FLUORINATED AND FLUOROCARBON COATING OF Ti@BY PULSED
PLASMA PROCESSING: IMPROVED PHOTOCATALYTIC OXIDATION

OF GASEOUS M-XYLENE AND MERCURY

by

SULAK SUMITSAWAN

Presented to the Faculty of the Graduate School of

The University of Texas at Arlington in Partial Fulfillment

of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON

December 2011



Copyright © by Sulak Sumitsawan 2011

All Rights Reserved



ACKNOWLEDGEMENTS

This is a great opportunity for me to express my respect tpettswns who have
gratefully helped and supported me during my doctoral study.

This dissertation would not have been possible without Dr. Richard Bndins
and Dr. Melanie L. Sattler whose are my dissertation co-advisbesie been fortunate
to work with Dr. Timmons since he is a greatest scientidtraentor. He always gives
me support, guidance and encouragement for both of my academic and |pespents.
| would like to thank Dr. Sattler for the support, suggestion and adliedas given me.
She is the person who brought me to the field of air quality. | widkddo acknowledge
Drs. Andrew P. Kruzic, Stephen P. Mattingly and Hyeok Choi to bmlmees of my
committee and contributed several suggestions. | would also like to thank you DhroJai C
for the exploring fluorine plasma application on the environmental stuDie Rajendra
Deshmukh for being a good companion and taught me sense of humor.

Last but not least, | am very fortunate to receive unconditiava &nd strong
support from my parents, my wife, family and friends. They the reason | can

overcome all hurdles and tough times throughout my study.

August 3, 2011



ABSTRACT

FLUORINATED AND FLUOROCARBON COATING OF Ti@BY

PULSED PLASMA PROCESSING: IMPROVED

PHOTOCATALYTIC OF GASEOUS

M-XYLENE AND MERCURY

Sulak Sumitsawan, PhD.

The University of Texas at Arlington, 2011

Supervising Professors: Richard Timmons and Melanie Sattler

Titanium dioxide (TiQ) is a preferred catalyst for photocatalytic oxidation of
many air pollutants. In an effort to enhance its photocatalytic activiB, Was modified
by pulsed plasma treatment. In this work, FiGanoparticles, coated on a glass plate,
were treated with a plasma discharge of hexafluoropropylene oMigEd) gas. By
appropriate adjustment of discharge conditions, it was discovereth¢h@tO, particles

can be either directly fluorinated (Ti-F) or coated with thénfluorocarbon films (C-F).



Specifically, under relatively high power input, the plasma depositioneps favored
direct surface fluorination. The extent of Ti-F formation inceglawith increasing power
input. In contrast, at lower average power inputs, perfluorocarbon frendegposited on
the surface of the Tigparticles.

The plasma surface modified Ti@anoparticles were subsequently employed as
catalysts in the photocatalytic oxidation of m-xylene, as exdmout inside a closed loop
batch reactor. Both types of modified Bi@ere significantly more catalytically active
than that of the unmodified particles. For example, the rate ewnstam-xylene
degradation was increased from 0.012 imith untreated Ti@ to 0.074 mift with
fluorinated TiQ. The plasma treatment converts the Jfarticles from hydrophilic to
hydrophobic. The more hydrophobic TiGurfaces will more readily adsorb non-polar
compounds, such as m-xylene, while simultaneously minimizing the cibnget
adsorption of water molecules. Additionally, it is believed thatpitesence of surface
fluorine atoms can contribute to decreased electron-hole recombsatiws further
increasing TiQphotocatalytic activity. Similarly, the promotional effect waso found
in elemental mercury, another non-polar compound, where the remtesalf relemental
mercuryobtained from fluorinated Ti©was 1.6 times greater than that of the untreated
TiO.. In contrast, fluorinated TiDshowed less reactivity than that of the untreated, TiO
in degrading acetaldehyde, a polar compound.

The study of the effect of relative humidity on m-xylene degtian revealed that
the optimum relative humidity for m-xylene removal was 10% i@ @intreated Ti®

The removal efficiency was observed to decrease progressigsdlye relative humidity



was raised above the 10% level. When fluorinated, M@s used as the catalyst, the
impact of relative humidity range from 0 to 40% was minimal. ifingbition effect of
water vapor was not observed until the relative humidity was raised to 60% and 80%.
The photocatalytic reactivity of catalyst used in successime was lower than
that obtained with fresh T¥OThe catalytic deactivation observed apparently results from
deposition of carbonaceous species deposited on the surface of thpafiiCles after
repeated use. However, it was discovered that subjection of thecatsdysts to an
oxygen plasma for 10 minutes was successful in regeneratingstatetivity to 96% of

its original activity.

Vi
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CHAPTER 1
INTRODUCTION
1.1 General

Air is one of the most abundant natural resources on Earth aad ale is
essential for human and all living creatures. However, air quabty become an
environmental issue of serious concern; larger populations, increasespdrtation,
expansion of industries and many other activities contribute inogeagiantities of
contaminants into the air. Unfortunately, human do not have the luxuryettt saly
clean air to breathe. As a result, many researchers arg toyfind solutions to control
emissions and to improve air quality.

Despite the fact that more environmentally friendly alteveaenergy sources,
such as wind, solar, or nuclear are increasingly available, ¢heefaains that industry,,
electric power plants, vehicles and households still rely on fhsdilas their primary
energy source. Fossil fuel combustion emits gaseous pollutantsdimgel carbon
monoxide, carbon dioxide, nitrogen oxides and volatile organic compoundssj\OC
the atmosphere. The burning of biofuel and biomass, the primary soureasrgy in
some countries, also add VOCs to the environment. These air pollgtargs many
threats to human health, ecosystems and economic systems worlsi@@s released
from anthropogenic sources are estimated as 186 Tg/yr. VOCs haveléned by US

Environmental Protection Agency (EPA) as any carbon compounds thapaakén



photochemical reactions in the atmosphere excluding carbon monoxide, darkioie,
carbonic acid, metallic carbides or carbonates, and ammonium ca&b@h& EPA,
20009).

VOCs are common pollutants in the atmosphere that are presentimbobr
and outdoor air. They cause adverse effects on human health swutigas, fsensory
irritation, nervous system disorders, asthma and cancer (Zhouz2Xl), Benzene and
1,3-butadiene are identified by the EPA as known carcinogens, (E6@9). Major
sources of VOCs include activities and industries based on foskiproguction and
consumption, which includes power plants, petrochemical industries, mbiolege and
sources that use biomass fuels (Koppman, 2007). VOCs are als@deleasgnificant
guantities from indoor sources such as paint, cleaning products, buildiegials, and
even cooking activities.

A major concern with respect to atmospheric emissions of VO@satsthese
compounds are intimately involved in secondary atmospheric reactionh,vitimany
cases, lead to production of even more noxious compounds. In a complexo$eries
reactions, which occur in the presence of sunlight, VOCs plus nitmgdes (NQ) lead
to ground-level ozone formation. Exposure to tropospheric ozone can casteaine
and respiratory disorders, as well as limit lung function; the effects carokeeserious in
elderly and children. Ground-level ozone can also damage vegetati@c@systems. It
has been estimated that each year in the United States axiseb600 million in lost
crop production (U.S. EPA, 2011). For example, xylenes and trimethylbenzae

highly reactive VOCs in forming ground-level ozone (Kwok et H997). Additionally,



VOCs are also implicated in the atmospheric formation of hightydized and
exceptionally hazardous compounds, such as peroxyacetyl nitrate (PAN).

In recognition of the atmospheric problems created by VOCsyraewentrol
technologies have been employed in attempts to reduce emission @ W the
atmosphere. The technologies evaluated for this purpose include absoismnptian,
incineration, condensation, biofiltration and photocatalytic oxidation (FRBRQWMA,
2000). The ultimate goal is to minimize or lower VOCs emissbomisw threshold levels
which are not harmful to human health and welfare. In general, dive mechanisms of
these control strategies include separating pollutants frongalsestream, capturing
pollutants, or converting them into other forms that are less or non-toxic.

A promising air pollution control technology, which have been developed, is
photocatalytic destruction and/or conversion of VOCs. Research ifielgidoegan with
the discovery of ultraviolet light-induced water cleavage byskima and Honda (1972),
as achieved using semiconductor catalyssénce then, many studies involving
photocatalytic oxidation of environmental pollutants by semiconductors baea
conducted. The most commonly used photocatalyst for this purpose ignitdroxide
(TiOy) due to its ready availability, stability, environmental acdaptg, and efficiency
(Kaneko and Okura, 2002). A photocatalyst, such as, aé@n oxidize VOCs leading to
ultimate formation of carbon dioxide and water, under extended reactwitions. In
addition to the VOCs, the photocatalytic semiconductors can congareetary mercury

into an oxidized form which is easily captured by wet scrubbexpbsn systems (Li



and Wu, 2007), and they have also been shown to be able to reduce nitrogencoxides
molecular nitrogen (Maggos et al., 2007).

The present study centers on examination of the possibility of gmgl@
plasma based surface modification technology to enhance the photacatetiyity of
TiO; in helping to improve remediation of VOC and Hg emissions to tmesghere.
Meta-xylene has been selected as a model VOC compound for thisguigsne is a
major VOC, typically found in industrial areas. Xylene is @i mainly from coating
facilities, gasoline, and combustion sources. In addition, xylenaotsan easily
degradable compound due to the stability of aromatic rings against oRidatid
reduction processes. Thus, it is felt that this molecule repteeseviable challenge in
terms of improving the photocatalytic activity of the Fi@nd that success with this
compound would likely translate to success with other important VOQo@anas.
Additionally, the present investigation also includes examinatiagheokffectiveness of
employing the surface modified Ti@ achieving more efficient oxidation of elementary
mercury emissions.

Plasma deposition is a distinctive and widely used technique to nsuoifgce
chemistry of a solid substrate (Timmons and Griggs, 2004). In rassscthe plasma
discharge has been employed to deposit thin polymeric films oneadrgebstrates. The
properties of these plasma generated films depend on severala@naarameters, for
example, type of monomer, applied power monomer flow rate and wqrkasgure. The
surface properties can be controlled by suitable adjustment $é trerameters in the

deposition process. The controllability of surface chemistry keyafactor that makes



plasma deposition superior to other techniques. In particular, variableytiéy pulsed
plasmas have been shown to provide exceptionally high levels of filmigtng control
and demonstrated in applications involving biomedical, environmental,riedct
devices, and material science (Cho et al., 2006, Timmons and Grigd$, 20@ddition

to polymer film depositions, plasma processing can also be eflgctweployed to
achieve surface modifications which involve atomic doping of the substraypically,
such doping is carried out under high power input conditions in which psutisktrate
ablation is accompanied by atom surface depositions. For exampks been shown
that F-, C- and N- atom doping of Ti@an be achieved via this route under appropriate
plasma conditions (Cheng et al., 2007, Cho, 2005, Liu et al., 2006).

1.2 Research Objectives

The primary objective of this research is to investigate theopht#lytic activity
of plasma surface modified TiOfor use in oxidation of atmospheric pollutants.
Specifically, the use of F-doped and perfluorocarbon coated fa® been investigated
for this purpose. The effectiveness of the surface-modified, WOcompared with
standard untreated T:QDegussa P-25) in terms of oxidizing gas-phase m-xylene,
acetaldehyde and elemental mercury.

A second objective is to investigate the impact of plasma tesdton TiQ
photocatalytic activity under differing conditions of relative hutyidiln this study, the
photocatalytic activity of directly fluorinated TQwill be measured as a function of

relative humidity, and compared with that of untreatecTiO



A third objective is to investigate the long term stability loé TiG,. As in all
heterogeneous catalytic studies, one is faced with inevitatdé/toa deactivation with
time on stream. In particular, the potential of employinglatively short oxygen plasma

treatment to regenerate the deactivatastocatalyst has been examined.



CHAPTER 2
THEORY AND LITERATURE

2.1 Volatile Organic Compounds and Meta-Xylene

2.1.1 Studies of Volatile Organic Compounds and Meta-Xylene

Volatile organic compounds (VOCs) are major air pollutants géygnasent in
urban and industrial regions. Anthropogenic VOC sources produce alkaness akene
aromatic hydrocarbons, as well as a variety of halogenated andnatgdecompounds,
(Koppman, 2007). VOCs are defined by United States Environmental Ryotégency
(EPA) as any organic compound that participates in atmospheric pbotmal reactions
except those designated by EPA as having negligible photochengaativity.
Photochemical oxidant species in the air affect human health, pyinmathe respiratory
system. The common pathway of getting these pollutants into human bdoly is
inhalation. Methane is typically excluded from the category off8§®ecause it is less
reactive in forming ozone. In addition to forming photochemical oxidarf®Cs are
believed to cause abnormal growth of embryos, including mutations (&lsmd
Jardim, 1997), hematological problems, and cancers (Kampa and Gagi20@). Many
VOCs are thus listed by the Clean Air Act as hazardous air pollutants.

Xylenes are aromatic hydrocarbongH&) which exist in three isomeric forms,
namely ortho-, meta-, and para-, as shown in Figure 2.1. Of these threesisomglene

is clearly the predominant compound used commercially, accountife@{60% of total



xylene production. In light of the extensive comai&r use of this copound, it was
selected as a representative VOC pollutant for #tigdly. Met-xylene is widely
employed as a solvent, particularly in the paimintpink, rubber and leather industri
(World Health Organization, 19S. Such widespread use of this compound prov

ample opportunities for its release into the atrhesg
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Figure 2.1Chemical Structure of (a) Ort-Xylene (b) MetaXylene (c) Par-Xylene

In recognition of this problem, a number of pricudies have focused ¢
reduction of mxylene release to the atmosphere. These studietoyedpa variety o
techniques to achieve this goal, including adsorp(Jo and Yang, 2009iofiltration
(Rene et al., 201(nd photocatalytic oxidatio(Boulamanti et al., 2008, D'Hennezel
al.,, 1998, Tseng et al.,, 20t. Jo and Yang (2009tudied xylene removal froi
simulated air streams by activated carbon adsarpiidich is a traditional pollutio
control method. The tested concentration -xylene was as low as 0.1 ppm, and
observed removal efficiency was 909The removal efficiencies observed us

adsorption techniques are typically reduced wittteasing pollutant concentrations, ti



a larger adsorption bed is needed which simultaneously increasassteeFurthermore,
the pollutant is not converted into a less toxic form; it is myet@nsferred from gas
phase to solid phase, which then requires additional waste management or regeoierati
the used adsorbent.

A study of m-xylene removal using compost inoculated with cultuteaeted
from a municipal sewage treatment plant as biofilter was conducted by Reng610).
Removal efficiency, when the initial m-xylene concentration @88 g/ni (81.4 ppm),
was 80%. However, when the inlet concentration was increased tonf.329/0 ppm),
the removal efficiency dropped to 72%. Moreover, the removal efficieopped
further to slightly over 60% during the spike loading of 1.5°g(821 ppm). This
indicates high sensitivity of biofiltration to inlet concentrationctuation, due to the
apparent adjustment period required by the microbes to respond to shock loading.

Nickel-doped TiQ was prepared by Tseng et al. (2009) via the polyol method,
with samples maintained at temperatures between 90°€18%5 0 — 60 minutes and then
calcined at 40TC in air for 4 hours. Photocatalytic activity tests were condueite
atmospheric pressure. An air stream, with initial m-xylene @atnation of 70 ppm,
flowed through the photooxidation reactor. Either untreated ®rQNi/TiO, coated on
granular silicate glass was used as a photocatalyst. Gatation was maintained until
adsorption equilibrium was reached. The removal efficiencies werasured at 54
seconds after the UV light was turned on. The results showed thktped TiQ could
improve photocatalytic activity of standard P25 TiQuith the m-xylene removal

efficiency increased from 33% to 60%. However, it should be noteéd tBa crystalline



size was decreased from 20.3 to 14.6 nm during the heat treatmeefoidehe higher
removal efficiency could be partly explained by particle size reduction.

Boulamanti et al. (2008) studied photocatalytic oxidation of VOCs,dnag) m-
xylene, using P25 Ti©powder coated on the inside of an annular reactor wall. The
surface TiQ concentration was 3.5 mg/énThe overall process employed was identified
as a continuous stirring tank reactor with recycle ratio mamedaat 6 over the entire
tests. The effective reactor volume was 20 mL, with the U\pl&onated just 8.25 mm
away from the photocatalyst. This experiment was conducted uselgtaely low m-
xylene concentration of 10.2 ppm. A maximum conversion of 92% was adhaétez a
60 seconds reaction time. Boulamanti reported that ethylbenzene wwateddy a gas
chromatography-mass spectroscopy technique as a by-product of xyleadatieg:

D’Hennezel and Ollis (1997) studied photocatalytic oxidation of nenglusing
P25 TiQ. Inlet m-xylene of 50 mg/t(12 ppm) was introduced at a flow rate of 0.83
cm’/s, using a 12.6 chrcontinuous flow reactor. They reported a maximum conversion of
72%, with no intermediate detected.

2.1.2 Degradation Pathway of m-Xylene

There are two degradation pathways of m-xylene when reactitly @i ,
namely H-atom abstraction and O&tldition, as shown in Figure 2.2 (Kwok et al., 1997,
Zhao et al., 2005). Zhao et al. (2005) studied the oxidation mechamis@#{finitiated
m-xylene oxidation by using ion drift-chemical ionization masscigpmetry. The
temperature was controlled at 298 K under a 80%@ah 20% Q@ environment. The

initial concentrations of OHand m-xylene were 20 — 70 ppb and 0.3 — 1.5 ppm,
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respectively. These workers report that the H-atom abstrasteminor pathway which
accounts for 10% of the overall reaction at ambient temperatdréoams methylbenzyl
radicals. The subsequent reactions of the methylbenzyl radidaks presence of Oead

to the formation of tolualdehydes, as illustrated in reaction pathway (a) shtwn be

"CH, H,0; H,O HO
(@) 0, NO é\ 0,
L —» —> —»

m-tolualdehyde

%
| + OH——
P — 2 6-dimethylphenol

(b) OH
ﬁ + 0 > Bicyclic radical
/

m-xylene-oxide/oxepin

Figure 2.2 Degradation pathway of m-xylene (a) H-atom abstraction (l@d0ition
(Zhao et al., 2005)

The major m-xylene degradation pathway was determined to bed@itioa to
the aromatic ring to form hydroxycyclohexadienyl radical, Wwhstbsequently reacts
with O, to form dimethylphenol, bicyclic radical and m-xylene-oxidepixeas shown

in pathway (b) in Figure 2.2. The bicyclic route is the mang ropening product
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pathway that ultimately leads to the formation of glyoxal othylglyoxal as the final

products of the oxidation, as shown in Figure 2.3.

dreds
J]I I
0 (G MW= methylglyoxal
SN T
NO \A

(D, MW=98)

Q\.@:@U HO O? (1, MW=T72)
—> —r 2\—'
NO

( W=98)
HO +0, HO HO 0,
M N DL =y S

0 (F MW=112) (J, MW=3%)

0, glyoxal
L»
\\"
l (G, MW=154)
?//\E\(ll MW=154)

Figure 2.3 Mechanistic diagram of the bicyclic pathway fronf @iiated oxidation of
m-xylene (Zhao et al., 2005)

|

The subsequent reactions involved in the m-xylene-oxide/oxepin pathhneay a
shown in Figure 2.4. The addition of Ob m-xylene 1,2-oxide leads to ring cleavages
which are followed by H-abstraction by, @ produce 2-methyl-6-0x0-2,4-heptadienal

(M) or 4-methyl-6-0x0-2,4-hexadienal (N), are illustrated in Figure 2.4.
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Figure 2.4 Mechanism pathways of m-xylene-oxide/oxepin from @iiated m-xylene
oxidation (Zhao et al., 2005)

2.2 Photocatalytic Oxidation

2.2.1 Background of Photocatalytic Oxidation

Photocatalytic oxidation is gaining attention from researchera @somising
technique to degrade air pollutants, especially VOCs (Tomasic l.et2@08).
Photocatalytic oxidation reactions can effectively degrade hydvooagas pollutants, at
atmospheric temperature, to carbon dioxide and water afterisofficlong reaction
times. Furthermore, a common and effective photocatalyst i Wkich is a relatively
safe material, as it is widely used as white pigment in pgaimven as a component in
toothpaste. The ultimate source of oxygen in this oxidation processlésular oxygen,
which is far less harmful than other strong oxidants, such as hydpsgexide or ozone

(Mo et al., 2009).
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Photocatalytic systems have the potential to oxidize, as weddage, a variety
of air pollutants, rendering them less toxic or non-toxic. Exangflesuch reactions by
photocatalysis include oxidation of volatile organic compounds (VOG=d@nd Chen,
2011), malodorous compounds (Portela et al., 2010), and mercury (Li et al., Z11).
important example of a potential beneficial reduction procesghas involving
conversion of carbon dioxide to useful hydrocarbon compounds (Abou Asi 20HL).
Additionally, it might be noted that photocatalysts have also shown iggofor
degrading various inorganic and metal ion wastes, and even biolpgtbalgens such as
bacteria and viruses (Cho et al., 2001, Zhang et al., 2001, Zhang et al., 2000).
Photocatalytic systems, via absorption of ultraviolet light, providehax@sms whereby
pollutants can be reduced or oxidized by electrons and so-cptisidive holes,
respectively, as generated by photon absorption by the catalysts.

2.2.2 Mechanism of Photocatalytic Oxidation

Photocatalysis, as the name implies, are materials whicleeteea reaction in
the presence of a suitable photon source. Semiconductors arelyyprogloyed as
catalysts in photocatalytic reactions due to their ability to predconduction band
electrons (g, and valence band holes™{) by absorption of light of appropriate
wavelength. When a semiconductor absorbs photons, an electron isl dsamethe
highest occupied orbital to the lowest unoccupied orbital, leavirgjemtron vacancy in
the valence band, called a hole with a positive charge. The éx@iéetron in the
conduction band and positive hole in the valence band are called an elat&aqgrair.

The photocatalysts must absorb photons having energy which istatdeas or greater
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than the band gap energy between the conduction and valence band to prdduce e
< and Hy,. In the case of the semiconductor Tithe generation of g and A, can be
represented simply by the following reaction:
TiO, +hv— h'yp + € (2.1)
The &, and Ry, so producedcan migrate to the surface of the Fi@nd induce
reduction and oxidation reactions with electron acceptor or donor speespectively,
adsorbed on the surface of semiconductor. Figure 2.5 illustrates thedl @yagamics

involved in a typical semiconductor based photocatalytic reaction.

UvNVIS
Radiation

hv>E,,

Figure 2.5 Photophysical and photochemical reactions in
a semiconductor (Oppenlander, 2003)

In the presence of water, including either adsorbed water meseoulhydroxyl
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ions on the surface of the photocatalyst, oxidation'lyrhay occur as illustrated below,
in Equation 2.2. The products of this reaction include hydroxyl radi€ds)( a very

potent oxidizer species. Therefore, water vapor in the aarstican exert an important
role in photocatalytic oxidation reactions because it can functiansasirce of hydroxyl
radicals.
LOHF Wy — OH + H' (2.2)
Since hydroxyl radicals are extremely reactive specidsitgmatis adsorbed on the
surface of the semiconductor are readily oxidized. The redox pdtentiaydroxyl
radicals of +1.98 V is relatively high (Koppenol and Liebman, 1984). jlissslightly
smaller than the reduction potential of ozone, +2.07 V (Oppenlander, 2003), which i
known as a strong oxidant. Thus, Optovides an effective route in mineralization or
degradation of organic compounds. There are several chemical pathwaykidh
hydroxyl radicals can oxidize organic and inorganic substratel, asielectron transfer,
hydrogen abstraction or electrophilic addition. These oxidation patharayshown in
Equations 2.3 to 2.5.
OH + M' > M™ + (OH) electron transfer (2.3)
OH" + R-H - R +H,0O hydrogen abstraction (2.4)
OH’ + R.C=CR, —» ‘CR~C(OH)R, electrophilic addition (2.5)
The complete photocatalytic oxidation of VOCs will result in faioraof carbon
dioxide (CQ) and water (KO). The net degradation reaction of a VOC by hydroxyl

radical can be expressed as Equation 2.6.
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OH +VOC +Q — nCQ, + mH,0 (2.6)
Photoexcited electrons, as well ag produced by photon absorption, can react

with adsorbed oxygen (fqs) to form superoxide radical anionsxQ, as exemplified in

Equation 2.7.
Oz(ads)t €cb— O (ads) (2.7)

Consequently, the superoxide radicals, which can function as strong geducin
agents, also have the potential to react with various VOCs.

The photoreduction can also occur via simple direct electron trdnsfierexcited
conduction band electrons to the adsorbed molecules. For exampleiomehél” can be
reduced by g, to their elemental form, Mas exemplified in Equation 2.8.

€ + M5 MO (2.8)

In the absence of any adsorbed species, the photo-promoted conduction band

electron simply recombines with the valence band holes, as expressed in Equation 2.9.
€+ h'yp— heat (2.9)

In fact, this recombination of @ and H,, can occur even in the presence of
adsorbed molecules, and this represents an important limitati@mnis of the overall
catalytic efficiencies which can be achieved. Clearly, #ificiency of pollutant
degradation is strongly dependent on the lifetime gfamd H,p. In the case of Tig) the
lifetime of electron/hole pairs is believed to be relatively sheor example, it has been
reported that photogenerated electron / hole pairs in g@@icles recombine within 30 +
15 ns (Moser et al., 1987). Obviously, if the lifetime &f and H,, pairs could be

increased, higher rates of photocatalytic activity would be achieved.

17



In light of the above discussion, an outline of a typical semiconductadbas

photocatalytic reaction scheme is shown in Figure 2.6.

Nominal O O, Adsorbed on

>_ Particle Surface

Catalyst
(Semiconductors:
TiO,, ZnO, Fe, 0,
CdS, ZnS etc.)
y
k Primary Reactive
Oxygen Species
~H,0
Adsorption/ -0, 0,
Desorption M H,0
Y
Oxidation M{ Secondary
E— Oxygen Species

Products (H,0,/HO,, HO,+, HO,+/O,+)

Figure 2.6 Scheme of photocatalytic oxidation reactions; M and N represetnatibs
molecules with different reduction potentials (Oppenlander, 2003).

2.2.3 Titanium Dioxide as a Photocatalyst

A rather wide variety of semiconductors have been employed ascalalysts.
Typically, photocatalysts are metal oxides or sulfides: fomgye, CdS, ZnS, EOs,
Zn0O, SnQ and TiQ. However, the most widely used catalyst in photocatalytic tigidla
is titanium dioxide (TiQ) due to its strong oxidative ability, exceptional stabilitygdevi
availability and relative low cost (Kaneko and Okura, 2002, Ollis, 200G:sRagtr,
1995). TiQ exists in three different crystalline structures, namahatase, rutile and
brookite. Among these structures, anatase and rutile have been edhpiogumerous

photocatalysis studies. However, it is interesting to note thae where have been
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relatively few reports involving brookite, this crystalline form agmseto be gaining
increased interest; it has been reported that brookite is mateeleemically active than
anatase (Pan et al., 2009). Redox potential$,gahd &, of TiO,, compared to standard
hydrogen electrode (SHE) of 0.00V, are +2.53 eV and -0.52 eV, respeciiheyband
gap energies of anatase, rutile and brookite are reported to be 83ue\ét al., 2010),
3.0 eV (Sun et al.,, 2010) and 3.5 eV (Zallen and Moret, 2006), respeciiedge
energies correspond to photons having wavelengths shorter than 385 nm.i@gus T
unfortunately, can utilize only a relatively small fraction ¢ #olar spectrum. Figure 2.7
illustrates the energy band gap of 7i@nd various processes which are energetically
possible on the surface of TiOfollowing absorption of photons of appropriate

wavelength.

vs. SHE

052 ¢ b Hy/H50 (-0.413)

-0.45 i‘\” Ti3+-OH ﬂ;m;-' (-0.28)
— H L

+0.28 NG -

Fe(CN)g+/3-(+0.36)
—+1 02/H20 (+0.83)

H704/H30 (+1.35)

—=+2_ 03/H30 (+2.07)
T *OH/H;0 (+2.27)
h® h® — +3

(pH=7)

+2.53

Figure 2.7 Energy band gap of Li@nd redox potentials process
on the surface of Tig{Kaneko and Okura, 2002).
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Thus, one of the main practical drawbacks of using, Bi®a photocatalyst is its
energy band-gap of 3.0 eV, or higher, which automatically elimsnttte major portion
of the sunlight photons present in the troposphere. In addition, therevarether
important limitations which must be considered in terms of, ibtocatalytic activity.
One of these is the inherent, aforementioned, extremely rapid recaiohiof electron-
hole pairs. The other concern is that of catalyst deactivatiantiove on stream, which
can result from the accumulation of adsorbed product intermedites, reducing
catalyst activity (Mo et al., 2009).
2.2.4 Modification of Ti@to Improve Photocatalytic Activity

In light of the above considerations, several studies have been condaocted t
improve photocatalytic degradation of air pollutants over,Tgatalyst. These prior
investigations have included doping Bi@ith transition metals such as Ni (Tseng et al.,
2009), Fe (Liu and Chen, 2009), Cu (Xu et al., 2010) or Mn (Chen et al., 2010), in
attempts to broaden light absorption into more of the visibl@medior example, the
study of Di Paola et al. (2001) revealed that impregnating Wit Co, Cr, Cu, Fe, Mo,
or V atoms shifted the bandgap to longer wavelength, thus extendingrptados
somewhat further into the visible region. However, unfortunatelyetiveskers report
that the photocatalytic activities of transition metals doped, p@ticles were actually
lower than the undoped control materials. The authors believe thisadedr
photocatalytic activity resulted from an increased recombinaatam of electrons and

holes, as promoted by the transition metal ions.
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TiO, has also been doped using a variety of other materials, incladnbgn
(Cheng et al., 2007), nitrogen (Ananpattarachai et al., 2009), sulfur (gL, &005),
fluorine (Chen et al., 2009, Ooka et al., 20@4ll tetramethyltin (Cho et al., 2006).
Doping of carbon on titania catalyst, achieved using a combustion methed, wa
conducted by Cheng et al. (2007). C-doped titania showed high photocatetiity in
degradation of 4-chlorophenol under visible light. Nitrogen doping decredmsed t
bandgap of P-25 TiOfrom 3.20 eV to 2.85 eV and it was active under visible light as
shown by the oxidation of 2-chlorophenol (Ananpattarachai et al., 2009)r-8aped
TiO, was evaluated as a disinfectant and exhibited strong bacteracthaty under
visible light irradiation againd¥licrococcus lylagYu et al., 2005). Surface fluorination
of TiO,, prepared by a sol-gel method, was reported to enhance the photmcataly
degradatioin of Rhodamine B (Chen et al., 2009). Ooka et al.(2004) imdreagface
hydrophobicity of TiQ by synthesizing Ti@pillared clay and observed an improvement
in the photocatalytic oxidation of toluene and trichloroethylene remo@ab et
al.(2006), employing a plasma polymerization technique, depositech ecahating of
tetramethyltin on the Ti®@and this film was subsequently oxidized to tin oxide by
calcination.  Subsequently, these tin oxide coated, Tni@noparticles exhibited a
significantly enhanced oxidation rate of acid orange as measured in aquedios sol

There have been several attempts to improve, filbtocatalytic activity by
using anions, such as POand SG*. For example, Yu et al.(2003) reported that
phosphate/Ti@had a higher activity than commercial P25 for photocatalyticadiegion

of n-pentane in air. They attribute this enhanced activity toedsed band energy,
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accompanied by a higher surface area. Muggli and Ding (2001) mednphotocatalytic
activity of SQ?/TiO, for toluene oxidation. They report that the unmodified . Ti@as
more active than sulfated TiGit room temperature, while the IO, had higher
photocatalytic activity at the higher temperature of 373 K. Salfaobn TiQ helped
prevent the conversion of the anatase phase to rutile, which is knolwe @sg active
form due to its high recombination rate af@nd Hy, and its low ability to photoadsorb
oxygen (Augugliaro et al., 2010).

Fluorination is another surface modification that has been employed enlfligD
believed that a surface Ti-F group can strongly bind freerefegtthus reducing the rate
of recombination betweeriJgande ¢ (Park and Choi, 2004a). A study of photocatalytic
activity of fluorinated TiQ was conducted by Park and Choi (2004b). Fluorinated TiO
film was placed next to a stearic acid coated glass, wsfhaee of 3um between these
two surfaces to avoid direct physical contact between photodasaigigarget pollutant.
The result showed that stearic acid was degraded in the cés€,afrhile no stearic acid
degradation was observed in case of standard. Tihe authors concluded that
fluorinated TiQ more readily produced OHree radicals that could mobilize and react
with pollutant that was not adsorbed on the JT&rface. Thus, the photocatalytic
oxidation reaction was not limited to the surface of the catalysither fluorinated TiQ
study, carried out by Yu et al.(2009), involved fluorinated ,Ti&€& prepared by
hydrothermal treatment of precipitates of tetrabutyl orthotimnan NHHF,-
H,OC,HsOH mixed solution. Photocatalytic activity of fluorinated and waige TiQ

were compared using acetone vapor oxidation. The catalyst wasbilized on glass
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plates and loaded into a glass chamber where liquid acetenmjeeted into a chamber
to test photocatalytic activity of the catalysts. The ressiiswed that photocatalytic
activity of fluorinated samples were clearly higher than thatirdfeated Ti@ These
authors attributed the increased catalytic activity of tlfed materials to their ability
to more readily create OH radicals. The measurement of ®&s done by a
photoluminescence (PL) technique using terephthalic acid as probeutaoldgdroxyl
radical readily reacts with terephthalic acid, producing a hifjabrescence product, 2-
hydroxyterephthalic. The intensity of the PL spectra is propmatito the amount of
hydroxyl radical generated in water by the photocatalytictieas. It was reported that
fluorinated TiQ generated significantly more hydroxyl radicals than untreai€d. T
They claimed that free hydroxyl radicals (@H), created in case of fluorinated RO
had good mobility, as they are not tightly bound to the, B@face. However, Yu et al.
assumed that the hydroxyl radicals generated from Ti-Reekis the form of ONce
There was no direct evidence which proved that the hydroxyl radicabted by Ti-F
were OHgee not surface adsorbed OH

The distinction between reactions of QK and surface hydroxyl radical are
shown in equations 2.10 and 2.11, respectively (Chen et al., 2009, Park and Choi, 2004b,

Park and Choi, 2005).
Ti-F + H,O (or OH) + h'yy, — Ti-F + OHfee+ H' (2.10)
Ti-OH + Hy — Ti-OH" (2.11)
Several workers have investigated the band structure ofrfudioped TiQ by

UV-Visible diffuse spectra analysis. However, controversy remains aangehe effect,
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if any, of the F doping on the optical properties of JiGGome researchers reported that
doping of fluorine does not change light absorption properties of Wi respect to
bandgap narrowing or creation of a new absorption band (Augugliarg 2040, Chen

et al., 2009, Yu et al., 2009). The apparent absence of any effeeti@pirkg on the TiQ
bandgap is in agreement with the theoretical work of Yamakil.e2803) whose
calculations show that F- localized energy levels are lodskxv the valence band of
TiO, and, as such, should not change the optical properties. On the otheY inaha)|
(2002) have reported that TiGQpowder, doped by fluorine via a hydrolysis process,
exhibited stronger UV-Visible absorbance, which included a shift iTiBgbandgap to
longer wavelengths (a so-called red shift).

With respect to the photocatalytic activity of F-doped JJi§everal workers have
reported increased activity with F-doping. For example, accordinlg et al. (2005),
fluorine doped TiQ powder, prepared by a spray pyrolysis technique, exhibited high
photocatalytic activity for decomposing acetaldehyde and trichlbytene. This
enhanced activity is attributable to oxygen vacancies (F armbriters), which provide
two intermediate energy levels at 0.53 and 0.84 eV below thecbi@luction band, thus
shortening the bandgap energy and extending the photoactivity furtbethe visible
region of the spectrum. UV-Vis absorption which was observed in hi.'st work is
shown in Figure 2.8. A slight red shift observed reflects the tfadt T-900 sample

contained rutile phase TiO
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Figure 2.8 UV-Vis absorption spectra of F-doped JIpOwder (Li et al., 2005).

One recent study involving surface modification of FiOf particular relevance
to the present work, involved co-doping of FMith carbon and fluorine, as achieved by
hydrolysis of Tih and a-D-glucose as a precursor to carbon doping. This co-doping
increased photocatalytic activity of styrene destruction undebleisight (Lim et al.,
2008). The enhanced catalytic activity was attributed to the hegtr@negativity of
fluorine in trapping electrons, thus reducing the electron-hole reoatdm rates.
Additionally, the band gap energies of fluorinated and fluorine/carbon codafed T
were reduced by 7%. However, it is also important to note thapnimast to the styrene

study, fluorinated Ti@Q has been reported to be non-effective in enhancing the
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photocatalytic destruction of toluene and actually inhibited the pholtpmatexidation
of benzene (Lewandowski and Ollis, 2003a).

In summation, although there are obviously conflicting reports on theteff F-
doping of TiQ on catalytic activity, the preponderance of studies do indicate itha
general, increased photocatalytic activity is observed. This erthauteity has been
attributed to more efficient creation of free O&hd to reductions in the rate of electron-
hole recombinations. With respect to F-doping changes ia Ba@d gap, the situation is
less clear, although the preponderance of evidence would suggeso tmeagureable
changes in band gap are observed.

2.3 Photocatalytic Oxidation of Elemental Mercury

Atmospheric mercury can be present in elemental, oxidized, andubetei
bound forms. Many studies have reported that between 97 and 99% of theyrmeeiur
is in the form of elemental mercury (AgGranite et al., 2008). Elemental Hg and its
compounds are toxic, especially to human neural systems. Exposwcessiee levels
of mercury can cause impaired motor and cognitive skills, as asllpotential
cardiovascular, immune, and reproductive system impacts (U.S. EPA, M&¢€ury is
anthropogenically released into the air when coal, oil, wood, or nyecmntaining
wastes are burned. Airborne mercury can deposit on water bodieg wvia wet or dry
deposition. Gaseous mercury has a relatively long atmospHertarie of 0.5-2 years
(Lamborg et al., 2002), which allows this pollutant to travel longadists from its

source of origin. In water bodies, biological processes transfofhtoHgethylmercury
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(CHsHg"), an extremely toxic form of mercury which is unfortunatedadily bio-
accumulated in fish.

At the present time highly effective control strategies toreese airborne Hg
emissions are sorely lacking (Li et al., 2011). Traditional conédhriologies, such as
adsorption by activated carbon, can reduce up to 90% of Hg emisssandituminous
coal, which are mostly present as oxidized mercury )H@xidized mercury is readily
adsorbed on the adsorbent and consequently captured by particulate dewiceks.
Hg®" is water soluble and can be easily captured using scrubber teghrad another
method of removal (Li et al., 2011). However, elemental mercuryptédominant
species when sub-bituminous and lignite coal are burned, can only be 6@mo4ed
by activated carbon adsorption due to its high mass-transfstares which permits Hg
to slip through the adsorbent bed (McLarnon et al., 2005). As a result, coettadds to
oxidize HJ to Hd*, or remove HYwith significantly higher efficiencies, are needed
(Alptekin et al., 2003). In order to oxidize Hgtrong oxidants are required becaus® Hg
is relatively inert material (Granite et al., 2008). Eleraknercury can be oxidized by
photolysis of ozone (§), which produces an oxygen atom free radical (O). For example,
a study by McLarnon et al.(2005) stated that ozone exposure togbtvoli wavelength
254 nm oxidized Hyto Hg". Li and Wu (2007) reported that SiDiO, had the
potential to oxidize Hyfrom coal combustion flue gas due to the relatively high surface
area and more open structure of S0, which can accommodate more Hgolecules.
The rate of photocatalytic Hgxidation increased when the inlet concentration of Hg

increased when no water vapor was presented. In case of the atifseater, OR could
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be formed in another route by the reaction between the amd surface hydroxyl
originated from silanol (Si-OH) groups. Silanols were producechydrolysis and
alcoholysis during photocatalyst preparation process. This studyfa@sd that the
removal of H§ was inhibited by the presence of water vapor, which is unforfynate
abundantly present in flue gases, due to competitive adsorption of evatie TiQ
surface.

Elemental mercury in air can be photocatalytically oxidized mercury oxide
(HgO) by TiQ, at ambient temperature (Snider and Ariya, 2010). Under UV irfadjat
OH’ can be created from oxidization of adsorbed water molecules ofi@Gheand the
OH’, in turn, oxidizes HYinto HgO. This oxidative process is expressed as follows (Li

and Wu, 2007, Snider and Ariya, 2010):
OH' + Hg” - HgO (2.12)

A recent study (Jeon et al., 2008) of photocatalytic oxidation fdt wéing
nanotitanosilicate fiber, which had a surface area of 4%,nwas conducted in a
continuous flow reactor. The inlet Pigconcentration was 40@g/m® and it was
introduced at the flow rate of 50 &min. A maximum removal efficiency of 78% of Pig
in air was observed under UV irradiation. Jeon et al. explainedybtineft large moisture
content in TiQ amorphous attributed to the highHmpnversion. Li et al. (2011) used the
high surface area photocatalyst $i00,-V,Os to photooxidize HYfrom simulated flue
gas. The surface area of $SiiO,-V,0s was 250 g, compared to 50 ffy for standard

P25 TiQ. It was also reported that this catalyst combination removed 80% of the Hg
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temperature of 13& when the inlet Hyconcentration was 70g/m°. However, the HY
removal efficiency dropped from 80% to 44% when water vapor vaasased from 0%
to 8%, respectively. Thus, water vapor in the air stream hadragsithibitory effect on
Hg® degradation, presumably due to the competitive adsorption on the active sites.

2.4 Effects of Relative Humidity on Photocatalytic Activity

The influences of water vapor on the photocatalytic activity of, Tieve been
widely investigated because it impacts the oxidation rate<O&s/ However, as in much
of the TiQ literature, conflicting results have again been reported wsihex to relative
humidity effects on oxidation rates. In fact, inhibition, neutral (fectf and activity
promotion effects of humidity on photocatalytic activity of Fikave all been reported,
depending on the particular pollutants examined (Raillard et al., 200ggrall, two
potentially conflicting roles of water molecules have been sugbesith respect to
increasing or decreasing the efficacy of Fighotocatalytic oxidations. On one hand,
water may serve as an important source of @Hicals, generated as shown in Equation
2.2, a species which can function as a strong oxidizing agent to rgqothwEants. It has
been reported that the amount of Optoduced is proportional to the adsorbed water
molecules (Boonstra and Mutsaers, 1975, Lawless et al., 1991). Thus, bated on
consideration, a higher amount of water would be predicted to promateased
photocatalytic reactions. However, there is a potential inhibitogy walter vapor could
play that would reduce the photocatalytic decomposition rate of pollutpesifically,
when larger amounts of water vapor are present, competitive adeofpt TiO,

catalytically active sites between water and pollutant nutgsccould take place. As a
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result, decreasing photocatalytic oxidation rates could be observedoifhation of
adsorbed water molecules on Fi@as recognized by Gregg and Sing (1982), who
proposed that water can be both chemisorbed and physisorbed on the elifa0;.
Two types of chemisorbed water have been suggested, eithesCadigdnds or as
hydroxyl (OH) groups formed by the hydrolysis ofCHvia interaction with the Tt and

O? ions. Ligand adsorption is a rapid process. After the layer of chewei water is
formed, additional water can be physisorbed on the chemisorbed [&hes.
physisorption takes place by hydrogen bonds between ligand matecules and the
surface hydroxyl groups.

Pichat (2010) has suggested that oxygenated organic pollutants mmay fo
hydrogen bonds with water, thus disorganizing the water network thatscitnee TiQ
surface and in this manner assisting access of the organiessfrecthe surface of TiO
However, in the case of non-polar organic pollutants, which cannot fatrodsn bonds
with water, the adsorbed water would presumably act as abévriprevent organic
molecules from accessing the GiGurface. The results from several studies appear to
support the suggestions of Pichat. Beneficial influences of humidity grhtstecatalytic
oxidation were observed with methyl ethyl ketone (MEK, butanone)llg§Rhiet al.,
2005), 2-propanol (Vildozo et al., 2010), and acetone (Coronado et al., 2003). These
pollutants are oxygenated organic pollutants whose further oxidative destiion rates
were promoted by higher concentrations of water vapor. In contrestpresence of
relatively high concentration of water vapor appeared to functi@nashibitor in the

photooxidation of non-oxygenated organic compounds such as chlorobenzeng €Zhan
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al., 2007), toluene (Quici et al., 2010), 1-3-butadiene (Obee and Brown, 1995) and
cyclohexane (Einaga et al., 2002). Thus, the reports noted above camshikeied to be
in line with expectations predicted by Pichat. Unfortunately,etheve been several
studies in which the results did not agree with Pichat’'s exptargatiFor example, an
improved rate of photooxidation of toluene, benzene and cyclohexene witittéasing
of humidity was reported (Einaga et al., 2002). These are three narepolgounds in
which the presence of additional water should have been inhibitoryureratcording to
Pichat. However, Einaga et al. (2002) suggest formation of additiyoaabxyl radical
under higher humidity as the reason for the observed accelerapbotwoxidation rates.
Also to be noted is the inhibitory effect of water on an oxygenatganic compound as
reported by Peral and Ollis (1992), who tested photooxidation of acetoneliMdight
using P25 TiQ in a plug-flow reactor. In fact, they reported that the rafe
photooxidation of the acetone dropped dramatically by 75% when theedhatmidity
was increased from 250 to 9000 md/meral and Ollis also investigated the effect of
moisture on 1-butanol and m-xylene. They found that water had no infloentes 1-
butanol conversion in a range of water concentration of 250 — 408Gnindhe m-
xylene removal rate, tested at water concentrations of 0 — 5508°mgas promoted
when the water concentration was below 1000 migimad inhibited above that value.

The effect of moisture on the photocatalytic oxidation of MEK, a kigldter
soluble compound, was investigated by Railard et al. (2005). Theveehatmidity was
varied between 0% and 30% in a batch reactor that usedPR®powder deposited on a

glass plate. The rate of photocatalytic oxidation doubled when ldteveehumidity was
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raised from 0% to 30%. However, it should be noted that the Landi#mshelwood
adsorption constant decreased from 0.44@no 0.115 n¥g. These results indicated that
more water molecules increased the formation of @il improved MEK removal rate,
despite the fact the increasing relative humidity led to a dtecpease in the MEK L-H
adsorption constant.

Photocatalytic oxidation of chlorobenzene (CB), a moderately solubipaamd
in water, was conducted by Zhang (2007) under relative humidity comslitanging
from 12 to 80%. Powdered P25 TLi@as slurry coated on the inside wall of the batch
reactor, where UV light was irradiated. The initial GBhicentration was 740 mgimA
severe inhibition effect of water vapor was observed on CB photo @ddatithat the
percent conversion of CB decreased from 98% to less than 50% ratathe humidity
varied from 12% to 80%.

A study of the influence of relative humidity on trichloroethylevees conducted
by Amama et al. (2004). Relative humidities of 25, 50, 75 and 100% weleysd in a
batch reactor, using UV light as the energy source, p@vder was coated on a glass
fiber cloth via a sol gel technique and the catalyst densitgyréace area was 4.8 g/ém
The trichloroethylene removal rate increased from 52 to 71% wélative humidity
increased from 0 to 25%. However, an inhibition effect of water veyasr observed at
relative humidities above 25%.

Geng et al. (2010) examined the effect of RH ranging from40%. They found
that relative humidity of 20% was the optimum for cyclohexane removagir

experiment was conducted in a fluidized bed annular reactor, whictexpested to
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provide higher mass transfer and higher UV emission to the photatataly initial

cyclohexane concentration of 7.5 mg/L was introduced into the readt®%Aelative
humidity, a removal efficiency of 40% was observed. The peak removaR%f was
observed when the relative humidity was increased to 20%. Atveelaimidities above
20%, the removal efficiency started to decrease; for exampiemaval efficiency of
39% was observed under 40% relative humidity.

Sleiman et al. (2009) investigated toluene photocatalytic oxidasorg 100%
anatase powder coated on fibrous paper in a plug-flow reactor. Theant=ntration of
toluene was 120 ppb at a flow rate of 350°%cnin. Relative humidity ranged from 0 —
70%. The optimum relative humidity was in the range 0-20%, whereraimeval
efficiencies were 95%. The removal efficiency dropped gradualltha RH increased
reaching a value of 85% when the RH was raised to 70%.

Quici et al. (2010) also studied the effect of moisture, empldgidgralues of 0,
10, 33 and 66%, in the air stream during photocatalytic oxidation of tolUéreUV
light irradiated P25 Ti@coated on ring-shaped media called Raschig Rings, having an
internal diameter of 4 mm, external diameter of 6 mm and 20 mgthePlacing several
Raschig rings inside a tubular flow reactor could increasetaféesurface area of the
catalyst. Quici et al. observed the toluene removal rate wdmestigat 10% relative
humidity, followed by relative humidities of 0%, 33% and 66%, respegtig@lici et al.
suggested that dissociated water molecules were the sourcéivef sfmecies on the

surface of TiQ. At higher relative humidities, namely 33 and 66%, adsorbed water
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molecules created many monolayers, which competed with tolueneutesléc adsorb
onto the active sites, thus leading to the lower reaction rate.

Thus, taken in combination, these results from various laboratories ihake
difficult to generalize unequivocally on the effect of relativemidity on the TiQ
photocatalytic activity. However, many studies have found that tlsesn ioptimum
relative humidity for VOCs which would be consistent with ocauresof both inhibition
and promotion effects of water vapor. Additionally, it appears thaeffleet of relative
humidity on photocatalytic activity is also strongly dependent onntterre of the
particular pollutant compounds employed in the various studies. Oveidles appear
that low humidity could be beneficial for photocatalytic oxidationsoime VOCs,
especially for moderately to low water soluble pollutants. However, exeemsiounts of
water vapor in the gas stream can apparently retard the polletaaval by competitive
adsorption processes.

2.5 Deactivation and Regeneration of Photocatalysts

Deactivation of catalysts, including photocatalysts, is a fgignt problem in
many catalyzed reactions. The most common reason for thisivddiact is the
accumulation of by-products on the surface of the catalyst. Tinegeoducts inhibit
reactants, in the present case pollutants, from accessing the sitds. Tomasic et al.
(2008) reported that benzaldehyde and benzoic acid, which are by-produtis f
degradation of toluene, were found as the deposits on the activefsitg3, and they
were responsible for catalyst deactivation. The color of the Gifanged from white to

yellow during toluene photocatalytic oxidation. A similar observatios een reported
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by other researchers (D'Hennezel et al., 1998, Xie et al.,, 2004, Zhag 2007).
Second, the Ti-OH surface hydroxyl group was consumed in the fomaftioH and
thus becomes depleted (Zhong et al., 2007). An additional source of cd&aygsvation,
suggested by Ollis (2000), is the possible occurrence of photo-patatien of organic
pollutants on the surface and thus blockage of active surface sitespaated in the
degradation of benzene. Finally, it is noted that carbon dioxide, the end tpirodome

of these photooxidation processesn be trapped on active sites in another form, i.e. as
carbonate ions (Ollis, 2000).

Regenerations of deactivated TiCatalysts has been examined in a number of
laboratories. Techniques which have been employed include rinsing thevateal
catalyst with solvents, thermal regeneration (Kaewgun and Lee, 200@50 et al.,
2000), or exposing deactivated catalyst to pure air or humid air undearraiifation
(Lewandowski and Ollis, 2003b).

Kaewgun and Lee (2010) using brookite Ti@repared by a solgel method, also
incorperated N-methylpyrrolidene (NMP) in an attempt to gbifoton absorption to
longer wavelengths. Their catalyst is identified as NMP-200d&on rates of methyl
orange in the liquid phase, under UV and visible light irradiatione wetermined. After
4 consecutive runs with the NMP-200 catalyst, deactivation was obserudatlieved to
arise from deposition of decomposed methyl orange on active @attgs. The initial
rate of methyl orange degradation had decreased by more thaaf&fd%IMP-200 had
been employed in the fourth run. Solvent washing and recalcination testiexd as

methods of catalyst regeneration. Methanol, ethanol, isopropanol andeaeeire used
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in solvent washing; calcination involved heating of deactivated caet@)0 and 25@

in air for 4 hours. Washing deactivated NMP-200 by methanol result80% recovery

of the fresh sample’s catalytic activity. The other solventgleyed partially regenerated
the NMP-200, but they were not as efficient as methanol. Recabeiratt 200 and 250

°C could not remove carbonaceous deposition from the NMP-200 surfaceslIt wa
determined, by TGA analysis, that temperatures above@00ere required to remove
the carbon deposits. However, applying such high temperatureadesrsurface area by
agglomeration of particles. Additionally, the visible light activelié200 is destroyed at
these high temperatures. Thus sintering of the NMP-200 sevarely fiegeneration of
this photocatalyst.

In the study by Cao et al. (2000), TiPowder, prepared by a solgel technique,
was used to study toluene photocatalytic oxidation. Regeneratioaciivdgted TiQwas
examined by heating deactivated catalyst at 360and 420°C for 2 hours in air.
Photoreactivity was recovered up to 80% and 100% for, Habjected to thermal
treatment at 350C and 420°C, respectively. However, heating deactivated,Ti€&yond
420°C results in phase transformation from anatase to rutilelattés crystalline form
being significantly less photoreactive. Also, as noted above, high tatapealso creates
undesirable sintering and thus decreases surface area of the catalyst.

D’Hennizel et al. (1998) conducted an experiment on regeneration ofiE235
impregnated with water and hydrochloric acid after the csttaiyad been used in
photooxidation of 13 ppm toluene in a flow-through reactor. The regeneraboasgr
involved flowing pure air through the catalyst under UV light for 2 heund 16 hours
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after the catalysts had been employed for a single run. Atteug of pure air and UV
exposure, only 25-30% catalytic activity, compared to the origii@}, was observed.
The TiG, regained 70-75% of its original activity after 16 hours of pur@arging with

UV irradiation.

Lewandowski and Ollis (2003b) investigated the regeneration of P2% TiO

powder which was deposited on fritted glass in a flow through anredator. After 2

hours of toluene photooxidation under UV light, the removal efficiency drofiped

80% to 20%. The exhausted TLi®amples were regenerated by passing 7% humidified

scientific grade air under UV exposure for 2, 4 and 6 hours. Téegrted that the
catalyst needed 6 hours of regeneration to recover 80% of the initial activity.

Thus, as these various reports indicate, regeneration of usegpfio@catalysts
is an important limitation in dealing with photo-oxidation of VO&&hough a number
of regeneration techniques have been employed, e.g. calcination, seh&nnhg and
photooxidations with pure air, complete regeneration of catalytovity was not
achieved, even when extended treatment times were employed.

2.6 Plasma Surface Modification

2.6.1 Background of Plasma Surface Modification

Plasma is a partially ionized gas which includes electrons, iyggitand
negatively charged ions, radicals, neutral atoms and moleculesppledeelectric field
produces electrons by partial ionization of the gas; thesérasctransfer energy to

gaseous monomer molecule by elastic and inelastic collisionsisi@ud between
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electrons and gas molecules lead to dissociation and ionization robteeules and thus
formation of reactive species.

The characteristics and properties of plasma generatddgodepend mainly on
reactant monomers and plasma reaction variables employed dhengleposition
processes. In the present case, pulsed plasmas were employglition &0 the more
common continuous wave (CW) operational mode. The controllable plasiables in
this work include plasma duty cycle, power input, monomer flow rate aacdtion
pressure. A higher level of monomer dissociation is observed asgbé power is
increased. In general, the increased monomer dissociationsrgsdiirmation of more
highly cross-linked polymers. Variations of monomer flow rates msqures have much
less effect on the polymer compositions formed than power input, iatladtual film
structures being dependent on the nature of the monomer employed.

In the case of pulsed plasma, duty cycle is an important vat@algentrol film
chemistry during plasma polymerizations. This is not surprisimghat the average
power input under pulsed conditions varies with changes in the plasmadutyéycles

employed, as shown in Equation 2.13.

Duty Cycle = (On Time) (2.13)
(On + Off Time)

Plasma treatment is a relatively new technique in modifyatglygsts, including a
few studies involvng photocatalytic oxidation. Under plasma conditionsndailim of

monomer vapor can be deposited directly by polymerization onto a sdistrate;
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alternatively, the substrate surface can be modified under highyanput conditions by
reactive etching processes. Polymer films deposited by then@lgéschnique are very
uniform in composition and are distributed evenly across the entire surface arfgted
substrate. The thickness of pulsed plasma deposited films can bellednéxactly in
that deposition rates vary linearly with deposition times employedjeneral, much
better film thickness and film compositional control are obtained ymaseed conditions
compared to CW operational mode.
2.6.2 Plasma Surface Modification on FiO

As reported by Cho (2005), fluoropropylene oxide (HFPQFsQ) and
perfluorohexane (§F14) can be employed as gaseous monomer to either directly
fluorinate or to deposit a polymerized perfluorocarbon film on theaserbf TiQ,
dependent on the plasma conditions employed. At high average power inputs,
fluorination of TiQ was observed, while polymerization of perfluorocarbon was
produced at low average power input. X-ray photoelectron photoscopy (¥€&pasof
fluorinated samples showed that increasing the treatmentiricngased the amount of
fluorine atom on the surface. It was also demonstrated thatyblline phases of TiO
were not changed by plasma treatment, as shown by X-rayctidfia(XRD) results.
TiO, particles, treated by HFPO plasma, were found to be signifjcanbre
hydrophobic than commercial TiO Photocatalytic activity of treated samples was
evaluated by reduction of dichromate {G7) in aqueous solutions. Ti®anoparticles
were subjected to plasma fluorination for 15, 30, 60 and 120 minutes. The nafegpar

which were treated for 15, 30 and 60 minutes were significantly meaetive than
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untreated TiQ Photocatalytic activity of Ti@plasmareated for 60 minutes performed
better than that treated for only 30 and 15 minutes. Howeveg, fltirinated for 120
minutes was significantly less catalytically active thhe tintreated Ti@due to the
excessive thickness of the plasma film which essentiallyiredit®d contact between
Cr,0/* and the surface of the catalyst.

The use of plasma processing to modify J@@talytic activity has been reported
in several other recent studies. These studies include use ofogenitdischarge to
produce N-doped Ti®(Liu et al., 2006), acrylic acid to deposit an amorphous polymer
coating on TiQ (Wang and Zhang, 2006), and plasma deposition of a tin containing
coating on TiQ which was subsequently converted to tin oxide by calcinations (Cho et
al., 2006). Liu et al. used;Nn the generation of N doped Ti®y plasma deposition.
TiO, which had been plasma treated for 10 minutes exhibited visilble ddsorption
which was not observed in the untreated material. Photocatalytic reductioiOet Gras
conducted using this N doped catalyst and higher photoreactivity was/etdghan that
of untreated Ti@ Cho et al. used tetramethyltin as the monomer in the deposition of a tin
containing coating which was then converted into tin oxide coatingdbgination.
Photocatalytic oxidation of acid orange 7 was conducted in liquid pbaseestigate the
activity of tin oxide coated Ti@under UV light. The tin oxide coated Ti@moved the
acid orange 7 much faster than the untreated material. Itpgaslated that the coupling
effect between the titanium dioxide and the tin oxide coating leaddexreased rate of

electron-hole recombination and thus higher overall catalytic activity.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Formation of TiQ Coating

Standard P25 Ti®which has an anatase to rutile ratio of 80:20, was obtained
from Aeroxide. The physical properties of TGianoparticles, obtained from the
manufacturer, are as follows: average surface area of 50 #/@5primary particle size
around 21 nm, and purity above 97% (Evonik Industries, 2011). Adapting a pmcedur
employed by McLintock and Ritchie (1965) and Sattler and Liljedtré2003) in
previous work, P25 Ti@was coated onto a 2.5 cm x 30 cm glass plate. In this process,
2.0 grams of the nanoparticles were dispersed in 200 mL of deionized w&ad the
mixture was stirred using a magnetic stirrer for 30 minutésr stirring was completed,
the slurry was poured into a flat bed container. A glass plaseivaersed in the Ti©
slurry and the water allowed to evaporate to dryness. Thecbi&@ing thickness on each
plate was approximately 8 microns, as determined by profilomBlwy.weight of TiQ
on each plate was 0.16 grams, or 2.19 % gf@nf.

3.2 Plasma Deposition of Hexafluoropropylene Oxide

3.2.1 Plasma Polymerization System
The plasma reactor chamber was a cylindrical reactor witim Snner diameter
and 46 cm length. The reactor was made of borosilicate glgs=sxJP The inlet and

outlet were connected to hollow shaft cartridge mount Ferroflufdedthroughs
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(Ferrotec, Model-HS5 00SLXC), which enabled the plasma reaztastate freely and
continuously under vacuum. A live electrode was located outside and uridealuesy
the length of the reactor, while the ground electrode was placed on top of the reactor.
The RF system consisted of a 300 W RF amplifier (ENI, Mo®8&), a pulse
generator (Tetronix, Model-2101), a function generator (Wavetek, Md@GE)| a
frequency counter (Hewlett Packard, Model-5315A) and an in-house made
capacitance/inductance matching network. Plasma treatmengsconducted at the RF
frequency of 13.56 MHz. An exhaust valve controller (MKS, Model 252E-1)VPO
monitored the pressure inside the reactor and controlled a buttalWly (MKS Model
253B-1-40-1) positioned downstream, which was employed to adjupteélsure inside
the reactor. The system was evacuated by a mechanicg vatarum pump (Leybold,
Model D16B). Typically, background pressure was pumped down to Srrb&fare the
monomer was introduced into the plasma reactor to avoid contamination ctther
molecules. A liquid nitrogen cold trap was placed after plasn@areand before the
vacuum pump to condense unreacted monomer and products that escapplhgma
reactor thus preventing these molecules from flowing into the vacpump. A

schematic diagram of the plasma reactor is provided in Figure 3.1.
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Figure 3.1 Schematic diagram of the plasma reactor system empioykd
TiO, surface modifcations (Cho, 2005)

3.2.2 Plasma Deposition of Hexafluoropropylene Oxide on TiO

The plasma deposition technique was applied for either direct fltiorinar
coating of thin perfluorocarbons film on the Ti(articles. The plasma reaction
monomer employed in this study was hexafluoropropylene oxide (HEEFO, 98%,
Aldrich). A glass plate, having a layer of Li@anopatrticles, was loaded into the plasma
tubular reactor for each treatment process. An oxygen plasnteegteent, conducted
using a pulsed plasma discharge operated for 10 ms-on/10 ms-off atpgEzl\power
input, was performed to remove any adventitious carbonaceous matsasbed on the
TiO, film. Following evacuation of the oxygen gas, the background presssere-
adjusted to 5 mTorr. The HFPO was then introduced into the redwoHRPO flow
rate into the reactor was 50 ¥min (STP) and the pressure in the reactor was adjusted to

160 mTorr via use of the butterfly control valve. Based on priorrerpats of plasma
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treatment of TiQ using HPFO monomer from our laboratory (Cho, 2005), direct
fluorination of the TiQ occurs with high power plasma discharges, whereas
perfluorocarbon polymer films are deposited at lower average powets. In this
research, continuous wave (CW) plasma provided the highest plasma pguer
employed, while pulsing plasma generated lower average power iAftet completion
of the plasma deposition, the modified Ji€urface was removed from the reactor and
subjected to tests for gas-phase photocatalytic activity.

The HFPO plasma deposition conditions employed in this study araanmed
in Table 3.1. Prior to all HFPO plasma deposition, ;Ts@mples were subjected to the

brief O, plasma discharge as noted above.

Table 3.1 Summary of HFPO Plasma Treatment Conditions

Peak Power On-Time/Off-Time Pressure (mTorr) Treatment Time
(Watt) (ms/ms) (minutes)

150 Continuous Wave 100 5
150 10/100 160 5

150 10/10 160 5

150 10/10 160 20
150 10/10 160 30
150 10/10 160 60
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3.3 Characterization of Plasma Deposited JiO

X-ray photoelectron spectroscopy (XPS) was employed to charactthe
surface composition of TiOparticles as a result of the plasma treatment. XPS apectr
were obtained using a Perkin-Elmer PSI 5000 series spectroni&tg resolution
spectra of TiQ samples, subjected to both high and low power HPFO plasma disgharges
were obtained. These included samples exposed to pulsed plasmas ofat@f1@I10
ms on/off ratios, as well as continuous wave (CW) dischargesaled out at peak
power input of 150W.

Ultraviolet-visible diffuse reflectance spectra of untreated modified catalysts
were measured by UV-VIS spectrophotometer (Perkin-Elmer, ni@ihebda 35). Static
water contact angles, which provide a good measure of the sarfaagy of the sample,
were measured using a goniometer (Ramé-Hart, model 100-00-115).

3.4 Evaluation of Photocatalytic Activity

3.4.1 Photocatalytic Oxidation Reactor

The photocatalytic activities of the untreated and modifiec Were tested under
UV light irradiation at ambient temperature in a batch reagtthr closed loop constant
gas circulation. A cylindrical glass tube, 2.6 cm inner diamaatdr30 cm length, placed
horizontally, served as the photocatalytic oxidation reaction chamier.366-nm UV
lamps (Osram Black Light Blue, model F15T8BLB, 15 W), locat&ictn above the
photocatalyst, were used as the UV light source in this studyUVhatensity was 3.72
mW/cn?, as measured by UV radiometer (UVX Radiometer, model UVX-86)veas

maintained constantly throughout the experiments. The intensity wdged/dyefore
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starting each photocatalytic oxidation (PCO) reaction. A pérestaump (Masterflex,

L/S Variable-Speed Console Drives with EW-77200-62 pump head) provided gas
circulation inside the reactor through a 0.25 inch Viton tube. Theraulation in the
reactor was maintained at a flow rate of 20G/omn. The global volume of the reactor
was 275 cm The schematic diagram of photocatalytic oxidation react@hésvn in

Figure 3.2.
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Figure 3.2 Details of photocatalytic oxidation reactor (a) schematicaiha
(b) cross-section of the reactor.

3.4.2 Photocatalytic Oxidation of m-Xylene

A mixture of the analyte (m-xylene) in air was cycled continupusler the
catalyst and the xylene concentration monitored as a functionaofiae time. The
coated glass plates, having either untreated or surface motifdedwere placed inside

the PCO chamber. Liquid m-xylenegtGo, 99+%, Acros Organics) was introduced into
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the reactor through an injection port using a microsyringe. Thgleme was allowed to
vaporize and reach equilibrium in the reactor before UV lighdiateon. Air was
circulated in the loop to stabilize the m-xylene concentration ird#nke for 60 minutes
before the two UV lamps were turned on to initiate the PCtien. All experiments
were conducted at ambient temperature of 741 It was observed that illumination of
the TiQ, sample resulted in a slight gradual increase in temperatttine catalyst during
the reaction which amounted to approximatelf{C7above room temperature. The slight
temperature increase observed was the same for both treatechtesmted TiQ. The
relative humidity was maintained essentially constant throughoutcdbese of the
experiments, ranging from relative humidity values of 47 to 52%masitored with a
humidity sensor (Testo Model 605-H2).

The initial concentration of m-xylene employed in each catalygin was
approximately 1000 ppm before initiation of the PCO reaction. Gamplea were
periodically withdrawn from the reactor through the sampling port, uairgas-tight
syringe, and directly injected into the gas chromatography.

3.4.3 Measurement of m-Xylene Concentration

The concentration of m-xylene in the gas stream was amklggea function of
reaction time, using a gas chromatograph (GC) with flameation detector (FID) (SRI
Instruments, model-8610C), equipped with a capillary column (ResfEX;1R 30 m,
0.53 mm i.d.). The GC was set to analyze m-xylene in terms &f grea by the iso-
temperature method in which the oven temperature was maintainednt@isia°C. A

calibration curve of FID response as a function of xylene condemreaas obtained
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using standard known amounts in m-xylene in air. Liquid m-xyleas imjected into
known volume Tedlar bags to produce different known m-xylene gaseoustatioas.

After m-xylene was completely evaporated, the gas samples injected to the GC to
create the calibration curve, which is shown in Figure 3.3. Thbratbn curve was
verified for its accuracy by injecting standard concentratiorylere gas (200 ppm,
Matheson Tri-Gas) into the GC and converting the measured peak irsea
corresponding concentration; the concentration from the calibration 208sppm

compared to 200 ppm of standard concentration. This calibration curvetheas
employed to obtain the amount of m-xylene remaining unreactetuastan of reaction

times during the photocatalytic runs.

y =0.3479x + 2.7746

Peak Area
w
o
o

0 500 1000 1500 2000

Concentration of m-xylene, ppm

Figure 3.3 Calibration curve of m-xylene concentrations versus peak area
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3.4.4 Adsorption of m-Xylene on Plasma Modified,TR@rticles

Experiments were carried out to quantify the effect of plasmdace
modification on the direct adsorption of m-xylene compared to that oratedr&iQ. In
these experiments, identical amounts of xylene, 1000 ppm, wereethj@uo the
catalytic reactor containing identical amounts of eithertéce@r untreated Ti© The
air/xylene mixture was circulated continuously over the catabed, without any light
illumination, with aliquot samples withdrawn every 10 minutes for &@lysis. This
process was continued until a steady state value was obtainetheoxylene
concentration. The time required to reach the steady was apprelirGatminutes. The
relative humidity inside the photocatalytic reactor was set constantly at 8%uns.
3.4.5 Photocatalytic Oxidation of Acetaldehyde

The evaluation of photocatalytic oxidation of acetaldehyde was catucthe
same procedure as employed in the m-xylene experiments. Litaldehyde (eH40,
99.5%+ ACS Reagent, Sigma-Aldrich) was injected through the injectionTpa tinitial
concentration of acetaldehyde was 1000 ppm. The acetaldehyde avesdaib vaporize
and reach equilibrium in the reactor before UV light was turned on to initiate gt®nea
The unreacted acetaldehyde was measured by withdrawisgmaples through sampling
port using gas-tight syringe and injected to the GC. The condentiaft acetaldehyde
was monitored as a function of reaction time.
3.4.6 Photocatalytic Oxidation of Elemental Mercury

Figure 3.4 is a schematic diagram of the system emplogedtudy the

photocatalytic oxidation of elemental mercury {Hgrhe cylinder of compressed air
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(80% N, 20% Q, Matheson Tri-gas) was divided into two separate lines, witlaithe
flow rates controlled by mass flow controller (Omega Model H928). The total flow
rate was kept constant at 2 L/min. One air stream was passedhe surface of liquid
elemental mercury (Hg> 99.99% trace metal basis, Sigma-Aldrich) to produce HgO
saturated air. The vapor pressure of thé Wgs maintained constant by placing the
liquid Hg® in an ice water bath. The second air stream was employetlte ¢idjust)
Hg® concentration to 50Qug/m®. The HJ concentration was measured using an Hg
analyzer (Ohio Lumex, Model RA-915+) directly connected to a micregsmy for data
logging. The relative humidity inside PCO reactor was kept aatigt at 0%. The
photocatalyst employed was either untreated or directly flueandiO, as prepared
using a CW plasma discharge of the HFPO monomer. In eactiregperHd laden air
was circulated through PCO reactor in the dark for 60 minutesqtdlibrate H§
concentration. Subsequently, the UV lamps were turned on ahdaddgentrations were

recorded as a function of UV irradiation time.
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Figure 3.4 Schematic diagram of photocatalytic oxidation of elementalinger

3.5 Effect of Relative Humidity on Photocatalytic Oxidation of m-Xylene

The investigation of the effects of water vapor on photocatadtiivity of m-
xylene was conducted under relative humidities ranging from 0 -. 80% specific
relative humidity values employed were 0, 10, 25, 40, 60 and 80%. The rélativeity
experimental set-up is shown in Figure 3.5. One stream of coragrasgsgas (80% N
20% G, Matheson Tri-gas) was passed through a humidifier to produce sedteated
air. A second dry air stream served as the balancing air igtagjative humidity to a
desired value. Dry air and humidified air flow rates were rolietd by mass flow
controllers (Omega Model FMA5518). The relative humidity was toosil using a
relative humidity meter (Testo Model 605-H2) inserted into a Vitdre. The adjusted
humidity air was purged throughout the system for 60 minutes to ethsuréne relative
humidity in the system was at the required level. Subsequentlyphiiewous gas supply
was terminated and the PCO reactor was operated in a ¢bmgeanode. Liquid m-

xylene was injected to PCO reactor and circulated in the fdakO minutes. Initial m-
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xylene concentrations for all experiments were approxim&até80 ppm. Fluorinated

TiO,, treated by CW plasma for 5 minutes, and untreated W&de used in this study.

[—
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Compressed ? m
Air — M U
—
Needle Valve Y
Peristaltic Pump \ Ti02 Coated on Glass Plate
Wooden Box

Mass Flow
Controller

il
Humidifier

Injection Port Sampling Port

Figure 3.5 Schematic diagram of photocatalytic oxidation reactor to igasthe
effects of relative humidity

3.6 Deactivation and Regeneration of HFPO Plasma Treated TiO

The deactivation of the photocatalyst was tested on fluorinateg Wwh@h had
been treated by HFPO CW plasma for 5 minutes. The sample hadulsed in
photocatalytic oxidation of m-xylene for 4 consecutive runs withoyt @eatment
between runs. In each run, the conditions of experiments were ideatidathe initial
concentration of m-xylene was 1000 ppm. The remaining m-xylene \wagared with
reaction time by GC. After the end of the fourth run, the catalgs treated by oxygen
plasma as the regeneration method to recover the photocatalgtiwitgaThe oxygen
plasma treatment was conducted as 10 ms_on/10 ms_off pulsing aopeakop 150 W

and pressure of 160 mTorr. The first oxygen treatment was appli€nfonutes. After
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oxygen treatment, the photocatalyst was employed in photonatalidation of m-

xylene again to examine its reactivity after 3 minutesmeg#ion. Another regeneration
process was done by the same plasma treatment settingstbatlaniger treatment time
of 10 minutes. The regenerated photocatalysts were then testedyilene degradation

to determine the recovery of its photoreactivity.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Characterization of Hexafluoropropylene Oxide Plasma Treated TiO

The hexafluoropropylene oxide (HFPO) plasma treated We€re characterized
using profilometry, XPS analysis, UV-Vis absorption and water contagle
measurements.

4.1.1 HFPO Plasma Film Deposition Rate

The deposition rates of the film produced under plasma on/off timeag)nof

10/10 and 10/100 were determined by the ratio of film thickness to @ldsyposition

time. The ratios are expressed in Table 4.1.

Table 4.1 HFPO Plasma Film Thicknesses and Deposition Rates

Plasma on/off Deposition | Film Thickness| Deposition
time, ms Time (min) (A) Rate A/min)
10/10 20 40 2
10/100 20 140 70

The plasma deposition by CW mode did not form thin polymer film on the
substrate but instead created chemical bonds between F and &iressilt, the film

thickness and deposition rate are not relevant for those runs.
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4.1.2 XPS Characterization of Plasma Treated,TiO

4.1.2.1 XPS Analysis of Oxygen Plasma Treated, TiO

Preliminary treatment of the Ti®&atalyst involved exposure to an oxygen plasma
in an attempt to reduce the carbonaceous surface content of threatawal. Results
from other laboratories had reported C atom content of 16.7 atom% ¢kamat al.,

2004) and 30.7 atom% (Lenk et al., 1994). The carbon surface contaminatibeviedoe
to arise from the manufacturing processes and, additionally, nhglesiadsorption of
hydrocarbons from the atmosphere. The oxygen plasma was operatedpulsdel
conditions of 10 ms on/10 ms off for a period of 10 minutes at a peak poperaf
150W. Subsequently, XPS analyses were carried out on both the treatedtraaded
particles.

XPS survey spectra of untreated angl @dlasma treated samples are shown in
Figure 4.1. In both cases, the survey spectra reveal the predditaaium, oxygen and
carbon atoms. However, a comparison of the untreated and plasma Ti€xateeveals a
sharp reduction in the C atom surface content from 23.5% to 10.6% Theeba@ution
C(1s) XPS spectrum of the oxygen treated samples reveajgrdabence of a major
component at 284.6 eV and two smaller subpeaks at 286 and 288.1 eV. The assignment
of these peaks are graphitic (C-C) or hydrocarbons (C-B346 eV, C-O at 286.0 eV
and O-C=0 at 288.1 eV (Cho, 2005, Yupeng and Chunxu, 2011). The presence of C-O

and O-C=0 is presumably caused by oxidation of graphitic carbon by oxygen plasma.
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Figure 4.1XPS spectra of oxygen plasma treated, (a) survey scan: raw T, (b)
survey scan: &reated Ti(; (c) C(1s) high resolution: raw Tdd) C(1s) higr
resolution: Q treated TiQ. The treatment was conducted at
10 ms_on/10 ms_off at 150W for 10 minutes

4.1.2.2 XPS Analysis of HFPO Plasma Treated »

TiO, samples, initially treated with oxygen plasma, warbsequently exposed
HFPO plasma discharges. The initial HFPO treatmeste conducted using a 10-on/
10 mseff duty cycle at a peak power of 150W. To investeythe effect of plasn

deposition time, the Ti©@nanoparticles were treated for periods of 5, 20,a88 6C
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minutes. XPS spectra, shown in Figure 4.2 and Figure 4.3, reveahthatdr change in
TiO, surface chemistry following the HFPO plasma exposures. As showigure 4.2,
the intensity of the F(1s) and C(1s) peaks, relative to thosgls) @nd Ti(2p) peaks,
increase progressively with treatment time. In fact, itingortant to note, no
photoelectrons are observed from the O and Ti atoms for the sampgle weéws treated
for 60 minutes, as shown in Figure 4.2(d). This result clearlyatescthat the thickness
of the plasma deposited film from this long duration run is suffityethick to prevent
either the penetration of the X-Rays to the actual, l8Qrface and/or the subsequent
photoelectrons emitted cannot escape from the polymer film.

High resolution C(1s) and F(1s) XPS spectra of,Ji& modified with plasma
pulsing of 10 ms_on/10 ms_off, after treatment times of 5, 20, 30, and 60 sniatde
arranged from top to bottom in Figure 4.3. The C(1s) spectra rdleaigcarbon peaks,
including Ck- (294 eV), Ck (292 eV), C-F (289 eV) and C-C287 eV) functional
groups (Beamson and Briggs, 1992). In addition, the small peak at 285 @gemr
carbons that are not closely bound to fluorine. The relative incneas&ensity of Ck
peaks at 292 eV in Figure 4.3(c) and Figure 4.3(d) with the langatment times is an
indication of the presence of higher amounts of perfluorocarbon polytasma

deposited on the Tiparticles.
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Figure 4.2 XPS survey scan of HFPO plasma coategd ma@oparticles as a function of
deposition times. Plasma deposition was conducted with 10 ms-on/ 10 ms-off duty cycle
at 150W peak power (a): 5 minutes, (b): 20 minutes, (c): 30 minutes and (d): 60 minutes
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Figure 4.3 High resolution XPS spectra of C(1s): (a) — (d): and F(1s): (e)of filasma
treated TiQ at duty cycle of 10 ms_on/10 ms_offfor 5, 20, 30 and 60 minutes,
respectively.
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The F(1s) XPS spectra, on the right panel of Figure 4.3 (eafdgh), clearly
indicate a progressive change in the nature of the surfameni# on the TiQ particles
with increasing plasma treatment times. SpecificallyF T684.5 eV) was the major
fluorine species in the samples treated for 5 and 20 minutes, HgR(e) and (f).
Integration of the two peaks in these figures reveal thatltloeirfe atom content was
present as Ti-F at 70.1 and 66.4% for the samples treated fod 22Gaminutes,
respectively, with the remaining fluorine being present as C-F bndding energy
688.2 eV). However, the fluorine atom XPS spectra are veryrdiffdor the samples
treated for longer times. As shown in Figure 4.3(g) and (h), ttadystexposed to the
plasma for 30 minutes was dominated by fluorine bonds present as ediidom
(67.5%), while the sample treated for 60 minutes reveals only tkere of C-F bonds,
as a single F(1s) peak, at 688.2 eV. As indicated by theseitdgppears that during the
initial plasma treatment period, Ti-F formation dominates, buhatsame time some
perfluorocarbon is being deposited. As the treatment time increhgseparticles are
increasingly covered with the perfluorocarbon film, thus obscuringritially formed
Ti-F bonds. Also, one notes that the change of surface chemisigpéndent on plasma
treatment times in that only a smaller change in the C{ltimim is observed between
Figure 4.3(b) and (c), which corresponds to the shortest plasatenént time difference
among the four samples. However, even during this relatively sinartdifference, it is
noted that the C(1s) changes observed reveal an increase inCgtaburface
functionalities, which is in accord with the overall trend in surface chgnmukange from

direct TiQ, fluorination to fluorocarbon coating.
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A significantly more dramatic change was observed in conitastie relative
areas of F(1s) photoelectrons between the 20 minutes and 30 minutes rsimswa in
Figure 4.3(f) and (g). This large difference can be attethtd the fact that the increasing
fluorocarbon film thickness results in a rapid decrease in thetyalhdi generate
photoelectrons from fluorine atoms from the underlying Ti-F funclibes In
connection with this observation, we note that based on film depositiend@tieg runs
carried out under 10/10 ms on/off times, the film thicknesses ared46anm for
deposition times of 20 and 30 minutes, respectively. The film thickreegss linearly
with deposition time under pulsed plasma conditions. Under the XPS conditions
employed, using a 7degree take-off angle, we have previously observed that theyX-Ra
penetration depth is approximately 5.5 to 6.0 nm. Thus, a particslaly decrease in
photoelectron emission from Ti-F functionalities would be expectedmparing the
relative F atom peak areas, as observed in this study [Fig(f @nd (g)]. Also, the
complete disappearance of photoelectrons from the Ti-F functiomality accord with
expectations in that the film thickness after 60 minute deposition time is 12 nm.

The XPS analysis indicates that surface percent of fluorinéespecreases with
increasing treatment time. For example, with a plasma duty cycle of 10 ms_an/af),m
the atom percent of fluorine increased gradually from 10.3% to 25.3% and 48.0%
plasma treatment times were increased from 5 to 20 and 30 miredgpsctively. The
maximum fluorine of 76.7 atom % was observed in the sample treatedtheddasma
duty cycle of 10 ms_on/10 ms_off for one hour. Also, the percent carbois atoow a

steady increase with increasing deposition times under thecgiaky of 10 ms_on/10
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ms_off. In contrast, both the titanium and oxygen atom percents degvthgglasma
treatment time, becoming undetectable and 0.7 atom %, respecéiftelythe 60 minute
treatment time. Overall, these data are consistent with @rgasively thicker
perfluorocarbon film being deposited on the particles, with the hickhess ultimately
exceeding the depth of penetration of the X-ray photons from the XP8esdu®
samples which were treated by duty cycle of 10 ms_on/100 ms_off antbiICWily 5
minutes had fluorine content of 54.2% and 44.9%, respectively.

The nature of the surface modifications of TiProduced using pulsed 10
ms_on/100 ms_off discharges, as well as CW operational mode, \wermatstigated.
Dramatic differences in surface chemistry were observedntrasting the XPS spectra
obtained for these two different treatments, as shown in Figure HedeTifferences are
noted both for the C(1s) and F(1s) photoelectron spectra. As shown in #ig(ag the
10/100 sample reveals the over whelming presence of C-F bonds,awrbe CW
sample reveals the dominant presence of C atoms not directly bmonfliedrine (Figure
4.4(b)). In accord with the C(1s) spectra, the F(1s) XPS spectriine dfo/100 sample,
Figure 4.4(c), reveals only a single peak of C-F bonds at 688.2 eV, and no presEnce of
F. In sharp contrast at the highest plasma power input, namely @iWdeonditions, the
contributions of C-F groups is minimal and the only significant fhi@present is in the
form of Ti-F, as shown in Figure 4.4(d). Thus, in accord with pwork on HFPO
plasma polymerization (Savage et al., 1991), no polymer films areitdghbaader high
power input conditions. Also noted is the fact that the perfluorocdilmos obtained in

the presence study, particularly the ,Cfunctionality, differ slightly from those
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previously published. This difference reflects the fact that tlaé pewer input in the

present study of 150 W is significantly lower than the value of 25ém\Wloyed in the

prior work (Savage et al., 1991).
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Figure 4.4 High resolution XPS spectra of C(1s): (a) and (b): and F(1s): (d)and (
plasma treated TiO2 for 5 minutes in different duty cycles:10 ms_on/100 ms_off and
CW, respectively.

The detailed information on the surface composition of the HFP@plagated

particles obtained from the XPS studies is provided in Table 4.2.
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Table 4.2 Chemical Composition of HFPO Plasma Treated Tia® deposition was
carried out with 10 ms_on/10 ms_off for 5, 20, 30 and 60 minutes,
10 ms_on/100 ms_off for 5 minutes and CW for 5 minutes

Plasma _ Composition
Treatment Time

onfoff, ms min C. % F, % 0, % Ti, %
10/10 S 10.6 10.3 45.4 33.7
10/10 20 12.1 25.3 39.1 23.5
10/10 30 13.6 43.0 35.3 8.1
10/10 60 22.6 76.7 0.7 ND*
10/100 5 20.1 54.2 9.2 16.5
Ccw 5 14.5 44.9 22.3 18.3

"ND = Non-detectable

The relative content of C-F and Ti-F fluorine produced under the vaplaema
conditions employed is summarized in Table 4.3. Under 10 ms_on/10 mendifian,
the ratio of C-F to Ti-F functionalities varies strongly witle ddeposition time employed,
as shown in this table with the percent C-F groups ranging fig0fo~to 100% as the
deposition time is increased from 5 to 60 minutes. No time dependrmtiesswere
carried out at the other two plasma conditions employed since onlyypaef F atom
containing functionality was observed, namely only C-F at 10/100 ro$f @amd only Ti-
F under CW conditions.

In summation, these XPS data document the deposition of two distirfttent

types of fluorine surface atoms, dependent on the plasma dutys cgoiployed.
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Specifically, higher power depositions result in F atoms covaléatitygled to Ti atoms,
denoted here as Ti-F. In contrast, lower energy conditions favor tiepasf polymeric
perfluorocarbon films in which the F atoms are covalently bonded to catooms,
denoted as C-F.. Under intermediate power input (10/10 ms) both typesatunt
depositions occur, however the Ti-F bonds initially formed are ultignateered by the
perfluorocarbon film.

Table 4.3 Percent of Perfluorocarbon (C-F) and Fluorination (Ti-F) on the TiO

Treated with Plasma 10 ms_on/10 ms_off (5, 10, 20, and 6Ges)nu
10 ms_on/100 ms_off (5 minutes) and CW (5 minutes)

On time/Off Treatment Fluorine as
ume, ms Time, min Fluorination (Ti-F), %4Perfluorocarbon (C-F), %
10/10 5 70.1 209
10/10 10 66.4 33.6
10/10 30 325 67.5
CW 5 100 0
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4.1.3 UV-Vis Spectroscopy of HFPO Plasma Treated TiO

The effect of the plasma treatments on the UV-visible absorptieatrsim of
TiO, was investigated using surface reflectance spectroscopyureF4.5 shows the
absorbance spectra at wavelength of 250 — 800 nm of untreated and pladifi@adm
catalysts. The absorption of 10 ms_on/100 ms_off (fluorocarbon coating) \Whd C
(fluorinated) samples do not show shifting of the fundamental absogdiga of TiQ.
This result is consistent with several other studies, emplayngus doping techniques,
which report that F-doping did not change the optical absorption propertiesulpaly
not narrowing the band gap of TAQCzoska et al., 2008, Li et al., 2005, Yu et al., 2009).
For example, Czoska et al.(2008) used a sol-gel process as the nhapiogl for TiQ
powder and observed no shifting in the absorption edge or response to ofightelF-
TiO, compared with untreated T}OThe hydrothermal technique was employed to
fluorinate TIQ at 150C by Ye et.al. (2009), the UV-Vis absorption edge of the cdtalys
was not shifted. Li et al. (2005), employing a spray pyrolyestrique to fluorine dope
TiO,, reported that the optical property of doped material was also wgeshadowever,
in contrast with the results of this study and those of otherradseed above, it should
be mentioned that some studies have reported a red shift is obgpore& doping of
TiO, (Lim et al.,, 2008, Yu et al.,, 2002). Lim et al.(2008) reported tbataping of
fluorine and carbon/fluorine shifted the absorption edge and decreasddyap energy
to 3.05 and 3.07 eV, respectively. Increased light absorption at wavekdmagter than
400 nm was significant in fluorine doped TiQru et al., 2002). Finally, it is noted that

Yamaki et al. (2003), in a computational study, investigatedl#dutrenic structure of F-
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doped TiQ and concluded that localized, high density levels appeared belaalédmee
band. He attributed these levels to F(2p) orbitals without anynmixith the valence or
conduction band. As a result, these authors conclude that F doping does ot teotat
the changes in the optical absorption spectra o0f.TiGus, as detailed above, conflicting
results remain concerning the effect of F-doping on the absorptiorasécTiO,.
However, as clearly shown in Figure 4.5, the results of the pregeft do not reveal
any significant change in TiOabsorption with particles that XPS data (Figure 4.4)

clearly document are fluorine doped.
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Figure 4.5 UV-Vis absorbance spectra of catalysts. HFPO plasma depobégit been
conducted for 5 minutes on CW and 10 ms_on/100 ms_off conditions.
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4.1.4 Static Water Contact Angle
Static water contact angles were measured for a number of plasrad aedt
unmodified TiQ samples. The contrast of water contact angle between untreated and

plasma modified TiQis illustrated in Figure 4.6 and Table 4.4.

Figure 4.6 Static water contact angle on the,Ta@ated on glass plate: (A) untreated
TiO, (B) fluorinated TiQ treated by CW plasma at peak power of 150 W for 5 minutes

Table 4.4 Water Contact Angle on LiOreated with Different Conditions. Plasma
depositions were carried out at peak power of 150 W for 5 minutes

Sample Water Contact Angle, degree
Untreated TiQ 0 (non measurable)
10 ms_on/100 ms_off 125
10 ms_on/10 ms_off 90
CWwW 80
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As documented by these measurements, the plasma treatmentgiwduad
effect of the wettability of the Ti@surfaces in that the Ti(particles are converted from
hydrophilic to hydrophobic. The untreated }j@ontaining a high density of surface —
OH groups bound to Ti atoms, was completely wettable in that thect@mgle of the
water droplet was non-measureable. In contrast, the plasmadtssateles exhibited
very large contact angles and are thus categorized as beuhgphobic. The
hydrophobicity is in accord with expectations based on the fluorinertarftéhe treated
samples. The higher contact angle, 126 the sample treated at the plasma duty cycle
of 10 ms_on/100 ms_off is reasonable given the fact that this sangudéualy coated
with a perfluorocarbon thin film. These results are in accord thibse reported by Lim
et al. (2008) that Ti©co-doped by carbon/fluorine had greater water contact angle than
fluorine doped TiQ. These plasma induced surface energy changes are signifi¢chat i
the more hydrophobic Titsurfaces will more readily adsorb non-polar compounds, such
as m-xylene, while simultaneously minimizing the competitive gdor of water
molecules. This expectation was in fact observed experimeatathgscribed next in this
document.

4.2 Adsorption of m-Xylene on Plasma Modified Fi®articles

Experiments were carried out to quantify the effect of plasmdace
modification on the direct adsorption of m-xylene compared to that opatetr TiQ.
Figure 4.7 shows the amount of m-xylene adsorbed on the cataly3¥% of relative
humidity environment. The untreated Ti®as lower adsorption ability than HFPO

plasma treated Ti© The adsorption amount of m-xylene on standard, 18®.453 mg/g

70



of catalyst. Larger amounts of xylene, namely 0.529 and 0.552 g/mgadsorbed onto
perfluorocarbon coated and directly fluorinated Ji®@espectively. Overall, it was
observed that an average of 2% increased adsorption of the m-xylene was observed

on the plasma treated TiCompared to the untreated materials.
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Figure 4.7 Adsorption of m-xylene on (A) untreated J{B) 10 ms_on/100 ms_off
treated (C) CW plasma treated

4.3 Evaluation of the Photocatalytic Activities of HFPO Plasma Treated
and Standard Ti©

4.3.1 Photodegradation of m-Xylene and its Photocatalytic Oxidation by Standard TiO
Initial control experiments were conducted to examine how nmeyesponds to

exposure to UV light, with and without Ti@resent in the reactor. For this purpose, the
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concentration of m-xylene was monitored as a function of the irrawliime, all other
variables held constant. The ratio of the concentration of xylemaining to that
present before UV light initiation (Ci{Cversus irradiation time is plotted in Figure 4.8.
The initial concentration of xylene was 1000 ppm in air, which sgms its value after
stabilization in the dark for 60 minutes. In the absence of, @ plot of C/@ remains
essentially constant, even after 120 minutes of continuous UV cadias shown by
the top curve in Figure 4.8. This result reveals that no decompositiba xylene occurs
by direct photolysis of the xylene or by any surface promoted route.

However, as shown by the lower curve, the photocatalytic oxidatiorxgfiene
was observed when Tywas inserted to the reactor. In fact, only 32% of the original
xylene remained after 140 minutes of irradiation. The,Té@ployed in this run was
subjected to 10 minutes of,(plasma discharge to remove any adventitious carbon

adsorbed on the surface.
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Figure 4.8 The effect of UV irradiation on the concentration of m-xyledetze
degradation of m-xylene using Ti@hat was pre-treated by oxygen plasma as
photocatalyst

4.3.2 Photocatalytic Oxidation of m-Xylene by HFPO Treated TiO

The photocatalytic oxidation rates of gaseous m-xylene wereriexgeally
determined using both the directly fluorinated and fluorocarbon coaté€sb Ti
nanoparticles. Non-plasma treated F8amples, of identical amount as that used for the
plasma treated samples, were employed as controls to #ssesficacy of the plasma
surface modifications. The measurements were made by monitoermgpncentrations of
unreacted m-xylene as a function of reaction times.Figuge the photocatalysed
degradation data of m-xylene are presented as a function of g#magpteeatment times,

under pulsed 10 ms_on/10 ms_off conditions, employed to modify the Ti@ curves

73



shown here represent the remaining m-xylene obtained by joiningutteessive data

points.
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Figure 4.9 Effect of 10 ms_on/10 ms_off pulsed plasma treatment times on photacataly
oxidation of m-xylene as compared to untreated,TiO

As shown in Figure 4.9, the overall catalytic activity of thespla fluorinated
TiO, can be much higher than that of the untreated.T¥steady increase in activity of
the TiO, was observed as the plasma treatment times were proghessoreased from
5, to 20, to 30 minutes. However, a much longer plasma treatmenofti6® minutes
resulted in a sharp decrease in the;lo®idation of the xylene. In fact, the oxidation rate
observed for the 60 minute sample is extremely low, as shown, bigmifcantly less

than that observed for the untreated sample.
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Figure 4.10 shows a comparison of the catalytic oxidation rates>ofiene by
the catalysts as a function of the three different plasratment processes (10 ms_on/10
ms_off, 10 ms_on/100 ms_off, and CW) employed in modifying the,. TA3 noted
above, the CW plasma results in direct fluorination of,Jithereas use of the relatively
low duty cycle pulsed plasma of 10 ms_on/100 ms_off results only in ideposf a
perfluorocarbon film on the particles. In contrast, the 10/10 ms on/off inutdve
simultaneous direct fluorination and perfluorocarbon film deposition presefdasma
treatment times for three samples were 5 minutes sincasiblserved that the optimum
PCO activity observed for the CW and 10/100 ms on/off runs occursoafie5 minutes
of plasma treatment. The result of 10 ms_on/100 ms_off treate@Dfaminutes is also
shown in this figure to compare the best m-xylene oxidations obt&iosdall three

plasma conditions.
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Figure 4.10 Comparison of the photocatalytic oxidation of m-xylene by untredded Ti
plasma treated at on/off time of 10/10, 10 /100, and CW for 5 minutes
and 10/10 for 30 minutes.

The above result reflects the fact that under CW conditions owelyditect
fluorination occurs and this apparently occurs to completion in &veHiashort time.
The time dependence difference between the 10/10 and 10/100 ms reatofiehts is a
reflection of the difference in film deposition rates, which W& nm/min for the 10/10
and 0.7 nm/min for the 10/100 treated samples, respectively. Thus, thempedrbon
film thickness reaches its optimum value much faster under the 10d@btion. In
general, both the directly fluorinated and the fluorocarbon coated esrppbduced
dramatically increased photocatalytic oxidation of the m-)g/lexiative to that observed
with untreated Ti@ over this short time period. However, the 10 ms_on/10 ms_off

treated sample, treated for this short 5 minute period, exhibitedaordiatively small
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improvement of photocatalytic oxidation over that of untreated,.TTQis latter result
suggests that under the 10/10 condition incomplete fluorination and incomplete
perfluorocarbon film formation occurs during the short 5 minute depostime.
However, much longer treatment time, 30 minutes, for 10 ms_on/10 ms_officonsli
needed to produce comparable m-xylene oxidation to the other two oasditinployed

for only 5 minutes.

The optimum treatment time of CW condition was observed at 5 msintite
shorter treatment time of 3 minutes produced less active photstattadyn that of 5
minutes as shown in Figure 4.11. After plasma treatment timel0 ahinutes, the
catalytic activity for the CW sample begins to decreafleateng possible damage to the

TiO, particles at this high power input condition.

1.2
—&— CW 5 min

104 —e— CW 3 min
» —a— CW 10 min
O
Q o8-
<@
>
x
c 0.6
(@)]
£
c
‘s 0.4 1
E
(O]
x

0.2 1

0.0 T T T T

0 20 40 60 80 100

Irradiation Time, min

Figure 4.11 Comparison of the photocatalytic oxidation of m-xylene by CW plasma
treated TiQ for 3, 5 and 10 minutes.
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The photocatalytic oxidation rates of the m-xylene were analyzegdrms of
reaction order. The best fit of the conversion rates was detetrurize first-order in m-
xylene for all the samples of Ti@mployed. The first order decay plots, which reveal R
correlation factors ranging from 0.999 to 0.948, are shown in the FMgiliPeand Table
4.5. The rate constants increase markedly with increasing plasataént periods of 5,
20 and 30 minutes for samples subjected to the identical duty cydé ofs on/10
ms_off. The highest rate constant among samples treated under the pulselplaénaa
to off ratio was 0.0566 mih which is a factor of 4.7 times larger than that observed for
the untreated Ti® However, as shown in Figure 4.12(a), it is also interesting totinate
the rate constant of the sample treated for 60 minutes isisagtiy lower than that of
untreated TiQ

In terms of rate constant as a function of plasma duty cycley ubm same
treatment duration in Figure 4.12(b), the highest rate constant, 0.0736wais obtained
for the fluorinated sample treated for 5 minutes under CW conditidms. value is
slightly higher than that of the 10/100 (5 minutes treated) and 10/10 (RQesitreated)
samples, 0.0609 and 0.599 mijmrespectively. These values are much larger than that
obtained for the untreated TiQvhich was 0.012 mih The rate constant observed for
the sample treated for 5 minutes using duty cycle of 10 ms_on/10 nis 0d#20 mift,

which is only slightly higher than that for the untreated sample.
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Figure 4.12 First-order plots of initial m-xylene degradation. (a) duthe ©fc10/10
treated for various durations (b) duty cycle of 10/10, 10/100, CW treated
for 5 minutes and 10/10 treated for 30 minutes.
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Table 4.5 First-Order Rate Constant of m-Xylene Degradation.

Plasma on/off Time,| Treatment Time,| Rate Constant, 2
ms/ms min min* R
Untreated 0 0.0120 0.984
10/10 5 0.0202 0.995
10/10 20 0.0314 0.948
10/10 30 0.0566 0.999
10/10 60 0.0044 0.997
10/100 5 0.0609 0.988
CW 5 0.0736 0.984

4.3.3 Reproducibility of Photocatalytic Oxidation of m-Xylene by Fluorinated TiO

In order to verify that the obtained data from the experiments are reprequlcdl
repeat tests were conducted to see the variation of the restltsen runs. The results of
photocatalytic oxidation of m-xylene by fluorinated Fi@ere shown in Figure 4.13.
Fluorinated TiQ samples were prepared under CW plasma for the duration of 5 minute
The plots show that two separate experiments gave the sanits negh marginal
variation which is the evidence that the results of these photdoatakydation of m-

xylene by TiQ are reproducible.
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Figure 4.13 Reproducibility of m-xylene photodegradation by fluorinated TiO

4.3.4 Photocatalytic Oxidation of Acetaldehyde by HFPO Treated TiO

As noted earlier, HFPO plasma treatment transforms, B@faces from
hydrophilic to hydrophobic, and this transformation was effective gelaating the
photocatalytic oxidation of non-polar m-xylene molecules. Thus, it fetisto be of
interest to investigate how effective HFPO plasma modifi€d} piarticles would be in
providing photocatalytic oxidation of a non-polar compound. AcetaldehydeQgg), a
known component in air pollution with respect to contributing to smog foomatvas
chosen for this purpose. Since acetaldehyde is significardhg easily oxidized than
xylene, the emphasis in this study focused on a comparison ofioridate of CHCHO

by treated and untreated Ti@articles. For this purpose, the fluorine modified JiO
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employed was produced using the CW plasma treatment for 5 mimbiels produces
direct fluorination.
The photo-oxidation results obtained with untreated and fluorinateg Tigng

the analogous approach as that employed with xylene, are shown in Figure 4.14.

1.20

=& Fluorinated (CW 5min)
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Irradiation Time, min

Figure 4.14 Photocatalytic activity of untreated and fluorinated TiO
to oxidize acetaldehyde
Interestingly, as shown in this figure, and in sharp contrast with the xy@euoks,
the untreated Ti® catalyst exhibited better photocatalytic oxidation activity tktzen
fluorinated samples. For example, 97% of the initiakCHO was consumed within 20

minutes, compared with 85% consumption for the plasma modified catalyst.
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Figure 4.15 Linear fits for acetaldehyde degradation by untreateduamohéted TiQ.
CW plasma was employed for 5 minutes.

Kinetic treatment of the rate data is shown in Figure 4.15 mstef first order
decay plots. From the slopes of these first order plots, rate ntnsfa0.180 mit, for
the untreated Ti§) and 0.101 min, for the plasma treated sample, are obtained. This
result is what would be anticipated, given that acetaldehya@ddar compound, and the
fact that a hydrophobic surface would be expected to decrease ems@ptpolar
compounds. These results are similar to those of a study by @aka(2004) who
reported that the photooxidation rate of ethanol, a polar compound, overrdt&ga
TiO, was double the rate of that obtained over hydrophobic pillaredTey It was
explained that higher hydrophobicity on pillared clay decreaseahetladsorption and

reduced its photocatalytic degradation. It is also of inte@stompare the relative

83



catalytic activities of xylene and acetaldehyde observed snstidy. For example, with
respect to untreated Ti(the oxidation of acetaldehyde is significantly faster, 0.180 min
! than the value of 0.012 minobserved for xylene. The higher reactivity of the
acetaldehyde is in accord with expectations based on itegreattivity, as introduced
by the relatively labile C-H bond of the CHO group.
4.3.5 Photocatalytic Oxidation of Elemental Mercury by HFPO Treated TiO

It is well established that elementary mercuryyJHg an atmospheric pollutant,
whose main source is from coal powered power plants. For that reastdies of the
potential use of HFPO treated i@ provide PCO of Hywere conducted. Directly
fluorinated TiQ, prepared by CW plasma for 5 minutes, was employed as the
photocatalyst to remove Fgn the air stream in which initial concentration was 500

ug/m3. The plots of photocatalytic oxidation of Hpy fluorinated Ti@ and untreated

TiO, are shown in Figure 4.16.
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Figure 4.16 Photocatalytic activity of untreated and fluorinated IO
remove elemental mercury
As shown in Figure 4.16, the fluorinated FiGhowed higher photocatalytic
activity than untreated Ti{to degrade HY The untreated catalyst exhibited steady rate
of removal throughout the experiment whereas higher removal raéeoliserved at the
initial state and slightly declined after 35 minutes in fludedasample. The kinetic plots

of Hg® oxidation are expressed in Figure 4.17.
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Figure 4.17 Linear fits for elemental mercury degradation by untreatkd
fluorinated TiQ

First order reactions of Mgphotooxidation are observed in Figure 4.17. The
plasma fluorinated Ti@exhibited slightly higher photoreactivity in terms of the aliti
oxidation rate, and percent Hgemoval, than the untreated sample. The removal
efficiency higher than 80% was achieved from both samples at ib0ten of the
reactions. The removal rate of Hgbtained from plasma treated Li@vas 1.6 times
greater than that of the non-treated ZiO

4.4 Effect of Relative Humidity on the Photocatalytic Oxidation of m-Xylene

In light of the fact that the relative humidity (RH) of redmospheres can vary
significantly, a catalyst that can maintain high activity ogewide range of humidity

would be highly beneficial. For this reason, we examined the utility of our plasrface
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modification technology in terms of improving the FiCatalyst efficacy over a broad
range of humidity. Herein, we report on the effect of water vapdahemphotooxidation
of m-xylene using plasma modified and untreated, G&alysts.

Figure 4.18 demonstrates the effect of relative humidity irmthetream on the
degradation rate of m-xylene by standard ;i@ small difference in m-xylene
destruction rates are observed in the lower levels of relativeditiewsiranging from O to
40%. A slight optimum pollutant removal rate was observed at a RH%{ however,
the overall effect of RH changes from 0 to 40% was rather niinscope. In contrast,
higher RH values of 60% and 80% had a strong inhibition effect ontihefran-xylene
removal, with the rate decrease being more pronounced for the 8086 v&hese results
are similar to Kim and Lee’s study, which found that varyirid fRom 0-50% did not
impact trichloroethylene (TCE) destruction; however, humiditiegeeding 50%

inhibited TCE removal (Kim and Lee, 2001).
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Figure 4.18 Photocatalytic activities of untreated TiO2 to remove m-xytetifeaent
relative humidity values

The pattern of the effect of RH when fluorinated F®oduced by CW plasma,
was employed is similar to the untreated catalyst, with xicepgion that m-xylene was
oxidized at a much higher rate. As illustrated in Figure 41® difference between m-
xylene removal rates was marginal over the RH rang of4D% when HFPO plasma
modified TiO, was used, as the as the rate plots are essentially ovagapyger this
range of R.H values. A noticeable decrease in xylene remates was observed when

the RH levels were raised to 60 and 80%, with the higher value ggaducing the
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lower activity. However, the degradations of m-xylene by flumed TiQ are
significantly higher than that of untreated }Fi@verall, the kinetic data obtained reveal
that the modified catalyst is less sensitive to relative humidity lewelseiair stream than

the untreated Ti@at high level of RH in the gas stream.
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Figure 4.19 Photocatalytic activities of plasma fluorinated, TdQemove m-xylene at
different relative humidity levels. TiQwas treated by CW plasma for 5 minutes.

In order to quantify the photocatalytic activities of the untcbated fluorinated
TiO, under various RH conditions, the initial oxidation rates of m-xyleee plotted to

compare the efficiency of each catalyst. The first few dadats were used in
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determining the rate constant since they fitted well witst farder reaction kinetics. The
plots of In(C/G) versus irradiation time of untreated and plasma fluorinated &r®
shown in Figure 4.20 and Figure 4.21, respectively. The initial remmat@lconstants of
m-xylene were determined by the slopes of the beshéslilnitial rate of oxidations and
their R value are presented in Table 4.6. The optimum removal ratatsated TiQ,
observed under 10% RH is 0.1675 thiriollowed by RH values of 25, 0, 40, 60 and
80%, respectively. A value of 0.0281 miwas observed under 80% RH.

A greater photocatalytic activity was obtained from the fheted TiQ, with the
initial rates of degradation being higher than that of untreai€@) Tnder all RH
conditions employed. When the RH levels in the system were iratige rof 0 — 40%,
the rates of reaction were relatively high and the differem@e marginal as the trend
lines are overlapping. The reaction rate was approximatelyndirZ3over this 0 to 40%
RH range when the fluorinated TiQvas used. However, the m-xylene removal rates
dropped after higher amounts of water vapor were introduced to therédc@r. The
initial oxidation rates decreased to 0.1147 tamd 0.0694 min when the RH reached

60 and 80%, respectively.
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Figure 4.21 Initial oxidation rate of m-xylene by fluorinated 7&D

different relative humidity values.
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Table 4.6 Initial Rate of Oxidation by Untreated and Fluorinated.TiO

Untreated TiQ Fluorinated TiQ Difference of
RH, %
K, min® R? N k,min? R? N k-value, %

0 0.1283 0.9985 3 0.2459 0.99683 3 47.82
10 0.1675 0.9944 4 0.2090 0.9975 3 19.86
25 0.1396 0.9793 4 0.2107 0.9939 3 33.74
40 0.1112 0.9951 4 0.2058 0.9347 3 45,97
60 0.0495 0.9852 4 0.1147 0.9188 4 56.84
80 0.0281 0.9528 5 0.0694 0.9881 5 59.51

The plots of k-values of untreated and fluorinated,Ta€ shown in Figure 4.22.
It is clearly seen that fluorinated Ti@ad higher k values than the untreated, T all
RH levels. However, they expressed similar trends which k valugsa$ed at higher
RH. The lowest values for the rate constant of both catalystelzserved at a RH of

80%.
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Figure 4.22 Relationship between k-values and relative humidity obtained froratedtre
and fluorinated TiQ

4.5 Deactivation and Regeneration of piBhotocatalyst by Oxygen Plasma Treatment

4.5.1 Catalyst Deactivation

Deactivation of catalysts is an inherent problem in any cataystem (Kaewgun
and Lee, 2010, Park and Na, 2008). After a certain period of usage, it is not uncommon to
observe a rapid decrease in photocatalytic activity with continuadiation periods. In
order to investigate the degradation of plasma modified photocatalysample of
fluorinated TiQ was used in photocatalytic oxidation of m-xylene for 4 consecuing
all reaction conditions remaining constant in each run. The rateylefe removal

observed during this 4 run sequence are shown in Figure 4.23 and Table 4.7.
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Figure 4.23 Deactivation of fluorinated Ti@Quring m-xylene degradation.

Table 4.7 Conversion of m-Xylene at 20 minutes and Maximum Conversions.

Run Number % Conversion after 20 min Maximum % Conversion
1 64% 90% (65 min.)
2 40% 88% (70 min.)
3 16% 64% (55 min.)
4 10% 39% (60 min.)
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In the first run, fluorinated Ti@ efficiently decomposed m-xylene, more than
60% of the pollutant was photooxidized within 20 minutes. The total pecoaversion
was 90% after 65 minutes of UV irradiation. An apparent sliglatlysttdeactivation was
observed in the second run in that the 60% m-xylene removal was absetyafter 25
minutes of irradiation, with a slightly higher amount of xylenaaming at long reaction
times compared to the initial run. As shown in Figure 4.23, the ohteatalyst

deactivation became significantly more apparent in the subsequentrums. For

example, only 15% of the xylene was consumed over the 20 minute reaction time in run 3

and this had further decreased to only 10% in the first 20 minotese 4" run.
Obviously, the performance of the modified Ti@eteriorated rapidly with the increasing
photooxidation time.

It should be noted that the color of the freshl@s a white-grey color which is
the typical color of titanium dioxide. The color of Bi@as changed from white into
yellow after it had been employed to decompose m-xylene. Admgog of TiQ color
indicates accumulation of intermediates or partially oxidizectispeadsorbed on the
active sites of TiQ

In order to investigate the nature of the catalyst deactivatioandsas XPS
spectra were carried out for the unreacted and the reactéystGaafter run number 2.
The XPS survey spectra of fresh fluorinated ,Tiéhd after the two photocatalytic
oxidation runs are shown in Figure 4.24. The major differences in thesspectra are
the sharp decrease in the intensity of the F atom peak, accompsgnatdincrease in

surface C atom content, in contrasting new and used catalyst. Tipesiban of carbon
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species is higher after photooxidation of m-xylene. Carbon compoundsasecfrom

14.5% to 22.81% which is evidence that there are carbonaceous moleculeggraiic

deposited on the surface during the m-xylene photooxidation.
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Figure 4.24 Survey XPS spectra of fluorinated ;I(i&) before reaction (b) fluorinated
TiO, after reaction with m-xylene.
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4.5.2 Catalyst Reactivation

Oxygen plasma treatment is a convenient single step that cooldvee
carbonaceous molecules from the substrate. Moreover, the procgsgngf oxygen
treatment is relatively short compare to other techniques. Irstihily, regeneration of
used catalyst by oxygen plasma was conducted on fluorinategd T oxygen
treatment durations were employed, namely 3 minutes and 10 minuiggag Rhe
regeneration process, the plasma conditions employed were 10 msnw/af), peak
input power of 150 W and pressure of 160 mTorr. The recoveries of photyaare
shown in Figure 4.25, along with the activities of the used cagalyshe successive four

runs before regeneration.
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Figure 4.25 Photocatalytic activity of regenerated;u€ing Q plasma for:
(A) 3 minutes and (B) 10 minutes
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After being regenerated by,@lasma for 3 minutes, the color of hiGample
was changed from brown to brighter yellow. A partial improvememhotodegradation
of m-xylene was noticed when TiQvas exposed to plasma for a short period of 3
minutes. The m-xylene conversion was improved by approximately 11%tleversed
catalyst from run 4. In contrast, the activity of Ji@as nearly 100% recovered after
being regenerated for 10 minutes. The photoreactivity was justiglighier than that of
the fresh photocatalyst. By using 10 minutes oxygen regeneratigglenme conversion
was as high as 85.7% compared to 90% and 88% which were observedhdrémash
catalyst and after run 1 sample, respectively.

A longer time, namely 15 minutes, ot Plasma regeneration was applied to the
catalyst in order to achieve higher percent recovery. HoweverTie nanoparticles
which were coated on the glass plate were almost completelgvied from the glass
surface by the etching of(Qplasma. Therefore, 15 minutes duration ofd®aning is
excessive to regenerate LiGbated on glass plate.

4.6 Discussion on HFPO Plasma Treated IO

The basic objective of the present study was to examine thailigasof
employing a plasma treatment process to improve the photocatadyivity of TiO, for
destruction of atmospheric VOCs. As documented in the results, botlir¢lae plasma
fluorination of TiQ, as well as deposition of thin perfluorocarbon coatings on thg TiO
were remarkably effective in enhancing the photocatalytidadxan of m-xylene. The
activity with respect to xylene is significant in that this particularypatit is certainly not

one of the more easily oxidized VOC pollutants. Thus it would appdae teasonable to
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assume that the enhanced activity of the plasma treatedi$@rved in this studshould
be applicable to a broader range of atmospheric VOCs.

It is interesting to note that the effectiveness of the plasumf@ce modification
process is strongly dependent on the duty cycle and time of thegldscharge
employed. Under the same treatment period of 5 minutes, duty afydleé ms_on/10
ms_off formed less fluorine species on the surface than the 16nMe0 ms_off and
CW. As a result, the photocatalytic activities of Ti@®eated by duty cycle of 10
ms_on/10 ms_off were highly dependent on plasma treatment timesnénagethe
degradation rate of the m-xylene increased with increasing alagatment times, or in
other words, with the amount of fluorine on the surface. The photocatabtivities,
which were observed in CW and 10 ms_on/100 ms_off treated for 5 mimde$0a
ms_on/10 ms_off treated for 30 minutes, are comparable. Interestsginown by the
XPS data, the surface fluorine atom percent is relativelylairfor all three samples,
varying from 45 to 55 atom % F. This result is in agreement theéhstudy of Park and
Choi (2005), who report more rapid photocatalytic degradation of sadaovith TiQ
particles having higher surface fluoride concentration. Howevere tlgerclearly an
optimum plasma treatment time in maximizing the photocatalgixidation rates
achievable, as shown by the data presented in Figure 4.9 foresapmppared at 10/10
over a wide range of plasma treatment times. As theserdatal, increasing the
treatment time from 30 to 60 minutes resulted in a sharp decieaghotocatalytic
activity of the TiQ. This decrease is attributed to the deposition of an excesdnelly t

perfluorocarbon film on the particles during the 60 minute depositibe. APS data
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confirm this fact in that no photoelectrons are detected frontofmsa (and virtually no
photoelectrons from O atoms) after the 60 minute process. ltsienaale to assume that
the thicker perfluorocarbon films both minimize the penetration of3& nm UV
incident photons to the TiOsurfaces, as well as increase the surface electron-hole
recombination rates relative to the access of these specid¢Bebgdsorbed xylene
molecules.

It is interesting to note that both the direct surface fluorinatimh deposition of
thin perfluorocarbon film are highly effective in promoting incesh3i0, photocatalytic
activity. It appears reasonable to infer that the enhancedtyciserved in the present
study involves a combination of the presence of fluorine atoms, wiednce
recombination rates of electrons and holes, coupled with the conversibe diQ,
surface from hydrophilic to hydrophobic character. Photo-generastirons are
strongly attracted to fluorine since it is the most electronegative eléMeet al., 2009).
Consequently, the life time of electrons and holes would be lengtlsnesl electron
capture by the F atoms localizes conduction band electrons, tlaysndeglectron-hole
recombination rates. The increased hydrophobicity after plagsaenents should play
an important role in helping to promote more facile adsorption afidhepolar m-xylene
molecules onto the catalyst surfaces, thus increasing the pbtesga of their
photooxidation. In fact, as shown in Figure 4.7, an enhanced direct anisapkylene
on the fluorinated Ti@was observed. The increased hydrophobicity is quite dramatic, as
shown by the water contact angle measurements. Finallynote that there is no

evidence that the plasma treatment process has altered thptiabsband width of the
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TiO,: the reflectance absorption spectra of the treated and untra@tgdr&€ essentially
identical, as shown in Figure 4.5. In this context, it is interegongote that the recent
report by Liu et al (2006) of treatment of Li@ith N, plasma to produce N-doped %O
also resulted in increased photocatalytic activity of the,,T& shown in the reduction of
Cr(VI) in solution studies. In this work, the increased catalyttosidy is attributed to a
shift in TiO, adsorption to longer wavelength with N atom doping. As in the present
work, evidence was also presented for an optimum plasma tredimemnwith respect to
maximizing the photocatalytic activity.

Based on the rate constants observed, it is clear that theaplisgesatment of Ti®
can provide significantly enhanced photocatalytic oxidation rates fee thaterials. The
rate constant for the 5 minute CW and 10/100 treated sample, nami®g Orixi' and
0.0609 mift, are factors of 6.1 and 5.1 times larger, respectivieln that observed for
the untreated Ti©@material. These enhanced activity factors are higher tharesiodts
observed in other works where the factors were ranging from 1.21 itne8 of the
untreated materials (Lv et al., 2010, Vijayabalan et al., 2009, Yaalg 2007, Yu et al.,
2009).

In contrast, the photocatalytic oxidation of acetaldehyde by flatath TiQ is
slower than that of standard TAOA good measure of the difference in polarity between
acetaldehyde and xylene is the octanol/water partition ceeftilog R,) which is used
to define the relative water solubility of a compound. The value of Rgg of
acetaldehyde is 0.63 (Acros Organics, 2009) which is much lesshiianoftm-xylene,

3.20 (International Labour Organization., 2008). This means that acetdédbas much
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higher affinity for water vs. octanol, compared to m-xylene. Aesalt, it is presumably
easier for acetaldehyde to access the active sites milasth TiQ than that of the
hydrophobic fluorinated Ti@ As a result, a higher photooxidation rate of acetaldehyde is
observed on the untreatedTiOThe higher degradation rate of a polar substance, such as
acetaldehyde on the untreated F@talyst, agrees with a study of Ooka et al (2004) that
the photooxidation rate of ethanol over standard P-25 W& 2 times higher than that
of hydrophobic pillared clay Ti© The hydrophobicity of pillared clay inhibited ethanal,
which is a polar compound, from being adsorbed on the catalyst. Howébeer,
decreasing of electrons-holes recombination in plasma modifiegWwaOdld compensate
the loss of efficiency from hydrophobic surface that preventing sasug of
acetaldehyde. Further investigations of catalytic photodegoadait other compounds by
modified TiO, would be useful in helping to assess the overall effect of the
hydrophobicity created by the HFPO plasma treatment on the degradatioty activi

The promotional effect of direct fluorination of Ti®n HJ removal is similar to
the effect that was observed with m-xylene. Fluorine on the Sidface effectively
improves photooxidation of HgAs noted earlier, this result can be rationalized in terms
of fluorine decreasing electron-hole recombination rates andfatian of a hydrophobic
catalytic surface favoring adsorption of the mercury. Li and (2006) reported that
increasing relative humidity in the air stream suppress@dhiotooxidation because of
competitive adsorption of water and Hgrhus, hydrophobicity of fluorinated T;O

would be beneficial to adsorption and photocatalytic oxidation 8f Hg
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The effects of water vapor on photocatalytic oxidation of m-g/lare relatively
similar for both untreated and plasma fluorinated ;Ti0he rates of m-xylene
degradation are marginally changed over RH variations fram 4D%. An inhibition
effect of water vapor of photodegradation rates becomes noticeabte thineRH is
raised to 60% and 80% for both treated and untreated catalys@isth spparent that the
fluorinated TiQ exhibits higher rate of m-xylene degradation than the untrda@dat
all RH levels employed. In general, a low RH level would bageeted to be beneficial
for m-xylene removal because water molecules are a sourceHbfwlich could
effectively oxidize m-xylene. However, at higher RH values of 6@%@ 80%,
competitive adsorption between water molecules and m-xylene farpdids on
catalytic sites occur. It is presumed that more than one maradd water molecule are
formed and, as such, limits m-xylene access to the surfacd®gf Iiterestingly, in case
of the fluorinated Ti@ the maximum m-xylene degradation rate is actually observed
when the RH is 0%. This result indicates that under this conditioch favors xylene
adsorption, sufficient OHmay be effectively produced from surface hydroxyl groups,
perhaps formed by the hydrolysis of water during the slurryrogati TiO, on the glass
plate. This possibility, coupled with the expected F-induced deciaaskectron-hole
recombination rates, would account the increased photooxidation rategedbséh the
F-doped TiQ catalysts.

Finally, we note that, with respect to catalyst stabilityyvats observed that the
PCO activity decreased slowly when the same catalystemgployed in a sequence of

successive runs. As shown in Figure 4.23 after 4 consecutive runshdtexatalytic
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activity of the catalyst has significantly diminished X&lysis of the used catalyst
revealed an increase in the C(1s) photo electron peaks between 285288aN/, which
corresponds to the presence of non-fluorinated carbon atoms. The expariresults
revealed that oxygen plasma cleaning of 3 minutes was not longretmtggenerate the
exhausted Ti@ since the photoreactivity was still substantially lower thzat of the
newly treated Ti@ However, it was also observed that subjection of the used ¢at@lys
a 10 minute pure oxygen plasma restored its PCO activity to wase original value.
Thus it is possible to essentially remove the carbonaceous ahdtemed during the
PCO runs, without significantly disturbing the fluorine functionalities.

In conclusion, the use of a relatively simple plasma treatmemess has been
shown to accelerate significantly the photocatalytic oxidatate of TiQ. It will be of
interest, in future studies, to determine if other plasma sutifeaement processes might
duplicate, or even exceed, the acceleration rates obtained in the pradgninsaddition,
the results obtained in this study suggest that it would beesttén also examine the
generality of this process in improving the photocatalytic actnfitgther photooxidative

catalytic materials.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

It has been demonstrated that plasma processing provides a naatdeto
enhancing the photocatalytic activity of TiQparticles. Using a perfluorocarbon
monomer, it was shown that under highly energetic continuous wave (A&ha
conditions, direct fluorination of the T§Qvas obtained. In contrast, under less energetic
conditions such as low duty cycle pulsed plasmas, thin layers diugredarbon
polymeric films were deposited on the 7TiOBoth direct fluorination and
perfluorocarbon film deposition are observed on the, 8@face when intermediate
power input was employed. In all cases, the deposition of fluoreeesgpdramatically
changed surface character of Jiftom hydrophilic to highly hydrophobic. However,
the UV-visible absoption spectrum of Ti@as unaffected by plasma depositions.

Modified TiO, exhibited significantly higher photocatalytic activity in degrading
m-xylene. It was discovered that relatively short plasnmatrirent times are required to
achieve enhanced catalytic activity of the FiPlasma treatment, either direct
fluorination or coating of perfluorocarbon film, for only 5 minutes dracady
enhanced photocatalytic oxidation rates for these materials. Hoveseessive coating
of perfluorocarbon film, which limits contact between the xyleme the TiQ, resulted

in severely retarded photocatalyst activity. Initial degrada@besrof m-xylene, treated
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as first order processes, provided rate constants obtained foindligor and
perfluorocarbon coated TyQvhich were 6.1 and 5.1 times larger, respectively, than that
of the untreated Ti©

In contrast, fluorinated Ti©exhibited less reactivity in photocatalytic oxidation
of acetaldehyde than the untreated catalyst. This result ssigigasthe hydrophobicity
of the fluorinated materials reduce the adsorption of a polar moleudh as
acetaldehyde relative to its adsorption on the untreated hydropi@iqoarticles. Thus,
the experimentally observed improvement of initial rate constanesnaakin fluorine
plasma treated TiOwith xylene might be applicable to other non-polar substances
which are similar to m-xylene but may not applicable to potanmounds such as
acetaldehyde. In accord with this concept, it is noted that theqatatytic oxidation of
elemental mercury was promoted on fluorinated,J@hich would be accord with the
non-polar character of elemental mercury.

The effect of relative humidity (RH) on the rate of photooxidatbm-xylene
was examined using both untreated and fluorinated, & catalysts. Overall, the
untreated TiQ appeared to exhibit more sensitivity to RH valued than theirflaizd
material. In the case of the untreated ;J[i® RH of 10% was observed to provide
optimum catalytic activity for m-xylene removal. At RH vaubigher than 10%,
degradation rates were inversely proportional to the RH. The phdiaicagectivity of
the fluorinated material was less affected by RH, asngallg the same photooxidation
rates were obtained for RH values ranging of 0 — 40%. However, photooxidéin-

xylene was inhibited under higher RH of 60% and 80% for the F-doped material.
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Finally, deactivation of fluorinated TgOwas found when it was employed in a
succession of runs. However, it was shown that use of an oxygemaltreatment
provides effective regeneration of the catalyst. The effectigeniehe oxygen plasma
treatment is ascribed to its efficient removal of carbonaceepgssits from the surface
of catalyst. Oxygen plasma treatment of only 10 minutes was shovessentially
restore catalytic activity of the TiQo its original value.

5.2 Recommendations

Based on the encouraging results obtained, further studies could include
exploring the utility of employing F-doped Ti@or oxidation of other gaseous pollutant
substances. In particular, it would be of value to investigate futtigeeffect of the
molecular structure of the pollutant, in terms of its polar or non-mdlaracter, with
respect to their photodegradation as functions of relative humiditiegpréeent work
can also serve as a spring board to examine the efficacyngf piasma processing to
investigate the preparation of controlled catalyst doping by atihes than fluorine,
for example nitrogen and carbon, with }i& well as other catalytic materials. Since
VOCs cover a broad spectrum of functional groups and molecular stsjcture
reasonable to assume that different plasma treatments magemwfaces that are
particularly effective in achieving photocatalytic destructionpafcgfied VOCs. Thus it
would be of significant interest to examine the efficacy of empg various plasma
doped TiQ particles. Conceivably, this could lead to use of a catalyticbethining a
mixture of TiQ, doped particles which could provide simultaneous effective

degradation of a wide range of VOC molecules.
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Many additional concerns must be considered and addressed prior to
experimental application of the TiO2 doped treatment process. Borpdx, pilot scale
testing of plasma treated TiQunder field conditions should be employed to help
elucidate the effects of other key variables such as gasdlewgas temperature, size
of the PCO reactor, and the interaction of other substances in shetrgam ,in
particular particulates, on the efficiency of the PCO pro@essmove VOCs. The pilot
scale studies should include integration of the plasma treatmeRC{Ddeactor as this
would reduce construction costs, space requirement and PCO reactairdevduring
the regeneration of deactivated Fi®inally, capital and operating costs for field-scale

systems would need to be estimated.
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