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ABSTRACT

This study investigated the deoxygenation of palmitic acid over several
compositions of lepidocrocite titanate for the preduction of renewable fuels,
including  KogliporTiy 730  KogMosTi16Os (M = M§2+, C02+, Nf2+, CU2+, Zn2+),
KosFeosl120s,  KogFeo Mo Ti120s,  KogFeoaMnoaTiy 204, KogClpoNigaTi¢Oq  and
KogClo 2ZNng 2 Ti1.6Cq. These catalysts were synthesized using a conventional solid state
method from the corresponding mixture of K,;COs, TIO, and the metal oxides. Basic
sites at the external and internal surfaces were evaluated by temperature-
programmed desorption of CO, (CO,-TPD} and by the liquid phase adsorption of
palmitic acid, respectively, As an example, KygZnpqTh sCq has low basicity (0.04 mmol
CO/g) is a weakly basic material (CO, desorption temperature of 50-300 °C).
However, it can intercalate as much as 37%wt of palmitic acid into the interlayer
spaces, separating the titanate sheets by 0.1 nm further, The catalytic deoxygenation

of intercalated palmitic acid was carried out in a semi-batch process at 350-500 °C

under nitrogen atmospheric. It was found that linear long chain paraffins and OL-
olefins {C14 and C15} were obtained as the major products. C17 ketone and C16
aldehyde are also observed as minor products together with carbon dioxide and
carbon monoxide. The liguid yield depends upon on the basicity of the catalysts,
demonstrating the essential role of basic sites in the deoxygenation of palmitic acid.

Koalio27Ti1 730 and KygMgaqTii¢Oq show a relatively high activity as compared to



other compositions of lepidocrocite titanate containing transition metals.
KogCUgaTih60s and KygZng4Ti 604 are selective for the decarboxylation of palmitic
acid to C15 long chain paraffinic, while KygFepsTiisOs KogloOpaTiisOs and
KogNipaTi1 604 facilitate the decabonylation of palmitic acid to C15 (-olefins. The
incorporation of Mn enhances the ketonization activity. The co-substitution of two
types of metals for titanium (as in KoaCugsNig2TiisOq and KgeCugsZng s Ti; ¢Ca)
promotes the formation of C15 linear long chain paraffinic hydrocarbens. So,
lepidocrocite titanate is a promising class of catalyst for the deoxygenation of fatty

acids into renewable fuels.
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CHAPTER 1
INTRODUCTION

1.1 Research Motivation

In recent years, the fuel prices are rising steadily because of the depletion of
fossil fuel reserve. Therefore, the utilization of natural renewable resources has gained
considerable attention for the production of fuel and related chemicals [1,2]. For
example, triglyceride which can be easily obtained from vegetable oils, is an attractive
renewable feedstock for agricultural country like Thailand.

Traditionally, biodiesel widely used as renewable fuel is obtained via the trans-
esterification of triglyceride and alcohol [3,4]. However, such biodiesel is relatively polar,
corrosive, and has low heating value. Since it is an alkyl ester, biodiesel can be readily
hydrolyzed, showing low stability upon storage. Instead of performing the trans-
esterification, the fatty acids produced from animal fats and vegetable ocils can be
alternatively converted to leng chain hydrocarbons via the removal of an oxygen atom.
Such reaction is called deoxygenation. The long chain hydrocarbons obtained via
deoxygenation possess high stability and high heating value compared to the alkyl esters
obtained via trans-esterification.

The fatty acids can be adsorbed on the surface of basic catalysts such as metal
oxides, forming the respective carboxylates. Upon heating, the adsorbed fatty
carboxylates can undergo decarboxylation, where long chain hydrocarbons are obtained
together with the release of carbon dioxide. Meanwhile, the metal oxides could react
with carbon dioxide forming metal carbonates. The metal carbonate can be further
decomposed, and the active metal oxide catalyst is then recovered [5].

Decarboxylation of fatty acids has been extensively investigated over
conventional metal oxide catalysts [6,7]1. The reaction requires extremely high
temperature and high pressure. Recently, the use of lepidocrocite titanates having a
layered structure as the catalysts in the deoxygenation of fatty acid {palmitic acid)} has
been reported [8]. Pristine lepidocrocite titanate with good ordering along the stacking

direction provides higher activity, as compared to re-assembled lepidocrocite titanate



where the registry between the layers was lost to some extent. However, details on the
nature of the active sites have not been thoroughly studied.

In this research, {epidocrocite titanate catalysts of various compositions were
prepared. The catalysts were tested for the deoxygenation of palmitic acid as a model
compound for the production of long chain hydrocarbons ie., diesel fuel, from
renewable sources. The selectivity towards the elimination of the carboxylic group

without breaking the hydrocarbon chain is focused.

1.2 Objectives of the study

1.2.1 To obtain long chain hydrocarbons from the deoxygenation of palmitic acid
over lepidocrocite titanate catalysts.

1.2.2 To understand the role of hasicity in lepidocrocite titanates on the activity
and selectivity for the deoxygenation of palmitic acid.

1.2.3 To obtain optimum conditions for the deoxygenation of palmitic acid over

the lepidocrocite titanate catalysts.

1.3 Scopes of the study
1.3.1 Preparation of lepidocrocite titanate catalysts by a conventional solid state
synthesis from the mixture of the oxides/carbonates.
1.3.2 Characterization of lepidocrocite titanate catalysts by the following
techniques:
1.3.2.1 X-ray Diffraction (XRD)
1.3.2.2 Gas adsorption analysis
1.3.2.3 CO,-Temperature Programmed Desorption (CO,-TPD)
1.3.2.4 HyTemperature Programmed Reduction (Hz-TPR}
1.3.2.5 Scanning Electron Microscopy (SEM)
1.3.2.6 Transmission Electron Microscopy (TEM}
1.3.2.6 Fourier Transform Infrared Spectroscopy (FTIR)
1.3.2.7 Thermogravimetric Analysis (TGA)
1.3.3 Investigation of the adsorption of the fatty acid and the respective swelling

of lepidocrocite titanates using the solution of palmitic acid.



1.3.4 Investigation of the deoxygenation activity of prepared catalysts in a semi-
batch reactor under nitrogen gas at atmospheric pressure.
1.3.4.1 Study on the reaction temperature
1.3.4.2 Study on the deoxygenation of palmitic acid over lepidocrocite
titanate catalyst with varicus compositions.
1.3.4.3 Study on the deoxygenation of palmitic acid over co-substituted
lepidocrecite titanate catalysts.
1.3.4.4 Study on the regeneration of catalyst.
1.3.5 Qualitative and quantitative analysis of liquid products by gas
chromatography

1.4 Expected results
It is expected that this research will provide a new approach for the production
of long chain hydrocarbons as fuels from renewable animal fats and vegetable oils

available in Thailand.



CHAPTER 2
THEORY AND LITERATURE REVIEWS

2.1 Fatty acids

A fatty acid is a carboxylic {organic) acid, often with a long aliphatic tail containing
4 to 22 carbon atoms. The acid can be either saturated or unsaturated [9,10,11,12]. The
fatty acid composition of lipids is particularly important in determining the physical,
chemical and nutritional properties of lipids. Natural fatty acids can be obtained from
the hydrolysis of triglycerides from several sources such as hard animal fats (tallow),
coconut, palm kernel and soybean oils. They can also be obtained from the fractional
distillation of crude tall oil, which is a byproduct of Kraft pulping of pine wood.
Southeast Asia is the major source for coconut, palm and palm kernel oits [13], where
several new plants have been built recently. Table 2.1 shows the compaosition of
common fatty acids in vegetable oils (taken from [14]).

Saturated fatty acids do not contfain any double bonds or other functional groups
along the chain. The term "saturated' implies that all carbon atoms (apart from the
carboxylic acid [<COOH] group) contain as many hydrogens as possible. On the other
hand, unsaturated fatty acids contain at least one alkene group with double-bonded
carbon atoms. The majority of naturally-occurring unsaturated fatty acids are in cis-form.
Fatty acids in the trans configuration (trans fats) are usually not found in nature and are
the result of human processing {e.¢., hydrogenation) [12].

About 100,000 metric tons of the natural fatty acids are consumed in the
preparation of various fatty acid esters. The simple esters of small-chain alcohols
(methyl-, ethyl-, n-propyl-, isopropyl- and butyl esters) are used as emoilients in
cosmetics and other personal care products and as lubricants. Esters of fatty acids with
more complex alcohols, such as sorbitol, ethylene slycol, diethylene sglycol and
polyethylene ¢lycol are consumed in foods, personal care products, paper, water
treatment, metal working fluids, rolling oils and synthetic lubricants [15]. Some chemical
reactions known to transform these renewable materials into fuels, taken palmitic acid

as a representative for fatty acids, are summarized below.



Table 2.1: Fatty acid compositions (wt%) of cormmon vegetable oils [14]

T
3 < o | 5| 5| o | & | 22| .

I
Lauric Clz0 |01 0.0 .0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Myristic C140 |07 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Palmitic C16:0 | 367 |116 |80 113 | 49 6.2 6.9 4.6 104 |65
Palmitoleic Cle:l 0.1 1.0 0.0 0.1 0.0 0.1 0.1 0.1 0.5 0.6
Stearic C18:0 | 6.6 31 1.8 3.6 1.6 3T 4.0 34 29 14
Oleic Cl81 | 461 |[750 |533 {249 |[330 |252 |19.0 |é628 |771 |656
Linoleic C18:2 8.6 7.8 284 | 53.0 20.4 63.1 69.1 275 7.6 252
Linolenic C1&3 |03 0.6 0.3 0.1 7.9 0.2 0.3 0.1 0.8 0.1
Arachidic C20:0 (04 0.3 0.9 0.3 0.0 03 0.3 0.3 0.3 0.1
Godoleic cz0:1 |02 0.0 24 0.3 9.3 0.2 0.0 0.0 0.0 0.1
Behenic C22:0 |01 0.1 3.0 0.0 0.0 0.7 0.0 0.7 0.1 0.0
Erucic C22:1 100 0.0 0.0 0.3 230 |01 0.0 0.0 0.0 0.1
Lignoceric C24:0 |01 0.5 18 0.1 0.0 0.2 0.0 0.3 0.2 0.1
Nervenic C24:1 | 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0

*This notation indicates the number of carbon atoms and the number of double bond.
For example, C12:0 Indicates a fatty acid with a total number of 12 carbon atoms,

without any double bond.

2.1.1 Palmitic acid

Palmitic acid CH3{CH,)14COH, or hexadecanoic acid in IUPAC nomenclature with
the structure shown in Figure 2.1, is the most common saturated fatty acid found in
animals, plants and microorganisms [16). As the name indicates, palmitic acid is a major
component of the oils from palm trees (palm oil, palm kemel, and palm kemel oil),
although it can also be found in meats, cheeses, butter, and dairy products. Palmitate is
a term for the salt and ester of palmitic acid. The palmitate anion is formed when

palmitic acid is put into a condition with basic pH values [17].




0]

/\/\/\/\/\/\/\)'LOH

Figure 2.1 The molecular structure of palmitic acid.

Palmitic acid can be prepared by treating fats and oils with water at a high
pressure and temperature (above 200 °C) leading to the hydrolysis of triglycerides. The
resulting mixture is then distilled [18].

2.2 Reactions of fatty acids

2.2.1 Esterification

Esterification refers to the production of an ester from the reaction between
alcohols and acids as shown in Figure 2.2. The most common esterification processes
involve nucleophilic acyl substitution, where the carbonyl group of the acid acts as an
electrophile and gets attacked by a nucleophilic alcohel. However, other processes are
possible; esterification by alkylation reverses the roles of "classic" carbonyl chemistry: a

carboxylate anion is used as a nucleophile that displaces a halide ion in an Sy2 reaction.
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:0-H -H' O-H ! /LJJ\
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Hs0 H20 CHs B

Figure 2.2 Acid-catalyzed esterification of fatty acids. (Taken from [19])

Currently, there is a great interest in the esterification reaction because of its
application to several industries [20]. Organic esters are frequently used in the
production of plastic derivatives, in the solvent industry, perfumery, agro-chemistry and

other branches of fine chemistry [21]. One of the main products obtained by the



esterification of long chain fatty acids is biodiesel, the use of which has several

environmental benefits [22].

2.2.2 Deoxygenation

Deoxygenation is a chemical reaction involving the removal of oxygen atoms
from a starting molecule. In this context, a carboxyl group (-COOH) is split off as carbon
dioxide (CO,) and/or carbon monoxide (CO) as shown in Eqg. 2.1 and 2.2 respectively. It is
a novel method for the production of diesel-like fuels from renewable resources such as
vegetable oils and animal fats. Here, linear hydrocarbons are produced from the fatty
acid alkyl group [23]. Chemical - decarboxylation without a catalyst often requires

extensive heating in a high-boiling solvent.

O
u C Hz - Coz {(Eq. 2.1)
n 2n+
¢ ox
2n+1 n
C
l:l — G0 + co + HZO (Eqg. 2.2)
n 2n
/ \OH
2n+l n

As an example, the catalytic decarboxylation of lauric acid (Eq. 2.3) has been
studied over Pd/C catalyst in a continuous process at 255-300°C. Very high selectivity
(>95 %) to the desired products, namely Cy; hydrocarbons, can be achieved [24].The use
of expensive Pd metal, however, makes the process unattractive. The conversion of
lauric acid declined substantially within 10-20 minutes of the time-on-stream. The initial
concentration of lauric acid was decisive for the catalyst deactivation; the higher the

initial concentration of fatty acids, the more extensive catalyst deactivation.

CH3‘(CH2)10‘C02H — CHg‘(CHz)g-CHg + COQ (Eq 23)



2.2.3 Ketonization

Ketonization or ketonic decarboxylation is a reaction in which two molecules of
carboxylic acid are converted into a symmetric ketone, carbon dioxide and water as
shown in equation {2.4). This reaction is catalyzed by bases. The reaction mechanism
likely involves the formation of carbanions as the intermediate from the decarboxylation
of one acld group, followed by a nucleophilic attack by another acid group as
a concerted reaction (5\2). This reaction is different from the oxidative decarboxylation

which proceeds through a radical mechanism [25).

+co. + Ho (Fa.24)
2 2

2.3 Solid base catalysts

The use of a solid base catalyst instead of a basic solution offers several process
advantages. Solid bases can be either of Brgnsted- or Lewis-type. There are specific sites
or centers, called “basic sites” that function as base on the surface of such solids. The
advantages of using solid bases include the elimination of a quenching step {with the
associated reduction in the aqueous waste), and the opportunity to operate in a
continuous process. Several types of heterogeneous catalysts with base functionality are
known as shown in Table 2.2 [26]. A major group of basic catalysts is supported or
unsupported metal oxides. The basicity originates from 0™ anions on the surface, having
different coordination numbers dependent on the crystalline planes where those oxygen

atoms belong to.



Table 2.2 Materials of solid base catalysts (Taken from [25])

Metal oxides ) MgO, Ca0, AlLOs, ZrO,, Rare earth oxides
(Lay04 etc.), Alkali metal oxides

Mixed oxides SiOz-MgO, SiO,-Cal, Al,O3-MgO (calcined
hydrotalcite}

Alkali or alkaline earth oxides MgO/Si0,, Cs,0 on zeolites

loaded on a support

Alkali CompOUndS on Al.203 KF/A[QO3, K2C03/Al203, KNHzlAlzo3,
NaOH/ALC,, KOH/ALO,

Amides and imines loaded on a KNH,/ALOs, K, Y, Eu supported on
support zeolites

from ammoniacal solution

Alkali metals loaded on a support Na/Al,Os, K/ALO,, K/MgO, Na/zeolite

Anion exchangers Anion exchange resins

Hydrotalcite and medified hydrotalcites

Zeolites K, Rb, Cs-exchanged X-zeolites, ETS-10
Clays Sepiolite, Montmeorillenite

Phosphates Hydroxyapatite, natural phosphates
Amines or ammonium ions Aminopropyl group /silica or MCM-41
tethered to a support Alkylammonium group/MCM-41

The catalytic activity of BaO, Sr0, Ca® and MgO in the trans-esterification of
vegetable oils into biodiesel has been reported [27]. One of the limitation of these
commen oxides is their low surface areas which limit the number of active sites
available for the reaction. Also, some of them are slightly soluble in methanol which is
used "as a sotvent of the fatty acid, thereby reducing the lifetime of a catalyst [28].
Considering that K0, Mg0C, Zn0O and TiO, are known as basic catalysts (Table 2.2), it is
interesting to see what would be the catalytic activity of oxides having these active
cations altogether in a crystal. Recently, lepidocrocite titanates consisted of potassium,
zinc (magnesium), and oxygen have been studied as catalysts for the deoxygenation of
palmitic acid [8]. It was found that pristine lepidocrocite titanate with good ordering

along the layers provided higher activity, as compared to re-assembled lepidocrocite
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whose the registry between the layers was lost to some extent. Lepidocrocite titanates

will be described in Section 2.3.1.

2.3.1 Lepidocrocite titanate

Lepidocrocite-type structure refers to the structure of Y-FeCOH. We will describe
here the structure of the lepidocroite titanate H,Tizyq0yeOq (x ~ 0.7; O is the vacancy)
as an example. The structure can be constructed from the edge sharing of (Ti,M)Oq
octahedra, which extend into the sheets {or layers) along the a- and c-direction of the
orthorhombic unit cell [29] as shown in Figure 2.3, These sheets stack along the b-
direction like a pile of paper, resulting in 2-dimensional crystallites with the preferred
orientation along the b-axis. The sheet as an elementary unit is roughly one-nanometer
thick, having only 3 layers of atoms [30]. In a more general description, lepidocrocite
titanates have the formula AM,Ti,O,, where A is an alkali metal, M is a transition metal
having the valence not equal to +4 such as L' [31), Zn*" or Mg2+ [32], or Fe™t [33], or the
cation vacancy. The subscripts X, y and z indicates appropriate stoichiometry. Because of
the substitution of M" {n < 4) or the formation of the cation vacancy, the (Ti,M)O; layers
become negatively charged. In order to preserve charge neutrality, alkali metal cations

A" are usually incorporated between the layers.
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Figure 2.3 The crystal structure of lepidocrocite titanate viewed on the bc plane (left)
and on the ab plane (right). The green polyhedral represent the (Ti,M)Oq4
units, whereas the blue dots represent the alkali metal cations located

between the layers. Taken from [34].

Lepidocrocite  titanates — exhibit- chemical. reactivities ~such as -ion-eéxchange,
intercalation, and swelling characteristics of layered materials. The A" cations originally
located between the layers can be ion exchanged with a wide variety of guest species
such as inorganic and/or organic cations, protons, and surfactants. For example, the ion
exchange of K in KoaLio.o7Ti; 7304 with H' results in Hyg7Ti{ 7:04-H;0 where H+-HQO residing
between the layer. For the mentioned composition, the repeating distance along the b-
direction increased from 1.55 nm to 1.84 nm as a result of the ion exchange [31]. The
ion exchange of guest species into the layers with a change in the distance between the
layers is specifically called intercatation. The intercalation of large guest species could
lead to the ultimate separation of the sheets, resulting in the colloidal suspension of
atomically-thin nanosheets [31]. The process leading to such ultimate separation is
called exfoliation.

Lepidocrocite titanates are of interest in a variety of applications [35]. However,
the basicity of lepidocrocite titanates has not been reported so far, despite the fact that
they have layered structure similar to hydrotalcites which are the well-known examples
to exhibit basicity [36]. In this research, lepidocrocite titanate catalysts of various

compositions will be prepared. The adsorption of palmitic acid and the respective
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swelling of the titanates will be investigated. The deoxygenation of palmitic acid will be
studied as a model reaction for the production of long chain hydrocarbons i.e., diesel
fuel, from renewable sources. The characteristic of fuel oils will be discussed in Section

2.4.

2.4 Fuel oils

The fuel products derived from petroleum supply account for more than half of
the world’s total supply of energy [37]. These products include gasoline, kerosene, and
diesel oil, serving as the fuel for automoniles, tractors, trucks, aircraft, and ships. Besides,
fuel oil and natural gas are used to heat homes and commercial buildings, as well as to
generate electricity. The constant demand for these products is the main driving force
behind the petroleum industry. Other products, such as lubricating oils, waxes and
asphalt, have also added to the popularity of petroleum as a national resource. The

boiling range, carbon atom and phase of petroleum products are shown in Table 2.3.

Table 2.3 Boiling range of petroleum products [37]

Product Boiling range, °c Phase Carbon atoms
Gas petroleum <10 Gas 14
Gasoline 30-185 Liquid 4-13
Kerosene 170-250 Liquid 10-14
Diesel 175-350 Liguid 14-19
Lubricant 350-500 Liquid 19-35
Wax 350-500 Solid 19-35
Fuel oil > 500 Liquid >35
Bitumen > 500 Selid > 35

2.4.1 Kerosene

Kerosene, also called paraffin or paraffin oil, is a flammable pale-yellow or
colorless oily liquid with a characteristic odor. [t is obtained from petroleum sources
and has found several uses such as burning in lamps and domestic heaters or furnaces,
as a fuel or a fuel component for jet engines, and as a solvent for greases and

insecticides. Kerosene is a refined petroleum distillate having a flash point of about 25
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°C. It is obtained from the straight-run petroleum fraction that boiled between
approximately 205 and 260 OC. The term kerosene is often incorrectly applied to various
fuel oils. In fact, a fuel oil is actually any liquid or liquid petroleum product that
produces heat when burned in a suitable container, or that produces power when
burned in an engine. Chemically, kerosene usually consists of about 10 different
hydrocarbons, each containing from 10 to 16 carbon atoms per molecule; the
constituents include n-dodecane (n-CisHy), alkyl benzenes, and naphthalene and its
derivatives [38,39]. Since kerosene is used as a burning oil, it must be free from aromatic
and unsaturated hydrocarbons, as well as from the more harmful sulfur compounds.

Kerosene is a stable product, and additives are not required to improve its quality.

2.4.2 Diesel

Diesel fuel oil is a blend of straight-run gas oil and cracked gas oil, resulting in a
preduct boiling in the range of 175-345OC. [40]. Cetane number is a measure of the
tendency of a diesel fuel to knock in a diesel engine. The scale is based upon the
ignition  characteristics of two  hydrocarbons, n-hexadecane (cetane) and

heptamethylnonane, whose the structures are shown in Figure 2.4,

CH CH CH CH

3 3 3 3
—C—CH —C=—CH_ —C=——CH——C—C
cH deH Ycr H,¢——C—CH,—C—CH, —C——CH; H,
CH CH H CH
3 3 3 3
n-hexadecane {cetane) octametylnonane

Figure 2.4 The chemical structure of n-hexadecane (cetane} and octamethylnonane

Cetane has a short delay period during ignition and is assigned a cetane number
of 100; heptamethylnonane has a long delay period and is assigned a cetane number of
15. Just as the octane number is meaningful for automobile fuels, the cetane number
determines the ignition quality of diesel fuels. Cetane number is equivalent to the
percentage by volume of cetane in the blend with heptamethylnonane, which matches

the ignition quality of the test fuel.



14

2.5 Literature reviews

Catalytic decarboxylation is a well-established chemical reaction in an industrial
process and has also been widely applied in organic synthesis on a smaller scale. It has
been studied in broad reaction conditions and over various types of catalyst. However,
works on the deoxygenation of fatty acid over metal oxides as the catalyst are rather
limited.

Maki-Avera et al [41] studied the decarboxylation/decarbonylation of a fatty acid
and their esters over Pd metal supported on activated carbons in a semibatch reactor.
The main studied parameters were catalyst acidity, type of the feed, effect of the
solvent, and the type of carrier gas. High yields of the desired product, n-heptadecane,
were achieved from the decarboxylation of stearic acid at 300 °C and 17.5 bar under
helium gas. Similar work was reported by Snare et al [42] on the catalytic deoxygenation
of stearic acid over palladium supported on carbon catalyst. A completed conversion of

stearic acid with 98% selectivity toward the deoxygenated C17 products was obtained in
a semibatch reactor at 300-360 °C, 15-27 bar.

Also, the catalytic deoxygenation of palmitic and steric acids mixture has been
reported over 1 wt%Pd supported on mesoporous carbon in a semibatch reactor using
dodecane as the solvent. The reaction conditions are the temperature of 260-300 °c,
under an overall pressure of 17.5 bar of 5 vol% Hy/He. The main liquid products were n-
pentadecane and n-pentadecane, which were formed in parallel [43].

Besides precious metal catalysts with or without the support, there are reports
on oxide catalysts. For example, Chang Hyun et al. reported that oxides derived from
hydrotalcite were active for the decarboxylation of oleic acid without hydrogen gas in an
autoclave reactor at 300-400 °C [44]. It was proposed that oleic acid might undergo
saponification on MgQ surface. This catalyst showed 100 % conversion of oleic acid at
400 °C.

Additionally, there are reports in 2006, that ZrO,, Y,05, and CeO; can decompese
steric acid in supercritical water at 400 ©C, 25-40 MPa in a batch reactor. The catalyst
was stable in the reaction using supercritical water and the major product is C16 alkene
and CO,. An addition of alkali hydroxide (NaOH and KOH) in the supercritical water
reaction enhanced the decarboxylation of steric acid with the main products being C17

alkane and CO, [45].
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Tweesin [7] has reported the deoxygenation of palmitic acid over MgO, Ca0, SrO

and BaO in semi-batch reactor. The reaction was conducted using a 1/1 or 0.5/1 by mole

of catalysts/palmitic acid at 460 °C for 6 hours and with nitrogen gas as carrier gas. The
alkaline earth metal oxides showed high activity (>70%yield} for deoxygenation of
patmitic acid.

Dararat et al. [46] studied the decarboxylation of palmitic acid to produce linear
alpha olefins (LAOs) over cerium-metal mixed oxide catalysts. Catalytic activity testing
showed that Cs; ketone was produced as the major product from the ketonization of
palmitic acid. This ketone can undergo cracking to a combination of Cy7 ketone, heavy
ketone/alcohol and hydrocarbons including liquid and small hydrocarbons.

N. Asikin-Mijan et at. [47] reported that the deoxygenation of triolein over Co-Ca0
and W-CaO in batch reactor at reaction conditions; 350 °C reaction temperature, 45 min
reaction time, 5 wt.% catalyst loading, 10 mbar pressure. The liquid product over Co-Ca0
and W-Ca0 vielded 32% and 22% of C8-C17 hydrocarbon with gasoline selectivity of
75% and 65% respectively. Co-CaO catalyst with positive effect on cracking-
deoxygenation process was further investigated by study the effect of Co content from
10 to 40 wt.%. Results showed that paraffinic hydrocarbon yield was increased from 25%
to 65%, while gaso-line selectivity increased from 56% to 84%.

Recently, Limsakul et al. [8] has reported the deoxygenation of fatty acid
{palmitic acid) over lepidocrocite titanates. Pristine lepidocrocite with high ordering along
the stacking direction provided higher activity, as compared to re-assembled
lepidocrocite where the registry between the layers was lost to some extent. However,

details on the nature of the active sites have not been thoroughly studied.



CHAPTER 3
RESEARCH METHODOLOGY

3.1 Reagents
1. Titanium dioxide (TiO,) powder (APS Ajax Finechem), 99.5%
Potassium carbonate (K,CO5) powder {Carlo Erba), 299 %
Magnesium oxide (MgO) powder (Fluka), 298 %
Lithium carbonate {Li,CO;) powder (Acros), =99 %

Copperll) oxide {CuO} powder (Acros), 299+%
Nickel{ll) oxide {NIO) powder (Acros), 297%
Cobalt(ll) oxide (CoO) powder (Aldrich), 299+%

2.
3.
1,
5. Zinc oxide (Zn0O) powder {Nano Materials Technology Co., Ltd.}
6.
1.
8.
9. Iron(lll} oxide (Fe,0s) powder {Sigma-Aldrich), 299%

10. Palmitic acid (Fluka), 297 %

11. Mesitylene (Acros), >99%

12. Isopropanol (Carlo Erba), analysis grade

13. Nitrogen gas, {PRAXAIR), high purity {99.99%)

14. Hydrogen gas, (PRAXAIR), high purity (99.99%)

15. Helium gas, (PRAXAIR), high purity (99.99%)

16. Air, (PRAXAIR), high purity (99.99%)

3.2 Apparatus
1. Catalytic testing rig
2. Horizontal tube furnace (Carbolite GHA Single Zone, Catalytic Chemistry
Research unit, KMITL)
3. Muffle furnace (Cole-Parmer, Catalytic Chemistry Research unit, KMITL)
4. Tube reactor
5. Trap condenser
. Clamp
7. Heating tape
8. Vials
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9. Hot plate

10. Oven (Thermo Fisher scientific, Scientific Instrument Service Centre, KMITL)

11. Laboratory glassware

12. Laboratory plasticware

13. Magnetic stirrer

14. Mechanical shaker (Thermc Fisher scientific, Scientific Instrument Service
Centre, KMITL)

15. Gas chromatograph {Hewlett Packard, HP 6890 series GC system, Scientific
Instrumental Service Centre, KMITL)

16. X-ray powder diffractometer (Rigaku, DMAX 2200/Ultima+, Department of
Chemistry, Faculty of Science, Chulalongkorn University)

17. Thermogravimetric - analyzer (Perkin-Elmer, Scientific “Instrument Service
Centre, KMITL)

18. Fourier transforms infrared spectrometer (Perkin Elmer, Scientific Instrument
Service Centre, KMITL)

19. Mass spectrometer (Agilent Technologies, 5973 inert/Mass Selective Detector,
Scientific Instrument Service Centre, KMITL)

20. SEM (ZEISS, EVO/MA10, College of data storage innovation, KMITL)

21. TEM (Jeol, Jem 2010, National Metal and Materials Technology, NSTDA)

3.3 Experimental procedure

3.3.1 Preparation of catalyst

Lepidocrocite titanate was synthesized by a conventional solid state synthesis
from mixtures of the oxides/carbonates. Potassium carbonate was dried at 120 °C in an
oven overnight prior to use. Other chemicals were used as received. The procedure
reported herein was slightly modified from that in the literature [28]. In a typical
synthesis, the KysLino7Tii7304 lepidocrocite titanate was synthesized from the physical
mixture of K,CO4 (18.3332 ¢), Li,CO; (3.3120 g) and TiO, (22.9234 ¢). The powder was
ground together in a mortar for 30 minutes. They were then put into an alumina boat
and heated in a tube furnace where the temperature was raised (10 °C/min) from room
temperature to 800 °C followed by a hold for an hour. Next, the boat was immediately

taken out from the furnace; the content was reground and subject to a heating at

77904
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800 °C for 20 hours twice, with grinding between each step. This material will be called
“KLi” hereafter. The magnesium-containing lepidocrocite titanate can be made similarly,
starting from the mixture of K,CO; (18.2658 g), MgO (2.6639 g) and TiO, (21.1096 ¢
corresponding to the required stoichiometry for KosM8oaTi16Qq.  This material will be
called “KMg” hereafter.

Other lepidocrocite titanates KogMoaTigOs (M = Zn2+, Cu2+, Ni2+, Co™) were
accordingly synthesized in a muffle furnace from the mixture of K;COs, MO, and TiO;.
After being ground in a mortar for 30 minutes, the mixture in an alumina crucible was
heated to 800 °C for an hour, followed by another grinding for 30 minutes. After that,
the mixture was re-heated at 900 °C for 20 hours. This material will be refered as “KZn”,
“KCu”, “KNi” and “KCo” for lepidocrocite titanate KogMoaTiisOp with M = Zn2+, Cu2+,
Ni~*and Coz+, respectively. Lepidocrocite titanate catalysts KogFeqsTii20s (“KFe”} can be
made similarly from the mixture of K,CO;, Fe,0; and TiO, Some other compositions
where Ti' was simultaneously substituted by two types of cations could also be
prepared, including KpsCugzZna2TiieOs  KogClozNiozTiz 6Qa,  KoghenrMnosTis 20 and
KosF€0.4MnoaTip 204 They will be hereafter named “KCuzn”, © KCuNi”, “KFeg;Mng,” and

“KFegaMnge”, respectively.

3.3.2 Characterization of lepidocrocite titanate
3.3.2.1 Structural analysis using powder X-ray diffraction (PXRD)
The crystalline phase of the materials synthesized can be identified using
PXRD measurement. The sample is prepared by packing the lepidocrocite titanate
powder in the sample holder. A Cu-Kg X-ray beam is used for an analysis at 40 kv and
30 mA, The sample is scanned over the angle ranged from 5 to 65 degrees (26), at a

0.05 degree/step, and a detection time of 0.6 second/step.

3.3.2.2 Determination of specific surface area by nitrogen adsorption

Specific surface area of a lepidocrocite titanate can be determined by a
gas adsorption analyzer (Autosorb-1C, Quantachrome). The sample was prepared by
weighing approximately 100 mg of lepicrodocite titanate into a clean and dried sample

cell. The sample cell was attached to the outgassing station where the temperature was

raised to 350 °C at the rate of 5 °C/min under vacuum. After that, the sample cell was
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removed from the outgassing station and was attached to the analysis station where the
nitrogen gas can be filled. The equilibration time was set to 3 minutes and partial
pressure {(P/Po) range was varied from 10° to 1.0. The adsorption isotherm was recorded,
and the corresponding surface area was analyzed using the method of Brunauer-

Emnmett-Teller (BET) [51].

3.3.2.3 Temperature-programmed desorption

Carbon dioxide temperature programmed desorption (CO,-TPD} is the
technique determining the basicity and basic strength of a catalyst. This technigue was
done according to the following procedure: the sample weighed approximately 200 mg
was packed into a quartz tube reactor, which was located inside a temperature-
regulated furnace. Prior to the measurement, each sample was calcined at 450 °C for 2
hours in air zero and cooled to room temperature under N, gas. Nexi, the sample was
left in contact with 99.99% CO, at a flow rate 30 mL/min for an hour. Then, excess CO,
physisorbed on the surface of the sample was removed by purging the sample with pure
helium at a flow rate of 30 mL/min for an hour. The temperature was then raised from
35 °C up to 600 °C at the heating rate of 5 °C/min using pure helium as a carrier gas.
The thermal conductivity detector (TCD} was used to detect desorbed CO, from sample.
The CO, desorption peak was recorded and the basicity was calculated using the peak
area obtained from a known amount of calcium carbonate as the standard. The basicity

is expressed as mmol of CO, per g of a catalyst (Example C1).

3.3.2.4 Temperature-prograrmmed reduction

Temperature-programmed reduction by hydrogen gas {Hy-TPR) provides
the information on the reducibility of a species on the surfaces of a catalyst. The
sample weighed approximately 100 mg was packed into a quartz tube reactor, which
was then located inside a temperature-regulated furnace. Prior to the measurement,
each sample was calcined at 45¢ °C for 2 hours in air zero and cooled to room

temperature under N, gas. For TPR analysis, a 10% H, in Ar at a flow rate of 30 mL/min
was fed through the reactor, and the temperature was raised from 50 °C up to 900 °C at

a heating rate of 10 °C/min. Water molecules produced during the reduction was

removed by a U-shape glass trap {cooled with the vapor of liquid N,) before the carrier
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gas entering the TCD detector. The reduction peak was recorded and the hydrogen
consumption was calculated using a known amount of copperl(ll} oxide as a standard

(Example D1).

3.3.2.5 Thermal stability of palmitic acid and the amount of adsorbed
palmitic acid

The thermal decomposition of palmitic acid was investigated by a
thermogravimetric analyzer. Approximately 30 mg of sample was placed in a platinum
pan hanging from a microbalance, after which the exact mass was recorded by the
instrument. The sample was then heated from room temperature to 900 °C at the
heating rate of 10 °C/min under the flow of nitrogen gas (20 mL/min). The amount of
organic molecules in the intercalation compound of lepidocrocite titanate (i.e., after the
liquid phase adsorption) can be determined similarly assuming that the mass loss is

solely ascribed to the loss of palmitic acid.

3.3.2.6 Infrared spectroscopy
The powder of the sample was mixed with potassium bromide. The
mixed powder was pressed into a pellet. Infrared spectra of the pellets were collected

using Spectrum GX (Perkin Elmer), from 400-4000 cm .

3.3.2.7 Determination of catalyst morphology by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM)

The morphology of the catalyst was determined by SEM and TEM. For
SEM, the powder was sonicated in acetone for 30 minutes. A few drops of the
suspension were then deposited onto a ¢glass slide. After drying, the dispersed solids on
the glass slide were transferred to the carbon tape, fotlowed by gold sputtering. After
that, the sample was placed in a chamber which was evacuated from ambient pressure

to below 10 Tor. For TEM, the powder was manually dispersed on a stub.
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3.3.3. Adsorption of palmitic acid and the swelling of lepidocrocite titanate

An amount of 2.0 g of KZn lepidrococite titanate was heated with 150 mL of a
5%w/w palmitic acid in isopropanol at 60 °C for 36 hours. The liquid (1 mL) was taken
out at certain intervals, and was filtered through the syringe filter to remove the KZn
particles. The amount of adsorbed palmitic acid was calculated from the difference in
the peak area of palmitic acid at any time vs that before the contact with KZn following

equation 3.1.

%Adsorption = [Palmitic acid] jyya-[Palmitic acid acid] jme x 100 (Eg. 3.1)

[Palmitic acid] imial

After completion of the adsorption, the solid was filtered, washed with

isopropanol, and then dried at 70 °C overnight. The material obtained is called “KZn-

Palmitic acid”,

3.3.4 Preparation of substrates for catalytic activity testing

The intercalation compounds of palmitic acid and lepidocrocite titanate of
several compositions catalyst were prepared as a substrate for testing the catalytic
deoxygenation activity. The lepidocrocite titanate catalyst was activated at 450 °C for 2
h before adsorption with palmitic acid. The lepidocrocite titanate catalyst {1 mole) and
palmitic acid (1 mole) were mixed in the Teflon-lined stainless steel autoclave at 280 °C
for 6 hours without stirring. After completion of the adsorption, the mixture was washed
with isopropanol at 70 °C for 8 hours by Soxlet extraction, and dried at 70 °C overnight,
The amount of palmitic acid after the adsorption were analysed by thermogravimetric

analysis {TGA) in a nitrogen atmosphere as described above.
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3.3.5 Catalytic activity testing

The investigation on the catalytic activity of the lepidocrocite titanates was
conducted in a semi-batch reactor under atmospheric pressure, using N, as a carrier gas.
The intercalation compound was introduced into the glass reactor (length, 7 cm; outer
diameter, 3.5 cm; inner diameter, 3.3 cm) as the substrate. The catalytic testing rig is
illustrated in Figure. 3.1. The reactor was located inside a temperature-regulated tube
furnace. The gas flow rate was controlled by a mass flow controller and was checked by
a bubble flow meter. After that, it was heated to the reaction temperature (350-500 °C)
under N, gas (30 mL/min). The gaseous mixture flowing out of the reactor passed
through a gas sampling loop and was periodically. sampled into an online gas
chromatograph. The remaining gaseous mixture was trapped using liquid nitrogen trap

(-77 °Q). In order to prevent the condensation of products before trapping, the transfer-

line after reaction is heated at 180 °C.

-/

_},
[

Mass flow controller

Tube furnace

Heated line

Nitrogen gas

Gas Chromatograph

Trap condenser

Figure 3.1 Schematic diagram of catalytic testing rig
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3.3.6 Analysis of products

Products from the deoxygenation of palmitic acid were analysed online by a gas
chromatograph (GC} (HP 6890 series} equipped with a DB-1 capillary column (length,
30m; internal diameter, 0.32 mm; film thickness, 5.00 pm} and a flame ionization
detector (FID). The column temperature was initialty 40 °C and was hold there for 5 min,
followed by a ramp at 15 °C/min to 280 °C before another hold at this temperature for
24 minutes. The temperatures of the injection port and FID were kept constant at 275
°C during analysis. ldentification of substances was performed by comparing the
retention time with the comparison with databases from the analysis by a mass

spectrometer coupled with a gas chromatograph {(GC/MS).

3.3.7 Investigation of residue palmitic acid in spent KZn Llepidocrocite
titanate catalyst.

The spent KZn lepidocrocite titanate catalyst (1 g) after the reaction at 350 °C for
an hour was digested by 4 mL of HF in a Teflon beaker. The mixture was gently heated
on the hotplate until all solids were dissolved. Next, n-hexane {6 mL} was poured into
the beaker to extract organic compounds from the HF solution. After that, the hexane
layer was extracted by 10 mL of de-ionized water for the removal of fluoride ion. The
hexane solution was transferred to the volumetric flask and was finally diluted to a

volume of 10 mL. The residual palmitic acid in hexane was then investigated by GC-FID.



CHAPTER 4
RESULTS AND DISCUSSION

In this thesis, lepidocrocite titanate catalysts of several compositions were
prepared and characterized. The adsorption of palmitic acid has been investigated.
Finally, the deoxyegenation of palmitic acid was studied as a model reaction for the

production of long chain hydrocarbons.

4.1 Characterization of catalysts

4.1.1 Solid state synthesis

Lepidocrocite titanate KygZngqTiisQ: “KZn” was synthesized by a conventional
solid state synthesis from the corresponding mixture of oxides/carbonates as described
in Chapter 3. The white powder has the PXRD pattern shown in Figure 4.1, It possesses
high crystallinity as inferred from the presence of several reflections with high intensity.
The Miller indexes are shown on atop of each peak following the previous structure
determination reported in ref [32]. The unit cell parameters of the orthorhombic
symmetry with @ = 0.380(6), b = 1.5(6), and ¢ = 0.298(5) nm can be obtained, in
agreement with the report by Groult et al {33]. The strongest peak at 26 = 11.30 degree
(d = 0.7824 nm) is ascribed to the 020 reflection, which is the repeating distance along
the b-direction of the orthorhombic unit cell.

Lepidocrocite titanate of various compositions can be synthesized similarly.
Besides “KZn” just mentioned, seve