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Prof. dr. Frédéric Thévenet Ecole Nationale supérieure des Mines

de Douai (France)





Samenvatting

Onze binnenlucht is twee tot vijf keer meer vervuild dan buitenlucht.

Onvoldoende ventilatie, vocht, schimmels, tabaksrook, bouwmaterialen,

meubels, elektronische apparaten enz. veroorzaken immers een stijging in de

concentraties van chemische componenten. Een daling van de luchtkwaliteit

in huizen, scholen en andere openbare plaatsen is het gevolg. Wetende dat

we ongeveer 90 % van onze tijd binnen spenderen, maakt dit de kwaliteit van

binnenlucht een zeer belangrijk topic voor de gezondheid en het welzijn van de

mens.

Niet-destructieve technieken zoals mechanische en elektronische filtratie of

adsorptie zijn in onze huidige leefomstandigheden niet voldoende om de

vereiste binnenhuisluchtkwaliteit te garanderen. De afgelopen jaren is er

daarom meer en meer aandacht uitgegaan naar het gebruik van geavanceerde

oxidatieprocessen. Deze zijn namelijk in staat een brede waaier aan vervuilende

polluenten af te breken onder milde omstandigheden.

Het niet-thermisch plasma dat gebruikt wordt in dit onderzoek is zo’n

geavanceerd oxidatieproces. Een specifiek voordeel van plasmatechnologie

is zijn flexibiliteit en het feit dat het gecombineerd kan worden met

andere luchtzuiveringstechnologieën. Meer bepaald zijn synergie met

heterogene katalyse leidt tot een efficiënter gebruik van plasma in

luchtzuiveringstoepassingen. Fotokatalyse is een techniek die steeds vaker

in aandacht komt als een innovatieve en veelbelovende techniek voor

binnenluchtzuivering. De onderzoekshypothese is dat een synergetische

werking bekomen kan worden door een fotokatalysator te plaatsen in de

ontladingszone van een plasmareactor.

De doelstelling van dit doctoraat is het bestuderen en het afleveren van

een innovatieve en efficiënte luchtzuiveringstechnologie door het combineren

van een gelijkgestroomde corona ontlading met fotokatalyse. Om deze
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plasmakatalytische techniek duurzaam te maken, wordt een fotokatalytische

coating aangebracht op de collectorelektrode van het plasmasysteem.

In eerste instantie werd een plasmareactor ontwikkeld die gebaseerd is

op gelijkgestroomde corona ontlading. Vervolgens werd de afbraak van

stikstofoxide bestudeerd waarbij verschillende procesparameters gevarieerd

werden: de polariteit, de aangelegde spanning, de relatieve vochtigheid van de

gasstroom en de configuratie van de reactor zelf. De optimale werkingscondities

voor de mineralisatie van polluenten werden bepaald door het bestuderen van

iedere parameter afzonderlijk.

Het volgende luik van dit onderzoek bestaat uit de ontwikkeling en

de optimalisatie van een fotokatalytische coating die aangebracht kan

worden in de plasmareactor. De coating werd gebaseerd op de

P25-poeder-gemodificieerde-sol-gel-methode. Hiervoor werd de molaire

concentratie van titaniumisopropoxide, P25 titaandioxide, diethanolamine en

water bestudeerd.

In het laatste deel van dit werk werden het plasma en de photokatalytische

coating gecombineerd om zo een plasmakatalytische luchtzuivering te bekomen.

Een nieuwe plasmareactor werd ontworpen en gebouwd waarbij de mogelijkheid

bestaat om een UV lamp te incorporeren. De etheen afbraak werd bestudeerd

in aan- en afwezigheid van de coating. Dit bood de mogelijkheid om de

synergetische effecten tussen plasma en fotokatalyse te bestuderen.

De algemene conclusies en verwezenlijkingen van dit onderzoek, met als

doel het gebruik maken van plasmakatalyse als een duurzame en efficiënte

luchtzuiveringstechnologie, kunnen als volgt samengevat worden:

� De optimale werkingscondities van een zelf ontworpen plasma reactor

werden bepaald.

� Verschillende coatings werden geoptimaliseerd voor implementatie in

een plasma systeem. Hierbij wordt de coating aangebracht op de

collectorelektrode.

� Het plasmakatalytisch systeem, met een geincorporeerde UV lamp,

vertoont synergetische effecten waarbij de mineralisatie van etheen

verbetert en de vorming van bijproducten afneemt.



Abstract

Our indoor air environment is two to five times more toxic than the outdoor

environment while we spend as much as 90 % of our time indoors. Inadequate

ventilation, damp and mould damage, tobacco smoke, building materials,

furniture, electronic equipment etc. cause increased concentrations of chemical

compounds reducing the indoor air quality in homes, schools and other public

places. The quality of the indoor air is thus an important issue for human

health and comfort.

Non-destructive techniques such as mechanical and electronic filtration or

adsorption are not sufficient for achieving a high indoor air quality. In recent

years advanced oxidation processes (AOP) received growing attention due to

their potential for degrading a wide range of pollutants at mild conditions.

Non-thermal plasma technology is the AOP that is studied in this work. A

particular advantage of plasma technology is its flexibility and ability to be

combined with other technologies. Consequently, a more effective use of plasma

is possible by exploiting its inherent synergetic potential through combination

with heterogeneous catalysts. In the past decades, photocatalysis has gained

more attention as an innovative and promising process for cleaning indoor air.

The hypothesis is that by placing (photo)catalysts inside or in close vicinity of

the discharge zone of a plasma reactor a synergetic effect of the two techniques

can be obtained.

The main objective of this research is to study and deliver an innovative and

efficient air purification technology by combining a direct current (DC) corona

discharge system with a (photo)catalytic coating on the collector electrode in

order to achieve a sustainable plasma catalytic system.

In first instance a plasma reactor based on DC corona discharge is developed

to study the degradation of nitrogen oxide (NO). Different parameters like

humidity, voltage, polarity and configuration of the reactor are tested. A set of
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optimal conditions for the mineralisation of pollutants is defined by studying

each parameter separately.

In the next part of the work, a suitable (photo)catalytic coating for

implementation in plasma catalysis is optimised. The coating is based on the

P25-powder-modified-sol-gel method. The water, titaniumisopropoxide and

diethanolamine content are studied.

In the last part, plasma and (photo)catalysis are combined to obtain a plasma

catalytic air purification technology. A new plasma reactor is built which

allows to insert a UV lamp inside the unit. The decomposition efficiencies of

the plasma unit with and without coating on the collector electrode and the

synergetic effects are studied.

The final conclusions about this research of plasma catalysis as a sustainable

and efficient indoor air technology can be summarised as follows:

� A set of working conditions for a self-developed DC corona discharge

plasma reactor is found

� A suitable catalytic TiO2 coating is optimised for implementation in a

plasma catalytic system

� The combined plasma catalytic system enhances the mineralisation of

ethylene and diminishes the formation of by-products upon irradiation

with an external UV source
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1
INTRODUCTION

1.1 Motivation

Air pollution has a huge detrimental impact worldwide: in 2012 one eighth of

all deaths, around 7 million people, died as a result of bad air quality [1, 2].

If people talk about air pollution they usually think of air pollution as being

outdoors, but the air in your house or office can also be polluted.

It may come as a surprise to many of us that the air in an urban street

with average traffic might actually be cleaner than the air in your living

room. Recent studies indicate that some harmful air pollutants can occur in

concentrations up to 5 times higher in indoor spaces compared to outdoors

[3–5]. Inadequate ventilation, damp and mould damage, tobacco smoke,

building materials, furniture, electronic equipment etc. cause increased

concentrations of chemical compounds that can reduce the indoor air quality

in non-industrial environments such as homes, schools and other public places.

Sometimes a group of people have symptoms that seem to be linked to time

spent in a certain building. There may be a specific cause, but sometimes the

cause of the illness cannot be found. This is known as sick building syndrome

(SBS) [6–8]. Most people feel better as soon as the pollution source is removed

or when they leave the building. Some pollutants, however, can cause diseases
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that show up much later, such as respiratory diseases or cancer [5]. Despite

this, public health awareness on indoor air pollution is lagging behind outdoor

air pollution [9, 10]. The above findings and the fact that many of us spend

up to 90% of their time indoors, makes the quality of the indoor environment

an important issue for human health and comfort [11].

High indoor air quality (IAQ) can be obtained by controlling the emission of

pollutants from indoor sources through the selection of low-emitting materials,

by removing or diluting pollutants by ventilating indoor spaces and/or by

removing harmful pollutants out of the air. Traditionally, effective infiltration

(i.e. the unintentional or accidental introduction of outside air into a building,

typically through cracks in walls and floors) and natural ventilation have been

used to affect a controlled exchange of indoor air to abate IAQ problems.

In the past few years, energy efficiency considerations have resulted in an

increase in the building gas tightness which adversely impacts infiltration and

discourages the use of natural ventilation [12]. Therefore, new techniques must

be introduced to improve the IAQ. One of the best options to achieve this is

to purify the air.

This PhD focuses on a fairly new technology, based on the combination of two

technologies: non-thermal plasma (NTP) and photocatalytic oxidation (PCO)

in order to optimise the destruction of air pollutants.

1.2 Indoor air pollutants

Clean air is a main asset of life. The indoor air quality of places where people

spend a large part of their life is an essential determinant of a healthy life

and a person’s well-being. Hazardous substances emitted from construction

materials and indoor equipment or due to human activities indoors lead to a

broad range of health problems and may even be fatal. Indeed, in 2012 alone,

no fewer than 4.3 million people died prematurely due to illnesses caused by

household air pollution [13].

Indoor pollutants can be divided in two groups, biological and chemical, which

will be discussed in the following sections.
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1.2.1 Biological pollutants

Biological pollutants are, or were, living organisms. They can travel through

the air and are often invisible. Some common biological pollutants found inside

include bacteria and viruses, pollen, animal dander, dust mites and moulds

(fungi) [14]. Two major factors that create conditions for biological pollutants

to grow are nutrients and constant moisture with poor air circulation [15].

There is no simple way to sample the air in your home to determine the extent

of biological pollution. The amount of most biological substances required to

cause disease is unknown and varies from one person to the next. But one thing

is certain: every house has one or more of the above mentioned pollutants, no

matter how clean it may be.

Individual exposure toe airborne bacteria and fungi has become a subject of

concern due to related adverse health effects. They grow on organic materials

in high humidity conditions such as paper, textiles, grease, dirt and soap scum.

When a mould colony has been established, as for instance on a bathroom wall,

it generates mould spores that float through the air, land on other surfaces and,

if the conditions are right, form new colonies [16]. It is not known how many

species of fungi exist, but estimates range from tens of thousands to perhaps

three hundred thousand or more. For people that are sensitive to moulds

exposure can cause symptoms such as nasal stuffiness, eye irritation, wheezing,

or skin irritation [17].

Madureira et al. [18] collected air samples and studied the bacterial and fungal

concentrations from 68 homes, 9 child day-care centres, 20 primary schools

and 22 elderly care centres located in urban area of Porto, North Portugal.

The results demonstrated that indoor bacterial and fungal concentrations

were the highest in child day-care centres and primary schools, which could

be explained by differences in density of occupation, occupant activities and

inadequate ventilation. Penicillium and Cladosporium species were the most

frequently detected fungi. Indoor bacterial concentrations were significantly

higher than outdoor concentrations. The indoor/outdoor (I/O) ratios for the

observed fungi concentrations were calculated as approximately around 1, and

for bacteria concentration higher than 2.
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Another type of biological pollutant indoors are the house dust mites [19]. The

faecal pellets deposited by the mites accumulate in fabrics and can become

airborne via domestic activities such as dusting, resulting in inhalation. House

dust mites thrive in homes with adequate humidity that provide a source

of food and shelter. Mites prefer relative humidity levels of 70 to 80 % and

temperatures of 24 to 27 ◦C. Most mites are found in bedrooms in bedding,

where they spend up to a third of their lives. A typical used mattress may

have from 100 thousand to 10 million mites in it. In addition, carpeted floors,

especially long, loose pile carpet, provide a micro habitat for the accumulation

of food and moisture for the mite [20–22].

1.2.2 Chemical pollutants

Particulate matter (PM2.5 and PM10), gases such as carbon monoxide (CO),

nitrogen dioxide (NO2) ozone (O3), sulphur dioxide (SO2), ... and microbial

and chemical volatile organic compounds (VOCs) are the most common types

of indoor air pollutants [4]. Radon, a colorless carcinogenic radioactive gas and

the second most important cause of lung cancer in many countries [23], causes

problem in many houses.

Table 1.1 shows the guidelines, the indoor sources and the potential health

effects of some of the most important indoor air pollutants. Understanding

the hazards of these substances is the first step in taking the necessary steps

to avoid or reduce the adverse impacts of these pollutants on health.
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The different sources of the indoor air pollutants, presented in Table 1.1, lead

to a large variation in indoor pollutant levels and hence personal exposure [35].

Some examples of typical indoor air concentrations are given below.

Stranger et al. [36] characterised the particulate matter in residence in

Antwerp. The study reveals that on average 90 % of the indoor and 85 %

of the outdoor collected particles were smaller than 2.5 µg. The average

PM2.5 indoor mass concentration in the smoker’s houses was 46.6µg/m3 and

29.5µg/m3 in the non-smoker’s houses. The concentrations are thus above the

proposed PM2.5 EU norm of 25 µg/m3. Challoner et al. [9] studied the mean

indoor PM2.5 concentrations for 10 different city centre buildings in Dublin,

Ireland. In naturally ventilated buildings during working hours the mean equals

24.2µg/m3, compared to 18.9µg/m3 during non-working hours. Five locations

exceeds the EU norm. The PM2.5 indoor/outdoor ratio for both studies were

all found to be close to or above 1.

For PM10 Stranger et al. [36] found concentrations equal to 49.4µg/m3

and 33.8µg/m3 for smoker’s and non-smoker’s houses, respectively. The

average indoor PM10 concentration (39µg/m3) equals the WHO indoor air

24 h guideline value of 40µg/m3. The values are in good agreement with

the mass concentration ranges reported by the US-Environmental Protection

Agency [37, 38] of 8 -72µg/m3 in non-smoker households and 33 - 114µg/m3

in smoker households.

The NO2 concentrations for indoor, outdoor and personal exposure were found

to be 32.6, 38.9 and 41.4µg/m3, respectively. In the INDEX report [39] of the

European Commission, nitrogen dioxide concentrations were in the range of

13-62µg/m3 indoors, 27-36µg/m3 at the workplace, 24-61µg/m3 outdoors and

25-43µg/m3 for personal exposure. Maximum levels associated with the use of

gas appliances (gas cooking and heating) in European homes are in the range

180-2500µg/m3 [39]. A more recent study by Rivas et al. [40] also investigated

NO2 indoor concentration level in schools in Barcelona (Spain) and found a

mean concentration of 30µg/m3, which do not exceed the guideline value.

Stranger et al. [36] also investigated the indoor and outdoor SO2

concentrations. Both indoor (1.5µg/m3) and outdoor (4.8µg/m3) levels were

on average very low and did not exceed indoor or outdoor guideline values.

The average personal, indoor and outdoor O3 levels were estimated by Stranger
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et al at 5.1, 3.2 and 27.8µg/m3), respectively. The low indoor ozone levels are

due to the fast reactions and deposit of ozone on typical material surface [41].

Recently, indoor air quality is characterised in the so-called MERMAID

study ([42]), in 10 energy-efficient French schools during two periods of

4.5 days. Over 150 volatile organic compound (VOC) species were

measured indoors. During occupancy, the total measured VOC level varies

from 100 to 680 µg/m3 depending on the building. Aldehydes and ketones

are the most common chemical species detected, generally representing 40 -

82% of all VOC. The highest concentrations have been found for acetone,

2-butanone, formaldehyde, acetaldehyde, hexaldehyde, toluene, heptane, and

pentanal. With the exception of benzene, all these VOCs have indoor sources.

Formaldehyde has a mean concentration of 14.8µg/m3. Aromatic compounds

range from 8 to 50 µg/m3 and terpenes are always minor compounds [42].

Concentrations of VOCs show a very high variability between different indoor

environments. The presence of some indoor pollutant sources, as well as

micro meteorological and building conditions have a significant influence on

the concentrations found indoors. For example, Stranger et al. [43] found a

significant difference between indoor/outdoor ratios calculated for classrooms

in Belgium with and without the presence of carpets. In particular, the authors

reported a mean I/O ratio equal to 2.63 in the classrooms where carpets

were present and mean I/O ratio equal to 1.03 in the classroom where tiles

or linoleum floor coverage were present.
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1.3 Available indoor air purification methods

In order to provide a comfortable and healthy indoor air environment, measures

must be taken to control the concentration levels of indoor air pollutants and

improve the IAQ. Currently, these methods include prevention by controlling

the indoor sources, ventilation and indoor air purification, both destructive

and non-destructive.

1.3.1 Prevention by source control

Prevention is a key factor concerning the quality of the indoor air. Max Von

Pettenkoffer (1958), a pioneer of modern hygiene and preventive medicine, once

said ”If there is a pile of manure in a space, do not try to remove the odour

by ventilation. Remove the pile of manure” [44]. This quote demonstrates

the importance of source control as the first approach to ensure good indoor

air quality. Eliminating or reducing indoor pollution sources is the most

economical and effective way to improve IAQ [45, 46]

Source control comprises a variety of principles and applications based on the

nature of particular contaminants and contamination problems. It includes

preventing pollutants to enter buildings, physical removal of the source and

replacing it with non-emitting or low-emitting sources [47]. It may also

include controlling the indoor climate to reduce emission rates or prevent the

occurrence of conditions that can lead to contaminant generation. Control

or mitigation of all contamination sources, is not always feasible [48]. A

combination with other techniques should be used to improve the IAQ.

Hult et al. [49] investigated in new US residences the extent to which source

control can mitigate formaldehyde exposure by compare the impact of building

materials on indoor air quality. Formaldehyde concentrations in homes built

with low-VOC materials are compared with the concentrations in homes built

with conventional building materials. For concentrations at an air exchange

rate of 0.35 per hour, fitted curves give indoor concentrations of 46 µg/m3 for

conventional homes and 34 µg/m3 for homes built with low-emitting materials.

This corresponds to a 27% reduction in concentration for the low-emitting

materials below conventional construction. This study proves the benefits and

need of source control.
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1.3.2 Ventilation

Ventilation, either naturally or mechanically, is the second most effective

approach to provide good IAQ [50]. Ventilation typically comprises bringing

in outdoor air, conditioning and mixing it with some portion of indoor air,

distributing this mixed air throughout the building while exhausting some

portion of the indoor air outside. In the past, most buildings had windows

that opened; airing out a stuffy room was common practice. In addition,

indoor-outdoor air pressure differences provided ventilation by moving the air

through leaks in the building shell. Today, however, most newer office buildings

are more airtight and use a great deal of insulation to minimise the loss of

energy. Fresh air is reduced in mechanical ventilation systems in order to

exchange indoor air with a supply of relatively clean outdoor air [51, 52].

The impact in increased ventilation on polychlorinated biphenyl (PCB) air

concentration by installation of mechanical balanced ventilation units is studied

by Lyng et al. [53]. In a classroom, the air exchange rate was raised from

0.2 (without mechanical ventilation) to 5.5 per hour during the intervention.

The corresponding concentration decrease achieved from the intervention was

30%. Consequently, increased ventilation as one of the mitigation methods,

significantly lowered the PCB concentration.

1.3.3 Indoor air purification - non destructive methods

1.3.3.1 Filtration

There are two types of air cleaning filters that can remove particles and airborne

microbes from air: mechanical air filters and electronic air filters.

Mechanical filters simply intercept particles in the air passing through the

filter. An example of such a filter is a high efficiency particulate air (HEPA)

filter, which has high removal efficiencies for larger particles (up to 99.97 % of

0.3 micrometre airborne particles).

Disadvantages include the low efficiency for small particles and that they

can act as pollution source when not used properly. Moreover, they can
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become a source of contamination from micro-organisms harmful to human

health. The organic/inorganic matter deposited on the filter contributes to

microbial growth, which inevitably leads to a loss of filter efficiency and

filter deterioration [51]. At the same time byproducts such as formaldehyde,

carbonyls, formic acid and ultra-fine particles can form due to the chemical

reaction of ozone, present in the air, and the particles deposited on the filters

[51, 54, 55]. So, filter cleaning or replacement is necessary after a period of

time [56].

Electronic air filters, such as electrostatic precipitators (ESP), use a process

called electrostatic attraction to trap particles. They draw air through an

ionisation section where particles are charged. These charged particles will be

attracted to a collector plate with opposite charge. Next, the particles must be

removed from the collector plate to maintain adequate performance. In a dry

ESP, rappers that vibrate the collection surface remove the particulate. Wet

ESP use water to rinse off the particles. Consequently, they are not destroyed,

just transferred to another phase.

A disadvantage of electrostatic precipitators is the rapping re-entrainment.

The dust layer of collected particles on the collection plates is knocked off.

Most of the dust falls as a sheet into collection hoppers, but some particulate

is re-entrained into the gas stream. This phenomenon of re-entrainment can

also occur when the resistivity of the dust layer is too high or too low, resulting

in a reduction of the collection efficiency.

Another approach based on electric charge is to send out large quantities of

charged particles in a room by ionisers. They work similar to the ESP, but

without a collector. Here, the ions attach to airborne particles, giving them a

charge so that they will attach to nearby surfaces or attach to each other and

settle out of the air [57].

In some experiments, ionisers were found to be less effective in removing

particles of dust, tobacco smoke, pollen or fungal spores compared to either

HEPA filters or ESP [58, 59]. Unfortunately, some of the electronic air filters

may emit ozone as a by-product of their operation [60, 61]. A comparison of 27

ionisers revealed that ozone generation rates ranged from 56 to 2757µg/h [62].

Berry et al. [63] also investigated the effect of a commercially available ionic

air cleaner to study the effect of the device on indoor ozone levels. Ambient
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ozone concentrations measured in the middle of the room were between 13 -

19 ppb during normal daily activity and the ozone levels increased to 77 ppb

when measured in front of the ionic cleaner during still conditions. Thus, the

measured ozone levels were close to the 80 ppb EC guideline (Table 1.1).

1.3.3.2 Adsorption

Since mechanical and electronic air filters only remove particulate matter,

indoor air filters are frequently equipped with an adsorption unit that is able

to remove VOC. Adsorption is a surface process in which gases are attracted

to the surface of a solid, such as activated carbon, zeolite, activated alumina,

etc. and are consequently separated from the air stream [51].

Adsorption processes can be classified as either physical or chemical adsorption.

Physical adsorption is caused by Van der Waals force, which is an

inter-molecular attractive force. There is no change in the molecular properties

of neither the adsorbent nor the gas. The bonding force during adsorption will

be relatively small.

Chemical adsorption (chemisorption), on the other hand, involves the

formation of new chemical bonds [64, 65]. Electron or ion exchanges will occur

between the adsorbent and the gas, thus resulting in a more vigorous reaction.

An adsorbent will generally adsorb molecules for which it has the greatest

affinity and will allow other molecules to remain in the airstream. So, the

adsorption filters are specific to one or a limited number of gaseous pollutants.

There are some problems when applying such techniques in practice. It has

been proven that accumulation of pollutants can serve as a nutrient source

for moulds and bacteria [66]. These organisms on the filter are able to

produce VOC such as aldehyde, ketones, alcohols, furans, esters and acids

as investigated by Schleibinger et al. [67] who measured the concentrations

of polluents before and after used filter pieces containing micro-organisms and

particles. Secondly, adsorption occurs more easily at lower temperatures and

humidity. Humidity and other indoor pollutants generally have a negative

effect on target indoor pollutant removal due to competitive sorption. Finally,

all adsorbents will lose their activity after being used a period of time. They

have a limited capacity and thus require frequent maintenance [68].
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1.3.4 Indoor air purification - destructive methods

The aforementioned techniques only transfer the contaminants to another

phase rather than eliminating them. Consequently additional disposal or

handling steps are required. More innovative methods for indoor air cleaning

are the so-called advanced oxidation processes (AOP). They have the potential

of degrading a wide range of VOCs at ambient temperature and pressure.

In these processes, highly reactive, oxidative species such as ozone, atomic

oxygen or hydroxyl radicals are produced. Examples of AOP are UV lamps,

photocatalytic oxidation (PCO), ozone generators and plasma reactors [69]. A

short introduction of AOP is given in this section.

1.3.4.1 Ultraviolet germicidal irradiation

Ultraviolet germicidal irradiation (UVGI) cleaners use ultraviolet radiation,

more specific UV-C at 253.7 nm [70], from UV lamps that can destroy biological

pollutants by breaking the molecular bonds in their DNA. Ultraviolet light kills

cells by damaging their DNA and thus permanently preventing replication and

causing cell death [12].

UVGI cleaners should be used with, but not as a replacement for, filtration

systems [56]. Typical UVGI cleaners have limited effectiveness in killing

bacteria and moulds. Effective destruction usually requires much higher

irradiation time-doses [71, 72].

1.3.4.2 Ozonation

Ozonisers are indoor air purificators that intentionally emit ozone by using UV

lamps or electrical discharges for cleaning indoor air.

Ozone generators are frequently proposed as efficient indoor air purification

tools. Ozone is highly oxidative and reacts with unsaturated indoor VOC.

The vendors of ozone generators claim that these devices are always safe and

effective in controlling indoor air pollution. They sometimes inappropriately

refer to ozone as activated oxygen, super oxygenated or energised oxygen,

suggesting that ozone should be a healthy kind of oxygen. They claim that

the ozone produced by these devices can purify the air and remove airborne
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particles, chemicals, moulds, viruses, bacteria and odours by producing a

chemical reaction whose only by-products are carbon dioxide, oxygen and

water. Despite all the promising information, ozone generators have many

drawbacks [57, 71].

First of all, ozone is not effective at purifying air except at extremely high,

unsafe ozone levels and even then it is only partially effective. The ozone

levels emitted by these ozone generators are frequently up to 500 ppbv [73],

which is 5 times higher than the WHO recommended maximum ozone exposure

concentrations. Also, Boeniger et al. [74] found that the reaction process for

indoor air pollutants with ozone may take months or even years.

Secondly, for many of the chemicals with which ozone does readily react, the

reaction can form a variety of harmful by-products [75–78]. Furthermore,

contrary to specific claims by some vendors, ozone generators are not effective

in removing carbon monoxide [58] nor formaldehyde [79].

1.3.4.3 Photocatalytic oxidation

Photocatalytic oxidation (PCO) is an innovative and promising process for

cleaning indoor air. In this technique, energetic light is used to enhance the

performance of a semiconductor so that it can destruct a broad range of indoor

air pollutants into H2O and CO2 [80–82].

Semiconductors can be characterised by their band structure in which the

energy levels of the valence band (VB), the highest occupied energy band, and

conduction band (CB), the lowest unoccupied energy band, are separated by

a band-gap (Eg). The semiconducting catalytic material is activated by UV

light with an energy content equal or greater than the band gap. As indicated

in Figure 1.1, activation of the semiconductor is achieved through absorption

of a photon, which results in the promotion of an electron from the valence

band to the conduction band, leaving behind a positively charged hole. This

is called an electron-hole pair.

Migration of the electrons and holes to the catalyst surface, where the target

pollutants are adsorbed, is an important step for an effective heterogeneous
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Figure 1.1: Illustration of the major processes occurring on a
semiconductor particle following excitation [64, 83]

photocatalyst. The photogenerated holes in the valence band diffuse to the

TiO2 surface and react with adsorbed water molecules or hydroxyl groups OH– ,

forming hydroxyl radicals OH•. These hydroxyl radicals are the key reactive

species to oxidise the adsorbed pollutants (reaction 3). Meanwhile, electrons

in the conduction band participate in reduction processes. Typically, they

react with molecular oxygen to produce super-oxide radical anions (reaction

4), which in turn undergo a chemical reaction. Finally, OH• is formed as the

major free radical to decompose pollutants. In reality the PCO reactions are

interfered by recombination of the electrons and holes with the release of heat,

which is unfavourable in the PCO process. The recombination can happen

on the surface (reaction 1) or in the bulk of the semiconductor (reaction 2)

[83, 84].

Among semiconductors, TiO2 is one of the most efficient for indoor air

purification. The main advantages of TiO2 are its high chemical stability

when exposed to acidic and basic compounds, its non-toxicity, its relatively

low cost and its high oxidising power, which makes it a competitive candidate

for many photocatalytic applications [85–87]. The high oxidising effect of TiO2

makes it suitable for decomposing organic and inorganic compounds at very

low concentrations (0.01 to 10 ppm) [86].
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Despite the known advantages of PCO, generation of hazardous by-products

which can be even more harmful than the target pollutant is a big disadvantage

in this process. Farhanian et al. [88] studied the photocatalytic oxidation

over two commercially available catalyst substrates, TiO2/AC and TiO2/FG.

Produced by-products and removal efficiency of many compounds including

1-butanol, n-hexane, n-octane, toluene were investigated at three concentration

levels in the presence and absence of ozone. Formaldehyde and acetaldehyde

were common by-products for all tested compounds. Other observed

by-products were propinaldehyde and butyraldehyde in PCO of 1-butanol;

acetone, propionaldehyde, butyraldehyde, crotonaldehyde and hexanal in

PCO of n-hexane; acetone crotonaldehyde, hexanal and valeraldehyde in

PCO of n-octane; butyraldehyde, tolualdehyde, acetone, valeraldehyde,

dimethylbenzaldehyde and benzaldehyde in PCO of toluene.

Another problem is the possible surface deactivation of the catalyst [89].

Usually, deactivation is a gradual irreversible process of losing active sites,

which could happen through different mechanisms, such as poisoning, sintering,

fouling, and coking [90].

The low efficiency and the slow reaction rate are two other deficiencies [69, 91].

1.3.4.4 Plasma based indoor air cleaning

The term ”plasma based methods” refers to a series of processes wherein high

voltage (HV) discharges are used for the destruction of pollutants [31]. Plasma

is the fourth state of matter which can be considered as a partially or fully

ionised gas, consisting of various particles, such as electrons, ions, atoms and

molecules [92].

Based on the relative temperatures of the electrons, ions and neutrals, plasmas

are classified as ”thermal” or ”non-thermal”.

In thermal plasma both a high voltage and a high current are applied. This HV

discharge causes an initial excitation in the working gas, followed by ionisation

and generation of large amounts of reactive species, including ionised and

dissociated radicals. In this state, the temperature of the reactive species in

the background gas can go as high as 1000 K, while the peak temperature can

reach 20000 K depending on the voltage, gas flow rate and the source of plasma.

In thermal plasma all particles, including electrons, ions, atoms and molecules

16



Introduction

in the background, are at thermal equilibrium. Therefore, overheating the

reaction medium is inevitable. Consequently, at low concentration levels, this

technology is not economical and practically unfeasible for use as indoor air

treatment.

Non-thermal plasmas (NTP) are generated by applying a sufficiently

strong electric field to ensure the discharge of a neutral gas. This creates

a quasi-neutral environment containing neutrals, ions, radicals, electrons and

UV photons. Due to their light mass, electrons are selectively accelerated and

gain high temperatures up to 250 000 K while the background gas is still at

ambient temperature. This non-equilibrium state makes it unnecessary to heat

the entire gas flow. In this sense an NTP is also referred to as non-equilibrium

plasma or cold plasma.

The highly energetic electrons produce free radicals from parent molecules in

multi-step physical and chemical processes. These free radicals react with

pollutants, thereby decomposing them, to yield decomposition products.

The NTP process is highly non-selective, creating a chemical reactive

environment in which a number of different indoor pollutants are

simultaneously decomposed [93]. NTP air cleaners have been reported to

remove particles at high efficiency, e.g. within the range of 76−99 % [94, 95].

Plasma has a rapid start-up and can respond rapidly to changes in the

composition of the input gas stream allowing the adoption of intelligent control

strategies and a consequent increase in energy efficiency [92, 96]. Despite its

advantages, exclusively using NTP in an air cleaning process still remains

suboptimal due to problems with the formation of unwanted by-products, poor

energy efficiency and incomplete mineralisation [31, 97].
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1.3.4.5 Comparison of the indoor air purification technologies

Table 1.2 lists the comparisons of the abovementioned air cleaning techniques

for indoor air purification including treated pollutants, advantages as well as

disadvantages.

It shows that in theory photocatalytic oxidation or non-thermal plasma alone

can treat most air pollutants. On the other hand, filtration, adsorption,

UV germicidal irradiation and ozonation focus on removing solely gaseous

pollutants, solid-state pollutants, microbes or a combination of some of them.

Hence, PCO or NTP can potentially be applied in different scenarios to

eliminate a variety of indoor air pollutants. However, both techniques display

some shortcomings. These shortcomings can be overcome by combining several

air cleaning techniques to form a single hybrid air cleaner.

1.3.5 Rationale

The polluted air/gas mixture is usually rather complex and requires integrated

pollution control systems to remove specific pollutants. Currently, there is

no single sustainable technology available that provides a solution to remove

low levels of indoor air pollutants (see Table 1.2). Therefore, advanced

indoor air cleaning systems on the market mostly consist of a combination

of several units like non-thermal plasma, particularly corona discharge, inside

an electrostatic precipitator (ESP), a UV source for bacteria control and a

chemical decomposition reactor [98]. This causes air cleaning technologies to

be over-dimensioned and consisting of a serial stacking of filter technologies

thus resulting in a higher cost. An example of such a system can be found in

Figure 1.2, where different layers are shown for a commercial air cleaning unit

[99].
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Figure 1.2: Daikin Air Purifier, a six-layer decomposition and
removal configuration [99]

This PhD study avoids such a multi-step process by focusing on the

development of a sustainable and efficient indoor air cleaning technology.

Non-thermal plasma and photocatalysis can both be potentially applied in

different scenarios to eliminate a variety of indoor air pollutants. Both

techniques, however, display some shortcomings (Table 1.2), which may be

overcome by combination of the two techniques. In this regard, the combination

of NTP with photocatalysis, referred to as plasma catalysis, is a promising

method for indoor air purification [31, 111, 113–118] .

In the next section, an overview of different non-thermal plasma reactors is

given as introduction to this promising plasma catalytic system.
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1.4 Plasma catalysis as indoor air treatment

1.4.1 Non-thermal plasma reactor concepts

Normally, classification of NTP reactors is based on the type of the employed

discharge mode. In the next paragraphs, an overview of the most important

NTP reactors regarding indoor air treatment is presented. Only the main

characteristics will be briefly discussed in the following sections.

1.4.1.1 Dielectric-barrier discharge

Dielectric-barrier discharges (DBD) also referred to as silent discharges due

to the absence of a spark have long been related to ozone generation. In fact,

ozone generation of DBD was the first environmental application of a NTP [92].

Recently, DBD is also applied in UV sources and excimer lamps, in polymer

treatment, ... and most importantly in pollution control.

It typically has at least one dielectric layer (e.g. glass, quartz, Teflon or

ceramic) between the electrodes, i.e. the electrode gap, which plays a key

role in the stabilisation of the NTP. The process uses alternating current (AC)

high voltage at a frequency of several hundred hertz (Hz) to several hundred

kilo hertz (kHz). When the voltage is sufficiently high, a breakdown strong

enough to ionise the surrounding media, occurs in the discharge gap [119].

DBD devices can be made in many configurations (Figure 1.3), typically planar,

using parallel plates separated by a dielectric, or cylindrical, using coaxial

plates with a dielectric tube between them. The gap distance between the

electrodes varies from 0.1 mm to several centimetres [120].
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(a) Common planar configurations (b) Common cylindrical configuration

Figure 1.3: Illustration of various DBD reactor configurations [120]

DBD is not uniform and consists of numerous microdischarges distributed in

the discharge gap, often moving between and interacting with each other. The

microdischarges consist of separated and short-living current filaments and are

formed when the local electron density at certain locations in the discharge

gap reaches a critical value [121].

1.4.1.2 Surface discharge

Surface discharge (SD) is very similar to DBD as it also uses a dielectric barrier.

However, as can be seen on Figure 1.4, the dielectric surfaces are imbedded by

metal electrodes and supplied by AC or pulsed voltage [122]. Often, the SD

reactors are constructed of a dielectric material with parallel strip electrodes

at one side and a ground plate at the backside [123].
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Figure 1.4: Illustration of a surface discharge reactor configuration
[124]

The surface discharges actually consist of many nanosecond surface streamers

and are generated in a thin layer along the dielectric surface. The excited

plasma consists of small local discharges that extinguish almost immediately

due to charge accumulation on the dielectric barrier that reduces the gap

voltage [119].

1.4.1.3 Ferroelectric pellet packed-bed reactor

A packed bed discharge is a combination of a DBD and a SD. Ferroelectric

ceramics with high dielectric permittivity as the dielectric barriers, are used as

packed-bed (Figure 1.5). Ceramics based on BaTiO3 are the most commonly

employed for the discharges, but also NaNO2, MgTiO4, CaTiO3, PbTiO3 and

PbZrO3 –PbTiO3 are used [119, 125–127].

Figure 1.5: Illustration of a ferroelectric pellet packed-bed reactor
[128]
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When an external electric voltage is applied across the dielectric layer, the

pellets are polarised and an intense electric field is formed around the contact

points between the pellets and electrodes. This results in partial discharges in

the vicinity of each contact point [128–130].

The presence of the pellets is beneficial for a uniform gas distribution

and electrical discharge but causes an increase in pressure drop [31, 97].

Ferroelectric packed-bed reactors could serve as an alternative approach to

enhance the plasma energy efficiency, because the increase in the electric field

will lead to higher mean electron energy. The enhancement of the electric

field in a packed-bed reactor is attributed to polarisation effects and the

accumulation of charges on the surface of the dielectric pellets [110, 131, 132].

1.4.1.4 Pulsed corona discharge

Non-thermal plasma is formed between two concentric electrodes in this type of

reactor. The outer, grounded electrode is cylindrical while the inner electrode

can be cylindrical or in the form of a wire. A pulsed corona discharge is

energised with a pulse power supply with a fast voltage rise time. In this way,

the formation of a spark can be prevented, which means a higher efficiency

and longer lifetime of the reactor [31, 97]. Pulse power was first introduced in

a ESP to enhance the removal efficiency by optimising the peak voltage and

current distribution [92]. The required voltage level to energise the discharge

electrode depends on the distance between the electrodes, the pulse duration

and the gas composition [133]

The ionisation zone in the pulsed corona discharge is usually spread over the

entire gap. Therefore, the electrode gaps can be set at around 10 cm or more,

which reduces the pressure drop and makes it highly favourable for large-scale

applications [92].
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Typical pulse parameters are [133]:

� voltage level of up to approximately 100 kV

� pulse length of approximately 100 - 200 ns

� rise time of tens of nanoseconds

� discharge current of approximately 500 - 600 A

Each pulse has a given energy and the power in the plasma is the product of

this energy and the repetition rate, which can be up to approximately 1 kHz

[133].

The open structure of the pulsed corona system suggests that it can be

used to treat relatively large gas flows while producing little backpressure.

A disadvantage of this technique is that the power supply for high flow

applications is not easily available given the high power requirements, the short

duration, short rise time and high voltage nature of the pulse [133].

1.4.1.5 DC corona discharge

A Direct Current (DC) corona is a weakly luminous discharge that appears at

atmospheric pressure near sharp points, edges or thin wires where the electric

field is sufficiently large. The geometry confines the gas ionising processes

to high-field ionisation region(s) around the active electrodes. The corona

geometry is named positive or negative according to the polarity of the active

electrodes. When it is around the cathode, it is called a negative corona, while

it is a positive corona when the electric field is around the anode. In other

words, when the electrode with the strongest curvature is connected to the

positive output of the power supply, a positive DC corona is generated [134].

One important aspect in corona discharge is the formation of an electron

avalanche. This avalanche occurs when a strong electric field acts on natural

occurring free electrons in the air. In the plasma region, several microns

from the corona electrode surface, the electrons accelerate due to the electric

field and thereby gain sufficient kinetic energy to cause ionisation when

colliding with neutral gas molecules. During these inelastic collisions additional

electrons are released which in turn are also able to ionise after acceleration. As
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the process continues, more electron-ion pairs are produced in a self-sustained

process. This process is referred to as the electron avalanche [135–138].

Although the initiation of the electron avalanche is the same for both polarities,

there are some differences present regarding the way the electron avalanche is

sustained [135].

In case of a positive corona the electrons are accelerated towards the wire as

the avalanche progresses, as can be seen on Figure 1.6.

Free electrons and ions are also produced through photo-ionisation. Photons

are emitted from the electrons as they decay into lower energy levels in the

plasma region. In dry air, O2
+ and N2

+ are the major charge carriers [135].

The secondary electrons are generated by photons of short wavelength light

at the boundary of the ionisation region, i.e. the position where the rate of

ionisation equals the rate of electron attachment. Propagation of the discharge

mainly depends on secondary photo-ionisation processes around the sharp tip.

Figure 1.6: Model of a positive corona discharge [134]
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Outside the corona plasma region, the field strength is insufficient to produce

collision-induced electron-ion pairs. In this area, the so-called unipolar drift

region, only ions of the same polarity as the corona electrode exist. The

unipolar ions (ions of a single polarity) are propelled from the edge of the

corona region towards the collector electrode. Any negative ions remaining

within the corona plasma region will be drawn towards the corona electrode.

Due to the lower tip curvature of the collector electrode, the electric field is

relatively weak and no ionisation occurs near it.

The positive corona is characterised by the presence of streamers. So, at

a certain threshold voltage the discharge transitions from the stable corona

mode to an unstable spark discharge regime [97]. The ionisation region from

a positive corona is characterised by a uniform, dim, bluish-purple glow along

the electrode surface [134].

Unlike the positive corona, the electrons in a negative corona travel in

the opposite direction and thus away from the wire (Figure 1.7). Therefore,

secondary electrons ionised from the neutral gas are of relatively little use in

sustaining a negative corona. Instead, the most significant mechanism for the

generation of secondary electrons is the photoelectric action of photons striking

the surface of the electrode. The production of electrons by photoemission

from the corona electrode depends partially on matching the energy of emitted

photons to the work function of the corona electrode material [139, 140].

Indeed, the work needed to remove electrons from the electrode surface

(approximately 4 to 5 eV for metals most likely to be used in corona discharge

devices) is considerably less than the ionisation energy of oxygen and nitrogen

molecules (12.06 eV for O2 and 15.6 eV for N2 [135]. If the photon has low

energy, it will be unable to knock off an electron from the corona electrode

metal surface. Therefore, material selection has an impact on negative corona

discharge [103]. Consequently, the avalanche seed electrons are generated on

the surface of the electrode by photoemission and are repelled from it. As

these electrons leave the ionisation region, they attach themselves to neutral

gas molecules and form small negative air ions that drift towards the collector

electrode. In the ionisation region, production of free electrons by electron

collisions with air molecules is greater than recombination and attachment of

electrons to neutral electronegative gas molecules, like O2. At some distance
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from the corona electrode surface, the attachment and recombination rate

becomes equal to or greater than the ionisation rate, marking the outer

edge of the ionisation region. Unlike the positive corona case, electrons are

propelled outside the ionisation region, where they bombard other neutral

air molecules. This bombardment can drive certain chemical reactions. The

electron bombardment outside of the ionisation region creates a larger volume

in which reactions can occur. This larger volume is the volume between the

ionisation boundary and the plasma region boundary, as can be seen on Figure

1.7. This larger volume is responsible for an increase in ozone generation rates

of up to an order of magnitude over those generated in positive corona [134].

Figure 1.7: Model of a negative corona discharge [134]

The negative corona visually takes the form of brush-like bluish-purple

discharges that are discontinuous along the electrode. Unlike positive corona,

negative corona is only found in electronegative gases, such as oxygen, water

vapour, and carbon dioxide. A negative corona will not occur in pure gases

with no or very low affinity for electrons, such as nitrogen, hydrogen, helium,

and argon [134]
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1.4.1.6 Rationale

As illustrated in the previous sections, each plasma has unique physical and

electrical properties. Little research has been done towards comparing the

behaviour of these different plasma reactors in terms of chemical efficiency.

But, comparing the different plasma sources is very difficult since reported

research results are obtained using different reactor configurations, types of

power supply, temperatures, gas composition, etc. Kim et al. [141, 142]

demonstrated the result of a comparative assessment of five NTP types: DBD,

SD, pulsed corona, BaTiO3 packed bed and plasma-driven reactor with 1wt%

Ag/TiO2 catalyst. The removal of 200 ppm benzene is studied. Regardless of

the reactor type, DBD, SD and pulsed corona showed similar performances.

They observed that there is no significant difference in benzene removal as long

as the specific input energy is identical for gas phase discharges. However, in the

case of plasma-catalyst coupling, the authors reported significant differences

in performances under the same operating conditions. The plasma-catalyst

coupling typically leads to higher mineralisation rate and will be reviewed in

more detail in the next sections of this chapter.

In this research, a DC corona discharge is used as NTP plasma source.

The initial motivation for using corona is the specific structure of the

reactor. In our research we started to build a plasma unit from the

wire-to-cylinder configuration of an existing electrostatic precipitator. This

type of configuration is also usable to generate corona discharge.

In addition, the formation of O3 and NO2 produced in DC corona discharge

are lower than that of in DBD or pulsed corona discharge [143]. Therefore,

using DC corona discharge as non-thermal plasma for indoor air purposes is a

good starting point.
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1.4.2 Plasma Catalysis

Many studies have shown that NTP is attractive for the removal of a broad

range of pollutants. There is however a consensus that application of NTP

suffers from three main weaknesses (Table 1.2), i.e. incomplete oxidation

with emission of harmfull compounds, a poor energy efficiency and a low

mineralisation degree. The combination of NTP with catalysis is a solution

to overcome these deficiencies [110].

In a plasma reactor, catalyst and plasma can be combined in different ways: the

catalyst can be placed after the plasma discharge (post plasma catalysis, PPC,

two-stage process) or the catalyst can be placed inside the catalyst discharge (in

plasma catalysis, IPC, single-stage process) [144]. Figure 1.8 gives a schematic

representation of de types of plasma-catalyst reactor according to the position.

In the two-stage process (b) the catalyst is situated downstream the plasma

reactor. The plasma and the catalyst are physically separated. The role of

the plasma is to change the gas composition and thus the available reactants

for the catalysis. The complexity of the underlying mechanisms is therefore

much lower compared to IPC, as short-lived plasma species, radicals or excited

species do not reach the catalyst. Moreover, the optimisation of the catalyst

and the plasma can be achieved separately and the majority of commercialised

process adopt this tow-configuration configuration [118]. In contrast, IPC is

a single-stage process (a) where the catalyst is exposed to the plasma, so

the discharge is in direct contact with the catalyst [145]. Direct interactions

between NTPs and catalysts occur only in single-stage processes, but current

understanding of the fundamental elementary steps in such a reaction is still

far behind that of the two-stage system. This set-up is only usable for

non-thermal plasma as thermal plasma would probably melt the catalyst [144].

A multi-stage system (c) is an interesting option since each catalyst can have

a different function, in accordance with its position and the expected reaction.

Hubner et al. [146] have studied ethylene conversion using a three-stage

reactor packed with glass beads. They found that the conversion efficiency

was influenced by the specific energy input only, rather than the number of

stages. In addition, the formation of harmful by-products was reduced with an

increased number of stages.
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Figure 1.8: A schematic representation of a (a) IPC (b) IPC and (c)
multi-stage process [118]

1.4.2.1 Catalyst

Selecting an appropriate catalyst is an important challenge for achieving

synergy in a plasma catalyst process. The presence of the catalyst increases

the probability of surface reactions between the reactants and reactive species,

which leads to more selective reactions and higher conversion efficiencies.

Therefore, the catalyst surface properties including the specific surface area,

pore volume, pore size, size distribution, etc. have an important role on

performance [31].

The catalyst material can be introduced in the combined system in different

ways for both PPC and IPC: as foam [147–149], honeycomb monolith [150–

152], layer of catalyst material or as coating on the reactor wall or electrodes

[153, 154] or in a packed-bed reactor. In the latter case, the catalyst may be

introduced in the form of pellets [155], coated fibres [156] or powder [157].

In general, a packed-bed reactor provides more effective contact between the

reactant and catalyst than other types of reactors, but the pressure drop across
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the reactor is high. The merit of monolithic reactor is the low pressure drop

accros the reactor, however, the contact between the reactant and catalyst

surface is often less than desirable [145].

The most widely used catalyst supports are TiO2 and γ-Al2O3. Moreover, a

variety of other metal oxides (e.g. MnOx, V2O5, Fe2O3, CuO, WO3, ...) as

well as metals (e.g., Ag, Ni, Pt, Cu,...) have been loaded as active elements on

these supports. It is, however, difficult or even impossible to draw a definite

conclusion on the most suitable catalyst [113].

1.4.2.2 The synergetic effect of plasma-catalyst coupling

Several papers have reported that the combination of plasma with catalyst

can result in improved process characteristics compared to the sum of the

individual processes, i.e. either the catalyst or the plasma alone [66, 116, 117,

141, 144, 154, 156, 158, 159, 159–166]. In other words, the combined system

can be better than the sum of each individual technique. This is defined as the

synergetic effect of plasma catalysis.

Assadi et al. [166] studied the performance of butyraldehyde (BUTY)

decomposition with the help of DBD plasma coupled with photocatalysis

(TiO2 + UV). The TiO2 is coated on a fiber glass mat and is placed inside

the electrode gap of the reactor. The elimination capacities of BUTY for

photocatalysis, plasma and for the combined process were 155.7, 273.10 and

495.20 mg/h, respectively. The combination of plasma and photocatalysis

shows better elimination of BUTY than the simple addition of the two

processes, thus a synergy is reached. The residual ozone concentration at the

outlet of the reactor was 0.1, 99.2 and 91 ppm for photocatalysis, plasma and

the combined system, respectively.
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The combination of plasma and catalyst can affect the processes occurring in

the gas phase and on the catalyst in different ways. Both the plasma and the

catalyst can modify the input reactants by inducing plasma chemical reactions.

The catalyst properties themselves can also be modified by the presence of

plasma and vice versa. It is this mutual dependence of the plasma phase and the

catalyst phase properties on one side and the impact on the reactants reaching

the surface that could induce the possible synergism in plasma catalysis [167].

In the following sections, an overview of the effects mentioned in Figure 1.9 is

given.

Figure 1.9: Synergy in plasma catalysis: overview of the effects of
the catalyst on the plasma and of the plasma on the
catalyst [167].
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1.4.2.3 Plasma catalyst interactions: Influence of the catalyst on
the plasma processes

Change in discharge mode

The introduction of a material inside the discharge gap implements

heterogeneous reactivity in the system. Basically, the physical properties of a

discharge will be affected when a catalyst is introduced into the discharge zone.

When, for example, the gap distance is reduced by introducing a dielectric

surface, the discharge mode (partially) changes from volume streamers to

surface streamers with increased electron density (surface flashover) [168].

This surface discharge leads to higher electron impact ionisation rates and

thus higher concentration of reactive species, thereby increasing the removal

efficiency [31, 97, 144, 167]. Also, Tu et al. [169] reported that introducing

TiO2 catalyst pellets into a discharge region of a DBD leads to a transition of

the discharge behaviour. The transition is from a typical filamentary discharge

to a combination of surface discharge on the surface of the pellets and spatially

limited microdischarges generated in the void space between the pellets.

Electric field enhancement

The electric field may be enhanced by roughness or geometric distortion in the

reactor. This can be caused by the introduction of pellets, granulates, etc.

in the discharge zone or can be due to the roughness and/or porosity of the

catalyst surface.

In general, the effect of a packed-bed is to be considered as a physical effect and

is not related to the catalytic activity of the packing material. As mentioned

in 1.4.1.3 the presence of pellets in a packed-bed reactor causes the formation

of an intense electric field around the contact points between the pellets. The

enhancement of the electric field is a physical effect but it also has chemical

effects on the plasma. The electron energy distribution function and the

electron impact dissociation and ionisation rates are modified and thus the

chemical composition of the plasma is changed [167]. It is known that the

presence of high permittivity pellets like TiO2 and BaTiO3 or zeolites increases

the local electric field and thus reduces the gas breakdown voltage [111].

Guaitella et al. [156] showed that for the same applied voltage, the power

injected into the gas is increased when a catalytic material is added in the
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plasma zone. The same effect was reported by Tu et al. [169]. They found

that the interaction of a DBD plasma and a TiO2 catalyst in a single-stage

system has a strong effect on the electron energy distribution function in the

discharge.

Formation of microdischarges inside catalyst pores and reactive

species production

The electric field inside catalyst pores is very strong, leading to discharge

characteristics that are very different from the bulk discharge characteristics.

This in turn leads to different production of the plasma species and thus

changed plasma chemistry [167, 170].

Hensel et al. [171] reported that microdischarges might be generated inside the

catalyst pores that result in more discharges per volume unit and higher energy

density of the discharge [170]. They also studied the discharge formation in

porous ceramic material in function of the pore size. They found that with pore

sizes of 0.8 µm diameter surface discharge developed but no bulk discharge was

formed. When using larger pores (≥ 15 µm diameter) the surface discharges

leaked into the ceramic obtaining stable microdischarges. Consequently, a

stronger electric field was obtained that lead to stronger oxidative plasma

discharge.

Introducing a heterogeneous catalyst in the plasma may increase the

production of active species. Roland et al. and Holzer et al. [172, 173]

studied the oxidation of various organic compounds immobilised on porous

and non-porous alumina and silica solids (Al2O3, quartz and silica gel)

and concluded that short-living oxidising species were formed in such pore

discharges. Chavadej et al. [174] found that the presence of TiO2 in the

discharge zone contributes to the acceleration of the superoxide radical anion

O2
•– formation. Consequently, the total catalytic activity is increased.
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Adsorption of pollutants of the catalyst surface

The behaviour of the plasma catalysis process is also related to the catalyst

storage capacity. The pollutants have to adsorb on the catalyst surface as the

first step in the removal process. Thus, extension of the lifetime of reactive

species generated in the plasma gas phase by adsoprtion on the surface can

promote oxidation reactions. In the gas phase, the lifetime of reactive species

such as O and OH radicals is extremely short because of rapid recombination.

When these reactive species are adsorbed on the surface, their effective lifetimes

substantially increase [175]. The catalyst storage capacity thus increases the

retention time in the reactor as well as the probability of collisions between

pollutants and reactive species as a second step on the surface of the catalyst

[175]. A catalyst with a great ability of adsorbing pollutants and reactive

species in the presence of plasma increases the removal efficiency of these

compounds.

Guaitella et al. [176] investigated atomic adsorption on TiO2 and SiO2 particles

exposed to plasma and found that the plasma induced oxygen atoms that were

grafted to the oxide surface remained a long time after plasma exposure. These

bounded O atoms were able to oxidise C2H2 under normal conditions without

exposure to plasma or UV light.

1.4.2.4 Plasma catalyst interactions: Influence of the plasma on the
catalytic processes

Changes in physicochemical properties of the catalyst

Non-thermal plasma has been used in a series of surface treatment applications

which clearly indicates that during plasma operation, the catalyst surface might

be affected by the plasma operation.

Adsorption and desorption of pollutants from the material surface are key

parameters in coupling plasma and catalysis. As mentioned before, with

adsorption catalytic treatment of pollutants is possible. Desorption of the

obtained products is a step in the removal process and enables the renewal

of pollutants on the surface. Thus a higher pollutant concentration in the

discharge zone results in a higher collision probability between pollutant

molecules and active species thereby enhancing the removal efficiency.
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Blin-Simiand et al. [177] stated that the adsorption-desorption equilibrium

of molecules at the surface is greatly influenced by the plasma discharge.

The electric surface properties are changed by discharge interactions thereby

affecting the Keesom (dipole-dipole), Debye (dipole-induced dipole) and

London dispersion (induced dipole-induced dipole) interactions that in turn

have an impact on the adsorption-desorption equilibrium [167].

The adsorption capacity of a catalyst is determined by the surface

area that affects the number of sites as well as by the thermodynamic

adsorption-desorption equilibrium. Plasma exposure can result in an increase

or a decrease of the surface area and thus affect the first step in the plasma

catalytic breakdown process. Guo et al. [178] examined two SEM images of

MnO catalyst before and after being exposed to the plasma in a wire-plate

DBD reactor. The catalyst is a foam placed in the discharge area of the

plasma reactor. They found that the particle size of the grains on the catalyst

surface becomes smaller and the distribution becomes more uniform after

discharge. This results in the formation of ultrafine particle catalysts. The

particles have a higher surface area and less perfect crystal lattice with a

larger number of vacancies. These physical changes induce a higher catalytic

activity. Contrary, Wallis et al. [179] reported a decrease in the surface area

after plasma treatment. A non-thermal plasma utilising a dielectric packed

bed was used to study the destruction of dichloromethane with the presence of

different catalysts. In case of the alumina catalyst, the surface area is decreased

by 16%, in case of a TiO2 sample the surface area is decreased by 6% and in

the case of a zeolite catalyst, HZSM-5, the surface area is reduced by 45%.

The oxidation state of the material can change when the catalyst is exposed to

a discharge [178]. Guo et al. [178] employed a manganese oxide/alumina/nickel

foam as catalyst in DBD configuration for toluene decomposition and found

that the composition of Mn2O3 in the catalyst changed to Mn3O4 after

discharge. The performance towards toluene oxidation of Mn3O4 was better

than that of Mn2O3 and as a result the plasma treated catalyst improved the

process. Wallis et al. [180] reported that due to plasma catalyst interactions,

less parent Ti-O bonds are found on TiO2 surfaces after several hours of

discharge operation.

37



Introduction

The work function of a catalyst is highly sensitive to its surface condition,

including its morphology, the occurrence of contaminations and surface

reactions. It is defined as the energy required for an electron to be removed from

the catalyst surface to a distance where it does not feel the surface anymore

[97]. The presence of a voltage and a current as a result of plasma on the

catalyst surface can influence and even alter the work function [113].

Formation of hot spots

NTP operate near room temperature. During plasma operation ambient gas

temperatures increase due to inelastic electron-molecule collisions and thus

higher surface temperatures are observed in plasma catalyst configurations

[181]. Hammer et al. [182] confirmed this by applying plasma in IPC reactors.

They found that the temperature of the catalyst surface increases about

10-15 ◦C when applying 10 J/L input energy density.

Since the gas temperature is often too moderate for thermal catalytic activation

hot spots are formed on the catalyst surface [95]. These hot spots are regions

where the temperature is locally higher due to the formation of strong micro

discharges between structures with high curvature such as pellets or pores of the

catalyst. This effect is therefore closely related to the electric field enhancement

effect described earlier. These hot spots can change the plasma chemistry [170].

Most of the time the temperature rise is not enough to activate the catalyst

thermally [172, 175], but they could still prevent catalyst deactivation [144].

Lowering the activation barriers

A large fraction of species in a plasma is in a vibrationally excited state and

thus more reactive than their ground state counterparts. Consequently, the

activation barrier for surface reactions may be lowered, provided the fact that

the excited species have a sufficiently long lifetime. It is known from surface

chemistry [183] that for late transition states the vibration energy is efficient

in lowering the activation energy for the reaction.
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Changing the reaction pathways

Plasma consists of many different species including stable molecules, atoms,

radicals, ions, electrons and photons as well as electronically and vibrationally

excited species. This complex mixture has a composition that is very different

from the non-plasma gas phase available for the catalyst. As a consequence,

if the available reactants for the catalytic process are different, the reaction

pathways can also be different [184].

Activation by photon irradiation

Among the catalysts used in NTP, photocatalysts have a very particular

chemical activity. As mentioned in 1.3.4.3, photocatalyst are semiconductors

activated by photons that create electron-hole pairs that induce the subsequent

oxidation and reduction reactions at the surface of the material.

It was reported that NTP coupled with a TiO2 photocatalyst shows higher

oxidation efficiencies and better selectivity towards CO2. It is even stated

that UV wavelengths produced by plasma discharges activate the photocatalyst

[185, 186]. In NTP UV light can be produced due to excited nitrogen molecules.

Sano et al [187] studied the photocatalytic decomposition of acetaldehyde by

UV radiation from surface discharge plasma. The photocatalytic degradation

was not observed although the TiO2 absorbed the UV light (300 < h < 380 nm)

emitted from N2 plasma.

Even though UV is produced, the UV dose for photocatalysis needs to be in the

order of several mW cm−2, whereas it is only in the order of several µW cm−2

in NTP in air [188]. Wavelength resolved measurements of emission spectra

of DC plasma jet in N2 also indicate that UV radiation ranges in the order of

nW [189].

Lu and Laroussi also observed that more than 1% oxygen in plasma greatly

reduces the UV emission [190]. Since the purpose of this work is indoor air

cleaning in ambient air with 21% oxygen, the activation by UV is negligible

due to the low UV dose from the discharge plasma in air-like mixtures [188].

Guaitella et al. [156] demonstrated that the photocatalytic activity was

negligible in the plasma except when additional UV lamps were used to activate

the TiO2. Moreover, the photocatalytic activity was found to be higher under
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plasma exposure. This may be due to better turnover of adsorbed oxidising

species because of the ion bombardment. Another explanation is the use of

oxidising species produced by plasma in catalytic mechanisms. This result is

confirmed by Maciucu et al. [117, 165].

1.5 Outline

The main objective of this research is to study and deliver an innovative and

efficient air purification technology by combining DC corona discharge system

with a photocatalytic coating on the collector electrode in order to achieve a

sustainable plasma catalytic system.

The research is divided into three work packages.

First, we study the decomposition processes in plasma of an individual

pollutant (Chapter 2). These experiments are conducted in a DC corona

discharge unit on lab scale. Different parameters, like polarity, applied voltage,

relative humidity of the inlet flow and configuration of the discharge electrode

are tested, resulting in a set of conditions that are optimal for the mineralisation

of an individual pollutant.

In Chapter 3, a selected photocatalytic nano-coating is optimised. This

optimisation is done in function of photocatalytic activity, defined by a fast

degradation rate of ethylene in the gas phase. It is important that other

parameters are studied as well. These features include excellent adhesion on

the substrate, good conductivity, an optimal amount of deposited material, a

large surface area, open porosity and the required crystal structure. This work

package results in sustainable coatings that have all the specific requirements

needed to work in a plasma reactor.

In Chapter 4, the two previous technologies are combined: a photocatalytic

coating is applied on the collector electrode of the corona discharge unit. This

enables to study the influence of the coating by comparing the decomposition

processes with and without coating. Thus, the synergetic effect of the plasma

catalytic system will be investigated.
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1.6 Research framework

The research choices made during the PhD are listed below. Critical remarks

on the choices can be found in section 5.2

First, the pollutant NO is used to study the performance of a self-built plasma

reactor. The choice of NO as model compound for indoor air was made since

it was an available indoor air pollutant in our lab at the start of this PhD. In

Chapter 3 and 4 ethylene is used as model compound of VOC. Using a VOC

instead of NO is easier to determine the mineralisation degree of the system.

Indeed, it is easier to detect CO2 than N2.

The experiments in this PhD are performed in ppm levels. This choice is made

considering the detection limit in our FTIR set-up. These are 6.7 ppmv for

NO, 0.56 ppmv for NO2, 0.67 ppmv for ethylene and 2 ppmv for CO2.

The maximum relative humidity in our experiments is 20.3 % due to limitations

of the set-up. When higher relative humidity levels are used, the risk

of condensation of water in the set-up is too high to guarantee proper

measurement. Since the relative humidity up to 20.3 % shows no clear trend

in NO degradation in the used plasma reactor (see Figure 2.10), we decided

to work in Chapter 3 and 4 without water in the gas inlet flow. Furthermore,

FTIR spectra with water are in fact quite difficult to analyse properly (see

Figure 2.12).

In Chapter 3, a UV-A lamp is used as UV source for photocatalysis because

its energy is sufficient to initiate the reactions. In Chapter 4, where the

combination of photocatalysis and plasma is made, a UV lamp that can be

connected on only one side was obligatory due to the reactor set-up. Because

a UV-A lamp has to be connected on both side of the lamp, we had to look for

another solution. We therefore used a UV-C lamp because those were available

with single-side connections due to their use in water purification technologies.
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DC corona discharge: window of operation

2.1 Introduction

In order to understand the pollutant destruction processes in non-thermal

plasma, the plasma chemistry first needs to be studied [1]. As mentioned

in section 1.4.1.6, our plasma technique of choice will be DC corona discharge,

which is a low energy electrical discharge that occurs in the gas phase.

Parameters like polarity, relative humidity, voltage and configuration are

studied in a corona discharge reactor in order to obtain an optimal window of

operation. This window of operation will be used in a subsequent experimental

phase (Chapter 4).

Nitric oxide (NO) is used as a model compound in this study since it was

an available indoor air pollutant in our lab at the start of this PhD research.

Furthermore, nitrogen oxides (NOx) are relevant indoor air pollutants since

their concentrations are significantly higher indoors then outdoors, as shown

in Figure 2.1 for the east part of Slovakia [2].

Figure 2.1: Mean indoor and outdoor NOx concentrations
throughout the year in the east part of Slovakia
[2].
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There are seven oxides of nitrogen that can be found in the ambient air:

nitric oxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O), dinitrogen

dioxide (N2O2), dinitrogen trioxide (N2O3), dinitrogen tetraoxide (N2O4) and

dinitrogen pentaoxide (N2O5). The two most prevalent oxides of nitrogen are

NO2 and NO.

In ambient conditions, nitric oxide is rapidly oxidised by available oxidants

(such as oxygen, ozone and VOC) to form nitrogen dioxide. This rapid

oxidation process is so fast that nitrogen dioxide is usually considered as a

primary pollutant and therefore used in the guidelines [3].

In the INDEX report [4] of the European Commission, nitrogen dioxide

concentrations were in the range of 13-62µg/m3 indoors, 27-36µg/m3 at

the workplace, 24-61µg/m3 outdoors and 25-43µg/m3 for personal exposure.

Maximum levels associated with the use of gas appliances (gas cooking and

heating) in European homes are in the range 180-2500µg/m3 [4]. All these

values exceed the annual guidelines for indoor air presented in Table 1.1.

2.2 Materials and methods

2.2.1 Reactor design

Initially, a plasma unit is built on laboratory scale. As mentioned in section

1.4.1.5, the electrode configuration has a large influence on the characteristics

of the corona discharge [5]. The electric field intensity is higher around the

surface of a charged conductor with higher curvature.

The configuration of the plasma reactor that is based on DC corona, is a

conventional wire-to-cylinder type with an inner wire electrode and an outer

cylinder electrode. The wire is 140 mm in length and 7 mm in diameter, while

the cylinder measures 80 mm in diameter making the gap distance 36.5 mm.

A schematic overview of the dimensions of the unit can be found in Figure

2.2a. Both the wire and the collector electrode are made of stainless steel 316

(SS316), which is known to have a high resistance to corrosion. A poly(methyl

methacrylate) (PMMA) cover is placed around the DC corona discharge unit

for safety reasons. Finally, a high DC voltage supply (PHYWE systeme

GMBH, type 13671.93) is used with a maximum voltage and current of 25 kV
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and 0.5 mA, respectively. The plasma reactor is shown in Figure 4.1b. The gas

flow through the plasma unit is always kept at 2000 cm3/min which results in

a residence time of 22.5 s given the plasma reactor’s volume of 0.75 dm3 .

(a) Schematic overview (b) Picture

Figure 2.2: The corona discharge unit used for plasma experiments

A corona discharge is an electrical discharge brought on by the ionisation of

a gas surrounding a conductor. This occurs when the electric field is strongly

non-uniform and the field strength at or near the conductor surface exceeds

a certain value, but conditions are insufficient to cause complete electrical

breakdown [6]. The potential at which corona is found to originate is called

the corona threshold voltage. It is the lowest potential at which ionisation

by collision becomes a cumulative process, i.e. the lowest potential at which

a corona is self-sustaining. Above this voltage there is a limited range in

which the current increases proportionately to the voltage. This is called the

Ohm’s law regime. After this range, the current increases more rapidly, leading

to the complete breakdown and arcing or sparking. This point is called the

breakdown potential [7–10]. One characteristic of corona is that the threshold

voltage is smaller than the breakdown voltage [6]. This means that corona
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occurs at electric field intensities that are high, but lower than the dielectric

strength of the medium. The dielectric strength of a material is the maximum

electric field that a dielectric material can withstand without conduction [7].

Therefore, corona discharge is a low current, low power discharge with a low

intensity photo emission. Arcs and sparks occur when the dielectric strengths

have been exceeded. They essentially short out the voltage, creating a high

current, high power discharge, with high heat and luminescence [7].

The corona threshold voltage at the surface of the conductor in air required to

produce a visual corona in air is approximated by the Peeks expressions [11].

Vmin = mvgvrln(
S

r
)

�� ��2.1

gv = g0δ(1 +
c√
δr

)
�� ��2.2

where

� Vmin denotes the threshold voltage for corona between wires in kV

� mv denotes an irregularity factor to account for the condition of the wires
(1 for polished wires, 0.93 to 0.98 for roughened wires)

� gv denotes the visual critical electric field in kV/cm

� r denotes the radius of the wires in cm

� S denotes the distance between centres of wires in cm

� g0 denotes the disruptive electric field; 30-32 kV/cm in air

� δ denotes the air density factor with respect to standard conditions for
temperature and air

� c denotes an empirical dimensional constant; 0.301 cm1/2

When calculated for our corona unit, the threshold voltage equals 19.8 kV,

using the polished wires approximation for the irregularity factor in Equation

2.1. Results may deviate from the calculated formula since Peek’s empirical

law used the wire-to-wire geometry instead of the wire-to-cylinder geometry.

Another important issue is the difference in threshold voltage between positive
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and negative corona. It should be noted that the threshold voltage of negative

polarity is lower than for positive polarities [12–14].

It is also possible to calculate the breakdown voltages at which a spark will

occur. Paschen’s law (2.3) gives this breakdown voltage between two electrodes

as a function of pressure and gap length.

V =
apd

ln(pd) + b

�� ��2.3

where

� V is the breakdown voltage in volts

� p is the pressure in atmosphere

� d is the gap distance in metres

� a and b are constant depending on the composition of the gas. For air at

standard atmospheric pressure of 101 kPa, a equals 4.36 107 V/(atm.m)

and b equals 12.8 (dimensionless) [15, 16]

Using this equation, a gap distance of 36.5 mm between the electrodes gives a

breakdown voltage of 168 kV. However, Paschen’s law is only valid between

parallel metal plates. Lock et al. [17] found that the breakdown voltage

required for a wire-to-cylinder configuration is three times lower than Paschen’s

law’s estimations. For our configuration this means that electrical breakdown

will occur at 56 kV. As long as the operating voltage is lower than this

minimum, a sparking phenomenon like arcing, will not occur. As with the

onset voltage, there is also a difference in breakdown voltage between positive

and negative corona. Breakdown under negative polarity occurs at higher

voltage than under positive polarity [12].

Although the threshold voltage was calculated as 19.8 kV, we were unable to

detect plasma in this reactor configuration. This can be explained by the fact

that some slight deviation occurs that can be attributed to the wire-to-cylinder

inhomogeneous electric field compared to the parallel wire’s geometry [9]. Since
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our DC voltage supply has a maximum of 25 kV, it was impossible to raise the

voltage high enough to determine the threshold voltage empirically.

In the next step, a set of 6 pin pairs was equally distributed over the discharge

electrode, i.e. the wire (Figure 2.3). The pin pairs have a length of 15 mm and

a diameter of 1 mm. Using Peek’s equation (equation 2.1) the threshold voltage

was calculated to be 7.86 kV, using an irregularity factor of 0.955 in equation

2.1 and a gap distance of 21.5 mm [11]. Using equation 2.3, the breakdown

voltage was calculated to be 105 kV. Using the previously mentioned correction

proposed by Lock et al. [17], the breakdown voltage becomes 35 kV, which is

outside the reach of our power source.

(a) Wire electrode (b) Wire electrode with pin pairs

Figure 2.3: Discharge electrode of the corona discharge unit
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2.2.2 Gases and detection

The polluted gas flow (150 ppmv NO; 2000 cm3/min) was controlled by four

mass flow controllers (MFC, MKS instruments) and consisted of NO (1 % NO

in N2, Air Liquide), O2 (Air Liquide) and N2 (Atlas Copco Airpower). The

latter can be moisturised by guiding the flow through a gas wash bottle filled

with water, as shown in Figure 2.4. The oxygen concentration was always kept

at 21 %.

Figure 2.4: Schematic diagram of the experimental set-up for plasma
experiments. The dashed line represents the bypass.
FTIR: Fourier Transform Infrared Spectroscopy. MFC:
Mass Flow Controller

Throughout the experiment, a real-time monitoring of the gas flow is performed

using a Nicolet� 380 Fourier Transform Infrared (FTIR) spectrometer with

ZnSe windows, a 2 m heated gas cell and a DTGS (deuterated triglycine

sulfate) detector. Spectra were recorded in a range of 4000 - 400 cm−1 at

a resolution of 1 cm−1 and a reading error of 0.001 a.u.. Four to five spectra

of the outlet gas stream were recorded every minute. Using Macros Basic

software (Thermo Fischer Scientific) the peak heights of different characteristic

bands of the species of interest were monitored on-line during the entire

experiment. The software calculates an appropriate baseline for each specific
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band. This baseline is constructed between two stable points in the spectrum,

at wavenumbers where no other bands interfere with the band of interest. In

this way fluctuations of the recorded peak heights are minimised and accurate

time profiles are obtained.

To determine the pollutants conversion, the respective peak heights of the

pollutants with and without an applied voltage are compared by means of the

delivered software (Omnic®; Thermo Fisher Scientific).

For NO, the peak height is taken at 1900 cm−1 (ν(NO)), while the peak height

for O3 is taken at 1057 cm−1 (νas(O3)) [18, 19].

Possible side-products of NO degradation are NO2, N2O, N2O5, HNO2 and

HNO3 [20]. NO2 can be observed at 1597 cm−1 (νas(NO2)) and at 2916 cm−1

(νas(NO2) + νs(NO2)). The N2O band (2234 cm−1 (ν(NN))) and N2O5 at

1245 cm−1 (νs(NO2)) are also logged.

These positions were carefully selected to exclude possible interference with

other bands in the FTIR spectrum.

Calibration curves are constructed to relate the FTIR absorbance of relevant

peak heights to actual concentrations. NO and NO2 concentrations are

measured with a ChemiLuminescence Detector (CLD) NO/NOx analyzer

module (Emerson Process Managament). The CLD analyzer module

determines either NO or combined NO and NO2. A linear relationship is

obtained with an R2 value of 0.9991 and 0.9872 for NO and NO2, respectively.

Based on the calibration curves and the noise, a detection limit of 6.7 ppmv

for NO and 0.56 ppmv for NO2 is found. This is the reason why it is necessary

to work with an initial concentration in the range of ppm instead of the actual

ppb concentration range of NO in indoor environments.

The conversion (%) of NO is calculated according to Equation 2.4 and is based

on the concentration of the pollutant.

Conversion(%) =
conc. NO without plasma− conc. NO with plasma

conc. NO without plasma
.100�� ��2.4

63



DC corona discharge: window of operation

2.2.3 Protocol

To obtain an optimal window of operation for the plasma reactor, certain

parameters are varied. The parameters under consideration in this study are

polarity, applied voltage, relative humidity of the gas flow and configuration of

the plasma reactor.

First of all, a distinction based on the polarity of the electrode where the high

electric field is located, has to be made. On the one hand, a positive corona

discharge is obtained when a high voltage is applied on the discharge electrode

while the collector electrode is grounded. On the other hand, a negative corona

occurs when the voltage is applied on the collector electrode while the discharge

electrode is grounded.

Secondly, the applied voltage is varied between 10 kV, 12.5 kV and 15 kV.

Next, the relative humidity (RH) is varied. The RH is regulated by sending

0 %, 12.5 % and 25 % of the N2 gas stream through a gas wash bottle in order

to obtain a RH of 0 %, 10.4 % and 20.3 %, respectively. Although the RH levels

of indoor environments typically are in the range of 38 − 78 %, the maximum

RH in our experiments is 20.3 % due to limitations of the set-up. When higher

relative humidity levels are used, the risk of condensation of water in the set-up

is too high to guarantee proper measurement.

Finally, the amount of pins varies from 2 to 12 pairs. All pin pairs are always

equally distributed over the wire electrode.
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Each of the performed experiments exists of five different phases (Figure 2.5)

as described in earlier research from our group [21]. Phases 1 (10 min) and

5 (10 min) are the reference level of the pollutant in bypass, i.e. without

going through the reactor. In phases 2 (10 min) and 4 (10 min), a gas flow

is sent through the reactor to measure the effect of adsorption and desorption,

respectively. During these phases no voltage is applied. In the third phase

the high power voltage unit was switched on to measure the degradation of

the pollutants in the reactor (15 min). The difference between phases 2, 4 and

phase 3 is a measure for the amount of reagent converted and reaction products

formed.

Figure 2.5: Protocol of the measurements with 5 different phases.
The red line indicates a standard behaviour of a
pollutant.
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2.3 Results and discussion

2.3.1 Optimal window of operation - overview

In this study, an optimal window of operation for the plasma reactor is

determined. Different parameters, like polarity, applied voltage, relative

humidity and reactor configuration (i.e. the amount of pins that are attached

on the wire electrode) are tested, resulting in a set of conditions that are

optimal for the mineralisation of pollutants. Each of these parameters will be

discussed in the following paragraphs. The conversion of NO under an applied

voltage is used as case study to confirm the activity of the plasma in the gas

phase. This conversion is expressed in terms of percentage NO conversion.

An overview of these results is shown in Table 2.1 for the negative corona

discharge. Values under the detection limit of 6.7 ppmv are indicated with

an ”-” . Results of the positive plasma discharge are not shown because they

generally fall below the detection limit. The few values that are above the

detection limit are considered as outliers.

The errors shown in Table 2.1 represent the precision, which is an expression

of the lack of error. It thus depends on the reading error. The precision may

not be confused with the reproducibility, which can only be calculated when

more than one measurement is performed. The latter was calculated to be 3

for all the measurements with n > 1.
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Table 2.1: Overview of the data obtained with negative DC corona
discharge for the determination of an optimal window
of operation for our plasma reactor. The errors shown
represent the precision.

RH
(%)

#
pin
pairs

n NO conversion (%)

-10 kV -12.5 kV -15 kV

0

1 2 - - 5 ± 4

4 1 5 ± 4 10 ± 4 16 ± 4

6 2 9 ± 4 12 ± 4 16 ± 4

8 1 10 ± 4 15 ± 4 10 ± 4

10 1 10± 4 16 ± 4 21 ± 4

12 1 12 ± 4 18 ± 4 23 ± 4

10.4

1 1 - - -

4 2 5 ± 4 8 ± 4 11 ± 4

6 2 8 ± 4 11 ± 4 14 ± 4

8 1 9 ± 4 13 ± 4 16 ± 4

10 1 11 ± 4 15 ± 4 18 ± 4

12 2 8 ± 4 12 ± 4 16 ± 4

20.3

1 1 - - -

4 1 5 ± 4 7 ± 4 10 ± 4

6 1 8 ± 4 9 ± 4 13 ± 4

8 1 10 ± 4 13 ± 4 15 ± 4

10 1 11 ± 4 17 ± 4 20 ± 4

12 5 9 ± 4 11 ± 4 13 ± 4

RH = Relative Humidity

n = Number of measurements

- = Values under the detection limit of 6.7 ppmv
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The pathway of NO degradation in plasma is very complicated, as shown in

Figure 2.6. The targeted pollutant in this study, NO, is highlighted by the

diamond and the major end/side products namely N2, NO2, N2O, N2O5, HNO2

and HNO3 are boxed. The reactions are assisted by radicals produced by the

plasma, which are listed next to where the corresponding reaction arrows are.

Figure 2.6: Dominant reaction pathways that can occur during
plasma remediation of NxOy [20].

Nitrogen dioxide is the main observed side product. The side products

N2O, N2O5, HNO2 and HNO3 were never observed with the FTIR during

the experiments. Figure 2.7 gives an overview of the N-balance during the

experiment with 10 pin pairs attached to the discharge electrode. The whole

bars represent the NO degradation in terms of ppm NO converted. The white

parts of the bars are the concentration of NO2 formed during the experiments.

The shaded parts represent other N-containing products, like N2O, N2O5,

HNO2, HNO3 and N2. It was however impossible to detect them with our

FTIR set-up. The errors given on the graph represent the precision.
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Figure 2.7: Overview of N-balance during a plasma experiment with
10 pin pairs attached on the discharge electrode. The
air flow (2 L/min) contained 150 ppmv NO and 21% O2.
The errors shown represent the precision.

2.3.2 Polarity

Because there are two different operation modes possible to obtain corona

discharge, namely positive and negative [22], the first parameter under study

will be this electrode polarity. Our experiments show clearly that negative

corona generally has more conversion of NO compared to positive corona.

As mentioned in the introduction, a corona discharge, either positive or

negative, is a sustained non-thermal plasma which occurs in close vicinity

to a sharp discharge electrode such as a pin or a wire at a high voltage [23].

Although both positive and negative corona share many similar characteristics,

the physical processes involved differ [24], which supports the explanation for

the difference concerning the observed NO conversion. In section 1.4.1.5, it

was clear that one important aspect in corona discharge is the formation
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of an electron avalanche. The movement of the electrons in the avalanche

depends on the polarity, so consequently a different generation mechanism of

secondary electrons, required for sustaining the avalanche, occurs. The fact

that the secondary electrons in negative corona are generated from the surface

of the electrode, means that the plasma conversion of NO depends on electrode

material as well as the condition of the electrode surface [24, 25].

Chen and Davidson presented a numerical model of the negative DC corona

discharge along a thin wire in dry air and compared it to a model for the

positive corona discharge. They determined the distributions of electric field

and electron number density for different linear current densities, wire radii and

gas temperatures that all span the ranges commonly used in DC coronas [24].

The model shows that the difference in secondary electron generation between

positive and negative corona discharge results in a significant difference in the

number of electrons within the plasma. This difference is shown in Figure 2.8

which gives the comparison of the electron density in the plasma region of

the positive and negative corona discharge. The plasma region is defined as

the region in which corona-enhanced chemical reactions are possible. For the

negative corona, the electron density increases rapidly with increasing distance

from the wire surface up to a distance of 100µm. This rapid increase is due

to the dominance of ionisation. Further away from the wire, the electron

density remains relatively constant because of the fact that ionisation and

attachment are of equal importance. Of course, it is true that the electrons

near the collector electrode are considerably less energetic than those at the

wire electrode. The density of positive ions decreases with increasing distance

from the wire surface, while the density of negative ions increases up to two

orders of magnitude higher than the electron density of positive ions [24]. For

the positive corona, the opposite can be observed. At the wire electrode, the

electron density is very high, but it decreases rapidly with increasing distance

from the wire electrode. Apart from the zone in close proximity to the wire, the

density of electrons in the negative corona is nearly four orders of magnitude

greater than that in the positive corona. [13, 24].
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Figure 2.8: Comparison of the electron number density distribution
in the plasma region for negative and positive DC corona
discharge [24].

The aforementioned principles implicate a difference in thickness of the

plasma region. The negative plasma zone is thicker than the positive plasma

zone. Near the discharge electrode, ionisation prevails over attachment and

new electrons are produced. As mentioned before, the radius at which

the rate of ionisation balances the rate of electron attachment defines the

ionisation boundary. Beyond the ionisation boundary, attachment prevails

over ionisation. For the positive corona, the ionisation boundary coincides

with the boundary of the plasma region. Thus, the electron density is

negligible outside this region. For the negative corona, the electrons just

beyond the ionisation boundary are of sufficient number and energy to drive

electron-impact reactions. Thus the corona plasma region extends beyond the

ionisation region.

In the numerical model of Chen and Davidson the plasma region in the negative

corona extends 200µm beyond the ionisation boundary [24]. This difference

is also clear in Figure 2.8 which presents electron number density in the

plasma region. For the positive corona discharge the plasma region equals

300µm, while the plasma region for the negative corona discharge is 500µm.

Note that the corona plasma region occupies only a very small portion of the

interelectrode spacing, which is in our plasma set-up equal to 21.5 mm.
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Based on the significant differences in thickness and number of electrons in

positive and negative coronas, it is reasonable to expect the rates of electron

impact reactions, and thus the production of ozone, to be far greater in negative

corona than in positive corona. The decomposition of NO by ozone molecules

occurs via the following reaction:

NO + O3 −−→ NO2 + O2

�� ��2.5

This means that the more ozone is produced, the more NO will be converted.

Although, the presence of ozone gas was never observed, it is impossible that

no ozone is formed, due to the abundant presence of oxygen in the gas flow

[26]. So as long as there is NO present, the produced ozone will be used to

convert this NO.

This can also be observed in the FTIR spectra. On Figure 2.9a no ozone is

observed when the inlet flow had a concentration of 150 ppmv NO . However,

when NO was absent in the inlet flow (results shown in Figure 2.9b), ozone is

detected. For NO, the peak height is observed at 1900 cm−1 (ν(NO)), while

the peak height for O3 is seen at 1057 cm−1 (νas(O3)). NO2 can be observed

at 1597 cm−1 (νas(NO2)) [18, 19].

(a) Spectrum with NO given (b) Spectrum without NO given: detection of ozone

Figure 2.9: FTIR spectra with and without NO given
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Due to the role of ozone in NO oxidation, negative corona theoretically shows

a better NO degrading efficiency. Indeed, there is more ozone formation when

using negative corona discharge. As a result, these experiments in changing

the polarity showed that negative corona provides higher conversion efficiencies

compared to positive corona, due to both the higher electron density and the

higher production of ozone.

2.3.3 Applied voltage

Table 2.1 also shows that generally a higher applied voltage results in a higher

NO conversion efficiency. This can also be seen in Figure 2.10, where the

NO conversion is expressed in function of applied voltage for different relative

humidities. It is also clear from Figure 2.7 that a higher degradation of NO

results in a higher formation of NO2, the main side product of NO degradation.

Figure 2.10: NO conversion (%) in negative DC corona discharge
in function of the applied voltage for different relative
humidities. 10 pin pairs are attached on the wire
electrode. 150 ppmv NO and 21% O2 are applied.

73



DC corona discharge: window of operation

This phenomenon can be explained by the definition of voltage: it is a

measurement of the energy contained within an electric field. At higher electric

fields charged particles may gain sufficient energy between collisions to cause

ionisation with neutral molecules [12]. Ionisation by electron impact is the most

important process leading to gas breakdown. The effectiveness of ionisation by

electron impact depends upon the energy that an electron can gain along the

mean free path in the direction of the field [27]. In other words, the higher the

voltage, the more energy the electric field contains and the more energy the

electrons will have. As a result, more conversion can be obtained, as shown

in Figure 2.10. Note that the electrons near the outside edge of the corona

plasma zone are considerably less energetic with a mean kinetic energy of 1.85

eV than those at the wire surface of a negative DC corona discharge where

they have a mean kinetic energy of 9.37 eV [24].

Chen et al. [28] also studied the effect of applied voltage on NO removal

efficiency in a wire-to-plate corona discharge. The observed a decrease in

NO concentration and a increase in NO2 concentration with the increase of

applied voltage in the range of 6 - 40 kV. It was found that the quantity

of electricity transferred between electrodes increases as the applied voltage

increases, which led to higher average electron energy as well as an increased

number of electrons. This phenomenon increases the amount of active species

that are available to react with NO.

2.3.4 Relative Humidity

For practical applications, the humidity of the air flow is an important

parameter. No significant effect on the NO conversion can be observed when

studying the influence of relative humidity as illustrated in Table 2.1. Indeed,

as can also be seen on Figure 2.10, all measured values fall between the error

bars for NO conversion.

On the one hand, this can be explained by the fact that humidity affects

the ozone production, as shown by Van Durme et al. [29]. They found a

decreased ozone production with increased humidity. In their study, a positive

pin-to-mesh corona reactor is used for analysing the toluene removal and the

ozone production. For an energy density of 10 J/L, ozone outlet concentrations
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were 49.9 ppmv (0.10 g O3/m3), 31.2 ppmv (0.06 g O3/m3) and 26.6 ppmv

(0.05 g O3/m3) for dry air, 27 % RH and 45 % RH, respectively. Vandenbroucke

et al. [30] used a multi-pin-to-plate plasma source based on the concept of a

negative DC corona discharge operating in the glow mode. The TCE removal,

calculated in a model and measured in an experiment, drops by ±15 % as the

humidity increases from 5 to 75 %. The most important effect of an increasing

humidity is the lower production of ClO because less ozone is formed which

results in a drop in the removal efficiency of TCE.

There is also a clear relation between ozone concentration and NO2 formation

as a lower concentration of ozone results in less decomposition of NO according

to Equation 2.5. This trend can also be observed in Figure 2.7.

On the other hand, water has a positive role in the formation of OH radicals

[31]. This can be either positive or negative for the destructions of pollutants

Wan et al. [32] investigated the effects of relative humidity (0 − 70 %) on the

removal of 2.2 ppm formaldehyde in a DC corona discharge reactor. Results

showed that despite the decrease in ozone formation, formaldehyde conversion

increases as humidity increases. For a specific energy density of 80 J/L, the

conversion of HCHO increased from 42 % for dry air to 54 % for 30 % RH and

57 % for 70 % RH, while the corresponding O3 outlet concentration decreased

from 282 to 162 and 157 ppm. This effect is explained by the reaction constants

where OH radicals play an important role in the destruction of formaldehyde

as compared to ozone. In another study, the removal of 50 ppmv toluene in a

wire plate DBD reactor showed that despite the positive role of water in the

OH radical formation, increasing the humidity up to 80 % has a negative effect

in the removal efficiency due to decreasing electron density and quenching the

reactive species in the reactor. An optimum in toluene removal efficiency is

achieved by a gas stream containing 0.2 % water [33].

Depending on the pollutant structure, the outcome of increasing air humidity

can be designated as an enhancement, a suppression or no effect [30]. Therefore,

humidity plays a critical role in the removal performance of a plasma reactor.

In our experiments, the relative humidity has no significant effect on the NO

conversion. It is, however, clear that more humidity gives less NO2 formation

and more formation of other side products (see shaded bars on Figure 2.7).

Figure 2.6 shows that more OH radicals, a result of more humidity, can
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give conversion of NO to HNO2 and from NO2 to HNO3. It is, however,

not possible to detect those two pollutants with FTIR during experiments at

room temperature. At room temperature and atmospheric pressure, HNO2

and HNO3 are not in the gas phase, but possibly adsorbed on the collector

eletrode.

2.3.5 Reactor configuration

A corona discharge is a gas discharge where the geometry confines the gas

ionising processes to high-field ionisation regions around the active electrodes

[34]. Corona discharge devices can exist of 1 discharge electrode, but some

can have many corona electrodes to obtain more charged particles. Many

geometrical forms of corona discharge electrode exist and it could be wires,

pins, needles etc. The corona discharge electric field of a multicorona electrode

system is different from a single corona electrode system. The charge of each

electrode produces an electric field and influences another electrode field [35].

The configuration of our plasma reactor is changed by varying the number of

pin pairs that is attached to the wire electrode.

In Figure 2.11 the NO conversion is given in function of the amount of pin pairs

for negative corona discharges by a relative humidity of 20.3 %. An increase

can be observed when more pin pairs are attached to the discharge electrode.

The increase however stagnates.
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Figure 2.11: NO conversion (%) in negative DC corona discharge
in function of number of pin pairs attached at the
discharge electrode for different applied voltages and
20.3 % relative humidity. 150 ppmv NO and 21% O2 are
applied. The errors represent the precision.

Magureanu and Mandache [36] investigated the influence of the geometry on

a pulsed positive corona in a multipoint-to-plane configuration. They found

that adding more pins leads to an increase of the discharge current. However,

if the pins are placed very close to each other, the current remains similar to

the value for a single pin. This behaviour can be explained by the interactions

of the electric fields near adjacent pins.

Simulations done by Kim et al. [37] also predict interference effects on the

electric field distributions near neighbour wires, consisting in the reduction of

the electron density and electric field, as the spacing between pins decreases.

Zhao et al. [38] confirmed these predictions. They investigated the geometry

structure of the wire-plate plasma reactor charged by high voltage and short

duration positive pulsed-power supply at indoor temperature and atmospheric

pressure. Results show that strong interferences between two adjacent wire

electrodes can occur when the wire-to-wire distance is smaller than twice
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the wire-to-plate distance. The interferences will lead to the loss of the

energy transmission efficiency and consequently fewer high energy electrons

are produced.

In our experiment (Figure 2.11), a stagnation in increase of the NO conversion

is observed by adding more pin pairs. Between each tip of a pin and the

collector electrode, gas discharges are formed. Consequently, in first instance,

the higher the number of pins, the more discharges and thus the more NO

conversion is obtained. But it is possible that the corona discharges interfere

when the pins are too close to each other as described in the aforementioned

studies. We observed this effect when more than 10 pin pairs were attached at

the wire collector.

2.4 Conclusions

The influence of several characteristics, namely polarity, applied voltage,

reactor configuration and relative humidity is studied. By combining the

conclusions of each parameter, it is possible to define an optimal window of

operation for the plasma reactor.

The conclusions are:

� Negative DC corona discharge generally gives higher NO conversion

compared to positive DC corona due to the higher electron density and

the higher production of ozone.

� A higher applied voltage increases the NO conversion because of the

higher energy content of the electric field.

� No significant influence of relative humidity could be observed on the NO

conversion.

� In general, more pin pairs gives more NO conversion. When the pins are

too close to each other, it is possible that the discharges interfere. This

effect is observed in our plasma reactor when more than 10 pin pairs were

attached at the wire collector.
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Since the relative humidity up to 20.3 % shows no clear trend, we decided

to work without any water added to the gas inlet flow. Furthermore, FTIR

spectra with water are in fact quite difficult to analyse properly. As can be

seen on Figure 2.12, the IR band of water has an interference with other bands

in the FTIR spectra. Water bands can be observed at 1595 cm−1 (δ(HOH))

and at 3744 cm−1 (ν(HOH)). The band at 1595 cm−1 interfere with the NO2

band at 1597 cm−1.

Figure 2.12: A FTIR spectra during plasma experiments for NO
degradation when water is added.

Taking these conclusions in account our window of operation can be defined as

� Polarity: negative

� Voltage: 15 kV

� Relative humidity: 0%

� Number of pin pairs: 10
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3.1 Introduction

The goal of this PhD research is to develop an innovative and efficient

air purification technology by plasma catalysis. As mentioned before the

non-thermal plasma of our choice is a DC corona discharge. The previous

chapter provides a set of working conditions for our plasma reactor.

There are several ways to combine a plasma with a catalyst. The catalyst can

either be placed before, after or inside the corona discharge reactor. When the

catalyst is placed downstream of the plasma, the plasma reactions take place

in the gas phase, while the catalyst reactions are on the surface. Therefore the

mutual interaction effects of the plasma and the catalyst are only minor [1].

A combination of the gas phase and surface reactions occur when the catalyst

is integrated in the corona reactor. Therefore, we prefer to build an in-plasma

catalytic system and to apply a coating on the collector electrode.

Before the combination can be made, an appropriate catalytic coating that can

be implemented in the DC corona unit needs to be developed.

Typically, metal oxides are used as catalyst in plasma catalysis. Many have no

catalytic action except at high temperatures, but when exposed to the plasma

they promote surface reactions. Examples of used catalyst in plasma catalysis

are Al2O3, MnO2, CuO, WFe2O, NiO, ... [2–8]. Extensive attention has been

given during past decades to the use of photocatalysts [4, 9–17]. Photocatalysis

is a process that uses UV light for the activation of catalysts that are usually

pure or doped metal oxide semiconductors. The fact that only UV light is

required to perform photocatalysis represents a significant energy saving in

comparison to thermal catalysis [9].

The basis for the development of an appropriate nanocoating in this study

is a TiO2 photocatalyst. TiO2 is widely used for the degradation of several

environmental contaminants due to its high photosensitivity, stability and large

band gap [18].
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3.1.1 Catalyst citeria

The requirements of a good photocatalytic coating for implementation in a

plasma unit are:

� an excellent adhesion of the coating on the substrate

� a low resistivity of the coating

� a high catalytic activity

A first selection out of several coatings presented in literature will be made

based on adhesion. In this research we started with attaching several

coatings on a metal substrate. However, when the adhesion was not adequate,

the coating was not investigated further. The adhesion of a coating is a

measurement for the durability and performance of coatings [19, 20]. Adhesion

is the strength of the bonds between the coating material and the substrate

[21].

A second important parameter of a coating suitable for integration in a plasma

unit is a low resistivity. Resistivity is used to describe the resistance of a

medium to the flow of an electrical current. It is the reciprocal of electrical

conductivity, meaning that a low resistivity indicates that a material readily

allows the movement of electric charge [22]. To implement the coating in a

NTP unit, a minimal loss of conductivity of the electrode is required in order

to achieve attraction of the charged particles and thus maintain the efficiency

of the NTP reactor. When an insulating layer is placed on the surface of

the collector electrode, a phenomenon called back corona can occur. This

phenomenon is a source of detrimental effects and decreases the collection

efficiency of plasma units [23–25].

The back corona discharge was defined by White [26] as the local discharge of

the normally passive electrode in a corona discharge system when the electrode

is covered with poorly conducting material. When the corona counter electrode

is covered with a dielectric layer of high resistivity (i.e. the poorly conducting

material), the charge emitted by the active electrode is accumulated on the

dielectric surface. When the potential difference on the layer is sufficiently

high, this leads to an ultimate breakdown through the poorly conductive layer,
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which produces small craters. The breakdown sites then become new sources

of ions [27, 28]. The back corona discharge is a more complex phenomenon

than a normal corona because the ionisation process takes place not only in

the vicinity of the electrode of low radius of curvature, but also in the craters

formed in the dielectric layer on the normally passive electrode [23].

The physical phenomena of back corona are always the same: a lower spark-over

voltage, a higher current flow and a loss of collecting efficiency. As back corona

reduces the spark-over voltage, it thereby narrows the voltage interval where

the unit can operate [29]. Besides, ions are attracted by the existing charged

particles and will flow back into the gas stream. Under back corona conditions

the particle path changes substantially. The particles are apt to move reversely

and often oscillate back and forth in an irregular fashion [30].

Masuda and Mizuno [24, 31–33] distinguished two types of streamers generated

in the back corona: surface streamers which propagate along the dielectric layer

and space streamers which occur between the electrodes. These streamers can,

under certain conditions, occur simultaneously. Back corona can in some cases

begin to form at layer resistivities around 5 108 Ω.m, and their intensity rises

alarmingly from around 109 Ω.m onwards [23, 25, 27, 30, 34–36].

The third requirement for an appropriate plasma catalysis coating is a good

(photo)catalytic activity defined by a fast degradation rate in the gas phase.

This will be tested using ethylene (C2H4) as model compound for VOC in

indoor air. This choice is motivated by the fact that our lab has years of

experience and knowledge in the degradation of ethylene by photocatalysis

[37–39].

Ethylene is a model compound to investigate the destruction mechanism

in upcoming gas purification techniques such as photocatalysis and plasma

catalysis [40].
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In the past, research has been performed on the photocatalytic degradation

of ethylene. Different results are found regarding the ethylene degradation

pathway and the to be expected intermediates.

Park et al. [41] found that ethylene is oxidised to CO through the formation of

a C2H4O radical, which in turn is oxidised to CO2. Ethylene will be completely

oxidised with an excessive amount of oxygen.

On the other hand, Yamazaki et al. [42] stated that adsorbed ethylene will

react with adsorbed OH resulting in C2H4OH radicals. These radicals react

with adsorbed oxygen to reach mineralisation. In this case, the rate determing

step is the chemical reaction between C2H4OH and the adsorbed oxygen.

Hauchecorne et al. [39] found that the degradation fo ethylene occurs through

the formation of two intermediates: formaldehyde and formic acid with

formaldehyde bound in two different ways: coordinatively and as bidentate.

Complete mineralisation is reached without the formation of CO, despite being

postulated by Park et al [41].

Apart from ethylene itself, a lot of research has been performed on the

photocatalytic conversion of derivates of ethylene like perchlorethylene [43–45]

or trichloroethylene [46–48] .
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3.2 Materials and methods

3.2.1 Catalyst materials

For the selection of an appropriate coating, all products listed in Table 3.1

were used as received.

Table 3.1: Overview of used products for preparation of coatings on
metal substrates

Product Supplier

Aeroxide® TiO2 P25 Evonik

Ammoniumpersulfate
≥ 98 %

Merck

Aniline ≥ 99.5 % Sigma-Aldrich

Diethanolamine Sigma-Aldrich

Ethanol 96 % denat. with
diethylether 3.2 %

Royal Nedalco

Hydrogen peroxide 30 % Merck

Isopropanol ≥ 99.5 % Sigma-Aldrich

Phosphoric acid 85 % Fluka

Sulfuric acid 95 - 97 % Sigma-Aldrich

Titanium(IV)butoxide
97 %

Sigma-Aldrich

Titaniumdioxide
(anatase) 99 %

Acros Organics

Titanium(IV)-iso-propoxide
97 %

Sigma-Aldrich
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3.2.1.1 Protocols for catalyst synthesis

All the TiO2 solutions were coated on 20 x 50 x 1 mm stainless steel (SS316)

plates.

Protocol based on TiO2 and polyaniline (C6H5NH2) according to

Sathiyanarayanan et al. [49]

1 M of aniline is dissolved in 75 mL of 1 M solution of phosphoric acid (H3PO4)

with 3.75 grams of anatase TiO2 added to it, while stirring the mixture. For

about 90 min, 75 mL of a 1 M pre-cooled ammonium persulfate solution is added

dropwise to the aniline acid mixture. The reaction is conducted at 5 ◦C. The

stirring is continued for 2 h to ensure complete polymerisation.

The dark green coloured polyaniline-TiO2 composite formed by this process

is subsequently filtered and repeatedly washed with distilled water to remove

any excess acid content. The polymer is then dried in an oven at 80 ◦C for 2 h.

The dried composite is finely ground using a mortar.

Before coating, the uncoated 316 stainless steel plates are pretreated with

ethanol (96 %) after which they are dried at 105 ◦C for 24 h prior to coating.

In the protocol of Sathuyanarayanan et al. [49] the dried composite powder is

used as pigment in paints. Since we want to use the coating in a plasma unit,

painting is not an option as it will inhibit the plasma generation. Therefore,

two other techniques were tested. First, the polyaniline-TiO2 composite was

used as solution for dipcoating before the filtration step. During dipcoating, the

substrate is immersed into the precursor solution followed by 5 min dwell time

in order to leave sufficient interaction time of the substrate with the coating

solution. By pulling the substrate upward at a constant speed of 1.7 cm/min a

thin layer of precursor solution is entrained, i.e. film deposition. Excess liquid

will drain from the surface.

The coated plates are then dried at 80 ◦C for 4 h. The second technique to

apply the coating was to dissolve the dried composite in ethanol, after which

it can be dipcoated. Similar as with the first technique, the coated plates are

also dried at 80 ◦C for 4 h.
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Protocol based on titanium tetrabutoxide ((C4H9O)4Ti) according

to Giornelli et al. [50]

This protocol has two preparation steps according to Giornelli et al. [50]. In

the first step 17.2 mL of titanium tetrabutoxide ((C4H9O)4Ti) and 4.8 mL of

diethanolamine ((C2H4OH)2NH) are dissolved in 67.25 mL dry ethanol. The

solution is stirred vigorously at room temperature for 2 h. Next, 2.7 mL of

water and 10 mL of ethanol are added dropwise to the solution upon stirring.

The resultant alkoxide sols are left standing at room temperature for 2 h for

the hydrolysis reaction to proceed under continuous stirring.

The stainless steel substrates are chemically treated by a sulfuric acid solution

(30% H2SO4) for 2 h in order to increase the roughness of the surface oxides

[51–53]. To eliminate acidic traces before the anatase film deposition, plates

are sonicated two times in water during 30 min and left standing at room

temperature for 3 h.

The substrates are then dipcoated with a constant velocity of 1.7 cm/min.

The coated stainless steel plates are calcined in a furnace in air at 80 ◦C for

1h. Afterwards, the coated plates continue to be heated at 900 ◦C for 2 h in an

electric furnace in air with a gradient of 1.3 ◦C/min.

In the second step, a TiO2 suspension (60% TiO2 powder suspended in distilled

water) is made. The plates coated in step one are dipcoated a second time.

The coated plates are first calcined for 1 h up to 110 ◦C and after that for 2 h

at 900 ◦C, both with a gradient of 1.3 ◦C/min. Finally, the coatings are cooled

under natural convection at room temperature.

Protocol based on titanium tetrabutoxide ((C4H9O)4Ti) and

hydrogen peroxide (H2O2) according to Sanowane et al. [54]

For the preparation of a Ti-precursor sol, 1.8 g titanium(IV) tetrabutoxide

is hydrolysed with 100 mL deionized water. The resulting titanium hydroxide

precipitate is separated by decantation and washed thoroughly with water until

the alcohol, generated during hydrolysis of titanium alkoxide, is completely

removed. The precipitate is dissolved in 75 mL of aqueous hydrogen peroxide

(30%) to get a transparent orange sol of titanium peroxocomplex. Next, the

sol is diluted with water to obtain a 0.01 M Ti4+ solution. After dilution the
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colour of the sol changes from orange to yellow. The solution is then stored at

room temperature for 40 h.

The uncoated 316 stainless steel substrates are pretreated with ethanol after

which they are dried at 105 ◦C for 24 h prior to coating.

The substrate is then dipcoated with the Ti-precursor sol and pulled out with

a uniform pulling rate of 1.7cm/min. The very thin film of TiO2 formed on the

substrate is first dried in air at room temperature followed by drying at 100 ◦C

for 2 h in an electric oven. These films are then further heated at 400 ◦C for 1 h

in an electric furnace in air with a gradient of 3 ◦C/min. Finally, the coatings

are cooled under natural convection at room temperature.

Protocol based on titaniumisopropoxide (TTIP, Ti(OCH(CH3)2)4;

P25-powder-modified-sol-gel method (PPMSGM) according to

Balasubramanian et al. [55–57]

Commercial titanium isopropoxide (TTIP), isopropanol(i-PrOH),

diethanolamine (DEA) and Aeroxide® TiO2 P25 are used to prepare

the modified sol. A 0.5 M solution of TTIP in i-PrOH is prepared and DEA is

added. As such, a DEA:TTIP molar ratio of 4 was reached. This solution is

subsequently stirred for 2 h at room temperature, after which water is added

dropwise upon vigorous stirring using a H2O:TTIP molar ratio of 2. This

leads to the formation of a stable alkoxide sol. Additionally, TiO2 P25 is

dissolved in i-PrOH, until 50 g TiO2 P25 per litre sol is obtained. For this,

the TiO2 P25 powder is slowly added to i-PrOH while stirring in order to

prevent the formation of agglomerates. The formed solution is then pretreated

in an ultrasonic bath for 1 h. Finally, slowly adding this solution to the

aforementioned alkoxide sol while stirring, results in the formation of a thick

white suspension with a TTIP:P25 molar ratio of 0.54.

Different variations in the preparation of the sol are made by varying the

TTIP:P25, the TTIP:DEA molar ratio and the H2O:TTIP molar ratio. The

total molar concentration of Ti4+ is, however, kept constant. This way, the

total molar concentration of Ti4+ in every sample is the same as the molar

concentration of Ti4+ in the standard protocol above. Without TTIP or TiO2

P25, the amount of DEA added is the same as the amount needed in the

standard protocol.
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The suspension is coated on 316 stainless steel plates. The uncoated 316

stainless steel substrates are pretreated with ethanol (96%) after which they

are dried at 105 ◦C for 24 h prior to coating. The substrates are then fully

immersed in the solution for 5 minutes. A dipcoating apparatus is used to pull

the substrate out of the suspension with a constant velocity of 1.7 cm/min.

After completion of the coating procedure, the coatings are dried for 24 h at

room temperature. Next the coated substrate is heated in air with a gradient

of 3 ◦C/min until a temperature of 100 ◦C is reached. This temperature is

maintained for 1 h. After this, the temperature is increased further with

3 ◦C/min until 500 ◦C is reached. The temperature is again kept for 1 h.

Finally, the coatings are cooled under natural convection at room temperature.

The complete cooling process takes approximately 12 h.

3.2.2 Characterisation of the coatings

All the characterisation experiments were performed on the coated stainless

steel plates.

3.2.2.1 Adhesion

Attachment is one of the most critical aspects of any coating as it provides a key

indicator of the long term performance of the coating system. Furthermore,

it is necessary that the coating has good mechanical stability. Before using

an appropriate coating, it is required that an adhesion test is performed on a

properly prepared and representative area of the coated substrate.

The strength of the adhesion of the TiO2 films is tested by using the tape

stripping method, a widely used test for testing adhesion of thin films [55, 58–

60]. Extra strength transparent scotch tape (3M Corp.) strips are pressed to

the 2 x 5 cm stainless steel substrates coated with the photocatalytic coatings.

The tape is allowed to remain on the substrates for 10 minutes and is then

pulled off. After the tape has been applied and pulled off, the surface of the

tape is inspected and rated.
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The adhesion of the coatings is consequently divided in three groups: bad,

moderate and good. If the tape is removed and the adhesive side of the tape

shows an excessive amount of material pulled off from the coating, it is classified

as bad. No further characterisation is performed on such coatings.

The adhesion of the coating is classified as moderate when the coating has

flaked of covering an area not greater than 5 % of the tape.

When there is an absence of any coating on the tape, it suggests that the film

obtained from the sol-gels is extremely firmly bonded to the substrate and

cannot easily be removed. These coatings are then classified as good.

3.2.2.2 Resistivity

Another important parameter that needs to be studied is the resistivity of

the coating. Using a multimeter (FLUKE), the resistance of the coating

can be measured between two points. Since the resistance is dependent on

the resistivity of the material, it is possible to calculate the resistivity using

Pouillet’s law (Equation 3.1) [61].

R = ρ
L

A

�� ��3.1

Where R is the resistance in Ohm (Ω), ρ is the resistivity in Ohm.metres (Ω.m),

L is the length in metres (m) and A is the cross sectional area in square metres

(m2).

For conventional electrostatic precipitators, when the apparent dust resistivity

becomes higher than 5 108 Ω.m, back corona can be generated with a larger

corona current density [36, 62]. Therefore, in order to prevent back corona, a

resistivity below 2 108 Ω.m should be obtained.
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3.2.2.3 Surface area and pore size distribution

The surface area of the coating and the pore size distribution are

determined by a Micromeritics Tristar 3000 Gas Absorption Analyzer from the

Brunauer-Emmett-Teller (BET) adsorption isotherm in the relative pressure

range of 0.05 - 0.30 and Barrett-Joyner-Halenda (BJH) algorithm, respectively.

The analysis is conducted on powder obtained from the solutions used for

dipcoating. These solutions are dried and calcined exactly the same way as

the coatings.

Prior to the measurements, the samples are degassed at 300 ◦C for 15 h in

a Flow Prep 060 Sample Degas System (Micromeritics) to remove physically

adsorbed gases. N2 is used as adsorbent gas.

3.2.2.4 Sample thickness

Determination of the sample thickness is conducted with a Dektak Veeco V

200-Si Stylus Profiler. For a Dektak Stylus measurement it is mandatory to

have access to the substrate and coating area. Fully coated surfaces cannot

be studied with Dektak systems for thickness measurements. For this reason,

every sample must have a clear area of bare substrate and a coating area. This

is achieved by using a tape on one side of the substrate before dipcoating. In

this way the tape is in contact with the solution instead of the substrate. The

tape is then removed before the calcination step.

The Dektak Stylus Profiler makes use of a 5µm diamond stylus and can

measure a maximum sample thickness of 45 mm. During the measurements

with the Dektak Stylus a scan length of 2500µm, a scan speed of 20 s and a

vertical resolution of 65 kÅ is used. The used tracking force equals 20 mg.

94



Development of a low resistive photocatalytic coating

3.2.2.5 X-Ray Powder Diffraction

The crystal phase composition of the TiO2 films coated on the substrate

is determined by X-Ray Powder Diffraction (XRPD) using a STOE StadiP

Diffractometer in high-throughput mode with CuKα radiation and an image

plate detector. Samples are obtained from powder from the solutions

for dipcoating that underwent the same calcination method as the coated

substrates.

To estimate the anatase-rutile ratio, Equation 3.2 is used [63, 64]. Hereby, the

most intense anatase (1 0 1) peak at 2θ = 25.48◦ and the most intense rutile

(1 1 0) peak at 2θ = 27.58◦ are analysed.

x = (1 + 0.8
IA
IR

)−1
�� ��3.2

where x is the weight fraction of rutile in the powders, and IA and IR are the

X-ray intensities of the anatase and rutile peaks, respectively.

The average crystallite size is calculated using the Scherrer Equation (Eq. 3.3)

[63].

D = 0.9
λ

βcosθ

�� ��3.3

where D is the crystallite size (nm), λ is the X-ray wavelength (0.1542 nm for

CuKα X-rays), β is the full width at half maximum (FWHM) and θ is the

Bragg angle in radians.
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3.2.2.6 SEM and EDX analyses

Images of the samples are obtained using a JEOL JSM-5510LV with a tungsten

filament cathode. The electron beam has an energy ranging from 0.5 kV to 30

kV. At 30 kV the SEM equipment has a maximum resolution of 3.5 nm. All

the measurements are performed with a voltage of 10 kV. In each case there

are three observations with a different magnification: x150, x1000 and x5000.

The elemental composition of the coating is verified by energy dispersive

X-ray spectroscopy (SEM-EDX) using a JEOL JSM-5510LV operated at 20 kV

equipped with an INCA 300 EDX microanalyser.

3.2.3 Photocatalytic activity

The coatings that meet the required physical characteristics stated in the

introduction of this chapter, are tested for photocatalytic activity.

3.2.3.1 Photocatalytic reactor

Before testing the photocatalytic activity of the samples, a flat bed single pass

continuous flow reactor is developed. It consists of a slit-shaped reactor volume

with dimensions 60 x 50 x 4 mm. The schematic reactor design is shown in

Figure 3.1. The reactor itself is made in stainless steel and consist of a lower

half and a top half. These two halves are pressed together with a tension ring

(see Figure 3.2) to make the reactor airtight. The reactor is sealed from the

top with a quartz plate. The samples are placed in the middle of te reactor

and illuminated with a UV-A lamp (Philips, 25 W) with the peak intensity at

354 nm which was placed longitudinally above the reactor. The light intensity

incident on the coatings is 4.2 mW/cm2, as measured with an AvaSpec-3648

spectrometer (Avantes). It is possible to test three samples with a similar

coating at the same time.
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(a) Top view (b) Cross-section view

Figure 3.1: Schematic schemes of the developed photocatalytic
reactor.

Figure 3.2: Pictur of the photoreactor used for photocatalytic
experiments
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3.2.3.2 Gases and detection

The polluted gas flow (100 ppmv C2H4; 2000 cm3/min) is controlled by four

mass flow controllers (MFC, MKS instruments) and consists of ethylene (1 %

C2H4 in N2, Air Liquide), O2 (Air Liquide) and N2 (Atlas Copco Airpower).

The oxygen concentration was always kept at 21 %. No additional water is

added to the gas inlet flow. Figure 3.3 shows a schematic overview of the used

set-up.

Figure 3.3: Schematic diagram of the experimental set-up for
photocatalytic experiments FTIR: Fourier Transform
Infrared Spectrocopy. MFC: Mass Flowe Controller

The set-up used in the previous chapter is altered to allow recirculation of the

pollutant flow. This was achieved by introducing a N86KT.18 KNF diaphragm

pump with an anodised aluminium head. This pump has a maximum delivery

rate of 5.5 L/min and a high level of gas tightness (leakage < 6.10−3 mbar L/s

[65]). The pumping ensures that the flow rate through the system is kept

constant. The contact time between the coating and the gaseous pollutants

increases by allowing the polluted flow to pass through the reactor several

times. In this way more efficient utilisation of the surface sites of the catalyst

can be achieved [66].
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Throughout the experiment, a real-time monitoring of the gas flow is performed

using a Nicolet� 380 Fourier Transform Infrared (FTIR) spectrometer with

ZnSe windows, a 2 m heated gas cell and a DTGS (deuterated triglycine

sulfate) detector. Spectra were recorded in a range of 4000 - 400 cm−1

at a resolution of 1 cm−1 and an absorbance detection limit of 0.001 a.u..

Four to five spectra of the outgas stream were recorded every minute. Using

Macros Basic software (Thermo Fischer Scientific) the peak heights of different

characteristic bands of the species of interest were monitored on-line during the

entire experiment. The software calculates an appropriate baseline for each

specific band. This baseline is constructed between two stable points in the

spectrum, at wavenumbers where no other bands interfere with the band of

interest. In this way fluctuations of the recorded peak heights are minimised

and accurate time profiles are obtained.

To determine the pollutant conversion in percentages, the peak height of the

pollutants with and without an applied voltage is compared. For ethylene,

the peak height of the wagging vibration of CH2 is taken at 950 cm−1, the

peak height of the CO stretching vibration and the asymmetric stretching of

CO2 is taken at 2179 cm−1 and 2360 cm−1 respectively. These positions were

carefully selected to exclude possible interference with other bands in the FTIR

spectrum.

Calibration curves are constructed to relate the FTIR absorbance of relevant

peak heights to actual concentrations. Ethylene concentrations are measured

with a Drager Polytron organic vapor sensor. A linear relationship is obtained

with a R2 value of 0.9985 for ethylene. Based on the calibration curves and

the noise, a detection limit of 0.67 ppmv for ethylene is found.

To analyse the results, C
C0

- t curves are plotted with C and C0 defined as the

actual concentration and the initial concentration of ethylene in the gas phase,

respectively. In order the compare the results obtained by the recirculation

experiment the apparent rate constant is determined, based on first order

reaction kinetics of the ethylene degradation. The first linear part is fitted

and used to derive the constant.
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3.2.3.3 Protocol

Because we are working with a diaphragm pump, it is necessary to verify

the amount of leakage by the pump. This is done by running the entire

experiment both with and without adding UV light. Consequently, each of the

performed experiments exists of two steps (with or without adding UV light),

where each step can be subdivided in four phases (Figure 3.4). In phase 1

(10 minutes) a gas flow with pollutant is sent through the bypass, i.e. without

going through the reactor, to saturate the whole system with the gas flow.

Recirculation is started in phase 2 where the gas flow goes through the bypass

(10 minutes). Next, the same gas flow is recirculated through the reactor for

about 20 minutes. This phase is used to measure the effect of adsorption in

the reactor. During this phase no UV light is used. In the final phase, either

the leakage or the photocatalytic activity is measured. When measuring the

leakage, this gas flow is recirculated through the reactor for 6 h in the absence

of UV light. When measuring the photocatalytic activity, the UV light is

switched on in order to measure the degradation of the pollutants.

Figure 3.4: Protocol of the photocatalysis measurements with 4
different phases. The last phase (4) has a duration of
6 h. The red line indicates a standard behaviour of a
pollutant. recirc. = recirculation
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3.3 Results and discussion

3.3.1 Selecting a coating

A first selection out of several coatings presented in literature is made based

on adhesion on the SS316 substrate.

� Protocol based on TiO2 and polyaniline: Two techniques for

applying the coating on the substrates are used. For both techniques the

adhesion was bad. After drying the coatings at 80◦C for 4 h, the powder

was not attached to the substrate. A possible solution to obtain a better

adhesion is the addition of diethanolamine. As a result, a calcination

step is required to remove the organic matter. The original reason

for testing this protocol is because polyaniline is a conducting polymer.

Among conducting polymers, a great deal of research has been devoted

to polyaniline due to its unique electrical and electrochemical properties,

high environmental stability, easy polymerisation and low cost [67–71].

At temperatures exceeding 200 ◦C, conductivity of the polymer decreases

rapidly and the polymer becomes an insulator [67]. Since a calcination

step is necessary for a good adhesion and the coating must be conductive,

no further characterisation is performed on this coating.

� Protocol based on titanium tetrabutoxide: After calcination the

coating was visibly cracked. By testing the adhesion with the tape

stripping method an excessive amount of material is pulled off from the

coating. No further characterisation is thus performed on this coating.

� Protocol based on titanium tetrabutoxide and hydrogen

peroxide: The adhesion of the coating during the dipcoating step was

very bad. After the calcination step, it was not possible to detect any

attached coating on the substrate. Consequently, the coating is not

further characterised.
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� Protocol based on titaniumisopropoxide : Using the tape stripping

method showed a good adhesion: there was no coating to be found on

the tape. It suggests that the film obtained from the sol-gels is firmly

bonded to the substrate and cannot easily be removed. This protocol

was therefore chosen for further variation.

3.3.2 Optimisation of the selected coating

Since the coating based on TTIP is the only one that showed a good adhesion,

only variations on this coating are investigated in the next sections.

Different variations in the preparation of the sol are made by varying the

TTIP:P25, the DEA:TTIP and the H2O:TTIP molar ratios. The total molar

concentration of Ti4+ is, however, kept constant.

3.3.2.1 Adhesion

Variations in the water content

First, the H2O:TTIP molar ratio of the original protocol was varied. The

composition of the coating was adjusted by either adding no water at all

or by adding an excess of water, i.e. a H2O:TTIP molar ratio of 0 and 10,

respectively.

The coatings with the water variations had a very bad adhesion. A large part

of the coating was not attached to the substrate. An explanation for the bad

adhesion can be found in the sol-gel process. A sol-gel process is described as

the formation of an oxide network through hydrolysis and polycondensation

reactions of a molecular precursor in a liquid. Metal alkoxides are popular

precursors because they readily react with water (hydrolysis). The hydroxyl

ion becomes attached to the metal atom, as shown in the following reactions

where the used titanium alkoxide precursor is presented as Ti(OR)4 wherein

R is a short aliphatic group [72].
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Ti(OR)4 + H2O −−→ OH−Ti(OR)3 + ROH
�� ��3.4

Ti(OR)4 + 4 H2O −−→ Ti(OH)4 + 4 ROH
�� ��3.5

Depending on the amount of water and catalyst present, hydrolysis can go to

completion so that all the OR groups are replaced by OH (reaction 3.5) or stop

while the metal is only partially hydrolysed (reaction 3.4) [73].

Further, two partially hydrolysed molecules can link together in a condensation

reaction such as:

(OR)3Ti−OR + HO−Ti(OR)3 −−→ (OR)3Ti−O−Ti(OR)3 + ROH
�� ��3.6

or

(OR)3Ti−OH + HO−Ti(OR)3 −−→ (OR)3Ti−O−Ti(OR)3 + H2O
�� ��3.7

Condensation liberates a small molecule such as water. This reaction can

continue to build larger and larger molecules by the process of polymerisation.

When no water is added, reactions 3.4 and 3.5 cannot occur. The molar ratio

of H2O:Ti(OR)4 should be at least 2:1 to approach the minimal hydrolysis

degree of the alkoxide required for gelation [74].

On the other hand, an excess of water dilutes the sol by reducing relative

titanium content giving rise to longer gel times and thinner films with poor

adhesion quality [75]. Water - alkoxy group ratios higher than 4:1 induce very

loose gel networks with high porosity and smaller particles [74].

Consequently, further research on the variations of the H2O content is not

carried out. The original water content, H2O:TTIP of 2, will be used in the

following experiments.
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Variations in the titaniumisopropoxide (TTIP), TiO2 and

diethanolamine (DEA) content

Table 3.2 gives an overview of the classification of the coatings with TTIP:P25

and DEA:TTIP variations after applying the tape stripping method on the

substrates. After execution of the tape stripping method, the quality of the

adhesion is divided in three groups: bad (B), moderate (M) and good (G).

Table 3.2: Attachment of the coating divided in three groups: Bad
(B), Moderate (M) and Good (G)

TTIP:P25 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

DEA:TTIP

0 B B M M M M M M M M M

2 B B M M M M M M M M M

4 B B M G G G G G G G M

8 B B G G G G G G G G M

10 B B G G G G G G G G M

15 B B M G G G G G G G M

20 B B M G G M M G G G M

25 B B M M M M M M M M M

As can be seen in Table 3.2 the coatings with a TTIP:P25 ratio equal to 0.2 and

0.4 have a bad adhesion. Balasubramanian et al. [55] reported that increasing

the amount of TiO2 P25 increases the viscosity of the solution. Viscosity is

used to control the uniformity of the coating; a higher viscosity results in a less

uniform coating. Also a TTIP:P25 of 2.2 does not have a good adhesion.

Furthermore, the coating with a DEA:TTIP ratio lower than 4 and higher than

20 shows a bad or moderate adhesion. This can be explained by looking at the

role of DEA, which is used as a stabilising agent in the protocol.
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When there is not enough DEA present, the solution is not stable enough.

Jung et al. [76] studied the stability of MgO sol-gel films by adding 0% or

20 mol % DEA. They found that the sol without DEA showed precipitation,

while no precipitation was observed by the addition of 20 mol% DEA. This

confirms the role of DEA as stabiliser.

On the other hand, when too much DEA is added to the sol, we also observed

a poorer adhesion.

Chen et al. [77] reported that the more DEA is added, the larger the film

thickness is. This can result in a deterioration in the film adhesion. We could

however not link the DEA addition to the film thickness (see Section 3.3.2.4).

Kahraman et al. also studied the influence of DEA on sol-gel processed

Cu2ZnSnS4 thin films by adding 2, 3, 4 or 5 mL DEA to the sol. For the film

prepared with a DEA content of 5 mL, soms cracks and voids were observed.

When the DEA concentration was decreased the density of the cracks and voids

reduced rapidly. They deduced that DEA concentrations in the sol are very

crucial to obtain void/crack free thin films.

It can thus be concluded that further characterisation of all coating ratios

within the range TTIP:P25 = 0.6, TTIP:P25 = 2, DEA:TTIP = 4 and

DEA:TTIP = 20 (red area on Table 3.2) is appropriate.

3.3.2.2 Resistivity

Figure 3.5 gives the influence of the TTIP:P25 molar ratio on the resistivity of

the coatings.

The resistivity of all the coatings is in the range of 0.001 - 0.280 Ohm.m.

Consequently, the resistivity is lower than 5.108 Ω.m, which is low enough

to avoid back corona formation as described in 3.1. The resistivity in function

of the DEA:TTIP molar ratio is in the same range (results not shown).

It can be seen that the resistivity for the samples with TTIP:P25 molar ratio

equal to 0.6 and 1.2 is much higher than the others. A possible explanation is

the way in which the measurement are performed.

105



Development of a low resistive photocatalytic coating

Figure 3.5: Boxplots of the resistivity for different TTIP:P25 molar
ratios. The bottom and top of the box are the first and
third quartiles. The band inside the box is the median.
′-′ gives the maximum and the minimum. The mean is
represented by ′�′ and the 99% and 1% is given by ′×′

The measurements in our experiments are performed with a digital multimeter

that offer two-wire resistance measurement capability, which can be a source

of error on the measurements.

A digital multimeter typically employs the constant current method to measure

resistance, which sources a constant current (I) to the coating under test and

measures the voltage (Vm). The resistance is then calculated (R = Vm/I). The

constant current sourced to the coating depends on the selected measurement

range of the multimeter.

Figure 3.6 represents a two-wire resistance test configuration employing the

constant current method as used in our experiments [78]. The main issue with

the two-wire method is that the total lead resistance (Rlead) is added to the

measurement. Because the test current (I) causes a small but significant voltage

drop across the lead resistances, the voltage (Vm) measured by the meter will
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not be exactly the same as the voltage (VR) directly across the resistance

of interest (R). Consequently, a considerable error can result. Typical lead

resistances range from 10 mΩ to 1 Ω. Therefore, it is very difficult to obtain

accurate two-wire resistance measurements when the resistance under test is

lower than 100 Ω since the resistance of interest will be completely swamped

by the lead resistance [78].

Figure 3.6: Two-wire resistance measurement schematic [78]. DMM
= Digital Multimeter. HI and LO = Main input
terminal.

For measuring coatings with resistance equal to or less than 100 Ω, it is more

accurate to use the four-wire method (Figure 3.7) [78]. With this configuration,

the test current (I) is forced through the test resistance (R) via one set of

test leads, while the voltage (Vm) accross the coatings is measured through

a second set of leads. Therefore the voltage measured by the meter (Vm) is

essentially the same as the voltage (Vm) across the resistance (R). As a result,

the resistance value can be determined much more accurately than with the

two-wire method.
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Figure 3.7: Four-wire resistance measurement schematic [78]. DMM
= Digital Multimeter. Source HI and LO = Main input
terminal. Sense HI and LO = Sampling terminal.

3.3.2.3 Surface area and pore size distribution

A large surface area can be the determining factor in certain photodegradation

reactions, as a large amount of adsorbed organic molecules promotes the

reaction rate [79]. Zou et al. [80] tested TiO2-SiO2 pellets with different

surface areas on photocatalytic toluene degradation. The catalyst pellets with

higher surface area achieved complete conversion for a period of 4 h, whereas

the catalysts with a low surface area only had a brief period of complete

conversion. Park et al. [41] also concluded that the large surface area of a

TiO2 photocatalyst is one of the most important factors in achieving a high

efficiency in the photocatalytic oxidation of C2H4. The photocatalytic activity

is however not necessarily dependent on catalyst surface area, but rather on

the availability of active sites. Therefore, surface area is just one of the aspect

needed to be investigated. Pore size, crystalline structure, etc. also play an

important role in photocatalytic degradation [81].

108



Development of a low resistive photocatalytic coating

The surface area is shown in Figure 3.8. The surface area is measured once

for every sample. The errors on the graph represent the precision of the

measurement. For most coatings with a TTIP:P25 molar ratio lower than

1.6 or equal to 2 the surface area is within the range of the surface area of

TiO2 P25, which is 35-65 m2/g. For the TTIP:P25 molar ratios 1.6 and 1.8 the

surface area is in general higher.

Chen et al. [56] observed that the area covered by the agglomerates per unit

surface area increased with an increase in the TiO2 P25 loading in the sol while

the TTIP loading was kept constant. In this study, both the TTIP and TiO2

P25 loading were varied. To keep the total amount Ti4+ constant all the time,

an increase in TiO2 P25 loading meant a decrease in TTIP loading. Therefore,

it is very difficult to compare these results with our results.

Figure 3.8: Surface area of the optimised coatings in function of the
TTIP:P25 and DEA:TTIP molar ratios. The shaded area
represents the range of the surface area of TiO2 P25. The
errors represent the precision.
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Figure 3.9 gives the average pore size in function of the TTIP:P25 and

DEA:TTIP molar ratios. The pore size and the pore volume are measured once

for every sample. It is clear from literature that due to the addition of any TiO2

P25 particles to the sol-gel method (i.e. P25-powder-modified-sol-gel method;

PPMSGM), P25 associated larger pores (macropores or larger mesopores)

can be formed. This is beneficial for the increase of mass transfer of the

contaminants in the larger pore channels [72].

Figure 3.9: Pore size of the optimised coatings in function of the
TTIP:P25 and DEA:TTIP molar ratios

For the variations in TTIP:P25 molar ratio, no clear trend is observed. For the

variation in DEA:TTIP molar ratio a higher DEA content results in a larger

pore size. A plausible explanation is that the incorporation of DEA in the sol

causes bigger pores. Chen et al. [82] observed that during calcination a weight

loss occurs. This weight loss was approximately 33.3 % for the calcination

temperature between 236 and 464 ◦C. It is attributed to the evaporation of

DEA (the boiling point is 268.8 ◦C) and combustion of organic compounds

including DEA, residual isopropanol and other organic intermediates after
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thermohydrolysis in the gel. After 464 ◦C, no obvious weight change can

be observed, which demonstrates that most organic compounds have been

eliminated at temperatures lower than 464 ◦C. Since we calcine at 500 ◦C, the

combustion of the abovementioned compounds creates bigger pores.

The developed coating will be placed inside of the plasma reactor. As

mentioned before, the synergetic effect in plasma catalysis is rather

complicated. On one hand, the existence of abundant short-lived active species

in the plasma affects the catalyst properties [83, 84]. On the other hand,

the discharge properties of the plasma will be modified by applying a coating

inside the reactor [85–89]. For example, the catalyst can enhance the electric

field and the adsorption of the pollutants on the catalyst surface. Moreover,

the formation of microdischarges inside catalyst pores are reported as another

important effect [90–92]. The strong electric field inside pores leads to different

electron energy distributions which in turn gives rise to changes in the plasma

chemistry.

Holzer et al. [90] revealed the existence of short-lived oxidants in the interior

of porous catalyst for typical pore sizes in the order of 10 nm. They concluded

that the short-lived species might be formed inside the pores when the electric

field in the pores was much stronger than in the bulk plasma. In addition,

another explanation is the stabilisation of short-lived species by adsorption on

the surface during their diffusion from the plasma into pores, as it significantly

increases their lifetime and gives rise to the availability of these species for

subsequent surface reactions. Hensel et al. [91] demonstrated that for a

pore size of 8µm, the discharge in a DC hybrid plasma-catalyst system only

developed on the dielectric surface. For a larger pore size than 8µm, a

transition in discharge mode was observed above the threshold voltage of

8.6 kV and microdischarges inside the ceramic were observed. The onset voltage

of microdischarge formation was found to decrease with increasing pore size.

Zhang et al.[92] developed a model that predicts that plasma species can be

formed inside the pores of a structured catalyst with pore size above 10µm. If

the pore size is 10µm or lower, no significant ionisation takes place inside the

pore. Since the pore sizes in our catalyst are in the order of nm instead of µm,

no microdischarges are expected to be formed inside of the catalyst pores.
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Figure 3.10 gives the BJH desorption pore size distribution of the selected

coatings with a TTIP:P25 molar ratio of 2. In general, more DEA gives a

higher total pore volume since more macropores (pores with diameter larger

than 50 nm) are formed.

Figure 3.10: BJH desorption pore size distribution of the selected
coatings with TTIP:P25 molar ratio of 2
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3.3.2.4 Sample thickness

A selection of the thickness measurements are given in Table 3.3. Every

measurement is performed 3 times. The error represents the reproducibility.

Table 3.3: Coating thickness of coatings with different TTIP:P25 and
DEA:TTIP molar ratio. Every measurement is performed
3 times. The error represents the reproducibility.

TTIP:P25 DEA:TTIP Coating thickness (nm)

0.8 4 450 ± 24

0.8 15 314 ± 84

1.2 8 224 ± 30

1.8 4 190 ± 41

1.8 15 274 ± 47

As can be seen in Table 3.3, coatings with higher TTIP:P25 molar ratio but

with the same DEA:TTIP molar ratio are thinner. Increasing the amount of

P25 TiO2 in the sol increases the viscosity of the solution [93]. The higher

the viscosity, the thicker the coating when applied with dip coating. Table 3.3

gives no clear trend concerning the DEA:TTIP molar ratio.

The difficulty to observe a general trend can be ascribed to the roughness of

the SS metal surface. Indeed, when the to be coated surface has a variable

thickness (i.e. roughness) on its own, it becomes complex to measure the

coating thickness. This also explains the big errors on the measurements.

On Figure 3.11 it is clear that the real thickness of the coating on a very local

scale varies enormously due to the large roughness. Therefore, an average

thickness of a larger area is determined. The pink area is the uncoated area,

the green area is the coated substrate area. The white area in between is

the transition area between the bare substrate and the coated substrate. A

comparison is made between the pink area and the green area to determine the

thickness of the coating.
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Figure 3.11: Thickness measurement of a coating with a Dektak
stylus profiler. The pink area is the uncoated area.
The green area is the coated area. The white area is
the transition area between the bare substrate and the
coated substrate.

3.3.2.5 X-ray Powder Diffraction

Figure 3.12 shows the X-ray diffraction spectra of stainless steel substrates

coated with films with different TTIP:P25 molar ratios ranging from 0.6 to

1.2 with a DEA:TTIP molar ratio of 4. The main peaks are the 2θ angle

of 25.4 ◦ and 27.5 ◦, which are assigned to anatase (101) and rutile (110),

respectively. The presence of other crystallographic planes was also observed

including rutile (101), anatase (103), anatase (004), anatase (112), anatase

(200), anatase (105), anatase (211) and rutile (211) [94]. In all spectra, the

peak intensity of both anatase and rutile between the different coatings are not

significantly different.
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Figure 3.12: XRD spectra for stainless steel substrates coated with
different TTIP:P25 molar ratios and a DEA:TTIP
molar ratio of 4.. Reflections due to anatase and rutile
are labelled as (A) and (R), respectively.

As can be deduced from Table 3.4 and Table 3.5, both anatase and rutile are

present in the samples for all the different ratios. The amount varies between

6-19 % for rutile and 81-94 % for anatase.

Brookite is never detected in the diffraction spectrum. Both crystal

structures, i.e. anatase and rutile, are commonly used as photocatalyst, with

anatase showing greater photocatalytic activity for most reactions [81, 95].

Furthermore, there are many studies that claim that a mixture of anatase and

rutile is more active than pure anatase [96–99]. The highly reactive commercial

TiO2 P25 consists of amorphous phase combined with a mixture of anatase

and rutile in a proportion of 80:20. Carp et al. mentioned that the increased

activity arises from the increased efficiency of the electron-hole separation due

to the multiphase nature of the particles [81, 100].
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Zhou et al. [101] studied the effects of diethanolamine on the evolution of

Ag/TiO2 sol-gel process. They found that DEA as additive promotes the

transformation from anatase to rutile phase. Also Jung et al. [76] found that

the addition of DEA to Mg-methoxide lowered the crystallisation temperature

and enhanced the crystallisation process of MgO samples when processed in

O2. Another study by Kahraman et al. [102] revealed that adding more DEA

during the sol-gel process of Cu2ZnSnS4 thin films, increases the crystallite

size of the films significantly. They observed the same trend with respect to

the crystallite size of the films. On the other hand, Hammami et al. [103]

found no significant change in phase content of Zn-Ni alloy coatings resulted

from increasing ethanolamines concentrations. As can be seen in Table 3.5, no

trend could be observed between adding more DEA to our sol-gel solution and

the fraction of anatase/rutile or the crystallite size.

Table 3.4: Crystallite size, fraction of anatase and rutile of coatings
with different TTIP:P25 molar ratio and a DEA:TTIP
molar ratio of 4.

TTIP:P25 Crystallite size Fraction of Fraction of

from XRD (nm)1 anatase (%) rutile (%)

0.6 18.97 83.66 16.34

0.8 18.93 87.52 12.48

1 18.95 88.79 11.21

1.2 17.69 87.96 12.04

1.4 22.09 84.8 15.2

1.6 17.69 85.56 14.44

1.8 17.69 87.34 12.66

2 17.73 91.31 8.69

1 Using the Scherrer Equation for anatase (1 0 1)
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Table 3.5: Crystallite size, fraction of anatase and rutile of coatings
with a TTIP:P25 molar ratio of 0.8 and different
DEA:TTIP molar ratios.

DEA:TTIP Crystallite size Fraction of Fraction of

from XRD (nm)1 anatase (%) rutile (%)

4 18.93 87.52 12.48

8 17.67 81.88 18.12

15 16.62 93.28 6.72

20 17.73 87.02 12.98

1 Using the Scherrer Equation for anatase (1 0 1)

3.3.2.6 SEM and EDX analyses

Figure 3.13 gives the difference between the coating surface without and with

the addition of P25, with a DEA:TTIP molar ratio of 4.

(a) Only TTIP, no P25 powder (b) TTIP:P25 molar ratio of 1.4

Figure 3.13: Scanning Electron Micrographs of the surface of
different coatings made from the precursor gel with a
DEA:TTIP molar ratio of 4.
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These SEM images show that the surface of the coating prepared without

P25 in the sol is smooth without the presence of any visible agglomerates.

On the other hand, plenty visible agglomerates can be seen on the surface of

coatings prepared with the P25-powder-modified-sol-gel method (PPMSGM).

Therefore, the formation of these agglomerates on the surface of the PPMSGM

is caused by the incorporation of P25 powders in the films.

Figure 3.14 gives an overview of four different SEM images of the coating

surface. It is clear that no clear trend between the TTIP:P25 molar ratio, the

DEA:TTIP molar ratio and the SEM images can be observed. Clear cracks

can be observed. As mentioned before, microdischarges can occur in pore size

above 10µm [92] Since the cracks visible on the SEM images are in the same

order, microdischarges can be be formed inside of the catalyst cracks.

(a) TTIP:P25 = 0.8, DEA:TTIP = 4 (b) TTIP:P25 = 0.8, DEA:TTIP = 15

(c) TTIP:P25 = 1.8, DEA:TTIP = 4 (d) TTIP:P25 = 1.8, DEA:TTIP = 15

Figure 3.14: Scanning electron micrographs of different TiO2

coatings.
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Additionally, the elemental composition of the coating is verified by energy

dispersive X-ray spectroscopy. The main elements observed are iron, carbon,

oxygen, titanium, nickel and chromium. To obtain a good first estimate of the

deposited titanium, titanium is calculated with respect to iron, since it this

the most abundant element in the substrates.

The Ti:Fe ratios are between 0.07 and 0.17 for both the variations in TTIP:P25

and DEA:TTIP molar ratio. For both varying TTIP:P25 molar ratio and the

DEA:TTIP molar ratio no clear trend can be observed.

3.3.2.7 Photocatalytic activity

Considering the fact that all the coatings within the range of TTIP:P25 molar

ratio of 0.6 to 2 and DEA:TTIP molar ratio of 4 to 20 meet the required

specifications (Section 3.1) of an appropriate coating, the photocatalytic test

is performed on all these coatings.

Figure 3.15 gives the results from the recirculation test for the coatings with

a molar ratio of 1.8 and a varying DEA:TTIP molar ratio. It reveals clear

activity for all the tested materials. A diminishing ethylene concentration can,

however, be observed even without UV radiation. This is due to leakage of the

recirculation pump. The leak is reproducible and repeatable for all experiments

and clearly distinguishable from the photocatalytic breakdown.
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Figure 3.15: Overview of the degradation of ethylene of the samples
with a TTIP:P25 molar ratio of 0.8 during irradation.

As can be seen from Figure 3.15 the DEA:TTIP molar ratio of 20 gives only

a slight degradation of ethylene. The other DEA:TTIP molar ratios have a

higher degradation with the DEA:TTIP molar ratio of 15 having a complete

degradation of C2H4 after 291 min.

In order to compare the results for the different coatings the apparent rate

constant (ARC) is determined based on first order reaction kinetics of the

ethylene degradation [104, 105]. The linear part was fitted and used to derive

the ARC. The results are shown in Figure 3.16.
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Figure 3.16: Apparent rate constant for the different coatings in
function of the TTIP:P25 and DEA:TTIP molar ratios.

On this Figure, it is clear that the coating with a TTIP:P25 molar ratio of 0.8

and a DEA:TTIP molar ratio of 15 has the best photocatalytic activity in our

set-up. The coatings with a TTIP:P25 molar ratio of 0.6 and 2 generally have

the lowest photocatalytic activity. Except for those TTIP:P25 ratios that have

a DEA:TTIP molar ratio of 4. Furthermore, the coatings with a DEA:TTIP

molar ratio of 20 show lower photocatalytic activity compared to the other

molar ratios. In general, however, no clear trend can be observed between the

different coatings.
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3.4 Conclusions

In the first part of this chapter different coatings were created and tested.

Only the coating with TTIP as precursor gave good adhesion on stainless steel

substrates. This coating is based on the P25-powder-modified-sol-gel method

where P25 nanoparticles are used as fillers in a sol-gel process [72]. The coating

is further optimised in order to have a good adhesion, a low resistivity and

a good (photo)catalytic activity. The composition of the sol is modified by

varying the H2O, TiO2 P25, TTIP and DEA content.

All the selected coatings have a good adhesion and a low resistivity. Concerning

the photocatalytic activity in the gas phase, the coating with TTIP:P25 molar

ratio of 0.8 and DEA:TTIP molar ratio of 15 has fastest degradation rate of

ethylene. In general, the coatings with a TTIP:P25 molar ratio of 0.6 and 2

and the coatings with DEA:TTIP molar ratio of 20 show lower photocatalytic

activity compared to the other molar ratios. Therefore, these latter coatings

are disregarded for the implementation in a plasma unit. Among the other

remaining coatings no specific trend is observed.

It is very difficult to relate all the coating physico-chemical characteristics with

each other and more specific with the photocatalytic activity. No trend could

be observed when comparing all the characteristics and the photocatalytic

activity.

This is probably due to factors that were not taken into account in this

study. One of the parameters that affects (photo)catalysis is the temperature

during the photocatalytic activity. Barka et al. [106] report the influence

of working temperature (25 - 40 ◦C) on the photocatalytic degradation of

Rhodamine B by TiO2. The rate of degradation increases with the increase of

temperature. Moreover, it helps the reaction to compete more efficiently with

e− - h+ recombination. Costacurta et al. [107] also found that the substrate

temperature enhances the photocatalytic activity. This suggest the importance

of an accurate temperature control in photocatalytic efficiency measurements,

which was not the case during our experiments.
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Results show that a coating with following properties is suitable for

implementation in a plasma system:

� H2O:TTIP molar ratio = 2

� 0.6 < TTIP:P25 molar ratio < 2

� 4 ≤ DEA:TTIP molar ratio < 20

The optimised coatings in this range selected for integration in the DC corona

discharge unit are:

� Coating 1: TTIP:P25 = 0.8; DEA:TTIP = 4

� Coating 2: TTIP:P25 = 0.8; DEA:TTIP = 15

� Coating 3: TTIP:P25 = 1.2; DEA:TTIP = 8

� Coating 4: TTIP:P25 = 1.8; DEA:TTIP = 4

� Coating 5: TTIP:P25 = 1.8; DEA:TTIP = 15
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4.1 Introduction

The use of photocatalytic oxidation (PCO) in combination with a non-thermal

plasma (NTP), like DC corona discharge, offers a lot of competitive advantages.

In this PhD, we aim for an improved air purification performance that offers a

more sustainable solution.

Table 4.1 gives an overview of the typical characteristics of DC corona discharge

and PCO as described in the introduction. NTP is characterised by a fast

start-up [1], rapid response to changes in the composition of the waste gas

and is activated by electricity [2, 3]. It is highly efficient [4] and non-selective

[5], but it might be affected by irreversible deposition [6]. Besides, possible

incomplete oxidation with the formation of potential harmful products, e.g.

O3, is a drawback [3, 6], contributing to worse air quality. PCO, on the other

hand, has a moderate start-up time [1] when activated with UV light, which

constitutes a drawback. PCO is mostly initiated from adsorption, resulting in

a higher selectivity than NTP [1, 7, 8]. From this table, it is clear that there

are currently some concerns regarding NTP and PCO.

However, despite their respective issues, NTP and PCO prove to be very useful

in abating gaseous pollutants [4, 9–15].
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Table 4.1: Different characteristics of non-thermal plasma,
photocatalytic oxidation and plasma catalysis [1–14]

Non-thermal
Plasma
(NTP)

Photocatalytic
oxidation
(PCO)

Plasma Catalysis
(PC)

Activated by Electricity UV light Electricity to activate
NTP which produces
active species to
activate PCO

Start-up Fast Moderate Fast

Efficiency High Low High

Deposition/
adsorption

Irreversible Required Irreversible deposition
is avoided, it can be
abated by the catalyst

By-products Ozone and
others

None, if any
adsorbed on
the surface

by-products of NTP
can catalytically be
converted to harmless
products

Product
selectivity

Non-selective Adsorption
required

Increased oxidation

The issues concerning NTP might be cancelled by the advantages of PCO,

and vice versa. Even more, it is clear that plasma catalysis combines the

advantages of non-thermal plasma and photocatalytic oxidation, discards the

disadvantages of both and can even provide synergetic effects.

In order to obtain plasma catalysis plasma should be combined with a catalyst.

This can be performed in two different ways: post plasma catalysis (PPC)

and in plasma catalysis (IPC). This work focusses on IPC because it provides

an interaction between the plasma and the photocatalyst since they are in
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direct contact with each other. In this way, plasma catalysis is quite different

from conventional catalysis because of the existence of abundant active species

(excited species, radicals and ions) in the gas stream, the occurrence of plasma

discharge on the catalyst surface and the presence of a voltage potential

and current flow across the catalyst [16]. The possible synergetic effects are

described in more detail in subsections 1.4.2.3 and 1.4.2.4.

In this chapter the decomposition processes and efficiencies will be compared

with and without coating on the collector electrode. Ethylene is used as model

compound for VOCs in indoor air. Some scientists state that UV wavelengths

produced by plasma discharges can activate the photocatalyst [17, 18], while

others say that the UV dose is too low for triggering the photocatalytic activity

[19]. For this reason, a new plasma reactor is built, that allows the addition of

an external UV lamp.

4.2 Materials and methods

4.2.1 Reactor design

To test the plasma catalytic activity a plasma reactor was built wherein the

implementation of an external UV light is possible. In this way it is possible

to determine of the photocatalyst can be activated by the plasma itself or that

an external UV lamp is necessary.

The same basic configuration as described in subsection 2.2.1 was used. So,

the reactor consists of pin pairs attached at the discharge electrode and an

outer cylindrical electrode. In Chapter 2 the influence of number of pin pairs

on the plasma performance was studied. In general, more pin pairs gave more

pollutant conversion. When the pins are too close to each other, it is possible

that the discharge interfere. Therefore it is necessary to determine the optimal

number of pin pairs for the plasma catalytic reactor. The optimal number

of pin pairs for this reactor is determined to be 24 pin pairs. The pin pairs

have a length of 15 mm and a diameter of 1 mm. The length of the discharge

electrode equals 140 mm. The discharge electrode is built as a mesh-shaped

stainless steel (SS316) cylinder that is mounted around a quartz cylinder tube.

The UV light can be placed inside of the quartz tube. This way, a UV-C lamp
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(TUV-PLS Philips, 11W) with peak intensity at 254 nm is implemented in the

plasma reactor without interfering with the plasma in the discharge zone. The

light intensity incident on the collector electrode is 4.8 mW/cm2, as measured

with an AvaSpec-3648 spectrometer (Avantes).

The gap distance between the pin pairs on the discharge electrode and the

collector electrode equals 21.5 mm. A PMMA cover is placed around the DC

corona discharge unit for safety reasons. A high DC voltage supply (PHYWE

systeme GMBH, type 13671.93) was used with a maximum voltage and current

of 25 kV and 0.5 mA, respectively.

The collector electrode is modular and can easily be replaced by another

collector electrode. This enables to coat several electrodes with different

coatings. A schematic diagram and a picture of the plasma catalytic reactor

can be found in Figure 4.1.

(a) Schematic overview (b) Picture

Figure 4.1: The plasma catalytic reactor
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The gas flow through the plasma unit is set at 2000 cm3/min, resulting in a

residence time of 46 s given the plasma reactor’s volume of 1.54 dm3.

Using Peek’s equation (Equation 2.1) the threshold voltage was calculated

to be 7.86 kV, using an irregularity factor of 0.955 in equation 2.1 and a gap

distance of 21.5 mm. The breakdown voltage, according to Equation 2.3, equals

105 kV. Using the previously mentioned correction proposed by Lock et al.

[20] (subsection 2.2.1), the actual breakdown voltage becomes 35 kV. As long

as the operating voltage is lower than this minimum, a sparking phenomenon

like arcing, will not occur. Since our voltage source is limited to 25 kV, it is

impossible to raise the voltage as high as the breakdown voltage.

4.2.2 Catalyst Material

In the previous chapter, photocatalytic coatings suitable for plasma catalysis

were selected. They are all based on the protocol that makes use of

titaniumisopropoxide (TTIP) [21–23] described in 3.2.1.1. The selected

coatings are optimised by varying the TTIP:P25 and DEA:TTIP molar ratio.

The optimised coatings selected for integration are:

� Coating 1: TTIP:P25 = 0.8; DEA:TTIP = 4

� Coating 2: TTIP:P25 = 0.8; DEA:TTIP = 15

� Coating 3: TTIP:P25 = 1.2; DEA:TTIP = 8

� Coating 4: TTIP:P25 = 1.8; DEA:TTIP = 4

� Coating 5: TTIP:P25 = 1.8; DEA:TTIP = 15
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4.2.3 Gases and detection

The polluted gas flow (150 ppmv C2H4; 2000 cm3/min) was controlled by four

mass flow controllers (MFC, MKS instruments) and consisted of ethylene (1 %

C2H4 in N2, Air Liquide), O2 (Air Liquide) and N2 (Atlas Copco Airpower).

It was always ensured that the oxygen concentration was 21 %. No additional

water is added to the gas inlet flow. Figure 4.2 gives a schematic overview of

the used set-up.

Figure 4.2: Schematic diagram of the experimental set-up for plasma
catalytic experiments. The dashed line represents the
bypass. FTIR: Fourier Transform Infrared Spectroscopy.
MFC: Mass Flow Controller

Throughout the experiment, a real-time monitoring of the gas flow is performed

using a Nicolet� 380 Fourier Transform Infrared (FTIR) spectrometer with

ZnSe windows, a 2 m heated gas cell and a DTGS (deuterated triglycine sulfate)

detector. Spectra were recorded in a range of 4000 - 400 cm−1 at a resolution

of 1 cm−1 and an absorbance detection limit of 0.001 a.u., corresponding to

roughly 1 ppmv of ethylene [24]. Four to five spectra of the outgas stream

were recorded every minute. Using Macros Basic software (Thermo Fischer

Scientific) the peak heights of different characteristic bands of the species of

interest were monitored on-line during the entire experiment. The software

calculates an appropriate baseline for each specific band. This baseline is
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constructed between two stable points in the spectrum, at wavenumbers where

no other bands interfere with the band of interest. In this way fluctuations

of the recorded peak heights are minimised and accurate time profiles are

obtained.

To determine the pollutant conversion and the by-product formation, the peak

height of the pollutants with and without an applied voltage is compared. For

ethylene, the peak height of the wagging vibration of CH2 is taken at 950 cm−1,

the peak height of the CO stretching vibration and the asymmetric stretching

of CO2 is taken at 2179 cm−1 and 2360 cm−1 respectively, while the peak height

of the O=O stretching vibration of O3 is taken at 1057 cm−1. These positions

were carefully selected to exclude possible interference with other bands in the

FTIR spectrum [25].

Calibration curves are constructed to relate the FTIR absorbance of relevant

peak heights to actual concentrations. Ethylene concentrations are measured

with a Drager Polytron organic vapor sensor. A linear relationship is obtained

with a R2 value of 0.9985 for ethylene. The same is done for the peak height

located at 2360 cm−1 as a measure for the CO2 concentration, by means

of a CO2 sensor (Vaisala CARBOCAP Carbon Dioxide Transmitter Series

GMT220). A linear relationship with an R2 value of 0.993 is obtained. Based

on the calibration curves and the noise, a detection limit of 0.67 ppmv for

ethylene and 2 ppmv for CO2 is found.

The averaged steady state absorbance level in the bypass gives a good reference

value for the pollutant inlet concentration. The difference in this averaged

absorbance and the averaged absorbance during the plasma and illumination,

is therefore a good measure for the amount of pollutant that is plasma

catalytically degraded.

The conversion (%) of ethylene is calculated according to Equation 4.1 and is

based on the concentration of the pollutant. The formation of CO2 and O3 is

given in arbitrary units (a.u.).

Conversion(%) =
conc. C2H4 reactor− conc. C2H4 reactor plasma UV

conc. C2H4 reactor
.100�� ��4.1
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4.2.4 Protocol

To study the synergetic effect of a plasma catalytic system, it is necessary

to compare the photocatalytic, the plasma as well as the plasma catalytic

performance of the reactor. The experiments are conducted with a negative

polarity and a voltage of 15 kV (see conclusions Chapter 2). They are

performed both with and without coating applied on the collector electrode

in order to study the synergetic effect of the plasma catalytic system.

The photocatalytic experiments exist of five different phases as described in

earlier research from our group [26]. Phases 1 (10 min) and 5 (10 min) are

the reference level of the pollutant in bypass, i.e. without going through the

reactor. In phases 2 (10 min) and 4 (10 min), a gas flow is sent through the

reactor to measure the effect of adsorption and desorption, respectively. During

these phases no UV light is applied. In the third phase the UV light was

switched on to measure the photocatalytic degradation of the pollutants in the

reactor (60 min). The difference between phases 2, 4 and phase 3 is a measure

for the amount of reagent converted and reaction products formed.

The plasma and plasma catalytic experiment consists of three different phases

(each phase has a duration of 10 min; see Figure 4.3), all were performed with

the high voltage supply turned on. The first phase is in absence of an external

UV source. For the second and third phase an external UV lamp is placed

inside the reactor. In the second step the lamp is turned on by external power,

while in the third phase the lamp is turned off. Between each phase a gas

flow is sent through the reactor for 10 min with the high voltage and UV lamp

turned off to measure the effect of adsorption on the reactor walls.
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Figure 4.3: Protocol of the plasma catalytic measurements with 3
different phases. The red line indicates a standard
behaviour of a pollutant. The green line represents the
formation of products like CO2. HV = High Voltage.
UV = an ultraviolet lamp.

Since the used UV lamp is a gas discharge lamp, the light inside the lamp is

generated by sending an electrical discharge through an ionised gas, resulting in

the creation of a plasma inside the lamp. The character of this gas discharge

depends on the pressure of the gas as well as the frequency of the current.

When the lamp is turned on, the gas is ionised and free electrons, accelerated

by the electrical field, collide with molecules and atoms. Some electrons in the

atomic orbitals of these atoms are excited by these collisions to a higher energy

state. When such an electron falls back to its ground state it releases a photon,

resulting in radiation. The energy of the released photon exactly matches the

difference in the electron energy states and the energy of the initially absorbed

electron [27]. Since, the UV lamp in this new set-up is placed inside a plasma

reactor, and thus near an electric field, it is possible that a plasma is also

created inside the lamp. This would mean that no additional external power

source should be used for the UV lamp, which would be an advantage in terms

of energy consumption of the plasma catalytic system.
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4.3 Results and discussion

4.3.1 Comparison of the selected coatings

Before applying a high voltage or UV light, blank tests are performed to study

the adsorption of ethylene on the collector electrode. The experiment compares

the ethylene concentration in the gas phase for two different situations: with

or without catalyst present. No detectable adsorption of ethylene on neither

the collector electrode nor the reactor is observed.

As described in section 4.2.4, experiments are conducted for testing

photocatalytic, plasma and plasma catalytic performance of the reactor in the

absence and in the presence of a coating on the collector electrode. In this way,

the influence of different coatings on the performance of DC corona discharge

is investigated.

No pollutant conversion and by-product formation is observed with FTIR

during the photocatalytic experiments. A possible explanation is the small

contact area of the pollutant with the coating since the reactor volume is higher

compared with the reactor volume of the photocatalytic reactor in Chapter 3.

As described in 4.2.4, the plasma and the plasma catalytic experiments consist

of 3 different steps.

� Step 1: High voltage is applied, no UV lamp inside the reactor

� Step 2: High voltage is applied, UV lamp inside the reactor is turned on

� Step 3: High voltage is applied, UV lamp inside the reactor is turned off

In the next paragraphs only the results of Step 1, presented as ”Plasma” and

step 2, presented as ”Plasma UV” are given since no difference between Step 1

and Step 3 could be detected. This means that the plasma itself is not capable

to activate the (photo)catalyst.
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During the experiments, the conversion efficiency of ethylene in the plasma

reactor is determined with and without coating in the predetermined optimal

window of operation. Figure 4.4 confirms the positive effect of the coatings

on the efficiency of the corona discharge reactor. The difference in ethylene

conversion between plasma and plasma UV is negligible. The errors represent

the precision.

Figure 4.4: Comparison of the conversion efficiency of ethylene (%)
by using corona discharge with negative polarity, a
voltage of 15 kV and 21% O2 with uncoated and 5 coated
collector electrodes. The errors represent the precision.

Although more ethylene is converted in presence of a coating, Figure 4.5 shows

that the coating has no effect on the formation of CO2 when only plasma

occurs. Due to the high voltage, an ionic wind drives the existing species in

the plasma to the collector electrode which results in ethylene adsorption on

the coating [28]. This explains the observed increase in ethylene conversion

(Figure 4.4) without an increase of CO2 formation (Figure 4.5).
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CO2 formation is increased when an external UV lamp is used in combination

with plasma in the coated reactor. The effect of the UV lamp on the CO2

formation is smaller without a coating than with a coating. The UV lamp

induces photocatalysis which results in the mineralisation of the adsorbed

species on the coating.

Figure 4.5: Comparison of the CO2 formation (a.u.) by using corona
discharge with negative polarity, a voltage of 15 kV and
21% O2 with uncoated and 5 coated collector electrodes.
The errors represents the precision.

In order to obtain additional information about the mineralisation of ethylene

in a plasma catalytic set-up, it is important to have a look at the destruction

pathways by plasma and by photocatalysis. In general, two main destruction

routes for consumption of C2H4 can be distinguished in plasma, i.e. upon

collision with metastable N2 molecules and with O atoms [29].

C2H4 + N2(A3

∑
+u) −−→ C2H2 + H2 + N2

�� ��4.2

C2H4 + N2(A3

∑
+u) −−→ C2H3

• + H• + N2

�� ��4.3
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The reactions with O atoms species can be summarised as [29–31].

C2H4 + O• −−→ CH2O + CH2
•

�� ��4.4

C2H4 + O• −−→ C2H3O
• + H•

�� ��4.5

C2H4 + O• −−→ CHO• + CH3
•

�� ��4.6

C2H4 + O• −−→ CH3
• + HCO•

�� ��4.7

C2H4 + O• −−→ C2H2O
• + 2 H•

�� ��4.8

C2H4 + O• −−→ C2H3
• + OH•

�� ��4.9

Reaction 4.2 converts ethylene to acetylene (C2H2) , which is a more stable

product than the vinyl radical (C2H3
•) formed in reaction 4.3. Nevertheless, no

C2H2 is observed during the experiments, meaning that it is probably further

oxidized with O radicals toward C2HO (4.10).

C2H2 + O• −−→ C2HO + H
�� ��4.10

The C2H3 radical from reaction 4.3 and 4.9 will produce CHO radicals and

formaldehyde by [31]

C2H3
• + O2 −−→ CHO• + CH2O

�� ��4.11

As can be seen, formaldehyde is a major product in the destruction of ethylene

by plasma, not only because it is created in reaction 4.4, but also because the

products formed in the other reactions will eventually react to formaldehyde.

Formaldehyde is also observed in the FTIR spectra (blue and red line on

Figure 4.6) with a peak situated at 1746 cm−1, corresponding to the stretching

vibration of the CO bond of formaldehyde).
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Figure 4.6: FTIR spectra of CO2 (2360 cm−1) and formaldehyde
(1746 cm−1)in the gas phase by using corona discharge
with negative polarity, a voltage of 15 kV and 21% O2

with uncoated and coated (coating 2) collector electrode.

When complete oxidation occurs in plasma, most of the formaldehyde will be

further oxidised to CHO by either O or OH radicals[29].

CH2O + O• −−→ CHO• + OH
�� ��4.12

CH2O + OH• −−→ CHO• + H2O
�� ��4.13

Reaction of CHO• with O, O2 of OH eventually leads to the formation of CO

and CO2.
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It is important to mention that other pathways like with ozone and hydroxyl

can also occur. But, the reaction rate coefficients (k) for the reactions with

ozone with VOCs are rather small [32]. The reaction rate coefficients for the

corresponding reactions with O atoms are much higher [33]. Therefore, the

reactions with O radicals are more likely than these with ozone.

O3 + C2H4 −−→ Products
�� ��4.14

k = 1.68 10−18 cm3/s at 298 K [32]

O• + C2H4 −−→ Products
�� ��4.15

k = 7.51 10−13 cm3/s at 298 K [33]

On the other hand, the reactions with the hydroxyl radicals are characterised

by a reaction rate coefficient that is even one order of magnitude higher than

for O atoms, as illustrated below:

OH• + C2H4 −−→ Products
�� ��4.16

k = 8.51 10−12 cm3/s at 298 K [32]

However, the density of the hydroxyl radicals is in most cases at least two

orders of magnitude lower than the density of O atoms in dry air [32].

By illumination in combination with a coating (pink line on Figure 4.6), it is

clear that the band of formaldehyde decreases while the CO2 band intensity

increases. Without UV light (blue and green line on Figure 4.6), only small

differences between band intensities are observed independent of the presence

of a coating.
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This can be explained by the following reactions which occur during

photocatalytical degradation of ethylene [25]. It is clear that formaldehyde

is a by-product (Equation 4.18), which is mineralised to CO2 (Equation 4.19)

2 CH2O + Ti5O4H2 + 2 OH• −−→ 2 HCO + Ti5O4H2 + 2 H2O
�� ��4.17

2 HCO + Ti5O4H2 + 4 OH• −−→ 2 HCO2 + Ti5O4H2 + 2 H2O
�� ��4.18

2 HCO2 + Ti5O4H2 −−→ 2 CO2 + Ti5O4H4

�� ��4.19

Overallreaction : C2H4 + 12 OH• −−→ 2 CO2 + 8 H2O
�� ��4.20

The fact that the CO2 formation on Figure 4.5 is much higher for coating 4

than for the other coatings can possibly be explained by the characteristics of

the coating found in Table 4.2 and Table 4.3. Coating 4 has a higher surface

area and a smaller pore size. Another significant difference is the amount of

coating that has an influence on the attraction of ions, radicals ... to the

collector electrode. Coating 4 has a thickness of only 190 nm, while the others

are much thicker.
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Table 4.2: Specific surface area, pore volume, average pore size and
coating thickness of coatings with different TTIP:P25
molar ratio.

Coating Specific
surface
(m2/g)

Pore
Volume
(cm3/g)

Pore
Size
(nm)

Coating
(nm)

1 61.23±0.16 0.36 16.42 450 ± 24

2 57.84±0.15 0.50 30.85 314 ± 84

3 56.44±0.64 0.44 22.30 224 ± 30

4 70.08±0.29 0.31 12.53 190 ± 41

5 66.10±0.18 0.49 23.20 274 ± 47

Table 4.3: Crystallite size and fraction of anatase and rutile and
coating thickness of coatings with different TTIP:P25
molar ratio.

Coating Crystallite
Size from
XRD (nm)1

Anatase
Fraction
(%)

Rutile
Fraction
(%)

1 18.93 87.52 12.48

2 16.62 93.28 6.72

3 17.67 90.99 9.01

4 17.69 87.34 12.66

5 16.56 90.89 9.11

1 Using the Scherrer Equation for anatase (1 0 1)
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Using Equation 4.20, it is clear that one molecule C2H4 contributes to two CO2

molecules.

Figure 4.7 gives the C-balance during the ”Plasma” phase. No UV light is

applied in this phase. Almost complete mineralisation is observed based on

the C-balance.

Figure 4.8 gives the C-balance during the ”Plasma UV” phase. Both high

voltage and UV light are applied. In contradiction to the plasma phase, more

CO2 molecules are formed than directly originated from the C2H4 degradation.

Hence, the C-balance van not be used to estimate the mineralisation degree

of the plasma catalytic system. A possible explanation is the use of a too

energetic UV-C lamp in combination with the plasma, which oxidises all the

organic material adsorbed before the experiment on the coating, the collector

wall, the pin pairs, discharge electrode, etc..

Figure 4.7: Overview of C-balance during Plasma phase in the
plasma catalytic experiments with 24 pin pairs attached
on the discharge electrode. A negative polarity and
a voltage of 15 kV is used. The air flow (2 L/min)
contained 150 ppmv and 21% O2. The errors represent
the precision.
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Figure 4.8: Overview of C-balance during Plasma UV phase in the
plasma catalytic experiments with 24 pin pairs attached
on the discharge electrode. A negative polarity and
a voltage of 15 kV is used. The air flow (2 L/min)
contained 150 ppmv and 21% O2. The errors represent
the precision.

As generally agreed, ozone is the main oxidising specie created by NTP in gas

flows with oxygen due to the dissociation of oxygen molecules [34]. Ozone can

result in a number of negative health effects including respiratory symptoms,

airway hypersensitivity and inflammation phenomena. On the other hand,

ozone is a very reactive specie for oxidising different organic pollutants [35]. It

can react directly with or decompose on the catalyst and form reactive oxygen

species (O, OH•, O2
•,...) on surface sites [36].

Figure 4.9 shows the plasma and plasma catalytic results in terms of ozone

formation. In the presence of a coating on the collector electrode, the formation

of ozone increases upon applying the plasma. With the UV lamp turned on

in the presence of the coating on the collector electrode, the ozone formation

decreases drastically while the ethylene conversion is higher (Figure 4.4).
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Figure 4.9: Comparison of the formation of ozone (a.u.) by using
corona discharge with negative polarity, a voltage of 15
kV and 21% O2 with uncoated and 5 coated collector
electrodes

The concentration of ozone in the plasma catalytic system is not only controlled

by the electric parameters such as applied voltage, current and specific energy

input, but is also affected by the characteristics of the coating material [36].

On the one hand, the presence of highly reactive species in the plasma changes

the catalyst material and thus affects the surface adsorption. On the other

hand, the chemical reaction changes due to a change in the discharge zone

by the presence of the catalyst [37]. This could explain the higher ozone

concentration in the plasma system with a photocatalytic coating. Zhu et

al. have reported similar observations in a DBD plasma reactor combined with

a TiO2 photocatalyst. More ozone is observed when the catalyst is inside the

plasma reactor [38].

The decrease in ozone formation under irradiation occurred not only by direct

photolysis of O3 adsorbed on the coating surface, but also by photocatalysis

initiated by absorption of photons by TiO2 [39]. It is well known that

photocatalysis is enhanced by ozone under certain conditions [40]. The
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adsorption of ozone on the catalyst surface and its dissociation into reactive

atomic oxygen species is an important step in the photocatalytic destruction

of VOCs. The generation of hydroxyl radicals and the synergistic effects of UV

and ozone can be described as [40–42]:

TiO2 + hv −−→ h+ + e−
�� ��4.21

h+ + OH− −−→ OH•
�� ��4.22

h+ + H2O
− −−→ OH• + H+

�� ��4.23

O3 + e− −−→ O3
−•

�� ��4.24

H+ + O3
−• −−→ HO3

•
�� ��4.25

O3 + hv (< 320 nm) −−→ O• + O2

�� ��4.26

O• + H2O −−→ 2 OH•
�� ��4.27

O3 + OH• −−→ HO2
• + O2

•
�� ��4.28

Ozone not only acts as an electron acceptor but also as a source for more

reactive oxygen species. The UV light in the presence of a photocatalyst thus

generates more reactive oxygen species resulting in more destruction of VOCs

and thus more formation of CO2 [40].

4.4 Conclusions

The goal of this chapter is to combine photocatalysis and corona discharge in

order to obtain a plasma catalytic system as indoor air purification technology.

The influence of the coating on the performance of the plasma system is

studied by applying a TiO2 photocatalyst on the collector electrode of a corona

discharge reactor. The optimal window of operation as previously determined

was used to study the ethylene conversion. The plasma catalytic system

combined with an external UV source improves ethylene mineralisation as

shown by the decreased formaldehyde formation and the simultaneous higher

CO2 concentration. The higher mineralisation is due to plasma generated ozone

that leads to more reactive oxygen species, less by-products and consequently

more destruction of VOCs.
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5
GENERAL CONCLUSIONS & OUTLOOK

5.1 General conclusions

The objective of this work is to study plasma catalysis as a sustainable and

efficient air purification technology.

The coupling of a DC corona discharge with a catalytic coating on the collector

electrode results in a versatile plasma catalytic process.

The research is divided in 3 main objectives:

� Designing and studying a plasma reactor in order to obtain an optimal

window of operation.

� Optimising a suitable (photo)catalytic coating that can be implemented

in a plasma system. The main requirements for such a coating are

good adhesion on stainless steel, low resistivity and good photocatalytic

activity in the gas phase.

� Studying the influence of the coating on the plasma system.
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In Chapter 1 an overview of the main indoor air pollutants and the possible

ways to obtain good indoor air quality is presented. Special attention is given to

the state-of-the-art of plasma catalysis as an indoor air purification technology.

Literature shows that currently no single sustainable technology exists that is

capable to mineralise low levels of indoor air pollutants. Air cleaning systems

on the market are often over-dimensioned since they consist of a serial stacking

of filter technologies. This leads to the main objective of this PhD: providing

a sustainable and efficient indoor air cleaning method.

The first research objective is tackled in Chapter 2. A plasma unit based

on DC corona discharge is developed on laboratory scale. Consequently,

degradation of NO is investigated in this reactor. Different parameters like

humidity, voltage, polarity and configuration of the reactor are tested. By

optimising each parameter separately, it is possible to define a set of optimal

conditions for the mineralisation of pollutants. The conclusions from this

chapter can be summarised as follows:

� Negative corona discharge generally gives higher conversion efficiency

compared to positive corona.

� The conversion efficiency is increased with higher applied voltage. In our

reactor the optimal voltage is 15 kV.

� The influence of the relative humidity is very small for both polarities.

� Pin pairs are attached to the discharge electrode to change the

configuration of the plasma reactor. We have shown that the highest

conversion efficiency is obtained with 10 pin pairs.

This window of operation is used in the following research parts of our study.

Chapter 3 describes the search for a suitable (photo)catalytic coating to

implement in plasma catalysis. Many coatings are tested, but only one shows

good adhesion on a stainless steel substrate. This coating is based on the

P25-powder-modified-sol-gel method in which P25 nanoparticles are used as

filler in a sol-gel process [1].

Further variations in the sol preparation are made by varying the H2O, TTIP

and DEA content. Results show that a coating with following properties is

suitable for implementation in a plasma catalytic system:
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� H2O:TTIP molar ratio = 2

� 0.6 < TTIP:P25 molar ratio < 2

� 4 ≤ DEA:TTIP molar ratio < 20

In Chapter 4 the findings of Chapter 2 and 3 are combined to obtain a plasma

catalytic air purification technology. The conversion efficiencies of the plasma

unit with and without coating on the collector electrode are compared. In

literature, there is still debate on whether the UV wavelengths produced by the

plasma itself can activate the photocatalyst or not. Therefore, it is necessary

to investigate the influence of an external UV lamp on the performance of

the combined system. In order to incorporate a UV lamp, a new DC corona

discharge unit with the same basic configuration as the reactor in Chapter 2 is

developed.

The plasma catalytic system combined with the external UV source, improves

ethylene mineralisation. The plasma catalytic system in the presence of the

external UV lamp results in a similar ethylene conversion, but more CO2

formation and drastically less formation of by-products, like ozone. The higher

mineralisation rate is due to the higher number of reactive oxygen species

leading to more breakdown.

5.2 Critical Remarks

In the presented work, a plasma catalytic system for indoor air purification at

lab scale is developed.

The PhD is performed in the research group ”Sustainable Energy, Air and

Water Technology” (DuEL, Department of Bioscience Engineering). Before

the start of the PhD, the research group was mainly focusing on photocatalysis

as sustainable air purification technology. Plasma catalysis was a new topic.

Therefore we had to build everything from scratch. Of course, some choices

were made that seemed logical at the time, but looking back now, some critical

remarks are at place. In the following paragraphs some of those remarks are

given in order to tackle them for future references.
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In Chapter 2 the pollutant NO is used to study the performance of a self-built

plasma reactor. The choice of NO as model compound for indoor air was

made because it was an available pollutant in our lab at the start of this PhD

research. Furthermore, nitrogen oxides (NOx) are relevant indoor air pollutants

since their concentration is significantly higher indoors then outdoors [2]. In

Chapter 3 and 4 the degradation of ethylene, as model compound of VOC is

studied. This choice was made, because using a VOC is easier to determine

the mineralisation degree of the system. Indeed, it is easier to detect CO2

than N2. For future work, it would have been better to use the same pollutant

throughout the whole study.

Although the indoor air pollutants mostly occur in ppb levels, the experiments

in this PhD are performed in ppm levels. This choice is made due to the

detection limit of our FTIR set-up, which is 6.7 ppmv for NO, 0.56 ppmv for

NO2, 0.67 ppmv for ethylene and 2 ppmv for CO2.

Using gaschromatography (GC) instead of FTIR would make it possible to

detect VOC in ppb level. But we would lose the online real-time monitoring.

The influence of the relative humidity (RH) of the inlet flow on the NO

degradation in the plasma reactor is studied. Although the RH levels of indoor

environments typically are in the range of 38 − 78 % [3], the maximum RH

in our experiments is 20.3 % due to limitations of the set-up. When higher

relative humidity levels are used, the risk of condensation of water in the set-up

is too high to guarantee proper measurements. Since a relative humidity up

to 20.3 % shows no clear trend in NO degradation in the used plasma reactor

(see Figure 2.10), we decided to work without any water added to the gas

inlet flow. Furthermore, FTIR spectra with water are in fact quite difficult to

analyse properly (see Figure 2.12).

The relative humidity can have a significant influence on the performance of the

plasma and the plasma catalytic reactor (see section 2.3.4). Therefore, more

experiments with realistic indoor air humidity levels should be performed to

study its influence on the overall performance of the plasma catalytic reactor.

In Chapter 3, a UV-A lamp is used as UV source for photocatalysis because

its energy is sufficient to initiate the reactions. In Chapter 4, where the

combination of photocatalysis and plasma is made, a UV lamp that can be
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connected on only one side was obligatory due to the reactor set-up. Because

a UV-A lamp has to be connected on both side of the lamp, we had to look for

another solution. We therefore used a UV-C lamp because those were available

with single-side connections due to their use in water purification technologies.

The mass balance in Chapter 4 shows that the UV-C lamp is too energetic for

application in plasma catalysis. Therefore, in the future it is very interesting

to investigate plasma catalysis with a UV-A lamp.

The resistivity of the coatings is measured with the two-wire method. As

explained in Chapter 3, the resistance value can be determined much more

accurately with the four-wire method. In the future, it is recommended to use

a four-wire method.

5.3 Future perspectives

5.3.1 Combination of pollutants

In this work, we only studied the influence of one pollutant on the performance

of the plasma catalytic system. It has not been investigated whether a

combination of VOCs, particulate matter, biological pollutants, ... is efficiently

removed from indoor air.

Concerning the combination of VOC, negative interferences on catalysts are

already reported [4, 5]. Ao et al. [5] observed a decrease of 10% in

photocatalytic conversion of formaldehyde by TiO2. This decrease is due to

the formation of sulfate ion under the presence of SO2 in the gas flow. On

the other hand, it is also possible that combining several VOC enforces the

removal of one of the pollutants [6]. Further research on these topics is thus

highly recommended.

Particulate matter aerosols can precipitate on the electrodes since the charge

transfer between the plasma electrodes functions as a small electrostatic

precipitator. Whether the collected particulate matter causes problems leading

to unavoidable electrode cleaning or if they got oxidised due to other adsorbed

reactive species, remains an unsolved question.
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The combination of chemical and biological pollutants is also an interesting

study. Plasma sterilisation has been reported earlier as a simple and efficient

way of killing bacteria and thus remove biological pollutants [7–9].

The performance of an indoor air purification technology is affected by many

factors such as location, relative humidity, temperature, ... . Therefore, real-life

measurements with realistic conditions and the development and predictive

evaluation of models can be effective tools for improving indoor air cleaning

performances.

5.3.2 Long term effects

A sharp cathode electrode is required to create a sufficiently strong electric

field to generate corona discharge. Plasma generation can be inhibited by pin

erosion. This effect has been observed on a relatively small time scale, when

using copper pin electrodes [10]. For our stainless steel electrodes no short-term

effects are observed, effects on long term should be investigated. The lifetime

of the electrodes might also be a critical parameter since it is known that

impact-reactions of highly energetic electrons might cause sputtering of the

metal material used [11, 12]. It is therefore recommended to study the surface

of the electrodes with a scanning electron microscope.

It is a well known phenomenon that catalyst deactivation can occur in function

of time and that they lose their properties under influence of light, humidity,

ozone, ... . Furthermore, partially oxidised intermediates can also inhibit

catalyst performance [13]. Van Durme et al. [12] performed an experiment

with a high load of pollutants where 10 g CuOMnO2/TiO2 and 15 g Aerolyst

7706 TiO2 catalyst material were added to a plasma reactor with an inlet ozone

concentration of 3050 ppmv. Initially, 98% of the ozone was removed by the

catalysts, but after 7 hours the ozone removal efficiency decreased to 47%. This

indicated that there was a deactivation of the catalyst under high ozone loads.

Subsequently, the deactivated CuOMnO2/TiO2 was washed with distillated

water. Next, the experiments were repeated with the washed catalyst material

and results showed that the catalyst was reactivated completely: ozone could

be decomposed to the same degree as initially was achieved. In our study,

no deactivation of the catalyst materials is noticed during normal reactor
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operation of 12 hours. So probably no significant amount of active sites are

blocked. Nevertheless, it is advised to investigate the surface of the coating

itself. During this work we studied the gas phase during the decomposition

processes. Therefore, more detailed research of the coating/electrode surfaces

can provide interesting information. Long term testing and demonstration is

needed to study durability and robustness of the system.

5.3.3 Multi stage plasma catalysis

As described in the introduction, a multi stage system instead of a single

stage system is an interesting option to investigate. The most interesting

aspect is that each catalyst can have a different function, in accordance with

its position and the expected reactions [14]. Consequently, using different

catalysts inside one plasma reactor is possible. Hubner et al. [15] have studied

ethylene conversion using a three-stage reactor packed with glass beads. They

found that the conversion efficiency was influenced by the specific energy input

only, rather than the number of stages. In addition, the formation of harmful

by-products was reduced with an increased number of stages.

In our case, it can be interesting to work with different coatings that show

different adsorption properties for other pollutants. In this way, an enhanced

removal efficiency can possibly be obtained while the by-product formation is

reduced.

5.3.4 Using plasma catalysis in other research fields

Our purpose for using plasma catalysis is for indoor air cleaning. This is,

however, just a small part of the application area of plasma catalysis, as

shown in Figure 5.1. Other environmental applications include VOC and odour

removal, NOx and SOx reduction and water treatment. Catalyst preparation

using plasma is also a possible application area since changes in catalyst

properties, like morphology, redox potential, etc. can occur during plasma

catalytic reactions.

In energy applications, plasma catalysis can be used for dry reforming,

syngas production, hydrogen production, methanation and ammonia synthesis.
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Recently, there is a strong move to use plasma catalysis in power to methanol

projects in order to produce biofuels.

It would thus be interesting to study the application of our plasma catalytic

system in the broader surface chemistry domain.

Figure 5.1: Applications of plasma catalysis[14].

5.3.5 Upscaling the plasma catalytic system

Of course the ultimate objective of this research is to use this purification

technology in real-life. This can be achieved by performing further research

on the upscaling of the developed technology from lab scale to pre-industrial

scale and finally to industrial scale. Another possible way of upscaling is to

implement the coating into a commercial indoor air purifier.

Some additional research is necessary before upscaling can be performed. First,

a larger plasma reactor should be built. In order to have the same plasma

properties, it is recommended to use the same critical parameters as the plasma

reactor on lab scale (i.e. same gap distance, same curvature ratio of both

electrodes, ...).

Next, the coating procedure must be improved. Factors that must be taken

into account are the dip coat process and homogeneity of the sol-gel solution.
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At current dip coat performance, it will take more than one hour to coat a

plasma system on industrial scale. This can result in a changed composition

of the sol-gel solution given that water evaporates. Besides that, it can also

result in a change in homogeneity of the coating.

Apart from the coating procedure, the calcination process should also be

optimised for larger reactors. The large area of the coating results in

surface tension that can lead to cracks in the coating, thereby influence the

performance efficiency.

Subsequently, the appropriate coating properties (adhesion, low resistivity)

must be ensured.

Further collaboration with an interested industrial party would offer an unique

opportunity to valorise this technology.
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