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CHAPTER I 
INTRODUCTION 

 

1.1 Rationale 

 

 The reactions involving alkyne and alkene hydrogenation have become of 

both industrial and academic importance. A number of products from these 

reactions are used in the food (flavors), pharmaceutical (sedatives, anesthetics, 

vitamins), cosmetics (fragrances), plastics (resins and polymers), and lubricants 

industries [1]. Such reactions are often carried out in three-phase catalytic systems 

using batch and semibatch reactors. Different alkynic compounds have been 

employed as model reactants for evaluation of the liquid-phase selective 

hydrogenation catalysts under mild reaction conditions such as 1-hexyne [2], 3-

hexyne [3], 1-heptyne [1, 4-6], 4-octyne [7], phenylacetylene [8, 9], and 1-phenyl-1-

pentyne [10]. Palladium is the most common hydrogenation catalyst used in industry 

and studied in fundamental research because of its ability to selectively hydrogenate 

multiple unsaturated hydrocarbons. 

 

Bimetallic catalysts have attracted much attention because of their markedly 

different properties from either of the constituent metals, and their enhanced 

catalytic stabilities, activities and/or selectivities. The promotional effect of Au in Pd–

Au catalysts has been well established in many catalytic processes. The well-known 

applications include CO oxidation, selective oxidation of alcohols to aldehydes or 

ketones, alkenes to epoxides, and oxidation of hydrogen to hydrogen peroxide 



 

 

2 

hydrogenation [1]. Superior activities of Au–Pd catalysts, as compared to the 

monometallic Pd or Au nanoparticles, have been attributed to the synergistic effects 

arisen from both ligand effects and ensemble effects of the Au-Pd alloy [11, 12].  

Despite the low reactivity of Au in hydrogenation, Au and Pd–Au catalysts have been 

studied in the selective hydrogenation of various compounds such as aromatic 

compounds [13, 14], acetylene [15, 16], 1,3-butadiene [17], 1,3-cyclooctadiene [18], 

cinnamaldehyde [19], and citral [20]. Different roles of Au addition have been 

reported in the selective hydrogenation over support Pd catalysts.  Deposition of Au 

particles was used for selective poisoning of Pd surface in the selective 

hydrogenation of acetylene [15]. In the benzaldehyde hydrogenation in the presence 

of sulfur, gold acted as only an inert diluent that prevented Pd4S formation without 

changing the catalyst activity [21].  A number of studies show that electron transfer 

between Pd and Au species occurred and was responsible for the improvement in 

both catalytic activity and selectivity in the hydrogenation reactions [13, 19, 20, 22]. 

However, it appears that the exertion of electronic interaction between Pd and Au 

species depended on several factors such as the molar ratio of Au and Pd, the 

preparation method, the particle morphology, and/or the particle size of Au–Pd 

alloys [23-26]. 

 

Despite the variety of supports being used for preparation of supported Au-Pd 

catalysts such as γ-Al2O3[13, 27], SiO2 [19, 27], TiO2 [20, 28], SiO2-Al2O3 [14], zeolite 

[29], CeO2 [30], α-Fe2O3 [31], and carbon [32, 33], only a few studies systematically 

reported the influence of support nature on the interaction of Au-Pd species and 

their corresponding catalytic behaviors. 
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TiO2 is one of reducible metal oxides that have received considerable 

attention as catalyst supports. In the liquid-phase selective hydrogenation of alkyne 

to alkene, Pd/TiO2 exhibited the strong metal-support interaction (SMSI) effect, 

resulting in an improvement of the catalytic performances [34]. However, the SMSI 

effect in Pd/TiO2 depended on the properties of the TiO2 such as the crystalline 

phase composition and the crystallite size [8, 35]. The TiO2 supports used for 

preparation of Au–Pd catalysts in many research works were mostly the 

commercially available Degussa P25. Solvothemal method is an alternative route for 

direct (one step) synthesis of pure anatase TiO2. Particle morphology, crystalline 

phase, and surface chemistry of the solvothemal-derived TiO2 can be controlled by 

regulating precursor composition, reaction temperature, pressure, solvent property, 

and aging time [34] 

 

In the present work, TiO2 supported Pd-Au catalysts were prepared by the 

combination of incipient wetness impregnation (IM) and deposition-precipitation (DP) 

methods. Such methods are among the most commonly used methods for the 

preparation of supported monometallic Pd and Au catalysts, respectively. The 

catalysts were prepared with either loading of Au (1 wt%) first by DP method 

followed by IM of Pd (0.5 wt%) or preparation of Pd/TiO2 first by IM before loading of 

Au by DP. Loading sequence was found to strongly affect the characteristics and 

catalytic behavior of the bimetallic Pd–Au/TiO2 catalysts prepared in the liquid-phase 

hydrogenation of 1-heptyne. Moreover, the effect of TiO2 crystallite size on the 

catalytic behavior of Au–Pd/TiO2 catalysts was investigated in the selective 

hydrogenation of 1-heptyne under mild reaction conditions. The catalysts were also 
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characterized using X-ray diffraction (XRD), transmission electron microscopy (TEM), 

CO chemisorption, X-ray photoelectron spectroscopy (XPS), diffuse reflectance FTIR 

(DRIFT) spectra of CO, and UV-Vis spectroscopy. 

 

1.2 Research Objectives 

 

1. To investigate the effect of loading sequence of Au and Pd on the 

catalytic behavior of the bimetallic Pd–Au/TiO2 catalysts in the liquid-

phase hydrogenation of 1-heptyne. 

2. To investigate the effect of TiO2 crystallite size on the catalytic behavior 

of Pd/TiO2 and Au/Pd/TiO2 catalysts in the liquid-phase hydrogenation of 

1-heptyne. 

3. To investigate the effect of Pd loading on the catalytic behavior of 

Pd/TiO2 and Au/Pd/TiO2 catalysts in the liquid-phase hydrogenation of 1-

heptyne. 

4. To investigate the deactivation of Pd/TiO2 catalyst in the liquid-phase 

hydrogenation of 1-heptyne and 1-heptene. 
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1.3 Research Scopes 

 

 Deposition of Au by using the deposition-precipitation method with NaOH 

and the gold content of 1 wt%. 

 Deposition of Pd by using the incipient-wetness impregnation method and 

the palladium content of 0.5 or 2.0 wt%. 

 Synthesis of nano-sized TiO2 supports by using the solvothermal method 

with different aging time to obtain different particle sizes. For the micron-

sized TiO2 is purchased from Aldrich. 

 Catalyst pretreatment for palladium catalyst by calcination at 500oC in air 

for 2 hour. 

 Reduction of the catalyst under H2 flow at 40oC for 2 hour before the 

reaction test. 

 Reaction study of Pd/TiO2 and Au-Pd/TiO2 catalysts in liquid-phase 

hydrogenation of 1-heptyne and 1-heptene by using stirring batch reactor 

(100 ml teflon-lined stainless steel autoclave). 

 Characterization of Pd/TiO2 and Au-Pd/TiO2 catalysts by using several 

techniques, such as; X-ray diffraction (XRD), transmission electron 

microscopy (TEM), CO chemisorption, X-ray photoelectron spectroscopy 

(XPS), diffuse reflectance FTIR (DRIFT) spectra of CO, and UV-Vis 

spectroscopy. 
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1.4 Research Methodology 
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CHAPTER II 
BACKGROUND AND LITERATURE REVIEWS 

 

2.1 Hydrogenation of Alkynes 

 

The reactions involving alkyne and alkene hydrogenation have become of 

both industrial and academic importance. Numerous products obtained from these 

partial hydrogenation reactions are useful in the synthesis of biologically active 

compounds, the production of margarine, the lubricant industry and the synthesis of 

important intermediates for the fine chemicals industry [36]. Hydrogenation 

processes are often carried out in a small scale in batch reactor. Batch processes are 

usually most cost effective since the equipment need not to be dedicated to a 

single reaction. Typically the catalyst is powdered and slurried with reactant; a 

solvent is usually present to influence product selectivity and to adsorb the reaction 

heat liberated by the reaction. Since most hydrogenations are highly exothermic, 

careful temperature control is required to achieve the desired selectivity and to 

prevent temperature runaway. 

 

 Selective hydrogenation of alkynes is an addition of hydrogen to a carbon-

carbon triple bond in order to produce only alkenes product.  The overall effect of 

such an addition is the reductive removal of the triple bond functional group. The 

simplest source of two hydrogen atoms is molecular hydrogen (H2), but mixing 

alkynes with hydrogen does not result in any discernable reaction. However, careful 

hydrogenation of alkynes proceeds exclusively to the alkenes until the former is 

consumed, at which point the product alkenes is very rapidly hydrogenated to the 
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alkanes. Although the overall hydrogenation reaction is exothermic, high activation 

energy prevents it from taking place under normal conditions. This restriction may be 

circumvented by the use of a catalyst, as shown in the following diagram. 

 

Figure 2.1 Potential energy profiles for non-catalysed and catalysed reactions 

 

 Catalysts are substances that change the rate (velocity) of a chemical reaction 

without being consumed or appearing as part of the product. Catalysts act by 

lowering the activation energy of the reactions, but they do not change the relative 

potential energy of the reactions and products. Pd-based catalysts have been known 

to exhibit high selectivity with respect to semihydrogenation of alkynes to alkenes 

and have been widely used both in laboratory and industry [37]. 

 

 Selective hydrogenation of alkynes to alkenes is the reaction which takes 

place on the surface of the metal catalyst. The mechanism of the reaction can be 

described in four steps: 
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 Step 1: Hydrogen molecules react with the metal atoms at the catalyst 

surface. The relatively strong H-H sigma bond is broken and replaced with two weak 

metal-H bonds. 

 

 Step 2: The pi bond of the alkyne interacts with the metal catalyst weakening 

the bond. A hydrogen atom is transferred from the catalyst surface to one of the 

carbons of the triple bond. 

 

 Step 3: The pi bond of the alkyne interacts with the metal catalyst weakening 

the bond. A second hydrogen atom is transferred from the catalyst surface forming 

the alkene. 

 

 Step 4: The alkene is released from the catalyst's surface allowing the catalyst 

to accept additional hydrogen and alkene molecules. 
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Many papers in the literature deal with the selective hydrogenation of short 

chain alkynes (C1-C4). However, more challenging from an academic and industrial 

point of view is the semihydrogenation of long chain alkynes such as 1-hexyne [2], 3-

hexyne [3], 1-heptyne [1, 4-6], 4-octyne [7]. There are a few papers deal with such 

reaction. For example, O. Mekasuwandumrong et al. [37] implied the good catalytic 

performances in the liquid-phase selective hydrogenation of 1-heptyne using Pd/TiO2 

nanoparticles synthesized by one-step flame spray pyrolysis (FSP) with Pd loadings 

0.5–10 wt%. 

 

C.R. Lederhos et al. [38] studied different low-loaded Pd, Ni and Pd-Ni 

catalysts were tested for the partial hydrogenation of 1-heptyne. It was found that 

the Pd 0.5%-Ni1.0% bimetallic catalyst was more active than the Pd monometallic 

catalyst while both catalysts were very selective for the production of 1-heptene 

(>95%). These catalysts were however less active than the commercial Lindlar 

catalyst. 
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2.2 Gold as the Catalyst 

 

 The discovery in the 1980s that finely supported divided nanoparticles of 

gold could act as catalysts for reactions at low temperatures has to be one of the 

most fascinating recent observations in chemistry, since most consider gold to be an 

unreactive metal. Gold for a long time had been considered to be a relatively inert 

material and particularly unpromising as a catalyst. In particular, due to its stability 

under most conditions it is really surprising that it can be a highly effective oxidation 

catalyst. Consequently, a large number of experimental and theoretical studies are 

being undertaken to try to elucidate the nature of this interesting catalytic activity.  

 

 Although most studies of gold catalyst are focused on CO oxidation, the use 

of gold based catalysts for the hydrogenation reaction has received great attention in 

the recent years. The first study of the hydrogenation reaction using Au/SiO2 catalysts 

was made by Bond [39], which found that the hydrogenation of 1,3-butadiene was 

occurred and selectively to partial hydrogenation to form butenes. Gold catalyst is 

not only to hydrogenate 1,3-butadiene, but also found to catalyze hydrogenation of 

acetylene [26], propyne[40], phenylacetylene [41] and unsaturated aldehydes to 

unsaturated alcohols [42]. For example, J. Jia and coworker [43] studied the selective 

hydrogenation of acetylene over Au/Al2O3 catalyst. They found that acetylene was 

hydrogenated to ethylene in the temperature range between 313 and 523 K with 

100% selectivity. The activity of the selective hydrogenation of acetylene depends 

on the size of gold particle of Au/Al2O3 catalyst, which a maximum at about 3.0 nm 

in diameter. 
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 Y. Liu et al. [44] studied liquid phase selective hydrogenation of phthalic 

anhydride to phthalide over Au/TiO2 catalyst. The catalysts with different gold 

loading were prepared by deposition-precipitation method. All the studied Au/TiO2 

catalysts exhibited excellent activity with high selectivity (>92%) to phthalide under 

mild reaction conditions (180 oC and 3.0 MPa H2). Specially, catalysts with 2-3 wt.% 

gold loading were highly active and selective for the formation of phthalide. When 

reused, the catalyst showed a certain deactivation, but still was highly selective to 

phthalide. The deactivation was attributed to the leaching of gold, collapse of the 

pore structure and accumulation of organic species on the surface. 

 

 There have been some reports about unexpected products on gold catalyst. 

C. Milone and coworker [45] studied on the hydrogenation of cinnamaldehyde 

carried out in ethanol under mild conditions (T = 333 K, PH2=1 atm), on the Au/TiO2 

reference catalyst, supplied by the World Gold Council. The reaction was carried out 

on the as received and on the catalyst reduced at 473 K and 773 K. The behavior of 

Au/TiO2 catalyst in the hydrogenation of cinnamaldehyde is of pasticular interest 

because it is the first time that the formation of the allyl ether is observed during this 

reaction. The selectivity towards the formation of cinnamyl ethyl ether, measured at 

50% of conversion, increases from 19%, on the as received catalysts, up to 33% on 

the catalysts reduced at 473 K. A further increase of the reduction temperature does 

not influence the selectivity to cinnamyl ethyl ether. 
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2.3 Bimetallic Au-Pd Catalysts 

  

 Bimetallic catalysts have attracted much attention because of their markedly 

different properties from either of the constituent metals, and their enhanced 

catalytic stabilities, activities and/or selectivities. The promotional effect of Au in Pd–

Au catalysts has been well established in many catalytic processes. The well-known 

applications include CO oxidation, selective oxidation of alcohols to aldehydes or 

ketones, alkenes to epoxides, and oxidation of hydrogen to hydrogen peroxide 

hydrogenation [1]. Superior activities of Au–Pd catalysts, as compared to the 

monometallic Pd or Au nanoparticles, have been attributed to the synergistic effects 

arisen from both ligand effects and ensemble effects of the Au-Pd alloy [11, 12].  

Despite the low reactivity of Au in hydrogenation, Au and Pd–Au catalysts have been 

studied in the selective hydrogenation of various compounds such as aromatic 

compounds [13, 14], acetylene [15, 16], 1,3-butadiene [17], 1,3-cyclooctadiene [18], 

cinnamaldehyde [19], and citral [20]. Different roles of Au addition have been 

reported in the selective hydrogenation over support Pd catalysts.  Deposition of Au 

particles was used for selective poisoning of Pd surface in the selective 

hydrogenation of acetylene [15]. In the benzaldehyde hydrogenation in the presence 

of sulfur, gold acted as only an inert diluent that prevented Pd4S formation without 

changing the catalyst activity [21].  A number of studies show that electron transfer 

between Pd and Au species occurred and was responsible for the improvement in 

both catalytic activity and selectivity in the hydrogenation reactions [13, 19, 20, 22]. 

However, it appears that the exertion of electronic interaction between Pd and Au 

species depended on several factors such as the molar ratio of Au and Pd, the 
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preparation method, the particle morphology, and/or the particle size of Au–Pd 

alloys [23-26]. 

 

  L. Prati [46] has used activated carbon or polyvinyl alcohol (PVA) to 

immobilize Au–Pd sols prepared by in situ reduction (using BH4
-) of solutions 

containing Au and Pd salts to prepare Au–Pd bimetallic alloys. Despite slight Pd 

leaching and particle agglomeration, the Au–Pd alloys showed significantly higher 

activity towards various alcohol oxidation reactions compared to their monometallic 

counterparts. Ketchie et al. [47] prepared Au–Pd catalysts using a sol-methodology 

similar to that of Prati, but reported that both bimetallic and monometallic particles 

were formed. Analysis by EXAFS indicated that for the bimetallic particles 

preferential coverage of Pd by Au rather than formation of bimetallic alloy particles 

occurred, indicating a high degree of sensitivity to specifics of the preparative 

method. 

 

 N. Dimitraatos et al. [48] studied the selective oxidation of glycerol by using 

mono and bimetallic catalysts based on Au and Pd and supported on graphite. The 

catalysts were prepared by sol immobilization method. The result showed that the 

use of a bimetallic system significantly improved the activity with respect to the 

monometallic system; whereas, the selectivity to glyceric acid showed to be 

dependent upon the reaction temperature and the preparation method used. 
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Table 2.1 Physical properties of gold and palladium. 

 

Properties Pd Au 

Atomic number 46 79 

Atomic weight 106.42 196.9665 

Electron configuration [Kr] 4d10 [Xe] 4f14 5d10 6s1 

Crystal structure fcc fcc 

Atomic radius (pm) 137 144 

Density (g.cm-3) 12.023 19.30 

Melting point (K) 1828 1337 

Boiling point (K) 3236 3129 

Electronegativity 2.20 2.54 
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2.4 Deposition-precipitation Method (DP) 

 

 The method is commonly referred to as deposition-precipitation (DP), 

because metal hydroxide is supposed to precipitate on the oxide support. It has 

been widely used for preparing oxide-supported gold catalysts having small gold 

particle sizes; Table 2.2 summarises what has been found with TiO2 support. A 

typical preparation method is as follows. After adding the support to an aqueous 

solution of HAuCl4, the pH of the suspension is raised to a fixed value, usually 7 or 8, 

by adding sodium hydroxide or carbonate, after which it is heated at 343 or 355 K 

with stirring for 1 h. After thorough washing with water usually at 323 K to remove as 

much of the sodium and chlorine as possible, the product is dried under vacuum at 

373 K, and often calcined in air at higher temperature. 

 

 This basic method has numerous variations, such as pH, temperatures of 

preparation and washing, for instance at room temperature instead of higher 

temperature, and use of other bases, such as ammonia. Some of the parameters 

have been systematically investigated in a study using an automated dispenser and 

various supports. No variation in the results was found whether sodium hydroxide or 

carbonate or ammonia was used as base. Changes in the ageing period from 2 to 12 

h or in temperature (298 and 343 K) did not have any influence either, but there 

were problems of reproducibility in the preparations that were not found in another 

study. Whether sodium carbonate was added to the gold solution before or after 

addition of titania did not produce significant in the results. 
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 Three kinds of processes appear to occur as the pH is raised (Scheme 1): (i) 

displacement of Cl- from a complex anion by water, giving a neutral species (steps 1 

and 3); (ii) loss of a proton from a neutral hydrated ion (steps 2 and 4); and (iii) 

hydrolysis by replacement of Cl- by OH- (steps 5 and 6) [49]. The equilibrium 

constants measured by Nechayev and Nikolenko [49] was used as a basis for 

discussion; they lead to the results shown in Figure 2.2. The neutral AuCl3.H2O is 

major species at about pH 3-4, and at pH 7, which is most often selected in the DP 

method of catalyst preparation, AuCl(OH)3
- is probably prevalent. At pH 10 and 

above, the Au(OH)4
- anion is the dominant species. 

 

 [AuCl4]
-  +  H2O    AuCl3(H2O)  +  Cl-   (1) 

 AuCl3(H2O)    [AuCl3(OH)]-  +  H+   (2) 

 [AuCl3(OH)]- + H2O   AuCl2(H2O)(OH) + H+  +  Cl-  (3) 

 AuCl2(H2O)(OH)    [AuCl2(OH)2]
-  +  H+   (4) 

 [AuCl2(OH)2]
- + H2O   [AuCl(OH)3]

- + H+  +  Cl-  (5) 

 [AuCl(OH)3]
- +  H2O   [Au(OH)4]

- +  H+  +  Cl-   (6) 

 

Scheme 1. Progress of the hydrolysis of the AuCl4
- ion as the pH is raised. 
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Figure 2.2 Relative equilibrium concentration of gold complexes ([Cl]- = 2.5 -310 M) 
as a function of the pH of the solution, calculated with equilibrium constants 

reported by Nechayev et al. 

 



 

 

19 

Table 2.2 Characteristics of Au/TiO2 catalysts prepared by DP 

 

pH Au (wt.%) Tcalc. (
oC) Tred.(

oC) dAu (nm) References 

4-12.5 0.08-1 - - 2-20 [50] 

5 2.6-4.8 400 - 2.9-6.1 [51] 

5 3.3 400 - 3.2 [52] 

6 1.7-3.4 - - ≥5 [53] 

7 2.8-7.5 - 120-500 1.3-8.7 [42] 

7 8 25-400 - 1.1-3.5 [54] 

7 2 - - 3.1 [55] 

8 1-10 25-500 - 4.5-6.2 [56] 

8.1 1.5-5 300 200 2-5, >8 [44] 

9 0.06-1.9 - - ~3 [57] 

10 1.8 - - 3.5 [20] 

- 1.5 - - 3.7 1.5 [40] 

- 0.96 - - 3.4 [58] 

- 2.1 400 150 3.3 [59] 

- 3 400 - 3.6 [60] 

 

 

 Au/TiO2 has been prepared by depositing colloidal gold in di-isopropylether 

onto titania; calcinations at 573 K removed all the organics [61]. Gold particles 

(~5nm) made in this way were found to sinter much more easily than those made by 

DP. Gold particles ~2 nm in size made by reducing HAuCl4 with a basic solution of 
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THPC, (tetrakis (hydroxymethyl) phosphonium chloride) have been deposited on 

titania and zirconia at pH 2, which is below their PZC: part of the adsorbed ligands 

were destroyed on exposure to air; calcinations at 673 K removed all the carbon, 

and gave particles 4-6 nm in size [62, 63].  

 

 The effect of preparation method (deposition-precipitation versus sol 

immobilization method) and reduction method (calcination versus chemical 

reduction) on Au/TiO2 catalysts for the liquid phase oxidation of glycerol were 

studied by N. Dimitratos et al [64]. It was revealed that a different tend existed in 

terms of activity and distribution of products. The catalytic activity was depended 

not only on the choice of the reduction method but also on the use of protective 

agent (PVA, THPC) for the stabilization of the gold colloids. The highest activity was 

found when a low temperature chemical reduction was employed on the Au/TiO2 

catalyst synthesized by the deposition-precipitation method. Moreover, the use of 

higher pre-treatment temperature or of a protective agent resulted in a lower activity 

but could be used to direct selectivity in oxidation reaction. 
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2.5 Titanium (IV) oxide 

 

 Titanium (IV) oxide occurs naturally in three crystalline forms : 

 1. Rutile, which tend to more stable at high temperatures. The 

application of almost rutile type is used in industrial products such as paints, 

cosmetics foodstuffs and sometime found in igneous rocks. 

 2. Anatase, which tends to be more stable at lower temperatures. 

This type generally shows a higher photoactivity than the other types of titanium 

dioxide. 

 3. Brookite, which is usually found only in minerals and has a 

structure belonging to orthorhombic crystal system. 

 

 A summary of the crystallographic properties of three varieties is given in 

Table 2.3. Both of rutile and anatase type have a structure belonging to tetragonal 

crystal system but they are not isomorphous (Figure 2.3). The two tetragonal crystal 

types are more common because they are easy to make. Anatase occurs usually in 

near-regular octahedral, and rutile forms slender prismatic crystal, which are 

frequently twinned. Rutile is the thermally stable form and is one of two most 

important ores of titanium. 

 

 The three allotropic forms of titanium dioxide have been prepared artificially 

but only rutile, the thermally stable form, has been obtained in the form of 

transparent large single crystal. The transformation from anatase to rutile is 

accompanied by the evolution of ca. 12.6 kJ/mol (3.01 kcal/mol), but the rate of 
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transformation is greatly affected by temperature and by the presence of other 

substance which may either catalyze of inhibit the reaction. The lowest temperature 

at which conversion of anatase to rutile takes place at a measurable rate is ca. 

700˚C, but this is not a transition temperature. The change is not reversible; ΔG for 

the change from anatase to rutile is always negative. 

 

Table 2.3 Crystallographic properties of anatase, brookite, and rutile 

 

 

 

 

  

Properties  Anatase  Brookite  Rutile 

Crystal structure 

Optical 

 

Density, g/cm3 

Harness, Mohs scale 

Unit cell 

Dimension, nm 

a 

b 

c 

 

Tetragonal 

Uniaxial, 

negative 

3.9 

51/2 – 6 

D4a
19.4TiO2 

 

0.3758 

 

0.9514 

 

Orthorhombic 

Biaxial, positive 

 

4.0 

51/2 – 6 

D2h
15.8TiO2

 

 

0.9166 

0.5436 

0.5135 

 

Tetragonal 

Uniaxial, 

negative 

4.23 

7 – 71/2 

D4h
12.3TiO2 

 

0.4584 

 

2.953 



 

 

23 

 

 

Figure 2.3 Crystal structures of anatase (a), rutile (b), and brookite (c) TiO2 

 

 Brookite has been produced by heating amorphous titanium (IV) oxide, 

prepared from alkyl titanates of sodium titanate with sodium or potassium hydroxide 

in an autoclave at 200 to 600 oC for several days. The important commercial forms 

of titanium (IV) oxide are anatase and rutile, and these can readily be distinguished 

by X-ray diffraction spectrometry. 

 

 Since both anatase and rutile are tetragonal, they are both anisotropic, and 

their physical properties, e.g. refractive index, vary according to the direction relative 

to the crystal axes. In most applications of these substances, the distinction between 

crystallographic directions is lost because of the random orientation of large numbers 

of small particles, and it is mean value of the property that is significant. 

 

 Measurement of physical properties, in which the crystallographic directions 

are taken into account, may be made of both natural and synthetic rutile, natural 
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anatase crystals, and natural brookite crystals. Measurements of the refractive index 

of titanium dioxide must be made by using a crystal that is suitably orientated with 

respect to the crystallographic axis as a prism in a spectrometer. Crystals of suitable 

size of all three modifications occur naturally and have been studied. However, rutile 

is the only form that can be obtained in large artificial crystals from melts. The 

refractive index of rutile is 2.75. The dielectric constant of rutile varies with direction 

in the crystal and with any variation from the stoichiometric formula, TiO2; an average 

value for rutile in powder from is 114. The dielectric constant of anatase powder is 

48. 

 

 Titanium dioxide is thermally stable (mp 1855˚C) and very resistant to 

chemical attack. When it is heated strongly under vacuum, there is a slight loss of 

oxygen corresponding to a change in composition to TiO1.97. The product is dark blue 

but reverts to the original white color when it is heated in air. 
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2.6 Solvothermal Method 

 

 Solvothermal method has been developed for sysnthesis of metal oxide and 

binary metal oxide with large surface area, high crystallinity and high thermal stability 

by using solvent as the reaction medium. The solvothermal method is similar to the 

hydrothermal method except that organic solvents are used instead of water. This 

method can effectively prevent the products from oxidizing. The solvothermal 

treatment could be used to control grain size, particle morphology, crystalline phase 

and surface chemistry by regulating sol composition, reaction temperature, pressure, 

nature of solvent, additives, and aging time. In particular, the particles prepared by 

solvothermal method were reported to be larger surface area, smaller particle size, 

and more stable than those obtained by other methods such as the sol-gel method. 

 

 Titanium precursor such as titanium alkoxide, was used as starting material for 

titania synthesis. It was first suspended in organic solvent in a test tube of autoclave. 

The crystalline titania was formed at temperature in the range of 200-340 oC in an 

autoclave. Autogeneous pressure during the reaction gradually increased as the 

temperature was raised. It has been reported that physiochemical properties of the 

synthesized titania depend on the reaction conditions as well as the calcinations 

temperature. The mechanism of Titanium (IV) tert-butoxide and 1,4-butanediol is 

shown in Figure 2.4. 
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Figure 2.4 Mechanism of solvothermal reaction for the anatase TiO2 formation 

 

 M. Kang et al. [65] synthesized TiO2 by using the sol-gel and solvothermal 

method in order to study renders a reliable synthesis procedure of the TiO2 

photocatalyst having the antase structure of nano size. The TiO2 powder obtained by 

the solvothermal method at 300oC exhibited a pure anatse structure without any 

further treatment, while the TiO2 powder prepared by the sol-gel method was 

transformed to the anatase structure after thermal treatment at 500oC for 3 h. The 

TiO2 powder obtained by the solvothermal method had higher surface area (121 

m2/g) and surface charge (+24.1 mV) than the TiO2 powder prepared by the sol-gel 

method (51 m2/g, +16.4 mV). 

 

C.S. Kim et al. [53] synthesized TiO2 nanoparticles in toluene solutions with 

titanium isopropoxide (TIP) as precursor by solvothermal synthetic method. After 

synthesis at 250 oC for 3 hours with solutions at the weight ratios 10/100, 20/100 and 
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30/100 nanocrystalline TiO2 particles are formed and they have a uniform anatase 

structure with average particle size below 20 nm. Average size of the nanocrystalline 

particle increases as increasing the amount of TIP precursor in this composition range. 

For the products obtained from the solution of 5/100 and 40/100, crystalline 

particles cannot be obtained. The 5/100 of TIP in the mixture might be too small 

amount to synthesize TiO2 nanoparticles at 250 oC and longer time is also needed to 

obtain adequate size of the particle. In the mixture of 40/100 TIP, the synthetic 

process of TiO2 particles may be hindered by agglomeration of the reactants due to 

surplus of precursor. 

 

W. Payakgul [66] synthesized the titania using thermal decomposition of 

titatium (V) n-butoxide (TNB) in organic solvents. It is suggested that anatase titania 

synthesized in 1,4-butanediol is the result from direct crystallization while titania 

synthesized in toluene is transformed from precipitated amorphous intermediate. 

Thermal stability of products investigated by calcinations at various temperatures 

and photocatalytic activity evaluated from ethylene decomposition reaction suggest 

that amount of defect structures in titania synthesized depends upon the solvent 

used.



 

 

CHAPTER III 
EXPERIMENTAL 

 

 This chapter describes the experimental procedure used in this research 

which can be divided into three sections. The details of catalyst preparation are 

shown in section 3.1. The reaction studies in 1-heptyne and 1-heptene 

hydrogenation are explained in section 3.2. Finally, the properties of catalyst 

characterized by various techniques are described in section 3.3. 

 

3.1 Catalyst Preparation 

 

 The TiO2 supports used in this research were an anatase TiO2. The micron-

sized TiO2 was commercially obtained from Aldrich. The nano-sized TiO2 was 

synthesized by the solvothermal method. 

 

 3.1.1 Synthesis of TiO2 Supports via the Solvothermal Method 

 

 The chemicals that used to synthesize nano-sized TiO2 are shown in Table 

3.1. The TiO2 support used in this work was synthesized by the solvothemal method 

as described in Ref. [34] using titanium (IV) tert-butoxide (97%TNB) and 1,4-

butanediol (Aldrich) as titanium precursor and solvent. Firstly, 25 g of TNB was 

suspended in 100 ml of 1,4-butanediol in an inner test tube. The gap between an 

inner and an outer test tube, 30 ml of 1,4-butanediol is added. After the autoclave 

was completely purged with nitrogen, it was heated to 300oC at the rate of 2.5oC/min 
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and held at this temperature for 30 minute (TiO2_9 nm) and 6 hour (TiO2_15 nm). 

After the reaction, the autoclave was cooled down to room temperature. The 

resulting powder that collected from the test tube was centrifuged in methanol five 

times and then dried in air at room temperature overnight. The final product 

obtained was TiO2 powder. The scheme of apparatus is shown in Figure 3.1. 

 
 
Table 3.1 Chemicals used for synthesis TiO2 

 

 

Chemical Supplier 

Titanium (IV) tert-butoxide Aldrich 

(97%TNB, Ti[O(CH2)3CH3]4)  

1,4-butanediol Aldrich 

(1,4-BG, HO(CH2)4OH)  

Methyl alcohol Aldrich 

 

  

Table 3.2 The condition used for synthesis TiO2 

 

Samples 
TNB 

(g) 

1,4 Butanediol 

(ml) 

Temperature 

(oC) 

Holding 

Time (hr) 

TiO2_9 25 100 300 0.5 

TiO2_15 25 100 300 6 
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Figure 3.1 The schematic drawing of equipment used for the preparation of TiO2 
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 3.1.2 Palladium Loading 

 

 In this experiment, the palladium was deposited onto the support by 

incipient wetness impregnation. PdCl2 was used as palladium precursor. The incipient 

wetness impregnation procedure was follow: 

 1. PdCl2 was dissolved in hydrochloric acid 0.1 mol/l and heat at 60oC until 

all the PdCl2 was dissolved. 

 2. TiO2 support was impregnated with the PdCl2 solution by incipient wetness 

technique. The solution of PdCl2 was slowly dropped onto the TiO2 support. 

 3. The impregnated support was left at room temperature for 6 hour to 

assure adequate distribution of metal complex. After that the catalyst was dried in 

the oven at 110oC for 12 hour. 

 4. The catalyst was calcined in air at 500oC for 2 hour. 

 

 3.1.3 Gold Loading 

 

 Gold catalyst was prepared by deposition-precipitation method according to 

Ref. [42]. Firstly, HAuCl4.3H2O which was used as the gold precursor was dissolved in 

100 ml of deionized water. The pH was adjusted to 7 by using 0.1 M of NaOH. After 

2.0 g of TiO2 was dispersed in the solution, the pH was readjusted to 7 with NaOH 

again. The suspension is vigorously stirred for 2 h at 80oC. After 2 h, the suspension is 

cooled and centrifuged five times with deionized water in order to remove chloride, 

and then dried at 110oC for 6 h. 
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Table 3.3 Loading sequence in the catalyst preparation 

 

catalyst first step second step 

Pd/TiO2_9 IM Pd - 

2%Pd/TiO2_9 IM Pd (2 wt%)  

Au/Pd/TiO2_9 IM Pd DP Au 

Au/2%Pd/TiO2_9 IM Pd (2 wt%) DP Au 

Pd/TiO2_15 IM Pd - 

Au/Pd/TiO2_15 IM Pd DP Au 

Au/TiO2_100 DP Au - 

Pd/TiO2_100 IM Pd - 

Pd/Au/TiO2_100 DP Au IM Pd 

Au/Pd/TiO2_100 IM Pd DP Au 

DP_IM_Pd/TiO2_100 IM Pd DP w/o Au 

 

DP : Deposition-precipitation 

IM : Incipient wetness impregnation 

The loading of Pd and Au was 0.5wt.% and 1.0wt.%, respectively  for all samples. 
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3.2 Reaction Study  

 

 In order to study the characteristic and catalytic properties of these systhesis 

catalyst, the liquid-phase hydrogenation was required. 1-Heptyne was used as a 

reactant under an organic solvent as reaction medium. 

 

 3.2.1 Chemicals and Reagents 

 

 The chemicals and reagents used in the reaction study in the liquid phase 

hydrogenation are shown in Table 3.4 

 

Table 3.4 The chemicals and reagents are used in the reaction 

 

Chemicals and Reagents Supplier 

High purity grade hydrogen (99.99vol.%) Thai Industrial Gases Limited 

1-heptyne Aldrich 

1-heptene TRADE TCI MARK 

1-heptane Wako 

toluene Fluka 
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 3.2.2 Instruments and Apparatus 

 

 The schematic diagram of liquid phase hydrogenation is shown in Figure 3.2. 

The main instruments and apparatus in the reaction study are explained as follow: 

 

 The autoclave reactor 

 The 100 ml teflon-lined stainless steel autoclave was used as a reactor. Hot 

plate stirrer with magnetic bar was used to heat up the reactant and to ensure that 

well mix between the reactant and catalyst. 

 

 Gas Chromatography (GC) 

 A Gas chromatography equipped with flame ionization detector (FID) with GS-

alumina capillary column was used to analyze the feed and product. The operating 

condition for GC is shown in Table 3.5. 
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Figure 3.2 The schematic diagram of liquid-phase hydrogenation 

 

 

 

Figure 3.3 Teflon-lined stainless steel autoclave reactor of liquid-phase 
hydrogenation 
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Table 3.5 The operating condition for GC 

 

Gas Chromatography Shimadzu GC-14A 

Detector FID 

Packed column GS-alumina (length=30m, I.D.=0.53mm) 

Carrier gas Helium (99.99 vol.%) 

Make-up gas Nitrogen (99.99 vol.%) 

Column temperature 200oC 

Injector temperature 250oC 

Detector temperature 280oC 
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 3.2.3 Liquid-Phase Hydrogenation of 1-Heptyne 

 

 Prior to the reaction testing, the catalyst sample was reduced by hydrogen 

gas at a flow rate of 50cm3/min at 40oC for 2 h. Then, 0.01 g of the sample was 

dispersed in 10 cm3 of toluene containing 2 vol.% 1-heptyne. The effect of mass 

transfer on the reaction rate was negligible by using a high stirring rate (1000 rpm). 

The reaction was carried out under flowing hydrogen at 2 bars and 30oC for 10-120 

minute. The liquid reactants and products were analyzed by a gas chromatograph 

equipped with an FID detector. 

 

 3.2.4 Liquid-Phase Hydrogenation of 1-Heptene 

 

 Prior to the reaction testing, the catalyst sample was reduced by hydrogen 

gas at a flow rate of 50cm3/min at 40oC for 2 h. Then, 0.01 g of the sample was 

dispersed in 10 cm3 of toluene containing 2 vol.% 1-heptene. The effect of mass 

transfer on the reaction rate was negligible by using a high stirring rate (1000 rpm). 

The reaction was carried out under flowing hydrogen at 2 bars and 30oC for 10-120 

min. The liquid reactants and products were analyzed by a gas chromatograph 

equipped with an FID detector. 
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3.3 Catalyst Characterization 

 

 The catalyst was characterized by several techniques such as  

 

 3.3.1 X-ray Diffraction (XRD) 

 

 The bulk crystal structure and X-ray diffraction (XRD) patterns of all catalysts 

were determined by the SIEMENS D5000 X-ray diffractometer connected with a 

computer with Diffract ZT version 3.3 programs for fully control of the XRD analyzer. 

The experiment was carried out by using CuK radiation with Ni filter in the 2 range 

of 20 to 80 degrees resolution 0.04o. The crystallite size was estimated from line 

broadening according to the Scherrer’s equation. 

 

 3.3.2 N2 Physisorption 

 

 The specific surface area of samples were measured through nitrogen gas 

adsorption at liquid nitrogen temperature (-196ºC) using Micromeritics ChemiSorb 

2750 Pulse chemisorption System instrument. Before the experiment, the sample 

was thermally treated at 150ºC for 1 h. 

 

 3.3.3 Transmission Electron Microscopy (TEM) 

 

 The morphology and crystallite size of all catalysts were observed by using 

JEOL-JEM 200CX transmission electron microscope operated at 100 kV at National 
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Metal and Materials Technology Center. The average crystallite size was measured by 

SemAfore program version 5.00. 

 

 3.3.4 X-ray Photoelectron Spectroscopy (XPS) 

 

 The XPS spectra, the blinding energy and the composition on the surface 

layer of the catalysts were determined by using an AMICUS photoelectron 

spectrometer equipped with an Mg K X-ray as a primary excitation and KRATOS 

VISION2 software. XPS elemental spectra were acquired with 0.1 eV energy step at a 

pass energy of 75 eV.  All the binding energies were referenced to the C 1s peak at 

285.0 eV of the surface adventitious carbon. 

 

 3.3.5 Diffuse Reflectance UV/Vis Spectra 

 

 The UV-Vis diffuse reflectance spectra (DSR) were recorded using a Shimadzu 

UV-3100PC spectrophotometer from 200 to 800 nm. 

 

 3.3.6 CO-pulse Chemisorption 

 

 The relative percentages of palladium dispersion were determined by CO 

pulse chemisorption at 40oC using a BEL-METAL-1 system. Approximately 0.1 g of 

catalyst was reduced under hydrogen flow at 40oC for 2 h, and then helium was 

purged. The CO was pulsed over the reduced catalyst until the TCD signal from the 

pulse was constant.  
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 3.3.7 Diffuse Reflectance FTIR (DRIFT) Spectra of CO 

 

 The CO adsorbed species on the catalysts were measured using FTIR-620 

spectrometer (JASCO) with a MCT detector at a wavenumber resolution of 2 cm−1. He 

gas was introduced into the sample cell in order to remove the remaining air. The 

system was switched to hydrogen and heated to 150 ◦C. The temperature was kept 

constant for 30 min and then cooled down to the room temperature with He gas. 

After that, carbon monoxide was flow to the system for 15 min. The IR spectrum of 

CO adsorbed onto the catalyst was recorded in the 600–4000 cm−1 range after the 

gaseous CO had been purged with flowing He. 



 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 Effect of consequently between Pd and Au on the catalytic behavior of Au-
Pd/TiO2 catalysts in the liquid-phase selective hydrogenation of 1-heptyne 

 

 4.1.1Characterization of the catalysts 

 

  4.1.1.1 X-Ray Diffraction (XRD) 

 

The XRD patterns of the TiO2 supports and TiO2 supported Au–Pd catalysts 

were carried out at the diffraction angle (2) between 20o and 80o, the results are 

shown in Figure 4.1. All the samples showed the characteristic peaks of pure anatase 

phase titania at 2 degrees = 25o (major), 37o, 48o, 55o, 56o, 62o, 71o, and 75o without 

contamination of the other phases such as rutile and brookite [67]. The XRD 

characteristic peaks corresponding to palladium and gold species were not detected 

for the Au/TiO2_100, Pd/TiO2_100, and Au/Pd/TiO2_100 because of the low amount 

of metals present and, probably, the very high intensity of the TiO2 peaks (due to the 

large TiO2 crystallite size 100 nm) compared to the crystallite size of the metals. For 

the Pd/Au/TiO2_100, additional peaks at 2 = 38o and 44o were observed and were 

indexed to cubic gold metal. The appearance of these Au metallic peaks in the XRD 

pattern indicated that the Au particles were fairly large in this sample (comparable to 

the TiO2). 
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Figure 4.1 XRD patterns of TiO2_100, Au/TiO2_100, Pd/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100 catalysts 
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  4.1.1.2 Transmission Electron Microscopy (TEM) 

 

TEM analysis has been carried out in order to physically measure the metal 

particle sizes and the results are shown in Figure 4.2-4.6. The TiO2 support had a 

uniform particle size of 0.1–0.2 µm. The metal dispersion of the catalysts can be 

seen from the TEM images. The average particle sizes of the Au/TiO2_100 and 

Pd/TiO2_100 catalysts were 10.3 and 6.9 nm, respectively. The particle size of Au was 

larger than expected because it was previously reported that 2–3 nm Au 

nanoparticles were formed on the P25-TiO2 by a similar method as used in this work 

[42]. The formation of larger Au particles may be attributed to the lower surface area 

of the TiO2 support used in this study (~10 m2/g). An adequate support seems to be 

necessary for preparation of well-dispersed monometallic gold nanoparticles with 

high activity [68]. In general, gold particles prepared by deposition-precipitation are 

associated with small particle sizes with a uniform particle size distribution [69] and a 

closed interaction between the gold particles and the support [39]. The smaller size 

of Pd particles indicates a better dispersion of palladium on this TiO2 support. 

 

The TEM images of the bimetallic Pd/Au/TiO2_100 and Au/Pd/TiO2_100 are 

shown in Figure 4.3 and 4.5, respectively. For the Pd/Au/TiO2_100 catalyst, in which 

Au was loaded on the TiO2 by deposition-precipitation in the first step followed by 

impregnation of Pd in the second step, large particles being 30–50 nm in size was 

observed in addition to some 2–8 nm particles. The larger particles can be attributed 

to Au0 particles according to the XRD results. However, further characterization by 

XPS and UV–Vis spectroscopy (discussed hereafter) suggests the coverage of Au 
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surface by Pd. The formation of Pd–Au alloy particles with relatively large size (i.e., 

>30 nm) has often been reported for supported Pd–Au catalysts prepared by co-

impregnation of PdCl2 and HAuCl4 [70, 71]. In the present study, Au particles on the 

Au/TiO2_100 may be unstable during the impregnation of HCl solution containing 

PdCl2 and hydrolyzed to form AuCl4 or Au(OH)Cl3 gold species. Under acidic pH, 

these gold species interacted repulsively with the positively charged TiO2 surface, 

resulting in the growth of Au precipitated [72, 73]. The subsequent calcination then 

resulted in the formation of PdO on both large Au aggregates and the TiO2 support. 

For the Au/Pd/TiO2_100 catalyst, in which the Au nanoparticles were deposited on 

the Pd/TiO2 by deposition-precipitation in the second step after impregnation and 

calcinations of Pd, higher metal dispersion was seen from the TEM images (Figure 

4.5). The sample shows a bimodal particle size distribution of average sizes 1.7 and 

7.9 nm. 

 

Figure 4.6 shows TEM image and particle size distribution of the calcined 

Pd/TiO2 after being treated under the deposition-precipitatoin conditions in the 

absence of Au precursor (referred to as DP_IM_Pd/TiO2_100). Compared to the 

starting Pd/TiO2_100, the Pd particle size decreased and the particle size distribution 

became more uniform on the DP_IM_Pd/TiO2_100. 
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Figure 4.2 TEM image of TiO2_100 support 
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Figure 4.3 TEM images and particle size distribution of TiO2 supported Au and Pd 
catalysts 

  



 

 

47 

 

Figure 4.4 TEM images and particle size distribution of Pd/Au/TiO2_100 catalyst 
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Figure 4.5 TEM images and particle size distribution of Au/Pd/TiO2_100 catalyst  
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Figure 4.6 TEM images and particle size distribution of DP_IM_Pd/TiO2_100 catalyst 
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  4.1.1.3 X-ray Photoelectron Spectroscopy (XPS) 

  

Surface compositions of the catalyst were analyzed using a Kratos Amicus X-

ray photoelectron spectroscopy. The XPS analysis were carried out with following 

conditions: Mg Ka X-ray source at current of 20 mA and 12 keV, resolution 0.1 

eV/step, and pass energy 75 eV. The operating pressure is approximately 1x10-6 Pa. 

 

A survey scan was performed in order to determine the elements on the 

catalyst surface. The elemental scan was carried out in the next step for C 1s, O 1s, 

Ti 2p, Pd 3d and Au 4f. Binding energies of each element was calibrated internally 

with carbon C1s at 285.0 eV. Photoemission peak areas are determined by using a 

linear routine. The deconvolution of complex spectra was done by fitting with 

Gaussian (70%)-Lorentzian (30%) shapes using VISION2 software equipped with the 

XPS system. 

 

 Prior to the measurements, all the catalysts were reduced ex situ in H2 flow 

at 40 oC for 2 h and kept in a dessicator. The Pd 3d spectra of the catalysts are 

shown in Figure 4.7. For the Pd/TiO2_100 and Pd/Au/TiO2_100, the binding energy of 

Pd 3d5/2 were detected at 336.5–336.8 eV and were attributed to the presence of 

palladium in the form of PdO [74]. The binding energy of Pd 3d in the 

Pd/Au/TiO2_100 and Pd/TiO2_100 was essentially similar, suggesting that electronic 

structure of the surface Pd atoms was not changed in the presence of large Au 

particles in the case of Pd/Au/TiO2_100. The presence of PdO on the surface was 

ascribed to the easy oxidation of Pd upon contact with air at room temperature. 
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Herzing et al. [70] reported that some surface oxide layer of PdO persisted even after 

the reduction treatment. 

 

 On the other hand, the Pd 3d spectra of the Au/Pd/TiO2_100 catalyst were 

fitted by two peaks at higher and lower binding energies of 336.2 eV and 335.2 eV, 

which were attributed to Pd–Au alloy and metallic Pd0, respectively[75, 76]. In 

addition, these Pd particles were highly resistant to oxidation, compared to those of 

the Pd/TiO2_100 and Pd/Au/TiO2_100. Previous studies by Qian and Huang [77] and 

Yang et al. [19] confirmed that adding Au was helpful to the reduction of Pd2+ to 

metallic Pd, or the protection of Pd0 from being oxidized into PdO. The atomic 

percentages of the species at 336.2 eV and 335.2 eV were determined by peak fitting 

to be 15% and 85%, respectively. 

 

 The XPS core level spectra of Au 4f of the various catalysts are shown in 

Figure 4.8. The Au 4f peaks were detected at a range of binding energy (B.E.) of 83.0–

83.1 eV for the Au/TiO2_100 and Au/Pd/TiO2_100 catalysts, which is typical of 

metallic gold (B.E. 84.0 ± 0.1) [77]. The Au 4f peaks were not obviously seen for the 

Pd/Au/TiO2_100 catalyst. The atomic concentrations of Pd and Au determined by 

XPS are given in Table 4.1. The percentage of Pd on the surface was found to 

increase in the order: Au/Pd/TiO2_100 > Pd/Au/TiO2_100 > Pd/TiO2_100, whereas that 

of Au is shown as Au/Pd/TiO2_100 > Au/TiO2_100 > Pd/Au/TiO2_100. The XPS results 

suggest the coverage of Au surface by Pd for the Pd/Au/TiO2_100. In contrast, Pd–Au 

alloy particles with Au rich on the surface may be formed on the Au/Pd/TiO2_100. 

 



 

 

52 

Table 4.1 The binding energies and FWHM of Pd 3d, and Au 4f in sample from XPS 
results 

 

 

B.E.; Binding energy, FWHM: Full width at half maximum 

 

  

Sample 

Pd 3d5/2 Au 4f7/2 
Atomic 

concentration b 

B.E.  

(eV) 

FWHM 

(eV) 

B.E. 

(eV) 
FWHM (eV) Pd (%) Au (%) 

Au/TiO2_100 n/a n/a 83.0 1.176 n/a 0.08 

Pd/TiO2_100 336.5 1.844 n/a n/a 0.28 n/a 

Pd/Au/TiO2_100 336.8 2.794 n.d. 1.352 0.70 n.d. 

Au/Pd/TiO2_100 
(1) 335.2 1.161 

83.1 1.287 
(1) 0.91 

0.67 
(2) 336.2 1.611 (2) 0.17 
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Figure 4.7 XPS Pd 3d core level spectra of Pd/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100 
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Figure 4.8 XPS Au 4f core level spectra of Au/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100 
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  4.1.1.4 Metal active sites 

 

 The metal active sites measurement is based on chemisorptions technique. 

Chemisorption is relatively strong, selective adsorption of chemically reactive gases 

on available metal sites or metal oxide surfaces at relatively higher temperatures (i.e. 

25-400oC); the adsorbate-adsorbent interaction involves formation of chemical bonds 

and heats of chemisorptions in the order of 50-300 kJ mol-1. 

 

 Since H2 chemisorption on Pd bridge bonding may occur so there is no 

precise ratio of atom to Pd metal surface. H/Pd stiochiometry may be varied from 1, 

1/2 or 1/3. However, for CO chemisorption, CO/Pd stiochiometry is normally equal to 

1. Exposed active surface areas of Pd of the catalysts were calculated from the 

irreversible pulse CO chemisorptions technique base on the assumption that one CO 

molecule adsorbs on one palladium site. 

 

 The CO chemisorption results are given in Table 4.2. The dispersion of Pd 

increased in the order: Au/Pd/TiO2_100 > Pd/TiO2_100 > Pd/Au/TiO2_100. The 

calculated Pd0 particle size of the Pd/TiO2_100 was in good agreement with that 

observed by TEM. For the bimetallic Pd/Au/TiO2_100 and Au/Pd/TiO2_100, the 

calculated Pd0 particle sizes were larger and smaller than the monometallic 

Pd/TiO2_100, respectively. For the Pd/Au/TiO2_100, the presence of large Au 

aggregates probably lowers the dispersion of Pd on the TiO2 due to limited surface 

area of the support and some PdO species may form on the Au particles. On the 

contrary, the higher dispersion of Pd on the Au/Pd/TiO2_100 was ascribed to the 
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restructuring/redispersion of Pd particles during the deposition-precipitation of Au 

particles. 

 

Table 4.2 Results from CO chemisorption of all samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  4.1.1.5 UV/Vis spectra 

 

 The UV/Vis spectra of the mono and bimetallic catalysts are shown in Figure 

4.9. The Au/TiO2_100 exhibited the typical Au plasmon band at 570 nm [56]. The 

dampening and broadening of the Au plasmon band for the Au/Pd/TiO2_100 

corresponded to the Pd–Au alloy formation [20]. The Pd/TiO2_100 and 

Pd/Au/TiO2_100 did not show any well-resolved surface plasmon band, which is 

typical for the monometallic Pd catalysts. The surface of Au particles may be 

covered by Pd in the Pd/Au/TiO2_100, resulting in the disappearance of Au plasmon 

Sample 
CO Chemisorption 

%D dp Pd0 (nm) 

Au/TiO2_100 n/a n/a 

Pd/TiO2_100 13.4 8.4 

Pd/Au/TiO2_100 6.8 16.4 

Au/Pd/TiO2_100 27.6 4.0 
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band. The UV–Vis spectra also suggested that most of the Au particles existed in the 

Pd–Au alloy and that there was no separate formation of pure Au nanoparticles in 

the bimetallic catalyst systems. 

 

 

 

Figure 4.9 UV-vis spectra of Au/TiO2_100, Pd/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100 
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  4.1.1.6 Structural features 

 

 Figure 4.10 illustrates the morphology of the different catalysts based on the 

characterization results. The monometallic Pd/TiO2_100 and Au/TiO2_100 contained 

small metal particles with average particle sizes of ca. 6 and 10 nm, respectively. 

However, these Pd and Au particles were not so stable upon the addition of another 

metal in the second step. Impregnation of Pd on the Au/TiO2_100 led to the 

formation of large Au particles (~30–50 nm). The aggregation of Au occurred during 

the drying and calcination steps after the incipient impregnation of HCl solution 

containing PdCl2. The XPS results showed only Pd species in the form of PdO on the 

surface at similar binding energies to those of the monometallic Pd/TiO2_100, 

suggesting no alloying in the Pd/Au/TiO2_100 catalyst. However, the dispersion of Pd 

was lower in the presence of large Au aggregates, and some of the Pd particles may 

be located on the Au surface. Addition of Au by deposition-precipitaton on the 

Pd/TiO2 also changed the state of dispersion of Pd species on TiO2, but in an 

opposite trend to that of the Pd/Au/TiO2_100. The dispersion of Pd increased upon 

the addition of Au and small Au–Pd alloy particles was formed. The XPS results also 

suggest the modification of the electronic properties of Pd and the formation of the 

Pd–Au alloy particles. In fact, the redispersion/restructuring of Pd particles occurred 

during deposition-precipitation even in the absence of Au precursor. In the presence 

of Au precursor (Au/Pd/TiO2_100), Au particles may precipitate on these small Pd 

particles, forming Au–Pd alloys with Au rich on the surface. 
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Figure 4.10 A schematic drawing illustrating the catalyst morphology 
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 4.1.2 Catalytic behavior 

 

  4.1.2.1 Hydrogenation of 1-heptyne 

 

 The liquid-phase hydrogenation of 1-heptyne (98%, Aldrich) was carried out in 

a magnetically stirred 100-cm3 Teflon-lined stainless steel autoclave reactor. Prior to 

the reaction testing, the catalyst sample was reduced by hydrogen gas at a flow rate 

of 50cm3/min at 40 oC for 2 hour. Then, 0.01 g of the sample was dispersed in 10 

cm3 of toluene containing 2 vol.% 1-heptyne. The effect of mass transfer on the 

reaction rate was negligible by using a high stirring rate (1000 rpm). The reaction was 

carried out under flowing hydrogen at 2 bars and 30 oC for 10–120 minnute. The 

liquid reactants and products were analyzed by a gas chromatograph equipped with 

an FID detector. 

 

 The catalytic behavior of the TiO2-supported Au, Pd, Pd/Au, and Au/Pd 

catalysts was evaluated in the liquid-phase semihydrogenation of 1-heptyne. The 

conversion of 1-heptyne and the selectivity to 1-heptene as a function of reaction 

time are shown in Figure 4.11. The hydrogenation rate was in the order: 

Au/Pd/TiO2_100 > Pd/TiO2_100 > Pd/Au/TiO2_100 >> Au/TiO2_100. The conversion of 

1-heptyne was completed in 30 minute and 60 minute for the Au/Pd/TiO2_100 and 

the Pd/Au/TiO2_100, respectively, under the conditions used. The hydrogenation 

activity was in accordance with the exposed Pd surface as determined by the CO 

chemisorption. The very low catalytic activity of the Au/TiO2_100 corresponded to 

the relatively large Au particles being formed. The size of Au particles that was 
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reported to be highly active in hydrogenation reactions usually falls in the range of 

2–4 nm [42]. The Au particle size effect, however, varied largely depending on the 

nature of the substrate molecules. For examples, the reaction with Au/TiO2 is 

structure sensitive in the hydrogenation of crotonaldehyde, in which the specific 

activity of small Au particles (ca. 2 nm) is larger by almost an order of magnitude 

compared to that of larger Au particles (5–9 nm) [42], whereas it exhibited a structure 

insensitive characteristic in the 1,3-butadiene hydrogenation [58]. 

 

 Comparison of the specific activity of supported Au and Pd catalysts in the 

liquid-phase alkyne hydrogenation has been scarcely reported. Parvulescu et al. [78] 

reported the catalytic properties of SiO2-embedded Pd, Au, and Pd–Au alloy colloids 

with particle sizes in the range of 3–5 nm in the liquid-phase hydrogenation. For the 

hydrogenation of styrene, the activity of monometallic Pd surpassed those of Pd–Au 

and Au (Pd > Pd–Au >> Au), whereas in the hydrogenation of cinnamaldehyde and 3-

hexyn-1-ol, the catalyst activity was in the order Pd–Au > Pd >> Au. The poor 

hydrogenation activity of Au colloids embedded in SiO2, however, was in line with 

the results of 1-heptyne hydrogenation over Au/TiO2_100 in this study. 

 

 All the present catalysts exhibited high selectivity of 1-heptene (>95%) up to 

nearly full conversion of 1-heptyne. It is suggested that heptene products were 

adsorbed more weakly than 1-heptyne on these catalysts. Hence, once formed, 

heptene molecules were more easily desorbed than the alkyne molecules [79]. 

Generally, the selectivity of Pd is based on the triple bond being more strongly 

adsorbed on the active centers than the corresponding double bond, which is due to 
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its high electron density and restricted rotation [80, 81]. In the partial hydrogenation 

of alkyne, a decrease in alkene selectivity usually occurs at close to complete 

conversion of the alkyne because of the ability of alkene to be re-adsorbed under 

such conditions [82]. In the liquid-phase hydrogenation of 1-heptyne under mild 

conditions (reaction temperature 30 oC and H2 pressure 1.5 bar), the commercial 

Lindlar catalysts was reported to exhibit 50–85% selectivity to 1-heptene at 47–90% 

conversion of 1-heptyne [36, 38, 83]. Improvement in the catalyst performances has 

been recently reported over the bimetallic W-Pd/c-Al2O3 (95% 1-heptene selectivity 

at 100% heptyne conversion) [81] and the Pd/TiO2 synthesized by one-step flame 

spray pyrolysis (90% 1-heptene selectivity at 100% heptyne conversion) [5]. However, 

the selectivity trend after complete conversion of 1-heptyne was seldom concerned 

while providing better comparison of the catalyst performances in the alkyne 

hydrogenation. 
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 During 120 minute reaction time, the selectivity of 1-heptene decreased 

further after complete conversion of 1-heptyne due to the hydrogenation of 1-

heptene to heptane. However, the selectivity of 1-heptene still remained >60% for 

the Pd/Au/TiO2_100 and Pd/TiO2_100 catalysts, whereas it drastically decreased to 

0% for the Au/Pd/TiO2_100. The DP_IM_Pd/TiO2_100, which was prepared by treating 

the Pd/TiO2 under deposition-precipitation conditions without Au precursor, exhibited 

the Pd-like behavior (similar to Pd/TiO2_100). It is suggested that in the bimetallic Au–

Pd alloy, the Au species should act as an electronic promoter for Pd and greatly 

promote the second step of hydrogenation of 1-heptene to heptane. The 

performance plot in terms of selectivity to 1-heptene versus conversion of 1-heptyne 

is shown in Figure 4.12. It shows that 1-heptene hydrogenation occurred only at 

nearly complete conversion of 1-heptyne over the catalysts. 
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Figure 4.11 Hydrogenation of 1-heptyne on Pd/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100:  %heptyne conversion (a) and %1-heptene selectivity (b) 
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Figure 4.12 The performance plots of 1-heptyne hydrogenation over the various 
catalysts   
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  4.1.2.2 Hydrogenation of 1-heptene 

 

 The hydrogenation of 1-heptene was carried out in the same manner as that 

of 1-heptyne hydrogenation under similar conditions. The conversion of 1-heptene as 

a function of reaction time of the Pd/TiO2_100 and the Pd–Au bimetallic catalysts is 

shown in Figure 4.13. The conversion of 1-heptene at 120 min reaction time was in 

the order: Au/Pd/TiO2_100 (100%) > Pd/TiO2_100 (46%) > Pd/Au/TiO2_100 (37%), 

which was found to be in good agreement with the selectivity of 1-heptene after full 

conversion of 1-heptyne in 1-heptyne hydrogenation. These results confirm that the 

hydrogenation of 1-heptene occurred only at nearly or full conversion of 1-heptyne 

on these catalysts. It has been suggested that the alkyne compound displaces the 

alkene from the catalyst surface and prevents its readsorption, thereby exerting a 

poisoning effect for the subsequent alkene hydrogenation, which holds as long as 

the alkyne species is present [83, 84]. In other words, the adsorption coefficient of 1-

heptyne was greater than that of 1-heptene. 
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Figure 4.13 Hydrogenation of 1-heptene on Pd/TiO2_100, Pd/Au/TiO2_100, and 
Au/Pd/TiO2_100 
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4.2 Effect of TiO2 crystallite size on the catalytic behavior of Au-Pd/TiO2 
catalysts in the liquid-phase selective hydrogenation of 1-heptyne 

 

 4.2.1 Characterization of the catalysts 

 

  4.2.1.1 X-Ray Diffraction (XRD) 

 

 The XRD patterns of the TiO2 supports and TiO2 supported Au–Pd catalysts 

are shown in Figure 4.14. All the samples showed the characteristic peaks of pure 

anatase phase titania at 2 degrees = 25o (major), 37o, 48o, 55o, 56o, 62o, 71o, and 75o 

without contamination of the other phases such as rutile and brookite [67]. The 

average crystallite sizes of TiO2 were calculated from the full width at half maximum 

of the XRD peak at 2 = 25o using the Sherrer equation. As shown in Table 4.3, the 

solvothermal-derived TiO2 had the average crystallite sizes of 9 and 15 nm with 

specific surface area 145 and 79 m2/g, respectively whereas the commercial TiO2 had 

the average crystallite size 100 nm and surface area 10 m2/g. The XRD characteristic 

peaks corresponding to palladium and gold species were not detected for all the 

catalysts due probably to the low amount of metals present and/or the relatively 

high intensity of the TiO2 peaks compared to the metals. 
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Table 4.3 Properties of TiO2 support 

 

TiO2 

support 
Source Phase 

Crystallite 

size (nm) 

BET 

surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Average 

pore 

diameter 

(nm) 

TiO2_9 SV Anatase 9 145 0.42 8.1 

TiO2_15 SV Anatase 15 79 0.40 14.9 

TiO2_100 Aldrich Anatase 100 10 0.02 7.6 

 

 

 

 

Figure 4.14 XRD patterns of TiO2_9, Pd/TiO2_9, Au/Pd/TiO2_9, TiO2_15, Pd/TiO2_15, 
Au/Pd/TiO2_15, TiO2_100, Pd/TiO2_100, and Au/Pd/TiO2_100  
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  4.2.1.2 Transmission Electron Microscopy (TEM) 

 

 Typical TEM images and particle size distributions of the monometallic Pd 

and the bimetallic Au–Pd catalysts are shown in Figure 4.15-4.17. The TiO2_9 and 

TiO2_15 supports obtained from the solvothermal method showed uniform particle 

size of average size 9 and 15 nm, respectively. On the other hand, the TiO2_100 

support comprised of larger particles with average size 0.1-0.2 µm. The metal 

dispersion on the catalysts can be observed from the TEM images. The average Pd 

particles size on the monometallic Pd/TiO2_9 and Pd/TiO2_15 catalysts were in the 

range of sub-nano particles (< 1 nm) whereas those on the TiO2_100 were much 

larger (đP  6.9 nm). Similarly, for the bimetallic Au–Pd catalysts much smaller Au–

Pd particles were seen on the Au/Pd/TiO2_9 and the Au/Pd/TiO2_15 than on the 

Au/Pd/TiO2_100. The metal particles on the Au/Pd/TiO2_9 and Au/Pd/TiO2_15 had a 

uniform particle size distribution in the range of sub-nano particles (< 1 nm) and 2 

nm, respectively. In contrast, bimodal particle size distribution with average sizes 1.7 

and 7.9 nm were observed on the Au/Pd/TiO2_100. It is suggested that the size of 

Au–Pd particles depended on the original size of the Pd particles, which itself a 

function of the TiO2 crystallite size. Moreover, there is some research from our group 

studied about the effect of Ti3+ defective sites present on the nanocrystalline TiO2 

surface, which as itself is a function of the TiO2 crystallite size. The solvothermal-

derived TiO2 with larger crystallite sizes (higher amounts of Ti3+ surface defects) 

resulted in stronger interaction of the TiO2 surface and the cobalt precursor, and 

consequently, higher dispersion of Co on the TiO2 supports [85]. 
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Figure 4.15 TEM images and distribution size of Pd/TiO2_9 and Au/Pd/TiO2_9 
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Figure 4.16 TEM images and distribution size of Pd/TiO2_15 and Au/Pd/TiO2_15 
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Figure 4.17 TEM images and distribution size of Pd/TiO2_100 and Au/Pd/TiO2_100 
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  4.2.1.3 X-ray Photoelectron Spectroscopy (XPS) 

 

Surface compositions of the catalyst were analyzed using a Kratos Amicus X-

ray photoelectron spectroscopy. The XPS analysis were carried out with following 

conditions: Mg Ka X-ray source at current of 20 mA and 12 keV, resolution 0.1 

eV/step, and pass energy 75 eV. The operating pressure is approximately 1x10-6 Pa. 

 

A survey scan was performed in order to determine the elements on the 

catalyst surface. The elemental scan was carried out in the next step for C 1s, O 1s, 

Ti 2p, Pd 3d and Au 4f. Binding energies of each element was calibrated internally 

with carbon C1s at 285.0 eV. Photoemission peak areas are determined by using a 

linear routine. Deconvolution of complex spectra was done by fitting with Gaussian 

(70%)-Lorentzian (30%) shapes using VISION2 software equipped with the XPS 

system. 

 

 The surface properties and the chemical states of Pd and Au on the different 

catalysts were investigated by XPS. The Pd 3d spectra of the monometallic and 

bimetallic catalysts are shown in Figure 4.18 and 4.19, respectively.  For the 

Pd/TiO2_9, Pd/TiO2_15 and Pd/TiO2_100 catalysts, the binding energies (B.E.) of Pd 

3d5/2 were detected at 336.5-337.1 eV which could be attributed to the presence of 

palladium in the form of PdO. On the other hand, the Pd 3d spectra of the 

Au/Pd/TiO2_9, Au/Pd/TiO2_15 and Au/Pd/TiO2_100 catalysts were fitted by two peaks 

at higher and lower binding energies of 336.0-336.2 eV and 334.8-335.2 eV, which 

were attributed to Pd–Au alloy and metallic Pd0, respectively [75, 76].  Such results 
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reveal that Pd particles in the bimetallic catalysts were highly resistant to oxidation, 

compared to those of the monometallic catalysts. Previous studies by Qian and 

Huang [77] and Yang et al. [56] suggested that the addition of Au was helpful to the 

reduction of Pd2+ to metallic Pd and/or the protection of Pd0 from being oxidized 

into PdO.  The atomic percent of the species at 336.0-336.2 eV (Au–Pd alloy) for the 

Au/Pd/TiO2_9, the Au/Pd/TiO2_15, and the Au/Pd/TiO2_100 were determined by peak 

fitting to be 19%, 18% and 15%, respectively. The percentages of Au–Pd alloy 

formation were not significantly different among the various bimetallic Au–Pd 

catalysts. The Au 4f spectra of the bimetallic catalysts are shown in Figure 4.20. The 

Au 4f peaks were detected at the binding energy of 83.0-83.2 eV, which is shift from 

the typical metallic gold (B.E. 84.0 ± 0.1). The small shift of binding energies could be 

attributed to a charge transfer from Pd to Au on the grounds of the bulk 

electronegativity differences and could also be indicative of alloy formation [77]. 
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Figure 4.18 XPS Pd 3d core level spectra of Pd/TiO2_9, Pd/TiO2_15, and Pd/TiO2_100 

 

 

  



 

 

77 

 

 

Figure 4.19 XPS Pd 3d core level spectra of Au/Pd/TiO2_9, Au/Pd/TiO2_15, and 
Au/Pd/TiO2_100 
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Figure 4.20 XPS Au 4f core level spectra of Au/Pd/TiO2_9, Au/Pd/TiO2_15, and 
Au/Pd/TiO2_100 
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Table 4.4 XPS results of TiO2 supported Pd and Au/Pd catalysts 

 

  

Sample 

Pd 3d5/2 Au 4f7/2 
Atomic 

concentration 

B.E. 

 (eV) 

FWHM 

(eV) 

B.E. 

(eV) 

FWHM 

(eV) 

Pd 

(%) 

Au 

(%) 

Pd/TiO2_9 336.7 0.924 n/a n/a 0.12 n/a 

Au/Pd/TiO2_9 
(1) 334.9 1.336 

83.2 1.173 
(1) 0.69 

0.50 
(2) 336.0 1.372 (2) 0.16 

Pd/TiO2_15 337.1 0.775 n/a n/a 0.07 n/a 

Au/Pd/TiO2_15 
(1) 334.8 1.365 

83.0 1.226 
(1) 0.46 

0.43 
(2) 336.2 1.452 (2) 0.10 

Pd/TiO2_100 336.5 1.844 n/a n/a 0.28 n/a 

Au/Pd/TiO2_100 
(1) 335.2 1.161 

83.1 1.287 
(1) 0.91 

0.67 
(2) 336.2 1.611 (2) 0.17 
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  4.2.1.4 UV/Vis spectra 

  

 The UV/Vis spectra of the mono and bimetallic catalysts are shown in Figure 

4.21. The dampening and broadening of the plasmon band for the Au/Pd/TiO2_9, 

Au/Pd/TiO2_15, and Au/Pd/TiO2_100 corresponded to the Pd–Au alloy formation [20]. 

The Pd/TiO2_9, Pd/TiO2_15 and Pd/TiO2_100 did not show any well-resolved surface 

plasmon band, which is typical for the monometallic Pd catalysts. The UV-Vis spectra 

also suggested that most of the Au particles existed in the Pd–Au alloy and that 

there was no separate formation of pure Au nanoparticles in the bimetallic catalyst 

systems. 

 

 

Figure 4.21 UV-Vis spectra of Pd/TiO2_9, Au/Pd/TiO2_9, Pd/TiO2_15, Au/Pd/TiO2_15, 
Pd/TiO2_100, and Au/Pd/TiO2_100 
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  4.2.1.5 CO infrared spectra 

 

The infrared spectra obtained after CO adsorption at 30oC on the Pd 

monometallic and Au–Pd bimetallic catalysts are shown in Figure 4.22-4.24. The 

spectral envelopes were deconvoluted into individual vibrational bands in order to 

identify the specific adsorbed species. The CO adsorption on Pd-based catalysts 

generally reveals two main regions: a first one between 2100 and 2030 cm-1 and a 

larger second one in 2000–1800 cm-1 range. The IR spectra for Pd monometallic and 

Au–Pd bimetallic catalysts represent four adsorption modes of CO, linear (2100-2030 

cm-1), compressed bridged (1995-1975 cm-1), isolated bridged (1960-1925 cm-1), and 

tricoordinated (1890-1870 cm-1) bonds, as described in Ref. [86]. Compared to the 

monometallic Pd catalysts, the peaks corresponding to linear CO adsorbed species 

were shifted to lower wavenumbers after Au addition for all the Au–Pd bimetallic 

catalysts suggesting the Pd–Au alloy formation [86, 87].  
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Figure 4.22 FTIR spectra of adsorbed CO at room temperature on Pd/TiO2_9 and 
Au/Pd/TiO2_9 
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Figure 4.23 FTIR spectra of adsorbed CO at room temperature on Pd/TiO2_15 and 
Au/Pd/TiO2_15 
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Figure 4.24 FTIR spectra of adsorbed CO at room temperature on Pd/TiO2_100 and 
Au/Pd/TiO2_100 
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 4.2.2 Catalytic behavior 

   

  4.2.2.1 Hydrogenation of 1-heptyne 

 

The catalytic behavior of the mono and bimetallic catalysts was evaluated in 

the liquid-phase hydrogenation of 1-heptyne under mild conditions (2 bar of H2 and 

30 oC). The conversion of 1-heptyne and the selectivity to 1-heptene as a function of 

reaction time are shown in Figure 4.25. The hydrogenation rates of the bimetallic 

Au–Pd catalysts were higher than the monometallic Pd ones and were found to be 

in the order: Au/Pd/TiO2_100 > Au/Pd/TiO2_15 > Au/Pd/TiO2_9  Pd/TiO2_100 > 

Pd/TiO2_15 > Pd/TiO2_9. The conversion of 1-heptyne was completed in 30 min for 

all the catalysts, except Pd/TiO2_9 in which complete conversion was achieved after 

40 minute reaction time under the conditions used. The dependence of 

hydrogenation activity of supported Pd catalysts on Pd particle size has been 

investigated extensively. Typically, specific activity of Pd in the liquid-phase selective 

hydrogenation decreases as Pd particle size decreases especially when the average 

Pd size is very small (≤ 3-5 nm) [88]. Diminishing activity of small metal particles was 

probably due to the different band structure characteristics of nano-sized metal 

compared to bulk metals and that they appear to be electron deficient [80]. The 

results were consistent to the previous study on the comparison of Pd catalysts 

supported on micron- and solvothermal-derived nanocrystalline TiO2 in the liquid-

phase selective hydrogenation of phenylacetylene. The activity for hydrogenation of 

phenylacetylene of Pd supported TiO2 with large crystallite size is higher than that of 

supported TiO2 with small crystallite size, due to the Pd particle size decreased when 
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deposited on the smaller crystallite size of TiO2.  However, the selectivity of catalyst 

supported on the small crystallite size of TiO2 is still higher than that of catalyst 

supported on the large crystallite size of TiO2. Moreover, the used of nanocrystalline 

TiO2 exhibited strong metal–support interaction (SMSI) when reduced at 500 ◦C [8, 

34]. 

 

All the present catalysts exhibited high selectivity of 1-heptene (> 97%) up to 

nearly full conversion of 1-heptyne.  During 120 minute reaction time, the selectivity 

of 1-heptene decreased further after complete conversion of 1-heptyne due to the 

hydrogenation of 1-heptene to heptane. Nonetheless, the selectivities of 1-heptene 

of the monometallic catalysts were higher than those of the bimetallic catalysts. The 

selectivity of 1-heptene for the bimetallic catalysts at 120 min decreased in the 

order: Au/Pd/TiO2_9 (54 %) > Au/Pd/TiO2_15 (41 %) >> Au/Pd/TiO2_100 (0 %) 

whereas they were not much different among the monometallic catalysts (70%). 

 

Unlike the alkyne hydrogenation activity, the selectivity to alkene formation 

was irrespective of Pd particle diameter for most reactants in the selective alkyne 

hydrogenation [89-91].  It is rather affected by electronic modification of Pd metal 

(i.e., alloy formation and presence of the strong metal-support interaction effect). In 

our recent papers [92], the rate of 1-heptene hydrogenation in the second step was 

greatly enhanced as the Pd species became electron-rich in the Au–Pd alloy 

particles. In other words, the Au species acted as an electronic promoter for Pd and 

greatly promoted the second step of hydrogenation of 1-heptene to heptane. In our 

previous studies, the formation of Au–Pd alloy was found to be dependent on the 
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loading sequence [92] and the preparation method used [93]. The results in the 

present work emphasized that the formation of Au–Pd alloy was responsible for the 

increased hydrogenation activity of 1-heptene to heptane in the selective 

hydrogenation of 1-heptyne and it suggests the dependence of alkene hydrogenation 

rate on the Au–Pd particle size.  
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Figure 4.25 Hydrogenation of 1-heptyne on Pd/TiO2_9, Au/Pd/TiO2_9, Pd/TiO2_15, 
Au/Pd/TiO2_15, Pd/TiO2_100, and Au/Pd/TiO2_100:  %heptyne conversion (a) and 

%heptenes selectivity (b)  
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  4.2.2.2 Hydrogenation of 1-heptene 

 

 The hydrogenation of 1-heptene was carried out in the same manner as that 

of 1-heptyne hydrogenation under similar conditions. The conversion of 1-heptene as 

a function of reaction time of the Pd/TiO2 and the Pd–Au bimetallic catalysts is 

shown in Figure 4.26. The conversion of 1-heptene at 120 minute reaction time was 

in the order: Au/Pd/TiO2_100 > Au/Pd/TiO2_15 > Au/Pd/TiO2_9 > Pd/TiO2_100 > 

Pd/TiO2_15 = Pd/TiO2_9, which was found to be in good agreement with the 

selectivity of 1-heptene after full conversion of 1-heptyne in 1-heptyne 

hydrogenation. These results confirm that the hydrogenation of 1-heptene occurred 

only at nearly or full conversion of 1-heptyne on these catalysts. It has been 

suggested that the alkyne compound displaces the alkene from the catalyst surface 

and prevents its readsorption, thereby exerting a poisoning effect for the subsequent 

alkene hydrogenation, which holds as long as the alkyne species is present [83, 84]. 

In other words, the adsorption coefficient of 1-heptyne was greater than that of 1-

heptene. 
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Figure 4.26 Hydrogenation of 1-heptene on Pd/TiO2_9, Au/Pd/TiO2_9, Pd/TiO2_15, 
Au/Pd/TiO2_15, Pd/TiO2_100, and Au/Pd/TiO2_100  
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4.3 Effect of Pd loading on the catalytic behavior of Pd/TiO2 and Au-Pd/TiO2 
catalysts in the liquid-phase selective hydrogenation of 1-heptyne 

 

The liquid-phase hydrogenation of 1-heptyne (98%, Aldrich) was carried out in 

a magnetically stirred 100 ml Teflon-lined stainless steel autoclave reactor. The 

reaction was carried out under flowing hydrogen at 2 bars and 30 oC for 10–120 

minnute. The catalytic behavior of the Pd/TiO2_9, 2%Pd/TiO2_9, Au/Pd/TiO2_9, and 

Au/2%Pd/TiO2_9 catalysts was evaluated in the liquid-phase hydrogenation of 1-

heptyne. The conversion of 1-heptyne and the selectivity to 1-heptene as a function 

of reaction time are shown in Figure 4.27. The conversion of 1-heptyne increased 

with increasing Pd loading from 0.5 to 2 wt% for Pd/TiO2_9 catalyst. After complete 

conversion of 1-heptyne, the hydrogenation of 1-heptene occurred. The conversion 

of 1-heptene also increased with increasing Pd loading. However the hydrogenation 

rate of 1-heptene was lower than 1-heptyne because the adsorption of 1-heptene 

was lower than 1-heptyne. The similar result was observed for Au/Pd/TiO2_9 catalyst 

with increased Pd loading. Moreover, this result was in good agreement with previous 

work by S. Somboonthanakij et al. [6] which found that the conversion of 1-heptyne 

increased from 42 to 75% as Pd loading increased from 0.5 to 5 wt.% and remained 

relatively constant when Pd loading was increased to 10 wt.%. The selectivities for 1-

heptene were in the range of 92–95% for all the Pd/SiO2 catalysts. 
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Figure 4.27 Hydrogenation of 1-heptyne on Pd/TiO2_9, 2%Pd/TiO2_9, Au/Pd/TiO2_9, 
and Au/2%Pd/TiO2_9:  % heptyne conversion (a) and % heptenes selectivity (b) 
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4.4 Effect of H2 pressure on the catalytic behavior of Pd/TiO2 catalysts in the 
liquid-phase hydrogenation of 1-heptene 

 

The liquid-phase hydrogenation of 1-heptene on Pd/TiO2_9 catalyst was 

carried out in a magnetically stirred 100 ml Teflon-lined stainless steel autoclave 

reactor. The solution was contained 1.53 mmol of 1-heptene in 9.8 ml of toluene. 

The reaction was carried out under flowing hydrogen (2 and 10 bars) at 30 oC for 10–

120 min. The conversion of 1-heptene as a function of reaction time is shown in 

Figure 4.28. The conversion of 1-heptene increased from 37% to 85% as H2 pressure 

increased from 2 to 10 bars at 120 minute. The amount of H2 required for liquid-

phase hydrogenation of 1-heptene was 1.53 mmol (equal to the amount of 1-

heptene). In case of total hydrogenation of 1-heptyne to n-heptane, the amount of 

H2 requirement was 3.06 mmol (2 time of hydrogenation of 1-heptene to n-heptane). 

Since the H2 using in each experiment was 2 bars or 7.14 mmol, it is indicted that the 

amount of H2 was excess in each experiment. However the conversion of 1-heptene 

at 10 bars of H2 was higher than at 2 bars, probably because of the higher solubility 

of H2 in the solution at high pressure.  
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Figure 4.28 Hydrogenation of 1-heptene on Pd/TiO2_9 catalyst under H2 pressure of 
2 and 10 bars 
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4.5 The deactivation of catalyst 

 

 4.5.1 The deactivation of catalyst in the liquid-phase hydrogenation of 1-
heptyne 

 

 The liquid-phase hydrogenation of 1-heptyne on Pd/TiO2_9 catalyst was 

carried out in a magnetically stirred 100 ml Teflon-lined stainless steel autoclave 

reactor. The reaction was carried out under flowing hydrogen 2 bars at 30oC. The 

amount of catalyst used was 0.01 g. For the 1st run, the solution contained 1.528 

mmol (0.215 ml) of 1-heptene in 9.8 ml of toluene. After the reaction was preformed 

for 1 hour, a small sampling of product was analyzed by GC. The moles of 1-heptene 

and heptane were calculated to be 1.088 and 0.440 mmol, respectively (Figure 

4.29). After that the 2nd experiment was performed by addition of 1-heptyne (1.528 

mmol or 0.2 ml) into the reactor without taking the 1st run solution out. The reaction 

was then carried out for another 1 hour and then the product was analyzed by GC. 

There was no 1-heptyne left in the product solution (100% conversion of 1-heptyne). 

Within 1 hour for the 2nd run, all of 1-heptyne was hydrogenated to 1-heptene and 

then 1-heptene hydrogenation occurred and converted to heptane. The moles of 1-

heptene and heptane for 2nd run were 0.972 and 0.556 mmol, respectively. From the 

result, it is implied that no catalyst deactivation occurred in the liquid-phase 

hydrogenation of 1-heptyne. 
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Figure 4.29 The catalyst deactivation test for hydrogenation of 1-heptyne on 
Pd/TiO2_9 catalyst 
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 4.5.2 The deactivation of catalyst in the liquid-phase hydrogenation of 1-
heptene 

 

The liquid-phase hydrogenation of 1-heptene on Pd/TiO2_9 catalyst was 

carried out in a magnetically stirred 100 ml Teflon-lined stainless steel autoclave 

reactor. The solution was contained 7.64 mmol (1.075 ml) of 1-heptene in 49 ml of 

toluene. The amount of catalyst used was 0.05 g. The reaction was carried out under 

flowing hydrogen 5 bars at 30oC for 0–180 minute. The Pd/TiO2_9 catalyst using for 

the 1st run was fresh catalyst after reduced under H2 flow. After the reaction for the 

1st run was completed at 180 minute, the products was analyzed by GC and the 

catalyst was wash with 50 ml of toluene for 2 times. Then the 2nd run was 

performed. After the 2nd run was finished, the catalyst was wash with toluene for 2 

times and then the 3rd run was performed. After the reaction for the 3rd run was 

completed at 180 minute, the solution was take off from the reactor and then the 

solution for the 4th run was introduced to the reactor without washing with toluene. 

The reaction for the 4th run was carried out in the same manner as that of 1st run. 

The conversion of 1-heptene as a function of reaction time is shown in Figure 4.30. 

The conversion of 1-heptene was about 40% in all cycle. The results indicated that 

no catalyst deactivation occurred in liquid-phase hydrogenation of 1-heptene. 
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Figure 4.30 The catalyst deactivation test for hydrogenation of 1-heptene on 
Pd/TiO2_9 catalyst



 

 

CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 

1. The TiO2-supported Pd/Au catalysts were prepared with the combination of 

IM and DP methods. DP of Au first followed by IM of Pd (Pd/Au/TiO2_100) led 

to large Au aggregates (30–50 nm) and lower Pd dispersion, whereas smaller 

Pd–Au alloy particles (4–10 nm) and higher Pd dispersion were obtained 

when Au was added on the Pd/TiO2 (Au/Pd/TiO2_100). 

2. The Pd metal and/or Pd-Au alloy formed on the TiO2_9 (< 1 nm) were 
smaller than on TiO2_15 (2-3 nm) and on TiO2_100 (4-10 nm). 
 

3. The catalytic behavior of Au/Pd/TiO2 strongly depended on the crystallite size 

of TiO2 and Au-Pd alloy particle size. The smaller particles size of Pd and/or 

Pd-Au alloy provided a higher selectivity to 1-heptene in the selective 

hydrogenation of 1-heptyne under mild reaction conditions. 

4. In the presence of alloying effect in the Au/Pd/TiO2, the Au species acted as 

an electronic promoter for Pd, which greatly promoted the second-step 

hydrogenation of 1-heptene to heptane. 

5. No deactivation of catalyst occurred during the liquid-phase hydrogenation of 

1-heptyne and 1-heptene 
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5.2 Recommendation 

 

1. The catalysts should be reduced at higher temperature (500oC) to investigate 

the SMSI effect. 

 

2. The other metal (such as Ni) should be used as the promoter of Pd 

supported catalyst. 

 

3. The other alkynes should be used as the reactant for hydrogenation reaction 

over Au-Pd supported catalyst. 

 

4. TiO2 (P-25), mostly used for supported Au catalyst, should be more preferable 

used for supported Pd and Au-Pd catalysts to study the effect of other TiO2-

phase on the catalytic behavior of liquid-phase hydrogenation reaction. 
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APPENDIX A 
CALCULATION FOR CATALYST PREPARATION 

 

 The calculation for the preparation of 0.5%Pd/TiO2 

Base on 100 g of catalyst used, the composition of catalyst was as followed: 

 Pd = 0.5 g 

 TiO2 = 100-0.5  = 99.5 g 

For 2 g of TiO2 

 Pd required = 2   (0.5/99.5) = 0.0101 g 

 

Pd (Mw = 106.42) 0.0101g was prepared from PdCl2 (Mw = 177.32)  

 PdCl2 required  =  
Mw of PdCl  Pd required

Mw of Pd
 

    = 
177.3  0.0101

10 .  
        =        0.0168 g 

 

 The calculation for the preparation of 1.0%Au/TiO2 
Base on 100 g of catalyst used, the composition of catalyst was as followed: 

 Au = 1.0 g 

 TiO2 = 100-1.0  = 99 g 

For 2 g of TiO2 

 Au required = 2 (1.0/99) = 0.0202 g 

Au (Mw = 196.97) 0.0202g was prepared from HAuCl4.3H2O (Mw = 393.83)  
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 HAuCl4.3H2O required  =      
Mw of  AuCl .3      Au required

Mw of Au
 

    =      
3 3.83 0.0 0 

1  . 7
        =        0.0404 g 

 

 The calculation for the preparation of 0.5%Pd-1.0%Au/TiO2 
Base on 100 g of catalyst used, the composition of catalyst was as followed: 

 Pd = 0.5 g 

 Au = 1.0 g 

 TiO2 = 100-0.5-1.0  = 98.5 g 

For 2 g of TiO2  

 Pd required = 2 (0.5/98.5) = 0.0102 g 

 Au required = 2 (1.0/98.5) = 0.0203 g 

 PdCl2 required  =  
Mw of PdCl  Pd required

Mw of Pd
 

    = 
177.3  0.010 

10 .  
        =        0.0170 g 

HAuCl4.3H2O required  =      
Mw of  AuCl .3      Au required

Mw of Au
 

    =      
3 3.83 0.0 03

1  . 7
        =        0.0406 g 
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APPENDIX B 
CALCULATION OF THE CRYSTALLITE SIZE 

 

Calculation of the crystallite size by Debye-Scherrer equation 

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

 From Scherrer equation: D = 
  

     
 

 where D =  Crystallite size, Å 

  K = Crystallite-shape factor = 0.9 

    = X-ray wavelength, 1.5418 Å for CuKα 

    = Observed peak angle, degree 

    = X-ray diffraction broadening, radian 

 

 The X-ray diffraction broadening ( ) is the pure width of a powder diffraction 
free from all broadening due to the experimental equipment. α-Alumina is used as a 
standard sample to observe the instrument broadening since its crystallite size is 
lager thean 2000 Å. The X-ray diffraction broadening can be obtained from Warren’s 
formula. 

 From Warren’s formula:    = √    
  -    

  

 where BM =  The measured peak width in radians at half peak heigh 

  BS = The corresponding width of the standard material 

    (0.00383 radian for α-Alumina) 
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APPENDIX C 
CALCULATION FOR METAL ACTIVE SITES AND DISPERSION 

 

 Calculation for metal active sites and metal dispersion of the catalyst, a 
stoichiometry of CO/Pd = 1, measured by CO adsorption is as follows: 

Let the weight of catalyst used  =  W   g 

Integral area of CO peak after adsorption = A   unit 

Integral area of 100 l of standard CO peak = B   unit 

Amount of CO adsorbed on catalyst  = B – A   unit 

Volume of CO adsorbed on catalyst  =  100   
(B-A)

B
  l 

Volume of 1 mole of CO at 30oC  = 24.86   106  l 

Mole of CO adsorbed on catalyst  = 
100

  .8  10    
(B-A)

B
 mole 

Molecule of CO adsorbed on catalyst  

 =  [4.02   10-6]   [6.02   1023]   
(B-A)

B
  molecules 

Metal active sites catalyst  

 =   [2.42   1018]   
(B-A)

B
 

1

W
    molecules of CO/g of catalyst 

Molecules of Pd loaded    

 =  [6.02   1023]   
  wt of Pd 

 MW of Pd 
  molecules/g of catalyst 

Metal dispersion (%)  =  100   
moleces of Pd from C  adsorption

molecules of Pd loaded
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 In this study, the formula from Chemisorp 2750  perator’s Manual can used 
for determined the % metal dispersion as follow: 

%D = Sf   [
 ads

 g
]   [

Mw

 M
]   100%   100% 

   Vads   = [
 in 

m
]   ∑ (1-

Ai

Af
)n

i 1   

where  D% = %metal dispersion 

  Sf = stoichiometry factor, (CO on Pd*=1) 

  Vads = volume adsorbed (cm3/g) 

  Vg = molar volume of gas at STP = 22414 cm3/mol 

  Mw = molecular weight of metal (g/mol) 

  %M = %metal loading 

  Vinj = volume injected = 0.1 cm3 

  m = weight of sample (g) 

  Ai = Area of peak i 

  Af = Area of last peak 

 

 The average crystallite size of Pd metal was calculated base on active metal 
surface area per gram of metal 

  dp
o = 

Fg

  MSAm
   [

m3

10 cm3]   [
10 nm

m
]   

                 MSAm = Sf   [
 ads

 g
]   [

100 

 M
]   NA   σm   [

m 

1018nm ] 
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where  dp
o = average crystallite size of Pd metal 

  Fg = crystallite geometry factor (hemisphere = 6) 

    = specific gravity of the active metal (Pd = 12.0 g/cm3) 

                MSAm = active metal suface area/g of metal (m2/g) 

  NA = Avogado’s number ( .0  1023 molecules/mol) 

  σm = cross-sectional area of active metal atom 

    (Pd=0.0787nm2) 
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APPENDIX D 
CALIBRAION CURVES 

 

 This appendix showed the calibration curve for calculation of composition of 

reactant and products in 1-heptyne hydrogenation. The reactant is 1-heptyne and 

products are 1-heptene and n-heptane. 

 

 The GS-alumina column was used with a gas chromatography equipped with 

a flame ionization detector (FID), Shimadzu modal 14B, for analyzing the 

concentration of 1-heptyne, 1-heptene and n-heptane. Condition uses in GC are 

illustrated in Table D.1. 

 

 Mole of the reagent in y-axis and area, which was reported by gas 

chromatography, in x-axis is exhibited in the curves. The calibration curves of 1-

heptyne, 1-heptene, and heptane are shown in Figure D.1, Figure D.2, and Figure 

D.3, respectively. 
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Table D.1 Conditions used in Shimadzu model GC-14B 

 

Parameters Conditions of Shimadzu GC-14B 

Width 5 

Slope 29 

Drift 0 

Min.area 50 

T.DBL 2.7 

Stop time 10 

Atten. 0 

Speed 2 

Method 1 

Format 1 

SPL.WT 100 

IS.WT 0 
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Figure D.1 The calibration curve of 1-heptyne 

 

 

Figure D.2 The calibration curve of 1-heptene 
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Figure D.3 The calibration curve of heptane 
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APPENDIX E 
CALCULATION OF 1-HEPTYNE AND 1-HEPTENE CONVERSION AND 1-

HEPTENE SELECTIVITY 
 

 The catalytic performance for the 1-heptyne hydrogenation was evaluated in 

terms of activity for 1-heptyne conversion and 1-heptene selectivity. 

 

 Activity of the catalyst performed in term of 1-heptyne conversion. 1-Heptyne 

conversion is defined as moles of 1-heptyne converted with respect to 1-heptyne in 

feed: 

 

1-heptyne conversion (%) = 
Mole of 1-heptyne in (feed – product)

Mole of 1-heptyne in feed
   100 

 

 ; Where the mole of 1-heptyne can be measure employing the calibration 

curve of 1-heptyne in Figure D.1. 

 

Mole of 1-heptyne = [
Area of 1-heptyne peak

 from integrator plot on GC-1 B  
]   (3   10-12) 

 

 Selectivity of the product is defined as mole of 1-heptene formed with 

respect to mole of 1-heptyne converted: 

 

1-heptene selectivity (%) = 
Mole of 1-heptene

Mole of total product
   100 
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 ; Where mole of 1-heptene and heptane can be measured employing the 

calibration curve of 1-heptene in Figure D.2 and Figure D.3 

 

Mole of 1-heptene = [
Area of 1-heptene peak

 from integrator plot on GC-1 B  
]   (3   10-12) 

 

Mole of 1-heptane = [
Area of 1-heptane peak

 from integrator plot on GC-1 B  
]   (3   10-12) 

 

 The catalytic performance for the 1-heptene hydrogenation was evaluated in 

terms of activity for 1-heptene conversion. 1-Heptene conversion is defined as moles 

of 1-heptene converted with respect to heptane in feed: 

 

1-heptene conversion (%) = 
Mole of 1-heptene in (feed – product)

Mole of 1-heptene in feed
   100 
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