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In the present work, support Pd catalysts are commonly used in industry to
remove trace amount of acetylene from ethylene feed in the production of
polyethylene. Anatase nanocrystalline TiO, samples were synthesized by a sol-gel
method and subjected to thermal treatment under N,, H,, O,, and air atmospheres at
350°C employed as supports for preparation of 1%Pd/TiO, catalysts. The catalysts
were characterized by X-ray diffraction (XRD), BET surface areas, electron spin
resonance (ESR), and X-ray photoelectron spectroscopy (XPS). The surface T
defects significantly increased when treated under H, and N,, comparing to air and
O, with no changes in the crystallite size, specific surface area, and pore structure.
Two different preparation methods including electroless deposition (ED) and incipient
wetness impregnation () were used to prepare 1%Pd/TiO, catalysts. The 1%Pd
catalyst supported on the TiO, calcined under H, prepared by ED exhibited the best
catalytic performances in the selective hydrogenation of acetylene corresponding to
their high Pd dispersion on the TiO, support. In addition, Ag-Pd/TiO, having
incremental surface coverages of Ag prepared by ED. An increased selectivity of
ethylene and higher turnover frequencies for acetylene conversion were observed at
high Ag coverages. The adsorption of acetylene on Pd sites as strongly adsorbed
ethylidyne on large Pd ensembles led to ethane formation whereas adsorbed TT-
bonded species on small Pd ensembles favored the formation of ethylene. Kinetics
study of Ag-Pd/TiO, catalysts reveals that the apparent activation energy for the
selective hydrogenation of acetylene Ag decreased from 12.08 + 0.1 kcal/mol tc

7.74+0.2 kcal/mol with increasing Ag coverage.
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CHAPTER |
INTRODUCTION

1.1 Introduction

Ethylene is a crucial reactant for many industrial reactions. The selective
hydrogenation of acetylene in ethylene is an important process in ethylene
polymerization [1]. Typically, ethylene is produced by thermal cracking of higher
hydrocarbons. The process also generates acetylene that can poison to catalysts
used for polymerization. The concentration of acetylene has to be lower than 5 ppm
to prevent catalyst poisoning [2]. Pd catalysts are commonly used in industry to
reduce acetylene concentration in ethylene feed stream [3]. Palladium has the
ability to selectively hydrogenate alkynes to alkenes in the presence of a large
excess of alkene [4]. However, the hydrogenation of ethylene to ethane on
monometallic Pd catalysts is expedited with high concentration of acetylene, leading
to hydrocarbon deposits that decrease the catalyst lifetime [5] . The objective of the
current work is to develop new catalysts by combining Pd-based catalysts and TiO,
support to achieve high selectivity in the selective hydrogenation of acetylene in a
stream containing ethylene. The high selectivity of ethylene in the hydrogenation of
acetylene over Pd catalysts is generally proposed to originate from two main
factors[6].0ne is a thermodynamic factor. The heat of adsorption of acetylene is
much greater than ethylene, so acetylene preferentially covers on the Pd surface.
The other is a mechanistic factor, which means that ethylene desorbs from the
palladium surface and is replaced by acetylene before it has a chance to further
react to form ethane [7]. Palladium has been used in the selective hydrogenation of
acetylene in industry than other metals because it exhibits both high selectivity and
high activity. However, Pd is not the only metal that has high ethylene selectivity for
acetylene hydrogenation. Other metals, such as nickel, copper, platinum, and iridium
[8], also have good ethylene selectivity for acetylene hydrogenation [8-10]. The
catalyst performances for high ethylene selectivity could be further improved by

adding promoters or using different supports. In previous studies, highly efficient Pd



catalysts for selective hydrogenation have been developed using glow discharge
plasma Pd/A-AlO5;,Pd/MgO [11]. Moon has reported Pd on nano-size TiO, and
Pd/SiO, with different metal oxide promoters (TiO,, CeO,) and found that TiO, gave
better effects than CeO,. The TiO, interacted strongly with Pd after a reduction at
500°C [12]. The strong metal-support interaction (SMSI) effect to the adsorption
strength of ethylene is weakened. The properties of TiO, depend on several factors
such as the crystallite size, the crystalline phase, and particle morphology. Sol-gel
method is an easy route to obtain high purity nano-sized TiO, at mild reaction
conditions. In the present work, sol-gel TiO2 was selected as the support for

preparation of Pd/TiO, catalysts in the selective acetylene hydrogenation.

Supported Pd catalysts are typically prepared using impregnation method
which is a common and simple method for preparation of catalysts [13]. Other
preparation methods include colloidal synthesis method, sol-gel, chemical vapor
deposition (CVD), and electroless plating [14]. Electroless deposition is one of the
preparative methodologies, chemical process reduces metal ions in an aqueous
solution and deposits metal on a substrate. Electroless deposition provides to
catalytically deposite in controlled manner without the use of electrical energy. The
process is similar to electroplating except that no outside current is needed. The
electroless deposition process and controlled pretreatment sequence are produce
good adhesion of the metal to the substrate. Advantages of the electroless
deposition process is very cheap, easy control, and applicable on complex shapes.
Electroless deposition has been employed for preparation of supported metal
catalysts such as Pd/TiO, nanofibrous membranes [15, 16], Pd/AlLOs [17], and Pd-
IB/SIO, [18]. Electroless deposition was employed for preparation of Pd/TiO, catalysts
in this study and their properties were compared to those prepared by the

conventional impregnation method.

In addition to Pd/TiO, bimetallic Pd-based catalysts were also prepared using
electroless deposition method. The most widely used in industrial procedures for
preparation of bimetallic catalysts are impregnation of different metal and

coimpregnation. The complex mixture of monometallic and bimetallic particles



results in poor control of the catalyst performance and difficult to correlate the
relationship between catalyst performance, catalyst composition and characterization

[19].

Recently, it has been reported that electroless deposition method can result
in the selective deposition of the secondary metal onto a mono-metallic site that
has been activated by a reducing agent with no formation of isolated crystallites of
the secondary metal on the catalyst support [20]. Bimetallic electroless deposition
has been employed for preparation of supported metal catalysts such as Pt-Pd/C

[21], Pd-Ag/SiO,, Pd-Au/SIO,, Pd-Cu/SiO, [22-24].

Calcination is another important method to modify the catalytic properties.
The metallic vacancy and oxygen vacancy are the common point defects and are
affected by the preparation process. Wu et al. reported that oxygen vacancy can be
created in the TiO, lattice structure when calcination was done under inert
atmosphere, such as Ar, H,-N,, H,, and N, [25]. In a previous work that investigated
the effect of calcination atmosphere on Cu/Al,O; catalyst for carbon monoxide
oxidation, they found that high temperature calcination in oxidizing atmosphere led
to a redispersed copper surface and loss of activity, while in reducing atmosphere
produced sintering of copper surface and increase of activity. Influence of gas
atmosphere used in the calcination of MgO (flowing oxygen, air, helium, nitrogen) has
been investigated. It was found that calcined in oxygen or air gave MgO of lower
basicity than those obtained by calcination in the stream of helium or nitrogen [26].
It is widely accepted that the increase in surface basicity was caused by promoters
that enhances the activity and the selectivity of MgO-based catalysts [27]. K. Suriye et
al. reported that titania calcined under nitrogen and oxygen atmosphere at various
composition altered the surface defect (Ti3+) concentration. The amount of surface
defects increase with the increasing amount of oxygen in the calcination [28]. Thus, it
is interesting to investigate the effect of calcination atmosphere on the properties of

TiO, supported Pd catalysts in the selective acetylene hydrogenation.



1.2 Objectives
The objectives of this research are

1. To investigate the effect of gas atmospheres used in the calcination of a
sol-gel TiO, on the properties of Pd/TiO, prepared by electroless deposition and

impregnation in the selective acetylene hydrogenation.

2. To investigate the effect of calcination temperature of TiO, under Hydrogen
atmosphere via a sol-gel-derived TiO, supported Pd catalysts that were prepared by

impregnation method in the selective acetylene hydrogenation.

3. To investigate the characteristics and catalytic properties of TiO, supported
bimetallic Pd-Ag catalysts prepared by electroless deposition method in the selective

acetylene hydrogenation.

1.3 Research Scope

1. Preparation of titanium dioxide using sol-gel method and calcined under

oxygen, air, nitrogen, hydrogen atmosphere.

2. Preparation of titanium dioxide support Pd (1wt% Pd) using the incipient

wetness impregnation method and electroless deposition method.

3. Preparation of titanium dioxide supported Pd and Ag using the electroless

deposition method.

4. Characterization of the catalyst samples using X-ray diffraction (XRD), BET
surface areas, electron spin resonance (ESR), X-ray photoelectron spectroscopy (XPS),
and pulse CO chemisorption methods and H, temperature programmed reduction

(H,TPR).

5. Reaction study of the catalyst samples in selective acetylene

hydrogenation at 40-100°C using a fixed-bed quartz reactor.



CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

2.1 Synthesis and applications of sol-gel TiO,

2.1.1 Basic properties of TiO,

Titanium dioxide is a naturally occurring oxide of the titanium. The chemical
formula TiO, is referred to titanium (IV) oxide or titania. Titanium dioxide occurs
naturally as three mineral compounds known as anatase, rutile and brookite.
Brookite is a polymorph with two other minerals and all have the same chemistry.
The structures of anatase, rutile and brookite have different structures [29]. Titanium

dioxide is extracted from titanium tetrachloride by reduction with carbon.

Anatase trends to more stable at low temperature, while rutile tends to be
more stable at high temperatures and bookite is usually found only in minerals has a
structure belonging to the orthorhombic crystal system (Henrich 1985). Crystal
structures of TiO, are shown in Figure 2.1 and bulk properties of TiO, are shown in
Table 2.1
(@)

Figure 2.1 Crystal structures of anatase (a), rutile (b), and brookite (c). [30]



Table 2.1 Bulk properties of TiO, [31]

Properties Anatase

Brookite

Rutile

Crystal structure Tetragonal

Optical Uniaxial, negative
Density, ke/m’ 3830
Harness,Mohs scale 51/2—6
Unit cell Dia ATIO,
Dimension, nm

a 0.3758

b .

C 0.9514
Refractive index 252
Permittivity 31

Melting point Changes to rutile
at high

temperature

Orthorhombic
Biaxial, positive
4170
5/,6

D,h" 8TIO,

0.9166
0.5436

0.5135

Tetragonal
Uniaxial, negative
4240
777,

Deh'~3TIO,

0.4584

2.953
252
114

1858 °C

Titanium dioxide is used in heterogeneous catalysis as a gas sensor,

photocatalyst and white pigment use for optical coating in ceramics and in electric

devices. Improvement of catalytic properties is one main driving force for surface

modification on TiO,. Because most heterogeneous catalysts consist of small metal

clusters on the oxide support, so metals on TiO, were investigated in many studies

[31].



2.1.2 Sol-gel TiO,

Sol-gel synthesis is often used to prepare materials with a variety of shapes,
such as porous structures, thin fibers, dense powders and thin films. The method is
based on the phase transformation of a sol obtained from metallic alkoxides or
organometallic precursors. This sol is containing particles in suspension, is
polymerized to form a wet gel. The sol is going to be densified through a thermal
annealing and finally dry gel. This method used for production of inorganic oxide
materials at low temperature. The sol-gel process may be used to vyield for
amorphous form or multi-component oxides as crystalline. This process occurs in
liquid solution of organimetallic precursors by hydrolysis and condensation reaction

of metalorganic precursors, lead to the formation of sol. [32]
M-O-R + H,0 — M-OH + R-OH (Hydrolysis) (2.1)
M-O-H + HO-M — M-O-M + H,O (Water condensation)  (2.2)
M-O-R + HO-M — M-O-M + R-OH  (Alcohol condensation) (2.3)

A typical example of a sol-gel method is the addition of metal alkoxide to

water and then the alkoxides are hydrolyzed giving the oxide as a colloidal product.

The sol is made of solid nanoparticles, suspended in a liquid phase. The
particles condense into gel and was dried at low temperature produces porous solid
matrices or xerogels. Finally, the gel is heated to decompose alkoxides or carbonates

to give oxides and allows the cryatallization to occur.

In addition, the advantages are that the metal oxides are prepared easily at
room temperature and the possibility to obtain high purity materials with the

composition is perfectly controlled.

Various techniques have been reported for the preparation of nano-TiO,
including solvothermal method [33-36], precipitation method [37], sol-gel method
[32], chemical vapor deposition [38] and thermal decomposition of alkoxide [39]. The
sol-gel method is an easy method but the precipitated powders obtained are

amorphous in nature and further heat treatment is required for crystallization.



Solvothermal method is a direct (one-step) synthesis of pure anatase nano-TiO,. This
method can be control the particle morphology, crystalline phase of support, and
surface chemistry by regulating precursor composition, reaction temperature,

pressure, solvent property, and aging time.

Table 2.2 The advantages and disadvantages of sol-gel and solvothermal synthesis

of TiO,

Properties Sol-gel Solvothermal
Reaction at mild condition v X
Purity, homogeneity v X
Require thermal treatment v X
Repeatable X v

The properties of sol-gel TiO, depend on several factors. Factors affecting the
sol-gel process include the reactivity of metal alkoxides, pH of the reaction medium,
water:alkoxide ratio, reaction temperature, and nature of solvent and additive. By
varying these processing parameters, materials with different microstructure and
surface chemistry can be obtained. Typically, sol-gel-derived precipitates are
amorphous in nature, requiring further heat treatment to induce crystallization. The
calcination process frequently gives rise to particle agglomeration and grain growth
and may induce phase transformation. Hydrothermal treatment represents an
alternative to calcination for promoting crystallization under milder temperatures.
Hydrothermal processing is adopted to produce nanocrystalline oxides with ultrafine
particle size. In the hydrothermal treatment, grain size, particle morphology,
crystalline phase, and surface chemistry can be controlled via processing variables
such as sol composition and pH, reaction temperature and pressure, aging time, and
nature of solvent and additive. The recent studies on the synthesis of TiO, by sol-gel

method are summarized in Table 2.3.



Table 2.3 Summary of the recent research on the synthesis of sol-gel TiO,

Parameter Crystallite size and
Reference Conclusions
studied phase
Zaharescu -molar ratio -Increasing the water -surface area is high,
et al. (1997) | ROH:TI(OR),, amount leads to generally over 130
. 2
H,O:TI(OR),, decreasing of the m /g

and HNO5:Ti(OR),

specific surface area and
of the pore volume;
increasing the solvent
quantity, both

properties increase, too.

-the pore volume is
high, generally over

0.19 cm’/g

Y. Ying et al.
(1999)

-water:alkoxide

ratio

-calcination

temperature

-The crystallite size
increase with increasing

calcination temperature.

-Water:alkoxide ratio
increase crystallite size

decrease

-crystallite sizes of 6-
7 nm and 9-10 nm
water:alkoxide ratio
of 50 at 80 and 180

°C, respectively.

surface area: not

determined

Jiaguo Yu et

al. (2000)

-various amounts
of  polyethylene
glycol (PEG)

- Porous thin films is
found to increase with
increasing  amount  of

PEG

- the single anatase
phase is precipitated
at 500°C

surface area: not

determined
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Reference

Parameter

studied

Conclusions

Crystallite size and

phase

Harizanov et

-Titanium dioxide

-The presence of

-Calcination temperature

al. (2000) and mixed oxide | MnO in titania range 250-550°C was TiO,
system TiO,~MnO | xerogel is effective anatase.
in decreasing the crystallite size :23 nm
anatase-rutile above 800°C shows TiO, -
transformation - rutile crystallite size :
temperature. 14.8 nm
- rutile MnTiO3 8 nm and
MnTi,Oq 6.4 NmM.
surface area: not
determined
Hahn et al. | -Various -The phase - Calcination temperature
(2001) calcination transformation has at 400-900°C were
temperatures been dependent anatase.
upon the -rutile phase occurred at
concentration of 1000°C crystallite
catalyst HCL. size 9.6 to 38.2 nm with
-crystallite size was increasing temperature
increased with from 400 to 1000°C
increasing surface area: not
calcination determined
temperature.
Chen etal. |- Varied pH - The crystallite size | -calcined 400°C (anatase)
(2002) - Various increase with crystallite size:10 nm

calcinations

temperature

increasing
calcination

temperature.

surface area : 1O6.9m2/g
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Parameter Crystallite size and
Reference Conclusions
studied phase
Chenetal. |- Varied pH -The crystallite size | -calcined 400°C (anatase)
(2002) - Various increase with crystallite size:10 nm

calcinations

temperature

increasing
calcination
temperature

-pH=2 has a regular

surface area : 1O6.9m2/g

~ calcined 600°C(rutile)

paticle size
distribution.
C. P. Sibu et | -Titanium oxide - Surface area - The presence of 1 wt %
al. (2002) with and without | decreased with the | of  lanthanum  oxide
addition of temperature was causes an increase in
lanthanum oxide | increased. specific surface area of
titania to as high as 160
mz/g, which decreases to
52 mz/g, upon calcining
at 700°C
- titania possessed only 1
mz/g after calcining at
700°C.
C. Su et al. |-Titanium (IV) n- -The crystal size - calcined 400°C (anatase)
(2004) butoxide in iso- increased with the | to 700°C (rutile)

propyl alcohol
various
calcinations

temperature

temperature was
increased.

- Surface area
decreased with the
temperature was

increased.

Surface area : 122 to 11.5
m’/ g
Crystallite size: 4 to 35

nm
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Parameter Crystallite size and
Reference Conclusions
studied phase

Mahshid et | Titanium- -The crystal size -TiO, calcined 100°C

al. (2006) isopropoxide increased with the | (anatase) to 800°C (rutile)
- varied pH temperature was crystallite size:7.6-53.4 nm
- various increased surface area: not
calcinations -The powder determined

temperature

obtained from a
solution of pH = 2
consists of very fine

anatase crystallites

Wetchakun
et al. (2007)

- Effect of the
calcination
temperature on
phase
transformation of
titanium dioxide

nanoparticle

-The transformation
of anatase to rutile
increased with a
boost of calcination
temperature to
about 700-800°C
-crystal size
increased with the
temperature was

increased

-Anatase calcined at 400°C
for 3 h possessed high
specific surface area of
121 m’/g

-Cystallite sizes of anatase
phase increased from 15
nm at 400°C to 60 nm at
700°C

2.2 The Pd catalysts supported on sol-gel TiO,

Sol-gel TiO, have been employed as Pd catalyst supports and studied in

various reactions including selective hydrogenation. Table 2.4 summarizes recent

research on the Pd catalysts supported on sol-gel derived TiO,
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Table 2.4 Summary of the recent research on the Pd catalysts supported on sol-gel

TiO,

Reference | Reactions studied Characterization Conclusions

Xu etal. |-Pd/TiO, liquid phase | BET, TEM, XRD |-The high conversion of

(2005) hydrogenation of XPS and TPR maelic anhydride and
maleic anhydride high yield towards butyric
(MA) acid were attributed to
-Reaction conditions: the strong adsorption of
MA = 40 mmol, MA species via the C =0
catalyst = 0.5¢ bond in di-O mode on
H, = 3 MPa, the inter-facial Pd-TiO,
stirrer = 700 rpm, site which was induced
duration = 2 h. by the high temperature

reduction step.

Panpranot | - Pd/TiO; selective BET, TEM, XRD -Acetylene conversions

et al. hydrogenation of and ESR were found to be merely

(2006) acetylene dependent on Pd

-Reaction conditions:
temperature, 40 °C.
Feed gas composed
of 1.46% C,H,,
1.71%H,, 15.47% C,Hg
and balanced C,H,
and a GHSV of 5400

-1

h

dispersion, ethylene
selectivity appeared to be
strongly affected by the
presence of T in the

TiO, samples.
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Reference | Reactions studied Characterization Conclusions
Martinez -The oxidative XRF,BET, XRD -Catalysts prepared by
et al. destruction of TEM, and EDX impregnation exhibited
(2006) dichloromethane higher activity than those
(DCM) in the prepared by cogellation
presence of water and Pd was more
vapor. effective than Ni for
-Reaction conditions: burning-off coke
total flow of 20 deposited over support
mL/min of a gas surface.
stream containing
1945 ppm CH,Cl, and
space velocity was
0.005 ¢ min/mL
Xu et al. |-Liquid phase BET, TEM, XRD, [-The catalyst exhibited
(2006) hydrogenation of XPS and TPR excellent activity and high

maleic anhydride
-Reaction conditions:
MA=40 mmol,
catalyst=SG, 0.5 g,
H,=3 MPa, Stirrer=700

rpm, duration=2 h.

yield to butyric acid.
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Reference | Reactions studied Characterization Conclusions
Gu. et al. | -Bimetallic Au-Pd/ BET, TEM, XRD, | -Au-Pd/TiO,-AlL,O5
(2006) TiO,-AL,O5 catalysts and XPS catalysts  had  smaller

for thiopene

hydrodesulfurization

Au,Pd, crystal size, larger

active  specific  surface

area, better active
component

AuxPdy

dispersion,
more alloy
content and more acid
sites. Apparent activation
energy of HDS catalyzed
by Au-Pd/TiO,-AlLO; was

low.

Impala et

al. (2008)

-Enantioselective
hydrogenation of the
C=C double bond in
(E)-2-methyl-2-
butenoic acid
-Reaction conditions:
T=298K H,=4
MPa; solvent (n-
hexane) = 75 mL;
tiglic acid/solvent =
1:30 v/v, tiglic
acid/CD = 50:1
mol/mol; Pd/CD = 1:3
mol/mol, reaction

time = 120 min

BET, XRD, XPS
NH,-TPD, and

H,-chemisorption

-The influence of
preparation conditions on
and

support  texture

metal  dispersion  was
evidenced and tentatively
correlated  with  activity

and enantioselectivity.
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Reference | Reactions studied Characterization Conclusions
Guofu et -The diesel UV-vis, BET, XRD, | -The  enhanced HDA
al. (2010) | hydrodearoma- and DRS spectra | activity and sulfur

tization (HDA) and
hydrodesulfurization
(HDS)

-Reaction conditions:
603 K, 5 MPa, and 1.0
h 1 (LHSV).

tolerance of Pt-Pd/ATS
were likely attributed to
the incorporations of Ti
and Si into AlLOs;, which

optimized the interaction

between the catalyst
support and active
metals.

Ino et al

(2011)

-Hydrogenation of
naphthalene in the

presence of CO

UV-vis

-Using pure hydrogen as
the reactant, Pd/TiO,-
ALO5 catalysts containing
50-80 wt% of TiO, had
high activity. Using
hydrogen containing 2%
CO, PA/TiOy- ALLO4
catalyst containing 80
wt% of TiO, had the

highest activity.

The Pd catalysts supported on sol-gel TiO,

have been studied in various

reactions such as hydrogenation of maleic anhydride, acetylene, maleic anhydride,

naphthalene , (E)-2-methyl-2-butenoic acid , diesel hydrodearomatization (HDA) and

hydrodesulfurization (HDS), and oxidative destruction of dichloromethane (DCM). The

influences of preparation conditions on the support texture and metal dispersion
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have been investigated and were found to affect the conversion and selectivity of

the reactions.

2.3 Selective acetylene hydrogenation over Pd based catalysts

2.3.1 General information of selective acetylene hydrogenation

Previous studies [40-42] showed that acetylene hydrogenation produces
ethylene, which is then hydrogenated to ethane. The initial steps of the acetylene
hydrogenation mechanism include dissociative adsorption of hydrogen on the
catalyst surface. The adsorption of acetylene and ethylene are also co-adsorbed on
the catalyst surface before reaction. The rate-determining step is addition of the first
hydrogen atom to acetylene or ethylene. [43]. Generally, it involves two main factors
that make the Pd a highly selective catalyst for the hydrogenation of acetylene [44].
One is a thermodynamic factor. The heat of adsorption of acetylene covers on the
surface of Pd much greater than that of ethylene. The other is a mechanistic factor,
which means that the ethylene desorbs from the Pd surface and is replaced by
acetylene before it has a chance to further form to ethane. Generally, there are two

primary reactions processding during acetylene hydrogenation:

CoHy + Hy — 3 CH, H= -42,000 ke-calkg-mol  (2.4)
CoHa + Hy —2 C,Hq H= -32,900 kg-cal/kg-mol (2.5

The reaction (2.4) is the desired reaction to produce the ethylene product
whereas the second reaction (2.5) is an undesired side reaction due to loss of
ethylene production. The reaction (2.6) occurring during normal operation, affects the
catalyst performance, i.e. Green oil is formed by side reactions of acetylene in the

feed stream with itself to form a longer chain molecule.

CoH, + (n) CH, kz_; CHy (polymer/green oil) (2.6)

The influence parameter of acetylene hydrogenation is reaction temperature,
which has a direct relationship with the kinetic of the reaction. The rate of

polymerization increases with increasing temperature led to the formation of green
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oil can affect catalyst activity by occupying active sites. The selective hydrogenation
of acetylene to ethylene is critical to maintain the differential the activation energies
of reaction between (eq.2.4) and (eq.2.5). Once energy is supplied to the reaction
over a given catalyst by increase the reaction temperature. At higher temperature
reduces selectivity of ethylene due to ethylene convert to ethane, thereby increasing
ethylene loss. The ratio between hydrogen and acetylene (H,:C,H,) affect to the
ethylene selectivity. Theoretically, the H,:C;H, ratio would be 1:1, which mean that

no hydrogen remain for further hydrogenated after acetylene hydrogenation.

To design a novel catalyst with improved performance in acetylene
hydrogenation, it is necessary to consider the reaction mechanism for acetylene
hydrogenation, which consists of several reaction paths, as shown in Figure 2.2 [42].
Path | is the partial hydrogenation of acetylene to ethylene (Path II) or further
hydrogenated ethylene to ethane (Path lll). So, the high ethylene selectivity should
be promoted Path Il and suppressed Path lll. Suppression of ethane formation in
stream by add CO to the reaction stream, which adsorbs more strongly on catalyst
surface than ethylene (Path II) [45]. The other is to maintain a low concentration of
H,/acetylene ratio in the feed stream such that the catalyst surface is due to a
decrease in the surface coverage of hydrogen and thus the full hydrogenation of
ethylene (Path Ill) is retarded [46]. Path IV is the direct full hydrogenation of
acetylene to ethane due to the high acetylene coverage on the catalyst surface and
low partial pressures of hydrogen [47]. Path V is lowers the ethylene selectivity due
to the dimerization of the C, species, which allow the formation of green oil [48].
The reaction pathway of acetylene hydrogenation indicates that the improvement of
ethylene selectivity Path | and Path Il should be promoted while the other paths
should be suppressed.
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Figure 2.2 Reaction paths of acetylene hydrogenation [42]

For acethylene adsorbed species have been reported, these are shown in
Figure 2.3. The various modes of acetylene can adsorbon the metal sites of a
catalyst. Acetylenee can mainly adsorb on a catalyst surface as a di-O-bonded
species, as a di-TT-bound associated species or as ethylidyne. The formation of
ethylidyne involves the hydrogen on the catalyst surface further reacts with
acetylene adsorbs to form more ethylidyne. Ethylidyne can form to ethane via a
series of adsorbed components by the following sequential hydrogenation process:

ethylidyne » ethylidene » ethyl » ethane.

H CH; H CH, CH; CH,
N/ \ | I
HC=CH CH=CH C C C

R A N SR/ \ |

TT-complex  di-O-bonded  ethylidene vinyl ethylidyne  vinylidene

Figure 2.3 Adsorption forms of acetylene on Pd.
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2.3.2 Effect of support modification on the properties of Pd catalysts in

the selective hydrogenation of acetylene.

The effect of Pd dispersion obtained on different supports on their catalytic
properties in the selective hydrogenation of acetylene has been reported. In these
previous studies, they suggest that high metal dispersion yields a structure sensitivity
reaction and Pd particle size effect on the acetylene hydrogenation. Additions of
promoter decreased the formation of ethane, C,; alkenes and green oil and improve
of ethylene selectivity in acetylene hydrogenation. In addition, the promoted

catalysts also showed lower rates of catalyst deactivation.

Table 2.5 Summary of the recent research on the Pd catalysts in selective

hydrogenation of acetylene.

Reference Parameter studied and Conclusions
Characterization

Shin et al. | Pd catalysts modified with Si When used in acetylene

(1998) deposited on them by silane hydrogenation, the Si-modified
decomposition catalysts show higher selectivity
Catalysts : Pd/Al,0s, Si-Pd/AlL,O; | for ethylene and produce less
Characterization : acetylene-TPD, | amount of green oil than the
IR, XPS, and CO chemisorption unmodified Pd catalysts.

Moon et | Performance of TiO,-modified Pd | Pd-Ti/SiO,/reduce 500 OC,

al. (2002) | catalysts showed a higher selectivity for
Catalysts : Pd-Ti/SiO,, Pd/SiO, ethylene production than either
,Pd/TiO, the Pd/TiO, or Pd/SIO, catalyst.
Characterization : ethylene TPD,
XPS, and CO chemisorption
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Reference Parameter studied and Conclusions
Characterization

Moon et | Supported Pd catalyst modified | The adsorption  strength  of

al. (2002) | with Si ethylene on Pd becomes weak

Catalysts : Pd/SiO,, Pd-Si/SiO,
Characterization : XPS, CO
chemisorptions and ethylene

TPD

and the amount of adsorbed
hydrogen decreases when the Pd

catalyst is modified with Si.

Moon et

The deactivation behavior of Si-

The  improvement in  the

al. (2003) | modified Pd catalysts in deactivation behavior of the Si-
acetylene hydrogenation modified catalyst is believed to
Catalysts :Pd/SiO, , Pd-Ti/SiO, arise  from the  geometric
Characterization :TGA ,and IR modification of the Pd surface
with small clusters of the Si
species.
Moon et | Performance of TiO,-modified Pd | The added TiO, also retarded the
al. (2004) | catalysts sintering of Pd particles during

Catalysts : Pd/SIO,, Pd-Ti/SIO,
Characterization : CO-IR, XPS
XRD, FT-IR, and CO-

chemisorption

catalyst regeneration,
presumably due to the anchoring
effect of TiO,, and suppressed
green oil formation, even after

the regeneration step.
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Reference Parameter studied and Conclusions
Characterization
Moon et | Effect of potassium (K) addition | Potassium (K) was added to Pd-
al. (2004) | on the performance of a TiO,- | Ti/SiO, the resulting catalyst
modified Pd catalyst in the | showed an improved selectivity
hydrogenation of acetylene. for ethylene production over a
Catalysts : K-Pd-Ti/SiO, wide range of conversions, when
Characterization : XPS, XRD, the catalyst was reduced at 300
FT-IR, and CO-chemisorption oC.
Panpranot | The supports for Pd and Pd-Ag | Pd supported on titania
et al. catalysts for hydrogenation of synthesized in 1,4-butanediol
(2005) acetylene. (lower defective sites) exhibited
Catalysts :Pd/TiO,, Pd-Ag / TiO, higher activity and selectivity for
Characterization : XPS, XRD, selective acetylene
ESR, SEM, and CO-chemisorption | hydrogenation than the ones
supported on titania synthesized
in toluene (higher defective
sites).
Kang et al. | The performance of TiO,- The Pd/TiO, and Pd/SiO, catalyst
(2006) modified Pd catalysts showed a lower selectivity for

Catalysts :Pd/TiO,, Pd/SiO,, Pd-
Ti/SiO,
Characterization : EDS, ethylene-

TPD, and XPS

ethylene production than

Pd-Ti/Si0,/500°C.
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Reference Parameter studied and Conclusions
Characterization

Panpranot | Pd/TiO, catalysts have been Pd/TiO,-R44 suggests an

et al. prepared using TiO, supports optimum anatase/rutile

(2006) consisting of various composition of the TiO, used to
rutile/anatase crystalline phase obtain high selectivity of
compositions. ethylene in selective acetylene
Catalysts: Pd/TiO, hydrogenation.
Characterization : H,-TPR, XRD,
CO-chemisorption, XPS, and ESR

Moon et | Pd catalysts promoted by La,O; | The Nb,Os - added catalysts

al. (2006) | and Nb,Os for selective showed the highest activity and
hydrogenation of acetylene. longest catalyst lifetime due to
Catalysts: Pd-La / SiO, , the additional activity of Nb
Pd-Nb / SiO, oxides for hydrogenation.
Characterization : H,-TPR, Consequently, the former
ethylene-TPD, H, chemisorption | catalysts would be advantageous

for use at high temperatures and
the latter at low temperatures.

Komhom | The catalytic performances of Pd | 64% Q-AL,O; was the best

et al. catalysts supported on Y-AL,Os;, | (optimum) composition to

(2008) A-ALOs5, and mixed phases Al,O5 | prepare Pd/Al,O; catalysts with

in the hydrogenation of
acetylene.

Catalysts: Pd/ Y-AL,Os, Pd/A-
ALO,

Characterization : EDS, acetylene-

TPD, and XPS

high acetylene conversion and

high ethylene selectivity.
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Reference Parameter studied and Conclusions
Characterization

Wongwara | The catalytic performance of Pd | Ethylene selectivities were

non et al. | catalysts supported on improved in the order: Pd/Ni-

(2008) nanocrystalline Q-AlL,O5; and Ni- | modified Q-Al,Os-sol-gel >
modified A-AlL,O5 Pd/Ni-modified A-Al,Os-
Catalysts: Pd/Q-Al,0s, solvothermal = Pd/A-AlL,Os;-sol-
Pd/Ni-modified A-Al,O5 gel > Pd/A-Al,Os-solvothermal
Characterization : H,-TPR, XRD, =~ Pd/ A-AlLOs-commercial.
CO-chemisorption, XPS, ESR, SEM
and BET

Moon et | Cu-promoted Pd/Al,Oscatalysts The  Cu-promoted  catalysts

al. (2011) | were prepared by selectively prepared by SR showed higher
depositing Cu onto the Pd ethylene selectivity and activity
surface using a surface redox (SR) | than  Ag-promoted  catalysts,
method. particularly with small amounts
Catalysts: Pd-Cu/Al,O4 of added promoter.
Characterization : H,-TPR, XRD,
and XPS

Moon et | The effects of Ni addition on the | Ni-added Pd-Ag¢ catalysts showed

al. (2012) | performance of Pd-Ag/Al,05 higher conversions than Pd-Ag

catalysts in the selective
hydrogenation of acetylene.
Catalysts: Ni-Pd-Ag/AL,O;
Characterization : CO-IR,
ethylene-TPD, and H,-TPR

catalyst. Added Ni also modified
the geometric nature of the Pd
surfface by  blocking large
ensembles of Pd into isolated
ones, which eventually improved

ethylene selectivity.
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Reference Parameter studied and Conclusions
Characterization

Moon et| The performance of Ag-|The catalyst prepared by SR

al. (2013) | promoted Pd/AL,O; catalysts, | showed a  higher ethylene

which were prepared by the
selective deposition of Ag onto
Pd using a surface redox (SR)
method.

Catalysts: Pd-Ag/ALL,O;
Characterization : IR, XPS, and

acetylene-TPD

selectivity than the one prepared

by impregnation, because SR
allowed both the preferential
deposition of Ag on the low
coordination sites of Pd and a
greater electronic modification of

Pd by Asg.

2.4 Electroless deposition method

2.4.1 Theory

The electroless deposition method is a catalytic process to chemically reduce

a metallic salt into a catalytically active site in an aqueous solution. The overall

reaction (2.7) for electroless deposition is a combination of anodic (2.8) and cathodic

(2.9) electrochemical partial reactions [49-51]. However, the anodic and cathodic

reactions are determined by the nature of metal source, reducing agent, supported

metal substrates and any other additive. In these equations, the R is the reducing

agent, z is the valence and M is the electroless deposited metal.
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MY+ R oM+ R 2.7)
R" —R "+ ze- (2.8)
M4 ze- —M° (2.9)

The overall reaction for the electroless deposition (reaction 2.7) is
thermodynamically favorable, but is kinetically limited by the reaction at the anode
(reaction 2.8) and is controlled by activation of the reducing agent. Since the
deposited metal (M) is often catalytically active for the reducing agent reaction at the
anode, further reduction can occur, resulting possibly in multiple layers around the

core increasing the thickness of the shell if the reaction conditions allow.

Up to this time, the following metals are known to be electrolessly deposited
for various applications: Ni, Pd, Cu, Ag, Cd, In, Sn, Pb, Sb, Co, Ru, Rh, Pt, Au and Bi
[52]. A diagram of the process is presented in Figure 2.3 Second a metal core B") is
deposited on the catalytic metal site. The reducing agent (RA) is catalytically
activated at the surface of the metal core to produce electrons. The electrons flow

through the metal core and reduced the metal (A) at the surface of the metal core.

B+
\\\ RA : /,/‘.b "
4 "'5'"'1, H; }'4
EET R, P U A
Support J ‘ Support J -f Support J
- g |
- |
Autocatalytic | Catalytic
Support Suppon

Figure 2.4 Schematic diagram of bimetallic electroless deposition.

This process is known as autocatalysis depending on the nature of the
activated metal site and the reducing agent. Typical reducing agents for electroless

deposition include formaldehyde, borohydrides and hydrazine [53]. Selecting a
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reducing agent will depend on the metal source of the process. The standard redox
potential of the reducing agent must be more electronegative than that of metal
being reduced. The reduction takes place in a bath. The bath is generally composed
of a metal source, a reducing agent, a complexing agent, and a stabilizing agent to

enhance metal deposition on the surface of catalyst [49].

The stabilizing agents have similar functions as complexing agents are used to
increase the useful life time of the baths. The thermal instability occurs when metal
particles precipitate from the electroless deposition solution and can be cause by
dust particles or other contaminants [24]. For the catalytic electroless deposition, the
selection of stabilizing agent depends on choice of metal source. It decreases the
metal reduction rate, balance between these components to obtain a stable bath
and avoid formation of small insoluble precipitates. If these conditions are not
attained, the metal can reduce and precipitate rather than deposited into the

catalytic sites.

The disadvantage is that only some metals can be electrolessly deposited
and requires a bath with the right agent to achieve the deposition of metals into
support. Also, it requires several ashing procedures to remove the impurities. The
several advantages of electrolessly deposited method over traditional bimetallic
methods. One is further deposition into another metal and the particle control. The
dispersion of the catalyst is high with small particle sizes and is suitable for large-

scale.
2.4.1.1 Electroless Deposition Bath Parameters

These parameters describe the solution (often called the electroless
deposition bath) in which deposition takes place. The bath is usually aqueous and is
generally composed of a metal ion source, a reducing agent, a complexing agent, a
stabilizing agent, and possibly an accelerant [54]. In order for catalytic electroless
deposition to be achieved, a delicate balance must exist between these components

such that a stable bath is attained. Otherwise, rather than depositing the metal at
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active catalytic sites, the metal will simply be thermally reduced and will precipitate

from solution [55].
2.4.1.2 Metal lon Sources

Industrially-feasible metal ion sources are typically inexpensive, water-soluble
metal salts [51]. Furthermore, due to environmental concerns, certain hazardous
salts, such as those containing cyanide, are generally avoided [54]. In cases where the
purity of the coating is essential, hydroxide-based metal salts have been used, since
they do not contain heteroatom anions that might be incorporated into the
deposited metal coating [56]. Some commonly used metal ions include CoSOy,

AgNOs;, CuSOQy, NazAu (SO3),, PACl,, H,PtCly and Na,yPt (OH)s, among many others [57].
2.4.1.3 Reducing Agents

The reducing agent, as discussed previously, donates electrons to the metal
that is being reduced. Typical reducing agents for electroless deposition include
hypophosphite, alkali borohydrides, formaldehyde, dialkylamine borane, and
hydrazine [58]. There are several factors that influence which reducing agent is
chosen. In order for the process to be catalytic, the standard redox potential of the
reducing agent must be more electronegative than that of the metal that is being
reduced. For example, sodium hypophosphite is a practical reducing agent for nickel

since its redox potential is -0.5 V while that of nickel is only -0.25 V [59].

Finally, some reducing agents are “clean” and some are not. In other words,
when certain reducing agents such as formaldehyde and hydrazine are used, the
resulting metal deposit is pure. When hydrazine is used it results in 97-99% pure
deposits with the balance being oxygen and nitrogen. However, when DMAB is used,
up to 4% boron can be incorporated into the metal coating; likewise, when
hypophosphite is used for acidic nickel deposition, 6-12% phosphorous may be
incorporated. The incorporation of these materials may affect the resulting metal
coating properties. However, these levels of impurities are incorporated for
electroless deposition of thick films. For lower levels of electroless deposition, such

as those used in this research program, the levels of incorporated impurities should
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be negligible. The primary reducing agents used herein are dimethylamine borane,
hydrazine, and formaldehyde. These specific reducing agents are briefly discussed

below[51].

2.4.2 Synthesis of Pd-based catalysts by electroless deposition method

The properties of Pd-based catalysts by electroless deposition method
depend on several factors deposition rate, different for the hydrazine and
hypophosphite-based electroless baths, deposition time, optimization of the kinetic
parameters of electroless deposition, concentrations of the bis-cyano metal salt and

reducing agent, solution pH, and temperature.

Table 2.6 Summary of the recent research on the Pd-based catalysts prepared by

electroless deposition method.

Reference Metal and Studied Conclusions
Characterizations
Cheng et | Pd-Ag/porous The proper In addition, the formation
al. (1998) | Vycor glass tubes | conditions for of a single-phase alloy
Characterization : | simultaneous, co- results in substantial
XRD, SEM, and deposition of enhancement in the
XPS palladium and silver | hydrogen permeation
from a mixed plating | rate.
bath were identified.
Cheng et | Pd/porous Vycor | Two palladium The hypophosphite-
al. (2000) | glass tubes electroless plating based plating bath has a
Pd/porous solutions, hydrazine- | slower plating rate, but
stainless steel based and hypophos- | provides better plating
Characterization : | phite-based plating efficiency than a
XPS, and SEM baths hydrazine-based plating
bath.
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Reference Metal and Studied Conclusions
Characterizations
Chen et | Pd-Ag/ALL,O; Effects of plating Surface morphology of
al. (2004) | Characterization : | time, Ag composition | the deposited Pd-Ag
SEM, and XRD and total layer is strongly affected
concentration of by the Ag content of the
metal ions on surface | plating bath. The
morphologies, differences of deposition
composition and rates and growth modes
microstructure of are observed between
the resulting layers. Pd and Ag grains, the
PdAg layer exhibits the
dendritic structure.
Schaal et | Cu-Pd/SiO, Cu—-Pd/SiO, bimetallic | The bimetallic Cu-Pd
al. (2007) | Characterization : | catalysts for the sites that are formed
FT-IR, and CO- hydrogenation of 3,4- | exhibit unusually high

chemisorption

epoxy-1-butene

activity for EpB
conversion and
selectivity towards
unsaturated alcohols and

aldehydes.
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Reference Metal and Studied Conclusions
Characterizations
KiliGarslan | Pd/ALO; Effects of pore The number of pores
et al. Pd/Glass structure of the corresponding to the
(2008) Characterization : | support on the MEeSOopPOorous region
EDS, and SEM plating morphology, | increased after the
thickness, and second plating step. After
composition in an the fourth plating step,
electroless plating the number of pores in
procedure. this region decreased
while pores in the
Macroporous region
remained basically the
same in the structure.
Foletto et | Pd-Ag/Porous Pd-Ag alloy On temperatures above
al. (2008) | Vycor glass tube membranes for 623 K, silver content is

Characterization :

XPS, and SEM

hydrogen separation

an important parameter
that influences hydrogen
permeation through the
membranes. Other
important parameters are
pressure, temperature
and probably surface
morphology.
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Reference Metal and Studied Conclusions
Characterizations
Monnier Au-Pd Ag-Pd and | Effective Deposition of Cu and Ag
et al. Cu-Pd/SiO, methodology for are selective towards
(2010) Characterization : | preparing bimetallic | Pd(1 1 1) sites, while Au
XPS, FTIR, and | catalysts with deposits non-
UV-visible spectra | systematic variation discriminately on all Pd
in composition. sites. Finally, XPS
measurements for each
family of bimetallic
catalysts suggest a net
electron transfer from
the Pd to the deposited
metal.
Monnier Au-Pd/SiO, Effect of Ag- and Au— | The catalyst performance
et. Al Ag-Pd/SIiO, Pd/SiO, bimetallic results suggest that at
(2014) Characterization : | catalysts having high coverages of Ag or
AAS, and H, incremental surface Au on Pd, that result in

chemisorption

coverages of Ag and

Au on the Pd surface.

The catalysts were
prepared by
electroless
deposition for
acetylene

hydrogenation

small ensembles of Pd
sites, acetylene is
adsorbed as a TT-bonded
species that favors
hydrogenation to

ethylene.




CHAPTER IlI
MATERIALS AND METHODS

This chapter describes the experimental procedure used in this research
which can be divided into three sections. The preparations of catalysts are shown in
section 3.1. Properties of the catalysts characterized by various techniques are
discussed in section 3.2. Finally, the reaction study in acetylene selective

hydrogenation is given in section 3.3.
3.1 Preparation of catalysts

3.1.1 Preparation of titanium dioxide using the sol-gel method

The three components used in the preparation of the TiO, sol-gel were
titanium isopropoxide (Aldrich Chemical Ltd), 70% nitric acid (Asia Pacific Specialty
Chemical Limited) and distilled water. First, 70% nitric acid 7.33 ml was added to
1000 ml of distilled water. The mixture was continually stirred using a magnetic stirrer
addition .While the mixture was stirred, 83.5 ml of titanium isopropoxide was added
slowly. The mixture was stirred continually for about 3 days at room temperature
until clear sol was obtained. After that, the sol was dialyzed in a cellulose
membrane with a molecular weight cutoff of 3500 (Spectrum Companies, Gardena,
CA). Before using the cellulose membrane, the dialysis tubing was wash in an
aqueous solution of 2% sodium hydrogen carbonate and 0.001M
Ethylenediaminetetraacetic acid (EDTA) prepare by dissolving 0.372 grams of EDTA
(Asia Pacific Specialty Chemical Limited) and sodium hydrogen carbonate 43 grams in
1 liter of distilled water. Dialysis tubing was cut to a length of 32 cm and was
submerged in the wash solution. After that the membrane was heated to 80°C and
held there for 30 minutes while simultaneously being stirred. Then the solution was
cooled to room temperature. The membrane was again wash with distilled water
and again immersed in one liter of distilled water while being stirred continuously.
Then the solution was heat to 80°C. The membrane was rinsed one more time and

was stored in distilled water at 4°C until needed. The clear sol was placed in dialysis
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tubing. A ratio of 100 ml of sol per 700 ml of distilled water the sol was submerged
in distilled water. The water was changed daily for 3-4 days until the pH of water
reached 3.5. The solvent was removing and was dried at 110°C overnight. Finally, the
resulting material was calcined at 350°C in flowing hydrogen, oxygen, nitrogen and air

atmosphere for 2 hour and the heating rate was at 10°C/min.

Table 3.1 Chemical composition use for TiO, prepared by Sol- gel

Chemicals Formula Quantity per 1000 ml bath
Titanium isopropoxide (Aldrich) TI[OCH(CH3),14 83.5 ml
Nitric acid (APSC) 70% HNO; 7.33 ml

3.1.2 Preparation of Pd/TiO, using the electroless deposition method

Titanium dioxide was coated with palladium. Before electroless deposition,
activation was performed on the TiO, support. The support was sensitized and
activation with SnCl, and PdCl, acidic solution, firstly TiO, was activated by mixing
14% HCl for 15 min and rinsed with deionized water 2 times. Then support was
activated in SnCl, (Fluka) and PdCl, (Aldrich) acidic solution for 20 min, the
suspension was centrifuged and washed with deionized water. The TiO, support was
dried at 110°C overnight. After activated, the support was transferred to Pd
electroless deposition bath. The electroless deposition bath were prepared using
PdCl, precursor adding in 9.2 ml of HCl (Carlo Erba ) and the solution diluted to 100
ml DI water. Ammonium chloride (Carlo Erba) is added to stabilize the bath for
extended use. Hypophosphite (Carlo Erba) was added last. The optimized electroless
bath contained PdCl, and NaH,PO,.H,O in a 1:10 molar ratio. During Electroless
deposition at room temperature, the bath was continuously stirred and the pH was
maintained 10 for 1h. After stirring for 1 h, the suspension was centrifuged and
washed with deionized water. The catalyst was then dried at 110°C overnight and

calcined in air at 450°C for 1 h.
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Table 3.2 Chemical composition of the electroless deposition bath

Chemicals Formula Electroless bath
Sensitization
Palladium (I) chloride (Aldrich) PdCL, 0.015¢
Tin (1) chloride (Aldrich) SnCl, 5¢
Hydrochloric acid (ACS) HCL (37%) 9.2 ml

Electroless deposition

Palladium (Il) chloride (Aldrich) PdCL, 0.0168 ¢
Hydrochloric acid (ACS) HCL (37%) 04 ml

. . ; 16 ml
Ammonia hydroxide (Aldrich) NH,OH (28% NHs)

_ ) 2.7¢
Ammonium chloride (Carlo Erba) NH,CL
Sodium hypophosphite NaH,PO,.H,0O 0.1006 g

3.1.3 Preparation of Pd/TiO, using impregnation method

Iwt% Pd over TiO, supports were prepared by the sequential impregnation

technique detailed as follows:

(1) Titanium dioxide supports were impregnation with an aqueous solution of

palladium chloride by the incipient impregnation wetness technique.

(2) The impregnated support was left to stand for 6 hours to assure adequate
distribution of metal complex. The support was subsequently dried at 110°C in air

overnight.

(3) The dried impregnation support was calcined under nitrogen with heating

rate was at 10°C/min until the temperature reached 450°C. Then flowing air was
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switched into the reactor to replace nitrogen and the temperature was help at 450°C

for 3 hour.

(4) The calcined sample was finally cooled down and stored in a glass

bottom for later use.

3.1.4 Preparation of Pd/TiO, using strong electrostatic adsorption method

The Pd/TiO, catalyst was prepared by strong electrostatic adsorption (SEA).
The Titanium dioxide support was obtained from Sigma Aldrich. The surface area of
the titanium dioxide was measured by the BET method to be 50 mz/g and the
optimized PZC value of TiO, (Sigma Aldrich, 99.7%) is 5.7. Palladium tetraammine
(PATA, [(NH3)4Pd]+2, 99.9%) from Aldrich was used for metal precursor on TiO,.
Uptake-pH surveys were conducted 50 mL of 200 ppm metal solutions and pH
values of all these solutions were adjusted using NaOH between pH 9 to 12.5. Metal
concentrations were measured by ICP (Perkin Elmer Optima 2000) before and after
contact with TiO, to determine the metal uptake. The mass of the TiO, (0.4¢) was
adjusted so that Surface loading = 10° m/L in 25 ml (5 ml for measured initial
concentration of metal, ICP) of aqueous solution of PdTA. The slurries were placed
on a rotary shaker for 1 h, after which the final pHs of these slurries were measured
again. Furthermore, 5 ml of the contacted slurries was withdrawn and filtered. The
remaining concentration of Pd in the solution was determined by inductively
coupled plasma (ICP). Pd uptakes from pH 9 to 12.5 were determined from the
difference in Pd concentration between the precontacted and postcontacted
solutions. The maximum Pd uptake at a initail pH around 11.8. The Larger batch of
Pd/TiO, catalyst was prepared at this pH and was subsequently filtered and
measured metal loading by ICP. The solution is trapped by the vacuum filter and the

liquid is drawn through the funnel into the flask below and dried for 24 h at room
temperature. Then the Pd/TiO, catalyst was reduced with H, for 1 h at 200°C for 2 h.



37

Table 3.3 Chemical composition use for prepared Pd/TiO, by strong electrostatic
adsorption (SEA)

Chemicals Formula
Titanium dioxide 99.7% (Aldrich) TiO,, 99.7%
Palladium tetraammine (Aldrich) [(NH3)4Pd]+2, 99.9%
Sodium hydroxide (Aldrich) NaOH

3.1.5 Preparation of Ag-Pd/TiO, using electroless deposition method

The 0.97wt% Pd/TiO, catalyst was used for prepared Ag on Pd/TiO, by
electroless deposition method (ED). The Pd dispersion of 21% corresponded to
calculated Pd particles of 5 nm diameter. The dispersion of Pd was determined by
hydrogen titration of oxygen pre-covered Pd sites using a Micromeritics AutoChem
2920 Automated Analyzer. The Ag-Pd/TiO, bimetallic catalysts were synthesized
using cyanide metal precursors. The molar ratio of Metal salt/reducing agent was
1:10. Potassium silver cyanide (KAg(CN),, 99% purity, Technic, Inc.) and hydrazine
(N,Hg, 35 wt% aqueous solution, Sigma-Aldrich) were used as the metal sources and
the reducing agent. Initial concentrations of the metal salts were selected based on
theoretical coverage of Ag on Pd, assuming monolayer deposition and 1:1 surface
stoichiometry of Ag deposited on Pd. Using this methodology, a series of Ag-Pd/TiO,
catalysts with varying Ag coveraged on Pd. The volume of the electroless bath was
100 mL for 1g of the Pd/TiO, catalyst. The pH of bath solution at ~ 10 + 0.5 (NaOH,
pellets, J.T. Baker) and a pH probe was immersed in the ED bath throughout the
deposition sequence. During electroless deposition at room temperature, the bath
was continuously stirred. Liquid samples were periodically taken from the bath,
immediately preceding sample filtration to remove catalyst particles at different time
intervals. Nitric acid 5 vol% (HNO;, 68-70%, BDH) was added to the withdrawn
sample aliquot in order to ensure complete solubilization of the Ag+ species. The

solutions were analyzed by atomic absorption spectroscopy (AAS, PerkinElmer AA
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analyst 400) to determine the Ag+ concentration remaining in the bath and used to
determine the Ag loadings on the catalysts. After 1 h of deposition time, the slurry
was then filtered and washed thoroughly with deionized water to remove all soluble
ligands and salts. The sample were dried under vacuum at room temperature and

stored at ambient conditions.

Table 3.4 Chemical composition use for prepared Ag-Pd/TiO, using electroless

deposition method

Chemicals Formula
Potassium silver cyanide KAg(CN),, 99% purity
Hydrazine (Aldrich) NoHa, 35 wt%
Sodium hydroxide (Pellets, J.T. Baker) NaOH
Nitric acid (BDH) HNO3, 68-70%

3.2 Catalyst Characterization

3.2.1 X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) pattern of the TiO, supports and Pd/ TiO, catalysts
were determine the crystalline phases and average crystallite size using Scherrer’s
equation. X-ray diffraction (XRD) was obtained with SIEMENS XRD D5000, with CuKg

radiation. Scans were performed over the range 20-80 degrees.

3.2.2 BET Surface Area

Surface area (BET) was a physical adsorption of nitrogen gas on the surface of
catalyst to find the total surface area, nitrogen as the adsorbate using a Micromeritic
ASAP 2000 automated system degassing at 200°C for 1 hour prior to N, physisorption

of Chemical Laboratory of Department of Engineering, Chulalongkorn University.
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3.2.3 Scanning electron microscope (SEM)

SEM was used to determine the sample morphology and element distribution
were obtained using a JEOL JSM-35F scanning electron microscope. SEM was
operated using the back scattering electron mode at 20 kV. at the Chemical

Laboratory of Department of Engineering, Chulalongkorn University.

3.2.4 Transmission Electron Microscopy (TEM)

The palladium oxide particle size and distribution of palladium on titanium
dioxide were observed using JEOL-JEM 200 CX transmission electron microscope

operated at 100kV.

3.2.5 Electron Spin Resonance (ESR)

The surface Ti"~ on surface TiO, supports were measured by Electron spin
resonance spectroscopy (ESR) was conducted at power 1mW and amplitude 2.5x100
without illumination using a JEOL, JES-RE2X electron spin resonance spectrometer at
Chulalongkorn University. It was performed to monitor the surface Ti”" on the surface

of the titanium dioxide.

3.2.6 X-ray Photoelectron Spectroscopy (XPS)

The XPS analysis was performed using an AMICUS photoelectron spectrum
spectrometer equipped with an MgKg X-ray as primary excitation and KRATOS
VISION2 software. XPS elemental spectra were acquired with 0.1 eV energy step at a

pass energy of 75 kV. The C 1s line was taken as an internal standard at 285.0 eV.

3.2.7 Temperature programmed reduction (TPR)

Temperature programmed reduction used to determine the reducibility and
reduction temperature of palladium catalysts. Approximately, 0.1 ¢ of catalyst
sample was used in the operation and temperature ramping from 30°C to 500°C at
10°C/min. The carrier gas was 10% H, in Ar. The amount of hydrogen during the

reduction was measure by thermal conductivity detector (TCD).
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3.2.8 CO-Pulse Experiment

Metal active sites were measured using CO chemisorption technique. The
amounts of CO chemisorbed on the catalysts were measured using Micromeritics
ChemiSorb 2750 (pulse chemisorptions system). 0.1g of the catalyst sample was
packed in a quartz tube, incorporated in a temperature-controlled oven and
connected to a thermal conductivity detector (TCD). Helium gas was introduced into
the reactor at the flow rate of 30 ml/min for 10 min in order to remove remaining air.
Prior to chemisorptions, the sample was reduced in a H, flow rate of 50 ml/min with
heated at an increasing from room temperature to 40°C and held at this temperature
for 2 hour after that cooled down to ambient temperature in a He flow . The catalyst
was then ready to measure metal active sites. Purity carbon monoxide gas was
injected to adsorb on the metal surface of catalyst. Carbon monoxide was

repeatedly injected until the sample did not any longer adsorbed carbon monoxide.

3.2.9 Inductively coupled plasma-atomic emission spectrometry (ICP)

The actual Pd content of the catalysts after adsorption was measured by
inductively coupled plasma-atomic emission spectrometry (ICP-AES), using an lIris

advantage Thermo Jarrel Ash device.

3.2.10 Atomic absorption spectroscopy (AAS)

The elemental concentrations of Ag in the electroless solutions were
determined by Atomic absorption (AA) spectroscopy (Perkin-Elmer Model 3300 or
Perkin-Elmer Analyst Model 400) using standard protocol methods. The bulk, metallic
compositions of the bimetallic catalysts were digested in aqua regia (3:1 of HCl to
HNO; by volume) at 120°C for 4 h prior to AA analysis. The linear calibration curves
were determined using asset of standards with known concentration of each specific
element. For the case of Ag metal analysis, the standard sand samples were diluted
using 5% (v/v) HNOs solution for better sensitivity and accuracy at the Chemical

Laboratory of Department of Engineering, University of South Carolina.
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3.2.11 Scanning Transmission Electron Microscopy (STEM)

The particle size determination for the catalysts were made with an
aberration-corrected JEOL 2100F scanning transmission electron microscopy (STEM)
using Z-contrast imaging at the Chemical Laboratory of Department of Engineering,

University of South Carolina.

3.2.12 Hydrogen-Oxygen Titration

Chemisorption using hydrogen pulse titration of oxygen-precovered Pd was
performed using a Micromeritics Autochem Il 2920 automated chemisorption
analyzer to determine the concentration of surface Pd sites following ED of the
bimetallic Ag-Pd/TiO,. Briefly, approximately 0.1g¢ sample was reduced in flowing
20% H,/balance argon at 200°C for 2h and then purged with pure argon for 1 h. After
cooling to 40°C inflowing Ar, the sample was exposed to 10%0,/balance Ar for 30
min to saturate the Pd surface with adsorbed atomic oxygen to form Pd-O surface
species. Following exposure to100% Ar for 30 min to remove residual O, and weakly
adsorbed oxygen on the support, the sample was ready for pulse flow H, titration.
Finally, 10% H,/balance Ar was dosed until all surface Pd-O species reacted with
hydrogen to form H,O and replace the adsorbed oxygen atom with atomic hydrogen.
Hydrogen consumption was quantitatively was quantitatively determined by means
of a calibrated, high sensitivity thermal conductivity detector (TCD) below the sample
cell. The Ag is inactive for hydrogen-oxygen titration, the concentration of Pd surface
sites that were covered by Ag can be determined by subtracting the Pd surface site
concentration of the bimetallic catalysts from the total number of surface Pd sites

for the monometallic Pd/TiO, catalyst.
3.3 Reaction study in acetylene hydrogenation

The catalytic performance for the selective acetylene hydrogenation was
investigated using a GHSV of 28,819.36 h'. Feed gas composed of 1.5%C,H,, 1.7%H,,
and balance CHy. All of gases were supplied by Thai Industrial Gas Limited (TIG).
Feed stream and composition of product were measure using Shimadzu FID GC 8A,

carbosieve column S-ll equipped with FID for separating CHg CHg and CoHg.
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Concentration of H, was analyzed by GC 8A molecular sieve 5A. The operating

condition for each instrument are shown in table

Catalyst 0.15 ¢ was pack in a quartz tubular down flow reactor. Reactor was
placed into the furnace and argon was introduced into the reactor in order to
remove remaining air. The catalyst was reduced with 100 mU/min hydrogen by
heating from room temperature to 150°C and held at that temperature for 2 hour.
Then argon was switched in to replace hydrogen for cooled down to the reaction
temperature 40°C. The reactant gases was introduce at temperature from 40°C to
100 °C and 1 atm, sampling was undertaken when the steady state of the system
was reached, which was approximately within 1 hour. Feed and product were
analyzed by a two gas chromatographs with TCD detector (SHIMADZU TCD GC-8A)
and FID detector (SHIMADZU TCD GC-9A).

Table 3.5 Operating conditions of gas chromatograph for selective hydrogenation of

acetylene

Gas Chromatograph SHIMADZU TCD SHIMADZU TCD
Detector TCD FID
Packed column Molecular sieve 5A Carbosieve column Sl
Carrier gas Ultra high purity Ar Ultra high purity N,
Carrier gas flow rate (ml/min) 40-60 40-60
Injector temperature (°C) 80 180
Detector temperature (°C) 80 180
Initial column temperature (°C) 50 100
Programmed rate (°C/min) - 10
Final column temperature (°C) 50 160
Current (mA) 70 -

Analyzed gas H, CHg, CoHa , CoHg,CoHg




Ar

43

Reactant

= >4
_, Vent
N
11 l
7
l:l 9
2 4 8 12
3
\
H,
10
s >t
L
| []
e — ——
= =—— 5
5 6

Figure 3.1 A schematic of acetylene hydrogenation system

1.

9.

pressure regulator

on-off value

gas filter

needle value

variable voltage transformer
temperature controller
reactor

furnace

catalyst bed

10. thermocouple

11. 4-way joint

12. Bubble flow meter



44

3.4 Reaction study in acetylene hydrogenation (PART lII).

Selective acetylene hydrogenation was performed in a tubular reactor
(316stainless steel). Catalysts were evaluated in a single pass, 0.19 in ID and packed
bed. The reactor was encased in a 1.0 in OD, jacketed shell with liquid inlet and exit
ports at the bottom and top of the shell, respectively, which was connected to an
ethylene glycol/H,O recirculation bath to maintain isothermal behavior at 65°C for
this highly exothermic reaction. The reactor was typically loaded with 5 mg of
catalyst diluted by 30 mg of the TiO, support. Prior to the start of each experimental
run, the catalyst was reduced with in flowing 20% H,/balance He by heating from
room temperature to 200°C for 2 h. Then the reactor was purged with He and cooled
down to the reaction temperature 65°C. All gas flows were maintained by mass flow
controllers; the reaction feed stream for catalyst screening consisted of 1% C,H,,

20% C,H4, 5% H,, balance He at a total flow rate of 50 SCCM.

The kinetic measurements for acetylene hydrogenation were studied using a
flow rate was 200 SCCM and the reaction temperature was 50°C. For determination
reaction orders of C,H,, partial pressures were varied between 0.005 and 0.012 atm
with constant pressure of H, at 0.05 atm. The calculation of H, dependencies, partial
pressures ranged between 0.02 and 0.10 atm and pressure C,H, was constant at 0.01
atm. The activation energies conversion conditions for Pd/TiO, and Ag-Pd/TiO, were
determined between 40 and 70°C using the standard feed composition of 1% C,H,,

20% C,H4, 5% H,, balance He.



CHAPTER IV
RESEARCH METHODOLOGY AND RESEARCH PLAN

4.1 The research methodology
The research methodology comprises of the following tasks

Part | is the investigation of the effect of gas atmospheres used in the
calcination of TiO,, which is prepared via a sol-gel method on the properties of

Pd/TiO, in the selective acetylene hydrogenation.

Preparation of titanium

dioxides Support characterizations by
v -BET
TiO, were calcined in Air, H,, N, and O, XRD
J XPS
Preparation of palladium loading on the -ESR
TiO, support with ca. 1 wt% of Pd
v v
Electroless deposition Method Impregnation Method
Pd/TiO, calcined in H, Pd/TiO, calcined in H,
Pd/TiO; calcined in O, Pd/TiO, calcined in O,
Pd/TiO, calcined in N, Pd/TiO, calcined in N,
Pd/TiO, calcined in Air Pd/TiO, calcined in Air
l Catalyst characterizations by
-BET
Reaction study in the gas-phase RD
selective hydrogenation of acetylene. wpS
-TEM
-CO-chemisorption
-H,TPR
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Part Il is the investigation effect of calcination temperature under hydrogen

atmosphere of TiO, nanocrystalline prepared by sol-gel-derived supported Pd

catalysts for the selective hydrogenation of acetylene.

Titanium dioxides

using sol-gel method (nano size)

TiO, were calcined in H, at 300, 350,
400 and 450°C

Support characterizations by

-BET
-XRD
-XPS
-ESR

Preparation of palladium loading on
the TiO, support with ca. 1 wt% of Pd by

impregnation method

A

Reaction study in the gas-phase selective

hydrogenation of acetylene.

Catalyst characterizations by
-BET
-XRD
-XPS
-TEM
-CO-chemisorption

-H,TPR
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Part Ill is the investigation of the characteristics and catalytic properties of
TiO, supported bimetallic Pd-Ag catalysts prepared by electroless deposition method

in the selective acetylene hydrogenation.

Commercial titanium dioxides
Pd/TiO, characterizations by
(nano size)
-ICP
-XRD
A 4
Preparation of Pd/TiO, by strong KPS
electrostatic adsorption (SEA) STEM

Preparation of 0-1 ML Ag-Pd/TiO, using

electroless deposition method

Ag-Pd/TiO, characterizations by

-AAS

A 4

-H, - chemisorption

Reaction study in the gas-phase
Yy gas-p XPS

selective hydrogenation of acetylene.
-STEM




CHAPTER V
RESULTS AND DISCUSSION

These chapters are divided into three parts. In the first part the effect of gas
atmospheres used in the calcination of sol-gel TiO, on the properties of Pd/TiO, in
the selective acetylene hydrogenation was investigated. The titanium dioxide
particles were investigated by XRD, BET surface areas, ESR and XPS. The
characteristics and catalytic properties of Pd (1wt% Pd) prepared by the incipient
wetness impregnation method (I) and electroless deposition method (ED) in the
selective acetylene hydrogenation were analyzed by XRD, N,-physisorption, XPS,
TEM, H, temperature programmed reduction (H,TPR), infrared spectroscopy of
adsorbed CO (CO-IR) and CO-pulses chemisorption. In the second part, the effect of
calcination temperature of the TiO, under hydrogen atmosphere on the TiO,
supported Pd catalysts prepared by impregnation method was investigated in the
selective acetylene hydrogenation. The characterization of the catalyst samples
include XRD, BET surface areas, ESR, XPS, pulse CO chemisorption and H,TPR. In the
third part, the characteristics and catalytic properties of TiO, supported bimetallic Pd-
Ag catalysts prepared by electroless deposition method in the selective acetylene
hydrogenation was reported. The Pd/TiO, was prepared by electrostatic adsorption
method and then the Ag coverage on the surface of Pd was achieved by electroless
deposition method. The catalytic properties were investigated by XRD, ICP, Atomic
absorption spectroscopy (AAS), Scanning Transmission Electron Microscopy (STEM),

and hydrogen-oxygen titration.
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PART |
Effect of gas atmospheres used in the calcination of sol-gel TiO, on the

properties of Pd/TiO, in the selective acetylene hydrogenation.

5.1. Properties of TiO, calcined under hydrogen and air atmosphere.

The anatase nanocrystalline TiO, samples were synthesized by a sol-gel
method and subjected to thermal treatment under air and H, atmospheres at 350°C.
The properties of TiO, supports after calcined were investigated by X-ray powder
diffraction, N, physisorption, electron spin resonance (ESR) and X-ray photoelectron

spectroscopy (XPS).

5.1.1 X-ray diffraction (XRD)

The sol-gel method was used for preparation of TiO, nanoparticles. TiO,
supports were calcined under H,, and air at 350°C. The properties of the samples
were obtained from the N, physisorption and XRD data. The measurements were
carried out at the diffraction the angles (26) between 20° and 80" Broadening of the
diffraction peaks were used to estimate crystallite diameter from Scherrer Equation
(APPENDIX B). The XRD patterns of TiO, calcined in H, and air atmospheres are
shown in Figure 5.1. All samples exhibited anatase phase peaks at 25° 37°, 48°, 55°,
56°, 62°, 71°, and 75° 26 and the peak at 30.81° corresponded to brookite phase TiO,.
A mixture of anatase/brookite polymorphs was often found on nano-TiO, powder
prepared by a sol-gel method at a sintering temperature of 350°C [60]. The average
crystallite sizes of TiO, supports calcined under different atmosphere calculated from
the full width at half maximum of peak at 26 =25° using Scherrer equation. The
crystal sizes of the anatase TiO, calcined under H, and air at 350°C were around 4-
4.2 nm. The XRD patterns of the catalysts calcined under different calcination
atmosphere were very similar, which suggests that the catalysts still maintained the

well-ordered nanostructure XRD patterns of the calcined TiO, samples.
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Figure 5.1 The XRD patterns of TiO, calcined under H, and Air atmosphere.
5.1.2 N,-physisorption

The BET surface area, pore diameter and pore volume of the TiO, calcined
under H, and air atmospheres at 350°C were 187 and 198 mz/g with pore volume 0.3
cma/g and average pore diameter 4.7 nm. The N, adsorption isotherms of TiO,
calcined under H, and air atmospheres are shown in Figure 5.2. All of the TiO,
supports exhibited type-IV isotherm with hysteresis loop, describing the characteristic
of mesoporous materials with pore diameters between 2 and 50 nm. The shape of
hysteresis loop of all the catalysts was type H1, which corresponded to narrow
distribution of relatively uniform pores. The calcination atmosphere did not have any

influence on the structural properties of the sol-gel derived TiO,.
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Figure 5.2 N, adsorption isotherm of TiO, calcined under H, and air

atmospheres.

Table 5.1 Physicochemical properties of TiO,

Catalysts Crystallite size”  BET surface area

b
Pore volume

Avg. |ooreIO

of TiO, (nm) (mz/g) (cm3/g) diameter (nm)
TiO,-H, 4.0 198 0.30 4.8
TiO,-Air 4.2 187 0.29 4.7

®Based on the XRD results.
> Based on BJH method
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5.1.3 Electron Spin Resonance (ESR)

The number of defective sites of TiO, was determined using electron spin
resonance spectroscopy technique. This technique is used for studying chemical
species that have one or more unpaired electrons. The ESR spectra of the TiO,
samples are shown in Figure 5.3. The signals of g values less than 2 were assigned to
T (3d1) [61]. Nakaoka and Nosaka [62] reported that six signals of  ESR
measurement occurring on the surface of titania: (i) Ti4+O_T14+OH_, (i) surface T13+, (iii)
adsorbed oxygen ©9), (W) Ti 0" Ti"0”, (v) inner T, and (vi) adsorbed water. In this
study, it is seen that the TiO, calcined under H, and Air atmosphere exhibited only
one signal at ¢ value of 1.975 which can be attributed to Ti"" at the surface. The Ti "
species are produced by trapping of electrons at defective sites in TiO, and the
accumulated electrons may reflect the number of defective sites [63]. The intensity
of the Ti3+ signal was increased with TiO, was calcined under H, atmosphere The
intensity of ESR signal of the TiO,-H, was found to be stronger than the TiO,-Air and
indicating a larger amount of Ti”" defects on theTiO, surface. The formation of T
occurred during calcination due to the removal of hydroxyl group. The defect T on
the surface of TiO, can be generated by reduction of 7" to T s usually
accompanies by oxygen loss from the surface of TiO.,. Ti"" surface defect plays a
significant role in enhances the dispersion and stability of the supported metal via

the strong interaction between defect sited on the support and metal [63].
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Figure 5.3 The ESR results of TiO, calcined under H, and Air atmospheres at
350°C.

5.1.4 X-ray photoelectron spectroscopy (XPS)

The survey XPS spectra show the external surface element concentrations
which may influence on the catalytic activity. The XPS spectra for anatase TiO,
samples was recorded with photon energy of 1256 eV (MgKq), the kinetic energies of
the emitted electrons being in the range of 0-1000 eV. The binding energy and
atomic concentration of Ti 2p and O 1s and the relative concentration of Ti and O on
TiO, are summarized in Table 5.2. The ratios of Ti/O were found in the range of 0.20-
0.21. The binding energies of the Ti 2ps,, are 458.8 to 459.0 eV and and Ti 2py,, peaks
464.5 to 464.8 eV, indicating of only T the TiO, [64]. The binding energy of the
O1ls peak is 530.0 to 530.5 eV.
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Table 5.2 The atomic concentration of Ti and O on TiO, surface from XPS results.

Atomic
Catalysts Ti 2p O 1s ) Ti/O
concentration
B.E. (eV) FWHM B.E. (eV) FWHM Ti O
TiO,-H, 458.8 1.450 530.2 1.702 13.06 50.26 0.21
TiO,-Air 458.9 1.511 530.3 1.632 11.72 47.36 0.20

5.2. Properties of 1%Pd/TiO, prepared by electroless deposition and incipient

wetness impregnation method.

In this section, the sol-gel derived TiO,, which was calcined under H, and air
was employed as the supports for preparation of 1%Pd/TiO, catalysts and studied in
the selective hydrogenation of acetylene at 40-100°C. Deposition of Pd on the TiO,
supports was prepared by electroless deposition and incipient wetness impregnation.
The catalyst properties of the Pd/TiO, according to the characterization results from
X-ray diffraction (XRD), N, physisorption, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), H, temperature programmed reduction

(H,TPR), infrared spectroscopy of adsorbed CO (CO-IR), and pulse CO chemisorption.

5.2.1 X-ray diffraction (XRD)

The X-ray diffraction petterns of 1%Pd/TiO, catalysts prepared by electroless
deposition method (ED) and incipient wetness impregnation (I) method are shown in
Figure 5.4. All Pd/TiO, catalysts exhibited TiO, anatase phase peaks at 25°, 37°, 48°,
55°, 56°, 62°, 71°, and 75° 26 and brookite phase at 30.81°. There were no changes in
the crystalline phase of theTiO, after palladium loading for all the catalyst samples.
The PdO peak were observed at 26 = 33.8° were appear in the catalysts prepared by
electroless deposition method after calcinations step because PdO occurred during

in the calcination step in air and no peak of Pd’ at 20 = 40.2° and 46.7°. The average
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crystallite size of TiO, after Pd loading around 4-5 nm calculated from Scherrer

Equation.

® /natase B Brookite

PdO
[ ] Pd/TiO.-H.-I
( .2 2 .

Pd/TiO,-Air-

Pd/TiO,H,ED

Intensity (a.u.)

Pd/TiO,-Air-ED

TiO,-Alr

20 30 40 50 60 70 80
Degree (20)
Figure 5.4 The XRD patterns of 1%Pd/TiO, prepared by electroless deposition

and incipient wetness impregnation.
5.2.2 N,-physisorption

The surface area, pore volume, and average pore diameter of the 1%Pd/TiO,
catalysts are shown in Table 5.3. There were no significant changes of the average
crystallite of anatase phase TiO, upon metal loading and calcination at 450°C.
However, the BET surface area and pore volume of the TiO, supports decreased after
the Pd/TIO, catalysts prepared by electroless deposition due to pore blockages. The
Pd/PdO particles/clusters may locate deep inside the pores of the TiO, when

prepared by electroless deposition led to lower amount of pore volume. Electroless
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deposition is a simple methodology to synthesize supported Pd catalyst with uniform
and nano-sized Pd particles. Pd precursor can be interacted directly with the sn”

ions, and subsequently transformed into Pd nanoparticles deposited on the support.

Table 5.3 Physicochemical properties of 1%Pd/TiO, catalysts.

Catalysts Crystallite BET surface Pore volume® Avg. porea
size” of TIO, area (mz/g) (cm3/g) diameter (nm)
(nm)
1%Pd/TiO,-H,-ED 4.2 126 0.19 3.8
1%Pd/TiO,-Air-ED 4.6 124 0.21 4.1
19%Pd/TiO,-H,-I 4.3 144 0.23 4.4
19%Pd/TiO,-Air-| 4.5 149 0.24 4.6

®Based on the XRD results.
> Based on BJH method

5.2.3 X-ray photoelectron spectroscopy (XPS)

The surface composition and electronic state surface of Pd/TiO, catalysts
prepared by electroless deposition and incipient wetness impregnation method were
determined by X-ray photoelectron spectroscopy. The XPS spectra for all samples
was recorded with photon energy of 1256 eV (MgKq), the kinetic energies of the
emitted electrons being in the range of 0-1000 eV. The surface compositions of the
catalysts as well as the interaction between Pd and the TiO, supports were
confirmed by XPS analysis. The binding energies of Pd 3ds,, at around 336.6 can be
assigned to PdO and Ti 2p,/, at around 458.8 to 459.0 eV. The binding energies and
atomic concentrations of Ti 2p, Ols and Pd 3d on various Pd/TiO, catalysts are given
in Table 5.4. The binding energy of Ti 2p around 459 eV and O 1s around 530 eV for
all catalysts can be attributed to Ti"" and oxygen lattice of TiO,. The ratio of Pd/Ti
surface concentration increased in the order of 1%Pd/TiO»-Hy-ED> 1%Pd/TiOp-Hy-
>1%Pd/TiO,-Air-ED >1%Pd/TiO,-Air-I, respectively
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5.2.4 Transmission electron microscopy (TEM)

The TEM images of 1%Pd/TiO, catalysts prepared by electroless deposition
and incipient wetness impregnation method are shown in Figure 5.5 (a) 1%Pd/TiO,-
AIr-ED, (b) 19%Pd/TiO,-H,-ED. () 19%Pd/TiO,-Air-l, and (d) 1%Pd/TiO,-H,-, respectively.
The catalyst particles showed spherical shape with average size around 4 to 5 nm
which were consistent to those obtained from the XRD results. It is difficult to
measure the size of the primary spherical particles accurately. Pd/TiO, prepared by
electroless deposition method is quite difficult to distinguish Pd/PdO clusters from
the TiO,. However, some agglomeration of metal particles can be seen on the

impregnation-made catalysts.

K

Figure 5.5 Transmission electron microscopy of 1%Pd/TiO, catalysts.
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5.2.5 Hydrogen Temperature program reduction (H,-TPR)

Temperature program reduction of hydrogen measurements was executed to
study the reduction behaviors of palladium catalysts. The TPR profiles of Pd
supported on TiO, are shown in Figure 5.6. The palladium catalysts distinctly
presented two overlap peaks of reduction located at ca. 30-500°C (a) Pd/T iO,-H,-ED,
(b) Pd/TiO,-Air-ED. (c) Pd/TiO,-Air-l, and (d) Pd/TiO,-H,-I. The negative peak at about
80°C is due to the hydrogen desorption on palladium [65]. The large peak observed
between 300 and 450°C is due to the reduction of TiO,. The presence of noble
metal should enhance the reduction of TiO,. The TPR profiles of Pd/TiO, peak
appeared at about 300°C can be assigned to T reduced to Ti"" in the presence of
Pd even at lower reduction temperature, which is caused by the dissociatively
chemisorbed hydrogen on palladium diffusing from Pd to TiO, and reducing 7™ to
77", The peak at 450°C appeared at the TPR profiles shows that Ti"" can be reduced
to Ti " [66]. The TPR profiles of all catalysts exhibited similar peak position. Pd/TiO,

catalyst which TiO, calcined in H, atmosphere facilited H, reduction at lower

temperature.
PdH,
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Figure 5.6 The H,-TPR profiles of Pd catalysts
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5.2.6 Infrared spectroscopy of adsorbed CO (CO-IR)

The amount of Pd active sites is usually calculated from chemisorption
results based on the assumption that only CO molecule adsorbs on one Pd site
(Anderson et al., 1985), however, various CO adsorbed species are actually present
on metallic Pd. From the literatures [67], the IR spectra of adsorbed CO show typical
four peaks corresponding to different CO adsorbed species on Pd surface including
linear (2100-2050 cm ), compressed-bridged (19951975 cm ), isolated-bridged
(1960-1925 cm ), and tri-coordinated (1890-1870 cm ') species. Figure 5.7 shows
the IR spectra of adsorbed CO on the various Pd/TiO, catalysts. The area ratio (A/A)
of the peaks corresponding to linearly and multiply bound CO. The A/A,, ratios
increased in the order of Pd/TiO,~H,-ED > Pd/TiO,~H,-| > Pd/TiO,~Air-ED ~ Pd/TiO,—
Air-l are given in Table 5.5. The low-coordination sites are low in electron density
compared with the high-coordination sites such as the Pd (1 1 1), allow the
desorption of highly active subsurface hydrogen and also the preferential adsorption
of electron-rich hydrocarbons such as acetylene. The reaction between the highly
active hydrogen and acetylene at high-coordination lead to the full hydrogenation of
acetylene to ethane, while the reaction on the low-coordination Pd sites is lower

the ethylene selectivity [68].

Table 5.5 Normalized peak area of various CO adsorbed species from the CO-IR

results on 1% Pd/TiO, catalysts.

Tri- Isolated- Compressed .
Catalyst Linear A/A,
coordinated bridged -bridged
Pd/TiO,-H,-(ED) 0.12 0.46 0.06 0.36 0.52
Pd/TiO,-Air-(ED) 0.19 0.6 0.15 0.06 0.06
Pd/TiO,-H,-(1) 0.17 0.55 0.07 0.21 0.27
Pd/TiO,-Air-(l) 0.55 0.3 0.07 0.08 0.09

* Al: peak area of linear-bound CO and Am: peak area of multi-bound CO
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Figure 5.7 CO-IR spectra of 1%Pd/TiO, catalysts.

5.2.7 CO-pulses chemisorption

Metal dispersion is evaluated by measuring chemisorption of CO. The
amounts of CO chemisorption on the 1 wt% Pd/TiO, prepared by electroless
deposition method and incipient wetness impregnation method were reduced at
150°C and The amount of Pd active sites is usually calculated from chemisorption
results based on the assumption that only CO molecule is adsorbed on one Pd site,
however, various CO species are actually adsorbed on metallic Pd. The CO
chemisorption results of 1%Pd/TiO, catalysts are also given Table 5.6. The Pd
catalysts supported on TiO,-H, exhibited larger amounts of CO chemisorption than
TiO,-Air supported of both preparation methods due to TiO, support calcined under
H, atmosphere exhibited high amount of Ti"" on the surface of TiO, lead to the high
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dispersion of metal. The Pd dispersion was increased in the order: 1%Pd/TiO,—H,-ED

> 1%Pd/TiOy—H,- > 1%Pd/TiO,~Air-ED > 1%Pd/TiO,-Air-I.

Table 5.6 CO chemisorption results of 1%Pd/TiO, catalysts.

Catalysts CO Chemisorption Pd dispersion dPPd0

(x 10" molecule CO/ g.) (%) (nm)
19%Pd/TiO,-H,-ED 4.0 69 1.1
19%Pd/TiO,-Air-ED 32 56 2.0
19%Pd/TiO,-H,-l 3.7 65 1.7
19%Pd/TiO,-Air-| 2.3 39 2.8

5.3. Reaction study in selective hydrogenation of acetylene.

5.3.1. 1%Pd/TiO, prepared by electroless deposition and incipient
wetness impregnation method with TiO, calcined under hydrogen and air

atmosphere.

The catalytic performance of 1 wt% Pd catalysts supported on sol-gel derived
TiO, calcined under H, and air were investigated in the selective hydrogenation of
acetylene. Acetylene hydrogenation was performed in a pyrex tube reactor, the
catalysts were reduced with hydrogen at 150°C for 2h. The reactant gas mixture
composed of 1.5% C,H,, 1.7% H,, and balanced C,H,. The C,H, conversion is defined
as the ratio of moles of C,H, converted with moles of C,H, in feed. Ethylene
selectivity is defined as the percentage of acetylene hydrogenated to ethylene over
totally hydrogenated acetylene (APPENDIX F). The ethylene being hydrogenated to
ethane (ethylene loss) is the difference between all the hydrogen consumed and all
the acetylene which has been totally hydrogenated. Figure 5.8 shows the acetylene
conversion as a function of reaction temperature for 1% Pd/TiO, catalysts with

different preparation method. The conversion of acetylene for 1%Pd/TiO,-H,-ED and
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was 100% after 100°C. The catalyst performance plots are illustrated in Figure 5.10.
Since ethylene is produced as an intermediate in acetylene hydrogenation, which is a

typical consecutive reaction, the ethylene selectivity decreases with acetylene

conversion. High ethylene selectivity (~94%) can be obtained at complete acetylene
conversion (100%) over 1 wt.% Pd/TiO,-H,-ED and 1 wt.% Pd/TiO,-H,-I. For the same
preparation method, the 1 wt.% Pd/TiO,-H, showed higher Pd dispersion than 1 wt.%
Pd/TiO,-Air and, as a consequence, they exhibited higher hydrogenation activity.
Because all the prepared TiO, supports possessed similar average crystallite size, BET
surface area, pore volume, and pore diameter, the higher Pd dispersion on the
catalysts supported on H,-treated sol-gel TiO, was attributed to the larger amount of
surface Ti”* on the TiO, supports. The higher defects could lead to numerous crystal
boundaries, where a larger number of Pd atoms can be deposited; hence higher Pd
dispersion was obtained. As can be seen from Figure 5.9, ethylene selectivity was
higher on the Pd catalysts supported on Hy-treated TiO, than Pd/TiO,-Air, regardless
of the preparation method used. Ethylene selectivity over Pd-based catalysts was
found to increase with increasing A/A,, ratio. It has been rationalized that the
presence of more isolated adsorption sites could be responsible for the increased
selectivity to ethylene[68]. The number of isolated adsorption sites was greatly
enhanced on the H,-treated sol-gel TiO, supports than the ones calcined in air. The
presence of surface Ti”" led to a well-defined homogeneous distribution of the active
sites, probably via the covalent bonding between Pd and Ti. The growth of Pd
crystallite size lowered the A/A,, ratio. In addition, diffusion of Ti"" from the lattice
of TiO, to surface Pd particles has shown to result in the SMSI effect so that the

adsorption strength of ethylene is weakened.
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Figure 5.10 The catalytic performance of 1%Pd/TiO, catalyst in the selective

hydrogenation of acetylene.
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5.4. Properties of TiO, calcined under Nitrogen and Oxygen atmosphere.

In this section, the effect of calcination atmosphere was further investigated
under N, and O, atmosphere. The anatase nanocrystalline TiO, samples were
synthesized by a sol-gel method with a thermal treatment under N, and O,
atmospheres at 350°C. The properties of TiO, supports after calcined were
investicated by X-ray powder diffraction, N, physisorption, electron spin resonance

(ESR) and X-ray photoelectron spectroscopy (XPS).

5.4.1 X-ray diffraction (XRD)

The sol-gel method was used for preparation of TiO, nanoparticles. The TiO,
supports were prepared by sol-gel and calcined under N, and O, at 350°C. The
properties of the samples were obtained from the N, physisorption and XRD data.
The measurements were carried out at the diffraction the angles (26) between 20°
and 80°. Broadening of the diffraction peaks were used to estimate crystallite
diameter from Scherrer Equation. The XRD patterns of TiO, supports prepared by sol-
gel method and calcined under O, and N, are shown in Figure 5.11. The XRD
characteristic peaks of anatase TiO, were presented at 26 = 25° (major), 37°, 48°, 55°,
56°, 62°, 71°, and 75° and the peak at 30.81° 20 corresponded to brookite phase
TiO,. The crystal size of the anatase TiO, calcined at 350°C under different

calcination atmospheres was similar at 4 nm.
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Figure 5.11 The XRD patterns of TiO, calcined under N, and O, atmosphere.
5.4.2 N,-physisorption

The BET surface area, pore diameter and pore volume of the TiO, calcined
under N, and O, and air atmospheres at 350°C were 185-210 mz/g with pore volume
0.3 cm3/g and average pore diameter 4.3 nm. The N, adsorption isotherm of TiO,
calcined under N, and O, atmospheres are shown in Figure 5.12. All of the TiO,
supports exhibited type-IV isotherm with hysteresis loop, describing the characteristic
of mesoporous materials with pore diameters between 2 and 50 nm. The shape of
hysteresis loop of all the catalysts was type H1, which corresponded to narrow
distribution of relatively uniform pores. The calcination atmosphere did not have any

influence on the structural properties of the sol-gel derived TiO,.
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Figure 5.12 N, adsorption isotherm of TiO, calcined under N, and O,

atmospheres.

Table 5.7 Physicochemical properties of TiO,

Catalysts Crystallite size” BET surface Pore volume” Avg. poreb
of TiO, (nm) area (mz/g) (cm3/g) diameter (nm)

TiO,-N, 4.2 210 0.32 4.3

TiO,-O, 4.1 208 0.29 4.3

®Based on the XRD results.
> Based on BJH method
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5.4.3 Electron Spin Resonance (ESR)

The number of defective sites of TiO, was determined using electron spin
resonance spectroscopy technique. The ESR results of the TiO, samples calcined
under O, and N, atmosphere are shown in Figure 5.13. The formation of Ti3+
occurred during calcination due to the removal of hydroxyl group. The defect T on
the surface of TiO, can be generated by reduction of 7" to T s usually
accompanies by oxygen loss from the surface of TiO,. The defect of Ti" on surface
plays a significant role in enhances the dispersion and stability of the supported

metal via the strong interaction between defect sited on the support and metal [63].

The supports exhibited one major signal at ¢ value of 1.975, which can be
attributed to Ti~ at the surface. The Ti species are produced by trapping of
electrons at defective sites in TiO, and the accumulated electrons may reflect the
number of defective sites. The results clearly show that the TiO,-N, possessed more
Ti3+ defective sites than TiO,-O,. The higher metal dispersion has been correlated
with the presence of T on the TiO, supports. The intensity of ESR signal of the
TiO,-N, was found to be stronger than the TiO,-O,, indicating a larger amount of T

defects on theTiO, surface.
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Figure 5.13 The ESR results of TiO, calcined under N, and O, atmospheres at
350°C.

5.4.4 X-ray photoelectron spectroscopy (XPS)

The survey XPS spectra convince the external surface element concentrations
influence on the catalytic activity. The XPS spectra for anatase TiO, samples was
recorded with photon energy of 1256 eV (MgKq), the kinetic energies of the emitted
electrons being in the range of 0-1000 eV. The binding energies of the Ti 2p;,, are
458.8 to 459.0 eV and Ti 2py,, peaks 464.5 to 464.8 eV, indicating of only Ti"in the
TiO, [64]. The binding energy of the Ols peak is 530.0 to 530.5 eV. The survey XPS
spectra were obtained in order to determine the concentration of surface elements
of Ti and O on TiO, and the results are also given in Table 5.8. It can be seen that
for a similar TiO, supports (N, or O, treated), the ratios of Ti/O were found in the

range of 0.20-0.25.
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Table 5.8 The atomic concentration of Ti and O on TiO, surface from XPS results.

Atomic
Catalysts Ti 2p O 1s . Ti/O
concentration
B.E. (eV) FWHM B.E. (eV) FWHM Ti O
TiO-N, 458.8 1.395 530.1 1.630 12.44  37.49 0.25
TiO,-0O, 458.9 1.386 530.1 1.625 12.30 50.26 0.20

5.5. Properties of 1%Pd/TiO, prepared by electroless deposition and incipient

wetness impregnation method.

In this section, the properties of 1%Pd/TiO, catalysts by electroless
deposition and impregnation method via sol-gel derived TiO,, which was calcined
under N,, and O, atmosphere for selective hydrogenation of acetylene at 40-100°C
are reported. The catalyst properties of the Pd/TiO, catalysts according to the
characterization results from X-ray diffraction (XRD), transmission electron microscopy
(TEM), N, physisorption, X-ray photoelectron spectroscopy (XPS), infrared
spectroscopy of adsorbed CO (CO-IR), H, temperature programmed reduction (H,TPR)

and CO pulse chemisorption.

5.5.1 X-ray diffraction (XRD)

The XRD patterns of 1%Pd/TiO, catalysts prepared by electroless deposition
and impregnation methods are shown in Figure 5.14. The measurements were
carried out at the diffraction the angles (28) between 20° and 80" Broadening of the
diffraction peaks was used to estimate the average crystallite diameter from the
Scherrer equation and the average crystalline size after Pd loading around 4-5 nm.
The XRD characteristic peaks of anatase TiO, were presented at 26 = 25° (major), 377,
48°, 55° 56°, 62°, 71°, and 75° and the peak at 30.81° 20 corresponded to brookite
phase TiO,. After Pd loading were no changes in the crystalline phase of theTiO, of
all the catalyst samples. No peak of Pd’ at 26 = 40.2° and 46.7° and observed PdO
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peak at 26 = 33.8° were observed in all Pd/TiO, samples method after calcinations

step because PdO occurred during in the calcination step in air.
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Figure 5.14 The XRD patterns of 1%Pd/TiO, catalysts.

80

The average TiO, crystallite size, BET surface area, pore volume, and pore

diameter. The BET surface area of Pd/TiO, with TiO, calcined under O,, and N,

atmospheres were 156-125 mz/g with pore volume ~ 0.22 cm3/g and average pore

diameter ~3.8 nm are given Table 5.9. However, the BET surface area and pore

volume of the Pd/TiO, decreased after metal loading due to pore blockages. The

decrease in pore volume was seen for all the catalysts after Pd loading with no

significant change in the average pore diameter. The average crystallite sizes of

anatase phase TiO, after Pd loading and calcination at 450°C for 3 h were 4-5 nm.

Compared to the ones prepared by impregnation method and preparation by
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electroless deposition resulted in lower pore volume with the Pd/TiO, calcined in N,

showed the least pore volume.

Table 5.9 Physicochemical properties of 1% Pd/TiO, catalysts.

Catalysts Crystallite BET surface  Pore volume® Avg. porea
size” of  area (mz/g) (cma/g) diameter (nm)
TiO, (nm)
19%Pd/TiO,-N,-ED 4.2 139 0.21 3.74
1%Pd/TiO,-0,-ED 4.6 125 0.17 3.90
19%Pd/TiO,-N,-| 4.3 156 0.24 3.81
19%Pd/TiO,-O,- 4.5 154 0.24 3.91

®Based on the XRD results.
> Based on BJH method

5.5.3 X-ray photoelectron spectroscopy (XPS)

The surface composition and electronic state of Pd/TiO, catalysts were
determined by X-ray photoelectron spectroscopy. The XPS spectra for Pd/TiO,
samples was recorded with photon energy of 1256 eV, the kinetic energies of the
emitted electrons being in the range of 0-1000 eV. The surface compositions of the
catalysts as well as the interaction between Pd and the TiO, supports were
confirmed by XPS analysis. The survey XPS spectra were obtained in order to
determine the concentration of surface elements on the Pd/TiO, catalysts and the
results are also given in Table 5.10. It can be seen that for a similar TiO, supports (N,
or O, treated), the Pd/Ti ratios of the Pd/TiO, catalysts prepared by electroless
deposition were lower than those prepared by impregnation method. In addition,
regardless of the preparation method, the use of Nj-treated TiO, resulted in lower
Pd/Ti ratio (0.02-0.05) than O,-treated ones (0.09-0.10). The XPS results exhibited the
binding energy of Ti 2p around 459.0 eV, O 1s around 530.4 eV and Pd 3d around
366.9 for all catalysts can be attributed to Ti4+, oxygen lattice of TiO, and PdO.
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5.5.4 Transmission electron microscopy (TEM)

The morphologies of 1%Pd/TiO, catalysts were investicated by the
transmission electron microscopy (TEM). The particles of TiO, products by sol-gel
synthesis showed spherical shape with average size around 4-5 nm which were
consistent to those obtained from the XRD results. Pd/TiO, particles are aggregated
into clusters, it is difficult to measure the size of the primary spherical particles
accurately. Pd/TiO, prepared by electroless deposition method is quite difficult to
distinguish metal from the TiO, supports. However, catalyst prepared by
impregnation can be seen some agglomeration of metal particles. The morphologies
of 1%Pd/TiO, catalysts are shown in Figure 5.15 (a) 1%Pd/TiO,-O,-ED (b) 19%Pd/TiO,-
N,-ED, (c) 1%Pd/TiO,-O,-1 and (d) 1%Pd/TiO,-N,-I, respectively.

@ | e R S

|20 nm

Figure 5.15 Transmission electron microscopy of Pd/TiO, catalysts.



76

5.5.5 Hydrogen Temperature program reduction (H,-TPR)

The H,-TPR measurements were carried out to study the reduction behaviors
of palladium catalysts. The TPR profiles of Pd catalysts supported on different TiO,
are shown in Figure 5.16. The palladium catalysts distinctly presented two overlap
peaks of reduction located at ca. 30-500°C, the negative peak at about 80°C is due to
the release of hydrogen from the decomposition of palladium hydride species. The
large peak observed between 300 and 450°C is due to the reduction of TiO,. The TPR
profiles of Pd/TiO, peak appeared at about 300°C at the TPR profiles of four
catalysts, this result suggests that Ti"" can be reduced to T~ in the presence of Pd
even at lower reduction temperature, which is caused by the dissociatively
chemisorbed hydrogen on palladium diffusing from Pd to TiO, and reducing T to
77", The peaks at 450°C assign to T reduce to T Pd/TiO, catalyst which TiO,

calcined in N, facilitated the reduction of H, at lower temperature.

Intensity (A.U)

0 100 200 300 400 500

Temperature (°C)

Figure 5.16 The H,-TPR profiles of Pd catalysts (a) Pd/TiO,—N,-ED, (b) Pd/TiO,-
O,-ED, (c) Pd/TiO,~No-I; (d) Pd/TiO,~O,-.
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5.5.6 Infrared spectroscopy of adsorbed CO (CO-IR)

The amount of Pd active sites is usually calculated from chemisorption
results based on the assumption that only CO molecule adsorbs on one Pd site. The
IR spectra of adsorbed CO show typical four peaks corresponding to different CO
adsorbed species on Pd surface including linear (2100-2050 cmfl), compressed-
brideed (1995-1975 cm ), isolated-bridged (1960-1925 cm '), and tri-coordinated
(1890-1870 cm_1) species. Figure 5.17 shows the IR spectra of adsorbed CO on the
1%Pd/TiO,~N,-ED and Pd/TiO,~O,-ED catalysts. The A/A, ratio of the peaks
corresponding to linearly and multiply bound. The A/A,, ratios of Pd/TiO,—N,-ED and
Pd/TiO,~O,-ED catalysts are given in Table 5.11. The higher A/A,, ratio can be
promoted the ethylene selectivity due to The reaction between the highly active
hydrogen and acetylene at high-coordination lead to the full hydrogenation of
acetylene to ethane, while the reaction on the low-coordination Pd sites is lower

the ethylene selectivity .

Table 5.11 Normalized peak area of various CO adsorbed species from the CO-IR
results on 1% Pd/TiO, catalysts.

Tri- Isolated- Compressed .
Catalyst Linear A/A,
coordinated bridged -bridged
Pd/TiO,-N,-(ED) 0.11 0.48 0.25 0.16 0.19
Pd/TiO,-O,-(ED) 0.21 059 0.15 0.05 0.05

* A: peak area of linear-bound CO and A, peak area of multi-bound CO
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Figure 5.17 CO-IR spectra of 1%Pd/TiO,—~O,-ED and 1%Pd/TiO,~N,-ED

catalysts.
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5.5.7 CO-pulses chemisorption

The amounts of CO chemisorption on the various Pd/TiO, catalysts reduced
at 150°C and the percentages of palladium dispersion are given Table 5.12. It was
found that the Pd catalysts supported on TiO,-N, exhibited higher amount of CO
chemisorption than those supported on TiO,-O,. Comparing the preparation method,
the catalysts prepared electroless deposition showed higher Pd dispersion than those
prepared by impregnation method. The Pd dispersion increased in the order:

Pd/TiO,-N,(ED) > Pd/TiO,-Ny(I) > Pd/TiO»-O4ED) > Pd/TiO»-Ox(l).

Table 5.12 CO chemisorption results of 1%Pd/TiO, catalysts prepared by

impregnation method.

Catalysts CO Chemisorption Pd dispersion dde0
0,
(x 10" molecule CO/ g.) (%) (nm)
19%Pd/TiO,-N,-ED 3.4 66 1.7
1%Pd/TiO,-O,-ED 2.5 48 2.3
19%Pd/TiO,-Ny-| 3.1 58 1.9

19%Pd/Ti0,-O,-| 2.4 43 26
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5.6. Reaction study in selective hydrogenation of acetylene.

5.6.1. 1%Pd/TiO, prepared by electroless deposition and incipient
wetness impregnation method with TiO, calcined under nitrogen and oxygen

atmosphere.

The catalytic performances of the Pd catalysts supported on the sol-gel
derived TiO, calcined under N, and O, were investigated in the selective
hydrogenation of acetylene to ethylene. Figure 5.18, Figure 5.19 and Figure 5.20
summarize the results of acetylene conversion, ethylene selectivity and catalytic
performance of the Pd/TiO, catalysts with the reduction at 150°C for 2 h. The
conversion of C,H, of all the samples increased with increasing reaction temperature.
The conversion of Pd/TiO,N,-ED was 66% at 40°C and reached 100% at 100°C.
Typically, the selectivity for ethylene on supported Pd catalysts decreases when
acetylene conversion is high However, high ethylene selectivity (~92%) can be
obtained at complete acetylene conversion (100%) over the 1%Pd/TiO,-N,-ED. The
ethylene selectivity was improved in the order: 1%Pd/TiO,-N,-ED>1%Pd/TiO,-N,-
I>19%Pd/TiO,-O,-ED>1%Pd/TiO,-O,-I. The catalysts prepared by electroless deposition
methods exhibited higher activity than the conventional impregnation-made
catalysts. Typically, metal dispersion affected the catalytic activity and selective
hydrogenation of acetylene to ethylene. The presence of T significantly increased
dispersion of palladium on the titania supports, as a consequence higher dispersion
and hydrogenation activity were obtained over the Pd/TiO,-N, catalysts. Because the
prepared TiO, supports possessed similar average crystallite size, BET surface area
and pore diameter, the higher Pd dispersion on the Nj-treated sol-gel TiO, was
attributed to the higher amount of surface Ti”" on the TiO, supports. The presence of
Ti”" site that were in contact with the palladium surface promoted the SMSI effect

and ethylene desorption.
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PART II
Effect of calcination temperature of TiO, under Hydrogen atmosphere
via a sol-gel-derived TiO, supported Pd catalysts that were prepared
by incipient wetness impregnation method in the selective acetylene

hydrogenation

In this section, the effect of calcination temperature of TiO, was further
investigated under H, atmosphere. The anatase nanocrystalline TiO, samples were
synthesized by a sol-gel method with a thermal treatment under H, from 300-450°C.
The properties of TiO, supports after calcined were investigated by X-ray powder
diffraction, N, physisorption, electron spin resonance (ESR) and X-ray photoelectron

spectroscopy (XPS).

5.7 Characteristic and properties of TiO, support

5.7.1 X-ray diffraction (XRD)

Calcination is a common treatment that used to improve the crystallinity of
TiO, powders. When TiO, powders are calcined at higher temperatures, the
transformations such as amorphous to anatase, anatase to rutile may occur. The XRD
patterns of TiO, supports were prepared by sol-gel and calcined under H,
atmosphere at 300-450°C are shown in Figure 5.21. The samples calcined at 300-350
°C exhibit peaks of both anatase and brookite phase. For the anatase titania, XRD
peaks at 25°, 37°, 48°, 55°, 56°, 62°, 71°, and 75° 26 were evident. A peak at 30.81° 20
corresponded to brookite phase TiO,. The XRD patterns of the TiO, samples after
heat treatment at 400-450°C appeared rutile peaks at 28° 20. The peak intensities of
anatase increased, indicating the improvement of crystallization of anatase phase.
With further increase in the calcination temperature from 400 to 450°C, the intensity
of rutile phase increased. It is known that thermal treatment and surface defects are
two important factors in TiO, phase transformation. The primary formed TiO, particles
usually contain large portion of defect sites, high temperature facilitates bond

breaking as well as atoms rearrangement and therefore the anatase to rutile occurs
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easily. On the other hand, anatase to rutile transformation is initiated by forming the
rutile nuclei along the anatase {1 1 2} twin interface, which has the structural
similarity to rutile and thus the rutile structure develops directly at the expense of
anatase crystallites [69]. As the temperature increases from 300 to 450°C, the
intensities of the anatase peaks increase, implying an improvement in crystallinity
from 3.9 to 6 nm. The crystallite size of TiO, can be deduced from XRD line

broadening using the Scherrer’s equation.

L ® /natase A Rutile B Brookite

TiO,H,-450

Ti0,H,-400

Intensity (a.u.)

TiO,-H,-350

Ti0,H,-300

20 30 40 50 60 70 80
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Figure 5.21 The XRD patterns of TiO, calcined at 300-450°C under H,

atmosphere.
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5.7.2 Electron Spin Resonance (ESR)

The ESR spectra of TiO, via sol-gel method at different calcination
temperatures shown in Figure 5.22. It is reported that TiO, prepared by sol-gel
method exhibited one major signal at ¢ value of 1.975 which can be attributed to
Ti”" at the surface. The Titanium species (T are produced by trapping of electrons
at defective sites in TiO, and the accumulated electrons may reflect the number of
defective sites. The intensity of the 7" signal was highest for TiO, calcined at 350°C
suggesting that this preparation method produces the highest amount of defects on
the TiO.,. T surface defect can produce by reduction of Ti4+ to TP with H,
treatment temperature. There are three types process for reduction of T to TP
Firstly, H, interacted physically with adsorbed oxygen on the TiO, surface. Secondly,
electrons were transfer from H atom to O atom in the lactic of TiO, when the O
atom left with the H atom and form of H,O. Then, the oxygen vacancies were
formed. Thirdly, interaction between H, and TiO, lead to the electron transferred
from oxygen vacancies to TiL1+ ions, and then Ti3+ jons were formed [70]. It is
suggested that Ti"" increases with the increase temperature and decrease after TiO,
appeared rutile phase due to rutile titania is more thermodynamically and

structurally stable than anatase.
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Figure 5.22 The ESR results of TiO, calcined at 300-450°C.

5.7.3 N,-physisorption

The BET surface areas and average pore diameter for TiO, are shown in Table
5.13 as a function of the calcianation temperature from 300 to 450°C. The values of
BET surface area are 206-121 mz/g, pore volume 0.15-0.31 cm3/g, and average pore
diameter 4-5 nm. The BET surface areas were decreased in the order: TiO,-H,-300>
TiO,-H,-350> TiO,-H,-400> TiO,-H,-450 while the average particle size was increase
with increasing temperature. At the low temperatures exhibited high surface area and
smaller particle size than high calcination temperature lead to prevent the increase

in the rate growth and sintering of the particles. [71].
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Table 5.13 Physicochemical properties of TiO,

Catalysts Crystallite BET surface Pore volumeb Avg. poreID
size” of TiO, area (mz/g) (cm3/g) diameter (nm)
(nm)
TiO,-H,-300 39 206 0.31 a7
TiO,-H,-350 4.4 198 0.30 4.8
TiO,-H,-400 5.3 135 0.22 5.0
TiO,-H,-450 6.0 121 0.15 5.1

®Based on the XRD results.
> Based on BJH method

5.7.4 X-ray photoelectron spectroscopy (XPS)

The XPS is used to determine the surface compositions of the TiO, supports.
The survey XPS spectra convince the external surface element concentrations
influence on the catalytic activity. The XPS spectra for anatase TiO, samples was
recorded with photon energy of 1256 eV (MgKq), the kinetic energies of the emitted
electrons being in the range of 0-1000 eV. The binding energies of the Ti 2p,,, are
458.8 to 459.0 eV and and Ti 2py/, peaks 464.5 to 464.8 eV, indicating of only Ti"in
the TiO, [63]. The binding energy of the O1ls peak is 530.0 to 530.5 eV. The binding
energy and atomic concentration of Ti 2p and O 1s and the relative concentration of
Ti and O on TiO, calcined in H, gas under different calcination temperature are

summarized in Table 5.14. The ratios of Ti/O were found in the range of 0.24-0.25.
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Table 5.14 The atomic concentration of Ti and O on TiO, surface from XPS results.

Atomic

Catalysts Ti 2p O 1s ) Ti/O
concentration

B.E. FWHM B.E. FWHM Ti 0]
(eVv) (eVv)

TiO,-H,-300 458.9 1.758 530.3 2.004 13.08 52.67 0.25
TiO,-H,-350 459.0 1.453 530.4 1.715 12.17 49.83 0.24
TiO,-H,-400 459.0 1.448 530.3 1.693 12.02 48.67 0.25

TiO,-H,-450 458.8 1.365 530.1 1.566 11.16 44.52 0.25

5.8. Properties of Pd/TiO, prepared by incipient wetness impregnation method.

In this section, the preparation of 1%Pd/TiO, catalysts by incipient wetness
impregnation method via sol-gel derived TiO,, ~which different calcination
temperature for selective hydrogenation of acetylene at 40-100°C.  The catalyst
properties of the Pd/TiO, catalysts according to the characterization results from X-
ray diffraction (XRD), transmission electron microscopy (TEM), N, physisorption,
electron spin resonance (ESR), CO pulse chemisorption, X-ray photoelectron
spectroscopy (XPS), pulse CO chemisorption and H, temperature programmed

reduction (H,TPR).

5.8.1 X-ray diffraction (XRD)

The XRD petterns of 1%Pd/TiO,-H,-300, 19%Pd/TiO,-H,-350, 1%Pd/TiO,-H,-400,
and 1%Pd/TiO,-H,-450, which prepared by incipient wetness impregnation methods
(I) are shown in Figure 5.23. There were no changes in the crystalline phase of the
TiO, after palladium loading for all the catalyst samples. The crystallite size of
19%Pd/TiO,-H,-300, 19%Pd/TiO,-H,-350, 1%Pd/TiO,-H,-400, and 1%Pd/TiO,-H,-450 were

4.8-7.4 nm can be deduced from XRD line broadening using the Scherrer’s equation.
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The crystal sizes of anatase increased with increasing of calcination
temperature, indicating aggregation of TiO, nanoparticles upon annealing. The
fraction of rutile becomes greater with increasing reaction temperature, consistent
with increasing the temperature of heat treatment accelerates phase transformation

from metastable anatase to stable and more condense rutile phase.

O \natase A Rutile . Brookite

Pd/TiO,-450
o o

Pd/TiO,-400

Intensity (a.u.)

Pd/TiO,-350

Pd/TiO,300

T T T T T
20 30 40 50 60 70 80
Degree (20)

Figure 5.23 The XRD patterns of 1%Pd/TiO,-H,-300, 1%Pd/TiO,-H,-350,
19Pd/TiO,-H,-400, and 19%Pd/TiO,-H,-450

5.8.2 N,-physisorption

The average TiO, crystallite size, BET surface area, pore volume, and pore
diameter are given in Table 5.15. The BET surface area of the Pd/TiO,, which TiO,
calcined under different calcination temperature from 300-450°C were 156-80 m2/g
with pore volume O.20—O.26cm3/g and average pore diameter 4.1-4.6 nm. However,
the BET surface area and pore volume of the Pd/TiO, decreased for all the catalysts

after Pd loading with no significant change in the average pore diameter. The
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decrease in surface area with metal loading may be due to the pore blockage of the

support.

Table 5.15 Physicochemical properties of 1% Pd/TiO, prepared by impregnation

method.
Catalysts BET surface Pore volume® Avg. porea diameter
area (mz/g) (cms/g) (nm)
19%Pd/TiO,-H,-300 156 0.27 4.1
19%Pd/TiO,-H,-350 144 0.23 4.4
19%Pd/TiO,-H,-400 112 0.26 4.6
19%Pd/TiO,-H,-450 80 0.20 4.6

®Based on BJH method

5.8.3 X-ray photoelectron spectroscopy (XPS)

The surface composition and electronic state surface of Pd/TiO, catalysts.
The XPS spectra for Pd/TiO, samples was recorded with photon energy of 1256 eV
(MgKq), the kinetic energies of the emitted electrons being in the range of 0-1000 eV.
The surface compositions of the catalysts as well as the interaction between Pd and
the TiO, supports were confirmed by XPS analysis. The Pd 3d core level could be
fitted with three main doublets of Pdo, PdO (Pd2+) and PdO, (Pd4+) at the Pd 3ds,, at
335.3, 337.1 and 338.4 eV [72]. The binding energies of Ti 2p,,, were around 458.8 to
459.0 eV. The binding energies and atomic concentrations of Ti 2p, Ols and Pd 3d on
various Pd/TiO, catalysts prepared by impregnation method are given in Table 5.16.
The binding energy of Ti 2p around 459.8 eV and O 1s around 530.3 eV for all
catalysts can be attributed to 7" and oxygen lattice of TiO,. The ratio of Pd/Ti
surface concentration of 1%Pd/TiO,-H,-350, 1%Pd/TiO,-H,-400 and 1%Pd/TiO,-H,-450

were 0.02.
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5.8.4 Transmission electron microscopy (TEM)

The Transmission electron microscopy micrographs of Pd/TiO, prepared by
incipient wetness impregnation method are shown in Figure 5.24. The particles of
TiO, products by sol-gel synthesis showed spherical shape. Pd/TiO, particles are
aggregated into clusters, it is difficult to measure the size of the primary spherical
particles accurately. It was apparent that Pd particle is well dispersed on TiO,
support. The particle size of Pd/TiO, increased with increasing calcination
temperature of TiO, support. Pd/TiO, prepared by incipient wetness impregnation
method indicates that aggregates and/ or agglomerates of crystals increasing the
calcination temperature. However, some agglomeration of metal particles can be

seen on the Pd/TiO,-450.

Figure 5.24 Transmission electron microscopy of Pd/TiO, catalysts prepared
by impregnation method (a) 1%Pd/TiO,-H,-300, (b) 1%Pd/TiO,-H,-350, (c) 1%Pd/TiO,-
H,-400 (d) and 1%Pd/TiO,-H,-450.
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5.8.5 Hydrogen Temperature program reduction (H,-TPR)

The reducibility of Pd/TiO, catalysts were studied by temperature-
programmed reduction. The H,-TPR profiles of Pd catalysts prepared by incipient
wetness impregnation method 1%Pd/TiO,-H,-300, 19%Pd/TiO,-H,-350, 1%Pd/TiO,-H,-
400, and 1%Pd/TiO,-H,-450 are shown in Figure 5.25. The TPR measurements were
executed to study the reduction behaviors of palladium catalysts. The negative peak
at about 80°C indicating the Pd-based catalysts on titania can adsorb hydrogen in the
surface at lower temperatures and release hydrogen from the decomposition of
palladium hydride species [65]. The Peak at about 300°C shows that T reduced to
T in the presence of Pd at lower reduction temperature, which is chemsorbed
hydrogen on palladium during from Pd to TiO, and reducing T to TP The peak at
450°C appeared at the TPR profiles shows that Ti™" can be reduced to Ti".

PdH
RO
=) !
< .
> !
el
< !
: T T T T
0 100 200 300 400 500

Temperature (°C)

Figure 5.25 The H,-TPR profiles of Pd catalysts.
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5.8.6 CO-pulses chemisorption

The metal active sites measurement is based on chemisorption technique on
the assumption that only CO molecule adsorbs on one palladium site. The amounts
of CO chemisorption on the various Pd/TiO, catalysts reduced at 150°C and the
percentages of palladium dispersion are also given Table 5.17. It was found that the
19%Pd/TiO,-H,-350 exhibited the highest amount of CO chemisorption and Pd
dispersion. The Pd dispersion was increased in the order: Pd/TiO,-350> Pd/TiO,-400 >
Pd/TiO,-450 > Pd/TiO,-300.

Table 5.17 CO chemisorption results of 1%Pd/TiO, catalysts prepared by

impregnation method.

Catalysts CO Chemisorption (x 10" Pd dispersion dde0
molecule CO/ g.) (%) (nm)
19%Pd/TiO,-H,-300 2.4 47 2.4
19%Pd/TiO,-H,-350 — 65 1.7
19%Pd/TiO,-H,-400 33 54 2.1

19%Pd/TiO,-H,-450 2.6 49 2.3
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5.9. Reaction study in selective hydrogenation of acetylene.

The catalytic performances of Pd/TiO, catalysts containing 1%Pd/TiO,-H,-300,
1%Pd/TiO,-H,-350, 1%Pd/TiO,-H,-400 and 1%Pd/TiO,-H,-450 prepared by incipient
wetness impregnation method were evaluated in the selective hydrogenation of
acetylene with a vary temperature from 40°C to 100°C. The plots of acetylene
conversion and ethylene selectivity versus temperature and catalytic performance of
Pd/TiO, are shown in Figure 5.26, Figure 5.27 and Figure 5.28, respectively. In
general, acetylene conversion increased with increasing temperature while ethylene
selectivity decreased. Since ethylene is produced as an intermediate in acetylene
hydrogenation, which is a typical consecutive reaction, the ethylene selectivity
decreases with acetylene conversion. The performance of Pd/TiO, catalysts was
improved in the order of 1%Pd/TiO,-Hy,-350>1%Pd/TiO,-H,-400>1%Pd/TiOx-H,-
450>1%Pd/TiO,-H,-300. Pd catalyst supported TiO, calcined in H, atmosphere at
300°C is strongly adsorbed multi-O-bond on Pd surface site than TT-bond lead to
C,Hg formation. It is clearly shown that the Pd catalyst supported TiO, calcined in H,
atmosphere at 350°C exhibited the best catalytic performance the conversion rate of
acetylene to 100% and selectivity of ethylene was up to 89% due to acetylene like
to adsorbed TT-bond species on single Pd atom and easily desorbed ethylene due to
the adsorption is relatively weak . Based on the characterization results, the TiO,
calcined in H, atmosphere at 350°C was attributed to the larger amount of surface
7" enhance the dispersion and stability of supported metal, which promoted

acetylene conversion.
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Figure 5.26 Acetylene conversion as a function of reaction temperature for

1% Pd/TiO, catalysts prepared by impregnation method.
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Figure 5.27 Ethylene selectivity as a function of reaction temperature for 1%

Pd/TiO, catalysts prepared by impregnation method.
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PART Il
The characteristics and catalytic properties of TiO, supported
bimetallic Pd-Ag catalysts prepared by electroless deposition method

in the selective acetylene hydrogenation.

In the present communication, the scope of work to the bimetallic Ag-
Pd/TiO, catalysts prepared by the strong electrostatic adsorption of Pd followed by
the electroless deposition of Ag. In this case, the average particle size of Pd particles
on the monometallic Pd/TiO, was very small and uniformly distributed on the TiO,
support. The Ag-Pd/TiO, bimetallic catalysts having incremental surface coverage of
Ag on the Pd surface were subsequently prepared by the electroless deposition. The
catalysts were characterized by X-ray diffraction (XRD), atomic absorption
spectroscopy (AAS), inductively coupled plasma optical emission spectroscopy (ICP),
chemisorption using hydrogen pulse titration, and Scanning Transmission Electron
Microscopy (STEM). Kinetics study of these catalysts in the selective hydrogenation of

acetylene were also reported.

5.10 Characteristic and catalytic properties of Pd/TiO, prepared by strong

electrostatic adsorption.

5.10.1 Inductively Coupled Plasma optical emission spectroscopy (ICP)

The point of zero chart of TiO, and the uptake survey for the SEA experiment
using palladium tetraammine precursor with the TiO, support is shown in Figure 5.29
and Figure 5.30. The Pd surface density, defined as the amount of Pd per M’ of the
support, is plotted against the final pH value of the slurries after 1 h on the rotary
shaker. In order to determine the optimal pH condition leading to maximum metal

loading. The maximum Pd uptake was observed at an equilibrium pH around 11.4.
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Figure 5.30 The uptake of Pd on TiO, support as a function of pH.
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5.10.2 X-ray diffraction (XRD)

The XRD patterns of TiO, supports uncalcined and calcined in air at 250°C for
2 h and the 0.97%Pd/TiO, (SEA) reduced with 10%H, in He balance at 200°C for 2 h
are shown in Figure 5.31. The measurements were carried out at the diffraction the
angles (20) between 20° and 65°. The XRD characteristic peaks of anatase TiO, were
presented at 20 = 25° (major), 37°, 48°, 55°, 56°, and 62°. There were no changes in
the crystalline phase of the TiO, after calcianation and loading of palladium. The
XRD peaks corresponding to Pd species were no peak of Pd’ at 26 = 40.2° and 46.7°

due to Pd crystallite size very small or low amount of Pd loading.

® Anatase
o
0.97%Pd/TiO,(SEA)
o [ )
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. V. . JLI NN .
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Figure 5.31 X-ray diffraction patterns of TiO, and Pd/TiO, (SEA).

Degree (20)
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5.10.3 Atomic Absorption Spectroscopy (AAS)

A series of Ag-Pd/TiO, bimetallic catalysts were prepared with increasing coverage of
Ag metal on the Pd surface. The time dependent metal deposition profiles are
summarized in Figure 5.32. The deposition curves indicate that TiO, alone does not
result in deposition of Ag. Thus, the ionic interactions between the titania surface
and the Ag metal salt did not occur. The concentrations of Ag in the bath solution of
all samples were analyzed by AA analysis. The Ag in the bath was found to decrease
with increasing deposition time. The aqueous solution in electroless baths are
usually composed of a metal salt, a reducing agent, and stabilizing agent or a
complexing agent. The complexing agent and stabilizing agent were added to
improve bath stability, which also resulted in a corresponding decrease in the rate of
deposition. The applicability of the electroless deposition bath depends on various
concentrations of metal salt, reducing agent, pH in bath solution, monometallic
catalyst, and temperature so that the rates and amounts of the metal deposited can

be controlled.

w f
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20 O— >—&— 0.11%Ag-Pd/TiO,

—*— 0.66%Ag-Pd/TiO,

* L d
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Figure 5.32 The time-dependent metal deposition profiles of Ag¢ deposited.
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5.10.4 Hydrogen-Oxygen Titration

The concentration of Pd surface sites for the Pd/TiO, and the bimetallic Ag-
Pd/TiO, catalysts were determined by the chemisorption of hydrogen titration of
oxygen-precovered Pd sites and the results are shown in Table 5.18. The average
particle size of Pd on the monometallic Pd/TiO, was calculated from the
chemisorption results to be ca. 5 nm. The active particle diameter increased and
apparent metal dispersion decreased with increasing of Ag coverage. The lower
hydrogen uptake with increased Ag wt. % was due to electroless deposition of Ag on
surface Pd sites. In other words, the decrease in Pd surface site concentration

suggests blockage of surface Pd sites by the deposition of a second metal.

The deviation of exposed Pd sites from the theoretical curves for
monodisperse coverages of the Ag/Pd at 1:1 deposition stoichiometry is shown in
Figure 5.33. It is suggested that an autocatalytic deposition occurred at
approximately 0.68 coverage of Ag metal on Pd surface, in which the actual coverage
of Ag started to deviate substantially from the theoretical coverage. The
autocatalytic deposition increases as the higher concentration of the second metal
and available surface Pd sites decreases, as expected for kinetically controlled

deposition processes.
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Figure 5.33 Actual coverage of Ag on Pd/TiO, as a function of Ag deposited.

5.10.5 Scanning Transmission Electron Microscopy (STEM)

The STEM images for Pd/TiO, and Ag coverage (eAg) for 0.36 ML, 0.5 ML and
0.92 ML show in Figure 5.34. On the images it is seen that the metal particles size
increase with increasing the Ag coverage due to Ag deposited on the Pd surface site.
The ratio of Pd : Ag from EDX data show that the atomic ratio of Pd decrease with
increasing of Ag at high coverage of Ag. The ratio of Pd : Ag from EDX data consistent
with the AA analysis are shown in Table 5.19
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Figure 5.34 STEM images of (a) Pd/TiO,, (b) Ag-Pd/TiO, (0.36 ML), (c) Ag-
Pd/TiO, (0.5ML) and (d) Ag-Pd/TiO, (0.92 ML)

Table 5.19 Summary of Ag-Pd/TiO, composition.

Ag AA analysis Pd/Ag EDX Pd/Ag
coverage  %(wt)Pd  %(wt)Ag Atomic% Atomic%

(ML) Pd Ag
OML 100 0 - 100 0 -
0.36 ML 0.97 0.06 16.2 94.2 5.8 16.2
0.5 ML 0.97 0.11 8.8 90.0 10.0 9.0

0.92 ML 0.97 0.64 1.5 60.5 39.5 15
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5.11. Reaction study in selective hydrogenation of acetylene.

Prior to the start of each experimental run, the catalyst was reduced with in
flowing 20% H,/balance He at 200°C for 2 h. The reaction feed stream for catalyst
screening consisted of 1% C,H,, 20% CyHg, 5% H,, balance He at a total flow rate of
50 SCCM. The catalytic performances of the Pd/TiO, and Ag-Pd/TiO, were
investicated in the selective hydrogenation of acetylene to ethylene. Figure 5.35
shows the conversion of acetylene and ethylene selectivity of the catalysts as a
function of Ag coverage (eAg) ranging from 0 to 0.95. In this study, the calculation of
acetylene conversion was based on moles of C,H, converted with respect to C,H, in
feed and ethylene selectivity is defined as the percentage of C,H, reacted over
totally of CH, reacted, C,Hs formed and Cgs formed. It was found that the
conversion of CyH, decreased with increasing of Ag coverage on the Pd/TiO,. The
acetylene conversion of Pd/TiO, was 58% and C,H, selectivity about 40%. The C,H,
selectivity increased monotonically to 84% with increasing eAg to 0.92. At higher
coverage of Ag, the C,H, conversion decreased and the C,H, selectivity increased. At
low coverage of Ag is strongly adsorbed multi-O-bond on Pd surface site than TI-
bond lead to CHg formation. The catalytic activity of C,H, conversion decreased in
parallel with the amounts of added Ag, which originated from the dilution of Pd
active sites by added Ag. The TT-bond ethylene species are adsorbed on single Pd
atom and easily desorbed ethylene due to the adsorption is relatively weak. The di-
O-bonded ethylene species are strongly bound to Pd site and like to be fully
hydrogenated to ethane [73].
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Figure 5.35 Conversion of acetylene and selectivity of acetylene to ethylene

as a function of Ag coverage on Pd/TiO,.

5.11.1 The Turnover Frequency (TOF)

The turnover frequency (TOF) values for C,H, conversion and C,Hg formation
for the Ag-Pd/TiO, catalysts are shown in Figure 5.36. The TOF values for C,Hg
formation were relatively constant between 0 and 0.95 Ag coverage. The evolution
of TOF for C,H, conversion was increase at higher coverage of Ag on Pd. At higher
coverage, most acetylene is strongly adsorbed as TT-bonded species, on Pd surface
sites than for di-O-adsorbed species at low coverage. The lower TOF adsorbed
strongly bound of ethylidyne species on the Pd site leads to the formation of C,Hg
while high TOF adsorbed TT-complex species favors the formation of ethylene. The
high adsorption of C,H, per Pd site increases the formation of C,H; and decrease C,Hg

formation. The presence of Ag on the Pd(1 1 1) surface also decreased the larger Pd
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site lead to the C-C bond breaking ethylidyne formation. The acetylene conversion

decreases with the slight increase of TOF.
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Figure 5.36 Effect of Ag coverage on Pd for TOF of acetylene hydrogenation.

5.11.2 Kinetic studies of acetylene hydrogenation

The kinetics studies of acetylene hydrogenation over the Pd/TiO, and Ag-
Pd/TiO, catalysts. The kinetic measurements consisted of measuring the rate of
acetylene consumption over a wide range of partial pressures of C,H, over the
catalyst at constant temperature. The catalyst was stabilized under the reaction
conditions by passing the reaction mixture of, 20% C,Hg , 5% H,, C;H, pressure range
from 0.005 (0.5%) to 0.012 atm (1.2%) and balance in He. The reaction temperature
was 50°C and flow rate was 200 SCCM. The Ag—Pd/TiO, catalyst with 0.92 coverage of
Ag on Pd was used for the kinetic study. The Figure.5.37 shown C,H, dependency for
Pd/TiO, and Ag-Pd/TiO, (GAg = 0.92) at constant X,= 0.05. The corresponding

acetylene pressure dependence measured using a H, pressure of 0.05 atm at 50°C,



109

also yields a good straight line corresponding to a reaction order of -0.87 + 0.23 for
Pd/TiO, and -0.57 + 0.36 for Ag-Pd/TiO,. The C,H, pressure dependencies for both
Pd/TiO, and Ag-Pd/TiO, catalysts confirm that at more negative reaction order for
Pd/TiO, exhibited C,H, is more strongly adsorbed ethylidyne on the Pd site than high
coverage of Ag adsorbed as TT-bonded species [74]
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Figure 5.37 C,H, dependency for Pd/TiO, and Ag-Pd/TiO, (GAg = 0.92) at

constant x; = 0.05

The hydrogen pressure dependence is shown in Figure.5.38 at a reaction
temperature of 50°C using an acetylene pressure of 0.01 atm over H, pressure range
from 0.02 (2.0%) to 0.10 (10%) atm. The straight line corresponding to a reaction
orders of 1.53 + 0.14 for Pd/TiO, and 0.88 + 0.07 for Ag-Pd/TiO,. The higher H,
pressures increased the rate of acetylene hydrogenation and decrease the acetylene

surface coverage. However, the increase of H, partial pressures also increased the
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rate of ethylene and ethylidene hydrogenation that lead to the formation of ethane

and the loss in the overall selectivity to ethylene [73].

The temperature dependence for acetylene hydrogenation for Pd/TiO, and
Ag-Pd/TiO, (eAg = 0.92) are shown in Figure.5.39 at a reaction temperature of 40-
70°C, C,H, pressure of 0.01 atm and H, pressure of 0.05 atm. The reaction activation
energy for Pd/TiO, is 12.08 + 0.1 kcal/mol. The activation energy for Ag-Pd/TiO, is
lower at 7.74 + 0.2 kcal/mol due to consistent with weak adsorbed C,H, at the
surface reaction between adsorbed C,H, and H. The acetylene conversion increased
as the temperature increased. At higher temperatures increased the desorption of
both ethylene and hydrogen. The reaction rates for C,H, conversion over Pd/TiO,
and Ag-Pd/TiO, can be stated as follows, where R is the gas constant (1.986

cal K’ motfl). This allows a reaction rate to be given as:

For Pd/TiO,,

-12080£100
rate=k, e RT  [p(C, H, ) 08720231 p(HZ)]1.53iO,14

For Ag-Pd/TiO, (B, = 0.92),

-7740+200
rate= k, e RT [p(C, H, )]—0.5710.36[p(HZ)]O.88iO.O7
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Figure 5.38 C,H, dependency for Pd/TiO, and Ag-Pd/TiO, (GAg = 0.92) at
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Figure 5.39 E,. for C;H, conversion for Pd/TiO, and Ag-Pd/TiO, (GAg =0.92)
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

1) The TiO, supports were prepared by sol-gel and calcined under N,, H,, O,,
and air at 350°C. The samples were similar in terms of phase, average crystalline size
and BET surface area. The calcination atmosphere affected the amounts of T on
the surface. The intensity of ESR signals of the TiO,-N, and TiO,.H, were found to be
stronger than the TiO,-Air and TiO,-O,, indicating a larger amount of Ti"" defects on
the TiO, surface. The large amount of Ti3+ surface defects on the TiO, resulted in a

stronger interaction between Pd and TiO, and also higher Pd dispersion.

2) The catalytic performances of Pd/TiO, catalysts prepared by electroless
deposition method in selective hydrogenation of acetylene were significantly
improved when the TiO, support were calcined in H, atmosphere. The Pd/TiO,-H,
catalyst exhibited the highest conversion of acetylene and the selectivity of ethylene
(~94%). The performances of Pd/TiO, catalysts were in order 1%Pd/TiO,»-H,-ED >
1%Pd/TiO,-N,-ED > 1%Pd/TiO,-Air-ED> 1%Pd/TiO,-O,-ED. The catalyst activities of
Pd/TiO, were correlated with Pd dispersion, linearly CO bond with Pd sites, and the
metal-support interaction, which were influenced by the presence of T on Pd

surface under reduction atmosphere.

3) The catalytic performances of Pd/TiO,-H, catalysts prepared by incipient
wetness impregnation method exhibited the highest catalytic performance in the
selective hydrogenation of acetylene. The ethylene selectivity was improved in the
order: 1%Pd/TiO,-H,-l > 1%Pd/TiO,-N,-I > 1%Pd/TiO,-O, 1> 1%Pd/TiOAir-l. The
results suggest that the H, and N,-treated TiO, supports are likely to produce more
active sites for selective hydrogenation of acetylene to ethylene. The dispersion of

metal and the metal-support interaction were influenced by the presence of T on
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Pd surface under reduction atmosphere, leading to a significant increase of the

catalytic activity in the selective hydrogenation of acetylene.

4) Comparing the Pd/TiO, catalysts prepared by two different methods,
electroless deposition (ED) and incipient wetness impregnation methods. Using the
TiO, calcined in H, gave higher conversion and selectivity of ethylene than those
calcined in N,, Air, and O, atmosphere regardless of the preparation method used.
The preparation of Pd/TiO, by electroless deposition method exhibited higher
catalytic activity compared to the incipient wetness impregnation method under
similar reaction conditions. The higher Pd dispersion of Pd/TiO, prepared by
electroless deposition method was correlated with the increase in the catalyst

activities for acetylene hydrogenation.

5) The effect of calcination temperature on the TiO, supports prepared by
sol-gel was investigated under H, at 300 - 450°C. The crystallite sizes of the TiO,
obtained at higher calcination temperature were slightly increased from 3.9 to 6 nm
while the BET surface area decreased. The amounts of the Ti ‘was increased in the
order: TiO,-350 >TiO,-400 >TiO,-450 >TiO,-300 It is suggested that Ti3+ were
increased with increasing temperature and decreased after the TiO, anatase phase
transformed into rutile phase. The large amount of Ti”" surface defects on the TiO,

promoted the stronger interaction between Pd and TiO, and Pd dispersion.

6) The catalytic performances of 1%Pd/TiO,-H,-300, 1%Pd/TiO,-H,-350,
19%Pd/TiO,-H,-400 and 19%Pd/TiO,-H,-450 prepared by incipient wetness impregnation
method were evaluated in the selective hydrogenation of acetylene. The
performance of Pd/TiO, catalysts were in order: 1%Pd/TiO,-350 >1%Pd/TiO,-400
>1%Pd/TiO,-450 >1%Pd/TiO,-300. It was found that dispersion of Pd and reducibility
increased with the amount of surface defect present. The calcination temperature at
350°C exhibited the highest dispersion of Pd and the highest the catalytic activity of

acetylene hydrogenation.

7) The coverage of Ag on Pd/TiO, by electroless deposition method for

acetylene hydrogenation resulted in higher selectivity of ethylene and TOFs in
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acetylene conversion. The adsorption of acetylene on Pd sites was strongly adsorbed
ethylidyne on large Pd ensembles, leading to the formation of ethane and adsorbed

TT-bonded species on small Pd ensembles favored ethylene formation.

8) The kinetics studies of acetylene hydrogenation over the Pd/TiO, and Ag-
Pd/TiO, catalysts shows the reaction orders in C,H, conversion of -0.87 and -0.57 for
Pd/TiO, and Ag-Pd/TiO,, respectively. The increases in the hydrogen partial pressure
increased the activity but decreased ethylene selectivity over both Pd/TiO, and Ag-
Pd/TiO,. The apparent activation energy for the selective hydrogenation of acetylene
over the high coverage of Ag decreased from 12.08 + 0.1 kcal/mol to 7.74+0.2
kcal/mol due to consistent with weak adsorbed C,H, at the surface reaction between
adsorbed C,H, and H. The presence of Ag on Pd surface also decreased the larger Pd

ensembles, which can lead to the C-C bond breaking ethylidyne formation.
6.2 Recommendation

1. The effect of Ti"" defect may be studied for other reactions such as liquid-

phase hydrogenation reaction.

2. Other bimetallic modified on Pd/TiO, catalysts prepared by electroless

deposition method should be studied in the future work.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

The calculation shown below is for 1%Pd/TiO, prepared by incipient wetness
impregnation method. The titanium dioxide support weight used for all preparation is

4 g Based on 100 g of catalyst used; the composition of the catalyst will be as

follows:
Reagent: - Palladium (II) chloride (PdACl,)
Molecular weight = 179.33¢
- Titanium dioxide (TiO,)
Palladium =1g
Titanium dioxide =100 -1 =99¢

For 4 g of titanium dioxide

Palladium required = (4 x 1)/99 = 0.0404 g

Palladium chloride dissolved in de-ionized water
Weigth of Pd required x M.W. of PdCl,

Then Pd content in stock solution =
M.W. of Pd

= (0.0404 x179.33)/106.42

= 0.0681 g

Since the pore volume of the titanium dioxide support is 0.3 ml/¢ and the
total volume of impregnation solution which must be is 0.7 ml by the requirement
of incipient wetness impregnation method, the de-ionized water is added until the

total volume of solution is 0.7 ml.



APPENDIX B
CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculation from the half-height width of the
diffraction peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation

KA

D=
BcosO

Where D = Crystallite size, A
K = crystallite-shape fator = 0.9
A = X-ray wavelength, 1.5418 A for CuKqy
B = Observed peak angle, degree

B = X-ray diffraction broadening, radian

X-ray diffraction broadening (B) is the corrected width of a powder diffraction
free from all broadening due to the instrument. The A-alumina was used as standard
sample to provide instrumental broadening data (see Figure B.1). The most common

correction for the X-ray diffraction broadening (8) can be obtained by using the

Warren’s formula
Warren’s formula:
B- /5, 2
Where By, = The measured peak width in radians at half peak height

Bs = The corresponding width of the standard material
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Example: Calculation of the crystallite size of Q-alumina
The half-height width of peak = 2.0° (from the Figure B.1)
= (2T x 1.73)/360
= 0.0302 radian (By))

The corresponding half-height width of Q-alumina peak (from the Bs value at
the 20 of 25.42° in Figure B.2= 0.0038 radian

The pure width, 3 = \/ 0.0302 2-0.00382

= 0.0299 radian
B = 0.0299 radian
20 = 25.42°
0=1271°
A = 15418

0.9x1.5418A

The crystallite size =
0.0299 radianxcos12.7

=47.41 A

=47 nm
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20= 25.42°
5
8
2
c 1i73
£ 20= 24.62°
£ =<5 20= 26.35°

23 235 24 245 25 255 26 265 27 27.5 28

Degree 20

Figure B.1 The observation peak of Q-alumina for calculating the crystallite

size

7.00E-03
6.50E-03 Y= 6E-07x -1E-05x+0.0037
6.00E-03 R'=1

5.50E-03
5.00E-03

Bs (radian)

4.50E-03
4.00E-03
3.50E-03

3.00E-03

20 30 40 50 60 70 80
Degree (20)
Figure B.2 The graph indicating that value of the line broadening attribute to

the experimental equipment from the A-alumina standard.



APPENDIX C
CALCULATION FOR METAL ACTIVE SITES AND DISPERSION

Calculation of Pd active sites and Pd dispersion measured by CO adsorption is

as follows:

Molecules of Pd from CO adsorption

Metal dispersion= 100 x
molecules of Pd load

Tstd |:)amb %A
Vinj = vtoop X X X
Tamb P.g 100%

Vinj = loop volume injected 80 uL
Tamb = @ambient temperature 295 K
Tsq = standard temperature 273 K
P.tm = ambient pressure 743 mmHg
Psq = standard pressure 760 mmHg

%A = %Active gas 100%

273 K 743 mmHg  100%
Vinj = 80 pL X X X = 72.38 pL
295K 760 mmHg  100%

Volume chemisorbed (V,4)

Ving : A
Vads = XZA%[]- - - ]
i= Af

m

Vinj = volume injected 72.38 L
m = mass of sample 0.1 ¢

Ar = area of peak last peak

72.38uL

Vo = = x 1.152 = 822.26 jL/g = 0.822 cm /g
0.1014¢
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% Metal dispersion

Vads m.w.
%D =S X T X x 100% x 100%
Ve o %M
S¢ = stoichiometer factor, CO on Pd 1
V.4 = volume adsorbed 0.822 cm3/g
V, = molar volume of gas at STP 22414 cm’/mol
m.w. = molecular weight of the metal 106.4 ¢/mol

%M = weight percent of the active metal 1%

0.822 cm’/g 106.4 ¢/mol
%D = 1 x — X x 100% x 100% =39.02 %
22414 cm /mol 1%

Pd active sites

\/ads
Pd active sites = S¢ x X N
Ve
S¢ = stoichiometer factor, CO on Pd il
V.45 = volume adsorbed 0.822 cm3/g
Vs = molar volume of gas at STP 22414 cm’/mol
Na = Avogadro’s number 6.023x10" molecules/g
3
0.822 cm /g -3 molecules
Pd active sites = 1 x 3 X 6.023x 10—
22414 cm”/mol mol

=221 x10°CO molecules/g

=235x 1023 CO molecules/ mol Pd



Active metal surface area

2

Voge  100% m
MAS, = Sfxv—gx " XNAXO'| X o2
S¢ = stoichiometry factor, CO on Pd 1
Vads = volume adsorbed 0.822 cm3/g
Vg = molar volume of gas at STP 22414 cm3/mol

%M = weight percent of the active metal 1%

0.822cm>/mol  100% m2

MAS, = 1x x —x 6.02x10" molecules/g x 0.0787nm X ———
22414cm3/mol 1% 10*8nm

= 173.76 M/ un

Average crystallite size

Fq m° 10°nm
d= X X
PxMSA,,  10%cm? m
Fg = crystallite geometry factor 6
P = specific gravity of the active metal 12.0 g/cm

MSA,, = active metal surface area per gram of metal 173.74 mz/gmetal

6 m3 1O9nm

d= > X X
12 ¢/cm x173.74m*/g 106cm? m

= 2.87 nm
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APPENDIX D
CALCULATION OF GAS HOURLY SPACE VELOCITY (GHSV)

Calculation of Gas Hourly Space Velocity (GHSV)

Flow rate

GHSV (h') =
Volume of catalyst

Volume of catalyst

Diameter of reactor (d) = 10 mm
High of catalyst (h) = 1.5 mm
TTd’h
Volume =
a4
2
3.14 x 10°x 1.5
\ a
3
. 120.12 mm
Flow rate

10 cm/60's = (10x10x10x10x3600)/60
— 600,000 mm /h

Gas Hourly Space Velocity (GHSV)

600,000
120.12

~ 4995 h"

GHSV(h") =



TE-08

6E-08

5E-08

4e-08

mole

3E-08

2E-08

1E-08

APPENDIX E
CALCULATION CURVES

y = 4E-12x
Rz = 0.9992

5000 10000 15000
Area

20000

Figure E.1 The calibration curve of acetylene from GC-8APF (FID)

8E-08
TE-08
6E-08
5E-08
4E-08

mole

3E-08
2E-08
1E-08

y = 5E-12x

Rz = 0.9931

5000 10000
Area

15000

Figure E.2 The calibration curve of hydrogen from GC-8APT (TCD)

132



133

0.000004 -
0.000003 -
9
€ 0.000002
' | y = 5E-12x
R2 = 0.9997
0.000001 -
O T T T
0 200000 400000 600000 800000

Area

Figure E.3 The calibration curve of ethylene from GC-8APF (FID)



APPENDIX F
CALCULATION OF C,H, CONVERSION AND C,H, SELECTIVITY

The conversion of acetylene and ethylene selectivity was evaluated based on

the following equation:

CoHa+H, _— CoHq
C2H4+H2 H C2H6

C,H, conversion was calculated from moles of acetylene converted with respect

to acetylene in the feed :

100x[mole of C,H, in feed-mole of C,H, in product]

C,H, conversion (%) =
mole of C,H, in feed

Where mole of acetylene can be measured from the calibration curve of C,H, in

Figure E.1 APPENDIX E.
C,H, selectivity was calculated from moles of H, and C;H,:

C,H, selectivity (%) =
dC,H,

Where dC,H, = mole of C;H, in feed - mole of C,H, in product

dH, = mole of H, in feed - mole of H, in product

mole of H, can be measured employing the calibration curve of H, in Figure E.2

APPENDIX E.

Mole of H, = (area of H, peak from integrator plot on GC—8AP'|')><5><1O’12
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