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CHAPTER |

INTRODUCTION

Titanium dioxide (TiQ or titania) belongs to the family of transition tale
oxides. TiQ has received a great deal of attention due tehtmical stability, non-
toxicity, low cost, high photostability and redoelectivity, and other advantageous
properties (Ohtaret al, 1997). Titania is used in catalytic reactionsraras a promoter,

a carrier for metals and metal oxides, an additovegas a catalyst. Reactions carried out
with TiO, catalysts include selective reduction of N© N, (Hu and Apple, 1996;
Amridis et al, 1999), effective decomposition of VOCs (includutigxins (Blanccet al,
1997) and chlorinated (Busca and Angeles, 2002)pooimds.) HS oxidation to S (Chun
et al, 1998), CO oxidation by &Fanet al, 2003), and Fischer—Tropsch synthesisefLi
al., 2002) Titania has three naturally occurring polymorpienely, anatase (tetragonal),
brookite (orthorhombic), and rutile (tetragonalutie is the most stable form of titanium
dioxide. Two different crystal structures of BiQutile and anatase, are commonly used
in photocatalysis, with anatase showing a highestgdatalytic activity. Anatase type
titania has been used as a catalyst for photodezsitign and solar energy conversion,
because of its high photoactivity (Lason and Faécpri994; Kamat and Dimitrijevic,
1990; Herrmanret al, 1997; Fox and Dulay, 1993; Fujishiratial, 1999). On the other
hand, rutile-type titania has been use for whigmant materials, because of its good

scattering effect, which protects materials frotnaviiolet light.

Titania nanocrystal is usually prepared by sol{@@haresciet al, 1997), gas-
synthesis (Morrisoret ‘al, 1997) and solvothermal process (Kominaghial, 1999).
Although the sol-gel method is widely used to prepaanometer Tig) calcination
process will inevitably cause the grain growth aeduction in specific surface area of
particles and even induce phase transformationvoB@rmal synthesis, in which
chemical reactions can occur in aqueous or orgamdia under the self-produced
pressure at low temperature, (usually lower thaf %5) can solve those problems

encountered during sol—gel process.



TiO, semiconductor photocatalysts have the potentialxtdize a wide range of
organic compounds, including chlorinated organienpounds, such as dioxins, into
harmless compounds such as,Cfdd HO by irradiation with UV light (Blount and
Falconer, 2001). In general, a photocatalytic lieacinvolves various processes on the
TiO, surface such as oxidation reaction by photo-géeeraoles, reduction reaction by
photo-generated electrons, diffusion of electronsd aholes, and electron-hole
recombination (Hoffmanet al, 1995) UV light excites the electrons from the valence
band to the conduction band of the ZiQeaving holes in the valence band. These
electrons and holes can then initiate redox reastwith molecular species adsorbed on

the surfaces of the catalysts.

The photocatalytic activity of TiQstrongly depends on preparation methods and
post-treatment conditions since they have a dexigifluence on crystal structure,
particle size, surface area, pore size, densi@kfgroups, surface acidity,, number and
nature of trap sites incident light intensity, pgitgp and surface characteristics of the FiO
(Serpone, 1997)Iit has been reported that photocatalytic actiistyncreased with the
decrease in titania particle size, especially mdoometerscale, because of high surface
area and short interface migration distances fatgphduced holes and electrons (¥u
al., 1999).

The surface characteristics may be modified by re¢vere-treatments of the
photocatalyst such as sulfation, reduction withrbgen, and halogenation in order to
enhance the photocatalytic activity. Bi@ways exists structural defects on the surface
and inside the titania particles (Torimo#b al, 1996). Although, the bulk defect is
important factor to control level of perfect crystide surface defect is more important
than bulk structure in field of surface sciencehswatalyst and supporit has been
known that surface defects play a fundamental irolde interaction of molecules with
oxide surfaces, since defects act as active siteshé adsorption and dissociation of
molecules on the surface (Diebold, 2003). In J&Drfaces, these defects, mainly Ti
species (oxygen vacancies), play an important ioléhe photo-oxidation of organic

species on the Ti#Dphoto-catalyst (Shkloveet al, 1997). The use of a variety of



techniques including X-ray photoelectron spectrpgcdXPS) (Diebold, 2003), O
photodesorption (Rusu and Yates, 1997), electpam iesonance (ESR) (Nakaoka and
Nosaka, 1997) and Gemerature programmed reduction (TPD) (Thompsoralet
2003) can monitor the surface defect of titania.

Due to its tremendous technological importanceaserproperties of Tiohave
been extensively investigated in order to undedsitsphotocatalytic properties. Some
success in enhancing the photocatalytic activity Ibeen achieved by several methods,
such as using nano-sized semiconductor crystallittead of bulk materials (Mairet
al., 2000) and modifying photocatalysts by sulfati@ormaet al, 1996), reduction with
hydrogen (Liuet al, 2003), halogenation (Amanead al, 2002), doping with ions (Yat
al., 2002), or coupling Ti@to other oxides. These improvement methods regpantéhe
literature are time-consuming, high cost, and matwnplicated. An alternative pre-
treatment technique for create defect sites on, Bi@face is quenching process. This
possible an effective method for improve photodalsttivity of the TiQ because in the
literature find the variety of the surface defestsains and reconstructions caused by the

process of annealing or guenching (Henderson, 1996)

Therefore, we focus on the study of effects of ghérg processes on the
properties and photocatalytic activities of titaarad metal doped on titania prepared via
a solvothermal method. Photocatalytic oxidatioangployed as a main model reaction to
determine photocatalytic activity of these catayshder UV irradiation. The main goal
of this research is to investigate and understéwedeffects of various factors on the
photocatalytic: activities of titania and metal ddpen titania. The study included the
effects of quenching media on the photocatalytiovéies in photocatalytic oxidation of
ethylene, the effect of different temperature oémghing media on the photocatalytic

activities in gas-phase reaction of $iO



The objectives of this research are as follows:

1. To study the preparation of titania and metapadb on titania using a

solvothermal method.
2. To study the effect of quenching processes,ehgnype and temperature of
guenching media, on crystallite size, phase, amatgglatalytic activity of titania

and metal doped on titania prepared by solvothemedhod.

3. To study effects of using quenched titania atalgst support in CO

hydrogenation reaction

This thesis is arranged as follows:

Chapter | mentions the introduction of this work

Chapter 1l presents literature reviews of previowsrks related to this
research.

Chapter 11l explains the principle of catalyst paegtion via solvothermal method
and basic information about titania such as phygicaperties as well as the
principles of photocatalytic process. In additiobasic theory about CO

hydrogenayion and Co-catalyst are described.

Chapter IV describes synthesis of titania and nddaled on titania employed in

this research, experimental apparatus and chazatien equipments.

Chapter V describes experimental results and géson of this research.

Chapter VI presents overall conclusions of thiseegch and recommendations

for future work.



CHAPTER Il

LITERATURE REVIEWS

This chapter reviews the work about several symh#gitania and improvement
of titania properties. A researcher has been fahadadvantage and drawback which not
only the synthesis method but also in titania prioge Their works is very useful to
apply titania in several ways such as, the phoabgat reaction, electronic equipment,

industrial etc. and learn to develop technicalnfmdify and apply in the future.

2.1 Titanium dioxide for use as photocatalysts

Kominamiet al. (1999) studied new synthesis method for nanodizduydrolysis
of titanium (IV) n-butoxide (TNB) in toluene and add water in the gdépautoclave.
Titania was prepared in various conditions, foumat enatase and amorphous formed in
the reaction. When they calculate surface areassuraption that the particles were
nonporous spheres for compared the specific sueees from BET measurement which
test contaminate amorphous phase in the as-preptart. They found that when the
reaction time was prolonged, the crystallite siaswradually increased and the effect of
the combustion heat of the organic moieties locedliges the surface temperature of
crystals, which can accelerate the crystallizatowl/or sintering of Ti@ crystals (or
particle) from the calcinations and the decreassumfiace area from BET was probably
due to sintering of single crystals.

Kim et al. (2003) had synthesized nanocrystalline JIi@ toluene by a
solvothermal route. Weight ratios of titanium isgpoxide (TIP) to toluene prepared in
the mixture are 5/100, 10/100, 20/ 100, 30/1004Md00. After synthesis at 25C for
3 h with solutions at the weight ratios 10/100,120' and 30/100 nanocrystalline BiO
particles were formed. They found that average siz¢he nanocrystalline particle
increases as increasing the amount of TIP precurgbrs composition range.



Payakgulet al (2005) studied effects of reaction medium onsyrgthesis of TiQ
nanocrystals by thermal decomposition of titaniuiv) (n-butoxide. They used 1,4-
butanediol or toluene as organic solvent for taasynthesis. They found that the
products synthesized in toluene agglomerated iplb@rscal micron-sized particle, which
is called secondary particle. On the other handzase of reaction in 1,4-butanediol,
irregular aggregates of nanometer particles arerebd for all reaction holding period
investigated. They suggested that the product sgitbd in toluene may contain small
amount of amorphous-like phase, while titania sgsited in 1,4-butanediol is
crystalline. In addition, they found that anatasedpcts obtained from the reaction in
toluene start transforming into rutile at loweraiaétion temperature than the products
obtained in 1,4-butanediol. They concluded that as&titania synthesized via different
routes, i.e. direct crystallization or solid stansformation of amorphous intermediate,

contains different amount of defect structuresmdrystals.

Nakaokaet al. (1997)studied ESR investigation into the effects of Hesdtment
and crystal structure on radicals produced ovexdiated TiQ powder. Electron spin
resonance measurements were carried out & dnder irradiation for anatase TiO
powders treated by heating at various temperaiarédse air. For the untreated powder
photoproduced holes were trapped at the surfaceirigr Ti**OTi**OH  radicals, while,
for the heated powder, they were trapped &SOfi Ti*’O radicals at the surface.
Photoproduced electrons were trapped &3 &t the surface of the unheated powder,
while they trapped at the inner part of the heatterd powder. These differences could
be explained by the desorption of surface hydraxgups and the change in the surface
structure accompanied by the crystalline growth. plmtoproduced radicals were

detected for rutile TiOpowder, which may explain the low photocatalytiti\aty of this

crystalline structure.



2.2 Metal-doped TiQ, for use as photocatalysts

Metal-doped TiQ can be used as photocatalysts. The influencessbhlied metal
impurity ions on the photocatalytic properties aO7 has become another interesting
area of semiconductor modification. The benefitrahsition metal doping species is the
improved trapping of electrons to inhibit electdoole recombination during
illumination. The concentration of the beneficiersition metal dopants is very small

and large concentrations are detrimental.

Silica—titania nanocomposites are more efficiendtpbatalysts than pure T3O
The increase in photocatalytic efficiency has batrnbuted to the improved adsorption
and concentration of the reactants near the acamgers. At the same time, silica acts as
the carrier of titania and helps to obtain a lasgeace area as well as suitable porous
structure. Titanium and zirconium belong to the sagnoup (IVB) of elements, both
oxides TiQ and ZrQ are n-type semiconductors with similar physicocicain
properties. Doping of TiQwith metal elements produces crystal defects amthee
modifications, which can change its photocatalytioperties. Therefore, the Si-doped

TiO, and Zr-doped Ti@are discussed in this research.

2.2.1 Si-doped TIQ

Junget al. (1999) studied preparation anatase-phase titanentbedding silica
and photocatalytic activity for the decompositidrtrachloroethylene. Nanophase titania
particles were prepared by the sol-gel procesggusio different precursors; titanium
isopropoxide (TTIP) and titanium-ethoxide (TEOT)lica-embedded titania particles
was also prepared from TEOT and tera-ethyl-orthoage (TEOS). In the case of
nanophase titania particles prepared from TTIPrutike/anatase mixed phase had higher
photoactivity than the pure anatase in the decoitiposof TCE. However, in the
nanophase titania prepared from TEOT, the photaactivas increased with the heat
treatment temperature until rutile phase began dofdsmed. The surface area was

decreased with the heat treatment temperature.phbéoactivity of the pure anatase



titania prepared from TEOT was higher than thaDefussa P25 and the anatase/rutile
mixed titania prepared from TTIP. Therefore, weaoded that, in order to achieve high
photocatalytic activity, it was important to prepditania particles at high temperature,
preferably without forming rutile phase but not essarily. This conclusion was
confirmed by the experimental result that the aisenbedded titania particle of pure
anatase phase had higher photoactivity than th@egussa P25 and the pure anatase
titania prepared from TEOT. The embedding of smalbunt of silica into anatase titania
matrix enhanced the thermal stability of nanoph@itena particle resulting in the
suppression of the phase transformation from aeatasrutile phase. This thermal
stability enables us to calcine the silica-embedukaticles at higher temperature without
accompanying the phase transformation and to redleebulk defects, which are
responsible for the low photocatalytic activity.

Chenget al. (2003) have studied preparation and charactevizatf silica-doped
titania photocatalyst through sol-gel method. Fivels of XSiQ/TiO, nanopowders (X
denotes wt.%) were prepared by the sol-gel prod@&Bu"), and TEOS were used as
precursors of titania and silica, respectively. Teé@mples were calcined at the
temperatures ranging from 40C to 950°C for two hours. They reported that the
suitable addition of silica into titania can efigety suppress the phase transformation of
titania from anatase to rutile and prevent the gnowf titania grains. The optimum
material for higher photoactivity is 30SiDiO, sample fired at 808C with a grain size
of 12 nm. By comparison of all sectors, it is fouhdt oxygen vacancies play a dominant
rule in the higher photoactivity of the 30SiDiO, sample sintered at 86C. In addition,
presence of i, as detected by EPR and XPS proved the occur@mbeoxidization in
silica/titania. samples after heat treatment andetkistence of oxygen vacancies in the
nanoparticles. All these effects contributed to ltlgher photocatalytic activity Pd silica-

doped titania powders.



2.2.2 Zr-doped TiO,

Hiranoet al. (2002) studied direct formation of zirconia-doggdnia with stable
anatase-type structure by thermal hydrolysis. Tloemd that the Zr@ content in the
starting solution increased, a shift of the diffrac peak of the as-precipitated anatase-
type TiQ, to lower diffraction angle was observed. In heaatment, they found a small
amount of tetragonal ZrOvas detected after heat treatment at >950°C amdcithtase
structure was fully maintained when Zr@as doped in the titania, even after heat
treatment at 1000°C. They reported that the hyerotlally precipitated anatase particles
with nanosized crystallites can produce solid sofuwith large amount of ZrOthan
those with high crystallinity and large crystallisgzze after heat treatment at 950° -
1000°C.

Hirano et al. (2003) studied photoactivity and phase stabilityZoO,-doped
anatase-type Ti©directly formed as nanometer-sized particles byrblysis under
hydrothermal conditions. They synthesized anatgse-Ti0, doped with 4.7 and 12.4
mol% ZrQ, that were directly precipitated as nanometer-sipadicles from acidic
precursor solutions of TIOS@nd Zr(SQ),. The enhancement in photocatalytic activity
of the ZrQ-doped TiQ might be explained by the increase in concentmatgygen
vacancies in the structure defects such as vacmti¢he lattice, particularly on the
surface to partially offset the lattice strain. méfere, oxygen could escaped from the
surface of the lattice to trap photogenerated hdlésreover, the anatase-type TBiO
doped with ZrQ showed high phase stability and maintained andygeestructure even

after heating at 100G for one hour.

Marinaset al. (2006) studied. different titania-based systemsedopith diverse
transition metals were synthesized by the sol—gethod. Titanium tetraisopropoxide
(TTIP) was used as the titanium source whereaugsers for doping-metals were the
corresponding acetylacetonates. In preparation, step gel was divided into two
equivalent portions. One of them was magneticdilyes! for 24 h whereas the other was

treated with ultrasonic irradiation. All the sangpleere tested for gas phase selective
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photooxidation of 2-propanol. They found that ipestive of the aging method, the
addition of Pd, Pt and Ag improved the catalyticfmenance of bare-Ti¢) whereas

doping with Fe and Zr had a detrimental effect otivay. In the case of Zn-containing
systems, the addition of Zn was either detrimeatabeneficial depending on the aging

being carried out under magnetic stirring or saimeca respectively.

Luk& et al. (2007) studied influence of Zr as Ti@oping ion on photocatalytic
degradation of 4-chlorophenol. Nanosized Zr-dop&d, Photocatalysts were prepared
using the homogenous co-precipitation method frogueaus solutions containing
TiOSO, and ZrC) by urea as a precipitation agent, with subsequemtinealing at
various temperatures of 400-11%D. They found that catalysts annealed between 800
and 900°C are more efficient than the standard photocatddggjussa P25. The most
photoactive catalyst annealed at 90D contains 87 wt.% of anatase and 13 wt.% of
rutile. In addition, they proposed that the impmydotocatalytic activity of Ti@by Zr-
doping is probably due to mutually working effecBlectrons are trapped more
effectively on Zf* than Tf* sites and the oxygen vacancies facilitate thespart of

charge carriers to the surface reactive sites.

2.3 Titanium dioxide for use as catalyst support

Titanium dioxide (TiQ) is commonly used as a carrier or support forlgtta
materials due to it high surface areas, high therstability and high mechanical
resistance. Thus, an active catalytic phase suahetal or metal oxide species can be
highly dispersed on the high surface area supplbrits noted that high dispersion of the
active catalytic phase may lead to great accesgibal utilize the active sites for surface

reaction.

Kaluzaet al. (2007) studied effect of support type on the miagi@ of synergism
and promotion in CoMo sulphide hydrodesulphurisatatalyst. They prepared the Co,
Mo and CoMo catalysts in different Co/Mo ratios paged on SiQ ZrO,, TiO,, Al;Os,
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active carbon and MgO. The order of activity of roowtallic Mo catalysts was
MoO3/TiO, > MoGs/C > MoOy/ZrO, > MoG,/SiO, > MoG3/Al,03 > MoOy/MgO. The
order of promotion of Mogsupport by Co addition was CoMo/MgO > CoMo/C >
CoMo/AI203 > CoMo/TiQ > CoMo/ZrQ, > CoMo/SiQ.

Sandovalet al. (2007) studied gold nanopatrticles supported on reducibi®
and CeQ) and non-reducible oxides (Ab; and SiQ) with comparable gold patrticle size
(2.5-3.5 nm) as catalysts in the WGS reaction. Metaling was fixed to 4 and 8 wt.%.
The WGS reaction was studied in the temperaturgerdrom 50 to 400 °C in a flow
reactor at atmospheric pressure. Before reacties@mples were calcined at 200, 300 or
400 °C to study the effect of calcination tempemtin the catalyst activity. The
Au/CeG; catalyst showed an enhanced reduction at low-teatyres as evidenced by the
H/Au ratio. They found that when supported on Ji#&hd CeQ®, the activity of gold
nanoparticles was much higher than the one obseviiea supported on AD; and SiQ

being the Au/Si@catalyst practically inactive.

From the previous literature reviews, some succéssenhancing the
photocatalytic activity of TiQ has been achieved by several methods such asiculfa
reduction with hydrogen, and halogenation. Howermerone use quenching technique in
order to modifiy the properties of T3 herefore, an alternative quenching pre-treatment

for create defect sites on TiGurface is chosen study in this research.



CHAPTER Il

THEORY

3.1 Quenching proces¢Boyer, 1988)

Quenching is a critical process that determineg fimal product of
transformations of many materials. For the purpaddkis proposal, it is defined as the
mechanism of “rapid cooling” of metals. Quenchimmsists of cooling from a relatively
high temperature to a fairly low temperature inhars period of time. The temperature
differential and the rate of cooling may vary ghgatlepending on the material being
heated and on the required cooling rate. The temyrer of the medium in which the
article is then placed (quenched) may vary front tfiace water (0°C, or 32°F) to more
than several hundreds of degrees Fahrenheit. Fontine, the cooling power of the
guenching medium may vary from as slow as thatibbias to that of a violently agitated

agueous solution.

3.1.1 Classification of quenching methods and tenlgues

These modifications have resulted in the arbiteemsignment of specific names to

various quenching methods, such as direct quencfiggjuenching, and gas quenching.

Direct quenching refers. to direct cooling (usually by a liquid qobh of the
metal from its heat treating temperature to, deast to near, ambient temperature.

Selective quenchingis used when pre-selected areas of the workpieast m
remain relatively unaffected by the quenching medidThis can be accomplished by
insulating the area to be protected, or by allowtimg quenchant to contact only those

areas of the part that are to be quenched.



13

Time quenchingis used when the cooling rate of the part beinghgbhed must
be changed abruptly at some time during the coalyale. The change in cooling rate
may entail either an increase or a decrease indetye, depending on which is needed

to attain the desired results.

Spray quenching.With this method, streams of quenching liquid directed at
high pressure (up to 0.8 MPa, or 120 psi) to lacehs of the workpiece. The cooling rate

is rapid and uniform over the entire temperaturgesof the quenching cycle.

Fog quenchingutilizes a fine fog or mist of liquid droplets aadgas carrier as
cooling agents. This method of quenching, althosighilar to spray quenching, is less
effective, because the quenching mist or fog isreatlily adapted to rapid removal or
replacement by cooler fog or mist once it has desated by contact with the part being

guenched.

Gas quenching.The term gas quenching includes cooling of metaispn still or
moving air, as well as in still or moving inert gassuch as nitrogen or argon, and active

gas mixtures such as protective atmospheres.

3.1.2 Quenching media and techniques

Many different media have been used for quenchiing most commonly used
are included in the list below, including some thet used only to a very limited extent
for specific applications:

- Water

- Brine solutions (aqueous)

- Caustic solutions (aqueous)

- Polymer solutions

- Oils

- Molten salts
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- Molten metals

- Gases (still or moving)

- Fog quenching

- Dry dies (commonly water cooled, or cold slabs)

Only liquid quenching and gas quenching that camcesur work thus other
guenching media will not mentioned in details. Tetails of liquid quenching and gas

guenching are following

Water Quenching

Water was the original quenching medium used inroersial practice.
Its other advantages are that it is inexpensiveraadily available; it is easily disposed of
without attendant problems of pollution or healtwérd. Consequently, the quenching
system can be extremely simple. One disadvantagetdr as a quench is that its rapid
cooling rate persists throughout the lower tempeeatrange, in which distortion or
cracking is like to occufTo reduce to temperature sensitivity of water, demrariety of
additives have been tried. The two most practiodl effective additives are salt (sodium
or calcium chloride and caustic (sodium or potassiydroxide). Both of these materials
increase the uniformity of the water quench withdetracting from its cooling power.
However these additives in themselves create cedi@wback: including requirements

for a closed system.

Gas Quenching

Gas quenching in. its simplest form consists of nanmg a part from the
furnace and allowing it to cool in still air; thenlg circulation is created by natural
convection around the hot workpiece. In gas quemngthe workpiece is placed directly
into the gas quenching zone or chamber, and heapidly extracted from the metal by a
fast-moving stream of gas. Various gases, rangimmg fir to complex mixtures, may be

used for cooling, depending on process requirements
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In general, the quenching techniques in commoratese

- Immersion in a single quenchant (air or liquidfaooling to near room
temperature (usually slightly above) without intgtion.

- Use of two quenching mediums on a timed basis) sis a partial quench in
water, followed by oil; quench or quenching in realsalt, followed by finishing in air.

- Isothermal quenching, that is, predetermined txatpre, then temperature until
the phase completed.

- Spray quenching which usually uses an aqueousumed his technique is most
frequently used for quenching of induction- or fesmardened parts, although it can be
used for quenching of furnace- heated workpiecpsysguenching offers the advantage

of instantaneous control in timing as well as puessegulation.

3.2 Titanium (1V) oxide
3.2.1 Physical and Chemical Properties

Titanium (IV) dioxide (TiQ) belongs to the family of transition metal oxides.
TiO, has received a great deal of attention due tchiésnical stability, non-toxicity, low
cost, and other advantageous properties; I8@Iso used in catalytic reactions acting as
a promoter, a carrier for metals and metal oxides,additive, or as a catalyst. The
structures of futile, anatase: and: brookite can teudsed in terms of (Ti®)
octahedrals. Brookite is extremely difficult to #yasize in the laboratory but both
anatase and rutile.can be readily prepared. Howewy rutile and anatase play role in
the applications of TiQand ‘are of any interest here as they have beehedtwvith
surface science techniques. The three crystaltates differ by the distortion of each
octahedral and by the assembly patterns of thdedtal chains (Figure 3.1).
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Figure 3.1 Crystal structures of anatase (@), rutile (b, larookite (c).
(O. Caret al, 2004)

Both crystal structures, anatase and rutile, arenconly used as photocatalyst,
with anatase showing a greater photocatalytic dgtior most reactions. It has been
suggested that this increased photoreactivity i wuanatase’s slightly higher Fermi
level, lower capacity to adsorb oxygen and higheggrde of hydroxylation (i.e., number
of hydroxy groups on the surface). Reactions incWhioth crystalline phases have the
same photoreactivity or rutile a higher one are at¢ported. Furthermore, there are also
studies which claim that a mixture of anatase (%@¢)/and rutile (30—-25%) is more

active than pure anatase.

Anatase appears to be the more active of the twsgshstudied. This is probably
due to differences in the extent and nature ofstiméace hydroxyl groups present in the
low temperature anatase structure. Furthermorepliodoactivity enhancement can be
related to the Fermi level of anatase which is &loR eV higher-than that of rutile.
(Maruska and Katol983). The band gap energy of a semiconductor sporeds to the
minimum energy of light required to make the maieeiectrically conductive. The band
gap energy of anatase is 3.2 eV, which corresptmdB/ light with wavelength of 388
nanometers, while the band gap energy for theertjgbe is 3.0 eV, corresponding to

violet light that has a wavelength of 413 nanonseter
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The transformation from anatase to rutile is accammgd by the evolution of ca.
12.6 kJ/mol (3.01 kcal/mol), but the rate of tramsfation is greatly affected by
temperature and by the presence of other substamich may either catalyze of inhibit
the reaction. During the transformation, anatasgs closed-packed planes of oxygen
are retained as rutile closed-packed planes, ai@daperative rearrangement of titanium
and oxygen ions occurs within this configurationafsumotoet al, 2001). The lowest
temperature at which conversion of anatase tcertakes place at a measurable rate is ca.
700°C, but this is not a transition temperaturee Thange is not reversiblaG for the
change from anatase to rutile is always negatibe. dmall differences in the Gibbs free
energy (4-20 kJ/mole) between the three phase®sutmt the metastable polymorphs
are almost as stable as rutile at normal pressum@temperatures. If the particle sizes of
the three crystalline phases are equal, anatasess thermodynamically stable at sizes
less than 11 nm, brookite is most stable betweeantil35 nm, and rutile is most stable

at sizes greater than 35 nm (Zhang, and Banfi@dQR

Since both anatase and rutile are tetragonal, éneyboth anisotropic, and their
physical properties, e.g. refractive index, vargaading to the direction relative to the
crystal axes. In most applications of these sules&nthe distinction between
crystallographic direction is lost because of taedom orientation of large numbers of
small particles, and it is mean value of the prop#rat is significant. A summary of the

crystallographic properties of the three varieisegiven in Table 3.1

Table 3.1Crystallographic properties of anatase, brookitel rutile. (Fujishimat al,
1999)

Crystal System Unit cell Density . Lattice constamh)
structure (kg/m®)  a b c
Anatase Tetragonal A°.4Tio, 3830 0.373 - 0.937

Rutile Tetragonal D4h12.3TiO2 4240  0.458 - 0.295

Brookite Orthorhombic  D2h15.8TiO2 4170 0.543 0.916.513
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Measurement of physical properties, in which thestallographic directions are
taken into account, may be made for both naturdl smthetic rutile, natural anatase
crystals, and natural brookite crystals. Measurdésehthe refractive index of titanium
(IV) oxide must be made by using a crystal thatugably orientated with respect to the
crystallographic axis as a prism in a spectromefeystals of suitable size of all three
modifications occur naturally and have been studiolwever, rutile is the only form
that can be obtained in large artificial crystatsri melts. The refractive index of rutile is
2.903. The dielectric constant of rutile varieshadlirection in the crystal and with any
variation from the stoichiometric formula, TiOan average value for rutile in powder
form is 114. The dielectric constant of anatasegews 48.

3.2.2 Preparation procedure of TiQ (O. Carpet al, 2004)

TiO, can be prepared in the form of powder, crystalshio films. Both powders
and films can be built up from crystallites rangifigm a few nanometers to several
micrometers.

3.2.2.1. Solution routes

For some applications, especially the synthesthiof films, liquid-phase
processing is one of the most convenient and etllinethods of synthesis. This method
has the advantage of control over the stoichiomgiryducing homogeneous materials,
allowing formation of complex shapes, and preparatif composite materials. However,
there are several disadvantages among which camébd not) be: expensive precursors,
long processing times, and the presence of carbamampurity. The most commonly

used solution routes in the synthesis of TiO2 aesented below.
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1) Solvothermal methods

These methods employ chemical reactions in aquébydrothermal
method) or organic media (solvothermal method) sagimethanol, 1,4 butanol, toluene
under self-produced pressures at low temperatuseslly under 256C). Generally, but
not always, a subsequent thermal treatment is nedjuo crystallize the final material.
The solvothermal treatment could be useful to @rgrain size, particle morphology,
crystalline phase, and surface chemistry by remgahe solution composition, reaction

temperature, pressure, solvent properties, addjtesed ageing time.

2) Sol-gel methods

These methods are used for the synthesis of thims fipowders, and
membranes. The sol-gel method has many advantagesother fabrication techniques
such as purity, homogeneity, felicity, and flexiyilin introducing dopants in large
concentrations, stoichiometry control, ease of @ssmg, control over the composition,
and the ability to coat large and complex areass Mtethod involves the formation of a
TiO, sol or gel or precipitation by hydrolysis and censation (with polymer formation)
of titanium alkoxides. To obtain a final produdtgtgel is heated. This heat treatment
serves several purposes, i.e., to remove solvendedompose anions such as alkoxides or
carbonates to give oxides, to rearrange of thectstres of the solid, and to allow

crystallization to occur.

3.2.2.2. Gas phase methods

For thin films, most synthesis routes are perforfredn the gas phase.
These can be chemical or physical of nature. Mbgtese techniques can also synthesize
powder, if a method to collect the produced partids employed. The main techniques

are:
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1) Chemical vapour deposition (CVD)

CVD is a widely used versatile technique to coagdasurface areas in a
short span of time. In industry, this techniqguefien employed in a continuous process
to produce ceramic and semiconductor films. Comgsumanging from metals to
composite oxides, are formed from a chemical reaabr decomposition of a precursor

in the gas phase.

2) Spray pyrolysis depaosition (SPD)

SPD is an aerosol deposition technique for thimdiland powders related
to CVD. It has been used for preparation of (mix@dile powders/films and uses mostly
metal-organic compounds or metal salts as precurSqray pyrolysis of Ti@has merits
such as simplicity, low costs, reproducibility, ahe possibility of depositing large areas

in a short time, while the films exhibit good elécal and optical properties.

3.2.3 Applications of titanium dioxide

Titanium dioxide is one of the most common matsrialour daily life. Titanium
dioxide has been widely used in a variety of paimgkastics, paper, inks, fibers,
cosmetics, sunscreens, and foodstuffs. Naturdléy/iype of titanium dioxide that is used
as a pigment is different from that used as a platédyst. The photocatalytic technology
is becoming _more and more attractive to industtieday because environmental
pollution has been recognized as a serious prokieat needs to be addressed
immediately. Various applications in whichresearahd development activities
involving titanium dioxide have been investigatedch as anti-fogging activity, anti-
bacterial activity, anti-viral activity, fungicidalctivity, anti-soiling activity, self-cleaning
property and self-sterilizing property, deodorizieffect, photocatalytic air purification,
cancer therapy, water treatment and water purificatdecomposition of organic
compounds.
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3.3 Photocatalytic procesgFujishimaet al, 1999 and Linsebiglest al, 1995)

The primary photocatalytic process occurs uporiatéon of a semiconductor. A
semiconductor has an electronic band structure. Aighest occupied energy band
(valence band) and the lowest empty band (condudiand) are separated by a band
gap. The magnitude of the energy of band gap betviee electronically populated
valence band and the largely vacant conduction lgowkrns the extent of thermal
population of the conduction band in its intringtate. The band gap defines the

wavelength sensitivity of the semiconductor todiagion (Fox and Dulay, 1993).

Absorption of a photon by semiconducting solidsitescan electron (gfrom the
valence band to the conduction band if the photmrgy, lv, equals or exceeds the band
gap of the semiconductor/photocatalyst. Simultasgpuan electron vacancy or a
positive charge called a hole"fhis also generated in the valence band (Figurg 3.2
Ultraviolet (UV) or near-ultraviolet photons areptgally required for this kind of

reaction.

Condoction band hiw
g /
Band Gap({E.) /
UV light
h™ Q

v Hlt‘!’!t‘t" ﬁnﬂ

Figure 3.2Band-gap diagram formation of holes (h+) and ebex (e-) upon UV

irradiation of semiconductor surface.
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The electron-hole pair " pair) thus created migrates to the photocatalyst
surface where it either recombines, producing tlaéremergy, or participates in redox
reactions with the compounds adsorbed on the pattlyst (see Figure 3.3). The
lifetime of an &h” pair is a few nanoseconds, but this is still lemgugh for promoting

redox reactions in the solution or gas phase itaabnvith the semiconductor.

Enargy ["‘

[
ON

O

Figure 3.3 Main processes occurring on a semiconductor perti@) electron—hole
generation; (b) oxidation of donor (D); (c) redoctiof acceptor (A); (d) and (e) electron—
hole recombination at surface and in bulk, respebti (Fujishimaet al,, 1999)

Generally, the hole oxidizes water to hydroxyl cais (which subsequently
initiate a chain of reactions leading to the oxmtatof organics), or it can be combined
with the electron from a donor species (D), depemdon the mechanism of the
photoreaction. Similarly, the electron can be deddb an electron acceptor (A) such as
an oxygen molecule (leading to formation of sup&fexadical) or a metal ion (with a

redox potential more positive than the band gathefphotocatalyst). This metal ion can
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be reduced to its lower valence states and deplositethe surface of the catalyst. The
electron-transfer process is more efficient if #pecies are preadsorbed on the surface
(Linsebigleret al, 1995).

In principle, a photocatalytic reaction may procema the surface of Ti©
powders via several steps, namely (a) productioeleftron-hole pairs, photogenerated
by exciting the semiconductor with light energy) geparation of electrons and holes by
traps available on the T&urface; (c) a redox process induced by the stgmhedectrons
and holes with the adsorbates present on the gurfdr desorption of the products and
reconstruction of the surface. The example of pledtdytic reaction scheme for the
degradation of organic water contaminants (Turcid ®llis, 1990).The sequence of

steps representing the proposed mechanisms id@sso

() Excitation of the catalyst by photon energy ajez than the band gap,

generating electrons and holes.

Ti0; e, W o+ b

(i) Adsorption on the catalyst surface and lattieggen (Q%)
O+ TV +HO —» @ +T"-OH
TV + O ——  THH,0

Site-+ R, ——— Rads

where R1 represents an organic molecule, Rladssemis an adsorbed organic

molecule
(iif) Recombination of the e--h+ pair, producingtimal energy

e +h —» heat
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(iv) Trapping of the hole and electron

TiV-OH + h* — T-H,0'
TiV-H,0™ + h* —  TiHO +H+
Riags + " —>  Ras
TV + e — » T

Ti" + O — 10o,"

However, the detailed mechanism of the photocatalytocess on the TiO
surface is still not completely clear, particulaiiyat concerning the initial steps involved

in the reaction of reactive oxygen species andracgaolecules.

3.4 CO-hydrogenation

The hydrogenation of carbon monoxide over a la@sition metal catalyst to
predominantly linear hydrocarbons and:or oxygenassscome to be called the Fischer—
Tropsch synthesis (Anderson, 1984). Fischer-Trogyalthesis (FTS) that discovered by
Frans Fischer and Hans Tropsch over 77 years agan alternate process, can convert
the synthesis gas ¢KCO) derived from carbon sources such as coal, p&anass and
natural gas, into hydrocarbons and oxygenates. grimsess makes it possible to obtain
high-purity transportation fuels from feedstockieestthan crude oil, such as natural gas,
charcoal, or biomass. These raw materials are ¢wosiverted into syngas by partial

oxidation or steam reforming processes.

This_synthesis is basically the reductive polyzetion (oligomerization) of
carbon monoxide by hydrogen to form organic proslecntaining mainly hydrocarbons
and some oxygenated products in lesser amountsm&yipulation of the reaction
conditions, the process may be designed to proteesier saturated hydrocarbons or

lower olefins or oxygenated hydrocarbons as we skalin the following discussion.
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Metals that have significant activity for Fischempsch synthesis include iron,
cobalt, nickel and ruthenium. Iron has proved sddée the best. It is superior to cobalt
with respect to conversion rate, selectivity arekifility. Nickel has disadvantage of
producing appreciable amounts of methane. Ruthemnhances the formation of high
molecular weight alkanes and catalyzes polymeponrat polymethane. Other group VIII

metals are of low activity. Copper does not catllyisher-Tropsch synthesis.

The catalyst is usually prepared by fusion or giéafion over a silica, alumina or
kieselguhr support. Small amounts of promoters saschlkali metal or copper salts are
included in the catalytic mixture. Copper is bedieto facilitate the reduction of the
catalyst, alkali metal salt, particularly.® enhance activity and olefins selectivity. The
support increased the surface area of the catadgsél thus extremely increasing in

dispersion.

Sulfur compounds generally poison the catalyst thieg must be removed from
the synthesis gas feed stream. However, partidlirspbisoning may have favorable
effects. Thus, it has been found that deliberatghtslsulfur poisoning of the

iron/manganese catalyst enhances selectivity tocttaon olefins.

Three main types of reactors are currently in usethe Fischer-Tropsch
processes: Fixed-bed, fluidized-bed and slurry beakctors. Fixed-bed reactors are
usually tubular tube, each tube having 50 mm ID &aadn length. A single reactor may
contain as many_as 2000 _such tubes. Fluidized-kadtars provide for better heat
transfer and continuous regeneration of the cdtalyse catalyst used in fluidized- bed
reactors must have high physical stability. SAS@LSought Africa), uses fluidized-bed
reactors 46 m high, 230 cm in diameter with reactemperature of 320-360°C and
pressure. In the slurry-bed reactors the feedgyhsbbled through a suspension of finely
divided catalyst particles. It has the advantaggoaid temperature control thus providing

greater flexibility of reaction conditions.
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Each type of reactor is better suited for certaimdpct composition. Fixed-bed
reactors, for example, produce high boiling stragiain hydrocarbons consisting,
typically, of 33% gasoline hydrocarbonss{Ci1), 17% diesel and 40% heavy paraffins
and higher waxes. The gasoline fraction is of lostane value and requires further
treatment (isomerization or blending) before uskidized-bed reactors are the best
when lighter hydrocarbons are desired. A typicaldpict composition is 72% lower
molecular weight gasoline-range hydrocarbons richolefins and 14% oxygenated
hydrocarbons. However, the product is low in diesbls two or more different reactors

may be operated in parallel to provide an integr&sel plant.

The demands on selectivity of Fischer-Tropsch reastare ever-increasing. In
the earlier days of the process the concern wampoove selectivity with respect to
better gasoline grade and/or diesel oil chemiddish the realization of feasible route of
converting synthesis gas to industrial intermediateore stringent conditions are being

imposed on the reaction parameters to make theepsaoore selective.

Selectivity improvement is sought with respect toduct properties such as chain
length, chain branching, olefin content, alcohohtemt and methane content. Reaction
conditions that particularly eliminate or minimizarbon deposition are desirable. In
order to achieve and improve product selectivitg thptimization of the following
reaction parameters has been investigated: reattimperature and pressurey/E€O
ratio, conversion, space velocity, amount and typeromoters, nature of the catalyst,

size of catalyst particles and mode of its depasjtiype of support, and type of reactor.
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The main reactions of FTS are

CO+[1+;n—njH2—>(%anHm +H.,0 ..(1)
CO+3H, »CH, +H,0 ..(2)
CO+H,0 »>CO, +H, ..(3)
2CO0—>C +CQO, . (4)

Equations (1) is the formation of hydrocarbons bigthan C1, and the equation
(2) is methanation. The water-gas shift reactishich is undesirable for natural gas
conversion, is shown in equation (3). The Boudduaaction, which results in carbon

deposition on the catalyst surface, is shown iragqn (4).

The mechanism consists of surface steps in fivegoates: (1) the adsorption of
reactants (bland CO); (2) chain initiation; (3) chain propagati¢4) chain termination
and desorption of products; (5) readsorption andorsgary reaction of olefins.
Depending upon the type of catalyst used, prompigaction conditions (pressure,
temperature and JCO ratios), and type of reactors, the distributanthe molecular

weight of the hydrocarbon products can be notigeadtied.

With regards to the operating conditions, usuallyhlr pressures will result in
higher rates. Entrained bed reactors or slurryblaulgolumn reactors are better than
fixed-bed reactors for FTS since they can remowd frem this exothermic synthesis,

allowing better temperature control.

The current main goal in using FTS is to obtainhhigolecular weight, straight
chain hydrocarbons. However, methane and othet ligirocarbons are always present
as less desirable products from the synthesis. M#rynpts have been made to minimize

these byproducts and increase the yield of longndiguid hydrocarbons by improving
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chain growth probability. A key element in improvEdcher—Tropsch processes is the
development of active catalysts with high wax d@lég. Normally, catalysts used for
this synthesis are group VIII metals. By natures Hydrogenation activity increases in
order of Fe< Co< Ni < Ru. Ru is the most active. Ni forms predominantiethane,
while Co yields much higher ratios of paraffins defins and much less oxygenated

products such as alcohols and aldehydes than e doe

3.4 Cobalt and Cobalt OxideqYoung 1960)

Cobalt, a transition series metallic element haatanic number 27, is similar to
silver in appearance. The electronic structure obatt is [Ar] 3’4s>. At room
temperature the crystalline structure of ¢héor €) form, is close-packed hexagonal (cph)
and lattice parameters are a = 0.2501 nm and c4866.nm. Above approximately
417°C, a face-centered cubic (fcc) allotrope, h@r B) form, having a lattice parameter
a = 0.3544 nm, becomes the stable crystalline f@aomalt exists in the +2 or +3 valance

states for the major of its compounds and complexes

Cobalt has three well-known oxides:

Cobalt (Il) oxide, CoO, is an olive green, cubigstalline material. Cobalt (l1)
oxide is the final product formed when the carber@tthe other oxides are calcined to a
sufficiently high temperature, preferably in a malior slightly reducing atmosphere.
Pure cobalt (1l) oxide is a difficult substancepi@pare, since it readily takes up oxygen
even at room-temperature to re-form a higher oxiddove about 851, cobalt (II)
oxide form is the stable oxide. The product of owerce is usually dark gray and
contains 75-78 wt % cobalt. Cobalt (1) oxide idutde in water, ammonia solution, and
organic solvents, but dissolves in strong minecalsa It is used in glass decorating and

coloring and is a precursor for the productionabalt chemical.

Cobalt (lll) oxide, CgOs3, is form when cobalt compounds are heated at a low
temperature in the presence of an excess of ameSauthorities told that cobalt (l11)

oxide exists only in the hydrate form. The lowgdifate may be made as a black power
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by oxidizing neutral cobalt solutions with subsstike sodium hypochlorite. @0; or
C0,0s. H,0O is completely converted to €@y at temperatures above 265 CgO,4 will

absorb oxygen in a sufficient quantity to corregptmthe higher oxide GQs.

Cobalt oxide, CgO,, is formed when cobalt compounds, such as thenzdbmr
the hydrated sesquioxide, are heated in air at ¢éestyres above approximately 265
and not exceeding 860.

3.5 Co-based catalyst&Jongsomiit et al., 2004

Co-based catalysts are known to be commercialigaive for FTS because of its
high activity and selectivity for linear hydrocari®) low water—gas shift activity, low
deactivation rates, and comparatively low pricesddivantages are the high costs of
cobalt and low water—gas shift activity. Therefarebalt catalysts are viable for natural-
gas-based Fischer—Tropsch processes for the produsit middle distillates and high

molecular-weight products.

The Co-based catalysts, synthesized in the forenrogétal oxide, are subjected to
an activation treatment to become active for FTtlsgsis. Cobalt catalysts are almost
always reduced in Hat temperatures between 473 and 723 K. The Cweaphase is
generally deposited over an oxidic support, fornepie, SiQ, Al,Os;, ZrO,, CeQ or
TiO,, which provides good mechanical strength and thérstability under reaction
conditions. According to the literature, the int#i@an of cobalt with titania is stronger
than that with silica. Moreover, strong metal—supjp@teraction has been found to affect
the metal dispersion. The influence of various $ypé cobalt precursors used was also
investigated. It was found that the use of orggmerursors, such as cobalt (lll) acetyl
acetonate resulted in a significant increase obaarmmonoxide conversion, compared

with the reference catalyst made from cobalt rétrat



CHAPTER IV

EXPERIMENTAL

4.1 Catalyst preparation

4.1.1 Synthesis of TiD

Nanocrystalline TiQ was prepared using the solvothermal method instree
manner as that of Payakgetl al. Titanium (IV) n-butoxide (purity 97 %, Aldrich) was
used as the starting material. Approximately 15¢5of titanium n-butoxide was
suspended in 100 ml of toluene, in a test tubechvhwas then placed in a 300 ml
autoclave. The same solvent was filled in the gafveen the test tube and the autoclave
wall. The autoclave was purged completely by nerogfter that it was heated up to the
desired temperature (3W-32CC) with the rate of 2.5 K/min. The temperature loé t
autoclave was held constant at 573 K for 0.5-6 H #ren cooled down to room
temperature. The obtained TiWas washed by acetone for several times and yinall

dried in air. The chemicals used in synthesis @, Ere shown in Table 4.1

Table 4.1 Chemicals used in systhesis of 710

Chemical Supplier
Titanium (IV) n-butoxide (purity 97%) Aldrich
Toluene Aldrich

Acetone Aldrich
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4.1.2 Synthesis of metal-doped Ti©

The Si- and Zr-doped TiOwere prepared by adding a small amount of TEOS
(tetraethylorthosilicate, Aldrich) and zirconiumVJl n-butoxide (Aldrich) into the
solution of 25g TNB (Aldrich) in 100 ml toluene spectively. The molar ratios of Si/Ti
and Zr/Ti were calculated at 0.002, 0.005, and ThEn, set up the test tube in a 306 cm
autoclave. The gap between the test tube and thelave wall was filled with 30 ciof
the same solvent used in the test tube. The auwlas purged completely by nitrogen
before heating up to the desired temperature ,@mdhge of 573 K at a rate of 2.5 K/min.
Autogenously pressure during the reaction gradualtyeased as the temperature was
raised. Once the prescribed temperature was reattieetemperature was held constant
for 2 h. After the system was cooled down, the Itegpowders were repeatedly washed
with methanol and dried in air. The synthesized ;TWas calcined at 573 K with a
heating rate of 10 K/min for 1 h and cooled dowmimnat room temperature or 77 K. All
the samples were then air dried and stored in @&ader. The chemicals used in

systhesis of TiQare shown in Table 4.2

Table 4.2 Chemicals used in of metal-doped 7iO

Chemical Supplier

Titanium (IV) n-butoxide (purity 97%) Aldrich
Zirconium (IV) n-butoxide Aldrich
Tetraethylorthosilicate Aldrich
Toluene Aldrich

Acetone Aldrich
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4.1.3 Quenching treatment

For quenching pre-treatment, the synthesized, B metal-doped TiOwere
dried in air atmosphere at 573 K with a heating &t10 K/min for 1 h and then it was
taken out and immediately quenched in various duegcmedia. In this study, both
liquid phase and gas phase media were used. Foclgug in liquid phase media, liquid
nitrogen at 77 K, water at room temperature and 8730 wt% hydrogen peroxide at
room temperature and 373 K were selected. For dumemdan gas phase media, air at
room temperature and 77 K were selected. Aftes@imples were quenched in the media

for 30 min, all samples were dried in air at ro@mperature and stored in the desiccator.

4.1.4 Synthesis of Co/Ti@catalyst

The Co/TiQ catalyst procedures are as follows:

1. The previously gquenched titania supports wengrégnated with an agueous
solution of cobalt nitrate [Co(N§p 6H0] by incipient wetness technique. Using the
water capacity measurement obtained previouslyitimia particles, a sufficient amount
of the palladium precursor was added to obtain% B weight of cobalt.

2. After an impregnation, the catalysts were daed83 K for 12 h.

3. The dried catalysts were calcined at 723 K farusing a ramp rate of 1 K/min.

4. Finally, the catalysts were cooled down andestan desicators.

4.2 Catalyst Characterization

Various characterization techniques were used isstudied in order to clarify
the catalyst structure and morphology and surfaoeposition. The structure and
morphology of quenched titania were studied usimdase area measurements, X-ray
diffractomenter (XRD), Transmission electron miagse (TEM), Scanning electron
microscopy (SEM), Temperature programmed desorgifararbon dioxide (C®TPD),

Electron spin resonance spectroscopy (ESR), andyXphotoelectron spectroscopy



33

(XPS) and the details of each technique will becdesd in section 4.2.1. In the second
part 4.2.2, the physical and chemical propertie€ofTiO, catalysts were investigated
employing hydrogen pulse chemisorption, tempergiwogrammed reduction (TPR),
Scanning electron microscopy and energy disper¥nray spectroscopy, and X-ray
photoelectron spectroscopy (XPS).

4.2.1 TiQ photocatalyst

4.2.1.1 X-ray diffractometry (XRD)

The X-ray diffraction (XRD) patterns of powder weperformed by
SIEMENS D-5000 X-ray diffractometer at Center ofcEkences on Catalysis and
Catalytic Reaction Engineering, Chulalongkorn Ursity. The experiments were carried
out by using Ni-filtered CuK radiation { = 1.54439 A). The spectra were scanned at a
rate of 0.04 min* in the range @ = 20-86.The crystallite size was estimated from line
broadening according to the Scherrer equation Appendix B) andu-Al 03 was used

as standard.

4.2.1.2 Specific surface area measurement

The specific surface area was measured througbgeitrgas adsorption in
a continuous flow method at liquid nitrogen tempa@r@ The surface area was calculated
as the Brunauer— Emmett—Teller (BET) single-poiethnd. A mixture of nitrogen and
helium was employed as the carrier gas using Mierdros ChemiSorb 2750 Pulse
Chemisorption System instrument. The samples weaeuated and dried at 15C for
30 min before analysis.
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4.2.1.3 Transmission electron microscope (TEM)

The morphology and size of primary particles ahpkes were observed
by a JEOL TEM-200cx transmission electron microgcopperated at 100 kV at the
Scientific and Technological Research Equipment t€&enChulalongkorn University
(STRECQC).

4.2.1.4 Scanning electron microscopy (SEM)

The morphology and size of secondary particletref samples were
observed by Scanning electron microscopy (SEM). &llofl SEM for experiments: JSM-
5410LV at the Scientific and Technological Reseddgnipment Center, Chulalongkorn
University (STREC).

4.2.1.5 Temperature programmed desorption of carboudioxide
(CO,-TPD)

Temperature programmed desorption (TPD) using, GO a probe
molecule (C@-TPD) was performed to determine thé Tsite on surface titania. It was
carried out using 0.5 g of a titania sample. Taanas dosed by 1% G@ He for 1 h in
liquid nitrogen and then desorped in a range ofptmature from 123 to 253 K by level
controlling. A Gow-Mac (Series 150 thermal conadutyi detector) gas chromatography

equipped with a thermal conductivity detector wasdito analyze CO
4.2.1.6 Electron spin resonance spectroscopy (ESR)

ESR measurements were carried out using JEOL JEXS¢Relectron
spin resonance spectrometer. It was performed termime the amount of i surface
defect in mixed oxide catalysts. Recorded specteewcanned and were converted to a

g-value scale referring to a Mfmarker.
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4.2.1.7 X-ray photoelectron spectroscopy (XPS)

XPS surface analysis was performed using a Kratasicds X-ray
photoelectron spectroscopy. The XPS spectra werasued using the following
conditions: Mg K, X-ray source at current of 20 mA and 12 keV, re8oh 0.1 eV/step,
and pass energy 75 eV. The operating pressureppasxmately 1x108 Pa. The surface
of TiO, was in situ cleaned using an Ar ion gun sputteforg30 seconds with 0.5 kV
beam voltage and 50 mA emissions current. A widgsurvey spectrum was collected
for each sample in order to determine the elemam@sent on the surface. Then, window
spectra were recorded for the C 1s, O 1s, anditBegb and Ti 2p,, photopeaks of each
TiO, sample. All the binding energies were calibrate@rnally with the carbon C 1s
photoemission peak at 285.0 eV. Photoemission @meaks were determined after
smoothing and background subtraction using a lineatine. Deconvolution of complex
spectra were done by fitting with Gaussian (70%})ebtzian (30%) shapes using a

VISION 2 software equipped with the XPS system.
4.2.2 Supported metal catalyst

4.2.2.1 Scanning electron microscopy and energy gexsive X-ray

spectroscopy

SEM and EDX were used, to determine the catalystphwogies and
elemental distribution throughout the catalyst gias, respectively. The SEM of JEOL
mode JSM-5800LV was applied. EDX was performed gisiink Isis series 300

program.
4.2.2.2 Temperature-programmed reduction (TPR)

Temperature-programmed reduction (TPR) studies per®rmed in a U-

shaped tubular quartz reactor with MicromeriticslsBuChemisorb 2750 apparatus
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equipped with a thermal conductivity detector (TCEQr the TPR experiments, 0.05 g of
catalyst was loaded into the reactor. A cold tras wlaced before the detector to remove
water produced during the reaction. The samples véially dried in an Ar flow at 150
°C for 30 min; once the TCD signal was stable, the gfream was switched to 5%/ At,

and the temperature was raised from 40 to-gD@t a rate of 10C/min. H, consumption
was measured by analyzing the effluent gas usitigeianal conductivity detector, and

calibration was done by reduction of Aypowder.

4.2.2.3 Hydrogen pulse chemisorption

H,-chemisorption was carried out by using a Microtesi Pulse
Chemisorb 2700 apparatus. Cobalt dispersion wasrdeted by pulsing hydrogen over
the freshly reduced catalyst. A defined amount aiblyst was filled in a quartz tube,
incorporated in a temperature-controlled oven amuhected to a thermal conductivity
detector (TCD). The catalyst was reduced in a ftfwhydrogen at 350C for 10 h.
Afterwards, the sample was purged with helium & 20 for 1 h and finally cooled
down to 10C°C. Hydrogen was pulsed at 180 over the reduced catalyst until the TCD

signal was constant.

4.2.2.4 X-ray photoelectron spectroscopy (XPS)

XPS surface analysis was performed using a Kratosicds X-ray
photoelectron spectroscopy. Window spectra wererded for the C 1s, O 1s, Co 2p and
the Ti 2p photopeaks of each Co/fi€ample. Deconvolution of complex spectra were
done by fitting with Gaussian-Lorentzian (70/30pgés using a VISION 2 software
equipped with the XPS system.
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4.3 Reactivity measurements

4.3.1 Photocatalytic reaction

The apparatus and experimental procedures emplogedevaluate the

performance of various photocatalysts were desgrifpéhis section.

4.3.1.1 Chemicals and reagents

The reactant gas used for this study was ethyleae as supplied by Thai
Industrial Gas Limited. The gas mixture containetl @ol % ethylene in balance air.
Total flow rate of gas in the experiments was 10miml.

4.3.1.2 Instruments and apparatus

The schematic diagram of the gas phase photodatabyidation of
ethylene is shown in Figure 4.1. The part of insteats and apparatus are illustrated and
described as follows:

1) The photoreactor

The photoreactor is horizontal quartz tube withiresidde diameter of 1.0
cm (the length of the catalyst spread; 9 cm). Tawlgst particles were spread along
horizontal photoractor between quartz glass woggrlaA 500 W. high-pressure mercury
lamp (Philips, HPL-N) was used as the light soufdstance between the lamp and
catalyst; 20 cm).
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1. Reactor 6. Sampling port 11. Pressure regulat
2. Furnace 7. Bubble flow meter 12. On-off valve
3. Window for irradiation 8. Thermocouple 13. Miéng valve
4, Aluminium plate 9. Temperature controller 14r. tank
5. Source of light 10. Variable voltage transformer 15. Ethylene tank

Figure 4.1Photoreactor for experiment
2) Gas controlling system

The cylinder of air and 0.1% ethylene in air, eqeaigp with a pressure
regulator (1 bar), an on-off valve and fine metgnalve used for adjusting the required
values. The air containing ethylene in a conceiomatl000 ppm was continuously

supplied to the harizontal quartz at a constant flate.
3) Gas chromatograph

A gas chromatograph (SHIMADZU GC-14B) equipped widhflame
ionization detector (FID) was used to analyzed feed product. The operating

conditions for GC and detector are summarized inlelf4.3
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Table 4.30perating conditions for gas chromatograph fortpbtatalytic reaction

Gas Chromagraph SHIMADZU GC-14B
Detector FID
Column VZ-10
Carrier gas £1(99.999%)
Carrier gas flow (ml/min) 30 cc/min

Column temperature

- initial (°C) 70

- final (°C) 70
Injector temperaturé’C) 100
Detector temperaturéQ) 150
Current (mA) -
Analysed gas Hydrocarbon G-C,

4.3.1.3 Procedures

The photocatalytic activity was performed over @.df catalyst, which was
packed in the reactor. The photoreactor was incatpd into the reactor system as
shown in Figure 4.1. Prior to each experiment réaetor was supplied with air at a flow
rate of 15 ml/min. The photocatalyst was illumirhb®y ultraviolet light sources for one
hour in order to remove any organic compounds thaht remain from previous
experiments from the surface of the catalyst. Atire hour, the reactant, 0.1% (v/v)
ethylene in air, was fed to the reactor at a flate of 10 - ml/min. The temperature of the
reactor under illumination was about°@) as measured using a K-type thermocouple.
The flow rate of each gas was measured using alduldw meter. Reactor effluent
samples were taken at 30 min intervals and analyjmedsC. The composition of
hydrocarbons in the feed and product stream wayzethby a Shimadzu GC14B (VZ-
10) gas chromatograph equipped with a flame iominadetector. In all case, steady state

was reached within 3 h.
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4.3.2 CO-hydrogenation reaction

4.3.2.1 Material

The reactant gas used for the reaction studythesarbon monoxide in
hydrogen feed stream as supplied by Thai Indus&&s Limited (TIG). The gas mixture
contained 9.73 vol% Co inAHThe total flow rate was 30 ml/min with the/BO ratio of
10/1. Ultra high purity hydrogen and high purityyan manufactured by Thai Industrial

Gas Limited (TIG) were used for reduction and be¢ahflow rate.

4.3.2.2 Instruments and apparatus

Flow diagram of CO hydrogenation system is showrrigure 4.2. The
system consists of a reactor, an automatic temyperantroller, an electrical furnace
and a gas controlling system.

1) Reactor

The reactor was made from a stainless steel (@h®. 3/8”).Two
sampling points were provided above and below #talgst bed. Catalyst was placed

between two quartz wool layers.

2) Automation Temperature Controller

This unit consisted of a magnetic switch conredtea variable voltage
transformer and a solid state relay temperaturé&aiter model no. SS2425DZ connected
to a thermocouple. Reactor temperature was meaatithd bottom of the catalyst bed in
the reactor. The temperature control set pointljesiable within the range of 0-8at

the maximum voltage output of 220 volt.
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3) Electrical Furnace

The furnace supplied heat to the reactor for COrdgehation. The
reactor could be operated from temperature up €3@B@t the maximum voltage of 220

volt.

4) Gas Controlling System

Reactant for the system was each equipped wittesspre regulator and
an on-off valve and the gas flow rates were adgubteusing metering valves.

5) Gas Chromatograph

The composition of hydraocarbons in the productash was analyzed by a
Shimadzu GC-14B (VZ-10) gas chromatograph equippéith a flame ionization
detector. A Shimadzu GC-8A (molecular sieve 5A) ga®matograph equipped with a
thermal conductivity detector was used to analyge &hd H in the feed and product

streams. The operating conditions for each instniraee shown in the Table 4.4.

4.3.2.3 Procedures

CO hydrogenation was performed using 0.2 g odlgst was packed in
the middle of the stainless steel micro reactoiiciwlocated in the electrical furnace. The
total flow rate was 30 ml/min-with the>KCO ratio of 10/1. The catalyst sample was re-
reducedin situ in flowing H, at 350°C for 10 h prior to CO hydrogenation. CO
hydrogenation was carried out at Z2Dand 1 atm total pressure. The product streams
were analyzed by gas chromatography (GC). In aksasteady-state was reached within
5 h. The effluent gases were sampled to analyseaheentration of hydrocarbon {C,)
using GC-14 B equipped with a VZ-10 column, whereabon monoxide concentration
was analyzed by GC-8A equipped with a MoleculavesigA column.
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Table 4.40perating condition for gas chromatograph for G@rbgenation

Gas Chromagraph

SHIMADZU GC-8A

SHIMADZU GC-14B

Detector TCD
Column Molecular sieve 5A

- Column material SUS

- Lenghth 2m

- Outer diameter 4 mm

- Inner diameter 3 mm

- Mesh range 60/80

- Maximum temperature 3D
Carrier gas He (99.999%)
Carrier gas flow (ml/min) 30 ml./min

Column temperature
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RESEARCH METHODOLOGY
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Prepare Ti@with various crystallite sizgJ opic 2]
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Prepare the modified Tiby addition second metal precurs

during preparation Ti@solvothermal methofropic 3]

v

Quenching Processes

\

Characterize the physical properties of 78amples and usin

the basic technique such as SEM, TEM, BET, and XRD.

4

Monitor the surface defect structure of Fi@amples using
XPS, ESR and CETPD.

Perform the effect of quenching process on ;Tg@wder by

using photocatalytic decomposition of ethylene.

Prepare Co/Tigratalyst using incipient wetness impregnatiol

{

H,-chemisorption.

|

Perform the effect of surface defect as the suppo@o/TiO,
catalyst using CO-hydrogenation reaction.
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-

Characterize Co/Ti@using XRD, SEM-EDX, BET, TPR, and



CHAPTER V

RESULTS AND DISCUSSION

5.1. Titanium dioxide as photocatalyst

5.1.1 Effect of quenching medium on photocatalytiactivity of nano-TiO»

prepared by solvothermal method
5.1.1.1 Synthesis of Titanium (IV) oxide in toluene

Titanium (IV) oxide has been synthesized in toluathearious conditions
(Solvothermal Method). Under inert organic solvemndition, thermal decomposition of
TNB in toluene was occurred, yielding &Ti-O™ anion. The nucleophilic attack of the
titanate ion on another ion and crystallization we®n place, finally yielding the anatase

titania. The mechanism of TNB in toluene can bdaed as shown in Figure 5.1.

CH,
| | Toluene | -
—"lri'—O—{:—CHl —» —Ti—0 + Organicmoiety
| |

CH,

¥

Crystallization ———®  Anatase strachire

Figure 5.1 Mechanism of reaction in toluene for the titaniaduct.
(Sornnarong Theinkeaw, 2000: 70)
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5.1.1.2 Specific surface area and crystal structure

The BET surface areas of Ti@atalysts that were quenched at 30Cfor
1 hr were determined by nitrogen physisorption wede summarized in Table 5.1. The
samples possessed reasonably high specific suafaes in the range of 87-11Z gi'.
The XRD patterns of the TiOsamples quenched in different media (air, hydrogen
peroxide, water, and liquid Nat different temperatures) were not significarmdifferent
(Figure 5.2); only the characteristic peaks of pamatase phase Ti@Were observed a2
= 25.36°, 37.82°, 48.18° (Watsehal, 2003).

® e Anatas
& £LL Tt S\ ©
- PN & 7y o~ (F)
3
‘E JL N J\H_JV\__/\“__..\__J_E
£ } \ i ﬂ ©)

20 30 40 50 60 70 80
Degree (2 theta)

Figure 5.2 The XRD ‘patterns of the TiOobtained from quenching in various media;
(A) liquid Ny, (B) H,O at RT, (C) HO at 373 K, (D) 30%wt kD, at RT, (E) 30%wt
H.O, at 373 K, (F) air at RT and (G) air at 77 K.
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As shown by XRD results, all the nano-tiGamples prepared by the

solvothermal method in this study were anataseg#s, with average crystallite size
determined from the half-width of peaks using Swrés formula (d = 0.B/B cos0)

around 10-13 nm. The crystallite sizes and spesififace area of anatase titania were

summarized in Table 5.1Both the crystallite sizes and the specific surfaceas

indicated that the textural and bulk structuralpemies of TiQ catalysts were not

significantly altered upon type of quenching media.

Table 5.1Specific surface areas and crystallite sizes ani@g under various quenching

conditions
Sample Quenching medium CINRR S SBET b(mz/g)
(nm)

A Liquid N2 11 87

B H,O at RT 10 112

C HO at 373 K 11 94

D 30wt% HO,at RT 13 94

E 30wt% HO,at 373 K e 90

F Air at RT 11 93

G Airat 77 K 11 97

& Determined using Scherrer’s equation (applicatdmf3 to 200 nm).
b Determined using BET method.
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5.1.1.3 Temperature programmed desorption of carbodioxide

(CO,-TPD)

The characteristics of surface adsorption sitethefTiO, samples were
studied by means of temperature program desorpfi@O, from 143-273 K. The results
are shown in Figure 5.3. All of the Ti®amples exhibited two main desorption peaks at
170 K and 200 K which can be assigned to,@@lecules bonded to different adsorption
sites on the surface. The first peak at ca. 170a assigned to Tisites (perfect Ti@
structure) and the second one at 200 K was asstored’ sites or defect Ti@structure
(Thompsonet al, 2003). The amounts of surface’Tsites on the Ti@samples were
observed from the areas under th& TiPD peaks and were found to be in the following
order: air at 77 K > 30%jD, at RT > 30% HO; at 373 K > HO at RT > HO at 373 K
> liquid N, > air at RT.

CO, Desorption (a.u)

> OWMIO

—~

130 145 155 170 185 20@15 230 245 260 2
Temperature (K)

Figure 5.3 Thermal desorption spectra for garsorbed on Ti@guenched in different
media; (A) liquid N, (B) H.O at RT, (C) HO at 373 K, (D) 30%wt kD, at RT, (E)
30%wt HO, at 373 K, (F) air at RT and (G) air at 77 K.



49

5.1.1.4 X-ray Photoelectron spectroscopic (XPS) mn&arements

The elements and their chemical states on surfadbeoTiO, samples
after quenching treatment were also studied by dR&8ysis. The typical XPS survey
spectra of the Ti@ powders after quenching treatment indicated thatpgowder was

mainly composed of Ti and O elements with a snralbant of C element (Figure 5.4).

—~ O 1s

o

8

P

% Ti 2p
=

C1s
1000 800 600 400 200 0

Binding Energy (eV,

Figure 5.4Overview X-ray photoelectron spectra in the cas€Of sample quenched

in 30%wt hydrogen peroxide at room temperature.

The shapes of the XPS spectra of Ti 2p and O lalffdhe TiQ samples
are quite similar. . For example, the ‘high-resolutkiPS spectra of Ti 2p recorded from

the TiG, samples quenched in 30%wi®4 at room temperature are shown in Figure 5.5.
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Binding Energy {eV)

Figure 5.5Ti 2p XPS spectra for Tisample quenched in 30%wt hydrogen peroxide at
room temperature.

The Ti 2p spectrum can be fitted with Gaussian-btzi@n functions into two
spin-orbit components at binding energies 457.2, 469.2 eV corresponding to Uz
(Ti*") and TiQ (Ti*") fractions on the Ti@surface, respectively. The component binding
energy values are in agreement with those repantéte literature (Kumaet al, 2000).

The XPS O 1s spectra of the Fi®@ample quenched in hydrogen peroxide at room
temperature is also presented in Figure 5.6.
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Figure 5.6 0 1s XPS spectra for T&&ample quenched in 30%wt hydrogen peroxide at
room temperature.

The O 1s peak is often believed to be composek-bfdifferent oxygen
species such as Ti—O bonds in Ti@nd TpOs, hydroxyl groups, C—-O bonds, and
adsorbed BD. It is shown that the O 1s peak is asymmetmggesting that at least three
peaks related to three different chemical statesxgfien are present (Pouilleat al,
1997). The binding energies of each individual congnts are 530.8 (T+0), 531.8
(Ti**~0) and 533.3 eV (O-H). It was found that the amooi surface T* sites
increased in a similar trend as those observed €@A\TPD results. The Ti©@quenched

in different media thus possessed different surfaoperties especially in terms of the
amount of Ti* defect sites on Tigsurface.
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5.1.1.5 Photocatalytic activity of the nano-TiQ quenched in different

media

Photocatalytic decomposition of ethylene was cotetldo assess the
photocatalytic activity of the Ti©samples quenched in various media. The plots of
ethylene conversion as a function of reaction tiarall the samples are shown in Figure
5.7. Photocatalytic activity of the nano-sized FTiQuenched in different media is
evidently different. It is likely that quenchinggeess can modify surface properties of
the TiQ, samples i.e., enhancing the amount of surfacectef@t) so that higher

photocatalytic activity was obtained.

17— #7471 == 1\ Jl
o [ 78 4 O —O
Q N & & ¥ v =
N
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Qo AIR77 K _e— Air-RT
< 10 | o 30%wt HO»-RT  _¢— 30%wt HO,-373 K
O
-0 HO-RT B H,0-373K
—— Liquid N
O A =5 T T - T
0 30 60 90 120 150 180
Time (min)

Figure 5.7  Results of photocatalytic testing comparing thevées of different TiQ

samples.
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The relationship between the amount of' Burface defect on the TiO
samples quenched in different media and ethylemwersion are illustrated in Figure
5.8. The surface Ti defect sites on TiQphotocatalysts has been found to play an
important role determining their photocatalytic ity since they can act as
photoelectron trapping sites.
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z ©
=
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15
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3] 7 8 Q9 10

Surface Ti* (o)
Figure 5.8  Ethylene conversions as a function of surfac€ ®n the TiQ samples
guenched in different media.

In photocatalysis, light irradiation of TgQpowder with a photon energy
larger than the band-gap energy produces elec{gnand holes (B in the conduction
band and the valence band, respectively. Thestr@hs and holes are thought to have
the respective abilities to reduce and oxidize dbahspecies adsorbed on the surface of
TiO, particles. For a photocatalyst to be most effigiehfferent interfacial electron
processes involving~eand H must compete effectively with the major deactivati
processes involving ~eh” recombination. Parket al. (1999) has reported that

modification of TiQ surface by increasing the amount of‘Tsurface defects can
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increase the photocatalytic activity of TiOlt is suggested that the photoelectrons were
trapped by the surface defect {}ileading to inhibition of the eh* recombination. In
addition, Yuet al. (2002) proposed that the doped F atoms conv&HdiTi*" by charge
compensation and that the presence of a certaimrznod T#* reduces the electron—hole

recombination rate and thus enhances the photgtatattivity.

Recently, Xiao-Quaret al. (1999) reported that the trapping site of
photogenerated holes or the surface OH is alsongortant factor affecting photo-
catalytic reaction besides the surfac&" TThe nano-crystalline TiOparticles showed
better photocatalytic activities when*7OH ratios on the Ti@surface were close to 1.
In this study, T{"/OH ratios of the nano-TiOquenched in various media were calculated

based on the XPS results and are given in Table 5.2

Table 5.2The amount of i’ surface defects of Tikatalysts from XPS measurements

Surface _ Ethylene

_ _ == Surface Ratio _

Sample Quenching medium Ti - Conversion
OH (%) 2 Ti*"/OH b
(%) * (%)

A Liquid N2 7.9 10.91 0.72 24.5
B H,O at RT 8.7 10.96 0.79 27.8
C H,O at 373 K 8.1 10.46 0.77 26.0
D 30wt% HO,at RT 8.9 9.79 0.91 32.5
E 30wt% HO,at 373 K 8.8 10.31 0.86 31.8
F Air at RT 7.4 10.43 0.71 21.6
G Airat 77 K 9.4 10.06 0.93 34.6

& Determined using XPS.
P Photocatalytic reaction was carried out at 313828 bar, and 0.1% ethylene in air.
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It was also found that the TiQ@uenched in air at 77 K (sample G) with
Ti**/OH ratio = 0.93 (closest to 1 among the varioumsas) exhibited the highest
photocatalytic activity. Thus, it is clearly shodom this study that quenching condition
and medium during post-synthesis treatment stroaffct photocatalytic activity of the
nano-TiQ. Considering the Ti@samples quenched in the same type of quenching
media (i.e., in HO, 30% HO,, or air), it was found that Tixsamples quenched at lower
temperature exhibited higher photocatalytic adtivthan those quenched in high
temperature ones. For example, Fi§uenched in air at 77 K showed higher ethylene
conversion than the one quenched in air at roonpéeature. These results can probably
be explained in terms of the thermal shock effethe large difference in temperature
between media and TiGurface may lead to modification of the surfacepprties i.e.,
increasing the amount of *fidefects on the TiDsurface. Additionally, it is noted that
for the used of liquid phase media, the 7€ample quenched in the media containing

more -OH group in molecules exhibited higher phatalytic activity.

5.1.2. Dependence of quenching process on the phaztalytic activity of

solvothermal-derived TiO, with various crystallite sizes

In this topic, the effect of quenching on surfaeéedt and photocatalytic activity
of the solvothermal-derived nanocrystalline Tiith average crystallite sizes between
9-13 nm was extensively studied.

5.1.2.1 Textural properties of the TiQ photocatalysts

Physical properties of the various Ti€uch as the BET surface areas and
the average Ti@crystallite sizes after quenching in different naedre shown in Table
5.3. Due to the different preparation conditiotiee TiQ, samples possessed different
crystallite sizes and specific surface areas. Meage crystallite size of TiGsamples
increased from 9 to 13 nm as the BET surface arélaeoTiO, samples decreased from

ca. 95 to 65 Alg. Quenching treatments, however, did not sigaifity alter the specific
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surface area and the average crystallite size efTik,. The anatase TiOcrystalline
phase was preserved after quenching. All the, E&@nples consisted of only pure anatase
phase TiQ (major XRD peaks at 25.36, 37.82, and 4824. XRD patterns of the Ti©

with various crystallite sizes after quenching ina room temperature are shown in
Figure 5.9.

&> < Anatase Ti(,
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Figure 5.9  The XRD patterns of the various Ti€mples after quenching in air at
room temperature: (a) 9 nm, (b) 11 nm, (c) 13 nm.
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Table 5.3
Phase compositions and structural properties ofTie synthesized by solvothermal

method after quenching in various media

Synthesis Crystallite SgeT Sample
N Quenching medium _ )

Conditions size (nm) (m“g) Nomenclature
TNB 15 ¢ Airat 373 K 8.6 96 9A
Toluene 100 ml Air at RT* 9.4 94 9B
Temp. 573 K HO at 373 K 9.0 99 9C
Holding Time 0.5 h BEO at RT 8.9 104 9D

30wt% HO, at 373 K 10.0 92 9E
30wt% HO, at RT 10.5 91 oF
TNB 25 ¢ Air at 373 K 9.6 85 11A
Toluene 100 ml Air at RT 10.6 93 11B
Temp. 573 K HO at 373 K 10.4 95 11C
Holding Time 2 h HO at RT 10.5 112 11D
30wt% HO, at 373 K 13.2 90 11E
30wt% HO; at RT 13.3 94 11F
TNB 15 ¢ Air at 373 K 104 60 13A
Toluene 100 ml Airat RT 134 67 13B
Temp. 593 K HO at 373 K 13.4 67 13C
Holding Time 6 h HO at RT 13.2 69 13D
30wt% HO; at 373 K 14.6 61 13E
30wt% HO, at RT 14.7 63 13F

" RT = Room temperature
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The crystallite sizes of the Ti¥drom XRD are in good agreement with those

observed from the TEM micrographs of the samplegu(E 5.10).

TiO.-8.nm

Figure 5.10TEM micrographs of Ti@9 nm and TiG-13 nm (non-quenched)

5.1.2.2 Temperature programmed desorption of carbodioxide
(CO,-TPD)

The surface structure of TjOwas characterized by temperature
programmed desorption of GQAIl of the TiO, samples exhibited two main desorption
peaks at temperatures ca. 145 K and 170 K whickddoa attributed to adsorption of
CO, on two different structures of Tgurface. For example, the gOPD profiles of
TiO, samples with average crystallite size of 11 nrarafuenching in various media are

shown in Figure 5.11.
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Figure 5.11 CO, temperature programmed desorption results of th@, Til nm
guenched in different media; (A) Air at 373 K, (By at RT, (C) HO at 373 K, (D) HO
at RT, (E) 30%wt HO, at 373 K, (F) 30%wt kD, at RT (RT = room temperature)

(* This figure is modified from figure 5.3)

The desorption peak at ca. 145 K was attributedC@ molecules
bounding to regular five-coordinate*Tisite which was considered as the perfected, TiO
structure. The second peak at ca. 170 K has beesidered as desorption of €0
molecules bounding to Tidefect sites of Ti@ Based on the COTPD results, it was
found that for a given Tigxrystallite size, the peak areas for f@sorption at ca. 170 K
(representing the amount of*Tidefective sites) depended on the type of quenching
media employed in the following order: air 373 Kak RT < HO 373 K < HO RT <
H,O, 373 K < HO, RT. It is known that quenching treatment of a ahetn create
nucleation of dislocations, surface defect, andceatration of stress on the metal

surface.
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The results in this study have shown that quencpingess can be applied
as a post-synthesis treatment for controlling thmownt of surface defects on
nanocrystalline Ti@ The TF*/Ti* ratios calculated from COTPD results of the various

guenched Ti@samples and the non-quenched one are illustratedjure 5.12.

y 9 ¢ Q AN « & Quenching
& media

Figure 5.12 Ti**/Ti** calculated from C@TPD results of the Ti@11 nm quenched in
different media: (A) Air at 373 K, (B) Air at RTC) H,O at 373 K, (D)
H.O at RT, (E) 30wt% kD, at 373 K, (F) 30wt% kD, at RT (RT = room

temperature)

It was found that the non-quenched sample alsoegesd significant
amount of T{" in a similar degree to that quenched igOHat room temperature.
However, when compared the LiGample quenched in 30%wt,®G and HO, it is
noticed that the TiQsample quenched in liquid phase media that coedamore -OH
group in molecules exhibited higheTri** and higher photocatalytic activity.
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5.1.2.3 Photocatalytic activity of the nano-TiQ quenched in different

media

Photocatalytic activities of the T&amples with various crystallite sizes
after quenching in different media were evaluatedhe decomposition of ethylene in
gas-phase and the results are shown in Figure Eit8/lene conversions at steady-state
(after 180 min of run) for the quenched Ti€amples with various crystallite sizes were
ranged from ca. 20-37% while that of Biegussa P25 under similar reaction
conditions gave ca. 30% ethylene conversion. I Wi@und that for a given TiO
crystallite size, ethylene conversions were strpragpendent on the quenching media
and were found to be in the order: 30%wOR RT > 30%wt HO, 373 K > HO RT >
H,O 373 K > air RT > air 373 K. Such results wergood agreement with the amount
of Ti** surface defect on the TiGamples in which those with higher amounts &f Ti
surface defect exhibited higher photocatalyticwiés for ethylene decomposition. For a
similar quenching medium, the TiQquenched at low temperature resulted in larger
amount of T¥" and exhibited higher photocatalytic activity comgghto those quenched
at high temperature. This can probably be explabed thermal shock effect that a large
difference in temperature of the TiGurface and guenching medium can create more
surface defects. However, compared to the, §@mple that was slowly cooled down
after calcination (the non-quenched sample), dméysmaller crystallite size TyTiO,-

9 nm) that quenched in 30%wb®, exhibited higher photocatalytic activities. Théeet
of quenching was less pronounced on the larger, Ti9stallite size and the non-

guenched samples showed higher activities.
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Figure 5.13Results of the photocatalytic activities of pi€amples quenched in different

media.

5.1.3 Effect of Si and Zr addition on the surface @fect and photocatalytic

activity of the solvothermal-derived TiO,

5.1.3.1 Textural properties of the TiQ photocatalysts

X-ray diffraction patterns of the base Ti@nd the metal-doped T;O
samples with metal/titanium molar ratio 0.1 arevemon Figure 5.14. All the samples
exhibited the XRD patterns of only pure anatasespheQ without any contamination
of other phases. However, the peak intensitiesratase TiQ decreased with the
increase of the second metal content due probalityrtnation of amorphous phases. No
diffraction lines of zirconia or silica were obsedvsuggesting that all the Zr and Si were
incorporated into the anatase Fi€tructure or the amount of metal doping is too low

(lwamoto et al, 2000 and Inouest al, 2000). The average crystallite sizes of FJiO
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samples were determined from the full width at magiximum of the XRD peak at2=
25.36 using Scherrer’s equation. As shown in Table &dtlition of a small amount of
Si or Zr to TiQ powder, the average crystallite size of T7d&creased (from 11.0 nm to
9.0 nm). It is likely that second metal-doping grgssed crystal growth of TjQhus
smaller crystallite sizes were obtained (Hiranoakt 2000). According to the BET
analysis, it can be observed that the Si- and pedoliQ samples have larger BET
surface area than pure BlOThe results were in accordance to those reppredously
for Zr- and Si-doped Ti@with higher second metal contents (Jung et al9918nd
Wiwattanapongpan et al., 2007).

L 4

p N % ® 0.1-(Zr)-TiO+77 K.

0.1-(Zr)-TiO~RT.

0.1-(Si)-TiO» 77 K.

‘_jL 0.1-(Si)-TiO-RT.
A — e~ —

Intensity (a.u.)

TiO,~77 K
S

J\__J‘\_..___./\_____/——\_/\_
} \ TiO,-RT

10 20 30 40 50 60 70 80 90
Degree (2 theta)

Figure 5.14 X-ray diffraction patterns of pure Tgand metal doped-TiO

It is believed that the process of annealing acination has shown to
result in a variety of surface defects, straing] arconstructions of materials. So, the
variation of cooling temperature was applied aost-gynthesis treatment with the aims
to create more defects on the FiGurface and as a consequence, improve their
photocatalytic activities. Moreover, the post-sg#ils treatment in cooling temperature
did not significantly alter the specific surfacearand the average crystallite size of the
TiO, (see Table 5.4).



Table 5.4Physical properties and activities of Si- and @peld TiQ samples synthesized by solvothermaithod

Sample Crystallite size®  BET surface area®  Intensity of ESR/BET Ethylene Conversion®

nomenclature (nm) (m?g) (%0)
TiO,-RT 10.6 93 a7 21.5
TiO,-77 K 10.6 97 257 34.6
0.002-(Si)-TiQ-RT. 9.0 159 77 23.5
0.002-(Si)-TiQ-77 K 9.0 156 199 31.5
0.005-(Si)-TiQ-RT. 8.9 133 144 27.9
0.005-(Si)-TiQ-77 K 8.6 136 213 32.4
0.1-(Si)-TiO-RT. 9.0 133 56 22.1
0.1-(Si)-TiO-77 K 8.4 136 62 22.5
0.002-(Zr)-TiO-RT. 9.5 95 111 25.7
0.002-(Zr)-Tio-77 K 9.7 99 225 33.2
0.005-(Zr)-TiO-RT. 7.7 101 245 34.5
0.005-(Zr)-TiO-77 K 7.8 106 322 39.5
0.1-(Zr)-TiO,RT. 8.2 104 57 22.2
0.1-(Zr)-TiOx77 K 8.4 105 79 23.5

@Determined using Scherrer’s equation

P Determined using BET method.

° Photocatalytic reaction was carried out at 3134828 bar, and 0.1% ethylene in air.
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5.1.3.2 Electron spin resonance spectroscopy (ES®udy

It is known that the surface *fidefect sites (oxygen vacancies) are the
sites that oxygen adsorption occurs as well as tatphoto-generated electrons are
trapped (Diebold, 2003), so they are effectivessiter interface electrons transferring.
Relationship between the amount of Tdefects on Ti@surface and their photocatalytic
activities has been reported by many authorthis study, the number of defective sites
of TiO, was determined using electron spin resonance regeopy technique and the

results are shown in Figure 5.15.

From figure 5.15, all the TiDsamples exhibited similar ESR spectra in
which mainly one signal at the g value of 1.996en@bserved. According to Nakao&h
al. (1997), this peak was attributed to thé*Eite on TiQ. It is clearly seen that the Zr-
doped TiQ exhibited higher intensity of the ESR signals thha Si-doped ones. The
intensity of ESR spectra per surface area of tli& 18 given in Table 5.4. The results
indicate that Zr-doped TiOpossessed higher concentration of Hefective sites than
Si-doped TiQ.
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ESR spectra of (a).002 Si-doped Tig (b) 0.005 Si- doped Tig) (c) 0.1 Si- doped
TiOy, (d)0.002 Zr- doped Tig) (e)0.005 Zr- doped Tig (f) 0.1 Zr- doped TiQ
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5.1.3.3 X-ray photoelectron spectroscopy (XPS) styd

It is well-known that XPS is a surface probe detecelectrons that are
generated from a depth of a few nanometers onuttiace of the sample. The elemental
composition and their chemical states on the sertdcmetal-doped Ti©@samples that
were subjected to two different cooling temperaunere studied by XPS analysis. The
binding energy values and the full width at halixmaum (FWHM) values of Zr 3d, O
1s, Si 2p and Ti 2p photoelectron peaks as detedanby XPS of the various TiO
samples are summarized in Table 5.5. The bindieggéss for Si 2p and Zr 3d levels are
in agreement with those reported for pure SEBbsmanet al, 1996) and Zr@(Bastl et
al., 2002) at ca.103.0 and 183.5 eV, respectivdly. significant variation has been
observed for these elements over the metal-dop@g¢ Samples. However, the binding
energy of the Ti 2p band for the metal-doped saspias found to be lower than that of
the pure TiQ.



Table 5.5

XPS binding energies (eV) and FWHM (eV) values iefafd Zr-doped Ti@catalysts

Sample nomenclature Ti2p O 1s Zr 3d Si 2p

BE FWHM BE FWHM BE FWHM BE FWHM
TiO,-RT 459.3 1.7 530.8 1.5 - - - -
TiO,-77 K 459.2 1.7 530.6 14 - - - -
0.002-(Si)-TiGQ-RT. 458.8 1.4 530.1 15 - - 102.1 2.0
0.002-(Si)-TiGQ-77 K 458.9 14 530.2 15 - - 102.0 19
0.005-(Si)-TiQ-RT. 458.3 1.4 530.1 1.5 - - 102.1 2.1
0.005-(Si)-TiIGQ-77 K 458.4 14 oS0 15 - - 102.1 2.3
0.1-(Si)-TiO-RT. 458.5 15 530.2 1.6 - - 102.3 2.2
0.1-(Si)-TiO-77 K 458.6 1.5 530.3 1.6 - - 102.4 2.1
0.002-(Zr)-TiO-RT. 458.5 14 530.2 15 182.1 1.8 - -
0.002-(Zr)-TiIO-77 K 458.3 14 530.1 1.6 182.0 2.0 - -
0.005-(Zr)-TiO-RT. 458.3 1.5 530.3 1.4 182.1 1.9 - -
0.005-(Zr)-TiO-77 K 458.6 1.4 530.3 1.6 182.4 1.8 - -
0.1-(Zr)-TiO-RT. 458.2 14 530.1 15 182.3 2.2 - -
0.1-(Zr)-Tio,-77 K 458.4 14 530.3 15 182.1 2.1 - -
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For better comparison, the XPS bands of Ti 2p fera8d Zr-doped TiQ are
shown in Figure 5.16. Normally, The Ti 2p XPS gpeof TiO, sample show two
shoulder peaks at lower binding energy (T§Z2pand higher binding energy (Ti 2§,
respectively (Mukhopadhyay and Garofalini, 1990jork Figure 5.16, the binding
energy of Ti 2p electrons was found to be lowenthi@e value normally published for
Ti*" ions in TiQ (459.2 eV) (Kumaret al., 2000). The observed shift towards lower
binding energies can be attributed to the presehserface T{* ions and/or presence of
oxygen vacancies around“Tiions. So, it is feasible that the introduction sefcond
metals produces different types of Ti cation {[TiTi**, etc.), resulting in different
photocatalytic performance.

(@)

(b)

Intensity (a.u.)

440 445 450 455 460 465 470 475 480 485
Binding Energy (eV)

Figure 5.16 Ti 2p XPS spectra of various TiGamples: (a) TIQRT, (b) 0.1-(Zr)-TiQ-
RT, (c) 0.1-(Si)-TiQ-RT.
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5.1.3.4 Photocatalytic activity test

The photocatalytic activity of the Tik@nd metal-doped Tisamples was
tested for the photocatalytic decomposition of kthg in gas-phase under UV
illumination. Under these conditions, the only prots detected by gas chromatography
were CQ and HO. The mechanism of photocatalytic decompositioretbfylene has
been reported by many researchers (Yamazaki et%9 and Sirisuk et al., 1999). The
mechanism is believed to involve absorption of avi photo by TiQ to produce an
electron-hole pair. Both hole and electron playrmaportant role on creating the reaction

intermediate, which react further and form £43 the final product.

Photocatalytic activities of the Ti&amples with different proportions of
Si/Ti and Zr/Ti were evaluated in the decompositainethylene in gas-phase and the
results are shown in Table 5.4. It was founded that photocatalytic activity of the
metal-doped Ti@ cooled down in different cooling temperature isdently different.
The ethylene conversion results showed that thelrdeped TiQ at lower amounts of
metal (Si/Ti and Zr/Ti < 0.005) exhibit a highergtbcatalytic activity than pure titania.
Ethylene conversions at steady-state for the nustpéd TiQ samples after cooling at
room temperature were ranged from ca. 22-39% while TiQ sample under similar
reaction conditions gave ca. 21% ethylene converdio addition, the photocatalytic
activity of metal-doped Ti® depended on the cooling temperature applied after
calcination. It was found that metal-doped Ti€amples cooled at lower temperature
exhibited higher photocatalytic activity than thasmled in high temperature ones. For
example, the ethylene conversion of 0.005 Zr-dopé€x was 34.5% and 39.5% for the
sample cooled down at room temperature and at #édfectively. From Table 5.4, Si-
doped TiQ samples are more efficient photocatalysts than pu@. The increase in
photocatalytic efficiency has been attributed toe timproved adsorption and
concentration of the reactants near the activeecenft the same time, silica acts as the
carrier of titania and helps to obtain a large atefarea as well as suitable porous
structure. Moreover, Zr-doped Ti®@amples exhibit more photocatalytic activity than

pure TiQ. Due to the Zr-doping possibly suppresses thembatation of electrons and
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positive holes by their trapping (Lukat al, 2007).

Additionally, the results in this study show that & similar metal content,
the Zr-doped Ti@ exhibited higher photocatalytic activity than tis#-doped ones.
However, one may notice that the Si-doped;hé@d larger BET surface areas than the
Zr-doped ones and in general, anatase, Ti@noparticles with higher specific surface
area typically exhibit higher photocatalytic adiyviThe increase of surface area means
the increase of the number of active sites on wthehelectron acceptor and donor are
adsorbed and participate in the photocatalyticti@ac Since the Zr-doped Ti&amples
possessed more *fidefective sites on the surface than the Si-dopezs @nd showed
higher photocatalytic activity, it is suggestedtithe amount of i sites on Ti@ play an
important role for enhancing photocatalytic activiff the TiQ. More TE* states may

cause more oxygen defects, and©more easily adsorbed on Ti€urface.

5.2 Titanium dioxide as catalyst support

5.2.1 Catalytic behaviors of quenched Ti@supported cobalt Fischer—

Tropsch catalysts for carbon monoxide hydrogenation

This section is an attempt to apply the Ti€ample after quenching in air RT,
water at RT, and water at 373 K are used as catsilygport. The effect of defective
structures in titania on the catalytic performawntehe titania supported cobalt in CO

hydrogenation was investigated.

5.2.1.1 Characteristics of catalyst

The crystallite sizes of titania calculated frone tKRD line broadening
using the Scherrer’'s equation and the BET surfaeasaare reported in Table 5.6. The
average crystallite sizes of the titania were agpmately 10-11 nm. The BET surface

areas of the nanocrystalline titania were founde®4-112 rfig.



72

Table 5.6Crystallite sizes and BET surface areas of quehtitenia support

Sample Quenching medium  Crystallite siz& (nm) Sger P(M%g)
A Air at RT 11 93
B H,O at RT 10 112
C H.O at 373 K 11 94

The BET surface areas of the various Coslt@alysts and the themisorption
results are reported in Table 5.7. After loadingn2® Co, the BET surface areas of the
titania supported cobalt catalysts were slightlgsighan that of the original titania
supports suggesting that cobalt was depositedmess the pores of titania.

Static H chemisorption on the reduced cobalt catalyst sesnmplas used to
determine the number of reduced Co metal surfam@satThis is usually related to the
overall activity of the catalyst during CO hydrogéon. Based on the GaPD and
ESR results in previous discussion, the amounssidéce Ti* sites on the Ti@samples
were in the following order: }0 at RT > HO at 373 K > air at RT. It was found that the
number of reduced cobalt metal surface atoms isertavith the amount of defect

present in the titania supports.

Table 5.7 Characteristics of various Co/TiOatalysts

H- chemisorption x10'

Samples BET surface area (nf/g)

(molecule H/g cat.)
20%Co/TiQ-Air at RT 48.5 4.2
20%Co/TiQ-H,0 at RT 50.3 6.3

20%Co/TiQ-H,0 at 373K 48.8 5.1
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XRD patterns of TiQ supports and Co/Tixatalysts are shown in Figure 5.17. It
was found that XRD patterns of Ti@howed strong diffraction peaks at 26, 37, 48, 55,
62, 69, 71 and P5indicating the TiQ in its anatase form. All of Co/Ti{catalysts
exhibited XRD peaks at 8136°, and 65, which were assigned to presence of@o
(Jongsomijit et al., 2004).

A Anatase phase (a)

A DA A quenched in H,O at 373 K

B L

l quenched in H,O at RT
./\ 8/ \._ ~ e e~ —

} quenched in air at RT

10 20 30 40 50 60 70 80 90
Degree (2 theta)

Intensity (a.u.)

A Anatase phase (b)

A
A e Coz0,

° e A
quenched in H,O at 373 K

quenched in H,O at RT
Wt "

10 20 30 40 50 60 70 80 90
Degree (2 theta)

Intensity (a.u.)

Figure 5.17 XRD patterns of sample pretreated under variousicjuag conditions; (a)
TiO, supports and (b) Co/Tyatalysts
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SEM and EDX were performed to study the morphomgénd elemental
distribution of the catalyst samples, respectivélye typical SEM micrograph along with
the EDX mapping (for Co, Ti, and O) are illustratedFigure 5.18 a), b) and c) for
Col/TiO, quenching air, water, and water at 373K, respelstivihe external surface of
catalyst granule is shown in all figures and tightlior white patches (the term “patches”
is used to refer the entities rich in cobalt supgmbron the catalyst granules) on the
catalyst granule surface represent high conceoitratf cobalt oxide species on the
surface. It can be seen that the cobalt oxide epesiere dispersed and distributed
(shown on mapping) all over the catalyst granuleaih samples regardless of the
guenched titania supports.

Figure 5.18 a) SEM micrograph and EDX mapping ofT@O, quenched in air.
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Figure 5.18 b) SEM micrograph and EDX mapping ofT@0, quenched in water at

room temperature.
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Figure 5.18 ¢) SEM micrograph and EDX mapping of T@®, quenched in water at
373K
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//\ .
/\ (a)
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H, consumption (a.u.)

Figure 5.19 Temperature-programmed reduction of the catalysmptes (a)
20%Co/TiQ-Air; (b) 20%Co/TiQ-H,0; (c) 20%Co/TiQ-H,0 at 373K

TPR was performed in order to determine the redodiehaviors of samples. The
TPR profiles for all catalyst samples are showRigure 5.19. Reduction of cobalt in the
oxide form, CgO, or Ce0O;3, to Cq involves a two-step reduction: first reduction of
Co30,4 to CoO and then the subsequent reduction of Cdlbi@Jongsomijit et al., 2004).
TPR profiles for all.cobalt catalysts were alsoimexhibiting two reduction peak. The
first peak located at ca. 300—-3%D and second peak located at ca. 350°800
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5.2.1.2 Catalytic properties

In order to determine the effect of quenching psscen the catalytic
properties of Co/TiQ CO hydrogenation (#ACO=10/1) was performed to determine the
overall activity and product selectivity of the gales. Hydrogenation of CO was carried
out at 220°C and 1 atm. A flow rate of ACO/He=20/2/8 cc/min in a fixed-bed flow
reactor was used. Results obtained from the reastiody are shown in Table 5.8. As
expected, the CO hydrogenation rates increased5633% for the Co supported on
guenched titania. Based on the dthemisorption results, the overall activities ai@F, it
was found that the quenching treatment of titanipsrt exhibited a positive influence
on catalytic activity for CO hydrogenation reactidhe product selectivities were not
significantly differently, since all the catalystbowed methane selectivities ca. 95-98%.
Considering the selectivity of product, it showedbtt the selectivity to methane

essentially decreased for quenching of titania sttpp the water.

Table 5.8 Reaction study during CO hydrogenation of catatgshples pretreated under

various quenching conditions

Reaction raté Production selectivity = TOF”
Sample L
(x10°gCHy/gcat.h) X C»-Cs (sh
20%Co/TiQ-Air at RT 14.9 98.18 1.82 2.1
20%Co/TiQ-H,0 at RT 33.0 95.77 4.23 3.1
20%Co/TiQ-H,0 at 373K 25.3 95.65 4.35 2.9

& Error +5%. Rate of -Cld formed as same as moles of CO. converted repezséne
repeating unit of all hydrocarbon chains in prodgstotam.
P TOF = Rate of CO hydrogenation (molecules of COalyst. Sec)

2 X Hydrogenation chemisorptiomo{ecules/ g catalyst)




CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This research was divided into two parts. The figrt involved the
characterization and utilization of titania as muattalyst. The second part involved
ColTiO; catalyst

6.1.1 Titanium dioxide as photocatalyst

e Effect of quenching medium on photocatalytic activy of nano-

TiO, prepared by solvothermal method

The surface properties as well as photocatalytitiviaes of the
solvothermal-derived nano-TiCOcan be maodified by quenching process post-syrghesi
treatment whilst the average crystallite size al Burface area of the samples were
essentially similar. It was found that quenchinggass especially the use of low
temperature medium can create a thermal shockteffatas a consequence resulting in

more surface i defects on the Tigsample and hence higher photocatalytic activity.

e Dependence of quenching process on the photocatatyactivity of

solvothermal-derived TiO, with various crystallite sizes

The surface properties and photocatalytic actwitdd nano-sized Ti@®
powders synthesized by solvothermal method withouar crystallite sizes (9-13 nm)
were significantly influenced by quenching media guenching conditions. For the use
of similar quenching media, the TiQuenched in a low temperature medium has shown
to result in more Fi surface defects on the TiGurface and consequently higher

photocatalytic activity that those quenched inghttemperature one. The amount of Ti
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and photocatalytic activity of the quenched samplgsended on the type of quenching
medium in the order: ¥, > H,O > air. Compared to the non-quenched sampleoftiee
slowly cooled down after calcination), quenching3bdwt% HO, has shown to result in
higher TE* and photocatalytic activity of the TiQwith small crystallite size (9 nm).

There was less effect of quenching on larger cliitstaize TiG,.

. Effect of Si and Zr addition on the surface defectand

photocatalytic activity of the solvothermal-derivedTiO,

The Si- and Zr-doped TiQwith Si/Ti and Zr/Ti molar ratios ranging from
0.002-0.1% were prepared via the solvothermal nietlsing titanium n-butoxide as the
titanium precursor and toluene as the solvent.ds Wound that selection of a suitable
second metal doping can enhance photocatalytieigetif the Ti0,. Based on ESR and
XPS analyses, the improved photocatalytic actigityhe TiQ is suggested to be due to
the presence of Ti defect sites on the surface of FiQMoreover, a post-synthesis
treatment by cooling in air at 77 K effectively amiced the amount of *fi and
photocatalytic activity of the TiPand the metal-doped T3O

6.1.2 Titanium dioxide as catalyst support

e Catalytic behaviors of quenched TiQ-supported cobalt catalysts

for carbon monoxide hydrogenation

The impact of various quenched B#8upported cobalt catalysts on their
catalytic behaviors was discussed. It was found tte quenching treatment seemed to
have positive effect on activities for CO hydrogémaupon the amount of surface defect
present in titania supports. The increased acwitiad to be attributed to the more

number of reduced cobalt metal surface atoms f@alyzang the reaction.
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6.2 Recommendations for future studies

From the previous conclusions, the following recandations for future studies

are proposed.

1. Quenching of titania by others quenching meelig, acid-base solution, olil, or

polymer solution should be studied and should beeteas catalyst and catalyst support.

2. For Co catalyst, the metal dispersion and rnéiilg of samples should be
further investigated in order to get more inforroatabout effect of quenching processes

on catalytic activity of catalyst.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Preparation of Ti@nanocrystal via solvothermal method are shown ksae

Reagent: - Titanium (IV) n-butoxide = Moleculaemght = 340.96
- Zirconium (IV)n-butoxide Molecular weigh = 383.7
- Tetraethylorthosilicate Molecular glei= 208.33

Calculation for the preparation of metal-doped TiO, via solvothermal method

Zr-doped TiO-,

Zr/Ti = 0.002

Titanium (IV) n-butoxide 25 g were used for pregiean catalyst.
Titanium (IV) n-butoxide 25 g consisted of titaniwequal to:

Titanium === X (47.88) g

34096
3.51g

1.9815
mol
4788

0.07344 mol
For Zr/Ti = 0.002, 0.07344 mole of titanium
Zirconium required =-0.07344 x 0.002 mol
0.00015 mol
0.00015 x 91.22 g
0.0136 g
Zirconium 0.0136 g was prepared from zirconium (iM)utoxide

- 00136, 2837 g = 0,057 g

9122
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Si-doped TiO,

Si/Ti = 0.002

Titanium (IV) n-butoxide 25 g were used for pregien catalyst.
Titanium (IV) n-butoxide 25 g consisted of titaniwgqual to:

Titanium -_2 X (47.88) g
34

096
858 g
1.9815

mol

4788
0.07344 mol
For Si/Ti = 0.002, 0.07344 mole of titanium
Silica required = 0.07344 x 0.002 mol
0.00015 mol
0.00015 x 28.08 ¢
0.0042 g
Silica 0.0136 g was prepared from tetraethylorticzde

- O'OO‘QZX 20833 g = 0.031g

Calculation for the preparation of cobalt loading @talyst (20%Co/ TiO,)

Base on 100 g of atalyst used, the compositiohetatalyst will be as follow:

Cobalt = 20 g
TiO; = 100-20 = 80g¢g
For 5 g of TIQ
Cobalt required = 5%(20/80) = 1.25¢

Cobalt 1.25 g was prepared from (Co(j®6H,0) and molecular weight of Co is 58.59

Co(NG;),x6H,0 [MW of Co(NQ),x6H,O xcobalt required]/MW of Co

(290.93/58.93) x1.25 = 6.17 g



APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Schear equation

91

The crystallite size was calculated from the widthalf-height of the diffraction

peak of XRD pattern using the Debye-Scherrer egnati

From Scherrer equation:

D= cstH (A1)
where D = Crystallite size, A
K = Crystallite-skefactor = 0.9
L = X-ray wavelength, 1.5418 A for CuK
® = Observed peak angle, degree
B = X-ray diffraction broadening, radian

The X-ray diffraction broadening) is the pure width of a powder diffraction,

free of all broadening due to the experimental popant. Standard-alumina is used to

observe the instrumental broadening since its alitst size is larger than 2000 A. The

X-ray diffraction broadening3( can be obtained by using Warren’s formula.

From Warren’s formula:

Where By = The measured peak width in radians atjedk height.
Bs = The corresponding width of a standard niedte

(A.2)



Example: Calculation of the crystallite size of titania

The half-height width of 101 diffraction peak= 0.93128

= 0.01625 radian
The corresponding half-height width of pealoshlumina = 0.004 radian

The pure width = /B2 -BZ

J0.01625 — 0.004?
0.01577 radian

B = 0.01577radian

20 = 2556

0 = 12.78

A = 15418A

The crystallite size = 0.9x1.5418 = 90.15A

0.01577cos12.78

= 9 nm

Anatase titanium (IV) oxide

20
B = 0.93125
= 0.01625 radius

o
S)
(o1
a1
@

23 23.5 24 24.5 25 25.5 26 26.5 27 21.5 28
2 Theta

Figure A.1 The 101 diffraction peak of titania for calculatiof the crystallite size
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APPENDIX C

CALCULATION FOR TOTALH , CHEMISSORPTION

Calcution of the total K chemisorption and metal dispersion of the catalyst
stoichiometry of H/Co = 1, measured by ¢hemisorption is as follows:

Let the weight of catalyst used = W g
Integral area of Kpeak after adsorption = A unit
Integral area of 4hl of standard Hpeak = B unit
Amounts of B adsorbed on catalyst = B-A unit
Volume of H, adsorbed on catalyst = 45x[(B-A)/B] ul
Volume of 1 mole of Hat 100°C = 28.038 ul
Mole of H, adsorbed on catalyst [EB—- A)/B]x[45/28.039 umole

Total H, chemisorption F(B— A)/B]x[45/28.038 x [1/W] umole/g of catalyst

=N  umole/g of catalyst
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APPENDIX D

THE OPERATING CONDITIONS OF GAS CHROMATOGRAPHY
AND CALIBRATION CURVES

For Photocatalytic Reaction

The composition of hydrocarbons in the product astrewas analyzed by a
Shimadzu GC14B gas chromatograph equipped wittameflionization detector. The

operating conditions for each instrument are shmvthe Table D.1.

Table D.1The operating condition for gas chromatograph.

Gas Chromagraph SHIMADZU GC-14B
Detector FID
Column VZ10
Carrier gas H> (99.999%)
Carrier gas flow (mi/min) 30 cc/min

Column temperature

- initial (°C) 70
- final °C) 70
Injector temperature’C) 100
Detector temperaturéQ) 150

Current (mA) -
Analysed gas Hydrocarbon GC,
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The calibration curves for calculation of compasitiof reactant in photocatalytic

reaction. The reactant is ethylene.

The VZ10 column are used with a gas chromatograpjoypped with a flame
ionization detector, Shimadzu modal 14B, to anatyeeconcentration of products

including of ethylene.

Mole of reagent in y-axis and area reported byapaematography in x-axis are

exhibited in the curves. The calibration curvegttiylene is illustrated in the following

figure.

3.0E-07

2.5E-07

2.0E-07+

1.5E-07

Mole of Ethylene

1.0E-07

5.0E-08| y = 4E-13x

R?=0.9564

0.0E+00 ‘ \ \ \ \ \ T \

0 100000 200000 300000 400000 500000 600000 700000 80000M0O0O0
Area

Figure D.1 Thecalibration curve of ethylene.
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For CO Hydrogenation Reaction

This appendix showed the calibration curves focudation of composition of
reactant and products in CO hydrogenation reaciitwe reactant is CO and the main
product is methane. The other products are lingdrdtarbons of heavier molecular

weight that are &C, such as ethane, ethylene, propane, propylenewtadd

The thermal conductivity detector, gas chromatplgyaShimadzu model 8A was

used to analyze the concentration of CO by usingetdar sieve 5A column.

The VZ10 column are used with a gas chromatogragghypped with a flame
ionization detector, Shimadzu model 14B, to analyfze concentration of products
including of methane, ethane, ethylene, propangpypene and butane. Conditions uses
in both GC are illustrated in Table D.2.

Mole of reagent in y-axis and area reported bydmematography in x-axis are
exhibited in the curves. The calibration curves @D, methane, ethane, ethylene,

propane, propylene and butane are illustratedaridtiowing figures.



Table D.2Conditions use in Shimadzu modal GC-8A and GC-14B.

Parameters Condition
Shimadzu GC-8A Shimadzu GC-14B
Width 5 5
Slope 50 50
Drift 0 0
Min. area 10 10
T.DBL 0 0
Stop time 50 60
Atten
Speed
Method 41 41
Format 1 1
SPLWT 100 100
ISWT 1. 1
7.0E-05 -
6.0E-05 - »
<t5.0E-05 4
T
8 4.0E-05 -
o
@ 3.0E-05 -
o
= 2.0E-05 | y = 8E-12x
R2'=0.9875
1.0E-05
0.0E+00

0 1000000+ 2000000 3000000 4000000 5000000 6000000 7000000 8000000

area

Figure D.2 The calibration curve of methane.
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R? = 0.9966

0 5000 10000 15000 20000

area

25000 30000 35000 40000

Figure D.3 The calibration curve of ethylene.
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Figure D.4 The chromatograms of catalyst sample from therrmatlactivity detector,

gas chromatography Shimadzu model 8A (Molecularest&A column).
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APPENDIX E

CALCULATION OF CO CONVERSION REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO hydrogenati@s wvaluated in term of

activity for CO conversion, reaction rate and sildy.

CO conversion is defined as moles of CO convertiéa ngspect to CO in feed:

100x[moleof COin feed— moleof COin product ()

CO conversion (%) leof COIN feed
moleo in fee

Reaction rate was calculated from CO conversionighas follows:

Let the weight of catalyst used = w g
Flow rate of CO = 2 cc/min
Reaction time = 60 min
Weight of CH = 14 g
Volume of 1 mole of gas at 1 atm = 22400 cc
Reaction rate (g C¥g of catalyst/h) _ % conversiorof CO/100 x 60x14x 2 (i)

W x 2240(

Selectivity of product is defined as mole of prod(E) formed with respect to mole of

CO converted:

Selectivity of B (%) =100x[moleof B formed/ moleof total product$ (iii)

Where B is product, mole of B can be measured eyng the calibration curve

of products such as methane, ethane, ethyleneapeopropylene and butane

mole of CH = (area of Ckipeak from integrator plpt on GC-14B) x 8*%0 (iv)
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Fure analase mano-Tidy powders werg
rapisl quencling i varwais medin sog
|1|'I-h.'l.“ ha'. drmn I h|. an casy ng

T

D

:gﬁ!lhc surface area, pore-wall structure. as well as the surface

ies, particularly surface defect, of the TiO; [5.6].
technigues have been reported Tor the preparition

of nano-Tio; _g.u.'hé solvothermal method |[T=10], precipi-

I Introduction

Manoparticle TiO: semiconductor is a m/m&fhi mﬂh\J

rial and has been mnphﬂyes] n vanious fields such as solar

cells, photoctalviic splitting
men production, selective
air purification, removal of

) N.! Ind |mq:mt: pnllnunls.
and photekilling of pathogenic grganisms [1-4]. In general.
when TiCh nanoparticles adso I i wavelength smaller than
385 nm). the valence band electron jumps through the band gap
tix thie conduction band. leaving a positivie hole in valence band,
and generating an electron=hole pair. These pairs anéalile o ini-
tiate redox reactions 46 rhhunr the trginic pecies wdsorted oo
the Tids surfaces. The pimm-::ﬂnlptu' agtivity of TiOs ilnltgl}'
depends on preparation methods and posttreafment conditions
since they have a decisive influence on crystal phase and size,

' Cmusﬁﬂinguhr. Tl +40 3 2 18 60 x| 66 2 18 HT6000
E-smurdl aadelresa: plyasan pébchila.se th (P Prasenbidam).

1 3R5-204 713 — see Tront matter © 07 Elsevier BV, All rights peserved,
oz 1L 100 o) 0T CRROES

1 methiod [12-14], chemical vapor
and thermal decomposition of alkoxide [ 16].
sol-gel woan easy method but the precipitaned
Wﬂﬂalmﬂm amorphous in nature and fenber heat treat-
men is regquired for crystallization. Solvothermal method is an
altermative route for direct (one-step ) svathesis of pure anatase
nano-TiOy. Particle morphology, crystalline phase, and surface
chemistieof the solvothermal-derived Tita can be controlled
bymglﬂ lﬁ:gpmfﬁmrmmpﬁllmn reaction temperature, pres-
sure, salvent property, and .lmng time.
© Tworder w improve the photocatal ytic activity of TiOrs under
LIV Tight region, different methods haye been stadied such as ion

VI!TI,[ILBJ]I:III-I.H] [17]. doping with !,r.ln\),fgun metals | 15.19], the use
o two sermicondue fors eomposite [20]sulfation [21,22], reduc-

thon with hydrogen [23], hﬂug:mﬂnn, |Jﬂi and the creation of
surface defect |25]. However, most of the improvement meth-
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o= reported inthe literature are time-consuming, high cost, and
rather complicated.

In this study, quenching process has been applicd as a post-
symhesis treatment for enhancement of photocatal i sctivity of
nao=TiCk synthesized by solvothermal method, Quenching is
defined as the mechumsm of “rapid cooling™ of material (cooling
Trom arelatively high temperature toa iy low iemperatune in o
short period of e . The process of annealing or quenc hing has
shown o resultin a variety of surface defects, strains, and recon-
structions of materials [26]. The effects of quenching medinm
liquid Mz, HzO, HaOz, and air) and quenching temperiture
on physicochemical properties of the nuno-Titk synthasized by
solvothermal method were investigated in details using X-ray
diffraction (XRD), X-ray photoelectron spectmoscopy (XPS ),
M3 phyvsisorption, and COy temperature progrommed :l:-.mrp-
tion, The photocatalytic activity of the Tith nanoparticles w
evaluated in the gas-phase decomposition of ethylene under | V
irradiation. |

21, Experimental
2.1 Preparation of nane-Tick F l

Manocrysialline Tids was pmp.qud using the solvotliermal <
method in the same manner as it of mmm et A 1271
Titanivmi V3 p-butoxide ipunl):ﬂ“' Aldrich) was used o the
starting material, Approximately "‘g of titninm. - ide
was stspended in 100 ml of tolueng, in alest mbe. which
then placed ina 300ml autoclave

i ST mlh_nl was lilled
in the gap between the test be and the .mmlme wall m/_lui

104

623

at 150°C for 30min in a 30% Na-heliom flow prior (o mea-
surements. The X-ray diffraction (XRD) patterns of Tidh were
recorded with an X-ray diffractometer (SIEMENS, D-30060)
wsing Cu Ko radiation with o Ni filter in the 2¢ range from 207 to
B¢ with a scanning rate of 0.04% fmin. The powder was contained
i1 a Mt hoelder, The average anatase crystallite diameter dschemser
was determined Trom half-height wadth of the 101 diffmction
peak of anatiase using e Scherrer equation, Temperiture pro-
grnmimed desorption wsing OO0 i a probe molecule (CO:-TPDD
was performed in order 1o determine the Ti'* defective sites
existing on the surface of TiO: particle [28]. Approximately
(05 g of a Tioh sample was dosed by 1 vol.% CO3 in helium
Ford b and then desorbed from 143 to 273K with the rate of
21 5K/min. The XPS measurement was carried oul using an
AMICUS photoelectron spectrometer squipped with an Mg Ko
Aepmy asa primary excitation and KRATOS VISIOND software,
XPS elemental spectra were acquined with 0.1 eV energy step al
i pass enengy of 75 kY. All the binding energies were referenced
to the © Is peak at 285 eV of the surface adventitious carbon,
TEM images were obtained using the JEOL JEM 2010 transmis-
sion eleciron microscope that emploved a LaBy electron gun in
the voltage mange of 80-200KY with an optical point 10 point
resolntion of 0L.23 nm.

24, Phatocatalytic acivine measurement

© Phetocatalytic decomposition of ethylene (CaHy hwas used 1o

as o ol resiction to examine the photocatalynie activiry of the
synthesized Tith, Ethylene is harmful to all like forms, in order
enough food fresh in the CELSS (Controlled Ecological

amockve was purged completely by Jllm#n affter Tt it ms‘ Life Suppert Systems ), it is necessary (o remove ethylene, which

heated up to the desired temperture at 573 K witl the rate ol’

is released from plants, The complete photoecatalylic oxidation

2.5 K/min. The temperature of the mitoc Iiw I.:..u-ln-{& mmml—&emulcmuuh oygen e carbon dioxide and water has been

atl 573 K for 2 b and then cooled down tumurel;gmpumun, The

-
- i

onn ulirafine powdersd TiDy photocatalysts [29]. All

ohtained TiO: was washed by methanol for severl times and —Wi’tpcnmcnlx wiere camried oul using horeontal quarts fived

fimally dried in air

22 (wenching treatment

Prior 1o quenching. the synibesized Tily was dried in air
atmosphere at ST3K with S-heating rte of 10K/min for 1h
aned then it was taken out and immeduately guenched in various
quenching medin. In this siudy. both liquid phase and gas-phase
media were used. For quenching in liguid phase mediz, liguid
nitrogen ol TTK {sample A) water al room temperaiure and
373K tsamples B and C), and hydrogen/peroxade 13l wi,
Merckh at room temperatunsand 373 K (samphes D amd Eywens
selected. For quenchingin gas-phase media, air at room lemper-
ature and 77 K (samples F and G) were used, After thesamples
were quenched in selected media for 30min, all samples were
dried in air ot room tempersture and stored in o desiceator.

2.3 Canelyss haeacierizafion
The Bruisuer-Emmett=Teller { BET) surfice aren { Sger ) was

determined by nitrogen wdsorption @ 77 K in o Micromeritics
Chemisorb 2750 automated system. All the samples were dried

i MMLMII.IJ Gmm, length 60cm). The weight of the catalyst

constant at 0.4 g. In order 1o avoid light penetration
from outside, the resttor was placed in a closed stainless box
at top of ﬁ'hitil a S0W mercury lamp (Philips, HPL-N}) was
pﬁﬂ%& n;inf'hq UV light region. Before exposure (o the
pollutant of interest. i photocatalyst sample is briefly cleaned
by simultancous cxposure to UV and Nowing air for 60 min [30].
Then, high purity pmdL air contaiming 0.1 vol % ethylene was
continuously fed al 3 constant fow mie with GHSY of 12007,
The owthet gas was sampled every 30 min. Product compositions
were analized using a SHIMADZU GC- 148 gas chromatograph
eqipped with the flame ionised detector and a VZ2- 10 column,
il the rengtion neached steady-state.

3 Results and discussion
A Charineteeistics of the pftnassized il

The properies of the solvothermal-denved  nano-TiOy
guenched in different mesdia are given in Table |, As shown

by XRD resulbts, all the nno-TiO: samples prepared by the
solviothermal miethod in this study werne anatase phase Ttz with
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Table |
Efliects of quenching treabment on the physical properties and activities of Ty samples synghesited by solvothermal method
Sample Quenching Crystallie Spevific surface Swiace Surilace Reatir Ethydenc
meditm size* {nm} arca®” (nr*ig) TV (%) OH (%) Ti*OH comvension’ (%)

A Liguid Nz 1 BT 186 101 o 4.5
B Ha0hat KT 1o 2 LT 10006 o N4
C Hahal 373K ] 0w 209 10046 .77 h.a
(W] 3% wi HapOn m BT 13 0 ERN o o9l ns
E M wt Hye al 373K 13 LI 583 103§ L%t Is
F Air at BT 1] L] T.40 1043 071 2.6
G Airat TTK I 97 Q.35 (NIL L] b

* Determined using Schemer's eyuaihon (applicable from 3 w0 JNpmi;

¥ Determised using BET method 4

" Determined using XPS,

4 Photocatalytic reaction was caried out a1 313-328 K, | bar, and | ﬂ.l‘udlwhﬁ'h'é o

average crvstallite size determined from the hali=widih of

using Scherrer’s formula (o = 09508 cos @b arotnd 10-13 tim.

The XBRD panems of the TiO: r.:ll‘qugu]ﬂﬁ.‘iﬂ i diffen u:

media (adr, hydeogen peroxide, water, amd gulﬁﬂ s a (i

lemperatunes) were ot ug-ml'uw B’ia, Ly onlly Nm

charactenstic peaks of purne an Bl 4 wer: ub

ol 2o=2536" 37.82° 48.18° [31]. J{A ﬁwﬁté ar

of the TiD; samples were fuund;ﬁe &7 1“
Fig. 2 shows transmission electno :

high n‘wlulim electron mil:mgr

ﬂhﬂﬁh{l:l‘ﬂl 4
| for the as

siEe umuml 5= I‘i s, Thee 1.1'5r-t.|H|
equation (11 nmj was in good gnes
mary particle shserved by TEM. Tt is reves
particle was a single crystal T,
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s o' —= Oho' (3)  chorge compensation and that the presence of o cerain amount
2 = of Tr'** reduces the electron-hole recombination rate and thus

TiOs o+ = h*VB) + ¢7iCB) 4 enhances the phetocatal ytic sativity.
HaOr + hHVEB) — OHer +H* (%) Recently, Chen et al. [37] reported that the trapping site
adea BN of photogenerited holes or the surface OH 15 also an impor-
OHea + CaHge — CiHyOHe i6)  tant factor affecting photo-catalytic reaction besides the surface
Ti**. The nano-crvstalling Ti0: particles showed better pho-
C:HyOHe 4+ Ope’ — mineralizationtoC’0y 71 : “MI:II U :,n the TiO mﬂlc

where o and o mean different types of active sites on the TiO:
surface, From reaction mechanism mentioned above, the hole
generated from photo-excitation process plays an important rols
on creating the reaction imtermediate, which react further and
form OOy as the final product.

From carly chamcterization results (XPS and CO5-TPDY,
is likely thut quenching process can modify surface properties of
the Titd; samples, i.e., enhancing the amount of surace def

{Ti**) so that higher photocatalytic acfivity was oblained.
relationship between the amount ui.T#"' !fh'fm:l.'f deju.t nanu
Ty samples quenched in different :m,j,u and ethylene
version is illustrated in Fig, 8. Th defact sites on
Tidz photocatalysis has been ﬁ'Mm.I 10, gy an imporiant |§e
determining their photocatalytic activity since they can act as
phestoelectron trpping sates |14

In plivocatalysis, light |1'md|.1tm .
pheoton energy larger than the ba
troms fe and holes (" b in e
hand, respectively, These electrons ar
the respective abilities 1o reduce o
adsorbed on the surface of Ti
Tyst 1 be most efficient, different inte
involving e~ and b* must cnmprh:
deactivation processes imvolving e
et al. [29] has reported Ihnt m::diliut
increasing the amount of Ti** surface

mical ipﬁ.ﬁ

muhgl;ﬁ_ym Park
a of Tir: surtace
mdup;ngmw the

tocatalviic activities when Tr
were close o 1. In this siudy, Ti*OH ratios of the nano-
TiO; quenched in various media were calculated based on the
XI‘S results and are given in Table 1. I was also found that
Tidy quenched in air at TTK (sample G) with Ti**/0H
=093 iclosest 10 1 among the vinous samples) exhib-
ugulfﬁhuﬁheﬂ photocitaly e sctivity. Thus, itis clearly shown
[ study that quenching condition amnd medium during
plst=synthesis reatment strongly affect photocatalytic activity
of the none-TiD:. Considering the TiO: samples quenched in
the same type of quenching media (e, in HaO, 30% H20a, or
air), it was found that TiOs samples quenched at lower tempera-
ture exhibited higher photocatalytic activity than those quenched
in high temperatore ones, For example, Tidh guenched in
ar at 77K showed higher ethylene conversion than the one
guenched in wir ol poom temperature. These resulls can prob-

r 4 ably be cipl:lmd in terms of the thermal shock effect. The

large difference in temperaure between media and TiO; sur-
face may lead o medibcation of the surface properties. i.e.,
reasing the amount of Ti'* defects on the TiO; surface,
ditionally, it is noted that for the used of liguid phase

; 8 lemmﬂﬂ miedia, the Tio sample quenched in the media containing more
) iul mm”“'—q“ group in molecubes exhibited higher photocatalytic activ-
v with the. major ¢ ity

;«Ecumwn*

n,, 4

photocatalytic activity of Ttk I is wm;.ﬁm mﬁ._:.jhthh study, we have shown that surface properties as well as
electrons were trapped by the surface defect i‘l“”"}_‘lﬂdmg [0 .—jlimcalalz.lsl. petivities of the solvothermal-derived nane-TiC

inhibition of the ¢~ =h* m.nrrﬂ:m:lmu T adifion, Y et al.
[19] proposed that the doped E atoms convert Tit* to Ti* by

ied by quenching process post-synthesis treatment
whilst the average cofstallite size and BET surface area of the
samplﬂ wuasm Csimilar, It was found that gquenching

OCEs: of low temperuture medivm can cre-
e @ I:I:lel almck ect that as a consequence resulting in
more surface Ti'* @afects on the Tid: sample and hence higher
photocatalytic activity.
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Dependence of Quenching Process on the Photocatalytic Activity of
Solvothermal-Derived TiO: with Various Crystallite Sizes

Piyawat Supphasrirongjaroen, Wilasinee Kongsuebchart, Joongjai Panpranot,
Okorn Mekasuwandumrong, Chairit Satayaprasert, and Pivasan Praserthdam®

Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Enginesring,
Faculty of Engineering, Chulalonghom Umiversity, Banghok, 10330 Thailand

In the present work, the effect of gquenching on surface defect and photocatalytic activity of the solvothermal-
derived nanocrystalline TiDs with average crystallite sizes between 9 and 13 nm was extensively studied. On
the basis of CO,-TPD (TPD = temperature-programmed desorption) and XPS (XPS = X-ray photoelectron
spectroscopy) results, it was found that the amount of Ti*F surface defects and photocatalytic activities of the
prepared Ti0Q; depended strongly on the type of quenching media used in the following order: H;O0-RT >
H202-373K = HaO-RT = H20-373K = air-RT = air-373K, where RT = room temperature. However, the
Ti0; sample that was slowly cooled after caleination (the nonguenched sample) also possessed a significant
amount of Ti** surface defects and high photocatalytic activity to a degree similar to that quenched in HyO-
BT. The effect of guenching was more pronounced on the smaller crystallite size TiO2 than on the larger
ones due probably to its higher surface energy so that oxygen atoms were released more easily.

1. Introduction

Titanum(TV) dicxide or titania (T102) has been the focus of
many research interests during the past decade due to its
scientific and technological importance. It s a low-cost, widely
available, nontoxic, and biocompatible substance that is widely
used in domestic applications (e.g., increasing pamt durability,
cleaning wastewaters, etc.).]=? It has been demcnstrated to be
usefil in various areas because of ifs versatile properties such
as catalytic activity,” photocatalytic activity for pollutant
removal * good stability toward adverse environment ’ sensitivity
to humidity and gas 8 dielectric character,” photoelectrochemical
conversion.® nonlinear optics.” and photoluminescence 1% To0,
has been an important component for cosmeties, pigments, filter
coating. gas and humidity sensors, dielectric ceramics. catalyst
support, solar cells, and sp on'l Tts performance in these
applications depends to a large extent on its physical and
chemical properties which are related to the synthetic conditions.
These conditions dictate the properties such as crystal stmcture,
morpholegy, grain size, thermal stability, and surface structure
of the TiO; products.

The photocatalytic activity of Ti0y is greatly influenced by
its crystal structure, particle size, surface area, incident light
intensity, and porosity. Among these factors, erystal structure
and erystallinity of TiOy are considered the important factors!
Amerphous titania has negligible photocatalytic activity because
of the recombination between the pair of photoexcited electron
and hole in the amorphous structure. ! Anatase crystalline TiO,
15 generally accepted to have sigmficant photocatalytic activity.
However, much effiort indicates that mutile TiO2 and metal-doped
rutile TiOy also exhibit ngh photocatalytic activity especially
under visible light irradiation 3= 1% With the decrease in particle
size of powder to nanometer scale, the catalytic activity of titania
15 enhanced because the optical band gap is widened due to
surface defect!®™” and an increased in surface area '81°

Many methods have been proposed to synthesize nanacerys-
talline Ti0? in anatase polymorph such as sol—gel®® and

* Towhom all comespondence should be addressed. Tel: 66-2218-
6383, Fax: 66-2218-6877. E-mail: piyasan.pidchulaac.th.

10.1021/1e070705a CCC: 540.75

hydrothermal method 2! Although the sol—gel method is widely
used to prepare nanosized TiQy, calcination of the gel inevitably
causes the grain growth and reduction in the specific swrface
area of the Ti0h particles and even induces phase transformation.
Solvothermal synthesis. in which chemical reactions can occwr
in agquecus or orgamic media under the selfproduced pressure
at low temperature (usually lower than 230 °C), can solve those
problems encountered during the sol—gel process. 2 This method
has been used to successfully synthesize warious types of
nancsized metal oxides with large suiface area, high crystallinity,
and high thermal stabiliry 3-2*

In the present worle nanccrystalline TiO; powders with
vatious crystallite sizes (9—13 nm) were prepared by the
solvothermal method using titaniem butoxide as the precursor.
Then the TiO, products were subjected to a rapid quenching
process in various guenching media such as air, water. and
hydrogen peroxide at two different temperatures (303 and 373
E). The quenching process has shown to result in a variety of
surface defects, strains, and reconstructions of materials * It is
believed that surface defects on the TiO; samples as well as
their photocatalytic acitivity can be modified by rapid quenching
process. The properties of Ti0: samples were characterized
using vanous analytical methods such as X-ray diffraction
(XED). Nz physisorption, COo-temperature programmed de-
sorption (CO:-TIPD). and X-ray photoelectron spectroscopy
(XPS). Photocatalytic activity of the Ti0O; was tested in gas-
phase decomposition of ethylene under UV irradiaticn.

2. Experimental Section

1.1. Preparation of Nanocrystalline TiO;. Nanocrystalline
Ti0: was prepared using the solvothermal method according
to that of Payalegul et al " using titanmm(TV) n-butexide (TNEB)
as starting material. In general, an amount of 13—35 g of TNB
was suspended in 100 1:11_13 of toluene in a test tube, which was
then placed in a 300 cm’ autoclave. The gap between the test
tube and the autoclave wall was filled with 30 cm® of the same
solvent used 1 the test tube. The autoclave was purged
completely by nitrogen before heating up to the desired
temperature, in the range of 573—35393 K at a rate of 2.3 K/min.

2 2008 American Chemical Socisty

Published on Web 01/10/2003
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Table 1. Phase Compositions and Structural Properties of the TiO,
Synibesized by Solvothermal Method after (Juenching in Various
Media

quenching crystallite  Sper sarmple
syathesis conditions medinm size (mm) (m®'z) nomenclature
TNB, 15 ¢ arat 373K 3.6 96 94
teluene, 100 mL amr at RT* 94 a4 B
temp, 573 K HOa3T K 90 ] 9C
kolding time, 30 min  H; 0 at BT 39 104 9D
H,0,at 373K 10.0 o2 9E
H,0, at KT 10.5 o1 9F
TNB, 25 g arat 173K 96 83 114
toluene, 100 mL amrat BT 10.6 o3 11B
temp, 573K H:0a 3T K 104 o5 11C
kolding time, 2h H0at RT 10.5 112 11D
HiOat3T3IK 132 S0 11E
H:0: at BT 133 94 11F
TNB, 15 g arat 373K 104 LiH] 134
teluene, 100 mL AnatRT 134 57 138
e, 593 K HO0a3T3IK 154 67 13C
holding time. 6h H:0 at RT 13.2 69 13D
H0,at 373 E 145 51 I3E
H,0, at KT 147 63 13F

Autogenously pressure during the reaction gradually increased
as the temperature was raised. Once the preseribed temperature
was reached, the temperature was held constant for 0.5—6 b
After the system was cooled dowm, the resulting powders were
repeatedly washed with methanol and dried in air

2.2. Quenching Process. Prior to quenclung, the synthesized
Ti0: was dried in air atmosphere at 573 K with a heating rate
of 10 K/min for 1 h, and then it was taken out and immediately
quenched in varions quenching media. I thus study, both liguid-
phase and gas-phase media were employed. For quenching in
gas-phase media_ air at room temperature and 373 K wers used
(zamples A and B). For guenclung i liquid-phase media,
hrydrogen peroxide at room temperafure and 373 K (samples C
and D) and water at room temperature and 373 K (samples E
and F) were used. After the samples were quenched in the media
for 30 mun, all the TiO; samples were dried in air at foom
temperafure and stored in a desiccator.

2.3, Characterization, The XED patterns of ihe TiCh sanples
were recorded using a SIEMENS D3000 X-ray diffractometer
using Cu Ko radiation with a INi filter in the range of 20—50°
26, The crystallite size of Ti0; was deternuned from half-height
width of the 101 diffraction peak of anatase using the Scherrer
eguation. The specific surface area (5ger) was calculated vsing
BET single-point method on the basis of nitrogen (IN2) uptake
measured at 77 K in a Micromeritics ASAP 2000, Temperature-
programmed desorption using CO3 ag a probe molecunle was
performed to determine the Ti*t site existing on the surface of
Ti(n particle ™ It was carried out using 0.05 g of a TiO2 sample.
Ti; was dosed by 1 vol % CO; in helium for 1 b and then
desorbed from 143 to 273 K with the rate of 21.5 K'min The
XPS measurement was carried out using an AMICUS photo-
electron spectrometer equipped with an Mg Ko X-my as a
primary execitation and KRATOS VISION2 software. KPS
elemental spectra were acquired with 0.1 eV energy step at a
pass energy of 73 EV. All the binding energies were referenced
to the C 1s peak at 285.0 eV of the surface adventitions carbon.

1.4. Photocatalytic Activity Measurement. Catalytic de-
composition of ethylene was carried out in order to determine
photocatalytic activity of the Ti0s using a honizontal quartz fixed
bed reactor. High purity grade air containing 0.1 vol % ethylene
was continuously fed at a constant flow rate with a gas howly
space velocity (GHSWV) of 120 b—!. An air stream with 0.1 vol
% ethylene was first passed through the reactor without
irradiation until reaching gas—solid adsorption equilibrivm.
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Figure 1. The XFD pattemns of the varions Ti0; samples after quenching
i air at yoom femperature: (a) 9 mm (&) 11 mm, (2) 13 nm.

Then, UV light was irradiated on the surface of the catalyst
nsing a 500 W mercury lamp (Philips, HPL-N). The cutlet gas
was faken every 30 nun. Its composition was analyzed using a
Slumadzn GC-14B gas clwomatograph equipped with the flame-
iomized detector uatil the reaction reached steady state.

3. Results and Discussion

3.1. Strueture and Surface Properties of TiO; Quenched
in Different Media. In tlus study, the effects of quenching
medinm as well as quenching temperature on the properties of
nanocrystalline Ti0; synthesized by solvothermal method are
extensively mvestigated. Quenching process was applied as a
postsynthesis freatment with the aims being to create more
defects on the Ti0: surface and, as a consequence, unprove
their photoeatalytic activities. Physical properties of the various
Ti0; such as the BET suiface areas and the average TiOn
crystallite sizes after quenching in different media are shown
in Table 1. Due to the different preparation conditions, the Ti0y
samples possessed different crystallite sizes and specific swface
areas. The average crystallite size of Ti0: samples increased
from 9 to 13 nm as the BET swface area of the Ti0, samples
decreased frlom ca. 95 to 65 m¥g Quenching treatment,
however, did not sign:ficantly alter the specific surface area and
the average crystallite size of the TiQ,. The anatase TiO;
crystalline phase was preserved after quenclung. All the Ti0,
zamples consisted of only pure anatase phase TiO; (major XED
peaks at 25.36. 37.82, and 48.18° 2&). XRD patterns of the Ti0x
with various crystallite sizes after quenching in ait at room
temperatuse are shown in Figure 1. The crystallite sizes of the
TiD, from XRD are in good agreement with those observed
from the TEM mucrographs of the samples (Figure 2).

The surface structure of TiO; was characterized by temper-
ature-programmed desorption of €Oz, All the TiO: samples
exhibited two main desorption peaks at temperatures ca. 143
and 170 K which could be attributed to adsorption of CO; on
two different structures of TiOn surface 2 For example, the COz-
TPD prefiles of TiO; samples with average crystallite size of
11 nm after quenching in various media are shown in Figure 3.
The desorption peak at ca. 145 K was attributed to COz
melecules binding to the regular five-coordinate Tit site which
was considered as the perfected TiOs structure. The second peak
at ca. 170 K has been considered as desorption of CO: molecules
binding to Ti*+ defect sites of Ti0a. On the basis of the COz-
TPD results, it was found that, for a given Ti0: crystallite size,
the peak areas for COy desorption at ca. 170 K (representing
the amount of Ti*+ defective sites) depended on the type of
guenching media employed in the following order: air at 373
K < airat RT = H;O at 373 K = H)O at RT < HyO; at 373



Figure 2. TEM mucrographs of Ti(h-9 mm and Ti0,-13 nm (nonguenched).
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Figure 3. COu-temperamre-prozrammed desoption results of the TiOh-11 nm quenched in different mediz: (A) ar at 373 K, (B) air at BT, (C) HaO ar 373
K, (D) H:0 3t BT, (E) Ok at 373 K and (F) HoOs at BT (BT = room temperanue).

K = HaQn at RT. It is known that quenching treatment of a
metal can create nucleation of dislocations, surface defect, and
concentration of stress on the metal surface 2 The results in
this study have shown that quenching process can be applied
as a postsynthesis treatment for controlling the amount of suface
defects on nanoerystalline TiQh. The Te¥+/Ti* ratios caleulated
from CO;-TPD results of the various gquenched Ti0; samples
and the noaguenched one are illustrated in Figore 4. It was found
that the nonguenched sample also possessed a significant amount
of Ti* to a degree similar to that quenched in HyO at room
temperature. However, when compared with the TiOz sample
quenched 10 HOh and HyO, it is noticed that the TiO; sample
quenched in liguid-phase media that contained more -OH group
in molecules exhibited higher Ti**+/Ti** and higher photocata-
Iytic activity. Recently, Xiao-Quan et al®® reported that the
trapping site of photogenerated holes or the surface -OH i3 also
an important factor affecting photocatalytic reaction besides the
surface Tid+.

The presence of Ti*F on the TiO: samples was also studied
by Xray photoelectron spectroscopy. For example, lugh-
reselution XPS spectra of Ti 2p and O 1s recorded from the
TiCh samgples quenched in HiOz at room temperature are shown
i Figure 5 The Ti2p spectiem can be fitted with Gavssian—
Lorentzian functions mte two spin—orbit components at binding
energies of 457 2, and 459.2 eV, comresponding to TiyQ; (Ti*H)
and TiO: (Ti**) fractions on the TiO: surface, respectively. The
component binding energy values are in agreement with those
reported in the literature ** The O 15 peak is often believed to
be composed of three to five different oxvgen species such as
Ti—Q bonds in TiO; and Ti;05. hydroxyl groups, C—0 bonds,
and adsorbed HyO. It is shown that the O 1s peak 15 asvmmetric,
suggesting that at least three peaks related to three different
chemical states of oxygen are present. The binding energies of
each individual component are 530.8 (Ti*+—0), 531.8 (Ti*+—
0), and 533.3 eV (0—H).3'~* The shapes of the XPS spectra
of Ti 2p and O 1s for all the TiO; samples are guite similar.
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Figure 5, 3PS spectra of T2 2p and © 15 for Ti0:-11 nm quenched in
E:0; at room temperature.

and it was found that the amount of surface Ti** sites increased
in a trend similar to those gbserved from COz- TPD results.

In photocatalysis, defect sites on the swrface of TiO; are
known as adscrption sites 34 elactronic promoters,™ or electron
traps 3537 In peneral, light irradiation of Ti0, powdsr with
photon cenergy larger than the band-gap energy produces
electrons (e~} and holes (h*) in the conduction band and the
valence band, sespectively *3*¥ These electrons and holes are
thought to have the respective abilities to reduce and oxidize
chemical species adsoribed on the surface of TiO: particles. For
a photocatalyst to be most efficient, different interfacial electron
processes involving e and ht must compete effectively with
the major deactivation processes mvolving e™—h* recombina-
tion. Surface Ti** defect sites (oxygen vacancies) are the sites
that oxygen adsorption occurs as well as that the photogenerated
electrons are trapped, ¥ so they are effective sites for mterface
electron transferring. The relationship between the amount of
Ti** defects on TiO2 surface and their photocatalytic activities
has been reported by many authors -3¢
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Figure 6. Results of the photocatalytic actrvities of Tl samples quenched
in different media.

.Z. Photocatalytic Activity of the TiO; Quenched in
Different Media. Photocatalytic activities of the Ti0; samples
with vanous crystallite sizes after quenching in different media
were evaluated in the decomposition of ethylene in gas-phase
and the results are shown in Figure 6. Ethylene conversions at
steady state (after 180 min of tun) for the quenched Ti0k
samples with various crystallite sizes were ranged from ca. 20—
37%, while that of T1i0; Degussa P25 under similar reaction
conditions gave ca. 30% ethylene conversion. It was found that,
for a given Ti0; crystallite size, ethylene conversions were
strongly dependent on the quenching media and were found to
be in the following order: HoO2 at BT > HiOo at 373 K =
H:0 at RT = H:O at 373 K = air at RT = air at 373 K. Such
results were in good apreement with the amount of T+ surface
defect on the TiO: samples in which those with higher amounts
of T** surface defect exhibited higher photocatalytic activities
for ethylene decomposttion. For a sinular quenching medivm,
the TiO2 quenched at low temperature resulted in a larger
amount of Tr'+ and exhibited higher photocatalytic activity
comparad to those gquenched at high temperature. Tis can
probably be explained by a thermal shock effect that a large
difference in temperature of the TiO; surface and gquenching
medium can create more surface defects. However, compared
to the Ti0; sample that was slowly cooled down after calcination
(the nonguenched sample), only the smaller crystallite size Ti0,
(T102. 9 nm) that quenched in HiO: exhibited higher photo-
catalyfic activities. The effect of quenching was less pronounced
on the larger T1O; crystallite size and the nonguenched samples
showed lugher activities.

4. Conclusions

The surface properties and photocatalytic activities of nane-
sized TiOh powders synthesized by solvothermal method with
various crystallite sizes (9— 13 mm) were significantly influenced
by quenching media and quenching conditions. For the use of
similar guenching media, the TiO; gquenched in a low-temper-
ature medium has been shown to result in more Ti*+ surface
defects on the T1iO1 surface and consequently higher photocata-
Iytic activity than those quenched in a high-temperature one.
The amount of Ti*+ and photocatalytic activity of the quenched
samples depended on the fype of quenching medivm in the
following order: HyO; > H:0 > air. Compared to the
nonguenched sample (the one slowly cocled after calcination),
quenching in HyO; has shown to result in higher Ti*t and
phetocatalytic activity of the Ti0q with small crystallite size (9
nm). There was less effect of guenching on larger crystallite
size Tih.
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