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Silica-modified titanate nanotubes with various Ti/Si molar ratios of 95:5,
90:10, 80:20 and 50:50 were prepared via the hydrothermal treatment of titanium
dioxide powder in an aqueous NaOH solution containing different amounts of
tetraethyl orthosilicate at 150 °C. The silica-modified titanate nanotubes were
used for preparation of supported Pd catalysts by the incipient wetness
impregnation method. The catalysts were tested in the gas-phase selective
acetylene hydrogenation and characterized by XRD, SEM, TEM, FTIR, XPS, N,
physisorption, H, chemisorption and Ethylene TPD. The presence of silica in the
titanate nanotubes supports resulted in higher Pd dispersion. In addition, the
formation of Ti-O-Si bond could suppress the titanate phase transformation to
anatase TiO,. When reduced at 150 °C, the highest ethylene yield was obtained
over Pd/T50:550 catalysts. The modification of silica on titanate nanotubes
supports weakened ethylene adsorption on Pd catalyst surface so that the
selectivity of ethylene was increased. For high reduction temperature of 500 °C,
the 5-20 mol% silica-modified titanate nanotubes supported Pd catalysts
exhibited better catalytic performance than the ones reduced at 150 °C. Due
probably to the formation of Nay(TiO)SiO4) complex, sintering of Pd occurred on
Pd/T50:550 under high reduction temperature and poor catalytic performance

was obtained instead.
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CHAPTER |

INTRODUCTION

1.1 Rationale

Ethylene is one of important molecules as a starting material for many
petrochemical products, particularly for polyethylene production that is the most
widely produced in the world. Typically an ethylene is produced from naphtha
cracker unit but unfortunately has to contain about 0.1 to 1% of acetylene as an
impurity in ethylene rich feedstocks, which is required to be removed to less than 5
to 10 ppm because it poisons ethylene polymerization catalysts and eventually
degrades the quality of the produced polyethylene. Usually acetylene impurities are
removed by two methods, that is, adsorption with zeolite and conversion to
ethylene by selective hydrogenation using catalysts, but the first method have a
limitation for very difficultly and costly processes. While, the latter method more

commonly being used and has received great attention in catalysis research [1].

The most studies in selective hydrogenation of acetylene have been
extensively using of supported Pd catalysts due to their good catalytic activity and
selectivity for this reaction [2-7]. The remarkable properties of Pd are their ability to
dissociate and dissolve hydrogen, and also adsorb large quantities of hydrogen [8].
Particularly, many catalysis researchers have found that the sequence of catalytic
performances of selective hydrogenation of acetylene is Pd > Pt >Ni [9-11]. However,
the catalytic performances could be improved by using a novel supports or

promoters in order to obtain high acetylene activity and high ethylene selectivity.

Several support materials have been employed for Pd catalysts in the
selective hydrogenation of acetylene including SiO, [12, 13], ALLOs [14, 15], and TiO,
[16-18]. Typically SiO, and Al,O; are used as supports for Pd catalysts. However, a
recent study has been reported that Pd/TiO, exhibited higher activity and selectivity
in hydrogenation of acetylene than Pd/AL,O; [19], and also oligomer or green oil

formation during reaction was inevitable over Pd/AlL,O5 [20]. It is well known that TiO,



exhibits the strong metal-support interaction (SMSI) phenomenon [21]. The charge
transfers from Ti3+species to Pd weakened the adsorption strength of ethylene on
the Pd surface hence higher ethylene selectivity was obtained. Moreover, the
amount of green oil formation was reduced due to suppression of the multiply
coordinated Pd site resulting in an improved catalyst lifetime [20]. For a good
support, a large surface area is the essential feature to disperse the active species. In
addition, the microstructure and morphology of the support framework or the
method by which the active species introduce affects not only the dispersion but

also the structure and chemical environment of the active species [22].

Titanate nanotubes, produced by hydrothermal treatment in alkali solution
[23, 24], is a novel and intensively studied material characterized by a mesopore-
range internal diameter about 4 to 10 nm and unique combination physicochemical
properties. It is expected that the layered structure would provide sites for the
intercalation of metal ions, thus assisting in accommodation of the active species as
well as preventing agglomeration [22]. This material shows promise of variety of
application, including solar cells, hydrogen storage, gas sensors, photocatalysis and
catalysis [25-29] because of their high surface area with open mesoporous
morphology should facilitate transport of reagents during a catalytic reaction [30], the
diameter is larger than the dynamic diameter of a free hydrogen molecule which
could accommodate hydrogen [31] and high cation exchange capacity should enable
high loading of an active species with even distribution and high dispersion [32].
Applications of titanate nanotubes as Pd catalyst support in selective hydrogenation
have not been studied too much degree. Recently, the Pd supported on titanate
nanotubes have been investigate in the selective hydrogenation of 1-heptyne
obtained higher activity and selectivity than Pd supported on commercial anatase
TiO, [33]. In addition, there are no reports of using titanate nanotubes as a support

for Pd catalyst in selective hydrogenation of acetylene.

Moreover, the improvement in catalytic performances could be obtained by
adding promoters to modify the physicochemical properties of titanate nanotubes.
The TiO,-SiO, mixed oxides have attracted considerable interest due to their

potential applications as catalysts and supports in a wide variety of reactions. For



instance, many study reported that TiO,-SiO, mixed oxides were appearing very
attractive to improve the mechanical strength, thermal stability, and surface area of
TiO, [34-39]. A recent study, found that Si** with higher electronegativity may replace
the Ti"" in TiO,-SiO, composite system, leading to the formation of Si-O-Ti bonds.
With Si-O-Ti bonds formed, more surface defects may appear. These defects can not
only capture the photogenerated electrons or holes but also increase the reaction
activity of hydroxyls, both of which increase the photocatalytic activity of TiO, [40,
41]. The TiO,-SiO, mixed oxides also were used as effective catalysts of selective
oxidation due to the synergistic effect between TiO, species and transition metal
related to the generation of new catalytic site for selective oxidation [35, 37], and
exhibited a large number of acidic site and acid strength more than pure TiO, [42].
Shin and co-worker [43, 44] reported that Si-modified Pd catalyst improved selectivity
of selective acetylene hydrogenation due to surface Si species retard the formation
of B—Pd hydride. Since, the B—Pd hydride is responsible for non-selective
hydrogenation of acetylene. Moreover, the yield of green oil formation is retarded
when Pd surface is geometrically blocked by inactive Si species [45]. However, the
SiO,-modified titanate nanotubes supported catalyst has not been reported in the

selective hydrogenation of acetylene.

Thus, it is the aims of this study to investigate and compare the catalytic
performances of titanate nanotubes and its SiO, modified supported Pd catalysts in
the selective hydrogenation of acetylene in the presence of excess ethylene. The
effect of SiO,-modified titanate nanotubes on morphology and physicochemical

properties were characterized by various analytical techniques.

1.2 Research Objectives

1. To investigate the effect of silica-modified titanate nanotubes with various
Ti/Si ratios on the formation of titanate nanotubes during hydrothermal

synthesis.



2. To investigate the characteristics and the catalytic properties of titanate

nanotubes and its silica modified supports for Pd catalysts in the selective

hydrogenation of acetylene.

1.3 Research Scopes

1.

Synthesis of titanate nanotubes by hydrothermal method at 150 °C for 24
h in alkali solution.

Preparation of titanate nanotubes supported Pd catalysts by an incipient
wetness impregnation method through using Palladium(ll) acetate as the
Pd precursor with Pd loading of ca. 1 wt%.

Characterization of the catalysts using several techniques, such as X-ray
diffraction (XRD), N, physisorption, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), H,
chemisorption and Ethylene temperature programmed desorption.

The catalytic performance of the titanate nanotubes supported Pd
catalysts was investigated in the selective hydrogenation of acetylene
with various reaction temperature of 40-100 °C.

The effect of high reduction temperature at 500 °C on the performance of
the titanate nanotube supported Pd catalysts was investigated in the
selective hydrogenation of acetylene with various reaction temperature of

40-100 °C.



1.4 Research Methodology

Literature review

Synthesis of titanate nanotubes by hydrothermal method and SiOZ—modiﬁed by

containing different amounts of TEOS with various Ti/Si ratios at 150°C for 24 h.

N2 physisorption, XRD, TEM, SEM,

Support characterization

\

XPS and FTIR

Preparation of titanate nanotubes supported Pd catalysts by an incipient

wetness impregnation method with Pd loading of ca. 1 wt%.

N2 physisorption, XRD, TEM, SEM,

Catalyst characterization

XPS, H2 chemisorption, and

Ethylene TPD

Reaction study in selective

hydrogenation of acetylene.

Data analysis and discussion.




CHAPTER Il

LITERATURE REVIEWS

Titanate nanotubes has been widely applied in variety of application,
including solar cells, hydrogen storage, gas sensors, photocatalysis and catalysis etc.
Although the developments of titanate nanotubes mostly has been reported in
photocatalysis. However, recent researches have reported that used titanate
nanotubes as a support catalyst, which investigated in the selective hydrogenation
obtained higher activity and selectivity than commercial anatase TiO,. In light of this,
the literature review presented here covers topics that are concerned with the

various factors influence to the synthesis titanate nanotubes.

Selective hydrogenation of acetylene to ethylene is a well-known catalytic
reaction used to purity ethylene feedstocks for the production of polyethylene.
Typically, supported Pd catalyst is employed for this process due to its high activity
and selectivity. In this chapter is introduced briefly to the mechanism of acetylene
hydrogenation and the palladium-hydrogen transformation because they are the

basis understanding of the Pd catalysts performance.

This chapter summarizes the recent reports about (1) synthesis of titanate
nanotubes by hydrothermal method, (2) selective hydrogenation of acetylene, (3)
supported Pd catalyst in selective hydrogenation of acetylene, (4) titanate nanotubes
supported Pd in selective hydrogenation reaction and comments on previous studies

which are given in section 2.1-2.5 respectively.

2.1 Synthesis of titanate nanotubes by hydrothermal method

In 1998, Kasuga et al., [23] first reported a simple method for the preparation
of TiO, nanotubes, without the use of sacrificial templates, by treatment of
amorphous TiO, with a concentrated solution of NaOH (10 mol dm™) in a

polytetrafluoroethylene-lined batch reactor at elevated temperatures. In a typical



process, several grams of TiO, raw material can be converted to nanotubes, with
close to 100 % efficiency, at temperatures in the range 110-150 °C, followed by
washing with water and 0.1 mol dm > HCL It has since been demonstrated that all
polymorphs of TiO, (anatase, rutile, brookite, or amorphous forms) can be
transformed to the nanotubular or nanofibrous TiO, under alkaline hydrothermal

conditions.

Following the discovery of titanate nanotubes by Kasuga et al, many
investigations have been carried out on the formation, morphology, and structure of
titanate nanotubes. It has been found that the hydrothermal temperature [46, 47],
treatment duration, starting materials [48, 49], ratio of titania and NaOH [47],
concentration of base solution [50] and difference pH values of post-treatment
washing have strong effects on controlling the phase and morphology of the
resulting materials [51]. Summaries of difference preparation conditions that have

been many investigated are shown in Table 2.1 as follow:

Table 2.1 Nanotubes of Different Structures Prepared from Different TiO2 Precursors,

NaOH Treatment Conditions,a and Post-Treatment Washing Processes [51].

Precursor NaOH treatment Post-treatment Refference

Nanotube Structure: Anatase TiO,

anatase hydro/110 °C/20 h HCl + water Kasuga et al., (1998)
rutile chem/110 °C/20 h HCl + water Kasuga et al,, (1999)
anatase chem/150 °C/12 h water Seo et al., (2001)
anatase hydro/110 °C/20 h HNO; + water Zhang et al,, (2002)
anatase chem/110 °C/20 h HCLl + water Wang et al., (2002)
anatase hydro/150 °C/12 h HNO; + water Yao et al., (2003)
anatase/rutile  hydro/130 °C/24 h HCL Tsai and Teng., (2004)
anatase chem/180 °C/30 h HCl + water Wang et al., (2004)

Nanotube Structure: Anatase TiOz/HzTi3O7DO.5HZO

rutile chemi/110 °C /4 h°  HNOs + water Zhu et al,, (2001)



TiO, powder  chem/110 °C/20 h HCl + water Yang et al., (2003)
anatase chem/110 °C/20 h HCl + water Zhang et al,, (2004)
Nanotube Structure: A,Ti;O;
anatase hydro/130 °C/72 h HCl + water Du et al,, (2001)
anatase hydro/130 °C/72 h HCl + water Chen et al,, (2002)
anatase hydro/130 °C/72 h water Chen et al,, (2002)
anatase/rutile  hydro/150 °C/20 h water Tian et al., (2003)
any crystals hydro/130 °C/72 h water Zhang et al,, (2003)
anatase hydro/180 °C/48 h water Sun and Li., (2003)
anatase hydro/180 °C/24 h HCl + water Yuan and Su., (2004)
rutile hydro/150 °C/72 h HCl + water Thorne et al., (2005)
anatase/rutile  hydro/130 °C/72 h water Zhang et al., (2005)

Nanotube Structure: A2Ti205DHZO

Nanotube Structure: H2Ti409DHZO

HCl + water Nakahira et al., (2004)

anatase/rutile  hydro/110 °C/96 h

Nanotube Structure: Lepidocrocite Titanates

Ma et al., (2003)
Ma et al., (2005)

anatase hydro/150 °C/48 h water + HCl

anatase hydro/130 °C/24 h water + HCl

® Treatment conditions refer to chemical or hydrothermal processes, temperature

(°C), and duration (h), respectively. bSonication at 280 W before chemical treatment.

Yuan et al., [52] have been developed to synthesize low-dimensional titanate
nanostructures with a simple one-step hydrothermal reaction among TiO, powders
and alkaline solution. They found that the morphologies of the obtained
nanomaterials depend on the process parameters: the structure of raw material, the
nature and concentration of alkaline solution, reaction temperature and time, which
suggests that the nanostructure synthesis could be controllable. Titanium oxide
nanotubes can be formed in the range of reaction temperature of 100-180 °C when

either crystalline anatase or rutile or commercial P-25 was used as the raw materials.



The yield of nanotubes increased with the hydrothermal temperature when the
temperature was in the range of 100-150 °C, resulting in the higher yield of
nanotubes of 80-90%. Little nanotubes formed when the temperature was lower
than 100 °C or higher than 180 °C. The surface areas of the products are also
influenced by the particle size of the raw materials. The commercial P-25 powder is
known to be very fine with a particle size of 25-30 nm, while the anatase particles
are relatively large (more than 50 nm). Correspondingly, the surface areas of the
produced nanotubes from P-25 is higher than that from anatase, though the effect of
the particle size of the raw materials to the yield of the produced nanotubes is quite
small in comparison to the hydrothermal temperature that is shown variation
graphical in Figure 2.1. Additionally, the concentration of NaOH solution is also a
critical parameter during the formation of nanotubes. Little nanotubes were
observed when the NaOH concertration is lower than 5 mol/L or as strong as 20
mol/L. High yield of nanotubes can be obtained when the NaOH concentration was
10-15 mol/L, and their surface areas can be as large as 350 m2/g. While nanofibers
structure was formed when amorphous TiO, was treated with NaOH at 100-160 °C.
Pentatitanate nanoribbons were obtained either crystalline or amorphous TiO, in

NaOH solution at the temperature above 180 °C.

Chang et al., [53] report the effects of different concentration of NaOH on the
morphologies of titanate nanostructures. They synthesized titanate nanostructures by
hydrothermally treated at 140 °C for 48 h. with various NaOH aqueous solutions of 5
M, 8 M and 10 M. As shown in Figure 2.2, sample (a) and (b) both exhibited sheet-
like structures that are titanate nanosheets could be prepared in the relatively low
concentrations of NaOH aqueous solutions about 5-8 M, which a several folded
edges in them implied a tendency of rolling-up. In sample (c) high alkalinity NaOH
concentration is 10 M was consistent with the threshold concentration for titanate

nanotubes.
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Figure 2.1 BET surface areas of the products obtained from anatase and P-25 with 10
mol/L NaOH at different temperatures for 24 h, and the products from P-25 with
different content of NaOH at 110 °C for 20h [52].

Figure 2.2 TEM micrographs of titanate nanostructures prepared in pure aqueous

solutions with different NaOH concentration: (a) 5 M, (b) 8 M and (c) 10 M.

Tasi et al, [51, 54] synthesized titanate nanotubes with different post-
treatment acidity and hydrothermal treatment temperature. In part of investigated
the influence in different post-treatment washing. After the samples were washed
with HCl, nanotubes became the dominant component of specimens with a washing

pH of less than 8. In the pH-decreasing course with HCl washing, the diffraction peaks
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obtained from XRD have been assigned to the diffraction of titanates such as
AZTIZO5DHZO, A,TisO; and lepidocrocite titanates. In the pH-descending course, the
surface area increases to reach a maximum at pH = 1.6 is about 397 mz/g, and it then
decreases. Due to at pH = 1.6 the nanotube aggregates should be in a loose
configuration, because the porosity was contributed to by the internal space as well
as the interstice of the nanotubes. At pH = 12.2 sample not obtained nanotubes
structure, which the sample contains granules composed of layered structure with an
interlayer distance of ca. 0.8 nm. The layers would peel off with further acid washing,
forming nanotubes. The nanotubes obtained at pH values of 6.3 and 1.6,
respectively. Nanotubes with intact walls can be observed for the pH = 6.3 sample
are shown in Figure 2.3 whereas there are defects on the walls of the pH = 1.6
sample. The defects may be caused by the partial transformation of the titanate
structure to anatase TiO, at this pH. With a further decrease in pH to 0.38, the
structure transformed to coagulated particles. This shows that the anatase TiO,
formed under such a highly acidic environment comprises turbostratic stacking of the

(101) faces with a defective alignment.

Figure 2.3 TEM images of specimens prepared from hydrothermal treatment on TiO,
at 130 °C followed by washing with HCl to pH values of (a) 12.2, (b) 6.3, (c) 1.6, and
(d) 0.38.
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In the influence of hydrothermal treatment temperature, ranging within 110-
150 °C. The surface area of the nanotube aggregates increases with the treatment
temperature to reach a maximum of ca. 400 mz/g at 130 °C, and then decreases with
further increase of the temperature. The increase in surface area or pore volume
with the hydrothermal treatment temperature in the low-temperature regime (<130
°C) can be attributed to the enhanced rupture of Ti-O-Ti bonds in the nanoparticles
to form Ti-O-Na and Ti-OH. The rupture leads to the formation of lamellar TiO,
sheets because of the electrostatic repulsion of the charge on sodium. The sheets
would scroll to become nanotubes after HCl washing. Treatment at 110 °C may only
result in a low extent of bond rupture, forming plates thicker than the lamellar
sheets obtained at higher treatment temperatures. These plates cannot scroll to
become nanotubes after HCl washing. For the hydrothermal treatment at
temperatures higher than 130 °C, the surface area and pore volume of the products
decrease with the temperature. The pore volume decrease with temperature mainly
results from the loss of pores of smaller sizes. It is possible that the extensive

treatment at high temperatures causes the destruction of the lamellar TiO.,.

Table 2.2 Pore structures of TiO, nanotube aggregates from hydrothermal treatment

in NaOH at different temperatures ® [541.

hydrothermal treatment peak pore size

temperature (°C) S5 (mz/g) g (cm3/g) (nm)
110 207 0.24 3.8
120 245 1.41 20.9
130 399 1.47 18.1
140 348 1.18 18.5
150 209 0.84 31.1

* The treatment was followed by washing several times with 1 L of 0.1 N HCl until pH

< 7 was reached.
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2.2 Selective hydrogenation of acetylene
2.2.1 The mechanism of acetylene hydrogenation

In a constant volume system, high selectivity of ethylene could be
maintained as long as any acetylene remained, even in the presence of excess
hydrogen but, while it was possible in the region of room temperature, the use of
higher temperatures encouraged the simultaneous formation of ethane. When this
occurred, however, the two processes occurred in parallel; but the selectivity
remained constant while any acetylene was left. When all of the acetylene had
reacted, the ethylene was then hydrogenated more quickly, so that the rate of
pressure fall increased [55-57]. This proved very clearly that under these conditions
there were no sites available for ethylene hydrogenation that were not occupied by
acetylene, that is, re-adsorption of gaseous ethylene was forbidden. The
simultaneous formation of ethane must, therefore, have arisen by reaction of
ethylene before it had desorbed. This led to the recognition of two factors in high
selectivity shown by palladium: (i) a thermodynamic factor, which secures the
preferential coverage of the surface by acetylene through its greater heat of
adsorption; and (i) a mechanistic factor, by which ethylene desorbs and is replaced
by acetylene before it has a chance to react [58-61]. The network of the main
reactions proceeding during acetylene hydrogenation in ethylene-rich streams is

shown in Figure 2.4.

This scheme does not show the mechanism of the reactions but rather the
reactions having a main influence on the mass balance of the process and on the
process operation. The only desired reaction is acetylene half-hydrogenation to
ethylene. During acetylene hydrogenation in ethylene-rich streams, at steady state
conditions, the rates of reactions (3-6) are small as compared to the rates of
reactions (1) and (2). However, reactions (4-6) play an important role in the process.
Reaction (4) produces C, hydrocarbons, which were suggested to be the precursors of
heavier C¢, hydro-oligomers containing even numbers of carbon atoms (5) and of
carbonaceous residues (6). The liquid part of the hydrocarbons accumulates in the
catalyst’s pores and also appears downstream, where it can cause plugging of pipes.

When carbon monoxide is co-fed the liquid hydrocarbons have a green color and are
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called “green oil”. The irreversibly adsorbed heavy hydrocarbons on the catalyst
surface (6, 7) modify the catalyst properties (increase or decrease of the catalyst’s

activity and selectivity to ethylene) [62-65].

+2H,
(3)
CH, -ElH)z > GH, -:;2 > 2g
+C,H,+xH,
(4)
v +nC,H,+yH, carbonaceous
Gl (5) > ol T °  residues

+mC,H -zH,
(6)

Figure 2.4 The network of the main reactions proceeding during acetylene
hydrogenation in ethylene-rich streams. The reactions are denoted by numbers in
the circles: 1) acetylene half-hydrogenation to ethylene, 2) ethylene hydrogenation
to ethane, 3) acetylene hydrogenation to ethane, 4) hydro-oligomerization of
acetylene to C4 hydrocarbons (value x may be equal to: 0, 1, 2), 5) formation of
Cg.hydro-oligomers of acetylene (value y may be equal to: 0, 1, 2, 3,.. . n), 6), and 7)

formation of carbonaceous residues (value z may be equal to: 0, 1, 2, 3,. . . 2).

In the partial catalytic hydrogenation of acetylenic compounds, the triple
bond has to be converted into a double bond. In doing so, there arise the following

problems of selectivity [66]:

a) The double bond which is formed can be further hydrogenated.
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b) The double bond which is formed can be displaced (position isomerism).
c) The double bond which is formed can have cis or trans configuration

(geometric isomerism).

Since acetylene only has two carbon atoms, the problems stated in (c) are
not applicable. To achieve high selectivity, the catalyst must not further hydrogenate
the partially hydrogenated product. This can be affected by two factors, the kinetics
and the thermodynamic factors. Kinetic and thermodynamic effects are frequently
combined, and they cannot readily be distinguished. Further, not only the catalyst

but also the chemical structure can have an influence on the selectivity.

In case of the subsequent reactions (undesired reaction) proceeding much
