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CHAPTER |

INTRODUCTION

Supported metal catalysts were widely used in chemical industry and
environmental protection. The catalytic activity depends on many parameters such as
crystallite size of metal, crystal structure, active site, support, pretreatment condition,

and preparation method (Qu et al., 2005).

In recent years, there has been an ancreasing interest in green chemical
processes such as supereritical carbon dioxide (scCO3). Supercritical CO; is a fluid at
a condition above its eriticalspoints (T..= 31.1 °C and P, = 7.38 MPa). Supercritical
CO; is intermediate between gaseous and liquid states. Supercritical CO; is the most
commonly used becausgfit is'inéxpensive,.nontoxic, nonflammable, and nonpolluting.
Supercritical CO, can b applied to. the production of several materials, including
polymer, pharmaceutical, explosive,. superconductor, and catalyst (Al-Sayari et al.,
2007). Furthermore, supercritical. €O, has better diffusion inside small pores than
water. Therefore, preparation 6f stipported metal catalyst by using supercritical CO,
appears to be a promising method for preparation-of the catalyst that may exhibit high

performance in the reactions.

Supported gold-catalysts have been of great interest since Haruta discovered
its activity for.CQ, oxidation at.low,temperature when the particle size of gold was
smaller than 5 nm(Wong et al.,'2007). Supported-gold catalysts are more active for
CO oxidation than other noble metals at temperatures as low as <73 °C (Chang et al.,
2007). ‘Several metal oxides have.heen used as supports, including Fe;03; (Moreau and
Bond, 2006; Al-Sayari et al., 2007), ZnO (Al-Sayari et al., 2007), Al,O3; (Date et al.,
2007), CeO, (Chang et al., 2007; Tang et al., 2007; Moreau and Bond, 2006), MnO,
(Chang et al., 2007), TiO, (Date and Haruta, 2001; Date et al., 2002; Mallick and
Scurrell, 2003; Tai et al., 2004; Moreau and Bond, 2006), SnO, (Moreau and Bond,
2006), ZrO, (Moreau and Bond, 2007; Zhang et al., 2007), and La,O3 (Russo et al.,
2006). The Au/TiO, catalyst is widely used in various reactions such as oxidation of
CO (Date and Haruta, 2001; Date et al., 2002; Mallick and Scurrell, 2003; Tai et al.,



2004; Moreau and Bond, 2006), selective oxidation of hydrocarbon (Stangland et al.,
2000; Min et al., 2007), synthesis of hydrogen peroxide (Landon et al., 2002), and
water-gas shift (Sakurai et al., 1997; Sandoval et al., 2007). Several studies have
shown that the preparation method of supported gold catalysts has an effect on size
and dispersion of gold on supports. Deposition precipitation and co-precipitation
methods are the most popular ones used for deposition of gold on the supports and

give rise to a high activity at low temperature.

Supported silver catalysts have been of increasing interest because having a
lower price than noble metal. The benefit af-siiver metal for CO oxidation reaction is
the fact that silver metal can adsorb oxygen on the surface (Qu et al., 2005; Gac et al.,
2007). Effects of pretreatment, réaction conditions, crystalline size of silver and type
of support were not fullystunderstood yet (Gac et al., 2007). Several materials have
been used as supports, incltiding SIO, (Qu-et al., 2004; Jin et al., 2007), TiO, (Frey et
al., 2008), CeO, (Imamura et al., 2000), Al,Os (lliopoulou et al., 2004), activated
carbon (Chen et al., 2006), MCM-41 (Gaé_et al, 2007), MnO; (Xu et al., 2006), and
SBA-15 (Tian et al., 2009). * A number of; studies have reported many methods to
prepare Ag/TiO,, such as co-precipitation'iﬁétppd (Frey et al., 2008), photoreduction
process under UV-irradiation (Su et al., 2004; L| et al., 2008), impregnation method
(Qu et al., 2005; Xuet al., 2006), and hydfbt'hévr-mal method. The Ag/TiO, catalyst is
widely used in various reactions such as photodegradation of methyl orange (Ge et al.,
2006; Li et al., 2008), photodegradation of sulfur compound (Kato et al., 2005),
reduction of nitrobenzepe_to aniline (Tada et al., 2005), water gas shift reaction
(Boccuzzi et alg 2002),-and CQ oxidation (Frey et al., 2008).

Thisawerk can ke separated into tworparts:inipart:onesugported gold catalysts
were studied while silver catalysts were studied in part two. For gold catalyst, effects
of pH and solvent on catalytic activity were investigated. For silver catalyst, effects of
silver contents, pressure of CO, during deposition, holding time and type of titanium
dioxide support were investigated. All catalysts were tested for CO oxidation reaction
as a probe reaction.



Obijectives of the research:

1. To study the deposition of gold and silver on TiO, support by means of
supercritical carbon dioxide.
2. To investigate the activity of Au/TiO, and Ag/TiO; catalyst for CO oxidation

activity.

The thesis is arranged as follows:
Chapter I is the i

Chapter 1l preseqts r supported metal catalysts,
supercritical CO,, and CO0xida

Chapter 11l shg ient, preparation method for
titanium dioxide, methog upports, and characterization

techniques.

Chapter 1V prese Tesults dhd discussi thie research,
7= i
In the last cha& coh@sions and recommendations
for the future studies are given.
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CHAPTER Il

BACKGROUND INFORMATION

2.1 Information on supercritical carbon dioxide

COzisagasinair or as a solid in dry ice. If both the temperature and pressure
are increased, it can adopt properties midway between a gas and a liquid. CO,
behaves like a supercritical fluid above its critical temperature (31.1 °C) and pressure
(73 atm), expanding to fill its container like'a.gas, but with a density like that of a
liquid. Supercritical CO, i1s becoming an important commercial and industrial solvent
due to its role in compeund exiraction as well as its-low cost, low toxicity and low
environmental impact.-The relatively low temperature of the process and the stability
of CO; also allow mgst Compounds to bel_extracted with little damage or denaturing
(Wattanamalachai 2006; http://en.wikipedié.org/wiki/Supercritical_carbon_dioxide).

2.1.1 Phase diagram of supercritical carbon dioxide

Two projections of the phase diagram, of carbon dioxide are shown in Figures
2.1 and 2.2. In the pressure-temperature phé’se‘ii'iagram (see Figure 2.1), one observes
the boiling line, which separates the vapor.and liquid region and ends at the critical
point. At the critical-point, the densities of the saturated liquid and vapor phases
become equal, resulting in the formation of a single supercritical phase. This
phenomenon can be “observed in the density-pressure” phase diagram for carbon
dioxide, as shown.in Figure 2.2, where the critical, point is located at 31.1 °C and 73
atm (73.8 bar). With inereasing temperature, the liquid-vapor density gap decreases,
up to the critical temperature, at which the discontinuity disappears. Thus, above the
critical*temperature a gas cannot be liquefied by pressure; However, at extremely high
pressures the fluid can solidify, as seen at the top of Figure 2.1. By definition, a
supercritical fluid is a substance above both its critical temperature and pressure. In a
practical sense, the area of interest in supercritical fluids for processing and separation
purposes is limited to temperatures in the vicinity of the critical point, where large
gradients in the physical properties are observed. The changes near the critical point
are not limited to density. Many other physical properties also show large gradients

with pressure near the critical point such as viscosity, relative permittivity, and



solvent strength, which are all closely related to the density. At higher temperatures,
the fluid starts to behave like a gas, as can be seen in Figure 2.2. For carbon dioxide at

100 °C, the density increases almost linearly with pressure.

10000

1000  CO, solid

100 -

Sublimation point
-78.5°C at 1 atm

iy
=]
I

Critical point

Pressure {(atm)

TFriple point

0.1 -56.6°C at 5.11 atm

0.01F “ CO, gas

|

0.001 &£ i W ‘.r ] ] ] ] 1 1
—140-120 =100,-80 /<60 —40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 2.1 Pressurg-temperature pﬁase_:diagram of CO; (Grassian, 2005)

1200 : = EEE

To%c ]
1000 + \! 70
% 800,32 510
S 40°C
=
= 600.4 . two- s
2 phase- i
7] 100°C
i
& 4007 "IN
o
200 408 |V /)
0 : f - - : : - |

0 50 100 150 200 250 300 350 400
pressure [bar]

Figure 2.2  Density-pressure phase diagram of CO,, as calculated by equation of
bender (Marr and Gamse, 2000)



2.1.2 Applications of supercritical carbon dioxide

Supercritical CO; can be used as a chemical reagent or used as assisted to
produce micro and nano scale particles. Chatterjee and coworker (Chatterjee et al.,
2006) using a supercritical CO, for synthesis gold nanoparticle inside the pore of
MCM-48. This work proposed, the particle size of metal is tunable with the pressure
of the supercritical CO,. At the low pressure condition, larger particle sizes were
obtained. On the other hand, at high pressure of supercritical CO, slow down particle
aggregation, resulting in the small particle size, while Jiao and coworkers (Jiao et al.,
2007) using a supercritical CO; to prepared TiO,/SiO, composite by using PEG as
template. The result powder shown a porous-titania—silica composites were obtained.

Supercritical CO, 1s also used assisted synthesis nanocomposite on polymers
such as the research of Cabanas-and coworkers (Cabanas et al., 2004) investigated the
deposition method of goldfilm using supereritical CO,. Gold films were deposited on
several material such as‘'metal, /ceramic and polymer substrate. At 60 °C, the
deposition occurred only on metal surfages or catalytic seed layers. At 125 °C, gold
was deposited readily on all'surfaces, including the native oxide of Si wafer and TiN,
while Wong and coworkers:(Wong. et aI._,' 2007) was prepared gold nanoparticle
composites using supercritical - €O, by ~employing precursor of gold as
dimethyl(acetylacetonate)gold(li1) and dimethyl(hexafluoroacetylacetonate)goId(I )
and using H, to reduce gold precursors. Averagé.gold particle sizes in ranged from 3.7
to 6.6 nm. This supercritical fluid processing technigue successfully incorporated gold
nanoparticles into silica, polyamide, polypropyiene and poly(tetrafluoroethylene)
(PTFE). Under the conditions employed, dimethyl(acetylacetonate)gold(l11) produced
samples with (sufficiently” high' metal’ loadings, allowing in-depth sample analysis.
However, the fluorinated analogue, dimethyl(hexafluoroacetylacetonate)gold(ll), did
not yield samples stitable-foricharacterization:

Many corporations utilize supercritical CO, to Saturate the polymer with
solvent (carbon dioxide). Upon depressurization and heating the carbon dioxide
rapidly expands, causing voids within the polymer matrix, i.e. creating foam.
Research is also ongoing at many universities in the production of microcellular
foams using supercritical CO,. Supercritical CO, is beginning to be used to enhance

oil recovery in mature oil fields.



2.2 Information of Au/TiO, catalysts in CO oxidation reaction

Although gold has been known to be a very chemically inert material.
However, when gold is in very small particles with diameters below 10 nm and is
deposited on metal oxides or activated carbon, it becomes surprisingly active,
especially at low temperatures, for many reactions such as CO oxidation (Haruta,
2003). The activity of a gold catalyst for CO oxidation is known to depend on various
factors, including the particle sizes of gold, the gold precursor, the oxidation state of
gold (Au™, Au™, AuP), the preparation methods, the pretreatment conditions, surface
areas of support, and the reaction condition. At.present, the reaction that has generated
the most attention is the oxidation of CO. Severalresearches were studied on catalytic
activity of gold such as Date and Haruta (Date and Haruta, 2001) proposed the effect
of moisture on Au/TiO, catalysisfor CO oxidation over a wide range of concentrations
from 0.1 to 6000 ppm.. Fhe Au/TiO, was prepared by a deposition precipitation
method using HAuClI, as.@ geld precursor. Moisture enhanced the reaction by more
than 10 times up to+200.ppm. The amount of moisture adsorbed on the catalyst
influenced the activity/rather ithan.the moisture content in the gas phase, which
suggested that the low-temperature CO o>_'<id'ation over the gold catalyst involved
water-derived species on the catalyst surf.é;cé.‘ﬂ_'l'he research of Date and coworkers
(Date et al., 2002) was studied the catalytic actiVity and stability of Au/TiO; catalysts
under ambient conditions. The catalysts weré brepared hy a deposition precipitation
method using HAuCl as a gold precursor. The best performance was obtained for a
catalyst calcined at 200 °C and left at room temperature for a few days. The activity
for CO oxidation was greatly influenced by moisture. The catalyst was successfully
regenerated under irradiation with light, while Denkwitz (Denkwitz et al., 2007) was
investigated the stability and the deactivation of unconditioned Au/TiO, catalysts
during:COoxidatien inja-near=stgichiametric and-an Oz-rich reaction:atmosphere. The
catalysts:were prepared by a deposition-precipitation method, usinga HAuCl,-4H,0
as a precursor of gold. The average gold particle size was about 1.3 to 2.0 nm. Kinetic
and in situ IR spectroscopic measurements revealed a close correlation between the
exponentially decreasing formation rate of CO, and the surface coverage of adsorbed
CO (decreasing) and the surface coverage of carbonate (increasing) during
deactivation, whereas TEM image revealed no significant change in gold particle size.

Several studied shown the catalytic activity depend on oxidation state of gold

species. For example the research of Chang and coworkers (Chang et al., 2007)



studied CO oxidation over gold catalysts supported on ceria and manganese oxide.
The gold catalysts supported on CeO, and MnO, were prepared by a deposition—
precipitation method. The Au/CeO, catalyst exhibited higher catalytic activity for CO
oxidation than Au/MnO, catalyst because of Au/CeO, catalyst existence of Au® and
Au** states, whereas only Au’ was detected on Au/MnO,. The co-existence of Au’
and Au®* species on Au/CeO, appeared to be the main reason for the higher activity
of Au/CeO,.

Moreau and Bond (Moreau and Bond, 2007) studied the influence of the
surface area of the support on the activity of.gold catalysts for CO oxidation. Au/TiO,
was prepared by a deposition precipitation.mgifod. The gold uptake increased with
the surface area of the support and was complete above 200 m?/g. The adsorption of
the gold precursor at pH 9.was equilibrium-limited. The highest activities were found
with supports that had surface-areas of 50 m?/g. Catalysts made with anatase supports
that had high surface area‘were that least active but exhibited the least deactivation,
while Au/SnO, catalysts, gold uptake did not depend on the area of the support and
was the maximum at pH 7-8. Very active catalysts (Tsg = 230-238 K) were obtained
using SnO- with a surface are of 47 m?/g. _THé Au/CeO, and Au/ZrO, catalysts also
confirmed that supports with. moderate .’é;u‘rf‘gce areas produced the most active
catalysts, and suggested that surface arearwaé: often more important than chemical
composition. o

Noble metal catalysts are typically prepared by mpregnation methods, which,
however, cannot produce active gold catalysts. The impregnation method does not
lead to high dispersion of _gold except for a few cases of very low metal loading
because of theslower ‘melting point of Au(1063 °C), compare to than those of Pd
(1550 °C) and Pt/(1769 °C) (Bond et al., 2006).

The following threeymethods canjdeposit goldion & variety ofimetal oxides as
small particles with diameters below 5 nm.

1. Coprecipitation (Haruta, 1997; Bond et al., 2006): Small gold particles
supported on various oxide such as Fe;O3, NiO and Co304, were first obtained by this
methods in 1987. An Aqueous solution of HAuCl, and a metal nitrate was poured into
an aqueous solution of Na,COs3 to obtain a hydroxide or carbonate coprecipitate. The
coprecipitates were washed, dried, and calcined in air. This method led to high gold
dispersion. This method is a single-step method and easy to carry out. However, some

of gold particles could be embedded in the bulk of the support.



2. Deposition-precipitation (Haruta, 1997; Bond et al., 2006): After the pH of
aqueous solution of HAuCI, is adjusted to a fixed point in the range of 6 to 10, a
metal oxide support in any form (powder, bead, honeycomb, or thin film) is immersed
in the solution. Aging for about one hour results in the deposition of Au(OH);
exclusively on the surface of metal oxide support if concentration and temperature is
properly chosen. The remarkable influence of the pH on the particle size of Au is
shown in Figure 2.3 for Au/TiO,. Above pH 6 the main species of Au in solution is
transformed from AuCl,; to Au(OH),Cl,, (n=1-3) and the mean particle diameter of
Au in the calcined catalyst becomes smaller than 4 nm.

The above methods ean produce nemispherical gold particle, which are
strongly attached to metal oxide supporis at their flat planes and accordingly
thermally more stable than.spherical particles. This can be ascribed to the hydroxidic,
oxidic, or organic precurser having stronger affinity to metal oxides. It should also be
pointed out that the precursors are‘washed almost completely or prepared without
contamination. In this«€ontext, some results may not be general because lower activity

and deactivation suggest that the sample might be contaminated by CI” and Na".
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Figure 2.3 The mean particle diameter of Au as a function of the pH of HAuCl,
solution for Au/TiO, catalyst prepared by deposition-precipitation
method. Au content in the HAuCI, solution corresponded to 13 wt %
with respect to TiO,. Calcinations were performed in air at 400 °C
(Haruta, 1997)
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Supported gold catalysts prepared by the above methods exhibit unique
catalytic performances, different from unsupported gold and are often more active
than Pd and Pt catalysts at low temperature. The Au/TiO, catalysts prepared by
deposition-precipitation are active even at temperature below 0 °C when Au loading
are above 1 wt % and have turnover frequencies larger than of Pt/TiO, by about one
order of magnitude. For CO oxidation, supported gold catalysts should be pretreated
in air normally at temperature above 200 °C. Evacuation at 400 °C remarkably
reduces catalyst activity, which 1s gradually .restored during CO oxidation in the

presence of excess oxygen.

2.3 Information of supposted silver catalysts

Silver is of particular interest because of distinctive properties, such as good
conductivity, chemical siability, antibacterial and catalytic (Sharma et al., 2009).
Silver catalyst widely“used in‘oxidation reaction, such as CO oxidation reaction. On
the other hand, catalysts prepared by liquid phase reduction turned out to be less
active at low temperature but stable above 250 °C where 100 % CO conversion was
observed (Frey et al., 2008). Many resééféhﬂe_s were studied properties of silver,
preparation method and support 61 catalytic aCﬁvity. For example, Jin and coworker
(Jin et al., 2007) prepared Ag/SIO, catalyst by. i’n.cipient wetness impregnation method
using y-ray irradiation to reduced Ag® to anchored on stpport at room temperature.
Existence of excess water during the y-ray irradiation led to the formation of larger
silver nanoparticles. The:catalytic activity .of Ag/SiO, prepared by y-ray irradiation
compare with /Ag/SiO; prepared by calcinations method, the Ag/SiO, prepared by vy-
ray irradiation ‘showed an inferior low temperature catalytic activity and a better
stability; while*Tiam and coworker (Tian etal:;;2009) prepared the Ag/SBA-15 by in
situ reduction method using hexamethylenetetramine and formaldehyde as reducing
agent. From the result, the silver particle had a particle size about 6 nm and form
inside the channels of SBA-15. The Ag/SBA-15 prepared by using
hexamethylenetetramine as reducing agent showed higher catalytic activity than
Ag/SBA-15 prepared by using formaldehyde as reducing agent. Sarkany (Sarkany,
2005) prepared Ag/Al,O3 catalysts, The catalyst showed the light off temperature
(Temperature at conversion equal 50 %, Tso) about 250 °C, while Lippits and

coworker (Lippits et al., 2008) comparative studied with group Ib noble metals on
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v-Al,O3, reported rather strongly varying data depending on the method of
preparation. Research of Qu and coworker (Qu et al.,, 2004) studied on silica-
supported silver catalysts. The authors claimed pre-treatment procedure of these
catalysts seemed to have a strong influence on the low-temperature activity.
Unfortunately, no information was provided on the high-temperature stability of these
catalysts. Frey and coworker (Frey et al., 2008) studied effect of actual catalysts
composition on catalytic activity of CO oxidation reaction. The authors claim the
catalytic activity depending on the silver composition in the catalyst.

For photocatalyst, silver particle cansact as electron trapper to slow down the
rate of electron-hole recombination. Li and-Coworker (Li et al., 2008) prepared the
Ag/TiO, by photochemical reduction process under ultraviolet irradiation method.
The activity of the catalystiwasanvestigated by photodegradation of methyl orange in
water. The metallic silver can ‘help ‘the electron-hole separation by attracting
photoelectron, while Su andscoworker (Su et al., 2004) prepared the Ag/TiO, by
photochemical reduction process under ultraviolet irradiation method. The activity of

the catalyst was investigated by photodegré_dation of methyl iodide.

2.4 Information on oxidation of carbon mdﬁdxli_de

Carbon monoxide (CO) is toxic gasj CO consists of one carbon atom
covalently bonded to'one oxygen atomand'i.s' -pmrbduced by steam reforming or partial
oxidation of carbonaceous materials. It was discovered by Lassonne in 1776 by
heating a mixture of charcoal zinc oxide (Wattanamalachai, 2006).

Carbon monoxide burns readily in air,or oxygen. Ignition temperature is 644-
658 °C, respectively. Mixtures of carban monoxide-and air are flammable over a wide
range of composition at atmospheric pressure. The oxidation of CO, the reaction of
carbon‘monoxide with oxygen:to-forntcarbon-dioxide; ocecursreanlily at a temperature
above 650 °C. However, gold catalysts are exceptionally active for CO oxidation at
low temperature. The activity of gold catalyst for CO oxidation is dependent on
various factors, including the nature of the support, the gold precursor, the preparation
procedure, the pretreatment condition and the reaction condition. The most probable
pathway for CO oxidation over Au/TiO, catalysts were shown in Figure 2.4.



12

CO+Au ‘——* 0=C-Au

03 + AufTiO ——— AU[TiO3 ... 02
Au[TiO3 ... 02 + 2 [ 0=C - Au]

(o]
P SH N . coy
slow o /

OEC/AU—-- COz
(o]

Surface
1

J=0F

Figure 2.4  Probablefpa f f‘ ’ ' er supported gold catalyst
(Haruta, 2004 \\

"

_o;.’:ﬁr'f w

e

ﬂUEJ’J‘VIUVI?WEJ’]ﬂ‘i
’QW]Nﬂ‘iﬂJﬁJWTJﬂEﬂﬂU



CHAPTER I

EXPERIMENTAL

The experimental section in this work is divided into five parts:

(i)
(i)
(i)
(iv)
(v)

Chemical used in this research

Supported gold catalysts preparation method
Supported silver catalysts preparation method
Catalysts characterization methods

CO oxidation reaction line

The details of all experiment are-described as following:

3.1 Chemicals 4
The details of chemigals used in this research are listed below.

1.

o b~ DN

© © N o

Hydrogen tetrachloroaurate(lll) trihydrate (HAuCls-3H,0), purchased
from Aldrich. Ly &

Titanium dioxide Degussa P25 (Ti0,-P25), purchased from Degussa.
Methanol (CH3;0H); purchased"'fr‘o'm Merck.

Acetylacetone (CsHgO,), purchased from S.D. Fine Chem.
Titanium:_(1\/) butoxide (TifO(CH>):CHzl4), purchased from Sigma-
Aldrich.

1,4-butanediol (HO(CH,),OH), purchased from Sigma-Aldrich.

Silver. nitrate (AgNO3), purchased from Asia Pacific Specialty Chemical.
Hydrochloric acid (HCI), purchased from J.T. Baker.

Nitric acid (HNOs3), purchased from.d:T. Baker.

3.2 Preparation method of supported gold catalysts

3.2.1 Deposition of gold by deposition precipitation method

The Au/TiO, catalysts were prepared via deposition precipitation method
described by Buakaew (Buakaew, 2005). First, 0.0818 g (2 wt% of the catalyst

prepared) of hydrogen tetrachloroaurate(l11) trihydrate was dissolved in 100 cm?® of

distilled water. Then the pH was adjusted to desired value (6, 7, and 8, denoted for
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AU/TiO,-pH6, Au/TiO,.-pH7, and Au/TiO,-pH8, respectively) using 0.1 M sodium
hydroxide solution. When pH reached the desired value, 2 g of titanium dioxide
Degussa P25 (TiO,-P25) was added to solution. The pH of the suspension was
readjusted to the desired value again. After that, the suspension was heated to
temperature of 70 °C and held at that temperature for one hour. During the process,
the pH was maintained by addition of 0.1 M sodium hydroxide solution or 0.1 M
hydrochloric acid solution. After one hour, the suspension was cooled and centrifuged
five times with distilled water for_remove some chloride was remains in the
suspension. Then the suspension was dried at 140 °C for six hours. The notations and
preparation conditions were shown in Table 3.1

Table 3.1 Notations and.preparation conditions of catalysts that were prepared by

deposition preeipitation method

Catalysts Typeofisupport . Gold contents (Wt%)  pH of solution
Au/TiO,-pH6 THOz-P25 _ 2 6
AUITIOz-pH7 Ti0, P25 o, 2 7
AU/TiO,-pH8 1025 oy ) 2 8

3.2.2 Deposition of geld on support by using éupercritical CO;

The Au/TiO; catalysts were prepared by using supercritical CO, method. A
hydrogen tetrachloroaurate(l11) trihydrate was employed as a precursor for gold. First,
0.0818 g (2 wt% of the catalyst prepared) of HAUCI,-3H,0 was dissolved in 3 cm® of
distilled water {or methanol, or acetylacetone), denated as Au/TiO,-Water, Au/TiO,-
MeOH, and AU/TiO,-Acetyl, respectively. After that, the gold solution was mixed
with titanium dioxide, powder-Degussa P25 (TiO>-P25) in high‘gressure reactor. The
high pressure reactor was connected to the supercritical CO, equipment (see Figure
3.1). For in situ reduction of gold by hydrogen, hydrogen was fed into the high
pressure reactor at pressure of 2 MPa and 60 °C. The reaction was allowed to proceed
for 30 minutes. After that, CO, was fed to the high pressure reactor at 20 MPa and
60°C. The reaction was allowed to proceed for one hour. During the process, auto
back-pressure regulator maintained the constant pressure. After the reaction, the

reactor was placed in an ice bath and depressurized very slowly and carefully. The
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resulting powders were removed from the high pressure reactor and dried at 110 °C
overnight. The notations and preparation conditions were shown in Table 3.2.

Temperature Controller

-
= 0 Vent
High Pressure
Reactor
8
High Pressure-Pump Realer Ayt Back-Pressure Regulator

Figure 3.1  Schematic_diagram of a System used to deposit gold on the support
using supergritical/carbon dioxide

3.3 Preparation of supported silver catdlysts

Y
‘I.- -

3.3.1 Preparation method for TiO; =7/,

TiO, was prepared by a solvothermafméthod, which is based on the procedure
described by Buakaew (Buakaew, 2005). 'I'.hé_-sg/_hthesis was conducted in a 1000 cm?®
stainless steel autoclave, which has a 10 cm inside diameter. First, 15 g of titanium
(1V) butoxide was mixed with 100 em® of 1,4-butanediol in the test tube and then
placed in the autoclave. In the gap between the test tube and the inside wall of
autoclave reaétor, 30" cm® of A1,4-butanediol: was. added.| After the autoclave was
completely purged with nitrogen, it was heated to 300 °C at the rate of 2.5 °C/min and
held at“this:-temperature<for=two,hours. tAutogeneaus pressureduring the reaction
gradually increased as the temperature was raised. After the reaction, the autoclave
was cooled to room temperature. The resulting powder collected from the test tube
was centrifuged in methanol five times, dried in air at room temperature for six hours,
and dried at 110 °C overnight. The powder was grounded to obtain the final product.

The notation for this support is TiO,-ST. Scheme of apparatus is shown in Figure 3.2.
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Figure 3.2  Schematic gdiagram of a S))Jstem used to synthesize titanium dioxide by a

solvothermal method -* =~ =
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3.3.2 Deposition of silver by usirrg"superér’iti'r:al CO;

The Ag/TiO, catalysts were prepared by using supercritical CO, method. First,
silver nitrate was dissolved |n 3 cm of?”strlled water and mixed with titanium
dioxide powder (TiO3-P25 or T|02 ST) in hlgh pressure” reactor. The high pressure

reactor was connec_ted to the supercritical CO; eqmpm_ent (see Figure 3.1). Then
pressure of CO, wasr'adjusted to desire value (10, 15, and 20 MPa, denoted as
Ag/TiO,-10MPa, Ag/1:i02-15|\/|Pa, and Ag/TiOZ-ZOMPe, respectively) at a constant
temperature of 60 °C. The reaction-was allowed to-proceed for 0.5, 1, 2, and 4 hours
(denoted as Ag/TiO,-0.5h, Ag/TiO,-1h, Ag/TiO,-2h, and Ag/TiO,-4h, respectively).
During~the process; auto-hack-pressure regulatorymaintained, the constant pressure.
After the reaction, the reactor was placed in ice bath and depressurized very slowly
and carefully. The resulting powders were removed from the high pressure reactor
and dried at 110 °C overnight. The notations of 2 wt% Ag/TiO,, 10 wt% Ag/TiO,, 20
wt% AQ/TiO; referred to silver contents of 2 wt%, 10 wt%, and 20 wt%, respectively.

The notations and preparation conditions were listed in Table 3.2.
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Table 3.2 Notations and preparation conditions of catalysts that were prepared by

using supercritical CO;

cas DS DR M e orco. o0
(wt %) (MPa)
Au/TiO,-Water TiO,-P25 Water Gold 2 20 1
Au/TiO,-MeOH  Ti0O,-P25 Methanol Gold 2 20 1
AU/TiOz-Acetyl TiO,-P25___ Acetylacetone - Gold 2 20 1
S - _W;r_ Silve; : o 1 ____________
10 wt% AQ/TIO,  TiO##=P25 Water'. Silver 10 20 1
20 Wt% Ag/TiO,  Ti02-P25 Water "; Silver 20 20 1
AQ/TiO-10MPa  TiO,-P25 _VVate_r_ < Silver 20 0 1 ............
AQ/TiO+15MPa  TiO,-P25 Water - Silver 20 15 1
Ag/TiO,-20MPa  TiO,-P25 Water S S8 er 20 20 1
Ag/TiO,-0.5h TiO2-P25 Water Silver 20 0 O 5 ..........
AQ/TiOz-1h TiO,-P25 Water Silver 20 20 1
Ag/TiOz-2h TiO,-P25 Water Silver 20 20 2
AQ/TiOz-4h TiO,-P25 Water Silver 20 20 4
AQ/TiO,-P25 TiO,-P25 Water Silver 20 0 1 ............
AQ/TiO,-ST TiO,-ST Water Silver 20 20 1
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3.4 Catalysts characterizations

3.4.1 X-ray diffraction (XRD)

The crystalline structure and X-ray diffraction (XRD) patterns of all catalysts
were determined by the SIEMENS D5000 X-ray diffractometer connected with a
personal computer using Diffract AT version 3.3 for a full control of the XRD
analyzer. The measurements were carried out by using Cu Ka radiation with Ni filter.
A scanned range of 20 from 20° to 80° and resolution was 0.04°. Average crystallite
sizes of catalysts were calculated from Scherrer equation using the full width at half

maximum of intensity of diffraction pattern:.

3.4.2 Surface area measurement

The single point BET surface area of all catalysts samples were measured by
the Micromeritrics ChemiSorb 2750 using nitrogen as the adsorbate. Approximately
0.2 g of the catalysts was placedon glass waol inside the U-tube and the sample was

degassed at 200 °C for ane hour.

3.4.3 Transmission electron micraescopy (TEM)
The morphology and crystaliite size of all catalysts were measured by the
JEOL 2010 Transmission Electron MicrosCobe (TEM)  operated at 100 kV. The

average crystallite sizes were measured by SemAfore program version 5.00.

3.4.4 Inductively-coupled plasma optical emission spectroscopy (ICP-OES)

The metal ‘content’in catalysts was measured by induectively-coupled plasma
optical emissiofispectroscopy using the Optima 2100 DV spectrometer. For Au/TiO;
catalysts; approximately 0:0125.g;0f sample was dissolved in aguacregia solution (6
cm?® of concentrated hydrochloric acid mixed with 2 cm®of concentrated nitric acid).
The solution was stirred for four hours to digest the metal and the support. After that,
the solution was diluted to 50 cm®. The calibration standards were prepared from
1,000 ppm standard gold solution available from Sigma-Aldrich. The calibration
standards contained 2 ppm, 5 ppm, 8 ppm, and 10 ppm of gold. For Ag/TiO, catalysts,
approximately 0.01 g of sample was dissolved in 8 cm® of concentrated nitric acid.
The solution was stirred for four hours to digest the metal and the support. After that,

the solution was diluted to 50 cm®. The calibration standards were prepared from
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1,000 ppm standard silver solution available from PerkinElmer. The calibration
standards contained 20 ppm, 30 ppm, 40 ppm, and 50 ppm of silver. For the blank
sample, a mixture of concentrated hydrochloric acid and concentrated nitric acid were

mixed together (similar to the one used to digest the sample).

3.4.5 X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) was performed using the
AMICUS / ESCA 3400 X-ray phatoelectron spectrometer. X-ray photoelectron
spectra were recorded under a vacuum exceéding 5x10 ° Pa using Mg Ka radiation.
For analysis, the C 1s peak was used as reference by adjusted the binding energy to
285.0 eV. Deconvolution of complex spectra were done by fitting with Gaussian
(70%)-Lorentzian (30%) _shapes using version 2 software equipped with the XPS

system.

3.5 Measurement of eatalytic activity of supported metal catalysts

Catalytic activity mgasurement fof_CO oxidation was carried out in a fixed-
bed reactor consisting of a pyrex tube'; (5 mm ID) and a coaxially-centered
thermocouple with its tip/ located in the ‘middle of the bed (see Figure 3.3).
Approximately 0.1 g of the catalyst was pla(;ed;between two quartz wool plugs inside
the reactor. The reacter was then placed in'é'f-umrhace. The temperature of the reaction
was controlled by a temperature controller, which was connected to the furnace.

Prior to the experiment involving the supported silver catalyst, the catalyst was
reduced in situ at 400 °C-in a stream of 10% H./He at flow rate 50 cm*/min for one
hour. After that, hydrogen was removed by purging with helium for another hour
before the activity measurements. Two reactant gases, 1% CO/He and 2% Oy/He,
were mixed@ndfed to the reactor:; The composition of effluent gas was analyzed by a
Shimadzu gas chromatograph with a TC detector. Helium was used as the carrier gas
and the column used was a molecular sieves 5A column (3 m x 3 mm@). Molecular

sieves 5A were used to analyze N, CO, O,, H,, and other hydrocarbons.

The CO conversion is calculated based on CO consumption as follows:

[Co]inlet -[cal

[CO]

CO conversion (%) = outlet , 109 (3.1)

inlet
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CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, results involving supported gold catalysts are presented and
discussed in sections 4.1 and 4.2. The results and discussion involving supported

silver catalysts are in sections 4.3 to 4.6.

4.1 Supported gold catalysts that were prepared by deposition precipitation
method

4.1.1 The phase struciure and specific surface area

The phase struettre of catalysts|,V\{as determined using XRD technique. The
XRD patterns of supperted gold catalyéts are shown in Figure 4.1. The XRD
diffraction pattern possessed diffraction'f.-péaks at 20 of 25.3° 37.8° 48.1° 54.0°,
55.2° 62.8°, 68.0°% 72.0°, and 76.1°, correé‘ponding to titanium dioxide anatase phase
and diffraction peaks at 20 of 27.5°, 36.1% and 41.4° corresponding to titanium
dioxide rutile phase. However, the diffraéﬁiﬁﬁ pattern of gold was not observed
probably because the particle-size of gold was 06 small or the dispersion of metal on
the support was high-(Ho and Yeung, 2006). The crysiallite sizes of TiO, anatase
phase was 22.3 nm (Calculated from the Scherrer equation). Example of crystallite
sizes calculation using the Scherrer equation is illustrated in Appendix A. Specific
surface areas of the, TiO/-P25 support.was 41, m?/g.. Supported gold catalysts has

specific surface areas between 41 442 m/g!
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Figure 4.1  XRD patierns of'(a) TiOg-P25 support and Au/TiO, catalysts prepared
by deposition pre¢ipitation method at (b) pH 6, (c) pH 7, and (d) pH 8.

4.1.2 Transmission electron microscopy. (TEM)

The transmission electron microsco’hy'(’r EM) was.employed to determine the
particles size distribution-of-gotd-on-Ti0,-P25. From-the TEM images of TiO,-P25,
AU/TiO,-pH6, Au/Ti103-pH7, and Au/TIO,-pH8 were shown in Figures 4.2, 4.3, 4.4,
and 4.5, respectively. Gold nanoparticles were well dispersed on the TiO,-P25 support
were reasonably uniform in-size-faor all samples: ;The gold:particle sizes were 7.6, 3.3,
and 11.6 nm for. Au/TiO,-pH6, Au/TiO,-pH7, and Au/TiO,-pH8, respectively. For
AU/TiOz-pHZ, catalyst, narrow. the gold nanoparticies were the smallest in size and the
standard: deviationiwas' narrow, tindicating uniform gold.particle: size. The standard
deviation values were listed in Table 4.1. Particle size distributions were show in

Appendix B.
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Figure 4.2 TEM image 0 : u . The scale bar is 20 nm.

20'nm

11,
AN

Figure 4.3 TEM image of Au/TiO, catalyst that was prepared at pH 6. The scale

bar is 20 nm.
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Figure 4.4 TEM image g i t that was prepared at pH 7. The scale
bar is 20 nig 7. 4

Figure 45 TEM image of Au/TiO, catalyst that was prepared at pH 8. The scale
bar is 20 nm.
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Table 4.1 Average particle size, standard deviation of gold and gold content on the

supported gold catalysts that were prepared by deposition precipitation

method
Average gold Standard deviation
Catalysts particle size of gold particle size Actual gold**
. content (%)
(nm) (nm)
AU/TiO,-pH6 7.6 2.6 1.4
Au/TiO,-pH7 3 1.0 1.1
AU/TiO,-pH8 116 3.8 0.9

*Estimated by TEM images
** Measurement by ICP-OES

4.1.3 Gold content in the supported gold catalysts

The amount of gold' deposited on :[-he T10,-P25 support was measured by
inductively-coupled plasma optical emission spectroscopy (ICP-OES). The results are
listed in Table 4.1. The gold uptakes were 'tﬁe highest at pH 6 and decreased when pH
rose. The actual gold contents were 1.4, jE gﬁd 0.9 % for Au/TiOz-pH6, Au/TiO,-
pH7, and Au/TiO,-pH8, respectively. The 'g'ﬂo'ld' species in. HAuCl, solutions changed
according to the pH:I-As-the-pH-value-increased; hydrolysis of gold species and
chlorine loss occurred: The higher the pH value, the higher the hydrolysis extension
of the gold complex. This led to a higher CI" concentration in solution (see Figure
4.6). Therefore; higher; pH walue jgavecrises toy lowers~gald content due to the
competition between Cl~and gold complex forthe same site on TiO, surface (Souza et
al., 2008). Moreover, the_charge on TiO, surface*also affected the amount of gold
deposited on'the support. Moreau and-Bond (Moreau and Bond,'2007) claimed that
the charge on TiO, surface depended on pH. Below the isoelectric point positive due
to protonation of the surface hydroxyls, while above the isoelectric point the charge is
negative due to removal of protons from the surface hydroxyls. The isoelectric point
value for TiO,-P25 is pH~6 (Moreau and Bond, 2007).
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Figure 4.6  Relative concentration of antomic gold species as a function of pH
derived from AuCls by ﬁydrolysis. Total [Au] = 4 x 10° M (Moreau
and Bond, 2007)

4.1.4 X-ray photoelectron spéctroscopy-(XPS)

X-ray photoelectron spectroscopg} (XPS) was performed to determine the
oxidation state of gold species. The Au 4fhlle_missi0n spectra for Au/TiO, catalysts were
shown in Figure 4.7, 4.8, and 4.9, for the J'c-ata|ysts prepared at pH 6, 7, and 8,
respectively. The major XPS peaks shown blndmg energies of 4f level at 83.2 eV (Au
4f712) and 86.7 eV (Au 4fsp). The binding_?jn_e-_rgies reported were indicative of zero
oxidation state for gold (Au®) (Pillai and Dee\-/i-,d'2(7)06; Zhang et al., 2007).

Au 4f5/2
Au 4f7/2 \
= 83.2 eV
& 8766V ~ 1
=
g
IS
N ﬁ/\,\/ I Y OON
92 88 84 80

Binding energy (eV)

Figure 4.7  XPS spectra of Au 4f level of Au/TiO; catalysts prepared by deposition
precipitation method at pH6
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Figure 4.8  XPS spectra 0f Au 4f level of Au/TIO; catalysts prepared by deposition
precipitation method at pH7
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Figure 4.9  XPS spectra of Au 41 level of Au/TiO; catalysts prepared by deposition
precipitationsmethod at pH8

4.1.5 Catalytic'activities of Au/TiO; catalysts

Tihe catalytic activities;of ‘Au/Ti10; catalystsiwere measyrediat a temperature
ranging from'30 °C to 150 °C. Figure 4.10 displays CO conversions as a function of a
reaction temperature for Au/TiO, catalysts prepared by deposition precipitation
method. The lights off temperature (a temperature which 50 % conversion was
achieved, Tso) were 55°C, 42°C, and 74°C for Au/TiO»-pH6, Au/TiO,-pH7, and
AU/TiO,-pH8, respectively. The activities of the catalysts were in the following order
AU/TiO2-pH7 > Au/TiO,-pH6 > Au/TiO,-pH8. The catalytic activities appeared to be
dependent on the gold particle size, where small gold particle size gave rise to a

higher catalytic activity than large one.
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Figure 410 CO conversign as a funetion of a. reaction temperature for Au/TiO;

catalysts prepared-by dep(x);sition precipitation method

4.2 Supported gold catalysts that were prépéred using supercritical CO;

technique =

4.2.1 The phase structure and specific su'rfé_c_émarea

The phase structure of catalysts was determined using XRD technique. The
XRD patterns of supported gold catalysts are shown in Figure 4.11. The XRD
diffraction pattern possessed diffraction peaks at 20 of 25.3° 37.8°, 48.1° 54.0°
55.2° 62.8°, 68;0°% 72.0°% and'76.1°, corresponding to titanium dioxide anatase phase
and diffractiongpeaks at 20 of 27.5° 36.1°, and 41.4° corresponding to titanium
dioxide-rutile:phase; while-diffraction peak at-20.0f 38:0%and-44-4° .corresponding to
gold metal. The diffraction’peak-at'20 about 38°, ‘peak ‘were overlap-between anatase
and gold metal. The crystallite sizes of gold metal were calculated using the Scherrer
equation at diffraction peak at 20 is 44.4° (200). The crystallite sizes of gold are listed
in Table 4.2. Specific surface areas of the TiO»-P25 support was 41 m?/g. Supported

gold catalysts had specific surface areas between 40 - 42 m?/g.
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Figure 4.11  XRD paitérnsof(a) TiOs-P25 support and Au/TiO, catalysts prepared
with (b) Watef, (c) MeOH, and (d) Acetylacetone as a solvent

Table 4.2 Crystallite size of gold and gold‘cpntents In catalyst

Samples Crystallite size of gold {hm)” Gold content (%)
AU/TiO,-Water S AVES L 1.5
AU/TiO,-MeOH 31.9 : 16
AU/TiOz-Acetyl 194 1.9

*Calculated by Scherrer equation at diffraction peak 20 is 44.4° (200)
**Measurement by ICP-OES

4.2.2 Transmissiomelectronsmicroscopy(TEM)

The transmission electron microscopy (TEM) was employedto determine the
particles size distribution of gold on TiO,-P25. The TEM image of TiO,-P25 was
shown in Figure 4.2. Figures 4.12, 4.13, and 4.14 were the TEM images of Au/TiO,-
Water, Au/TiO,-MeOH, and Au/TiO,-Acetyl, respectively. From the TEM images

were not observed gold particles dispersed on the TiO»-P25 support.
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Figuie 4.13 TEM image of Au/TiO,-MeOH catalyst. The scale bar is 20 nm.
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AU/TiO,-Acetyl, respectively. For all catalysts were not observed the XPS peak of Au
4f level.
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Figure 4.15  XPS spectra of ‘Au 4f Iéyelf of Au/TIO, catalysts prepared with (b)
Water,(C) MeOH, and (d) ‘A_ce;ylacetone as a solvent

#

4.2.5 Catalytic activities of Au/TiO; catalysts .

The catalytic activities of Au/TiO; catalysts were measured at a temperature
ranging from 200°C"t0 475°C. Figure 4.16 displays CO conversions as a function of a
reaction temperature for Au/TiO, catalysts were prepared using supercritical CO,
technique. The Tso were 448°C, 390°C, and 367°C for Au/TiO,-Water, Au/TiO,-
MeOH, and Au/TiOz-Acetyl, respectively. The activities of the catalysts were in the
following order Au/TiO,-Acetyl > Au/TiO,-MeQOH > Au/TiO,-Water. The catalytic
activitysappeared to be dependent on the gold particle size, where small gold particle

size gave rise to a higher catalytic activity than large one.



33

100
- /A
A/
. 80 r ,// ..
O\o - // ”,D
= K DT
S 60 / A
2 s .
. 7
e 4 » ,°
<) / . X
> R R
c T ¢
8 40 r 2
s 7
8 I ,// . , g
20 | N4y -
i s\
= b
0 £ ----- el —gf J | |

150 200 250 300 350 400 450 500

ReactioniTemperature (°C)

—-8--Au/TiO,-Water = o -Au/TiOz-MeOH - — Au/TiO,-Acetyl

Figure 416  CO conversions as a funetion of a reaction temperature for Au/TiO;
catalysts prepared using su_p_erbritical CO, technique
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4.3 Comparative study effect of amount of silver on catalytic activity

4.3.1 The phase strugture and specific surface area

The phase structure of catalysts was determined using XRD technique. Figure
4.17 displays XRD patterns of supported silver catalysts with different amount of
silver. For 2 wit% AQ/TiO; catalyst-(see Figure 4.17 (b)), the diffraction peak was be
observed at 20"of 25.3° 37.8° 48.1°, 54.0°, 55.2°, 62.8°, 68.0°, 72.0°, and 76.1°,
correspondifig to titanitim-dioxide)ahatasé phase‘and diffraction‘peaks at 20 of 27.5°,
36.1°, and 41.4° corresponding to titanium dioxide rutile phase. However, the
diffraction peak of silver was not observed probably because the low amount of silver
or dispersion of metal on the support was high (Ho and Yeung, 2006). For 10 wt%
Ag/TiO, and 20 wt% AgQ/TiO, catalysts (see Figure 4.17 (c) and (d)), the XRD
patterns possessed the diffraction peaks at 20 of 25.3°, 37.8° 48.1° 54.0°, 55.2°
62.8°, 68.0°, 72.0°, and 76.1° corresponding to titanium dioxide anatase phase,
diffraction peaks at 20 of 27.5° 36.1° and 41.4° corresponding to titanium dioxide
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rutile phase, diffraction peak at 20 of 24.3° corresponding to Ag,O, diffraction peak
at 20 of 43.4°, corresponding to Ag, and diffraction peaks at 20 of 21.6°, 29.6°, 31.9°,
and 32.8°, corresponding to Ag,COs. Specific surface areas of the TiO,-P25 support
was 41 m?/g. Supported silver catalysts had specific surface areas were 42, 30, and 18
m?/g for 2 wt% Ag/TiO,, 10 wt% Ag/TiO,, and 20 wt% Ag/TiO,, respectively. The
supported silver catalysts had a smaller specific surface area than TiO,-P25 support

probably because the silver particle deposited inside the pore of support.

N ® TiO, Anatase
A T|02 Rutile
O A92CO3
E <o Agzo
> ® " Ag
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% e o0 ([ J
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Figure 4.17  XRD patterns of (a) TiO,-P25 support and Ag/TiO; catalysts prepared
using supercritical CO, technique with different of amount of silver,
(b 2)wi%,(¢) 10, wit%pand=(d) 20 wt%

4.3.2 Transmission electron microscopy.(TEM)

The transmission electron microscopy (TEM) was.employed.to determine the
particle sizes distribution of silver on TiO,-P25. TEM image of TiO,-P25 was shown
in Figure 4.2. Figures 4.18, 4.19, and 4.20 were TEM images of 2 wt% Ag/TiO,, 10
wt% Ag/TiO,, and 20 wt% Ag/TiO,, respectively. Silver nanoparticles were uniform
and well dispersed on TiO,-P25 support. The silver particle sizes of were 2.8, 3.0, and
2.8 nm for 2 wt% Ag/TiO,, 10 wt% Ag/TiO,, and 20 wt% Ag/TiO,, respectively (see
Table 4.3). The silver particles size distributions are listed in Appendix B.
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Figure 4.18 TEM'Im; 2 W% qlg atalyst: The scale bar is 20 nm.
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Figure 4.19 TEM image of 10 wt% Ag/TiO, catalyst. The scale bar is 20 nm.
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Figure 4.20 TEM+mage 0f20 wi% Ag/TiO, catalyst. The scale bar is 20 nm.

Table 4.3 Average particle size, standard deviation of silver and silver content on

the supported'silver catalysts that were prepared with different amount of

silver
Average silver  “Standard deviation Actual silver
Catalysts particle-size of gold particle size ok
* : content (%)
(nm) i (nm)

2 Wt% Ag/TiO, 28 ' 0.8 0.8
10 wt% Ag/TiO, 3.0 0.9 6.0
20 wt% Ag/TiO, 2.8 0.8 13.2

*Estimated bysTEM images
**Measurement by ICP-OES

4.3.3 Silver content'in the supported-silver catalysts

The amount of silver deposited on the TiO,-P25 support was measured by
inductively-coupled plasma optical emission spectroscopy (ICP-OES). The results are
listed in Table 4.3. The actual silver contents were 0.8, 6.0, and 13.2 % for 2 wt%
AQ/TiO,, 10 wt% Ag/TiO,, and 20 wt% Ag/TiO,, respectively. The amount of silver
was lower than nominal value probably because some silver was dissolved in
supercritical CO,, thus it was removed with CO, from the reactor (Wattanamalachai,
2006).
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4.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed to determine the
oxidation state of silver species. The Ag 3d emission spectra for Ag/TiO, catalysts
were shown in Figures 4.21, 4.22, and 4.23 for 2 wt% Ag/TiO,, 10 wt% Ag/TiO,, and
20 wt% AQ/TiO,, respectively. Figure 4.21 displays XPS Ag 3d spectra of 2 wt%
AQ/TiO; catalyst. The XPS spectra possessed binding energies of Ag 3d level at 368.1
eV (Ag 3ds;2) and 374.2 eV (Ag 3ds2). The binding energies were indicative silver
form in Ag’. Figure 4.22 displays XPS Ag 3d spectra of 10 wt% Ag/TiO, catalyst.
The XPS spectra possessed binding energies of Ag 3d level at 366.2 eV (Ag 3dsp,),
368.1 eV (Ag 3ds2), and 374.2 eV (Ag 3dsp).~The binding energies were indicative
silver form in Ag® and Ag*™ Usually, the elements in the positive ionic state show a
shift of core-level binding.energy. towards higher energies with respect to the neutral
state due to the initial state effect. However, silveris one of the exceptions. A large
contribution from the extra-atomic relaxation energy counteracts the effects caused by
the initial state, and the binding energy of Ag 3d tends to shift towards lower energy
in the oxidized states (Jin et'al ; 2007). Figure 4.23 displays XPS Ag 3d spectra of 20
wt% Ag/TiO, catalyst. The XPS spectra pos_'sé-ssed binding energies of Ag 3d level at
366.6 eV (Ag 3ds;), 368.5 eV (Ag 3d5,;); and 374.5 eV (Ag 3dsz). The binding
energies were indicative silver form in Ag” and Ag*.

Ag 3d5/2

N\

AQ/3dsi 368.1¢V.

37426V
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384 376 368 360
Binding energy (eV)

Figure 4.21 XPS spectra of Ag 3d level of 2 wt% Ag/TiO, catalyst
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Figure 4.22 XPS spectra of Ag 3d level of 10 wt% Ag/TiO; catalyst
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Figure 4.23 XPS spectra of Ag 3d,.level of 20 wt% Ag/TiO; catalyst

4.3.5 Catalytic'activities of Ag/TiO, catalysts

The activities .af Ag/TiOz catalystsiwere measured at, a“temperature ranging
from 30 °C'to 475 °C. The catalytic activities of catalystsas a function of temperature
were shown in Figure 4.24. The Tso were 345°C, 102°C, and 80°C for 2 wt% Ag/TiO,,
10 wt% Ag/TiO,, and 20 wt% Ag/TiO,, respectively. The activities of the catalysts
were in the following order 20 wt% Ag/TiO, > 10 wt% Ag/TiO; > 2 wt% Ag/TiO..
The catalytic activity appeared to be dependent on silver content on the catalysts. The

catalytic activities are good agreement with Frey and coworker (Frey et al., 2008).
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Figure 4.24 CO conversions as a function of a reaction temperature for Ag/TiO,
catalysts sprepared using supercritical CO, technique with different
amount of silver -

4.4 Comparative study effect of pressure of Cng on catalytic activity

4.4.1 The phase structure and Specific surface area

The phase structure of catalysts was determined using XRD technique. Figure
4.25 displays XRD patterns of supported silver catalysts with different pressure of
CO,. For all catalysts were shown' XRD diffraction peaks at 20 of 25.3° 37.8° 48.1°,
54.0° 55.2°, 6218° 68.0° 72.0° and 76.1°, corresponding to titanium dioxide anatase
phase and diffraction peaks,at:20:0f127.5%36:1°,/and41.4°; correspanding to titanium
dioxide rutile phase, while diffraction peak at 20 of 24.3°, corresponding to Ag.O,
diffraction peak at 20 of 43.4°, corresponding to Ag, and diffraction peaks at 20 of
21.6° 29.6°, 31.9° and 32.8° corresponding to Ag.COs. Supported silver catalysts

had specific surface areas between 15 - 18 m%/g.
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Figure 4.25  XRD pattepns of (a) TiOzést support and Ag/TiO, catalysts prepared
using supereritical CO; téchnique with different pressure of CO, (b)
10 MPa, (€) 15 MPa, and (d) 20 MPa
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4.4.2 Transmission electron microscopy (TEM)

The transmisston electron microscopy (TEM) Was employed to determine the
particle sizes distribution of silver on TiO2-P25. The TEM image of TiO,-P25 was
shown in Figure 4.2. Figures 4.26, 4.27, and 4.28 were the TEM images of Ag/TiO,-
10MPa, Ag/TiO,-15MPa,” and/ Ag/Ti0;-20MPa, ‘respectively. Silver nanoparticles
were uniform and well dispersed on TiO,-P25 support. The silver particle sizes were
3.1, 3,05 and: 2:8 .,nm for-Ag/TiO,:10MPa; Ag/FIQR:15MPa; and Ag/TiO,-20MPa,
respectively (see Table4.4).



Figure 4.26 TE f Ag/TiOz-1 5t. The scale bar is 20 nm.
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Figure 4.27 TEM image of Ag/TiO,-15MPa catalyst. The scale bar is 20 nm.
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Figure 4.28 TEM image of Ag/TiO,-20MPa catalyst. The scale bar is 20 nm.

Table 4.4 Average particle sizg, standard deviation of silver and silver content on
the supported silver catalysts t'hat were prepared with different pressure of

CO; ,

Average sitver  Standard deviation .

: : 242 4 . . Actual silver

Catalysts particle size of stlver particle size xox

* o content (%)
(nm) . (m)

Ag/TiO,-10MPa 3.1 = 3 12.3
Ag/TiO,-15MPa 3.0 1.1 12.7
Ag/TiO,-20MPa 2.8 0.8 13.2

*Estimated by TEM.images
**Measurement'by ICP-OES

4.4.3 Silyer content'inthe supported-silver catalysts

The amount of silver deposited on TiO,-P25 support was measured by
inductively-coupled plasma optical emission spectroscopy (ICP- OES). The results
were listed in Table 4.4. The actual silver contents were 12.3, 12.7, and 13.2 % for
Ag/TiO,-10MPa, Ag/TiO,-15MPa, and Ag/TiO,-20MPa, respectively.
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4.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed to determine the
oxidation state of silver species. The Ag 3d emission spectra for Ag/TiO, catalysts
were shown in Figures 4.29, 4.30, and 4.31 for Ag/TiO,-10MPa, Ag/TiO,-15MPa,
and Ag/TiO,-20MPa, respectively. Figure 4.29 displays XPS Ag 3d spectra of
Ag/TiO,-10MPa catalyst. The XPS spectra possessed binding energies of Ag 3d level
at 367.1 eV (Ag 3ds;2), 369.2 eV (Ag 3ds1), and 375.2 eV (Ag 3dsp). Figure 4.30
displays XPS Ag 3d spectra of Ag/TiO,-15MPa catalyst. The XPS spectra possessed
binding energies of Ag 3d level at 366.7 eV.(Ag 3ds), 368.4 eV (Ag 3ds), and
374.4 eV (Ag 3ds). Figure 4,31 displays XPS"Ag 3d spectra of Ag/TiO,-20MPa
catalyst. The XPS spectra possessed binding energies of Ag 3d level at 366.6 eV (Ag
3ds2), 368.5 eV (Ag 3dse); and 374.5 eV (Ag 3dsp). The binding energies were

indicated silver form in Ag”and Ag™.
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Figure 4.29° XPS spectra of Ag 3d level of Ag/TiO,-10MPa Catalyst
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Figurei4.31' XPS spectra of Ag 3d:level of Ag/TiO,-20MPa catalyst
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4.4.5 Catalytic activitiesof Ag/TiO, catalysts

44

The activities of Ag/TIO; catalysts were measured at a temperature ranging

from 30 °C to 180 °C. The catalytic activities of catalysts as a function of a
temperature displays in Figure 4.32. The Tso were 90°C, 90°C, and 80°C for for
Ag/TiO,-10MPa, Ag/TiO,-15MPa, and Ag/TiO,-20MPa, respectively. The activities
of the catalysts were in the following order Ag/TiO,-20MPa > Ag/TiO,-15MPa =

Ag/TiO,-10MPa.
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Figure 4.32 CO conversions @as a function of a reaction temperature for Ag/TiO;

catalysts were prepared us'iﬁg supercritical CO, technique with
different pressure 6FCO,

4.5 Comparative study effect of holding t'i'rﬁ'e'bn catalytic activity

4.5.1 The phase structure and specific surface area

The phase structure of catalysts was determined using XRD technique. Figure
4.33 (b), (c), (), and (e)" displays XRD ‘patterns of ‘supported silver catalysts with
different holding time. For all catalysts were shown XRD diffraction peaks at 26 of
25.3°, 37.8%¢48.1%+ 54.0%, 55.:2°;, 62:8% ¢68.0% 72.0% and ~76.4°, earresponding to
titanium 'dioxide anatase phase and“diffraction peaks at 20 of 27.5°,-36.1°, and 41.4°,
corresponding to titanium dioxide rutile phase, while diffraction peak at 20 of 24.3°,
corresponding to Ag,O, diffraction peak at 20 of 43.4° corresponding to Ag, and
diffraction peaks at 20 of 21.6°, 29.6° 31.9° and 32.8° corresponding to Ag,COs.

Supported silver catalysts had specific surface areas between 15 — 21 m%/g.



46

°
® TiO, Anatase
A TiO; Rutile
O A92C03
< Ag,0
S m Ag
S °® °
2 A ¢ o o
7] A °
g X A9 2@
= o < n DD i (b)
©) |
A A A.(d)
o n._.\,Au Mo AL el A8
20 30 40 50 60 70 80

20 (Dégree)

Figure 4.33  XRD patterns of (a) TiOz—“P_25 support and Ag/TiO, catalysts prepared
using supercritical CO, techhihue with different holding time (b) 0.5
hour, (c) 1 hour, (@) 2 hou, aid,(e) 4 hour

4.5.2 Transmission electron microscopy (TEM)

The transmission electron microscopy (TEM) was employed to determine the
particle sizes distribution of silver on T102-P25 support. The TEM image of TiO,-P25
was shown in Figure 4.2.Figures 4.34, 4.35, 4.36, and 4.37 were shown TEM images
of Ag/TiO»-0.5h, "Ag/TIO,-1h, Ag/T10,-2h, and- Ag/T10,-4h, respectively. Silver
nanoparticles were uniform and well dispersed on TiO,-P25 support. The silver
particle size-were 518, 12.8,13:9 and 27 nmifor Ag/Ti0,0.5h; AD/TiO,-1h, Ag/TiO,-
2h, and ;Ag/TiO,-4h, respectively (see Table 4.5). For the Ag/TiO,-0.5h catalyst,
silver particle was large size probably because a short of time to reaction occurring for

deposited silver on TiO,-P25 support.



Figure 4.34 TEI atalyst. The scale bar is 20 nm.
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Figure 4.35 TEM image of Ag/TiO;-1h catalyst. The scale bar is 20 nm.
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Figure 4.36 TEM he scale bar is 20 nm.
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Figure 42)17 TEM image of Ag/TiO2-4h catalyst. The scalg,bar is 20 nm.

O, MENIIRE v eh (1)

The amount of silver deposited on TiO,-P25 support was measured by
inductively-coupled plasma optical emission spectroscopy (ICP-OES). The results are
listed in Table 4.5. The actual silver contents were 13.2, 13.2, 13.2, and 12.9 % for
Ag/TiO,-0.5h, Ag/TiOz-1h, Ag/TiO,-2h, and Ag/TiO,-4h, respectively.
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Table 4.5 Average particle size, standard deviation of silver and silver content on
the supported silver catalysts that were prepared with different holding

time

Average silver Standard deviation .

. . . . . Actual silver

Catalysts particle size of silver particle size ok

. content (%)
(nm) (nm)

Ag/TiO,-0.5h 5.8 2.3 13.2
Ag/TiO,-1 h 2.8 0.8 13.2
Ag/TiO,-2 h 3.9 1.2 13.2
Ag/TiOz-4 h raren ) 0.9 12.9

*Estimated by TEM images
**Measurement by ICP-OES

4.5.4 X-ray photoelectron spectroscopy;(kPS)

X-ray photoelectron /Spectroscopy. (XPS) was performed to determine the
oxidation state of silver species. The Ag Qd emission spectra for Ag/TiO, catalysts
were shown in Figures 4.38, 4.39, 4.40,‘énd 4.41 for Ag/TiO,-0.5h, Ag/TiO,-1h,
AQ/TiO,-2h, and Ag/TiO,-4h, respectively.fiéhre 4.38 displays XPS Ag 3d spectra
of Ag/Ti0O,-0.5h catalyst. The XPS spectra possessed binding energies of Ag 3d level
at 367.4 eV (Ag 3dsz)-368.7-eV-(AG 3dsp)-anc-o/4.8 eV (Ag 3ds;). Figure 4.39
displays XPS Ag 3d-spectra of Ag/TiO,-1h catalyst—The XPS spectra possessed
binding energies of Ag 3d level at 366.6 eV (Ag 3ds;), 368.5 eV (Ag 3dsp,), and
374.5 eV (Ag 3dsp). Figure-4.40,displays XPS Ag-3d.spectra-of Ag/TiO,-2h catalyst.
The XPS spectra possessed-binding energies of' Ag 3d'level at 366.1 eV (Ag 3dsy),
368.9 eV (Ag, 3ds/2), and 374.9 eV (Ag 3dzp). Figtre 4.41 displays XPS Ag 3d spectra
of Ag/TiO,-4h catalyst: The XPSispectra possessed binding energies of Ag 3d level at
367.0 eV (Ag 3dsp), 368.7 eV (Ag 3ds2), and 374.8 eV (Ag 3dsp). The binding

energies were indicative silver form in Ag® and Ag".
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Figure 4.38 XPSspectra of Ag 3a-levelof Ag/TiO,-0.5h catalyst
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Figure 4:39 XPS spectra of Ag 3d level of Ag/TiO,-1h catalyst
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Figure 4.40 XPS spectra of Ag 3d level of Ag/TiO,-2h catalyst
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Figure 4.41 XPS spectra of Ag 3d.level of Ag/TiO,-4h catalyst

4.5.5 Catalytic activities of Ag/TiO, catalysts

The activities of AgiTiOs catalysts were measured at a temperature ranging
from 30°C to 140°C. The gatalytic activities of catalysts as a function of a temperature
displays in Figure 4.42. The Tso/\Were 96°C, 80°C, 90°C, and 87°C for Ag/TiO,-0.5h,
AQ/TiO2-1h, Ag/TiO2:2h, and Ag/TiO,-4h, respectively. The activities of the catalysts
were in the following ortler Ag/TiOz-1 > Ag/TIO.-4 h = Ag/TiO,-2 h > Ag/TiO,-

0.5h. The catalytic activity'appeared to be dependent on silver content.
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Figure 4.42 CO conversions as a function of a reaction temperature for Ag/TiO;
catalysts that were prepared using supercritical CO, technique with

different holding time
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4.6 Comparative study on support to catalytic activity

4.6.1 The phase structure and specific surface area

The phase structure of catalysts was determined using XRD technique. The
XRD patterns of supported silver catalysts with different TiO, support were shown in
Figure 4.43 (a) and (c) for TiO,-P25 and TiO,-ST, respectively. For TiO»-P25 support
were shown XRD diffraction peaks at 20 of 25.3° 37.8° 48.1° 54.0°, 55.2°, 62.8°,
68.0°, 72.0° and 76.1°, corresponding to titanium dioxide anatase phase and
diffraction peaks at 20 of 27.5°% 36.1°% and 414° corresponding to titanium dioxide
rutile phase. However, TiO,-ST support (seeEigure 4.43 (c)) was shown only anatase
phase. Figure 4.43 (b) displays XRD patterns of Ag/TiO,-P25 catalyst, the XRD
patterns possessed diffraction peaks at 26 of 25.3% 37.8°, 48.1°, 54.0°, 55.2°, 62.8°,
68.0°, 72.0° and 76.1° cefresponding to titanium dioxide anatase phase, diffraction
peaks at 20 of 27.5° 36.1% and 41.4°, corresponding to titanium dioxide rutile phase.
The diffraction peak at 20,0f 24.8°, corre%pgnding to Ag,0, diffraction peak at 26 of
43.4°, corresponding tofAg, and diffracti!o_n peaks at 20 of 21.6°, 29.6°, 31.9°, and
32.8°, corresponding to Ag,COs. For Ag/‘l"jd'z-ST catalyst, XRD diffraction pattern
was shown in Figure 4.43 (d). The XRD pé_t':‘t'ér”q_s possessed the diffraction peaks at 20
of 25.3° 37.8° 48.1° 54.0°, 55.2°% 62.8° 6800 72.0°, and 76.1°, corresponding to
titanium dioxide anatase phase, while the (.:I.iﬁ;r'éétion peak of Ag,O was shown at 20
of 24.3°, diffractionpgak at 20 of 43.4°, corresponding to”Ag, and diffraction peaks at
20 of 21.6°, 29.6°, 31.9%, and 32.8° corresponding to Ag,COa. The crystallite sizes of
TiO, anatase phase of TiO.-ST support was,11.8 nm (Calculated from the Scherrer
equation). Speeific surface areas of the TiO,-P25 and TiO,-ST support were 41 and
72 m?lg, respectively. The Ag/TiO»-P25 and Ag/TiO,-ST catalysts had specific
surface-areasiwvere18 and:51m*/g; respectively:
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Figure 443  XRD patterns of (a) TiO»-P25 and (¢) TiO,-ST support and Ag/TiO;
catalysts prepared-using supercritical CO, technique with different
type of TiO, support (b) Ag/TiIO2-P25 and (d) Ag/TiO,-ST catalyst

4.6.2 Transmission‘electron microscopy (TEM)

The transmission electron microscopy (TEM) was employed to determine the
particle sizes distributiont efisilver on TiO,%The TEM image of TiO,-P25 was shown
in Figure 4.2 Figures 4.44 and 4.45, and 4.46 were  TEM images of TiO,-ST,
AQ/TiO,-ST, and Ag/TiO,-P25, respectively. From the TEM  image of TiO,-ST
supporty(see, Figure 4.44) was the average TiO, particles size;about 11.7 nm. (see
Appendix B). The TEM images of Ag/TiO,-ST and Ag/TiO,-P25 catalysts were
shown in Figures 4.45 and 4.46. TEM images shown silver particle sizes were
uniform and well dispersed on TiO; support. The silver particles size were 3.0 and 2.8
nm for Ag/TiO,-ST and Ag/TiO,-P25, respectively (see Table 4.6).
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Figure 4.45 TEM image of Ag/TiO,-ST catalyst. The scale bar is 20 nm.
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Figure 4.46 TEMimage of Ag/Ti0,-P25 catalyst. The scale bar is 20 nm.
|‘

-

Table 4.6 Average particle size, standd;d‘deviation of silver and silver content on

the supported siIver_catalystSf—;hat were prepared with different type of

TiO, support ¥
Average silver  Standard deviation .
: : = ) . Actual silver
Catalysts particle size Of silver particle size ok
- % pons S content (%)
(nm) (hm)
AgITiO»ST |7 30 Y 13.4
Ag/TiO,-P25 , 2.8 0.8 13.2

*Estimated by TEM images
**Measurement by ICP-OES

4.6.3 Silver conteniiin‘the supported silver catalysts

The amount of silver deposited on the TiO, support was measured by
inductively-coupled plasma optical emission spectroscopy (ICP-OES). The results
were listed in Table 4.6. The actual silver contents were 13.4 and 13.2 % for Ag/TiO,-
ST and Ag/TiO,-P25, respectively.
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4.6.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed to determine the
oxidation state of silver species. The Ag 3d emission spectra for Ag/TiO,-ST and
Ag/TiO,-P25 catalysts were shown in Figures 4.47 and 4.48, respectively. Figure 4.47
displays XPS Ag 3d spectra of Ag/TiO,-ST catalyst. The XPS spectra possessed
binding energies of Ag 3d level at 366.4 eV (Ag 3ds), 368.9 eV (Ag 3ds), and
374.8 eV (Ag 3dsp). Figure 4.48 displays XPS Ag 3d spectra of AgQ/TiO,-P25
catalyst. The XPS spectra possessed binding energies of Ag 3d level at 366.6 eV (Ag
3ds1), 368.5 eV (Ag 3ds;), and 374.5 e\ (Ag 3dsp). The binding energies were
indicative silver form in Ag”and Ag".
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Figure 447 XPS spectra of Ag 3d level of AQ/TiO,-ST catalyst
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Figure 4.48 XPS spectra of Ag 3d level of Ag/TiO,-P25 catalyst
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4.6.5 Catalytic activities of Ag/TiO, catalysts

The activities of Ag/TiO, catalysts were measured at a temperature ranging
from 30 °C to 150 °C. The catalytic activities of catalysts as a function of a
temperature displays in Figure 4.49. The Tso were 72°C and 80°C for Ag/TiO,-ST and
Ag/TiO,-P25, respectively. The Ag/TiO,-ST catalyst was more active than Ag/TiO,-
P25 catalyst. The catalytic activities appeared to be dependent on particle silver size

or phase of titanium dioxide or specific surface area.
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Figure 4.49 CO conversions-as-a-function-of-a-reaction-temperature for Ag/TiO,-ST
and AgHI02-P25 catalyst



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 Supported gold catalysts

In this part study, properties of Au/TiO, catalyst prepared by the deposition
precipitation method and the deposition using supercritical CO, technique were
investigated. The conclusions of the study are summarized as followed:

1. AuU/TiO, catalysts thal were prepared by the deposition precipitation
method exhibited higher activities for CO oxidation than the catalyst
prepared hysthe deposition uéin_g supercritical CO, due to smaller particle
size of gold @n support. g

2. Catalytic activities for CQ oxidation were dependent on gold particle size

and gold content in/.catalyst.

5.1.2 Supported silver catalysts o2y
In this part study, properties of Ag/fiqz_ catalysts prepared by the deposition
using supercritical CO, technique were investigated. The'canclusions of the study are
summarized as followed:
1. The deposition of silver nanoparticles on titanium dioxide by using
supercritical CQzas solvent hadsilver particles size ranging of 2 to 6 nm.
2. Catalytic activities for CO oxidation depended on.silver particle size and
silvercontent in catalyst.
3. "The lowest light off temperature was obtained for the catalyst that was
prepared with a 20 wt% of silver, pressure CO, was 20 MPa, holding time

of 1 hour, and TiO, support prepared by solvothermal method.

5.2 Recommendation for future studies
1. Employ Ag/TiO, catalyst in other reactions such as selective oxidation of
CO in excess hydrogen or CO hydrogenation.
2. Investigate the deposition of other metal on the support by using

supercritical CO,.
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APPENDIX A

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

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

diffraction peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

KA
S80S G

(A1)

where =/ Crystallite size, A 4
Crystallite-shape factor = 0.9

Xéraywavelengih, 15418 A for CuKa

Observed peak ang_l.é: degree

= © > X U
I

X-ray diffraction b_r;)v_ad_'_e_ning, radian

The X-ray ‘diffraction broadening () Is the cerrected width of powder
diffraction free from all'broadening due to the instrument. The a-Alumina was used as
a standard sample to provide.instrumental broadening data (see Figure A.2). The most
common correction forthe X-ray diffraction broadening () can be obtained by using
the Warren formula.

From Warren’s formula:

B = By -BS (A2)

Where By = The measured peak width in radians at half peak height.

Bs = The corresponding width of a standard material.
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Example: Calculation of the crystallite size of gold of Au/TiO,-Water catalyst
44.36°

0.2820°

ulation of the crystalline size

An interesting di jeak is the  plane occurred at the 20 of 44.36°
The half-neight Widdh of (200) fracti ook =0.2820°
AR 9 = (27 X 0.2820)/360
=0.0049 radian

The corresp(_)nding alf-heigt if peak of a-alumina = 0.0044 radian

}*‘ ‘a“"

The broadent ‘E—*:‘

0.0049° — 0.00442 m

ﬂuﬂ%ﬁﬂ%§M81ﬂﬁ

amaan%éﬁ]mwmaﬂ

0.0022xc0s22.18
68.11 nm
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Figure A.2 The pIM Va \\‘\} emng due to the equipment.
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PARTICLE SIZES DISTRIBUTION

APPENDIX B

AND CALCULATION OF TEM RESULTS

Particle sizes distribution of titanium dioxide

The particle sizes distribution of TiO,-ST was shown in Table B1.

Table B1 Particle sizes of TiO2-ST

No.

Particle sizes (nm) NO.

Particle Sizes.(nm)

No.

Particle sizes (nm)

O© 00 N o ol A W DN P

N NN NNDNDRRRRR R B P B2
U 5 WNEFEP O © 0o ~NO Ul WN P O

8.15
8.45
8.69
9.02
9.06
9.07
9.07
9.07
9.09
9.18
9.25
9.32
9.41
9.41
9.57
966
9.75
9.75
9.86
9.97
9.99
10.01
10.01
10.10
10.22

21
28/
/29 |
80"
F 33=
34
36
140

an

44
45

48
49
50

10.26
. 110.26
- 1034
* 10.34
. 10.34
£10.34
10.38
1038
10.41
10.47
10.54
10.55
10.57
10.59
1062
10.63
10,70
10.73
10.78
10.81
10.88
10.96
10.96
11.09
11.14

51

52
53

54

57
58

61
62
" 65
- 66

69
70

73
74
75

11.17
11.18
11.24
11.26
11.27
11.33
11.35
11.37
11.39
11.39
11.46
11.53
11.61
11.69
11.74
11.77
11.80
11.80
11.82
11.92
11.95
12.05
12.06
12.15
12.16




Table B1 Particle sizes of TiO,-ST (Cont.)

70

14.60
15.05
15.14
15.15
15.30

No. . Particle sizes (nm) No. : Particle sizes (nm) : No. - Particle sizes (nm)
76 12.16 90 13.20 104
77 12.16 91 13.23 105
78 12.23 92 13.30 106
79 12.33 93 13.31 107
80 12.35 94 13.47 108
81 12.44 95 13.49 109

82 12.54 96
83 12.58
84 12.63
85 12.73

86 12.97
87 13.14
88 13.14
89 13.14

A

Average particlg sizes = 11.7 i
ge paftiolffSigeg=iiL7
Standard deviatio =20 nl

T
Al s L

Lo

110
111
112
113
114
115

15.91
16.30
16.32
16.42
16.55
16.78
16.95

T
77 s

f;

2
dupiing|
ﬂW?ﬁ“ﬂi.l

5 6 78 9101

o

-
NEIN?
IiW'Wﬁi

12 13 14 15 16 17 18 19 20

Particle size (nm)

Figure B.1 Particle sizes

distribution of TiO,-ST
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Particle sizes distribution of gold nanoparticles of Au/TiO; catalysts that were

prepared by deposition precipitation method

The particle sizes distributions of gold nanoparticles are shown in Table B2 to
B4 for Au/TiO,-pH6, Au/TiO,-pH7, and Au/TiO,-pH8, respectively.

Table B2 Gold particle sizes of Au/TiO,-pH6 catalyst

No. . Particle sizes (nm) : No. . Particle sizes (nm) ; No.  Particle sizes (nm)
1 2.84 31 6.14 61 7.63
2 3.29 | 32 623 62 7.64
3 3.57 233 646 63 7.72
4 3.67 U T 640 64 7.74
5 4.01 w35 6.52 65 7.77
6 4.06 "364// | 659 66 7.77
7 4.22 31/ [, . 4659 L 67 7.90
8 4.49 {38/ . 661 - 68 8.07
9 4,58 B9 662 69 8.20
10 461 40, 0 Seet 70 8.24
11 4.65 JAT 669 71 8.32
12 4.87 Vi 6.78 72 8.38
13 5.00 43 6.84 73 8.38
14 5.02 - 684 74 8.47
15 5.08 ¥ 45— 6:88 75 8.49
16 510 "= . 46 6.89 76 8.51
17 5.18 47 6.92 77 8.68
18 5.20 48 6/95 78 8.79
19 521 49 7.02 79 8.92
20 5,31 50 7.09 80 9.15
21 546 51, 7.09 81 9.37
22 5.68 52 7.10 82 9.41
23 5.88 53 7.26 83 9.53
24 5.88 54 7.46 84 9.66
25 5.93 55 7.49 85 9.75
26 6.01 56 7.52 86 10.47
27 6.06 57 7.54 87 11.43
28 6.07 58 7.55 88 11.59
29 6.11 59 7.59 89 11.64
30 6.11 60 7.59 90 11.66




Table B2 Gold particle sizes of Au/TiO,-pH6 catalyst (Cont.)

72

No. = Particle sizes (nm) : No. : Particle sizes (nm) ' No. = Particle sizes (nm)
91 11.87 95 12.70 99 _ 13.38

92 12.03 96 12.75 100 13.66

93 12.33 97 12.77 101 14.26

94 12.37 98 13.04

Average particle sizes = 7.6 nm

Standard deviation

30

N
o

Population (%)
=
o

= 2068 fiing

1402 8455 6 7 8 9 10,11 12 13 14 15

h
Particﬁ‘e.‘si,ze (nm)
o574

Figure B.2 Gold particles sizes dis(t_rib;ution of Au/TiO»-pH6 catalyst

Table B3 Gold partii:le sizes of Au/TiO,-pH7 catalyst

No. Particle sizes (nm) No. Particle sizes (nm)  No.

Particle sizes (nm)

© 00 N O O WN P

el ol e
w N ko

1:20
1.65
1.72
1.82
1.82
1.97
1.99
2.15
2.20
2.24
2.24
2.34
2.37

1 04 |

' 15
16
377
18
19
20
21
22
23

2.38
2.38
2.40
2.40
241
2.42
2.42
2.54
2.55
2.56
2.59
2.60
2.60

%30_

P

28
29

31

32

33

34
35
36

2.61
2.61
2.61
2.64
2.66
2.68
2.72
2.81
2.85
2.88
2.89
2.89
2.91




Table B3 Gold particle sizes of Au/TiO,-pH7 catalyst (Cont.)

73

No. Particle sizes (nm) No. Particle sizes (nm) No. Particle sizes (nm)
40 2.92 64 3.23 88 3.93
41 2.93 65 3.24 89 3.94
42 2.95 66 3.24 90 3.98
43 2.96 67 3.28 91 3.99
44 2.96 68 3.28 92 4.02
45 2.96 .30 93 4.15
46 2.97 : 9 4.17
47 2.99 . | 95 4.24
48 3.00 . 96 4.38
49 3.08 97 4.44
50 3.09 98 4.49
51 3.09 - 99 451
52 3.10 100 4,72
53 3.13 - 101 481
54 3.13 102 4.86
55 3.13 103 4.89
56 3.13 104 5.12
57 3.17 105 5.22
58 3.17 531
59 3.17 5.34
60 3.22 : 5.41
61 3.22 L m 5.44
62 3.22 | 86 3.92 110 7.59
63 322 ‘o8 @92
1 Y
Avbragt plticiegizy 733 1| £ 1T

Standard deviation

=1.0 nm
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Table B4 Gold parti

50

Population (%)

No. : Particle sizes (

1 5.15

2 5.84

3 5.89

4 5.89

5 6.30

6 6. 36")

7 6.40

8 6.43 D

9 6.44
BN
11 '
12

o A War) 41 341
14 6.72

15 6.83

16 6.88

17 7.02

18 7.14

19 7.14

20 7.16

74

Particle sizes (nm)

¢ =i 29

gl

35
36
37
38
39
40

ﬂ@ﬁﬂﬂﬁ%
uﬁ‘mm

9.70
9.72
9.94
10.13
10.14
10.41
10.71

- 54

55

56
57
58
59
60

Ny

10.85
10.90
10.96
10.97
11.06
11.10
11.10
11.20
11.31
11.62
11.84
12.00
12.14
12.16
12.19
12.59
12.89
12.89
12.90
13.01




Table B4 Gold particle sizes of Au/TiO,-pH8 catalyst (Cont.)

75

No. = Particle sizes (nm) : No. : Particle sizes (nm) ' No. = Particle sizes (nm)
61 13.08 75 14.08 89 16.31
62 13.10 76 14.13 90 16.71
63 13.15 77 14.30 91 16.77
64 13.23 78 14.47 92 16.82
65 13.25 79 14.53 93 17.08
66 13.34 80 14.57 9 17.10
67 13.52 U/ 8 95 17.45
68 13.57 % 96 17.82
69 13.58 97 18.41
70 13.70 [ 98 18.57
71 13.80 99 18.66
72 13.88 100 19.66
73 13.88 101 19.75
74 14.07

30

opulation (%)

2)
=3
©

N
o

20_0),

=
o

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Particle size (nm)

Figure B.4 Gold particle sizes distribution of Au/TiO,-pH8 catalyst
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Particle sizes distribution of silver nanoparticles of Ag/TiO; catalysts

Table B5 Silver particle sizes of 2 wt% Ag/TiO, catalyst

The particle sizes distribution of silver nanoparticles are shown in Table B5 to
B7 for 2 wt% Ag/TiO,, 10 wt% Ag/TiO,, and 20 wit% Ag/TiO,, respectively.

No.  Particles sizes (nm) No. Particles sizes (nm) No. Particles sizes (nm)
1 1.27 32 2.25 63 2.89
2 1.34 33 227 64 2.89
3 1.36 34 2.34 65 2.94
4 1.62 35 235 66 3.02
5 1.74 g T 235 67 3.05
6 1.77 3T 2.36 68 3.05
7 1.78 38 2.43 69 3.06
8 1.79 #3864/ . 246 70 3.08
9 1.81 40§ == ar 71 3.10
10 1.82 y i \ 2.49 7 3.12
11 1.87 L 250 73 3.13
12 1.88 3T 250 74 3.13
13 1.90 Ve 250 75 3.13
14 1.90 - 45 2.56 76 3.14
15 1.94 46 P51 77 3.15
16 19542 47 2.58 78 3.18
17 200 " 48 2.63 79 3.19
18 2.01 49 2.64 . 80 3.27
19 2.01 . 50 2,65 81 3.31
20 203 51 2,67 82 3.32
21 2,04 52 2.69 83 3.36
22 2,08 53 2.71 84 3.36
23 2.08 54 2.72 85 3.38
24 2.15 55 2.72 86 3.42
25 2.17 56 2.73 87 3.43
26 2.18 57 2.74 88 3.43
27 2.18 58 2.75 89 3.47
28 2.18 59 2.76 90 3.48
39 2.21 60 2.77 91 3.49
30 2.24 61 2.80 92 3.52
31 2.24 62 2.87 93 3.57




77

Table B5 Silver particle sizes of 2 wt% Ag/TiO; catalyst (Cont.)

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
94 3.77 98 4.08 102 4.63
95 3.80 99 4.30 103 5.39
96 3.81 100 4.34 104 5.62
97 3.83 101 4.59 105 5.70

Average particle sizes = 2.8 nm
Standard deviation = = 0.8 nm

50

40 F

30

”

20+ 4 ; -_—: ;
107 4 :
.f"‘ M i I

Partié-'lé?s}i’,ze (nm)

Population (%0)

.
)

Figure B.5 Silver particie sizes distribution.of 2 wt% Ag/TiO; catalyst
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Table B6 Silver particle sizes of 10 wit% Ag/TIO; catalyst

No. Particle sizes (nm) No. Particle sizes (nm) No. Particle sizes (nm)
1 215 13 2.16 25 2.39
2 nar 14 2.16 26 2.43
3 1.67 15 2,17 21 2.45
4 1.69 16 2.19 28 2.46
5 1.77 17 2.24 39 2.49
6 1.85 18 2.27 30 2.49
7 1.88 19 2.29 31 2.49
8 1.88 20 2.30 32 2.51
9 1.88 21 2.32 33 2.54
10 1.89 22 2.33 34 2.55
11 2.03 23 2.34 35 2.57
12 2.12 24 2.37 36 2.61




Table B6 Silver particle sizes of 10 wt% Ag/TiO,, catalyst (Cont.)

78

No. = Particle sizes (nm) : No. : Particle sizes (nm) ' No. = Particle sizes (nm)
37 2.62 59 2.98 81 3.68
38 2.62 60 3.07 82 3.78
39 2.63 61 3.08 83 3.78
40 2.74 62 3.10 84 3.83
41 2.74 63 3.10 85 3.87
42 2.74 64 3.13 86 4.05
43 2.75 65 3.13 87 4.08
44 2.82 . 66 846 88 4.22
45 2.82 67 319 89 4.34
46 2.82 68 3.19 90 4.36
47 2.82 69 3.33 91 4.39
48 2.82 0%/ |\ \33% 92 4.41
49 2.82 i)/ = 381 93 4.46
50 2.82 f17 | 7338 94 4.60
51 2.82 Vel | 338 95 4.74
52 2.82 {74 £ 339 9 4.92
53 2.86 5 1339 97 4.98
54 2.90 76 343 98 5.34
55 2.91 = 3.49 99 5.45
56 2.92 | 287 355 100 5.46
57 2.92 79 3.57 101 5.94
58 2.97 80 3.67 '
Average particle sizes = 3.0 nm
Standard‘deviation = =0:9 nm
50
~~ .40
)
§ 30
kS
a 20
£
10 H
L AR
0 1 2 3 4 5 6 7 8 9 10

Figure B.6 Silver particle sizes distribution of 10 wt% Ag/TiO, catalyst

Particle size (nm)



Table B7 Silver particle sizes of 20 wt% Ag/TiO,, catalyst

79

No. : Particle sizes (nm) - No. Particle sizes (nm) - No. Particle sizes (nm)
1 1.18 36 2.18 71 2.60
2 1.28 37 2.18 72 2.60
3 1.37 38 2.19 73 2.60
4 1.44 39 2.20 74 2.65
5 1.48 40 2.20 75 2.67
6 1.51 41 2.21 76 2.67
7 1.52 42 222 77 2.67
8 1.52 43 222 78 2.67
9 152 ddel 22 79 2.69
10 1.55 45 2.24 80 2.69
11 1.64 46 226 81 2.69
12 1.67 A ) 226 82 2.69
13 1.69 Aol s 5 4028 83 271
14 1.74 F ) — 23 84 2.72
15 1.76 f50 " 738 85 2.72
16 1.76 ¥ Ny Y 86 275
17 1.76 52 i 239 87 2.78
18 1.87 ¥ 57 243 88 2.78
19 1.90 547 245 89 2.80
20 1.91 % 55 2.45 90 2.82
21 1930756 2.46 <01 2.83
22 1.95 57 2.46 7. 2.83
23 1.95 58 2.46 03 2.84
24 2,02 59 2146 04 2.85
25 2.03 60 2.48 05 2.86
26 2.07 61 2.48 96 2.86
27 211 62 249 97 2.86
28 215 63 251 08 2.90
29 2.15 64 2.52 99 2.93
30 2.15 65 2.52 100 3.03
31 2.15 66 2.53 101 3.04
32 2.15 67 2.54 102 3.04
33 2.15 68 2.55 103 3.06
34 2.17 69 2.56 104 3.08
35 2.18 70 2.59 105 3.09




Table B7 Silver particle sizes of 2 wt% Ag/TiO, catalyst (Cont.)

80

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
106 3.10 126 3.29 146 3.66
107 3.10 127 3.32 147 3.70
108 3.10 128 3.32 148 3.74
109 3.11 129 3.33 149 3.76
110 3.13 130 3.33 150 3.76
111 3.14 131 3.34 151 4.02
112 3.14 4.04
113 3.14 4.06
114 3.14 4.09
115 3.15 4.10
116 3.16 4.12
117 3.17 4.30
118 3.18 4.36
119 3.20 4.37
120 3.20 4.39
121 3.22 4.65
122 3.28 4.76
123 3.28 4.96
124 3.28 5.21
125

2
=0
Populati-gn-)%)ej.

=

Figure B.7 Silver particle sizes distribution of 20 wt% Ag/TiO, catalyst

3.29

Av@
Standard deviation

WO
RIINYIAL

x 28 s3%

[E
o

o

=0.8 nm

-

e
N3

¢

3

4

5 6 7

Particle size (nm)



Table B8 Silver particle sizes of Ag/TiO,-10MPa catalyst

81

The particle sizes distributions of silver nanoparticles are shown in Table B8
to B10 for Ag/TiO,-10MPa, Ag/TiO,-15MPa, and Ag/TiO,-20MPa, respectively.

No. . Particle sizes (nm)  No. : Particle sizes (nm) : No. Particle sizes (nm)
1 1.22 36 2.15 65 2.83
2 1.25 37 2.15 66 2.87
3 1.27 38 2.15 67 2.88
4 1.50 36 2.15 68 2.88
5 153 LN 21 69 2.90
6 1.59 -6+ ¥ 37% 70 2.92
7 161 39 2.25 71 2.93
8 1.72 Ry 2.31 72 2.96
9 1.78 L4 - .2.39 73 2.99
10 1.78 S 7 =="2u3 74 3.01
11 1.78 A3l (A 243 75 3.01
12 1.78 s 243 76 3.08
13 1.81 a5t 2.8 77 3.11
14 1.86 46 = 78 3.15
15 1.87 47 245 79 3.24
16 1.87 A~ 245 - 80 3.36
17 1874 49 2.45 81 3.36
18 1.87 50 2.45 82 3.38
19 1.87 51 247 83 3.38
20 1.87 52 247 84 3.38
21 189 53) 259 85 3.53
22 1,94 54 2,52 86 3.53
23 1.94 55 2.60 87 3.61
24 1.97 56 2.63 88 3.74
25 2.02 57 2.63 89 3.75
26 2.06 58 2,63 90 3.76
27 2.07 59 2,63 91 3.80
28 2.07 60 2.69 92 3.85
29 2.09 61 2.71 93 3.90
30 2.09 62 2.72 9% 3.97
31 2.09 63 2.72 95 4.02
32 2.15 64 2.80 96 4.02
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Table B8 Silver particle sizes of Ag/TiO,-10MPa catalyst (Cont.)

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
97 4.07 104 4.39 111 6.54

98 4.21 105 4.56 112 7.03

99 4.23 106 4.67 113 7.36

100 4.30 107 5.24 114 7.66

101 4.30 108 5.29 115 9.75

102 4.32 109 5.32 116 9.81

103 4.32 110 5/83

Average particle sizes,= 3.2-nm
Standard.«deviation |=1.5 nm

Population (%0)

s

Particle size (nm)

4

Yy

Irl
L.,
-
Y |

.

Figure B.8 Silver particle sizes distribution of Ag/TiO,-10MPa catalyst

Table B9 Silver particle sizes of Ag/TiOz=15MPa catalyst

No. | Particle sizes (hnm) : No. : JParticle sizes(nm) ' No. : [Particle sizes (nm)
1 1.01 10 1.63 =119 2.15
2 1.10 11 1.72 20 2.15
3 1.34 12 1.72 21 2.15
4 1.50 13 1.78 22 2.16
5 1.50 14 1.84 23 2.16
6 1.53 15 1.87 24 2.16
7 1.53 16 1.93 25 2.16
8 1.59 17 1.94 26 2.16
9 1.62 18 2.00 27 2.18
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Table B9 Silver particle sizes of Ag/TiO,-15MPa catalyst (Cont.)

No. : Particle sizes (nm) - No. Particle sizes (nm) - No. Particle sizes (nm)
28 2.23 59 2.79 90 3.46
29 2.24 60 2.80 91 3.58
30 2.34 61 2.80 92 3.72
31 2.34 62 2.82 93 3.76
32 2.36 63 2.85 94 3.76
33 2.39 64 2.86 95 3.78
34 2.39 65 287 9 3.85
35 2.39 66 287 97 3.91
36 2.39 7L, 207 98 4.04
37 2.43 68 2.98 99 4.13
38 2.44 69299 100 4.14
39 2.44 A0/ ) R0 101 4.17
40 2.45 L s A 4306 1102 4.23
41 2.47 "2 306 103 4.38
42 2.48 £13 e 307 104 4.45
43 2.48 § Nedey N 105 456
44 2.52 75 i £8.10 106 4.56
45 252 " o 3.10 107 4,58
46 2.52 1 310 108 4.58
47 254 78 3.10 109 5.06
48 2581779 3.11 110 5.10
49 260 | 80 3.11 111 5.12
50 2.64 81 3.16 112 5.13
51 2,67 82 3117 113 5.26
52 267 83 8.26 114 5.52
53 2'69 84 3.28 115 5.53
54 2170 85 3.36 116 5.90
55 2.72 86 3.37 117 5.92
56 2.73 87 3.37 118 6.63
57 2.79 88 3.40

58 2.79 89 3.43

Average particle sizes = 3.0 nm

Standard deviation

=11 nm



Table B10 Silver pa

Population (%)

Figure B.9 Silv

No. Particle sizes (n
1 1.18

2 1.28

3 1.37

4 1.44

5 1.48

6

7

8

9 .

10 . ‘ i
11
D
13 1.69

" QWA
15 q 1.76

16 1.76

17 1.76

18 1.87

19 1.90

20 1.91

21 1.93

22 1.95
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Particle sizes (nm)

35 ¢ 2.18 =

‘ﬁem 4 VQ’J ¥ EIS']
38 2.19 60
39 2.20 61
40 2.20 62
41 2.21 63
42 2.22 64
43 2.22 65
44 2.22 66
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Table B10 Silver particle sizes of Ag/TiO,-20MPa catalyst (Cont.)

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
67 2.54 100 3.03 133 3.35
68 2.55 101 3.04 134 3.35
69 2.56 102 3.04 135 3.36
70 2.59 103 3.06 136 3.42
71 2.60 104 3.08 137 3.42
72 2.60 105 3.09 138 3.45
73 2.60 106 310 139 3.46
74 2.65 107 310 140 3.48
75 2.67 108, 340 141 3.51
76 2.67 109" 3.11 142 3.64
77 2.67 prir 3.13 143 3.65
78 2.67 A/ ) ks 144 3.65
79 2.69 A A A3 145 3.65
80 2.69 (3l - 314 146 3.66
81 2.69 A7 o3 147 3.70
82 2.69 ' l5, a s ds 148 3.74
83 2.71 116 /- 816 149 3.76
84 272 F i 3.17 150 3.76
85 2.72 118 318 151 4.02
86 2.75 119 3.20 152 4.04
87 278177120 3.20 153 4.06
88 278 T 121 3.22 154 4.09
89 2.80 122 3.28 155 4.10
90 2.82 123 328 156 4.12
91 283 1124 3.28 157 4.30
92 283 125 3.29 158 4.36
93 2:84 126 329 159 4.37
94 2.85 127 3.32 160 4.39
95 2.86 128 3.32 161 4.65
96 2.86 129 3.33 162 4.76
97 2.86 130 3.33 163 4.96
98 2.90 131 3.34 164 5.21
99 2.93 132 3.35

Average particle sizes = 3.0 nm

Standard deviation

=1.1 nm
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No. = Particle sizes (n

1 1.10 37

2 1.87 38
3 2154

4 216 -4

-

5 2.30 D

6 2.33

; e I NUN TN ‘a'
O riL ft
9 2.95 27 4.18

0 ﬂW’P@ﬂﬂ‘a’eﬁJﬂm’}’mm
11 3.25 29 4.25

12 3.33 30 4.25 48
13 3.48 31 4.29 49
14 3.53 32 4.30 50
15 3.66 33 4.39 51
16 3.69 34 441 52
17 3.70 35 4.43 53
18 3.70 36 4.43 54

Particle sizes (nm)

4.48
4.67
4,71
4.76
4.79
4.79
481
4.92
5.07
5.09
5.13
5.17
5.19
5.26
5.33
5.40
5.42
5.47




Table B11 Silver particle sizes of Ag/TiO,-0.5h catalyst (Cont.)

87

No. - Particle sizes (nm) No. . Particle sizes (hnm) - No. - Particle sizes (nm)
55 5.57 72 6.97 89 8.62
56 5.63 73 6.97 90 8.69
57 5.69 74 7.01 91 8.78
58 5.74 75 7.07 92 8.90
59 5.75 93 9.05
60 5.80 94 9.10
61 5.91 95 9.23
62 5.94 96 9.46
63 5.98 97 9.71
64 6.01 98 9.78
65 6.09 - 99 10.16
66 6.18 - 100 10.20
67 6.19 101 10.27
68 6.48 102 10.43
69 6.50 103 10.70
70 6.51 104 10.93
71 6.64
Sta
WBANENINYINS
S 30t ¢ = a/
YWIAINIUNLLINYTIA Y
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Figure B.11 Silver particle sizes distribution of Ag/TiO,-0.5h catalyst



Table B12 Silver particle sizes of Ag/TiO,-1h catalyst

88

No. : Particle sizes (nm) - No. Particle sizes (nm) - No. Particle sizes (nm)
1 1.18 36 2.18 71 2.60
2 1.28 37 2.18 72 2.60
3 1.37 38 2.19 73 2.60
4 1.44 39 2.20 74 2.65
5 1.48 40 2.20 75 2.67
6 1.51 41 2.21 76 2.67
7 1.52 42 222 77 2.67
8 1.52 43 222 78 2.67
9 152 ddel 22 79 2.69
10 1.55 45 2.24 80 2.69
11 1.64 46 226 81 2.69
12 1.67 A ) 226 82 2.69
13 1.69 Aol s 5 4028 83 271
14 1.74 F ) — 23 84 2.72
15 1.76 f50 " 738 85 2.72
16 1.76 ¥ Ny Y 86 275
17 1.76 52 i 239 87 2.78
18 1.87 ¥ 57 243 88 2.78
19 1.90 547 245 89 2.80
20 1.91 % 55 2.45 90 2.82
21 1930756 2.46 <01 2.83
22 1.95 57 2.46 7. 2.83
23 1.95 58 2.46 03 2.84
24 2,02 59 2146 04 2.85
25 2.03 60 2.48 05 2.86
26 2.07 61 2.48 96 2.86
27 211 62 249 97 2.86
28 215 63 251 08 2.90
29 2.15 64 2.52 99 2.93
30 2.15 65 2.52 100 3.03
31 2.15 66 2.53 101 3.04
32 2.15 67 2.54 102 3.04
33 2.15 68 2.55 103 3.06
34 2.17 69 2.56 104 3.08
35 2.18 70 2.59 105 3.09




Table B12 Silver particle sizes of Ag/TiO,-1h catalyst (Cont.)

89

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
106 3.10 126 3.29 146 3.66
107 3.10 127 3.32 147 3.70
108 3.10 128 3.32 148 3.74
109 3.11 129 3.33 149 3.76
110 3.13 130 3.33 150 3.76
111 3.14 131 3.34 151 4.02
112 3.14 4.04
113 3.14 4.06
114 3.14 4.09
115 3.15 4.10
116 3.16 4.12
117 3.17 4.30
118 3.18 4.36
119 3.20 4.37
120 3.20 4.39
121 3.22 4.65
122 3.28 4.76
123 3.28 4.96
124 3.28 5.21
125 329
Avef g‘é

Standard deviation

=0.8 nm
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Figure B.12 Silver particle sizes distribution of Ag/TiO-1h catalyst



Table B13 Silver particle sizes of Ag/TiO,-2h catalyst

90

No. : Particle sizes (nm) - No. Particle sizes (nm) - No. Particle sizes (nm)
1 1.61 36 2.48 71 2.97
2 1.84 37 2.52 72 2.98
3 1.87 38 2.52 73 2.99
4 1.88 39 2.54 74 3.01
5 1.92 40 2.55 75 3.02
6 1.99 41 2.59 76 3.02
7 1.99 42 2462 77 3.02
8 2.01 43 264 78 3.04
9 2.02 “4b 2066 79 3.05
10 2.05 45 2,67 80 3.05
11 2.09 a6 26T 81 3.07
12 2.11 A ) e 82 3.07
13 2.15 PR ON 83 3.08
14 2.16 Ff — 2 84 3.08
15 2.16 f50 " e 779 85 3.09
16 2.18 ¥ Neter T 86 3.10
17 2.22 52 i <281 87 3.11
18 2.23 ¥ 57 281 88 3.11
19 2.24 547 282 89 3.12
20 2.25 % 55 2.82 90 3.14
21 2250756 2.83 01 3.14
22 231 57 2.86 7. 3.15
23 2.34 58 2.88 03 3.19
24 234 59 2'89 04 3.19
25 239 60 2.89 05 3.22
26 239 61 2.90 96 3.26
27 239 62 201 97 3.26
28 2.41 63 2.92 08 3.27
29 2.43 64 2.92 99 3.28
30 2.43 65 2.95 100 3.33
31 2.44 66 2.96 101 3.36
32 2.46 67 2.97 102 3.36
33 2.47 68 2.97 103 3.36
34 2.47 69 2.97 104 3.38
35 2.48 70 2.97 105 3.38




Table B13 Silver particle sizes of Ag/TiO,-2h catalyst (Cont.)
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No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
106 3.39 141 3.89 176 4.22
107 3.40 142 3.92 177 4.23
108 3.40 143 3.92 178 4.30
109 3.44 144 3.92 179 4.30
110 3.44 145 3.93 180 4.32
111 3.45 146 3.93 181 4.32
112 3.45 147 393 182 4.32
113 3.45 148 395 183 4.34
114 3.46 149, 385 184 4.37
115 3.47 50 3.95 185 4.37
116 3.47 prir 3.96 186 4.38
117 3.48 1520/ ) 3% 187 4.39
118 3.48 163 [ a3t 188 4.39
119 3.49 T84 2 399 189 4.39
120 3.49 A5 o 400 190 4.40
121 3.55 166, 41400 191 4.42
122 3.55 57 00 402 192 4.42
123 3.56 "158 4.02 193 4.42
124 3.57 159 404 194 4.44
125 3.57 160 4.04 195 4.48
126 3587161 4.04 =196 4.48
127 358 162 4.05 197 4.50
128 3.62 163 4.05 198 451
129 3,65 164 406 199 451
130 367 165 4.7 200 4.58
131 368 166 4.09 201 4.58
132 370 167 410 202 4.59
133 3.71 168 4.11 203 4.60
134 3.72 169 4.11 204 4.61
135 3.76 170 4.18 205 4.64
136 3.78 171 4.19 206 4.69
137 3.80 172 4.20 207 4.69
138 3.82 173 4.20 208 4.70
139 3.83 174 4.22 209 4.70
140 3.85 175 4.22 210 4.70




Table B13 Silver particle sizes of Ag/TiO,-2h catalyst (Cont.)

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
211 4.71 234 5.23 257 5.81
212 4.72 235 5.25 258 5.82
213 4.79 236 5.26 259 5.87
214 4.80 237 5.26 260 5.90
215 4.81 238 5.26 261 5.95
216 4.84 239 5.29 262 6.18
217 4.85 6.20
218 4.89 6.30
219 4.90 6.30
220 4.94 6.38
221 4.97 6.39
222 4.98 6.45
223 5.01 6.51
224 5.02 6.52
225 5.02 6.63
226 5.03 6.63
227 5.05 6.64
228 5.06 6.70
229 5.08 6.75
230 5.12 6.87
231 5.14 6.89
232 5.16
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Particle sizes (nm)

No.
1 1.19
2 1.28
3 1.33
4 1.49
5 1.50
6
7
8
9
10
11
12
13
” ammﬂ
15 1.78
16 1.81
17 1.87
18 1.88
19 1.88
20 1.88
21 1.88
22 1.92

‘ﬁu m‘hmﬁa

38
39
40
41
42
43
44

2.16
2.16
2.16
2.16
2.18
2.18
2.18
2.18

59
60
61
62
63
64
65
66

ad

2.19
2.19
2.19
2.23
2.24
2.24
2.24
2.26
2.33
2.35
2.35
2.35
2.35
2.36
2.36
2.38
2.40
241
2.44
2.46
2.47
2.48




Table B14 Silver particle sizes of Ag/TiO,-4h catalyst (Cont.)

94

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
67 2.51 92 2.87 117 3.57
68 2.52 93 2.90 118 3.66
69 2.53 94 291 119 3.73
70 2.55 95 2.95 120 3.74
71 2.62 96 2.98 121 3.85
72 2.62 97 3.02 122 391
73 2.62 98 123 3.94
74 2.63 124 3.94
75 2.63 125 3.95
76 2.63 126 3.95
77 2.63 127 4.00
78 2.64 128 4.01
79 2.69 129 4.05
80 2.72 130 4.13
81 2.72 131 4.30
82 2.72 132 4.41
83 2.73 133 4.42
84 2.73 134 4.65
85 273 135 5.05
86 2.74 5.14
87 2.74 1 < 5.64
88 2.78 E“\ _ 138 5.72
89 2.79 114 3.42
90 =3 52
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Particle sizes (nm)

No. | Particle sizes (n

1 1.06 37
2 1.23 38
3 1.44

4 1607

5 1.69 fﬂ -

6 1.69 2.00

: ﬂil 19NN ii
: 87 w mn
9 2.10 .

: QWTQ\&H umwm
12 1.82 2.16

13 1.86 2.18 49
14 1.88 2.18 50
15 1.88 2.20 51
16 1.88 2.20 52
17 1.89 2.31 53
18 1.89 2.33 54

ae

2.35
2.37
2.43
2.44
2.44
2.45
2.48
2.48
2.54
2.55
2.56
2.60
2.62
2.62
2.63
2.63
2.63
2.66




Table B15 Silver particle sizes of Ag/TiO,-ST catalyst (Cont.)
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No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
55 2.66 88 3.05 121 3.64
56 2.70 89 3.06 122 3.67
57 2.70 90 3.08 123 3.74
58 2.72 91 3.10 124 3.74
59 2.74 92 3.10 125 3.76
60 2.74 93 3.11 126 3.76
61 2.76 94 3411 127 3.82
62 2.79 95 315 128 3.83
63 2.80 mgonry 5 S 129 3.85
64 2.83 97 3.22 130 3.87
65 2.83 98 3.23 131 3.87
66 2.85 PR Y 132 3.87
67 2.86 200/ [ <5 43,24 1133 3.01
68 2.89 f101 = 325 134 3.93
69 2.91 A2 © v 309 135 4,00
70 2.91 103 - aBas 136 4.10
71 2.93 104 ;- 1838 137 4.11
72 2.93 7105 3.39 138 4.31
73 2.93 106 340 139 4.31
74 2.93 107 3.40 140 4.33
75 29317 108 3.44 4 4.46
76 294 = 109 3.46 142 4.56
77 2.94 110 3.46 143 4.60
78 2,94 111 347 144 4.66
79 2.94 1112 3.48 145 4.70
80 2'94 113 3.48 146 4.70
81 2:95 114 353 147 4.70
82 2.95 115 3.59 148 5.02
83 2.95 116 3.59 149 5.34
84 2.98 117 3.59 150 5.54
85 3.03 118 3.59 151 5.54
86 3.05 119 3.60 152 5.65
87 3.05 120 3.60 153 5.84

Average particle sizes = 3.0 nm

Standard deviation

=0.9 nm
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Particle sizes (nm)

59
60
61
62
63
64
65
66

ae

2.24
2.26
2.26
2.28
2.34
2.38
2.38
2.39
2.43
2.45
2.45
2.46
2.46
2.46
2.46
2.48
2.48
2.49
2.51
2.52
2.52
2.53




Table B16 Silver particle sizes of Ag/TiO,-P25 catalyst (Cont.)

98

No. : Particle sizes (nm) - No. Particle sizes (nm) : No. : Particle sizes (nm)
67 2.54 100 3.03 133 3.35
68 2.55 101 3.04 134 3.35
69 2.56 102 3.04 135 3.36
70 2.59 103 3.06 136 3.42
71 2.60 104 3.08 137 3.42
72 2.60 105 3.09 138 3.45
73 2.60 106 310 139 3.46
74 2.65 107 310 140 3.48
75 2.67 108, 340 141 3.51
76 2.67 109" 3.11 142 3.64
77 2.67 prir 3.13 143 3.65
78 2.67 A/ ) ks 144 3.65
79 2.69 A A A3 145 3.65
80 2.69 (3l - 314 146 3.66
81 2.69 A7 o3 147 3.70
82 2.69 ' l5, a s ds 148 3.74
83 2.71 116 /- 816 149 3.76
84 272 F i 3.17 149 3.76
85 2.72 118 318 150 4.02
86 2.75 119 3.20 151 4.04
87 278177120 3.20 152 4.06
88 278 T 121 3.22 153 4.09
89 2.80 122 3.28 154 4.10
90 2.82 123 328 155 4.12
91 283 1124 3.28 156 4.30
92 283 125 3.29 157 4.36
93 2:84 126 329 158 4.37
94 2.85 127 3.32 159 4.39
95 2.86 128 3.32 160 4.65
96 2.86 129 3.33 161 4.76
97 2.86 130 3.33 162 4.96
98 2.90 131 3.34 163 5.21
99 2.93 132 3.35

Average particle sizes = 2.8 nm

Standard deviation

=0.8 nm
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where S
cared in Em TEM images
‘a
sansrs anfihide) ) 9 2191 T W19
The stantlard deviation of papicle size Wagalculated from Jle equation:
(B2)

Where d; = the diameter of each particles (nm)

d =the average particle sizes (hm)

n = the number of appeared in the TEM images



APPENDIX C

THE OPERATING CONDITIONS OF
GAS CHROMATOGRAPHY

The composition of effluent gas is analyzed by a Shimadzu gas chromatograph
with a TCD. Helium was used as the carrier gas and using molecular sieves 5A
column (3 m x 3 mm@). Molecular sieves 5A were used to analyze N,, CO, O,, H;

and other hydrocarbons.

Table C1 The operating condition for gas chromatograph.

Gas Chromagraph v SHIMADZU GC-8A
Detector | “Thermal Conductivity Detector
Column T * Molecular Sieves 5A
Carrier gas = . He (99.999%)

Carrier gas flow: (m¥/min) — 7 30 cc/min

Columa_temperature

- initial (°C) 80
- final«(°C) 80
Injector temperature.(°C) 100
Detector. temperature, (°C) 100

Current (mA) 80
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The calibration curve for calculation of composition of carbon monoxide in
reactor effluent was obtained and was shown in Figure C.1. Mole of carbon monoxide
as y-axis and area determined from gas chromatography as x-axis were plotted.

0.0000035

y = 3.14E-11x o

0.0000030 )
R =9.97E-01

0.0000025
0.0000020
0.0000015
0.0000010

0.0000005

Mole of Carbon monoxide (mole)

0.0000000 F/T My
0 . 0000 - 6 80000 100000 120000

Figure C. > cal ratic CUrVe 'r\ pbon monoxide
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APPENDIX D
CALCULATION OF RESULT OF ICP-OES

Calculation of ICP-OES results

The results from ICP-OES characterization were calculated the gold and silver
contents in catalysts. The example of calculation is as following:

For Au/TiO,-pH®6, the initial weight.of catalyst was 0.0126 g and the gold
concentration obtained fromICP-OES was 3:628-ppm. Therefore the gold content in

the catalysts were;

The amounts of gold in.ihe catalyst were';

In 100 g of the AW/TiO,-pHG, had;aﬂ"'gold content was 2 g
In 0.0126 g of the AulTiO,-pHBE, h‘adaa gold content was 001102;3)(2

| =0.000252 g

2y =0.252 mg
For digest a samples were diluted to 50 ch3 of volume
Therefore;
g 0.252x1000

The sample had a concentration were =—O——: 5.04 ppm

The gold contents insthe catalysts were calculated by

From the results of ICP-OES, shown! the gold concentration was 3.628 ppm
Therefore;

The goldconcentrations was 5.04 ppm, had a'goldcontentwas . 2 wit%

3.628x2
wit%

The gold concentration was 3.628 ppm, had a gold content was

=144  wt%
Thus, Au/TiO,-pH6 has a gold content was 1.44 wt%
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