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CHAPTER |

INTRODUCTION

Titanium dioxide (TiQ) is the most widely used material in many
technological applications. Nowadays, as concerns with global environmental issues
increase, the application of TiQo treatment of polluted air and wastewaltas
received great attention because of its easy to access, chemical stability, non-toxic
and low cost [1-5]. Ti@ is used both asa catalyst and catalyst support in
heterogeneous catalytic reaction including photocatalytic reaction, hydrogenation, and
oxidation reaction. Itsis well'’known that TiOs reducible metal oxide that stronger
interacts with group VIl noble metals than other metal oxides such as A,
and MgO [6-10]. For this reason, -Li@as attracted much attention for the application

as noble metal catalyst support in many reactions.

The Carbon monoxide (CO) oxidation reaction is of practical importance for
the control of the environmental pollution that results from combustion process. The
most active catalyst in CO oxidation is noble metal group. Among of these metals,
gold catalysts exhibit high catalytic activity for CO oxidation at a temperature as low
as 200K [11], followed by Cu and Ag [12]. Low temperature CO oxidation catalysts
are used in residential and automotive air cleaning technologies, gas masks for mining
applications, CO detectors, and selective oxidation of CO in reformer gas for fuel cell
applications. However, because of their relatively high-cost, many researchers have
attempted to improve performance of the other catalysts in order to replace the gold
catalysts. In general, CO oxidation is classified as a structure insensitive in which the
activity depends mainly on the amount of active site. Thus, the improvement of metal
catalysts dispersion is a crucial factor affecting catalytic activity in CO oxidation. The
surface properties of support materials are important in determining.the catalytic
activities of metals dispersed on them [13]. Support modification usually brings about
changes in surface properties of the support such as surface area, surface defect,
surface acidity or basicity of the support, and etc., which are a crucial factor affecting
dispersion of the metal catalyst. This implies that the surface modification of supports

would effectively provide supported metal catalysts with improved or controlled



activities. The modification of the support by varying the chemical environment or
amount of the interacting component [14] has the possibility to control the properties

of the supported metals.

The modification of support with trace element has been investigated widely
by many researchers. This method can result in changes in surface chemistry, crystal
structure, crystal defects and size of support. Many researchers reported that the
incorporation of trace element increased surface area and thermal stability of support.
CO oxidation is one of the reactions that have been frequently investigated using TiO
as the support. Nevertheless, only a few studies have reported about the modification
of TiO, with trace elements in order to use as support in CO oxidation reaction. The
Type and amount of doping elements have influence on the physical and chemical
properties of TiQ such as crystallite size, morphology, and crystalline phase [15].
These parameters also have significant influence on the dispersion and dimension of
metal species on T¥3supports especially when the Ti@articles were in nanometer-
size [16-19]. Knowledge of the effects of impurities on surface properties efigiO

essential in order to be able to utilize them effectively.

The main objective of this research is to investigate the surface modification
of TiO; for using as support in-CO oxidation reaction. The solvothermal method has
been employed to synthesize Fi@anoparticles. The method for modification of
TiO, support.that has been used in this research consists of two methods: (1) the
method of changing the synthesis condition of the solvothermal preparation and (2)
the method of trace element doping in 7&pport. For the first method, the effects
of amount of surface defect on TLiGupport on catalytic activity in CO oxidation
have been investigated. In the second method, the effects of type, amount and
precursor type. of doping element on catalytic activity in. CO oxidation have been
studied. The physical and chemical properties of unmodified and modifiegd TiO
nanoparticles were-characterized in order to compare their properties with unmodified
TiO,.



The scope of the research presented is given below,

1. TiO, nanoparticles were synthesized by solvothermal method and
employed as the supports for metal catalysts in CO oxidation reaction.

2. TiO; support was modified to obtain a different amount of surface defects
by changing the synthesis condition of the solvothermal method.

3. The different transition metals catalysts (Ag, Pt, Ni, and Co) were
supported-on. Ti® support with-different amount of surface defects for
both low and high metal-loadings (1 and 25%at., respectively). The CO
oxidation activity.of these catalysts was compared.

4. TiOzsupport was modified by doping with different elements (Al, Si and
P) with constant molar ratio of element/Ti at 0.03. The Ag catalyst was
supported on modified TiXo compare the CO oxidation activity.

5. TiOz support was modified by doping with at least one element selected
from the group of element in (4) with the molar ratios of element/Ti varied
in the range of 0.01 to 0.3. The Ag catalyst was supported on modified
TiO, to compare the CO oxidation activity.

6. TiO, support was modified by doping with various precursor of doping
element selected from the group of element in (4) with constant molar ratio
of element/Ti at 0.03. The Ag catalyst was supported on modified t6iO
compare the CO oxidation activity.

7. The physicochemical properties of the catalysts were characterized by X-
ray _diffraction (XRD), X-ray photoelectron spectroscopy (XPS), BET
surface area, transmission electron microscope (TEM), electron spin
resonance. (ESR}-ourier Transform Infrared (FTIR) Spectroscopy and
O,-Temperature programmed desorption-{D).

8. The amount of active sites of the catalysts was characterized by pulse

chemisorption techniques.



CHAPTER II

BACKGROUND

The purpose of this chapter provides the fundamental concepts and literature
underlying the work presented in this thesis. The first section of the chapter describes
the fundamental information about the ‘general properties of, iEapplications and
surface modification. The fundamental theory of the CO oxidation reaction and using
the TiO, as a support for metal catalysts in CO oxidation was provided in the next
section. In the last section‘give the description about the modification efdi@O

oxidation reaction.

2.1 Titanium dioxide

Titanium dioxide (TiQ), also known as titania, is the naturally occurring
oxide of titanium. Titanium dioxide was first industrially introduced to replace toxic
lead oxides as a white paint pigment in 1900’s. Nowadays, the annual world
consumption of TiQ exceeds 4.4 million tons [20]. Tias received a great amount
of applications due to its strong oxidizing power of the photogenerated holes,
chemical inertness, non-toxicity, low cost, high refractive index and other
advantageous surface properties. For this reasons, Ha® been steadily gaining
importance. for use as catalyst or catalyst support., h@s a wide range of
applications in| heterogeneous catalytic reactions including photocatalysis, air
purification, water treatment, self-cleaning, antifogging, and so on., TigO
successfully used as'gas sensor (due to the dependence of the electric conductivity on
the ambient gas composition [21]) and is utilized in the determination of oxygen and
CO concentrations at high “temperatures (>6W@)[22]," and simultaneously
determining CO/@ and CO/CH eoncentrations [23]. Due to its hemocompatibility
with the human body, TiDis used as a biomaterial. TH@ also used in catalytic
reactions acting as a promater, a carrier for metals and metal oxides, an additive, or as
a catalyst [24]. Reactions carried out with Ti€atalysts include selective reduction

of NOx to N, [25], effective decomposition of VOCs [26], hydrogen production by



gas shift production [27], Fischer—Tropsch synthesis [28], CO oxidation, 29D
H,S oxidation to S, reduction of S@ S by CO [30], and N£{storage [31].

2.1.1 Crystal structure and properties

Titanium dioxide exists in the three crystal forms: anatase (tetragonal), rutile
(tetragonal) and brookitehpmbohedrgl the structure of anatase, rutile and brookite
are illustrated inFigure 2.1. The rutile structure-is the most common form and the
most stable form. Anatase and brookite both convert to rutile upon heating. While
anatase and rutile TgOhave been extensively studied and used in many aspects,

brookite TiQ is'scarce -and difficult to purify.

Titanium dioxide surface is a complex and extremely sensitive to thermo
chemical history such as temperature, pressure, cooling rate, impurity. Principally the
surface contains several atoms, ions and molecules via ionic, covalent or coordinated
bonding such as basic terminal and acidic bridged-hydroxyl groups; labile Ti-O-Ti
bonds; water molecules adsorbed at Lewis acid sites or bound to surface hydroxyl
groups; adsorbed anions such as sulfate or chloride process residues; potential
electron donor and acceptor sites; possibly adsorbed oxidants such as hydroxyl or
hydroperoxyl radicals; or activated oxygen species generated by photocatalytic
processes [32]. There are also many surface defects onthdOinclude step edges,
oxygen vacancies, line deficiencies, foreign cations, crystallographic shear planes. In
addition, TiGQ involve several surface planes. The surface of rutile is formed from
three crystal planes including the (1 1 0), (0 0 1) and (1 0 0), with (1 1 0) being the
most stable one..For anatase, the (1 0 1),.(1, 0 0) and (0 1 0) surface planes are found
in powders, together with some (00 1)..Such complex §idface plays a vital role
in all the aforementioned wide range of applications. Some of the most important bulk

properties of TiQ are presented in Table 2.1.
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Figure 2.1 Crystalstructures of anatase (a), rutile (b), and brookite (c) [33]

Table 2.1 Some bulk properties of the three main polymorphs of TiO
(anatase; rutile, and brookite) [33].

Crystal System Density Lattice parameters (nm) Band gap  Refractive index
structure (kg/m?) a b c cla (eV) Ng Np

Rutile Tetragonal 4240 0.4584 - 0.2953 0.644 3.05 2.94&16506
Anatase Tetragonal 3830 0.3733 e 0.937 2.51 3.26 2.5688%5584
Brookite  Rhombohedral 4170 0.5436 0.9166 - 0.944 - 2.802.677

It is now recognized that oxygen vacancy defects on the surface gfasO
shown inFigure 2.2, play an essential part in governing the adsorptionoivldere
O, molecules seek the vacancy defect sites for non-dissociative adsorption, producing
the superoxide species, OThis takes place by Onteraction with surface i sites
which are produced by thermal reduction of the surface by removal of surface O
anions. Defects on the Tj(110) surface are easily created by electron bombardment,
sputtering, or simply by thermal annealing the. surface to high temperatures.

Thermally created defects have been recognized extensively in the literature as point



Figure 2.2Ball-and-stick model of a point defect (missing oxygen atom in the
bridging oxygen rows) on the rutile TiQurface [34].

defects that exist as 0xygen vacancy sites located within the bridging oxygen rows of
the Ti0y(110)-(1 x 1) surface [35]. The creation of these defects has a profound effect
on the electronic properties of the surface. Macroscopically, the presence of oxygen
vacancies creates an overall reduced state of thecryStal, both in the bulk and in

the surface..Upon the annealing, the creation of defects within the bulk is associated
with the creation of color centers and**Tinterstitial ions [36], and an overall
reduced stoichiometry as a result of the loss of oxygen atoms. This effect occurs on
the surface as.well, where the.presence of an oxygen vacancy site leaves an exposed
Ti*®ion which may be visualized as a"'Tion associated with a somewhat localized
electron. It has been shown by many authors that this site is an active adsorption site

for adsorbates, and that interesting chemistry may occur at thisifei

The stoichiometric state of the surface can be regained by annealing the crystal
in a flux of oxygen to high temperature [7]. This treatment besn studied by
scanningtunneling microscopy (STM) and shown to completely reoxidize exposed

Ti™® atoms as well as interstitial titanium ions that diffuse from the bulk to the surface



during annealing [37-39]. This treatment causes the incorporation of oxygen into the
surface layers of the Tilresulting in the addition of layers of Ti®@o the surface

[40]. The lack of surface defects as a result, leaves the surface relatively inactive
chemically. The process of reduction and oxidation of the surface layers is reversible,
although extensive annealing of the crystal leads to high concentrations*of Ti
interstitials, extensive bulk oxygen loss and the formation of crystallographic shear
planes [41]. While annealing in-@xidizes surface vacancies, the high concentration
of thermally created defects remaining within the-bulk may lead to eventual inactivity

as a photocatalyst and to.irreversible changes to the electronic structure ¢ETOD

2.1.2 Applications of TiO,

The consumption of TiQincreased in the last few years in a number of minor
end-use sectors such as a photocatalyst, as a catalyst support or promoter, as gas

sensor, as in electric and electrochromic devices, and so on.

e Pigment

Titanium dioxide is the most widely used white pigment because of its
brightness and very high refractive index<2.7), in which it is surpassed only by a
few other materials. Approximately 4 million tons of pigmentary ;Té@e consumed
annually worldwide. When deposited as a thin film, its refractive index and colour
make it an“excellent reflective optical coating for dielectric mirrors., T8also an
effective opacifier in powder form, where it is employed as a pigment to provide
whiteness and opacity to products such as paints, coatings, plastics, papers, inks,
foods, medicines (i.e. pills and. tablets)-as-well .as. most toothpastes. Opacity is

improved by optimal sizing of the titanium dioxide particles.

Titanium dioxide used as a white food colouring, It is often used to
whiten skimmed milk; this ‘has been shown statistically to increase skimmed milk's
palatability [42]. In cosmetic and skin care products, titanium-dioxide is used-both as
a pigment and a thickener. It is also used as a tattoo pigment and in styptic pencils.

This pigment is used extensively in plastics and other applications for its UV resistant



properties where it acts as a UV absorber, efficiently transforming destructive UV

light energy into heat.

In ceramic glazes titanium dioxide acts as an opacifier and seeds
crystal formation. Titanium dioxide is found in almost every sunscreen with a
physical blocker because of.its high refractive index, its strong UV light absorbing
capabilities and its resistance to discoloration under ultraviolet light. This advantage
enhances its stability and ability to protect the skin from ultraviolet light. Sunscreens
designed for infants-or people with sensitive skin-are often based on titanium dioxide
and/or zinc oxide, as these mineral UV blockers are believed to cause less skin
irritation than chemical UV absorber ingredients. The titanium dioxide particles used
in sunscreens have to'be coated with silica or alumina, because titanium dioxide
creates radicals in_the photocatalytic reaction. These radicals are carcinogenic, and

could damage the skin.

e Photocatalysis

Titanium dioxide, . particularly in the anatase form, is a photocatalyst
under ultraviolet light. Recently it has been found that,Ti®hen spiked with
nitrogen ions or doped with metal oxide like tungsten trioxide, is also a photocatalyst
under visible and UV light. The strong oxidative potential of the positive holes
oxidizes water to create hydroxyl radicals. It can also oxidize oxygen or organic
materials directly. Ti@ is thus added to paints, cements, windows, tiles, or other
products for its sterilizing, deodorizing and anti-fouling properties and is used as a
hydrolysis catalyst. It is also used in the Graetzel cell,_a type of chemical solar cell.
The photocatalytic properties of titanium dioxide were discovered by Akira Fujishima
in 1967 and published in 1972 [43, 44]. Fi®as potential -for use in energy

production: as a-photocatalyst,

(1) TiO, can carry out hydrolysis; i.e., break water into hydrogen and
oxygen. Were. the hydrogen collected, it could be used as a fuel. The efficiency of this
process can be greatly improved by doping the oxide with carbon.

(2) TiO, can also produce electricity when in nanoparticle form. Research
suggests that by using these nanoparticles to form the pixels of a screen, they generate

electricity when transparent and under the influence of light. If subjected to electricity
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on the other hand, the nanoparticles blacken, forming the basic characteristics of a

LCD screen.

In 1995 Fujishima and his group discovered the superhydrophilicity
phenomenon for titanium dioxide coated glass exposed to sun light [44]. This resulted
in the development of self-cleaning glass and anti-fogging coatings, TiO
incorporated into outdoor building materials, such as paving stones in noxer blocks or
paints, can substantially reduce concentrations of airborne pollutants such as volatile
organic compounds-and nitrogen oxides. Jfadfers-great potential as an industrial

technology for detoxification or remediation of wastewater due to several factors:

(1) The process occurs under ambient conditions very slowly; direct UV
light exposure.increases the rate of reaction.

(2) The formation of photocyclized intermediate products, unlike direct
photolysis techniques, is avoided.

(3) Oxidation of the substrates to €@ complete.

(4) The photocatalyst is inexpensive and has a high turnover.

(5) TiO, can be supported on suitable reactor substrates.

The photocatalytic activity of TiDis greatly influenced by its crystal
structure, particle size, surface area and porosity. When the size ppditixle is
decreased to the nanometer scale, the catalytic activity is enhanced because the optical
band gap is-widened due to the quantum size effect, combined with the increased
surface area [45, 46]. Furthermore, since the photocatalytic reaction occurs on the
surface, the specific surface area of the powder needs to be large for the more
effective photocatalytic activity. Hence, it is of great importance to improve the

preparation method of nanocrystalline 7O

e (Gas Sensor

Another successfully existing utilization of TiOs as gas sensor
because it may change its electrical conductivity upon gas adsorption likeaBdO
ZnO semiconductors. So far, TiOs commonly used as gas sensor at high
temperatures for the detection of,HD,, CH, and CO [22, 47], e.g. to evaluate the



11

combustion process of fuel in car engines for controlling fuel consumption and
environmental pollution [48]. Although adsorption of molecules on metal oxide
surfaces generally takes place by means of electrostatic interactions [49, 50], in some
cases an electron transfer occurs to or from the surface, involving a change in the
substrate electric resistance. This phenomenon is used to monitor the presence of the
molecule and is the basis of gas-sensing. A detailed knowledge of the gas/surface
interaction is then necessary to understand the mechanism, which rules out such
processes. Kirner et al. [51] studied that Fased oxygen sensors had different
detection principles when-operating in two- different temperature regimes. At high
temperatures, Ti© devices acted as thermodynamically controlled bulk defect
sensors, providing oxygen partial pressure measurements over a very large range. The
intrinsic behavior of the defects ‘responsible for the sensing mechanism could be
controlled by doping with tri and pentavalent ions. However, at low temperatures,
they found that the Pt/T¥OSchottky-diodes as oxygen sensors showed reversible
current-voltage shift characteristics and changed sensitively upon changes in the

oxygen partial pressures [51].

e Catalyst Support or Promoter

The anatase phase, although thermodynamically less stable than rutile,
has received in the last years much attention because of its higher (photo) catalytic
activity [52]. Anatase is used both as active phase and as support in many commercial
catalytic reactions such as the selective catalytic reduction of NO [53].

2.1.3 Preparation of TiG, nanoparticle

The final. properties of Ti© nanoparticle depend ta size, morphology and
crystalline phase of the prepared Fi@anopowder. In order to prepare of FiO
nanostructured. material with significant -properties several processes have been
developed over the last decade and can be classified as liquid process (sol-gel [54-
56], solvothermal [57, 58], hydrothermal [59, 60]), solid state processing routes
(mechanical alloying/milling [61], mechanochemical [62, 63]), RF thermal plasma
[64] and other routes such as laser ablation. From the above methods, the sol—gel
method is normally used for preparation nanometer, TpOwder. Experimental
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results have shown that the prepared powders by uncontrolled sol-gel method
generally lack the properties of uniform size, shape, and unagglomerated state and
providing the titanium oxide with favor properties need to control process conditions.
There are several parameters for controlling sol-gel process to prepage TiO
nanopowder with significant properties. It has been demonstrated that the precursor’s
concentration of titanium alkoxide greatly affects the crystallization behavior and
characteristics of the final powder [65]..In addition, the size, stability, and
morphology of the“produced sol from alkoxides is strongly affected by the water
titanium molar ration( = [H.O}/[Ti]) [66, 67]. The formation of colloidal Ti@at high

r ratio is of great interest,-because the small size of particles is formed under this
condition. The“sol-gel'method is widely used to prepare nanometer BiDas the
precipitates derived by sol-gel are amorphous in nature, in order to obtain crystalline
products, further heat treatment at high temperature is compulsory. This calcination
process will inevitably cause the grain growth and reduction in specific surface area

of particles and even induce phase transformation.

Hydrothermal synthesis,.in which chemical reactions can occur in aqueous or
organic media under the self-produced pressure at low temperature, (usually lower
than 250°C) can solve those problems encountered duringetghrgcess. This
automatically raises the effective boiling point of the solvent, which can also solve the
problems due to the limitations of their rather low boiling points. This technique is
also called solvothermal by the many researchers [68-71], while in the special case of
the solvent being water, often called hydrothermal. The solvothermal treatment could
be useful to control grain size, particle morphology, crystalline phase and surface
chemistry by regulating sol composition, reaction temperature, pressure, property of
solvent, ‘additives, and aging time. Thus, it demonstrates that the different surface
properties of TiQ depend' on.the preparation methods ‘and the condition of

preparation.

2.2 CO oxidation reaction

Carbon monoxide (CO) is a colorless, odorless, poisonous gas which is a

major product of the incomplete combustion of carbon and carbon-containing
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compounds. It is a byproduct of vehicle exhausts, which contributes a very large
amount of CO emissions in cities, particularly in areas with heavy traffic congestion.
Other sources of CO emissions include industrial processes, tobacco smoke and fuel
combustion in sources such as boilers and incinerators. It is also present in the
atmosphere naturally, chiefly as a product of volcanic activity and natural gases (in
coal mines) and forest fires. Carbon monoxide from automobile and industrial
emissions is a dangerous pollutant that may contribute to the greenhouse effect and
global warming. Carbon monoxide is dangerous-and life-threatening to humans and
other forms of air-breathing life, as inhaling even relatively small amounts of it can

lead to hypoxic injury, neurelogical damage, and possibly death.

When it."enters the body, it combines with hemoglobin to form
carboxyhemoglobin, reducing the oxygen-carrying ability of the blood if the level of
CO atmosphere is around 100 ppm. Long term expaosure to low levels of carbon
monoxide may result in heart disease and damage to the nervous system. Exposure of
pregnant women to carbon monoxide may cause low birthrates and nervous system
damage to the offspring. The concentration of carbon monoxide in the atmosphere
varies from one region to another but the levels normally present are unlikely to cause
ill effect. The concentration may reach harmful levels in poorly ventilated rooms
during operation of unflued gas heaters, or defective non-electric heating appliances,
or in the passenger compartment of vehicles with defective exhaust systems. The fatal

damage can be prevented by an oxidation of CO pollutant in the atmosphere into CO

Co+ %02 5 €O, AGy —-257dklemol™ (o)

There are three ‘possible mechanisms by which CO can be oxidized on a

surface:
2.2.1 Langmuir—Hinshelwood mechanism
It was generally believed that CO oxidation on transition metals followed a

Langmuir—Hinshelwood mechanism. The oxygen molecules can readily dissociate on

all transition metals at room temperatures. The mechanism involves an external
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source of Q or a pre-oxidizing treatment, and is frequently proposed to take place at
metal-dispersed catalysts. Three elementary steps have been proposed during the CO
oxidation [72]:

() COis adsorbed on surfaces of metal catalyst;
CO(g) < CO(a) (2.2)

(i) Oxygen is dissociatively. adsorbed on surfaces of metal catalyst to form
oxygen adatoms;
0, (g)=0(a)+0(a) (2.3)

(i) Adsorbed CO molecule reacted with adsorbed oxygen to formaD@®

desorbed from the surface of metal catalyst;

CO(a)+0O(a)->CO,(a) (2.4)

CO, (a) »CO,(g) (2.5)

It was note that at low temperatures CO blocks the surface and the reaction is
slow according to Equation (2.4). With increasing temperature, above ~373 K, CO is
partially desorbed, and Os chemisorbed on the surface. The reaction rate passes
through a maximum around 473 K, after which it falls again. The reaction is structure-
insensitive in case of noble metal catalysts [73]. However, when the reaction

conditions vary, the mechanism may be changed.

2.2.2 Eley-Rideal (ER) mechanism

In a case of competitive adsorption [48}he supported noble metal oxides
catalyst is first exposed to.{xhen atomic adsorption of oxygen on the surface occurs.

CO is then'introduced at room temperature and the reaction proceeds rapidly by the

Eley-Rideal mechanism according to Equation (2.6):

CO(g)+O(a)—>CO,(g) (fast) (2.6)
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If CO is first adsorbed and then oxygen is introduced then no reaction occurs
according to Equation (2.7).

co(a)+%,0,(g) A CO,(9) (2.7)

2.2.3 Mars-van-Krevelen mechanism

The direct participation of lattice O atoms. in this oxidation reaction is known

as a Mars-van-Krevelen mechanism and has been proposed to explain,taedCO
COs* formation upon metal oxide exposure to CO [74]. In this case, such lattice
oxygen atoms should be sufficiently basic sites to attack CO. In other words, the
oxygen atoms-on the surface must be reactive enough to allow the adsorption of CO at
these sites. Such'sites do not exist on perfect stoichiometric surfaces and require some
corrugation. Once CO has approached the activated O atom, an electron transfer takes
place from the molecule to the surface and the cationic sites are reduced. As a result,
CO binds to one surface O forming &@r to two surface O forming carbonates

COs%, at the same time that titanium cations are reduced.

Konova et al. [75] proposed the model of the reaction mechanism of Au/TiO
catalyst as shown in the equation below. The first step (2.8) of the proposed oxidation

0]

Au...OTisO+ CO (o, —» Au...O-Ti-O (2.8)

==

O

0. . {O-TH0 = ;(u_cj).’l‘i.(_} ~p Au..&TiO+ CO (229)

»--0=10

0
|
[

—hﬁu...ﬂgji}) (2.10)
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mechanism includes CO adsorption on the gold particle. During the second step (2.9),
CO adsorbed on a gold particle as surface carbonyl, transform into an intermediate
complex, which decomposes following two alternative parallel pathways. If the
intermediate complex decomposes evolving the reaction product and liberating the
active site, the second step can take place. The other possibility (2.10) for the
intermediate complex is the change into surface carbonates deposited on the oxide
support. This carbonatisation process leads to. deactivation of the catalyst. They
believe that reaction(2.10) has a much lower rate as compared to reaction (2.9). As a
result of reaction (2.10), the amount of lattice oxygen of the metal-support border
gradually decreases because of covering of the support surface area with carbonates.
The oxygen coming from.the gas phase is adsorbed on the oxygen vacancies of the
metal oxide surface, passing through several oxidation forms and filling up the stores
of surface oxygen (2.11). During the last step (2.12), the missing oxygen on the active

site is restored and can again take part in the oxidation process.
0,(9)> (0, ),, »(20 )y —(20% )., (2.12)
Au..Ti=0+(0% ) Au.O-Ti= 0 (2.12)

The mechanism for both Langmuir-Hinshelwood and Mars-van-Krevelen
may act independently, as suggested for Cu supported- on titania and ZnO [76]:
whereas a direct oxidation of CO takes place at the surface of the metallic particles, an
induced oxidation with the surface lattice oxygen species of the supports is also

responsible for the formation of G@nd carbonate species.

CO usually binds weakly to the cation of the metal oxide surfaces and serves
to test'Lewis acidity [74, 77, 78]. At small coverage, CO is adsorbed C-down on top
of the metallic center and its orientation is due to-donation to the cationic site. Lin et
al. [79] predict a stronger interaction for CO adsorption on anatase-than on rutile
despite their identical ‘chemical composition." It is found that, @the main
oxidation product obtained when exposing the pure anatase surface to CO although
other oxidation products like carbonates or carboxylates have also been detected [22,

80-82].Mguig et al.[83]proposed that the oxidation of CO on pure anatase can occur
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without oxidizing conditions. Naturally, a preoxidizing treatment or the presence of
oxygen in the reaction media will enhance it [81]. The presence of metals (Pd, Au,
Na) or other metal oxides (F®&s;, La,Os, CuO) dispersed on the anatase phase also

contributes to increase the rate of CO oxidation.

The CO oxidation is usually considered as a typical example of a structure
insensitive reaction. For example, the catalytic activity is almost equal oves@3t/Al
catalysts with widely varying particle size at high-CO concentration. However, the
reaction became structure sensitive in excess oxygen. CO oxidation has been mostly
studied on the late 4d-and 5d transition metals, such as Ru, Rh, Pt and Pd. Among
them, Pt is knewn to be one of the most active catalysts, while Ru is the poorest one at
low pressures of ©and CO, being only active at highp, @artial pressures [84].
Recent STM experiments [85] further suggest that on other transition metals, such as
Pt and Pd, the formation of oxide may largely improve the catalytic ability. Neither 3d
transition metals, such as Fe, Co, Ni, hor the early transition metals, such as W, Zr are
good catalysts for CO oxidation, presumably because these metals bond O atoms too
strongly and they are not stable enough in the oxidative conditions. For recent years
another new class of catalysts for CO oxidation, namely, oxide supported Au catalysts
has attracted much attention [86]. Au-based catalysts have a superior high catalytic

ability at low temperatures (e.g., below 300 K) compared to transition metal catalysts.

2.2.4 Application of TiO , for CO oxidation

The importance of Ti@in heterogeneous catalysis is also profound and the
performances of many metals or metal oxides on high-surface-argaupfort have
been studied. These metal oxide/7i€ystems often serve as a model for other
metal/oxide surfaces. It is well known that the role of ;TdD catalytic activity is
more‘complex than simple to increase catalyst surface area and interactions between
the catalyst and Ti@may.occur thatlead to-.changes in reactivity and selectivity. [87].
Although TiG; is not suitable as a structural support material for metals compared
with Al,O3 and SiQ, small additions of Ti@can modify metal-based catalysts to a

significant extent.
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CO oxidation is one of the reactions that have been frequently investigated
using TiQ as the support due to strong interaction with group VIII noble metals. TiO
can provide high dispersion of noble metal catalyst. It is well known that supported
noble metal catalysts such as Au/Zidr/TiO,, and Ag/TiQ are effective in CO
oxidation [12, 88, 89], of which Au/Ti©used for CO oxidation at low temperature
was the most excited discovery [76]. Despite the inertness of gold metal compared to
other transition metals, highly dispersed gold particles on reducible metal oxides can
exhibit surprisingly high catalytic reactivity for.many reactions. Several factors, such
as size and shape of the cluster, metal-support interaction between Au clusters and the
surface, have been suggested as the reason for the enhanced reactivity of small gold
clusters. However, because of their relatively high cost, many researchers have
attempted to study catalytic activity of other transition metals in order to replace the
gold catalysts. Much attention has been given to non-noble metal catalysts, such as

cobalt and copper [90-95].

2.3 Modification of TiO, nanopaticles

Properties of nanoparticles are different to those of matter of the same
chemical composition on-a larger scale. Therefore, research on nanoparticles is
increasing rapidly, and numerous applications are anticipated. Although some
nanomaterials have excellent physical and chemical bulk properties, they do not
possess suitable surface properties for specific applications. Consequently, it may be
necessary to_modify the surface of such materials. Recently, there are many
publications that studied heterogeneous catalytic reactions using the nanomaterials as
support. The support.was usually considered. as an inert material before the concept of
a strong metal—-support interaction was proposed [6, 96]. This concept emphasized the
importance of the support characteristics'on the catalytic activities. Also, the concept
of an interfacial metal-support interaction (IMSI) was proposed [97]; specifically,
metal oxide species supported on exygen ion.conducting-materials. show a remarkable
effect on. the activity enhancement for CO oxidation [98]. With these concepts,
support modifications have attracted much research interest and are considered an

important factor in improving catalytic activity [99, 100].
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2.3.1 Modification with defective surface creation

The nature of the support material, the preparation method, and the activation
procedure are expected to influence the structure and reactivity of the supported metal
species. Ti@ has been studied extensively in the field of surface science due to the
wide range of its applications and the expectation that insight into surface properties
on the fundamental level that will help to.improve its properties. The surface defect is
one of the importanttopics in this field because the properties of then@i@crystal
are often dependent on a nature and density of the surface defect sites. In case of a
nature of surface defeet, the dominant defect on the Ju@ace is oxygen vacancies
site (T#") [101]:"To control a density of this defect, some common methods such as
UV radiation, annealing under vacuum, ion sputtering, plasma-treating have been
used for creating the defect on the T{002-104].

Perfect surfaces of Tilare usually poorly reactive and it is generally assumed
that the strongest adsorption occurs at defective Sltesthe presence of such defect
on oxide surfaces plays an important role in the reactivity of these surfaces. Ether the
ability of these surfaces to undergo adsorption of gases or the growth mode of thin
metal deposits on the surfaces can be drastically influenced by the stoichiometery of
the surface [105, 106] , that is to say by the presence of oxygen vacancies. In the same
way, surface defects induced by ion can modify the distribution of nucleation sites on

the surface and, therefore, the type of growth of a metal on the oxide surface [107].

The solvothermal method has been used to successfully synthesizen TiO
anatase polymorph.. with surface defect by controlling reaction condition.
Wachiraphan Payakgul ‘et al. [108] investigated the effect of organic solvent to the
characteristic of the nanocrystalline TiOThey found that Ti® nanoparticles
obtained in 1,4-butaindiol have higher thermal stability than the ones obtained in
toluene. They suggested that.the difference in.thermal stability.of the products results
from different. amount of defect structures or crystallinity obtained. by different
synthesis routes. Akawat Sirisuk et al. [109] studied the effects of reaction medium
and crystallite size on ¥i surface defect in titanium dioxide nanoparticles prepared
by solvothermal method. They found that the amount of surface defect increased with

increasing the crystallite size of Ti@nd the larger size of TiCexhibited higher
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photocatalytic activity. The dispersion of metal on defective,TwWas studied by
Wallace et al. [110] and Kongkiat Suriye et al. [111] who reported that surface defect
(Ti*") plays a significant role enhancing the dispersion and stability of supported
metal such as gold cluster and cobalt via the strong interaction (SMSI) between the
defect site and metal cluster. Thus, it demonstrates that the creation of surface defect

(Ti*") on anatase is necessary for improving its properties for many applications.

2.3.2 Modification with trace element

In heterogeneous’ catalytic' reactions, the support was usually considered as an
inert material before the concept of a strong metal—support interaction was proposed
[6, 96]. This concept emphasized the importance of the support characteristics on the
catalytic activities. Also, the concept of an interfacial metal-support interaction
(IMSI) was proposed [112]; specifically, metal oxide species supported on oxygen ion
conducting materials show a remarkable effect on the activity enhancement for CO
oxidation [98]." With these concepts, support modifications have attracted much
research interest and are considered an important factor in improving catalytic activity
[99, 100].

Although some nanomaterials have excellent physical and chemical bulk
properties, they do not possess suitable surface properties for specific applications.
Consequently, it may be necessary to modify the surface of such materials [113]. The
factors that influence the activity of supported metal catalysts are the nature of the
support. The most common way to modify the support material is the modification
with trace element. Many research reported that the surface modification can stabilize

nanoparticles against agglomeration and retard the phase transformation [114, 115].

Pestryakov et al. [116] modifiedAl,O3; by addition of 5 wt% of Zr, Ce, La,
and Cs oxides before gold impregnation and found that the modifying additions of
rare and rare-earth metal oxides notoriously changed the electronic state of gold.
These effects were reported to be caused not only by differences in the gold particle
dispersivity, but also by interaction of gold atoms and ions with Lewis acid sites on

the modified support.
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Tai et al. [117] prepared titania aerogel and titania-coated silica aerogel
incorporating Au nanoparticles. The size of the Au patrticles in the titania arerogel
increased with increasing the calcination temperature while the titania-coated silica
aerogel were almost unchanged. They concluded that the size of the Au nanopatrticles
and the loading amount of Au can be independently controlled by using the titania-
coated silica gel support. The modification of T&&rogel support with silica-coating

improved the catalytic activity of Au/Tixcompared to that on pure TiGupport.

Yu et al. [118] reported that-doping of La in Li®upport during the sol-gel
synthesis also enhanced the catalytic activity of AufTinQCO oxidation. They found
that the presence of La in ' Ti@ot only increased its surface area and restrained the
growth of TiG crystallites, but could also enhance the microstrain of. TiGe Q-
TPD results showed a new adsorbed speciesnQhe surface of La-doped TiO'he
high activity of Au/LaOs-TiO, was attributed to the presence of La promoting the
reactivity of CO adsorbed on the Au site and the formation of the second active site

on the surface of Ti©
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CHAPTER 1l
EXPERIMENTAL

This chapter presents an overview of the research methodology that was used
in this work. There are four main sections in this chapter that consist of the following:
material and chemicals, T#Osupport and the catalysts preparation, catalyst
characterization, and.reaction study in _CO_oxidation reaction. The first section
depicted all materials and chemicals used for this research. The second illustrated the
preparation of Ti@ and madified TiQ support including metal catalyst. The third
section described the characterization method of the support and the catalyst such as
XRD, XPS, BET surface area, FT-IR, ESR, Pulse chemisorption technique and
Temperature programmed desorption of oxygenaPD). The reaction procedure for

CO oxidation was explained in detail in the last section.

3.1 Material and chemicals

The details of chemicals used in this experiment are shown in Table 3.1.

Table 3.1 Chemicals used in-the preparation of catalysts.

Chemical Supplier
Titanium (V) n-butoxide (TNB) 97% Aldrich
1,4 butaindiol Aldrich
Methanol Merck
Silver nitrate (AgNQ) Aldrich
Nickel nitrate (Ni(NQ),.6H,0) Aldrich
Cobalt nitrate (Co(Ng),.6H,0) Merck
Chloroplatinic Acid Hexahydrate gRtCk.6H,0) Aldrich
Tetraethylorthosilicate (SKQC2Hs)4) Aldrich
Aluminum triethoxide (AIQ(CzHs)3) Aldrich

Triethyl phosphate (PC:Hs)s3) Aldrich
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Table 3.1 Chemicals used in the preparation of catalysts (Cont.).

Chemical Supplier
Phosphoric acid (5POy) Aldrich
Di-ammonium hydrogen phosphate (NHHP Oy Aldrich
Phosphorus pentoxide ABs) Merck

3.2Preparation of TiOz support and the catalysts

The detail of preparation of Tisupport and the catalysts were presented as

follows:
3.2.1 Preparation of TiO, support

TiO, nanocrystals were prepared by solvothermal method according to a
procedure reported by Wachiraphan Payakgul et al. [108] using titaniumn{IV)
butoxide (TNB) as starting material. About 15 and 25 g of titanium rifgutoxide
(TNB) 97% from Aldrich was suspended in 100 1,4-butanediol in a test tube
and placed in an autoclave as shown in Figure 3.1. The gap between the test tube and
the autoclave wall was contained with 30°cofi the same solvent used in the test
tube. The autoclave reactor was completely purged with nitrogen. The reactor was
heated to a desired temperature (300°C or 320°C) at a rate of 2.5°C/min and held
constant at that temperature for 0.5 h and 4 h for preparing JuPports with
average crystallite size 7 and 15 nm, respectively. After the reactor was cooled to
room.temperature, the Ti(powders obtained in the test tube were repeatedly washed

with methanol and dried in ambient air.
3.2.2 Preparation of modified-TiO, support

The modified-TiQ was prepared by solvothermal method as described above
with the preparation condition: 25 g of TNB, holding time for 4 h and holding
temperature at 320°C. In this study, 7i®Was modified with trace element such as Si,

Al, and P in order to investigate the effect of element type on the catalytic activities in
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CO oxidation. The element precursors used were tetraethylorthosilicate
(SiO4(C2Hs)4), aluminum triethoxide (AIQ(C;Hs)3), and triethyl phosphate (RO
(CoHs)3) for preparation of modified Ti©with Si, Al, and P, respectively. In case of

the study of phosphorus precursor effect, four types of the precursor used in this
investigation were phosphoric acid gf;), di-ammonium hydrogen phosphate
(NH4)HPQ,, triethyl phosphate (PA(C;Hs)s), and phosphorus pentoxide,(®). A
certain amount of maodifier precursor (calculation as shown in Appendix A) was
added into the mixed solution of TNB and 1,4-butanediol before setting up in the
autoclave. After cooling naturally to room temperature, the products were repeatedly

washed with methanol and. dried in air.
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|
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Figure 3.1 Diagram of the reaction equipment far the synthesis of titanium dioxide.

3:2.3 . Preparation of the catalyst

The incipient wetness impregnation method was used to prepare supported
metal catalysts. The aqueous solution of the metal precursor was dropped slowly onto

TiO, or modified TiQ support to obtain the desired atomic percent of the catalyst



25

(calculation as shown in Appendix A). After impregnation, the catalyst were dried at
room temperature for 6 h and then at 110°C overnight in an oven. The obtained
samples were calcined in air at 450°C for 3 h. The metal precursors used in this
investigation were AgN$) Ni(NOs),.6H,0, Co(NQ),.6H,O, and HPtCk.6H,O for
preparation of Ag/Ti@, Ni/TiO,, ColTiO,, and Pt/TiQ catalysts, respectively.

3.3 Catalyst characterization technique

The various-characterization technigues were used to gain more understanding
about the catalyst” structure and texture properties resulting in their catalytic

properties.

3.3.1 X-ray Diffraction (XRD)

XRD were performed to determine the bulk crystalline phases of catalyst. It
was conducted using a SIEMENS D-5000 X-ray diffractometer connected with a
computer with Diffract ZT version 3.3 program for fully control of the XRD analyzer.
The experiments were carried out by using (K= 1.54439 A) radiation with Ni
filter in the range @ = 20-8C resolution 0.04.

3.3.2 N3 physisorption (BET surface area)

Surface area measurements were carried out by low temperature nitrogen
adsorption in a Micromeritic ChemiSorb 2750 system. Calculations were performed
on the basis of the BET isotherm. 0.2 grams of sample was loaded into u-shape cell
made from Pyrex and heated in helium to20@or 1 h in order to eliminate trace
amount of water adsorbed on surface, then cooled down to room temperature. The
analysis gas consist of 30%Nnh helium was.introduced to. Pyrex cell. Sample
adsorbed nitrogen at low temperature by dipped cell into liquid nitrogen dewar until
it's surface was satuated with nitrogen and desorbed nitrogen at room temperature by
moved away the dewar. The nitrogen that was desorbed from sample was measured
by TCD detector.
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3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis of modified Ti@support was carried out in a Nicolet model
6700 of the IR spectrometer using the wavenumber ranging from 400—400@ittm
a resolution of 4 cit. A small amount.of sample was thoroughly mixed with ground

KBr in an agate mortar and pressed as pellets.
3.3.4 Electron Spin Resonance Spectroscopy (ESR)

A JEOL, JESRE2X . model electron spin resonance spectroscopy (ESR) was
used to measure the surface defecﬁh’n the surface of TiOsupport and modified
TiO, support. Before measurement, the sample was dried & bi@rnight. About
0.1 g of sample was placed in_a sample tube, which was sealed at atmospheric

pressure and room temperature:
3.3.5 Transmission electron microscopy (TEM)

The morphology and size of the metal catalysts were determined using a

transmission electron microscopy (TEM) with a Philips CM100 microscope.

3.3.6  Thermal Gravimetric Analysis (TGA)

TGA was performed to prove the interaction between the [AIIMAO and
various supports. It was conducted using TA Instrument SDT Q600 analyzer. The
samples of 1020 mg and temperature ramping from room temperature 6 800

10°C /min were used in the operation. The carrier gas was air zero.
3.3.7 X-ray photoelectron spectroscopy (XPS)

XPS was used to examine the binding energy and the surface composition of
the catalysts by using ‘an' Amicus photoelectron’ spectrometer with M-ty
source at current of 20 mA and 10 keV, resolution of 0.1 ev/step, and pass energy of
75 kV. The binding energy was calibrated by the C 1s peak at 285.0 eV. The
computer controlled by using the AMICUS “VISION2” software.
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3.3.8 CO-Pulse Chemisorption

The active sites of Platinum catalyst was determined by CO-pulse
chemisorption technique using Micromeritics ChemiSorb 2750 (pulse chemisorption
system) and ASAP 2101C V.3.00 software. Approximately 100-200 mg of the
catalyst was reduced in-situ in flowing hydrogen (56/omn) at 400€ for 1 h. After
that, the sample was cooled to room temperature,iriidv and CO pulses were

injected until the quantity of the exit CO pulse reached a steady value.
3.3.9 Hy-Pulse Chemisorption

The active sites of Nickel and Cobalt catalyst was determined pulde
chemisorption technique using Micromeritics ChemiSorb 2750 (pulse chemisorption
system) and ASAP 2101C V.3.00 software. Approximately 100-200 mg of the
catalyst was reduced in-situ in flowing hydrogen (5@/omn) at 400C for 1 h. After
that, the sample was cooled to room temperature,iriidv and CO pulses were

injected until the quantity of the.exit CO pulse reached a steady value.
3.3.10 N,O-Pulse Chemisorption

The amount of active site of Ag/Ti@atalyst was determined using theON
pulse method according to a method adapted from Evans et al. [119]. Before the
measurement;-about 100 mg of the catalyst sample was reduced @tf40Q° h.
Then, the sample was cooled to 150°C in He stream and a certain amoy®t\was|
injected. A TCD detector was used to analyze the gas leaving the He carrier sample.
When NO was contacted with silver metal on FBiGupport, the nitrous oxide was

decomposed and producing,shown'in the following reaction:

N;O(g) + 2Ag(s) & | N;(9) + (Ag=0O—Ag)(s) 3.1
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3.3.11 O,-Temperature programmed desorption

The Q-TPD experiment was performed in order to study the characteristics of
oxygen adsorption and desorption on the catalyst surface. Approximately, 0.1 g of the
catalyst was reduced in hydrogen flow (50°%min) for 1 h. The temperature was
then cooled down to 30°C.in He stream (3C/onin) and held at that temperature for
1 h to adsorb oxygen with a flow of 30 ¥min: The physically adsorbed oxygen on
the catalyst surface was swept out with He stream and then the temperature was

ramped with a heating rate of 10°C/min to 600°C.
3.4 Reaction study in.CO oxidation reaction

Catalytic activity of the catalyst samples in CO oxidation were performed in a
5 mm i.d. glass tube fixed bed microreactor. The reactant and product composition
were analyzed on-line with a Shimadzu GC-8ATP gas chromatograph equipped with
a thermal conductivity detector (TCD) and a Porapak Q column with He as the carrier
gas. An operating conditions used in this experiment are given in table D.1 (Appendix
D). A Flow diagram of the system for testing the catalytic activity is shown in Figure
3.2. The reaction gas mixture contained 1% CO and 2%)\Ovolume with He
balanced was passed through the catalyst bed at total gas flow rate of *I®hcm
(GHSV=~ 30,600 R or WHSV = 60,000 crih™ g*). The composition of the inlet gas
was controlled by mass flow meters. The procedures of the catalytic testing as shown
below;

(1) Approximately 100 mg of the catalyst powder‘was placed into the reactor
and the catalyst bed was held by quartz wool at both ends.

(2) The glass reactor was placed inside a temperature-controlled tubular oven.

(3) A thermocouple was inserted into the tube with one ‘end touching the
catalyst zone in order to measure the bed temperature.

(4) Befare a start of run, the catalyst was first reduced in-situ at 400°C for 1 h
in flowing H, with a flow rate of 50 critmin and cooled down to room temperature.

(5) Then the gas flow was switched to a reaction gas mixture. The temperature
of the oven was increased from room temperature to the desired temperature and

maintained at that temperature for 20 min.
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(6) The composition of reactant and product were analyzed by Shimadzu GC-
8ATP gas chromatograph.

Catalyst performance was evaluated in terms of the light-off temperature,

defined as the temperature at which 50% conversion was obtained. The calculation of

(3.2)
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Figure 3.2  Flow diagram of the system for testing the catalytic activity
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CHAPTER IV
RESULTS AND DISCUSSION

The experimental studies described in this thesis are focused mainly on the
surface modification of Ti@nanoparticles in order to have a potential for using as a
support for metal catalysts in CO oxidation.reaction. The study of modification of
TiO, support was divided into two metheds. Firstly, the ;Ti@noparticles were
modified to obtain a different amount of surface defects by changing the synthesis
condition of the solvothermal method. Lastly, the Janoparticles were modified
by doping with trace - element. The metal catalysts were loaded ontp ankD
modified TiG,. The CO.oxidation activity of the metal catalyst supported on modified

TiO, was compared to the ones supported on.TiO

The results and discussian in this chapter are divided into four sections to
study the effect of various parameters. The effect of amount of defect on,a TiO
surface and its properties using support in CO oxidation was described in Section 4.1.
The parameters of TiOsurface modification with trace element were investigated.
The effect of the different dopant elements (Al, Si and P), the content of dopant
element (Si), and the different phosphorus precursor were illustrated in Section 4.2-
4.4, respectively. The catalytic activity of metal catalyst supported on modified TiO
was compared with the ones supported on, TiO

4.1 Effect of different amount of TiO, surface defect on the activity of CO

oxidation

In "this 'section, nanocrystalline TiOwith different crystallite sizes were
synthesized by the solvothermal method using titamtbntoxide and 1,4-butanediol
as titanium precursor and solvent, respectively. Under inert organic solvent condition,
thermal decomposition of TNB in toluene was occurred, yieldiegaO™ anion. The
nucleophilic attack of the titanate ion on another ion and crystallization was taken
place, finally yielding the anatase titania. The mechanism of TNB in 1,4-butaindiol

can be depicted as shown in Figure 4.1.
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Figure 4.1 Mechanism of nanosized anatase, Bhthesis in 1,4-butaindiol by

solvothermal method.

Figure 4.2 shows X-ray diffractograms of the Gi€upports were obtained by
the solvothermal method. The diffraction peaks at 25° (major), 38°, 48°, 54°, 55°,
63°, 71°, and 7526, indicated that the TiOsupports contained only anatase phase
TiO,. The average Ti@ crystallite sizes calculated from the full-width at half-
maximum of the XRD peak at 28 25° using the Scherrer equation were determined
to be 7 and 15 nm. The TiQ@upports with average crystallite size 7 and 15 nm are
referred to as Ti@7nm and TiG-15nm, respectivelyThe average crystallite size of
TiO, was increased by increasing amount of TNB precursor, synthesis temperature,
and holding time [120]. The corresponding BET surface areas of the TiO
nanoparticles with average crystallite sizes 7 nm and 15 nm were 4§land 77

m?/g, respectively, as shown in Table 4.1.
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Figure 4.2 X-ray diffraction patterns of Tg/nm and TiG-15nm supports
prepared by solvothermal method.

Table 4.1 Physical properties of nanocrystalline FiGupports prepared by
olvothermal method.

Sample Synthesis conditions Average BET
surface
TNB 1,4 ] . crystallite  area
amount butainediol “Ynnesis  Holding size (m%q)
temperature ..
(@) = () o) time () (nm)
TiOz7nm 15 100 300 0.5 7 161

TiO2-15nm 25 100 320 4 15 1
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The number of defective sites of Livas determined using electron spin
resonance spectroscopy (ESR) technique and the results are shagurénd.3. The
ESR peak with a g value of 1.997 was assigned b defective sites on the TiO
surface [121-125]. It is clearly seen that th& Signal increased with increasing BiO
crystallite size. In other words, the larger crystallite size of nanocrystalling TiO

prepared via solvothermal synthesis contained higher amount'afuFface defects.

The TiO, powders with different amount-of surface defects (Ti®m and
TiO,-15nm), were then _employed as supports for dispersion of four different
transition metals namely, Ag, Co, Ni, and Pt. The selected metals were classified into
two groups; precious.metals (Ag and Pt) and transition metals (Co and Ni). Each of
the catalysts was loaded with two different atomic percent metal loadings (1 at.% and

25 at.%) by incipient wetness impregnation method.

g =1.997

Intensiy {a.m.)

Ti0,-7 nm

280 300 320 340 360 380 400
Field

Figure 4.3 ESR spectra at atmaspheric condition of,771@m and TiG-15nm

support prepared by solvothermal method.
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Figure 4.4 shows TEM images of the TiGupports before and after Ag metal
loading. The crystal morphology of Ti#dnm was roughly spherical crystals while
TiO,-15nm was mostly cube crystal shapes. The average particle sizes determined
from TEM were 6.8 nm and 15.1 nm for B®@nm and TiQG-15nm, respectively,
which were in good agreement with those calculated from XRD results. It is also
confirmed that the crystallite size of TiGupports were not altered after metal
loading. Based on the Ag/Ti@atalysts with medium Ag loading (15 at.%), the Ag
particles appeared to be homogeneously dispersed on botlsupforts. There was

no significant difference in-terms of particle size distribution of the Ag metals.

Figure 4.5shows TGA curves ofiO2-15nm and 25%Ag/Ti®15nm catalyst.
TGA thermogram exhibits two stages of weight loss for ,271&nm. The first loss
(1%) appears in the range 100-250°C and the second one (3.5%) appears in the range
of 250-400°C..The first step of‘weight loss can be attributed to the removal of the
structural water. The second step of weight loss can be ascribed to the combustion of
organic moieties, originating from the organic solvents and certain new compounds
formed in the solvothermal process. The TGA thermogram of 25%Ag/I%0Om
catalyst indicates that the organic moieties cannot be removed by calcination [126].
However, the residual nitrate ions from silver nitrate precursor can be decomposed

into nitrogen dioxide and oxygen at temperature below 300°C [127].

Table 4.2 shows a comparison of the amounts of metal active sites on
Ag/TiO,, ColTiO,, NifTiO,, and Pt/TIQ catalysts for both sizes of the Li®upports
at 1 and 25 atomic% loadings. For any metal type, the catalysts supported on larger
crystallite size TiQ.possessed higher amount of metal active sites than those
supported on smaller crystallite size one. It is noticed that'the BET surface area of
TiO.-15nm was. only half of that of the Ti@nm. The higher amount of active metal
dispersed on the larger crystallite size Ian be correlated with the higher number
of Ti®' sites on.the-larger crystallite size BiGupport. In. the light of our previous
studies for Co/Ti@ Fischer-Tropsh, it is suggested that the presence®bfités on

the TiQ, surface can inhibit agglomeration of metal particles during impregnation,
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and (f, h) 15%Ag/Ti@-15nm.
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Figure 4.5 TGA curves of Ti¢15nm and 25%Ag/Ti©15nm.

Table 4.2 The amount of active sites of metal catalysts supported of/fi® and
TiO2-15nm with different atomic loading.

Sample Active Site (x T®atoms/g cat.)
TiO2-7nm TiO2-15nm
1 at.% Loading 25 at.% Loading 1 at.% Loading 25 at.% Loading
Ag/TiO, 10.5 15.5 22.2 52.3
ColTiO, nil. 0.8 O§2 16.4
Ni/TiO> 0.1 8.8 12 38.0
PUTIO, 4.8 n.d? 10.6 n.d.

n.d. = not determined.
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calcination, and reduction steps so that higher metal dispersion was obtained
[121,128]. Aggregation of Ti® nanoparticles may also have influence upon the
reduced surface ¥i sites for smaller crystallite size TiQeading to lower metal
dispersion. Cordero et al. [129] suggested that transference of electronic charge
density from TiQ to activated carbon (AC) resulted in a high degree of dispersion of
TiO, on the AC surface. The presence of an intimated contact interface could prevent
“surface nano-aggregation”. By analogy, the presence’sfd&fective sites on larger
crystallite size TiQ'in the present work would-inhibit agglomeration of the metal

clusters to form larger particle size; hence higher metal dispersion could be obtained.

Typically, higher amount of metal loading results in higher number of active
species dispersed on support surface when the amount of metal loading is within its
monolayer dispersion.. When the metal loading  was more than the monolayer
dispersion threshold, the number of the active species was reduced due to
agglomeration, resulting in a suppression of catalytic activity [93]. In the present
work, an increase of metal loading from 1 at.% to 25 at.% did not cause a decrease of
the amount of active sites. Moreover, metal dispersion on the larger crystallite size of
TiO, was still higher than those on the smaller one for both low and high metal

loadings.

The CO conversion over Ag/TD Co/TiO,, Ni/TiO,, and Pt/TiQ catalysts
with different. crystallite size of Ti©@supports (/7 nm and 15 nm) and different
amounts of metal loading (1 at.% and 25 at.%) are showigire 4.6. The light-off
temperature of each catalyst was also givehable 4.3. Complete conversion of CO
(100%) was achieved within 350°C for allsthe catalysts except 1%NHAind,
1%Ni/TiO,-15nm, and 1%Co/Ti@7nm. ‘The low conversion of these catalysts
corresponded to their relatively low metal dispersion as ‘determined from pulse
chemisorption experiments. For.any crystallite size of,18@pport with a similar
metal loading, the light-off temperature was found to in the order: Pt <Ag < Co < Ni
indicating, that the noble metal catalysts were much more effective in. CO oxidation
than the non-noble ones [130]. The lowest light-off temperature was obtained using
1%Pt/TiG on the TiQ-15nm support at below 50°C. Compared to the 1%PHTiO
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Table 4.3 The light-off temperature of metal catalysts supported oM@ and

TiO,-15nm with different atomic loading.

Sample Light off Temperature®C)
TiOz-7nm TiO2-15nm

1 at.% Loading 25 at.% Loading~ 1 at.% Loading 25 at.% Loading

AQ/TiO, 152 110 92 70
ColTiO, > 300 145 173 140
Ni/TiO» > 500 455 430 220
Pt/TiO, 84 nigl > <50 n.d.

n.d. = not determined

prepared by impregnation method on P-25 ;T&3 reported by Bamwenda et al.
[131], their light-off temperature under. reaction condition of WHS20,400 cm ht
g* was found to'be higher than our case (light-off temperat@°C).

For any metal type, the light-off temperature of the catalysts with 25 at.% was
lower than those with 1 at.%. Similar trend has been observed by Frey et al. [12] for
Ag/TiO, catalyst with different Ag loadings prepared by co-precipitation of Ag- and
TiO-oxalates, in which a large difference of the light-off temperature for 2%Ag/TiO
(light-off temperatures 220°C) and 10%Ag/Ti@(light-off temperature- 60°C) was
observed under 1:1 COf@ondition. The number of converted CO molecules per unit
area of the catalytically active metal phase of Agili@talyst was calculated and the
results are given: imable 4.4. The data revealed that there was no significant
difference in terms of specific activity for CO oxidation of Ag/Fi€talysts on TiQ
7nm and TiQ-15nm supports, confirming structure insensitive characteristic of the
CO ‘"oxidation reaction. The TEM images and particle size distribution of
25%Ag/TiO-7nm catalysts before and after CO oxidation are showsigare 4.7.

The Ag particle size distribution was not altered after CO oxidafitwe. catalyst
stability during CO oxidation was also investigatEdyure 4.8 shows the stability of
25 at.% Ag/TiQ catalysts for CO oxidation at 20 The CO conversion was stable
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at around 90-95%over 24 h time-on-stream for both 25%Ag/$iOnm and
25%Ag/TiO-15nm.

Table 4.4The number of converted CO molecules per unit area of the catalytically
active metal phase for Ag/Tiatalyst supported on T¥IYnm and Ti@-15nm at

75 °C with different atomic loading.

Converted CO molecules / unit area of Ag metal

Sample (x 10°° molecules/in)
1at.% Loading 25 at.% Loading
TiO2=7nm TiG:-15nm TiG-7nm TiO-15nm

Ag/TIO; 1.6 =" 5.3 5.5
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Figure 4.8 Stability of the 25%Ag/TIQ catalysts with different crystallite sizes of
TiO, supports for CO oxidation at 200 °C.

4.2 Effect of different dopant elements on the activity of Ag/TiQin CO oxidation

The modification of TiQ@ nanoparticles by doping with trace element was
studied in this work. There are three elements were chosen, namely, Al, P, and Si. The
dopant element was added together with titania precursor during the synthesis by
solvothermal method. The catalyst Ag/Bi@amples were prepared by incipient
wetness impregnation with AgN@queous solution. The: effect of different dopants
on catalytic activity of Ag/TiQ catalyst was investigated in this section.

4.2.1 Effect of different dopants on the properties of Ag/Ti@catalyst
The XRD patterns of Ag catalyst supported on T&hd modified-TiQ are

shown inFigure 4.9. It can be seen that all the samples showed the diffraction peaks

at around 25 38°, 48°, 54°, 55°, 63°, 71°, and 75° dtese peaks were assigned to
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Figure 4.9 XRD patterns of 10%Ag catalysts supported on Al-, Si-, P-modified TiO
and unmodified-Ti@.

the anatase phase. The catalyst modified with P, Si, and Al showed a broad peak that
seems to shift to higher angle. The peak position of anatase (101) and lattice
parameters of Ag catalyst supported 7 8nd modified-TiQ are shown imable 4.5.

The value of 2-theta shifted to higher angle compared with the catalyst supported
unmodified-TiQ. The increase in 2-theta value led to the decrease of d-spacing in
anatase (101) structure according to the Bragg’s law. The decrease of d-spacing and
the lattice parameters indicated that the dopant ions were incorporated into the lattice
of TiO,. The insertion of Al (0.061 nm), Si (0.042 nm), and P (0.035 nm) ion which
has a smaller ionic radius than Ti ion (0.064 nm) into the lattice of f@8ulted in

the shift of the.diffraction. peak toward higher-angle [132-134ple 4.6 shows the
crystallite size of Ti@and modified TiQ which calculated from the half-height width

of the diffraction peak of XRD pattern using Scherrer equation. The dn@tallite

sizes of all the modified catalyst samples were smaller than the unmodified ones and

as a consequence the BET surface areas increased.
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Table 4.5 The peak position of anatase and lattice parameters of Ag catalyst
supported on unmodified Tg&and modified TiQ with Al, Si, and P.

Sample Peak position of anatase (101) d-spacing paralr_naegi:res (A°)
(26) (degree) (nm) a (=b) c
10%Ag/unmodified-TiQ 25.32 3.5174 3.7896  9.4522
10%Ag/TiO-Al 25.56 3.4849 3.7526  9.3952
10%Ag/TiO,-Si 25.36 3.5119 3.7803  9.4906
10%Ag/TiO-P 25.52 3.4903 3.7545 9.4714

Table 4.6 Physical properties of Ag catalyst supported on unmodified, EQu
modified TiQ, with Al, Si, and P.

Sample crystg\l Ir'rt]()a RS BET surface area (nf/g)
10%Ag/unmodified TiQ 16.2 52
10%AQg/TiO-Al 10/ 74
10%AQg/TIO,-Si 9.1 86
10%AQg/TIiO-P 201 73

A diffraction peak at 2 = 38.1°, 44.4°, and 64.5° was assigned to metallic Ag
and the peak at 32.8° and 38° was assigned @®Af35]. All of the samples showed
both metallic silver.and silver oxide except for the 10%Agi8Q where its
diffraction peaks were hardly observédgure 4.10 showed TEM images of 10%Ag
catalyst supported on unmodified Bi@nd modified Ti®@ with Al, Si; .and P. The
average TiQcrystallite size of all Ag catalysts supported on modified,M@s ca. 9-

11 nm, while those.of Ag catalyst-supported-on umodified, W@s ca. 12-16-nm.
These results confirmed that the crystallite size of modified-$iPport smaller. than
that unmodified ones that the results from TEM were in good agreement with the

XRD results. It can be also seen that the Ag particles size on modifiedsTiO
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Figure 4.10 TEM images of 10%Ag/unmodified- TiCa), 10%Ag/TiG-Al (b),
10%Ag/TiO- Si (c), and 10%Ag/TIQP (d). = )

comparable with the Ag particles size on unmodified,M@h the average size in the

range of 2-4 nm.

Figure 4.11 shows the FT-IR spectra of modified Ti@ith the different of
dopant element in the wave number ranging from 400 to 4000 Ehe-spectra bands
at ca. 1630 and 3400. cmwere attributed to H-OH 'bonds of adserbed water
molecules and hydroxyl groub of Ti-OH bonds, respectively [136-138]. The
incorporation of the element into lattice structure of ;i substitute the Ti ion was
revealed by FTIR. The IR spectra band at 1050 and 10¥5eas assigned to the
formation of Ti-O-P [139-141] and Ti-O-Si [142-144] structure, respectively. The IR
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Figure 4.11 FTIR spectra of modified Bi@ith different of dopant elements.

spectra bands in the 1106-1150tmagion were assigned to the Al-O band vibration
of intra- and extra framework of Ti&natase [132].

Table 4.7 showed the XPS results of Ag catalyst supported on, B
modified- TiQ, with Al, Si, and P. The binding energy. of Ti 2p of all elements-
modified TiG, shifts-slightly towards larger :binding energies in comparison with
unmaodified TiQ, illustrating the local chemical environment of Ti ions has been
significantly influenced by the dopant ions (Al, Si,-and P). These results were the
evidence for the formation of Ti-O-Al, Ti-O-Si, and Ti-O-P, respectively. The
electronegativity of+Al,~Si, and P is greater.than-that of Ti; which resulted iin the
decrease of electron density around.Ti atom. As a-result, the binding energy of Ti 2p
increased [145]. The binding energy of Al 2p was 74.75 eV, indicating a stable
oxidation state of Al" exists in TiQ lattice [146]. Meanwhile, The binding energy of
Si 2p (102.35 eV) was smaller than $({Q03.2 eV) confirmed that the Ti-O-Si bond
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Table 4.7 Binding energies of Ag catalyst supported on unmodified, E
modified TiQ, with Al, Si, and P.

. Ag 3d
Sample Ti 2p O 1s Element 2p: BE
Ag 3ds), Ag 3d).
10%Ag/unmodified-TiQ 458,75 = 530.00 - 367.70  373.50
10%Ag/TiO-Al 45915 530,10 ~ Al2p:74.75 35870  374.60
10%Ag/TiO,-Si 459.15 530.60 212p:102.35 35350  374.70
10%Ag/TiO-P 45925 530.60 P2p 13340 36870  374.60

has been formed in Si-modified Ti®amples. The P 2p of P-modified sample shows
the binding energy of 133.40 eV.which correspondedPioor all element-modified
TiO,, the binding energy of Ag 38d and Ag 3d> centered at ca. 368.7 and 374.7 eV,
respectively. However, the slitting between Agy3@nd Ag 3d, of all element-
modified TiO, was similar to that of the unmadified TiGamples. It has been
reported that the slitting-between Ags@dand Ag 3¢, was 6.0 eV, indicating a
normal state of AY[147].

4.2.2 Effect of different dopants on the activity of CO oxidation

The CO oxidation activity of Ag catalyst supported on JJehd modified-
TiO, with Al, Si,-and.P are shown iRigure 4.12. The results showed that the Ag
catalyst supported on Si- and Al-modified Fi€hows the higher activity in CO
oxidation than the catalyst supported on unmodified ones. Both of 10%AgbTiO
and 10%Ag/TiQ-Al catalyst exhibits the lowest light-off temperature at around 65°C,
which. was much lower than the 10%Ag/unmodified-Fight-off temperature=
92°C). However, the addition of /P.into TiGupport can not improve the CO
oxidation activity of Ag catalyst. Its activity was comparable with that of the

10%Ag/unmodified-TiQ and showed the light-off temperature at around 92°C.



50

100 H
—- 80 .
[= - -
g 4
E x/
w L]
b e
E 60 ._f
: i
Q L e
T 404 ——&——  10%Ag/unmodified-TiO ,
S N, — 10% A g/Ti05-Al
20 4 t.ltt*ittt IU’ﬁAgJ’TlOz—Sl
—— 4 —— 10%AgTiO,-P
0 T T T T T T T T
0 > 50 75 100 125 150 175 200 225

Temperature (uc)

Figure 4.12 CO conversion over 10%Ag catalysts supported on Al-, Si-, P-modified
TiO, and unmodified-TiQ

The reaction mechanism for catalytic CO oxidation is known to compose of
two possible mechanisms (1) the CO molecule and oxygen atom from external source
are coadsorbed on metal active site to produce & (2) the CO molecule is
adsorbed on metal catalyst surface to form intermediate complex and then reacted
with surface lattice oxygen atom of Ti@upport to generate G@83]. The oxygen
from external source in gas phase then dissociates into atomic oxygen and is adsorbed
on the oxygen vacancies sites of the JT&upport. According to the mechanism
proposed by Bollinger et al. [29] for CO oxidation over Au/JiCatalysts, the
adsorption of CO and £pccurred-on two different sites, CO adsorbed on Au and O
adsorbed on Ti® Then CO reacted with surface lattice oxygen of;Ti®form CQ
leading to the formation of surface oxygen vacancies. During the CO oxidation, these

oxygen vacancies were filled by chemisorbed oxygen species from gas phase.
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As mentioned above, the adsorption and dissociation of oxygen molecules on
the catalyst is a major factor that may influence on the CO oxidation activity. The
oxygen adsorption and desorption behaviors of the Ag/Té@talysts were
investigated by using OTPD experiments and the results are showRigure 4.13.
According to Masakazu et al. [148], there are three kinds of adsorbed oxygen species
on TiO, surface. The adsorbed oxygen consists of weakly adsorbed surface oxygen,

strongly adsorbed surface oxygen and surface lattice oxygen. The weakly adsorbed

oxygen desorption in the range of 100-180°C-a#80°C were assigned t0, and

O species, respectively [149]. The desorption temperature of strongly adsorbed
surface oxygen and-surface lattice oxygen were reported in the range of 470-490°C,
and 810-870°C, respectively [150, 151]. The results demonstrdiad all of
modified-TiOy; supported Ag catalyst produced the larger amour® ofpecies than
the unmodified enes and there was only one catalyst which proddicegpecies that

was 10%Ag/TiQ-Si. A larger amount and lower temperature of oxygen desorption
were a cause of the superior CO oxidation activity of 10%AgfRD and
10%AQg/TiO,-Si catalyst compared with 10%Ag/unmodified-Fi€atalyst.

However, the catalytic activity of 10%Ag/TiP catalyst was comparable
with that of 10%Ag/unmodified-Ti@ catalyst, in spite of larger amount of oxygen
adsorption. Ma et al. [152] reported that the high phosphorus content gisuri@ce
may block the active sites of Au/Ti@atalyst and led to low catalytic activity in CO
oxidation. Thus, the Ti@support having low phosphorus content (molar ratio of
P/Ti= 0.01) was prepared. The CO oxidation activity of 10%AgHXMO1P and
10%Ag/Ti0,-0.03R catalyst was compared, as showrkigure. 4.14. The results
demonstrated that the lower content of P in T 8Dpport-showed higher activity
(light-off temperature= 80°C) in CO oxidation compared with 10%Ag/T+0.03P
and 10%Ag/unmodified-Ti@catalyst. The formation of phosphate species on, TiO
surface of 10%Ag/Ti@0.03P_catalyst was examined by XPS as displayédgure
4.15. The P 2p spectra of 10%Ag/H#Q.03P catalyst showed a shoulder on the high-
energy side, and the spectra can be fitted by two peaks located at 133.4 and 135.2 eV,
respectively. The binding energy at 133.4 eV was assigned to the monodentate surface
complex which phosphate adsorbed to the surface hydroxyl ion with one coordination
number. The shoulder peak at high binding energy (135.2 eV) was assigned to
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Figure 4.13 Q-TPD patterns of 10%Ag catalysts supported on Al-, Si-, P-modified
TiO, and unmodified-Ti@Q
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Figure 4.14 CO conversion over 10%Ag catalysts supported on P-modifiedniiilo
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Figure 4.15 The P 2p XPS spectra of 10%Ag/PiO

bidentate surface complex which phosphate was bound to two surface hydroxyl ions.
The existence of the bidentate phosphate species on thestiface may block the
adsorption of CO on the Ag active sites during CO oxidation which cause a decrease

in the CO oxidation activity.

4.3 Effect of the Si-doping content in TiQ support on the activity of Ag/TiO; in
CO oxidation

In this section, Si was doped into Ei®upport with Si/Ti ratios 0.01, 0.05,
0.1, and 0.3. The Si-modified Ti@vas employed as the support for Ag/T€atalysts
for CO oxidation reaction. The effect of Si-doping content in ;Ti€upport
synthesized by solvothermal method on the physicochemical properties 0&f@dO
the catalytic activities 'of Ag/Ti® catalysts in the CQ oxidation reaction. were

investigated.



showed the major peak of anatase JJaD29 around 25°. Increasing of Si content can
affect the broadening of XRD peak [153]. However, the peak intensity of anatase
TiO, decreased with increasing Si content, indicating that the crystallite size of TiO
became smaller. The crystallite sizes of F#d Si-modified TiQ are shown in

Table 4.8. The crystallite-sizes of all Si-modified TiGvere smaller than the

4.3.1 Effect of Si doping on the properties of Ti@

The XRD patterns of TiQand Si-modified TiQ prepared by the solvothermal
method are shown iRigure 4.16. All the samples exhibited only pure anatase phase

TiO, without any other phase contamination. The XRD patterns of Si-modifiegl TiO

unmodified TiQ.
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Figure 4.16 XRD patterns of Si-modified TyQuith different Si/Ti maolar. ratios.
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Table 4.8 Physical properties and amount of active sites of unmodified, O
modified TiG, support and 10%Ag/TiExSi catalysts.

crystallite size  BET surface area Pore volume Active site of

unmodified TiQ 15.0 w 0.34 1.27
TiO,-0.01Si 9.8 103 0.37 2.10
TiO,-0.05Si 8.5 125 0.32 2.02
TiO,-0.1Si 7.0 136 0.30 1.98
TiO,-0.3Si 6.4 96 0.16 2.46

The peak position of anatase (101) and lattice parameters gfah® Si-
modified TiOy'support are given imable 4.9. The anatase (101) diffraction peaks for
all the Si-modified TiQwere shifted slightly to a higher angle compared to that of the
TiO, support, indicating a decrease of the distance between crystal planes which
related to the lattice parameters [154]. The decrease of the lattice parameters for the
Si-modified TiQ compared to the TiOwas attributed to an insertion of the smaller
ionic radius of Si'(0.042 nm) into the lattice of BiQonic radius 0.064 nm) [155].
Moreover, the peak intensity of anatase Ju@creased with increasing Si content,

indicating that the crystallite size of Ti®@ecame smaller.

Table 4.9 The peak position of anatase and lattice parameters of unmodifigdrtiO
Si-modified TiQ support.

Sample Peak position of anatase (101) Lattice parameters (A°)
(26) (degree) a (=b) C
Unmadified-TiQ, 25.28 3.7934 9.5003
TiO,-0.01Si 25.52 3.7528 9.5003
TiO>-0.05Si 258 3.7896 94523
TiO,-0.1Si 25.40 3.7766 9.4427

TiO,-0.3Si 25.40 3.7766 9.4427
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Figure 4.17 shows the TEM images of hi@nd TiQ-0.05Si. The particle
size distributions were in the range of 12-16 nm and 5-9 nm for the an@® the
TiO,-0.05Si, respectively. Such results were in good agreement the XRD results in
which the crystallite size of Ti>supports decreased with Si doping. The existence of
Si in the TiQ framework may inhibit the Ti©@moiety to form large crystal [156].
Moreover, the replacement of Ti by Si atom in Ti@xtice can also produce Ti-O-Si
bond and the lattice shrinkage because.thebond length of Si-O bond (1.59 A°) is
shorter than that of Ti—=0 (1.79 A°) [133], as a consequence the crystallite size, of TiO
is decreased. As also shownTable 4.8, BET surface area of the TiGupports
increased with increasing Si content and reached a maximum value of’tBfm
the TiG-0.1Siv Further increase of Si/Ti to 0.3 resulted in the decrease of BET
surface area. It should'be noted that the decrease of the surface area indicated that the
SiO, particles which come fram the excess Si content may be dispersed on the surface
of titania and resulted in a strong decrease of the pore volume. Similar results were
observed by Jin et al. that the BET surface area of silica-doped prépared by
hydrothermal process decreased when the molar ratio of Si/Ti was higher than 0.05
[157].

Figure 4.18 shows the FT-IR spectra of Si-modified Fi@th the Si/Ti molar
ratio between 0.01-0.3 in the wave number ranging from 400 to 4000 The
spectra bands at ca. 1630 and 3400 evere attributed to H-OH bonds of adsorbed
water molecules and hydroxyl group of Ti-OH bonds, respectively [136-138]. The
hydroxyl group-at 3400 cthof all Si-modified TiQ seems to increase compared with
the TiO, support. These results are in agreement with Chen et al. [158], who reported
that the hydroxyl groups of TiKdncreased after Si-doping in non-humidity system.
The IR spectra at ca. 700 /and 800 cwere attributed to Ti-O-Ti bonds in the TiO
lattice [159]. It.is noticed that the spectra band in the 400-850 remion became
weaker with the increase of Si.content, suggesting that the formation of Ti-O-Ti
structure was suppressed due to the formation of Ti-O-Si and/or. Si-O-Si.structure.
The presence of Ti-O-Si bond was confirmed by the IR spectra band at ca. 850 cm
[142-144]. The intensity of Si-O-Si bonds at ca. 1070 catso increased with
increasing the Si content. The presence of the amorphous silica could prevent the
agglomeration of Ti@nanopaticles, leading to a decrease of,Tp@rticle size [160,

161]. The metal active sites of Ag/Ti@atalysts were determined by pulse
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chemisorpti%ﬁ};;and are given ihable 4.8. It is c_Iearlyg's"ﬁown that higher metal

dispersion was obtained on the Si-modified TiThe amolyﬁt of metal active sites on

the Si-modified 'Ij'ers_qpported catalysts were nearly two times higher than those
supported on the uﬁiﬁod‘i—f}éd ones. 'I-.;Ibwéﬁér‘;"l'thé amount of metal active sites on the
Si-mbg@lified"ﬁr i0, was quite si_mi,lér-esﬁe_cial]_y for those with the SiTiffatio 0.01-0.1.
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Figure 4.18 FTIR spectra of Si-modified T3Wvith different Si/Ti molar ratios.

4.3.2 Effect of Si doping on the activity of CO oxidation

The CO conversions as a function of reaction temperature for 10%Ag/TiO
with different'Si contents in the TiCare shown inFigure 4.19. Addition of trace
amount of Si in the Ti@supports can improve the CO oxidation activity of the,TiO
supported Ag catalystdHowever, there existemh appropriate amount of Si/Ti molar
ratio.that yielded the higher .CO .oxidation .activity at.around 0.05-0.1. At their
optimum Si/Ti ratios, the Si-modified TiGsupported Ag catalysts showed light-off
temperature at 68, which were much lower than the corresponding unmodified
ones. When the Si contents were higher than their.optimum values, the Si-modified
TiO, supported catalysts exhibited lower CQO oxidation activity although 'these
catalysts possessed higher amount of metal active sites as measured by pulse
chemisorption. Thus, the modification of TLi@ith Si atoms not only improved the

metal dispersion, but also affected the mechanism of CO oxidation.
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Figure 4.19 CO conversion over 10 at.%Ag catalysts supported on Si-modified TiO

with different Si/Ti molar ratios.

According to the reaction mechanism of CO oxidation as described in section
4.2, there were two types of surface oxygen reacted with adsorbed CO molecules,
adsorbed oxygen on metal active site and surface lattice oxygen atom, Glipiidrt.
The missing of surface lattice oxygen on F&lpport was restored by adsorption of
oxygen in gas phase. This mechanism occurs more easily on defective surface or basic
site surface of metal oxide support [83]. In the present study, the modification of
TiO, support with trace amount of Si resulted in an_increase of the amounts of
hydroxyl group and the formation of basic site surface and improved CO oxidation
activities. Thus, it'is likely that CO oxidation.on the Si-modified J8pported Ag

catalysts occurred via such mechanism.

The oxygen adsorption and desorption behaviors of the Agfatalysts were
studied by using @TPD-experiments and the resulis are showhigure 4.20. The
Si-modified TiQ supported Ag catalysts with optimum Si/Ti ratios (S#10.05-0.1)
exhibited much lower desorption temperature and larger amount of desosbed O
compared to the non-modified ones and the ones with excess Si. The results

demonstrated that the Si-modified Bi€upported Ag catalysts with optimum Si/Ti
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Figure 4.20 Q-TPD patterns of 10 at.%Ag catalysts supported on Si-modified TiO

with different Si/Ti molar ratios.

ratios produced the highest amount @k (temperature at around 180°C) and

O species (temperature at-around 230°C) whereas the non-modified ones and the
ones with excess Si produced species and strongly adsorbed surface oxygen

(temperature In the range of 400-450°C). It has been reported that the adSorbed
species were the most active species for CO oxidation [118]. In addition, Qu et al.
[162] suggested that the strongly adsorbed surface oxygen species blocks the
adsorption and diffusion of weakly adsorbed surface oxygen, causing a decrease in

the CO oxidation activity of the catalysts.

The results in this work show that oxygen in Ag/FHD05Si and Ag/TiQ
0.1Si catalysts desorbed more easily so that the catalysts exhibited higher CO
oxidation-activity. /It is suggested that the formation of Ti-O-Si bonds produced an
appreciable change in the electronic properties of these catalysts. GenerallasiO
classified as a support which exhibits the strong metal-support interaction with
precious metals. Bernal et al. [163] reported that the temperatures of oxygen

desorption from metal catalyst surface increased when a strong interaction between
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the metal particles and support occurred. The addition of Si intg [&itce to form

Ti-O-Si bonds may lead to a decrease of the metal-support interaction and resulted in
a decrease of oxygen desorption temperature. In other words, the adsorbed oxygen on
the Si-modified TiQ with optimum Si/Ti ratios can be dissociated to atomic species
which desorbed at lower temperature. Moreover, the presence of Si incdiudl
decrease the strength of surface lattice oxygen bonding, resulted in higher mobility of

lattice oxygen which has been reported to-be-beneficial for CO oxidation [151, 164].

On the other hand, an excess Si content in the Jupport (i.e., for Si/Ti=0.3)
exhibited the increase.of amorphous Si@mation which revealed by Si-O-Si bonds
from FTIR results. Qu et al. [165] reported that interaction between Ag and SiO
became strongly when'the catalyst was pretreated in oxygen at high temperature like a
calcination of the ecatalyst.in . an oxygen atmosphere. Thus, the formation pinSiO
TiO, lattice led to. a shift of oxygen desorption temperature towards higher

temperature and decreased the catalytic activity in CO oxidation.

4.4 The effect of different phosphorus precursors in TiQ@ support on the activity of

Ag/TiO, in CO oxidation

The influence of different phosphorus precursors on the activity of AgihiO
CO oxidation‘was investigated in this section. During preparation of Su@port by
solvothermal method, the precursor of phosphorus was added together with titanium
precursor. Different phosphorus precursors, phosphoric agRiQyqd di-ammonium
hydregen phosphate ((NHHPQy), triethyl phosphate (PLCzHs)s), and phosphorus
pentoxide (POs) were compared. The silver was supported on the, B@ P-

modified TiG, using incipient wetness impregnation.

4.4.1 Effect of P doping on the physicochemical properties of Ag/TiO

catalysts

The XRD patterns of the unmodified Ti@nd P-modified Ti@supported Ag

catalysts prepared with different precursors of phosphorus modifier are shown in
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Figure 4.21. All spectra of the catalyst samples showed the major peak of pure

anatase (101) phase Ti@t 20 around 25°. Doping of Ti©Qwith P led to the

broadening of XRD peaks. It can be clearly observed that the XRD reflections of all

catalyst supported P-modified Ti@ere shifted slightly to higher angle compared to
that of the TiQ support. According to the Bragg's law, the increase 6hvalues

indicated the decrease of the distance between crystal planes, which is in close
relationship with the lattice parameters. The peak position of anatase (101) and lattice
parameters of the catalyst supported ;T&dd P-modified TiQ are given inTable

4.10. The decrease of lattice parameters suggests that P ions were incorporated into
the lattice of TiQ.and substitute for lattice Ti ions considering the smaller ionic
radius of P ion (0.035 nm) than that of Ti ion (0.064 nm) [134, 155].

* ®ag’ 4 Ag O
*
* i o 10%Ag/unmodified-TiO,
A - A 10%Ag/Ti05-P,0;
“ 10%Ag/TiO,~(C,H;);PO,

ﬁ 10%Ag/TiO,-(NH,),HPO,
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Figure 4.21 XRD patterns of 10 at.%Ag catalysts supported on aid P-modified

TiO, with different phosphorus precursors.
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Table 4.10 The peak position of anatase and lattice parameters of 10 at.%Ag catalysts
supported on Ti@and P-modified Ti@Qwith different phosphorus precursors.

Sample Peak position of anatase (101) d-spacing paralr_na(;igres (A°)
(26) (degree) (nm) a (=b) c
10%Ag/unmodified-TiQ 25.32 3.5174 3.7896  9.4522
10%Ag/TiO-HsPO, 25.48 3.4957 3.7661 9.3952
10%Ag/TiO-(NH,),HPO, 25.56 3.4849 3.7514 9.4142
10%Ag/TiO-(C,Hs)sPO, 25.52 3.4903 3.7545 9.4714
10%Ag/TiO-P,05 25.56 3.4849 3.7478 9.4714

For the 10%Ag/unmodified-Ti§) diffraction peaks corresponding to metallic
Ag appeared at 20= 38.1°, 44.4°, and 64.5° and the peaks at 32.8° and 38° were
assigned to AgO [135]. The intensities of the XRD characteristic peaks of metallic
Ag for the P-modified Ti@ samples became weak, whereas the peaks oD Ag
became strong except those of 10%AgAFR0O in which the peaks corresponding to
any Ag species were not clearly seen. The low intensity of metallic Ag peaks for the
P-modified TiQ may be ascribed to the smaller Ag particles and/or the oxidation of

some of the metallic Ag to AQ.

Table 4.11 summarizes the crystallite size of the unmodified and the P-
modified TiO, supported Ag catalysts, which was calculated from the Scherrer
equation. The crystallite sizes of all the P-modified ;Ti@re found to be smaller
than the unmadified one, and as a consequence the BET surface areas increased. The
existence of phasphorus in the Ri®@amework may inhibit the growth of anatase
TiQ,. crystals' [166]. There was little impact of phosphorous: precursor on the
crystallite size and BET surface area of P-modified,T& the P-modified TiQ had

an average crystallite size €0 nm and BET surface area of 7%gn
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Table 4.11 Physical properties and amount of active sites of 10 at%Ag catalyst

supported on Tigand P-modified Ti@Qwith different phosphorus precursors

crystallite size BET surface Active site
Catalyst
(hm) (m?g) (x1G° atom-Ag/g-cat.)
10%Ag/unmodified-TiQ 1§.2 52 1.27
10%Ag/TiO-H3PO, 11.2 75 3.57
10%Ag/TiO-(NH,4).HPG, 10.5 76 3.76
10%Ag/TiO-(C,Hs):PO, 100 74 3.64
10%Ag/TiO-P,Os 104 75 3.89

The XRD results were found to be in good agreement with those observed
from the TEM micrographs(Figure 4.22). The average crystallite sizes of
unmodified-TiQ support decreased frorl5 to~11 nm when the Ti@support was
modified with phosphorus. The particle sizes of AglBgon the P-modified Ti®
supports were determined to be ca. 2.3 nm which were smaller than those dispersed
on the unmodified-Ti@ (ca. 3 nm). The higher metal dispersion on the P-modified
TiO, supported Ag catalysts was confirmed by the chemisorption results (see also
Table 4.11)." The amount of metal active sites on the P-modified JiuPported Ag
catalysts was nearly three times higher than the unmodified ones. However, the
amount of metal active sites on the P-modified 2[$Opported Ag catalysts prepared
from different. phosphorous precursors were found to be essentially similar in the

range of 3.57-3.89 x fbatoms Ag/g cat.

The FT-IR spectra of unmodified and P-modified T&e shown irFigure
4.23.The spectra bands at ca. 1600 @md 3200 cr were attributed to the surface-
absorbed - water and hydroxyl.group, respectively [167, 168].. The IR spectra bands at
ca. 400-800 cim were attributed to. Ti-O-Ti bond. The bands in this range became
weak when the Ti® support was modified with phosphorus while the bands
corresponding to Ti-O-P appeared at ca. 11001 tB89-141]. It is likely that the
formation of Ti-O-Ti was suppressed by the formation of Ti-O-P. The incorporation
of phosphorus into Ti@support could inhibit the agglomeration of Fi€ystal,
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Figure 4.23 FTIR spectra of TiDand P-modified TiQ with different phosphorus

precursors.

leading to a decrease of TiCrystallite size. The FT-IR results support the
characterization by XRD and TEM in which smaller TiCrystallite size was

obtained after P-doping.

The oxidation state of element in the sample catalyst was examined by XPS
and summarized imable 4.12. The binding energies of Ti 2p, O 1s, Ag 3d, and P 2p
were not significantly. different among the various catalysts. The Ti 2p peaks
consisting of Ti-2p, and Ti 2p/p, with a separation around 5.3 eV, were assigned to
the Ti** in pure anatase Ti[169, 170]. The binding energy of O 1s in all the
samples was at ca. 530.0 eV, which was assigned to the Ti-O-Ti lattice oxygen of
TiOz [171]. The P 2p of all the P-modified TiGhows only one peak in the range of
133.8-134.4 eV, indicating that the oxidation state of phosphorus in W& P
The absence of P 2p spectra at 129 eV suggested ffian The lattice of TiQ was
replaced by P [172]. For all the samples, the binding energies of Ag,2mtd Ag
3ds2, were centered at ca. 368 and 374 eV, respectively. According to the literature
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[147], the binding energy of Ag 3d at 368.2 eV and the slitting between Ag;3d
and Ag 3d,, 6.0 eV indicates a normal state of’Ag

Table 4.12 Binding energies of 10 at.%Ag catalysts supported onan® P-

modified TiQG, with different phosphorus precursors.

Ti 2p Ag 3d
Sample : ; O 1s P2p
Ti 2psz.  Ti2pwe Ag 3ds,  Ag 3db

10%Ag/unmodified-TiQ 458.75  464.55 .530.0 367.70 373.50 -
10%Ag/TiC-H3zRO, 459.85  465.65 581.1 369.30 375.00 1334
10%AQg/TiO-(NH4),HPO, ~ 1459.35° 465.15 530.70 368.70 374.60 133.80
10%Ag/TiO,-(CoHs)3sPOy 459.25 « 464.85  530.60 368.70 374.60 133.40

10%Ag/TIO-P,0s 458.45 @ 465.05 530.8  368.90 374.90 134.00

4.4.2 Effect of P doping on the activity of CO oxidation

Figure 4.24shows the CO conversion as a function of reaction temperature of
the unmodified TiQ@ and P-modified Ti@ supported Ag catalysts prepared with
different types of phosphorus precursor. The results show that the type of phosphorus
precursor affected to CO oxidation activity of the T8Dpported Ag catalysts. The P-
modified TiO, supported Ag catalysts using the phosphorus precursor in the form of
phosphate showed comparable; (for: 10%AgAHiMH4);:HPO, .and - 10%Ag/TiG-
(CoHs)sPQy)  or  lower — activity = (10%Ag/Ti@HsPQO,) compared to the
10%Ag/unmodified-TiQ (light off temperature ca. 92-82). On contrary, the
catalyst prepared with the phosphorus precursor in the form of oxide (10%Ag/TiO
P,Os) showed higher activity than the unmodified-Zi€upported catalyst (light-off

temperature-80 °C).
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Figure 4.24 CO conversion over 10 at.%Ag catalysts supported onahi®P-
modified TiG, with different phosphorus precursors.

Since the physical properties of the P-modified ;T8Opported Ag catalysts
prepared from different phosphorous precursor were quite similar (i.e. in terms of
BET surface area, crystallite size, and metal dispersion), the catalytic behaviors were
correlated with the @adsorption-desorption behavior on the catalyst surf&agure
4.25 shows the OTPD patterns of the unmodified and P-modified J&dpported
Ag catalysts with.different phosphorus precursors. The Ag catalyst modified with
phosphorus exhibited lower desorption temperature and-larger-amount of desprbed O
compared.to the unmodified ones. The 10%Ag/unmadified-Ti@alyst shows the
lowest amount of adsorbed,Owith desorption temperature at ca. 300°C. The
desorption temperature _of 10%Ag/THOC,Hs)sPO, and 10%Ag/TiG-P,Os_catalyst
appeared at lower temperature in comparison with_the 10%Ag/unmodified-The
desorption peak appeared in the range of 250 to 265°C was assig@edgecies
[149]. For the 10%Ag/Ti®(NH,).HPO, and 10%Ag/TiQ-H3sPO,, a small shoulder
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Figure 4.25 Q-TPD patterns of 10 at.%Ag catalysts supported o ai@l P-

modified TiQ with different phosphorus precursors.

of O, desorption peak at around 250-265°C and large desorption peaks at higher
temperature in the range of 300-320°C and 400-430°C were obsereved.

The strongly adsorbed surface oxygen species blocks the adsorption and

diffusion of weakly adsorbed surface oxygen, causing a decrease in the CO oxidation

activity [162]. It is' clearly seen from the,@PD results that the 10%Ag/TiO

(NH4):HPOy and 10%Ag/Ti@-HsPO, exhibited higher-amount of 'strongly adsorbed
oxygen than the other catalysts, thus lower CO oxidation activities were obtained. The

desorption profiles of 10%Ag/TKXC.Hs)sPOy, however, was quite similar to the

10%Ag/TiO-P,0s, although the catalytic activities in'CO oxidation were different.

Based on the XPS analysiBigure 4.26), the phosphate species on the P-

modified TiO, surface were identified. The P 2p spectra of 10%Ag/-{QH:z)sPO,
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were slightly different from that of 10%Ag/T#P,Os in which a shoulder at binding
energy 135.2 eV appeared in addition to the major peak at 133.4 eV. The P 2p spectra
at a binding energy at 133.4 eV was assigned to the monodentate surface complex,
which phosphate adsorbed to the surface hydroxyl ion with one coordination number.
The shoulder peak at higher binding energy (135.2 eV) was assigned to the bidentate
surface complex which phesphate was bound to two surface hydroxyl ions. The
bidentate adsorption is very difficult to' remove by a washing step during the
preparation of P-modified T¥D[171, 173]. In-other words, the 10%Ag/TO
(CzHs)3PO, produced bidentate of phosphate species on the surface ghéi@ould

result in the blocking ofactive sites and lower activity in CO oxidation.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

This research has investigated the effect of support modification on the
catalytic activity in CO oxidation. The method for surface modification of,TiO
support that was used in this study was the creation of surface defects and the
modification with trace element. The parameters which may affect the CO oxidation
activity were investigated, such as the amount of surface defect, the type of element
dopant, the amount of dopant element and the type of precursor of dopant element.

The recommendation for further study is also given in the end of this chapter.

5.1 Conclusions

5.1.1 The use of larger crystallite size Ti@5 nm) which possessed higher
amount of Ti" defective sites as supports. for preparation of,&@pported four
different transition metals (Ag, Co, Ni, and Pt) resulted in higher metal dispersion and

CO oxidation activities compared to the one with smaller crystallite size (7 nm).

5.1.2 The presence of higher amount of Bin the larger crystallite size TiO
could play role in stabilization of small metal particles during impregnation,

calcination, and reduction steps so that higher metal dispersion was obtained.

5.1.3 All the dopant (i.e., Al, Si, and P) elements used for modification of
TiO, were inserted into Ti©@support by substitution at Ti atom in the lattice and

showed a different behavior of adsorption and desorption of exygen species.

5.1.4 The Si-modified Ti@ exhibited the highest catalytic performance of

Ag/TiO, catalysts in.the CO oxidation when molar ratio of element /Ti was 0.03.

5.1.5 The presence of trace amount of Si atoms in thgsLigports with Si/Ti
= 0.05-0.1 has resulted in an improved catalytic performance of AgfEflysts in
the CO oxidation.
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5.1.6 The excess Si content (i.e., Si/Ti=0.3) resulted in higher oxygen
desorption temperature and no improvement of the catalyst activity, due probably to

the formation of amorphous SiO

5.1.7 The modification of the T#Osupports with different phosphorus
precursors altered the catalytic behaviors of Agile@talysts in the CO oxidation.
The P-modified TiQ supported Ag catalysts.using the phosphorus precursor in the
form of phosphateproduced the strongly adsorbed oxygen species and/or the
bidentate of phosphate. species -on the ;T&dpports, which resulted in no

improvement in the CO-oxidation activity.

5.1.8 The use of phosphorus precursor in the form of oxide enhanced the CO
oxidation activity of Ag/TiQ catalysts due to the promotion of weakly adsorbed

oxygen species.

5.2Recommendations

5.2.1 In order to explain why the increase of suface defect on TiO2 support

can not improve the amount of active site, the further work is need to investigate.

5.2.2 The other metal catalyst such as Cu, Pt, etc., should be used to study
the effect of dopant element to confirm the results of Ag/TiO2 in this work.

5.2.3 The other precursor of dopant element such as Si, Al, etc., should be
used. to study.the ‘effect of dopant precursor to confirm the results of phosphorus

precursor in this work.

5.2.4 The behavior of adsorption and desorption of oxygen species of the
modification with BOs and (CHs)sPQ, shows the similar profile but different in CO

oxidation activity. The further work is needed to investigate this point.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

A.1 Calculation for the preparation of support modification

Example calculation for the preparation of 4@Q03Si (molar ratio of Si/Ti = 0.03)

Data for calculation:. Mw. of tetraethylorthosilicate (TEOS) = 208.33 g/mole

Mw. of-titanium (IV)n-butoxide (TNB) = 340.36 g/mole

Based on 25 g of TNBitanium precursor for solvothermal synthesis, Ti[ O(CH5)3CHy3] 4)

The composition of the modified support will be as follows:

Si -4 0.03  mole
Ti = 1 mole
For 25 g of TNB = 25/34036 = 0.0734 mole of Ti
= 00% 00734 = 2.2 x10 mole

Sirequired = =
Si 2.2 x 10 mole was prepared from TEOS, so

Weight of TEOS required =  mole of S required x MW of TEOS

2. 10°x 20833

= 046 g



97

A.2 Calculation for the preparation of metal loading catalyst (atomic %)

Example calculation for the preparation of 10%Ag/ai0

Data for calculation: Mw. of Ti® = 79.88 g/mole
Mw. of AgNG; = 169.8 g/mole
Atomic weight of Ag. = 107.8682 g/mole

Based on 100 mole of catalyst used

The composition of the-catalyst will be as follows:

Ag = 10 mole
TiO, = 100-10 = 90 mole
For 1 g of TiQ (1/79.88 mole)
Agrequired ‘= = ( 1/7988x @0/90) = = 1.39x10 mole
= 0.15 g

Ag 0.15 g was prepared fromgNos

MW of AgNO3 x Silver required
AgNO3 required =

Atomic weigth of Ag

= (1698/1078682x 015 =0.236 ¢
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APPENDIX B
CALCULATION FOR CRYSTALLITE SIZE

B.1 The calculation of crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction

peak of XRD pattern using the Debye-Scherrerequation.

From Scherrer equation:

'y ﬁgse (L)

Where D = Crystallite size, A
K = Crystallite—shape factor (= 0.9)
A = X-ray wavelength (= 1.5418 A for CyK

6@ = Observed peak angle, degree
£ = X-ray diffraction broadening, radian

The X-ray diffraction broadeningd) is the pure width of power diffraction

free from all broadening due to the experimental equipmefmlumina is used as a
standard sample to observe the instrumental broadening since its crystallite size is
larger than 2000 A. The X-ray diffraction broadeningy)(can be obtained by using

Warren'’s formula.

From Warren’s formula:
pL\ e
(C.2)

Where B,, =the measure peak width in radians at half peak height.

Bs = the corresponding width of the standard material.
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B.2 The calculation of lattice parameter of TiQ, nanoparticles

B.2.1 From the XRD patterns, it was compared the position of anatase peak

with the standard XRD in order to indentify the plane of crystal (hkl).

B.2.2 Calculated d spacing from Bragg'’s law;

nA=2dsin@
nA
d=-—
2siné
(0]
Where; ) = the wavelength of Cod<radiation (1.5418A)

d = the distance of the crystal plane (d-spacing)

0 = the angle of diffraction peak

B.2.3 Calculated d spacing from the tetraganal

dhkl — a

B.2.4 Solved the above equations to determine the lattice parameters

(8, andC )
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APPENDIX C
CALCULATION FOR PULSE CHEMISORPTION

Pulse chemisorption was employed to determine the metal active sites on the
catalyst. There are three methods were used in this work:
(1) CO pulse chemisorption for Pt/T:O
(2) H2 pulse chemisorpion for Ni/Tiand Co/TiQ catalysts
(3) N2O pulse chemisorption for Ag/TiO
The reaction stoichiometry of each metal as shown below:
COB™ =1 /1
H.: Nig?* =1 /2
HxCo. =1
NoO:Ag = 1:2

C.1 Calculation of the metal active site from CO chemisorption

Let the weight of catalyst used = W g
Integral area of CO peak after adsorption = A unit
Integral area of 8@l of standard CO peak = B unit
Amounts of CO adsorbed on catalyst = B-A unit
Volume of CO adsorbed on catalyst = 86x[(B—A)/B] ul
Volume of 1 mole of CO at 30°C = 24.86 ul

Mole of CO adsorbed on catalyst [B-A)/Bx [86/2486] umole

Molecule of CO adsorbed on catalysts

= [B- A)B k [86/2486]x [602x10%] molecule
Molecule of CO adsorbed per g-cat.

=[(B- A)/B]x [208x10*] x[L/W] molecule/g-cat.
Amount of metal active site

= Moleculeof CO adsorbed per.g—cat. x 1 atom per g-cat.
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C.2 Calculation of the metal active site from H chemisorption

Let the weight of catalyst used = W g
Integral area of bpeak after adsorption = A unit
Integral area of 13gl of standard Hlpeak = B unit
Amounts of H adsorbed on catalyst = B-A unit
Volume of 1 mole of Hat 30°C = 24.86 ul
Mole of H, adsorbed on catalyst HB—A)/B x [L32/2486] umole

Molecule of H adsorbed on catalysts

='[B+ A)B ¥ [32/2486]x [602x10*°] molecule
Molecule of H adsorbed per g-cat.

=[(B - A)/B]x [319x10%] x[1/W] molecule/g-cat.
Amount of metal active site

= Moleculeof H, adsorbed per g—cat. x 2 atom per g-cat.
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C.3 Calculation of the metal active site from NO chemisorption

Let the weight of catalyst used = W g
Integral area of pD remain after decomposition = A unit
Integral area of 100l of standard MO, peak = B unit
Amounts of NO decomposition on catalyst = B-A unit

Volume of NO decompaosition on catalyst 100x[(B— A/ B] ul

Volume of 1 mole of MO at 30°C = 24.86 ul
Mole of N,O decompasition on catalyst B-A)/B Kk [L0O0/2486] umole

Molecule of NO decompasition on catalyst

= [B=A )B ¥ [100/2486]x [602x10%’] molecule
Molecule of NO decompasition per g-cat

=[(B- A)/B]x [242x10*"] x[1/W] molecule/g-cat.
Amount of metal active site

= Moleculeof N,O adsorbed per g -cat. x 2 atom per g-cat.
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APPENDIX D
CONDITION OF GAS CHROMATROGRAPHY

D.1 The condition of Gas Chromatography (GC) analysis for CO oxidation

reaction
A Shimadzu GC-8ATP gas chromatograph model was used to analyze the
feed and effluent gases from reactor. An operating conditions used in this experiment

are given in table.D.1.

Table D.1GC analysis condition of CO oxidation reaction.

Gas Chromatograph SHIMADZU GC-8ATP
Detector type \ Gl
Packed column Molecular sieve 5A
Carrier gas He (UHP)
Flow rate of carrier gas 45 ml/min
Injector temperature 100°C
Column temperature 0°C
Detector temperature 100°C
Current 80 mA

Analyzed gas Oz, Ny, CO
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D.2 The condition of Gas Chromatography (GC) analysis for B0 chemisorption
A Shimadzu GC-8A gas chromatograph model was used to analyze the nitrous
oxide gases from reactor. An operating conditions used in this experiment are given in

table D.2.

Table D.2GC analysis condition XD chemisorption

Gas Chromatograph SHIMADZU GC-8ATP

Detector type T1CD

Packed column Porapak N
Carrier gas He (UHP)

Flow rate of carrier gas 30 mi/min
Injector temperature 150°C
Column temperature 130°C
Detector temperature 15048
Current 60 mA

Analyzed gas N>O
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APPENDIX E

CALIBRATION CURVE
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