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CHAPTER |
INTRODUCTION

1.1 Background and motivation

According to the Sustainable Development Goals (SDGs), oleochemicals is one
of the green chemical species mainly derived from renewable resources including the
natural products such as vegetable or animal oils. Basically, oleochemicals are
produced from triglycerides obtained from vegetable oils and natural fats via hydrolysis
or transesterification towards fatty acids and glycerin or methyl esters used in many
applications such as pharmaceuticals, food, soap, rubber, adhesives, glues, greases
and lubricants, paints, coatings, detergents, textile, plasticizers, biofuels, cosmetics,
toiletries, food additives, candles and waxes, etc. [1]. The structure of oleochemicals
having long-chain and double bonds facilitates the functionalization to produce a wide
range of products. For example, linear alpha olefins (LAOs) from fatty acids of plant oil
are one of the important key products to support the green and sustainable
development in petrochemical manufacture. Since the LAOs are important commodity
chemicals for using as petrochemical intermediates, the long-chain &-olefins are
primarily used to manufacture everyday products such as plastic packaging (C,-C,),
surfactants and detergents (C,,-C,,), and lubricant oil additives (C,,-C,,) for mechanics’
engines [2, 3]. However, the current leading technology for long-chain -olefins
production is steam cracking (SC) during petroleum, natural gas refining or
oligomerization of ethylene. The increase of olefin products has led to declining crude oil
reserves and enhanced the chance of severe environmental problems including global
warming. Therefore, investments in alternative processes and feedstocks have become
an attractive route to promote the overall sustainability of the direct synthesis of olefins

from renewable feedstocks.



Over decades, the production of olefins from fatty acids has been investigated
under several chemical reactions such as deoxygenation, ethenolysis, and olefins’
metathesis [4-6]. Deoxygenation is one of the famous reactions to transform fatty acids
under an inert atmosphere. This reaction involves decarboxylation (DCO,) or
decarbonylation (DCO), which is endothermic process that needs high energy to
remove -COOH and C=0 bonds from molecules of fatty acids to generate hydrocarbons
(HCs) with one less carbon atom than their inherent structures. Although the
homogeneous catalysts consisted of transition metals based organometallic catalysts
such as palladium (Pd), rhodium (Rh), iridium (Ir), ruthenium (Ru), nickel (Ni) and iron
(Fe) show the high selectivity for LAOs synthesis (> 90%), the deoxygenation of fatty
acids over heterogeneous catalysts has never achieved o-olefin products greater than
30% selectivity. Moreover, the formation of hydrogen gas (H,) during deoxygenation
leads the rapid hydrogenation of any alkenes formed resulting in the reduction of olefin
selectivity and paraffins are produced as the dominant product [4].

To improve the performance and selectivity to long-chain o-olefins using
heterogeneous catalysts, oxidative dehydrogenation (ODH) in an oxygen (O,)
atmosphere is attractive due to its many advantages, such as its exothermic nature
resulting the milder operation, low carbon deposition, and lower costs than non-oxygen
atmosphere reactions [7]. Moreover, ODH can inhibit alkane production from
hydrogenation by consuming hydrogen and generating water as a by-product. Although
ODH has already proved to be a good reaction for producing olefins from short-chain
alkanes (C,-C,) and medium-chain alkanes (C,-C,,) to olefins [8-13], there have been
few reports focusing in the conversion of fatty acids for producing long-chain &-olefins

via ODH reaction [14, 15].

Many kinds of catalysts have been tested for the ODH reaction, but transition
metal-based oxides are the major group of catalyst applied for ODH of alkanes.

Vanadium oxides supported on mesoporous silica, such as MCM-41, MCM-48, and



SBA-15, have been reported as an effective catalyst for ODH of light alkanes to produce
olefins. The catalytic performance in the ODH of alkanes depends on the nature of the
support, the vanadium loading, and the preparation conditions. These factors affect the
nature and structure of the VO, surface species [12, 16, 17]. Monomeric or low
oligomeric V,O, species with V in octahedral and tetrahedral forms are active for
reaction [12]. Although the tetrahedral vanadium species are less active than the
octahedral ones, the vanadium in octahedral form has more selective; especially if it has
a vanadium valence close to +4 [17]. On the other hand, the presence of polymeric and
bulk V,O, inhibited the activity of the catalyst as well as the formation of V,O, crystallites
toward deep oxidation [12, 17]. In addition, the basic oxides do not strongly adsorb the
olefin products. This is different from the acidic oxides that have more ability to strongly
adsorb olefins and promote oxidation to obtain carbon oxides (CO,) [12, 18]. The use of
mesoporous materials not only increases the surface area of the catalytic sites, but they
also provide the higher dispersion of metal oxides and enhance the number of
synergistic active sites [19]. Mesoporous materials, especially SBA-15, is one of the
most extensively studied materials due to their impressive qualities such as high surface
area, thick framework walls; which provide high hydrothermal stability, invariable
cylindrical pores with large pore diameter; allowing easy diffusion of substrate
molecules, enhanced their ability to anchor diverse chemical functionalities on their
surface. Moreover, SBA-15 has shown excellent activity and selectivity in the catalytic
oxidation of various hydrocarbons and alcohols to aldehydes, ketones, epoxides and
acids [20]. Unlike MCM family, the poor hydrothermal/thermal stability is the major
drawback of MCM support for the reactions operated under high-temperature and
pressure. To consider the silica-based supports SBA-15 (two-dimensional) and KIT-6
(three-dimensional), the unique 3D-mesoporous feature of the KIT-6 material is expected
to maximize the diffusion ability of reactant molecules into the channels without blocking
any pores than SBA-15 [19, 21, 22]. Whereas, the synthesis method of SBA-15 is not

complicated and takes a shorter time than as the KIT-6 synthesis method [23, 24].



According to the advantage of ODH in the olefin production as described above,
this research aimed to study the possibility to transform oleic acid (OA), which is the
abundant fatty acid component in palm oil, to produce long-chain &-olefins via ODH
using V,0,/SBA-15 catalyst. The catalyst performance was investigated through the
factors of vanadium content and reaction temperature on OA conversion, long-chain
olefin selectivity, and chemical compositions in the obtained liquid product. Moreover,

the catalyst stability and its reusability over four consecutive cycles were reported.

1.2 Research objectives

1.2.1 To study the production of bio-olefins from ODH of OA using vanadium
oxides supported on SBA-15 catalysts (V,0,/SBA-15).

1.2.2 To study the effects of reaction parameters such as vanadium content
(Wwt%) based on SBA-15, reaction temperature, catalyst stability, and
reusability of catalyst on the selectivity to bio-olefins obtained from the
ODH of OA.

1.2.3 To monitor the durability and reusability of the V,O /SBA-15 catalyst.

1.3 Research scopes

1.3.1 To prepare and characterize the V,0 /SBA-15 catalysts before and after
ODH of OA.
1.3.2 To investigate the effects of reaction parameters on the OA conversion

and the selectivity to olefins in the liquid and gaseous products.
1.4 Research methodology

1.4.1 Study the previous literatures, provide chemicals used in this research
and set up the fixed bed reactor for ODH process.

1.4.2 Prepare SBA-15 via hydrothermal method and V,0 /SBA-15 catalyst by
wet impregnation method.

1.4.3 Characterize catalysts with several techniques:



1.4.3.1 X-ray diffraction (XRD)

1.4.3.2 Surface and pore size analysis (Nitrogen physisorption)

1.4.3.3 Ammonia temperature programed desorption (NH,-TPD)

1.4.3.4 Hydrogen temperature programed reduction (H,-TPR)

1.4.3.5 X-ray photoelectron spectra (XPS)

1.4.3.6 Transmission electron microscopy with an energy dispersive
X-ray (TEM-EDX)

1.4.3.7 Scanning electron microscopy (SEM)

1.4.4 Study the effect of reaction parameters on ODH of OA. The OA
conversion, product selectivity, and product yields for both liquid and
gaseous products were monitored.

1.4.4.1 Vanadium content on SBA-15: 0.5, 1.0, 3.0, and 5.0 wt%
1.4.4.2 Reaction temperature: 400 — 550 °C

1.4.4.3 Time on stream: 2, 6, and 8 h

1.4.4.4 Regenerated and reusability: 4 cycles

1.4.5 Analyze the products obtained from ODH of OA over V,0 /SBA-15

catalysts

1.4.5.1 Liquid product: chromatograph-mass spectrometer (GC-MS) to
identify types and their relative contents of components in the
liquid product.

1.4.5.2 Gas product: chromatograph-flame ionization detector (GC-FID)
for analyzing the amount of light hydrocarbon (C,,) and gas
chromatograph-thermal conductivity detector (GC-TCD) to
determine the amounts of H,, CO and CO, content.

1.4.5.3 Solid product: thermogravimetric analysis (TGA) was used to
quantify the amount of coke deposited on the catalyst’s surface.

1.4.6 Discuss the obtained results and thesis writing.



1.5 Expected benefits

To achieve the appropriate conditions for maximizing the levels of OA

conversion and selectivity to bio-olefins from ODH process over V,O /SBA-15 catalysts.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Olefins

Olefins or alkenes are a class of unsaturated hydrocarbons with at least one
carbon-to-carbon double bond (C=C) or triple bond. Ethylene (C,H,), propylene (C,H,),
1,3-butadiene (C,H) are example of olefins, which are important commodity chemicals
and petrochemical intermediate. Application of olefins is depended on a number of
carbon atoms in their molecules and the position of C=C bonds in their chain, especially
the C=C bond at terminal position of hydrocarbon chain or called as alpha-olefins
(xx-olefins) because they can participate in various reactions such as prominently

polymerization and alkylation.
2.1.1 Short-chain olefins or light olefins (C,-C,)

Olefins with a chain length consisted of 2-4 carbon atoms are the most
important building blocks of the chemical industry. They are currently mostly
manufactured using steam cracking, fluid catalytic cracking, and on-purpose synthesis

techniques such as ethane and propane dehydrogenation. [25].
2.1.1.1 Ethylene (C,H,)

As shown in Figure 2.1, ethylene is widely used in the chemical
industry, where the most of the production goes toward polyethylene (PE) such as
HDPE, LDPE, or LLDPE that mainly utilized in the production of plastics [26]. Other
compounds such as vinyl chloride (generate PVC), ethene oxide (contain in pesticide
and a sterilizing agent), and ethylbenzene (precursor to polystyrene) are also produced

from ethylene.
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Figure 2.1 Major chemicals derived from ethylene [27].

2.1.1.2 Propylene (C,Hy)

Propylene is a building-block chemical base, which is mostly
used in the manufacture of polymers such as polypropylene (PP), polyurethane (PU)
and epoxy resins along with other materials. The chemicals produced from propylene
include, polypropylene (plastic resin, plastic squeeze bottles, outdoor furniture)
acrylonitrile (used to make acrylic fiber and coatings), propylene oxide (towards to
polyurethane), cumene (make phenol and acetone), and isopropyl alcohol (make

solvents, cosmetics, household cleaners and pharmaceuticals), as shown in Figure 2.2

[28].
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Figure 2.2 Major chemicals derived from propylene [27].

2.1.1.3 Butadiene (C,H,)

The main applications of butadiene are synthetic rubber, such as
butadiene rubber (BR), nitrile-butadiene rubber (NBR), and neoprene. Moreover,
butadiene combined with styrene are used to produce various kinds of resins, such as
ABS (acrylonitrile-butadiene-styrene) resin, SBS (styrene-butadiene-styrene triblock)
resin, and BS (butadiene-styrene) resin. These are widely used in producing shoe soles,
tyres and other parts for the car industry, adhesives and sealants, asphalt and polymer

modification [29].
2.1.2  Long-chain olefins (=C,,)

The long-chain olefins currently synthesized via the direct ethylene
oligomerization or thermal cracking of long-chain paraffins. They are mostly in a form of

linear-alpha olefins (LAOs), which are primarily used to manufacture everyday products
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such as surfactants and detergents (C,,-C,,), lubricant oil additives (C,-C,;) for

mechanics’ engines, and synthesis of wax (C,,,) [30].

2.2 Olefins production

2.2.1 Steam cracking (SC) [27]

The SC of hydrocarbons is one of the most important and energy-intensive
processes in the petrochemical industry for producing light olefins, especially ethylene
and propylene. This process is a thermal cracking process without a catalyst, which is
performed in the presence of steam at high temperatures and short residence times.
During the steam-cracking operation, steam acts as a diluent to suppress the
hydrocarbon partial pressure for decreasing the formation of coke deposition by
gasification reaction. The hydrocarbons primarily originated from crude oil are cracked
in the tubular reactors suspended in a gas-fired furnace. Steam-cracking produces a
variety of products. Not only produce light olefins, but it also generated a group of C,

hydrocarbons containing paraffins, olefins, and butadiene.
2.2.2 Fischer-Tropsch (FT) synthesis [31]

The FT synthesis is another technology to convert syngas (CO+H,) as the
hydrocarbons by the assistance of catalysts. The generated products are consisted of
linear paraffins, o-olefins, and small amount of oxygenated compounds (alcohols,
ketones, aldehydes) as shown in Table 2.1. The selectivity in the FT synthesis is
depended on various parameters, and the determination of the selectivity is complicate.
For example, the operation of the reaction is carried out at a high temperature (340°C)
and usually provides the short-chain hydrocarbons. Whereas, the lower temperature
(230°C) mostly produces the long-chain hydrocarbons.

Although ruthenium (Ru), nickel (Ni), cobalt (Co), and iron (Fe) metals

exhibit catalytic activity for the FT process, Ru is unsuitable for commercial applications
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when metals' market prices are taken into account. Whereas, Ni metal provides a very
high methane selectivity. For this reason, the Co or Fe is preferred in all FT process. The
Co catalyst is applied in low temperature since it increases methane formation at high
temperatures. The product formed by Co catalyst is usually consisted of linear
hydrocarbons. Whereas, the Fe catalyst can be used at both low and high reaction
temperature in the FT process. The main product obtained when the system is operated
at high temperatures consists mainly of alkene products, while operating at low

temperatures provides the mixture containing alkane products.

Table 2.1 Fischer-Tropsch synthesis reactions [32].

Main reactions

1. Methane CO + 3H, — CH4 + H-,O

2. Paraftins (2n + 1)H, + nCO —
C/1H2/1+2 + nH2O

3. Olefins 2nH,+nCO — C,H,, + nH>O

4. Water gas shift CO + H,O — CO> + H,

(WGS) reaction
Side reactions

5. Alcohols 2nH, + nCO — C,H,,, + ;O + nH>O
6. Boudouard reaction 2CO — C + CO,

Catalyst modifications

7. Catalyst oxidation/ a. MO, + yH> — yH,O + xM
reduction

b. MO, + yCO — yCO, + xM
8. Bulk carbide formation yC+ xM — M, C,

2.2.3 Oligomerization of ethylene

Oligomerization of ethylene is the basic-reactions to produce the linear-

alpha olefins (LAOs) containing the number of carbons ranging from C, to C as

20+
shown in Figure 2.3. In the polymerization of small olefins such as ethylene and
propylene, both heterogeneous and homogeneous catalytic systems are operational.
For heterogeneous catalyst, Ziegler—Natta catalyst supported based on titanium

compounds with the combination of co-catalysts (e.g., organoaluminum compounds

such as ftriethylaluminium (Al(C,H,),)) is used in polymerization. Whereas, a large
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number of specialty polyolefins have been produced with homogeneous metallocene
catalysts, usually based on complexes of the group 4 metals such as titanium (Ti),

zirconium (Zr) or hafnium (Hf) dissolved in the organic solvent [33].

Catalyst = o~ AP P NN higher
& E—— = o+ F o o * oligomers

Ethylene \ Ethylene  1-Butene 1-Hexene 1-Octene /

/
N

Linear Alpha Olefins (LAOs)

Figure 2.3 LAOs synthesis via the oligomerization of ethylene [34].

2.3 Alternative process of olefins

2.3.1 Oxidative dehydrogenation of alkanes [28]

The oxidative dehydrogenation (ODH) of alkanes is a promising alternative
way for the production of short-chain olefins (C,-C,) and some long-chain olefins (C, and
Cy). There are no thermodynamic limitation, and accordingly olefins can be produced at
lower temperature than steam cracking process since ODH is an exothermic process
that does not require a heat supply. Moreover, the presence of oxygen in the system
can be helpful for inhibiting the coke formation. To compare the heat of reaction
generated by the direct dehydrogenation as shown in Eq.(2.1), the ODH in Eq.(2.2)

shows the lower enthalpy for producing olefins.

C,Hy —» C,H,+ H, AHYs = +136 k] mol™? (2.1)

C,Hg +%02 — CH, + Hy0 AH3os = —105 kj mol™* (2.2)

Among the supported catalysts applied for ODH process, vanadium and
molybdenum have already proved to be the most active and selective. The vanadium
based catalyst has higher activity to catalyze ODH than molybdenum at equivalent
metal dispersion [12]. Vanadium oxides supported on mesoporous silica, such as MCM-
41, MCM-48, and SBA-15, have been reported as an effective catalytic system for ODH

of light alkanes to produce olefins [12, 16, 17]. Due to the basic supports, the higher
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vanadium dispersion yielded the better ODH performance [12, 18]. Monomeric or low
oligomeric V,O, species with V in octahedral and tetrahedral form are the active for the
reaction. Although the tetrahedral vanadium is less active than the vanadium in
octahedral form, the vanadium in the tetrahedral form had the higher selectivity,
especially if it has a vanadium valence close to +4. On the other hand, the presence of
polymeric and bulk V,O, inhibits the activity of the catalysts as well as the formation of
V, O, crystallites for promoting the deep oxidation. In addition, another advantage of the
use of basic oxides as the catalyst’'s support is the lower ability to promote the strong
adsorption of olefins during the reaction. These acidic oxides have higher performance

to induce the adsorption of olefins and promote oxidation to obtain carbon oxides (CO,).

2.4 Oleochemicals from palm oil

2.4.1 Palm oil

Palm oil derived from the oil palm fresh fruit bunch (FFB), which contains
20%-25% oil, and the rest is moisture and biomass. There are two different types of oil
that can be extracted from the palm fruit (Figure 2.4): crude palm oil (CPO) and crude
palm kernel oil (CPKO) from the fibrous mesocarp and kernels, respectively. Although
both oils originate from the same fruit, palm oil is chemically and nutritionally different
from palm kernel oil, as shown in Table 2.2. The major fatty acids of palm oil are palmitic
acid (C18:0) and oleic acid (C18:1), whereas palm kernel oil mainly contains lauric acid
(C12:0) and myristic acid (C14:0). The high-quality palm oil used in the edible oil
industry contains a large number of neutral triacylglycerols (TAGs) (Figure 2.5) (95%)
and low free fatty acids (less than 0.5%), low impurity content, and good bleaching.
Furthermore, the transformation of fatty acids found in palm oil through the oleochemical
industry is alternative to enhance the product's value and its sustainability with

environmental friendly nature.
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Figure 2.4 Fractional oil types obtained from palm fruit [35].

Table 2.2 Fatty acids in palm oil, palm kernel oil, and palm oil’s derivates [35]

PUFAs (g/100 g)

SFAs MUFAs Reference
Type of oil Main fatty acids (9/100g) (g/100q) Total n-6 n-3
Palm oil Palmitic acid 478 371 104 10.1 03 (Foster, Williamson, and Lunn 2009)
Oleic acid
Linoleic acid
Palm kernel oil Lauric acid 81.5 114 16 16 0 (USDA 2020)
Myristic acid
Oleic acid
Palm olein Palmitic acid 45 42 1 n 0 (Campbell et al. 2006)
Oleic acid
Linoleic acid
Palm super olein Oleic acid Palmitic acid Linoleic acid 36.5 463 136 13 06 (T.C. Tanm ve Orman Bakanligi 2015)
Palm stearin Palmitic acid 68 26 7 6.5 05 (T.C. Tarim ve Orman Bakanlgi 2015)
Oleic acid

SFA: saturated fatty acid, MUFA: Monounsaturated fatty acid, PUFA: Polyunsaturated fatty acid

14
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Figure 2.5 General structure of triglycerides in palm oil.

2.4.1 Oleochemicals

Oleochemicals are chemical components derived from sustainable
resources that are mainly oils and fats of vegetable and animal sources, such as
coconut oil, palm oil, palm kernel oil, soybean oil, sunflower seed oil, and animal fat. The
natural oleochemicals are firstly produced from the triglycerides-based in vegetable oils
via hydrolysis or transesterification to further obtain three fatty acids and one molecule of
glycerin [1]. These fatty acids are almost entirely straight long-chain carboxylic acids
(C,-C,,). The fatty acid containing C,, are mostly in the forms of stearic acid (saturated
structure), oleic acid (mono-unsaturated structure), and linoleic acid (poly-unsaturated
structure). These fatty acids have potential to be converted as the long-chain olefins,
which can substitute the petroleum feedstock used in many applications such as
pharmaceuticals, plasticizers, rubber, adhesive, glue, greases and lubricants, biofuels,
paints, coatings, detergents, surfactants, cosmetics, soap, candles and waxes, and
others [1].

Among many kinds of vegetable oils, palm oil presents the best choice
over other oil crops for use in the oleochemical industry due to its high productivity and

competitive price. Moreover, it is abundant and a lot of manufacturers can be found in
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South East Asia (SEA). Palm oil is significantly cheaper than soybean oil and the most
affordable oil for consumers in low-income countries. In addition, oil palm can be grown
on ground that would otherwise be unsuitable for other crops and require less fertilizer,
pesticides and energy. These reasons promote palm oil is one of high eco-friendly
choices. Since, palm oil availability on the market has largely increased over the last 20
years resulting from the booming palm oil production, palm oil is attractive and suitable

for using as a renewable feedstock in the oleochemical industry [36-38].

2.5 Heterogeneous catalysts used in oxidative dehydrogenation (ODH)

2.5.1 Heterogeneous catalysts

Heterogeneous catalysts are easy to separate from reaction production and have
higher thermal stability than homogeneous catalysts. Among various kinds of catalysts,
the transition metal-based oxides are the major group of catalysts applied for ODH.
Vanadium (V) and molybdenum (Mo) have been found to be the most active and
selective catalysts for the ODH of light alkanes [12]. However, vanadium has higher
ODH activity than molybdenum at equivalent dispersion. The catalytic performance in
the ODH depends on the nature of the support, the vanadium loading, and the
preparation conditions. These factors affect the nature and structure of the V.O, surface
species. Vanadium oxides supported on mesoporous silica materials not only increases
the surface area of the catalytic sites, but they also provide the higher dispersion of

metal oxides and enhance the number of synergistic active sites [19].
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Figure 2.6 Mechanisms of oxidative dehydrogenation over VO, /SBA-15 catalyst [39].

2.5.2 Mesoporous silica-supported

In 1998, Stucky and his group synthesized another type of hexagonal array of
pores called Santa Barbara Amorphous (SBA), especially SBA-15, which has attracted
the interest of many researchers due to its remarkable features such as high surface
area, large pore size (5-30 nm), the well-defined pore structure with uniform cylindrical
pores, thick pore wall, high thermal and hydrothermal stability that make them suitable
for various applications in catalysis, drug delivery, immobilization, and chromatographic
techniques [19]. The synthesis of SBA-15 involves hydrolysis and condensation of the
silica source. The dissolving of the template (nonionic triblock copolymer, Pluronic P123)
in an acidic solution, followed by the addition of the silica source (tetraethoxysilane,
TEOS). The mixed solution was heated at 30-40 °C for 20-24 h and then aged for 24-48
h at 80-120 °C. After aging, the obtained solid was filtered and washed many times with
DI water. The sample is first air dried overnight at room temperature before being dried
in an oven at 80 °C for 5-6 h. Finally, the sample is calcined at 550 °C for 4-6 h for
template removal.

Currently, SBA-15 mesoporous material has been investigated as potential
support in the field of catalysis due to its intrinsic structural features like a thick

framework wall providing high hydrothermal stability and a large pore diameter allowing
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easy diffusion of substrate molecules. Moreover, SBA-15 has shown excellent activity

and selectivity in the catalytic oxidation of various hydrocarbons and alcohols to

aldehydes, ketones, epoxides, and acids, as shown in Table 2.3.

Table 2.3 Applications of SBA-15 support in some catalytic oxidation reactions [19]

SBA-15
Reaction
supported Application | Oxidant Remarks
conditions
catalyst
Fe/SBA-15 Oxidation of | H,O, P = atmospheric | Catalyst was prepared by new and
styrene T=50-70°C simple method of physical vapour
infiltration and benzaldehyde was
found as the main reaction product
(>90%)
Co/Ce-SBA-15 | Oxidation of | O, P = atmospheric | Ce-SBA-15 support was first time
benzene Temp = 200- reported for deep oxidation of
340 °C benzene and showed high
Flow rate: catalytic activity for oxidation of
320 ml/min benzene
Pt/SBA-15, Oxidation of | O, P = atmospheric | SBA-15 support was prepared by
Pd/SBA-15 toluene T =25-300 °C direct and post synthesis
Flow rate: technique. 0.5 wt% Pd/SBA-15
100 mi/min and 1.0 wt% Pt/SBA-15 catalysts
were found to be most active
Pd/TiO,-SBA-15 | Oxidation of | O, P = atmospheric | 10 wt% of TiO, loading over
methane Temp = 200- Pd/SBA-15 increased the catalyst
600 °C activity and sulphur tolerance in
Flow rate: comparison to Pd/SBA-15
50 ml/min
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SBA-15
Reaction
supported Application | Oxidant Remarks
conditions
catalyst
Au/CeO,-SBA- | Oxidation of | O, P = atmospheric | Au catalyst supported over SBA-
15 carbon Temp = 30— 15 with different CeQ, loadings (5-
mono oxide 500 °C 30 wt%) were prepared and
optimum performance was found
for 20 wt% ceria loading
Cu/SBA-15 Oxidation of | TBHP P = atmospheric | 10 wt% of Cu loading over SBA-15
alkyl Temp = 27— support was found to be efficient
aromatics 100 °C for the benzyl oxidation of alkyl
aromatics
Pd/AI-SBA-15 Oxidation of | O, P = atmospheric | Conversion was 295% during the
cinnamy! Temp =90 °C first hour and 290% after 24 h
alcohol
Re/SBA-15 Oxidation of | O, Pressure 15 bar | For C.-alkane overall conversion
n-alkanes Temp = 80— was 19.6 and 22.6% for C-alkane
200 °C
Ag/AlI-SBA-15 Oxidation of | O, P = atmospheric | Catalysts were prepared by in situ
carbon Temp = 20— ‘pH adjusting’ method and the
monoxide 140 °C effect of Si/Al ratio on the structure
Flow rate: of Ag catalyst and catalytic activity
30 ml/min was investigated
Cu/CuO/SBA-15 | Oxidation of | H,O, P = atmospheric | 73% conversion of benzyl alcohol
benzyl Temp =80 °C and 54% selectivity of
alcohol benzaldehyde was achieved by

chemical reduction synthesis

method




20

2.6 Literature reviews

Mitran et al. [12] studied the catalytic activity of VO /SBA-15 having vanadium
loading at 6.5-11 wt%. This catalyst was prepared by wet impregnation method and its
catalytic performance on ODH of propane at 450-600 °C was observed. The results from
catalyst characterization exhibited the well-dispersion of vanadium (monomeric and
oligomeric, VO43’) on SBA-15 at low vanadium content (6.5 wt%), while the increasing
vanadium content to 11.0 wt% obviously presence the vanadium agglomeration (V,O,
crystalline). Although the higher vanadium loading induced the higher activity, the
selectivity to propene was lower, as shown in Table 2.4. The result of catalytic
performance showed that the low vanadium content (6.5 wt%) exhibited the highest
selectivity to propene (87% selectivity) and gradually decreased to 38% selectivity when
the vanadium content increased to 11 wt%. However, the increases in the vanadium
content showed the highest performance to achieve 21% propane conversion when
ODH was operated at 600 °C. Although the higher reaction temperature could improve
the catalyst performance, it enhances the change of cracking and further oxidation to

obtain CO,.

Table 2.4 Propane conversion and product selectivity values in the ODH of propane [12]

Catalyst sample Temperature (°C) Propane conversion (%) Selectivities (%) Ear*(k] mol 1)
Propene Cracking COx

6.5V 450 05 87 1 12 158
500 28 80 2 18
550 12.1 68 3 29
600 163 66 5 29

7.5V 450 0.6 84 1 15 152
500 39 74 1 25
550 129 64 2 34
600 17.5 62 3 35

9V 450 038 83 1 16 141
500 5.1 72 2 26
550 137 59 5 36
600 185 57 7 36

10V 450 1.1 73 1 26 130
500 6.0 65 1 34
550 149 44 2 54
600 19.6 41 5 54

nv 450 15 7 1 28 119
500 6.8 58 1 41
550 163 39 2 59
600 216 38 4 58

2 Apparent activation energy.
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Elkhalifa et al. [9] studied the ODH of n-octane using VMgO catalysts with
different vanadium loadings (5,15, 25, 50 wt%) in a continuous flow fixed bed reactor at
GHSV of 6,000 h™ and 350-550 °C using air as an oxidant and nitrogen as a make-up
gas to give 9% n-octane in the gaseous mixture. The results showed that all catalysts
achieved high performance to convert n-octane when the temperature increased. The
product selectivity to octene was depended on vanadium content, as shown in Figure
2.7. The 50-VMgO catalyst exhibited the highest selectivity to octenes, which 3-octene
was the dominant isomer and 1-octene was rarely observed. Whereas, the dominant
product obtained from ODH catalyzed by 15-VMgO catalyst was 1-octene. Moreover,
cyclization of C, to C, was predominantly occurred and led to the formation of styrene

and ethylbenzene over xylene.
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Figure 2.7 Products selectivity on different catalysts at 450 °C and isoconversion [9]
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Sancheti et al. [40] studied a new catalyst NiMoK/TS-1 for decarboxylation of
methyl palmitate. The effect of support’s acidity and molybdenum loading on the methyl
palmitate conversion along with the product selectivity into C,, olefin was investigated.
The reaction was carried out using a vapor-phase fixed-bed downflow reactor system at
atmospheric pressure. The results of olefins selectivity shown in Table 2.5 indicated that
NiMo,,-K/TS-1 catalyst exhibited the highest selectivity to C, olefin, whereas the higher
acidity of catalyst promoted the higher performance to achieve 57% methyl palmitate
conversion. The NiMo,,-K/TS-1catalyst at a weight hourly space velocity (WHSV) of
5.6 h" was also selective toward C,, olefin. When the reaction was performed at 380°C
reaction temperature, the conversion of methyl palmitate increased whereas the
selectivity to C,, products and C,, olefin decreased. Moreover, the catalyst performance
dramatic decreased when the long time on stream (over 15 h) was applied.
The Ni;Mo,-K/TS-1catalyst showed the high efficiency for reusable. It can be

regenerated with no considerable decrease in the activity even after fourth reuse.

Table 2.5 Effect of different catalysts on the conversion of methyl palmitate and

selectivity of C,, products [40]

catalyst Mo-K/Al NigMog/TS (1:10) NigMog/TS-1 Ni;Mo,/TS-1 NigMo,(-K/T'S-1
acidity (mmol/g) 1.24 0.487 0.15 0.202 0.176
conversion (%) 57+2 4+2 413 +2 387+ 1 282+ 1
selectivity for Cys (%) 39.8 +2 634 +3 883 +3 92+ 2 95+ 2
Cy; paraffin/C g (%) 811 59.8 233 117 9.4
C,5 olefin/C,5 (%) 18.9 402 76.7 89.3 91.7
selectivity of Cj; olefin (%) 7.5 25.5 67.73 82.16 87.1
C,n<15 54.6 334 104 7 34
C hydrocarbons (%) L6 0.5 0.2 0.1 0.1

Cy4 Cyy oxygenates (%) 4.1 33 L4 1 0.6
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Krobkrong et al. [41] studies the deoxygenation of oleic acid under N,
atmosphere over molybdenum oxide catalysts with promoters (Ni, Co, and Cu) and
varying catalyst loadings (19-34 wt%) on Y-AL,O, support. All catalyst prepared by an
incipient wetness impregnation method. The obtained green diesel hydrocarbon is the
main desired product. The catalytic testing was carried out in a batch reactor for 3-9 h
at temperatures 300-350 °C under N, pressure (10 and 40 bar). Figure 2.8 showed the
conversion and liquid products distribution via deoxygenation of oleic acid. The 19 wt%
of NiMo oxide on Y-AlLLO, exhibited the highest performance for oleic acid conversion
(81% conversion), and increased the amount of targeted C,, hydrocarbons. However,
stearic acid and saturated hydrocarbons are also found during the deoxygenation of
oleic acid under N, atmosphere. These implied that the competition between
dehydrogenation and hydrogenation reaction could occur when using metal oxide
catalysts. The longer reaction time and higher temperature enhances the conversion of
oleic acid toward 96%, whereas the selectivity to the desired C,, products was only 57%
when the reaction was operated at 330 °C 24 h. For catalyst reusability, the NiMo oxide
catalyst demonstrated the high efficiency of reusable. It could be regenerated with no

considerable decrease in the activity even after fourth reuse.
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Figure 2.8 Conversion and liquid product distribution obtained by deoxygenation of
oleic acid using MoO,-based catalysts under 40 bar initial N, pressure at 330 °C for 3 h

[41].

Chatterjee et al. [42] studied, the transformation of fatty acids to &-olefins using
commercial Pd/C, in combination with phosphine ligands to promote decarbonylative
dehydration. The results showed that the combination of a heterogeneous Pd/C catalyst
in the presence of phosphine ligands with free-solvent provided the 20-fold higher
activity (TOF = 420 h") and the selectivity to a-olefins increased to > 95% at the
optimized conditions. The long-chain fatty acids (C,,-C,,) were converted to the olefins
in the good yield with high &-selectivity. Moreover, the catalyst could easily be recycled

at least twice without loss of activity or selectivity.
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CHAPTER IlI
EXPERIMENTAL

This chapter shows chemicals, materials, experimental procedures for
preparation of the catalysts and oxidative dehydrogenation (ODH) of oleic acid (OA) to

generate the long-chain bio-olefins.

3.1 Reactant and chemicals

3.1.1 Tetraethyl orthosilicate (TEOS, 99% purity, Sigma Aldrich, USA)

3.1.2 Triblock copolymer Pluronic P123 (EO,,PO,,EO,,, Mw = 5,800, Sigma
Aldrich, USA)

3.1.3 Ammonium vanadate solution (NH,VO,, > 99% purity, Sigma Aldrich, USA)

3.1.4 Oleic acid (OA, 90% purity, Sigma Aldrich, USA)

3.1.5 Oxygen gas (O,, 99.99%, Bangkok Industry Gas, Thailand)

3.1.6 Nitrogen gas (N,, 99.99%, Praxair, Thailand)

3.1.7 Standard gases (the mixed hydrocarbon C,-C, gases, RIGAS Co.,Ltd.,
Korea)

3.1.8 Standards gases (the mixed gases containing H,, CO, and CO,, Linde

(Thailand) Co.,Ltd., Thailand)

3.2 Apparatus
3.2.1 A fixed bed reactor (inside diameter = 9.525 mm; length = 14 cm) made

from stainless steel was used for the ODH of OA. This unit was consisted
of a heater and a temperature controller, mass flow controller, and HPLC
pump for feeding the reactant as shown in Figure 3.1

3.2.2 Hot air oven (Binder, German)

3.2.3 Hot plate stirrer (IKA, C-MAG HS7)

3.2.4 Muffle furnace (Carbolite Gero, 30-3000 °C)
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3.2.5 Rotary evaporator (Heidolph, Hei-vap)

HPLC pum
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Mass flow
controller

Reactor tube
Heater —__|

Glass bead il
o A e
Quartz wool M E——3 Temperature
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flowmeter
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Ice-cooling bath

Figure 3.1 Schematic representation of the fixed-bed reactor used for ODH of OA.

3.3 Catalyst preparation

3.3.1 Preparation of SBA-15 support [24]

The SBA-15 support was prepared via hydrothermal method. Tetraethyl
orthosilicate (TEOS) and the Pluronic P123 were used as a silica source and a structure
directing agent, respectively. Pluronic P123 (3.8 g) was dissolved in the mixture
containing 90 mL deionized (DI) water and 60 mL HCI solution (4 M) at 35 °C for 2 h
under stirring until the homogeneous solution was obtained. TEOS (8 g) was then added
dropwise into the above solution under stirring at this temperature for 24 h. The resultant
was then transferred into the Teflon autoclave for conducting the hydrothermal treatment
performed at 80 °C for 24 h without stirring. The solid product was collected by filtration,
washed with DI water several times and dried at room temperature for 2 h before drying
in an oven at 110 °C for 12 h. The dry support was then calcined at 550 °C for 6 h at a

heating rate of 5 °C min”' to remove the organic template and condensed silanol groups.
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3.3.2 Preparation of nV,0,/SBA-15 catalyst

The catalysts containing the different vanadium loadings (0.5, 1.0, 3.0 and
5.0 wt%) were prepared by wet impregnation. The calcined SBA-15 (1 g) was dispersed
in 12 mL ammonium vanadate solution (NH4VO3) at desired concentrations under stirring
at 60 °C for 2 h The obtained products were then dried by using a rotary evaporator at
60 °C and dried in the oven at 110 °C overnight before calcination at 600 °C for 5 h at a
heating rate of 5 °C min". The obtained calcined catalysts were labelled as

nV,0/SBA-15, where n was the vanadium loading (0.5-5.0 wt%).

3.4 Oxidative dehydrogenation (ODH) of oleic acid (OA)

The ODH of OA was carried out in a fixed bed reactor placed in a vertical
tubular furnace. The system was operated in a down-flow mode. The 0.2 g catalyst was
loaded between two layers of glass wool, while the free space above the glass wool was
filled with 2 g glass beads to prolong the residence time for transforming OA as the
vapor phase before passing through the catalyst bed, as shown in Figure 3.1. The
reaction was performed in the presence of 1/1 (v/v) O,/N, mixed gas at 1 atm with 2,600
h' gas hourly space velocity (GHSV). Typically, the reactor was heated to the desired
temperature (400-550 °C) and then allowed to stabilize for 1 h before feeding the OA
into the reactor by using an HPLC pump at a flow rate of 0.1 mL min”', which was
equivalent to 26 h' weight hourly space velocity (WHSV). When the reaction was
allowed for 2 h, the cumulative liquid product was collected by trapping the
condensable vapor in an ice-cooling bath. Simultaneously, the gaseous product was
also collected in a gas bag (10 L) during the reaction. All experiments were duplicated

and the average values with standard deviation was reported.
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3.5 Catalyst characterization

3.5.1 X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of studied catalysts were examined
using a Bruker-D8 advance diffractometer (Figure 3.2) employing CuKot radiation (A=
1.5406 A). The diffractometer operated at 40 kV and 40 mA with a scanning rate of 0.1°
min”'. The data were collected from 2-theta (20) in the range of 0.5-8.0° and 10 to 80° for

the small-angle and the wide-angle XRD patterns, respectively.

Figure 3.2 Bruker-D8 advance.

3.5.2 Nitrogen adsorption/desorption analysis

Nitrogen (N,) adsorption/desorption isotherms for SBA-15 and V,0,/SBA-15
catalysts were measured by using Micromeritics ASAP 2020 (Figure 3.3). The sample
was degassed to vacuum at 300 °C for 1 h under N, atmosphere to remove the
adsorbed moisture before measurement. The Brunauer-Emmett-Teller (BET) equation

was used to calculate the surface area (Sg,), while the Barrett-Joyner-Halenda (BJH)
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method in the adsorption mode was used to estimate the pore size and pore volume of

the samples.

Figure 3.3 Micromeritics ASAP 2020.

3.5.3 NH,-temperture-programed desorption (NH,-TPD)

To evaluate the acidity of SBA-15 and nV,0 /SBA-15 catalysts, NH,-
temperture programed desorption (NH,-TPD, Belcat-Basic Chemisorption analyzer
(BELLCAT II) instrument equipped with a thermal conductivity detector (TCD)) was
applied. The sample (0.02 g) was pretreated in the helium (He) atmosphere from room
temperature to 600 °C at a heating rate of 20 °C min” before cooling down to 50 °C. The
samples were subsequently exposed to 5 vol% NH, in He mixed gas for 30 min to
achieve the saturation and He was then used to flush for 30 min. The adsorbed NH, was
desorbed in the pure He atmosphere by increasing the temperature in the range of 50-
800 °C at a heating rate of 10 °C min™'. The amount of desorbed NH, from the sample

was detected by TCD.
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3.5.4 Hydrogen-temperature programed reduction (H,-TPR)

The reduction temperature of nV,0,/SBA-15 catalysts was analyzed by
using hydrogen-temperature programed reduction (H,-TPR) technique (BALLCAT I
instrument) and the H, consumption was also monitored by using TCD. Before analysis,
the catalyst sample was pretreated at 500 °C for 30 min in the presence of pure argon
(Ar) and cooled down to 50 °C. Then, 5 vol% H, in Ar mixed gas was introduced to the

sample cell during heating from 50 to 900 °C at a heating rate 10 °C min™".
3.5.5 X-ray photoelectron spectra (XPS)

The X-ray photoelectron spectra (XPS) of the catalysts were performed on
a Kratos Axis ultra DLD spectrometer (Japan) using monochromatic Al Kot (hv=
1486.6 eV) as the X-ray source. The binding energy (BE) of C1s located at 284.6 eV was
used as the standard for the correction. The results were analyzed by the Origin

program, which uses the Gaussian method.
3.5.6 Transmission electron microscopy (TEM)

The morphology of SBA-15 and nV,0,/SBA-15 catalysts were attested by
transmission electron microscopy (TEM) with an energy dispersive X-ray (EDX)
spectroscope performed on a JEOL JEM- 2100 Plus and JEOL Large Angle SSD at an
accelerating voltage of 200 kV. The samples were dispersed in ethanol under
sonication. A few drops of the dispersion were placed onto a carbon-coated copper

grid followed by solvent evaporation in air at room temperature.
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3.6 Characterization of products obtained from the ODH process

3.6.1 Characterization of liquid products

The amount of unreacted OA in the liquid products was evaluated by using
gas chromatography flame ionization detector (GC-FID) (Agilent 7890A) contain HP-5
column (¢ = 0.32 mm; L = 30 m; film thickness = 0.25 ym). The OA conversion could be
calculated from the OA calibration curve prepared by using different OA concentrations.
The chemical species found in the liquid products were identified using a Shimadzu
2023 Series (Japan) GC System equipped with Shimadzu QP2020 NX (Japan) mass
spectrometry (MS) detector and a DB-5 column (¢ = 0.25 mm; L = 30 m; film thickness
= 0.25 um with a polyethylene glycol stationary phase, Agilent, USA). The measurement
was performed at a split ratio of 100:1 using He as a carrier gas at a flow rate of 3 mL
min" and the temperature of injector and detector was controlled at 250 °C and 300 °C,
respectively. Approximately, the 1.0 yL solution prepared by dissolving 0.1 g sample in
2 mL ethyl acetate was injected into the GC-MS, which the oven temperature was
started from 50 °C and hold at this temperature for 3 min before ramping to 150 °C at a
heating rate of 5 °C min" and hold at this point for 10 min. The oven temperature was
then increased to 300 °C at a heating rate of 10 °C min" and hold for 20 min. The
product selectivity was obtained from the percentage of relative peak area in GC-MS

chromatograms.
3.6.2 Characterization of gas products

The gas products were analyzed by using gas chromatography (GC,
Shimadzu 2014) equipped with both TCD using a Unibead-C packed column (¢ = 3
mm; L= 2 m) and flame ionization detector (FID) using a Hayesep-Q column (¢ = 0.25
mm; L= 2 m; film thickness = 0.25 um) to evaluate carbon oxides and the rest of the light
hydrocarbons, respectively. The amounts of all gaseous products were compared with

the standard gases. The GC-FID program was programmed by the GC oven initial



32

temperature was starting at 50 °C and hold for 5 min. Then, the temperature was
increased to 200 °C with a heating rate of 10 °C min" and hold for 10 min. The sample
was injected with a controlled volume of 30 mL using a syringe.

For the evaluation of the amounts of H,, CO, and CO,, the gas
chromatography thermal conductivity detector (GC-TCD) oven was initially started at
50 °C and hold for 3 min. Then, the temperature was increased to 180 °C with a heating
rate of 30 °C min” and hold for 3 min. The sample was injected with a controlled volume

of 60 mL using a syringe.
3.6.3 Determination of coke deposition

The amount of solid product or coke deposited on the surface of the spent
catalysts obtained after ODH process were evaluated by using Thermalgravimetric
analysis (Perkin Elmer, TGA 8000), as shown in Figure 3.4. The spent catalyst (2 mg)
was loaded in a ceramic pan and heated from 30 to 900 °C at a ramp rate of 10 °C min”
under an air atmosphere with a flow rate of 50 mL min™. The weight loss between 200
and 700 °C was attributed to coke. The weight percentage of coke content was

converted to mass per 100 g fresh catalyst.

Figure 3.4 Perkin EImer-Thermogravitic analyzer (TGA 8000).
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter shows the results of catalyst characterization and the catalyst
performance to convert OA and the selectivity to long-chain bio-olefins in the liquid and
gaseous products via the ODH reaction, which operated through various parameters
such as vanadium content (0.5-5.0 wt%), reaction temperature (400-550 °C), catalyst

stability (2, 6, 8 h), and catalyst reusability, respectively.

4.1 Catalysts characterization

4.1.1 XRD diffraction

Figure 4.1a shows the small-angle XRD patterns of SBA-15 and
nV,0,/SBA-15 catalysts. SBA-15 exhibited three diffraction peaks at 20 of 0.86, 1.49 and
1.68° attributed to (100), (110) and (200) planes, respectively. These positions were
close to the observation reported by Mitran et al. [12]. These peaks confirmed that the
characteristics of SBA-15 was hexagonal symmetry. After vanadium impregnation, the
XRD patterns of nV,0 /SBA-15 catalysts were similar to that of the original SBA-15,
suggesting that the hexagonal ordered structure of SBA-15 was retained. However, it
was observed that the 20 of (100) plane for nV,0/SBA-15 catalysts were shifted towards
the higher values in the range of 0.89-0.91 (lower d- values), conveying a change in the
distance between the pores. The impregnation of vanadium decreased the values of
d,,-spacing and unit cell parameter () of SBA-15 from 10.3 to 9.7 mm and 11.8 to
10.2 nm, respectively when the vanadium loading increased to 5.0 wt%, as shown in
Table 4.1. The reduction of d,,,-spacing possibly resulted from the shrinking of the
lattice as a result of condensation after vanadium incorporation and calcination [43].
This corresponds to the pore size of the catalyst being increased after impregnation with
the vanadium content. Moreover, it was also observed that the peak intensity of the

(100) plane in the nV,0/SBA-15 catalysts tended to be decreased with increasing the
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vanadium content. This was due to the formation of partial blocking of mesopores in
SBA-15, which could decrease the long-range order of the hexagonal porosity [12, 44].
However, the HRTEM images illustrated in Figure 4.2 exhibited the remaining of the
hexagonal arranged porosity, suggesting that the SBA-15's framework was not
degraded by vanadium incorporation as described by Liu et al. [43]. Thus, the
continuously lower intensity of the nV,0/SBA-15 catalysts with the higher vanadium
loading was resulted from the dilution of silica with continuous incorporation of vanadium
as a consequence of higher absorption factor for X-rays than silicon [43]. A similar
phenomenon was also previously reported for the palladium oxides distributed over the

intra-surface of SBA-15 [45].

! (100) (a) SiO, amorphous (b)
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Figure 4.1 XRD patterns of SBA-15 and nV,0 /SBA-15 catalysts: (a) small-angle and
(b) wide-angle XRD patterns of (i) SBA-15, (i) 0.5%V,0,/SBA-15, (i) 1.0% V,0,/SBA-15,
(iv) 3.0%V,0,/SBA-15 and (v) 5.0% V.0 /SBA-15 catalysts.
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Table 4.1 Textural properties, d,,,-spacing and unit cell parameter of the SBA-15 and

nV,0,/SBA-15 catalysts

Sample dyoo” ozob Sger Pore size* Pore volume®
(nm) (nm)  (m*g") (nm) (em’g")
SBA-15 10.3 11.8 912 5.26 1.07
0.5%V,0, /SBA-15 9.92 11.4 839 5.27 1.03
1.0%V,0,/SBA-15 9.92 11.4 707 5.16 0.92
3.0%V,0,/SBA-15 9.70 10.2 684 5.55 0.84
5.0%V,0 /SBA-15 9.70 10.2 575 5.45 0.79
“d,,~spacing, calculated from the low angle of XRD patterns Using Bragg's equation: A=2dsin@ [46];

® XRD unit-cell parameter, estimated from the position of the (100) diffraction line (O(O=2dmo/\/§) [477;

° BET surface area; “BJH adsorption average pore size; ‘BJH adsorption cumulative volume of pores.

From the wide-angle XRD patterns depicted in Figure 4.2b, SBA-15 and
nV,0,/SBA-15 catalysts exhibited a broad peak at 20 of 20-30° assigned to the
amorphous silica. However, no diffraction peaks corresponding to V,0, crystalline for
nV,0,/SBA-15 catalysts were observed, suggesting the well-dispersed of the vanadium
oxides on the SBA-15 surface, likely as mono- (VO43’) and polyvanadate species (VXOy)

[12].
4.1.2 Morphology of SBA-15 and nV,O,/SBA-15 catalysts

The morphology of SBA-15 and nV,0O /SBA-15 catalysts were analyzed by
the high-resolution TEM (HRTEM), as shown in Figure 4.2. The HRTEM images of all
samples indicated the well-order hexagonal arrays of mesopores [43] and clearly
observed that the ordered mesoporous structure of SBA-15 was preserved after loading
the vanadium oxide. However, the cluster or particles of VO, for nV,O,/SBA-15 catalysts
were not observed even though the high vanadium loading was applied. This implied
that the particles of vanadium species were highly dispersed over the mesopore intra-
surface [48]. To confirm the presence of vanadium species in the prepared catalysts,

the EDX mapping by TEM analysis of the nV,0 /SBA-15 catalysts (Figure 4.3). The



36

results indicated the well-dispersion of vanadium species located in the internal pore of
the catalysts. This information was consistent with the results attested by XRD and N,
adsorption-desorption analyses. The observation was also similar to the previous
literatures, which prepared vanadium oxide on SBA-15 via wet impregnation and founds

the vanadium in the internal pore of the catalyst [43, 49].

Figure 4.2 HRTEM images of (a) SBA-15, (b) 0.5%V,0,/SBA-15, (c) 1.0%V,0 /SBA-15,

(d) 3.0% V,0/SBA-15, and (e) 5.0% V,0/SBA-15 catalysts.
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Figure 4.3 TEM-EDX elemental mapping vanadium of (a) 0.5%V,0 /SBA-15,
(b) 1.O%VXOy/SBA—15, (c) 3.O%VXOy/SBA—15, and (d) 5.0% VXOy/SBA—TS catalysts.
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4.1.3 Textural properties of SBA-15 and nV,0, /SBA-15 catalysts

The N, adsorption-desorption isotherms of SBA-15 and nV,0 /SBA-15
catalysts were showed in Figure 4.4a. All samples exhibited type IV isotherms with H1
hysteresis loop, which is the typical characteristics of mesoporous structure with
cylindrical pores, according to IUPAC classification [50]. The sharp reflection of the
hysteresis loop appeared in the isotherms between the relative pressure (P/P,) in the
range of 0.6-0.8. It was corresponded to the effect of capillary condensation due to the
uniform mesoporosity [51]. The textural properties of the SBA-15 and nV,0,/SBA-15
catalysts were summarized in Table 4.1. The result showed that SBA-15 had high
surface area of 912 m” g, with the pore volume and pore size of 1.07 cm® g and 5.26
nm, respectively. The impregnation of the higher vanadium contents to 5.0 wt% onto
SBA-15 remarkably decreased the surface area and pore volume to 575 m* g’1 and 0.79
cmsg'j, respectively. This reflected that the V,O, particles deposited on the pore wall
and partially blocked the pores of SBA-15 support. On the other hand, there were no
significant change of the pore size and very narrow pore-size distribution were still
remained in the range of 5.16-5.45 nm as shown in Figure 4.4b. This indicated that the
V0O, particles were well uniformly dispersed and deposited inside the pores of SBA-15

support, which was consistent with the XRD results.
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Figure 4.4 Representative (a) N, adsorption-desorption isotherms and (b) pore size
distribution of the (i) SBA-15, (i) O.5%VXOy/SBA-15, (i)  1.0% V,0,/SBA-15,

(iv) 3.0%V,0/SBA-15, and (v) 5.0% V,0,/SBA-15 catalysts.

4.1.4 X-ray photoelectron spectra (XPS)

The XPS technique was applied to distinguish the surface oxidation states
and the chemical environment of vanadium species. As illustrated in Figure 4.5, the XPS
spectra of V2p for all catalysts were broad in the range of 514-520 eV except that of
0.5%V,0,/SBA-15 catalyst, which the concentration of vanadium was below to the
detection limit for the XPS analysis. After deconvolution of V2p peak, the broad peak at
this signal was consisted of two components at the binding energy (BE) of 516 and 517
eV attributed to the oxidation states for V" in VO, and V°" in the V, O, species,
respectively [562, 53]. The percentage of V* and V*' to the total vanadium species was
also calculated as shown in Table 4.2. It was noticed that the major oxidation state of

vanadium species in the catalysts having 1.0-3.0 wt% vanadium content was v
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species with the percentage of the relative peak area as 75.3-95.6%. The amount of v
species decreased to 28.1% with increasing the vanadium content to 5 wt%. At this
point, the amount of v species increased to 71.9% and became the major oxidation
state. This implied that the increase in the vanadium content possibly changed the
dominant formation of vanadium species on the surface of SBA-15 by aggregation of

vanadium to slightly shift towards the higher BE value [13].
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Figure 4.5 XPS spectra for V2p,, signals of the (i) 0.5%V,0 /SBA-15, (ii) 1.0% V,O /SBA-
15, (iii) 3.0%V,0,/SBA-15, and (iv) 5.0% V,0 /SBA-15 catalysts.
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Table 4.2 XPS data of prepared nV,O /SBA-15 catalysts

Peak area (%) O1s Si2p

Catalysts " "
516 eV (V") 517 eV (V) (eV) (eV)
O.5%VXOy/SBA—15 n.d. n.d. 532.0 1034
1 .O%VXOy/SBA—1 5 95.6 4.4 532.0 103.4
3.O%VXOy/SBA—15 75.3 24.7 532.1 103.2
5.O%VXOy/SBA—15 28.1 71.9 5321 103.2

n.d. = not be detected.

The Si2p and O1s signals of all catalysts centered at the BE of 103 and
532 eV, respectively. They were corresponded to Si-O-Si bond from silica [54]. This BE
value at 532 eV was close to the BE of SBA-15 (533 eV). This implied that the BE 532 eV
should be attributed from Si-O-Si bond rather than oxygen atom in V,0, nanostructure,
which is normally appeared at the BE of 530.2 eV [13, 55]. This indicated that the O1s
signal of catalysts were mainly reflected from SBA-15, suggesting that the most of the
loaded vanadium species were deposited inside the SBA-15 pores. This result was also
consistent with the data obtained from XRD and TEM analyses that the V,O, crystallite
diffraction peak and V,0O, particles on the surface of catalysts were not observed. This
confirmed the well-dispersed vanadium particles on to the surface of SBA-15 support.
Moreover, the BE of Si2p showed in the range of SiO, (103.0-103.5 eV). This indicates

that the structure of SBA-15 has not significantly changed after vanadium loading.
4.1.5 NH,-temperture-programed desorption (NH,-TPD)

The acidity of catalysts was measured by using NH,-TPD analysis, as
shown in Figure 4.6a. The type of acidic sites was classified from the desorption
temperature of the adsorbed ammonia in each catalyst. The amounts of ammonia
desorption appeared at the range of 100-250 °C and 250-400 °C were denoted as weak

and medium acid sites, respectively [56]. The NH,-TPD profile of SBA-15 exhibited the
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NH,-desorption peak at 78 °C, which related to the very weak acid sites [13]. For
nV,0,/SBA-15 catalysts, the NH,-TPD profiles exhibited two NH,-desorption peaks
partially overlapping in the range 50-350 °C. The first signal appeared at 50-200 °C was
the weak acid sites attributed to the isolated tetrahedral-like coordinated VO, species
[567], whereas the second one located at the higher desorption temperature (200-350 °C)
was the medium acid sites. With increasing the vanadium content, the intensity of weak
acid desorption peaks dramatically increased and slightly shifted to the higher
desorption temperatures, while medium acid desorption peaks softly increased. This
implies that the increased vanadium content has affected the catalyst acidity. The total
acidity increased from 168 to 814 umol g’1 when the vanadium content increased from

0.5 to 5.0 wt% as shown in Table 4.3.
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Figure 4.6 Representative (a) NH,-TPD profiles and (b) H,-TPR profiles of the (i) SBA-15,
(ii) O.5%VXOV/SBA—15, (i)  1.0% VXOy/SBA—15, (iv) 3.O%VXOV/SBA—15, and
(v) 5.0%V,0,/SBA-15 catalysts.
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Table 4.3 Surface properties of SBA-15 and nV,0,/SBA-15 catalysts

NH,-TPD H,-TPR
b TM Hz
Catalysts (o0)? (B) Total acidity
4 p § (°C) consumption
(umolg”) (umolg”)  (umolg’)
(umol/g)
SBA-15 32 27 59 - -
O.5%VXO/SBA—15 145 23 168 554 40
1 .O%VXO/SBA—1 5 239 19 258 554 140
3.O%VXO/SBA-15 518 36 554 561 260
5.O%VXO/SBA—15 737 77 814 567 610

*Weak acid site; ®Medium acid site; “ Peak temperature (T,,)

4.1.5 H,-temperture-programed reduction (H,-TPR)

The profile of reduction temperature of vanadium oxides supported on
SBA-15 support was also determined using H,-TPR analysis as shown in Figure 4.6b.
The details of peak temperature and H,-consumption were summarized in Table 4.3. It
was observed only one sharp reduction peak for all nV,O /SBA-15 catalysts. The
nV,0,/SBA-15 catalysts containing 0.5-1.0 wt% V,O, loading had the reduction
temperature at ca. 554 °C. and it was shifted to the higher value at 567 °C when the
vanadium content increased to 5.0 wt%. The peak at lower temperature attributed to the
reduction of monomeric (V*, VO,) and oligomeric v, VO43’)nspecies in the tetrahedral
coordination geometry [12, 13, 43]. However, the reduction peak or shoulder peak at the
higher reduction temperature at ca. 590-600 °C attributed to the reduction of polymeric
Vo species in V,0O4 crystalline was not appeared. This implied that the nV,O /SBA-15
catalysts were mainly consisted of the monomeric and oligomeric vanadium species.
This observation was consistent with the XRD and XPS analysis. Notably, the reduction
peak intensity was increased and gradually shifted to the higher temperature when the
vanadium content increased. This implied the formation of less reducible high polymeric

vanadium species.
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4.2 Catalytic testing for the ODH of OA

4.2.1 Effect of the various vanadium contents in nV,0,/SBA-15 catalysts

The catalytic performance of nV,O /SBA-15 catalysts for ODH of OA was
performed by using 0.2 g catalyst loading at 450 °C under the OA and O,/N, (1/1 (v/v))
feed rates at 0.1 mL min” and 100 mL min”, respectively. The results shown in Table 4.4
indicated that the catalytic performance for OA conversion was strongly depended on
the vanadium content. All catalysts had high performance to promote ODH and
achieved more than 75% OA conversion. Without the addition of vanadium, the high Sg;
area and large pore volume of SBA-15 could facilitate the diffusion of reactants and
might promote the undesired cracking of OA to achieve 76.7% OA conversion [19, 58].
For the nV,0 /SBA-15 catalysts. The 1.0%V, O /SBA-15 catalyst exhibited the highest
performance to achieve 83.7% OA conversion. Above this point, the OA conversion
gradually decreased with increasing the vanadium content. This result was related to the
textural properties of the catalysts as shown in Table 4.1 and implied that the high
loading of vanadium dramatically decreased both surface area and pore volume of the
catalyst to yield the lower catalytic activity. To consider the product distribution obtained
from the reaction in terms of liquid, gas, and solid products as exhibited in Table 4.4, it
was observed that the amount of solid product was less than 0.2 wt% for all applied
condition reflecting that the coke formation on the surface of nV O /SBA-15 was
inhibited. A proportion of products were also influenced by the vanadium loading on
SBA-15 catalyst. When the vanadium content increased to 5.0 wt%, the amount of liquid
product decreased from 79.0 to 68.5 wt% with increasing the portion of gas product
from 20.9 to 31.4 wt%. This was possibly due to the effect of higher acidity induced by
the higher vanadium loading (Table 4.3) and yielded the catalysts having higher
potential to encourage the secondary cracking and deep oxidation to generate the high

content of gaseous products [59, 60].
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Table 4.4 Effect of vanadium content and reaction temperature on the conversion level

and product distribution obtained from ODH of OA

Reaction OA Product distribution (wt%)
Catalysts Temperature  conversion
(°C) (%) Liquid Gas Solid
SBA-15 450 76.6+£1.78 79.0£0.66 20.9+0.06 0.10+0.60
O.5%VXO/SB/—\-15 450 77.7+1.64 76.3 £ 3.50 23.7+0.02 0.04+3.48
1.O%VXO/SBA-15 450 83.7+2.54 7551414 244 +011 0.10+4.03
3.0%V,0,/SBA-15 450 82.3+0.77 753+0.76 24.7+0.00 0.03+0.75
5.0%V,0 /SBA-15 450 79.2+253 685+0.15 314+0.00 0.10+0.15
1.0%V,0, /SBA-15 400 46.4+044 7171012 282%0.00 0.10+0.12
1.0%V,0, /SBA-15 500 81.4+013 685+046 31.5+0.00 0.04+0.47
1.O%VXO/SBA-15 550 80.5+0.42 53.9+1.50 46.1 £0.02 0.05+1.48

To investigate the selectivity in the liquid products obtained from ODH of
OA, the liquid products were consisted of two phases; organic and aqueous phase.
After the separation of aqueous product, the chemical species in the organic phase
were analyzed by GC-MS technique. The compositions in the organic products were
classified into 5 groups such as alkanes, alkenes, aromatics, cyclics, and oxygenated
compounds. The cyclic compounds were consisted of cycloalkanes and cycloalkenes,
while the oxygenated compounds involved with alcohols, aldehydes, ketones,
carboxylic acids, and esters. Figure 4.7 shows the effect of vanadium loading in the
nV,0,/SBA-15 catalysts on the product selectivity in the organic phase of the liquid
product obtained from ODH of OA operated at 450 °C for 2 h at ambient pressure. It was
seen that olefins or alkenes and oxygenated compounds were primary products.
Without the vanadium impregnation, the ODH of OA catalyzed by only SBA-15 provided
the liquid product mostly containing 43.2% and 40.3% selectivity to olefins and
oxygenated compounds, respectively with small amounts of alkanes, cyclics and

aromatics. The o-alkenes/total alkenes ratio was calculated as 0.26, which the total
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alkenes were consisted with dienes, trienes, tetraenes, and internal alkenes. These
results might be attributed to the basic nature of SBA-15. According to the high surface
area and pore volume with a quite large pore size of SBA-15, these textual properties
were advantageous to the ease of diffusion of substate molecules and consequently
promoted the decarboxylation, decarbonylation [61], or dehydration [62, 63] of OA.
When 0.5%V,0,/SBA-15 was applied for ODH of OA, the liquid product containing the
lower content of the oxygenated species with increasing the amounts of aromatics and
cyclics. This was possible that the presence of monomeric vanadium species (VO,) in
the catalyst were active to produce alkenes via dehydration during ODH [64]. These
alkenes might be further acted as the precursors to produce aromatics [9]. In addition,
cyclic fatty acid monomer (CFAM) or cyclization of OA could be formed during heating
reaction temperature at 200 °C and above [65, 66]. When the amount of vanadium
loading increased to 3.0 wt%, the selectivity to olefins decreased with higher selectivity
to aromatics and oxygenated compounds. This could be explained that the increasing
vanadium loading, which exhibited the higher acidity, could promote the cracking of
long-chain olefins to produce alkanes and internal alkene radicals that promoted the
formation of aromatic compounds [67]. Notably, the ®-alkenes/total alkenes ratio was
highest at 0.58 when 3.0%V,0,/SBA-15 catalyst was applied under the given reaction
condition. This might be related to the acidity of the catalyst. The catalysts with higher
acidity could inhibit the desorption of the formed dienes from the catalyst surface, which
were further formed as aromatics compounds. Thus, the amount of total alkene was
decreased and consequently resulted to the higher &-alkenes/total alkenes ratio.
However, the use of 5.0%V,0,/SBA-15 catalyst exhibited the dramatic
reduction of o-alkenes/total alkenes ratio to 0.28 and the selectivity to aromatics was
also decreased with the greater selectivity to oxygenated compounds. This was due to
the overdose of vanadium species that could promote the deep oxidation [12, 13], to

generate the higher amount of gaseous products as seen in Table 4.4.
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Figure 4.7 Effect of the various vanadium content in the nV,0 /SBA-15 catalysts on the

selectivity in the organic phase of liquid product and &-alkenes/total alkenes ratio.

Figure 4.8 shows the distribution of carbon atoms in the organic phase of
the liquid product obtained from the ODH of OA over nV,O /SBA-15 catalysts at 450 °C.
The range of carbon atoms was categorized into four groups according to their
applications of olefins: C,, (plastics and polymers), C,, ., (surfactants and detergent),
C,s.5 (lubricant oil), and C,,, (synthetic waxes) [68, 69]. For the ODH of OA catalyzed by
SBA-15, the majority of products was alkenes in the C, ., range, whereas the C,g,
products were mostly consisted of the oxygenated compounds. Due to the low acidity of
SBA-15 catalysts, this property reduced the chance of cracking whereas the coupling
reactions to form the larger oxygenated products were possibly promoted. However, the
catalyst by impregnation of vanadium oxides (nVXOy/SBA—15) exhibited a different

majority of alkenes, correlated with the amount of vanadium species on the catalyst

surface and their acidity. The results in Figure 4.8 showed that the 0.5-1.0 wt% of
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vanadium loading, which having high level of v (VO,) species, provided the alkenes in
the range of C,,,,. Besides, the increasing vanadium loading over 1.0 wt% decreased
the level of alkenes in the range of C,,,,. This was possibly due to the rise of catalyst
acidity by increasing the vanadium content. The higher acidity could decrease the long-
chain alkene via cracking reaction. Furthermore, the increase in the vanadium content
from 3.0-5.0 wt% enhanced the ability to induce aromatics formation. This was possibly
due to the higher level of VAl (V,0,) species that could promote aromatization. [70].
Moreover, the increasing vanadium loading to 5.0 wt.% decreased the selectivity to
aromatics with increasing in the selectivity to long-chain oxygenated compounds (C,g.),
which were mostly consisted of alcohols and aldehydes. These results suggested that
the existence of the polymeric V,O, species could promote the formation of oxygenated

compounds.
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From the product analysis, the possible reaction pathway for ODH of OA
was proposed in Figure 4.9. The transformation of OA via ODH reaction can be
occurred through three pathways: the pathway (1) involved with the decarboxylation
(DCO,) of OA to produce long-chain internal alkenes (8-heptadecene, C ;) and CO, as
the by-product. Because the C=C bond and -COOH in 8-heptadecene had high
electron density, they could be activated by the acidic sites on the catalyst surface for
dehydrogenation to generated the new C=C bonds in the chains to obtain dienes or it
could be broken down of the C-C bond at the B-position of C=C to produce the short-
chain alkanes and alkenes [71-74]. The pathway (2) related the decarbonylation (DCO)
to provide the formation of alcohols and aldehydes, followed by dehydration of alcohol
and cracking of C-C bonds at B-position of C=C to generate the short-chain
hydrocarbons, CO and water [71, 75]. Besides, the pathway (3) might be occurred
through the oxidative cleavage at internal C=C bond of OA via epoxidation, which was
then hydrolyzed to form diols and finally release a carboxylic acid and water [76-78].
This carboxylic acid could be undergone to DCO, and dehydrogantion to produce
short-chain alkanes and alkenes. Moreover, the alkenes from all reaction pathways
could be used as precursors for futher reactions such as oxidative cleave of alkenes,
catalyst cracking, and aromatization to generate the oxygenated compounds (aldehyde

and ketone), light olefins and aromatics, respectively [67, 79, 80].
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Figure 4.10 shows the concentration of gas products consisted of
hydrogen (H,), carbon oxides (CO and CO,), and light hydrocarbons (C,-C,,). The
results indicated that CO, was the dominant product, suggesting that the reaction
pathway for ODH of OA might be occurred through DCO,, which was proportional to the
vanadium contents. Moreover, the higher acidity induced from the higher vanadium
contents could promote the deep oxidation to produce CO, as seen that the
concentration of CO, increased when the vanadium content increased from 0.5 wt.% to
3.0 wt.%. However, the concentration of CO, seemed to decrease, with increasing H,
content was observed when 5.0% V,O /SBA-15 catalyst was applied. This was possible
that the catalyst with higher vanadium content had higher acidity to enhance the
dehydrogenation activity to produce H, during ODH process from 1.07 to 8.46 mol%.
Moreover, the overdose vanadium content might also have less activity for deep

oxidation to produce the lower CO, content with higher amount of CO gas instead.
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Figure 4.10 Effect of the various amounts of vanadium loading in the nV,O /SBA-15

catalysts on the concentration of gas products obtained from ODH of OA.
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4.2.2 Effect of reaction temperature on ODH of OA

In this section, the catalytic testing was carried out over a 1.0%V O /SBA-
15 catalyst at 400-550 °C for 2 h under the OA and O,/N, (1/1 (v/v)) feed rates at 0.1 mL
min"' and 100 mL min”, respectively. The results from Table 4.4 showed that the
appropriate reaction temperature for ODH of OA should be higher than 400 °C. The
applied reaction temperature at 400 °C provided only 46.4% OA conversion, whereas
the higher reaction temperature to 450-550 °C obtained ca. 80-83% OA conversion.
However, the temperature above 450 °C slightly decreased the OA conversion. This
suggested that the reaction temperature at 400 °C and 2 h was not sufficient to
overcome the activation energy of the ODH reaction, whereas the operation at the high
reaction temperature (> 450 °C) decreased the degree of OA conversion due to the
exothermic nature of the ODH reaction. Not only the OA conversion, but the reaction
temperature also affected the selectivity to the species in the organic liquid phase as
shown in Figure 4.11. When the ODH reaction was operated at low temperature (400
°C), it was observed that the oxygenated compounds was the dominant products.
Whereas, the increasing reaction temperature induced the catalyst to have the higher
effective for producing alkenes and aromatic compounds with the selectivity of 43.9%
and 25.4%, respectively. This was possible that the side reactions such as epoxidation
or oxidation cleavage would be promoted to produce oxygenated products at a low
reaction temperature [76], while the higher reaction temperature enhanced the
selectivity to small molecules or aromatics by consuming the generated alkenes via
cracking and aromatization, respectively [9]. However, the increasing reaction
temperature from 500 to 550 °C decreased the alkene selectivity from 43.9% to 33.5%
due to the effect of thermal cracking of the alkenes, which enhanced the chance to
produce alkyl benzenes. Although the @-alkenes/total alkenes ratio decreased with
rising temperature, this ratio increased from 0.31 to 0.45 when the reaction temperature

increased to 550 °C resulting from the increase in the ®-alkenes selectivity. This implies
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that the reaction temperature below 550 °C decreased the &-alkenes due to increased
catalytic activity for isomerization to produce the internal olefins. Furthermore, the
reaction temperatures higher than 500°C promoted the deep ODH of OA to increase the
cracking of long-chain alkenes to produce the short-chain o-alkenes with the light
olefins in the gas phase. Therefore, the distribution of carbon atoms in liquid products
(Figure 4.12) showed the short-chain alkenes (C.,) increased when the reaction
temperature increased from 400 to 500 °C due to thermal cracking. Moreover, high
reaction temperature (>500°C) exhibited a dramatic increase in the aromatic
compounds (C,,,) with the reduction of alkenes portion in the liquid product. This
suggested that alkenes were the precursors to produce aromatics, especially at high
temperatures.

This observation was corresponded to the results of the concentration of
the gas products. Figure 4.13 exhibited that the contents of light olefins (C:H) and light
paraffins (C,,) increased from 1.49 to 542 mol% and from 0.26 to 1.49 mol%,
respectively, when the reaction temperature increased from 400 to 550 °C. While the
selectivity to carbon oxides showed a gradual decrease as the temperature rises. This
was possibly due to the formation of the aromatics, as styrene, ethylbenzene, and

xylene, which had a stable aromatic nucleus and thereby reduced the production of

carbon oxides, which might be contributed from the secondary combustion [9].
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Figure 4.13 Effect of the reaction temperature on the concentration of gas products

obtained from ODH of OA using 1.0%V,0,/SBA-15 catalyst.

3.2.3 Stability testing of 1.0% V,0 /SBA-15 catalyst

The catalyst stability testing for ODH of OA was performed over
1.0%V,0,/SBA-15 catalyst at 450 °C under 2, 6, and 8 h time on stream as shown in
Figure 4.14. The performance to convert OA obviously decreased from 83.7% to 63.0%
OA conversion when the time on stream was longer from 2 h to 8 h. Although the
selectivity to alkenes had no significant change, the level of selectivity to oxygenated
compounds slightly increased from 32.8% to 39.2%, with a decline in the aromatic
selectivity. This implies that the catalyst's active site was changed. The analysis of SEM

(Figure 4.15) shows the catalyst deactivation due to the collapse of its structure.
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Figure 4.15 SEM images of spent 1.0%V,0 /SBA-15 catalyst: (a)2h,(b)6 h,and (c) 8h

time on stream.
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3.2.4 Regeneration and reusability of the 1.0% V,0,/SBA-15 catalyst

The reusability of 1.0% V,0 /SBA-15 catalyst was evaluated under the
optimum reaction conditions at 450 °C and 2 h time on stream. The spent catalyst
obtained from each cycle was regenerated by calcining in the air at 600 °C for 4 h.
Figure 4.16 shows the performance of the spent catalyst and selectivity to species in the
liquid products obtained from the ODH of OA. The OA conversion was dramatically
decreased from 83.7% to 36.6% when the spent catalyst obtained from 3" regeneration
cycle was applied, whereas the selectivity to the oxygenated compounds increased
from 35.0% to 59.4%. However, the selectivity to alkenes was slightly lowering.
Although the SEM-EDX analysis (Figure 4.17) showed no significant change in the
catalyst structure or vanadium agglomeration after the 3" regeneration cycle, the TGA
profiles between fresh and spent catalysts obtained from the 3" regeneration cycle
(Figure 4.18) obviously showed that the amount of coke deposited on the catalyst
surface was dramatically increased from 1.8% to 9.0%. This suggests that the level of
OA conversion was reduced due to the accumulation of coke, which reduced the active

site of the catalyst.
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CHAPTER V
CONCLUSION AND RECOMMENTATION

5.1 Conclusion

5.1.1 Catalyst characterization

The XRD analyses and HRTEM images confirmed the well-dispersed
vanadium oxides on SBA-15. From the wide-angle XRD patterns, no diffraction peaks
corresponding to V,0; crystalline for nV,O,/SBA-15 catalysts were observed, while the
HRTEM images clearly exhibited that the mesoporous structure of SBA-15 was
preserved after loading the vanadium oxide. Moreover, the cluster or particle of V.O,
was not appeared on the SBA-15 surface, although the high vanadium loading was
applied. To confirm the presence of vanadium species in the prepared catalysts, the
results of EDX mapping by TEM analysis of the nV,O /SBA-15 catalysts showed the well-
dispersed of vanadium species located in the internal pore of the catalysts, which was
consistent with the results of the textural properties obtained from BET data. The high
surface area and pore volume of SBA-15 decreased after the impregnation of vanadium
content, suggesting that vanadium particles possibly blocked the pores of SBA-15.
Whereas, there were no significant changes in the pore size. This indicated that the V,0,
particles were deposited inside the pores of the SBA-15 support. The XPS data and H,-
TPR profiles revealed that the nV,0 /SBA-15 catalyst was consisted of two surface
oxidation state, attributed to the V*" in VO, and V* i V,O, species. For the results
obtained from the NH,-TPD technique, the total acidity of catalyst increased with

increasing the vanadium content. In particular, the intensity of weak acid desorption

peaks dramatically increased and slightly shifted to the higher desorption temperature.
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5.1.2 Effect of the different vanadium loading on ODH of OA

The V,0/SBA-15 catalysts with different vanadium contents could convert
oleic acid to produce bio-olefins via ODH reaction at 450 °C. The 1.0%V,0,/SBA-15
catalyst showed the highest oleic acid conversion at 83.7%, whereas 0.5%V,0 /SBA-15
catalyst provided the high selectivity to olefins with carbon atoms in the range of C.-C,,
(44.6%). The higher vanadium content to 3.0-5.0 wt% decreased the oleic acid
conversion and selectivity to olefins due to reduced surface area and higher acidity of
the catalysts that promoted the production of oxygenated compounds. Moreover, the o(-
alkenes/total alkenes ratio was highest at 0.58 when 3.0%V,0O /SBA-15 catalyst was
applied because the catalysts with higher acidity could inhibit the desorption of the
formed dienes from the catalyst surface, which were further formed as aromatics
compounds. However, the use of the 5.0%V,0 /SBA-15 catalyst exhibited the dramatic
reduction of o-alkenes/total alkenes ratio to 0.28 and the selectivity to aromatics was
also decreased with the greater selectivity to oxygenated compounds. This was due to

the overdose of vanadium species that could promote the deep oxidation.
5.1.3 Effect of temperature on ODH of OA

To consider the effect of temperature on ODH, it was observed that the
increase in the reaction temperature from 400 °C to 450 °C increased the performance
of catalyst to convert OA, whereas above this point (> 450 °C) the level of OA
conversion tends to be slightly decreased due to the exothermic nature of the ODH
reaction. Besides the OA conversion, the reaction temperature also affected the
selectivity in the organic liquid phase. The increase in the reaction temperature to 500
°C provided the highest olefin selectivity (40.4%). At the same time, the increasing
reaction temperature promoted the formation of aromatic compounds via thermal
cracking of long-chain olefins to generate the alkyl benzenes. In addition, the contents

of light hydrocarbons from thermal cracking increased when the reaction temperature
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increased from 400 to 550 °C. Whereas, the content of carbon dioxide decreased

because the stability of the aromatic formation inhibited the secondary combustion.
5.1.4 Stability testing of 1.0% V,0, /SBA-15 catalyst

The catalyst stability testing for ODH of OA has been performed using the
1.0%V,0,/SBA-15 catalyst at 450 °C under 2, 6, and 8 h time on stream. The results
showed that the selectivity to alkenes had no significant change. The level of selectivity
to oxygenated compounds slightly increased from 32.8% to 39.2%. However, the
operation carried out longer than 2 h exhibited the catalyst deactivation due to the

collapse of its structure.
5.1.5 Regeneration and reusability of the 1.0% V,0 /SBA-15 catalyst

To test the reusability of the catalyst, the 1.0% V,0 /SBA-15 catalyst was
used to evaluate under the optimum reaction conditions at 450 °C for 2 h time on stream.
The result shows that the spent catalyst had a lower ability to convert OA due to the

accumulation of coke, which reduced the active site of the catalyst.

5.2 Recommendation

- The nV,0,/SBA-15catalyst is sensitive to moisture. The change of its pristine
color from yellow to green, indicates the deactivation of catalyst. Thus, the new
catalyst having high resistance to moisture or water generated during ODH

process should be further investigated.

-The direct use for palm olein as the raw materials for producing the long-chain

bio-olefins should be studied to reduce the step of oleic acid separation.

- The process for separation and purification of the long-chain bio-olefins
obtained from ODH process should be more studied for using as the raw

materials for other applications.
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APPENDIX A
CALCULATION OF CATALYST PREPARATION

The nV,0,/SBA-15 catalysts were preparation by wet impregnation method with
different vanadium content on SBA-15 including 0.5, 1.0, 3.0, and 5.0 wt%. The

calculation of preparation are shows as follow;

0.5%V,0,/SBA-15; SBA-15100ghasV 0.5 g

0.5
SBA-151ghasV=——=0.005¢g
100

1.0%V,0,/SBA-15; SBA-15100ghasV 1.0 g

1.0
SBA-151ghasV=—""=0.01g
100

3.0%V,0,/SBA-15; SBA-15100ghas V3.0 g

3.0
SBA-151ghasV=——=0.03g
100

5.0%V,0,/SBA-15; SBA-15100ghas V5.0 g

5.0
SBA-151ghasV=—"—>=0.05¢g
100

With V solution prepared by NH,\VO, (precursor) which has molecular

weight = 116.98 g/mol and V has molecular weight = 50.94 g/mol

There is V 50.94 g/mol of NH,VO, = 116.98 g/mol

0.005 x116.98
50.94

So, V 0.005 g uses NH,VO, = = 0.0115 g of NH,VO, reagent.



APPENDIX B
CALCULATION

1. The conversion of oleic acid was calculated by standard curve of oleic acid.

%Conversion = 100 — %0A(unreaction)

) (peak area of OA unreaction)
%0O0A (unreaction) = peak area of OA X 100

2. Product distribution calculation after ODH reaction

2.1 Liquid product
Liquid product with OA (g) = condensation flask after (g) —

condensation flask before (g)

(OA feed)(g) x (100 — %conversion)
100

OA (unreaction)(g) =

Liquid product from OA (g) = liquid product with OA (g) — OA feed (g)
2.2 Solid product

solid TGA (%) X catalyst feed (g)
100 — solid TGA (%)

Solid product (g) =

2.3 Gas product

Gas product (g) = OA feed(g) — OA unreaction (g) — liquid product(g)
— solid product(g)

1
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3. Selectivity (S,) calculation in liquid and gas products

3.1 Liquid product

. peak area
%Select1v1ty = m x 100

when “total area” was the summation of the peak area of the compositions
found in the liquid product obtained from GC-MS data except the peak area

of OA.

3.2 Gas product

peak area of product X standgard gas (%mol)

C trati f 9 D) =
oncentration of gasymml) peak area of standard gas

when “peak area” was found in the liquid product obtained from GC-FID and

GC-TCD data.
For example, using the 1.0%V,0 /SBA-15 catalyst of ODH reaction.

Table B1 Data weight of oleic acid, catalyst, glass bead, condensation flask of ODH

reaction

ODH of OA using 1.0%V,0,/SBA-15 catalyst

Weight of catalyst 0.2053 g
Weight of glass bead 2.0094 g
Weight of oleic acid 10.4587 g
Weight of condensation flask 806.58 g

Weight of condensation flask after 814.94 g
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Figure B1 Standard curve of OA.

-The conversion of oleic acid was calculated by standard curve of oleic acid.

5694.0
%~ Conversion = 100 — 13.98 = 86.02

%~OA (unreaction) = X 100 = 13.98

-Product distribution calculation after ODH reaction
Ligquid products;

Liquid product with OA (g) = 814.94 — 806.58 = 8.36 g

10.4587 x 13.98
100

OA (unreaction)(g) = =146g
Liquid product from OA (g) = 8.36 —1.46 =690¢g
Solid products;

1.8418 x 0.2053

Solid product (g) = 100 — 18418

=0.0040 g
Gas products;

Gas product (g) = 10.4587 — 1.46 — 6.90 — 0.0040 = 2.09 g
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Table B2 Calculation of composition in liquid product obtained from GC-MS data

Composition in liquid products Peak area
Alkanes 9187274
Alkenes 52872469
Aromatics 15922831
Oxygenated compounds 14791320
Cyclics 39677717
Total 132451611

Table B3 Calculation of composition in gas product obtained from GC-FID and GC-TCD

data

Composition in Peak area Peak area of Volume of STD. gas

gas products of product STD. gas
H, 29557.4 144568.9 5
CO 53375.5 17232.95 10
CO, 61408.8 20715.1 10
CH, 18099212 187270296 4.99
C,H, 67836078 350917878 5.01
C,Hg 15254336 368573431 5.03
C,Hq 29730263 534401900 4.99
C,H, 11576847 565091332 5
C,H, 304059 508445754 5.08
C, 20817687 3351459258 5
C,. 16355984 936351480 4.99
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-Selectivity (S,) calculation in liquid and gas products

Liquid product;

52872469

%Selectivity of alkenes = 132451611 x 100 =40%

Gas product;

18099212 x 4.99

; 0, — — 0,
Concentration of methtane (%mol) 187270296 0.48%mol




Relative intensity

Relative intensity

Relative intensity
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APPENDIX C
EXPIREMENTAL DATA

(a)

2 12 22 32 42 52

Retention time (min)
- ¢~ G .~ C.,. C,
10 = _
% ng 771 Ca Cis h C.. © (b)
C ; 16
8 Cg Cm §C13 5015

2 4 6 8 10 12 14 16 18 20 22 24 26
Retention time (min)
- OA
Cyr (c)
7I” T T T T T T T T T T
27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

Retention time (min)

Figure C1 GC-MS chromatograms of liquid product at (a) overall retention time, (b)

retention time 2-27 min, and (c) retention time 27-60 min from 1.0%V,0,/SBA-15

cat

alyst.
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