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Abstract

The mechanistic study on the conversion of fatty acid to long chain olefins
over titanate-based catalysts has been investigated using heptanoic acid as model
compound. Catalysts studied include A;TisQOy3 {A = Li, Na and K; tunneled structure),
NazTi;O7 and K;TigOs. It was found by temperature programmed reduction (TPR) that
the most facile reduction occurs with KzTisOy3. While basicity and basic strength of the
catalysts are much less than that of the commercial MgO that is commonly used as a
catalyst in decarboxylation of carboxylic acid. The catalytic characterization for
decarboxylation of carboxylic acid were primarily tested using acetic acid as probe
molecule. it was found that acetone and CO; obtained over all catalysts suggesting
that ketonization is primarily promoted. The activity (400 °C, in Ny) is in the order of:
KaTigO13 > LizTisO13 > NazTigO1s > KoTiaOg > NayTisO7 and Anatase TiO,. The activity of
K2TigO13 can be enhanced by in situ reduction at 400 °C which generates more oxygen
vacancy sites. However, a decrease in the activity was observed upon reduction at high

temperature (500 °C), due to the electron transfer from Ti** at surface to the bulk.
The deoxygenation of heptanoic acid (400 °C, N;) over reducible KsTigO:s,
gives mainly 7-tridecanone and small amount of cracking products such as 2-octanone,
6-dodecancne and 5-undecane with 24% conversion. Incorporating Pt on K;TigOy3 gives
long chain olefins (7-tridecene) via hydrogenation of 7-tridecanone and subsequently
dehydration. In addition, direct decarboxylation and hydrogenolysis of heptanoic acid
were promoted, resulting in all isomer of hexene and heptane. The mechanistic

pathway over the Pt loaded K;TisOs3 is claimed by the ketonization of heptanoic acid




to 7-tridecanone and CO; over oxygen vacancy sites. However, direct decarbonylation
of heptanoic acid to hexene and hydrogenolysis to heptane are also obtained with
lesser extent. Hence, the ketone is further converted either by carbon-carbon bond
cracking at at e-position to 2-octanone and n-pentene or hydrogenation- dehydration

to 7-tridecene.
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CHAPTER 1

Introduction

1.1 Introduction

The demand for long chain olefins has been tremendously growing as they are
building blocks in a wide variety of industrial processes, such as the synthesis of
copolymers, detergent alcohols, surfactants, or laboratorial chemicals {1].

The main manufacturing routes of long chain olefins in an industrial scale include
(i) the oligomerization of ethylene, and (ii) Fischer-Tropsch synthesis. In addition, they
could be produced commercially in a small-scale batch via the dehydration of long
chain alcohols [2]. The depletion of petroleum-oil and hydrocarbon storage, in addition
to the pollution evolving from the use of petrochemical feedstock, has driven the
search for alternative, clean, eco- friendly and more sustainable sources for the
manufacturing of long chain olefins. Therefore, renewable feedstock such as biomass,
natural wax and extracted oil, are significant candidates [3).

Fatty acids can be derived from triglycerides in vegetable oils such as palm,
soybean and coconut cil. A monomolecular reaction capable of producing long chain
olefins from the acids involves the removal of oxygen atoms, known collectively as
deoxygenation. Supported noble metal such as Pd and Pt/ activated carbon has been
extensively studied. In this studied the deoxygenation can be accomplished via either
the directly removal of CO (i.e., decarbonylation) or of CO;, (i.e., decarboxylation).
However, high partial pressure of hydrogen was co-fed, acting as oxygen accepter and
decreasing olefins yield by rapid hydrogenation. Alternatively, a bimolecular reaction
known as ketonization, partial deoxygenation, where two molecules of and carboxylic
acids are coupled into a ketone and release H,O and CO,, would also produce long
chain olefins by cracking of the ketone with less H, consumption.

Metal oxide-based catalysts have been widely studied in deoxyeenation [4].
Among them, catalysts based on titanium dioxide (TiO,, or titania) which are relatively
inexpensive and less toxic, show moderate activity [5]. The common phase of TiO; is
rutile and anatase, where the TiOg building blocks are linked together differently,
resulting in relatively dense crystal structures. The moderate activity is a result of low
surface area and low reducibility of the surface. Therefore, it is interesting to study

several types of materials with Ti and O atoms, showing a more complex assembly of



TiOg into a less dense structure. Titanate- based materials with different crystal
structures would affect the reducibility of the materials and the associated catalytic
deoxygenation activity. In addition, the ability to synthesize some of the titanates into
nanostructured ones would increase the surface area of the solid, thereby increasing
the catalytic activity.

As mentioned previously, the deoxygenation of carboxylic acids with Ha-least
approach can be proceeded throush either (i) the direct decarboxylation
/decarbonylation over a basic site or, (ii) the ketonization over an oxygen vacancy site
[6]. In both cases, cracking of the primary products (whether they be alkane, alkene,
or ketone} into smaller ones could occur. Hydrogen transfer can also take place,
resulting in the conversion of unsaturated compounds into saturated ones. For the
production of tong chain olefins from carboxylic acids is required, the hydrogen transfer
reaction must therefore be limited. This thesis will investigate the use of titanate-based
materials as a non-acidic deoxygenation catalyst that minimize hydrogen transfer
problem. Moreover, the associated mechanism for the praduction of long chain olefins
will also be focused. The effect of several parameters including the structure (tunneled
vs layered structure), the type of compensating cations and the presence of cther
active metal, surface area, morphology, and the reduction temperature, on catalytic

activities will also be highlighted.

1.2 Objectives

1.2.1 To obtain long chain olefins from the deoxygenation of fatty acid over
titanate-based catalysts.

1.2.2 To understand the mechanism on the conversion of fatty acid to long chain
olefins over titanate-based catalyst.

1.2.3 To understand the use of titanate- based materials as a deoxygenation
catalyst, focusing on the following parameters: the influences of the structure
(tunneled vs layered structure), the type of compensating cation and the presence of
other active metal, surface area, morphology, and the reduction temperature on

deoxygenation of fatty acid.




1.3 Scopes of study

1.3.1 Synthesis of several types of titanates, such as alkali hexatitanates A;TigOss3
(A = Li, Na and K), sodium trititanate Na,TisO7 and potassium tetratitanate K;TigOs, as
the catalysts for the production of long chain olefins from fatty acids. Some of these
materials will be doped with cobalt metal and platinum.

1.3.2 Acetic acid and heptanoic acid will be employed as model compounds to
investigate the ability of titanate- based catalysts in the deoxygenation and the
production of tong chain olefins, respectively. In addition, the acid- catalyzed aldol-
condensation will also be evaluated using acetone as a reactant, such that the
contribution of the basic site to the deoxygenation activity can be quantified.

1.3.3 The catalysts will be characterized by the following techniques:

1.3.3.1 Powder X-ray diffraction (PXRD)

1.3.3.2 Scanning electron microscopy (SEM)

1.3.3.3 Surface area measurement and pore size distribution analysis
1.3.3.4 Temperature programmed reduction by hydrogen gas (H, TPR)
1.3.3.5 CO, Temperature programmed desorption (CO, TPD)

1.3.3.6 Thermogravimetric analysis (TGA)

1.3.3.7 X-ray photoelectron spectroscopy (XPS)

1.3.4 Catalytic activity testing will be carried out in a fixed-bed down flow reactor
at 300-400 °C, at the contact time of 5-250 ¢-h mol?, for a time on stream (TOS) of 0-
360 min. The reduction temperature will also be studied from 400-500 °C. Moreover,
the type of the carrter gas includes Nj and Hj, both at atmospheric pressure.

1.3.5 The liquid products from the reactions will be qualitatively and
quantitatively analyzed by a gas chromatograph (GC) equipped with a mass
spectrometer (GC/MS) or a flame ionization detector (GC/FID), respectively.

1.4 Expected results
The mechanistic understanding obtained from this study can be used as a guide
for the rational design of other types of titanate-based deoxygenation catalysts for the

production of long chain olefins from long chain fatty acids.




CHAPTER 2

Theory and Literature Reviews

2.1 Fatty acids

Fatty acids are long chain organic molecules with four or more carbon atoms and
a carboxylic (-COOH) group. Fatty acids are the main component of vegetable oil and
derivative fat. They are categorized either as saturated (without double bond) or as
unsaturated ones (with one or more double bonds in the hydrocarbon chain). Natural
fatty acids can be obtained from dietary plants such as palm kemnel, sunflower seed,
rape seed, linseed, sesame, and soy beans. They can also be obtained from animal
products such as dairy fat, butter, milk and animal fats. Moreover, fatty acids could be
extracted from organic wastes from wood and crop. The difference in the number of
carbon atoms gives rise to distinguishable physical properties of different fatty acids as

shown in Table 2.1.

Table 2.1 Saturated fatty acid and their physical properties [7]

Chain Systematic Trivial Acid Methyl ester

length Name name | m.p/°C | b.p./°C | m.p./°C | b.p./ °C
1 Methanoic Formic 8.4 101 - 32
2 Ethanoic Acetic 16.6 118 - 57
3 Propanoic Propionic -20.8 141 - 80
4 Butanoic Butyric -5.3 164 - 103
5 Pentanoic Valeric -34.5 186 -80.7 127
6 Hexanoic Caproic -3.2 206 -69.6 151
7 Heptanoic Enanthic -7.5 223 -55.7 174
8 Octanoic Caprylic 16.5 240 -36.7 195
9 Nonanoic Pelargonic 12.5 256 -34.3 214
10 Decanoic Capric 31.6 271 -12.8 228
11 Hendecanoic - 29.3 284 -11.3 250
12 Dodecanoic Lauric 44.8 130 5.1 262
13 Tridecanoic - 41.8 140 5.8 -




Table 2.1{continued) Saturated fatty acid and their physical properties

Chain Systematic Trivial Acid Methyl ester

length Name name | m.p/°C | b.p/°C | m.p./ °C | b.p./ °C
14 Tetradecanoic Myristic 544 149 19.1 114
15 Pentadecanoic - 52.5 158 19.1 127
16 Hexadecanoic | Palmitic 62.9 167 30.7 136
17 Heptadecanoic | Margenic 61.3 175 297 148
18 Octadecanoic Stearic 70.1 184 37.8 156
19 Nonadecanoic - 69.4 - 38.5 191
20 Eicosanoic Arachidic 76.1 204 46.4 188
2] Heneicosanoic - 15.2 - - 207
22 Docosanoic Behenic 80.0 - 51.8 206
23 Trocosanoic - 79.6 - 59.3 -
24 Tetracosanoic | Lignoceric 84.2 - 574 222
25 Pentacosanoic 2 83.5 - 59.5 -
26 Hexacosanoic Cerotic 87.8 - 63.5 237
27 Heptacosanoic : 87.6 - 64.6 -
28 Octacosanoic | Montanic 90.9 = 67.5 -
29 Nonacosanoic - 90.4 - 68.8 -
30 Triacontanoic Melissic 93.6 - 71.5 -

Considering a wide variety of uses of fatty acids, the separation and isolation of
fatty acids are extremely important. Since the distillation depends on differences in
the boiling point, the chain length is more important than degree of unsaturation. It is
possible to fractionate a mixture of fatty acids with different numbers of carbon atoms.
In addition, steam distillation can provide the fatty acids as short as C6, but usually in
the range C7-C12 [8]. The characteristics and applications of two types of carboxylic

acids used as a model compound in this study, acetic acid and heptancic acid, will be

described below.




2.1.1 Acetic acid

Acetic acid {Figure 2.1), known as ethanoic acid, is the chemical that is
responsible for the characteristic odor of vinegar. Acetates (salts of acetic acid) are
common constituents of animal and plant tissues, and are formed during the
metabolism of food substances [9]. Typical concentrations of acetic acid occurring
naturally in foods are 700 to 1,200 meg/kg in wines, up to 860 mg/kg in aged cheeses,
and 2.8 meg/kg in fresh orange juice [10]. Acetic acid was first isolated by the distillation
of vinegar, and was industriatly used in textile industries such as cellulose acetate (for
the production of films and textiles). Acetic acid is also used in the preparation of

pharmaceuticals such as aspirin [11].
O

Wi

Figure 2.1 Molecular structure of acetic acid

2.1.2 Heptanoic acid

Heptanoic acid (Figure 2.2), also called enanthic acid, is the acid with seven
carbon atoms. It is the oily liquid with unpleasant, rancid odar. It contributes to the
odor of some rancid oils. Heptanoic acid is slightly soluble in water, but very soluble
in ethanol and ether, and has been naturally found in oily seed [12]. Alternatively,
heptanoic acid can be derived from the methyl ester of ricinoleic acid (which is a
constituent of caster bean oil) from a process comprising of hydrolyzation and
oxidation [13]. The bio-transformation of ricinoleic acid has also been studied by a
multi-step enzymatic activation [14]. Heptanoic has been employed as a model
chemical in the ketonization study over oxides of Mn, Ce and Zr depositing on supports
such as alumina, silica or titania [15]. It has been used as a building block for the
synthesis of an industrial lubricant, flavor, fragrance for cosmetics, and cigarette
additive. Additionally, the salts of heptanoic acid (i.e., heptanoates) are a corrosion

inhibitor, and are a representative precursor for drugs such as esterify steroid [16].

O
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Figure 2.2 Molecular structure of heptanoic acid




2.2 Chemical reaction of fatty acids

2.2.1 Reaction associated with double bonds of fatty acid
2.2.1.1 Hydrogenation

Hydrogenation of fatty acid is the addition of molecular hydrogen to
eliminate a double bond, thereby saturating the acids (Figure 2.3). As full hydrogenation
produced exclusively saturated fatty acids which are too waxy to be used in food
production, the partial hydrogenation is preferable. The hydrogenation process has a
side reaction, such as the double bond isomerization at about 180 to 270 °C. The
widely-used catalyst is nickel supported on inert material [17]. The hydrogenation of
fatty acids finds some use in the production of magarine. In other applications,
however, it is more useful to limit the hydrogenation, thereby retaining the
unsaturation of the fatty acids. For example, olefins have high heating value than
alkanes when used as fuels. Also, olefins are essential chemicals in the synthesis of

polymers [*8].
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Figure 2.3 Direct hydrogenation of unsaturated fatty acid and the side reaction.

2.2.2 Reaction of carboxyl group of fatty acids
2.2.2.1 Esterification
Esterification refers to the conversion of acids (RCOOH) into esters
(RCOOR) as shown in Figure 2.4 and 2.5. The esters can be used as alternative fuels,
i.e., the biodiesel from the transesterfication of triglycerides with alcohols [19]. Fatty
acid methyl esters (also known as FAMEs) are generally referred to as the first
generation of the biodiesel [20]. Some physical characteristics of the methyl esters of

fatty acids are shown in Table 2.1.
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Figure 2.4 Acid-catalyzed esterification [Adapted from 21]
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Figure 2.5 Base-catalyzed esterification [Adapted from 22]. The letter B stands for
the basic site.

The reaction is catalyzed either by acid catalysts such as H-ZSM5 and
amberlyst, or basic catalysts such as aqueous NaOH or MgO [23]. However, the use of
homogeneous basic catalysts generates a large amount of liquid waste. On the other
hand, the use of some heterogeneous basic catalysts gives rise to the saponification
of the acids, thereby producing soap. Sapenification is due to the presence of a high
amount of free fatty acid (FFA) in large excess. Therefore, alternative catalysts with

high reactivity but limited production of the undesirable soap are sought [24].

2.2.2.2 Ketonization
Ketonization is a bimolecular reaction where organic acids couple
together forming a ketone as shown in Figure 2.6. The reaction enthalpy for the
conversion of acetic acid to acetone of 4.4 kcal/ (mol of acetic acid) has been reported.
Such transformation is catalyzed by several oxides such as BaCOs, MgQ, ThQ,, UO;,
CdO, ZnO, NIiO, Bi;0s, and SnO; catalysts. Several ketonization mechanisms have been
proposed [25]:

() An acid anhydride intermediate loses CO, to produce ketone. This
mechanism is used to explain the production of cyclic ketones from dicarboxylic
acids.

(i A beta-keto acid intermediate formed from two monodentate

carboxylates via a-hydrogen abstraction.



(iii) A concerted mechanism involving two monodentate carboxylates. It
has been claimed that this mechanism is restricted to ketonization of aromatic acids
only.

(iv) An intermediate formed from two adsorbed molecules of carboxylic
acid. Isotopic labeling studies showed that molecular acetic acid adsorbed on the
surface is not directly involved in ketonization.

(v} A ketene intermediate that reacts with a carboxylate to produce
ketone.

(vi) A bimolecular coupling of two carboxylates bound to the same

cation.

Q o)

2)-‘\ g L )J\ + o +  HO
OH E 2

Figure 2.6 Decarboxylative ketonization of acetic acid to acetone

2.2.2.3 Deoxygenation

Deoxygenation is a chemical reaction that removes oxygen atoms
from starting molecules. Deoxygenation can be divided into decarboxylation {figure
2.7a) and decarbonylation (figure 2.7b). Decarboxylation yields CO,, water and alkanes,
whereas decarbonylation yields CO, water and alkenes. Therefore, the decarbonylation
of fatty acid is capable of producing long chain olefins, given that hydrogen
transfer/hydrogenation of the formed long chain olefins is limited. Both deoxygenation
and decabonylation are thermodynamically favorable above 300 °C [26]. The
decarboxylation of carboxylic acids to the corresponding hydrocarbons in the gas
phase over heterogeneous metal catalysts has been known for many years [27]. It has
been simply used in the production of liquid fuel from free fatty acid. The mechanism
of deoxygenation of small organic acids over metal catalysts has been described based
on the strength of the metal-oxygen bond [28]. Moreover, partially- reducible metal
oxides such as SnO; and TiO; which produce oxygen vacancy sites have been reported

as active catalysts in this reaction, usually in combination with noble metals [29].
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Figure 2.7 Hydrocarbon production from fatty acid via (a) decarboxylation, and
{b) decarbonylation,

2.3 Long chain olefins

Olefins are hydrocarbons having one or more unsaturation. The smallest example
is ethylene, which can be produced from the thermal cracking of naptha or natural gas
[30]. Ethylene can be further oligomerized into long chain o-olefins, or reacts with
another olefin to form longer chain olefins via metathesis by organometallic catalyst
[31]. The term “linear o-olefins” are olefins that has a double bond at the terminal
position, in contrast to internal olefins where the double bond is not at the terminal
position [32]. Long chain olefins have been employed in various chemical industries,
especially in a polymer field. Some examples on the use of long chain olefins are

shown in Table 2.2.
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Table 2.2 The use of long chain olefins in industrial application [33].

Long chain olefins in " Precursor in the production of linear aldehyde
range of Cq4-Cg ® Manufacturing of linear alcohol for plasticizer
®  Production of short chain carboxylic acid
" Synthesis of poly a-olefins used as synthetic
lubricant
®  Use as surfactant in a blend with the others long

chain olefins

Long chain olefins in ®  Production of linear alkyl benzene surfactant
range of Cig-Cyq B Use as the drilling fluid base stock to replace
diesel or kerosene
Long chain olefins in ®  Hydrophobes in oil-soluble surfactant
range of Ci5-Cig ®  Lubricating fluids

B Synthetic drilling fluids
®  Production of maleic acid for paper sizing

chemicals
Long chain olefins in ®  Chemical feedstock for heavy linear alkyl benzene
range of Cap-Cag ®  Chemical feedstock for low molecular weight
polymer

As long chain olefins are normally derived from petroleum, oil or natural gas, all
of them are depleting, the production of long chain olefins by alternative,
environmentally-friendly approach is being investigated [34, 35, 36, 37, 38 and 39].
Fatty acids which are abundantly found in various types of renewable feedstock are
being considered as a promising candidate for the production of long chain olefins.
This thesis will explore the use of TiO; (titania) and titanate- based materials as the
catalyst for the transformation of fatty acids into long chain olefins. Some backgrounds

of these materials are described below.

2.4 Titania (TiOy)

TiOz is one of the most studied metal oxides for the deoxygenation of carboxylic
acids [40]. An oxygen vacancy site is generally described as the active sites. Such a
vacancy on the surface can be generated via UV-irradiation, annealing, calcination,

particle bombardment, or the reaction of the solid with reducing gas such as hydrogen
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[41]. The presence of an oxygen vacancy site might also induce the reduction of the
metal atoms into a lower oxidation number, i.e., a Ti** defect in TiO..

The catalytic activity of TiO; is dependent on the nature and the composition of
the surface defect sites [42]. Consider the formation of an oxygen vacancy and Ti**
defects by the treatment of TiO, with H; gas as an example [43]. Initially, hydrogen gas
was adsorbed on the surface of TiO; at high temperature. An electron from hydrogen
atom was then transferred to the lattice oxysen of TiO,. Secondly, the lattice oxygen
reacts with hydrogen gas, forming water molecules. Water molecules desorbs form the
surface, resulting in an oxygen vacancy site. Finally, the electron remaining there at
the oxygen vacancy site could transfer to an adjacent Ti*, thereby forming the Ti**
defect. Besides TiO,, other metal oxides well known to contain an oxygen vacancy site
include CeQ, [44], which has also been studied in the deoxygenation and ketonization
of various fatty acids [45].

The commonly found polymorphs of TiO, are those having anatase, rutile, and to
a lesser extent brqokite structure, The crystal structure of anatase and rutile is shown
in Figure 2.8a and 2.8b respectively. Anatase is the most unstable TiO, crystal [46]. It
crystallizes in the tetragonat system with TiOg octahedra linked via the edges, producing
relatively dense structure. The rutile phase of TiOy is the high stability polymorph at
all ranges of temperature. This phase crystallizes in a body-centered tetragonal unit
cell [47]). The structure is built from infinite columns of edge sharing TiOg octahedra,
where each edge-shared oxysen is corner-shared with an adjacent infinite chain.

The mixture of these two phases, known commercially as P25, has been widely
studied and employed as catalysts. P25 is produced by the Aerosil process, involving
flame hydrolysis where the titanium source was introduced into a burner with dry air
and hydrogen gas [48]. The well-dispersed particles in combination with the presence
of two phases with similar size [49] results in the synergistic effect boosting the catalytic
activity in several reactions. The superior catalytic activity has also been attributed to
a relatively high surface area [50] P25 TiO; has found numerous applications in
photodegradation of pollutants [51], or as the starting material for the synthesis of

other titanium-containing materials [52].
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Figure 2.8 The crystal structure of (a) anatase and (b) rutile phase TiO; [53].

The activity of TiO; in the ketonization of acetic acid has been reported [54].
It is a relatively inexpensive and non-toxic solid. However, the presence of only Ti and
O atoms limits the range of available crystal structure and. the associated surface
chemistry. It is interesting to investigate the formation of an oxygen vacancy on a solid
consisting of titanium and oxygen possessing a moare complex crystal structure, as will

be described in Section 2.6.

2.5 Titanate-based materials
2.5.1 Alkali-titanate A;O-nTiO;

Alkali-titanate of the general formula AO:nTiO, can be considered as an
oxide constructed from two components, the alkali metal part and the titanate part.
The latter has a negative charge. Therefore, the suffix “-ate” to the name in contrast
to titanium dioxide TiO; where the skeleton is-neutral. In alkali-titanate, the rigid TiOg
octahedra are linked together in different ways, depending on the number n. This
thesis considers the case where-n = 3 giving sodium trititanate Na,TisO7, n = 4 giving
potassium tetratitanate K;TisOy, and n = 6 giving alkali hexatitanate A;TisO13 (A = Li, Na
and K). The n = 3 and 4 have a layered structure, whereas the n = 6 has the tunneled
structure [55].

The structure of the Na;TisO; is shown in Figure 2.9a. This material
crystalizes in a monoclinic unit cell consisting of three edge-share TiOs units held
together forming a layer (also called a ribbon). Each layer is linked with another layer
via the edge, resulting in a “step 3 layer” structure. KTisOo has similar structure, but
having four TiOs linked together forming a layer, and one layer is linked with another

layered via the corner. In this layered structure, the alkali metal cations reside at the
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interlayer space, preserving charge neutrality [56]. This skeleton arrangement is also a
basis for other titanate- based nanostructures such as nanowire [ 571, nanotube [58],
nanoribbon [59], or for different morphologies including whiskers [60], spheres [61] and

rods [62].
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Figure 2.9 Skeletal structure of (a) NasTisO7 and (b) NayTigO1s. The dots represent
alkali metal cations, and the squares the TiO4 octahedral unit [6].

The structure of AzTisO13 can be described based on the “step 3” layered
structure, as shown in Figure 2.9b. One can consider that the 3-octahedra long ribbon
in the trititanate migrates close to each other and condense at the edge [63]. As a
result, the interlayer space is lost, and the structure now possesses the “tunnel”
instead of the layer. The alkali metal cations A (A = Li, Na, and K) reside in the tunnel,
although their exact locations and their geometry are dependent on the type of the
cations. Both layered (Na;TisO+, KoTisOg) and tunneled titanates (M;TigO1s) are known
to undergo ion exchange, therefore finding uses in Li-on battery [64], or in the
treatment of radioactive cations (65]. They are also studied in the hydrogen production

via the photocatalytic splitting of water [66].

2.5.2 Reducibility vs Basicity in Alkali Titanates

The active site for the ketonization of acids over TiO; is proposed to be an
oxygen vacancy, as discussed previously in Section 2.2. Alkali titanates possess a crystal
structure which is less dense than that of TiO,. The spaces are inside the tunnel (for
A;TigO43) . The more open structure might exhibit different reactivity toward the
formation of an oxygen vacancy site, which has remained unexplored so far.

In addition to the oxygen vacancy site, there are also basic sites on the
surface of TiO; and on titanates. Basicity in titania is well documented [67]. Generally,

basic sites on the surface are described to the O surface species having different
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coordination numbers, depending on the location whether it be on the faces, edges,
or terraces of the crystals. The 0% moiety can be either originally existed, or is formed
by the surface hydroxylation (via atmospheric moisture) and surface dehydroxylation
(via calcination). The basic sites are known to be active for various kinds of reactions
including deoxygenation [68] and aldol condensation [69]. Aldol condensation
exothermically generates a C-C bond from two starting molecules. It is essential in the
removal of polynuclear bio-mass derived. In this thesis, it is necessary to quantitate
the contribution of basic sites toward the deoxygenation activity, the latter is generally
catalyzed by an oxygen vacancy site. The extent to which a basic site involves in the
deoxygenation could be appreciated by studying the basic- catalyzed aldol
condensation of acetone, in comparison to the oxygen-vacancy-catalyzed ketonization
of acetone. Besides, the differences in the catalytic activity of an oxygen vacancy site
and a basic site in catalysts with related yet different crystal structures may be
anticipated. For example, alkali titanates A,0-nTiO, with different n might be able to
donate/accept electrons to a different extent. This issue will also be addressed in this

work.

2.6 Literature reviews

Glinski et al. [70] have conducted experiments screening 32 metal oxides
depositing on surface inorganic support, regarding their catalytic activity in catalytic
ketonization of propanoic acid. The metal oxides were divided into three groups
according to the reactivity. The most effective ones are the oxides of Mn, Zr, Ce, Th
and U. It has been suggested that their reducibility promotes the catalytic ketonization.

Eduardo et al. [71] has studied the use of Ni-Al layered double hydroxide as a
catalyst for the conversion of fatty acids and triglycerides to fuel-like hydrocarbons. It
was found that the catalytic activity depended on hydrogen partial pressure, and the
specific surface area of the catalysts. The formation of strong basic site during the
regeneration step favored the deoxygenation.

Chaline et al. [72] studied the deoxygenation of soybean oil over palladium
metal supported on clays. The testing was performed in batch mode using Pd metal
supported on pillared Brazillian Montmorillonite as a catalyst, at 30 bar of hydrogen.
A 74.5% conversion of soybean oil was obtained at the reaction time of 6 h. The

selectivity to n-alkane and iso-alkane was about 69 and 29% respectively.
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Jae et al. [73] investigated the use of ceria-based catalysts for the deoxy-
genation of oleic acid. It was found that Ceg ¢Zrg 4O, exhibited the highest oleic acid
conversion and high selectivity to C9-C17 hydrocarbons at the reaction temperature
of 300 °C. The high activity/selectivity of Ceg¢Zty.402 catalyst was correlated to its
reducibility, oxygen storage capacity, and crystallite size.

The production of long chain, linear olefins from the decarboxylation of
palmitic acid has been recently reported by Dararat et al. [74] over ceria- based
catalysts. The effect of surface oxygen vacancy site on the catalytic activity and the
product selectivity have been demonstrated. C31 ketone can be generated from the
keteonization of palmitic acid (C16 acid). Additionally, these catalysts can reduce
palmitic acid over the vacancy sites to C16 aldehyde. The latter subsequently
underwent hydrogenation to saturated hydrocarbons.

The use of lepidocrocite titanate Ko sZng 4Tii. ¢Os as a catalyst for the
deoxygenation of palmitic acid has been recently reported by Limsakul et al. [75]. It
was proposed that palmitic acid can be deoxygenated into C13-C17 hydrocarbons over
the basic sites, very likely via the ketonization of the acids into C31 ketone. However,
neither the basicity nor reducibility of the catalyst has been reported.

The reducibility of TiO, and the generation of an oxygen vacancy site or Ti**
defect is well documented. Tu et al. [76] has reported the reaction kinetics and
mechanisms in the ketonization of aliphatic carboxylic acids over Ru/TiO, catalyst.
While Ru itself is inactive for the ketonization of carboxylic acids, it reinforces the
reduction of titanium{IV) oxide to Ti** species which provides the active site. A
bimolecular reaction between carboxylic acids (adsorbed in a bidentate-bridging mode)
which proceeds through the beta-ketoacid intermediate is proposed.

There are a few works on the reducibility and the formation of an oxygen
vacancy sites in layered/tunneled titantes besides those on the more frequently found
anatase or rutile TiO,. Jinmeng et al. [77] reported that Pt/K;TigO13 nanowire can be
easily reduced, owing to the strong metal support interaction (SMSI) which increase
the coverage by H; spillover. However, the reducibility of K;TisO13 without Pt has not

been mentioned.
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Szilvia et al. [6] has investigated the thermal stability of Na,TisO7 and NazTigO1s.
The tunneled titanate Na,TisO13 has a higher thermal stability, compared to the layered
titanate NazTizO7. It was found that Na;Ti;O; transformed into Na,TisO;3 at above 600
*C

Jing et al. [78] has studied the low temperature synthesis of K;TigO:3. The use
of KNO; (instead of the more commonly used K,COs) and the active P25 TiO, (instead
of anatase TiO,) is effective in lowering the synthesis temperature. Moreover, the room
temperature photoluminescence was observed and gave a supporting evidence on the

presence of an oxygen vacancy sites (or other crystal defects) in this material.

077361



3.1 Reagents

CHAPTER 3

Experimental

Details on the reagents used in this thesis are summarized in Table 3.1.

Table 3.1 A list of reagents

Chemical Grade of purity Manufacturer
Acetone = 99.80 % CARLO ERBA
Acetic acid 99.70 % J.T. Baker
Heptanoic acid 99.50 % ALDRICH
p-Xylene = 99.00 % CARLO ERBA
P25 titanium dioxide = 99.50 % Aerosil
Anatase titanium dioxide > 99.80 % CARLO ERBA
Potassium nitrate > 99.50 % CARLO ERBA
Sodium carbonate anhydrous = 99.70 % CARLO ERBA
Lithium nitrate = 98.00 % Labochemie
Cobalt(ll) nitrate hexahydrate = 99.80 % Rankem
Sodium metatitanate NazTisO7 99.00 % ALDRICH
Carbon dioxide gas 99.99 % PRAXAIR
Air zero das 99.99 % PRAXAIR
Nitrogen gas 99.99 % PRAXAIR
Hydrogen gas - 99.99 % PRAXAIR
Hydrogen in Argon gas 10 % PRAXAIR
Helium gas 99.99 % PRAXAIR

3.2 Apparatuses

1. Alumina crucible
Agate mortar
Glass bead

Glass tube

Glass syringe, SGE Analytical Science

2
3
4. Glass wool
5
6
7

GC needle, SGE Analytical Science
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8. Graduate pipette and red bulb

9. Hot air oven, UM500, Memmert

10. Mass flow controller, GFC-1105, Dwyer

11. Mass flow controller, GFC17, AALBORG

12. Box furnace, Controller P 320, Nabertherm

13. Laboratory classware

14. Protector laboratory hood, Science Technology

15. Quartz wool

16. Quartz tube

17. Syringe pump, KDS-100, KD-scientific

18. Tube furnace, VCTF4, Vecstar

19. Powder X-ray diffractometer, a DMAX2200 Ultima+, Rigaku

20. Surface area and pore size analyzer, Autosorb-1, Quantachrome

21. Thermogravimetric analyzer, Pyris, Perkin Elmer

22. Scanning electron microscope, EVO®MA10, ZEISS

23. X-ray photoelectron spectrophotometer, AXIS ULTRA, KRATOS
ANALYTICAL

24. Wavelength dispersive X-ray fluorescence spectrophotometer, Bruker,
Tiger

25. Raman spectrophotometer, DXR Smart Raman, Thermoscientific

26. Thermal conductivity detector, TCD2-c, Valco Instrument

27. Gas chromatography, Varian 3800

28. Gas chromatography, Hewlett Packard 6890

3.3 Preparation and characterization of catalysts

3.3.1 Synthesis of titanate-based catalysts

Prior to the synthesis, alkali metal carbonates/ nitrates were dried at least
overnight at 120 °C prior to use. Other chemicals were used as received.

The NagTigOms, KzTigO1s and KpTigOy catalysts were synthesized via a
conventional solid-state synthesis. For Na,TisO13 [79], a stoichiometric amount of
NazCOsz was mixed with anatase TiO,. The mixture was ground manually in a mortar
for 20 min, followed by a calcination in a muffle furnace at 800 °C for 20 h. The

synthesis of K;TisOy [80] can be done similarly, but replacing Na,COs by K:COs. For
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KzTisO13 [81], a stoichiometric mixture of KNOs and P25-TiO, was used, followed by a
calcination at 700 °C for 10 h. Li;TigO:3 was synthesized by the ion-exchange of
NazTisO13 with LINOs molten salt. Na;TisO13 and LINOs (100% excess) was mixed and
consecutively grinded in an agate mortar for 20 min and pelletized, followed by a
calcination at 350 °C for 7 days at heating rate 10 °C/min and washing with Deionized
water [82]. All samples were naturally cooled down to room temperature after the
heating was completed. The sodium trititanate NasTisO7 is a commerdial product of

Aldrich, All samples were kept in a desiccator.

3.3.2 Preparation of 1% Co/KzTigO1s
An amount of 0.0163 g of Co(NO3) ,+6H,0 was dissolved in 20 mL deionized
water to make a solution with a concentration of 0.8 mol-L™. K;TigOq5 (5 g) which acts
as the support was impregnated by this solution of Co®* (20 mL) via a sprayed-
impregnation method. The amount of Co corresponds to a 1% by weight loading of
cobalt on K;TisO13. After that, the wet solid was isothermally heated at 60 °C overnight.
The dried solid was subsequently calcined at 450 °C for 10 h with the heating rate of

5 °C/min in a tube furnace at atmospheric pressure.

3.3.3 Powder X-ray diffraction
The data on phase identification, including the determination of unit cell
parameters and the crystallite size can be obtained by Powder X-ray diffraction (PXRD).
The PXRD patterns were recorded on a DMAX2200 Ultima+ (Rigaku) diffractometer

using CuKa radiation. The 2o covered was 5-100° with a scan step of 5° min™.,

3.3.4 Chemical analysis
The chemical composition of a catalyst was analyzed by a wavelength-
dispersive X- ray fluorescence spectrophotometer { WD- XRF) , Bruker, Tiger.
Approximately 0.5 g of a catalyst was mixed with 4.5 g of boric acid. The mixture was
then manually grinded, and was compressed into a pellet. The data was recorded by
CuKa x-ray source and quantitative calculated by Theoretical formulas, “fundamental

parameter calculations”.
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3.3.5 Surface area measurement and pore size distribution

Specific surface area of a catalyst was measured on an Autosorb- 1
(Quantachrome). Each sample (weighed approximately 0.1 g) was degassed at 300 °C
for 12 hours prior to analysis. After that, nitrogen gas was adsorbed on the surface of
the sample at -60 °C. The adsorbate pressure was fixed at 1 torr, the equilibration time
at each point at 3 min, the scaled tolerances were set at zero. The surface area was
analyzed employing BET equation [89]. The BJH pore size distribution was next
calculated [901.

3.3.6 Thermal stability
The thermal stability of a catalyst was measured by a thermogravimetric
analyzer (Pyris). The sample was manually grinded in a mortar to homogeneous fine
particles. Then, approximately 10 mg was put into a platinum pan. The measurement
was conducted in 20 mL/min of nitrogen atmosphere, from 30 to 900 °C with heating
rate of 5 °C/min. The mass of the sample as the function of temperature was recorded

by the instrument.

3.3.7 Morphology
The catalyst powder was dispersed in acetone by ultrasonication. A small
amount of the suspended powder in the liquid was dropped on a glass slide. Afterward,
the stub with carbon tape was pressed on those dispersed particles which have been
previously deposited on a glass slide. The powder on the stub was coated with Au by
ion- sputtering before being imaged by an electron microscope {SEM, ZEISS) at the
magnification of 20,000 and 60,000x.

3.3.8 Temperature-programmed reduction
The amount/strength of oxygen vacancy sites can be determined by a
temperature- programmed reduction by H; gas (H,-TPR). The measurement was
performed in a quartz tube connected with a thermal conductivity detector (VICI). Prior
to an analysis, the sample (0.1 g approximately) was activated in air (flow rate of 30
mL min™) from room temperature to 500 °C at a heating rate 10 °C min™, fotlowed by
an isothermal treatment at 500 °C for 2 h. Subsequently, the system was naturally

cooled down in the atmosphere of nitrogen gas (flow rate of 30 mL min™!) to room
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temperature. Then, the temperature reduction profile was recorded using 10% H; in
Ar at the heating rate 5 °C min’!, from 50 to 900 °C. The TCD signal was calibrated
employing a known mass of CuO as a standard, considering that CuO is reduced
stoichiometrically and completely to Cu and HzO. The reduction profile of CuQ and
the calculation of the hydrogen consumption can be found in Appendix A. The amount
of oxygen vacancy sites is expressed as mmol of Hy consumed per mass of a catalyst

{mmol Hx/g).

3.3.9 Temperature-programmed desorption of CO,

The basic functionality of a catalyst can be quantified with temperature-
programmed desorption of CO, (CO, TPD). Approximately 0.2 ¢ of the sample was
activated inside a reactor by a procedure similar to that described in Section 3.3.9. The
CO; adsorption was conducted at room temperature for a total of 60 min. After that,
excess CO, was flushed away from the surface by helium gas (flow rate 30 mL/h} for
an hour. The desorption profile was recorded from the temperature of 30 to 600 °C,
with a heating rate 5 °C min™'. The TCD signal was calibrated employing a known mass
of MgO as a standard. The CO, desorption profile from MgO and the calculation of
basicity can be found in Appendix A. The basicity is expressed as mmol of CO,

desorbed per mass of a catalyst (mmol CO./g).

3.3.10 X-ray photoelectron spectroscopy

The sample was pelletized and pressed onto a stub with a carbon tape.
The measurement was done by an X-ray photoelectron spectrophotometer, AXIS
ULTRA, KRATOS ANALYTICAL with monochromatic Al X-ray. The sample was placed in
a chamber, and the internal pressure was decreased down to 1x10°® torr. After that,
the temperature inside the chamber was naturally increased to 500°C which is the
reduction temperature obtained from TPR measurement (Section 3.3.9). H» gas (1 bar)
was fed into the chamber for 2 h, followed by the collection of the spectrum for
qualitative analysis. Next, the sample was naturally cooled down inside the chamber
to below 100°C, and the quantitative spectrum was collected. The correction of the

background due to a carbon substrate was also performed.
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3.4 Catalytic activity testing

At the first step, the ketonization was carried out in a fixed-bed flow reactor
operated at atmospheric pressure. A solution of model chemical, 90% vol/vol acetic
acid in p-xylene, was fed to the reactor by a 10-mL syringe connected to a syringe-
pump (KD Scientific). The contact time (W/F) was set constant at 15 g-h mol™’. Prior to
the testing, the samples were activated from room temperature to 500 °C (heating rate
10 °C min™') followed by an isothermal period at 500 °C for 2 h under air (flow rate of
40 mL min™). After that, the reduction by H, (flow rate of 30 mL min™) was performed
at a selected temperature (400, 450, 500 and 600 °C) for a total of 2 h. Acetic acid was
then fed to the reactor and the reaction began. The liquid products were collected by
a water-ice trap (at 10-15 °C approximately) every 60 min for a total time on stream
(TOS) of 360 min. The liquid products were quantitatively analyzed by a gas
chromatograph (Varians 3800) equipped with a DB-wax column (30mx0.53 mm) and a
flame ionization detector (FID). p-Xylene was employed as an internal standard.

For aldol condensation, the catalytic testing was performed similarly. The
commercial MgO was used as a reference catalyst. As the products from this reaction
have lower boiling point than those from ketonization, the liquid nitrogen trap was
employed.

The deoxygenation of heptanoic acid (10%vol/vol in p-xylene) was performed
by the procedure similar to the ketonization of acetic acid. The exception is that the
W/F was varied in the range 100-250 g-h mol™. The liquid products were analyzed on
an HP gas chromatograph (HP) equipped with a DB-1 column (30mx0.32 mm).

The catalytic system for those three systems was schematically shown in Figure

3.0.
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CHAPTER 4

Results and Discussions

4.1 Characterization of catalysts

4.1.1 Powder X-ray diffraction pattern, PXRD
AWl synthesized materials are white opaque powders. The PXRD patterns
were recorded and the phase of each product confirmed by the comparison with

JCPDS databases and/or the literatures. XRD spectra of alkali all hexatitanates are

shown in Figure 4.1.
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Figure 4.1 X-ray diffraction pattern of a) KiTigO13, b) 1% wt Co/K,TigOy3, ©) 1% wt
Pt/KzTi5013, d) NazTi6013 and E) LizTi5013
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Taking potassium hexatitanate (K;TiO13, Figure 4.1a) as an example, the
strongest peak is at 20 = 11.899, or d = 0.7431 nm, in agreement with the literature
[6]. This peak is the reflection from the (200) plane, equivalent to the shortest distance
between the tunnels (Figure 2.3). There is no crystalline impurity phase found. Sodium
hexatitanate (Na,TisO13) can be similarly synthesized, Figure 4.1d. The higher peak
intensity of the sodium-form indicates its higher crystallinity compared to the K-form,
likely due to the use of higher temperature in the synthesis (i.e., 800 °C for Na,TigO1s
vs 700 °C for K;TigO13). The strongest peak for NayTigO1sis at 26 = 11.460, or d = 0.7715
nm, in agreement with the literature [83]. Because the large size K* will require more
space at the tunnel than the small size Na®, the (200) spacing increases in this order.

Similarly, LioTigO13 can be synthesized from the ion exchange of Na;TigOy3
with molten LINO;. The (200) plane of Li;TiO13 was slightly shifted to lower angle (26
= 11.412, or d = 0.7702 nm, Figure 4. 1e), indicating the expansion of the distance
between the tunnel despite the smaller ionic radius of Li* compared to Na*. However,
this finding is in agreement with the literature [84], and can be explained considering
the different exact positions of Li* vs Na'. The accommodation of small Li* results in
the repulsion between three edge-shared, which subsequently results in the distortion
of the framework and the relatively larger unit cell. The crystallinity of Li;TisOy5 was,
however, lower than the precursor (Na;TisO13). The crystallite site was determined by
applying the Scherrer equation to the (200) peak. The values obtained are 27.46 nm
for KTigO13 and 38.22 nm for Na,TigOis. This finding is in agreement with a general
expectation that smaller crystallites are obtained at lower reaction termperature and
vice versa.

XRD of 1% Co and Pt/KTigOz (Figure 4.1b and 4.1c) show the base
diffraction of K.TigOs3 as the same metal-free support. The Co impregnated sample
has the small diffraction peak of Cos0q at 26 = 36.978 and 65.488 while the Pt one
does not show any diffraction of Pt species. The disappearance of this peak does not
mean no platinum, but in a small particle {e.g. higher dispersion of Pt). The crystallite
size of the supports of metal-loaded catalysts from the (200) peak are not changed
significantly (49.00 and 31.02 nm for 1% wt Co and 1% wt Pt/K;TisOy3 respectively).

The PXRD patterns of Na;TisO; and K;TisOs are also shown in Figure 4.2b

and 4.2e respectively.
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Figure 4.2 X-ray diffraction pattern of a) Commercial Na,Ti;:07, b) NasTisOy,
c) reheated- Na,Tiz07, d) K:TisOs and e) reheated- K, TisQc; label reheated
catalysts mean the catalysts were reheated at 800 °C

The majority of the peaks match well with the reference [85]. The strongest
peak for Na;TisO7 (K;TigQg) is at 28 = 10.05°(10.53°), representing the repeating distance
of 0.8402 nm (0.7926 nm) along the a-direction of the monoclinic symmetry. The unit
cell parameters of Na,TisO; and K;TigOy shown in Table 4.1 are also in reasonable
agreement with those in the literature. The crystallite size of Na,TizO; and K;TizO, are
found to be 43.11 and 41.03 nm respectively from the use of Scherrer equation of the
(200) peak. However, in these two samples, there are impurity peaks as also marked
in Figure 4.2. The impurity phase was assigned to the respective alkali hexatitanate.
The attempt to obtain a single phase K;TiqOy and Na,Ti;O; by re-calcining at 800 °C 10
h was unsuccessful. The PXRD patterns of the reheated Na,TisO; and reheated K;TisO,
(Figure 4.2d and 4. 2f respectively) show that the diffraction peaks of the respective
alkali hexatitanate grow in intensity at the expense of the parental phase. This finding
supports the low thermal stability of the layered titanates, in agreement with the
previous report [6]. The peaks corresponding to the impurity phase(s) are also found
in the commercially available Na,Ti;O7 as shown in Figure 4.2a. From Scherrer equation

of (200) peak, the crystallite size of the commercial Na,TizO7 is 73.02 nm.



28

Table 4.1 Unit cell parameter of the metal titanates prepared in this work.

Sample a (nm) b (nm) ¢ (nm) 8
NazTigO13 1.511(3) 0.3744(4) 0.9138(4) 99.109
KaTisOn3 1.54(2) 0.378(3) 0.920(3) 99.894
LizTigO13 1.562(3) 0.379(3) 0.910(3) 99.893
Commercial NazTizO; 0.858(3) 0.3805(4) 0.912(3) 101.339
NazTisO7 0.8563(4) 0.3803(4) 0.9107(4}) 101.285
Ko TigOy 1.274(3) 0.3820(4} 0.889(3) 104.023

The lattice parameters a, b, ¢ and 8 of the alkali hexatitanate can be
obtained following the indexing in the literature. These values are shown in Table 4.1.
The b- and c-parameter are very close for the three phases, suggesting that the in-
plane structure (along the bc plane) is similar. The change in the a-parameter has

been discussed previously in relation to the position of the (200) peak.



4.1.2 Elemental analysis
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The chemical compositions of some catalysts were determined by XRF.

Table 4.2 Elemental composition of titanate catalysts

Theoretical composition

Experimental composition

Samples (% wt) (% wt)
Pt Co AO* | TiO, Pt Co A0 | TiO»
Na,TigO13 - - 11.43 | 88.57 - - 10.20 | 88.00
KaTigO13 - - 16.42 | 83.59 - - 14.00 | 86.00
LisTigO1s - - 5.28 | 94,13 - - 4.85 | 95.15
1.0% wt Co/KoTigO1a - 1.00 | 16.26 | 82.70 - 1.15 | 16.70 | 81.00
0.1% wt PI/K,Tig0Crz | 0.10 - 16.40 | 83.51 | 0.11 - 13.98 | 85.91
0.5% wt Pt/K;TigO15 | 0.50 - 16.34 | 83.08 | 0.41 - 13.94 | 85.65
1.0% wt Pt/K;TigOq5 | 1.00 - 16.26 | 82.70 | 0.80 - 13.89 | 87.30

* A0 refers to the oxide of the alkali metal, KzO (for KaTigO13), NazO (for Na,TigO13) and
LizO (for LizTigO13). The content of Li,O is deduced from the difference in the Na,O

content before and after the molten ion exchange. The decrease in Na;O content is

assumed as the amount of Li,O.

Results are in agreement with the theoretical composition. From molten Li-

salt exchange of NaTigO1s, the results reveal the 100% successful LizTi¢OCis. The

content of Co which is impregnated to K;TisOss is also in agreement with the expected

loading.
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4.1.3 Surface area and textural properties

The specific surface areas for each catalyst are presented in Table 4.3.

Table 4.3 Surface area of the catalysts

Samples Seer (M%/g)
Anatase TiO, 6
Na,TigO13 9
K2TigO13 21
LisTigO13 16
NaxTizO7
Commercial NasTisO
KzTigOg
1.0% wt Co/K,TigO13 16
0.1% wt Pt/K,TigO13 7
0.5% wt Pt/KyTigOy3 20
1.0% wt Pt/K;TisO43 19

The surface area is in the range 3-21 m%g. Such low values indicate that
only the external surface area of the particles contributes to the N, adsorption. That
is, the materials are essentially dense and non-porous. Some minor adsorption indeed
occurred at the inter- particle voids resulting in the secondary porosity. So, the
respective pore size distributions are not reported here as they do not reflect the true
nature of the catalysts. (The N, adsorption-desorption isotherm for all catalysts can be
found in Appendix E.)

The higher specific surface area of K;TigO13 compared to that of NasTigOxs
and LizTisO13 is as expected, considering the lower crystallinity and smaller crystallite
size in the former, as deduced from XRD measurement. Na,TizO; and K;TisOs has a
similar specific surface area. Commercial and prepared Na,TisO7 show a very close
specific surface area as well.

SEM images of all catalysts are shown in Figure 4.3.
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b) K:TisO13

e) commercial-NasTizOy

g) 1% wt Co/ K;TigO13

'\:\), - - * "
Figure 4,3 SEM images of a) NagTi6013, b) KgTisOlg, C) |_i2Ti6013, d) NazTi30','
e) commercial- Na;TisO7, f) K;TigOg ) 1% wt Co/K,TigO3and h) 1% wt
Pt/K2TisO13. The scale bars represent the length 0.2 um in (d) and (g), and

1 um in others.
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All bulk titanate samples are aggregates composed of rod-like particles. The
length the rod is in the order: 0.18-01.73 pum (Li;TigO13), 0.2-1.5 um (NazTigO13) < 0.2 um
(K2TigO13), 0.5-3.5 um (Na,Tis07) and 0.5-3.5 um (K,TisQs). However, commercial-
Na,TisO; appears as the mixture of plates and rods with the size 0.73x1.73 um and
2.85 um. After metal loading onto K;Ti¢O13 (both 1% wt Co and Pt), the structures are

still remained rod shape with the length closed the metal free K;TigO:s.

4.1.4 Thermal stability

The mass loss curves of all samples are shown in Figure 4.4.
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Figure 4.4 Thermal stability of all titanate-catalysts.

The alkali hexatitanates show the mass loss starting at around 30 °C
(NazTigO13, 0.3%; K;TisQ13,.1.2% and Li; Ti¢O13, 0.4%), ascribed to the loss of physisorbed
water on the surface of a catalyst. The amount of physisorbed water as deduced from
the first mass loss is in the order K;TigO13 > LizTisO13 > NazTigO13, following the trend in
the specific surface area.

The layered titanates Na,TisO7; and K;TigOy show two regions of the mass
loss. NayTisOy lost 0.6% of the mass starting at 30 °C (i.e., physisorbed water), while
K2TigOs lost 1.0% of the mass. At 100 °C or higher, the losing was determined to be
the inter-lamellar water molecules present in the layered Na,TizO7 and KyTisOs. For
NaTizO7, another high temperature loss starting at 500 °C is also observed, ascribed to
the transformation to Na;TigO13 [6]. The transformation of Na,TisO; to Na,TisOys is also

in agreement with XRD results mentioned in Figure 4.2. The relative lower thermal
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stability of the layered titanate limits the activation temperature to be used during
catalytic activity testing. So, all catalysts will be activated in air at 500 °C as will be

mentioned later.

4.1.5 Temperature programmed reduction profile
The TPR profiles of all catalysts are shown in Figure 4.5. The y-axis represents

the signal from the TCD detector normalized by the sample mass.
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Figure 4.5 Temperature programmed reduction profiles of the catalysts studied.

AUl profiles show a broad peak that is ascribed to the reduction of reducible
metal oxide (Ti in this case) via the removal of oxygen atoms. Such reduction generates
oxygen vacancy sites and Ti** surface defects from the original Ti** cations [86]. The
different reducibility of a catalyst can be seen as the difference in the reduction
temperature (i.e., position on the x-axis) and the magnitude of the reduction (i.e., peak
area). These results could be explained considering the different surroundings of
oxygen atoms as present in different crystal structures. Anatase TiO; shows the peak
maximum (7,) at 550 °C, similar to previous report [87].

One can see that the start of the reduction for all alkali metal titanates has
shifted to lower temperature in comparison to anatase. Relevant values are shown in

Table 4.4.
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Table 4.4 Hydrogen consumption of the catalysts studied.

Tonset  Tmaximum Toftset  Hydrogen consumption

Catalysts (°C) QO prmol/g pmol/m?
Anatase TiO, 406 610 834 55 9.3
KzTigO13 131 563 851 1,352 64
NapTigO13 284 553 841 1,200 133
LizTigO13 500 545 650 4.6 0.3
Na,Tiz0O7 426 531 679 2.6 0.5
Commercial NazTisOr 434 543 595 7.6 2.5
Ko TigOq 262 550 761 5.2 8.6

Comparing A;TisO13 having the tunnel structure but with different alkali
metal cations, the onset temperatures are in the order K;TigOy5 (131 °C) < NagTigOia
(284 °C) < LizTigO13 (545 °C). This order parallels the order of the b parameter of the
monoclinic unit cell. It is here proposed that the larger distance between the tunnel
(i.e., b-parameter) results in a weaker attraction between the negatively charged Ti-O
framework and the positively charge alkali metal cations. This situation enables a facile
removal of oxygen atoms in the alkali hexatitanates with relatively large d200.
However, in spite of the fact that Li,;Ti;Oyz has b parameter larger than the Na-form,
the reducibility is weakened. Li* coordinated 4 oxygen atom whereas Na* coordinated
8 oxygen atom, ‘

When comparing the reduction profile of Na,TisO7 vs NasTigO13, one can see
that it is more difficult to reduce the layered titanates compared the tunneled
titanates. This conclusion is deduced from the higher onset temperature in the former.
For example, the onset reduction temperature of NayTisO; is at 426 °C while the onset
reduction temperature of NapTisQOqs is as low as 300 °C. The tunneled structure is
relatively more rigid than the layered structure. Such rigidity would impose the strain
to the Ti-O connectivity of the framework. The large strain serves as the driving force
for a facile removal of oxygen atoms, such that the resulting material has a more
relaxed structure. Similar conclusion can be drawn when comparing the layered KyTigQOy
(Tonset = 262 °C) with the tunneled K;TigO13 (Tonset = 116 °C). In this case, however, a
different number of TiOs making up the ribbon (4 in KzTisOs, but 3 in K;TigO13) makes a

direct comparison difficult.
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The individual hydrogen consumption is also shown in Table 4.4. These
values are compared both on the mass basis and on the area basis. The hydrogen
consumption (or reducibility) based on the mass, i.e., micromole Hy/ g catalyst, is in
the order: K;TigOi3 > NapTigO1s > KpTigOs > Commercial NasTisO7 > NasTisO7 > Anatase
TiOy. Such order is nicely parallel the specific surface area. This finding is due to the
fact that the reduction of a metal oxide requires the adsorption of gaseous H; upon
the surface.

Nevertheless, the hydrogen consumptions based on the surface area for
tunneled titanates (A;TisO13) are roughly 4 times larger than those for the layered
titanates (Na;TisO7 and K;TisOs). The reducibility of TiO, anatase is very low.

This order can be arranged by the b-axis in the crystal or, on the other hand,
lattice strain. High lattice strain generally interrupts the overlap of the orbitat between
Ti and O atom suiting the formation of oxygen vacancy site which is an active site for
the ketonization. The strain is partially originated from the structure and size of
interstitial cations. Comparing KzTigO13 and KzTiaOs (Tunneled vs Layered structure), the
tunnel is more rigid and less flexible than the other, so the relative large K* ion can be
parted the framework away only at their accommodation but the layer can be stretch
out all of the plane. Comparing K;TisO13 and Na;TisO13 (different cation), undoubtedly,
the larger one needed the space than the smaller one,

Even though non-reduced Na;TisO;3 has an activity lower than the Li-form,
but after reduction this trend is clearly inversed. From TPR results the Li-form is hardly
reduced, starting at high temperature, while the Na-form is easily reduced.

Comparing the same structure, the H, consumption {per surface area) is
similar for NazTigO13 and K TisOy3. However, LipTigOys is different, it has the lowest H,
consumption among hexatitanate. This result suggests that the type of atkali cation at
the tunnel plays an insignificant role in the reduction.

XRD of all catalysts after calcination at 500 °C and reduction at 400 °C are

shown in Figure 4.6.
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Figure 4.6 X-ray diffraction pattern of all catalysts studied; reduced catalysts means
the catalysts calcined at 500 °C and reduced 400 °C
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The XRD patterns indicate that the structure has no changed during the
reduction including lattice parameters (a, b and ¢ axis). However, these white dispersed
particles turn grey after reduction assuming the identical character of Ti** coordination
that consistent the TPR profiles.

Figure 4.7 shows TPR profiles of metal impregnated K;TisO;5 (both 1% wt Co
and Pt) and parent supports.
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Figure 4.7 TPR profiles of metal-free and impregnated K;TigQO13

1% wt Co/ K;TisO13 shows the reduction peaks at 280 °C corresponding to
Co®" to Co?" and 310 °C for Co®* to metallic Co. In addition, the reduction of Ti* to
Ti** over the surface of K2TisO13.seems to be easily promoted; the peak shifts to lower
temperature because the interaction of H; with the Co species assist the reduction of
the support. 1% Pt/ K;TigO13 shows two reduction peaks at 154 °C (Pt** to metallic Pt)
and 240 °C (Ti** to Ti**). Titanium species at interface between Pt and K;Ti¢O13 is more
easily reduced, as compared to the Co/K;TisO13 due to the higher support-metal
interaction, so called Strong Metal Support Interaction (SMSI) as will be discussed in

Section 4.2.3 [88].
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The CO.-TPD profiles characterizing the basic properties are depicted in

Figure 4.8.
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Figure 4.8 CO,- Temperature program-
med desorption profiles of
all catalysts studied.

The profiles indicate both of
basic strength ( determined from
adsorption temperature) and basicity
(determined from amount of adsorbed
CO; i.e. the area under the peak). All
catalysts were compared to the strong
basic MgO. Adsorption of CO, over MgO
is relatively high, both of temperature
and - integration of peak area. This
results show that MgO possessed high
basicity and basic strength, while alkali
titanate ' samples. unfortunately has
lower basic - properties. All  of
hexatitanates shows the only one step
desorption similar to anatase TiO,.
While Na,TizO7 exhibits two peaks at 75
°C. The KgTisOy possessed only one
adsorption  at 100 °C.  The low
temperature CO;, adsorption is deduced
as the physisorbed CO, species. As with
TPR, the basicity will be compared
either per mass (pmol CO/ ¢) or per
area (umol CO,/ m?) in Table 4.5.



Table 4.5 Basic site of catalysts studied

Catalysts Tonset  Traximum  Toffset Basicity
(°Q) (°Q) (°C) umol/g pumol/m?

MgO 30 276 834 2,790 -

Anatase TiO; 54.3 120 476 68 23
KoTigOrs 30 128 232 96 0.9
NazTigsO13 30 105 235 39 0.9
Li»TigO13 30 105 309 30 28
Commercial NazTizOy 30 94 118 45 3.0
NazTizO5 30 77 91 241 9.7
KoTigOg 30 124 580 221 7.4

As expected, MgO shows the highest basic properties (2,790 pmol/ ).
Comparing TiO, samples, the basicity is decreased from MeO > KaTisQOy > NasTi:07 >
K2TigO13 > Anatase TiO; > commercial NasTizO7 > NasTigOgz > LisTisO1ia. Furthermore,
the basicity is arranged in an order of; Na* < Li* < K* according to their b-axis and
polarizability. The more polarizable cations would induce electron around oxygen
framework affecting the high electron density except for Li-form which is cation at

different accornmodation.
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4.2 Catalytic characterization

The activity of each catalyst was first screened via (i) the deoxygenation of a
simple model carboxylic acid such as acetic acid and (i) aldol condensation of acetone.
The later (ii) can provide information for basicity of the catalysts. The contribution of
basic sites toward the deoxygenation was proposed in the literature that the hydrogen
abstraction is a proper step on the deoxygenation. The production of long chain olefins
from heptanoic acid would be encountered at next section by the contribution of

these conclusive estimations.
4.2.1 Deoxygenation of acetic acid

The conversion of acetic acid over various catalysts under atmospheric N,

at 400 °C is shown in Figure 4.9.

W non-reduced 400 C-reduged

Conversion (%)

5 s &

Anatase Na2Ti6013 K2TieO13 Li2TieO13 Na2Ti30O7 K2Tid09

TiO2

Figure 4.9 The deoxygenation activity of various catalyst with and without reduction
at 400 °C for 2 h. Reaction conditions: reaction temperature 400 °C,
atmospheric Ny, W/F 15 gh/mol. Results were averaged from 60-360 min

on stream.
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The steady state conversion of acetic acid was obtained over each catalyst
after the TOS of 60 min without obvious deactivation of the catalyst. The results shown
here are the average of the values from 60 to 360 min. In all cases, acetone was the
only product detected. The partial deoxygenation of acetic acid in this case can be
referred to as ketonization. The highest conversion was obtained over K;TigO:3 (6.1%)
followed by Li,TigO13 (5.1%), K;TisOs (4.9%), Na,TigOy3 (4.5%) and NagTisO7 (0.9%).
Anatase TiO, could not convert acetic acid into products under this experimental
condition.

Considering that the conversion of acetic acid under N, gas is rather low, all
catalysts were in situ reduced at 400 °C for 2 h prior to the activity testing under 90
mL/h Hy gas. Similar to the reaction under N; mentioned above, the reaction under H,
here comes to the steady state after 60 min, and results are the averaged from 60 to
360 TOS. Figure 4.9 shows that the pre-reduction enhances the conversion of acetic
acid for all catalysts while acetone is the only product obtained. The conversion of
acetic acid from high to low is in the order: KyTigO3 (33.0%) followed by NasTigO1s
(25.1%), LizTigOs2 (14.3%), K3TiaOs (14.0%) and Na,Ti;0; (4.3%). The order of the activity
is not different from that of non-reduced catalysts. From the TPR experiments show
in Figure 4.5, it can be assumed that oxygen vacancy sites and/or reducible surfaces
are created on the surface of these catalysts upon reduction at 400 °C. The higher
conversion of acetic acid over the reduced catalysts, as compared to the non-reduced
ones, confirms that oxygen vacancy sites and/or reducible surfaces are beneficial in
the ketonization [89].

Figure 4.10 shows that the conversion of acetic acid on both non-reduced
and reduced catalysts is proportional to the specific surface area of the catalyst as

expected.
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Figure 4.10 The conversion of acetic acid over non-reduced catalysts and 400°C-
reduced catalysts versus specific surface area of each catalyst. Reaction
conditions: reaction temperature 400 °C, reduction temperature (when
available) 400 °C, atmospheric N, W/F 15 gh/meol. Results were averaged

from-60-360 min time on stream.

Again, the catalysts reduced at 400 °C give higher acetic acid conversion, as
compared to the non-reduced one. It can be seen that in both reduced and non-
reduced catalysts, the conversion significantly depends on the specific area. As the
surface area is increased, the number oxygen vacancy sites are increased. Accordingly,
it is worth to consider the reducibility of the catalysts by normalization with surface
area as shown in Figure 4.11. The catalyst’s reducibility can be deduced from the area

density of oxygen vacancy.sites in micromole H,/ g catalyst.
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Figure 4.11 The conversion of acetic acid over reduced catalysts vs the oxygen vacancy
sites _density at selected reduction temperauture. All catalysts were
reduced at 400 °C except K;TisO;5 where results with the reduction
temperature of 450 and 500 °C were also shown as indicated. Reaction
conditions: reaction temperature 400.°C, atmospheric Ns, W/F 15 gh/mol,

as averaged from 60-360 min time on stream.

One can see that there is a logarithmic relationship between the conversion
of acetic acid and the oxysen vacancy sites density over various titanate- based
catalysts. Hence, the number of oxygen vacancy sites is importance for the
ketonization of acetic acid over all alkali-titanate catalysts.

It was suggested that oxygen exposed at surface of the catalysts contacts
with the adsorbed hydrogen species that is formed by the dissociative adsorption of
hydrogen gas. Then, hydrogen species can transferelectron to the oxygen lattice of
the catalysts and leaving as water molecule. This step produced single electron in the
vacancy that is subsequently transfer to adjacent Ti'* forming Ti** surface defects. The

formation of this sites can be explained using Scheme 4.1.

2H, 2H,0

oo 0O _0 _0 \/ puy o ,H. o
a+Ti/ \Ti“ \Tim. \Tia+ \Tiﬂ+ _— Ti3+ 3+Ti/ T.3+ 3+Ti/ \Tith-

Scheme 4.1



44

Among the low surface area alkali titanates, K;TigO1z was selected for further
study on the effect of reduction temperature (i.e., 400, 450, and 500 °C) on the catalytic
activity, employing N, as a carrier gas. Note that even the low surface area the K
titanates yields high acetone. Therefore, reduction of the surface would play role for

the observed activity.

-8 conversion

10 ® - Acetone

Conversion and yield (%)

400 420 a40 460 430 500

Reduction temperature (°C)

Figure 4.12 Effect of the reduction temperature of K;TisO13 on the conversion of acetic
acid and the yield of acetone. Reaction conditions: reaction temperature
400 °C, reduction temperature 400, 450, or 500 °C as indicated,
atmospheric Nz Wy F- 15 gh/mol, averaged from 60-360 min time on
stream.

As shown in Figure 4.12, the conversion of acetic acid is increased from
33.4% to 35.1% upon increasing-the reduction temperature from 400 to 450 °C.
However, the reactivity drops to 25.3% upon reduction at 500 °C. The yield of acetone,
follows the same trend, is increased with temperature but decreased upon reduction
at 500 °C. However, the decrease in the conversion and the yield when the reduction
temperature is high, does not relate to the change in the crystal structure or the surface
area. XRD results show that K;TigOs reduced at 500 °C retained the alkali hexatitanate
structure (Section 4.1) and had similar specific surface area, as compared to the value
of 21 m%¢ for the as-made catalyst. It is proposed that the (i) electron transfer from

surface to bulk [90] or (i) oxygen lattice replenishment from bulk to surface [91] of
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Kz2TicO13 is responsible for such decline in activity. In line with this view, Figure 4.13
shows a decrease in Ti** on the external surface of Ko TisO13 catalysts when reduced at

500 °C (XPS spectra of Ti species).

Reduced K;TigQ;3-500 °C

Reduced K;TisO43-400 °C

Intensity (a.u.)

Nonreduced-K;TigO13

454 456 458 460 462 464 466 468

Binding energy (eV)

Figure 4.13 Ti 2p -XPS spectra of K;TigO13 at various reduction temperatures; green

dash line; Ti°* spedies and yellow dash line; Ti** species.

It can be seen that non-reduced K;Ti¢O15 possess only Ti** species on the
surface while Ti** species stand out upon reduction at 400 and 500 °C. The Ti**/Ti**
ratio of the catalyst reduced at 400 °C is higher than that at 500 °C. This finding supports
the lower concentration of the oxygen vacancy sites in the sample reduced at 500 C,
which is also in good agreement with the observed activity. It is indicated that at high
reduction temperature (500 °C), the electron trapped in the surface oxygen vacancy
sites may well be ejected to the bulk, leading to the decrease in surface Ti**. Therefore,
the surface become less active for the ketonization. Alternatively, the observed

decrease in surface Ti** would be resulted from the movement of lattice oxygen. As
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temperature is increased, mobility of the oxygen in the lattice would be increased. It
is possible that some of oxygen can immigrate onto the surface. In this case, the single
electron from the surface would move to lattice-orbital that enhance mobility of the
oxygen. Accordingly, the bulk oxygen can readily replenish the surface oxygen vacancy
at high temperature.

The binding energy of titanium for non-reduced K;Ti¢O15 is at 458.2 eV for
1/2, and 464.0 eV for 3/2. This is indicated that the higher electron density of the Ti**

species in support manner (Figure 4.14 shows the oxygen 2s XPS spectra of K;TigO;3).
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Figure 4.14 O 2s XPS spectra of K;TigOq3 at various reduction temperatures in Hj

atmosphere.

The O 2s XPS spectra of reduced catalysts show lower binding energy (529.3
eV), as compared to that of the non-reduced one (529.7 €V). This observation can be
explained considering that the interaction between oxygen and titanium is relatively
weak for O-Ti**, as compared to O-Ti**. Moreover, the weaker intensity of the peak
found in the reduced K;TisO13 sample, suggests a relatively less concentration of

surface oxygen, in comparison to the non-reduced sample.
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4.2.2 Aldol-condensation of acetone
While the results in the previous section point to importance of oxygen
vacancy sites or reducible surfaces in the ketonization of acetic acid, the contribution
from the basic sites should not be overlooked. Some catalysts are known to catalyze
the deoxygenation via the basic sites [92]. The activity of high basicity possessed
titanate-based catalysts in the basic-catalyzed aldol condensation of acetone was then

evaluated at 450 °C as shown in Table 4.6.

Table 4.6 the aldol-condensation activity of the catalysts

Acetone Yield (%)
Catalysts .
conversion (%) | e-hydroxyketone Mesityl oxide
MgO 40.0 32.2 5.4
KaTi4Og 0.0 0.0 0.0
KaTigOy3 0.0 0.0 0.0

Reaction conditions: reaction temperature 400 °C, atmospheric N2, W/F 50 ¢h/mol,

averaged from 60-360 min time on stream.

However, the zero conversion of acetic acid was obtained in potassium
titanates. For comparison, the basic MgO gives ~40.0% conversion. Therefore, the basic
sites detected by CO, TPD (Figure 4.8) are rather weak and inactive toward acetone
aldol condensation. One could deduce that the contribution of basic sites in the
ketonization of acetic acid is rather limited. This finding support the fact that there is
not direct correlation between the conversion of acetic acid and the mmol of CO,, as

mentioned previously.
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4.3 Production of long chain olefins from heptanoic acid

As KaTisO13 is readily reduced and active for ketonization of acetic acid, the sample
was studied further as a catalytically active material for the production of long chain
olefins from heptanoic acid. Several parameters have been investigated including the

effect of reaction temperature, contact time, and metal loading.

4.3.1 Effect of reaction temperature
Using non- reduced K;Ti¢gO13, the effect of the temperature on the
conversion of heptanoic acid was investigated. The reaction was conducted at 400-500
°C under atmospheric N, at the-W/F =250 gh/mol. As shown in Figure 4.15a, the

conversion of 24.2-100.0% was obtained, with 7-tridecanene as a major product.
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Figure 4.15 The conversion of heptanoic acid and yield of major product (a) and yield
of by-products (b) at different reaction temperatures. Reaction conditions:
nonreduced-K;T4043, W/F 250 gh/mol, 400-500 °C in Ny, at the time on

stream of 60 min.

As-the temperature is increased, the conversion of heptanoic acid is
increased. 7-tridecanone (17.4%) is predominantly primary product which is increased
along the reaction temperature. Furthermore, at 500 °C the cracking of 7-tridecanone
is favored. In line with the catalytic characterization of acetic acid (Section 4.2), the 7-
tridecanone is a symmetrical ketone obtained via the ketonization. of heptanoic acid

as shown in Equation 4.1.

O Q
2 \/\/\AJ\OH—'\/\/\)J\/\/\/ + €O, + HO

(Equation 4.1)

Other products (less than 2%) are 2-octanone, D-nonalactone, 5-undecane,
6-dodecanone, 1,12-tridecadien- 7-one, heptanoic anhydride, heptanoic butylester,
heptanophenone and 1-(4-methylphenyl)- 1-pentanone (Figure 4.15b). As the higher
ketone is observed by ketonization, one can deduce that these products resulted from
the cracking of 7-tridecanone (which is energetically endothermic). The major product

among the cracked ketone is 2-octanone, which is produced from the cleavage of
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7-tridecanone at the a-position (Equation 4.2). The cracking at the o-carbon can be
explained by Norrish type Il mechanism of the six-membered carbon intermediate via
the radical process. The mechanism involves y-hydrogen abstraction by the excited

carbonyl group at high temperature [93].

\/\/\m )OK/\/\/
> — e W

(Equation 4.2)

4.3.2 Effect of contact time
To verify the reaction pathway, Figure 4.16 shows the conversion of
heptanoic acid and the yield of various products asa function of the contact time. The
experiments were performed over K;TisO13 reduced at 400-°C in Hy, and the reaction

was tested at 400 °C in N, atmosphere.
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Figure 4.16 The conversion of heptanoic acid and yield of major preduct (a) and yield
of by-products (b) at different contact times. Reaction conditions: K;T¢O;s3,
reaction temperature 400 °C, reduction temperature 400 °C, under

atmospheric N3 at 60 min time on stream,

The conversion of heptanoic acid increased from 27 to 40% when the
contact time is increased from 100 to 250 gh/mol. The increased conversion at longer
contact time is understandable, because heptanoic acid spends a longer time in
contact with the active sites on the surface of a catalyst. In all cases, the only dominant
product is 7-tridecanone (Figure 4.16a). Very small amount of cracked ketone (0.45%),
light hydrocarbon (0.07%), and products from basic- catalyzed reaction of heptanoic
acid (0.16%, i.e., heptanoic butylester and heptanophenone) was also observed in a
trace amount (Figure 4.16b). As oxygen vacancy sites play role on the conversion of
heptanoic acid, H, atmosphere would affects the heptanoic acid conversion.
Accordingly, the effect of the contact time under H, atmosphere is presented in Figure

4.17.
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Figure 4. 17 The conversion of heptanoic acid and yield of major product (a) and yield
of by-products (b) at different contact times. Reaction conditions:
K>TsO13 reaction temperature 400 °C, reduction temperature 400 °C,

atmospheric H,, as averaged from 60-300 min time on stream.

Comparing to N, atmosphere, the conversion of heptanoic acid under H; is
significantly improved to 70-100% when W/F is increased in the same range of 100-
250 gh/mol. The major product is still 7-tridecanone, hence, the atmospheric H, does

not affect the reaction sequence (Figure 4.17a). The higher conversion here can be



55

explained by the beneficial role of hydrogen gas. H; assists in the production of oxygen
vacancy sites/ reducible surface and enhances the hydrogen transfer reaction,
preventing the deposition of coke on the surface of the catalyst.

In addition to the increase in activity, using H, as carrier gas improve stability

of K;TigO13 as shown in Figure 4.18.
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Figure 4.18 The conversion of heptanoic acid at contact time 150 gh/mol in N, and
Ha. Reaction conditions: K>T¢Qys, reaction temperature 400 °C, reduction
temperature 400 °C, atmospheric Hz, as averaged from 60-300 min time

on stream.

It can be seen that the conversion is slightly decreased under N; while a
better stability is obtained for the reaction under H,. The deactivation observed for
the reaction under N, can be derived from (i) coking during the reaction progress and/or
(i) the competitive adsorption between the acid and the products. The carbon
deposition was described by a great deal of unsaturated species such as higher
molecular weight compounds formed by the olefins isomerization and cyclization (i).
The H; can also prevent the formation of the primary unsaturated compound via the
hydrogenation process. Moreover, H; helps the product desorption from the surface
of the catalysts (ii).

From the product distribution as mentioned previously, the atomic-level of
the ketonization of heptanoic acid over K;TisO13 might be explained following the

mechanism proposed by Pham et. al. [94] over Ru/TiO,. The oxygen atom of heptanoic
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acid attaches to the Ti** on the surface of KyTigO1s. (Ti*t is indeed detected by XPS in
Figure 4.13) Simultaneously, the —-OH end of the acid could interact with the hydroxyl
group of the Ti site. As a result, a water molecule is released and the heptanocate
species is formed as shown in Scheme 4.2. This heptanoate species then undergoes
enolization, in combination with the hydrogen abstraction from adjacent hydroxyl

group, forming a semi-enol compound, Scheme 4.3

0 H,C—R
PPN P{
\C.’/ \Q CH,—R o o
i.4+ | 3+ —_—— i.4+ I+
/T| T|\ /TI\/Ti\
Scheme 4.2
R H
\C@) =
it X
:,q+ .3 —_— :.4+ .34+
L T (S AP RN
Scheme 4.3

The active semi- enol compound then reacts with ancther adsorbed
heptanoic acid at electrophilic carbon atom, producing a f-keto acid as an important
reaction intermediate [25]. The #-keto acid can further rearrange via concerted
mechanism to a 6-atom cyclic intermediate, following by decarbonylation which
produces an enolic compound, that latter tautomerizes to 7-tridecanone as shown in

Scheme 4.4,
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The overall mechanism for the ketonization of heptanoic acid over K;TigO13

collecting product distributions is depicted in Figure 4.19.
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Figure 4.19 Catalytic pathway of the conversion of heptanoic acid in both N, and H;

atmostphere over K;TigO13.

Primarily, heptanoic acid (a) is coupled to 7-tridecanone (b) over oxygen

vacancy sites. The presence of heptancic anhydride (c) may be derived from the

dehydration of the acid over some Lewis acid sites. The 7-Tridecanone can be further

cracked, producing lower molecular weight ketone (mainly 2-octanone (g)) and some

lisht hydrocarbons (i). 2-Octanone can be further cracked giving smaller products. All

products might undergo hydrogen transfer, cyclization, aromatization, or aldol
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condensation, resulting in high molecular weight molecules which are the cause of
deactivation. The formation of heptanoic butylester (h) is most likely via the hydrogen
transfer from coke to heptancic acid anhydride (). The presence of H, gas enhances

the formation of oxygen vacancy sites and regenerate the active sites.

4.2.3 Effect of incorporated metals

From previous section, only major product from deoxygenation is 7-
tridecanone. In order to produce long chain olefins, the ketone formed from
ketonization can be further hydrogenated (i) to alcohols and subsequently dehydrated
(ii} to the olefins [95]. Hydrogenation (i) by metallic Cu, Ni, Co and Pt is well known,
while dehydration (i) can be promoted by surface defect of the support. Accordingly,
it is interesting to incorporate active metal such as Co and Pt on K;TisO;3 to promote
the conversion of fatty acid to long chain olefins via keto- dehydrogenation [96]. As
ketonization is carried out at high temperature, sintering of metal can be expected.
Hence, Cu and Ni should not be selected in this work [97].

Considering that the metal- free KjTigO13 already shows a complete
conversion of heptanoic acid at 200 ¢h/mol, the contact time in this section should
be decreased in order to evaluate the performance of metal-loaded KsTigOys. Contact
time of 100 gh/mol (instead of 200 gh/mol) was chosen, while other conditions were
kept unchanged (400 °C, and under the stream of Hy).

Figure 4.20 shows the conversion of heptanoic acid and the vyields of
different products over reduced catalysts with 1wt% Co and 1wt% Pt on the KsTigO:s,

as compared to the metal-free catalyst.
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Figure 4.20 The conversion of heptanoic acid and yield of various products over
different_metal- loaded K;TisO13- based catalysts. Reaction conditions:

K>TsO13, reduction temperature 400 °C, reaction temperature 400 °C,
W/F 100 ¢h mol, atmospheric Hz, at 60 min time on stream.

It can be seen that the conversion is increased when 1% wt Co and 1% wt
Pt are incorporated in K;TigQ13. While K;TisO13 gives the conversion of 68%, the cobalt-
and platinum-impregnated samples exhibit 89 and 100% conversion, respectively. It is
known [98] that these two metals can readily adsorb hydrogen on their surface,
thereby assisting the reduction of the K,TisO1s support via a H» spillover mechanism
(TPR profiles in Figure 4.7). The dissociated hydrogen species on the metal surface can
drift through the metal-support interface, enhancing the reduction of the support. As
shown in Scheme 4.5, metal assisted hydrogenation boost the surface defects. The
highly-active hydrogenation metallic Pt does not only induced H,-spillover mechanism,
but also promoted the Strong Metal-Support Interaction (SMSI). SMSI is a model
describing excessive reduction of the surface forming the encapsulated metal sites and
novel Ti species [99]. The Ti species, act differentially from the Ti over parent supports,

and might be more effective for the ketonization of heptanoic acid.
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selectivity of products

over

1% Co/K;TigOy3 is rather similar to that over metal-free K;TisO13. This is suggested that

Co metal is not active to promote hydrogenation of 7-tridecanone. On the other hand,

the different product distribution over 1% Pt/ K,TigO13 could be attributed to the

hydrogenation and decarbonylation activity of the SMSI of incorporated Pt. The

additional products over 1% wt Pt/K,TigQy3 are consisted of all isomers of hexene (8.62

%), hexane (12.03 %), heptane (2.26 %), undecane (2.68 %) and 7-tridecene (9.81 %).

In-order to verify the evolution of long chain olefins, 0. 1% wt Pt/ K;TisO13

was tested as a function of the contact time, as depicted in Figure 4.21.

100
3
T 80
o
=
T 60
c
48]
5 40
o
]
g 20
o
U

0

E—

—
— |

0 50

100 150

Contact time (gh/mol)

200

250

=®—conversion
—®=nhexene

=8%=n‘hexane

=&~ 2-hexene
—8—3-hexene
—&8—heptane

—8—2-methylphenol
——

7-Tridecene

—8—7-Tridecancne

Figure 4.21 The conversion of heptanoic acid and yield of various products at different
0.1% wt Pt/ K,T;0;3 reduction

temperature 400 °C, reaction temperature 400 °C, atmospheric H;.

contact times.

Reaction conditions:

The results were averaged from 60-300 min time on stream.
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The yield of 7-tridecanone from heptanocic acid is initially increased with
the contact time. However, 7-tridecanone is decreased when the contact time is higher
than 150 gh/mol. The decrease in the yield of 7-tridecanone is accompanied by an
increase in the yield of 7-tridecene. It is proposed that 7-tridecanone can be hydrated

over metallic Pt sites and subsequently dehydrated over Ti** defects (Equation 4.3).

Q OH
R\)‘k/i} L R\/}\/R R\/\/R +H,0

(Equation 4.3)

Furthermore, the presence of heptane at the low contact time suggests

that heptanocic acid can be hydrogenolysed over Pt surface (Equation 4.4).

o]

M 2H2 \/\/\/ + ZHZO
OH
(Equation 4.4)

0
R/\)j\OH e T AN DS f €O

(Equation 4.5)

The hexenes can be also formed from direct decarbonylation of heptanocic
acid (Equation 4.5). Moreover, the Ti°* act as Lewis acid center for the isomerization of
hexene to the other isomerism. Considering that various isomers of hexene is increased
with the contact time, one can infer that the rate of ketonization (to 7-tridecancone) is
faster than that of the decarbonylation (to hexenes).

From the observed results, the extended mechanistic pathway of Pt

impregnated sample is proposed in Figure 4.22.
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Figure 4.22 the extended mechanistic pathway of Pt/K;TigO13

The decarbonylation and hydrogenolysis of heptanoic acid to form hexene
(a) and heptane (e) is directly activated on the Pt surface. The hexene can be
isomerized on the Lewis acid Ti** defects. While the secondary 7-tridecanone obtained
can be hydrogenated and dehydrated on the metallic Pt sites to olefins. In other
words, the Pt impregnated K;TigO13 yields olefins from (i} directly decarbonylation and
(i) hydrogenation of the ketone produced.

As Pt plays role on the production of long chain olefins, two additional

loadings of Pt were applied to K;TigO13 supports are in Figure 4.23,
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Figure 4.23 The conversion of heptanocic acid and yield-of various products over
K:TisOr-based catalysts loaded with different amount of Pt. Reaction
condlitions: reduction temperature 400 °C, reaction temperature 400 °C,
W/ F 100 gh/mol,-atmospheric H; the results were averaged from 60-
300 min time on stream.

The results show that the conversion of heptanoicacid is increased (63.8%,
88.9%, 99.8% and 100.0%) as the Pt loading is increased (free metal K;TisO13, 0.1%,
0.5%, and 1.0%). As mention previously, a metal especially Pt assists the hydrogenation
of the support. Yet, the reaction sequence and the product distribution are rather
dependent on the Pt loading. The 7-tridecanone is decreased with the increase in Pt
loading. While 7-tridecene, hexene, hexane and heptane are increased with higher
metallic Pt. These are evidence of decarbonylation and hydrogenation on H, of Pt.
Metallic Pt can permits the keto- hydrogenation and also extends the direct
decarboynylation of heptanoic acid. However, at 1.0 wt of Pt the carbon balance is
reduced to 93% while 0.5% wt of Pt is showed up to 97% carbon balance. This is
probably because of the extreme hydrogenolysis at excessive metallic Pt sites. The
severe hydrogenolysis produces light gas fraction such as methane and ethane.

This valuable information throughout the thesis can be applied for the
conversion of fatty acid that composed of higher carbon chain. In this work, lauric acid

would be selected as a representative fatty acid derivation.
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4.2.4 Production of long chain olefins from lauric acid
0.1% wt Pt/K;TisO13 reduced at 400 °C was studied further as a catalyst on
the production of long chain olefins from the higher fatty acid “Lauric acid”. The
reaction is carried out at 400 °C, W/F 250 gh/mol, under H, atmosphere. As shown in

Figure 4.24, the conversion of lauric acid is still 100% at contact time 250 gh/mol.
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Figure 4.24 The conversion of lauric acid and yield of major product (a) and yield of
by- products ( b) Reaction conditions: 0. 1% Pt/ K:T¢O13 reaction
temperature 400 °C, reduction temperature 400 °C, under atmospheric

N> at 60-300 min time on stream.
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As expected, the ketonization of lauric acid gives 9-tricosanone (56.7%) as
a major product and the cracking of this ketone provides 2-tridecancne (3.1%). The
hydrocarbon products are undecene (13.8%), dodecene (9.12%) from decarbonylation
and hydrogenolysis of lauric acid, respectively. The hydrogenation of dodecene gives
dodecane (3.1%). As compared to heptanoic acid (7-tridecanone = 69.2%), the primary
ketone is decreased. In contrast, the decarbonylation and hydrogenolysis products are
increased with lauric acid (13.8 from 5.8% and 9.1 from 1.6% in heptanoic acid
respectively). These results indicate that lauric acid interacts with surface of Pt higher
than that of the surface oxygen vacancy. Hence, monomolecular reaction over the Pt
would be promoted while the bimolecular reaction over the support is limited.

From the products observed, it is possible to extend the use of fatty acid

in industrial and domestic application as demonstrated in Table 4.7

Table 4.7 Application of products derivative from parent fatty acid

Applications
0 Q
Feeds /U\ )l\ R\/\R NG
R OH R R
Acetic Acetone Ethylene
acid » Solvents » Feedstock
Vinegar . Feedstocif. . F.ruit. )
+ Food additives ripening
» Remover
o Chemical peeling
Heptanoic | « Steroid drugs I-tridecanone I-tridecene Hexene
acid o Cigarette  Feedstock » Feedstock « Surfactant
additives o Perfumes + Solvents » Feedstock
« Artificiat flavor | e Insect resistance |+ Heat + Colloidal
transfer fluid | quantum
o Liquid fuel dot
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Table 4.7 Application of products derivative from parent fatty acid (continued)

Applications
Q o]
Feeds )J\ )J\ R\/\R NN
R OH R R
Lauric 9-tricosancne 9-tricosene Dodecene
acid » Steroid drugs | « Feedstock » Feedstock » Medical
o Cigarette e Perfumes » Solvents freatment
additives » Heat e Serum
« Artificial flavor transfer fluid | Cholesterol
e Liquid fuel control
Surfactant

The ketonization products are mainly used in chemical feedstock or primary

products in organic synthesis. Moreover, the higher ketone has been used as fragrance

and artificial flavor for food in the last decade. Long chain olefins are used in either of

petrochemical and organic synthesis. With the likewise functional molecule, the

double bond can be anchored with several of molecules such as sulfonate group and

hydroxyl group and even hydrogenated to liquid fuel like gasoline. Especially, a-olefins

can be used as cleaning agent, surfactant and soup [33].




CHAPTER 5

Conclusion and Suggestion

5.1 Conclusions

In this thesis, the mechanistic study on the conversion of heptanic acid to long
chain olefins over various titanate catalysts were investigated. The effect of structures
(tunneled and step-liked layered), compensating cations (Li*, Na* and K*), impregnated
metals {Co and Pt) were investigated.

The structure of tunneled titanates, A;TisO13 (A = Li*, Na* and K*) is more rigid
than that of the layered titanates (Na,TisO; and K;TigO1a), which relates to high
reducibity and activity of the tunneled, as compared to the layered. For the difference
compensating cations in the tunneled, the large cation (K) can be easily reduced.
Besides, the Li" is in distorted LiOs,y square planar geometry can be easily reduced, as
compared to Na that are distorted square prismatic polyhedron configuration. The
step-liked titanate is thermally stable up to 700 °C. It can be coordinately rearranged
into the tunneled structure at high temperature. These samples possessed both of
reducibility and basic properties. The high reducible sample shows the high
deoxygenation activity. While the basicity is relatively weak, as compared to the typical
basic oxide, MgO, and play no role in the conversion of fatty acid to long chain olefins.

Form the mechanistic point of view, the products formed from fatty acid takes
place via two mechanisms. The ketonization (i) follows by cracking forming olefins and
short chain ketone, and the direct decarbonylation (i) generating just olefins and CO,.
The reactivity order of the ketonization surely corresponds to the reducibility. However,
at relatively high reduction temperature, the activity is suppressed due to the decrease
in oxygen vacancy sites by single electron transfer from the surface into the bulk or
oxygen replenishment from the bulk to the surface. With the hydrogen assistant, the
ketonization of fatty acid is enhanced due to the generation of the reduced site.
Moreover, it also prevents the formation of carbon deposits onto the surface of
catalysts. The decarbonylation of fatty acid is not observed over all titanates due to
the weak basicity. From integral results, it is concluded that just only the first

mechanistic pathway, ketonization of fatty acid, is pronounced over the pure titanates.
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Metal impregnated samples (Co and Pt} can promote the reduction of parent
supports that enhance the ketonization of fatty acid. Especially, Pt impregnated
sample, the support is easily reduced due to the Strong Metal Support Interaction
(SMSI). The Pt loaded catalyst can also promote the hydrogenation of the ketone
formed to the higher secondary alcohol that is further dehydrated to long chain olefins.
Moreover, the direct decarbonylation and decarboxylation of fatty acid to relatively
shorter olefins, paraffins, CO and CO; can be promoted. Nevertheless, the catalyst with
relatively high Pt content can also produce light hydrocarbon gas such as methane
and ethane by the excessive hydrogenolysis.

Although the titanates show both reducibility and basic property, but only the
reducibility predominately affects the long chain olefins production. In addition, the
incorporated Pt can promote the formation of long chain olefins via hydrogenation-

dehydration of ketone produced instead of cracking of higher ketone to smaller olefins.

5.2 Suggestions

5.2.1 An elevated H; partial pressure might promotes the hydrogen dissociation
compress atmospheric hydrogen on metallic cobalt surface resulting on hydrogenation
of 7-tridecanone without hydrogenolysis like Pt.

5.2.2 To crash the thermodynamic barrier, H species on the surface that is
associated from fatty acid would be discouraged.

5.2.3 Ketonization of bimolecular fatty acid would be increased with the decrease

of carrier gas flow rate.
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APPENDIX A

TPR SIGNAL EVALUATION

The electronic signal from the TCD detector during TPR analysis is converted
to mmol H,, employing CuO as a standard. Here, CuO is used because it is a highly-
reducible metal with clean and well-known reduction giving Cu metal as a final product

following the equation:

CuO(s) +Hyg) = Culs) + H0(g)

An example of TPR profile of CuQ is shown in Figure Al.

Intensity (a.u.)

50 150 250 350 450 550 650 750 850 950

Temprerature(°C)

Figure A1 TPR profile of CuO

A few runs were performed by variation of the mass of CuO. Then, the peak
area (integrated with Origin Pro 8.0) in the range T = 50-900 °C is plotted against the
mole of CuO. The resulting plot (Figure A2) serves as a calibration curve where the

mmol H, of any sample could be calculated from the peak area as shown below.
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Figure A2 Standard curve of CuQ: peak area vs the number of mole of CuO

From TPR results, Na;TisO15 (0.1016 g) gives the peak area of 7.5521. Substituting

this number into the equation in Figure A2 gives:

v = 61,882.3584x + 0.0401
7.5521 = 61,882.3584x + 0.0401
X = mmol CuO = 0.01214 mmol

As the mole ratio of CuQO to H2 is 1:1, the number of mmol of H; consumed by
NazTisO13 equals 0.01214 mol as well. So, the reducibility of NazTigOh3 is 0.01214 mmol
/0.1016 g = 1.14 mmol Hy/g of catalyst.

CO, TPD SIGNAL EVALUATION

The electronic signal from the TCD detector during TPR analysis is converted
to mmol CO,, employing CaCOs as a standard. CaCOs is basic catalyst that can be
decomposed giving Ca0 and CO,. These CO2 molecules is used as signal reference
material. The decomposition of CO; released during the heating are expressed by this

equation;
CaCOss) —> CaO(s) + CO4(g)

An example of the decomposition of CaCOs; is shown in Figure A2,
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Intensity (a.u.)

e P

50 150 250 350 450 550 650 750 350 950

Temperature (°C)

Figure A3 Decomposition profile of CaCOs

The resulting plot (Figure Ad) as a calibration curve and the mmol CO, of any

sample could be calculated from the peak area similar to TPR

Peak area

y = 216.06x - 0.8706
R? = 0.9924

0.00 0.05 0.10 0.15 0.20

Amount of CaCO, (mmol)

Figure A4 Standard curve of CaCOs: peak area vs the number of mole of CaCOs
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APPENDIX B

CALCULATION
Contact time, W/F

Contact time (W/F} is expressed as:
Weight of catalyst {g)

W/F =
Molar feed rate (mol/h)

This parameter can be tuned by varying the mass of catalyst, keeping the feed
rate unchanged. The molar feed rate is fixed at 1.45 mmol/h (or 2.0 mL/h for acetic
acid, and XXX mL/h for heptanoic acid). Slower feed rate render producible catalytic
results difficult. For example, at the required W/F = 100 gh/mol, the weight of catalyst
needed is:

Weight of catalyst (g)

0.00145 mol/h
Weight of catalyst = 0.1450¢

100 gh/mol =

Evaluation of obtained products

1. Conversion - the feed changed after the reaction.

Corrected area of initial feed - Corrected of feed at any time

% Conversion = x100
0 Corrected area of initial feed

2. Yield - the products that are obtained after reaction

_ Corrected area of each product
% Yield = — x100
Corrected area of initial feed x Response factor

Corrected area is a mathematic term where the area of interested is divided by the

area of the standard.
A

internal standard

Corrected area of A = Area of
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Table B1 Product distribution* from the measurement by GC-FID

Product Peak area Response factor
2-octanone 28.3 1.21
5-undecane 15.2 1.42

6-Dodecanone 48.2 1.21
1,12-Tridecadien-7-one 0 1.21
Heptanoic anhydride 0 -
7-Tridecanone 12585.4 1.21
Heptanoic buthyl ester 33.1 1.35
Heptanophenone 94.1 1.21
Heptanoic acid (feed) 19985.2 1.00
p-xylene (internal standard) 1014507 -

*K,TigO13, reduced at 400 °C for 2 h, W/F 250 gh/mol, reaction at 400 °C in N; at 60

min on stream.

For example;
Corrected area of initial feed is 0.0319

1. Conversion

[0.0319-(19985.2/1014507)]

C jon =
onversion 00319 %100

= 3824 %
2. Yield of 7-tridecanone
(11285.4/ 1014507]

0.0319 x 1.21
= 2811 %

Yield =
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APPENDIX C

GC-CHROMATOGRAM

Prior to analysis, the products were identified by GC-MS (Gas chromatography
equipped with Mass Spectrometer detector). Then, quantitative analysis was carried
out with GC-FID {Gas chromatography equipped with Flame lonization Detector). The
analytical conditions of products from the ketonization of acetic acid and heptanoic

acid are shown in Table C1 and Table C2 respectively.

Table C1 GC conditions for product analysis from ketonization of acetic acid

Column DB-WAX, 30 m x 0.53 mm i.d., 1 Micrometer
Temperature program Isothermal, 140°C for 15 min

Carrier gas Nitrogen gas 1.5 mL/mol (34 cm/sec)
Injector 250 °C (splitting 1:100 at 0.01 s)

Injection volume 0.1 microliter

Detector FID (300 °C)

Internal standard n-propanotl

Table B2 GC conditions for product analysis from ketonization of heptanoic acid

Column DB-1, 30 m x 0.32 mm i.d., 5 Micrometer

Temperature program 40 °C for 5 min to 280 °C at rate 15 °C/min for 24
min

Carrier gas Nitrogen gas 1.2 mL/mol (39 cm/sec)

Injector 265 °C (splitless)

Injection volume 0.1 microliter

Detector FID (275 °C)

Internal standard p-xylene or n-dodecane(for only Pt/KsTigO43)

The products from the ketonization of acetic acid (heptanoic acid) were identified by
comparing the retention time to that of the known substances as listed in Table C3
{Table C4).




Table C3 Products distribution from the ketonization of acetic acid

Feed or products Retention time (min)
Acetone 1.396
n-propanol 1.633
Acetic acid 2.281

Table C4 Products distribution from the reaction of heptanoic acid

Feed or products Retention time {min)
n-hexene 8.250
n-hexane 8.530
2-hexene 8.633
3-hexene 8.867
heptane 10.694

2-octanone 13.685
2-methylphenol 15.621
Heptanoic acid 15.881
undacane 16.395
n-dodecane 17.560
7-Tridecene 18.502

T-Tridecanone 20.036
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APPENDIX D

REACTION DATA
1. The ketonization activity of all catalysts studied acetic acid?

Table D1 The ketonization of all catalysts studied acetic acid?

No reduction Reduction at 400 °C
catalysts for2 h
Conversion Acetone Conversion Acetone

Anatase TiO, 0.0 0.0 0.3 0.2
Li,Ti.O,, 4.8 3.9 14.3 13.2
Na,Ti O, 45 2 250 175
K,TiO,, 6.1 34 33.0 270

Na,Ti,O. 0.9 0.7 4.3 3.7
K,T1,0, 4.9 3.7 14.0 10.0

* W/F 15 gh/mol, 400 °C in 90 mL/min Ny at 1 atm. results average from time on

stream 60-360 min.

2. The effect of reduction temperature of the ketonization of acetic acid

Table D2 The effect of reduction temperature over K;TigOs3

Reduction temperature (°C}

Time 400 450 500
Conversion Acetone Conversion Acetone Conversion Acetone
60 32.3 26.9 352 27.9 237 18.9
120 35,00 26.1 35.1 28.1 24.7 18.9
180 32.8 26.5 34.3 27.8 24,7 18.5
240 33.1 27.5 343 28.2 25.8 18.7
300 33.0 27.5 34.2 29.5 254 194
360 32.9 275 336 30.7 24.8 19.4

* KoTigOy3, W/F 15 gh/mol, reaction at 400 °Cin 90 mL/min Ny at 1 atm.
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3. The temperature scanning of the production of long chain olefins from

heptanoic acid

Table D3 The heptanoic conversion over K;TisO13 and the product distribution at 400

°C
Yield (%)
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60 24.2 0.1 0.3 0.1 0.2 18.2

120 18.9 0.1 0.1 0.1 0.2 14.3 0.1 0.0 0.0
180 15.6 G.1 0.3 0.0 0.0 11.7 0.1 0.1 0.0
240 16.5 0.2 0.1 0.0 0.1 12.5 0.0 0.0 0.0
300 15.1 0.0 0.1 0.0 0.1 11.5 0.0 0.0 0.1

* non-reduced K;TisO13, W/F 250 gh/mol, 400 °C in 90 mL/min Ny at 1 atm.

Table D4 The heptanoic conversion over K;TigO13 and the product distribution at 450

°C
Yield (%)
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60 999 1.3 0.1 0.4 0.4 73.1 0.3 0.5 0.0
120 100.0 1.5 0.0 1.4 14 714 0.4 0.1 0.0
180 100.0 1.5 0.0 1.5 1.5 71.6 0.0 0.0 0.0
240 100.0 15 0.0 0.9 0.9 72.4 0.4 0.1 0.0

300 99.9 1.2 0.0 1.1 1.1 72.0 0.5 0.1 0.0

* non-reduced K;TigO13, W/F 250 gh/mol, 450 °C in 90 mL/min Ny at 1 atm.
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Table D5 Heptanoic conversion over K;TisO13 and the product distribution at 500 °C

Yield (%)
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60 99.6 3.9 01 0.0 1.9 67.7 0.3 0.5 0.0
120 99.8 2.4 0.1 0.0 2.1 69.7 0.2 0.2 0.0
180 9908 24 0.1 0.3 1.9 71.2 0.0 0.0 0.0
240 100.0 24 0.1 0.2 1.8 70.8 0.5 0.2 0.0

300 99.9 3.0 0.0 0.7 1.7 70.1 0.5 0.1 0.0

* non-reduced KaTigO13, W/F 250 gh/mol, 500 °C in 90 mL/min N, at 1 atm.

4. The contact time scanning for the production of long chain olefins from
heptanoic acid over K;TisO13

4.1 Contact time scanning in N atmosphere

Table D6 Heptanoic conversion over K;TisO13 and the product distribution at various

contact times in N

Yield (%)
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
100 27.2 0.1 0.1 0.1 0.1 20.1 0.5 0.3 0.0
150 35.7 0.0 0.1 0.0 0.1 26.5 0.2 0.0 0.0
200 40.8 0.0 0.0 0.0 0.1 30.5 0.2 0.0 0.0

250 38.2 0.1 0.1 0.1 0.2 29.2 0.1 0.3 0.1

* KoTigO1s, reduced at 400 °C for 2 h, reaction at 400 °C in 90 mL/min N; at 1 atm.
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4.2 Contact time scanning in H, atmosphere

Table D7 Heptanoic conversion over K;TisO13 and the product distribution at various

contact time in H»

Yield (%)
Q.‘ " —
m — —
c .. £ v v v 2 = & o
= o c ) c c S ]
= O c v c
S ] S c 0 0 3 = £ 0o
B E 2 c ¥ © c c o . o 6 2
o> n o o O i o] U @ L < 5
£ £ 3] c _~ [} v} U = 5 [e3 L
c o > s v e ) [ 0O w (o] £ c
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U o o 2 e 2 = 8 8 £ &
o T L0y T 1 Q. o T
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3
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1

100 67.4 0.1 0.1 0.0 0.1 50.9 0.3 0.5 0.1
150 77.0 0.0 0.1 0.0 0.2 58.1 0.1 0.1 0.1
200 99.8 0.0 0.1 0.1 0.4 75.4 0.1 0.1 0.1
250 99.4 0.1 0.0 0.1 0.4 75.6 0.1 0.1 0.1

* KaTigO13, reduced at 400 °C for 2 h, reaction at 400 °C in 90 mL/min Hy at 1 atm.
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5. The effect of metal loading

Table D8 Heptanoic conversion over 1% wt Co/K;TisO13 and the product distribution

Yield (%)
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60 87.0 0.1 0.1 0.2 0.3 7.1 0.3 0.0 0.0

120 90.3 0.0 0.1 0.1 0.5 62.9 0.2 0.2 0.0
180 91.4 0.0 0.1 0.0 0.4 720 0.0 0.0 0.0
240 91.8 0.0 0.0 0.0 0.3 73.0 0.1 0.0 0.0
300 92.0 0.0 0.0 0.0 0.3 69.5 0.2 0.0 0.0

1% wt Co/KyTigOs3, reduced at 400 °C for 2 h, W/F 100 gh/mol, reaction at 400 °C in
90 mL/min H, at 1 atm.

Table D9 Heptanoic conversion over 1% wt Pt/K;TisO:3 and the product distribution

£
E g -
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o 5 ] 0 ) T W c
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60 996 28 143 5.3 28 30 05 13 41 97 470

120 994 654 174 7.4 44 59 05 23 55 131 494

180 996 215 125 4.5 19 30 03 12 28 8.6 40.4

240 994 6.1 182 85074 38 62 10 22 6.8 135  46.1

300 1000 49 228 10.6 37 80 08 25 59 161 559
* 1% wt P/K;TisO13, reduced at 400 °C for 2 h, W/F 100 gh/mol, reaction at 400 °C in
90 mL/min H; at 1 atm.




89

Table D10 Heptanoic conversion over 0.5% wit P/K;TisO13 and the product distribution

—~ Yield
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60 984 40 211 6.8 3.6 4.6 1.0 3.6 49 217 440

120 989 3.8 19.2 64 37 37 0.8 3.1 4.6 203 416
180 988 33 214 60 30 44 06 30 40 219 461
240 987 40 134 66 33 35 09 28 40 205 406
300 985 26 194 79 2.8 4.6 1.3 3.6 2.2 159 471
* 0.5% wt Pt/K;TigOq3, reduced at 400 °C for 2 h, W/F 100 ¢h/mol, reaction at 400 °C

in 90 mL/min H, at 1 atm.

Table D11 Heptanoic conversion over 0.1% wt Pt/K;TigO15 and the product distribution

Yield
~
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60 9.3 15 14 00 00 00 75 00 42 55 699 15 14
120 870 04 14 00 00 00 52 00 45 56 664 04 14
180 8.6 04 17 00 00 00 47 00 51 50 721 04 17
240 883 06 10 00 00 00 60 00 78 38 729 06 1.0
300 871 04 15 00 00 00 63 00 67 31 725 04 15

* 0.1% wt Pt/K;TigO13, reduced at 400 °C for 2 h, W/F 100 gh/mol, reaction at 400 °C

in 90 mL/min H, at 1 atm.
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5. The contact time scanning for the production of long chain olefins from
heptanoic acid over 0.1% wt Pt/K,TisO13

Table D12 Heptanoic conversion over 0.1% wt Pt/K3TisOy3 and the product distribution
at 150 gh/mol

- Yield
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60 100 4.7 4.3 0.3 0.3 0.2 139 0.0 1.0 43 807

120 100 4.7 4.1 0.0 0.3 0.2 164 0.0 0.0 38 800
180 100 4.2 3.6 0.0 0.2 0.1 151 0.0 0.0 3.2 797
240 100 47 3.9 0.0 0.3 0.2 180 0.0 0.0 40 826
300 100 4.7 3.9 0.0 0.2 0.2 8.1 0.0 0.0 3.4 796
*0.1% wt Pt/KaTigO1s, reduced at 400 °C for 2 h, reaction at 400 °C in 90 mL/min H, at

1 atm.

Table D13 Heptanoic conversion over 0.1% wt Pt/K;TisO15 and the product distribution
at 200 eh/mol '
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60 100 3.5 3.1 0.0 0.2 0.1 171 0.0 0.0 37 770

120 100 4.3 3.6 0.0 0.3 0.9 16.0 0.0 0.0 3.9 757
180 100 4.6 0.4 0.0 0.3 1.0 181 0.0 0.0 4.1 76.5
240 100 44 3.4 0.0 0.3 1.0 175 0.0 0.0 35 774
300 100 5.0 3.8 0.0 0.3 1.1 199 0.0 0.0 3.8 76.0
¥ 0.1% wt Pt/KyTigO43, reduced at 400 °C for 2 h, reaction at 400 °C in 90 mL/min H, at

1 atm.
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APPENDIX E

ADSORPTION-DESORPTION ISOTHERM
—&—Adsorption isotherm  —@=Desortion isotherm
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Figure E1 Adsorption-desorption isotherm of Na;TisO13
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Figure E2 Adsorption-desorption isotherm of K;TisO13
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Figure E3 Adsorption-desorption isotherm of Li;TigQ43
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Figure E4 Adsorption-desorption isotherm of commercial Na;TizOy
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Figure E6 Adsorption-desorption isotherm of Nanotube Na,TisO7
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Figure E7 Adsorption-desorption isotherm of K,TisOg
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Figure E8 Adsorption-desorption isotherm of 1% wt Co/K;TigO13
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Figure E9 Adsorption-desorption isotherm of 0.1% wt Pt/KzTigO13
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Figure E10 Adsorption-desorption isotherm of 0.5% wt Pt/K;TigO13
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