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ADVISOR: ASST. PROF. SUKKANESTE TUNGASMITA, Ph.D., CO-ADVISOR: DUANGAMOL 
TUNGASMITA, Ph.D.{, 101 pp. 

This research investigated the preparation of titanium silicalite-1 and metal titanium 
silicalite-1 materials. The synthesized materials were applied into 2 parts as powder and thin film 
forms. Both titanium silicalite-1 form and metal titanium silicalite-1 thin film were synthesized by 
seeding together with hydrothermal method, while metal titanium silicalite-1 powder was 
prepared by hydrothermal method. The silicon wafer is used as substrate for synthesizing thin 
film material. The interested metals in this research were vanadium and iron. All synthesized 
materials were characterized by X-ray powder diffraction, DR-UV spectrophotometry, N2 
adsorption-desorption, scanning electron microscopy and inductively coupled plasma mass 
spectrometry. All prepared materials showed characteristic of MFI structure. The smaller particle 
size was resulted from the higher seed loading as 10 wt.% base on silica source. After metal 
addition, the crystallinity of synthesized materials was decreased. The catalytic activities of 
synthesized materials were investigated in phenol hydroxylation with hydrogen peroxide. All 
powder synthesized materials were carried out in batch reactor. The influence of reaction 
parameter, including mole ratio of phenol/ hydrogen peroxide and reaction temperature were 
examined. Among several of particle size of titanium silicalite-1 catalysts, the titanium silicalite-1 
seed illustrated the highest phenol conversion at 30.36% due to the smallest of particle size. The 
iron titanium silicalite-1 demonstrated high phenol conversion and highest catechol selectivity as 
43.46 and 64.5%, respectively. In the continuous flow reactor at 4 µl/min displayed the highest 
phenol conversion when titanium silicalite-1 thin film was used. The phenol conversion of iron 
titanium silicalite-1 thin film was lower than titanium silicalite-1 thin film due to the thinner film 
thickness. However, iron titanium silicalite-1 provided the high selectivity to catechol same as in 
batch reaction. 
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CHAPTER I 
Introduction 

 
1.1 Background 

Catalysts are a key role in the chemical industry and industrial research. 
According to the report of global catalyst market, the demand for catalysts in the 
global market stood at US$19.2 billion in 2012 and is expected to reach US$24.1 
billion in 2018. The demand and revenue of catalysts are rising in each year as 
shown in figure 1.1. The development of catalysts is fulfilling the economic and 
political. In addition, using catalysts is expected to replace pollution in chemical 
reaction. In the global catalyst market, environmental application is rapidly growing. 
The manufacturers are focusing on launch innovative products with thorough 
research and development catalysts that are environmentally friendly.  

 

 
Figure 1.1 Global environmental catalysts market, 2010-2018 (Kilo Tons) (USD million) 
[1] 
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Catalysts are broadly classified as heterogeneous and homogeneous. 
Heterogeneous catalysts are the more mighty used type of catalysts. The advantage 
of heterogeneous catalyst is friendly environmental.  It has become an importance 
used in the petrochemical, fine chemical and pharmaceutical industries. The industry 
requires the catalyst for many continuous processes. Normally, catalysts are 
prepared as fine powders, which quite difficult to use in a continuous flow reactor 
because the high pressure drop caused by catalyst. Zeolites are also produced as a 
fine crystalline powder. Previous uses for industrial, zeolites are usually used in the 
configuration of spheres, pellets or extrudates. In order to make the formation of 
pellets or extrudates, binder was added to zeolite. Although, the binder can reduce 
the adsorption properties of the zeolite and can clog the pore of zeolite[2]. 
Accordingly, the preparation of non-binder zeolite was interested. Zeolite thin film 
was introduced to use in many industrial applications such as microelectronic-
devices[3], membrane[4, 5], sensor[6, 7], and catalyst[8]. The catalyst thin films are 
usually prepared by pre-seeding the substrate with zeolite nanocrystals then, 
followed by a hydrothermal synthesis.  

The catalysts can also be classified on the basis of materials. This includes 
zeolites, metals, chemical compounds and others. Even, zeolites were mainly 
employed in petroleum refineries and chemical synthesis for the last decade. 
However, chemical compounds dominate the demand for catalysts in terms of both 
volume as well as revenue. Currently, oxidation reactions are widely used in industry 
and fundamentally studies in industry laboratory for improvement and other issues. 
Environmental protection is also another issue to considering in the process. The 
catalysts of oxidation reaction play a key role for a new selective oxidation processes 
such as oxidation of aromatic, alkene, and alcohol [9-12]. Among them, hydroxylation 
of phenol is one of the most important and encouraging chemical process. The main 
industrial products from phenol are phenol resin, caprolactam, bisphenol A, adipic 
acid, and alkyl phenol. Catechol and hydroquinone are also high value chemicals. 
They can be produced by direct hydroxylation of phenol with the favorable oxidant, 
hydrogen peroxide. These hydroquinone and catechol are widely used as medicine 
antioxidants, perfumes, polymerization inhibiter, organic synthesis and other 
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pharmaceutical applications. The phenol hydroxylation with hydrogen peroxide was 
respected as production process for its outstanding advantage mild condition, shape-
selective oxidation as well as simple and environmentally friendly process.  

Furthermore, the trend to develop new catalyst with high efficiency and 
catalytic stability is increasing due to the environmental concerns and economic 
considerations. The field of heterogeneous catalysis has recently turned its attention 
to the study of bimetallic catalysts because they offer the potential of increased 
activities and selectivity combined with enhanced stability as compared to their 
monometallic counterparts. Several families of bimetallic catalysts have been 
commercialized for use in industrial environmental treatment, chemical synthesis 
and petroleum refining processes. Lately, several work studies of the synthesis 
bimetallic catalyst containing both titanium and heteroatom such as Fe, Al or B in 
MFI structure have been reported [13-15]. The reactions are usually performed on 
powder catalyst but only a few reactions had been managed on thin film or 
membrane forms. 

In this thesis, Titanium silicalite-1 is another material in our focus, because of 
its unique catalytic properties for selective oxidation of organic compound. Titanium 
silcialite-1 was first synthesis by Taramasso in 1983[16]. It is a microporous material 
with Mobil Five (MFI) structure for using as selective oxidation of various organic 
reactants with hydrogen peroxide, in mild condition, for example aromatic 
hydroxylation, ammoximation of cyclohexanone, oxidation of alkenes and alcohols 
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1.2 Literature review 

 1.2.1 Titanium silicalite-1  

 Titanium silicalite-1 was first discovered by Taramasso in 1983. The titanium 
silicalite-1 catalyst is constituted by silicon and titanium oxide. The material is usually 
synthesized by using tetrapropylammonium hydroxide (TPAOH) as structure directing 
agent, tetraethyiorthosilicate (TEOS)  as silica source and tetrabutylorthotitanate 
(TBOT) as titanium source. The temperature of crystallization is at 130 to 200 °C and 
calcination at 550 °C. A major problem often received during the synthesis of 
titanium silicalite-1 is the precipitation of titanium oxide outside the lattice 
framework, result in inactive of titanium for oxidation reaction. The titanium contents 
with little or no extra-framework were a suitable titanium silicalite-1 catalyst. 
According to, tetrapropylammonium hydroxide is an expensive structure directing 
agent. Titanium silicalite-1 can be synthesized by tetrabutylammonium bromide 
(TPABr) because of the lower cost but the particle sizes of crystals are larger than the 
use of tetrapropyl ammonium. Commonly, titanium silicalite-1 synthesized by 
hydrothermal process that took between 3 and 10 days.  The long crystallization 
time brings about large crystal of titanium silicalite-1. Moreover, the small titanium 
silicalite-1 particles illustrate high catalytic activity. The small particles of titanium 
silicalite-1 can be synthesized by adding seeds to the initial solution as it could 
promote crystal growth and enhance their crystallization rate to decrease of the 
titanium silicalite-1 crystal size. 
 
 Synthesis of a high quality titanium silicalite-1 was studied by Vasile et al. 
[17]. The tetrapropylammonium bromide was used as structure directing agent, 
ammonia and sodium hydroxide to provide hydroxide ion are necessary for the 
crystallization process. In addition, they used amorphous fumed silica as Si source 
and titanium(IV) butoxide as Ti source. This method avoided the expensive synthesis 
materials and environmental opponent silica alkoxide.  It was found that the large 
crystals were obtained and the crystal size decreased with increasing titanium 
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content in this work. The Si/Ti molar ratio of about 25 in the starting gel is the 
maximum to which well titanium silicalite-1 formation. 

 
Deng et al. [18] reported the hydrothermal synthesis of titanium silicalite-1 

with the ultralow of TPAOH/SiO2 by multistep hydrolysis process.  For the first step, a 
fast hydrolysis and condensation of TEOS observed due to the high ratio of 
TPAOH/SiO2, which formed large nuclei. Then, TEOS was added into the first step, 
the nuclei in the first step used as seed for further crystallization of titanium silicalite-
1. It was found that the morphology of titanium silicalite-1 as blackberry with small 
particle size around 300-400 nm, same as the titanium silicalite-1 synthesized at a 
high molar ratio of TPAOH/SiO2. Moreover, the catalytic activity of titanium silicalite-1 
synthesized by multiple processes in epoxidation of alkene and ammoximation of 
ketone was better than synthesized by conventional method titanium silicalite-1.  
 
 Zhang et al [19] reported the synthesis of titanium silicalite-1 in the absence 
of alkali metal ion with the combined effect of seed addition and structure directing 
agent.   Titanium silicalite-1 can be prepared by using hexamethyleneimine (HMI) as 
structure directing agent and fumed silica as silica source. The titanium silicalite-1 
seeds were prepared by conventional method, using tetrapropylammonium 
hydroxide as a template. The titanium silicalite-1 were prepared by using 
hexamethyleneimine, 5 wt% of seeds of silica source relative to the total amount of 
silica in the gel solution were added. They found that, the absence of seed, an 
amorphous of product was obtained. The crystal size of titanium silicalite-1 was 
larger, this is because the weak alkalinity of MFI.   
  

Mother liquor of nano-size titanium silicalite-1 used as seed to synthesize the 
small crystal size titanium silicalite-1 in a TPABr-ethylamine as structure directing 
agent was discovered by Zuo et al. [20].  The crystal size of titanium silicalite-1 was 
not affected significantly by the synthesis conditions. However, the crystal size of 
titanium silicalite-1 depended on the amount of seed addition. From a result, when 
the small amount of seed with m(seed/SiO2) = 0.03 added, the large crystal titanium 
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silicalite-1 was obtained. The catalytic activity of small titanium silicalite-1 with 
m(seed/SiO2) value of 0.06 exhibited high performance in the epoxidation of 
propylene.  
  
 Titanium silicalite-1 was prepared by seeding to reduce cost and the small 
crystals obtained. According to the small crystal can improve catalytic activity, Xue et 
al. [21] synthesized the small crystal titanium silicalite-1 by using the colloid silicalite-
1 as seed. The synthesis of small titanium silicalite-1 seed used the tetrapropyl 
ammonium hydroxide as structure directing agent. The small amount of colloid 
seeds were added to the initial solution mixture.  It was found that the small crystal 
size of titanium silicalite-1 that synthesized by seeding was about 100-300 nm, which 
was smaller than the titanium silicalite-1 without seeding. In cyclohexanone 
ammoxination the small crystal sized titanium silicalite-1 exhibited higher catalytic 
activity than the large titanium silicalite-1. 
 

1.2.2 Modification and application of titanium silicalite-1  

 

Prasetyoko et al. [22] studied the catalytic performance of Fe2O3 titanium 
silicalite-1 catalyst in phenol hydroxylation. The xFe2O3/titanium silicalite-1 was 
prepared by incipient wetness impregnation method, where x is the amount of iron 
(II) nitrate in ranges of 0.5-4 wt%. The result showed the catalytic activity of 
Fe2O3/titanium silicalite-1 toward phenol hydroxylation. The test was carried out 
using hydrogen peroxide as an oxidant and methanol as a solvent at 70 °C. The 1 
wt.% of Fe2O3 on titanium silicalite-1 exhibited the highest formation rate of 
hydroquinone. In case of the large amount of Fe2O3 in the titanium silicalite-1, it 
decreased the rate formation of hydroquinone because Fe2O3 can block the pore of 
titanium silicalite-1.  
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 Wu et al. [23] prepared metal loading on titanium silicalite-1 and used as a 
catalyst in butadiene epoxidation with hydrogen peroxide. The 1% of various metals 
(metal = V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and La) were loaded into the titanium 
silicalite-1. It was found that the hydrogen peroxide was decomposed by V, Cr and 
Mn because of the high conversion of hydrogen peroxide but utilization was 
relatively low. The introduction of Fe, Co, Ni, Cd and La into titanium silicalite-1 
promoted activity in butadiene epoxidation. 
  
 The vanadium oxide supported on surface of titanium silicalite-1 was studied 
by Mulyatun et al. [24]. The vanadium oxide titanium silicalite-1 was prepared by 
impregnation method. The amount of vanadium loading was varied in ranges 0.5 – 4 
wt%. The characterization of the structure of titanium silicalite-1 after loading 
vanadium oxide found that the structure of titanium silicalite-1 was still remained. By 
increasing the vanadium oxide on the titanium silicalite-1, the hydrophobicity 
character of titanium silicalite-1 was increased.  The vanadium oxide showed the 
higher activity than titanium silicalite-1 because of the more hydrophobicity of 
vanadium titanium silicalite-1. 
 

1.2.3 Phenol hydroxylation 

 
The phenol hydroxylation with hydrogen peroxide over Ti-MSU were 

investigated by Song et al. [25]. The Ti-MSU catalyst was synthesized by direct 
hydrothermal synthesis system. The conversion of Ti-MSU was a little bit lower than 
titanium silicalite-1 at reaction temperature at 60 °C for 4 hour over 1:10 of catalyst: 
phenol mass ratio and 3:1 of phenol: hydrogen peroxide mole ratio which gave 
19.6% conversion, hydroquinone selectivity of 48.9%.  

 
Wróblewska et al. [26] used the Ti-MWW heterogeneous catalyst for the 

production of hydroquinone and catechol. The effect of introduced water to the 

reaction was investigated. In addition, the other effect of the reaction also studied 
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such as the reaction temperature 50 to 100 °C, phenol to hydrogen peroxide mole 

ratio 0.5 to 3, catalyst content 3 to 15 wt% and reaction time 15 to 300 min.  The 

introduction of the additional amounts of water into the reaction mixture caused a 

slight decrease in the molar ratio of hydroquinone/pyrocatechol. The optimum 

reaction at the temperature of 100 °C, phenol/hydrogen peroxide mole ratio 1, water 

content 62%, catalyst content 8wt% and reaction time of 180 min gave the final 

conversion of phenol of 28 mol% with the selectivity of hydroquinone 43 mol%. 

Jiang et al. [27] synthesized the iron containing MCM-41 nanoparticles for 

phenol oxidation. It was found that decreasing the iron content decreased the Fe-

MCM-41 nanoparticle size. After reaction time of 20-30 min, the selectivity of 

hydroquinone and catechol were 55-65% and 35-45%, respectively. Fe-MCM-41 

nanoparticles showed higher conversion than Fe-MCM-41 with larger particle size. 

This suggests that the particle size of Fe-MCM-41 has an influence on the reaction, 

indicating that small particle size is important for the reaction.  

 
Ti-SBA-12 and Ti-SBA-16 were prepared by Kumar et al. [28]. They were used 

as catalyst for phenol hydroxylation with hydrogen peroxide. It has been provide that 

the characteristic feature of Ti-SBA-12 and Ti-SBA-16 are similar to titanium silicalite-1. 

The phenol conversion increased with increasing the Ti content in the catalyst. The 

influence of reaction temperature was studied. The phenol conversion was increased 

with increasing temperature in ranges of 60 to 90 °C. In addition, when the catalyst 

amount was increased, the phenol conversion was also increased. The high 

concentration of hydrogen peroxide gave higher phenol conversion while HQ/CT 

mole ratio was decreased. It was found that an optimum condition was at 3:1 of 

phenol: hydrogen peroxide mole ratio at 80 °C for 24 hours, the phenol conversion 

of Ti-SBA-12 was 24.1% and selectivity of hydroquinone was 53.9%. 

 



 
 

9 

1.2.4 Thin film catalyst 

Wang et al. [29] synthesized the titanium silicalite-1 on alumina tube by 

hydrothermal treatment using silicalite-1 and titanium silicalite-1 particles as seed. 

The titanium silicalit-1 film was used as membrane for phenol hydroxylation. It was 

found that the titanium silicalite-1 film did not grow on tube without seed. 

Nevertheless, titanium silicalite-1 film can grow on tube with silicalite-1 and 

titanium silicalite-1 seed. The synthesis composition was 1 SiO2: 0.02 TiO2: 0.18 

TPA2O: 250 H2O. For the phenol hydroxylation, it was found that the thickness of 

titanium silicalite-1 increased, the phenol conversion was increased due to the 

mass of the catalyst increases and also increased in active site.  

 
Jiang et al. [30] studied the phenol oxidation on ultrafine titanium silicalite-1 

in a side-stream ceramic membrane separation reactor. The operation conditions 
were determined. The suitable pore size of the membrane was 200 nm. The 
optimum condition of titanium ceramic membrane was residence time 8 h, 
temperature 80 °C, catalyst concentration 14.1 kg.m-3 and phenol to hydrogen 
peroxide molar ratio 7. The side-stream ceramic membrane reactor system can 
maintain a steady production of CA and HQ over 20 h. This work demonstrated that 
the developed side-stream ceramic membrane reactor system, possibly be used for 
continuous heterogeneous catalytic reactions over ultrafine catalysts. 

 

Yan et al. [31] synthesized the novel Fe-ZSM-5 membrane catalyst for 
oxidation of phenol. The Fe-ZSM-5 was fabricated on the sintered stainless steel 
fibers with a thickness of 6 µm. The Fe was loaded on the surface and well dispersed 
on the surface of ZSM-5 membrane support. The Fe2O3 can block the pores of ZSM-
5 and the reducing efficiency of catalytic activity was observed. The highest phenol 
conversion of Fe-ZSM-5 was about 95% with a Fe loading of 25%. The optimum 
condition was carried out at temperature of 80 °C, feed flow rate of 2 mL/min and 
catalyst bed height of 2.0 cm after continuously ran for 7 h.  
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From the literature reviews, that were mentioned earlier, we can see that the 
titanium silicalite-1 was suitable for phenol hydroxylation. Thus in this research, the 
titanium silicalite-1 and metal titanium silicalite-1 were chosen as a catalyst in 
phenol hydroxylation reaction. Moreover, the titanium silicalite-1 thin films were 
prepared as catalyst for the continuous reactor. The catalytic activities between 
batch reaction and flow reaction were investigated and compared in the phenol 
hydroxylation reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

11 

1.3 Objectives 
1. To synthesize and characterize titanium silicalite-1 and metal titanium 

silicalite-1 powder and thin film. 

2. To study the optimum condition of phenol hydroxylation in batch reactor. 

3. To study for the optimum condition of phenol hydroxylation in flow 

reactor. 

 
1.4 Scope of work 

1. Synthesize titanium silicalite-1 by hydrothermal and seeding methods 

2. Synthesize metal titanium silicalite-1 both in powder and thin film forms  

3.  Material characterizations by using XRD, N2 adsorption-desorption, DR-UV 

spectroscopy and SEM 

4. Examine the reaction parameters of phenol hydroxylation with hydrogen 

peroxide, following these fixed parameters: 

- Mole ratio of phenol to hydrogen peroxide; 1:2 to 1:12 

- Reaction temperature; 55 to 65 °C 

- Flow rate of reactant; 4-8 µl/min  

- Type of metal of catalyst



  

CHAPTER II 
THEORY 

2.1 Type of catalysts [32] 

 2.1.1 Homogeneous catalyst 

 Homogeneous catalyst is a catalyst in the same phase as the reactants. The 
catalyst is a molecule which can be compatible in the reaction mixture. The catalyst 
usually introduced and accelerates reaction with reactants to form target products. 
However, the homogeneous catalyst is difficult to separate from the product.   

 2.1.2 Heterogeneous catalyst 

Heterogeneous catalyst is in a different physical phase to the reactants and 
products. The heterogeneous catalytic reaction relates to adsorption of reactants 
from a fluid phase onto a solid surface, surface reaction of adsorbed species, and 
desorption of products into the fluid phase. The advantage of using the 
heterogeneous catalysts is the relative ease of catalyst separation from the product 
by a simple method such as filtration or centrifugation that could be assisting in the 
manufacture of continuous chemical process. 
 
2.2 Zeolites [33]  

 Zeolites are aluminosilicate minerals, microporous materials containing 
aluminium, silicon, and oxygen in their regular framework as shown in Figure 2.1. The 
structures of zeolites are aluminosilicate framework, which related three-dimensional 
network of AlO4 and SiO4 tetrahedral linked to each other by sharing all of the 
oxygen. Zeolites have large cages in their structure that form pore channels. The 
molecules and ions could pass through of these channels. Moreover, the presence of 
negative charges in their structure, the charge could be balanced by group I and 
group II elements such as sodium, magnesium, calcium and barium.  
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Figure 2. 1 Structure of zeolites[34]. 
 

 The framework charge of AlO2
- tetrahedral in the structure is balanced by 

cation that inhabits nonframework position. The common formula of zeolite is  

Mx/n = [(AlO2)x(SiO2)y. w H2O 

 Where M is cationic of valence n, normally from group I or II ions, and other 
metals and organic cations are also possible, w is the number of molecules of water. 
The cations balance the negative charge of AlO2

- tetrahedral in the structure. x+y is 
the number of tetrahedral atom. The tetrahedral atoms of the structure of zeolites 
are specific for a structure such as the MFI structure has number of x+y equal to 96 
although FAU structure has number of x+y equal to 192. 
 

2.2.1 Structure of zeolites  

 Structures of zeolites are three-dimensional framework of the tetrahedral 
primary building units when tetrahedral atoms are silicon and aluminum, as shown in 
Figure 2.2. All zeolite structures have in common the primary building unit. 
 Structures of zeolites are based on a secondary unit (SBU) which consists of 
selected geometric groupings of these tetrahedral. There are nine such building units, 
which can be used for describing all of the known zeolite structures. The secondary 
building units consists of 4,6 and 8-member single ring, 4-4, 6-6 and 8-8 member 
double rings, and 4-1, 5-1 and 4-4-1 building rings as illustrated to Figure 2.2 
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Figure 2. 2 Secondary Building Units (SBU's) in zeolites [35] 
   

The number of oxygen atom relates to the number of tetrahedral atoms 
which indicated the pore size or the pore opening of zeolite. In the different pore 
sizes, typical zeolite pore sizes can be divided into 3 groups as shown in Figure 2.3.  
They include small pore zeolites with 8-ring pores with free diameters of 0.30 - 0.45 
nm, zeolite A. The medium pore zeolites formed by a 10-ring, 0.45 - 0.60 nm in free 
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diameter for ZSM-5 and TS-1. The large pore zeolite with 12-ring opening pores larger 
than 0.6-0.8 nm such as beta and faujasite[36].  
 

 
Figure 2. 3Three type of pore opening in zeolite framework (a) small pore (b) 
medium pore (c) large pore 
 

2.2.2 Shape Selectivity of Zeolites 

 Shape and selectivity of zeolite catalyst is very important. Zeolite have 
regular structures and highly crystalline that use as catalyst. Shape and selectivity 
can be separated into 3 types: reactant shape selectivity, product shape selectivity 
and transition-state shape selectivity as shown in Figure 2.4. Due to the inflexible 
pore of any zeolite, only suitable shape and size of reactant can productively diffuse 
and enter inside in the zeolite pore. Therefore, the reactant molecules with a larger 
size than the zeolite pore cannot reach the active site, thus the reaction cannot 
occur. The product will be selected by shape and size where the products of 
reaction are obtained inside the zeolite pore. Some of the product cannot leave 
from the zeolite pore. Restricted transition-state selectivity will take place when 
certain reactions will be interrupted as the transition-state necessary for them to 
proceed will not be reached due to steric and space restriction. 
 



 
 

16 

 
Figure 2. 4 Three types of selectivity in zeolites: reactant, product and transition-state 
shape selectivity [37] 
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2.3 Titanium-containing zeolites [38] 

 Redox zeolite catalysts are one of the excellent in the industry of recent 
year. The zeolite exists little amount of transition metal ion isomorphously 
substituted for Si4+ in a pure silica framework. The example of titanium silicalite-1 has 
the structure of MFI with Ti4+ in the framework. It demonstrated specific catalytic 
properties which have been taken advantage in function of oxidation reaction.  
 Titanium containing materials has been studied for a variety of reactions. 
Although the selective oxidation with hydrogen peroxide as the oxidant have 
attracted the most interest. For the formation of surface titanium peroxo compounds 
with hydrogen peroxide and subsequent transfer of the peroxidic oxygen to the 
organic reactants have been presented to describe the mechanism by which titanium 
participates in the catalyst cycle. 
 
 2.3.1 Titanium silicalite-1  

 Titanium silicaite-1 was first synthesized by Taramasso in 1983. The structure 
of titanium silicalite-1 is MFI structure. The chain type building blocks are from the 
tetrahedral linkage. Ring consisted of five oxygen atoms are observed in the 
structure. Titanium silicalite-1 is a medium pore zeolite having an orthorhombic 
crystalline structure. The pore opening is composed of a 10 membered ring. The MFI 
framework contains two types of intersection channels: one type is straight, has 
elliptical (5.3-5.6 Å) opening, and run parallel to the b-axis of the orthorhombic unit 
cell. The other has near circular (5.1-5.5 Å) opening, is sinusoidal (zigzag) and directed 
along the a-axis. Figure 2.5 illustrates structure of MFI and schematic of three-
dimensional channel. 
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Figure 2. 5(a) Structure of MFI structure[39] (b) Schematic illustration of the three-
dimensional channels in titanium silicalite-1 [40] 
  
2.4 Catalytic Sites [41] 

 Titanium silicalite-1 has TiIV site in the framework as described the active site, 
due to pure silicalite-1 are all inactive. In the crystalline structure, TiIV is present in 
the structure randomly. More likely, titanium in the precursor reagent is maintained 
in the solid. In the synthesis solution, each TiIV is expected to be surrounded by O-SiIV 
groups and separated from other TiIV ions by long O-Si-O-Si-O order. It has been 
offered that TiIV, in this state of dispersion and tetrahedral coordination, has 
properties different from those of other materials having TiIV sites with octahedral 
coordination and are not isolated from each other. It has been presented that 
isolated TiIV sites have a low activity for H2O2 decomposition[42]. Furthermore, 
isolation alone is not enough to describe all the observed properties. The 
hydrophobic condition current inside the catalyst pores and the multiplex Ti-O-Si 
bonds that permit interaction with reactants but prevent complete hydrolysis of the 
TiIV sites in titano silicates must also play a role in stabilizing the dispersed Ti IV 
sites. In addition, the formation of peroxo complex caused by addition the hydrogen 
peroxide to titanium silicates. It has been offered that the active species transfer 
oxygen from the oxidant to the reactant. 
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2.5 Phenol Oxidation [43] 

 The oxidation reaction of phenol with hydrogen peroxide in the presence of a 
catalyst is the most acceptable way to producing hydroquinone and catechol. The 
phenol oxidation reaction with hydrogen peroxide is shown in Scheme 2.1. The 
interaction of catalysts and hydrogen peroxide gives •OH and HO2• species by a 
redox mechanism. •OH radicals interact to aromatic ring to obtain hydroquinone and 
catechol, the further oxidation of hydroquinone can form benzoquinone. Moreover, 
over oxidation of benzoquinone can be observed to yield a little tar during the 
reaction of phenol oxidation. Beside, water and oxygen could be obtained by 
hydrogen peroxide decomposition.  
 The phenol oxidation reaction could occur through homogeneous or 
heterogeneous catalyst. For homogeneous catalyst, reactant and product are in the 
same phase as it would be difficult to separate the product and recover the catalyst 
from the reaction mixture and it can be corrode the reactor. Therefore, numerous 
heterogeneous such as metal oxide, supported metal complexes, metallosilicalites, 
hydrotalcite-like compounds, metal-bearing, mesoporous materials, metal 
hydroxylphosphates and heteropoly compounds have been attracting research 
interest recently. 
 

 
 

Scheme 2. 1 Phenol hydroxylation with hydrogen peroxide [44] 
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2.5.1 Reaction mechanism for the hydroxylation of phenol on TS-1 

catalyst[45] 
The reaction mechanism for the process of oxidation of phenol is not yet 

fully understood. The protic solvent such alcohol and water can interacted with 
titanium site. The protic molecules coordinate to titanium which is the active center 
of the catalyst, expending its coordination sphere 5 or 6. The active intermediate 
complex for TS-1 catalyst formed a five-membered ring at the titanium site with 
hydrogen bond between methanol and peroxo group. Possible configurations of the 
titanium active site without (species c) and with coordination of 1 or 2 protic solvent 
molecules (species a and b) was demonstrated in Scheme 2.2. 

 
Scheme 2. 2 Possible configurations of the hydroperoxo-titanium active site of TS-1: 
(a) hexacoordinate octahedral, (b) pentacoordinate trigonal bipyramidal, and (c) 
tetracoordinate tetrahedral. [45] 
 
 Increase the active titanium site caused the coordination of protic solvent 
molecules. The channels of Titanium silicalite-1 are narrow according to a geometric 
constraint for an approaching phenol molecule. The phenol molecule is more bulky 
to form the hydrogen bonds of the phenolic-OH with OH of the solvent groups. 
Phenol, hydrogen-bonded to the solvent OH groups, will approach the bulky 
titanium site with the OH group pointing away from the titanium site (Scheme 2.3) 
yielding hydroquinone. In addition, hydrogen bond formation with the active site 
(species a and b in Scheme 2.2) leading to the presence of coordinated protic 
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molecules close to the peroxo group, destabilizing H-bonding with the phenol 
molecule assisting in o-hydroxylation (as shown in Schemes 2.4A and 2.4B) 
 

 
Scheme 2. 3The mechanism of phenol hydroxylation for the formation to 
hydroquinone [26] 
 

On the other hand, in nonprotic solvents, phenol can take over the role of 
the protic solvent molecule. Although water is always present, its concentration in 
the hydrophobic titanium silicalite-1 pores is expected to be low. Thus, the existence 
of titanium sites without protic molecules coordinated is proposed (Scheme 2.2, 
species c). In that case, another reaction pathway is opened, i.e., the conversion via 
pentacoordinated (trigonal bipyramidal) Ti site, involving coordination of phenol to Ti 
peroxo species yielding catechol (Scheme 2.4A). This will be the case in aprotic 
solvents, such as acetone. Protic solvents will compete with phenol, so that this 
pathway is not dominant in these solvents. 

Formation of catechol without coordination of phenol to the active titanium 
site takes place via a six-membered transition state involving phenol (see Scheme 
2.4B). 
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Scheme 2. 4 The mechanism of phenol hydroxylation for the formation to catechol 
[26] 
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2.6 Characterizations of catalysis structure 

 2.6.1 Powder X-ray diffraction (XRD) [46] 

 The structural of crystalline materials can be identified by using X-ray 
diffraction technique in powder which is a non-destructive technique. This technique 
can also determine lattice parameters and interplanar spacing between lattice 
planes. Furthermore, X-ray powder diffraction can provide the degree of crystallinity 
of sample relative to a reference compound. The X-ray region falls in the range of 
electromagnetic spectrum between ultraviolet and gamma-rays. The X-ray 
wavelength about 0.1 nm is approximately similar for structural examination in a 
wide range of materials. The X-ray is produced when high energetic electrons collide 
with a metal target which usually copper (Cu) material. As high accelerating voltage is 
applied to tungsten filament as the cathode and Cu target as the anode, the high 
energetic electrons are produced and then collide with the Cu target. These 
electrons strike on inner core electrons of the target atom, the energy is transferred 
to the core electrons and the core electrons with excess energy are forced to eject 
from the atom, leaving a space behind. Electrons from and outer shells, the higher 
energy shells then fills the space and reduces it extra energy by emitting X-ray with a 

characteristic wavelength. The energy (E) and wavelength (λ) of X-ray photon are 

related by the equation E = hc/λ, where h is Planck’s constant and c is the light 
speed. 
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Figure 2.6 shows a monochromatic beam of incident X-ray on the surface of 

crystal at an angle 2θ. The scattered intensity can be measured as a function of 

scattering angle 2θ. The peaks in x–ray diffractogram or “pattern” directly depend on 
the interplanar and d spacing of the sample. The d-spacing value of sample can be 
examined by using Braggs’ law; 

 

nλ = 2dsinθ,           (Equation. 1) 
 

Where n is the order of diffraction beam, λ is the X-ray wavelength, d is the 

interplanar spacing and 2θ is the angel between the detector position and 

extrapolation of the incident beam, that is, θ is the angel between incident beam 
and the lattice plane. 
 

 
 
Figure 2. 6 Diffraction of X-ray by regular planes of atoms [45] 
 
 X-ray diffractogram is the relationship plotted between peak intensities and 

direction of wave in angel of 2θ, so call “2θ-scan’. In this work, the structural 
characterization of our zeolite is determined by this X-ray powder diffraction 
technique. The X-ray diffractogram is also beneficial for identification of framework 
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type of zeolite, based on the reference database. The crystallinity of zeolite is 
related to the XRD peak positions and its relative intensities. Moreover, the size of 
unit cell can be indicated by peak position and the crystal size can be informed by 
peak width (FWHM). 
 
 2.6.2 Diffuse reflectance-ultraviolet spectroscopy (DR-UV) [47] 

 Conventionally, the UV-vis analysis can be used to determine the 
characteristic of the liquid sample. However, the DR-UV cell in this day can be used 
to analyze the solid sample. The various metals containing zeolite catalyst sample 
was examined by DR-UV. Expressions are obtained for Kubelka-Munk constants and 
the remission function in terms of fundamental optical parameter. In general, in a 
DR-UV spectrum the ratio of the light reflected from the sample and from an ideal 

non-absorbing reference standard is measured as a function of wavelength (λ). This 
can be expressed by Kubelka-Munk equation: 
 

 ( )   
(   ) 

  
 

 

 
                     (Equation. 2) 

 
Where R is the ratio of the reflectivity of an infinitely thick layer of the sample and 
the one of a standard, K is the apparent absorption coefficient and S is the apparent 
scattering coefficient.  
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 2.6.3 Nitrogen adsorption-desorption technique [48] 

 The IUPAC classification of porous materials can be derived in to three types 
as shown in table 2.1. In the adsorption, the adsorbate was adsorbed on the surface 
of adsorbent. The nitrogen was adsorbed on the surface of materials as the physical 
adsorption or physisorption due to van der Waals force, which is an attractive force 
between the nitrogen molecules and the surface of solid materials. Consequently, 
this attractive force is weak; those adsorbed nitrogen molecules on the surface can 
be easily desorbed by decreasing the pressure or heating. 
 
Table 2. 1 The IUPAC classification of porous materials  

Type Pore width 
Micro pore < 2 nm 

Mesopore 2-50 m 

Macropore > 50 nm 

 
 
 Nitrogen adsorption-desorption technique can be used to determine the 
physical properties as surface area, pore volume, pore diameter and pore size 
distribution of solid catalyst. Adsorption isotherm describes the adsorption behavior, 
a plot of the amount of adsorbed gas by the surface of adsorbent at a constant 
temperature, as a function of relative pressure. Different types of absorbate show 
many different types of adsorption isotherms, the type of adsorbent and interaction 
of nitrogen gas on the surface. The IUPAC classification of adsorption isotherms is 
presented in Figure 2.7. The isotherm type I is the characteristic of microporous 
materials such as zeolite, and activated carbon. For the micro pore, the nitrogen gas 
can reach the saturation very fast at the very low relative pressure. The isotherm 
type II, the adsorption raised at the high relative pressure is designated to porous 
materials with high external surface area. The isotherm of type III is a signature for 
the macroporous or non-porous materials, only a small adsorption capacity can be 
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observed. Type IV and V isotherms are mesoporous materials. Type IV is the 
adsorption of mesopous containing micropores. In type V isotherm not observe any 
micropores.  
 

 
Figure 2. 7 The IUPAC classification of isotherms [49] 
 

In figure 2.8 shows IUPAC classification of hysteresis loops. The shape of the 
hysteresis loops (types H1–H4) are related with the texture properties of the 
adsorbent. Type H1 is often associated with porous materials exhibiting a narrow 
distribution of relatively uniform (cylindrical-like) pores. Hysteresis of type H2 contain 
a more complex pore structure in which network effects are important. The very 
steep desorption branch can be attributed to pore blocking. Isotherms with type H3 
hysteresis do not exhibit any limiting adsorption at high P/P0. This behavior can be 
caused not only by the existence of non-rigid aggregates of plate-like particles but 
also if the pore network is formed of macropores which are not completely filled 
with pore condensate. The H4 hysteresis loops are generally observed with complex 
materials containing both micropores and mesopores. The more pronounced uptake 
at low P/P0 can be associated with the filling of micropores. The aggregated crystals 
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of zeolites, some mesoporous zeolites, and micro-mesoporous carbons discover H4 
loop frequently [48]. 
 

 
Figure 2. 8 The IUPAC classification of hysteresis loop [48] 
 
 
 Nitrogen adsorption/desorption isotherm at liquid nitrogen temperature (77K) 
and relative pressure (P/P0) ranging from 0.05-0.1 is measure pore size distribution. 
The Brunauer, Emmett and Teller (BET) method is generally used to determine of the 
specific surface area of porous materials. The BET model was assumed on multilayer 
adsorption which is different from Langmuir monolayer adsorption. The BET specific 
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surface area can be obtained from the measurement of adsorption isotherm. The 
adsorption isotherms are carried out by the BET equation, 

 
 

             
  

 

   
  

   

   
(

 

  
)                       (Equation. 3) 

 
 Where V is the volume of adsorbed gas. P and P0 are the equilibrium and 
atmospheric pressure of adsorbed gas at the adsorption temperature, and Vm is the 
monolayer adsorbed gas, and C is the BET constant that is related to the heat of 
adsorption. The slope ((C-1)/VmC) and intercept (1/VmC) are used to examined the 
quantity of nitrogen adsorbed in the monolayer and calculate the surface area. The 
surface area can be calculated by using the equation below, where Stotal is total 

surface area, N is Avogadro’s number and σ is the gas cross section which is 0.162 
nm2 for the molecules of nitrogen gas.  
 

 
       

    

 

                         (Equation. 4) 

 
 
 2.6.4 Scanning electron microscope (SEM) [50] 

The scanning electron microscope (SEM) is one of the most widely used to 
provide the information detail about the microstructure of materials such as 
morphology, homogeneity and purity. SEM result brings about the significant 
information of crystal size, shape and distribution. The SEM shows the 3-dimension 
black and white magnified image by using electrons instead of light waves as use by 
traditional microscope. The samples are sputtering coated with a thin layer of gold or 
other conductive metals if the samples are not conductive. The sample is transferred 
into the microscope’s vacuum chamber trough and airtight door. A beam of high-
energy is emitted by an electron gun from the top after the air is pumped out. This 
beam down the column through a series of magnetic lens made to focus the 
electrons to an extremely tiny point. The scanning coil is set to move the focused 



 
 

30 

beam rearward and outward across the specimen, row by row. When the electron 
beam beats each point on the sample, secondary electrons are leaved from its 
surface. These electrons are counted by detector and send the signal to amplifier. 
The amount of electron illuminated from each point on the sample creates the final 
image, as electron micrograph.  
 

 
 
Figure 2. 9 The operating concept of SEM. [51] 
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2.6.5 Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) [52] 
Inductively coupled plasma-mass spectroscopy (ICP-MS) is multi-elemental 

analytical technique with very low detection limits in the range of parts per brilliant 
to part trillion levels. Modern ICP-MS combines a high temperature ICP source with a 
mass spectrometer. ICP source in ICP-MS was illustrated in Figure 2.10. Argon gas is 
flow inside the concentric channels of the ICP torch. Electrons are removed from the 
argon atom to produce argon ion when the flame is hit to the argon flowing through 
the ICP torch. These ions are taken in the oscillating fields and run into other atoms 
to generate plasma.  
 

 
 
Figure 2. 10 The ICP torch demonstrating the state of the sample. [53] 
 
 
 
 
 



 
 

32 

 The sample is introduced through nebulizer into the ICP plasma as aerosol. 
After that, the sample enters to the center of ICP torch, it evaporates and the 
elements in the aerosol are changed into gaseous atoms before ionization toward 
the end of the plasma. Quadrupole mass spectrometers extract the singly-charge ion 
from the plasma. These ions are separated its mass-to-charge ratio by using 
quadrupole mass filter which only allow ions of a single mass-to-charge ratio pass 
the tube to the detector at a given time. Figure 2.11 exhibits the system of ICP-MS. 
 

 
 
Figure 2. 11 The system of ICP-MS [53] 
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2.7 Types of reactors [54] 

2.7.1 Stirred tank reactors 

Stirred tank agitated reactors consist of a tank fitted with a mechanical 
agitator and a cooling jacket or coils. They are operated as batch reactors or 
continuous reactors. Several reactors may be used in the series. The stirred tank 
reactor can be considered the basic chemical reactor; modeling on a large scales the 
conventional laboratory flask. Tank sizes range from a few liters to several thousand 
liters. They are used for homogeneous and heterogeneous liquid-liquid and liquid-gas 
reactions and for reactions that involve freely suspended solids, which are held in 
suspension by the agitation. As the degree of agitation is under the designer control, 
stirred tank reactors are particularly suitable for reactions where good mass transfer 
or heat transfer is required. When operated as a continuous process the composition 
in the reactor is constant and the same as the product stream and except for very 
rapid reactions, this will limit the conversion that can be obtained in one stage. 
  

 
Figure 2. 12 Illustrating a Stirred tank reactors [55] 
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2.7.2 Tubular reactors 

Tubular reactors are generally used for gaseous reactions, but are also 
suitable for some liquid phase reactions. If high heat transfer rates are required in 
small diameter tubes are used to increase the surface area to volume ratio. Several 
tubes may be arranged in parallel, connected to a manifold or fitted into a tube 
sheet in a similar arrangement to a shell and tube heat exchangers. For high 
temperature reactions, the tubes may be arranged in a furnace. 

 

 
 

Figure 2. 13 Illustrating a turbular reactor [56] 
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2.7.3 Packed bed reactors 

There are two basic types of packed bed reactor; those in which the solid is a 
reactant and those in which the solid is a catalyst (Fig.11). In chemical process 
industries, the emphasize is mainly on the designing of catalytic reactors. Industrial 
packed bed catalytic reactors range in size from small tubes, a few centimeters 
diameter to large diameter packed beds. Packed-bed reactors are used for gas and 
gas-liquid reactions. Heat-transfer rates in large diameter packed beds are poor. 
Therefore, where high heat-transfer rates are required, fluidized beds should be 
considered. 

 
 
Figure 2. 14 Illustrating a packed bed reactor [57] 
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2.7.4 Fluidized bed reactors 

A fluidized-bed reactor (Fig. 14 is a combination of the two most common, 
packed-beds and stirred tank, continuous flow reactors. It is very important to 
chemical engineering because of its excellent heat and mass transfer characteristics. 
The essential feature of a fluidized bed reactor is that the solids are held in 
suspension by the upward flow of the reacting fluid. This promotes high mass and 
heat transfer rates and good mixing. The solids may be a catalyst, a reactant in 
fluidized combustion processes or an inert powder, added to promote heat transfer. 
Though the principal advantage of a fluidized bed over a fixed bed is the higher heat 
transfer rate, fluidized beds are also useful where it is necessary to transport large 
quantities of solids as part of the reaction processes, such as where catalysts are 
transferred to another vessel for regeneration. Fluidization can only be used with 

relatively small a sized particle, that is less than 300μm. This is the limitation of the 
process.  
 

 
 
Figure 2. 15 Illustrating a fluidized bed reactor [58]



  

CHAPTER III 
EXPERIMENTAL 

3.1 Instruments, apparatus and analytical techniques 

 3.1.1 Powder X-ray diffraction (XRD) 

 The X-ray diffractograms or “patterns” of materials were measured by using a 
Rigaku, Dmax 2200/Ultima+ diffratometer, equipped with a monochromator and Cu 

Kα radiation source. The tube voltage and current were set at 40 kV and 30 mA, 
respectively. The diffractograms were recorded in the 2-theta ranged from 5 to 50 
degree with scan speed 5 degree/min and scan step of 0.02 degree. The scattering 
slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree and 0.3 mm, 
respectively. 

 3.1.2 Scanning electron microscope (SEM) 

 Scanning electron microgrphs for investigation of morphology and particle 
size of catalyst were taken by using a JEOL JSM-5410 LV scanning electron 
microscope (SEM). The powder samples were sprinkled on carbon tape. On the other 
hand, the film samples were stick on carbon tape. Then, the samples were coated 
with sputtering gold under vacuum previous analysis to reduce charging effect in 
SEM. 
 3.1.3 N2-adsorption/desorption 

  N2 adsorption-desorption isotherm, BET specific surface area, and pore 
size distribution of the materials were done on the BEL Japan, BELSORP-moni 
instrument. The powder samples were weighted about 40 mg and weighted precisely 
after pretreated at 400 °C for 3 hrs. The weight of the thin film materials on the 
substrate was measured before hydrothermal and after hydrothermal. 
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3.1.4 DR-UV spectroscopy 

Diffused reflectance ultraviolet (DR-UV) in the range of 200-700 nm was used 
to determine the metal coordination of catalyst. This experiment was done by using 
the Shimadzu UV-2550 UV-visible spectrophotometer equipped with a 60 °C 
integrating sphere and pressed powder of Barium sulfate was used as reference. 

3.1.5 Micro flow reactor 

Oxidation of phenol reaction was carried out in a column reactor. Diameter of 
reactor tube is 0.6 cm and height is 10 cm. 

3.1.6 Elemental analysis 

The Si to Ti mole ratio was investigated by ICP-MS. The sample was soaked 

with 10 mL of conc HCl and 10 mL of 48% hydrofluoric acid in Teflon beaker. The 

sample was heated but not boiled until the solution was dried. This step was 

repeated twice or more for all silica atoms were removed as volatile SiF4 species. 

Then, the mixture solution of 6M HCl: 6M HNO3 = 3:1 v/v was added and was heated 

until dry. In the last step, 10 mL of deionized water was added and was warmed at 

150 °C for 5 minutes. The sample solution was transferred into a 50 mL Teflon 

volumetric flask then water was added to the mark. 
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3.2 Chemicals 

3.2.1 Chemical for Substrate cleaning  

1. Trichloroethylene (Unilab, 95 wt.%) 

2. Acetone (Merck) 

3. Isopropanol (Merck)  

4. Trichloroethylene (Unilab, 95 wt.%) 

5. Sulfuric acid (Merck) 

6. Ethanol 

7. Hydrogen peroxide (Merck, 30 wt.%) 

8. Hydrofluoric acid (Merck, 48 wt.%) 

9. Silver nitrate 

10. Nitric acid (Merck, 65%) 

3.2.2 Chemicals for synthesis catalyst  
1. Trichloroethylene (Unilab, 95 wt.%)  

2. Acetone (Merck) 

3. isopropanol (Merck) 

4. Hydrofluoric acid (Merck, 48 wt.%)  

5. 3-Mercaptopropyltrimethoxysilane (Aldrich) 

6. Tetrapropyl ammonium hydroxide (Merck, 40 wt.%)  

7. Tetraethyl-orthotitanate (Merck, 95 wt.%)  

8. Tetraethyl-orthosilicate (Merck, 99 wt.%)  

9. Triethoxy-methylsilane (Fluka, 95 wt.%) 

10. Iron (III) nitrate (Merck) 

11. Vanadium (IV) oxide sulfate (Aldrich) 
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3.2.3 Chemicals for phenol hydroxylation  

1. Phenol (Merck) 

2. Hydrogen peroxide (Merck, 30wt %)  

 
3.3 Preparation of substrates 

 Silicon (002) wafer was used as substrates and cut into 0.5×0.5 cm2.    These 
silicon substrates were ultrasonic cleaned with trichloroethylene, acetone, iso-
propanol and DI water, respectively. The surface of substrates were etched by 
immersion in 10% hydrofluoric acid for 15 second and then rinsed before dried by 
nitrogen gas. The process of cleaning of the substrate is shown in Scheme 3.1. Next, 
the substrates were treated with 3-mercaptopropyl-trimethoxysilane (50mM) for 10 
min, and then dried in an oven at 200 °C for 2 h. 

 
Scheme 3. 1 Preparation of silicon substrates 
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3.4 Preparation of silicon nanowires substrates 

The silicon nanowires were prepared by three different cleaning steps. Firstly, 

the organic on surface of silicon substrates were removed by acetone. Secondly, the 

acetone was washed off by ethanol and then the substrates were cleaned with 

acidic solution which is 3:1 mixture of sulfuric acid and hydrogen peroxide in order to 

remove metal particle on the substrate surfaces. Lastly, the substrates were cleaned 

with deionized water. The pre-cleaning method is shown in Scheme 3.2. 

 

 

Scheme 3. 2 Pre-cleaning method before etching the silicon substrates. 
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The etching step has three main parts: oxide removal, nanowire forming, and 
silver (Ag) clusters removal. First, the silicon substrates were dipped in 2% 
hydrofluoric acid solution in Teflon beaker for 2 minutes to remove the oxide layers 
on the substrate surfaces. Then, the substrates were etched in the etching solution 
which is a mixture of silver nitrate and hydrofluoric acid (0.2 M AgNO3 in 4.6 M HF) at 
room temperature for 10 minutes, the silicon nanowires was obtained. The silicon 
nanowires were rinsed with deionized water to stop the reaction step. Finally, the Ag 
layers was removed by nitric acid solution and then rinsed with deionized water to 
clean the substrates.  
 

 

Scheme 3. 3 Etching method to form the nanowires structure. 
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3.5 Synthesis of titanium silicalite-1 films 

 3.5.1 Preparation of titanium silicalite-1 seed 

 Titanium silicalite-1 seeds were synthesized by modified hydrothermal 
method from previous literatures [59]. In a typical synthesis, 27.1 g 
tetrapropylammonium hydroxide was dissolved in 108.2 g water in a 500 ml three-
necked round bottom flask. Then, 62 g of tetraethylorthosilicate was added dropwise 
to the mixture, followed by the addition of 3.77 g of tetraethylorthotitanate. The 
molar composition was 20TEOS: 0.75 TEOT: 9TPAOH: 404H2O. The mixture solution 
was vigorously stirred at room temperature for 24 h. Finally, this gel was placed into 
a Teflon-line autoclave for hydrothermal treatment at 125°C for 96 h. After 
hydrothermal process, the solid was washed with deionized water before drying at 
70°C overnight. The dried solid is described as titanium silicalite-1 seed.  

The seeds were diluted with absolute ethanol to give 2wt % suspension of 
the seed solution. Seeds were deposited onto the silicon substrates by immersion 
small pieces of silicon wafer in the seed solution for 1 h, following by drying at 60°C 
overnight and calcination at 550°C for 6 h. 
 
 

3.5.2 Preparation of titanium silicalite-1 by seeding method 

In order to prepare the titanium silicalite-1 crystal from titanium silicalite-1 
seed was investigated. The effect of seed amount was studied. From an initial gel 
with the gel composition of 40 TEOS: 1.6TEOT: 0.4 TEMS: 14TPAOH: 10000H2O. The 
amount of titanium silicalite-1 seed was added into the initial gel, of which seed 
mass was 5 and 10%wt based on the amount of tetraethylorthosilicate. The gel 

mixture was crystallized at 175 °C for 24 h. The solid products were denoted as 
titanium silicalite-1-5% and titanium silicalite-1-10%. 
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 3.5.3 Preparation of titanium silicalite-1 films 

 Titanium silicalite-1 films growth were prepared by hydrothermal method.  
Titanium silicalite-1 solution was prepared with composition 40 TEOS: 1.6TEOT: 0.4 
TEMS: 14TPAOH: 10000H2O. 2.97 g of tetrapropylammonium hydroxide were added 
to 188 g of water. 8.70 g of tetraethylorthosilicate were added dropwise to this 
solution. Next, 0.380 g of tetraethylorthotitanate and 0.075 g of triethoxymethylsilane 
were added. The solution mixture was vigorously stirred at room temperature for 24 
h. After that, the silicon substrates were placed in a Teflon stand and dip into a 
Teflon-line autoclave, aged at 175°C for 24 h. As-deposited titanium silicalite-1 films 
were rinsed with water, dried at 60°C overnight and calcined at 550 °C for 6 h. 
 

 
Scheme 3. 4 Preparation diagram for titanium silicalite-1 powder 
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Scheme 3. 5  Preparation diagram for titanium silicalite-1 film  
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3.6 Preparation of iron titanium silicalite-1 films 

3.6.1 Synthesis of iron titanium silicalite-1 and vanadium silicalite-1 powder 

Iron-titanium silicalite-1 seeds were synthesized in basic condition using a gel 
composition of 20TEOS: 0.75TEOT: 0.2Fe(NO3)3: 9TPAOH: 404H2O modifying from the 
previous work [60]. The solution was prepared by dissolving 3.75 of 
tetraethylorthotitanate in 62 g of tetraethylorthosilicate by dropwise while stirring at 
room temperature for 2 h. After that, 1.19 g of Fe(NO3)3 was mixed with 
tetrapropylammonium hydroxide and then added into the solution of silicon and 
titanium alkoxide, stirred at 60 °C for 2 h and further stirring at room temperature for 
24 h. The solution was placed into Teflon line-autoclave, and held at 125 °C for 96 h. 
When the synthesis was completed, the autoclave was quenched by cold water. 
After the hydrothermal treatment, the crystals were rinsed with deionized water and 
the solid was separated by centrifugation. The solid was dried at 70 °C and then 
calcined at 550 °C for 6 h to burn out the tetrapropylammonium hydroxide that was 
used as template. This solid product is described as iron-titanium silicalite-1 seed. For 
vanadium titanium silicalite-1, the source of metal was changed to the vanadyl (IV) 
sulphate. 

The iron titanium silicalite-1 seed substrates were prepared. The iron-titanium 
silicalite-1 seeds were suspended in ethanol solution. The concentration of iron-
titanium silicalite-1 seed solution was 2wt.%. Next, the silicon substrates were 
immersed in iron-titanium silicalite-1 seed solution for 1 h.  Then, the silicon 
substrates with iron-titanium silicate-1 seeds were dried at 60 °C overnight and 
calcined at 550 °C for 6 h.  
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3.6.2 Synthesis of iron titanium silicalite-1 films 

The iron titanium silicalite-1 films were grow from seeds that adsorb on 
silicon substrates by hydrothermal process. The iron titanium silicalite-1 solution was 
preparing the same procedure as described in section 3.6.1. In this solution Fe(NO3)3 
was added in the solution. Therefore, the gel composition for synthesized iron 
titanium silicalite-1 films was 40 TEOS: 1.6TEOT: 0.4Fe(NO3)3: 0.4 TEMS: 14TPAOH: 
10000H2O. 0.380 g of Tetraethylorthotitanate was add dropwise to and dissolved in 
8.70 g of tetraethylorthosilicate by stirred at room temperature for 2 h. 2.97 g of 
Tetrapropylammonium hydroxide and Fe(NO3)3 were dissolved in the 188 g of water. 
The solutions were mixed together.  After that 0.075 g of triethoxymethylsilane was 
added to the solution mixture. The solution was stirred at 60 °C for 2 h and stirred at 
room temperature for 24 h. Next, the silicon substrates were held in Teflon stand 
and place into a solution in a Teflon-line autoclave, age at 175°C for 24 h. After that, 
the as-deposited iron titanium silicalite-1 films were rinsed with deionized water and 
dried in air at 60°C overnight then calcined at 550°C with heating rate of 1 °C/min for 
6h.  
 
 
 
 
 



 
 

48 

 
 
 
Scheme 3. 6 Preparation diagram for Iron titanium silicalite-1 and vanadium titanium 
silicalite-1 powder 
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Scheme 3. 7 Preparation diagram for Iron titanium silicalite-1 film 
 
 
 
 
 
 
 



 
 

50 

3.7 Catalytic Activity Test for Phenol Hydroxylation 

The phenol hydroxylation reaction in batch reactor was carried out in a 50 ml 
three-neck round bottom flask equipped with a magnetic stirrer and cooling 
condenser. A typical reaction was carried out as the following: 50 mg of  catalyst, 
0.94 g of phenol (0.01 mol) and 10.8 g of deionized water were added into the flask. 
After heating the mixture to setting temperature (55 – 65oC), 30 wt.% of hydrogen 
peroxide was added dropwise. Then, the reaction mixtures were further stirred for 4 
hours. After the reaction completed, the reaction mixture was cooled down and then 
the catalyst was separated from the reaction mixture by centrifugation.  

For the phenol hydroxylation in continuous flow reactor was done in column 
reactor. The catalyst thin films were packed into the reactor. The reactant mixture of 
phenol, water and hydrogen peroxide was feed into the reactor under the optimum 
temperature. All the reaction mixtures were quantitatively analyzed by gas 
chromatography compared with calibration curve. 
 

3.7.1 Parameters affecting oxidation in batch reaction 

The study of parameter effecting on phenol hydroxylation was usually fixed 
amount of 0.05 g of powder catalyst, 10.8 g of water and reaction time 4 h. 

 

  3.7.1.1 Effect of phenol to hydrogen peroxide mole ratio 

  In order to study the effect of phenol to hydrogen peroxide mole 
ratio, the reaction parameter was varied the phenol to hydrogen peroxide mole ratio 
in a range of 1:2 to 1:12 at fixed catalyst as 0.05 g, 60°C for 4 hours. 
 

3.7.1.2 Effect of reaction temperature 

  To determine the effect of temperature in phenol hydroxylation 
reaction, the reaction was carried out at three reaction temperatures as 55, to 65°C, 
phenol to hydrogen peroxide mole ratio at 1:2, catalytic amount 0.05 g and reaction 
time 4 hour. 
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3.7.2 Parameter affecting oxidation in continuous flow reactor 

  3.7.2.1 Effect of reaction flow rate 

 The effect of flow rate was examined at 4, 6, 8 µL/min at 60 °C. 
 



  

CHAPTER IV 
Results and discussions 

 

4.1 Characterization of materials 

 
4.1.1 Powder X-ray Diffraction  

4.1.1.1 Effect of seed amount on the formation of titanium silicalite-1 

The effect of various amounts of titanium silicalite-1 seed to the formation of 
titanium silicalite-1 was a prior studied. The amount of titanium silicalite-1 seed was 
added with a variation of mass about 5 and 10 wt. %, bases on relative to the total 
amount of silica source in the initial gel solution. These samples were denoted as 
titanium silicalite-1-5% and titanium silicalite-1-10%, respectively. In Figure 4.1, the 

five main diffraction peaks at 2θ of 7.9°, 8.9°, 23.2° and 23.9° were observed. They 
were attributed to (010), (200), (501), (303) and (133) orientation of  MFI structure to 

all samples[61]. The appearance of peak 2θ at 24.4° is attributed to the 
orthorhombic symmetry of titanium silicalite-1. The results suggested that the 
titanium silicalite-1-5% and titanium silicalite-1-10% still have the same crystal 
structure as titanium silicalite-1 seed. 
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Figure 4. 1 X-ray diffractogram of Titanium silicalite-1 products prepared in presence 
of seed amount 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

54 

4.1.1.2 Effect of metal containing on the titanium silicalite-1 

X-ray diffractogram of titanium silicalite-1 seed, iron titanium silicalite-
1 and vanadium titanium silicalite-1 are showed in the Figure 4.2. All samples 
exhibited characteristic peaks that referred to high ordered crystallinity of MFI 
structure. The structure of MFI still remained with an obtained the vanadium and 
iron in the materials. There is no  characteristic peaks of vanadium oxide and iron 
oxide on the diffractogram indicated that vanadium and iron are well introduce 
and/or dispersed the titanium silicalite-1 framework [62].  

  

 
 
Figure 4. 2 X-ray diffractogram of metal titanium silicalite-1  
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4.1.1.3 Catalyst thin films 

X-ray diffractograms of titanium silicalite-1 thin films and Iron titanium 
silicalite-1 thin films are presented in Figure 4.3. All the films show typical of 
characteristic peaks of MFI structure as a powder form. The presence of iron in the 
titanium silicalite-1 not only the same crystal structure but also the same prefer 
orientation.   
 

 
Figure 4. 3 X-ray diffractograms of thin film materials 
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4.1.2 UV-VIS Spectroscopy Spectra  

4.1.2.1 Effect of seed amount on formation of titanium silicalite-1 

UV-VIS spectroscopy is widely used to investigate the coordination 
environment and oxidation states of metal ions. The effect of amount of titanium 
silicalite-1 seed formatted to titanium silicalite-1 crystal was also investigated, using 
this technique. Figure 4.4 shows the UV-VIS spectrogram of titanium silicalite-1 seed, 
titanium silicalite-1-5% and titanium silicalite-1-10%, respectively.  All materials 
showed the clear absorption band at 210 nm that referred to isolated Ti(IV) 
tetrahedral specie in the framework. There was no shoulder band of the octahedral 
species, at about 260 nm, in the materials[20, 63]. On the other hand, the band at 
330 nm was observed for the titanium silicalite-1-5% and titanium silicalite-1-10%. 
These attributed to the added amount of seed provides the TiO2 anatase structure. 
According to seed, this can directly provide crystal nucleation sites which improve 
crystallization rate. The introduction of Ti into the framework should occur at 
suitable condition of crystallization rate to prevent the formation of transition metal 
oxide. As the crystallization rate is too fast, Ti ions have not enough time to be 
incorporated into the framework [64].   

 

Figure 4. 4 DR-UV spectrogram of seed and synthesized products by various seed 
amount. 
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4.1.2.2 Effect of metal containing on the titanium silicalite-1 

Figure 4.5 shows the UV-VIS spectrogram of metal titanium silicalite-1. 
The titanium silicalite-1 seed showed an absorption band at 210 nm, which can 
referred to isolated Ti(IV) tetrahedral coordination specie. In addition, there is no sign 
of other band in titanium silicalite-1 seed which indicate that Ti(IV) species can 
incorporated into the silicate framework. [65].  The vanadium silicalite-1 displayed a 
wide band at 200-700 nm. The absorption band at 250 nm corresponds to 
tetracoordinated V(V) in the framework. The position at 400 nm can be referred to 
the hexa-coordinated V (V) species which dispersed on the surface of titanium 
silicalite-1. However, the band at about 210 nm of vanadium titanium silicalite-1 
demonstrated the isolated Ti(IV) tetrahedral coordination in the framework[66]. The 
iron titanium silicalite-1 exhibits a broad absorption band at 200-700 nm, which 
referred to the charge transition between tetrahedral oxygen and the central Ti(IV) 
and Fe3+, overlapped at the same wavelength position. Nevertheless, the bands at 
320 and 500 nm can be assigned to an extra framework iron oligomer or aggregated 
oxide cluster[65].  

 
Figure 4. 5 DR-UV spectrogram of metal titanium silicalite-1 
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4.1.2.3 Catalyst films 

Besides, the UV-VIS spectrogram of titanium silicalite-1 and iron 
titanium silicalite-1 film were shown in Figure 4.6, presented an adsorption band at 
210 nm which was referred to isolated Ti(IV) tetrahedral coordination specie. It also 
displayed shoulder bands around 260 nm and around 300 nm, represented the 
octahedral-coordination and anatase phase of bulk TiO2, respectively. This confirms 
the results from the section of 4.1.2.1. By adding the amount of seed, it can enhance 
crystallization rate, causes the Ti ions would not have enough time to incorporate in 
the framework. Moreover, the spectrum of iron titanium silicalite-1 films showed the 
same band position, which indicated that the introduction of iron does not affect the 
coordination of situation of titanium. This might be due to the iron was added in 
initial synthesis solution was trace amount. 

 

Figure 4. 6 DR-UV spectrogram of metal titanium silicalite-1 thin films 
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4.1.3 Scanning Electron Microscopy results 

  4.1.3.1 Effect of seed amount on formation of titanium silicalite-1 

The morphology of titanium silicalite-1 crystal prepared by different 
amount of seed: 5 seed and 10 wt.% seed were investigated by using SEM. From 
scanning electron micrograph in Figure 4.7, it demonstrated the morphology of seed 
and the hexagonal prism crystal of titanium silicalite-1 with difference size in the 
decreasing order of titanium silicalite-1-5% and titanium silicalite-1-10%.  The 
titanium silicalite-1-5% displayed larger crystal average size which was about 0.87 µm 
in widths and 1.25 µm  in lengths, as shown in Figure 4.7( a, b). The crystal of 
titanium silicalite-1-10% was ca. 0.61 µm widths and 0.78 µm lengths as shown in 
Figure 4.7 (c, d). It found that the crystal size depending on amount of seed added. 
From the micrographs, It can be seen that the amount of seed obviously affect the 
crystal sizes counting on crystallization rate. As the more amounts of seeds were 
added into the initial gel, crystallization rate of titanium silicalite-1 formation became 
faster, leading to the smaller crystal size. The large amount of crystalline seed 
provided large numbers of nuclei, which leading to the shortened of nucleation 
step[67]. However, the excess of seeds were introduced in the initial gel can be seen 
in the final product. From the result above, we show that the titanium silicalite-1 
crystal could be prepared by seeding method, which can develop to use in other 
applications. 
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Figure 4. 7 Scanning electron micrographs of the Titanium silicalite-1-5% (a, b), 
Titanium silicalite-1-10% (c, d) 
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4.1.3.2 Effect of metal containing on the titanium silicalite-1 

The scanning electron micrographs of titanium silicalite-1 seed, 
vanadium silicalite-1 and iron-titanium silicalite-1 powder were shown in figure 4.8. 
All three samples have a spherical shape with average diameter about 0.3 µm. 
However in case of Fe-TS-1, the particles were more aggregated due to the iron 
highly dispersed on the surface of the materials. 
 

 
 
Figure 4. 8 Scanning electron micrographs of (a) titanium silicalite-1 seed (b) 
vanadium-titanium silicalite-1 (c) iron-titanium silicalite-1  
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4.1.3.3 The Etching the Silicon substrate 

In this work, the silicon wafer was used as substrates. The modification 
of the substrate surface was investigated to see the potential to apply silicon 
nanowire (SiNW) arrays for preparing the catalyst film. In Figure 4.9a, the surface 
morphology of bare silicon wafer exhibited clean and smooth surface. After etching 
with Ag, the silicon surface has changed into Si nanowire structure. The long 
nanowires are slightly bended toward the others and cause the bundle structure 
instead of vertically aligned individual nanowires as shown in figure 4.9b, and the 
cross-sectional image of the silicon nanowires in Figure 4.9c. As seen from the 
micrograph, the average length of the nanowires was about 8.5 µm.  
 

 
Figure 4. 9 Scanning electron micrographs of (a) top-view of bare silicon wafer (b) top-
view of silicon nanowires (c) cross-sectional of silicon nanowires 
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4.1.3.4 Effect of metal containing on the titanium silicalite-1 thin film 

Figure 4.10 shows the top view of titanium silicalite-1 film, iron-
titanium silicalite-1 and titanium, deposited on nanowires substrates. It could be 
seen that the crystals shape become a staurolite-liked crystal morphology. The 
crystal size of titanium silicalite-1 on silicon substrate as shown in Figure 4.10a has 
the average dimension of ca. 6.1 µm in lengths, ca. 3.05µm in widths and 1.1 µm in 
thicknesses. The crystals of iron titanium silicalite-1 deposited on silicon wafer, as 
seen in Figure 4.10b, have smaller crystal size than the titanium silicalite-1, with the 
average dimension of ca. 3.1 µm in length, ca. 2.1 µm in widths and 0.43 µm in 
thicknesses. It is apparent from that the iron titanium silicalite-1 crystal size is smaller 
for initial gel containing of iron precursor. As reported from  Au et al. [68], adding the 
vanadium in the initial gel was inhibited crystal growth, leading to smaller crystal 
particle size.   Moreover, the scanning electron micrograph show that the averages 
dimension of titanium silicalite-1 crystal deposited on silicon nanowires (Figure 4.10c) 
was ca. 7.1 µm in lengths, ca. 3.4 µm in widths and 1.3 in thicknesses. 
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Figure 4. 10 Scanning electron micrograph of (a) titanium silicalite-1 film and (b) iron 
titanium silicalite-1 film (c) titanium silicalite-1 on silicon nanowires 
 

The cross-section micrographs of titanium silicalite-1 and iron titanium 
silicalite-1 that deposited on silicon substrate are shown in Figure 4.11. The thickness 
of titanium silicalite-1 and iron titaniumsilicalite-1 deposited on silicon nanowires 
were ca. 83 and µm, 55 µm, respectively. Additionally, the thickness of titanium 
silicalite-1 deposited on nanowires substrate was ca. 31 µm. For titanium silicalite-1 
on silicon nanowires, the film was thinner to compare with deposited on bare silicon 
wafer. This suggests that the seeds were absorbed on the surface on silicon 
nanowires, it could not grow between nanowires, but on the top of nanowires crystal 
can be growth of the bigger crystal.  
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Figure 4. 11 Cross-sectional scanning electron micrographs of (a) titanium silicalite-1 
film and (b) iron titanium silicalite-1 film (c) titanium silicalite-1 on silicon nanowires  
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4.1.4 Nitrogen Adsorption/Desorption Isotherms  

4.1.4.1 Effect of seed amount on formation of titanium silicalite-1 

The textural properties of titanium silicalite-1 seed, titanium silicalite-
1-5% and titanium silicalite-1-10% were determined. Figure 4.12 demonstrates the 
nitrogen adsorption-desorption isotherm of those three samples which are Type I 
that referred to the microporous materials corresponding the IUPAC classification[48], 
A very low relative pressure the micropores were full filled very fast caused the 
strong capillary effect. The adsorption isotherm-desorption isotherm of titanium 
silicalite-1 seed and titanium silicalite-1-10% shows no hysteresis loop indicating the 
uniform pore size. In case of titanium silicalite-1-5% illustrates hysteresis loop 
showing non-uniform pore size. Table 4.1 exhibits the textural properties of titanium 
silicalite-1 seed, titanium silicalite-1-5% and titanium silicalite-1-10%. The BET specific 
surface area of silicalite-1, titanium silicalite-1-5% and titanium silicalite-1-10% are 
452, 436 and 449 m2/g, respectively. The BET specific surface area of titanium 
silicalite-1-10% is a little bit higher than titanium silicalite-1-5% samples because the 
smaller particle size of materials showing the higher surface area. Three samples 
have similar micropore volume and pore size distribution to confirm the same type 
of material structure. 
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Figure 4. 12 Nitrogen adsorption-desorption isotherms of product 

Table 4. 1 Textural properties of titanium metal titanium silicalite-1  

aReported by BET method 
bReported by t-plot 
cReported by MP plot 

 

Catalyst 

N2 Adsorption/desorption 

BET surface 
area 

(m2/g-1)a 

External 
surface area 

(m2g-1)b 

Total pore 
volume 
(cm3g-1)c 

Average pore 
diameter 

(nm)c 

Titanium 
silicalite-1 seed 

452 36 0.2 0.7 

Titanium 
silicalite-1-5% 

436 16 0.2 0.7 

Titanium 
silicalite-1-10% 

449 18 0.2 0.7 
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4.1.4.2 Effect of metal containing on the titanium silicalite-1 

Nitrogen adsorption/desorption isotherms for the titanium silicalite-1 
seed, vanadium titanium silicalite-1 and iron titanium-silicalite-1 were shown in Figure 
4.13 The result indicated isotherm type I that referred to the microporous materials 
corresponding the IUPAC classification[48]. The hysteresis loop at a high pressure of 
each sample demonstrated H4-type that showing a characteristic of microporous 
material The hysteresis loop of iron titanium silicaite-1 and vanadium silicalite-1 are 
much larger than the titanium silicalite-1 seed, which could be due to the existence 
of the metal oxide particles[31]. The properties of titanium silicalite-1 seed, 
vanadium titanium silicalite-1 and iron-titanium silicalite-1 results were summarized 
in table 4.2.  The amount of vanadium or iron into the titanium silicalite-1 had a 
significant influence on the specific surface area and pore volume of the materials. 
The total specific surface area of titanium silicalite-1 seed, iron titanium silicalite-1 
and vanadium silicalite-1 were calculated by using Brunauer Emmett-teller (BET) 
equation, which were shown as 452, 440 and 405 m2/g, respectively. The micropore 
volume was determined by MP plot. The micropore volume of titanium slicalite-1 
seed, vanadium titanium silicalite-1 and iron-titanium silicalite-1 were 0.20, 0.19 and 
0.14 cm3/g, respectively. Obtaining of vanadium and iron in the titanium silicalite-1, 
the pore volume decrease which compared with the titanium silicalite-1 seed. These 
indicated that vanadium and iron in titanium silicalite-1 could block of pores channel 
Moreover, the pore size of these materials was the same size as the average size of 
the MFI structure. 
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Figure 4. 13 Nitrogen adsorption-desorption isotherms of seed and metal titanium 
silicalite-1 

Table 4. 2 Textural properties of titanium silicalite-1, vanadium-titanium silicalite-1 
and Iron-titanium silicalite-1 

aReported by BET method 

bReported by t-plot 
cReported by MP plot 

Catalyst 

N2 Adsorption/desorption 

BET surface 
area 

(m2/g-1)a 

External 
surface area 

(m2g-1)b 

Total pore 
volume 
(cm3g-1)c 

Average pore 
diameter 

(nm)c 

Titanium silicalite-1 
seed 

452 36 0.20 0.7 

Vanadium-titanium 
silicalite-1 

440 56 0.19 0.7 

Iron-titanium silicalite-
1 

405 92 0.14 0.7 
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4.1.4.3 Catalyst thin films 

The nitrogen adsorption-desorption isotherm of titanium silicalite-1 
and iron titanium silicalite-1 are shown in Figure 4.14, and their textural properties 
are displayed in Table 4.3. From the adsorption-desorption isotherm shows at the 
beginning, the volume adsorbed increased with increasing relative pressure which 
due to the volume filling of micropore. The nitrogen adsorption-desorption isotherms 
of the both of thin film samples indicated that type I isotherm that referred to the 
microporous materials corresponding the IUPAC classification. The iron titanium 
silicalite-1 shows a hysteresis loop at a high relative pressure as describe for type IV 
of desorption isotherm. The BET specific surface area of iron titanium silicalite-1 (384 
m2g-1) is higher than titanium silicalite-1 thin film (350 m2g-1) because of the existence 
of Fe2O3 particle on the surface on the catalyst[31]. Besides, the particle size of iron-
titanium silicalite-1 is smaller than titanium silicalite-1, illustrated in Figure 4.10b, that 
might refer to the smaller particle size response to a larger surface area. 
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Figure 4. 14 Nitrogen adsorption/desorption isotherm of thin film materials 
 
Table 4. 3 Textural properties of the thin film sample   

aReported by BET method 

bReported by t-plot 
cReported by MP plot 

 
 
 

Catalyst 

BET surface 
area 

(m2g-1)a 

External 
surface area 

(m2g-1)b 

Total pore 
volume 
(cm3g-1)c 

Average pore 
diameter 

(nm)c 

Titanium silicalite-1 
thin film 

350 5.7 0.18 0.7 

Iron-titanium silicalite-
1 thin film 

384 5.7 0.19 0.7 
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4.1.5 Elemental analysis  

 The all catalysts were investigated by ICP-MS. The elemental analysis results 
are summarized in table 4.4. The Si/Ti mole ratio of the initial gel was lower than in 
the final products because Ti cannot fully incorporate in the framework. As the Si/Fe 
and Si/V mole ratio which are higher than the initial gel. 
 
Table 4. 4 Mole ratio of ICP-MS of prepared material under different composition 

Sample 
Mole ratio in initial gela Mole in catalystb 

Si/Ti Si/Fe Si/V Si/Ti Si/Fe Si/V 

Titanium silicalite-1 25 - - 39 - - 
Titanium silicalite-1-5% 25 - - 38 - - 

Titanium silicalite-1-10% 25 - - 44 - - 

Iron Titanium silicalite-1 25 100 - 39 120 - 
Vanadium Titanium silicalite-1 25 - 100 38 - 142 

Titanium silicalite-1 thin film 25 - - 54 - - 
Iron Titanium silicalite-1 thin 
film 

25 100 - 66 130 - 

aCalculated from initial gel 
bMole ratio was determined by ICP-MS 
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4.2 Catalytic activity of powder in phenol hydroxylation 

 4.2.1 Effect of Crystal Size 

 The effect of crystal size of titanium silicalite-1 over phenol hydroxylation 
was studied. All of reaction gave nearly different phenol conversion, as shown in 
Table 4.5. For comparison of reaction of titanium silicalite-1-5% and titanium 
silicalite-1-10%found that the slightly higher activity of titanium silicalite-1-10%than 
titanium silicalite-5% due to the smaller particle could easily diffused to the reactant 
molecule. In addition, phenol conversion of titanium silicalite-1 seed showed the 
highest phenol conversion due to the smallest of particles size, as illustrate excess of 
seed in Figure 4.2. Considering the total product yield similar trend like phenol 
conversion, the titanium silicalite-1 exhibited the highest total products yield of 
16.85% and 28.49% selectivity to hydroquinone. As reported by Zuo et al.[20], the 
catalytic activity of small titanium silicalite-1 exhibited high performance in the 
epoxidation of propylene. 
 
Table 4. 5 Effect of crystal size of titanium silicalite-1 over phenol hydroxylation 

catalyst 
Phenol 

conversion 

%selectivity %total 
oxidation 
product 

HQ CT BQ 

Titanium silicalite-1 seed 30.36 53.3 33.6 12.7 16.9 

Titanium silicalite-1-5% 24.45 47.4 39.4 13.2 12.4 
Titanium silicalite-1-10% 28.86 51.3 36.7 12.0 14.9 

Reaction condition: Phenol/hydrogen peroxide = 1:2, temperature 60oC, 5 mg of catalyst, 10.8 g of water, time 4h  
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4.2.2 Effect of mole ratio of phenol/hydrogen peroxide  

Table 4.6 and Figure 4.15 exhibited the effect of phenol: hydrogen peroxide molar 
ratio of phenol hydroxylation. When the mole ratio of phenol to hydrogen peroxide 
was enhanced from 1:0.5 to 1:12, phenol conversion was slightly increase. This effect 
might be explained by high amount of hydrogen peroxide which could increase 
hydroxyl radical and interact with phenol. At the mole ratio of phenol to hydrogen 
peroxide is 1:2, highest selectivity of hydroquinone was observed. However, when 
the amounts of hydrogen peroxide increasing, the selectivity of hydroquinone was 
decreased. In addition, the selectivity of benzoquinone was increased from 8.5 to 
40% with 1:0.5 to 1:12 of phenol to hydrogen peroxide and hydrogen peroxide 
efficiency was slightly changed. Furthermore, even the amount of hydrogen peroxide 
increasing, the selectivity of hydroquinone and catechol were decreased from 50.8 to 
31.3% and 40.7 to 28.8%, respectively. According to the selectivity of hydroquinone 
was decreased when hydrogen peroxide concentration increasing because 
hydroquinone was further oxidized by excess hydroxyl radical to form benzoquinone. 
Hence, the mole ratio of phenol: hydrogen peroxide should be controlled at 1:2 in 
order to obtain a higher selectivity of hydroquinone under this catalytic system. 
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Table 4. 6 Effect of mole ratio of phenol/hydrogen peroxide for phenol hydroxylation 
over titanium silicalite-1 seed 

Phenol/ 
H2O2 

% Phenol 
conversion 

% selectivity Total 
oxidation 
product 

%H2O2 efficiency 
HQ CT BQ 

1:0.5 27.6 50.8 40.7 8.5 17.7 74.7 

1:1 28.0 50.4 37.7 11.9 17.3 73.2 

1:2 30.4 51.3 36.7 12.0 16.9 71.8 
1:4 30.1 37.4 34.2 28.4 15.9 71.0 
1:6 31.0 36.6 31.3 32.1 13.8 72.6 
1:8 32.1 35.0 29.1 35.9 12.5 72.6 
1:10 33.0 31.5 28.2 40.1 12.0 70.3 
1:12 33.0 31.3 28.8 39.9 11.8 72.4 

 
Reaction condition: temperature 60oC, 5 mg of catalyst, 10.8 g of water, time 4h  
HQ = hydroquinone CT = catechol, BQ= benzoquinone 
%Hydrogen peroxide efficiency =100 × (moles of initial hydrogen peroxide − moles of final hydrogen 
peroxide)/moles of initial hydrogen peroxide 
 

 
 
Figure 4. 15 Effect of molar ratio of phenol: hydrogen peroxide 
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4.2.3 Effect of temperature  

 The effect of temperature from 55 to 65 ºC of phenol hydroxylation reaction 
was shown in Table 4.7 and Figure 4.16. Phenol conversion increased up to 60 ºC but 
decreased at a higher temperature. Meanwhile, hydrogen peroxide efficiency 

increases with temperature from 56.4% at 55 °C to 80.3% at 65°C. At higher 
temperature, the hydrogen peroxide may be decomposed to H2O and O2 which 
decrease the conversion of phenol [69]. Therefore, the optimum reaction 
temperature is at 60 °C, leading to the high selectivity of hydroquinone and catechol.  

Table 4. 7 Effect of temperature for phenol hydroxylation over titanium silicalite-1 
seed 

Temperatur
e (°C) 

% Phenol 
conversio

n 

% selectivity Total 
oxidation 
product 

%H2O2 
efficienc

y 
HQ CT BQ 

55 26.65 51.4 35.7 12.9 14.3 56.4 
60 30.36 51.3 36.7 12.0 16.9 71.76 
65 24.26 50.4 32.8 16.8 11.3 80.3 

Reaction condition: Phenol/hydrogen peroxide = 1:2, 5 mg of catalyst, 10.8 g of water, time 4h  
HQ = hydroquinone CT = catechol, BQ= benzoquinone 
%Hydrogen peroxide efficiency = 100 × (moles of initial hydrogen peroxide moles of final hydrogen 
peroxide)/moles of initial hydrogen peroxide 
 

 
Figure 4. 16 Effect of temperature of Titanium silicalite-1 powder over phenol 
hydroxylation 
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 4.2.4 Effect of second metal containing in titanium silicalite-1 

The reactions were studied type of catalyst between titanium silicalite-1 and 
iron titanium silicalite-1. Normally, the catalytic reaction by heterogeneous catalysts, 
the first step of the reaction involve adsorption of the substrate on the surface of 
catalysts to form intermediate, followed by reaction in the catalyst, and finally 
desorption of the product from the catalyst. Table 4.4 showed the effect of catalyst, 
it was found that vanadium titanium-silicalite-1 gave higher phenol conversion and 
total products yield than titanium silicalite-1 and iron silicalite-1. On the other hand, 
the selectivity of benzoquinone was higher than other catalysts. This suggests that 
the vanadium titanosilicalite-1 was more active to oxidation reaction at the same 
condition. For the iron titanium silicalite-1 was more selective to catechol. This might 
be explained by Fenton’s reagent which hydrogen peroxide was oxidized by ferrous 
ion to give a hydroxyl radical and then added to phenol molecule to produce the 
mainly catechol product. On the other hand, titanium silicalite-1 catalyst, the 
selectivity of hydroquinone was higher than catechol. Due to the Ti in the framework 
might weakly coordinate to hydrogen peroxide, the low concentration of •OH might 
be observed. The ortho-hydroxylation of phenol to catechol was a difficult process 
over titanium silicalite-1 to arise from the coincident coordination of phenol and 
hydrogen peroxide to Ti species in the framework was hardly occurring[70]. In 
addition, hydrogen peroxide efficiency of vanadium titanium silicalite-1 and iron 
titanium silicalite-1 reached to 100% which due to the second metal on the catalyst 
enhanced the catalytic activity of the system.  
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Table 4. 8 Effect of iron containing in titanium silicalite-1 on product and yield 
product 

Catalyst %Conversion 
% selectivity %Total 

yield of 
product 

%Hydrogen 
peroxide 
efficiency HQ CT p-BQ 

Titanium 
silicalite-1 

seed 
30.36 51.4 36.6 12.0 16.85 71.75 

Vanadium 
titanium 

silicalite-1 
50.11 38.8 34.9 26.3 20.45 100 

Iron 
titanium 

silicalite-1 
43.46 35.5 64.5 - 20.3 100 

Reaction condition: temperature 60oC, Phenol/hydrogen peroxide = 1:2 by mole, 5 mg of catalyst, 10.8 g of water, 
time 4h  
HQ = hydroquinone CT = catechol, BQ= benzoquinone 
%Hydrogen peroxide efficiency = 100 × (moles of initial hydrogen peroxide − moles of final hydrogen 
peroxide)/moles of initial hydrogen peroxide 
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4.4 Catalytic activity of thin film 

4.4.1 Effect of flow rate 

The effect of flow rate of phenol hydroxylation reaction in continuous 
micro-flow reactor was shown in Figure 4.17. The phenol conversion was increased 
when decreasing feed flow rate. At flow rate 4 µl/min exhibited the highest total 
product yield and total product yield was decreased immediately until 24 h and 
slightly decreases with increasing operating time. It’s also showed in the reaction 
feed flow of 6 and 8 µl/min. In addition, at the feed flow rate 4 µl/min exhibited the 
yield of hydroquinone decreasing until 24 h. Furthermore, the yield of hydroquinone 
and catechol at feed flow rate 4 µl/min were decrease by increasing the operation 
time. Moreover, the %total product yield of feed flow rate at 6 and 8 µl/min are 
lower than feed flow rate at 4 µl/min. To more specific, the high feed flow rate, the 
reactants might flow through the space between the packed catalysts more than the 
zeolite pores. Besides, the activity drop when increasing the flow rate was attributed 
to the fact that high flow rate of the reactants did not spend enough time to reach 
the active site inside the catalyst porosity.  Thus, the suitable flow rate for this 
catalytic flow reaction was 4 µl/min. 
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Figure 4. 17 Effect of flow rate of phenol hydroxylation reaction using titanium 
silicalite-1 thin film as catalyst 
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 Table 4.9 lists the typical results from this work and compares with other 
results from previous study of using TS-1 films in various reactors under their optimal 
reaction conditions. It was noted that the phenol conversion of this work was lower 
than Fe-ZSM-5 membrane. However the present work was carried out at lower 
reaction temperature that caused less other by-products and also gave higher 
selectivity of oxidation products. In case of TS-1 wall in micro-reactor, which 
exhibited a bit higher phenol conversion and oxidation products than our case that 
mainly caused by the catalyst was packed on the wall of micro-reactor. In addition, 
the phenol conversion of TS-1 on Al2O3 tube was lower than present work due to 
the thinner of the catalyst membrane. Moreover, the phenol conversion and 
selectivity also depended on phenol to hydrogen peroxide mole ratio and reaction 
temperature.   
 

Table 4. 9 Comparison of phenol conversion and selectivity over titanium silicalite-1 
film in various reactor 

No. Catalyst Reaction condition 
% phenol 

conversion 

Result (% selectivity) 
Ref. 

HQ CT BQ 

1 
Fe-ZSM-5 on stainless 

steel fiber 

Phenol/H
2
O

2
 = 1:5  

Temperature = 80 °C 
95 45 - [71] 

2 
TS-1 wall micro 

reactor 

Phenol/H
2
O

2
 = 0.55:1 

temperature = 60 °C 
44.6 98.4 - [72] 

3 
TS-1 thin film on 

silicon substrate 

Phenol/H
2
O

2
 = 1:2 

 temperature = 60 °C 
40.4   38.5                                                           27.3 20.7 

This 

work 

4 TS-1 on Al2O3 tube 
Phenol/H

2
O

2
 = 1:0.5 

 temperature = 85 °C 
10.2 95.6 - [29] 

 

4.4.2 Effect of titanium silicalite-1 coated on silicon nanowires  

 The effect of catalyst thin film on silicon nanowires substrate was determined 
over phenol hydroxylation, as shown in Figure 4.18. The phenol conversion and total 
products yield of titanium silicalite-1 on silicon nanowires were lower than titanium 
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silicalite-1 on non-modified substrate. At the same operating time 8 h, phenol 
conversion of titanium silicalite-1 nanowires was 25.54% while phenol conversion of 
titanium silicalite-1 thin film was 40.4%. This might be caused by the thickness of the 
film affect to the catalytic performance. The thicker film has more active sites of 
catalyst and resulting to increase activity at first 24 hours.  
 

 
Figure 4. 18 Effect of substrate modifying (a) non-modified silicon wafer (b) silicon 
nanowires   
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4.4.3 Effect of iron containing in titanium silicalite-1 thin film 

Figure 4.19 showed the effect of iron containing in titanium silicalite-1. The 
condition of reaction is  mole ratio of phenol: hydrogen peroxide = 1:2, temperature 
at 60ºC and flow rate 4 µl/min. Phenol conversion and total product yield of 
titanium slicalite-1 were higher than iron titanium silicalite-1 it might be the thickness 
of Iron titanium silicalite-1 thin film which deposited on silicon substrate was thinner 
than titanium silicalite-1. This effect of thickness film for reaction also reported in 
previous work [29]. The mass of the thicker film was higher hence it could promote 
the catalytic activity. However in the presence of iron in catalyst, high total products 
yield of catechol was observed until 24 hours reaction time. This total product yield 
showed the same trend as in batch reaction of iron titanium silicalite-1 powder which 
indicated that the selectivity depend on the property of the catalyst. 
 
 

 
Figure 4. 19 Effect of type of catalyst thin film (a) titanium silicalite-1 thin film and (b) 
iron titanium silicalite-1 thin film 



  

CHAPTER V 
CONCLUSION 

Titanium silicalite-1 was successfully synthesized by hydrothermal with 
seeding method. Adding the seed into initial gel played an important role in 
crystallinity. Titanium silicalite-1 crystal was synthesized by adding 10wt.% of seed 
giving the smaller crystal size than adding 5wt.% of seed. All prepared titanium 
silicalite-1 exhibited a good crystallinity and placed mainly at tetrahedral titanium in 
MFI framework. In addition, titanium silicalite-1 showed the N2 adsorption-desorption 
isotherm of type I, characteristic of microporous material. All synthesized materials 
were carried out as catalyst in phenol hydroxylation. The optimum of hydroxylation 
condition was 1:2 mole ratio of phenol to hydrogen peroxide, 60 °C, 4 h. The results 
found that the titanium silicalite-1 seed demonstrated the highest phenol conversion 
(30.36%) due to the smallest of particle size.   

In addition, the metal titanium silicalite-1 was synthesized by direct 
hydrothermal method. The iron and vanadium were chosen as the second metal 
adding into the initial gel of titanium silicalite-1. After iron and vanadium loading, the 
characteristic of MFI structure was still remained but decreasing in crystallinity. Both 
of metal titanium silicalite-1 materials demonstrated type I isotherm that related to 
the microporous structure. The catalytic activity under the optimum condition, iron 
titanium silicalite-1 gave the highest selectivity to catechol as 64.5%.  

Furthermore, the titanium silicalite-1 film and iron titanium silicalite-1 film 
were prepared by seeding and hydrothermal method using silicon wafer as substrate. 
These films indicated good crystallinity of MFI structure. The characteristic of 
microporous material was observed as N2 adsorption-desorption isotherm of type-1.  
The continuous flow reaction of iron titanium silicalite-1 thin film displayed the 
higher catechol selectivity than hydroquinone same as batch reaction. This is 
because of the property of Fenton reagent produces the mainly catechol product. 
Moreover in case of the continuous flow reaction, titanium silicalite-1 thin film 
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exhibited higher phenol conversion than iron titanium silicalite-1 films due to the 
thicker film of the titanium silicalite-1. 

 
The suggestion of future work 

1. To modify the catalyst thin film by improving the thickness in order 

to enhance the oxidation product yield. 

2. To prepare the iron titanium silicalite-1 catalysts with different 

Si/Fe mole ratio in order to modify the film thickness and obtain 

higher selectivity of catechol. 
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1. Calculation of %conversion of reactant and selectivity of products 
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2. Calibration calculation 

2.1 Phenol calibration curve 

The standard curve of equation is expressed as following 

y = 0.8707x – 0.1482 

Where y is MPh/MIsd; MPh = mass of phenol (g) 

   MIsd = mass of internal standard (cycloheptanone, g) 

 x is APh/AIsd; APh = peak area of phenol 

   AIsd = peak area of internal standard 

The correlation coefficient R2 value for phenol calibration curve is 0.9947.  

 

Figure A-1 Calibration curve of phenol 
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2.2 Hydroquinone calibration curve 

The standard curve of equation is expressed as following 

y = 0.7632x + 0.1807 

Where y is MHQ/MIsd; MHQ = mass of hydroquinone (g) 

   MIsd = mass of internal standard (cycloheptanone, g) 

 x is AHQ/AIsd; AHQ = peak area of hydroquinone 

   AIsd = peak area of internal standard 

The correlation coefficient R2 value for hydroquinone calibration curve is 0.999. 

 

Figure A- 1 Calibration curve of hydroquinone 
 

 

 

 



 
 

98 

2.3 Catechol calibration curve 

The standard curve of equation is expressed as following 

y = 0.7312x + 0.1113 

Where y is MCT/MIsd; MCT = mass of catechol (g) 

   MIsd = mass of internal standard (cycloheptanone, g) 

 x is ACT/AIsd; ACT = peak area of catechol 

   AIsd = peak area of internal standard 

The correlation coefficient R2 value for catechol calibration curve is 0.9993. 

 

 

Figure A- 2 Calibration curve of catechol 
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2.4 Benzoquinone calibration curve 

The standard curve of equation is expressed as following 

y = 1.1257x + 0.0053 

Where y is MBQ/MIsd; MBQ = mass of benzoquinone (g) 

   MIsd = mass of internal standard (cycloheptanone, g) 

 x is AHQ/AIsd; AHQ = peak area of benzoquinone 

   AIsd = peak area of internal standard 

The correlation coefficient R2 value for benzoquinone calibration curve is 0.9994. 

 

 

Figure A- 3 Calibration curve of benzoquinone 
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Figure A- 4 GC chromatogram of products from phenol hydroxylation using the 
cycloheptanone as solvent and cycloheptanone as internal standard  
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