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ABSTRACT 

 

 

 

New bifunctional catalysts containing both oxidative and Brønsted acidic 

sites have been prepared and used for the consecutive transformation of alkenes to 

the corresponding diols via the formation of epoxides with aqueous hydrogen 

peroxide as oxidant. The catalytic system was designed in order such that two kinds 

of active sites would allow for the epoxidation of alkenes to take place within the 

pore channels of titanium-containing molecular sieve while acid catalysis of the 

epoxides to diols occurs on the external surface of the catalyst. Based on this design, 

titanium silicalite (TS-1), an excellent and commercial oxidation catalyst known so 

far, has been chosen. The TS-1 was then modified with different acidic oxide 

precursors. Synthesis of the series of bifunctional catalysts was achieved by 

deposition of various loadings of acidic oxide precursors up to 25 wt% onto TS-1 

powder. The Ti
4+
 and acidic oxides in the TS-1 molecular sieve served as oxidative 

and acidic sites, respectively. The thus obtained bifunctional catalysts were sulfated 

TS-1 (SO4
2-
/TS-1), sulfated titanium oxide supported on TS-1 (SO4

2
-Ti/TS-1), 

tungsten oxide supported on TS-1 (WO3/TS-1), sulfated zirconia supported on TS-1 

(SZ/TS-1), and niobium oxide supported on TS-1 (Nb/TS-1). The X-ray diffraction 

analysis revealed that TS-1 still retained the MFI structure after incorporation of the 

acidic oxides even when the crystallinity is lower. The infrared (IR) and ultra-violet 

diffuse reflectance (UV-Vis DR) spectra showed that the titanium in TS-1 was 

mainly in tetrahedral coordination after incorporation of acidic oxides. Results of 

pyridine adsorption followed by IR spectroscopy showed the presence of Brønsted 

acid sites in WO3/TS-1, Nb/TS-1 and highly loaded SZ/TS-1 but not sulfated 

samples of TS-1 (SO4
2-
/TS-1 and SO4

2
-Ti/TS-1). In the consecutive transformation 

of 1-octene to 1,2-octanediol through the formation of 1,2-epoxyoctane, all the 

catalysts showed a significant increase in the rate of formation of 1,2-epoxyoctane 

with respect to TS-1. The presence of acidic oxides in TS-1 was proposed to explain 

the increased hydrophilic character of the catalysts, which is responsible for the 

higher rate of formation of reactive oxo-titanium species. Moreover, the acid sites 

were shown to effectively catalyze the formation of 1,2-octanediol with the 10 wt% 

niobium oxide supported on TS-1 giving the highest yield. Comparison of the 

catalytic performance of the prepared bifunctional catalysts with that of the 

mechanical mixture comprising of TS-1 and H-ZSM-5 (Brønsted acid), showed that 

the bifunctional catalysts were more active; suggesting that specific location of the 

two active sites plays an important role in the consecutive transformation of alkenes 

to epoxides and then diols. The higher activity of the bifunctional catalysts was 

supposedly due to the location of the acidic sites in the immediate vicinity of the 

oxidative sites which enabled the epoxidation products to undergo hydrolysis rapidly 

at the Brønsted acid sites that were located on the external surface of TS-1. 
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ABSTRAK 

 

 

 

Mangkin dwifungsi baru yang mengandungi kedua-dua tapak pengoksidaan 

dan tapak asid Brønsted telah disediakan dan digunakan dalam tindak balas 

penukaran berturutan alkena kepada diol melalui pembentukan epoksida dengan 

menggunakan hidrogen peroksida sebagai agen pengoksidaan. Sistem mangkin 

direka bentuk supaya mempunyai dua jenis tapak aktif yang membolehkan tindak 

balas pengepoksidaan alkena berlaku di dalam liang penapis molekul yang 

mengandungi titanium, manakala pemangkinan asid daripada epoksida kepada diol 

berlaku pada permukaan luar mangkin. Berdasarkan kepada reka bentuk sistem 

mangkin ini, titanium silikalit (TS-1) yang merupakan mangkin pengoksidaan 

komersial yang sangat baik pada masa kini, telah dipilih sebagai tapak pengoksidaan 

bagi mangkin dwifungsi. Seterusnya mangkin TS-1 diubahsuai dengan pelbagai 

bahan pemula oksida asid. Suatu siri mangkin dwifungsi disintesis dengan 

memasukkan pelbagai peratus muatan oksida asid sehingga 25 wt% pada TS-1. Ti
4+
 

dan oksida asid pada penapis molekul TS-1 masing-masing berfungsi sebagai tapak 

pengoksidaan dan asid. Mangkin dwifungsi yang terhasil ialah TS-1 tersulfat (SO4
2-

/TS-1), titanium oksida tersulfat berpenyokong TS-1 (SO4
2-
-Ti/TS-1), tungsten 

oksida berpenyokong TS-1 (WO3/TS-1), zirconia tersulfat berpenyokong TS-1 

(SZ/TS-1), dan niobium oksida berpenyokong TS-1 (Nb/TS-1). Analisis XRD telah 

mengesahkan bahawa TS-1 masih mengekalkan struktur MFI selepas penambahan 

pemula oksida asid, walaupun kehablurannya lebih rendah. Spektrum inframerah 

(IR) dan UV-Vis DR menunjukkan bahawa titanium dalam TS-1 terkoordinat dalam 

bentuk tetrahedral selepas penambahan oksida asid. Hasil penjerapan piridina diikuti 

spektroskopi IR telah menunjukkan kehadiran tapak asid Brønsted pada WO3/TS-1, 

Nb/TS-1, dan SZ/TS-1, tetapi tidak pada sampel TS-1 tersulfat (SO4
2-
/TS-1 dan SO4

2-

-Ti/TS-1). Dalam tindak balas berturutan bermula dari 1-oktena kepada 1,2-

oktanadiol melalui pembentukan 1,2-epoksioktana, semua mangkin menunjukkan 

kadar pembentukan 1,2-epoksioktana lebih cepat berbanding TS-1. Kehadiran oksida 

asid pada TS-1 dicadangkan telah meningkatkan sifat hidrofilik mangkin, yang 

seterusnya menyebabkan peningkatan kadar pembentukan spesis reaktif okso-

titanium. Tapak asid telah menunjukkan sifat pemangkinan yang efektif dalam 

pembentukan 1,2-oktanadiol, dengan 10 wt% niobium oksida berpenyokong TS-1 

memberikan peratus hasil tertinggi. Perbandingan kemampuan mangkin dwifungsi 

dan mangkin dengan campuran mekanikal daripada TS-1 dan H-ZSM-5 (asid 

Brønsted), menunjukkan bahawa mangkin dwifungsi lebih aktif, mencadangkan 

lokasi yang spesifik bagi kedua-dua tapak aktif memainkan peranan penting dalam 

tindak balas berturutan daripada alkena kepada epoksida dan seterusnya diol. Aktiviti 

mangkin dwifungsi yang tinggi dicadangkan disebabkan oleh kedudukan tapak asid 

yang berdekatan dalam kawasan tapak pengoksidaan, yang memungkinkan hasil 

pengepoksidaan terhidrolisis dengan cepat pada tapak asid Brønsted yang terdapat 

pada luar permukaan mangkin TS-1. 



 vii

 

 

 

TABLE OF CONTENTS 

 

 

 

CHAPTER 

 

TITLE 

 

TITLE 

DECLARATION 

DEDICATION 

ACKNOWLEDGEMENT 

ABSTRACT 

ABSTRAK 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF SYMBOL / ABBREVIATIONS  

LIST OF PUBLICATIONS  

 

PAGE 

 

i 

ii 

iii 

iv 

v 

vi 

vii 

xii 

xiv 

xx 

xxi 

1 INTRODUCTION  

1.1 Background of Study  

1.2 Design of Bifunctional Oxidative and Acidic 

Catalyst 

1.3 Objectives of the Study 

1.4 Scope of the Study 

 

 

 

 

 

 

 

1 

4 

 

6 

6 



 viii

2 LITERATURE REVIEW 

2.1 Bifunctional Oxidative and Acidic Catalyst 

2.2 Titanium Silicalite Molecular-sieves 

2.2.1 Molecular Structure of TS-1 

2.2.2 Synthesis of TS-1 

2.2.3 Catalysis by TS-1 

2.3 Metal Oxides as Solid Acid Catalysts 

2.4 Modifications of Silica Based Molecular-

sieves 

 

 

8 

10 

11 

15 

17 

20 

22 

3 SYNTHESIS, CHARACTERIZATION AND 

ACTIVITY OF TITANIUM-SILICALITE 

MOLECULAR SIEVES 

3.1 Introduction  

3.2 Experimental 

3.2.1 Materials Preparation 

3.2.2 Characterization 

3.2.3 Catalytic Test 

3.3 Results and Discussion 

3.3.1 X-ray Diffraction 

3.3.2 Infrared Spectroscopy 

3.3.3 Ultra Violet - Visible Diffuse 

Reflectance Spectroscopy 

3.3.4 Temperature Programmed Desorption 

of Ammonia 

3.3.5 Hydroxyl Groups and Acidic Sites 

3.3.6 Epoxidation of 1-Octene 

 

 

 

 

 

 

 

 

 

25 

26 

26 

28 

30 

30 

30 

33 

35 

 

39 

 

41 

45 

 



 ix

4 SULFATED TITANIUM SILICALITE 

4.1 Introduction 

4.2 Experimental  

4.2.1 Preparation of Sample 

4.2.2 Characterizations 

4.3 Results and Discussion 

4.3.1 Structure Characterization 

4.3.2 Acidity Studies 

4.3.3 Catalytic Activity 

 

 

50 

51 

51 

53 

54 

54 

62 

65 

5 TUNGSTEN OXIDE ON THE SURFACE OF 

TITANIUM SILICALITE 

5.1 Introduction 

5.2 Experimental 

5.2.1 Preparation of Sample 

5.2.2 Characterizations 

5.3 Results and Discussion 

5.3.1 X-ray Diffraction 

5.3.2 Infrared Spectroscopy 

5.3.2.1 Hydroxyl Stretching Region 

5.3.2.2 Framework Vibration Region 

5.3.3 UV - Visible Diffuse Reflectance 

Spectroscopy 

5.3.4 Temperature Programmed Reduction 

5.3.5 Acidity 

5.3.6 Catalytic Test 

 

 

 

 

 

 

 

 

 

69 

70 

70 

71 

72 

72 

75 

75 

78 

82 

 

83 

87 

89 

 



 x

6 SULFATED ZIRCONIA DISPERSED ON 

TITANIUM SILICALITE 

6.1 Introduction 

6.2 Experimental  

6.2.1 Preparation of Sample 

6.2.2 Characterizations 

6.2.3 Catalytic Activity 

6.3 Results and Discussion  

6.3.1 Structure and Acidity of SZ from 

Zirconium Sulfate 

6.3.1.1 X-ray Diffraction 

6.3.1.2 Temperature Programmed 

Reduction 

6.3.1.3 UV-Visible Diffuse 

Reflectance Spectroscopy 

6.3.1.4 Infrared Spectroscopy 

6.3.1.5 Acidity  

6.3.2 Sulfated  Zirconia Dispersed on the 

TS-1 (SZ/TS-1) 

6.3.2.1 X-ray Diffraction 

6.3.2.2 Infrared Spectroscopy 

6.3.2.3 UV-Visible Diffuse 

Reflectance Spectroscopy 

6.3.2.4 Temperature Programmed 

Reduction 

6.3.2.5 Acidity  

6.3.3 Catalytic Activity 

 

 

 

 

 

 

 

 

95 

96 

96 

98 

98 

99 

99 

 

99 

102 

 

105 

 

106 

110 

116 

 

116 

118 

120 

 

121 

 

123 

131 

 



 xi

7 NIOBIC ACID DISPERSED OVER 

TITANIUM   SILICALITE 

7.1 Introduction 

7.2 Experimental  

7.2.1 Preparation of Sample 

7.2.2 Characterizations 

7.3 Results and Discussion 

7.3.1 X-ray Diffraction 

7.3.2 Infrared Spectroscopy 

7.3.3 UV-Visible Diffuse Reflectance 

Spectroscopy 

7.3.4 Temperature Programmed Reduction 

7.3.5 Hydroxyl Groups  

7.3.6 Acidity Study 

7.3.7 Catalytic Activity 

 

 

 

136 

137 

137 

139 

140 

140 

142 

143 

 

146 

149 

151 

157 

 

8 SUMMARY OF THE ACTIVITY OF 

BIFUNCTIONAL OXIDATIVE AND ACIDIC 

CATALYSTS 

 

162 

 

9 CONCLUDING REMARKS 

 

166 

 

REFERENCES  

 

PUBLICATIONS 

 

169 

 

191 

 

 



 xii

 

 

 

LIST OF TABLES 

 

 

 

TABLE NO.                                           TITLE                                                 PAGE 

 

2.1 Types and numbers of catalysts used in industrial processes 

(Tanabe and Hölderich, 1999). 

20 

2.2 The acid strength of zeolites in water (Paze et al., 1998). 21 

2.3 Acid sites on various transition metal oxides determined by 

ammonia or pyridine adsorption (Kung, 1989). 

22 

3.1 Chemical composition and method of preparation 27 

3.2 Structure and crystallinity of samples by X-ray diffraction 

technique 

31 

3.3 Infrared wavenumber of the samples 33 

3.4 The number and strength of acid sites in the samples 39 

3.5 Amount of Brønsted and Lewis acid sites of the samples on the 

basis of pyridine absorption, after evacuation at 150
o
C 

45 

4.1 Initial titanium compositions of the samples 53 

4.2 The highest peak intensity and phases of the samples 57 

4.3 The percentage of tetrahedral titanium based on TS-1 and band 

positions in the UV-Vis DR spectra 

60 

4.4 Acid strength by Hammet indicator 63 

4.5 Amount of Lewis acid sites (1445 cm
-1
) of the samples 65 

4.6 The yield of 1,2-octanediol from epoxidation of 1-octene using 

H2O2 as oxidant after 48 h. 

68 

5.1 Amount of WO3 loading of the samples using neutral preparation 

conditions and TS-1 as support 

71 

5.2 The amount of the Brønsted and Lewis acid sites of the samples 89 

 



 xiii

5.3 The 1-octene conversion in the epoxidation reaction with H2O2 at 

70
o
C catalyzed by TS-1 and WO3/TS-1 

90 

5.4 Catalytic activity of the WO3/TS-1 in the epoxidation of 1-octene 

with H2O2 at 70
o
C for 48 h 

94 

6.1 Zirconium content and preparation condition of the samples 97 

6.2 Reduction temperature and hydrogen consumed of the samples 104 

7.1 Chemical compositions of the samples and preparation method 138 

7.2 Structure and crystallinity of samples 142 

7.3 The amount of the Brønsted and Lewis acid sites and the area 

under the peak at around 1490 cm
-1
 of the samples 

155 

7.4 Catalytic activity of the Nb/TS-1 in the epoxidation of 1-octene 

with H2O2 at 70
o
C for 48 h 

158 

 



 xiv

 

 

 

LIST OF FIGURES 

 

 

 

FIGURE NO.                                        TITLE                                                 PAGE 

 

1.1 Oxidative and acidic catalyst for consecutive oxidation and acid 

catalytic reactions 

5 

1.2 Methodology of research 7 

2.1 Epoxidation of alkenes to epoxide and consecutive acid 

catalyzed reactions (van der Wall et al. 1998). 

10 

2.2 The features of MFI type zeolite: (1) crystal morphology; (2) 

pore section; (3) part of the crystal structures; (4) detail of the 

atomic structure (Cundy and Cox, 2003). 

12 

2.3 Location of titanium in the TS-1 structure (Henry et al. 2001). 13 

2.4 Pore system in the zeolite beta. (a) Periodic Building Unit seen 

along the plane normal, (b) Cell content in *BEA seen along b 

(left) and a (right) (Baerlocher et al., 2001). 

14 

2.5 Structure of MCM-41 shows distance between the pore = 3.5 nm, 

amorphous wall structure and hexagonal pore (Gusev, 1998). 

14 

2.6 Some examples of reagent mixtures for TS-1 preparation. 

TEOS(T): tetraethyl orthosilicate (titanate); TB(P)OT: tetrabutyl 

(propyl) orthotitanate; TPA
+
: tetrapropyl ammonium; TB(E)A

+
: 

tetrabutyl (ethyl) ammonium; TB(E)P
+
: tetrabutyl (ethyl) 

phosphonium 

16 

2.7 Types of reactions catalyzed by TS-1 (Katz, 1999). 19 

3.1 Experimental setup for hydroxyl groups and acidity analysis 29 

3.2 XRD pattern of the TiO2, silicalite, ZSM-5 and TS-1 samples 32 

3.3 

 

FTIR spectra of the TiO2, silicalite, ZSM-5 and TS-1 samples 34 



 xv

3.4 Infrared spectra of TS-1 samples in the region of 1000 – 700 cm
-1
 

and the intensity ratio of peak at about 970 to 800 cm
-1
 

36 

3.5 UV-vis DR spectra of the TiO2, silicalite, ZSM-5 and TS-1 

samples 

37 

3.6 The relationships between concentration of titanium in the 

tetrahedral coordination (peak at 215 nm) and amount of titanium 

in the initial gel (%mol) 

38 

3.7 TPD-NH3 thermogram of the silicalite, ZSM-5 and TS-1 samples 40 

3.8 Infrared spectra of the silicalite, ZSM-5 and TS-1 samples in the 

hydroxyl groups region, after evacuation at 400
o
C in vacuum 

42 

3.9 Infrared spectra of the samples after evacuation at 400
o
C in 

vacuum followed by pyridine adsorption at room temperature 

and desorption at 150
o
C for one hour 

44 

3.10 The interaction between tetrahedral titanium and pyridine 

molecule 

45 

3.11 Yield of 1-octene epoxidation using H2O2 at 70
o
C catalyzed by 

TS-1 with various titanium contents 

46 

3.12 Relation between tetrahedral titanium content (IR data) and 

catalytic activity (yield of 1,2-epoxyoctane for 6 hours of 

reaction time) of the samples 

47 

3.13 Reactive oxygen species in the titanosilicates (Chaudari et al., 

2001). 

48 

3.14 The effect of reaction mixture addition to the rate of formation of 

1,2-epoxyoctane. Conditions: 5 mmol 1-octene in 5 g acetone, 7 

mmol H2O2, catalyst: 0.025 g TS-1 (1%) at 70
o
C. [A]. 1-octene + 

H2O2 + TS-1, [B]. 1-octene + TS-1 + H2O2, and [C]. TS-1 + 

H2O2 + 1-octene 

49 

4.1 TPR profiles of the SO4
2-
/TS-1 and SO4

2
-Ti/TS-1 samples 55 

4.2 XRD pattern of the TS-1, sulfated TS-1 and sulfated titanium TS-

1 

56 

4.3 Infrared spectra of the TS-1, sulfated TS-1 and sulfated titanium 

TS-1 

58 

 

 



 xvi

4.4 UV-Vis DR spectra of the ZSM-5, TS-1, SO4
2-
/TS-1 and SO4

2
-

Ti/TS-1 samples 

60 

4.5 FTIR spectra of the TS-1, SO4
2-
/TS-1 and SO4

2
-Ti/TS-1 samples 

after heated at 400
o
C for 4 h in vacuum 

62 

4.6 Infrared spectra of the samples after following treatments: 

heating at 400
o
C for 4 h in vacuum, adsorbed pyridine at room 

temperature, and desorption pyridine at 150
o
C for an hour 

64 

4.7 The yield of 1,2-epoxyoctane on the epoxidation of 1-octene 

using TS-1, SO4
2-
/TS-1 and SO4

2
-Ti/TS-1 

66 

4.8 Proposed model of the local environment structure of Ti; (a) 

bipodal, (b) tetrapodal and (c) tripodal 

66 

5.1 XRD patterns of the TS-1 and tungsten-coated TS-1 samples 73 

5.2 The WO3 content vs. XRD peak intensity ratio of WO3 to TS-1 in 

the samples  

75 

5.3 Infrared spectra in the range of hydroxyl groups observation for 

titanium silicalite samples with different WO3 content 

76 

5.4 The WO3 content vs ratio of the IR peak area at 3726 cm
-1
 to 

1880 cm
-1
 and 3505 cm

-1
 to 1880 cm

-1
 in the samples 

78 

5.5 The framework vibration of the TS-1 and tungsten-coated TS-1 

samples 

80 

5.6 The WO3 content vs ratio of the IR peak area at the range 900-

700 cm
-1
 to 548 cm

-1
 in the samples 

81 

5.7 UV-Visible DR spectra of TS-1, WO3, and WO3/TS-1 samples 83 

5.8 TPR profiles of WO3/TS-1 samples 85 

5.9 Correlation between WO3 content and hydrogen consumed of the 

samples 

86 

5.10 Infrared spectra of the samples after evacuation at 400
o
C in 

vacuum followed by pyridine adsorption at room temperature 

and desorption at 150
o
C for one hour 

88 

5.11 The yield of 1,2-epoxyoctane from 1-octene epoxidation using 

H2O2 at 70
o
C catalyzed by TS-1 and WO3/TS-1 

91 

5.12 The yield of 1,2-octanediol from 1-octene epoxidation of using 

H2O2 at 70
o
C catalyzed by TS-1 and WO3/TS-1 

93 



 xvii

5.13 The yield of 1,2-octanediol at 48 h of reaction time and the ratio 

of 1,2-octanediol to the amount of Brønsted acid sites in various 

catalysts 

94 

6.1 XRD pattern of the Zr(SO4)2 calcined at the various temperature 

for 6 h 

101 

6.2 Diffraction line intensity of tetragonal and monoclinic phases, 

and its ratio 

102 

6.3 TPR profiles of the samples zirconia free-sulfate and zirconium 

sulfate calcined at various temperatures 

103 

6.4 UV-Vis DR spectra of the samples SZ at various calcination 

temperature 

106 

6.5 Infrared spectra in the sulfate region of the zirconium sulfate 

calcined at the temperature 500, 600 and 700
o
C for 6 h. 

108 

6.6 Infrared spectra of self-supported wafer of the zirconium sulfate 

calcined at the temperature 500, 600 and 700
o
C for 6 h in the 

hydroxyl region 

109 

6.7 Infrared spectra in the hydroxyl region of the zirconium sulfate 

samples after pyridine adsorption 

110 

6.8 Infrared spectra of the samples after following treatments: 

evacuation at 400
o
C, pyridine adsorption at room temperature, 

and desorption at 150
o
C for 1 h 

113 

6.9 Amount of Brønsted (B; 1545 cm
-1
) and Lewis (L; 1444 cm

-1
) 

acid sites calculated by pyridine adsorption, and ∆S=O for the 

sample zirconium sulfate calcined at different temperatures 

114 

6.10 Infrared spectra of the sample SZ500 after evacuation at different 

temperature at 150, 300 and 400
o
C for 1 h 

115 

6.11 XRD pattern of the SZ500 and SZ/TS-1 samples 117 

6.12 The graph of peak intensity of TS-1 at 2θ=23
o
 vs loading amount 

of zirconium on the samples 

118 

6.13 Infrared spectra of the samples in the framework region 119 

6.14 UV-Visible DR spectra of the samples 121 

6.15 TPR profiles of samples 

 

122 



 xviii

6.16 FTIR spectra of the SZ/TS-1 samples after evacuation at 400
o
C 

for 4 h in vacuum condition 

124 

6.17 FTIR spectra of the SZ/TS-1 samples in the pyridine and sulfate 

region 

125 

6.18 FTIR spectra of the SZ/TS-1 samples after pyridine adsorption 

and evacuation at 150
o
C for 1 h. in the hydroxyl region 

127 

6.19 FTIR spectra of the SZ/TS-1 samples after pyridine adsorption 

and evacuation at 150
o
C for 1 h. in the pyridine and sulfate 

regions 

128 

6.20 Amount of Brønsted and Lewis acid sites of the samples SZ/TS-1 

calculated based on the pyridine peak after evacuation at 150
o
C 

for 1 h 

129 

6.21 FTIR spectra of the sample 20SZ/TS-1. (A). after evacuation at 

400
o
C for 6 h., (B). after pyridine adsorption and evacuation at 

150
o
C for 1 h., (C). after evacuation at 300

o
C, and (D). after 

evacuation at 400
o
C 

130 

6.22 The yield of 1,2-epoxyoctane from reaction of 1-octene 

epoxidation using H2O2 as oxidant in the solvent acetone at 70
o
C 

catalyzed by various contents of zirconium sulfate-promoted TS-

1 

132 

6.23 The yield of 1,2-octanediol from reaction of 1-octene epoxidation 

using H2O2 as oxidant in the solvent acetone at 70
o
C catalyzed by 

various contents of zirconium sulfate-promoted TS-1 

134 

6.24 The Proposed model of TS-1 loaded with sulfated zirconia as 

bifunctional catalyst for consecutive transformation of 1-octene 

to 1,2-octanediol through the formation of 1,2-epoxyoctane 

135 

7.1 XRD pattern of the NBA, NBO, TS-1 and XNb/TS-1 samples 141 

7.2 FTIR spectra of the NBA, NBO, TS-1 and XNb/TS-1 samples 145 

7.3 UV-Vis DR spectra of the NBA, NBO, TS-1 and XNb/TS-1 

samples 

146 

7.4 TPR profiles of the NBA, NBO, TS-1 and XNb/TS-1 samples 148 

7.5 FTIR spectra of the samples in the hydroxyls region, after 

evacuation under vacuum at 200
o
C 

150 



 xix

7.6 FTIR spectra of the sample 3Nb/TS-1 in the hydroxyls region 

after evacuation under vacuum at temperature 120, 200 and 

400
o
C 

152 

7.7 FTIR spectra of the NBA, NBO, TS-1 and XNb/TS-1 samples 

after evacuation at 200
o
C for 24 h. followed by pyridine 

adsorption at room temperature and evacuation at 150
o
C for one 

hour, in the pyridine regions 

153 

7.8 Correlation between the niobium content and the amount of acid 

sites of the catalysts 

155 

7.9 The formation of 1,2-epoxyoctane from 1-octene epoxidation 

using H2O2 at 70
o
C catalyzed by NBA, NBO, TS-1 and XNb/TS-

1 

159 

7.10 The yield of 1,2-octanediol from 1-octene epoxidation of using 

H2O2 at 70
o
C catalyzed by NBA, NBO, TS-1 and XNb/TS-1 

160 

7.11 Correlation between the yield of 1,2-octanediol and amount of 

Brønsted acid sites of the catalysts 

161 

8.1 The yield of 1,2-octanediol over prepared catalysts 164 

8.2 The ratio of the yield of 1,2-octanediol to the amount of Ti4+ in 

the prepared catalysts 

165 

8.3 Correlation of the selectivity of 1,2-octanediol and the amount of 

Brønsted acid sites in the prepared catalysts 

165 

 



 xx

 

 

 

LIST OF SYMBOL / ABRREVIATIONS  

 

 

 

FTIR - Fourier Transform Infrared 

GC - gas chromatography 

GC-MSD - gas chromatography mass spectrometry detector 

h - hour 

NBA - niobium oxide hydrated or niobic acid 

NBO - niobium oxide 

SIL - silicalite 

SZ - sulfated zirconia 

TEOS - tetraethylorthosilicate 

TEOT - tetraethylorthotitanate 

TPAOH - tetrapropylammonium hydroxide 

TPD-Ammonia - Temperature Programmed Desorption of Ammonia 

TPR - Temperature Programmed Reduction 

TS-1 - titanium silicalite - 1 

UV-Vis DR - Ultra Violet - Visible Diffuse Reflectance  

wt% - weight %  

XRD - X-ray Diffraction 

  

 



 xxi

 

 

 

LIST OF PUBLICATIONS 

 

 

 

International Journals: 

 

1. Didik Prasetyoko, Salasiah Endud, Halimaton Hamdan, Zainab Ramli, and 

Bogdan Sulikowski. “Crystalline Silica of the Rice Husk Ash is Transformed into 

Zeolite Beta”. Waste Management. Accepted, September 16, 2005. 

2. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “TS-1 Loaded 

with Sulfated Zirconia as Bifunctional Oxidative and Acidic Catalysts for 

Transformation of 1-Octene to 1,2-Octanediol”. Journal of Molecular Catalysis 

A. Chemical. 241: 118-125, 2005. 

3. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “Preparation 

and Characterization of Bifunctional Oxidative and Acidic Catalysts Nb2O5/TS-1 

for Synthesis of Diols”. Materials Chemistry and Physic. 93: 443-449, 2005. 

4. Didik Prasetyoko, Salasiah Endud, Zainab Ramli and Hadi Nur. “Enhancement 

of Catalytic Activity of Titanosilicalite-1 – Sulfated Zirconia Combination 

Towards Epoxidation of 1-Octene with Aqueous Hydrogen Peroxide”. Reaction 

Kinetics and Catalysis Letters. 86(1): 83-89, 2005. 

5. Hadi Nur, Didik Prasetyoko, Salasiah Endud, and Zainab Ramli. “Sulfation: a 

Simple Method to Enhance the Catalytic Activity of TS-1 in Epoxidation of 1-

Octene with Aqueous Hydrogen Peroxide”. Catalysis Communications. 5: 725-

728, 2004. 

6. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “Structural and 

Superacidity Study of Bifunctional Catalyst, Sulfated-Titanium/TS-1”. 

Malaysian Journal of Chemistry. 7(1): 011-018, 2005. 

 

 

 

 



 xxii

Conference and National Publications: 

 

1. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “Structural and 

acidity studies of sulfated zirconia prepared from zirconium sulfate”. Submitted 

to Majalah IPTEK - ITS, June 2005. 

2. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “Niobic Acid 

Dispersed on the Surface of TS-1: Acidity Study”. Seminar Nasional Kimia. 9 

August 2005. Surabaya, Indonesia. 

3. Zainab Ramli, Didik Prasetyoko, Salasiah Endud, and Hadi Nur. 

“Characterization of Bifunctional Oxidative and Acidic Catalyst, Zirconium 

Sulfate Loaded Titanium Silicalite”. The XXI Regional Conference on Solid State 

Science & Technology (RCWSST), 10-13 October 2004. Sabah, Malaysia. 

4. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “Preparation 

and Characterization of Bifunctional Oxidative and Acidic Catalysts Nb/TS-1”. 

International Conference on X-Ray Applications in Research & Industry 

(ICXRI), 14-15 September 2004. Pulau Pinang, Malaysia. 

5. Zainab Ramli, Didik Prasetyoko, Salasiah Endud, and Hadi Nur. “Monolayer 

Coverage and Acidity Study of Bifunctional Oxidative Acidic Catalyst by 

Infrared Spectroscopy: Zirconia Sulfate Loaded Titanium Silicalite”. Simposium 

Kimia Analisis Malaysia (SKAM-17). 24-26 August 2004. Pahang, Malaysia. 

6. Didik Prasetyoko, Zainab Ramli, Salasiah Endud, and Hadi Nur. “A New 

Approach to Probe the Dispersion Capacity of Tungsten Oxide on the Surface of  

Titanium Silicalite by Infrared Spectroscopy”. Annual Fundamental Science 

Seminar (AFSS), 2004. Johor Bahru, Malaysia.  



 1 

 

 

 

CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

Catalysis is an important process to improve the production of chemicals. 

This phenomenon can be employed in a chemical reaction that is favored 

thermodynamically but is very slow without the use of a catalyst. The catalyst 

accelerates the kinetics of the reaction to attain equilibrium without being consumed 

in the process. It plays an essential role in the manufacture of a wide range of 

products, from gasoline and plastics to fertilizers and herbicides, which would be 

unobtainable or expensive. 

 

There are homogeneous and heterogeneous systems in the catalytic processes. 

In general, heterogeneous systems offer easier separation of catalysts from the 

product mixture, reusability of the catalysts and the possibility of continuous 

processing. On the other hand, homogeneous catalysis usually allows more efficient 

heat transfer and milder operating condition, as well as higher selectivity. 

Heterogeneous catalysts are being increasingly studied for liquid and gas phase 

catalysis. 

 

 

 

1.1 Background of Study 

 

A large segment of the modern chemical industry is based on selective 

catalytic oxidation processes (Centi et al., 2001). More than 60% of the chemicals 

and intermediates synthesized via catalytic processes are the products of oxidation. 
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Most of the oxidation processes are being carried out in the gas and liquid phases. 

Catalytic oxidation in the liquid phase is widely used in bulk chemicals manufacture 

and are becoming increasingly important in the synthesis of fine chemicals (Sheldon 

and Dakka, 1994). Catalytic oxidations in the liquid phase generally employ soluble 

metal salts or complexes as catalysts, oxidants such as O2, H2O2, organics hydro 

peroxide, and solvents (Centi et al., 2001). 

 

 An early example of the successful application of the site-isolation concept in 

liquid phase oxidation catalysis is the Ti(IV)/SiO2 catalyst, commercialized by Shell 

in the 1970s for the production of propene oxide (Sheldon, 1980). Another 

benchmark was the development of titanium silicalite (TS-1) by Enichem scientists 

in the mid-eighties (Taramasso et al., 1983). Over the last decade, TS-1 has shown 

excellent catalytic activity in organic oxidation reactions using hydrogen peroxide as 

oxidant under mild conditions. In alkenes epoxidation, many works have been done 

to enhance the epoxide selectivity due to the industrial importance of epoxides in the 

synthesis of organic and pharmaceutical materials. The ability of TS-1 to catalyze a 

wide variety of oxidation transformations including alkenes epoxidation with 30% 

aqueous hydrogen peroxide has led to extensive research worldwide on the synthesis 

of related heterogeneous catalysts for liquid-phase oxidation (Perego et al., 2001).  

 

Beside the oxidative catalysts, the acid catalysts also play important role in 

the area of catalysis. There are a number of reactions catalyzed by acid catalysts, i.e. 

esterification, oligomerization, alkylation, acylation, isomerization, cracking, 

hydrolysis, and other reactions in the synthesis of intermediates or specialty fine 

chemicals. Researchers have tried to substitute homogeneous catalysts (HCl, HF, 

H2SO4 and AlCl3) by heterogeneous solid acid catalysts. The advantages of using 

heterogeneous acid catalysts is to overcome the problems encountered by 

homogeneous catalysts, i.e. corrosive, toxic, difficulties in the storage and handling, 

and environment problem for disposal. The heterogeneous acid catalysts include 

alumina, zeolites, solid phosphoric acid, cationic ion exchange resin and metal 

oxides. Some examples of recent successfully commercialized new solid acid 

catalysts have been reviewed (Mitsutani, 2002).  
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The two types of catalysts mentioned above are just for oxidative or acidic 

catalyzed reactions. It means that for a certain type of reaction, certain type of 

catalysts should be used. Unfortunately, two or three steps of catalytic processes are 

needed in the production of fine chemicals. Consequently, two reactors with different 

catalysts and processes should be built and run successively when the product is 

catalyzed by two catalysts. To overcome such problem, research has been carried out 

in the design of a new concept in the material catalyst, called bifunctional or 

multifunctional catalysts, in which two or more active sites are present in one solid 

material. By using this concept, the whole process is more practical and economical 

than the two-step processes (Hoelderich, 2000).  

 

One of the crucial points for the development of catalysts is to design the 

active sites for catalytic processes. The efficiency of a catalytic process in general 

greatly depends on the performance of the catalyst, rendering the development of 

efficient catalytic materials one of the foremost challenges in catalysis research. In 

many of catalytic processes a stream of reactant is passed over tiny particles (atomic 

or cluster) of active sites on an oxide support surface. One of the challenges is to 

design highly-functionalized catalysts by a combination of oxidative and acidic 

active sites for consecutive oxidation and acid catalytic reactions. As shown by the 

model reaction in Figure 1.1, Ti site acts as oxidative site for oxidation of 1-octene to 

1,2-epoxyoctane (as intermediate) and niobic acid acts as acidic site for 

transformation of 1,2-epoxyoctane to 1,2-octanediol.  

 

Several bifunctional oxidative and acid catalysts have been prepared by 

incorporation of trivalent metal ions (Al3+, B3+, Fe3+, Ga3+) and titanium ion (Ti4+) 

together in the framework of silica based molecular-sieves (Trong On et al., 2003; 

van der Wall et al., 1998; Krijnen et al., 1999). The catalysts being active both in the 

oxidation reactions due to the presence of tetrahedral Ti4+ and in acid catalyzed 

reactions as the substitution of the trivalent cations in the framework of silica 

generates acid sites. In a previous study, some research groups (van der Wall et al., 

1998; Davies et al., 2001; Sashidaran et al., 2002) have demonstrated that Ti-Al-beta 

and Ti-beta zeolites can lead to acid-catalyzed consecutive reaction. The catalysts 

were active in epoxidation of alcohol or bulky alkenes and selective in diol 

formation.  
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Diols products are useful intermediates in the production of pharmaceutical, 

pesticide, fragrance and other fine chemicals. Diols contribute to high water 

solubility, hygroscopicity and reactivity with many organic compounds, on usually 

linear and aliphatic carbon chain. 1,2-octanediol, linear diol containing two primary 

hydroxyl groups, has bacteriostatic and bactericidal properties which are useful in 

cosmetics and skin care products as a preservative, an emollient, humectants and 

wetting agent (Brown et al., 2003; Milbradt et al.,2005). It is also used as an 

ingredient in inks (Kelly-Rowley and Chatterjee, 2004). 

 

Special 1,2-diols, e.g., ethylene glycol and propylene glycol, are 

manufactured on a million ton scale per annum. Worldwide production capacities for 

ethylene glycol in 1995: 9.7 Million ton per annum, while worldwide production of 

1,2-propylene glycol in 1994: 1.1 Million ton per annum (Weissermel and Arpe, 

2003). A number of 1,2-diols such as 2,3-dimethyl-2,3-butanediol, 1,2-octanediol, 

1,2-hexanediol, 1,2- pentanediol, and 1,2- and 2,3-butanediol are interesting for fine 

chemical applications. At present they are produced in industry by a two-step 

sequence consisting of epoxidation of the terminal olefin with a peracid followed by 

hydrolysis of the resulting epoxide (Szmant, 1989; Pohl and Gaube, 1985). In 

addition, chiral 1,2-diols are of interest as intermediates for pharmaceuticals and 

agrochemicals (Kolb et al., 1994; Beller et al., 2004). 

 

 

 

1.2 Design of Bifunctional Oxidative and Acidic Catalyst 

 

The product selectivity of consecutive oxidation and acid catalytic reactions 

depends on the nature of the oxidative and acid sites which are located in the 

structure of zeolite. However, it is difficult to control the number of oxidative sites 

together with acidic sites in the framework of zeolites. Controlling the number and 

the location of the active sites is important since it relates to the product selectivity. 

We have designed an alternative way to prepare bifunctional catalyst containing 

certain amount of active sites as shown in Figure 1.1.  
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Figure 1.1:  Oxidative and acidic catalyst for consecutive oxidation and acid 

catalytic reactions. 

 

The use of TS-1 as a model catalytic system is an advantage because it is 

known as a good heterogeneous oxidation catalyst in alkene epoxidation with 

aqueous hydrogen peroxide as an oxidant. Our proposal is based on the idea that the 

epoxidation of alkene occurs in the pores of TS-1 and acid catalysis of 1,2-

epoxyoctane to 1,2-octanediol takes place on the external surface of TS-1. The 

location of oxidative and acid sites on the internal and external surfaces of TS-1, 

respectively, has a beneficial effect in the consecutive oxidation and acid catalytic 

reactions of 1-octene to 1,2-octanediol (see Figure 1.1) since oxidation and acid 

reactions preferentially occur in hydrophobic and hydrophilic environments, 

respectively. It has been reported that the framework of TS-1 has hydrophobic 

properties (Drago et al., 1998). In order to maintain the hydrophobicity of the TS-1, 

the acid sites is placed on the external surface of TS-1 which is covered by acidic 

oxides. 
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1.3 Objectives of the Study 

 

The objectives of the study are: 

1. To prepare and characterize the bifunctional oxidative and acidic catalysts 

consisting of TS-1 and selected acidic oxides as oxidative and acid sites, 

respectively. 

2. To evaluate the performance of the materials as bifunctional oxidative 

and acidic catalysts in the one pot synthesis of 1,2-octanediol from 1-

octene as a model reaction. 

3. To relate the catalytic performance and physicochemical properties of the 

bifunctional oxidative and acidic catalysts. 

 

 

 

1.4 Scope of the Study 

 

Model catalysts with well-defined structural and physicochemical properties 

serve for elucidating structure-activity relationships (Figure 1.2). The scope of the 

study is focused on the following aspects i.e. synthesis of titanium silicalite (TS-1) 

molecular-sieves, preparation of bifunctional oxidative and acidic catalysts, and 

catalytic testing.  

 

Chapter 3 of this thesis describes the synthesis, characterization and catalytic 

testing of TS-1. The medium pore microporous material i.e. silicalite and TS-1 were 

synthesized by hydrothermal method. TS-1 was prepared with various amounts of 

titanium concentration i.e. 1-4 mol%. Characterizations of the obtained solids were 

carried out by several techniques, such as X-ray diffraction, infrared and UV-visible 

diffuse reflectance spectroscopy, temperature programmed desorption and pyridine 

adsorption followed by infrared spectroscopy.  

 

The bifunctional oxidative and acid catalysts containing certain amount of 

active sites were prepared by impregnation of sulfated titania, tungsten oxide, 

sulfated zirconia and hydrated niobium oxide as the acidic precursors on the surface 

of oxidative TS-1. The structure and physicochemical properties of catalysts were 
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examined by X-ray diffraction, infrared and UV-visible diffuse reflectance 

spectroscopy, temperature programmed reduction, and pyridine adsorption. The 

catalytic performance and structure-activity relationship of bifunctional catalysts 

were carried out in the consecutive reaction of 1-octene to 1,2-octanediol through the 

formation of 1,2-epoxyoctane. These studies are reported in four chapters (Chapters 

4 to 7).  

 

 

 

 

 

 

 

 

 

 

Figure 1.2:  Methodology of research. 
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