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CHAPTER |
INTRODUCTION
1.1 Rationale

Catalytic hydrogenation is one of the most useful, versatile, and
environmentally acceptable reaction routes available for organic synthesis, because
the scope of there action type is very broadsand many functional groups can be
hydrogenated with high seleetivity and high” cenversation [1]. The selective alkyne
hydrogenation is the important reaction for the preparation of fine chemicals and
biologically activity compounds = [1-4]. The main objective of alkyne
semihydrogenation is tgsachieve the ‘highest alkene selectivity. In these cases,

avoiding over hydrogenation 10 single bonds is an important requirement.

Heterogeneous Catalysts for. carbon-carbon multiple bond hydrogenation
contain noble metals sugh as Pd, Pt Ru_,f and Rh, which are highly active and
selective. Many researchers have found-“_tiﬁart,_supported palladium (Pd) catalysts
present the highest catalytic activity for theis’erﬁihydrogenation of alkynes to alkenes
[2-5]. The notable advantages of supported nbb]é metal catalysts under heterogeneous
conditions are relatively high activity, mild process conditions, easy separation, and
better handling properties [2]. Several supports have been employed for Pd catalysts
in the selective alkyne hydrogenation including SiO; [1, 3], Al,O3 [5], and TiO, [4].

Titania and titanate nanotubes have attracted considerable attention for their
potential, applicatiens, in & variety of areas,such.as solarnicells; hydnogen storage, gas
sensors, -photocatalysis, and Catalyst supports because of their "high surface area,
porosity, low cost, and chemical stability [6-8]. There are three main methods for
preparation titanates nanotubes: the template method, anodic oxidation, and the
hydrothermal method. Among these methods, hydrothermal method received wide
investigations because of low cost, easy route to obtain nanotubes, and the feasibility
of wide spread applications [9]. Applied reaction temperature, reaction time,
concentration of NaOH, size of raw TiO, powder are considered as the predominant

factors in the formation of nanotubes [10, 11]. However, the effects of quenching and



annealing treatments on the properties of titanates have not been reported to much of a
degree.

Most researchers focus on the use of titanate nanotubes as photocalalysis, gas
sensors, and solar cell. However, using titanate nanotubes as catalyst support have not
been studied to much degree. In addition, there are no reports on the use of Pd
catalysts supported on titanate nanotubes in the liquid-phase hydrogenation. In this
study, liquid phase hydrogenation of 1-heptyne over Pd supported titania, titanate

nanotubes, and nanowire was investigated.
1.2 Objectives

1. To investigatesthe effect of preparation conditions on the formation of
titanate nanotubes and napowires during hydrothermal synthesis.

2. To investigate the effect of quenching and annealing post treatment on the
transformation and morphology of the syn‘thesized titanate.

3. To investigate the character'i_;st'i'-cs and catalytic properties of Pd
nanoparticles supported on titania, titanatéi__'ﬁa_p_otubes, and nanowires in the liquid-
phase selective hydrogenation of 1-heptyne.

4. To compare, the effect of differen’t rﬁé—thods for preparation Pd nanoparticles

by reduction by solvent and conventional wet impregnation method.
1.3 Research Scopes
Part |
- Synthesis titanate nanotubes and nanowires by hydrothermal method at
various reaction temperatures between 110°C-200'C

- Study the effect of annealing and quenching on the transformation and

morphology of titanate nanotubes and nanowire.



Part 1

- Synthesis of palladium colloid nanoparticles using reduction by solvent
method under an argon atmosphere.

- Preparation of titania and titanate supported palladium catalysts using Pd
colloid nanoparticles and wet impregnation method with palladium loading of
ca. 1 wt %.

- Characterization of the catalysts using several techniques, such as X-ray

diffraction (XRD), N i transmission electron microscopy
(TEM), scanning electr ' @ pulse CO chemisorption, X-
ray photoelectron , ctively coupled plasma (ICP)

- The catalytic per ' ital d titanate supported palladium

catalysts was studied | ui ive hydrogenation of 1-heptyne

to heptene using stifri h redcte : steel autoclave 50 ml).

217 i
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CHAPTER 11
THEORY
2.1 Titanium dioxide

2.1.1 Physical and chemical properties

Titanium (1V) oxide oecurs naturally in three crystalline forms:

1. Anatase, which.iends io_be more stable at low temperatures. Anatase TiO,
generally exhibits a higher activity in ‘hydrogenation and photocatalytic than other
types of titanium dioxide. The three forrf_\s of titanium (1V) oxide have been prepared
in laboratories but only gutile; the thermal]):/; stable form, has been obtained in the form
of transparent large single /(Crytal. Thef,. transformation from anatase to rutile is
accompanied by the evolution of ca. 126 kd/mol (3.01 kcal/mol), but the rate of
transformation is greatly affected by “temperature’ and the presence of other
substances, which may either catalyze or inﬁbi'r the reaction. The lowest temperature
at which transformation from- anatase to rdtile- takes place at a measurable rate is

around 700 °C, but this is not a transition temperature. The change is not reversible

since AG for the change from anatase to rutile is always-egative.

2. Brookite, which-Issusually, foundonly, in-minerals and has a structure
brlonging to orthorhombic“crystal-system:”Brookite has been produced by heating
amorphous titanium (IV) oxide, which is prepared from an alkyil.titanate or sodium

titanate; \with' sodium ‘or |potassium: hydroxide lingan: autoclave jat 200 to 600 °C for

several days.

3. Rutile, which tends to be more stable at high temperature and thus is
sometimes found in igneous rocks. The titanium dioxide use in industrial products,
such as paint, is almost a rutile type. These crystals are substantially pure titanium
dioxide but usually amount of impurities, e.g., boron, Magnesium or calcium, which

darken them. The important commercial forms of titanium (IV) oxide are anatase and



rutile, and they can readily be distinguished by X-ray diffractometry. A summary of

crystallographic properties of the three varieties is given in Table 2.1

Table 2.1 Crystallographic properties of anatase, brookite, and rutile

Properties Anatase Brookite Rutile
Crystal structure Tetragonal Orthorhombic Tetragonal
Optical Uniaxial, Biaxial, positive Uniaxial,

Negative Negative
Density, g/cm® 3.9 4.0 4.23
Harness, Mohs scale 5% 6 5% ‘6 7. 7%
Unit cell D.a*® ATIO; D;h™ 8TiO; Dsh'™ . 3TiO,
Dimension, nm |
a 03758 4 0.9166 0.4584
b w4 05436
c 0.9514 £ 0.5135 2.953

The three allotropic forms of titanium dioxide have been prepared artificially
but only rutile, the thermally stable form, has been obtained in the form of transparent
large single crystal. The transformation form anatase to rutile is accompanied by the
evolution of ca. 12:6] kd/mol, (8.01ckeal/mel), but the raterof transformation is greatly
affected by temperature and by the presence of other substance which may either
catalyze, of .inhibit. the, reaction.. The lowest. temperature at wihich, conversion of

anatase to ‘rutile takes®place“at'a“measurable’ rate is' ca. 700°C, but this is not a

transition temperature. The change is not reversible; AG for the change from anatase

to rutile is always negative.



rutile anatase

\. | " oy

f
Figure 2.1 Crystal structures of titanfyjn}dioxide in rutile, and anatase
o’

. .
Although anatase _and-rutile are both tetragonal, they are not isomorphous

(Figure 2.1). The two t?f’érystal &ypes are more common because they are easy

to make. Anatase occursius Iy in neaf-regular octahedral, and rutile forms slender

prismatic crystal, which are fr

Juently twinned. Rutile is the thermally stable form

and is one of the two mostimportant ores:?f-titanium.
Al
J .-‘J-f::i i:

Since both anatase and rume are;fggdrtragonal, they are both anisotropic, and

their physical properties, e.g. refractive indi_gixf{}gary according to the direction relative
to the crystal axes. In most aRpIi_p__a}tions ofiITQesg_substances, the distinction between

crystallographic dir_ef’:_gions is lost because of the randomé@entation of large numbers

of small particles, aﬁdj“it is mean value of the property tha:f.i% significant.

s g AF
S —

Measurement of physical properties;.in which the crystallographic directions
are taken into account, may be made of both natural and synthetic rutile, natural
anatase crystal, and natural brookite.crystals. Measurement of the refractive index of
titanium dioxide mustbe made-by using a crystal that is’ suitably. orientated with
respect to the crystallographic axis an as a prism in a spectrometer. Crystals of
suitable size of all three modifications occur naturally and have been studied.
However, rutile is the only form that can be obtained in large artificial crystals form
melts. The refractive index of rutile is 2.75. The dielectric constant of rutile varies
with direction in the crystal and with any variation from the stoichiometric formula,
TiO,; an average value for rutile in powder form is 114. The dielectric constant of

anatase powder is 48.



Titanium dioxide is thermally stable (mp 1855 ‘C) and very resistant to
chemical attack. When it is heated strongly under vacuum, there is a slight loss of
oxygen corresponding to a change in composition to TiO; ¢7. The product is dark blue

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

Hydrogen and carbon monoxide reduce it only partially at high temperatures,
yielding lower oxides or mixtures of carbide and lower oxides. At ca. 2000'C and
under vacuum, carbon reduces it to titanium carbide. Reduction by metal, e.g., Na, K,
Ca, and Mg, is not complete. Chlorination‘is only possible if a reducing agent is
present; the position of equilibrium in the system"is the reactivity of titanium dioxide
towards acid is very dependent on the temperature to which it has been heated. For
example, titanium dioxide.that-has been prepared by precipitation from a titanium
(IV) solution and gently heated ' to remove water is soluble in concentrated
hydrochloric acid. I the titanitim dioxide is heated to ca. 900 ‘C, then its solubility in
acids is considerably reduced. Jt is slowly dissolve in hot concentrate sulfuric acid, the
rate of salvation being incrgased by-the a{ddition of ammonium sulfate, which raises
the boiling point of the acid. The only othef_;ai':'-id in which it is soluble is hydrofluoric
acid, which is used extensively.if-the analiéi-s_gf titanium dioxide for trace elements.
Aqueous alkaline have virtually no effect, ?but molten sodium and potassium
hydroxides, carbonates, and borates dissol\’/e'_tri—ténium diexide readily. An equimolar
molten mixture of sodium carbonate and sodium borate is particularly effective as is
molten potassium pyrosulfate

TiOs + 2Cl e— = "\ TICIl; + O;



2.2 Titanate nanotubes

Titanium dioxide (TiOy) is an exceptional material that has many promising
applications as a catalyst, catalyst support, photocatalysis, solar cells, and sensors
[6-9, 12-14]. A main limitation to the use of TiO, obtained by conventional methods
is its low surface area. There are some ways to be studied for obtaining TiO, with
larger surface area. Recently, titanate nanotubes, nanobelts, nanowires and nanorods
have received much attention because of the wide applications and relatively simple
preparation procedures needed to fulfil the requirements of various applications. One-
dimensional single-crystalline Ti-O based nangimaterials have properties that compare

with nanoparticles titania but possess aﬁigh surface-to-volume ratio as well [13].

Figure 2.2 Typical morphologies of elongﬁéfj‘ﬁtanate nanostructures: (a) sheets, (b)
spheroidS’, i

- im’ultiple-wall nanotubes and

()] circular-section rods [14].
2.2.1 Synthesisimethod

Over_ the past few years, many methods_have, been developed for the
successful © fabrication+ of! anexdimensional TiO, " nanomaterials,.’ including the
hydrothermal method, the sol-gel method, template-based synthetic approaches and
electrochemical synthesis. TiO,-based nanotubes were first reported by Hoyer via the
template-assisted method. There after, electrochemical anodic oxidation and
hydrothermal treatment succeeded in fabricating TNTs. Each fabrication method can
have unique advantage sand functional features and comparisons among these three
approaches have been compiled in Table 2.2 Regarding the template-assisted method,

anodic aluminum oxide (AAO) nanoporous membrane, which consists of an array of
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parallel straight nanopores with uniform diameter and length, is usually used as
template. The scale of TNTs can be moderately controlled by applied templates.
However, the template-assisted method often encounters difficulties of prefabrication
and post-removal of the templates and usually results in impurities. Concerning
electrochemical anodic oxidation, the self-assembled TiO, nanotubes (n-TiO;) with
highly ordered arrays was discovered by Grimes’ group, and the method is based on
the anodization of Ti foil to obtain nanoporous titanium oxide film. They also
demonstrated the crystallization and structure stability of n-TiO,. The comprehensive
reviews associated with the fabrication® factors, characterizations, formation
mechanism, and the corresponding applications-of TiO,-based nanotubes arrays have
been also conducted by Grimes’ group. These methods, other than the hydrothermal
process, are either not suitable fer large scale production or not able to yield very low
dimensional, well separated, crystallized nanotubes. The demonstrated architecture of
TiO,-based nanotubes constructed via the hydrothermal treatment is capable of good
crystalline formation-and establishment of .a pure-phase structure in one step in a

tightly closed vessel.

Among the aforementigned fabrié_?ﬁqn approaches, both electrochemical
anodic oxidation and hydrothermat treatment received wide investigation, owing to
their cost-effective, easy route to obtain nanbtﬂbes, and the feasibility/availability of

wide spread application.
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Table 2.2 Comparisons of current methods in titanate nanotubes fabrication [9]

Fabrication method

Advantages

Disadvantages

Template-assisted
method

- The scale of nanotube can
be moderately controlled by

applied template

- Complicated fabrication
process

- Tube morphology
maybe destroyed during

fabrication process

Electrochemical
anodic

oxidation method

- More desirable forpractical
apphications

~Feasible for extensive
application

- Ordered alignment with

high' aspect ratio

- Mass production is
limited
- Highly expense of

fabrication apparatus

Hydrothermal method

#Easy froute to obtain
nanotube morphology
- Feasible for extensive

applications

- Long reaction duration
is needed

- Highly concentrated
NaOH must be added

For hydrohermal method, Kasuga et al. first discovered this route for the

synthesis titanium oxide nanostructures having a tubular shape in 1998 [15]. The

search for nanotubular. materials was .inspired, by the discovery of carbon nanotubes

by lijima et al. int1991. The TiO. nanotubes have a large specific surface area of

~ 400 m? /g.

2.:2.2 Structure

Ti-O based nanotubes are thought to be caused by scrolling of an exfoliated

TiO,-derived nanosheet into a hollow multiwall nanotube with spiral cross section.

Unlike carbon nanotubes produced by the catalytic pyrolysis of hydrocarbons, titania

nanotubes produced via the alkaline hydrothermal method have never been observed

in single layer form. All reports of TiO, nanotubes describe the samples as multilayer-



12

walled nanotubular structures. The number of layers varies from two to ten. They are
open-ended with several wall layers on both sides [13].

Up to now, several possible crystal structures of nanotubular products from the
alkaline hydrothermal treatment of TiO, have been proposed, including hydrogen
titanate H,Ti3O7, orthorhombic titanates Na,Ti,O4(OH),, tetratitanates H,Ti,O9, and
monoclinic TiO,-B [13, 14, 16]. The exact determination of crystal structures of
nanotubes is still incomplete because of several intrinsic difficulties posed by the
nanostructures, including their small crystalli'te,si_ze and the wrapping of the structures
along a certain crystallographic axis, both resurl-tiﬁg in broadening of the diffraction
signals. The low weight of hydrogen at"é’ms also results in difficulties in locating their

precise positions and population-nsice the crystals.

ey i L -v-

' i .t w
l——ux:ll
e {100} normal

Figure 2.3 Strugture models of H,Ti307 (a) 2x2 unit cells on the [010] projection and
(b)ay layer-.of .H»TizQ7 .on the (100), plane.from which .the nanotube is
constructed; (c)the introduction of a' displacementvector' AA~when wrapping
up a sheet to form a scroll-type nanotube and (d) the structure of trititanate

nanotubes [9].
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2.2.3 Mechanism of titanate nanotube formation by hydrothermal method

Several researchers have studied the mechanism of titanate nanotubes
formation by using both theoretical and experimental. There is a general agreement
that the reaction proceeds through several stages [11, 13, 14, 17]:

1. Slow dissolution of raw TiO, accompanied by epitaxial growth of layered
nanosheets of sodium titanates.
2. Exfoliation of the nanosheets I/Z/
3. Folding of the nanosheets into tubu@tures (seeds).
4. Growth of the HANOTUBES along the axis,
i_——'i',r i -
5. Exchange of/sod'rrl/ ons ‘by protons during washing and separation of

nanotubes. / fy

C, i :
ickening. ==,
6& = 100y plane
£

Figure 2.4 Schematic drawings depicting theformation process of H,TizO; nanotubes

-

e © :
=

and nanowires [13]7
2.3 Palladium metal

Palladium as a group VIII noble metal has unique catalytic properties in
homogeneous and in heterogeneous reactions. In heterogeneous catalysis palladium is
used for oxidation and hydrogenation reactions. One of the most remarkable
properties of palladium is the ability to dissociate and dissolve hydrogen. Atomic
hydrogen occupies the octahedral interstices between the Pd atoms of the cubic-closed
packed metal. Palladium can absorb up to 935 times of its own volume of hydrogen.
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Table 2.3 Some physical properties of palladium.

Atomic number 46

Atomic weight 106.42

Atomic diameter 275.2 pm

Melting point 1827 K

Crystal structure cubic closed packed
Electron configuration [Kr]4d™

Palladium can be.used for hydrogenation of unsaturated hydrocarbons.
Palladium shows the highesi-selectivity of group VIl metals in heterogeneously
catalyzed semi-hydrogenation<0f alkynes and dienes to the corresponding alkenes
[2-4]. Activity of palladium fer hydrocarbon hydrogenation is based on the ability for
the dissociative adsorption” of hydrogén and chemisorption of unsaturated
hydrocarbons. Palladium shows: a strong deactivation behavior because of
hydrocarbon and carben deposits. For heterogeneous system in particular catalyst
performance is strongly influence by, firs,tﬁlryﬁthe ability to get reactant to the active
sites, then to establish the optimuim hydrogen-te-hydrocarbon surface coverage, and,
finally, the rapid removal of the hydrogenated products.

2.4 Hydrogenationreaction

Catalytic hydrogenation reaction isra well known versatile reaction widely
used in organic synthesis. Many functional groups:contained in organic substrates can
be hydrogenated to produce several.useful compounds which has been used for wide
applications such as monomers far production of various polymérs, fats and oil for
producing edible and no edible products, and intermediates used in pharmaceutical
industry. Hydrogenation processes are often carried out in a small scale in batch
reactor. Batch processes are usually most cost effective since the equipment need not
to be dedicated to a single reaction. Typically the catalyst is powdered and slurried
with reactant; a solvent is usually present to influence product selectivity and to
adsorb the reaction heat liberated by the reaction. Since most hydrogenations are
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highly exothermic, careful temperature control is required to achieve the desired

selectivity and to prevent temperature runaway.

Selective hydrogenation of alkynes is an addition of hydrogen to a carbon-
carbon triple bond in order to produce only alkenes product. The overall effect of
such an addition is the reductive removal of the triple bond functional group. The
simplest source of two hydrogen atoms is molecular hydrogen (H,), but mixing
alkynes with hydrogen does not result in any discernable reaction. However, careful
hydrogenation of alkynes proceeds exclusively to the alkenes until the former is
consumed, at which point the product alkengs+is very rapidly hydrogenated to an
alkanes. Although the overall hydrogenation reaction is exothermic, high activation
energy prevents it from taking place under normal conditions. This restriction may be

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

Potential energy

JREC=CR \ B \L,
“Re; e v = ]- N
Adsorbed  Surface A& R,C=CR,
reactants  reaction |\ 1 '
—————— ————
\/ Producis

A ds gl profligs

Prisreks offeaction

fFigure 2.5,Diagram of hydrogenation reaction

Selective hydrogenations of alkynes to alkene are the reactions which take
place on the surface of the metal catalyst. The mechanism of the reaction can be
described in four steps:
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Step 1: Hydrogen molecules react with the metal atoms at the catalyst surface.
The relatively strong H-H sigma bond is broken and replaced with two weak metal-H
bonds.

X—C=0C—¥

& na006

Step 2: The pi bond of t
the bond. A hydrogen ato

racts with the metal catalyst weakening
e catalyst surface to one of the

carbons of the triple bond.- _r""'

4- \ “1
m. iﬁ*\x"ﬁ\ .
Step 3: The pi f the 3 \ the metal catalyst weakening

the bond. A second hydr tonng red \ he catalyst surface forming the

alkene. Setis < o
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CHAPTER 111
LITERATURE REVIEWS
3.1 Synthesis of titanate nanotubes
3.1.1 Synthesis parameters
Hydrothermal method has receiveﬁ/%e)ition for preparation titanate nanotubes

due to its simple procedure and low produc@ [9]. In 1998, Kasuga et al. [15]
first discovered the alkahﬁzfy Rydrothermal foute for the synthesis of titanium oxide

nanostructures having W Shape. Needle-shaped TiO, crystals (anatase phase)
with a diameter of =~ 8 ‘d length of = 100 nm were obtained when sol-gel
derived fine TiO,-based vere treated with a 5-10 M NaOH aqueous solution

for 20 h at 110 "C. The deriv ijnaEBtgmes have a large specific surface area of
~ 400 m? g. , o/ |

I 100nm I

Figure 3.1 SEM photographs of (a) 80TiO, 20SiO; (in mol %) powders prepared by
heating”at 600 'C ands(b) the powders gbtained by tréating the powders in
part a chemically with 10 M NaOH aqueous solution for 20 h at 110 'C

[15]

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 [10, 18],
treatment duration, starting materials [19, 20], ratio of titania and NaOH [18], and
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concentration of base solution [21] have strong effects on controlling the phase and
morphology of the resulting materials. For the effect of the hydrothermal temperature
on morphologies of titanate, many experiments have been performed. It was
commonly accepted that nanotubes are formed under milder reaction conditions (110-
150 ‘C and a time period between 24 and 72 h) in the concentration of alkaline
solution by the rolling up of exfoliated titanate sheets. At a lower treatment
temperature (lower than 120 °C), a large amount of residual TiO particles can be
found in the obtained products. Hyung-Kee Seo et al. [10] investigated the
preparation of titanate nanotubes from TiQ,Via hydrothermal method. TiO, powders
were treated with 10 M NaOH solution in & Feflen-lined autoclave at various reaction
temperatures ranging from 70 t0.250 ‘C over 48 h. As can be seen in Figure 3.2, after
hydrothermal treatment at. 70" 'Cythe spherical particles undergo delaminating process
due to attack of excess sgdiimcations, to produce two-dimensional nanosheets. At 90
'C, nanosheet and fiber-liké mixed phase materials are observed. Increasing reaction
temperature to 110 ‘Cythe nanosheets completely transform to tubular structure which
diameter ~ 10-20 nmsand lengths feV\‘/r_ hundreds of nanometers. Hydrothermal
synthesis at 150 ‘C results'in improved cryé_j'[a'i'-linity of the tubes. They suggested that
reaction temperature is a key factor in d_é;tér_mining titanate morphology. In other
reported, such as Mao, Y. [22] synthesized tifanate nanotubes at 110-190 ‘C. The
result from HRTENA showed that thé titanate prépared at 120 ‘C revealed that
nanotubes normally consisted of 3-5 layers. The nanotubes have lengths in the range
of several hundred nanometers, outer diameters of ~ 7-10 nm, and inner diameters of
3-5nm.
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Figure 3.2 High-rq-s'jl-htl a) ﬂtarting material (b) and

hydrother&nally synthesized m}aterials at various reaction temperatures:

F?H‘EP?WW@WE‘J o
L ) ammmm TR oo

nanowi res, nanowhiskers or nanofibers. Bavykin, D. V. et al. [23] studied the effect of
hydrothermal conditions on the mesoporous structure of TiO, nanotubes to explained
the mechanism of tubes formation. The preparation was performed by mixed anatase
TiO, with 10 M NaOH and heated at 120-190 ‘C. A mechanism of TiO, nanotube
formation has been proposed, which includes the stage of multilayered titanate
nanosheet wrapping. The driving force for curving of nanosheets is believed to be the
mechanical stress due to the imbalance in the width of layers in the multilayered
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nanosheets. The titanate nanofibers can be form at 190 ‘C. This formation temperature
consistent with Mao, Y. [22] report. They synthesized titanate nanotubes at 110-190
"C. At temperature 180 'C, results in the formation of titanate nanowires with a few

microns long and ~ 65-400 nm wide.

In addition, the effect of duration treatment and NaOH to TiO, ratio were
investigated by Sreekantan, S. et al. [18]. The titanate nanotubes were synthesized by
using commercial TiO, as starting material. Titanate nanotubes with 10 nm diameter
was formed for NaOH to TiO, ratio > 27 treated at 110 ‘C for 24 h. Increasing the
synthesis temperature to 150 C, the titanate-fianotubes transformed to anatase phase
and it was found minimum of 15 h is required for completing transformation from
nanoparticles to nanotubular Sirticture. The degradation of methyl orange aqueous
solution was performed io evaluate the photocatalytic activity of the sample. They
found that TiO, synthesized at 150 ‘€ showed the best photocatalytic behavior. These
due to the high surface area ©Of ‘the tube-like structure and the presence of anatase

phase in this sample.
3.1.2 Stability of titanate nanotubes

Titanate nanotubes have poor stability |n dilute incrganic acids even at room
temperature, and slowly transform to rutile nanoparticlés over several months. The
rate of transformation depends on the nature of the inorganic acid and is correlated to
the solubility of the titanates in the acid. ,The hydrothermal treatment in acidic
conditions were investigated by -Murakami, N.-et al." [24]. They reported that
hydrothermal treatment in the presence of CI" at high temperature accelerated the
transformation-of titanatesnanotubes to a rutile phases Bavykin, etal ;[25] reported the
nanotubes were ‘'stable ‘and minimal morphological changes occurred in pure water
and basic (0.1 mol dm™ NaOH) solutions. In 0.1 mol dm™ H,SO,, suspended titanate
nanotubes slowly transform to rutile nanoparticles of ca. 3 nm size, which

agglomerated into ellipsoidal particles.

Typically, the titanate nanotubes are not stable at high temperature. H,Ti3O7
nanotubes are susceptible to lattice oxygen depletion and transform above 397 'C into

complete rod-like structures. Recent systematic thermal transformation studies of
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titanate nanotubes have revealed that annealing them in the temperature range 120-
400 C results in slow dehydration of the initial nanotubular H,TisO; to form
nanotubular TiO, (B) accompanied by a decrease in interlayer spacing of the
nanotubewalls. A further increase in temperature results in the transformation of
nanotubular TiO, (B) to anatase nanorods, which is accompanied by a loss of tubular
morphology. Nanofiber titanates can transform to nanofibrous TiO; (B) at 400 ‘C,
followed by transformation to nanofibrous anatase at 700 ‘C and then completely
transformed to submicron rod-like structure of rutile at 1000 ‘C. The formation of
anatase nanofibers is also possible by’ using hydrothermal post-treatment of the
titanate nanofibers in water at 150 ‘C. Compared with nanotubes, Riss et al. [26]

found that nanowires have higher thermal stability.

Sreekantan, S. [18] reported the transformation after annealing titanate
nanotubes, the sample undérgo dehydration and form anatase phase at 300 'C and the
degree of crystallinity*was/dmproved with increasing annealing temperature. Besides,
the sintegration of the nanotubes was observed at 500 '€ and the structure completely

transformed to nanoparticles at 600 C.
3.2 Synthesis of palladium nanoparticles

Several methads have been employed for preparation of Pd catalysts. The
simplest and most common procedure Is impregnation method. Advantages of the
impregnation include itsrelative simplicity,, rapidity and capability for depositing the
precursor at ashigh metal loading. A “principle disadvantage is that sometimes
material is nonuniformly deposited along pores and through the pellet; another is the
tendency fordepositedibase metal'precursors to,beroxidized imtheiaqueous solution to
oxides that interact strongly with alumina or silica supports and which are difficult to
reduce. The reduction-by-solvent method is an interesting one because uniform small
Pd nanoparticles and higher dispersion can be obtained. According to Dominguez-
Dominguez S., et al. [27], they prepared the stable mono and bimetallic colloids
nanoparticles by reduction by solvent process. The metallic nanoparticles were
prepared with different compositions (i.e., Ni-Pd, Fe-Pd, Mg-Pd, Pd, and Pt) and
metallic ratios, and anaverage size of about 2 nm. Metallic species were used as

homogeneous phase in the selective hydrogenation of phenylacetylene to styrene in
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liquid phase under very mild conditions (1 bar H, pressure and T = 50'C). They found
that the catalysts prepared show high selectivity and activity toward styrene at very
high loadings of phenylacetylene. In addition, the prepared metallic nanoparticles are
very interesting compared with other homogeneous catalysts especially in terms of
selectivity, reaching values very close to 97 %. An interesting advantage of using
bimetallic nanoparticles is to bring down the cost of production by using fewer
amounts of noble metal precursors. In addition, Dominguez-Dominguez S., et al. [28]
studied palladium colloids supported. on. difference three types of carbon supports:
multiwall carbon nanotubes (NTs)“\e’q CB), and an activated carbon (AC).
The colloidal Pd nanopartlcbs.,were syn ] by reduction by solvent method.

These catalysts were tew dro enat_ﬂﬁ@ of phenylacetylene. The AC

provokes a Pd particle a ation, ar]_q théw has the lowest activity and

selectivity. The highest s

e e et

W naTe

Figure 3.3 TEM image of a purfied Pd colloid synthesized by reduction by solvent
method [27]

The heterogeneous catalyst (palladium nanoparticles) supported on inorganic
materials such as y-alumina, B-zeolite, MCM-41, and AI-MCM-41 in the liquid-phase

semihydrogenation of phenylacetylene under very mild conditions were investigated
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by Dominguez-Dominguez, S. et al. [29]. MCM-41 and AI-MCM-41 used the one
alternative method to deposit the Pd nanoparticles called simultaneous synthesis (s.s.).
The Pd-supported catalysts exhibited very similar catalytic activity (high selectivity
toward styrene as same as previous work). All of the catalysts had very high
selectivity toward styrene (around 96 %) after total conversion. They found that no Pd
leaching from the samples occurred during the catalytic reaction.

3.3 Titanate nanotubes supported Pd in the hydrogenation reaction

The properties of elongated morphelogy, high surface area render
nanostructure titanate promising for many applications such as photocatalysis,
hydrogen production and sterage; solar cells, and catalyst support. Titanate nanotubes
are used in heterogeneous‘Catalytic process as supports. The high surface area of the
support facilitates a high dispersity of the catalyst, while an open mesoporous
structure provides an“efficient Aransport of reagents and products. The selective
hydrogenation of o-chloronitropenzene (0-CNB) over Pd supported titanate nanotubes
catalyst was investigated by Sikhwivhilu, L."M. et at. [30]. Titanate nanotube was
synthesized by treating P-25 Degtissa Tio; with a concentrated (18 M) KOH solution.
The vapour-phase hydrogenation of 0-CNB wés performed in ethanol at 523 K and
atmospheric pressure,over a Pd/TiO; derive-d‘ hanotube catalyst (Pd/TiO,-M). The
result showed that PdITIO,-M gave complete conversior (100 %) of o-CNB with the
selectivity to ortho-chloroaniline (0-CAN) of 86 % which higher than P-25 TiO;
commercial supported Pd. The stability of the Pd/TiO,-M catalyst was tested over 5 h
during which time the conversion slowly dropped-to 80 % (Selectivity 93 %) due to
catalyst poisonihg. The TPR analysis revealed the existence of a strong palladium-
support-interactionand this<was found tocbeycrucialite theyoverall jactivity of the
catalyst.dn addition, Sikhwivhilu, L. M. et at. [31] synthesized nanotubular titanates
by using a commercial TiO, (Degussa P25 containing anatase and rutile phases) and a
base (KOH) solution at 120 ‘C for 20 h. Prior to the removal of KOH, the samples of
TiO, were aged for three different time intervals (0, 2, and 61 days). Pd was loaded to
the titanate support by wet impregnation with 1 wt% Pd content. The catalytic
performance was tested in the gas-phase phenol hydrogenation reaction within the
temperature range of 165-300 'C under atmospheric pressure. It was found that aging

for 2 days showed the best activity (conversion 97 %) and total selectivity to
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cyclohexanone (99 %). The Pd (Il) and Pd (0) catalysts supported on to titanate
nanotubes (H:TisO;) prepared by an ion-exchange technique was studied by
Murciano, L. T. et al. [32]. The titanate nanotubes prepared by hydrothermal at 140
“C. The catalysts were characterised by narrow size distribution of metal nanoparticles
on the external surface of the nanotubes. Pd (1) catalysts show high selectivity toward
double-bond migration reaction versus hydrogenation in linear olefins. The Pd (II)
was shown to be rapidly reduced to Pd (0) by appropriate choice of solvent.
Prereduced Pd (0) catalysts were found to be less active toward double-bond

migration and more selective toward hydrogenation.
3.4 Supported Pd catalysts in liguid-phase hydrogenation

The selective hydrogenation of alkynes to alkenes is an important reaction in
the synthesis of biologieally active compounds such as insect sex pheromones
(pestcontrol) and vitamins J3],/Palladium (Pd) is the most selective of the noble metal
catalysts for alkyne semihydrogenation with respect to over all alkene formation. The
classic Lindlar catalyst, .€onsisting. of metallic Pd on calcium carbonate support
modified with lead (11) acetate, .is the Wellpk;hb\{\_/n commercially available catalyst for
such reaction. The high activity and selectivity maybe obtained over other catalyst
systems such as Pd/TiO, [4] Pd/SiO; [1, 3, 33], and Pd/Af;05 [34]. Somboonthanakij
et al. [3] investigated the catalytic behavior of 1-heptyne hydrogenation over Pd/SiO;
catalyst. The catalyst was prepared by one-step flame spray pyrolysis (FSP) which Pd
loading 0.5-10 wt%. The-selective hydrogenation of 1-heptyne was carried out under
liquid-phase at:30°C, 'L bar. It was. found that the cohversion of 1-heptyne increased
from 42 to 75 % as Pd loading increased from 0.5 to 5 wt% and remained relatively
constantywhenRd4neading was increasedito 10 wit%: The iselectivities for 1-heptene
were in the range of 92-95 % for all the Pd/SiO; catalysts. In addition, the flame-made
catalysts were compared with Pd/SiO, catalyst prepared by incipient wetness
impregnation on a commercial SiO;, support. For similar Pd loading, the catalytic

activity of the flame-made catalyst was higher than impregnation.

Lederhos, C. R. et al. [34] studied the catalytic behavior of Pd supported on
v-Al,O3 and on an activated pelletized carbon in the selective hydrogenation of

1-heptyne to 1-heptene. Catalysts were prepared by incipient wetness technique with
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5 wt% Pd. Under the same operating conditions, Pd/Al,O3 also presents a better
performance than the classic Lindlar catalyst. The reduction and operating
temperatures were found to play an important role in the catalytic behavior of the
catalysts studied. The XPS results show that palladium in Pd/Al,O3; and Pd/C is
electron-deficient. With in certain limits, the electron-deficient Pd species do not
favor the further hydrogenation of 1-heptene to heptane, thus raising the selectivity to
1-heptene. The differences observed in the catalytic behavior of Pd/Al,O3 and Pd/C

could be attributed, at least partially, to the differences in the support porosity.

Weerachawanasak, P. et al. “[35)" investigated the liquid-phase
semihydrogenation of phenylacetylene on a series of solvothermal-derived nano-TiO,
supported Pd catalysts withwarious TiO, crystallite sizes in the range of 9-23 nm. As
revealed by CO chemisorption‘and transmission electron microscopy, all the catalysts
exhibited strong metal-suppoft finteraction (SMSI) when reduced at 500 ‘C. The
catalysts with SMSI show remarkably high catalytic performance in terms of both
hydrogenation activities (turnover..frequencies 9.1-21.4 s and moderate-high
selectivities to styrene (86-90 %) at completé conversion of phenylacetylene. Without
SMSI effect (the catalysts reduced at 40 °C)i,"st]yrene selectivity and catalytic activity
depended largely on the Pd particle size in thic‘h small Pd particles (formed on small
crystallite size TiO, supports) exhibited Iowe-r‘ bhenylacetylene conversion and poor

styrene selectivity.

Mekasuwandumrong, O. et al, , [4] studied liquid-phase selective
hydrogenation of 1-heptyne on the Pd/TiOs. The Pd/TiO> nanoparticles synthesized
by one-step flame spray pyrolysis (FSP) with Pd loadings 0.5-10 wt% showed good
catalytic\performancesiaHigher selectivitiesito l-heptene at.complete:conversion of 1-
heptyne were obtained on the FSP-derived catalysts compared to the ones prepared by
conventional impregnation of palladium on the FSP-synthesized and the commercial
P-25 TiO, supports. The XRD peak corresponding to PdO One-Step Flame Spray
Pyrolysis phase was evident for flame-and impregnation-made 5 and 10 wt% Pd/TiO,
catalysts. For those with Pd loading < 2 wt%, the Pd/PdO particle size maybe smaller
than XRD detect ability limit so that the corresponding XRD peaks were not apparent.

The improved catalytic properties of Pd/TiO, were attributed to a stronger interaction/
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an intimate contact between the very fine Pd particles and the TiO, support obtained
via one-step FSP synthesis.

Panpranot, J. et al. [36] studied liquid-phase hydrogenation of cyclohexene
under mild conditions on Pd/SiO; in different organic solvents (benzene, heptanol,
and NMP), under pressurized carbon dioxide, and under solvent less condition were
investigated and compared. In the cases of using organic solvents, the hydrogenation
rates depended on polarity of the solvents in which the reaction rates in high polar
solvents such as heptanol and NMP ‘were dower than that in a non-polar solvent.
Hydrogenation rates were much higher when«the reactions were performed under
high-pressure CO, or under solvent less condition. The use of high-pressure CO, can
probably enhance H, solubility«in the substrate resulting in a higher hydrogenation
activity. However, metal sintering and leaching in the presence of high-pressure CO,

were comparable to those.n arganic solvents.

Panpranot, J. et al. [33] studied the differences between Pd/SiO, and
Pd/MCM-41 catalysts indiquid phase hydr'og-enation of 1-hexene. SiO,-small pore,
SiO,-large pore, MCM-41-small pore, MC'M#‘4]1_-Iarge pore were used as support. The
catalysts were prepared by incipient wetness ihpregnation. The reaction was carried
out at 25 °C and 1 atm in a stainless steel Parf éUtocIave. The results showed that the
characteristics and 'catalytic properties of the silica stpported Pd catalysts were
affected by type of silica, pore size and pore structure. The catalyst activities were
found to be merely dependent on the Pd dispersion, which as a function of the support
pore structure,sAmong-the four types of supported Pd catalysts, PdA/MCM-41-large
pore showed the highest Pd dispersion and the highest hydrogenation rate with the

lowest-amount-of mataliless.
3.5 Comments on previous studies

From the previous studies, hydrothermal method is suitable route for synthesis
of titanate nanotubes. Reaction temperature, reaction time, concentration of NaOH,
and size of raw TiO, powder were considered as the predominant factors in the
formation of nanotubes. However, the effects of quenching and annealing treatments

on the properties of titanates have not been reported to much of a degree. In the
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liquid-phase selective alkyne hydrogenation, supported palladium catalysts present
the best performance in terms of catalytic activity and selectivity towards alkenes.
Several methods have been employed for preparation of Pd catalysts. The reduction-
by-solvent method is an interesting one because uniform small Pd nanoparticles can
be obtained. The common supports used for Pd catalysts in the selective alkyne
hydrogenation include SiO,, Al,O3 and TiO,. However, there are no reports on the
use of Pd nanoparticles supported on titanate nanotubes in the liquid-phase
hydrogenation. Thus, the purpose of this study is to investigate the preparation
conditions on the formation and morphology of titanate nanotubes and nanowire and
their applications as Pd catalyst supports i-the-liquid-phase selective hydrogenation

of 1-heptyne.



CHAPTER IV
EXPERIMENTAL
This chapter describes the experimental procedure used in this research which
can be divided into three sections. The first part explains support and catalyst
preparation. The reaction study in liquid phase hydrogenation of heptyne is explained

in second part. Finally, the properties, of the catalyst characterized by various

techniques are discussed in section three.
4.1 Catalysts preparations
4.1.1 Materials

The chemicals used 1nthis study are specified as follows in Table 4.1.

Table 4.1 Chemical usedfor synthesis Pd nanoparticles and titanate supports

Chemical = Supplier
Titanium dioxide (T10,), anatase =99% Sigma
Sodium hydroxide, >99% Merck
Ethylene glycol,> 99% Sigma-Aldrich
Palladium(l)acetate Sigma-Aldrich
1, 4-dioxane Sigma-Aldrich
Poly (n-vinylpyrrolidone) Sigma-Aldrich
Methanol Merck
Ethanol Merck

Acetone -

De-ionized water -
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4.1.2 Preparation of titanate supports

Preparation of titanate nanotubes was carried out by hydrothermal method
using anatase TiO; as starting material. First, 1.5 g of TiO, powder was mixed with 40
ml of 10 M NaOH and the mixture was sonicated for 10 min. Thereafter the mixture
was transferred to a Teflon-lined stanless steel autoclave, and heated at various
reaction temperatures ranging 110-200 ‘C for 24 hours in oven. After hydrothermal
reaction, the autoclave was cooled to room temperature by natural cooled down. By
the other condition, the autoclave was cooled by quenching in ice bath. Then the
sample was washed with 0.1 M HCI for severaliime and followed by deionized water
until pH value approached deionized water. Finally, the sample was dried at 110 'C
for 24 h. The dried powder.was annealed at 400, 500, and 600 ‘C for 1 h.

4.1.3 Preparationsof Pd nanoparticles

The Pd nanopariicles were synthesized by using reduction by solvent method
in accordance with the method described by 'D'(-)minguez S. et al. [28]. Ethylene glycol
was used to reduce the Pd precursor. The'équrimental were performed under an Ar
atmosphere by mean of a Schlenk system,rand‘the three-necked, round bottom flask
were used in the experiment. a

Solution A ¢omposed of 0.800 g of poly-n-vinyl pyrrolidone and 120 mL of
anhydrous ethylene glycol under stirring and heated at 80 'C for 3 h. Then, the
solution was cooled to 0'C.

Solutiom B included 0.2245 g of palladium (11) acetate and 50 mL of 1, 4-
dioxane. The solution was vigorous stirring for 2 h.

Solution"Bmasipoured:into solutianfArunder stirring and-adjusted the pH to 9-
10 by dropwise' I M NaOH' solution. The solution ‘'was heated at 100 ‘C under
vigorous stirring. After that, the solution was dark brown in color and non transparent,
indicating that the colloid was formed. The heating was continued for 2 h and then,
cooled to room temperature.

The prepared Pd nanoparticles colloids were treated with large excess of
acetone in order to removed the polymeric protecting agent by centrifugation several

times. Finally, the Pd colloid was redispersed in a certain volume of methanol.



30

4.1.4 Preparation of titania and titanate supported Pd catalysts

The Pd nanoparticles were supported on the titania and titanate using wet
impregnation method. First, the appropriate volume of Pd nanoparticles/methanol
dispersion was mixed with the supports. All catalysts were prepared so as to have a
final catalyst loading of ca. 1 wt%. The mixture was gentle stirred at room
temperature for 3 days and heated at 60 ‘C for the purpose of removed the methanol
solution. The collected solid was washed with ethanol and water (50/50% V/V) for

several times. Finally, the catalysts were dried gvernight.

For impregnation catalyst, the catalyst was prepared by wet impregnation
method. Palladium chloride-solution was used as a precursor for final loading of ca. 1
wt%. The support and pre€ursorwas stirred. Then, the catalysts were dried at 110 °C

overnight. Finally, the catalysi§ were calcined in air at 450 C for 3 h.

In addition, the effect of Pd.loading method was investigated by comparing

sonication to those with were stirred.,
4.2 The reaction study in liquid-phase hydrogenation of 1-heptyne
4.2.1 Chemicals

The chemicals used.in liquid-phase hydrogenation of 1-heptyne are specified

as follows in Table 4.2,

Table 4:2 Chemicahusedfordiguid-phasethydrogenation ofi 1=heptyne

Chemical Supplier
1-Heptyne, 98% Aldrich
1-Heptene TCI

Heptane Wako

Toluene, > 99.9% Merck
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4.2.2 Instrument and apparatus

The main instrument and apparatus are explained as follow:
The autoclave reactor

The 50 ml stainless steel autoclave was used as reactor. Hot plate stirrer with
magnetic bar was used to heat up the reactant and to ensure that reactant and catalyst
were well mixed.

Gas chromatography

A gas chromatogiaphy equipped with flame ionization detector (FID) with

GS-alumina capillary columnwas used to analyze the feed and product.

Table 4.3 Operating condition for gas chrematograph

Gas chromatograph ~ ' Shimadzu GC-14B

Detector o= FID

Packed column GS-alumina (length = 30 m, 1.D.= 0.53 mm)
Carrier gas Helium(99.99 vol. %)

Make-up gas Nitrogen (99.99 vol. %)

Column temperatére 200°C

Injector temperature 250:C

Detector temperature 280°C
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4.2.3 Liquid-phase hydrogenation procedure

Phinmweauple | l

Pieiwnne Regulatos

2 [t &< ()

Sunless Sieel

Avivoclave

W Vent
,

Figure 41S id-phase hydrogenation

0.2 ml of 1-hepty. mixed in the volumetric flask.
Next, the mixture and 20 fcata yst vere introduced into the autoclave reactor.
The reaction was carried out unﬁﬁ_@—ydr en attmosphere at 1 atm and 30 'C. After the
reaction, the vent a]ie was slowly opew loss of product. Then the
ization detector (FID).

4.3 Catalyst characterization

AUYINENINYINT

The proyartles of the prepared support ﬂd catalysts were characterized by
“FRATIAFRUN1INEIRE

4.3.1 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of powder were obtained using an X-ray
diffractometer SIEMENS D5000 connected with a computer with Diffract ZT version

3.3 program for fully control of the XRD analyzer. The experiments were carried out
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using Ni-filtered CuKa radiation. Scans were performed over the 26 ranges from 10°
to 80"

4.3.2 N, Physisorption

Specific surface area of sample was measured through nitrogen gas adsorption
at liquid nitrogen temperature (-196°C) using Micromeritics ChemiSorb 2750 Pulse
chemisorption System instrument. Before measurement the sample was thermally
treated at 150°C for 1 h.

4.3.3 Scanning Electron Microscope (SEM)

The catalyst granule morphology and elemental distribution were obtained
using a Hitachi s-3400N seanning electron‘microscope. The SEM was operated using
the back scattering electron (BSE) mode at 20 kV. The catalysts were prepared with

platinum coating prior t@ analysis.
4.3.4 Transmission Electron Micraééqpy (TEM)

The palladium nanoparticles, titanaté'rs-upports, and prepared catalysts are
investigate the structuie, Pd particles size, and distribution of palladium on the titante
support are observe using JEOL-JEM 2010 transmission electron microscope
operated at 200 kV.

4.3.5 X-ray Photoelectron Spectroscopy (XPS)

The XPS'spectra, the blinding energy and the composition onthe surface layer
of the catalysts were determined by using a Kratos Amicus X-ray photoelectron
spectroscopy. The experiment was carried out of 20 mA and 12 kV, 0.1 eV/step of
resolution, and pass energy 75 eV and the operating pressure approximately 1x10®
Pa.
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4.3.6 Inductive Coupled Plasma Optical Emission Spectrometer (ICP-
OES)

The actual amount of the metals loading were determined by a Perkin Elmer
Optima 2100DV ~ AS93 PLUS inductive coupled plasma optical emission
spectrometer. The catalysts were prepared in a solution containing 65% HNO3, 49%
HF, and 37% HCI with volume ratio 1:3:1 and were heated for increasing of dissolve

its.

4.3.7 CO-Pulse Chemisorption

The active sites per-gram.of catalysts and the relative percentages dispersion
of palladium catalyst _are" dgiermined by CO-pulse chemisorption technique using
Micromeritics ChemiSarb 2450 (pulse é_hemisorption system). Approximately 0.1 g
of catalyst was filled in.a U-tube, incorp_q?ated in a temperature-controlled oven and
connected to a thermal conductivity detet;tor (TCD). Helium was introduced into the
reactor at the flow rate of 30 ml/min iﬁ-_prger to remove remaining air. Prior to
chemisorp, the samples were reduced in a H‘_z_ﬂOW rate at 50 ml/min with heated from
room temperature to 40 ‘C and held at this té_fﬁp_’erature for 2 h. Carbon monoxide that
was not adsorbed was measured using thef_mgl conductivity detector. Pulsing was

continued until no further carbon monoxide adsorption was observed.



CHAPTER V
RESULTS AND DISCUSSION

This chapter presents the results with a discussion about the characteristics and
the catalytic properties of titanate supports and the titanate supported Pd catalysts in
the liquid-phase selective hydrogenation of 1-heptyne to 1-heptene under mild
conditions (30 °C, H, pressure = 1 atm). The results and discussion are divided into
two sections. The first section describes the eharacteristics of the titanate supports and
the titanate supported Pd catalyst by using-several techniques such as XRD, SEM,
TEM, Ny physisorption, CO-chemisorption, XPS, and 1CP. The second section reports
the catalytic properties gi=supported; Pd catalysts in the liquid-phase selective
hydrogenation of 1-heptyne.

5.1 Catalyst characterization
5.1.1 Characterization of titanate sprorts

The titanate supports were characterized by means of XRD, SEM, TEM, and

N, physisorption in order to investigate the structure and morphology of samples.

5.1.1.1 X-Ray Diffraction (XRD)

Intensity (a.u.)
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Figure 5.1 XRD pattern of commercial titania
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The XRD patterns of the starting anatase TiO, and the samples obtained at
different reaction temperatures are shown in Figure 5.1 and 5.2, respectively. The
XRD pattern of the product obtained from hydrothermal synthesis at 110 ‘C remained
anatase phase TiO,. When the reaction temperature increased to 150 ‘C and 200 °C, the
XRD characteristic peaks of titanate were observed. The XRD pattern of obtained
materials shows two main peaks at 20 ~ 24.5° and 48.5° corresponding to the
reflection (100) and (200) plane of H-titanate [6].
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Figure 5.2 XRD patterns of the sample synthesized at different reaction temperatures:
110°C (a),-150"C (b), and 200C (c)

The titanate nanotubes and nanowires were annealed at 400-600 ‘C for 1 h.
The effect of jahnealing) temperature con +thecphage] transformation and structure of
titanate was investigated. From the" XRD patterns, the as-prepared material showed
poor crystalline.quality, This crystalline structure of sample was improved by thermal
treatment. Annealing titanate Manotubes at 400 'Ciresulted in 'smalllanatase peaks as
displayed in Figure 5.3. When the sample was annealed at 500 'C and 600 °C, the peak
intensities corresponding to anatase TiO, increased and the sharp peak can be
observed due to the crystallinity of anatase TiO, increased. In other words, the titanate
nanotubes were completely transformed to anatase TiO,. The results were similar to
those reported by others [10, 18].
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For the titanate nanowires, after annealed at the temperature in the range of
400-600 "C, a metastable form of titanium dioxide was observed as shown in Figure
5.4. It is suggested that the titanate nanowires were completely dehydrated and re-
crystallized into metastable TiO, (TiO2-B) [37, 38]. Further increase annealing
temperature to 700 'C, the XRD pattern of anatase TiO, was observed (the result not
shown). This indicates that metastable TiO, (TiO,-B) was transformed to anatase
TiO, at this temperature.
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Figure 5.3 XRD patterns of titanate nanotubes: as-synthesized (a), and annealed at
400 "C (B),/500 “C (c), and 600 ‘C (d)
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Figure 5.4 XRD patterns of titanate nanowires: as-synthesized (a), and annealed at
400 °C (b), 500 °C (c), and 600 ‘C (d)
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5.1.1.2 Scanning Electron Microscopy (SEM)

Figure 5.5 shows the SEM images of the anatase TiO, and samples from
hydrothermal process at different reaction temperatures. The different textural
characteristics of the products obtained through hydrothermal treatment at various
reaction temperatures is shown in Figure 5.5. As can be seen in Figure 5.5 (a) the
particles of starting material are spherical. After hydrothermal treatment at 110°C
mixed morphologies of nanosheet and nanotubes were observed. At 150 °C the sheet-
like structure was completely transformecd to tube structure due to additional thermal
energy with increasing temperature sufficiently«t0 curl-up the nanosheet into tubular
structure due to high surface energy [10]. Titanate nanotubes with diameter ~10-15
nm were synthesized at this‘temperature. An increase of reaction temperature to 200
‘C resulted in the transformation ©of fitanate nanotubes to titanate nanowires as
displayed in Figure 5.5 (d): This'indicates that temperature of hydrothermal treatment
has a strong effect in determining the titanate morphology.

(a) TiO, commercial
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Figure 5.5 SEM image [0 commercial. nd hydrothermal synthesized materials

at various reactiontemperal
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(a) titanate nanotubes synthesized at 150 ‘C with quenching in ice bath
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(b) titanate "}' d at 150 'C annealed at 600 °C
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7 (c) titanate nanowires anngaled at 600 C
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Figure 5/6 SEM images of titanate nanotubes synthesized at 150 ‘C with quenching in

ice bath, annealed at 600 "C, and titanate nanowires annealed at 600°C

The effect of hydrothermal termination procedure was investigated by
comparing the products obtained by quenching in an ice bath to those which were
naturally cooled down after hydrothermal synthesis at 150 ‘C. It was found that
quenching in an ice bath led to more uniform nanotubes and increased BET surface
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area to 210.9 m%/g. The SEM image of the quenched sample is displayed in Figure 5.6
a.

The SEM images of the samples annealed at 600 “C are shown in Figure 5.6. It
can be seen that the tubes were shorter than the as-synthesized materials and some of
them were converted to particles due to tubular structure collapsed when annealed at
high temperature [6, 10]. For the titanate nanowires, annealing at temperature 600 'C
caused only a small decrease in BET surface area but did not affect the morphology as

shown in Figure 5.6 c.
5.1.1.3 Transmission Electron Microscopy (TEM)

In order to determine the particle morphology, a powerful technique such as
TEM was applied. The TEM micrographs of TiO, commercial and samples prepared
at different reaction temperatures are shawn in Figure 5.7. The morphology of TiO,
commercial are spherical with diameter =100 nm. Hydrothermal treatment at 110 C,
some tubes like structure/are observed. As seen in Figure 5.7 c, the clearly tubular
structure was obtained at 150.°C. The tu"b;urﬂla]r_ materials were several hundreds of
nanometers which outer and innér diameter of‘nanotubes were approximately 10-12
nm and 4-6 nm, respectively. Increasing tempéféture t0. 200 'C led to a transformation
of nanotubes to nanowire with non-hollow morphology 'with a length of several
micrometers and width variations between 60-100 nm as shown in Figure 5.7 d. This

result corresponds with SEM images.

Zhang et al. [39] proposed the formation mechanism of Ti—O nanotubes and
nanowirest Thevfarmationyprocess [far [Ti<O nanestructures-iscsimply described as
follows. First, the three-dimensional of raw anatase-phase TiO,, reacts with the NaOH
aqueous solution and forms a lamellar product. The lamellar titanate product
possesses a two-dimensional layered structure. The nanoscale tubular structure is then
achieved by further rolling and one-dimensional nanotubes are formed. The driving
force for the scrolling of the nanosheets into nanotubes is proposed to be either the
asymmetrical chemical environment on the two opposite sides of the nanosheet or the
internal stress arising in multilayered nanosheets from an imbalance in width

occurring during crystallization.
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Figure 5.7 TEM images of TiO, commercial (a) and hydrothermal synthesized
materials at various reaction temperatures_:allo "C (b), 150 °C (c), and

200°C (d)
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Figure 5.8 TEM imagés of titanate nanotubes synthesizéd at 150 'C with quenching in
ice bath (a), annealed at 600 ‘C (b), and titanate nanowires annealed at
600°C (¢)

The TEM images.of quenched.and,annealed material are.shiown in Figure 5.8.
The nanotubes structures were“clearly observed in the’ quenched-materials after
hydrothermal treatment at 150 ‘C. After thermal treatment at 600 'C, the nanotubes
were partially broken and the hollow disappeared, as clearly seen in Figure 5.8 b. The
rod-like and some of particles structure were observed. This is in agreement
previously reported data concerning the conversion of the titanates into the anatase
phase by thermal dehydration [40]. This is associated with the collapse of the
interlayer spacing between the walls of the nanotube, resulting of anatase phase that

confirmed by XRD results. Therefore, it can be concluded that during the annealing



45

treatment at high temperature, the chemical bond such as H,O and —OH are removed
from the titanate nanotubes and finally it converts back to the particles again. For
titanate nanowire, the morphology was not significant changed after thermal treatment
at 600 °C.

5.1.1.4 N physisorption

Specific surface areas of the samples were determined from the N,
physisorption data measured at liquid nitrogen: temperature using Brunauer-Emmett-
Teller (BET) technique. Table 5.1 shows the*BET surface area of samples obtained at
various hydrothermal conditions. The BET surface area of TiO, commercial as
starting material was 4.8 m?/g-"After hydrothermal treatment at 110 'C resulted in
increasing of BET surfacé afea to 157.5 m°/g. Further increasing hydrothermal
temperature to 150 ‘C, the' BE T strface area increased to 192.0 m?/g. Increasing of
BET surface areas due i@ the transforfha,tion of morphology from nanosheet to
nanotubes which hollow strugture -that "'p_ossessed high surface area. The sample
synthesized at 200 'C restlted in a low B'I:Ef surface area (23.2 m?/g) due to non-

hollow structure of titanate nanowire.

it ol

For quenching materiéls, it was fo-l-ma—'ihat not only the uniform of tubular
structure increased, but the BET surface area of nanotubes also increased. Annealing
titanate nanotubes at 600 ‘C resulted in the decreasing of BET surface area due to the
tubes were collapsed and transformed to, nanorods and particles shape. This
decreasing of 'surface area corresponds with TEM-and SEM Tesults. For the titanate
nanowire, annealing at this temperature the BET surface area was not different from

the as-synthesized«samples:
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Table 5.1 BET surface area of titania and titanate support

Hydrothermal temperature BET surface area (m2/g)

TiO, commercial 4.8

110°C 157.5

150°C 192.0

150 ‘C quenched 210.9
200°C 23.2

150 °C annealed 600 ‘G 63.0
200 °C annealed 600 C 19.4

5.1.2 Characterizations of the Sll_in_ported Pd catalysts

In this section, the titania and t'ilxan'ate supported palladium catalysts were
characterized by means of XRD, SEM, TEMNZ physisorption in order to investigate
the structure and morphology after Pd Ibﬁding. CO-chemisorption, and ICP were
employed to determine the amount of activipéf surface and the actual amount of Pd
loading, respectively. The compaesition of -g_lements on surface and electronic state
were analyzed by XPS. To accommodate for discussian; the catalysts used in this

research were symbotically assigned as shown in Table 5.2°
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Table 5.2 The symbol of the catalysts prepared using the different methods

Catalysts Symbols
Pd colloid nanoparticles supported on TiO, commercial Pd/TiO, com
Pd colloid nanoparticles supported on titanate nanotubes Pd/TNT
Pd colloid nanoparticles supported on titanate nanowire Pd/TNW
Pd colloid nanoparticles supported on titanate nanotubes
. Pd/TNT_600
annealed 600 C
Pd colloid nanoparticles supported on titanaie hanotubes )
— Pd/TNT _soni
by sonication
Pd impregnated on titanaie-nanoiubes by stirring Imp_stir
Pd impregnated on titanate nanotubes by sonication Imp_soni

5.1.2.1 X-Ray Diffraction ({RD)

The XRD was performed, i order to investigate phase of the Pd supported
catalyst. Figure 5.9-5.11 displays XRD patterns of the catalysts prepared from Pd
nanoparticles supported on titania and titanate and the catalysts prepared from Pd
chloride solution using wet impregnation method. Farthe Pd° metal shows the
diffraction peak at 4072 [3, 33]. All of the catalysts, the diffraction peak of Pd° or PdO
were not observed. It-suggests that palladium was highly dispersed on the titanate
surface and/or due to the 1ow_amount of Pd loaded on the supports [41]. The XRD
patterns of titania<and titanate ‘suppaorted Pd ‘nanoparticles catalysts were not
significantly different from as-synthesized suppart, On the otherghand, impregnation
of Pd chloride ontitanate nanotubes support induced disappearance-of titanate peak
and exhibited the rutile phase of TiO,, which was confirmed by XRD patterns in
Figure 5.11. The diffraction peaks at 27.6 (major), 36.3, 41.5, 44.3, 55.5, 56.9, 63.3,
64.6, and 69.4° can be seen in XRD patterns which corresponding to rutile phase of
TiO, [37, 42-44]. The phase transformation was probably due to the presence of acid
precursor of palladium chloride and calcination at high temperature. According to the
literatures, N. Murakami et al. [24] reported the transformation of titanate nanotubes

to rutile TiO; in the presence of CI" during hydrothermal. In addition, H.Y. Zhu et al.
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[45] reported the transformation of titanate nanotubes to rutile TiO, in the acidic
environment at 60 'C (2.65 M of HNO3) while other literatures reported that

transformation occurred when titanate nanotubes were annealed at above 900 C [7,
37, 46].
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Figure 5.9 XRD pattern of Pd/TiO, com
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Figure 5.10 XRD patterns of Pd nanoparticles supported on titania and titanate

catalysts (A = anatase)
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Figure 5.11 XRD patterns-of impregnation-made eatalysts (A = anatase, R =rutile)

5.1.2.2 Scanning Electron Microscopy I_(SEM)

The morphologies/of supports afti;r Pd loading are shown in Figure 5.12. For
Pd nanoparticles catalyst (Figure 5.12 ae) the morphology of catalysts are not
significantly different from as-synthesii?d_, For Pd/TNW catalyst, the titanate
nanowires were shorter than ‘before Pd I@dihg. The nanowires may be partially
destroyed under stirring in Pd ,nanoparticles:_-dglring loading step. The aggregated of
rod-like and particles shape were clearly observed in impregnated catalysts (Figure
5.12 f-g). The rod ‘materials were a few hundreds of nanometers which diameter
approximately 70-80-am. The transformation of titanate nanotubes to rod shape
occurred during calcinationstep in the acidic_environment, which was confirmed by
XRD result.



50

100 nm

ITN) nm

100 nm

wmazmm ﬁ’@vmﬁsrgsz::’;?w "’
ARSI RN A 8

The morphology of catalysts was observed by transmission electron

microscopy (TEM). The TEM images of all catalysts after Pd loading are displayed in
Figures 5.13. The Pd nanoparticles prepared via reduction by solvent method were
loaded on various supports as displayed in Figure 5.13 a-e. It appears that the particle
size and shape of the catalysts were not affected by loading of palladium (no changes

in the particle size and shape). The small dark spots in catalyst represented the Pd
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particles. In the case of Pd nanoparticles supported on titania and titanate, no Pd
cluster was observed in TEM images (clearly seen in PA/TNW). The average particles
sizes of Pd were about 4-5 nm. The larger Pd particle sizes were observed on catalysts
prepared by impregnation method in Figure 5.13 f and g. In addition, morphologies of
the catalysts were changed after impregnation step. The presence of acid precursor of
palladium chloride and calcination at high temperature results in the collapse of
nanotubes. The large rods and non-hollow structures were observed. This TEM

images corresponds with the SEM res T’#
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Figure 5.13 TEM images of catalysts: Pd/TiO, com (a), Pd/TNT (b), PA/TNW (c),
PA/TNT _6004d),"Pd/TNT /soni (), Imp sstir(f);/and Imp_soni (g)

5.1.2.4.N, physisorption

The BET surface area of Pd based catalysts was determined by adsorption and
condensation of N, at liquid N, temperature (-196 ‘C). The results of BET surface area
are given in Table 5.3. The Pd nanoparticles loaded on titania and titanate supports
slightly decreased the BET surface area of the catalysts. This was suggested that Pd
were deposited in the pores of supports, similar to those reported in the literatures [1,
47]. The impregnation catalysts possessed low BET surface area due to the

transformation of titanate nanotubes to larger rutile TiO, during calcination step, as



53

confirmed by XRD results. The rutile TiO, exhibited the rod-like shape that can be
clearly observed from SEM images.

Table 5.3 BET surface area of catalysts

Catalysts BET surface area (m%/g)
Pd/TiO, com 4.4
Pd/TNT 185.0
Pd/TNW 19.8
Pd/TNT_ 600 41.1
Pd/TNT.esoni 190.7
Impestir 20.3
Impsoni 22.1

5.1.2.5 X-ray Photoelectron Spectroscopy.(XPS)

XPS was performed to'determine the composition of element on catalyst
surface and electronic state. Fhe XPS results such as binding energies and surface
composition of catalysts are shown in Figure 5.14. The analysis results from XPS are
also reported in Table 5,3 and 5.4. No distinctive peaks for Pd 3ds, were observed Pd
nanoparticles loaded on support, indicating very low ‘amount of Pd present on the
catalyst surface. It was" found_ that Pd“ nanoparticles loading by sonication
(Pd/TNT _soni) led-to'the appearance of binding.energies of Pd 3ds, at 335.1 eV
corresponding to Pd® [1, 3] It was'suggested that sonication increased Pd surface
concentration. The'impregnation-made catalyst appeared at 337.4 and 337.6 eV
indicating the PdO corresponding to calcined sample.
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Figure 5.14 XPS results of catalysts

Table 5.4 XPS results of all gatalysts

Catalysts o Tizp
B.E. (ev) FWHM B.E. (ev) FWHM

Pd/TiO, com n.d.* - 458.9 1.303

Pd/TNT n.d. - 458.8 1.497

Pd/TNW n.d. - 458.9 1.915
Pd/TNT_600 n.d. - 458.8 1.346
Pd/TNTLSoni 335/1 1.410 458:5 1571

Imp_stin 337.6 1.316 458.9 1.618

Imp=soni 337.4 1,787 458.6 1.555

*n.d. = not determined

The percentages of atomic concentration and Pd/Ti ratio are also given in
Table 5.5. The Pd/TNT_soni catalysts showed higher Pd/Ti ratio indicating that
concentration of Pd at surface increased when sonication treatment. It is in good

agreement with the active site from CO chemisorption results.
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Table 5.5 Atomic concentration from XPS results

Atomic conc. (%)

Catalysts Pd/Ti
Pd 3d Ti2p
Pd/TiO, com n.d. 10.12 n.d.
Pd/TNT n.d. 11.28 n.d.
Pd/TNW n.d. 10.01 n.d.
Pd/TNT_600 nkcl 13.51 n.d.
Pd/TNT _soni 0.09 10.69 0.0084
Imp_stir 0.16 11.62 0.0138
Imp_soni 0.20 9.67 0.0207

5.1.2.6 Inductive Coupled Plasma Opticé’i Emission Spectrometer (ICP-OES)

The actual amount of Pd loading was confirmed by inductive coupled plasma
optical emission spectrometer (ICP-OES)..A!_I'the catatysts, 1 wt% of Pd was loaded
on support. For Pd colloid nanoparticles loading, it can be observed that the initially
targeted 1wt% Pd loading was not really. dc:higved. Therefore, the rest of the metal
was lost during the-synthesis procedure, probably dufing the washing step. For
Pd/TiO, com, the actual content of Pd was very low about 0.02 wt% of catalyst. The
low amount of Pd may due to low surface area of commercial TiO; support. Others
catalysts possess the palladium contentswin the range of 0.48-0.57 wt%. For
impregnation-made.catalyst; the palladium eoncentrations were 1.01 and 1.27 wt% for
Imp_stir and Imp_soni catalyst, respectively. It was seen that sonication can slightly
enhanced "the patadium’ contents for " both ‘of Pd 'nanoparticles loading and

impregnation catalysts.
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Table 5.6 Actual amount of Pd loading measured by ICP

Catalysts Actual amount of Pd (wt%o)
Pd/TiO, com 0.02

Pd/TNT 0.51

Pd/TNW 0.48
Pd/TNT_600 0.56
Pd/TNT _soni 0.57

Imp_stir 1.01

Imp_soni 1.27

5.1.2.7 CO-Pulse Chemisorption

The relative amounts of active surface Pd metals on the catalyst samples were
calculated from CO chemisorption experiments at room temperature. The calculation
based on the assumption that oné carbon monoxide molecule adsorbs on one
palladium site [48]. The amaunts of C'Q‘rchemisorption on the catalysts, the
percentages of Pd dispersion, and-the average Pd metal particle sizes calculated based
on the CO chemisarption results are given in Table 5.7. Fhe active sites of catalysts
varied from 0.51-11:21 x 10" site/ge.. Among these catalysts, Pd/TiO, com exhibited
the lowest Pd active sites. The highest Pd active site~and dispersion was found in
Pd/TNT _soni. The high Surface area of titahate nanotubes promoted dispersion of Pd
metal [49, 50]. It was suggested that sanigation enhanced the palladium deposition
which was consistent with XPS and ICP results. It is indicated that smaller Pd
nanoparticles, higher dispersion, and higher Pd surface area ‘were prepared from
reduction by solvent method. The corresponding Pd° particle sizes calculated based on

CO chemisorption were varied from 3.1-11.1 nm.
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Table 5.7 The results obtained from CO chemisorption

~ Activesit® Pddispersion” metallic surface  Particle
Catalysts 18 ) _
(%10 site/gcar) (%) area (m“/g of Pd) size (nm)
Pd/TiO, com 0.51 n.d. n.d. n.d.
Pd/TNT 9.13 31.7 141 3.5
Pd/TNW 7.09 26.1 116 4.3
Pd/TNT_600 6.57 20.8 93 5.4
Pd/TNT _soni 11.21 3517 159 3.1
Imp_stir 5.82 1972 45 111
Imp_soni 10.40 144 64 7.8

Error of measurement =#/- 5%

PBased on the actual amount of Pd loading determined by inductive coupled plasma
(ICP) :

°n.d. = not determined
5.2 Catalytic performance for-1-heptyne hydrogenation

The catalyti¢ -performance of catalysts-was-invesiigated in the liquid-phase
selective hydrogenation of 1-heptyne to 1-heptene. The-reaction was carried out in a
batch system in a 50 ml stainless-steel autoclave reactor. In this study, 0.02 g of
catalyst was reacting with-10, mlsofs2, vol.%, of; 1-heptyne~in toluene under mild
condition (30"°C, 17atm) for '5:40-minutés. ‘The-reaction Was operated with high
stirring rate (1000 rpm) in order to“eliminate the=external mass transfer of hydrogen
problem: The liquid reactants and«products were analyzed by gas chromatography
equipped with FID detector.

The performance of catalysts was determined in terms of 1-heptyne
conversion and selectivity towards heptene. The conversions of 1-heptyne versus
reaction time are shown in Figure 5.15. Under similar reaction conditions, the
hydrogenation rate of Pd nanoparticles supported titanate catalysts exhibited higher 1-

heptyne conversion than the impregnated ones. Among these Pd nanoparticles
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catalysts, Pd/TiO, com exhibited lowest conversion, according to the lower metal
active sites as determined from CO chemisorption. At 5 min reaction time, the
conversion of Pd/TNT was 40 %. It was found that sonication clearly increased
conversion of 1-heptyne to 55 % that consistent with amount of Pd active sites and
highly dispersion from CO chemisorption result. Increasing of conversion due to the
sonication may enhance the content of palladium deposits. The XPS result confirmed
that Pd at surface increased when sonication was applied. Lucky M. Sikhwivhilu et al.
[31] reported that the high surface area and porosity of nanotubular catalysts promise
to be advantageous for catalytic “activity for hydrogenation of phenol to
cyclohexanone. For Pd nanoparticles based. eatalysts, 1-heptyne was completely

converted with in 30 min of reaction time, except Pd/TiO, com catalyst.

For impregnated catalysts, they exhibited rutile phase of TiO, that possess low
BET surface area. The gpresence Jlarger of Pd particles size and low dispersion
(calculated from CO ehemisorption) results in low catalytic activity of catalyst. The
conversion of 1-heptyme increased.withuincreasing reaction time. 1-heptyne was
completely converted for 40 min reactio_h ‘Which was slower than those of Pd

nanoparticles loading catalysts.
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Figure 5.15 Conversion of Pd based catalys'ts- in liguid phase selective hydrogenation

of 1-heptyne at various reaction fi-mes (80 °C, H, pressure latm)

The selectivity of 1-heptene obtained 6ver varigus catalysts is displayed in
Figure 5.16. At 5 min reaction time, 1-heptene selectivity.'of Pd nanoparticles based
catalysts was about 92 %. For impregnation catalyst, they showed higher selectivity
of 1-heptene (~ 96 %)y« For 30 min reagtion, the selectivity of 1-heptene of Pd
nanoparticles supported titanate decreased t0 ~ 60-65 % and not significantly changed
for 40 min reaction. These decreasing of selectivity due to heptene undergo
hydrogenation‘to heptane. /At-camplete ‘conversion (40 min), thePd/TiO, com gave
lower selectivity of 1-heptene than those of the other catalysts. The high selectivity
(82 %) was observed on Imp_soni catalyst due to sonication enhanced the deposit of
palladium contents. It was remarked that the Pd supported on titania and titanate
nanotubes derived hydrothermal synthesized catalysts not only increased conversion

of 1-heptyne, but also maintained the moderate selectivity of heptene.
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Figure 5.16 Selectivity of Pd based catalys-j_'],:sain liguid phase selective hydrogenation
of 1-heptyne at various reaction tlr-nes (30 °C, H, pressure latm)

Figure 5.17 shows the yi'eld of heptené Sf éatalysts versus reaction time. For 5-
10 min reaction, the Pd nanoparticles supported catalystrshowed higher yield than
impregnation-made catalyst. The highest yield of heptene was observed in
Pd/TNT _soni. Yield of heptene further decreased with increasing reaction time to 30
min, this suggested 'that heptene undergo hydrogenation to heptane. At complete
conversion, all the catalysts exhibited 60-65 % yield of heptene, except Pd/TiO, com
and Pd/TNT_ soni showed 4896 and |82 %'yield; respectively:
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Figure 5.17 Yield of Pd based catalysts in Iqu|d phase selective hydrogenation of 1-
heptyne at various reaction tirﬁéé (30 “C, H,, pressure latm)

The reaction rate and turnover frequehc'i—es (TOEs)/of catalysts are presented in
Table 5.8. Reaction rate of catalysts varied in the range 3:22-8.4 x 10*® molecules/gcas.
The Pd/TiO, com gave the lowest reaction rate while highest hydrogenation rate was
obtained on Pd/TNT_soni catalyst. The impregnation catalyst exhibited lower reaction
rate than Pd colloid nanaparticles loading. The reaction rate increased with increasing
Pd active sites and Pd dispersion which obtained from CO chemisorption results. The
turnover) freguencies (TOFs)“is «defined asimole of ‘product pef. activie site per time
which calculated based on CO chemisorption results. From Table 5.8, TOF of

catalysts were between 0.37-0.93 s™.
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Table 5.8 Initial reaction results of the catalysts based on 5 min reaction

% % Reaction rate L
catalysts ) o 18 TOF (s7)
conversion  selectivity (x10™""molecules/gcat S)

Pd/TiO, com 21 92 3.22 n.d.*
Pd/TNT 40 92 6.13 0.67
Pd/TNW 32 93 491 0.69

Pd/TNT_600 40 6.13 0.93

Pd/TNT _soni 55 8.44 0.75

Imp_stir 3.53 0.61
Imp_soni ) S 383 0.37

*n.d. = not determined
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

This chapter is composed of two sections, section 6.1 reveals the conclusions
obtained from the experimental results of the prepared catalysts and the catalytic
studies in the liquid-phase selective hydrogenation of 1-heptyne to heptene.

Additionally, the recommendations for further study are given in section 6.2.
6.1 Conclusions

1. Titanate nanotubes and nanowires were synthesized by using hydrothermal
process at various temperatures ranging between 110°C-200 ‘C. After hydrothermal
treatment at 110 ‘C, thesSpherical fitania particles were transformed into mixed
nanosheet and nanotubes sifucture. At 150 'C, the titanate nanosheets were completely
transformed into nanotubes. Further increasing reaction temperature to 200 °C resulted

in the transformation of titanate nanotubes in't(')-titanate nanowires.

2. Quenching sample in an ice bath after hydrothermal treatment not only
increased the uniformymorphology, but also increased the BET surface area of titanate

nanotubes.

3. Annealing at 00 C, the titanate ,nanotubes were transformed back into
anatase TiO.lawhile “anredling fitanate nanowires at’ 600 ‘C resulted in the

transformation of titanate nanowires to metastable TiO,, instead.

4, The 'Pd catalysts supported on titanate nanotubeS e€xhibited better
performance in the liquid phase selective hydrogenation of 1-heptyne to 1-heptene

than the ones supported on titanate nanowire and the commercial titania.

5. Using titanate nanotubes as the catalyst support, the synthesis of Pd
nanoparticles from reduction by solvent method exhibited higher conversion than the

catalysts prepared by conventional impregnation method. However, at completed



65

conversion of 1-heptyne, the impregnation-made catalysts showed higher 1-heptene

selectivity.
6. The hydrogenation rate increased with increasing Pd dispersion. However,
the selectivity to 1-heptene depended largely on nature of TiO, support, and/or the

interaction of Pd and titania support.

6.2 Recommendations

of E@cles synthesized from reduction

i rot@ss should be investigated.

1. The simultaneous

by solvent method and tit

2. The other pre : | for impregnation to prevent the
transformation to ruti g L= \\
’j& L .
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

The calculation shown below is for 1 wt% Pd on titania and titanate support.
The support weight used for all preparation is 1 g.

A.1 Calculation of palladium colloid nanoparticles supported on titania

and titanate

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

follows:

Palladium =LY

Support z 100-1 =99 ¢

For 1 g of support ]

Palladium required = (Ix1)/99:= 0.0101 g
Molecular weight of Pd = ",iiO§.42 g/mol

Molecular weight of Pd (Il) acetate - 224.42 g/mol

M W .of Pd(I1)acetate < weight of Pd required
M W.of Pd

Then, Pd (I1) acetate was taken =

224,42 g/ mol x0.0101 g
106.42 g7 mel

0.0213 g

Palladium colloid nanoparticles were prepared by using Pd (1) acetate 0.2245
g and dispersed in 60 ml of methanol. So the Pd concentration in the resulting Pd

nanoparticles/methanol dispersion (mg of Pd/ml of solution) was known.

Then, the mixed solution of methanol was taken

_ 60mlx0.0213¢ 569 ml

0.2245¢
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A.2 Calculation of catalyst prepared by wet impregnation

Preparation of catalysts by wet impregnation method is shown as follows:

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

follows:

Palladium =

Support 100-1 = 99 ¢
For 1 g of support ' W

Palladium required = 0.0101 ¢

Molecular weight of Pd
Molecular weight of
Then, Pd chloride was t weight of Pd required

| \\\‘1\‘ i
éﬁ' ; @\l&\&s 0101g
4 1906.42 g mol
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APPENDIX B

CALCULATION FOR CO-CHEMISORPTION

75

Calculation of the metal active sites, metal dispersion, active metal surface

area, and average crystallite size of the catalyst measured by CO-chemisorption is as

follows:

Volume of active gas dosed from a loop (Vi)

Tstd Pamb % A

= V X
P 100%

inj loop y T

amb

Example: Volume Dosed Jsing 100 % Active Gas

Viep = loop velume'injected . 86 uL
Tamp = ambient iemperature 298 K
Tea =  standard temperature 213K
Pamp = ambient pressure f43 mmHg
Psg = standard pressure 7760 mmHg
%A = % active gas 166%

0
Vi = 86 4L x 273K . 743 mmHg ! 100%
298K 760 mmHg 100%

Volume chemisarbed (Vags)

Viik ,B—A
V _Vinj %
ads m ( B )
Example: CO Chemisorption on Pd/TNT
Vinj = volume injected 0.07780 cm®
m = mass of sample 0.0400 ¢
A = area of CO peak after adsorption 0.01335

B = average area of the last peak 0.01617



% Metal dispersion

Example:

St =
Vas =
Vg =
m.w.
% M

Peak Area
! 0.01335
? 0.01623
> 0.01614
) 0.01616
° 0.01617
= 8 gzggg , (001617 2001335 _ 505 ooy

molar volume oi w
e-, y

molecular v

= ,\\.

0.3397 cm’lg
22414 cm®/mol

weightpercent of

7

0.3397em®/g 106.42g/ mol

v HWEWW P

"R AIN IO um'mma d

Sf =
Vas =

NA =

Pd activesites=S, x

stoichiometry factor, CO on Pd
volume adsorbed
molar volume of gas at STP

Avogadro’s number

ads XN

9

1
0.5976 cm®/g
22414 cm®/mol

6.023 x 102 molecules/mol
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0.3397cm®/g

oat4cm’] I><6.023><1023 molecules/mol
cm®/mo

Pd active sites=1 x

=9.13 x 10 molecules/g

Active metal surface area (per gram of metal)

MSA, =S,

Vas | 100% m’
X X X —_—
V 0

St = stoichiome
Vas = volumeW,
Vg = molar\M |
%M = ight p
Na =
Om =
0.3397cm 2
MSA =1 > a1aem , e 0% m?

Average crystallite siE

f umm%mﬂmm
; @mgs.mmmmmaﬂ

p specific gravity of the active metal 12.0 g/cm®
MSA = active metal surface area per gram of metal 173.39 M/gmetal
6 m®  10°nm

= X X
12.0g/cm®x141.23m? /g 10°cm® m
=3.5nm



APPENDIX C

CHROMATOGRAMS FROM GAS CHROMATOGRAPHY
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C RSA CHROMATOPAC — C11 | DATA=1:4CHREM], COO ATTEN- @ SPEEL 2.0
- & — — LT
614 N
C-RSA CHROMATOPAC CH-1 R e EHRMI.COD 10710727 16:27:34
## CALCULATION REPORT ## : : ,
CH PRNO TIME / it Y CONC AL
I 1 1.935 ‘ 0.0274
2 2. 330 0.0]106
| 2548 0, 3652
5 2,852 0.0277
6t 3.058 0.0113
7 3.442 0.0126
8 3.8 9%, 1,933
9 6,427 0.8311
1 8772 0. 0200
TOTAL 100
n.gas chromatography
‘.'l+_ ;
Table C.1 Data from g X

.ll l

Peak number ¢ & Time (mi Name
i:i HH a “H'&% HH ” I aptane

©2.548

q W'ﬁ 89N T0UBAN T V) 1o

6.427 1-Heptyne




mole of 1-heptyne

mole of heptene

APPENDIX D

CALIBRATION CURVE OF 1-HEPTYNE AND 1-HEPTENE

1-Heptyne
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1.50E-08 -

1.00E-08 ~

5.00E-09

0.00E+00
0
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6000
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1.00E-08 - =
i'ii‘, = 2E-12x + 8E-10
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5.00E-09 +
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Figure D.2 Calibration curve of 1-heptene
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APPENDIX E

CONVERSION, SELECTIVITY, AND YIELD
AT VARIOUS REACTION TIMES

The conversion, selectivity, and yield of 1-heptyne hydrogenation for all

catalysts are shown the table.

Table E.1 Conversion of 1-heptyne

Conversion (%)

Catalysts
5_min 10 min 30 min 40 min

Pd/TiO, com 21 50 94 100

PA/TNT 40 86 100 100

Pd/TNW 32 614 100 100
Pd/TNT_600 40 60 100 100
Pd/TNT _soni 55 91 100 100

Imp_stir 23 39 86 100

Imp_soni 25 4515 98 100

Table E.2 Selectivity of 1-heptene

Selectivity (%)

Catalysts
5 min 10 min 30 min 40 min

Pd/TiO; com 92 94 93 48

Pd/TNT 92 94 63 62

Pd/TNW 93 95 66 65
Pd/TNT_600 93 95 68 62
Pd/TNT _soni 92 74 70 62

Imp_stir 96 97 95 66

Imp_soni 96 94 94 82




Table E.3 Yield of 1-heptene

Catalysts Yield (%)
5 min 10 min 30 min 40 min
Pd/TiO, com 19.32 47.00 87.42 48.00
Pd/TNT 36.80 80.84 63.00 62.00
Pd/TNW 29.76 57.95 66.00 65.00
Pd/TNT_600 37.20 68.00 62.00
Pd/TNT_soni 50.60 70.00 62.00
Imp_stir 81.70 66.00
Imp_soni 92.12 82.00

AU INENTNEINS
RINNTNUNINYAY
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APPENDIX F

CALCULATION OF 1-HEPTYNE CONVERSION
AND 1-HEPTENE SELECTIVITY

The catalytic performance for the 1-heptyne hydrogenation was evaluated in
terms of activity for 1-heptyne conversion and 1-heptene selectivity.

Activity of the catalys term of 1-heptyne conversion. The

~heptyne in product) 100

a' 0 — a e
o, \
b
- . prrany .
Selectivity of product is de &d ‘mole of '1-heptene formed with respect to mole

Weress |
A Fllrs.
of 1-heptene and heptane w of s iTIE :

Selectivity of iei;?——

]
AU INENINYINS
AN TUNN NN Y



APPENDIX G

CALCULATION OF TURNOVER OF FREQUENCY

rate
number of active site

TOF =

molecules substrate converted L9 cat y min

g catxmin activesite s

While, metal active site =
Then,
TOF

' %

AULINENINYINS
AR TN TN
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