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Summary

The world health organization (WHO) estimates the number of deaths due to pollution
to be around 9 million per year, which corresponds to 20% of deaths in the worldwide. In
Europe 800000 deaths per year are due to air pollution. Poor air quality al$p igiratses
the death rattfom Covid-19.

Among air pollutants, Volatile Organic Compounds (VOCSs) are considered as major
contributors for air pollution. Indeed, they propagate in the air causing dangerous impact on
human health as well as on the enviremm Their transformation in the atmosphere result in
the formation of tropospheric ozone and photochemical smog. On the other hand, they enhance
the greenhouse effect and the destruction of the stratospheric ozone. In addition, VOCs have
been proven to exic and/or carcinogenic for human health. European legislation has imposed
stricter objectives to reduce VOC emissions. The current policy comsgtority to limit the
use theecompaunds but if it is not possible for technical reasons, it is meglto find adequate
techniques for radical reduction of VOC emissions. Conventional VOCs removal technique
such as thermal oxidation, adsorption, condensation, biological oxidation and catalytic
oxidation are linked with high energy cost especiallymtiee concentration of VOCs is low.

As a cost and energy efficient alternative, the use ofthermal plasma (NTP) offer
interesting prospects for the removaladbw concentration of pollutants from the air at high
flow rates.NTP is quite differentfrom thermal plasma generated by plasma torches and arc
discharges. The main advantage of NTP is that the energy delivered to the plasma source is
almost entirely consumed to accelerate electrons while the background gas remains near room
temperature, sorpventing feed gas heating. Another important feature is related to the
operation at atmospheric pressure which excludes the useasises@vacuum equipment. In
addition, NTP is characterized by its quick stgrtand compact size. Electron immgacause
dissociation ionization of the background gamnd radical production which kels to the

decomposition othe targeted VOCs.

Although NTP has been proposed in literatagea possible technology for air cleaning
the formation of undesiregaseoudy-products (ozone, NE) aerosols and other VOCs) which
increase the overall toxicity of the treated gas stream, remains serious roadblocks towards
industrial applications. To overcome these technological issues, the combination of NTP and
heterogeneous catalgsn a technique called plasroatalysis has become a hot research topic

over the last two decades. In a plasratalysis system there are two ways to introduce the



catalyst into the plasma: In Plasma Catalysis (IPC) the catalyst is located in the plasma
discharge anth Post Plasma Catalysis (PPC) the catalyst is located downstream of the plasma
discharge. As well, the choice of a suitable catalyst will help to optimize the selectivity into
environmentally more friendly end products.

The treatment of aipollution by a hybrid system 'NTP and heterogeneous catalysis’
requires the development of more accurate experimental conditions and new catalytic systems
always more efficient to reduce the energy cost. This doctoral thesis isdocugee use PPC
for the abatement of trichloroethylene (TCE), a typical chlorinated volatile organic compound
used mainly in industries as a degreadiéuted in dry/humid air

In this context different issuebave beerstablished during this thesis work in order to
optimize the PPC process. One of the key istiassdeero takemaximumadvantage of NTP
generated ozonas a potential source of active oxygen specieshiicompleteoxidation of
theNTP generateg@artially oxidized gaseous compouratdow temperature (I0°C). In that
way, the [Q]/[TCE]o molar ratiohas beemdapted to 4, in accordance with the formal reaction
of TCE oxidation by @ CClsH + 4 A 2CO+ HCI + Cl + 40, by playing on different

importantparameters suds air flow ratehumidity aswell asspecificenergyinput

The choice of theappropriate catalyst has beenmade considering some basic
requirements such &s ozone decomposition capability, oxygen mobility, high,G&lectivity
in VOC total oxidation catalysicoupled with chlorine andvat er t ol er ance.
MnOz) doped or not with Ce, Q&n (x= 0.01, 0.1, 0.2 and 0.5) were prepared from a simple,
fast and inexpensive redox reactmerformed at 25°C involvingotassium permanganatéeh
or without cerium nitratand sodium lacta. Particular attentiohas beempaid to the activation
mode of the catalysthrough calcination or acid treatment. These materidiave been
characterized by wide variety ofphysicachemical analysis techniques and testedNTP
generated ozone decoosition or formaldehyde catalytic oxidation. Afterwards, the best
catalystsin each reaction have bearsedfor TCE abatement irdry/humid air in PPC

configuration

The manuscript is divided into 7 chapters. The first chapter outlines an overview of the
literature on air pollution (sources, effeoh human health as welson environment, chning
technologies). Then, the main features of using MagCa catalyst allowing better performances
in the reactions expected to occur in the abatement of trichloroethylene in PPC configuration
have beemeviewed. Aftetthat the use of plasma as an ozoner, including the effect of different

factors on ozone pduction are summarized and as a second step the main features of using



manganese dkides in particular birnessitbased catalyst for ozone decomposition doped or
not with transition metals (Ce) and treated or not with,ae detailed. In this respethe
structures anghysicechemicalcharacteristics of birnessite are reviewed. Finally, in a last part,
the current state of the use of birnessite as a catalyst for the oxidation of formaldehyde (HCHO)
in order to give us more information related to¢h&lytic performances and catalyst structure

is discussed. The objectivarategy and methodology of this work are givenhapter 2The

details of the experimental conditions used for the characterizations and synthesis of the
different materials as @l as the experimental conditions followed for thiferent catalytic

tests are presented hapter 3 The fourth chapter is devoted to formaldehyde catalytic
oxidation in order to highlight a correlation betwesygen mobilityand catalytic activityThe

effecs of Ce content, temperaturef calcinationand relative humidityon the catalytic
propertiehave beemparticularly discussedt has beeshown thathe MnO; catalystsmodified

by low amount of Céx= 0.01 and 0.1) calcined at 400 $@owed thdoest catalytic properties
towards HCHO total oxidation and good stability in humid aiunmérous CeéO-Mn
interactionsas well ashigh Mr?*/Mn**and low Ce**/Ce*ratioshave beeibelieved to enhance

oxygenmobility at low temperaturezhich may explaintte better efficiency of tlsecatalysts

Thefifth chapteinvestigate®zone and nitrogen oxide formatiangiry/moist airusing
anegative DC (Direct Current) corona discharge at atmospheric pressut®pin-to-plate
reactor. The effect of flowate (Q), Energy density (ED) and relative humidiRH) are
discussed. Ihas beershown that ozone production increases as a functi@andQ while
it decreases as a function of RBhapter 6presentsthe results ofNTP generatedzone
decompositiorat low temperature (2040 °C)in dry/moist airoverthe Ce doped birnessie
(Ce/Mn =0, 0.01, 0.1, 0.2 and Ofsg¢atedwith nitric acid(0.2M HNG;s, at 50°C for 6 hours)
to be compared to the fresh onktdras beeshown that thacidtreated CeosMnOy catalysts
is the most efficientowards Q decomposition. The beneficial effect of acid treatniast been
ascribed to high density of active sitesine with high density obxygen vacancieand active

sites

Finally, in the last chapter TCE abatemt in PPCconfigurationhas beernvestigated
over thetwo best catalysts in terms of formaldehyde oxidation and ozone decomposition.
Plasma assisteatid-treatedCey 0iMnOx catalystshowsthe best C@yield with aminimization
of gaseous chlorinated fproductsascompared to Ge1MnOx calcined at 400°CSuchresults



can be linkecdtoncomitantlyto the introduction of acid sites allowing a better activation of TCE

and toan increase of active sites in accordancé erthancegpecific surface area



Samenvatting

De Wereldgezondheidsorganisatie (WHO) schat het aantal sterfgevallen als gevolg van
luchtverontreiniging op ongeveer 9 miljoen per jaar, wat overeenkomt met 20% van het totaal
aantalsterfgevallen wereldwijd. In Europa zijn 800000 sterfgevallen per jaar te wijten aan
luchtverontreiniging. Een slechte luchtkwaliteit verhoogt ook het sterftecijfer door-&8vid

aanzienlijk.

Onder de luchtverontreinigende stoffen worden vluchtige ordamistoffen (VOS)
beschouwd als de belangrijkste veroorzakers van luchtverontreiniging. Ze verspreiden zich in
de lucht en hebben een negatief effect op de menselijke gezondheid en het milieu. Hun
omzetting in de atmosfeer leidt tot de vorming van tropssfierozon en fotochemische smog.
Anderzijds versterken zij het broeikasgaseffect en zijn ze verantwoordelijk voor de vernietiging
van de stratosferisch ozon. Bovendien is bewezen dat VOS toxisch en/of carcinogeen zijn voor
de menselijke gezondheid. De Epese wetgeving heeft daarom strengere doelstellingen
opgelegd om de VO8missies te verminderen. Het huidige beleid bestaat er in prioriteit te
geven aan het niet gebruiken van VOS, maar indien dit om technische redenen niet mogelijk is,
is het nodig om agfjuate technieken te vinden voor een radicale vermindering van de VOS
emissies. De conventionele Va@®8rwijderingstechnieken, zoals thermische oxidatie,
adsorptie, condensatie, biologische oxidatie en katalytische oxidatie, gaan gepaard met hoge

energiekoten, vooral wanneer de VOS concentratie te laag is.

Als kost en energieefficiént alternatief biedt het gebruik van ntBermisch plasma
(NTP) interessante vooruitzichten voor de verwijdering van lage concentraties verontreinigende
stoffen uit de lucht ip hoge debieten. Niethermisch plasma verschilt sterk van thermisch
plasma dat door plasmatoortsen en boogontladingen wordt gegenereerd. NTP's, zogenaamde
koude plasma’s, blijken efficiénter te zijn dan de conventionele technieken. Het belangrijkste
voordeel van NTP is dat de aan de plasmabron geleverde energie bijna volledig wordt verbruikt
om elektronen te versnellen, terwijl het achtergrondgas dicht bij kamertemperatuur blijft, zodat
verhitting van het voedingsgas voorkomen wordt. Een ander belangoijleel is de werking
ervan bij atmosferische druk, waardoor het gebruik van een uitgebreide vacuuiminstallatie
vermeden wordt. Bovendien wordt NTP gekenmerkt door zijn snelle opstart en compacte
afmetingen. Ook kunnen gemengde afvalstromen worden bebanuel nietthermisch
plasma. De elektronen impact dissociatie en ionisatie van het achtergrondgas veroorzaken

radicaalproductie die leidt tot de afbraak van de beoogde VOS.



Hoewel NTP voor luchtreiniging vaak in de literatuur is voorgesteld, blijft denvay
van ongewenste nevenproducten (ozon, NOx, aérosols, fosgeen en andere VOS), die de
algemene toxiciteit van de behandelde gasstroom verhogen, een ernstige hinderpaal voor
industriéle toepassingen. Om deze problemen op te lossen, is de combinatie Rzaan NT
heterogene katalyse een techniek die plasmakatalyse wordt genoemd, de laatste twee decennia
een populair onderzoeksthema geworden. In een plasmakagtgbteem zijn er twee manieren
om de katalysator in het plasma te brengen: In Plasma katalysew#2@)ij de katalysator
zich in de plasmaontlading bevindt en Post Plasma katalyse (PPC) waarbij de katalysator zich
stroomafwaarts van de plasmaontladingen bevindt. Ook zal de keuze van een geschikte

katalysator helpen om de selectiviteit naar milieuvd@ijke eindproducten te optimaliseren.

De behandeling van luchtvervuiling door een hybride systeemTH&timisch Plasma
(NTP) en heterogene katalyse' vereist de optimalisatie van de experimentele condities en de
ontwikkeling van nieuwe katalytische $gmen die steeds efficiénter zijn om de energiekost te
reduceren. Dit proefschrift richt zich in het bijzonder op de koppeling van
plasmakatalysetechnologieén, voor de reductie van trichloorethyleen (TCE), een gechloreerde

vluchtige organische verbindingedvoornamelijk in de industrie als ontvetter wordt gebruikt.

In het kader van de vermindering van trichloorethyleen door-Plastma Katalyse
werden tijdens dit thesiswerk verschillende parameters onderzocht om hgirdtie€ te
optimaliseren. Een van dmelangrijkste parameters was het benutten van de door de NTP
uitgestoten ozon als een potentiéle bron van actieve zuurstofsoorten voor de verdere oxidatie
bij zeer lage temperatuur (100 °C) van onbehandeld trichloorethyleen en van de potentiéle
gasvormigegevaarlijke bijproducten van de NTP. Aldus werd de molaire verhoudiglg/ [O
[TCE]o aangepast tot 4, in overeenstemming met de formele reactie vaoxidiie door G
CoClH + 403 A 2COx+ HCI+ Ch door het variéren van de verschillende sleutelparameters
zoals energiedichtheid, debiet en vochtigheid van de NTP.

Bij de keuze van de katalysator werd rekening gehouden met een aantal basisvereisten
zoals ozonafbraakvermogen, zuurstofmobiliteit, en h@ge-selectiviteit gekoppeld aan
chloor en watertolerantie. BirnessietfInO.) al dan niet gedoteerd met CexMa (x= 0.01,
0.1, 0.2 en 0.5) werd gesynthetiseerd via een eenvoudige, snelle en goedkope redoxreactie van
kaliumpermanganaat en natriumlactdaif omgevingstemperatuur met toevoeging van
ceriumnitraat. Deze reacties werden uitgevoerd in een overmaat K@8Q%0). Bijzondere
aandacht werd besteed aan de activeringsmodus van de katalysator door de invioed van de

calcinatietemperatuur na te gaarm katalysator werd gecalcineerd bij 200, 300 en 400°C. Ook



werd een zuurbehandeling uitgevoerd om de tolerantie voor chloor en water te verhogen. Deze
verschillende materialen werden gekarakteriseerd door middel van diverse analysetechnieken
en getest alkatalysator voor de TGEeductie in een PR€onfiguratie, voor ozonafbraak

gebruikmakende van plasma als ozonisator en ook voor de formaldehyde katalytische oxidatie.

Het proefschrift is onderverdeeld in 7 hoofdstukken. In het eerste hoofdstuk wordt een
overzicht gegeven van de literatuur omtrent luchtverontreiniging (bronnen, effect op de
menselijke gezondheid en op het milieu, zuiveringstechnologieén). Vervolgens worden de
belangrijkste kenmerken van het gebruik van Mra katalysator bij de bestrijdingan
trichloorethyleen in een PR€bnfiguratie besproken. Daarna wordt een overzicht gegeven van
het gebruik van plasma als ozonisator, inclusief het effect van verschillende factoren op de
ozonproductie. In een tweede stap worden de belangrijkste kemmeahkehet gebruik van
mangaandioxide, met name katalysatoren op basis van birnessiet voor de ontleding van ozon,
al dan niet gedoteerd met overgangsmetalen (Ce) en al dan niet behandeld met zuur, in detalil
besproken. In dit verband worden de structurerkesnmerken van birnessiet onder de loep
genomen. Tenslotte wordt in een laatste deel de huidige stand van zaken van het gebruik van
birnessiet als katalysator voor de oxidatie van formaldehyde (HCHO) besproken om ons meer
informatie te verschaffen met bdtkeng tot de katalytische prestaties en de
katalysatorstructuur. De doelstrategie en methodologie van dit werk worden besproken in
hoofdstuk 2. De technieken die werden gebruikt voor de karakterisering en de synthese van de
verschillende materialen, evesalde experimentele Kkatalytische condities, worden
gepresenteerd in hoofdstuk 3. Het vierde hoofdstuk is gewijd aan het bespreken van de
resultaten rond de formaldehyde katalytische oxidatie, om een correlatie tussen de hoeveelheid
zuurstof vacanciesen dekatalytische activiteit te benadrukken. Verschillende parameters
worden besproken, zoals het effect van heg€ralte, de calcinatietemperatuur en de relatieve
vochtigheid. Er werd aangetoond dat katalysatoren met een laggh@ke (x= 0,01 en 0,1),
gea@lcineerd bij 400 °C, het meest efficiént zijn door een verbeterde lokale omgeving van de
actieve sites, gekoppeld aan talrijke -GéMn interacties, een hoge MWMn*
atoomverhouding, een lagere X3€¢&** ratio, en een hoge mobiliteit van zuurstof bijdag
temperatuur. Het vijfde hoofdstuk presenteert de vorming van ozon en gelijktijdige
stikstofoxiden door negatieve DC (gelijkstroom) coraméading bij atmosferische druk met
behulp van een 1pinsto-plate reactor. Het effect van het debiet (Q), degradichtheid (ED)
en de relatieve vochtigheid worden besproken. Er werd aangetoond dat de ozonproductie

toeneemt in functie van de energiedichtheid en het debiet, terwijl deze afneemt in functie van



de relatieve vochtigheid. In hoofdstuk 6 wordt de afbr@an ozon door Gegedoteerd
birnessiet, al dan niet behandeld met salpeterzuur, onderzocht bij lage temperatd0r°@p

Het effect van het Ggehalte (Ce/Mn = 0, 0.01, 0.1, 0.2 en 0.5), de behandeling met
salpeterzuur (0.2M HN& bij 50 °C gedurendé uur), en de stikstofhoudendegolluenten en

water worden besproken. Hieruit bleek dat de met zuur behandelde kgdalysatoren het

meest efficiént zijn door de aanwezigheid van een grote hoeveelheid zwacsto€iesn lijn

met de aanwezigheidam een grote hoeveelheid zuur sites. Tenslotte wordt in het laatste
hoofdstuk de TCE reductie in het PPC proces besproken. De twee beste katalysatoren voor
formaldehydeoxidatie en ozonafbraak werden gekozen. De plageaasisteerde ceMn
katalysator bleandeld met zuur geeft de beste @Pbrengst met een minimale vorming van
gasvormige gechloreerde bijproducten in vergelijking meto@4n gecalcineerd bij 400°C.

Beide katalysatoren vertonen een goede stabiliteit ten opzichte van chloor en watetien func
van de tijd. Deze resultaten worden toegeschreven aan een hoog gehalte aan zuurstof vacancies
met een hoger gehalte aan ¥naan een verbeterd specifiek opperviak en aan een sterke
zuurtegraad van het oppervlak.



Résumeé

Loopti mi sadementl® oky d at i panundystenta @yredePC (Post
Plasma Catalysa)écessitede travailler dans desonditions expérimentalesppropriées en
utilisant desystémes catalytiques toujours plus efficaces pptimiser les renements en C©
et réduire ls colts énergétique Po ur ce faire, on a @®@uudi ® |
trichloroéthylene (TCE), un composé organique chloré vplpsit PPCen sb6attachar
b®&n®f i ci er au mieux des ef &@asmaechsdrticRlE icagtaue s d e
pour le décomposer en oxygenes actdgant permettrane meilleure minéralisation du COV
chloré

L'un des points clés était de bénéficier de I'ozone émis par le NTP comme source
potentielle d'espéeces ®a ct i ves mba une Gxydatog a trés basse température
(100°C) durichloréthylenenon traitépar le plasmat des souproduits gazeux potentiellement
dangereux du NTP. Ainsi, le rapport molairglT CE]o a été adapté a 4, conformément a la
réactiond'oxydationdu TCE par @, en jouant sur différents parameétres clés tels que la densité
énergétique, le débit et I'humidité du NTBe plus le choix di catalyseum été faiten tenant
compte desa capacité décomposdiozone,sa mobilité de I'oxygene s sélectiité élevéeen
CO: en oxydation compléte de CO¥suplée ainebonnetolérance au chlore et a I'eau. Dans
ce travail desbirnessitesitMnO,) dopées ou non avéeCe, CeMn (x= 0.01, 0.1, 0.2 et 0.5)
ont été préparées a partir d'une réaction redox simgghéde et peu colteusatilisant du
permanganate de potassium et du lactate de sodium a température ambiante avec ajout de nitrate
de cérium. Une attention particuliére a été portée sur le mode d'activation du catalyseur par
modulation dda températuréle calcination. Un traitement acideétéégalement effectué pour
améliorer la toléranca I'eau etwu chlore. En termes d'activité catalytique, trois approches ont
été adoptées. Dans une premiere padeés catalyseurs ont été testés pour |'oxydation
catlytigue du formaldéhydeafin de mettre en évidence une corrélation entre l'activité
catalytiqueet | a mo b i lllia@&t®mahtééaue yeg catalgseurs a faible teneur en Ce
(x= 0,01 et 0,1) calcinés a 400°C sont les plus efficaces en raison dienmaavironnement
local des sites actifs lié a de nombreuses interactior3-Me, d'un rapport atomique élevé
Mn3*/Mn*, d'un rapport C8/Ce** plus faible et d'une forte mobilité de I'oxygéne & basse
température. Dans une deuxiéme paitid, a ®t ® montr ® | def ficaci-t
teneur en Ce traités a l'acide termes de décomposition de I'ozengrésence de gmlluans
azotégroduis parle PNTen utilisant I'air comme fluxgazeux 6 ef f i caci t ® de ce



a ete epliquée para présenceconcomitanted’'une grande quantité de lacunes d'oxygeme
interaction avedles sites acidegyénérés par le traitement acidenfin, les deux meilleurs
catalyseurs en termes dfad®yg odmpiosn ondgenéféa e ma 16 o
par PNTont été choisip our | 6 oxydat i osous airemntpnfiguratien PP@ T CE
100°C Lecatalyseur CeoiMn traitéal'acide présente un meilleur rendement en &@c une
minimisation de la formation de sepsoduitsorganiqueghlorés gazeugar comparaisoavec

le catalyseu€e 0iMn calciné a 400°C. Ces deux catalyseurs préseméamimoinsine stabilité
relativevissavi s du chl ore et d e Uné sudage spénifigfe plnsc t i o n
importante, une forte densidélacunes d'oxygenet de sites acidenevaleurélevée d rapport

Mn3*/Mn*" permettent de rendre compte du meilleur comportement du catalysgsMGe
trait® ° | '"acide Pour | 6oxydation du TCE en
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1-1- Air pollution

Air pollution is a major problem that has been recognized a 100 yearsVagioear
about the various forms @bllution and read about it through the mass media. Air pollution is
one such form that refers to the contamination of the air, irrespective of indoor or outdoor. A
physical, biological or chemical alteratiamf the air in the atmosphere can be termed as
pollution. It occurs when any harmful gases, dust, smoke enter into the atmosphere and makes
it difficult for plants, animals and humans to survive as the air becomesAdirpollution has
become one of the main environmental health risks in the world. Accdadihg world health
organization (WHO) report, 7 million people die prematurely from pollution worldwide (2012),
including 3.3 million due to indoor air pollution and 2.6 million due to outdoor air pollution,
equivalent to one death every 2.7 secofigg]. Air pollutants could be discharged to the
atmosphere through natural sources such as plants and volcanic eruptions or by several human
activities. But the greatest contributions to air pollution today are those resulting of human
impact. These are largely the result of human reliance on fossil fuels and heavy industry but
can also be due to the accumulation of waste, modern agriculture, and otheraden
processes. The main primary pollutants monitored in air are: Carbon monogiyien{ttogen
oxides (NQ), sulfur oxides (SQ), particulate matter (PM), volatile organic compounds
(VOCs) é

1-2- Volatile organic compounds (MOC)
1-2-1- Definition

A volatile organic compound is defined as an organic substance which, excluding
methane, is composed of carbon and hydrogen in the gaseous state under normal pressure and
temperature conditions. The molecule may also contain other heteroatoms such exsshalog
sulfur, oxygen, phosphorus, with the exception of carbon oxides and card8hatdthough,
there is no general guantitative definition of what VOCs are, a more restrictindioefof
VOCs has been given in Article 2 of the European Directive 1999/13 / EC (VOC): "A volatile
organic compound is defined as any compound having a vapor pressure of more than 10.3 Pa
at normal pressure and temperature". Their high volatility caheesto rapidly evaporate and
enter the eal48.héds at mosphere
1-2-2- Sources

Emission sources of VOC can be divided into biagem anthropogenic depending

onwhetherthey arereleased to the environment by biological life or humans respecii8ly


https://www.conserve-energy-future.com/PollutionTypes.php
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a Natural sourcesGlobally, VOC emissions are mainly of natural origin and account

for nearly 90% of total emissions. There is no real solution tceptetwis kind of emission, it

has significant effect on the chemical composition and physical characteristics of the
atmosphere. The natural sources that emit NMVOCs (methane excepted) are the Plants that
emit a very wide variety of VOCs and Geologicalaardghat contain coal or natural gas.
However, natural sources that are sources of methane which is the major biogenic VOCs are
swamps and animals. Therefore, biogenic sources become less important in the industrialized
regions where anthropogenic sourcezdpice large amount of VOCs.

a Anthropogenic sourcesAre divided into two categories. On one hand, indoor

pollution that comes mainly from household products such as insulation materials, solvents,
cleaning products, insecticides, aerosols, printestaurants and domestic kitchens, paints and
varnishes. On the other hand, external pollution that comes from transportation and industrial
processes such as chemical plants, electronic components factories, pharmaceutical, refineries,

car manufacturer$pod manufacturers, textile manufacturers.

1-2-3- Effect on human health and environment

VOCs have longerm adverse effects on human health and the environment.
Therefore, their incorporation, most often by inhalation, sometimes by digestion or skin
pendration, can be at the origin of a multitude of pathologies of unequal gravities. The
penetration of VOCs in the body is likely to produce, by reaction with proteins or nucleic acids,
various toxic metabolites that spread in the organs. On the otherihandstablished that
VOCs harm health indirectly, by favoring complex chemical reactions taking place in the
atmosphere (photoxidation). Air pollution emitted by biogenic or anthropogenic sources is
released to the troposphere. The tropospheric chgmistessential for theirchemical
transformation such as emission, transport, exchange, distribution and deposition.

Moreover, from one VOC to another, the danger varies according to the molecule concerned
and its concentration. Some are carcinogeni@rstban cause respiratory diseases. The danger

is further amplified by the fcocktail ef fec
these molecules with each other. Besides, the age at which a person is exposed to these
substances also plays a rdie addition, after chemical reactions, chlorinated volatile organic
compounds (CVOCSs) cause a humber of indirect pollution problems such as ozone and smog

formation in the troposphere, and depletion of the ozone layer in the stratosphere
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1-3-Conventional VOC abatement technologies

To limit the release of VOCs, it is necessary in the first step to try to minimize their
emissions by replacing them with other substances by using less harmful VOCs. If no
preventive solution is technically @conomically feasible, it remains to treat the effluents
loaded with VOCs. There are different methods, but each one has its limitations depending on
the compound and its concentration, the source of the emission, the possibdityawalorize
theremvered products. These methods are divided into two categories well sef@idtdd].
U Recovery methods: condensation, adsorption, absorption and membrane technique.
U Methods of destruction: thermal oxidation, biological oxidation and catalytic oxidation

1-3-1- Thermal oxidation

Thermal oxidation is the oldest method and is still the most widely used due to its
simplicity of installation. VOCs are oxidized to ¢@nd HO at very high temperatures (700
1000°C). The major disadvantages of this techniqu#hatet requires high operating costs and

can generate harmful froducts such as dioxins and nitrogen oxidesJNI2].
1-3-2- Catalytic oxidation

Catalytic oxidation is one of the most effective and currently developed solutions for
VOC abatement. Indeed, unlike thermal oxidation, catalytic oxidation operates at lower
temperatures which offersonsiderable savings in costs thus leading to lower energy
consumption. The catalytic oxidation causes a decrease in the production of harmful by
products. The addition of a catalyst accelerates the rate of VOC oxidation int@an@®O
when considering €xHyO; organic VOC. Investigations on adsorption and desorption of gas
molecules at a catalytically active surface, and interaction of these molecules with each other
on this surface, as well as with the surface itsg{jht lead tovarious reaction mech&sms
such ad_.angmuirHinshelwood, EleyRideal or Mars Van Krevelert has to be menticed
that the operating temperature range déffesm the nature of the VOCS amslof 200-350°C,
370:540°C and 20G00°C forheavy, light andhalogenated VOCsespetively. Generally, the
catalysts for VOC abatement can be rankéal2 categories: those relative to noble metal based
catalysts which are generally known as being the more efficient for VOC abatement. However,
their high cost and limited availability aled researchers to try to replace them with transition
metal oxides (TMO) which are cheaper and more abundant. Copper, cobalt and manganese
oxides are the most commonly TMO studied in total oxidation reactions of VOCs. Moreover,

one major drawback of i method is that it becomes cost inefficient (high energy
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consumption) when low VOC concentrations need to be treated (< 1000 gpradesignof
a catalytic oxidation system should be carefully consideredsaiisitivity to VOC inlet
stream flow conditionsand catalyst deactivatiptimits its applicability for many industrial

processefl3i 17].
1-3-3- Non-thermal plasma (NTP)

Among the different methods for the abatement of dilute VOCs from waste gas
streams and indoor aiNon-Thermal Plasma (NTP) has attracted attention about 30 years ago.
NTP was previously used for the removal of N&d SQfrom flue gas[18i 20]. Plasma is
normally referred to the fourth state of matter, due to its distinctive physical and chemical
properties. The term plasma was first introduced by Langmuir in 1928. Langmuir wrote:
AExcept near the el ectr odesyfewwlacekans thaidnicede ar e
gas contains ions and electrons in about equal numbers so that the resultant space charge is very
small. We shall use the plasma to describe this region containing balanced charges of ions and
e | e c t Thevenaswo. soucesto produce plasma. Natursburce such as solar corona, solar
wind lightening andAurora Borealis, or artificialhrough the injection of a sufficient amount
of energy to cause gas excitation. The energy is in different form: by heating, photoionization,
exposing neutral gas to beam of charged ions or electrons or by electrical disthamge.
Thermal Plasma can be classified from several standpoints. One of these standpoints deals with
an equilibrium between the temperature of ions and electrons. Whenmhpte r at ur e ( a1 (
K) of ions and electrons are the same we speak about Thermal Plasma (TP). High power density
e.g. from 100 W cmi to 10 kW cn is required to obtain TP. On the other hand, when the
temperature of electrons (i.e. 10,000 K to 20,000skiuch higher than the temperature of
ions which remain at ambient temperature we speak abouTNemal Plasma (NTP). The
NTP energy electron is between 1 and 20 eV, the collision between this electrons and neutral
gas produce excited gas molecules (ND;") which lose their excess energy by emitting
photons or heat. Next to excitation, other reactions like ionization, dissociation and electron
attachment occur in the discharge zone. Unstable reactive species like ions and free radicals are
formed throgh these channels of reactions. In NTP, ionizations and chemical reactions are
directly determined by the electron temperature and are not so sensitive to thermal process and
the gas temperature. Many elementary processes lead to NTP generation whekivated
into primary and secondary process@&se primary processes include charge transfer,
ionization, excitation and dissociation reactiovith typical timescales betwedi®'° and 16°

secondsThe secondary processes are relative to the subsequent chemical reactions between the
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products of primary processes (electrons, radicals, ions and excited molecules). Additional
radicals and reactive molecules 3(CHO, and HO.) are also formed by radicand
recombination reactions. The timescale of the secondary processes is ardsadadtdls. The
generation of NTP at atmospheric pressure and room temperature have been the subject of many
research papers in the last two decades. This type of plasfwhdsvide applications in the
industrial, environmental and medical fields. The first environmental application of NTP is the
generation of ozone for water treatment and it is still one of the most important applications
[21]. Some of the NTP applications ar@lymer processing, the hydrogenation of e
sterilization and disinfection of contaminated surfaces including living tissues, the removal of
air contaminants such as M0y, VOC and ozone generati¢lb,22 28]. Theuse of NTP for

air pollution control has several advantageous features resulting from its operating conditions
such as: quick statp, rapid response to changes in the composition of the waste gas and
operation at ambient conditions which excludes theotis&pensive vacuum systeifi29i 32].
However, the key advantage of NTP is the directed energy consumption. NTPs are attractive in
such a way that almost no energy is dissipate in heating up the entire gas flow. On the other
hand, the energy delivered to the system is efficiently used te areaitense electric field in

which electrons are selectively accelerated, hence, multiple chemical process such as excitation,
ionization and dissociation are initiated by collisions between background molecpl€3,(N

H20) and these highly energetieetrons. This lead to the formation of active, unstable species
(radicals, ions, photons) which are responsible for the decomposition of VOCs. Due to the
previously enounced advantages NTP has been used for the removal of VOCs from dilute
atmospheric presire gas streams. But one major drawback of the NTP removal technique for
VOC removal abatement in polluted air is the possible formation of undesh@odycts such

as Q, NO, aerosols, plasma generated VOCs even more toxic than the VOC to be treated.
Since 2000, the combination of NTP with other techniques has been an active area of research

for better VOC abatement efficiency.

1-3-4- PlasmaCatalysis

In these last decades, the combination of NTP with heterogeneous catalysis referred to
as plasmaatalsis, has gained increased interest. The integration of a catalyst in the process
may accelerate the chemicals reactions by providing alternative reaction pathways with a lower
energy barrier to get the most environmental friendly final products such asn@®0.
Plasmacatalysisa priori is able to enhance the performance of NTP alone in VOC abatement

through the concomitant improvement of the three main weaknesses of[33]3}
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Incomplete oxidtion with emission of harmful compounds, poor energy efficiency and |
mineralization degree (neselective process). Depending on the location of the catalyst with
respectto the NTP, plasmaatalysis can be divided into two categoriesPlasma Catalysis
(IPC) and Post Plasma Catalysis (PPC).

In-Plasma Gtalysis

The configuration where the catalyst is integrated in the NTP reactor refesgl&siina
catalysis. In that case all the highly reactive plasma generated species can play a role at the
surface of the catalyf85]. Furthermorgthe possibility to get adsorbed species on the catalyst
surface leads to an increase of the retention time promoting the interactions between the short
lived oxygen based entities with the adsorbed VOC and adsorbed related degradation
intermediates enalblg a more complete oxidation in line with the textural properties of the
support. Additionally, it has been shown that the presence of the catalyst in the discharge zone
can also affect the plasma discharge type resulting in an enhanced productiotivef spacies
through an increase of the oxidizing power of the plasma discharge. Besides, the NTP can also
have beneficial effects on the catalyst propefii®

PostPlasma Catalysis

Postplasma catalysis is a two stage arrangement with two reactors in series: A NTP
reactor and a catalytic reactor where the catalyst &ddadownstream of the NTP reactor. This
configuration precludes direct interaction of the NTP with the catalyst surface and it is found
that only Q and nitrogen oxides as reactive oxygen species which can reach the catalytic
surface[35]. The concept of PPC is to take advantage of the catalytic ozone dissociation to
produce very active oxygen species promoting the oxidation of the plasma generated by
products and of the remaining initial VOBRPC has a simpler configurationngpared to IPC,

which facilitates the replacements of the used catalyst in practical applications.

1-4- Trichloroethylene (TCE)

The aim of this work is to remove TCE with the lowest possible energy cost in line with

a good selectivity towards GOHCI andH20 using a post plasma catalysis process.

1-4-1- Physicechemical properties, Production and Use of TCE

Trichloroethylene is a partialljhorinated C2Hydrocarbon with the formulasECla.
It is classified as chlorinated volatile organic compound/(@C). TCE is a colorless liquid,
with a sweet smell reminiscent of chloroform and detectable from 50 to 100 ppm of substance
in the air (with risk of rapid olfactory fatigue). It is practically insoluble in water (0.1 g/100 mL
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of water at 20°C) but misciblwith most organic solvents (acetone, ethanol, diethyl ether,
chlor of or m, car b on canrplstelyl npshibledwit §lacial adetic acidsFurther
chemical and Ipysical properties are listed Trable 1-1 [36,37]

TCE was first prepared in 1864 by Emil Fisher in experiments on the reduction of
hexachloroethane with hydrogen. In 1920 commercial production of TCE began in Germany
andin 1925 in USA[37]. It is an excellent solvent for a wide range of applications due to
favorable properties such as high solvency, low flammability;ausrosiveness, high stability,
low specific heat, low boiling point, low heat of vaporization and low production cost.
Therebre, it is widely used as an industrial solvent to clean and degrease metal and
semiconductor parts. TCE has howevemerous other uses includihgat transfer medium,
extraction agentdr greases, oils and fatshemical intermediate in the production of
chlorofluorocarbons and other organic chemicals and as an ingredient in many products for
industrial and consumer ugkigure 1-1). It is for example used in dyes, printing inks, paint
removers, adhesives, typeiter correction fluids as well as spot removi@8d 39]. Figure 1-

1 present the % of TCE used in t#ferent processs However, according to Registration,
Evaluation, Authorization and restriction of Chemical substances (REACH) registration
information which is available on European Chema | Agenkdy)d,s TEEHI s
manufactured and/amported in the European Economic area in 10,000 to 100,000 tonnes/year

[40].
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Table 1- 1: Physical and Chemical properties of TCE

PROPERTY VALUE
Chemical formula C:HCl3
CAS number 79-01-6
Molecular weight 131.39 g mot
Density 1.46 g c? (20°C)
Boiling point 87.2°C
Melting point -73.0°C
Vaporexposure 7.6 kPa (20°C)
Auto ignition point 410 °C
Solubility in water 1.28 gl*
Conversion factor 1 ppm = 5.37 mg.m(25C°)
Upper explosive limit in air 41 vol,%
Lower explosive limit in air 11 vol,%

Other use

2%

Degreasing
agent
28%

Intermediate

product
67 %

Figure 1-1: Useof TCEO | NERI S, Il nstitut national de | édenvir
Trichlor®thyl ne, 20036

1-4-2- Health effect and legislation

TCE is detected in all media but mostly in air due to its volatility. Release of TCE at
ambient to outdoor and indoor air can occur during degreasing operations and consumption of
related product$38]. Contamination of groundwater and water supplies is possible during
production and disposal processes, and through leaching from landfills or underground storage
tanks due to its moderate solubility in water, widespread ubpasistency in the environment.
Human exposure to TCE may therefore occur through inhalation, ingestion and dermal contact.
Inhalation can affect the central nervous system and is known to cause acute symptoms
including sleepiness, fatigue, dizzinessadeche, confusion, facial numbness and feelings of

eyhoria[38]. Toxicologic studies have also reported human health impacts such as speech and

33

on
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hearing impairments, distoed vision, liver problems, skin rashes, kidney diseases, urinary
tract, cardiac arrhythmias and blood disordéis42] Furthermore, TCE has been extensively
studied for its potentiaarcinogenicity.

The Scientiic Commitee of Occupational Exposure Limits (SCOEL) reports TCE
being well absorbeda all major routes of exposure in humans, with quantitative data available
showing an uptake between 28 and 80% by inhalation, withuabsaptake increasing with
increasing physical exercise. Although the International Agency for Research on Cancer
(IARC) listed TCE as potentially carcinogenic (Group 2A), recent evaluation based on new
data has however proven that there is sufficierdeane to conclude that TCE is carcinogenic
to humans (Group I43]. It causes cancer of the kidney, liver, cervix and lymphatic system.
The French National Institute for Industrial Environment and Risks (INERIS), reports that the
Occupational Exposure Limit (OEL) for 8 hous35 ppmv and the Shefiterm Exposure Limit
(STEL) for 15 minis 200 pmmv. The predicted number of cancer deaths iBuhgpearnion
(EV) in 2010 attributed to TCE exposure were 34, 13 and 12 deaths for caleer, kidney
and nonHodgkin lymphoma NHL), respectively. Té Institute of Occupational &tlicine
(IOM) reported estimations on the numbers of deaths and health costs between 2010 and 2069
in case no action is taken regarding carcinogen pollutantsngtimem, exposure to TCE which
potentially concerns 74,076 workers in Europe is expected to cause 4,800 cases of cancers and
3300 deaths in 2069, with esb56mted health c

1-4-3- TCE abatement

Development and optimization offféirent processes for TCE treatment are crucial

issues for the improvement of air quality.

Thermal oxidation

The first method used is the thermal oxidation. It has been proved to successfully
decompose TCE but it has major drawbacks. Restperature muste superior tal000 °C for
the complete pollutant destruction making it an uneconomical process. In addition, the high
temperature reached in this process generategher quantity of N@and chlorinated by
producs and finally, this tehnique is not very effective with low pollutant concentrations
streamg44].

Catalytic oxidation

The catalytic oxidation of TCE represserén interesting alternative that permits to

operate at lower temperature (2560 °C) with a drastic reduction of energetic costs compared
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with the thermal process and can be efficiently operated in dilute pollutants that cannot be
thermally combusted without additional fyéb]. Furthermore, a specific catalyst design can
favor the reaction selectivity in the direction of desired products,(B&D and HC), limiting

the byproduct formatiorof NOx. In addition, the desired objective for the catalytic oxidation

is to achieve complete conversion of T[3E]. Noblemetal based catalysts show a high activity

for TCE abatement but due to highdafiuctuating cost and scarcityheir application is
restricted. Solid acid catalysts such as zeolites and alumina based materialslbabeen
proposed to catalyzethedecamp i t i on of TCE, because Br " nste
key role in activitied44]. Modified zeolites by other metals (k®y, Cr.03, CeQ) showan
improvement in catalytic activity due to interaction between zeolite and metal. Additionally,
zeolite modified by Mn@has been reported as a good catalyst foiGC abatement such as
dichloromethane and trichloroethylerié7]. Also bulk TMOs have been used for TCE
oxidation such & CeQ, Mn doped Ce@microspheres. Ceas been reported as an efficient
oxidation catalyst because Celias unique redox property and high oxygen storage capacity
[48,49] Li et al.[45] demonstrated that Mn doped Gdas better activity compared with pure
cerig as itsspecific surface area increasdse amount of oxygen vacancies as well thg
mobility of oxygenincreasewhich are responsible for the high catalytic performafte

major drawback for the catalytic oxidation is the catalyst deactivation caused biydhg
adsorption of chlorine species produced from TCE decomposition leading to the blockage of

the active sites and the decrease of the surface active gxyljéh]

Non thermal plasma

The destruction of TCE with NTP takes place through many possible patfh8s3]
Electron attachmertf TCE leading to the formation of.2BCl, and a chlorine anion is one of
the possibleinitial step for TCE decomposition. Metastable nitrogen molecules are also
considered as dominant dissociation species occurring in a NTP destruction process of VOC
polluted air stream§l8]. Overall the initial steg of TCE decompositiormay occur from
electron impact dissociativetathmentor reactions withmetastable molecules §N O>*).
Vandenbrouckest al [51] investigatethe decomposition of TCHEising 5 pins to plate NTP
reactor using a DC negative corona dischamye identifiedalong CO and Cé&the formation
of polychlorinated gaseouby-producs by combining the qualitative data from mass
spectrometry and  Fourkransform infrared  spectroscopy. Phosgene (PG),
dichloroacetylchloride (DCAC) and trichloroacetaldehyde (TCAD) are idenaSedcomplete
oxidation products. According to Yidenbrouckeet al [51], the Cl@radical oxidizes TCE
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leading to the formation of significant amount of DCAC by the following reactieHQG +
CIO* A CHCLCOCI + CI[9,18,19] Hydrogen chloride, chlorine and ozoaeealso detected

in the outlet streamOverall thehigh reactivity towards TCE removal is tempered by a low
selectivity into CQ/H20/HCI due to theproduction of toxic byproducts such as PG, DCAD,
TCAD andOs.

PostPlasma catalysis

Since these two last decades NTP technology has partly regained interest through the
combination with heterogeneous catalysis. Vandenbroeicke havereviewedthe efficiency
of different plasma catalytic procesfor TCE abatemenh air [52]. Although several studies
have howeveshown enhanced performance of different catalysts in PPC rather th§BIPC
However, in IPC, both catalyst and plasma simultaneously affect each other, resulting in a
complex interaction. Ira two stage process such as PRE operating grameters can be
separately optimized enhancing the feasibility of adopting thisstage configuration in
commercialized processda. PPCthe TCE contaminatedyas streanto be treategbasses first
through theplasma reactoandthen through theatalytc reactor. After NTP treatmenthe
nature of thegaseous effluent changes in line with the high reactivity of the plasma towards
TCE and its poor C&and HCI selectivity. Aypical reactional scheme for TCE abatement in
PPC configuratioshown inFigure 1-2 has been reported by Vandenbrouekal.[51] using
a 5 pins to plate NTP reactor configuration working with a DC negative corona discharge and
MnO:; as catalystpositioned downstream of the NTP reactor.

As stated previously thenain issues to address is thetal oxidation of the NTP
generated gaseopslychlorinated byproducts suchaaDCAC, TCAD and COGlalong with
the elimination ofOs. In PPCconfiguration the NTRyeneratedOs is decomposed on the
catalyst surface produciragtive oxygen species enabling further oxidatidowttemperatures
of the NTP non processed parent VOC and NTP gaseous hazardoglbgtsowing to path
1. But on the other handhe detection opolychlorinated C1 species such@Gls and HC} at
the exit of the catalytic reactor can result from theCCbond breaking of the in :C
polychlorinated compounds allowing the formation of £&id HCC} species able to react
with adsorbed chlorinépath 2) Overall, his resulting hybrid technology can overpass NTP
and total oxidation catalysis in terms BCE removalefficiency and energy cosit low
temperaturg35].
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Figure 1- 2: Reaction scheme farCE abatement in PPC

Based on this previous scheme of TCE degradation which is complex, it turns out that
the catalyshas to bevery active for NTRjeneratedzone degradatiaailowing to get a relevant
production ofactive oxygen specids oxidize thepolychlorinatedC2 by-productsinto CGp.
Additionally, the effect of the presence aixygenated nitrogen speci@sot mention in the
schemeps well aswaterleaving the NTReactor has to biaken into accourds these species
cancompete for thectivesitesof Oz decomposition.The stability of the catalyst has also to
be taken into account aspossible partial chlorination of the catalystthe course of the
reactionmay inducecatalytic chlorinationreactionsin line with the detection of CGland
HCCls at the exit of the catalytic react@@ath 2 inFigure 1 - 1). Hence the catalyst must be
alsoresistant tanineralchorine(Clz, HCI) and tochlorinatedorganicspecies which can poison
the catalysas well
Taking intoaccount the activity for ©decomposition as the main criteria for the catalyst
design, MnOyx based catalysts have beehosen to bdestedfor TCE oxidation in PPC
configurationbased omreviouswork of T. Oyamaet al.[80] which showednO- as the most
promising catalyst for Q@ decompositionamong different TMOs With that respectthe
performancsof various Mn based oxiddgve been studidaly our teamn PPCconfiguration
for TCE abatemenin dry and/omoist air using a muHpin-to-plate NTP reactoworking ina
DC negative corona dischargene obtained results are summed ugable 1-2. Regarding
the different catalystsve have @ommercial MnQ[9], aperovskite LaMnQOs synthetized by
the citratemethod[54] and modified manganese oxides with (i) @gdgorly crystallizedCe-

(MnOx) synthetized by redoxprecipitationroute [55], with (ii) Fe (@ cryptomelangFe-K-
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OMS-2) synthetized by a ceprecipitation method)56] andwith Cu (@ crystallizedCu:Mn
oxide, namehCuMn,O4 synthetized by c@recipitation)57].

Unfortunately a direct comparison between the different PPC processes in termg ©f €0
and 2;Y cox) andCO; (Ycop) yields is not possible due to different experimental conditions.
that way t must be stated that the NTP reactor configuration has been optimized in Hat last
of experiments in doulrlg the number of pins to increa the residence time in the reacto
Additionally, theinitial concentration of TCRhe weight of catalyst as well as teenperature

of catalytic bechavebeen decreasealer time to reduce the costs of the prockssspective

of the catalyst formulation, high TCE removal efficier{ap to 97%)can be reached in line
with the high reactivity of NTPAdditionally, a decrease of the initial TCE concentration
accompanied with a decrease of the supply air flow rate (higher catalyst contact time) allows to
improve CQ yield (up to 62% but for just short perios15 min)with NTP assisted F&-
OMS2). Nonethelessthe production of CO is always important highlighting the fact that the
oxidation of CO into C@has to be promote@n purposethe beneficial role of Cu i@uMMO4

has been highlighted as it is for this catalyst that &/Y coz valueof 1.34is the lowest with

the highest co20f 50%after 5h of treatmentn any case, &is not detected at the exit of the
catalytic reactor which shows thtte catalystsare highly efficient for @ decomposition.
However the formation of C1 chloreied compoundshows that the partiahlorination of the
catalyst surfacevhatever the catalyst under concamevidenced by the presence of a Gl.2p
componentt a BE of 198.5° 0.5eV which plays an important role in the selectivity of the
processlespite theddition of water in the gas feed to be treatdech can help fotheremoval

of chlorinated organic adpeciesThe production of NTP generated-pyoducts, namely PG,
DCAC and TCAD, is strongly decreased after passing through the NTP assisted cafiakyst
LaMnO; > Ce(MnOyx) > CuMnOs TP4 >> FeK-OMS-2. However, the concomitant
production of chlorinated C1 prociis, namely CGland CHC4, and the presence of chlorinated

ad-species which strongly interact with taetive sitegprecludes to get higher G@ields.
Table 1- 2: Summarizing table of the different catalysts used in PPQ &E abatement with the different

plasma conditions

Catayst  NTP G- m chmEg /| , Q T RH ED GHSV Time/ RE YCO, ng ) ref
to-plate)* catalg /L/h /°C 1% 1L /L/g.h min 1% ! %
(ppm) %
MnO, 5 1 10(600) 30 300 0 240 30 30 90 54 22 9]
LaMnO; 5 1 41(600) 120 150 18 460 120 30 93 75 29 [54]
CeMnQy 5 1 30(400) 120 150 18 240 120 30 97 57 30 [55]
FeK-OMS 10 05  6(300) 30 150 15 120 60 15 83 83 62  [56]
CuMnO.-P4 10 05 6(300) 30 150 15 120 60 60 65 65 50  [57]

*: Numberof pins
RE: Removal efficiency


https://en.wiktionary.org/wiki/%CE%BCmol
https://en.wiktionary.org/wiki/%CE%BCmol
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1-5- Plasma as ozoner and ozone decomposition
1-5-1- NTP and ozone generation

Usually, ozone is generated by ultraviolet rays (UV lamphyoNonthermal plasma
(NTP). UV ozone generator is a simple construction, with low cost, low nitric oxide production
and isnot affected by the presence of humidity in @ine main disadvantagetisat it does not
produce high concentratistof ozone(2 mg/h)andasaresult air needs to be exposed to the
UV lamps for a longer timeBy comparison NTP technology isable to produce high
concentratios of ozonefrom air instantaneouslgccompanied with the formation of nitrogen
oxides. The production of ozones a function ofdifferent factors such as discharge type,

discharge polarjtand plasma reactaeonfiguration

The main typs of electrical dischargeto produce ozone by NTP at atmospheric
pressuraredielectric barrier dischargend corona discharg€omparing these two electrical
discharges, corona discharge is an easy method for generate NTP with high flowhates.
main disadvantage is the active volume of the ionization regibich is very much smaller
than the total disclige volume confined between the two electrodes at atmospheric pressure
[9,27,58 60]. The corona discharge is initiated by acceleration of free electrons and subsequent
electron collision proesses. A series of gpbase reactiacontrolled by the energetic
electrors created in the corona discharge & ozone productionThe initial step in @
formation results from electron impact dissociations of moleculaan@ N according to the

following equatios [9,617 65].

€ +O, >0+0+¢é (1)

€ +N2 >N+N+¢é (2)
The oxygeratom can furthereact with Q and a third collision partner ¢CN>) to produceOs
as

O+O+M >0+ M 3
The NTPdischarges arsubdivided by the type of the power supply such asACor pulsed
depending on the temporal behavior of the sustaining electric field. Taking into consideration
costperformance, DC corona dischaligesuperior to the other dischargé&§]. Furthermore,
DC corona processing efficiendpr ozone generation is different when using different
discharge polaritiesA positive DC corona discharge is formed when the eleetwith the
strongest curvature is connected to the positive output of the power supply. On the other hand,
when the sharp electrode is connected to the negative output a negative DC corona dsscharge
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generated. In the negative corona plasma, the totabeuof electrons is more than 50 times

that prodiced in the positive cororas observed by Zhangat [66]. This can be explagdby

the fact that the plasma size of the plasma region (where el@cipact reactions are
significant) is greater in a negative discharge. In fact, the plasma region in positive corona
discharge coincides with the active ionization region but in thetiwegeorona, the plasma
region extends beyond the ionization region. Due to the significant difference in the number of
electrons in positive and negative coronds ggasonable tassumehe production of ozone to

be far greater in the negative corohart in the positive coronln contrast, the mechanism for

ozone production is independent in the discharge po[éfit$2,67 69]. However, NTP in DC
discharge are created in closed discharge vessels using interior electrodes. Depending on the
current andlischarge voltage, different type of discharge can be obtdihedormula between

the discharge current and the inter electrode voltag®isd ww w , where C is a constant
depending on the geomefi0]. According to this formula, three regimes of DC discharge are
observed as showin Figure 1-3, 1-4. At a voltage V, the corona discharge is initiated, and

the corona regime increases linearly with increasing the voltage. In the glow discharge,
intermediateegime, the relationship is exponential and nonlinear. The third regime is when the
corona transfers to spark regif$27,59] The transition to glow discharge, is marked by a
decrease in the voltage and increase in the duarehalso the active volume of the ionization
region is the bigger one compared with the other regimes leading to more ozone production. To
mai ntain this NTP r egi mpinteplate fiegctonisvused,iwitilceh ar g e
specific geometry of etgrodes. This type of reactor was first proposed by Akisttesl.

[71,72] The electrodes consist of crenellated pins (cathode) which allow the discharge to ignite
at different points contributing to a better diffusion of the current. The anode is a plate
containing hemspherical surfaces facing the pins. This tgpeeactor is used in our work

with 10 pinto-plates.



Chapter 1: Literatureverview

g

=

GLOW DISCHARGE

U [uA/KY]
8

20 K

i s e ] -”

10 CORONA DISCHARGE __,

ot

Figure 1- 4: Current voltage characteristic of a negative L Figure 1 - 3: Different discharge regimes of a negati
DC excited glow dischargéa) corona regime; (b) glo

geometry regime; (c) spark regime

1-5-2- Ozone catalytic decomposition

Various techniques such as thermal decompodi#i8h photocatalytic decomposition
[74], adsorption[75] and catalytic decompositiowere investigated and used for ozone
decomposition. Among them, catalytic decompositwes the most effective method for
gaseous ozoneedomposition becausewtas a safe, economical and efficientethod Noble
metal catalysts (such as A@6], Au [77], Pd[78]) showedexcellent activity for ozone
decomposition but their price limit tgpractical applicationln that way, \arious transition
metal based catalysigereinvestigated as noble mefaée substituteBor ozone decomposition
(Ni, Co, Ce, Cu and M[¥9]) and itwas found that gype semiconductorsvere the most active
catalystsfor ozone decompositiof80,81] Dhandapani and Oyanj@2] reportedpreviously
that among the differeAtMOs, MnO. exhibitedthe best activity for ozone decompasi. The
high ozone decomposition of manganese oxides was attributed to its multiple and changeable
Mn valence and oxygen vacanciddowever, MnO. showed severaldifferent crystalline
structures s ucMnOgwheréthe Mn@octahedralveredimked intdifferent
wayswhich could result in different catalytic properti@gith that respectliaet al.investigated
the ozone decomposition over three different tunnel strestdMnO. (U, b -MaQp)dindo
repor t édOytamangandde oxiddth a onedimensional tunnel structure with inside
dimensions of 0.46 x 0.46 rArhat is composed of Mnddctahedra sharing common edges (2
x 2) and common verticeppssessed the highest activity, whighs ascribed to its highest

content of oxygen vamcies and largest specific surface 483). Catalytic decomposition of
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gaseous ozone gPovertodorokite with enlarged tunnel dimensioasd the effects of cerium
modificationwas investigatedy Y. Liu etal. [84]. Catalytic activity and stability were greatly
improved ower Cemodified MnQ (Ce-MnO), which increased with the increase of Ce/Mn
atomic ratios from 0.06 to 0.28. Larger surface area and enhancement in the crystal boundaries
between Mn@and CeQresulted in the formation of more oxygen vacancies, which dbeas
active sites for @ decomposition. In another stud®5] a-MnO. nanofiber with high
concentration of surface oxygen vacancy was obtained via a vacuum deoxidation method. The
activity ofa-MnO. strongly depends on the concentration and extent of oxygen vacancy, which
can be adjusted by tuning the temperature and duaratf vacuum deoxidation. As a
consequence, the oxygen vacancy formation enhanced the ratic@kt, which changed

the charge distribution on tleeMnO2 nanofiber, resulting in a significant improvement of the

adsorption of ozonen the surface of theatalyst

Compared with pure manganese oxittes beneficial effects of introducing another
TMO to get aTM modifiedmanganesenetal oxidesvereoften highlightedMnOx doped with
different TM such as Ce, Co ,Fe, W and é&xhibited better performances towardss O
decomposition due tan enhancement ahe specific area andnincreag inthe content of
oxygen vacancigg84,86 89]. In particularas exposed befor& e doped todakite typeMnO-
with Ce/Mn atomic ratio of 0.28 exhibited the best activity and stability fodlg@omposition
due tolargest surface areas inducitige concomitant increase amount of oxygen vacancies
and of crystal boundaries between Mp@nd CeQ[84]. Ma et al.[86] studied the effect of
TM (such as Ce, Co and A&) TM dopedMnO; andfound that Ce doped-MnO2 exhibited
the best activity for ozone decompositidfhe speciation of Ce, as €gwhich partially
replacel K* in the tunned and Mrf* in the MnO. frameworkmight explain such beneficial
effect Similarly, Liu et al [90] highlightedthe formation ofan efficientmixed oxidefor Oz
decompositiora f t e r -BlrdOpwitim @eresulting from an increase of tearface area and
of surface defects in ome decompositiorin another recent study, Met al [89] investigated
the synthesis of Ce doped MDx by a precipitation method instead of hydrothermal method
(which is a common method used for the synthesis of Ce dopedy KtmOozone
decomposition). They found that Ce doped:®lywith a = 10 (which represents the molar ratio
of Mn over Ce)was highly efficient for ozone decomposition under high GHSV (840440
and 40 ppm of initial ozone concentratiorhe addition ofCe in MnOx contributel to a
significant improvement of the catalytic performanc®gmecomposition reaction owing to (i)

an increase in surface area, (ii) a decrease in crystallinity, and (iii) a larger amount of surface
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oxygen vacancief88]. It was believed that the oxygeratrsfer between Gé&and Cé* species
on the catalyssurfaceallowed abundant oxygen species storage and leads to superior redox
properties compared to those obtained with simple manganese [$i¢@2] Overall, these
results indicate that Ce wa an excellent additive for MnQo improve Q decomposition

performances.

1-5-3- Mechanisms for ozone decomposition in dry and humid air

The mechanismand the kinetics of the elementary reactions involved inotane
decompositionwhere investigatedin numerous studiesn transition metal oxide (TMO)
[81,82,87,90] In generalthe mechanism for ozone decomposition fokoMour stepswhich
were illustrated inFigure 1-5-a which gavethe mechanism for ozone decompositionasn
MnO: [85]. After the surface oxygen vacancy formed, the oxygen coordination number around
Manganese site redwtdrom six to five, where thenononuclear fiveoxygen coordinated
Manganese site wasgarded as the active center of ozone decomposkisily, an ozone
molecule was adsorbed on an oxygen vacancy (state 2) to form a dioxygen molecute and
oxygen species (0, state 3) by electron transfer. Then, the active oxygen spegieo@d
react with another ozone molecule to foaperoxide spcies(O2?", state 5). Finally, the

peroxide species @) transformed ito O and the oxygen vacaneyasrestored

Hence,oxygen vacancy veabeneficial for ozone adsorption and decomposition on the

catalyst surface.
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Furthermore, in the presence of humidity another pathikagure 1-5 b) for ozone
decompositiorwasproposed in which water adsedon oxygen vacancy to produsarface
OH.". Underthe influence of electrostatic forces and hydrogen bonding;aeirbered ring
was formedwith the @ molecule[85]. Thisring wasunstable and transfoed into a surface
hydroxyl group withtherelease of H@ At the same time, the ozone molecule redwith the
surface hydroxyl group and foed a five-menbered ring(state 4) Then thefive-membered
ring transfornedinto a surface hydroperoxyl anion (HPwith the release of OThen Q was
formed by reaction between the surfacesH@th Os. Finally, O wasreleased as an oxygen
molecule from the surface to regenerate the oxygen vacancy on the dtiRiteias too high,

wateradsorption increasieandblockedthe surface active sites.

1-5-4- Deactivationmechanism

Although MnQ catalysts were widely studied due to their excellent properties, they
were prone to deactivation under both wet and dry atmosphAdtes.reacting with ozone,
manganese oxides adsedmxygen species leadimgncomitantlyto a higheMn valence state
andadecreasef oxygen vacancies whiclkerethe main causdor catalyst deactivation in dry
and in humid air. Howeveunder humid atmosphere, in addition to the deactivation due to the
accumulation of oxygen intemdiates,the cause®f deactivation wee more complex and
varied due to the presence of water moleculdge deactivation of MnQunder humid
atmosphere was mainly caused by competitive adsorption of matecules and @molecules
The adsorbed #D molecule wa difficult to desorb from theusface oxygen vacancy, resulting

in a rapid decrease in the ozone removal rate.

These two deactivation mechanistid nottake into account the deactivation due to
relatednitrogen oxides speciedeed, once ozongas generated using air as a carrier gas, it
was accompanied by NQespecially when the plasmaas the source of ozonAdditionally
the amount of nitrogen oxides generated by the plasesahigher compared to UV lamp
Mehandjewet al [93]showedt hat t he m&eQmdeactigaticiar @ dexdmpdsition
by producing ozone through azone generator in dry awas due tothe adsorption ofome
nitrogen oxides specidgsansforming tonitrate iors on the catalyst surfacdo support this
result Touati et al. [94] reported recently on the deactivatitor ozone decompositioof
Pd/AlLOsz catalystdue to NOx poisorning.
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1-5-5- Acid treatment to increase Mng£hydrophobicity

Additionally, the hydrophobicity of Mn®was investigatedn order toincreasethe
catalytic performancér ozone decompositiomhe addition of noble metals such as[8§]
was one method to enhance the hydrophobicity. However, ammonium or acid treaterent
the most encountered route¥. Gopi et al. investigated for the first time the ozone
decomposition over a layered structure of Mr{@irnessite) a nanostructured Ki-MnO>
(synthetized by hydrothermal method) andH¥InO.. They found that the exchange of Ky
H* when usinga HNOsz (1M at 70°C for6 hours) treatment, led to higher surface area, lower
Mn average oxidation statéAQS) and increase in the surface oxygen vacanclégse
modifications result ira better activityand stabilitytowards ozone decomposition in dry and
humid air[96]. Y. Liu etal. [97], reported thad birnessite synthesized lyedox method using
KMnO4and CHOH and subsequenttyeated with HN@(0.2M at 50°C for 6 hours) possedse
high activityfor ozonedecompositiordue tothe fact thaafter acid treatment the surface area
of the catalyst increases together with the formation of a large amount of acichgdites/gen
vacancies. Furthermore, ozone molecuteacied as Lewis baseon Lewis site§80,97,98]
Acid-treated[97] or ammoniumtreated[99] birnessite investigated as two apgcbes to

increase the wateesistant property in other term to increase the material hydrophobicity

1-5-6- Mechanism for ozone decomposition over birnessite treated with nitric acid

After acid treatment, Liwet al [97] showedby DFT alculation that the formation
energy for oxygen vacapevastwo timeslower as compared with the-agnthesized birnessite,
which indicatel that oxygen vacancies could be formed much more easily over the acid treated
birnessite Additionally, a high amouraf acid sitesvereformed on the catalyst surfadased
on these results, Liet al [97] proposed a reactioomechanism for gaseous ozone
decompositiowhich was given irFigure 1-6. The catalyst surface was composed of adjacent
oxygen vacancy and acid site.

Os moleculewas firstly adsorbed o surface acid sitgia one terminal oxygen atom through
hydrogen bondSecondly, the other terminal oxygen atom of ther@lecule inseddinto an
oxygen vacancy site, leading to the formation of &rs@eciesvhich wasreleasd asan oxygen
molecule intothe gas phase resulg in the regeneration of the acid site. Third, another O
molecule forned hydrogen bond with surface acid site and its free terminal oxygen atom
interacedwith the formerly formed © species to produce a peroxideiPwith release of an
oxygen moleale. Finally, the @ decompose was transformed intoxygen moleculavhich

was released in the gas phase allovirggregeneration dhe oxygen vacancy.
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Figure 1- 6 : Mechanism for gaseous ozone decomposition overtia@zted birnessite

In order to meet most of the criteria discussed above, a higher amount of oxygen
vacancy, resistance to water and chlotindoped or Caloped birnessite materials, treated or
not with nitric acid,were chosen as defective structures for ozone decomposition and TCE

oxidation enabling to workt low temperatures.
1-6- Birnessite

The brnessitas chosen as a powerful catalygtichhas beemecognizedo decompose
different VOCs at low temperaturmainly due to itsredox properties asxplained inmore
detail in the following section. Birnessitea manganese dioxide known @sMnO,. It has
beenfirst discovered by Jones and Milne (1956) in the Birness region of Scotland, who gave it
the formula Na7Ca.aMn7014, 2.8H0. This mineral is omnipresent in soils and sediments and
is one of the most common Mn oxidg9D0i 102]. In the natural environment, birnessite is
characterized by low crystallinity102 104]. It is a mixed valence mganese oxide
Mn3/Mn**. Birnessite is a 2D layered manganese oxide material with edge shared MnO
octahedra forming the lay&rith an interlayer separation of about 0.7 nm. It has a significant
amount of water and stabilizing cations such asaya K between the sheefhis mineral,
whose sheets are negatively charged (~00B3 charge per Mn) has a high capacity for
adsorpion and ion exchange. In addition, the presence of heterovalent cations in the layers (Mn
*, Mn® *, Mn* *) confers redox propertiegl05] which areinvolved in the adsorption

mechanisms of certain cations: As, Cr, Co for exarfifld,104.

1-6-1- Birnessite crystalline structure

Birnessite is defined according to two criteria: its layers are rich in manganese and the
interfoliar distance is close tBA. This very succinct definition does not account for very large
structural variations existing among the different varieties of birnessite known td loatérst

structural studies carried out on natural birnessite collected in marine or terrestrialnsgedime
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have identifiech hexagonal or pseudwxagonal structufd02,107] Anotherstudy conducted
by Tanetal. (2010)[108] states the existence of triclinic symmetry in addition to hexagonal.

The structural study of synthetic birnessite byay diffraction and Rietveld refinement
was performed for the first time by Post and Veblen, (1§B@9] studying the structure of a
birnessite synthesized by oxidation of Mn (Il) in basic med{®%84,86,110112]. The
structure obtainedvas described & monoclinic. Studies by Dritst al. (1997) [103] and
Silvesteret al (1997)[104] extendedthe structural analysis and confirmed the monoclinic
symmetry of birnessite synthesized under besiaitions and described a hexagonal structure
for that synthesized by the reduction of Mn (VII) in an acidic medium according to the
McKenzie protocol (1971)13]. The monoclinic structure of birnessite synthesized in a basic
medium has nonetheless been questioned byePast(2002)[114] who demonstrated that it

was more of a triclinic symmetry.

© Na’

@ Mo,
& MO,

Figure 1- 7: Scheme of the crystal structure of a triclibicnessite : alternation of a chain of Mn(lllj@nd two
chains of Mn(IV)Q[114]

The triclinic birnessite studied by Post and Veblen (19909] has sodium cations in
the interlayesspace, its chemical formula has been described assMWén* *1.42Mn3* 059 O4
A 1,0.5Tke structure of this type of Birnessite is showRigure 1-7. It is formed of non
lacunar layers of thickness 2 A wian equidistance of 7A. The layers consist of Msfarng
octahedra containing Mh/ Mn** mixed valence cationgl09,114] The layers have been
described as being an alternation of an octahedral chain of Mn §ldh@two octahedral Mn
(IV) Os chairs distributed along the b afi803,104,115]In the layers of birnessite, manganese
is in octaledral symmetry. The electronic configuration of Mn (I11) being [Ar},3tsuffers by
JahnTeller effect, a distortion of its symmetry (nroegular octahedron). This is not the case of
Mn (IV) of electronic configuration [Ar] 38 Therefore, a layer forndeonly by Mn (IV) G
octahedra would have hexagonal symmetry, but the presence of Mn {lile®@eases
symmetry due to the Jatireller effect[121] The substitution of the Mn (IV) cations by Mn

(1) creates a negative charge of the sheets which is compensatedpogdiece of hydrated
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interlayer cations (eg, Na + (#0) n) which occupy the space between the shigdid].
Interlayersodium can be exchanged by a variety of cations; Ki*, Cs*, B&*, SP*, B& *

without affecting the structure of birnesdiled6i 118]. The exchange by €& Mg? * or Ni?*

causes hydration of birnessite and its conversion to bufEt¢ The hydration energy of the
intercalated cation, related to its size and its charge, controls the binding force between the latter

and the water. Hydration degree vanith the type of interfohr cation[119] .

@ MO,

R Db

® Mn*

Figure 1 - 8: Crystalline structure of hexagonal birnessite: a predominantly Mn(lV) chain sheet with gaps,
interlayercations are Hand Mrf*/Mn3* which are positioned below and above the deficier{dis]

In the birnessite of hexagonal symmetry, manganese is mainlykdtstion state (1V).
The presence of octahedral deficiencies is the major cause of layer slip defitiEs]¢Figure
1-8). This deficit is offset by the presence of protons andlayerMn (11) / Mn (1) that lie
below and above the deficiencid®4]. The interlayedistance is 7 A. The formula proposed

by Lanson and al. (2000) for the birnessite hexagsnbl * 0.33VIn® * 0.112MNn? * g 055 (Mn* *
0.72Mn3 " 0112 0167 O2 Whered represents the gaps in the layers. The sheets have about 72%

Mn (1V), 11% Mn (Ill) and 17% deficiencigd21].

Birnessite symmetry transformation from one type to anagheossible. This can be
the result of a change in the pH of the reaction medi08] or the presence of a cation that
causes redox reactions with the manganese contained in theiterfi€kE120] Lansonet al
[121] reported the transformation of triclinic NBarnessite into HBirnessite in acidic medium
(pH 25). They foundt hat hexagonal phase i s eshowsthat,possi b
whena triclinic Na birnessite is placed in acidic medium, a/Na exchanges takes place in
the interfoliarspaceand a dismutation reaction of Mn (Ill) into Mn (IV) which remainghe
layer, and into Mn (1) which migrates into the interfolaire distancestpleee. The dismutation

reaction reduces the amount of Mn (lll) and leads to the formation of gaps. However, hexagonal
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birnessite maintained in alkaline solution NaOH can tansfinto Na triclinic birnessite as
reported by Zhaet al. [120].

Vernadite: Another variety of birnessite is the vernadite suuet Vernaditdhas been
first described by McMurdie (1948)22] who assumes the material to be a poorly crystallized
variety of cryptomelane, while other studies conducted at the same time concluded that this
synthetic compound had a structure similar to pyrochrfli23]. More recently, using
synchrotron techniques (XANES), Manceaiual (1992) hypothesized that vernadite had a
tunnetlike structurecomposed of chains of varying sizes and lenftB4]. In fact, a number
of studies have studied the behavior of vernadite under the assumption thiaavbelyeen
dealing with a hydrous manganese oxide. Vernadite is also commonly referred to as "hydrous
manganese oxideH.M.Q", a denomination that assumes that the oxide is, again, amorphous
[124]. However, the true nature of vernadite, and its relatiortshijirnessite were discovered
by R. Giovanoli in the 1970s. He was the first to describe vernadite as a turbostratic form
(without threedimensional order, which is to say with translations and/or random rotations
between two successive sheets) of bimes$his discovery engaged then strong discussions
with a Russian team led by F.V. Chukhrfa07]. This eam thought that birnessite and
vernadite were two independent minerals. Their hypothesis was based in particular on the fact
that the visible basal reflections on diffra
were totally absent in the diffresgrams of the vernadite. Whereas, when Jones and Milne
(1956) first described birnessite, they noted only a series of four diffraction peaks corresponding
to basal di stances of 7.27 : 3.60 : 2. 414
crystallinity level. However, this lack of basal reflections is explained by the nanometric nature
of the vernadite. Villalobo$114] showed that vernadite is nanon@tin size in all three
dimensions of space, and that the number of stacked sheets along the c* axis is on average about
2-3. In fact, basal reflections are extremely attenuated, and it is possible that they have been
completely masked if the diffractomeseused by the F.V. Chukhrov team were less efficient
than at present, and/or if the particles studied were even smaller in size. It is now accepted that
vernadite are turbostratic birnessite, but the structural characterization of these minerals remains
difficult, and the word "vernadite" ultimately refers only to a turbostratic and nano particulate
variation of a norstoichiometric M oxide. Due to its low crystallinity and turbostratic
character, vernadite has a diffractogram in which the first twgdrays of birnessite are
almost absent (not well defined and bro@dgyure 1-9), and has only two diffraction bands in

the angularregion3@ 0 A 24 CuKU <cl assically used in min
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Intensity

26 (°) Cu-Ka

Figure 1-9
Figure 1- 9: XRD pattern for a) birnessite b) vernadite

1-6-2- Birnessite synthesis methods

There are several chemical routes to obtain birnessite. The symmetry as well as the
chemical composition of birnessite depends on the synthesis methods. A synthesis darried ou
in an acidic medium results in a hexagonal symmetry, whereas a synthesis carried out in a basic
medium results in a triclinic symmetry. It is possible to classify the synthesis methods in four

groups according to the reaction conditions.

I- Oxidation of Mn(ll) by oxygen in an alkaline solution: This is the oldest method,
based
on the oxidat i on)byfoxygeyin thepneseace ofalkalha gol0tiihe
birnessite obtained has a triclinic symmetry withdf Na" as interlayer cations, depending on
the alkaline solution used KOH or NaQ25,126]
I- Reduction of Mn (VII) inacidic medium. The oldest process in the Mckenzie
procedure
[113], where the reduction of KMn{s carried ouusing a concentrated acid HCI, which makes
this method restrictive. It remainguite reactivebecause it allows to obtain hexagonal
symmetry. Different other reducing agents have been used such as §l@#jpolsthylene
glycol [128], sugarg164] and moreecently lactate[130].
llI-  Transformation of another manganese oxide:rtethod $ notoftenused. Cornell
and
Giovanali[101] investigated successively theaect conversion of h@amnannite to birnessite in
a highly alkaline environment.
IV-  Synthesis using the couple MaMn?*. This synthesis is based on a redox reaction
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between Mn@ and Mrf* in alkaline mediumit generally involves the use of three reagents:
A salt of Mn (I) (MnCk, MnSQy or Mn(NGs)2), a permanganate solution (KMn@r NaMnQy)
and a base (KOH or NaOH). This method is intensively studied because of its ease of use and

contributes to the formation of triclinic birnessi{@ 31 133].

1-6-3- Variability in the composition of sheet and interfoliare

The layers of birnessigemainly composed of Mn (IV)T'he leaflet maylao contain
a number of octahedral sites whose manganese is vacant, so we shall speakiofagaphel
with the presence of gaps, the leaflet may include a number of Mn IV substitutions by Mn III.
In the case where the amounts of Mn Ill in the layer amall, and / or the Mn Ill is not
organized in rows, the symmetry of the layers is hexagonal. In the case where the Mn lll is
sufficiently abundant and organized, the layer loses its hexagonal symmetry and becomes
triclinic. It should be noted that theplacement of manganese by other cations, of size close to
Mn IlI, 1V, in the birnessite layer has already been observed, as for example nickel or cobalt
[106]. The modeling of the structure of the layer is a fundamental parameter for understanding
the reactivity of the birnessite. Indeed, if the stoichiometric structure of the layer of a
phyllomanganate such as birnessite is theoretically Mti@@ various studies made on this
mineral and its synthetic analogues have shown that, practically, the chemical composition was
of the form:
H*a Inter, Mn?*3* H,04 [Mee Mn3s Mn*4 T 1] O2

In this formula, the species in brackets make up the layers and the species to the left of
the brackets are in the inl@yer distance. Inter represents any interstitial catiosQ Mvater
molecules related to these cations and free water. Me repaggerdation presents in the leaflet,
other than manganestegammtheleaflenal |y 1T represen

The charge deficit of the layers can thus be induced either by the presence of vacant
sites or by the substitution of a Kiiof the layers, by M#" more often. Depending on the origin
of the charge deficit, the reactivity will be strongly different. Indeed, a site vacancy will create
a locally high load deficit (4 charges), while substituting & Mor a Mré *will only create a
single charge. Amording to the different studies conducted on the birnessite, a charge deficit
created by the substitution of ¥thby Mn® *will be compensated by cations situated relatively
far from the layers, most commoniy the middle of the interlayatistance, acarding to a
mode called adsorption in outer sphere complex, a vacant site will most often lead to the
adsorption of cations just above or below these vacancies; we shall then speak of an internal

sphere complex. However, the infsghere complexes can becéted at different
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crystallographic positions sh as triple corner sharing (TC), triple edge sharing (TE) and

double corner sharing (D®igure 1-10.

U Triple corner sharing: the cation is located at the bottom of a gap, and is coordinated to three
oxygens of the sheet. The cation is also coordinated ter walecules in the interlayer
but this number is variable. For example, zinc (Zn) can be in octahedraliraimn
(coordinated to three watenolecules), but when adsorbed on a birnessite \oith
coverage, it coordinates tetrahedrally (coordinate to only oaerwmolecule in the
interlaye) with the coordination sphere forming a pyramid with a triangular base formed
by three sheet oxygen atofid5,134,135]

U Triple edge sharing (TEThe cation shares three edges with the sheet abaeé wis
adsorbed overhanging a tridentate cavity. This position is much less frequent than the TC
position. This crystallographic position, a priori less stable than the TC position, can
however be explained by a catibound to two ursaturated oxygen of an octahedral gap.

Or in the case where the sheet contains for exampf, Me third oxygen to which the
cation is bound is also tsaturated. This position could be favored when a cation is
absorbed on the other sidéthe vacant octahedral site. The number of water molecules
coordinatimg the cation in the interfoliatistance is not fixed and is dependent on the cation
as with TCY115,134,135]

U Double corner sharin@C): The cation, located at the edge of $iheet, is coordinated to
two oxygers of the keet and the rest of coordination ensured by water molecules, one of

which is located in the plane of the sheet oxygen afaats 134,135]

TEMe

Figure 1- 10: Innerspherecomplexes crystallographic positiode represents metdiMe represents edge
sharing
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1-6-4- Birnessite properties (amount of alkaline metals) and capacity of ion exchange

The various synthesis procedures, precursors and reaction conditions, including reagent
concentration, aging time and reaction temperature, constitute the main difficulty in
determining a correct chemical formula for birnessite summarizddble 1-3. The negative
charge of the birnessite layers is compensated by alkali metals and / or protons from the reaction
medium. These cations can be adsorbed on the surface or intercathtedterlayer surface.
However, layer cation vacancies are associated with interlayer cations. On other way, the
vacancy problem is related to the problem of the valence of Mn catiodger ideal conditions,
the amount of alkali metals should be dgoahe amount of Mn3+ in the layers, the latter is
estimated to be 1/R03,136] The best known are birnessite Na and K, the following section
will focus on the amount of Na and K observed in the literatsrenterlayer cations in
birnessite

The K/Mn ratio varies between 0.06 and (.B23,125,137143], while the Na/Mn ratio
varies between 0.09 and 0.887,138,140,141]Prietoet al.[144] has studiedhe variation of
alkali/Mn ratio, and they found that variation time experimental molar ratiofluences the
amount of K and Na measured in the interlayer distance, but for K the amolimitisd to
0.31 which measthat the masmum of K* that carbe in the interlayedistance is 0.3Varying
the two ratios influences the average manganese oxidation state (AOS); increasing or
decreasing the alkali metal/Mn ratio results in a decrease in the AOS 3@ However,
the typical value for birnessite AOS is between 38.8 [137]. Kulish et al [138] have
synthesized N#irnessite with Na/Mn = 0.22 and-Rirnessite with K/Mn = 0.6 as the result
Mn AOS is 3.78 and 3.37 respectively, a higher alkali cation content in the ietesipace
leads to a larger proportion of Mo Moreover, Zhtet al [91], have been found a collapse of
the birnessite structure with a K/Mn =0.06 into an amorphous manganese structure- For Na
birnessite the amount of Na should letzeern0.17-0.33, which corresponds well to tHdn
AOS (3.6-3.8) [103,115,125,1377140,145] Birkner et al. [141], has synthesize sodium
birnessite by keeping the amount Na/Mn 0.09 as a results they obtained Mn AOS= 3.56. Zhang
et al. [145], have reported Nhirnessite with a high amount (Na/Mn = 0.58) of Na in the
interlayer distance resulting on a Mn AOS = 3.42. However, washing can affect the amount of
the alkali metalslt has been reported that birnessite is washed by different sobugitsas
water alcohol and acetone. Fegigal. [146] has found that washing with alcohol or aoet
resulted in a finer powder as compared to washing with water. The washing is needful as

reported by Priet@t al [144] to remove the excess of alkali met&lloreover, Kulishet al
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[138] has dme the washing with water, intensively more forbmessite (20 times) over-K
Birnessite (3 times) (the volume of water is not given, typically they may be the same amount
of water for each washing) due to its less hygroscopic nature.

Table 1- 3: Summary table of the different synthesis procedure of birnessite, K/Mn and Na/Mn ratios reported

in literature

Oxydant/reductant (molar ratio) Medium  Washing aging K/Mn Na/Mn Ref
KMnO4/ HCI (1/2) Acid water 10 min 0.20 [147]
KMnO4/ HCI (0.2/0.36) Acid water 12h 0.17 [148]
KMnO4/ NH20OH.HCI (0.02/0.006) Acid water 0.14 [149]
KMnO4/ HCI (0.20/0.27) Acid water overnight 0.15 [150]
KMnO4/ HCI (0.20/0.27) Acid water overnight 0.20 [151]
KMnO4/ HCI (0.20/0.27) Acid water overnight 0.22 [152]
KMnO4 / GH»04(0.001/0.0015) Acid Water 30 min 0.14 [153]
KMnO4/ CH204(2/3) Acid 30 min 0.39 [154]
NaMnQ / HNO;(100/1) Acid 4 days /170°C 0.69 [155]
Hgmg‘;)/ Ethanol (excess of NaOH 40 days 0.33  [140]
NaMnQu / Ethanol (excess of ethanol NaOH 40 days 0.33 [140]
KMnO,/ Ethanol (excess of NaMnD KOH 40 days 0.30 [140]
KMnO, / Ethanol ( excess of ethanol KOH 40 days 0.32 [140]

Capacity of ions exchangeOn this part we will focus on NBirnessite because i
more studiedri the literature. The interlayeations of hexagonal and triclinic birnessite are
exchangeable with a wide variety of metal or organic cations. Na birnessite has a cation
exchange capacity of about 240 meqg/1Q080]. Studies on the substitution of sodium
interfoliar with monovalent cations:*KLi*, Cs and divalent cations: €4 B&#*, B&* and Sf*
have been performd#i03,116,118,119]In the studies carried out at pH 4 orf N&* exchange
(M?* = PI?*, CcP* and Zrt%), [103,106,115showed the formation of vacancies in the layers
after reaction with H+ and the adsorption of divalent cations onto these vac&nutidsly, a
more recent study established the selectivity of hexagonal birnessdedsdivalent metals
and the following classification was obtained:*BICP*>Zn?*>Co**>Cd?* [178]. Another
study was interested on the selectivity of Na birnessite with respect to monovalent cations by
analyzing sodium released in solution. The seldgtihius deduced decreases in the following
orders: C§>K* O N'BNa' >Li*. This selectivity depends on the ionic radius of the

intercalated species and its degree of hydrdfi66].

1-7- Formaldehyde

Formaldehyde or methanal or formal aldehyde is an organic compoumsl atiehyde
family, with the chemical formula HCHO (or.B0O) . ltdéds a colorl ess
conditions of temperature and pressure with a strong, pungent, suffocating and highly irritating

odor. HCHO is a highly reactive product that can both polyraesiZzorm explosive mixtures
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in air [157]. Furthermore, formaldehyde is very toxic addngerous for human health.
Formaldehyde is a toxic and dangerous volatile organic compounds, it has been classified in
2015 as a group 1 (definite human carcinogen) carcinogen by the International Agency for
Research on Cancer (IARC). However, the Sdien€Committee on occupational exgpare

limits (SCOEL) recommend3.2 ppm (0.25 mg i) as a limit exposure value for 8 hours and
0.4ppm (0.5 mg i) as limit exposure value for short term (15 nfith8]. Formaldehyde, is
widely used materiagdnd present imdustry,it should also be considered as a pollutant in indoor

air. | t 6s est ab bkons d¢f helmost majdr potu@isOn indoor air and there are
several sources of HCHO emission in our indoor air such as plywood coatings, wallpaper, paint
is considered HCHO emitting material. Indeed, many other indoor products are likely to emit
HCHO inindoor air such as, cigarettes, wood, oils, plastics and some household and cosmetics
productg159]. However, the catalytic oxidation of this molecule is chadaseur work as an
approach to validate the density of oxygen vacancies on our material which will be discussed

in details in the following part.

1-7-1- Formaldehyde catalytic decomposition

Several transition metal mainly in oxide form have been used for HCHO oxidation.
However, Sekineet al [160], in 2001, study the catalytic decomposition of HCHO over
different metal oxides such as: &Yy PdO, CuO, CoO, ZnO, #a&s, TiO2, LapOs, W03, CeQ,

V205 and MnQ. Manganese dioxide was found to be the most active catalyst among
aforementioned series.Furthermore, Mn®@ has advantages to be cestective,
environmentallyfriendly and easy to get. In terms of Mn€rystal structure, birnessite type
MnO- was recognized to be the most active catalyst in HCHO oxidgt&d]. Birnessite type
MnO: is a twadimensional layered structure, composed of alternating stacké® Nayers
(edgeshared Mn@® octahedra) and hydrated alkali cations {Nk&*, etc.) restricted in the
interlayer regioj24-27]. Wanget al [163] reported on the beneficial role of interspacing water

to promote the formaldehyde decomposifib83]. Wangetal. [164] investigated the nature of

the intercalated ion and found thatinessite achieved the best £@eld at ambient. Kwas
believed to enhance the surface oxygen activity facilitating the regeneration of surface
hydroxyls by activahg H>O. In order to promote the catalytic performances of such materials
significant experimental researches were recently focused on defective birnessite materials with
proper surface electronic propert[@9-31]. Wanget al. [168] reported on the introduction of
manganese vacanci@gmn) in K-birnessite obtained from a redgpxecipitation route whose

relative content was tuned by affecting the oxidant/reductant atomic TagoMnQ with
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higher content of Mn showed a better performance for formaldehyde decomposition. The
promotion effet of K* in HCHO oxidation was herein supposed to be accomplished through
activation of surface oxygen species. In addition, Reired [169] reported about the existence

of an optimal K content to promote the activity in Mn vacarish birnessitetype. A too high

K™ content increased the amount and strength of surface basic sites making tesa@tion
more difficult and in that way partially inhibited the catalyst. Taking into account these
considerations, Let al.[170] reported on Kbirnessite with poor crystallinity with a medium

K* concentration for obtainga highly active birnessite in HCHO oxidation.

Element incorporation was also another followed strategy to obtain a more active
catalyst. In that way, incorporation of suitable transition metals (TNgnthanide cationd @
cationg was investigated t@romote activity by seeking to decrease energy formation of
oxygen vacancjl171]. On purpose, Tangt al.[172] investigatedVinOx-CeQ oxide catalysts
for complete oxidation of formaldehyde through the effect of preparation method and
calcination temperature taking advantage oféu®x propertiesf nano size€CeQ for oxygen
storage and releas@ catalyst (Ce Ce+Mn=0.5) prepared by modified ceprecipitation
method and calcined at 500 °C exhibited much higher catalytic activity toward complete
oxidation of formaldehyde where Ce@nda-MnO; phases segregated. A high oxidation state
of Mn** and huge amount of surface lattice oxyges claimed to play a role in the reaction.
On contrary, a synergistic effect on the catalytic activity for 20 ppm HCHO oxidation
performed at high space velocity was ascribed to highfNUn** and QgdOiart Surface atomic
ratios on a Mn@x)-CeQ (x= Ce/Mn = 0.66) catalygtL73]. Liu et al.[174] investigated the
performances of MNE@Ce(Q catalysts with different Mn/Ce ratios in HCHO oxidation. The
enhancement of reactivity in HCHO oxidation wasréed to the activation of lattice oxygen
species in Mn@due to Ce@addition. Recently, following a strategy of rational design of
defects to enhance catalytic activity, Zéial [91] reported on the performances for HCHO
oxidation of Ce modifiedype MnQ with different Ce/ Mn ratios obtained from a redex
precipitation method followed by a drying step at 105 °C for 12 HiM@@. (1:10) was shown
to be the most performant catalyst. Higher content of oxygen vacancies resulting from a close
contact between CeGnd MnQ nanopartioks was postulated to be responsible for its high
activity in HCHO oxidation.

Since then, different investigations were carried out in HCHO oxidation over,MnO
[1757179]. The activity of manganese oxide involves oxygen activation and oxygen transfer
through redox cycle between manganese specie$"Mim’*). The surface structure of the

catalyst, cystallinity, valence state of manganese, morphology and the surface defects all may
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have effect on the catalytic activity. Thus, it is supposed that, surface modification to form
unsaturated sites could be greatly improved the catalytic performance gahmese oxides
[175,177,180]

1-7-2- Mechanism for HCHOoxidation

Selvakumaret al [178] propose anechanism fothe catalytic oxidation of HCHO by
birnessitebased on TofSIMS and XPSFirst, HCHO adsorbs on the surface of gemese.
Partial oxidation of adsorbed HCHO by reduction of manganese allows the formation of several
reaction intermediategsormates(monc or dentate or bridged), dioxymethylene, methoxy or
carbonates. The oxidation of these reaction intermediates 1a@DRHO is considered the
limiting step in the oxidation reaction of HCHO. The oxidation is carried out by the active
oxygen species from the manganese oxides. Furthermore the activity of surface oxygen species
is directly related to the amount of oxygeatancies. However, Rochagtlal.[181], have been
investigated that the oxygen vacancies played a double role in enhancing the HCHO catalytic
activity as shown irfrigure 1-11 over Au/Coepromoted Ce@catalysts.

AWCo-Cod,
HCHO + Q. G0, + H,O
T= 25"
.:"'\.‘\.. 10 :' 1
s FarCa-CeO: |
HCHO conversion W I' y Oxygen
Inta t-':fi : '-\.'.:;'I Lo effect wacanches
) l
0 | ) Al

Time [ h

Figure 1- 11: Relation between the concentration of oxygen vacancies and the total oxidation of HCHO
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Chapter 2: Strategic methodology

The aim of this chapter is to provide the readers with a clear overview of the strategic
methodology that was applied during the course of this FhB.objective of the thesis is to
optimize the PosPlasmaCatalysis (PPC) process for the abatement diloroethylene. That
means, a low energy consumption and high selectivity and good tolerance of the catalyst

towards Cl and kD near ambient. The concept of the PPC process is illustraftéguire 2-1.

O*:
Active
Os @)
L2+ 0% oxygen
L species

NTP reactor o ( Y CO,

ir aTrrTTrTTTeT,e
™= WAL = [caays] = o

TC
TCE HCI
Cl by-products

Figure 2 - 1. Concept of post plasma catalysis

The use of catalytic ozone decomposition is a crucial step in this type of prod&adire
and supported mangandsased catalysts recognized as the most efficient catalystssfor O

degradation in active oxygen species have been previously used.

Until now, as we have seen abdubapter 1)different manganeskased catalysts have
been used using NTPHowever, a direct comparison of the plasma assisted catalytic
performances is diifult due to changes in the initial TCE concentration and changes of flow
rates. Additionally, the number of modules of the NTP reactor has increased, going from 5 pins

to 10 pins.

Further improvement in terms of the energy efficiency as keeping the priucées
highly selective into C@could be realized by improving the operating parameters of the
process enabling the catalyst to work at a temperature close to 25 °C which would exclude

further catalyst heating.

One important poinsito be able to propgradaptthe molar ratio of produceds@ the
initial concentration of TCE, namely M TCE]oto supplyenough reactive oxygen species to
guantitatively oxidize TCE into COn dry air. The target [6)/[TCE]o ratio is expected to be 4

according to the ftowing accepted formal reaction:
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CClsH + 403 A 2CO + HCI + 4G+ Cl2

These considerations hold if the catalytic formulation is adapted to quantitatively

degrade @in the course of the experiment. This also implies the catalyst to be stable with time,

in other terms to be water tolerant and resistant to chlorine with time.

To address these issues, the adopted strategy and related methodology are the following:

1-

[O3]/ [TCE]o optimization: Study the performances of the NTP as an oZbiwrre 2-
2) to be able to tune thes@roduction as a function of the different key processing
parameters. On purpose the effect of air flow rate (Q), specific energy density (SED)

and humidity (RH) will be carried out. The obtained results are discussedjirers.

NTP reactor
_ TrrrrTrree
At = LAAAAAAAAAL = O

Figure 2 - 2: Schematic of the operation of thlasma asanozoner

Improved catalytic formulations: The catalytic formulations are based on, Mp®
materials (birnessitet- MnO) doped or not with Ce known as highly efficient fay O
decomposition. In order to optimize the catalyst design special attention is paid to the
activation mode of the catalyst through the influence of the temperature of calcination.
A HNO:s treatment is also performed to enhance the water tolerance and azonatio
performances becauset wielsknown that acid treatment increase the number of active
sites.

Validation approaches:

First the catalytic performances are tested towards formaldehyde oxidagane(2-

3) as this reaction is well known to correlatehwtite density of oxygen vacancies in the
material. The effect of Ce doped birnessite, the calcination temperature as well as the
effect of relative humidity on the catalytic performance are investigated. This part is

explained in details inhapter.
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Air CO»
Lo (o) =
H-O
HCHO 200°C A RT

Figure 2 - 3: Schematic presentation of HCHO oxidation

U The efficiency of the catalysts is investigated also in terms of ozone degradation ability
in the presence of othepsllutants such as nitrogen oxide species in dry and humid air
using the NTP as an ozondtigure 2-4). The experimental conditions are chosen in
order to discriminate efficiently the catalysts in terms of catalytic performances. The
effect of Ce conterds well as the effect of acid treatment are investigateel obtained
results are presentedadhaptert.

Air

H>O
NTP reactor

arrTrTTrTeT,e
At = LLALALLLLL = 0 Caays=>0.
Yhhdddddddd

Figure 2 - 4: Schematic presentation ot @ecomposition

U The catalysts are then tested in the total oxidation of TCE in dry and humid air in PPC
configuration Figure 2-5). Based on that, the performances of the processes are
discussed in terms of TCE removal efficiency,Gflds, and carbebalance and in
terms of cost energy saving. These results are discussed in terms of the -physico
chemical characterization of the catalysts which are presentédjier?.

NTP reactor CO,
Dry/humid Air “IrrTrTrrTreee
H2O

Figure 2 - 5: Schematic presentation of TCE abatement in PPC process
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Chapter 3: Material and methods

Throughout this chapter, thexperimental part concerning thabatenent of
trichloroethylene (TCEjn Post plasma catalysis procespriesentd in details. However, the
use of northermal plasma as ozoner in combination with catalyst to decompose ozone in order
to improve the VOCs admmposition in the hybrid system plasma catalysis is @ddsaribed
The way in which the experiments of formaldehyde (HCH}alytic oxidationwill be

conducteds alsoexplained in this chaptefhus this chapter is devised irigarts.

The first part consists tathe description of the preparation thle catalysts and the
secondpart tothe presatation of the different techniques used for the characterizatitre

materials Synthesisnd characterization were conductedlié University.

Thethird part is dedicated to the catalytigidationof formaldehyde. All experiments

described in this section were conducted at Lille University.

Thefourth part,concerns the use pfasma as ozoner, attte catalytic decomposition

of ozone All experiments decribed in this section were conducted at Ghent University.

Thefifth part consigt to use the PodlasmaCatalysis process for the abatement of
trichloroethylene. All the experiments described in this section were conducted at Ghent

University.
3-1- Catalyst preparation

3-1-1- Synthesis of birnessite and cerium doped birnessite through a redox precipitation
method.

Birnessite was prepared following a redox method inspired from tihat of étel[1].
Typically, 4.0g (25.3 mmol)of KMN®( Fl uka, O 99 %) was dissol ve
water under stirring (350 rpm). 4 mL (22.54 mmol) of Nd€Ds (50 % w/w) (Fisher Chemical,
solution 60% w/w) was added dropwise to the aqueous KMso@ition. Thus the synthas
was performedvith a ratioKMnO4/ NaGHsOs = 1.2 The resulting brown suspension was
stirred for 2 h. After centrifugation (4000 rpm 2@ min) the collected brown precipitate was
washed 2 times (25 mL of distilled water each time) and finally dried in an oven at 40 °C for

48 h to give a black powder MB.
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The Cedoped MnQ (x: Ce/Mn atomic ratio of 0.01, 0.1, 0.2 and)Oxere prepared

based on the same procedure except that Ce){8e,0 ( Al f a Aesar; O 99.

concomitantly with KMnQ. The asprepared samples were labelled/@s.
The main reactions occurring during the synthesis of birnessite were the following:

Reductionreaction:
(K*, MnOs)+ 4H" + 36 A KxMnO_ +2H,0 + (1:x) K* (R1)

Oxidation reactions:
(Na",CHz-CHOH-COQO) A (NayCHs3-CO-COO)+H" + 2 € +(1-y) Na" (R2)

CHs-CHOH-COO A CHs-COO (R3)
CHs-CHOH-COO A H-COO (R4)
CHs-CHOH-COO A “O0G-COO (R5)

According to equation 1 and 2, the balance sheet equation is:
Na" + 2(K", MnOy) + (3+x+y ) CHB-CHOH-COO A 2KxNayMnO:2 + (3+x+y) CHz-CO-
COO + 4H0 + 2(EX)K* + 2(1-y)Na* + 2(1+x+y)H
(R6)

Where, x and wre the amounts of Na and K that are intercalated in the lamellar structure

Table 31, presentsthe required amount for the synthesis of -Blnn excess of

potassium permanganate conditions.

Table 3- 1: The required amount @hemicals
for the synthesis of VhB
KMnO 4 NaCsHsO3
n (mol) 253 x 10 2.254 x 1€

M (g/mol) 158.03 112.06
} ( K¢ 1.33x 168
C (mol/L) 0.0633 5.635
m req (9) 4

Vreq (mL) 4+0.01

m req: Required weight
Vreq: Required volume

For thepreparation of Ce doped Ma@he amount of sodium lactate remains the same
regardless of ¥Ce/Mn)valug because only thée/Mn ratiochange and the other experimental
conditions are the samidowever,Table 3-2, presents the amount of potassium permaaigan

and cerium nitratesed for the preparation of {é&n samples

5
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Table 3- 2: Quantityof potassium permanganate and werinitrate required for each (3én preparation

Name n n (Mn) n(Ce) m(KMnO4)  m(Ce(NGs)z.6H0)
(Ce/Mn)  (mol) (mol) 9) Q)
Ceo.01Mn 0.01 0.0247 3.10* 3.9033 0.1074
CeoiMn 0.1 0.0227 2.27.1C° 3.5872 0.9868
Ceo2Mn 0.2 0.0208 4.2.10° 3.2922 1.8237
CeosMn 0.5 0.0167 8.3.10° 2.6338 3.6041

3-1-2- Calcination procedure
Thedriedsamples werealcined at Tc = 400 °C for 5 h in flowing dry air (1.0 g; 2 L/h;
2 °C/min) Figure 3-1). Ce1Mn was calcined also at 200 °C and 300 °C angb®n at 300

°C in similar conditims tothose at 400 °C. The suffix X00 was added to the labeling of the

sampls.
T°C
5 hours
200/300/400 [—
5
\S
@)
t\]
25
Air 2L/min

Figure 3- 1: Scheme of the calcination conditions

3-1-3- Acid treatment

The dried samples weralsotreated with 0.2 M HN@solution (VWR 68%), with a
ratio
Meatalyst(g)/ Vunos (ML) = 1/20, for 6 hours at 50°C under a vigorous stirring (500 rpm). Then,
the black suspension was filtered and washed continuously with distilled water until the pH of
the eluate reached ~7. After washing, the resulting black solid was dried at 8038t The
suffix AT was added to the labelling of the acid treated samples.
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3-2- Catalyst characterizations

3-2-1- Thermal Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA)

Gravimetric and differential thermal analyzes are twohniques that measure the
variation of the mass of a sample as a function of temperature and the exchange of heat between
the sample and the medium as a function of temperature simultaneously. The choice of gas sent
to the sample is very important becaus determines the type of reaction that can occur:
oxidation, reduction, adsorption, desorption etc. ... The experiment can be performed under air

or inert atmosphere.

In the laboratory, a thermal analysis apparatus is used which simultaneously performs
thermogravimetric and differential thermal analysis experiments. The instrument consists of a
waterproof enclosure that controls the atmosphere of the sample, a microbalance, an oven to
manage the temperature, a thermocouple to measure the temperatsoanulter to control
the instrument and record the data. At the end of the experiment, the ATG and ATD curves are

obtained on the same thermogramme.

TGA analyses were performed on samplkEght of about 10 mg (5 mg for the acid
treated samples) in air #o(100 mL/min) with a heating rate of 10°C/min up to 800°C using a
TA instruments TGASDT 2960.

3-2-2- X-Ray Diffraction (XRD)

X-ray diffraction is a physicehemical, nordestructive technique. It is the most
widespread in the field of solistate chemisy since it is particularly suitable for the
characterization of crystalline materials. The determination of the crystallographic composition
of the analyzed sample provides access to physical information about the crystals, including

their size and orieation.

Its principle is based on the interaction ofa§s with the electrons of the atoms in the
sample. In our case, we use the powder method. This method consists of bombarding the sample
with a monochromatic and paralletrdy beam and collecting ttamgles ofdiffraction which
it emits. The sample is spread in powder form on a glass slide that rotates uniformly about an
axis in its plane, thus increasing the number of possible orientations of the reticular planes and

avoiding preferential orientations.
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The Bragg's | aw governing diffraction 1is
order of diffraction (is an integer) and d(hkl) the distance between the reticular planes, where
the hkl indices indicate the direction considered in the crysbalafeertain d(hkl) value, and
monochromatic incident Xay radiation, diffracted intensities can only be observed from well
defined 2d (hkl) angles. The crystalline pha
reference diffractograms obtainedthe PDF database obtained by the International Center for
Diffraction Data (ICDD), which provides access to Joint Committee of Powder Diffraction
Standards (JCPDS) sheéihe disadvantage of this technique is that it does not make it possible
to demongtate the phases present in small quantities in the sample. Its sensitivity is about 1%

by mass and varies according to the elements contained in the sample to be analyzed.

The diffractometerusediBr uker AXS D8 Advance type equi
aL.ynxeye type Ilinear fast detector and a cop
were made with a measurement step of O0.02
integration time of 1 s.

3-2-3- Transmission Electron Microscopy (TEM)

Transmission microscopy is a particularly important instrument that allows to highlight
the micromorphology of the studied solids and the possible presence of crystalline defects,

amorphous phase deformations, etc...

The microscope consists of three mawmmponents: an electraptical column, a
vacuum system and the electronic elements necessarysfoperation (lenses, etc.)h@
column comprises a succession of electromagnetic lenses which influence the trajectory of the
electrons. Two categosefimages are formed in TEM:KHE highresolution image that results
from the interference of the different beatosning from the object and the conventional image
which is obtained after the selection of a single heHne first image allows the observation
of the sample at very high magnification, which gives us access to the measurement of the size
of the particles, the visualization of the grain boundaries, the atomic planes and columns of the

crystallized phases, etc...

Transmission electron microscopy (VIE characterization was performed using a
TECNAI TEM operated at 200 kV. The prepared powders were deposited onto acaalbeh
copper grid for TEM observation
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3-2-4- Inductively coupled plasmaptical emission spectrometry (IGBES)

The elementargnalyses allow to determine the quantity of each species present in the
solid. The results are expressed in mass percentage. The elemental analysis was performed by
inductively coupled plasmaptic emission spectroscopy #E® ICROES (Agilent) with
axially viewing and simultaneous CCD detection. {OBS operates using argon plasma into
which an atomized liquid sample is injected. Inductive plasma can be generated by directing
the energy from a high frequency generator to a suitable gas, usually argsampie is
ionized in the plasma and the ions emit light at different characteristic wavelengths which are
then measured. The quantitative determination of metal content in the catalysts was made based
on the analysis of certificated standard solution. T2fRe ExpertM software (version 2.0.4)
provides the concentration of metal in sample allowing estimating the weight percentage of Ce,
Cu, K, Na, Mn.The operating parameters of the instrument were continuously monitored to
ensure the maximum performance aglhbility of the ICROES results. All the analyses were
performed 40 min after the spectrometer was turned on to achieve a stable plasma as well as
constant and reproducible sample introduction.

The sample preparation was made by dissolving 10 mgied dnd ground samples
catalyst in concentrated aqua regia solution (RNQGI) (1:3, v:v). Theobtained solution was
heated up to 110°C in the Vulcan autodigestor for 2 h. Then, the solution was diluted up to

20 ml by ultrapure water before being analyzed by-IQES.

3-2-5- Textural properties analysis via BrunaudémettTeller (BET) and BarretJoyner

Halenda (BJH)

The textural propertieof the sampleswere studiedvia N2 adsorption desorption
measurements at liquid nitrogen temperawsig Tristar 11 3020 from micrometric8ET
theory aims to explain the physical adsorption of gas molecules on a solid surface and serves
as the basis for the measurement of specific surface areas. BJH analysis is a pore size
distribution determination method, which is typically applied toogén desorption data

measured osampleat 77K.

The mass used in our study is in the order of 500 mg. A degassing process is carried out
in advance to eliminate any impurities that may alter the experiment. For this purpose, the
sampl e i s hundetvacdumdot foul hduds. Th€tube is weighed again to determine
the exact sample mass. The adsorption process occurs when the tube is immersed in a Dewar

filled with liquid nitrogen. Desorption occurs when the sample is returned to room temperature.
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These processes are monitored by a catharometric detector (C T D) to measure the variation in
the thermal conductivity of gas streams, resulting from changes in adsorbate concentration. The
area of the peaks obtained is proportional to the amount of mtretgined at the surface and

then desorbed when the sample temperature rises. Knowing that in the case of nitrogen
physisorption at the temperature of liquid nitrogdn9 6 C), the siunogemce oc
molecule is equal to 18. 10%° m?, the number of adsorbed molecules can be evaluated to
determine the total specific area..

3-2-6- HydrogenTemperature Programmed Reduction {HPR)

Temperature programmed reduction is a technique that makes it possible to monitor the
behavior of a solid samplender a reducing atmosphere. This technique is often used in the
field of heterogeneous catalysis; it consists in heating the oxide material under a flow of

reducing mixture.

The monitoring of the quantity of hydrogen consumed as a function of temperature
makes it possible to draw a TPR profile and the evolution of reducibility (the quantity of
reducible species present in the material and the temperature at which the reduction phenomena
take place) of the sample analysis. The quantification of hydrogesuiegotion also provides
access to information such as the average oxidation degree of the active phase.

The TPR analyses were performed dvliarometricsAutochem Il device (2920). The
device consists of a thermal conductivity detector TCD (which detects and quantifies the
amount of hydrogen), a gas injection system consisting of mass flow meters and several three
way and sixway valves (to accurately caot the flow and circulation of the gas stream),a
furnace equipped with a thermocouple (to regulate the temperature rise of the sample), a
saturator equipped with a heating jacket, a water trap made of a mixture of liquid isopropanol
and liquid nitrogen (i protect the detector from the water formed during reduction) and a

station.

The sample mass is the function of the quantity of reducible species present in the solid.
In order to obtain results with better resolution, two parameters of sensitivity: Khape

resolution Phave to be calculated as follows
K=— (Eq.1)

P=080 (Eq.2)
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With S: initial quantity of species reducible to mwl,. Co: molar flow of active gas in mol/s

and D: rate of temperature rises in °C/s.

For convincing reults, it is recommended that K and P have values such as 55<K<150 and

20<P<50[2, 3. These values are respected in all our measurements

In our study,50 mg mass of sample is placed in &hé&ped quartz tube. The analysis
begins with degassing with argdor 1 hour at 150°C followed by coalj down to room
temperature. Threthe temperature was allowed to increase from 25 °C to 800 °C with a heating
rate of 10 °C/min under reducing gas which is a mixture of 5 vokPArtat a total flow rate
of 50 mL/min.

The surfacecalibration of the peaks obtained by the TCD is carried out as follows: 5
pulses of 5% HAr (50 mL/min) without passing through the solid studied, were performed
and their averagsurface igalculated. The volume of the injection loop of tlewice being 0.4
mL, the amount of hydrogen responsible for the average of the peak areas of the 5 pulses will

be evolved and then the amount of hydrogen consumed during our experiments is determined.

3-2-7- Temperature programed desorption {JPD)

Similar to B-TPR, thermedesorption of oxygen provides valuable information on the
RedOx properties of a metal oxide materTdle key principle is to heat the material in an inert
atmosphere and recogpectrumof exhaling gases (Q CO, CO, HO) desorled by mass
spectrometett is thus possible to quantify and characterize the different types of oxygen from

the material as a function of temperature.

Temperaturgorogrammed Desorption of2Q0.-TPD) tests were carried out with 0.05g
of catalyst under 5L/min of helium using Micrometrics AutoChem 2920 and the signal for
0., COand BO were detected using mass spectrometer. After pretreated at 105°C for 0.5 h in
50 mL/min of helium, the catalyst was exposed to 50 mL/min of 5 vol#deOfor 0.5h at
roomtemperature, then purging with 50 mL/min of helium forl®16 remove the physisorbed
O.. Then the sample temperature was increased from room temperature to 1000°C with a
heating rate of 5 °C/min. THeow is analyzed at the output of the assenvidya CTD detector
and a mass spectromeRdeifeer Vaccum, Omesistar, Quadripdl®/z = 32, Q; m/z = 18, HO;
m/z = 44, CQ m/z = 28, CQ.
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3-2-8- X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XASh surface analysis techniquighnwan analysis
depth of 10 nmlt provides qualitative information about the elemental composition, the
chemical environment of the elements and their oxidation state within the sample under study
and semiguantitative by determining the relative propont of the elements constituting the

surfaceof the materials

XPS spectra are obtained by irradiating a material withy<beam and simultaneously
measuring the kinetic energy of the electrons and their number emitted from the surface layer
of the analyed material. XPS is a technique based on the photoelectric effect, as enunciated by
Einstein in 1905, which consists of bombardi
the Xray range. The surface atoms of this sample are then ionized andesirens are
emitted by photoemission with a Kinetic energy Ec. The kinetic energy of the ejected electrons
is characteristic of the element, the energy level from which is derived and the chemical
environment of the atom. The use of photons whose waublenm the Xray range (between
10t and 10®° m) gives rise to xay induced photoelectron spectroscopyhich makes it

possible to reach the core and valence levels of the elements under consideration.
The energy balance of the photoemission of an electron is written as follows:
hg v=EE (Eq.3)

Where hg is the ener giythebihding dnergy bfithe ejettednt p h
electron which is the mandatory energy to bring tleeteon from its initial state to vacuum
level, &kist he ki netic energy of the electron ejec
for the electrons to be ejected in vacuum. During the analysis of weak arondactive
samples, the ejection of ptoelectrons indwgsa positive chargen the sample surfasehich
decreasethe apparent kinetic energy of the photoelectrons. This results in afdhiét peaks
towards higher bindingnergies. The low mean free path of photoelectrons in solids in the

kinetic energy range from 300 eV to 1400 eV makes XPS a surface analysis technique.

The XPS analyses were performed on a DLD Kratos Axis Ultra instrument equipped
with a monochromatic Al charge neutr-laghi zati c
vaaum conditions (18 mbar). The instrument is calibrated to the Au-4evel of metallic
gold with a binding energy of 83.96 eV. The higisolution spectra of the different regions are

collected using a bandwidth of 20 eV. The spectra are then proeesssgCasaxPS software.
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The atomic concentrations are calculated from the intensity of the photopics using the different
sensitivity factors provided by the software. The effect of static charge is evaluated using the
electron coming fronthe G(C, H) conponent of C 1s at 284.8 eV as a reference.

Associated calculation

U Calculation of atomic concentration

The stoichiometry of the sample surface can be estimated from the area ratio of XPS
peaks. The general formula for the XPS peak area is:

| = nsAnaCl T (Eq.4)

Wherel is the intensity of XPS peak, n is the atomic concentration of the elements, F is
thexray flux, G is the photo electronic cross
angular efficiency factor for the inst u me nt al arrangement , & 1 s
photoelectrons in the samples, T is the detection efficiency for electrons emitted from the

sample.

The atomic composition, nA/nB betweeraAd B atoms is the following:

— (Eq.5)

- (Eq.6)

i — (Eq.7)

U Calculation of average oxidation state

The binding energies of tleectrons of the differelements have been calculated. In
the specific case of the analysis of manganese, the 3s level of Mn was more particularly studied.
Indeed, this photopic has two components which can be explainee kbpubling of the un
ionized 3s electron with the 3d electrons of the valence band. The energy gap between these
t wo peaks gives information on the average

the AOS of Mn can be related as follows

AOS =8.9561 . 1 2 G4*6ipE (Eq.8)
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Mn AOS wasalsocalaulated by decomposition of Mn2mwre level The mat intense
Mn2pz/2 signal was considered for decomposition. Mypas been decomposed considering
a mixture of Mn (Ill) and Mn (V) which can be simulated by a mixture of Ma@d MOz
in accordance with the fit of M. Biesingéi]. For MnQ a set of multiplet peaks (6 peaks) have
been used, with a fixed relative intensitye full width at half maximumRWHM) is fixed at
the samevalue for the 6 peaks of each sample which is adapted for the passing energy used
herein, and differing in BE each other by a fixed difference. The only parameter left to modify
is the position in BEx 0.2 eV)of the peak located at the lowest BEor MnpOsz instead of the
multiplet an envelope Mi®©s (Mn (111)) wasused The BE of Mn (lll) was set at 1 eV of
difference with the peak of Mn (IV) located at the lowest BE.

3-2-9- Infrared spectroscopy (IR)

This technique makes it possible to study the detdithe molecular structure of the
sample. An infrared spectrum is obtained by passing an infrared beam throaghviR
samples and measuring the fraction of this incident radiation absorbed by the solid.

For a molecule to have infrared absorption baitdsyust have a permanent dipole
moment that interacts with the oscillating electric field of the incident infrared radiation. Thus,
for a molecule to be active in IR, there must be a change in its dipole moment during the period
of vibration.

The term Fouer Transform (FT) refers to a mathematical development in which data
is collected and converted from an interference model to an infrared absorption spectrum that

is like a molecular “fingerprint".

The various infrared spectra were obtained using a Thestientific iS50 total
reflection attenuation infrared spectrometer-ARR). The spectra are recorded using a
pyroelectric triglycine sulphate detector (DTGS). Samples are pressed directly between the
detector window and a diamond tip. For each spect@%i®,scans are recorded in the range
4000 to 200 cm with a resolution of 2 crh

3-2-10- Pyridine adsorption followed by infrared spectroscopy (IR pyridine)

Pyridine is considered as basic molecule (pKa = 5.2), because it process as lone pair of
electrons at the nitrogen available for donation to other species during bonding, and because it
can accept a proton from other species. It has been used to priftgef@sence and the nature
of surface acid sites. It can bond to the surface in three different mode: First modes involves

transfer of proton from surface hydroxyl group to the adsorbate (Pyridinium) and occurs with
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the surface act yHi)gSecarsl m&le ihvolges ceatdinationtokthe adsdPbate
through the electron lone pair to the metal of the oxmdktale place with the solid acting as
Lewis acid sites (PyL) and the third mode is hydrogen bonding (PyH) as shégura 3-2.

The discrmination of the different adsorption modes can be carried out by an analysis of the
vibration modes of the pyridine cyclesf, nsp, N19a N19y), the position of the bands varying
according to the adsorption mode. The strength of the acidic sites catinhatezs by the
evolution of the quantity of PyL or PyH+ sites as the spectra recording temperature increases.
The stronger the acidic sites, the higher the pyridine desorption temperature will be.

PyH PyH
= =
| PyL | N
™ N+ Physisorption
N = T'
f | H A <_>=
/ A ) P b
O N o) —i s
| * | 1 ! I 1
—X— —X— —X—
Figure 3 - 2: Pyridine bondn the surface
Pyridine adsorption followed by Fourier

pyridine) were recorded on a Thermo Nicol et

splitter and a M_(L,rTesjceItLetcita)rr. w2ith @ac@nssmwer e
range extending f rbme 40&€I10l twat 0O®ommected to

treatments. Al sraangpal tees mwoerrtea rg raonudn dwebrihe apr e s
sed dppowatfidrgs on2n2e,/0 12¢ nctmh e n  qplaad ed siampd e hol d
in a quartz cell eampped weth HKBti wabhddwend.
7mbar) at the temperature of 105AC. bRyr iadi ne

105AC). After that samples were _émhaacru)atfewlr ad
mi n tahnedhe spectra acquisition was performed.

a normalized wafer of 10 mg.

3-2-11- Raman spectroscopy

Raman spectroscopy is used in the laboratory for structure analysis and chemical

identification of molecules; it provides a wealth of information on molecular and crystalline
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structures, the nature of chemical bonds and intermolecular interactions. #catering
spectroscopy, as it consists in sending a monochromatic light on the sample, through a laser,
and analyzing the scattered light. Like infrared spectroscopy, it is a technique allowing the
observation of the vibrational states of the analyzedpound. Raman spectroscopy also
allows the observation of rotational states. During a Raman spectroscopy study, it is important
that the compound does not give rise to fluorescence since the spectral background becomes
too high.

The Laser Raman spectraMh based catalysts weperformedon a Xplora (Horiba)
spectrometer with red laser (785 nm) with 1 % laser intensity and acquisition time of 1h. The
laser power on the sample is controlieid a softwarecontrolled density filter wheel. A
resolution of abot 4 cm®. A x50 objective was used for the selection of the particles to be
analyzed and the recording of the spectra. LabSpec6 software allows data acquisition and

processing.

3-2-12- Time of Flight Secondary ion Mass spectrometry (T<&MS)

Time of Flight Secondary lon Mass Spectrometry (TOF SIMS) is a technique for
analyzing the extreme surface (about 1mm) with very high sensitivity. This technique consists
in bombarding the sample surface (<4 monolayers) by a pulsed source of primary ions such as
Bis*, Cs", Ga, Au’, etc. Once extracted from the surface, these are then accelerated by an
electric field to the timf-flight analyzer and their masses are determined by measuring their

time of flight to reach the detector. These ions have the same kinetgye

This method of analysis makes it possible to obtain & gend resolution in mass (>
10000), a study of the unlimited mass range and a 'parallel' detection of all the secondary ions
emitted. The mass spectra obtained are described for secondaagiarfunction of the m/ z
ratio and the isotope fragments can be detected.

In our work ToFSIMS data were acquired using F8RVIS5 spectrometer (IONOF
GmbH Germany) equipped with bismuth liquid metal ion gun 5LIMG. The powders were
crushed using aagate mortar and pestle and the standard tablets were prepared using a press
machine. The samples were bombarded with a puls&@@inary ion beam (25 keV, 0.25 pA)
rastered over 100m x 100nm surface area (128 x 128 pixels and 100 scans). Thefllietate
did not amount up to 1012 ions/énensuring static conditions. Charge effects were
compensated by means of a 20 eV pulsed electron gun. With a cycle time of 200 ps, data were
collected over a mass range m/z-33D0 for both positive and negativecendary ions. The
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fragments were identified by their exact mass, coupled with the appropriate intensities for the

expected isotope pattern. The mass resoluti@mmat m/z = 55 for Mhwas 2500.

3-3- Determination of catalytic properties of materials forthe total
oxidation of formaldehyde

3-3-1- Description of the setip

A schematic representation of the-gptis given inFigure 3-3. The complete set up
consists of four main parts: a)formaldehyde generation system, -byapor phase water
generatiorsystem, c} catalytic reactor, danalytical systenT he setup was constructed using
Swagelok 1/8nch diameter stainless steel tubing (except focttalyticreacto). The carrier
gas used for catalytic test is synthetic air consisting of 20% oxygeolume and 80% nitrogen
by volume. he carrier gas used for HCHO termodesorption is He. The total gas flow rate in

the catalytic test was set to 100 mL/min using a Bronkhorst mass flow meter.

Figure 3 - 3: Scheme of the setp of formaldehyde catalytic oxidation

a) _Gaseous phase formaldehyde generation

The gaseous formaldehyde was generated using a gas generator of the brand VICI
Metronics Dynacalibrator Model 150. This device consists of a permeation cheémrdegh
which the carrier gas can pass. The temperature of the chamber can be controlled from 5 °C to
110 °C (£ 0.01 °C). The total flow rate of gas passing through the permeation chiarh@@r

mL/min.

















































































































































































































































































































































































