corona reactor was energized by short 

voltage spikes to decompose small concentrations of H2S contained in nitrogen.  

Some parameters including the reactor geometry, H2S concentration, corona 

power, and the nature of the products were investigated. 
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Mizuno, Clements, and Davis (1986) compared the performance of the 

pulsed streamer corona, DC corona, and electron-beam processes. It was found 

that a pulsed streamer corona discharge produced the radicals instead of a high-

energy electron beam.  A positive pulsed streamer corona discharge in a 

nonuniform electrode geometry showed better energy efficiency and higher  

removal performance than a DC corona discharge. Based on the delivered power, 

the pulsed streamer corona process removed more than 90% of SO2 with at least 

two times better power efficiency than the energetic electron-beam process. 

 

Masuda, Sato, and Seki (1984) developed a high-efficiency ozonizer using 

traveling wave pulse voltage.  The test results relating to the pulse-induced ozone 

generation showed a great enhancing effect on the speed of reactions by positive 

pulse corona producing streamers bridging across the entire electrode gap.  It was 

believed that the ozone generated in a corona discharge was a two step process: 

generation of oxygen free radicals by ionic processes and generation of ozone by 

free radical reactions. It was found that the ozone generation processes were 

substantially reduced by increasing the gas temperature, while the ozone loss 

processes were significantly enhanced by increasing the gas temperature. It was 

therefore recommended to operate an ozonizer in lower temperature conditions.  

 

High-voltage pulser was used in a pulse-induced plasma chemical 

processing unit (PPCP unit). This pulser comprised a synchronous rotary spark 

gap that produced a very sharp negative pulse voltage.  High electron energies 

could be achieved by both units since higher electric fields were allowed in 

surface-corona and pulse-corona systems than in direct-current systems because 

of the breakdown limits of the discharge. 

 

Eliasson, Hirth, and Kogelschatz (1987) applied a dielectric-barrier 

discharge for ozone generation from oxygen.  The resulting efficiency of the 

generation was reported.  A value of 1200 g/kWh was the theoretical ozone 
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generation efficiency calculated by thermochemical theory.  He also estimated 

the maximum ozone generation efficiency of 400 g/kWh for pure oxygen by 

analyzing a Boltzmann equation.  The actual ozone generation efficiency was 

approximately 200 g/kWh for pure oxygen, which was very low compared to the 

theoretical values.  It was because the discharge energy was consumed not only 

in producing the ozone but was also dissipated in heating the test gas and the 

electrodes of the ozonizer.   Also some of the ozone produced was destroyed by 

the heat.    

 

After the work of Eliasson et al., there has been attempt to improve the 

ozone generation efficiency. Ito, Ehara, Sakai, and Miyata (1990) reported that 

the efficiency in the silent discharge showed a rise of 3-6% by the radiation of 

ultra-violet ray from the discharge in nitrogen gas.  Later, Hattori, Ito, Ehara, and 

Miyata (1992) reported the superposition effect of two types of discharge in the 

same discharge space, silent and surface discharges, on ozone generation.  Their 

ozonizer had two power sources with a variable-phase shifter.  A 22-30% 

increase in the efficiency was observed in their ozonizer. 

 

A packed ferroelectric (high-dielectric ceramic) pellet layer used for an 

electrostatic precipitator was originally developed by Mizuno (1986).  Basic 

performance of the AC energized ferroelectric packed-bed reactor was studied.  

The effect of the dielectric constant of the packed ferroelectric pellets on the 

particle collection efficiency was also investigated.  In the operation to collect 

precharged particles, the particle penetration became minimum at a certain 

voltage Vaco and increased when the applied voltage exceeded Vaco.  The value of 

Vaco became lower with the increase in the dielectric constant value.  Vaco was 

always higher than the initiation voltage of partial discharge for all the pellets 

tested. 
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Later in 1988, Mizuno and Ito started to apply a packed bed reactor with 

ferroelectric BaTiO3 pellets to decompose ammonia from dry air.  The reactor 

employed the AC discharge generated inside a pellet layer held within the tube 

arrangement by two mesh electrodes.  An intense electric field was formed 

around each dielectric pellet contact point, producing high energy free electrons 

as well as molecular ions throughout the cross section of the reactor.    

 

Yamamoto et al. (1992) constructed a laboratory-scale plasma reactor 

with a packed ferroelectric (high-dielectric-ceramic) pellet layer and a 

nanosecond pulsed corona reactor.  This study was the first attempt to develop 

baseline engineering data on the application of these plasma reactors to the 

destruction of various volatile organic compounds (VOC's) at ppm levels.  The 

conversion rate of VOC's was found to be dependent on the electron energies in 

the reactor and may also be related to how strongly halogen species were bonded 

to the carbon. 

 

Mizuno, Chakrabarti, and Okazaki (1993) was the first group that 

developed the combination of corona and catalyst technology.  They reported a 

corona/catalyst arrangement, which consisted of a needle and a grounded mesh 

electrode with 40-mm separation.  Immediately after the corona section, the 20-

mm thick catalyst layer consisting of Al2O3 pellets was held in place by the 

screen.  Gas was exposed to the pulsed corona, immediately followed by the 

catalyst.  This was considered a two-stage process. 

 

Yamamoto et al.(1996) demonstrated a new concept--single-stage, 

catalysis-assisted packed-bed plasma technology, to decompose CCl4, one of the 

ozone-depleting substances.  The objective of the concept was twofold: to 

enhance the decomposition efficiency catalytically, and to selectively reduce the 

by-products.  Either BaTiO3 or SrTiO3 pellets were packed in the ferroelectric 

packed-bed reactor employing an AC power supply.  The configuration 
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employed a unique one-stage catalysis/plasma process in which the BaTiO3 

pellets were coated or impregnated by active catalysts such as Co, Cu, Cr, Ni, 

and V.  Enhancement of the CCl4 destruction and the conversion of by-product 

CO to CO2 were demonstrated using Ni catalyst in the one-stage plasma reactor. 
 
 

The so-called non-thermal plasma including corona discharge has been 

widely studied   

 

A nonthermal plasma chemical process with an AC powered ferroelectric 

packed-bed reactor was again tested by Zhang, Yamamoto, and Bundy (1996).  

In this work, the targeted gases to be decomposed were ammonia and odorous 

compounds gathered from animal houses.  The plasma reactor packed with 

BaTiO3 pellets produced high energy free electrons and radicals, which in turn, 

decomposed the targeted compounds.  Four important parameters affecting the 

reactor performance were investigated: gas residence time, power voltage, power 

frequency and initial ammonia concentration. 

         

Tamon, Sano, and Okazaki (1989) proposed a novel method of gas 

separation based on electron attachment.  Two kinds of separation devices using 

either photocathode or glow discharge as electron source were constructed.  They 

reported high efficiency for the removal from nitrogen of SF6 at very low 

concentrations.  Recently, Tamon et al. (1995) used two types of corona-

discharge reactors, deposition-type and sweep-out-type reactors, to remove from 

nitrogen dilute sulfur compounds, dilute iodine and oxygen.  They also discussed 

the purification mechanism and presented simulation models for predicting the 

removal efficiency.  Subsequently, Tamon, Sano, and Okazaki (1996) 

investigated the influence of coexisting oxygen and water vapor on the removal 

of six sulfur compounds from nitrogen.  They discovered that the presence of 

oxygen and water vapor increased the removal efficiency.   
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Sano et al. (1996) used a new type of corona-discharge reactor, the 

wetted-wall reactor, and the conventional deposition-type reactor to remove 

iodine and methyl iodide from nitrogen. The removal mechanism of I2 and CH3I 

in the reactor was also discussed. 

 

Kittisak Larpsuriyakul et al. (1996) and Wiwut Tanthapanichakoon et al. 

(1996) reported experimental results regarding the influence of the structure of 

the corona-discharge reactor on the removal of dilute gases.  The effects of the 

reactor structure, namely the cathode diameter, the anode shape, and the number 

of cathodes, were investigated.  The results revealed that the thicker the cathode 

diameter, the higher the removal efficiency.  In contrast, the smaller the reactor 

diameter among three equivolume reactors, the higher the removal efficiency.  

As for the number of cathodes in a single reactor vessel, the single-cathode 

reactor always exhibited a higher removal efficiency than the 5-cathode one. 

 

Paisarn Khongphasarnkaln (1997) investigated the application of electron 

attachment to the removal of dilute gaseous pollutants using a corona-discharge 

deposition-type reactor. It has been found that the presence of O2 enhanced the 

removal efficiency of each impurity gas.  The enhancement was experimentally 

shown to be attributable to the ozone reaction in the removal of (CH3)3N from 

O2-N2 mixed gas. Water vapor also enhanced the removal efficiency of (CH3)3N 

and CH3CHO.  Furthermore, The high selectivity of electron attachment to 

electronegative gas molecules was utilized in the simultaneous removal of dilute 

(CH3)3N-CH3CHO, NH3-CH3CHO, SO2-(CH3)3N, SO2-CH3CHO, NO2-CH3CHO 

and CO2-CH3CHO from the air in the single reactor. Compared to single 

impurity removal, it has been shown that the presence of SO2 enhanced the 

removal efficiency but retarded that of CH3CHO in the single reactor. Some 

reaction by-products generated could be avoided by using two independently 

operated reactors in series. In the case of coexisting of NO2, it was noted that the 

lower the inlet NO2 concentration, the lower the discharge current that still 
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yielded beneficial effect. At higher discharge currents, the retarding effect of CO2 

on CH3CHO removal was obviously significant.  

 

Han S. Uhm (1998) investigated the influence of the chamber temperature 

on the properties of the corona discharge system. It was found that the critical 

voltage Vc required for the corona discharge breakdown was inversely 

proportional to the chamber temperature T. The electrical energy wc required for 

corona discharge breakdown was inversely proportional to the square of the 

chamber temperature T. Thus, the electrical energy consumption for the corona 

discharge system decreased significantly as the temperature increased. The 

plasma generation by corona discharge in a hot chamber was much more 

efficient than that in a cold chamber. 

 
 

 

 

 

  



 

 

 

CHAPTER III 

 

FUNDAMENTAL KNOWLEDGE 

 

The self-sustaining discharge in a heterogeneous electric field between a 

thin wire and a coaxial cylinder is called a corona discharge. This name is 

descriptive of the glowing light effects found if the voltage is several kilovolts. 

Corona discharge can be generated at or near atmospheric pressure. The gas 

pressure need not be high for the discharge to occur, but at low gas pressure the 

corona is not visible.  The luminous part of the discharge is usually restricted to a 

region close to the wire, which may be positive or negative with respect to the 

cylinder. One distinguishes between positive and negative coronas, by the 

voltage of the central electrode.  

 

Coronas are by no means a product of man only. It is the phenomena of 

the glow or corona surrounding the sun and is only seen during a total eclipse of 

the sun. Besides, nature produces them between and within electrically charged 

clouds. A theory on cloud electrification attributes this process to the corona on 

and around ice particles in the clouds.  According to this theory, corona is not 

only the effect but also the cause of the appearance of charged clouds and 

therefore of lightning and thunderstorms. 

 

In corona discharge reactor, there are three regions in the space between 

the anode and cathode.  
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In the high electron energy region, free electrons are emitted from the 

cathode and strongly accelerated. Gas molecules will be ionized after collision 

with high-energy electrons and positive ions are produced. In the transient 

region, electron energy is just enough to dissociate gas molecules to produce 

neutral radicals. In the last region of low-energy electrons, electrons are captured 

after collision with gas molecules. Cluster formation and electron attachment 

reaction generally take place in this region.  

 

3.1 Electron attachment reaction 

 

        When low-energy electrons collide with electronegative gas molecules, 

some of the electrons are captured by some gas molecules, and negative ions are 

formed.  This phenomenon is called "electron attachment" (Massay, 1976).  

Electron attachment depends on the electron energy level, the structure of the gas 

molecule, and its electron affinity.  There is a huge difference between the 

electron attachment probability of the electronegative gas molecules and that of 

the neutral carrier gas. This high selectivity is reflected in the production of 

negative ions (Caledonia, 1975 and Massay, 1976, 1979).   Therefore, 

electronegative impurities of very dilute concentration become negative ions by 

+ 
+ 
+ 
+ 

- - - - - 

+ 

Low energy region 

High energy region 

Transition region 

Figure 3.1  Wire to plate electrodes 



 17

electron attachment, and they can effectively be separated from the neutral gas 

(for example, N2) in an electric field.   

 

   In the case of an excessively-high-energy electron colliding with the gas 

molecule, the molecule would not only be negatively ionized but may also be 

dissociated or positively ionized due to the loss of one electron from the 

molecule itself.  In contrast, if an electron whose energy is too low reaches the 

molecular orbital, the electron can not be captured by the molecule.  It is 

necessary to take into account the moderate (appropriate) range of electron 

energy when the attachment probability is to be enhanced.  A great deal of effort 

has been devoted to generate or utilize electrons with a variety of energy range 

via quite a number of gas-discharge devices.  However, the appropriate range of 

electron energy contributing exclusively to electron attachment generated by 

such devices has not been clarified because of the limitation of measurement 

devices and/or  techniques. 

 

At the exact moment when an electron is captured by a gas molecule, the 

molecule would be placed in an excited state.  To become stable, the molecule 

must release the excess energy in quanta, for example, by collision with another 

electron, by collision with another gas molecule, by being decomposed, or by 

radiation.  Various processes for the electron attachment reaction have been 

reported (Moruzzi and Phelps, 1966) as illustrated by Eq. (3.1), (3.2), and (3.3).  

A mixture of an electron-attaching gas, AB, and an appropriate gas species, M, is 

considered in these processes. 

 

Dissociative attachment:                e  +  AB  →  A-  +  B            (3.1) 

Three-body attachment:     e  +  AB  +  M  →  AB-  +  M               (3.2) 

Radiative attachment:               e  +  AB  →  AB-  +  hν                  (3.3) 
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Since the electron attachment probability of the gas molecule is dependent 

upon its electron affinity, it is reasonable to expect that a molecule that contains 

one or more atoms with high electron affinity would have a high probability of 

electron attachment.  For example, in a comparison between SF6 and N2, the 

electron affinities of S, F, and N are 200 kJ/mol, 333 kJ/mol, and –26 kJ/mol, 

respectively.  So it is not surprising that the probability of electron attachment for 

SF6 molecule is reportedly 1011 times that of N2 molecule (Hickman and Fox, 

1956).  This huge difference in the electron attachment probability among 

various kinds of gas molecules results in high selectivity in the formation of the 

corresponding negative ions.  Therefore, even a specific gas component whose 

concentration is extremely low can effectively be separated from the main 

(neutral) gas in an electric field by utilizing the electron attachment reaction.  As 

a consequence, the method based on electron attachment can be expected to be 

one of the most efficient methods of gas purification. 

 

3.2 Principle of gas purification 

 

Figure 3.2 illustrates the principle of gas purification by the removal of an 

impurity, AB, from an inert gas in a cylindrical corona-discharge reactor (Tamon 

et al., 1995).  The corona discharge is employed here because it is an efficient  
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method to supply a large number of low-energy electrons to the gas stream.  A 

wire stretched along the axis of the reactor acts as cathode and the outer cylinder 

acts as grounded anode.  High DC voltage applied to the cathode induces corona 

discharge in the reactor.  Electrons generated at the cathode drift to the anode 

along the applied electric field.  During their drift, a portion of them collides with 

the gas molecules.  Negative ions, A-, are thus selectively produced by electron 

attachment and they likewise drift to the anode as the electrons do.   

 

In an ideal case, the number of electrons generated in the reactor is 

sufficient for all gaseous impurities to hitch up with the electrons and all negative 

ions thus generated are able to completely deposit at the anode surface.  In other 

words, the outlet gas is devoid of unwanted impurities and complete removal is 

achieved.   

         

In reality, upon their arrival at the anode, certain kind of negative ions 

might discard their charges but do not deposit on its surface.  In this case such 

gaseous impurities can not be separated using the simple deposition-type reactor.  

It is therefore very desirable to capture most of the negative ions arriving at the 

anode surface.  The idea of how to remove negative ions at the anode will be 

described later. 

 

Besides the above-mentioned removal mechanism associated with 

electron attachment reaction in a corona-discharge reactor, it is believed that 

other removal mechanisms may simultaneously affect the removal efficiency. 

When negative ions are produced in the reactor, they may possibly interact with 

other gas molecules via their electrostatic forces and negative-ion clusters may be 

formed.  Each cluster then contains more than one of the gas molecules targeted 

for removal.  When the clusters drift to the anode and deposit there, the removal 

efficiency is enhanced by the formation of negative-ion clusters. 
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        Another possible mechanism contributing to the removal efficiency is the 

so-called radical reaction.  When dissociative electron attachment also takes 

place in the reactor, not only negative ions but also reactive radicals are 

produced.  In particular, radicals may readily be produced in the immediate 

vicinity of the cathode surface where high electric field strength exists.  It is 

logical to assume that the removal efficiency would be enhanced by radical 

reaction, which often results in the generation of by-products. 

 

        The reaction of gas molecules with O3 is frequently mentioned.  Ozone 

reaction can take place when oxygen coexists in the gas stream.  High energy 

electrons close to the cathode collide with O2 molecules to dissociatively produce 

O radicals.  O radicals can next react with O2 molecules to produce O3, which is 

reactive with various kinds of gases.  Hence, ozone reaction is expected to 

contribute to the oxidative destruction of a number of gaseous impurities in the 

gas stream, thus improving the removal efficiency. 

 

3.3 Types of reactor 

 

  As mentioned above, in some cases certain kind of negative ions produced 

by electron attachment would drift towards but do not easily adhere to the anode 

surface.  Thus they end up as uncaptured electronegative impurities at the outlet 

of the simple deposition-type reactor, and cause a decrease in their removal 

efficiency.  It is therefore essential to find out how to remove such negative ions 

at the anode.  This has motivated Tamon et al. to propose three types of reactor, 

as shown in Figure 3.3.  
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3.3.1 Deposition-type reactor 

 

Some negative ions readily adhere to the anode surface of the reactor after 

releasing their  negative charges there.  Thus they may form solid particles or 

react with the metallic anode.  The solid particles form a deposition layer on the 

anode surface.  In  this  case,  the  so-called deposition-type or (simple) reactor  is  

adequate  for  the removal of negative ions.  Periodical cleaning of the anode 

surface or its replacement is necessary to maintain high removal efficiency. 

 

Fig 3.3 Concepts of corona-discharge reactor 
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3.3.2 Sweep-out-type reactor 

 

In some cases certain negative ions do not easily deposit on the anode 

surface but change back to the original molecules after releasing electrons at the 

anode surface.  In such cases, the deposition-type reactor is not suitable because 

the original molecules of the gas impurities are not removed but diffuse back to  

the main gas stream.  To solve this problem, the sweep-out-type reactor that uses 

a porous pipe made of sintered metal as anode is recommended.  A small amount 

of the gas around the anode surface is swept out by suction through this pipe to 

restrict backward diffusion of the enriched electronegative impurities in order 

that the removal efficiency would be kept high.  The swept-out stream with high 

concentration of the gas impurities can then be treated using a suitable 

conventional method. 

 

3.3.3 Wetted-wall reactor 

 

Another option to remove negative ions at the anode surface is the wetted-

wall reactor.  Negative ions reaching the anode of the reactor can be absorbed 

into a flowing liquid film on the anode surface.  This absorption of the ions 

improves the removal efficiency.  The advantage is the self-cleaning of the 

anode, which makes it suitable even for dirty gas streams containing dust and 

gaseous pollutants. The major drawback is the need for a liquid (mostly water) 

treatment and recycle system. 

 

 Anyway, the corona-discharge reactor to be investigated in this work is 

only the deposition-type one because it is easier to construct and operate, and is 

applicable as a first step of  the fundamental study in a laboratory.   
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3.4 Effect of oxygen (ozone effect) 

 

 When O2 is present in a gas mixture, it could react with discharged 

electrons. Electron attachment on O2 has been reported in the literature (Morruzzi 

and Phelps, 1966; Massay, 1976; Rapp and Briglia, 1976; Chantry and Schulz, 

1967). 

 

  O2     +     e-                 O2
-           (3.4) 

  O2     +     e-                 O     +     O-            (3.5) 

  

Moruzzi and Phelps (1966) reported that the reaction in Eq. (3.4) occurs 

in the low electron energy range (E/p < 1.5 V.m-1.Pa). In contrast, the reaction of 

Eq. (3.5) occurs in the higher electron energy range. Also in the corona-

discharge reactor, the closer the electrons are to the cathode wire, the higher their 

energy level. 

 

 When O2 collides with a high-energy electron near the cathode wire in the 

corona-discharge reactor, production of O- is expected as in Eq. (3.5). Then O3 is 

produced from the reaction of O- with O2 (Loiseau et al., 1994; Hadj-Zaine et al., 

1992). 

 

 In short, some ozone (O3) is produced. Since O3 is very reactive, the 

ozonation reaction is used in some commercial devices for deodorization and 

sterilization. The same ozonation reaction is expected to contribute to the 

removal of gas impurities in the present corona discharge reactor. 

 
 

 

 

 

 



 25

3.5 Effect of negative-ion cluster  

 

 If a negative ion induces the formation of a cluster with gas molecules, the 

removal efficiency of the impurities will be improved. This effect is significant 

because one negative ion and several gas molecules constitute a cluster.       

 

3.6 Effect of temperature  

 

 The influence of reactor temperature on the relationship between the 

voltage and the current has been confirmed Sano et al. (1997): the higher the 

temperature is, the lower the required voltage becomes. Reportedly, several 

factors may be considered as the reason for the temperature dependency of the 

voltage-current relationship. They are (1) the change in the frequency of the 

thermal electron emission from the cathode surface to initiate the corona 

discharge; (2) the change in the propagation rate of free electrons in the high 

electric field region around the wire cathode; (3) the change in the ionization rate 

of the gas molecules; (4) the change in the mobility of the ions.  

 

 Concerning the temperature effect on the dissociative electron attachment 

of O2, it was reported that the dissociative electron attachment rate increased 

when the temperature increased. It can be considered that the formation of cluster 

is inhibited by temperature elevation because the ion clusters are thought to be 

less stable at high temperature condition. 

 

 

 
 
 
 
 
 



 
 

 

CHAPTER IV 

 

EXPERIMENTAL 

 

4.1 Test Materials and Chemicals  

Table 4.1 The Specifications of test materials and chemicals 

Type Use Company Purities / Grade 

Toluene (l) For preparing toluene 

vapor(normally 2000 ppm) 

  

Distilled Water For preparing water vapor - - 

Oxygen Coexisting gas TIG* Industrial grade 

Nitrogen (g) Carrier and diluent gas to 

reactor 

TIG UHP  

99.999 % min 

Nitrogen (g) 
Carrier in GC (FID detector) 

TIG HP  

99.99 % min 

Hydrogen For flame ignition TIG HP, 99.99% 

Air Zero For flame ignition TIG N/A 

Helium Carrier in GC (TCD detector) TIG HP, 99.99% 

* Thai Industrial Gases Co., Ltd. 
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4.2  Experimental setup 

 

        Figure 4.1 shows the actual arrangement of the experimental apparatus of 

the gaseous pollutant remover used in the present work.  Figure 4.2 presents its 

schematic diagram.  

 

 

 

 

 

Figure 4.1       Arrangement of present experimental apparatus 
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Figure 4.2       Schematic diagram of experimental apparatus 

 

4.2.1 Details of device 

        

 Figure 4.1 and 4.2 show the photograph and the schematic diagram of the 

experimental setup that consists of a deposition-type corona-discharge reactor, a 

test gas mixing system, a high-voltage DC generator, a cooling water bath, a 

temperature controller and a soap film flow meter. The present deposition-type 

corona-discharge reactor consists of a SUS pipe, 3.7 cm. inner diameter and 80 

cm. length, as the anode. The cathode is a stainless-steel wire suspended by 

silicone plug at the top of the reactor and straightened along the axis of the anode 

by a weight. A high-voltage DC generator (Matsusada, HAR-30N5) is connected 

to the cathode to supply high voltage DC current. The high-voltage DC generator 

whose maximum allowable voltage is 50 kV is utilized to supply a steady stream 

of energetic electrons to the corona-discharge reactor. It has been found that the 

required maximum voltage to generate discharge current of 0.5 mA is about 17 

kV in all experimental conditions.  
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The effect of the cathode diameter on the removal efficiency is 

investigated by changing the size of the cathode diameter. A slim pyrex glass 

tube is used to cover either end of the cathode in order to limit the corona 

discharge zone in the middle section of the reactor to about 10 cm. The discharge 

zone is restricted to the mid-section of the reactor to achieve a uniform axial 

temperature distribution.  A type-K thermocouple is inserted into the reactor to 

measure the temperature in the corona discharge zone. To control the reactor 

temperature, 6-infrared heating lamps (200V, 700W) are installed around the 

outside perimeter of the reactor. The temperature control unit consists of a 

temperature controller (FENWAL, AR-24L) and a thyrister power regulator 

(Shimaden, PAC15C003081-NO). Gas mixture with the desired concentration of 

toluene vapor is prepared by feeding nitrogen gas through a series of  two toluene 

bubbling bottles in a cold water bath. To reduce the concentration of toluene 

vapor in the gas mixture, the cold water bath is necessary to decrease the 

saturated vapor pressure of toluene in the bubbling bottles. To study the 

influence of water vapor on the removal efficiency, the desired concentration of 

water vapor is also achieved by bubbling nitrogen gas through distilled water in a 

temperature–controlled bath. 
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Figure 4.3 Deposition-type corona discharge reactor 
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Figure 4.4 High-Voltage DC generator 
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Figure 4.5 Cold water bath 
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Figure 4.6 Temperature control unit 
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Figure 4.7 Infrared lamp 
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4.2.2 Analytical Instrument 

  

Inlet and outlet concentrations of toluene vapor are analyzed using a gas 

chromatograph (Shimadzu Corp., GC 9A) equipped with a flame ionization 

detector (FID). The packed material in the GC column used for detecting the 

concentration of toluene is PEG-20M uniport B (GL Science Inc.) with 60/80 

mesh size and usable at maximum temperature of 230ºC. A calibration curve 

between the FID peak area of the GC and the concentration of toluene vapor is 

obtained as shown in the Appendix. 

 

 

 

 

Figure 4.8 FID-Gas chromatograph 
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Another gas chromatograph (Shimadzu Corp., GC 14A) with a thermal 

conductivity detector (TCD) is used to analyze the concentration of carbon 

dioxide and water vapor. The packed material in the GC column is 

polydivinylbenzene (Millopore Corp., Porapak Q) with 80/100 mesh size and the 

usable maximum temperature is 250ºC. A calibration curve between the TCD 

peak area of the GC and the concentration of either carbon dioxide or water 

vapor are obtained as shown in the Appendix. 

 

 

 

 
Figure 4.9 TCD-Gas chromatograph 
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Table 4.2 Operating conditions of both GC units.  

Sample 

Gas 

Column Temp. 

(ºC) 

Injection Temp. 

(ºC) 

Detector Temp. 

(ºC) 

Retention time 

(min) 

Toluene 120 125 125 1.547 

CO2 50 100 110 1.075 

H2O 50 100 110 4.108 

 

4.3 Experimental Procedure 

 

 To perform the gaseous pollutant removal experiments, the following 

implementation steps must be carried out carefully because of the great risk of 

physical injury caused by the high voltage supplied to the reactor. 

a. Ensure that the reactor is grounded and each unit of the experimental 

apparatus is securely connected. 

b. Immerse the toluene bubbling bottles in the cold water bath and pass 

the desired flow rate of nitrogen gas through the bubbling bottles to 

achieve the saturated concentration of toluene vapor. 

c. Mix the aboved stream with another gas stream in the gas mixing 

device and measure the total flow rate with the soap film flow meter. 

d. Feed the gas mixture to the inlet of the reactor and wait until its inlet 

and outlet concentrations become stable at the reactor temperature of 

interest. 

e. Take gas samples at the reactor inlet and outlet to analyze their 

concentrations in the blank test (0 mA). 

f. Turn on the high-voltage DC generator, adjust the discharge current as 

desired, and then keep the current stable throughout each experiment. 

g. Take gas samples at the inlet and outlet of the reactor and analyze their 

concentrations. Stop the current after finish in one experiment. 
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h. To study the effect of reactor temperature, adjust the temperature as 

desired and wait until it becomes stable. Return to step (e) until all 

reactor temperatures have been investigated. 

i. Wait for the reactor temperature to cool down sufficiently, stop the 

flow of the gas mixture and turn off the DC generator after the 

completion of the experiment. Be careful that high voltage does not 

remain in the reactor. 
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4.4 Experimental Conditions 

Table 4.3 Operating conditions for the study of all experiments. 

Temp 

(°C) 

I (mA) Inlet 

Conc.(ppm) 

Cathode 

Dia. (mm) 

Remove 

from 

Flow Rate 

(cc/min) 

1) 28-400 0.1 

0.3 

0.5 

2000 0.5 N2 100 

2) 28-400 0.1 

0.3 

0.5 

2000 0.5 N2 – O2 

(O2 20 %) 

100 

3) 28-400 0.5 2000 0.3 

0.5 

0.9 

N2 100 

4) 28-400 0.5 2000 0.3 

0.5 

0.9 

N2 – O2 

(O2 20 %) 

100 

5) 28-400 0.5 2000 0.5 N2 – O2 

(O2 0%, 5%, 

20%, 30%) 

100 

6) 28-400 0.5 500 

1000 

2000 

0.5 N2 100 

7) 28-400 0.5 500 

1000 

2000 

0.5 N2 – O2 

(O2  20%) 

100 

8) 28-400 0.5 2000 0.5 N2 - H2O 

(H2O 

1882 ppm 

7453 ppm 

2000 ppm) 

100           

 



 

 

 

CHAPTER V 

 

RESULTS AND DISCUSSION 

 

5.1 Data analysis 

  

 This section will describe the various definitions of the removal 

efficiency. 

 

5.1.1 Apparent removal efficiency 
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5.1.2 Removal efficiency (by discharge effect only) 
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 This removal efficiency excludes the adsorption effect inside the reactor 

from the above ψ  and thus represents the pure corona discharge effect. 

 

5.1.3 Removal efficiency per unit residence time 
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 The removal efficiency per unit residence time is defined to evaluate the 

reaction rate because the actual residence time depends on the gas temperature in 

the reactor even though the inlet gas flow rate (volume basis) remains constant. 

 

5.2 Blank test for the investigation of the effect of temperature on toluene  

      removal 

 

Figure 5.1 shows the results of the blank test for the investigation of 

temperature effect on toluene removal. Here the concentration of toluene at the 

reactor outlet was measured in the absence of the discharge current. There was a 

significant concentration drop around 200 ppm at 28oC, which is considered to 

be due to adsorption. The effect of adsorption inside the reactor decreased when 

the reactor temperature increased until 300oC. At 400oC, the outlet concentration 

again decreased. The effect of this highest temperature may come from the 

thermal decomposition of toluene. In contrast, adsorption should not be 

significant when the temperature was very high.  

 

5.3 Effect of temperature on required voltage to generate corona discharge 

 

 The effect of temperature on required voltage to generate corona 

discharge is investigated by supplying room air through the corona-discharge 

reactor as shown in Figure 5.2. The reason of the lower voltage required at the 

higher temperature can be considered as follows: 1) At the same current, the 

required voltage is decreased when increasing the temperature because of 

reduced gas density; 2) electrons can be emitted more easily from the cathode at 

high temperature, 3) the rate of the electron propagation process around the 

cathode )eeAeA( ++→+ +  may increase as the temperature increases, 4) 

electron detachment from an electronegative molecule becomes significant at 

high temperature, thus resulting in more free electrons to carry the electric 

current and causes less resistance, and 5) ion-clusters become unstable, again 

causing less resistance.Consequently, the electrons can drift to the anode more 



42

Figure 5.1 Blank test for the investigation of the effect
of temperature on toluene; inlet concentration
2000 ppm, 0% O2.
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Relationship between discharge current and required
voltage when the reactor temperature increases

Figure 5.2
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easily and causes less voltage drop. Low applied voltage produces more low 

energy electrons. 

 

5.4 Effect of cathode diameter  

5.4.1 Effect of cathode diameter on electron energy 

 

As mentioned earlier, the probability of electron attachment depends on 

the electron energy, and type of gas component. Electron energy in the reactor 

may be represented by the ratio of the local electric field strength, E, to the local 

gas density, N, i.e. E/N. Electrons are accelerated in E, and the probability of 

collisions between electrons and gas molecules which causes deceleration is 

proportional to N. Thus, if E/N is high, electron energy is also high. The local 

electric field strength E is as given by Eq.(5.1). 

 

( ){ }0R/Rlnr/VE =                                        (5.1) 

 

As seen in Eq. (5.1), the electric field strength increases when the corona 

voltage increases. Larpsuriyakul et al. (1997) reported the relation between the 

discharge current, I, and voltage, V, for CH3I removal from dry air. Generally, a 

thicker cathode diameter requires a significantly higher V to yield the same 

current. The average electric field strength per gas density is given as follows. 
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             (5.2) 

 

When the cathode diameter R becomes thicker at the constant V, E at the 

cathode becomes small. So, to keep the critical E to initiate discharge current, V 

must be increased. Then, when V is increased, <E/N> become large, so a thicker 

cathode makes large <E/N>. as shown in Figure 5.3 
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Figure 5.3 Relationship between average electric strength 
per gas density  and temperature at various cathode 
diameter
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5.4.2 Effect of cathode diameter and temperature on removal of toluene  

         from N2 

  

 The removal efficiency of toluene from pure N2 is shown in Figure 5.4. 

Figure 5.4(a) shows the removal efficiency versus temperature. The abscissa is 

the temperature and the ordinate is the removal efficiency. Figure 5.4(b) shows 

the removal efficiency per residence time versus temperature The abscissa is the 

temperature and the ordinate is the removal efficiency per unit residence time. 

 

We see that as the temperature increases, the toluene removal efficiency 

becomes lower from room temperature to 300oC and then the tendency reverse 

again at 400oC in Figure 4(a). Figure 4(b) shows the monotonically increasing 

tendency of the removal efficiency per residence time, which simply means the 

actual reaction rate is always increases with the temperature.  

  

Moreover, it can be found that when the cathode diameter increases, the 

toluene removal is also increased. As mentioned in section 5.4.1, a thick cathode 

will yield a large <E/N>, so the average electron energy increases with 

increasing cathode diameter. This is the reason that a thicker cathode provides a 

higher ψ. Although a thicker cathode wire provides a higher ψ, the required 

voltage, V, becomes higher as well, resulting in an undesirable higher power 

consumption. 

  

5.4.3 Effect of cathode diameter and temperature on toluene removal from 

         N2-O2 

  

A set of experiments to remove toluene from N2-O2 (20% O2) mixture has 

been conducted. Figure 5.5 shows the removal efficiency of toluene from N2-O2. 

Figure 5.5(a) shows the removal efficiency versus temperature. The abscissa is 

the temperature, and the ordinate is the removal efficiency. We see that as the 

temperature  increases,  the  toluene  removal  becomes  lower starting from room  
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(a)

(b)

Figure 5.4 Effect of cathode diameter on the removal
of toluene from N2 ; Cin 2000 ppm
I = 0.5 mA, SV = 55.8 hr-1 at room temperature
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(a)

(b)

Effect of cathode diameter on the removal of toluene
from N2-O2 ; Cin 2000 ppm, I = 0.5 mA, SV = 55.8 hr-1

at room temperature

Figure 5.5
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temperature to 300oC and then the tendency reverses at 400oC. Figure 5.5(b) 

shows the removal efficiency per residence time versus temperature. The 

abscissa  is the temperature, and the ordinate is the removal efficiency per 

residence time. From this figure we found that the monotonically increasing 

tendency of the removal efficiency per residence time simply means that the true 

reaction rate always increases with the temperature. 

 

It can be found that when the cathode diameter increases, the toluene 

removal is also increased. The tendency of the temperature effect is same as in 

section 5.4.2 but the removal efficiency is significantly higher than the removal 

from N2. The explanation is that oxygen may contribute to the formation of 

negative ion-clusters.  

  

In fact, the stability of negative ion-clusters is low in the high temperature 

condition. Therefore, at high temperature, negative ion cluster is expected to 

contribute less to the removal. However, at 400oC, the dominant mechanism is 

the thermal decomposition of toluene enhanced by electron bombardment. 

 

5.5 Effect of discharge current and temperature on toluene removal 

5.5.1 Effect of discharge current and temperature on toluene removal  

         from N2 

  

Figure 5.6 shows the removal efficiency of toluene from pure N2. Figure 

5.6(a) shows the removal efficiency versus temperature. The abscissa is the 

temperature, and the ordinate is the removal efficiency. We see that as the 

temperature increases, the toluene removal becomes lower starting from room 

temperature to 300oC and then the tendency reverse at 400oC. Figure 5.6(b) 

shows the removal efficiency per residence time versus temperature The abscissa 

is the temperature, and the ordinate is the removal efficiency per residence time. 

From this  figure  we found  that  the monotonically  increasing  tendency  of  the  
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(a)

(b)
Figure 5.6 Effect of discharge current on the removal

of toluene from N2; Cin 2000 ppm
Cathode diameter 0.5mm
SV = 55.8 hr-1 at room temperature
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removal efficiency per residence time simply means that the actual reaction rate  

always increases with the temperature. 

 

As reported by Tamon et al. (1995), the higher the discharge current, the higher the removal 

efficiency. The experimental results in this thesis are consistent with the said report even in the high 

temperature condition. It can be seen that the toluene removal increases with the 

discharge current. 

  

The discharge current is proportional to the number of electrons which are 

emitted in the discharge. If the current is high, the emitted number of electrons 

become high as shown in Eq. (5.3). 

 

     c/Ien =                                             (5.3) 

 

where en   :  number of emitted electron per unit time (electron/s) 

I    :  current (coulomb/s)    

and     c    :   electronic charge = 1.602 x 10-19 (coulomb/electron)  

 

As a consequence, the probability of an electron captured by an electronegative 

gas molecule is enhanced, so that the removal efficiency rises. 

 

5.5.2 Effect of discharge current and temperature on toluene removal from  

          N2-O2 

 

Figure 5.7 shows the removal efficiency of toluene from N2-O2. Figure 

5.7(a) shows the removal efficiency versus temperature. The abscissa is the 

temperature and the ordinate is the removal efficiency. We see that as the 

temperature increases, the toluene removal efficiency become lower starting from 

room temperature to 300oC and then the tendency reverses at 400oC. Figure 

5.7(b) shows the removal efficiency per residence time versus temperature.            
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(a)

(b)
Figure 5.7 Effect of discharge current on the removal

of toluene from N2-O2; Cin 2000 ppm
Cathode diameter 0.5mm
SV = 55.8 hr-1 at room temperature
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The abscissa is the temperature and the ordinate is the removal efficiency 

per residence  time.  From  this  figure  we  found that  the  monotonically  

increasing tendency of the removal efficiency per residence time simply means 

that the actual reaction rate always increases with the temperature. 

 

From the figure, the tendency is same as the removal from N2. If more 

electrons exist in the reactor by increasing the current, the probability for the 

electron attachment becomes larger and the removal efficiency is enhanced. The 

comparison between the toluene removal from N2 and from N2-O2 indicates that 

the latter condition has higher efficiency. It can thus be concluded that oxygen 

can significantly enhance the removal efficiency. 

 

5.6 Effect of oxygen coexisting gas on toluene removal 
  

In actual applications of gas purification, there are many cases of 

coexisting gases. Therefore it is necessary to study the influence of coexisting 

gases on the removal efficiency. In the previous sections, coexisting oxygen is a 

significant parameter that enhances the removal of toluene.  

 

Figure 5.8 shows the removal efficiency of toluene from N2-O2. Figure 

5.8(a) shows the removal efficiency versus temperature. The abscissa is the 

temperature and the ordinate is the removal efficiency. We see that as the 

temperature increases, the toluene removal efficiency becomes lower starting 

from room temperature to 300oC and then the tendency reverses at 400oC. 

Figure 5.8(b) shows the removal efficiency per residence time versus 

temperature. The abscissa is the temperature, and the ordinate is the removal 

efficiency per residence time. From this figure we found that the monotonically 

increasing tendency of the removal efficiency per residence time means the 

overall reaction rate increases with the temperature. 
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(a)

(b)
Effect of oxygen coexisting gas on the removal of
toluene from N2-O2; Cin 2000 ppm, cathode diameter
0.5mm. SV = 55.8 hr-1 at room temperature

Figure 5.8
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The removal efficiency is found to increase when the concentration of 

coexisting O2 is increased. This can be described that the ozonation effect is the  

important mechanism to enhance the removal efficiency. The most significant 

effect of coexisting O2 is found at 30% O2.  

 

In this experimental investigation, the outlet concentrations of O3 and NOx 

are detected using suitable gas detector tubes. Ozone and NOx are produced in 

the reactor, as shown in Figure 5.9. From the figure, it can be seen that ozone is 

tend to decrease when the temperature increases, while NOx increases with the 

temperature. This can be explained that when O2 is present in a gas mixture, it 

could collide with a high-energy electron near the cathode wire, production of O- 

is expected as is Eq.  (3.5). Then O3 is produced from the reaction of O- with O2. 

Nitrogen and excess oxygen can be oxidized by ozone to be NOx. At high 

temperature, the ozone concentration decreases because the reaction rate of 

ozonation effect is very fast. Then ozone is found to decrease when increases the 

temperature. 

  

5.7 Effect of inlet toluene concentration  

5.7.1 Effect of inlet concentration and temperature on the removal of 

toluene      

         from N2  

 

Figure 5.10 shows the removal efficiency of toluene from N2. Figure 5.10(a) 

shows the removal efficiency versus temperature. The abscissa is the 

temperature, and the ordinate is the removal efficiency. As expected, when the 

temperature increases, the toluene removal efficiency becomes lower starting 

from room temperature to 300oC and then the tendency reverses at 400oC. 

Figure 5.10(b) shows the removal efficiency per residence time versus 

temperature The abscissa is the temperature and the ordinate is the removal 

efficiency per residence time. From this figure we see that the monotonically 

increasing tendency of the removal efficiency per residence time simply means 

that the overall reaction rate increases with the temperature. 
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Figure 5.9 Relationship between ozone and NOx generation
at various temperatures for the toluene removal 
from N2-O2 (30% O2 content)
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(a)

(b)
Figure 5.10 Effect of inlet concentration on the removal of

toluene from N2; I = 0.5 mA, cathode diameter
0.5mm. SV = 55.8 hr-1 at room temperature
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Tamon et al.(1995) have reported that the removal efficiency tends to 

decrease when the inlet concentration is increased. In this thesis, the 

experimental result on the effect of inlet toluene concentration also exhibits the 

same tendency. The lower the inlet concentration of toluene, the higher the 

removal efficiency becomes. To explain the phenomenon, we consider the 

number ratio of electrons to toluene molecules. At a higher inlet toluene 

concentration, there are many more toluene molecules than at a lower inlet 

concentration of toluene. However, the number of electrons remains constant at 

the same current. This is the reason that the lower the inlet concentration of 

toluene, the higher the removal efficiency becomes regardless of the temperature 

of interest. 

 

5.7.2 Effect of inlet concentration and temperature on the removal of 

toluene from N2-O2 

 

Figure 5.11 shows the removal efficiency of toluene from N2-O2. Figure 

5.11(a) shows the removal efficiency versus temperature. The abscissa is the 

temperature, and the ordinate is the removal efficiency. As expected, when the 

temperature increases, the toluene removal efficiency becomes lower starting 

from room temperature to 300oC and then the tendency reverses at 400oC. 

Figure 5.11(b) shows the removal efficiency per residence time versus 

temperature The abscissa is the temperature and the ordinate is the removal 

efficiency per residence time. From this figure we find that the monotonically 

increasing tendency of the removal efficiency per residence time simply means 

that the overall reaction rate increases with the temperature. 

 

5.8 Influence of water vapor and temperature on the removal of toluene  

 

Figure 5.12 illustrates the removal efficiency of toluene from N2. Figure 

5.12(a) shows the removal efficiency versus temperature. The abscissa is the 

temperature and the ordinate is the removal efficiency. We see that as the 

temperature increases, the toluene removal efficiency becomes lower starting  
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(a)

(b)

Figure 5.11 Effect of inlet concentration on the removal of
toluene from N2-O2; I = 0.5 mA, cathode diameter
0.5mm. SV = 55.8 hr-1 at room temperature
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(a)

(b)

Figure 5.12 Effect of water vapor on the removal of
toluene from N2; I = 0.5 mA, cathode diameter
0.5mm. SV = 55.8 hr-1 at room temperature
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from room temperature to 300oC and then the tendency goes up again at 400oC. 

Figure 5.12(b) shows the removal efficiency per residence time versus 

temperature. The abscissa is the temperature and the ordinate is the removal 

efficiency per residence time. From this figure we see that the monotonically 

increasing tendency of the removal efficiency per residence time simply means 

that the overall reaction rate increases with the temperature. 

 

In this Figure, the three different concentration (0 ppm, 1882 ppm and 

7453 ppm) of H2O have not led to significantly different removal efficiencies. In 

the extreme case of 20000 ppm of H2O, some toluene can still be removed at 

room temperature but no toluene can be removed when the temperature rises 

above 100 till 400oC. It is postulated that toluene is slightly less electronegative 

than H2O at room temperature. Since the rate of electron attachment to H2O 

molecule is only slightly faster than that to toluene at room temperature, some 

toluene can be removed even when the H2O concentration is 20000 ppm.  

Apparently when the reactor temperature rises above 100oC, the rate of electron 

attachment to H2O molecule becomes much faster than that to toluene molecule. 

On the other hand, only a limited number of electrons with sufficient energy 

level is available when the discharge current is 0.5 mA. Thus all of these 

electrons are consumed by the excess H2O molecules, thus resulting in zero 

toluene removal efficiency.  

 

5.9 More explanation of the effect of temperature on the removal efficiency  

       of toluene  

 

We have found that the dependency of ψ′on T in all cases are essentially 

similar. In summary, as the temperature increases from room temperature to 

300oC, the removal efficiency gradually decreases but increases again around 

400oC. The increased removal efficiency at 400oC may be because a critical 

temperature of toluene decomposition has been reached and the thermal 

polymerization of toluene may be enhanced by electron impact. 
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When the removal efficiency per residence time, ψ′′, is used to describe 

the intrinsic removal rate at various temperatures, we can see a clear trend that 

the removal efficiency does increase with the temperature. In other words, the 

higher the temperature, the higher the intrinsic removal efficiency. 

     

5.10 The analysis of the solid deposit in the reactor 

  

 After some period of removal experiments, there is a gradual 

accumulation of solid deposit on the glass section at the top of the reactor. In 

room-temperature experiments, the color of the deposit is either colorless or 

white, but at the higher temperatures, the resulting deposit becomes a yellowish 

to brownish in color. Some sample of the deposit was taken for analysis using a 

Gas Chromatograph-Mass Spectrometer (GC-MS). There are six peaks detected. 

The result shows that some of the chemical species detected have heavier 

molecular weights than toluene. Though the individual peaks have not been 

identified yet, the evidence strongly suggests that the polymerization or the 

polycondensation of toluene should have occurred. 



 

 

 

CHAPTER VI 

 

CONCLUSIONS AND RECOMMENDATION 

 

6.1 Conclusions 

 

The main purpose of the present research is to study the effect of 

temperature on the gaseous removal efficiency based on electron attachment 

reaction. The additional parameters that are also investigated are the cathode 

diameter, discharge current, coexisting oxygen gas, inlet concentration, and 

water vapor. From the results, it can be concluded as follows: 

 

6.1.1 Effect of cathode diameter on toluene removal 

 

In the removal of toluene from nitrogen, the minimum removal efficiency 

ψ is 15.74% in the condition of the most slender cathode diameter of 0.3 mm. 

and the temperature of 200oC. The maximum ψ is 48.28% in the condition of the 

thickest cathode diameter of 0.9 mm and the highest temperature of 400oC. In the 

removal from nitrogen and oxygen (20% oxygen), the minimum ψ is 43.37% in 

the condition of the most slender cathode diameter of 0.3 mm and the 

temperature of 300oC. The maximum ψ is 98.75% in the condition of the thickest 

cathode diameter of 0.9 mm and room temperature. 

 

The removal efficiency of the thickest cathode is a maximum and the most 

slender cathode, the minimum. The removal efficiency of toluene from nitrogen 

and oxygen mixture is higher than from pure nitrogen because of the ozonation 

effect. 
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6.1.2 Effect of discharge current on the toluene removal  

  

In the removal of toluene from nitrogen, the minimum removal efficiency 

ψ is 3.53% in the condition of the weakest discharge current of 0.1 mA and the 

temperature of 300oC. The maximum ψ is 37.77% in the condition of the 

strongest discharge current of 0.5 mA and the highest temperature of 400oC. In 

the removal from nitrogen and oxygen (20% oxygen), the minimum ψ is 33.8% 

in the condition of the weakest discharge current of 0.1 mA and the temperature 

of 300oC. The maximum ψ is 69.82% in the condition of the strongest discharge 

current of 0.5 mA and the highest temperature of 400oC. 

 

Generally, the stronger the discharge current, the higher the removal 

efficiency.  The removal efficiency of toluene from nitrogen and oxygen mixture 

is higher than from pure nitrogen because of the ozonation effect. 

 

6.1.3 Effect of oxygen coexisting gas on toluene removal 

 

In the absense of oxygen, the removal of toluene from nitrogen ψ is a 

minimum at 17.66% when the temperature is 300oC. The maximum ψ is 94.68% 

in the condition of the highest oxygen content of 30% and the highest 

temperature of 400oC.  

 

Undoubtedly, the ozonation effect significantly enhances the removal 

efficiency. 

 

6.1.4 Effect of inlet toluene concentration on toluene removal 

  

 In the removal of toluene from nitrogen, the minimum ψ is 21.66% in the 

condition of the highest inlet concentration of 2000 ppm and the temperature of 

200oC. The maximum ψ is 49.47% in the condition of the lowest inlet 
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concentration of 500 ppm and the highest temperature of 400oC. In the removal 

from nitrogen and oxygen (20% oxygen), the minimum ψ is 57.43% again in the 

condition of the highest inlet concentration of 2000 ppm and the temperature of 

300oC. The maximum ψ is 91.15% in the condition of the lowest inlet 

concentration of 500 ppm and the highest temperature of 400oC. 

 

Generally the lower the inlet concentration of toluene, the higher the 

removal efficiency.  The removal efficiency of toluene from nitrogen and oxygen 

mixture is higher than from pure nitrogen because of the ozonation effect.  

 

6.2 Effect of water vapor on removal of toluene 

 

 In the removal of toluene from nitrogen, the minimum ψ is 0.1% in the 

condition of the highest of water vapor concentration of 20000 ppm starting 

from 100 till 400oC. The maximum ψ is 39.71% in the absence of water vapor 

and at the highest temperature of 400oC.  

 

6.3 Recommendation for future work 

 

From the experimental results, NOx is detected at high temperatures and 

its concentration increases with the temperature. NOx is an unwanted and 

dangerous by-product that needs to be removed. Two corona-discharge reactors 

in series may be effective for removing NOx and other by-products. 
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Calibration Curve between GC Peak Area and Concentration of Toluene
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Calibration Curve between GC Peak Area and Concentration  of Carbon Dioxide
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Calibration Curve between GC Peak Area and Concentration of Water Vapor
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