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ABSTRACT

In this thesis, the decarboxylation of palmitic acid to produce linear alpha olefins (LAOs)
over ceria catalyst and cerium-metal mixed oxide catalysts, were investigated. The XRD pattern
of all catalyst showed cubic fluorite structure. CeO, synthesized by a surfactant-assisted method
has BET surface area (159 rnzfg) higher than other catalysts prepared by conventional co-
precipitation method. The reduction of cerium oxide and cerium-metal mixed oxide catalyst is
investigated by Temperature Program Reduction (TPR). Raman spectroscopy was employed to
study the presence of oxygen vacancy in the catalysts; it showed that Ce, Zr, O, has the largest
concentration of oxygen vacancy as seen by the broad band at 550-650 cm . Catalytic activity
testing showed that palmitic acid was converted to C,, ketone via ketonization. This ketone can
undergo cracking to C,, ketone, heavy ketone/alcohol and hydrocarbons including liquid and
smaller hydrocarbons. Under hydrogen flow, C,, ketone can be hydrogenated to C,, alcohol and
further dehydrated to C,, unsaturated hydrocarbon. Alternatively, palmitic acid can be reduced by
oxygen vacancy to C,, aldehyde, which underwent subsequent hydrogenation to C,, alcohol and
hydrogenolysis to C,, saturated hydrocarbon. For the reaction over non-reduced catalyst, palmitic

acid can be decomposed on ceria surface to cracked acid where oxygen vacancy was generated.

Keywords: oxygen vacancy, deoxygenation, ketonization, ceria, cerium oxide, palmitic acid.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Nowadays, the increasing fuel and chemical consumption has led to a rapid depletion of
fossil feedstock. Biomass has therefore become a potential candidate as renewable feedstock for
fuels and chemicals. This aspect is particularly interesting for an agricultural country like
Thailand.

One of the important chemical feedstock that can be derived from biomass is linear alpha
olefins (LAOs). They are widely used for plasticizer, lubricant, surfactant, etc. LAOs are
traditionally produced from an oligomerization of ethylene [1], which is a non-renewable
feedstock. An alternative approach for the synthesis of LAOs is via the decarbonylation of fatty
acids. Fatty acids, which are considered as the derivative of the biomass, can be easily obtained
from a hydrolysis of triglycerides from vegetable oils and animals fats,

In order to make LAOs from fatty acids, the oxygen atoms (i.e., the carboxylic group)
need to be removed, usually with help of a catalyst with basic functionality. The carboxylic group
will be absorbed on the surface of a catalyst, and a metal carboxylate salt is formed. The salt can
be decomposed to alkane and carbon dioxide at high temperature by the pathway shown in
equation (1.1.) This reaction, which is called “decarboxylation”, is however not economically
attractive, as alkane molecules can also be made by other processes at milder conditions than

those of the decarboxylation.
0

CizHys
CuHu\/\)k 2 ot
OH 12 zs\/\c +Co
+ = H, A

— (0] 0 —_—
v y
- {
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W ey oy W W oy g AN
O (6} (o) (o) (s) (e) (o) 0

Metal carbonxylate salt

(1.1)

Apart from that, the removal of carboxylic group can occur via *“decarbonylation”,
yielding alkenes as a product. Generally, this reaction requires a metal oxide catalyst with high
lattice energy. The oxygen vacancy (Ov) in the lattice of the catalyst will interact with the oxygen
atom at the carboxylic group as shown in equation (1.2.) The subsequent step is the loss of the

beta-hydrogen, that is, a hydrogen atom attached to a carbon atom two positions away from the



carboxylic group. Consequently, carbon monoxide and water are produced together with an

alkene with the double bond at the 1 (or alpha)-position. The alkenes are more valuable than

alkanes.
(o]
CyaHas \/\)‘\
OH /\/\/0 C|2H25\\/\ + CO + M0
¥ —= CjaHys ¥ —
H
S o
M M, : M M
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Unfortunately, the high selectivity towards LAOs is low due to their tendency to undergo
isomerization, which ultimately leads to internal alkenes. Besides, the decarboxylation to alkanes
can also occur as the side reaction under the experimental conditions where decarbonylation is
operative. The removal of oxygen atoms is called collectively as “deoxygenation”.

Cerium (IV) oxide, also known as ceria (Ce0,) is well known for its ability to
accommodate oxygen vacancies on its surface [2]. This behavior is heavily utilized in reactions
such as catalytic wet oxidation of organic pollutants in water, or the treatment of noxious gases
(e.g., NO, CO) released from engines. Herein, we propose the oxygen vacancies as the
catalytically active sites for the deoxygenation of fatty acid. We will also study CeO, doped with
other metal cations M which are capable of altering the number and/or strength of the oxygen
vacancies by different mechanisms. In Ce, MO, = M = Cuw, C02+), the cations whose the
valency is different (2+) from TN [3], will induce the formation of oxygen vacancies due to
charge imbalance. We will also study the case where M = Zr“, whose the valency is the same as
Ccﬂ, but the ionic radius is so different that oxygen vacancies are created through the strain in the
lattice. These materials will be reduced by H, gas prior to the reaction, so as to gain insights into
the correlation between the catalytic activity, the reducibility of the doped metal cations, and the
generation of oxygen vacancies. The optimized catalytic conditions for the catalysts prepared will

be investigated as well.



1.2 Objectives

1.2.1 To obtain linear alpha olefins from the deoxygenation of palmitic acid over ceria
and metal-substituted ceria.

1.2.2 To understand the role of oxygen vacancies in ceria and metal-substituted ceria

toward the deoxygenation.

1.3 Scope of the study

The scopes of this thesis are as follows:

1.3.1 Synthesis of ceria and metal-substituted ceria catalysts by (i) surfactant associated
method and (ii) co-precipitation method.

1.3.2 Characterization of ceria and metal-substituted ceria catalysts by X-ray diffraction
(XRD), temperature program reduction (TPR), Raman spectroscopy, and surface area
measurement, Scanning electron microscope (SEM) and Thermogravimetric analysis (TGA).

1.3.3 Investigation on the use of ceria and metal-substituted ceria in the deoxygenation of
palmitic acid in a continuous reactor.

1.3.4 Investigation on the following factors toward catalytic activity: role of oxygen
vacancies and types of incorporated metal cations.

1.3.5 Analysis and quantification of products by a gas chromatography equipped with a

flame ionization detector (GC-FID)

1.4 Expected results
It is expected that a new technology for the production of long chain hydrocarbons from
palmitic acid will be obtained. This technology could potentially be developed into a process for

alpha-olefins production from the renewable source within the country.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Fatty acids

Fatty acids refer to aliphatic monocarboxylic acids, and are one of the most important
building blocks for the synthesis of fuels and chemicals on an industrial scale [4-5]. Fatty acids
can be produced by the hydrolysis of triglycerides, which are major components in animal fats
(e.g., butter, lard, beef), vegetable oils (e.g., jatropha oil, coconut oil, palm oil), or waxes. Natural
fatty acids commonly have an unbranched chain with even number of carbon atoms (mostly 16-
22) which can be either saturated or unsaturated. Saturated fatty acids do not contain any double
bonds, and therefore are not capable of receiving additional number of hydrogen atoms. On the
other hand, unsaturated fatty acids have at least one double bond, where hydrogen atoms can be
added into. Most of the naturally-occurring unsaturated fatty acids are cis-isomers. The trans-
isomers are usually not found in nature and are the result of the processing (c.g., hydrogenation).

The world production of fatty acids from the hydrolysis of natural fats and oils is about 4
million metric tons per year [6]. Fatty acids are ultimately consumed in a wide variety of end-use
industries, such as rubbers, plastics, detergents. Fatty acids make up the greatest proportion for
the current consumption of raw materials in the chemical industry. The extent of the chemical
reactions which are used to transform these renewable materials into other fuels will be
summarized in the next section, after a brief discussion on the fatty acid to be investigated.

2.1.1 Palmitic acid

Palmitic acid, CH,(CH,),,COOH or hexadecanoic acid in TUPAC nomenclature, is one of
the most common saturated fatty acids found in animals and plants. It structure is shown in
Figure 2.1. As the name implies, palmitic acid is a major component in the oils from palm tree

(palm oil and kernel oil). Palmitic acids can also be found in butter, cheese, milk and meat.

(0]
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Figure 2.1 The structure of palmitic acid.



2.1.2 Reactions of fatty acids
2.1.2.1 Deoxygenation
In this context, deoxygenation is a chemical reaction involving the removal of oxygen
atoms from the starting molecule [7]. It is a novel method for the production of long chain
hydrocarbons (diesel, olefin) from renewable sources, and is currently being investigated
worldwide. The deoxygenation can occur via decarboxylation, which involves the release of

carbon dioxide gas together with alkane molecules as shown in equation (2.1).

(CHa)n (CHa)p
e on T e N ew, + o @.1)

Alternatively, deoxygenation can occur via equation (2.2) which is known as
decarbonylation, with the release of carbon monoxide, water, and alkene. Decarbonylation is
more attractive than decarboxylation from the economic point of view, as alkenes are generally

considered more valuable than alkanes,

AL e of, TSRO (CHZ\)V\ + CO + H0 2.2)
2.1.2.2 Ketonization

Ketonization (also known asXketonic decarboxylation) is a reaction where two
equivalents of carboxylic acid are converted into a symmetric ketone, with the expulsion of one
equivalent of water and carbon dioxide each as shown in equation (2.3). This reaction is catalyzed
by bases. The reaction mechanism likely involves the formation of carbanions as the intermediate
from the decarboxylation of one acid group, followed by a nucleophilic attack by another acid
group as a concerted reaction (S,2). This reaction is different from the oxidative decarboxylation
which proceeds through a radical mechanism, and is characterized by a different product

distribution in isotopic labeling experiments with two different carboxylic acids.

€] O 0

1 2 1 2 (2.3)



2.2 Metal oxide

2.2.1 Oxygen vacancies-containing catalysts

Oxygen vacancies-containg catalysts are the one where some portions of oxygen atoms
on the surface are missing, hence the name vacancy. It is suggested that a diatomic species of
peroxide ion (022') is an active species on the surfacc [8]. The vacancies as the defects can be
rapidly formed and eliminated, depending on environmental conditions where the catalysts are
employed.

This phenomenon is known as “oxygen storage capacity”, and is exploited in e.g., the
complete/partial oxidation, or the treatment of harmful gas released from the incomplete
combustion of engines. Examples for common oxides known to contain oxygen vacancies are
CeO, and ZrO,. Materials based on CeO, will be the subject of this work.

2.2.1.1 Ceria

Cerium (IV) oxide (also known as ceria oxide, ceria, cerium oxide or cerium dioxide) is a
pale yellow-white powder with the chemical formula CeO,, where the nominal oxidation state of
cerium is 4+ [9]. Cerium (IV) oxide is the most stable oxides of cerium under room temperature
and atmospheric conditions. It can be made by heating cerium oxalate or cerium hydroxide at
high temperature in air. Powdered ceria is slightly hygroscopic and will also absorb a small
amount of carbon dioxide from the atmosphere.

Cerium (IV) oxide has the fluorite structure, where Ce"" can be considered as forming a
cubic close packed array, and O fill all the available tetrahedral sites as shown in Figure 2.2. As
all oxygen atoms are in a plane with one another, a rapid diffusion of oxygen (assuming the
presence of oxygen vacancies) around the crystals is allowed. Additionally, ceria has excellent
redox properties owing to the very fast reduction of Ce" to Ce”" associated with the formation of
oxygen vacancies at the surface and in the solids. This gives rise to the utilization of ceria as an
oxidation catalyst. The catalyst surfaces with high basicity lead to the adsorption and activation of
carbon dioxide to produce oxygen active species [10]. It has been shown that the catalytic activity
of ceria is directly related to the number of oxygen vacancies in the crystal [11]. The amount of
oxygen vacancies can be measured using X-Ray Photoelectron Spectroscopy (XPS) by examining

the ratios of Ce’ to Ce*" in the crystals.



Figure 2.2 The fluorite structure of ceria: black, Ce4+; white 0" [11].

2.2.1.2 Metal-substituted ceria

In general, metal-substituted ceria with di or trivalent cations results in a change in the
lattice parameter as compared to ceria. Consider a case where the M is substituted to the sites of
Ce". For every M’" cation that substitutes for Ce4+, there will be a deficiency of two positive
charges (or alternatively, an excess of two negative charges). One way to preserve charge
neutrality is via the transformation of Ce*" to Ce”” for every 0.5 unit of M’". Such transformation
generally results in the increase of the lattice constant, because the ionic radius of Ce' " is larger
than that of Ce"". In addition to the reduction of Ce"' to Ce3+, the material could regain charge
neutrality if an oxygen ions 0" leaves the lattices; one such a vacancy will contribute to a
nominal reduction of two negative charges.

2.2.2 Method of synthesis

Co-precipitation is the process where the different cations are precipitated together under
the same experimental conditions. The solids synthesized from the co-precipitation of two cations
might have one type of cation substituted for another cation at certain position in the crystal
structure of a solid. Co-precipitation (and the resulting inclusion into the crystal structure) usually
occurs if the difference in ionic radii between the two is not unacceptably large. For example, in a
solution containing Ce" and Zr‘”, both cations will precipitate at a pH value of 9 into the mixed
oxides/hydroxides. Calcination of the precipitates will result in the formation of doped CeO, with
the composition Ce,_Zr,O, [12]. Here, the amount of incorporated Zr (x) will depend on several
factors, some of them be the relative concentration of 7" relative to Ce'" in the starting solution,
the pH at which co-precipitation is to occur, the solubility product of the two cations, etc. Co-
precipitation of metal cations with different valency is also possible, given the difference in
cationic radii of cations is within a certain limit, and the resulting charge imbalance is brought
back to neutrality by some mechanisms. One of the example is the co-precipitation of Co’ [13] or
Cu” [14] in a solution containing Ce', where heating the resulting precipitates results in the

substituted ceria Ce, Co O, and Ce,_Cu O, respectively.



The co-precipitation of cations (or the precipitation of just one type of cation) can also
occur in the presence of a surfactant. Here, surfactants help improving physical properties of the
solid, mostly by generating porous structure and rendering high surface area. For example, high
surface-area CeQ, can be synthesized, after the aging of Ce” with cetyltrimethylammonium
bromide (CTAB) as a surfactant, followed by precipitation and calcination as usual [15]. The
material has the surface area of 69 mzlg, in contrast to the value of 5 mzlg for CeO, powder

synthesized without surfactant.

2.3 Characterization
2.3.1 X-ray diffraction (XRD)

In XRD measurement, the sample (powder or a crystal) is placed in a holder before it is
illuminated with X-rays at a fixed wavelength, and the intensity of the reflected radiation is
recorded. From the diffraction angle, the inter-atomic spacing (d value, usually in Angstrom units
or 10° cm) can be determined [16]. The results obtained, usually presented as the diffraction
pattern (intensity vs 26) can be used to identify the phase of the materials under investigation.

2.3.1.1 Bragg’s Law

Atoms in crystals interact with X-ray radiations producing interference, as if they reflect
the waves. The interference occurs as a result of the orderly arrangement of atoms into planes.
Let us imagine a beam of monochromatic X-rays entering a crystal with one of these planes of

atoms oriented at an angle of 6 as shown in Figure 2.3.

atomic planes

Figure 2.3 The spacing between the atomic planes [16].

For the constructive interference to take place [16],
nA = 2a (2.4)

The distance 2a can be transformed into the unit of the spacing, d, as



a = dsinf (2.5)

From equation (2.4) and (2.5), we get
2a = 2dsinf@ (2.6)
nA = 2dsiné 2.0

Equation (2.7) is known as Bragg's Law for X-ray diffraction. The destructive
interference will occur if the distance 24 is not an integral number of wavelengths, and the waves
will not be as strong as when they entered the crystal. For the constructive interference, given the
wavelength A of the X-rays going in to the crystal, and the angle & of the diffracted X-rays
coming out of the crystal, the spacing between the atomic planes (referred to as d-spacing) can be
calculated using equation (2.8).

nA

LAV (2.8)

It is important to point out that this diffraction will only occur if the rays are in phase
when they emerge, and at the appropriate value of n (1, 2, 3, etc.) and 0.

Refining the lattice parameters of the unit cell from X-ray powder diffraction data
requires the knowledge of Miller indices 4kl for each diffraction peak, via a process known as
indexing the pattern. For a known material, this can be easily done by comparing the diffraction
pattern to that reported in the literature or in a database (known as the JCPDS). The Miller
indices relate the peak positions or d-spacings to the lattice parameters by an equation specific to
the crystal system. For example, in a cubic system such as CeO, (where the unit cell length a = b

= ¢), equation (2.9) can be used:
1 hP+k?+1?
dh a2

(2.9)

2.3.1.2 Sherrer’s equation
In addition to the unit cell parameter, the particle size of a material can also be calculated

from XRD measurement, using Scherrer’s as shown in equation (2.10):

B (2.10)

- Bcos6

Where D = particle size, K = a constant depending on size and shape of a particle taken
to be 0.9 in this work, and £ = full width at half maximum (FWHM) of the peak in the unit of
radians.

2.3.2 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational,

and other low-frequency modes in a system [17].1t relies on inelastic (or Raman) scattering

of monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet range.
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The laser interacts with molecular vibrations, phonons or other excitations in the system, resulting
in the energy of the laser photons being shifted up or down. The shift in energy gives information
about the vibrational modes in the system.

Typically, a sample is illuminated with a laser beam. Light from the illuminated spot is
collected with a lens and sent through a monochromator. Wavelengths close to the laser line due
to elastic Rayleigh scattering are filtered out while the rest of the collected light is dispersed onto
a detector. The signal is recorded and shown as a plot of the intensity of the scattered light (on the
y-axis) vs the magnitude of the shift in wavenumber of the signal relative to the starting laser in
the unit of cm (on the x-axis). The Raman spectrum can serve as a fingerprint that assists in
identification of a substance, similar to the case of infrared (IR) spectroscopy. Alternatively, each
peak can be ascribed to certain modes of interactions by the phonons, which is related to a crystal
structure of interest including the associated symmetry.

2.3.3 Temperature program reduction (TPR)

Temperature-programmed reduction (TPR) is a widely used tool for the characterization
of metal oxides, mixed metal oxides, and metal oxides dispersed on a support. This technique
yields quantitative information on the reducibility of the surface of an oxide M,O,, including the
heterogeneity of the reducible surface. In this technique, a reducing gas mixture (typically 3% to
17% of hydrogen diluted in argon or nitrogen) is fed over the sample. The sample is reduced
following equation (2.11):

M,O, +yH, — xM + yH,0 (2.11)

A thermal conductivity detector (TCD) is used to measure changes in the thermal
conductivity of the gas stream as a result of the above reaction. The TCD signal is then converted
to concentration of active gas using a level calibration. Integrating the area under the
concentration vs time (or temperature) yields the total amount of gas consumed.
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Figure 2.8 Temperature-programmed reduction (TPR) profile for a metal oxide [18].
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Figure 2.8 shows a typical TPR profile for the reduction of the metal oxide M,O,. The
peak maximum indicates the temperature corresponding to the maximum rate of the reduction.
The TPR method provides a degree of reproducibility of the catalyst surface, including chemical
changes resulting from promoters or metal/support interactions.

2.3.4 Surface area measurement

The specific surface area of a powder is determined by the physical adsorption of gas
molecules on the surfaces, followed by a calculation of the amount of adsorbed gas which
corresponds to a monolayer adsorption [19]. Physical adsorption results from relatively weak
forces (van der Waals forces) between the adsorbed gas molecules and the surface area of the
tested powder. The determination is usually carried out at the temperature of liquid nitrogen. The
amount of gas adsorbed can be measured by a volumetric or continuous flow procedure. The
surface area of the material can be calculated following an equation proposed by Brunauer—

Emmett-Teller (BET) and is usually done by the software of the instrument.

2.4 Linear alpha olefins (LAOs)

The term “olefins”, also known as alkenes with the empirical formula C H,, refers to a
large number of compounds that contain carbon and hydrogen, and have at least one double bond
in their structure. Short-chain olefins, e.g. ethylene, are cracked form naphtha or natural gas.
Ethylene is then oligomerised into longer chain linear alpha olefins (LAOs), ranging from 6 to 30
carbons in length. Alpha olefins are characterized by their high purity, high degree of linearity,
and the presence of double bond which is uniformly positioned between the first and second
carbon. For drilling fluid applications, alpha olefins in the C,, to C 4 range are used because they
have the right mix of physical properties such as viscosity, pour point, and flash point. Internal
olefins are then produced from LAOs by catalytically moving the double bond to different
locations in the molecule. As a result, the pour point of the fluid decreases significantly, thus
enabling these materials to be used successfully in deep-water applications. Internal olefins used
as base fluids for drilling muds typically have carbons chain lengths in the C,, to C,, range [20].

2.4.1 Synthesis
2.4.1.1 Oligomerization

Ethylene-oligomerization process has been developed by Shell and is called the Shell

Higher Olefin Process (SHOP) [21-23]. In this process, ethylene oligomerization is catalyzed by

nickel complexes which give rise to ethylene oligomers having a Shultz-Flory distribution. The
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composition of the oligomers can be adjusted to the required composition through a series of
reactions combining the isomerization of the olefins with the disproportionation between the light
and heavy olefins.

Alternatively, Idemitsu Kosan Co., Ltd., developed a new ethylene oligomerization
process based on the catalyst consisting of ZrCl,, an alkylaluminum compound, and a Lewis base;
the distribution of products in this process can be adjusted by changing the ligand structure of the
alkylaluminum complex [23,24].

2.4.2 Applications

There is a wide range of applications for LAOs. The lower carbon numbers such as 1-
butene, 1-hexene and 1-octene are overwhelmingly used as co-monomers in the production of
polyethylene. High density polyethylene (HDPE) and linear low density polyethylene (LLDPE)
use approximately 2-4% and 8-10% of co-monomers, respectively.

Another significant use of C,-C; LAOs is for the production of linear aldehyde via oxo
synthesis (hydroformylation), for a subsequent production of short-chain fatty acid by an
oxidation of an intermediate aldehyde, or linear alcohols for plasticizer application by
hydrogenation of the aldehyde.

The predominant application of 1-decene is in making polyalphaolefin (PAO) synthetic
lubricant basestock, and to make surfactants in a blend with higher LAOs.

C,y-C,4 LAOs are used in making surfactants for aqueous detergent formulations. These
carbon numbers may be reacted with benzene to make linear alkyl benzene (LAB), which is
further sulfonated to linear alkyl benzene sulfonate (LABS), a popular and relatively low cost
surfactant for household and industrial detergent applications.

Although some C,, alpha olefins are sold into aqueous detergent applications, C,, LAOs
has other applications such as being converted into chloroparaffins, or as an on-land drilling fluid
basestock, replacing diesel or kerosene in their application. Although C,, is more expensive than
middle distillates, it is much more biodegradable, less irritating to skin, less toxic, and easier to
handle.

C,5Cg linear olefins find their primary application as the hydrophobes in oil-soluble
surfactants and as lubricating fluids themselves. C,-C,, alpha (or internal) olefins are used as
synthetic drilling fluid base for high value, primarily off-shore synthetic drilling fluids. The
preferred materials for the synthetic drilling fluid application are linear internal olefins, which are

primarily made by isomerizing LAOs to an internal position. The internal olefins appear to form a
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more lubricious layer at the metal surface and are recognized as better lubricants. Another
significant application for C-C, olefins is in paper sizing. LAOs are, once again, isomerized
into linear internal olefins which are then reacted with maleic anhydride to make an alkyl succinic
anhydride (ASA), a popular paper sizing chemical.

C,y~C3 LAOs production capacity is only 5-10% of the total production of a LAO plant.
They are used in a number of reactive and non-reactive applications, including as feedstocks to
make heavy linear alkyl benzene (LAB) and low molecular weight polymers which are used to

enhance properties of waxes.

2.5 Literature reviews

In this thesis, the deoxygenation of palmitic acids will be studied. The active catalysts
will require a considerable amount of oxygen vacancies on the surface. These oxygen vacancies,
being very active, will interact with the carboxylic group of the palmitic acid, leaving carbon
monoxide and water as byproducts together with alkenes as a desired product. So far, this reaction
has received only little attention. It has been reported [15] that a high surface area increases the
number of oxygen vacancies of CeOQ, in catalytic dry reforming reaction. In another work
[12,13,14], it was pointed out that certain divalent or trivalent substituted such as Cu, Co, and Zr
create oxygen vacancies in substituted Ce, M O, solids. CeO, will be employed as a base catalyst

in this research.



CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Reagents

1. Cerium(IIT) chloride heptahydrate (Fluka), =98.5%

2. Zirconium(IV) oxynitrate monohydrate (Acros), =99.5%
3. Copper(ID) nitrate trihydrate (QRec), =99.5%

4. Cobalt(IT) nitrate hexahydrate (Carlo Erba), =>99%

5. Cerium(IV) oxide (Aldrich chemistry), =~99%

6. Palmitic acid (Fluka), =98%

7. p-xylene (Gehalf), >99%

8. Ammonia (Carlo Erba), 30% solution in water

9. Sodium carbonate (Carlo Erba), =99.7%

10. Cetyltrimethylammonium bromide, CTAB (Fluka), =~98%
11. Acetone (Fisher Scientific), AR-grade

12. Hydrogen gas (Praxair), High purity

13. Air zero (Praxair), High purity

14, Nitrogen gas (Praxair), High purity

3.2 Equipment and tools

1. Catalyst testing rig

2. Tube furnace

3. Gas chromatograph (HP 6890 gas chromatography)
4. Vial

5. Stirrer

6. Dewar

7. Oven

8. Wash bottle

9. Laboratory glassware

10. Laboratory plasticware

14
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11. X-ray Powder Diffractometer (Rigaku, DMAX 2200/Ultima+, Faculty of Science,
Chulalongkorn University)

12. Gas adsorption analysis unit (Autosorb-1C, Quantachrome, Faculty of Science,
KMITL)

13. Temperature programmed reduction (TPR) (Housemade)

14, Raman spectrometer (DXR Smart Raman, Thermoscientific, College of
Nanotechnology, KMITL)

15. Scanning electron microscope (SEM) (EVO Mal0, Zeiss, College of Data Storage

Innovation, KMITL)

3.3 Experimental procedure
3.3.1 Preparation of a catalyst
3.3.1.1 High surface area ceria

The high surface area CeO, was synthesized following the procedure in ref [15]. In a
typical synthesis, 291 mL of an aqueous solution of 0.1 M CTAB was added dropwise into a
beaker containing 364 mL of 0.1 M CeCl,"7H,0. The molar ratio of cerium(III) cations to that of
CTAB (Ce/CTAB) was kept constant at 0.8. The mixture was vigorously stirred, after which an
aqueous ammonia solution was added dropwise into the mixture until pH value reached 11.5. The
mixture was continuously stirred for another 3 h at room temperature, sealed and placed in a
thermostatic bath maintained at 90°C for 3 days. After that, the mixture was cooled down to room
temperature naturally. The resulting yellow precipitate was filtered and washed repeatedly with
hot DI water (twice) and acetone (twice). It was dried overnight in an oven at 110°C, and then
calcined in air at 450°C for 2.5 h.

3.3.1.2 Ceria-zirconia mixed oxide (Ce,,Zr,,0, and Ce, Zr, .O,)

The Cey4Zr,,0, mixed oxide was synthesized by a co-precipitation method [12]. Two
types of solution were prepared. The first one contained an equal volume of 0.1 M
ZrO(NO,),xH,0 and 0.1 M CeCl,7H,0, where the molar ratio of Zr to that of Ce is 1/4
corresponding to the stoichiometry Ce,Zr, ,0,. Another type of the solution is aqueous ammonia.
The solution of mixed metal cations was added dropwise into an aqueous solution of ammonia
where the pH value was pre-adjusted to 9 with water. Additional volume of NH, was added to the

mixture to maintain the pH value at 9 throughout the mixing. The purple precipitates were stirred



16

for 3 h at room temperature, filtered, washed with hot distilled water, dried at 110°C in air
overnight, and then calcined in air at 450°C for 2.5 h. CeyZr, O, was prepared similarly
employing the solution containing Zr" and Ce"" at the molar ration 1/1.

3.3.1.3 Ceria-copper mixed oxide (Ce,,Cu,,0,)

The Ce,4Cu,,0, mixed oxide was synthesized by the co-precipitation method [14]
similar to that in Section 3.3.1.2. A well-mixed solution of Cu(NO,),3H,0 and CeCl,"7H,0
(molar ratio Cu’"/Ce*” = 1/4) was prepared from the respective solution with a concentration of
0.1 M. This solution was added dropwise into a beaker containing a small amount of 1 M Na,CO,
where the pH value was pre-adjusted to 5.5 with water. Additional volume of 1 M Na,CO, was
added to the mixture if needed to maintain the pH value at 5.5 throughout the mixing. The blue
precipitate was stirred for 3 h at room temperature. After that, it was filtered, thoroughly washed
with hot distilled water, dried overnight at 110°C, and calcined in air at 450°C for 2.5 h.

3.3.1.4 Ceria-cobalt mixed oxide (Ce,,Co,,0,)

The Ce,;Co,,0, mixed oxide [13] was also synthesized by a co-precipitation method. A
well-mixed solution of Co(NO,),:6H,0 and CeCl,7H,0 (molar ratio Co’/Ce’ = 1/4) was
prepared from the respective solution with a concentration of 0.1 M. This solution was added
dropwise into a beaker containing a small amount of 1 M Na,CO, where the pH value was pre-
adjusted to 8.5. Additional volume of 1 M Na,CO; is added to the mixture to keep the pH value
constant at 8.5 throughout the mixing. The brown precipitate was aged at room temperature for 3
h at room temperature. The precipitate was then filtered and washed with hot distilled water
several times, dried overnight at 110°C, and calcined in air at 450°C for 2.5 hr.

3.3.1.5 Commercial ceria

The commercial, low surface area ceria (LSA) catalyst was form Aldrich, 99%. It was

calcined in air at 450°C for 2.5 h.
3.3.2 Characterization
3.3.2.1 X-ray powder diffraction (XRD)

The crystalline phase of the materials prepared can be identified, and the corresponding
unit cell parameters can be determined, using XRD measurement. The sample was ground before
it was packed on the sample holder. Analysis was done employing a Bruker diffractometer (Cu
K radiation, 40 kV, 30 mA) at Department of Chemistry, Chulalongkorn University, covering

the range 260 = 5-90°, at the rate of 0.02/step and a scanning rate of 0.4 s/step.
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3.3.2.2 Determination of the surface area
Surface area of the materials can be determined by a Gas Adsorption Analyzer
(Autosorb-1C, Quantachrome). Approximately, 0.02-0.04 g of the sample was loaded into the
cell, which was subsequently heated to 350°C under vacuum so as to drive off the adsorbed gas
from the surfaces. After that, nitrogen gas was introduced to the sample cell, and the N,
adsorption at 77 K on the surfaces of the materials can be measured at the partial pressure (P/P)
of 0.05-0.30. The adsorption isotherm was recorded and the corresponding surface area was
analyzed using the method of Brunauer-Emmett-Teller (BET) [19].
3.3.2.3 Temperature-programmed reduction
Temperature-programmed reduction (TPR) provides information on how easy a species
on the surfaces of a catalyst can be reduced. The sample weighed 50 mg was placed into a quartz
tube reactor, which was located inside a temperature-regulated furnace. Prior to the measurement,
each sample was heated to its calcination temperature (450°C in this work) in air zero and cooled
to room temperature under N, gas. For TPR analysis, a 10% H, in Ar at the flow rate of 30
mL/min was applied, and the temperature was raised from 50°C up to 900°C at the heating rate of
5°C/min. Water molecules produced during the reduction was removed in a U-shape glass trap
(cooled by the vapor of liquid N,) before the carrier gas entering the thermal conductivity detector
(TCD), enabling the analysis of the reducibility of a catalyst.
3.3.2.4 Raman spectroscopy
The powder of the sample to be investigated was manually pressed into a pellet. Raman
spectra were collected using a DXR Smart Raman (Thermoscientific) at College of
Nanotechnology, KMITL, from 50-4000 em’. The laser employed has the wavelength of 532 nm,
and the laser power was 5 mW. A total of 15 spectra were collected per one sample, with the
exposure time of 2 s each.
3.3.2.5 Scanning electron microscopy
The catalyst surface morphology was determined by SEM technique. The sample was
manually dispersed on an SEM stub and then coated with a gold thin film. After that, the sample
was placed in a chamber which was evacuated from ambient pressure to below 10" Torr. Then,
the sample holder was adjusted, tilted and moved in the X, Y and Z directions. As a consequence,

sample surface was viewed from almost any perspective
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3.3.3 Catalytic activity testing

The investigations on the catalytic activity of the materials were conducted in a
continuous fixed bed reactor made of a glass tube (length, 50 cm; outside diameter, 8 mm); inner
diameter, 6 mm) under atmospheric pressure, using N, as a carrier gas unless indicated otherwise.
The catalysts were pressed into a pellet, crushed and sieved to the size of 0.3-0.5 mm, before
being packed into a reactor. The catalytic testing rig is illustrated in Figure. 3.1. The reactor was
positioned at the center of a vertical tube furnace. The gas flow rate was controlled by a mass
flow controller and was checked by a bubble flow meter. Before activity testing, the catalysts
were activated by heating at 2°C/min to 450°C for two hours under the stream of air zero (30
mL/min). Then, the catalysts Were reduced for two hours under the stream of hydrogen gas (30
mL/min) at several reduction temperatures, so as to enable the investigation of the effect of the
reduction temperature (400°C) on the catalytic activity. In some runs, reduction of a catalyst
prior to the reaction was omitted, so us to test the effect of the presence of oxygen vacancy on
catalytic activity. The reactor was thereafter cooled (or heated) to the reaction temperature
(400°C) under N, gas (15 mL/min), following by additional purging (1 h) after the required
reaction temperature had been reached. After that, the reactant (5% palmitic acid in p-xylene) was
fed into the reactor by an HPLC pump at the rate of 1.5 mL/h. The reaction was operated for a
total time on stream (TOS) of 280 min. The products were collected in a vial by a condenser for

40 minutes.

Feed
Mass Flow
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Nitrogen Air Zero Hydrogen

Figure 3.1 The catalytic test rig.
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3.3.4 Product analysis
The reaction products from the catalytic testing in a continuous mode were analyzed with
an HP 6890 gas chromatography equipped with a flame ionization detector (GC-FID) and a
capillary column HP-5 (length, 30 m; internal diameter, 0.25 mm; film thickness, 0.025 pm). The
following temperature program was used for the analysis of the collected liquid hydrocarbons:
holding at 40°C for 10 min, followed by the ramping to 280°C at the rate of 15°C/min, before a

final holding at that temperature for 60 min. N, gas was used as a carrier gas throughout.
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CHAPTER 4

RESULT & DISCUSSIONS

4.1 X-ray diffraction

Unsubstituted high surface area (HSA) ceria, either in the as-synthesized form or after
calcination, was yellow powder. The substitution of metal cations M (in parenthesis) to make
Ce, M, 0O, resulted in a change in color from yellow to purple (Zr), green (Cu) and brown (Co) for
the as-synthesized samples. After calcination at 450°C for 2.5 h, the catalyst doped with Zr
changed to yellow, with Cu changed to brown, and with Co changed to olive-green.

Figure 4.1 depicts the XRD patterns of the prepared catalysts. All patterns can be
indexed based on a cubic fluorite structure, The unit cell parameter a of the cubic cell for various
catalysts are shown in Table 4.1, together with the crystallite size (calculated from the full width

at half maximum (FWHM) of the 111 peaks) [13, 25-27]. Details can be found in Appendix A.

Cey5Coy,0,
- Cey5Cuy,0,
a.
=
£ Cey5Zry 50,
W
=
2
= Cey 521950,
j - ol CeO,(I1SA)
[ J J . A M CeO,(LSA)
e s Eeee

T ' T ! T v T T T T T
10 20 30 40 50 60 70 80

2theta (deg)

Figure 4.1 XRD patterns of ceria and metal-substituted ceria samples after calcination at 450°C

for 2.5 h. The peak with « is the 311 reflection from Co,0,.
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Table 4.1 Unit cell parameter, crystallite size and surface area of ceria and metal-substituted

ceria. The standard deviation on the unit cell parameter in parenthesis belongs to the last digit.

FWHM Unit cell parameter Crystallite size )
Catalyst . . Surface area (m’/g)
(degree) (A) (A)
CeO, (LSA) N/A N/A N/A 8
CeO, (HSA) 1.255 5.407(4) 65 159
Cey ;50,5 1.140 5.39(1) 72 124
Ce, Zr, .0, 1.669 5.34(1) 49 93
Ce,,C0,,0, 1.002 5.408(7) 82 42
Ce,sCu,,0, 0.976 5.42(1) 83 54

The reduction in unit cell parameter upon substituting Zr" with Ce" is expected and is in
agreement with previous work [28-29] due to the smaller size of Zr' relative to Ce''. For an 8-
fold coordination, the crystal radius for Zr" is 0.84 A while that for Ce™ is 0.97 A [3]. The
incorporation of large amount of Zr resulted in a large magnitude of unit cell parameter reduction
as observed for Ce, ;Zr, .0, (a = 5.34 A) compared to Ce,,Zr,,0, (¢ = 5.39 A).

The catalyst Ce,,Co,,0, has a slightly larger unit cell parameter than that of CeQ,. This
is in contrary to the smaller size of Co’ (0.90 A for the coordination number of six). In this
material, a deficiency in positive charge is created as a result of the replacement of Ce" by Co”.
One way to bring back charge neutrality is by the reduction of Ce" into Ce’" (1.143 A for
coordination number of eight), resulting in a larger unit cell for Cey3Co,,0,. An increase of unit
cell parameter in cobalt-substituted ceria relative to the unsubstituted material has been reported
previously [3]. In addition to a reduction of Ce' to Ce‘“, the creation of oxygen vacancy as a
means to compensate for the deficiency in the positive charge cannot be discarded. However, the
formation of Co,0, could suggest that the incorporation of Co’ " into ceria is actually lower than
the nominal formula of Ce;Co, ,0,.

The expansion in the unit cell of Cey,Cu,,0, as a result of doping by Cu’ is in
agreement with the previous work [30]. In this case, the rational based on crystal radii is even less
straightforward. Ce'" can have a coordination number up to 8, while the highest tabulated crystal
radius of Cu’" is 0.73 A for a 6-fold coordination. Cu’ is a d’ cation, which could prefer the

square planar arrangement instead of cubic (as in Ce4+). Therefore, structural distortion in lattice
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can be expected, producing oxygen vacancy, which in a theoretical study was found to increase

the unit cell parameter [31].

4.2 Textural properties

The specific surfaces areas of ceria based catalysts as determined by N,
adsorption/desorption are shown in Table 4.1. Details can be found in Appendix B1-B12. A high
value of surface area obtained for HSA CeO, is as expected from the use of CTAB surfactant,
The surface area of Ce,Cu,,0, and Ce,,Co,,0, is not as high because these two catalysts were
synthesized by a common co-precipitation method. Still, the surface areas obtained are close to
the value reported despite of a slight difference in calcination temperature in our work and in [13-
15]. A relatively high surface area of Ce,,Zr, ,0, is also similar to the value reported in [12].

The morphology of catalysts were analyzed by Scanning Electron Microscope. The
morphology of ceria (HSA) and commercial ceria (low surface area, LSA) used in this work can

be seen in Figure 4.2.

Figure 4.2 SEM of ceria (HSA) (left) and commercial ceria (LSA) (right).

It can be seen that, both ceria (HSA) and commercial ceria (LSA) showed non-uniform

crystallites,

4.3 Temperature programed reduction
Temperature programmed reduction profiles of ceria based catalysts determined in the

temperature range 7'= 50-900°C are shown in Figure 4.3. This technique determines the number
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of reducible species based on the area under the peak, and determines their strength based on the

temperature at the maximum peak intensity.
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Figure 4.3 TPR profiles of ceria and metal-substituted ceria catalysts.

The TPR pattern of HSA ceria exhibits a broad band at 400-600°C and another one at
around 800°C. The former can be ascribed to the reduction of oxygen vacancy on surface
attached to surface Ce‘“, while the latter is referred to the reduction of bulk ceria [32]. Upon
doping with Zr as in Ce,,Zr,,0,, the catalyst became easily reduced as seen from the shift of both
broad peaks to lower temperature compared to unsubstituted CeO,. The smaller yZol (compared to
larger ce™) prefers a 7-fold coordination number instead of the usual 8-fold coordination in
fluorite structure [28]. The excess oxygen is therefore expelled from the crystal, resulting in an
oxygen vacancy. Zr' in the mixed oxide is not easily reduced in the presence of Ce" [31]. The
substitution with a larger amount of zr'" (as in Ce, sZr,0,) results in the formation of oxygen
vacancy which is more difficult to get reduced compared to Ce,Zr,,0,, as seen from the shift of
peak temperature to a higher value. Yet, the amount of oxygen vacancy (i.e., peak area) is greater

for Ce, ;Zr, ;O, than it is in Ce, ,Zr, ,0,.



24

The Ce,4Cu,,0, catalyst exhibits two reduction peaks in the temperature range 100-
300°C which corresponds to a stepwise reduction of Cu” >Cu'>Cu’ [32]. Yet, the presence of
oxygen vacancy might be inferred from the increase in unit cell parameter as mentioned in
Section 4.1.

The Ce,4Co,,0, had two reduction peaks in range of temperature 250-350°C, also
corresponding to a step-wise process of Co™ > Co™'> Co° [13]. Since only Co” is present in
Ce,4Co,,0,, the reduction of Co™" > Co’" is derived from the presence of isolated Co,0,, as seen
by XRD. Similar to copper-substituted ceria, the presence of oxygen vacancy in Ce,:C0,.0,
might be deduced from the increase in unit cell parameter as discussed in Section 4.1. Table 4.2

lists the peak positions of various catalysts studied.

Table 4.2 TPR peaks position of ceria and metal-substituted ceria

catalysts.
Catalyst T (°C)
CeO, (HSA) 403, 537, Higher than 800
Ce, 4Zr,,0, 422, 473,792
Cey 5Zr, {0, 433, 521, 822
Cey;Cly,0, 215, 262, 785
Ce,;Co,,0, 251, 310, 781

4.4 Raman spectroscopy

Raman spectra of the catalysts are shown in Figure 4.4. The spectra for all samples were
dominated by a strong band at 460 cm-lassigned to the F,, Raman active mode of the fluorite
CeO, [33]. In metal-substituted ceria after calcination, the F,, peak shifted to a higher
wavenumber (Zr, 463 cm’') but to lower wavenumber for Cu (446 cm™) and Co (449 em’).
A shift to higher wavenumber indicates a strengthening of the bond [28), in agreement with the
reduction in unit cell parameter for Zr-substituted ceria compared to unsubstituted ceria in
Section 4.1. By the same analogy, a shift to lower wavenumber indicates a weakening of the
bond, also in agreement with the increase in unit cell parameter of Co- and Cu-substituted ceria.
A larger shift to the lower-wavenumber in Ce,Cuy,0, (446 cm'l) is in agreement with its larger

unit cell parameter (5.42 A) compared to Ce, .Co,,0, (449 cm'l, 5.408(3) A).
0.8 D232
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Figure 4.4 Raman spectra of ceria and metal-substituted ceria samples

before (red) and after calcination (black) at 450°C for 2.5 h.

The peak at 600 cm is generally ascribed to O vacancy originated from non-
stoichiometry in ceria [34]. The presence of this band in Ce4Zr,,0, and Ce,,Zr, .0, is in good
agreement with TPR profiles reported in Section 4.1.3. A stronger intensity of the 600 cm’ band
in Ce, Zr, O, suggests a larger concentration of oxygen vacancy relative to Ce, Zr,,0,, in
agreement with TPR. Unsubstituted ceria did not show the presence of oxygen vacancy by
Raman, likely reflecting the low amount of the vacancy. In addition to this reason, for Ce, M, ,0,
(M = Cu, Co), the lack of the 600 cm’” band could be due to the stronger absorption of light by the
sample as suggested by their color. The position of the bands and the corresponding FWHMs are

shown in Table C1 in the Appendix.
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4.5 Deoxygenation of palmitic acid over ceria catalyst

The deoxygenation of palmitic acid over ceria catalyst is studied using continuous fixed

bed reactor under atmospheric pressure. The products distribution are shown in Figure 4.5.
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*Reaction condition; Catalyst: CeO, (HSA) Solvent: p-xylene, Reduction temperature: 400°C,
Reaction temperature: 400°C, Flow rate of feed plus hydrogen carrier gas: 30 ml/min, Pressure:

1 atm, Contact time: 800 g.h/mol.

Figure 4.5 (a) Conversion of palmitic acid (+) and yield (C,, ketone (4 ), ketone/alcohol (m),
hydrocarbons ( A))
(b) Yield of cracking ketone/alcohol products (C,, ketone (#), heavy ketones/
alcohols (m)) ‘
(c) Yield of cracked hydrocarbon products. (light hydrocarbon( ¢), C, (m), C,, (4),
C,, (X), C12 ("), C13 (+), C14 (+), C15 (=), C16 (=), C17 (#))
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It can be seen that a 100 % conversion is obtained, and major products are ketone/alcohol
and hydrocarbons. It is interesting to note that yield of the ketone and the hydrocarbons are
somewhat equivalent. In addition C31 ketone is observed as minor product.

It is suggested that C,, ketone is produced from ketonization of palmitic acid in a manner
similar to typical reaction of carboxylic acid over ceria catalyst [35]. Two palmitic acid can
adsorb on the ceria surface and coupling to a symmetry ketone (C,,ketone) bearing, carbon

dioxide and water as shown in Figure 4.6.

2 CH —\ 'C H C H + CO, + HO
14729 14729 1429 2 2

OH

Figure 4.6 Ketonization of palmitic acid over ceria catalyst.

This can be confirmed by an observed carbon dioxide in exhausted gas from the reaction
as shown in Figure 4.7. The gas products contain significant amount carbon dioxide and light
hydrocarbons. Small amounts of carbon monoxide is also observed indicating that

decarbonylation of palmitic acid also takes place.
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Light hydrocarbon
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Figure 4.7 Chromatogram of gases product from palmitic acid over ceria catalyst.

As C,, ketone contains number of carbon higher than that of palmitic acid (C16
carboxylic acid), only explanation for C , ketone is formation by cracking of C,, ketone. In line
with this view, the mixtures of long chain hydrocarbon containing C,, or lower are obtained,

together with C,, ketone, as demonstrated in Figure 4.8. Yield of this products are summarized in

Table 4.3.
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Figure 4.8 Chromatogram of hydrocarbon products from palmitic acid over ceria catalyst.

Table 4.3 Product distribution from palmitic acid over ceria catalyst.

%conversion 100
Product % vield
16-hentriacontanone 21.6
heavy ketone/alcohol 16.2
2-heptadecanoe 21.9
Total hydrocarbon (unsat/sat) 40.3 (1.0)
Ui 2.5(1.6)
Ci¢ 3.9(0.6)
B 23(1.2)
Ci 5.4(0.8)
o 6.2(1.8)
Gy, 5.4 (0.6)
& 23 (1.0)
&, 1.8 (0.7)
c, 1.3(0.7)
light hydrocarbon 9.2

*Reaction condition; Catalyst: CeO, (HSA) Solvent: p-xylene, Reduction temperature: 450°C,
Reaction temperature: 400°C, Flow rate of feed plus hydrogen carrier gas: 30 ml/min, Pressure:

1 atm, Contact time: 800 g.h/mol.
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Cracking of C,, ketone is likely to take place at the Ol-carbon of the carbonyl group
because an intermediate (six membered ring) can be stabilized by intra-molecular hydrogen
transfer to the carbonyl group as shown in Figure 4.9. Hence C,, ketone is predominantly
produced while the remaining C,, long chain hydrocarbons can be cracked to other short chain

counterparts. Accordingly yield of liquid hydrocarbon is lower than expected.

Short chain hydrocarbons

Figure 4.9 Main product of cracking of C,, ketone.

It is known that cracked product is generally unsaturation. The observed saturation of the
cracked hydrocarbon products can be attributed to hydrogenation/hydrogen transfer of the
hydrocarbon pools [36].

In addition to C,, ketone, heavy ketone/alcohol are obtained. It is suggested that, at high
temperature, cracking of C;, ketone is not promoted only at the a-carbon, but also at any position
along the alkyl chain of C,, ketone. In consistent with this, a noticeable yield of lower
hydrocarbons is produced (Table 4.x1).

It is worth noting that significant yields of C,; and C,, long chain hydrocarbons are also
observed. One cloud expects that, under hydrogen flow, competition adsorption of hydrogen on
the oxygen vacancy can be facilitated. Accordingly, C,, long chain hydrocarbon could be
obtained from reduction of palmitic acid to C,; aldehyde over the oxygen vacancy of the reduced
ceria. This intermediate would be promptly hydrogenated to C,, alcohols that undergo

hydrogenolysis to C, saturated long chain hydrocarbon, as observed (Figure 4.10).
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Figure 4.10 Production of C  long chain hydrocarbon from palmitic acid.

In a similar manner, hydrogenation of C,, ketone to C,; alcohol is also possible. The C,,

alcohol can be rapidly dehydrated to C,, long chain olefin as shown in Figure 4.11.

o) OH

CmHzo\)'k H, Cr4Hzo\/k Cy4Hzo
CH, —= =" Clitag, 5 ™ =

3 3 'H20 CH3

Figure 4.11 Production of C,, long chain hydrocarbon from C,, ketone.

In support with this view, C,, hydrocarbon is rich in unsaturated compounds while C,
hydrocarbon is predominantly saturation (Table 4.3). According to the above observation and
discussion, the overall reaction pathway for deoxygenation of palmitic acid over ceria in

hydrogen can be proposed in Figure 4,12,

0 .
0 Ketonization (i) / High Ketone & alcohol
——
Ci4Hyo CiaHay CqHyo Cracking (ii)

OH \
Cracked hydrocarbon
Cracking
(ii) “
Hydrogenation (iv) Cy4 Hydrocarbon Cy4Hao \/“\
CH,
Cracking (v) Hydrogenation (iii)
Cracking (v) Cracking (v)

Cy¢ Hydrocarbon ———————— Cracked hydrocarbon <—— C,; Hydrocarbon

Figure 4.12 Pathway of palmitic acid over reduced ceria catalyst.
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4.5.1 Role of oxygen vacancy

As the reaction of palmitic acid proceeds mainly via ketonization that promoted by
oxygen vacancy of the ceria catalysts, the effect of oxygen vacancy in the catalyst can be
demonstrated by the catalyst treatment as shown in the Table 4.4,

Table 4.4 Product distribution from palmitic acid in treated catalysts.

reduced CeO, reduced CeO, non-reduced CeO,
(HSA) (HSA) (HSA)
Carrier gas inH, ‘in N, inN,
%Conversion 100 100 100
Product % yield
16-hentriacontanone 21.6 20.7 24.4
heavy ketone/alcohol 16.2 142 32
2-heptadecanoe 219 324 16.1
Total hydrocarbon (unsat/sat) 40.3 (1.0) 32.7(0.9) 32.8(1.4)
A 2.5(1.6) 33(1.2) 1.5(2.4)
& 3.9 (0.6) 2.8 (0.5) 1.8 (3.0)
Cf 33U1.2) 0.5(1.4) 0.5 (4.7)
oy 5.4 (0.8) 3.2 (0.7) 2.5(2.4)
<) 6.2 (1.8) 4.7 (1.9) 39(3.1)
Cis 5.4 (0.6) 4.3 (0.5) 5.4(0.6)
G 2.3 (1.0) 1.6 (1.2) 24 (1.1)
i 1.8 (0.7) 1.2(0.9) 2.1(0.8)
5 1.3 (0.7) 0.8 (0.9) 1.3(0.7)
light hydrocarbon 0.2 10.3 11.4
Cracked acid - = 215
Coke' 2.6% N/A 3.9%

*Reaction condition; Catalyst: CeO, (HSA) Solvent: p-xylene, Reduction temperature: 450°C,
Reaction temperature: 400°C, Flow rate of feed plus carrier gas: 30 mi/min, Pressure: 1 atm,
Contact time: 800 g.h/mol.

* coke is detected by TGA (temperature about 800°C)
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It can be seen that the reaction in hydrogen as carrier gas shows hydrocarbon yield higher
than those from the reaction in the absence of hydrogen and from the non-reduced catalyst. This
is because hydrogen gas can not only facilitate the formation of oxygen vacancy that promotes
ketonization (i) but also promotes hydrogenation of palmitic acid (iv) and hydrogenation of Cor
ketone (iii).

For the reaction in the absence of hydrogen as carrier gas, the reduced ceria is still active
for ketonization (i) but hydrogenation (ii, iv) is limited. The only source of hydrogen is from the
hydrogen transfer. Accordingly yields of C,s and C,, hydrocarbon are decreased. In line with this
view, coke that is source of hydrogen transfer would be formed over the catalyst leading to faster

deactivation as shown in Figure 4.13,
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*Reaction condition; Catalyst: CeO, (HSA) Solvent: p-xylene, Reduction temperature: 450°C,
Flow rate of feed plus carrier gas: 30 ml/min, Pressure: I atm, Contact time: 800 g.h/mol.

Figure 4.13 Yield of hydrocarbon. (reduced ceria/H, (m), reduced ceria/N, (4 ),

non-reduced ceria/N, (A ))

This deactivation is clearly seen for the reaction with non-reduced catalyst. As the
catalyst is not reduced, no oxygen vacancy is initially formed. However palmitic acid can
decompose on ceria surface, generating oxygen vacancy that promoted ketonization and cracking
to hydrocarbon in a manner similar to those primarily reduced. The decomposition of palmitic
acid over this catalyst can be confirmed by the observed yicld of cracked acid and coke as shown

reaction in Table 4.4. TGA confirm that
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Figure 4.14 Reaction of palmitic acid to cracked acid.

In consistent with this view, faster deactivation is obtained and yield of hydrogenation
product, C,, and C, hydrocarbon are essentially low for the non-reduced catalyst (Table4.4).
Furthermore, the cracked products are rich in unsaturated hydrocarbon.

According to the above observation and discussion, the overall reaction pathway for
deoxygenation of palmitic acid over ceria catalyst can be amended by incorporating direct

cracking of palmitic acid over non-reduced site, as shown in Figure 4.15,

Cracked acid 2 Kelonization (i) £ / High Ketone & aleohol
Cl'ackil'lg (Vi) C]qHzg C““zn\/ik/cuﬂzg {'rncking (i
OH \

Cracked hydrocarbon Cracked hydrocarbon

Hvdrogenation (iv
i C4 Hydrocarbon C4Has
CH;

3

](’racklng W) j Hydrogenation (i}

Cracking (v) Cracking (v)
C)y Hydrocarbon  —————=  Cracked hydrocarbon <—— ', Hydrocarbon

Figure 4.15 Overall pathway of palmitic acid over ceria catalyst.

4.5.2 Effect of particle size
As the formation of lattice oxygen mobility appears to strongly affect to the reaction of
palmitic acid over the ceria catalyst, the effect of lattice oxygen mobility in CeO, (HSA) and

Commercial CeO, (LSA) catalyst can be demonstrated in Table 4.5.
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Table 4.5 Product distribution from palmitic acid over ceria (HSA) and ceria (Com.).

CeO, (HSA) CeO, (Com.)
Yconversion 100 100
Product % yield
16-hentriacontanone 20.7 26.8
heavy ketone/alcohol 14.2 1.0
2-heptadecanoe 32.4 17.1
Total hydrocarbon (unsat/sat) 32.7(0.9) 55.1(0.0)
Cy I} 1.0 (0.0)
Ci 2.8(0.5) 0.6 (0.0)
0 A 0.5(1.4) 0.1 (0.0)
@ 3.2(0.7) 0.0 (0.0)
C, 4.7(1.9) 0.0 (0.0)
Ci 4.3 (0.5) 0.0(0.0)
G, 1.6 (1.2) 03()
3o 1.2(0.9) 0.0 (0.0)
S 0.8 (0.9) 0.0 (0.0)
light hydrocarbon 10.3 53.1

*Reaction condition; Solvent: p-xylene, Reduction temperature: 450°C, Reaction temperature:
400°C, Flow rate of feed plus nitrogen carrier gas: 30 mil/min, Pressure: 1 atm, Contact time:

800 g.h/mol.

It can be seen that yield of the hydrocarbon from the reaction over ceria (Com.) is higher
than that using Ceria (HSA). This is because the particle size of ceria (Com.) is larger than that of
ceria (HSA). As the oxygen vacancy is generated, the replenishment of the lattice oxygen from
the bulk to the surface of CeO, (Com) is relatively slow, as compared to that in CeO, (HSA).
Accordingly, the surface of CeO, (Com) remains defected, leading to the formation of Lewis acid
site on the ceria surface. Hence cracking (v) of hydrocarbon is largely promoted over this catalyst,
producing light hydrocarbons, as observed. In a support manner, yield of C,, ketone (2-

heptadecanone) and heavy ketone/alcohol are exceedingly decreased.
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It is clear from the previous results that mobility of the lattice oxygen is essential for

catalytic activity and selectivity. This can be modified by incorporation of other metal into CeO,.

The product distribution of Cu, Co, and Zr are compared in Table 4.6.

Table 4.6 Products distribution from palmitic acid over ceria (HSA) and difference metal

incorporate ceria.

CeO, (HSA) Ce,;721,,0, Ce,:0n;:.0, Ce,Co,,0,
Y%conversion 100 100 100 100
Product % yield
16-hentriacontanone 20.7 11.1 27.6 18.9
heavy ketone/alcohol 14.2 4.8 5.6 1.8
2-heptadecanoe 324 50.9 2.5 28.6
Total hydrocarbons
32.7(0.9) 33.2(0.6) 64.3 (1.0) £0.7 (2.2)
(unsat/sat)
Co 33 ()2 4.4(2.3) 1.6 (0.0) 0.5 (0.0)
Cx 2.8(0.5) 5.8(0.2) 0.0(-) 0.0 (-
€. 0.5(1.4) 0.7 (1.0) 0.0 (-) 0.0 (-
L% 3.2(0.7) 4.7 (0.5) 1.3 (1.5 8.6 (6.3)
) 4.7 (1.9) 2.9(1.9) 1.2 (5.0) 4.7 (9.1)
Cs 4.3 (0.5) 5.0 (0.4) 0.7 (0.8) 3.1(0.6)
C, 1.6 (1.2) 1.4 (0.9) 0.6 (1.4) 21 (E3)
Cos 1.2 (0.9) 1.5(0.6) 1.1(2.2) 2.9 (0.8)
Gy 0.8 (0.9) 0.4 (0.0) 0.2(-) 23(1.1)
light hydrocarbon 10.3 6.4 57.6 26.5

*Reaction condition; Solvent: p-xylene, Reduction temperature: 450°C, Reaction temperature:

400°C, Flow rate of feed plus nitrogen carrier gas: 30 ml/min, Pressure: 1 atm, Contact time:

800 g.h/mol.

It can be seen that yield of hydrocarbons from reaction over Cu and Co doped in catalyst

is higher than that Zr doped over catalyst, However, light hydrocarbon is mainly produced. This

is because Cu and Co in the solid solution are reduced to Cu’ and Co0 at 400°C as shown in TPR
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(Figure 4.3.) Accordingly, number of surface defects is generated upon reduction of the catalyst.
These defects act as strong acid sites promoting cracking of ketones and liquid hydrocarbons, to
light hydrocarbon as discussed earlier. As seen for Table 4.6, only light hydrocarbon is obtained
for Cey4Cu,,0, while liquid hydrocarbons are retained for Ce,,Co,,0,. This suggests that
CesCuy,0, possess a higher cracking activity as compare to Ce,,Co,,0,. In contrast, Zr is
cannot be reduced and remain as a mixed oxide as seen from XRD. Moreover, Zr can improve
lattice oxygen mobility [31] and hence facilitate the formation of oxygen vacancy. Therefore,
Ce,4Zr, ,0, can really promote ketonization (i). Accordingly, Zr is additional loaded in CeO, and
the result is shown in Table 4.7.

Table 4.7 Products distribution from palmitic acid in p-xylene over Ceria-zirconia mixed oxide

difference mole ratio.

& Tas (on £e,:21,.0,
%conversion 100 100
Product % yield
16-hentriacontanone 11.1 16.3
heavy ketone & alcohol 4.8 5.1
2-heptadecanoe 50.9 47.5
Total hydrocarbons (unsat/sat) 33.2 (0.6) 31.1(0.6)
G 4.4(2.3) 1.4 (1.0)
Y, 5.8(0.2) 6.2 (0.3)
Qs 0.7 (1.0) 0.5(1.7)
CY 4.7 (0.5) 4.0 (0.4)
Cis 2.9 (1.9) 4.6 (1.3)
Cis 5.0(0.4) 4.3 (0.6)
Cy 1.4(0.9) 1.4 (0.8)
Ci; 1.5(0.6) 1.4 (0.8)
€, 0.4 (0.0) 0.8 (1.3)
light hydrocarbon 6.4 6.5

*Reaction condition; Solvent: p-xylene, Reduction temperature: 450°C, Reaction temperature:
400 °C, Flow rate of feed plus nitrogen carrier gas: 30 ml/min, Pressure: 1 atm, Contact time:

800 g.h/mol.
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It can be seen that product distribution from the deoxygenation of palmitic acid over
Ce, 21, ,0, and Ce, (Zr, ;O, catalyst are similar. Hence, different Zr loading does not significantly

effects the lattice oxygen mobility and hence, the deoxygenation of palmitic acid.
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CHAPTER 5

CONCLUSION AND SUGGESTION

5.1 Conclusion

The XRD pattern of all catalysts showed a cubic fluorite structure of mixed metal oxides.
The surface area of CeO, (HSA) obtained from precipitation with CTAB surfactants is relatively
higher (159 mzlg), as compared to that of other catalysts. TPR of Ce,Zr, .0, showed relatively
high H, consumption, as compared to CeO,,. While Ce,;Cu,,0, and Ce ,Co,,0, can be easily
reduced, due to the presence of Cu and Co. Together with TPR results, Raman spectroscopy of
Ce, sZr, ;0, indicates the presence of oxygen vacancy at 550-650 cm .

From the deoxygenation of palmitic acid, it is found that C,, ketone is produced from
ketonization of co-adsorption palmitic acids over the oxygen vacancy sites. This C,, ketone can
be further cracked to C,; ketone, heavy ketone/alcohol and various types of unsaturated and
saturated long chain hydrocarbons. The liquid hydrocarbon can also undergo cracking to short
chain hydrocarbons over the Lewis acid site, generated along with the oxygen vacancy. The
reaction over the reduced CeO, (HSA) catalyst under H, flow, does not only promote ketonization
but also hydrogenation of palmitic acid and the C,; ketone produced. A direct hydrogenation of
palmitic acid gives C, saturated long chain hydrocarbon while hydrogenation of C,; ketone
results in C,, unsaturated counterparts. The observed hydrogenation activity is due to a
competitive adsorption of H, on the oxygen vacancy site, against co-adsorption of the two
palmitic acids. For the reaction in an absence of hydrogen, the reduce ceria is still active for
ketonization but hydrogenation is limited. This is because the only source of hydrogen is
produced by hydrogen transfer from coke formation. In a different manner, palmitic acid can
decompose on ceria surface to cracked acid in the reaction over non-reduced catalyst. However,
the decomposition of palmitic acid leads to generation of additional oxygen vacancy/Lewis acid
sites that promotes ketonization and cracking to lower hydrocarbons. The large particle size of
CeQ, inhibits the replenishment of the lattice oxygen from the bulk to the surface. Accordingly,
Lewis acid site is largely generated over the catalyst with the large particle size (CeO, Com.)
leading to cracking of liquid hydrocarbons to light hydrocarbons. Over Ce,;Cu,,0, and

Ce;3C0,,0,, Cu and Co are reduced bearing strong lewis acid site that again promotes cracking in
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a manner similar to the catalyst with large particle size. It is noted that Cu possesses a higher
cracking activity, as compared to Co. As Ce,,Zr, ,0, possess large fraction of oxygen vacancy,
ketonization and hydrogenation is highly promoted over this catalyst leading to high yield of Gy
ketone and long chain hydrocarbons. Although oxygen vacancy in Ce,,Zr, ,0, and Ce, Zr, [0, are
different, yield of the products obtained is somewhat similar. This is because the lattice oxygen

mobility of these catalysts seem to be independent on the different Zr loading investigated.

5.2 Suggestion for Future Studies

5.2.1 It is interesting to vary contact time for study the reaction pathway for the
deoxygenation of palmitic acid over cerium based catalyst.

5.2.2 In order to verify the competition between ketonization and hydrogenation over
these catalysts, reactions with H, flow should be investigated.

5.2.3 Since C,, ketone is obtained as main products, it is interesting to incorporate a
bifunctional catalyst to promote hydrogenation and dehydration of C,, ketone for the production

of C,, long chain hydrocarbon.
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Appendix A

X-ray powder diffraction

Table Al List of peak positions (in 26), the corresponding values of d spacing, unit cell parameter a of the cubic cell, and 4kl index for calcined (450°C 2.5
h) ceria based catalysts. The a values are (in the unit of A): 5.4067+0.0037 (CeO, HSA), 5.3913+0.0102 (Ce, ;Z1,,,0,), 5.3397+0.0132 (Ce, ,Zr, .O,), 5.4174+0.0132
(Ce,,Cu, ,0,), and 5.4075+0.0067 (CeD_SCOO.zOz).

CeO,(HSA) Ce, 121,50, Ce, 71, 0, Ce,,Cu, 0, Ce,,Co,,0,
R k|| 20 8 dA) | ad) | 280 7} dA) | ald) 20 2} dA) | ‘ad) | 280 6 dA) | ad) | 20 2] dA) | ald)
1 1 1 28.56 14.28 3.1228 5.4089 28.72 14.36 3.1058 5.3794 | 28.90 14.45 3.0868 5.3464 28.40 14.20 3.1401 5.4387 | 28.60 1430 | 3.1184 | 5.4013

2100 3312 | 1656 | 2.7026 | 54051 | 33.14 | 16.57 | 2.7010 | 5.4021 | 33.44 | 1672 | 2.6775 | 53550 33.02 | 16.51 | 2.7105 | 5.4210 | 33.04 | 16.52 | 2.7089 | 5.4178

22| 0| 4748 | 23.74 | 1.9133 | 54117 | 47.60 | 23.80 | 1.9087 | 53987 | 4828 | 24.14 | 1.8835 | 5.3273 47.54 | 2397 | 19111 | 54054 | 4742 | 23.71 | 1.9156 | 5.4182

31| 1] 5636 | 2818 | 1.6311 | 54097 | 56.68 | 28.34 | 1.6227 | 53818 | 57.28 | 28.64 | 1.6071 | 53302 56.36 | 28.18 | 1.6311 | 54097 | 56.38 | 28.19 | 1.6306 | 5.4080

2122|5922 | 29.61 | 1.5589 | 5.4002 = - - = Average 5.3397 - - - - 59.18 | 29.59 | 1.5600 | 5.4041
4100 - - - - - - - - Standard deviation | 0.0132 E - - - 69.60 | 34.80 | 1.3498 | 5.3991
3131|7682 | 3841 | 1.2398 | 54042 | 76.98 | 38.49 | 12376 | 5.3946 76.69 | 3834 | 12417 | 54122 | 76.82 | 38.41 | 12398 | 5.4042
4 12)0| 79.18 | 39.59 | 1.2087 | 5.4053 Average 5.3913 Average 54174 | 79.16 | 39.58 | 1.2089 | 5.4065
4122 8848 | 44.24 | 1.1041 | 54088 Standard deviation 0.0102 Standard deviation 0.0132 | 88.50 | 4425 | 1.1039 | 5.4081
Average 5.4067 Average 5.4075

Standard deviation 0.0037 Standard deviation 0.0067

4%



APPENDIX B

Gas adsorption analysis

Quantachroms Corporation
Quantachrome Autosorb Automated Gas Sorption System Report
Autesorb for Windows® Version 1.19

Sample ID Ce02 cal 450 2 hr
Description BET 11 prs
Corments
Sample Weight 0.1085 g
Adsorbate RITROGEN Outgas Temp Operator BomB
Cross-Sec Area 16.2 At/molecule Outgas Time Analysis Time 137.3 min
Nonldeality &, 580E~05 P/Po Toler End of Run ne/16/2013 1
Molecular Wo 28,0134 g/mol Equii Time File Name 560916 1.RAW
Station # 1 Bath Temp.
Igotherm
B/Po Volume
{ec/g] STP

5,6020e-02 31,3281

1.6074~D2 33.1494

1,004%~01 35.1945

31.2602e~01 37.1088

1.5112e-01 3B.96H8

1,761le-D1 40.7767

2.00%42-01 42 . 6047

2.2565e~01 44.4%113

2.5038e-01 46,4168

2.7485e~01 4B.4552

2.98%0e~01 50,6981

Figure B1. Data on the isotherm of ceria (HSA) calcined at 450°C 2.5h
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Figure B2. Isotherm of ceria (HSA) calcined at 450°C 2.5h
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RAMAN SPECTROSCOPY

Table C1. Summary of the position of bands and the corresponding FWHMs.

Catalyst Peak position (cm ) Full width at half maximum (cm’)
CeO, (HSA) As-made 460 24.34
Calcined 461 24.18
Ce,3Z1,,0, As-made 461 24.35
Calcined 463 22.49
Cey ity 0, As-made 463 35.81
Calcined 466 8993
Ce,4Cu,,0, As-made 447 37.76
Calcined 447 39.31
Ce, s Cq 10, As-made 446 45.16
Calcined 450 45.63




APPENDIX D

TGA

Figure D2 TGA of non-reduced ceria (HSA) with nitrogen carrier gas
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APPENDIX E

CALCULATION

Calculations of catalytic parameters

Contact time (W/F)
W _ weight of catalyst (g)

F Mole of reactant (m—:f)

In a reaction employing 0.000248 mol/h of palmitic acid in feed and with 0.1987 grams

of a catalyst, the W/F is calculated as follows:

W _ 01987 (g)
F 0000248 (%)
= 800 g.h/mol

Calculation of %yield from gas chromatography
From the chromatogram, the peaks of hydrocarbon samples were identified by comparing
with the reference standard. The peak area of hydrocarbon products (including oxygenated

compounds) which possess the equal number of carbon was summarized in Table E1.

Table E1.The summation of the peak area for hydrocarbon products.

Number of carbon Peak area Corrected peak area
o 2,453,160 272,513
), 1,640,424 164,042
N, 1,237,542 112,504
Gy 1,053,018 87,752
C, 1,548,791 119,138
L 2,903,115 207,365
2,903,115 386,480
Ci 5,797,196 77,198
2-Heptadecanone 17,769,500 1,269,250
Total 35,637,772 2,696,293

Corrected peak area of C,%100
Total corrected area

Corrected peak area in each product =
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Each peak was corrected by a response factor (RF) which is considered to be equivalent to the

carbon number. For example,

2,453,160 = 272,573

Corrected peak area of Cy =

In the normalization method, the areas of all eluted peak were computed after correcting

these areas for the difference in the detector response for different types of compounds. After the
correction, the concentration of the analyzed species can be calculated from the ratio of its areas

to the total area of all peaks. Percent yield of each component in a sample as follows:
corrected peak area of C, X100

“ HRimech pguar = Total corrected area

For example;
272,573x100
2,696,293

The percent carbon yield of each sample as obtained from the above calculation is shown

% Yieldof C, =

in Table E2.

Table E2 %Carbon yield derived by normalization method.

Number of carbon % Yield of sample

. 10.1

L 6.1

Y 4.2

8, x3

& 4.4

Cy, 1.7

s 14.3

M 29
Palmitic acid 47.1
Total 100

The conversion of palmitic acid can be calculated by
% Conversion = 100 — (%Yield of palmitic acid left in product)
For example;

% Conversion =100-47.1 =52.9%
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APPENDIX F

GAS CHROMATOGRAM

Analysis gas product from gas chromatography

Prior analysis, the structure of products in sample is identified by GC-MS (gas
chromatography with mass spectrometer detector). Then, the quantitative analysis of products
was carried by GC-FID (gas chromatography with flam ionization detector) with the condition

expressed in Table F1.

Table F1 The GC condition for quantitative analysis.

Column HP-5 (30 m x 0.25 mm x 0.025 pm)

Temperature program 40°C (10 min hold) to 280°C (60 min hold) at 15°C/min
Carrier gas Nitrogen gas

Injector temperature 265°C

Detector temperature FID at 280°C
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Table F2 Chromatogram data of standard product distribution and feed.

Products or feed Retention time of  Products or feed Retention time of
standard (min) standard (min)

C9 unsat 13.982 C14 sat 19.678

C9 sat 14.141 C15 unsat 20.415

C10 unsat 15.592 C15 sat 20.468

C10 sat 15.703 C16 unsat 21.168

C11 unsat 16.813 C16 sat 21.245

C11 sat 16.902 C17 unsat 21.843

C12 unsat 17.845 C17 sat 21.912

C12 sat 17.902 C17 ketone 22.660

C13 unsat 18.763 Palmitic acid 23.0

C13 sat 18.883 C31 ketone 33.853

C14 unsat 19.618

“] [
! |
[ I
| ‘
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N 7 |
I VI 7 0 \\ N ‘ l'x,;h JL tumak g RN AWV e A Jl
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Figure F1 The GC chromatogram of ketonization of palmitic acid.
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APPENDIX G

REACTION DATA

1. Reduced ceria (HSA) under H, flow
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Figure G1 Conversion of palmitic acid and yield of products in reduced ceria (HSA) / H, flow
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Figure G2 Yield of cracking ketone & alcohol products in reduced ceria (HSA) / H, flow
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Figure G3 Yield of cracking hydrocarbons product in reduced ceria (HSA) / H, flow

2. Reduced ceria (HSA) under N, flow
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Figure G4 Conversion of palmitic acid and yield of products in reduced ceria (HSA) / N, flow
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Figure G5 Yield of cracking ketone & alcohol products in reduced ceria (HSA) / N, flow
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Figure G6 Yield of cracking hydrocarbons product in reduced ceria (HSA) / N, flow



60

3. Non-reduced ceria (HSA) under N, flow
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Figure G7 Conversion of palmitic acid and yield of products in non-reduced ceria (HSA) / N, flow

B = i

A

20 %%m
15 / i C | Tketone

10 \ / / \ / ~fill—cracking ketone

0 a ‘ )
0 100 200 300

Figure G8 Yield of cracking ketone & alcohol products in non-reduced ceria (HSA) / N, flow
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Figure G9 Yield of cracking hydrocarbons product in non-reduced ceria (HSA) / N, flow

4. Reduced ceria (LSA) under N, flow
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Figure G10 Conversion of palmitic acid and yield of products in reduced ceria (LSA) / N, flow
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Figure G11 Yield of cracking ketone & alcohol products in reduced ceria (LSA) / N, flow
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Figure G12 Yield of cracking hydrocarbons product in reduced ceria (LSA) / N, flow
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5. Reduced Ce,,Cu,,0, under N, flow
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Figure G13 Conversion of palmitic acid and yield of products in reduced Ce,,Cu,,0, / N, flow
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Figure G14 Yield of cracking ketone & alcohol products in reduced Ce, ,Cu,,0, / N, flow
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Figure G15 Yield of cracking hydrocarbons product in reduced Ce,,Cu,,0, /N, flow

6. Reduced Ce,,Co,,0, under N, flow
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Figure G16 Conversion of palmitic acid and yield of products in reduced Ce,;Co,,0, /N, flow
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Figure G17 Yield of cracking ketone & alcohol products in reduced Ce,,Co,,0, / N, flow
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Figure G18 Yield of cracking hydrocarbons product in reduced Ce, ,Co,,0, / N, flow



7. Reduced Cey Zr,,0, under N, flow
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Figure G19 Conversion of palmitic acid and yield of products in reduced Ce, 421y ,0,/ N, flow
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Figure G20 Yield of cracking ketone & alcohol products in reduced Ce,Zr,,0, /N, flow
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Figure G21 Yield of cracking hydrocarbons product in reduced Ce, Zr,,0, / N, flow

8. Reduced Ce, Zr O, under N, flow
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Figure G22 Conversion of palmitic acid and yield of products in reduced Ce, Zr, .0, / N, flow
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Figure G23 Yield of cracking ketone & alcohol products in reduced Ce, ;Zr, 0,/ N, flow
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Figure G24 Yield of cracking hydrocarbons product in reduced Ce, Zr, ;0, / N, flow





