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CHAPTER |

INTRODUCTION

1.1 General introduction

Ethylene is classified as the light olefins. It has been commonly used in
various chemical industries, such as manufacture polyethylene, vinyl chloride (from
ethylene dichloride), and styrene (from ethyl benzene) [1]. Those mentioned
chemicals are considered to be important raw materials for production wares in our
daily life. Therefore, as the number of population has been increasing, the extensive
global demand of large capacity of ethylene results in the high cost of ethylene.

Nowadays, the reduction and insufficient amount of fossil fuel, which is the
major source of ethylene production, is still the main problem in petrochemical
industry. Ethylene has been produced by hydrocarbon steam cracking process [1]
which can generate numerous types of product [1]. However, some products from
that process can cause the environmental problem. In addition, the purification
process of ethylene is required leading to high investment and operating cost.
Therefore, the new beneficial methods of ethylene production process need to be
established.

The ethanol dehydration is novel promising way of ethylene production. The
ethylene from this process is environmental friendly because using ethanol as raw
material can reduce to utilization of fossil fuel. Moreover, ethanol can be generated
by common fermentation process from renewable and agriculture products, such as
bagasse, corn, and cassava. Those raw materials for ethanol production are the
products commonly found in Thailand [1]. Therefore, this process can not only
reduce the cost and the usage of fossil fuel, but also provide higher capacity of
ethylene. This leads to the increasing trend of number of articles studies on ethanol
dehydration in 1998-2012 [1, 2].

In chemical reactions, the catalysts are an important factor because it helps to

accelerate and control the rate of reaction. The catalysts have many types and have



been used in different chemical reactions. The ethanol dehydration to ethylene
requires acid catalysts because active site of this reaction has to desire acidity. The
acid catalysts in industry system have many types, such as modified-Al,Os, Al-Si
Oxide, Al,O3-MgO/SiO,, ZSM-5, HZSM-5 [2, 3], SAPO-34, and heteropolyacid catalysts
[2]. In previous studies, the modified-Al,0O5 catalysts were used in high temperature to
generate high selectivity of ethylene product. However, the HZSM-5 catalyst and the
heteropolyacid (AgsPW;,040) were not stable. They can cause the coke formation due
to high acidity [1]. The ALl-Si oxide catalysts which are unmodified catalyst, are barely
used in ethanol dehydration, but used in other reaction. The rational advantages of
using alumina and silica catalysts are that the SiO; is suitable to be a support due to
the high surface area, excellent mechanical strength, uniform pore size and thermal
stability, especially hexagonal mesoporous silica in M41S family such as MCM-41 and
spherical silica particle (SSP) [3]. ALOs is a good support due to its high metal
dispersion ability and excellent mechanical properties [4].

The performance of catalyst is possibly increased by adding some metal oxide
on the support or elementary catalyst such as Re,O;/AL,05, WO3/SiO,, MoOs/Al,O5 in
olefin metathesis reaction [5], Co0304/AlLO5-SIO, in cyclohexane nitrosation to
€-caprolactam [6] etc. For the ethanol dehydration reaction to ethylene, it reacts on
acid site of catalyst. So, the metal oxide gives higher acidity in catalyst, then be
interesting. The molybdenum oxide is the metal oxide, that helping increase amount
of acidity in the catalyst. The industries system, the molybdenum oxide over oxide
supports was used in various reactions which required acid site for active site such as
MoOs/ALL,O5-SIO, in light olefin metathesis or partial oxidation [7, 8] MoOs/ZrO, in
hydrolysis of ethyl acetate and MoOs/AlL,05 in hydrodesulfurization of thiophene [9]
etc. However, the molybdenum oxide is hardly used in ethanol dehydration reaction,

then it should be investigated.



1.2 Research objectives

To investigate characteristics and the effect of different Al loading on the

spherical silica particle (SSP). Al-SSP composite supported molybdenum catalysts on

the activity and selectivity during ethanol dehydration to ethylene.

1.3 Research scopes

Preparation of spherical silica particle (SSP).

Characterization of silica support samples by BET surface area, X-ray
diffraction (XDR), scanning electron microscopy (SEM), and temperature
programmed desorption (TPD).

Preparation of AlL,O5-SiO, (Al-SSP) composites catalyst with 20 to 80
%wt. of AlLOs; on SSP support using hydrolysis of aluminium
isopropoxide method.

Characterization of Al,Os-SiO, (Al-SSP) composites catalysts by BET
surface area, X-ray diffraction (XDR), scanning electron microscope
(SEM) and energy x-ray spectroscopy (EDX) and temperature
programmed desorption (TPD).

Investigation of the catalytic activity of AlL,O5-SiO, (Al-SSP) catalysts in
ethanol dehydration at 1 atm and 200-400°C.

Preparation of supported molybdenum oxide on the Al,O5-SiO, (Al-SSP)
composite catalysts, which provide high selectivity of ethylene, using
the incipient wetness impregnation method.

Characterization of molybdenum  oxide/Al,05-SI0, (Mo,O,/Al-SSP)
composites catalysts by BET surface area, X-ray diffraction (XDR),
scanning electron microscope (SEM) and energy x-ray spectroscopy
(EDX) and temperature programmed desorption (TPD)

Investigation of the catalytic activity of molybdenum oxide/Al,0s-SiO,
(Mo,O/Al-SSP) catalysts in ethanol dehydration at 1 atm and 200-
400°C.



1.4 Research methodology
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CHAPTER I

THEORY AND LITERATURE REVIEWS

2.1 Ethanol dehydration reaction

Ethanol dehydration reaction normally distributes ethylene and diethylether
as the main products depending on type of active site and operating temperature.
However, this reaction has only small byproduct as acetaldehyde [10]. In the past,
the steam cracking reaction of hydrocarbons had been widely used for ethylene
production. This process can be then replaced by ethanol dehydration reaction
because it does not only provide the less complicated process, but also generates
the ethylene from biomaterials which are commonly obtained as the wastes from
agriculture in Thailand [1, 2]. Ethanol dehydration requires acid catalysts which have
been widely used in the industry such as phosphoric acid catalyst, oxide catalysts (
ALOs, AL-Si Oxide, AlL,0s-MgO/SIO, etc.), ZSM-5, HZSM-5 [2, 11], SAPO-34, and
heteropolyacid catalyst [2]. The mechanism of ethanol dehydration reaction is
believed to be the parallel surface reactions or the series reactions. In the parallel
surface reactions, ethanol molecules are changed into ethylene molecules together
with diethylether molecules. While in the series reaction, molecules of ethanol are
converted to diethylether molecules after that changing to ethylene molecules [2].
The mechanism of reactions is shown in Figure 2.1.

Ethylene is formed by ethanol dehydration. The temperature, pressure, space
velocity, and water content in ethanol are controlled factors of ethanol dehydration
[2]. This reaction requires strong acid site or Bronsted acid site [11, 12] and high
operating temperature ( in the range of 180°C to 500°C) [1]. In order to promote the
endothermic reaction [1]. The mechanism of ethanol dehydration is the elimination 1
reaction (E1). Therefore, this reaction requires one ethanol molecule to generate
carbocation during the reaction [13]. In the E1, the proton from acid catalyst
protonates the hydroxyl group of ethanol molecule to remove the water molecule.

After that, the conjugated base of catalyst deprotonates the methyl group and



hydrocarbon rearranging to ethylene [1]. The mechanism of reaction is shown in

Figure 2.2
AN
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Figure 2. 1 Mechanism of dehydration of ethanol : (a). the parallel reaction and

(b). the series reaction [2].
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Figure 2. 2 Mechanism of ethanol dehydration to ethylene [1].

The dehydration of ethanol converts ethanol molecules into diethylether.
This reaction, which is exothermic, requires weak acid site and low operating
temperature (below 240°C) [2]. The mechanism of ethanol dehydration to be
diethylether is the second-order nucleophilic substitution reaction (Sy2). Therefore,
this reaction requires two ethanol molecules, and no generation of carbocation taking
place during the process. In Sy2, the proton from acid catalyst protonates the
hydroxyl group of the first ethanol molecule to electrophilic. The lone pair electrons

of second ethanol molecule attack the electrophilic of the first ethanol molecule,



and then remove the leaving group [2, 13]. The mechanism of this reaction can be

shown in Figure 2.3.
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Figure 2. 3 Mechanism of ethanol dehydration to diethylether [2, 13]

2.2 Silica

Silica (SiO,) is chemical compound consisting of silicon and oxygen, molecular.
The operating pressure and temperature driving force are the important factors
affecting the structure formation of silica which can be either crystalline or
noncrystalline. The silica is formed by nature or synthesis from other precursors.

Silica from soil, rock, animals, and plants is natural silica. For instance, silica in
biological system is formed from diatoms of plants and radiolarians of animals. Those
fossils are sequentially converted to be diatomite and radiolarite, and then,
precipitated in the pond. The sediment of diatomite is used as a filter because of its
highly porous. The nature silica normallycontains metal elements as impurities. The
structure of this silica is mostly crystalline which consists of quartz, tridymite, and
cristobalite, as shown in Figure 2.4. The transition phases of silica crystalline depend

on temperature as shown in Figure 2.5 [14].



# o R

quartz tridymite cristobalite

Figure 2. 4 Crystalline structure of silica [14].

870°C 1200°C

Quartz ——> Tridymite ———> Cristobalite
Figure 2. 5 Transition phases of silica crystals [14].

The synthetic silica has many forms such as fiber, sheets, soles, gels, and
powder depending upon the application. The structure of synthetic silica is mostly
amorphous (noncrystalline). The different forms affected physical properties such as
surface area, average pore volume, average pores diameter and pore size. These
properties are controlled by synthesis method. The M41S family of synthesized
mesoporous silica is mainly used in industry because it has numerous excellent
texture properties such as high specific surface area and pore volume, good
mechanical and narrow pore size distribution [3, 15]. This family comprises MCM-41,
MCM-48, lamella phase (MCM-50) and spherical particles (SSP). They are different
forms which are the structure and morphology depending on concentration of
ethanol during preparation [16]. The main structure of M41S family has hexagonal,
cubic as MCM-41, MCM-48 and lamella phase, but SSP is similar to hexagonal. The
morphology of M41S family is shown in Figure 2.6 [15, 16]. As can be seen from that
fisure, it illustrates that SSP has an excellent morphology due to the smoothness of

spherical particles.
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Figure 2. 6 Morphology of M41S silica family: (a) MCM-41, (b) MCM-48, (c) lamella
phase and (d) SSP [15].

2.3 Alumina

Alumina or alumina oxide is compound of aluminum and oxygen which has
the formula form as AlL,Os;. The alumina was discovered as a material existed in
natural clay in 1754 by Marggraf. [17]. The minerals of alumina are corundum and
bauxite [18]. The alumina distributes to be three types : corundum, transition phase,
and O-alumina [18].

The corundum is natural crystalline of alumina. Its appearance represents
many colors and transparent such as sapphire (mixed Fe or Ti), ruby (mixed Cr),
amethyst (mixed Fe, Mn or Ti). The crystalline structure is alpha-alumina structure as
shown in Figure 2.7 [18, 19].

The alpha-alumina (A-AL,Os) is regulated by Rankin-Merwin in 1916. This type
of alumina can be prepared in two methods. The first method is by heating alumina
hydroxide at the temperature above 500 °C. The other is by heating the transition
phase, which is either theta or kappa, at temperature over than 1000 °C [18]. The
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crystalline structure is alpha-alumina structure as the corundum mineral [18]. The O-

ALO5 is the most stable form of alumina [11] as shown in Figure 2.7 [18, 19].

¢ Al
.o e
; o
e o 9o @

Figure 2. 7 Alpha-alumina structure of corundum mineral and Q-AlL,O; [19].

The transition phases of alumina have seven phases: chi (K), kappa (K),
gamma (Y), delta ©), Theta (B), eta (N), and alpha (). The transition phases of
alumina are produced by heating alumina hydroxide below 1100°C. Figure 2.8
represents transition phases of alumina after heating by different temperatures. This
ficure also exhibits the different types of alumina hydroxide affecting to the
generation of transition phase at same temperature. Alumina hydroxide has five
crystalline structures: gibbsite, bayerite, nordestrandite, diaspora, and boehmite.
However, all those structures are called as bauxite [16]. The name of alumina
hydroxide depends on molecular form and composition between aluminum and

oxygen as shown in Table 2.1 [19].
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Figure 2. 8 Transition phases of alumina [18].

Table 2. 1 Types of bauxite [19].

Gibbsite / . . Alpha alumina
Hydrargilite Aluminum trhydroxide +A(OH), trihydrate

. . . Beta alumina
Bayerite Aluminum trihydroxide a-Al(OH}, trihydrate

Nordstrandite Aluminum trihydroxide AKOH)

. Aluminum oxide , Alpha alumina

Boehmite hydroxide TNOOK monohydrate

Aluminum oxide _ Alpha alumina

Diaspore hydroxide a-AOOH monohydrate

12

The acidity and basicity of alumina can be alternated due to the existence or

distinction of hydroxyl group from water molecules. The position of acidity is

assigned by H,O molecules coordinated with cationic sites and A" ions, whereas the

basicity is defined by 0" anion vacandies and hydroxyl group [4]. The water

molecules in alumina are removed by heat, calcination, generation of Lewis acid site

and basic site. Whereas by adding water molecules as pretreated catalyst, Lewis acid

site is changed to be the weak Bronsted acid site [20, 21]. The mechanism of alumina

acidity is illustrated in Figure 2.9 [20].
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Figure 2. 9 Mechanism of alumina acidity [20].

Alumina is used as commercials catalysts or support in many industrial
processes. The using alumina in catalyst field provides excellent  high degree of
metal dispersion, moderate high surface area, and thermal stability over wide range

temperature [21].

2.4 Alumina-silica composite.

The alumina-silica composite is used as a support or catalyst [22] depending
on required active site of reaction. This composite catalyst is bifunctional catalysts
containing mostly acid site presented on its surface. [22]. Nowadays, this composite,
which can also be called as acid catalyst, has been widely used in petroleum and
chemical industries [10, 23]. The acidity of alumina-silica is analyzed by FT-IR pyridine
adsorption or NH;-TPD techniques. The FT-IR pyridine adsorption technique refers to
Bronsted and Lewis acid site, while the NHs-TPD technique quantify the amount of
weak, medium, and strong acid site which relies on range of temperature. These
techniques can be used to determine the efficiency of active site for reaction,
especially ethanol dehydration to ethylene which requires strong acid site or
Bronsted acid site [11, 12]. The structure of alumina-silica composite is formed by
substitution of AU to Si*" in silica network [22] during calcination step. In this process,
the aluminium and silica, which has six-coordinate and four-coordinate, respectively,

generates negative charge. Therefore, adding proton to this structure in order to form
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Bronsted acid site is needed. However, some parts of its structure can also generates
dehydroxylation which can remove hydroxyl group resulting in the formation Lewis
acid site [22]. The AU NMR technique provides the determination of the aluminium
atoms in alumina-silica composite, which contains tetrahedral, pentahedral, and
octahedral as aluminium atoms in silica network, interface between aluminium atoms
with silica surface, and cluster of aluminuim oxide, respectively [24]. As mentioned
above, the amount of Bronsted acid site of catalysts depends upon the amount of
tetrahedral aluminium in silica structure [25]. The alumina-silica composites have
more acid site than alumina and silica. Hence, it is well compatible with the ethanol
dehydration more than pure oxides (alumina and silica) mentioned by [26]. The
acidity of composite catalysts is stronger than pure oxide catalysts as shown in ref.
[27]. The aluminium over silica catalyst or silicon over alumina catalyst has amount of
Bronsted acid site more than Y-ALO; but has less amount of Lewis acid site than Y-
ALOs;. The acidity of catalysts is dependent upon the amount of aluminium in
catalysts and calcination temperature [22, 24]. The ref. [21] cited that the alumina-

silica mixed oxide provides higher protonic acidity degree than single oxide.

2.5 Molybdenum

Molybdenum was pierced in 1778 by Carl Wilhelm Scheels [28]. The
appearence of this metal is silvery gray as shown in Figure 2.10 . Molybdenum is
used in many applications such as a compound of alloys, mineral of plants
(cauliflower), cofactor of enzymes in humans and animals for metabolism fats and
carbohydrates [29]. Molybdenum is a catalyst in industry used for pollution controls

(NO,/NO,) [30].
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Figure 2. 10 The feature of molybdenum metal [29].

Molybdenum is the a2™ element in periodic table, between niobium and
technetium. The electronic structure of molybdenum is [Kr] 5s' 4d”. The crystalline
structure is body-centered cubic (bcc), and lattice parameters are a = b = ¢ = 314.7

pm [31]. The physical properties of molybdenum are shown in Table 2.2 and the

crystalline structure is shown in Figure 2.11

Figure 2. 11 The crystalline structure of molybdenum [31].
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Table 2. 2 The physical properties of molybdenum

Property Value
Element category Transition metal
Atomic number a2
Atomic weight 95.94
Melting point 26230C
Boiling point 46399C
Electrical resistivity 53.4 nQ. M (at 20°C)
Thermal conductivity 138 w/m.K
Young’s modulus 329 GPa

Many industries use molybdenum to accelerate chemical reaction. The
compound of molybdenum has many forms which are suitable for various reactions
such as the using molybdenum diselenide (MoSe,) and molybdenum ditelluride
(MoTe,) in superconducting thin film industry [32], using molybdenum pentachloride
and molybdenum hexacarbonyl in the electronics industries and in chemical vapor
deposition [33], using Fe-Mo oxide in the methanol oxidation reaction, using Mo oxide
on alumina in the metathesis of olefin, [34] and using MoOs/Al,O5 or MoO#/SiO, or
MoO3/AL,05-SIO, in the hydrotreating or hydrocracking process [35]. The MoOs; has
good dispersion ability on Al,O5; supports [35]. The molybdenum onto silica-alumina
generates new Bronsted acid site and reduced Lewis acid site more than cerium and
nickel [36]. The calcination temperature affects to molybdenum species and
distribution on support [37]. Numerous previous works relating to MoQOs/AlL,05-SiO,
show that adding molybdenum onto Al,05-SiO, catalysts influences the activity of
reaction which requires acid site. This is because molybdenum generates new
Bronsted acid site and decreases Lewis acid site. An increase in the amount of MoOs
over alumina rich-support provides many new Bronsted acid sites [35, 38]. The silica
rich-supported has B/L maximum ratio of 2%MoO; [38]. The Mo oxide on Al,05 is
formed as monolayer, but Mo atom size is less than 5 atom/nm’ because interaction

between Mo oxide and support is strong. The structure of Mo oxide on SiO, could be
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tetrahedral, octahedral, and MoOs. The formed structure is independent on the

number of Mo atoms [25].



CHAPTER 11l

EXPERIMENTAL

3.1 Catalyst preparation
3.1.1 Chemicals

The chemicals used in the catalyst preparation are shown in Table 3.1

Table 3. 1 The chemicals used for synthesis

Chemicals Supplier
Tetraethoxysilane 98% (TEOS) Aldrich
Aluminium isopropoxide 98% (AL(OPi)3) Aldrich
Cetyltrimethylammonium bromide Aldrich
(CTAB)

Ammonia 30% Panreac
Ethanol 99.99% J.T. Baker
Isopropanol Merck
Ammonium heptamolybdate- Merck
tetrahydrat

De-ionized water
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3.1.2 Synthesis of the spherical silica particle (SSP) [4]

First, the spherical silica particle (SSP) support was prepared following molar
ratio: 1TEQOS: 0.3CTAB: 11NHj;: 58Ethanol: 144H,0 [3]. Secondly, this solution was
stired at room temperature for 2 hours. After that, the white precipitate was
separated from solvent by centrifuge. Then, the sample was dried at 110°C overnight

and was calcined in air at 550°C for 6 hours.

3.1.3 Synthesis of the Al203-SSP composites support [4]

The SSP was added into the solution (desired ratio of aluminium isopropoxide:
2-propanol) and was stirred for 1 hour at room temperature. Then, adding ammonia
[HZO:AL(OPr1)3 = 4:1] into the sample for hydrolysis and was stirred at room
temperature for 20 hours. After that the sample was dried at 110°C for 24 hours. Dried

sample was calcined in air at 650°C for 2 hours.

3.1.4 Synthesis of the Mo oxide/Al,05-SSP

The Mo oxide/Al,Os-SSP  catalysts were prepared by incipient wetness
impregnation method. First, the desired amount of ammonium heptamolybdate-
tetrahydat, which is a precursor of molybdenum was dissolved in DI water. Secondly,
this solution was dropped into Al,O5-SSP composites support after that the catalyst

was dried at 110°C for 4 hours in oven and calcined in air at 550°C for 4 hours.

3.1.5 Nomenclature of catalysts

In this research, the catalyst samples used the nomenclature as follows:
B XAL-SSP refers to Al,Os-SSP composites support.
®  YMOAL-SSP refers to molybdenum supported over Al,Os-SSP composites
support.
X refer to the weight of AlL,Os

Y refer to the weight of molybdenum
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3.2 Characterization of catalysts

3.2.1 N,-physisorotion

The surface area, pore volume and pore diameter of catalysts were
determined by nitrogen gas adsorption at liquid nitrogen temperature (—1960C) using
Micromeritics ChemiSorb 2750 Pulse chemisorption System instrument. Before the

experiment, the sample was thermally treated at 150 C for 3 hours.

3.2.2 X-ray diffraction (XRD)

The bulk crystal structure and X-ray diffraction (XRD) patterns of all catalysts
were measured by the SIEMENS D5000 X-ray diffractometer connected with a

computer with Diffract ZT version 3.3 programs for fully control of the XRD analyzer.

The experiments were carried out by using CuKy radiation with Ni filter in the 20

range of 10 to 90 degrees with a resolution 0.02°.

3.2.3 Scanning Electron Microscope (SEM) and Energy X-ray Spectroscopy (EDX)

The morphology and elemental dispersion over the catalysts surface were
determined by scanning electron microscope (SEM) and energy x-ray spectroscopy
(EDX), respectively. The SEM model is JEOL mode JSM-5800LV and Link Isis Series 300

program was perform for EDX.

3.2.4 Temperature Programmed Desorption (TPD)

The acid properties of all catalysts were measured by temperature
programmed adsorption of ammonia (NH;-TPD) equipment by using micromeritics
chemisorp 2750 Pulse Chemisorption System. The catalyst samples were pretreated
at 400°C in a flow of helium. The sample was saturated with 15%NH./He at 120°C for
1 hour. After saturation, the physisorbed ammonia was desorped in a helium gas flow.
Then, the sample was heated from 30 to 800°C at a heating rate of 10°C /min. The
amount of ammonia in effluent was measured via TCD signal as a function of

temperature.
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3.2.5 Transmission Electron Microscope (TEM)

The molybdenum particle distribution of all catalysts was observed by using

JEOL-JEM 200CX transmission electron microscope operated at 200 kV.

3.3 Reaction study in ethanol dehydration

3.3.1 Materials

In this experiment, about 0.05 ¢ of catalyst was packed in fix-bed down flow
reactor at atmosphere pressure. A carrier gas (areon) was fed into the reactor for
pretreat the catalyst for 1 hour. Ethanol in liquid phase was saturated for 1 hour at
200°C, and it was fed into the reactor. The effluent products were collected at

2009C, 250°C, 3009C, 350°C and 400°C .

3.3.2 Instruments and apparatus
Catalyst

__ Sampling

o b4 injection port

H :j
|

) Vent
Saturator \ u Furnace
+ Sampling
Bubble
flow meter

o0

Temperature controller

and variable voltage
transformer GC M

Figure 3. 1 Flow diagram of ethanol dehydration system

The flow diagram of ethanol dehydration is shown in Figure 3.1. The main

instruments and apparatus in the reaction study are explained as follows:
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W Saturator
The saturator is equipment to vaporize ethanol inyo liquid phase to
saturated ethanol.

®  Reactor
The reactor made from a borosilicate glass tube (O.D. 9” and length
12 cm.).

® Electrical furnace
The furnace supplied heat to the reactor. The reactor was operated
from room temperature up to 400°C at 190 volt of voltage.

® Temperature controller and variable voltage transformer
The variable voltage transformer and solid state relay temperature
controller connected to thermocouple for measurement and
adjustment the temperature of catalysts in the reactor.

®  Gas chromatograph
The composition in the product stream was analyzed by gas
chromatograph with a flame ionization detector, Shimadzu GC14B (DB-

5). The operating condition for this instrument is shown in Table 3.2

3.3.3 Procedure

1. 0.01 g of quartz wool was placed into the middle of borosilicate glass
reactor after that the amount of catalysts about 0.05 ¢ was packed on quartz wool.

2. The reactor was located in the electrical fumace then opening the
argon gas flow into the reactor and adjustment voltage and temperature controller
up to 190 volt and 2000C, respectively for pretreat the catalysts for 1 hour. A flow
rate of argon gas is 50 ml/min.

3. Ethanol in liquid phase was saturated for 1 hour at 200°C by 50
mUl/min of argon gas, and it was fed into the reactor.

4. The effluent products were analyzed by gas chromatography with

flame ionization detector.



Table 3. 2 Operating conditions for gas chromatograph
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Gas Chromatography

Shimadzu GC-14A

Detector
Capillary column

Carrier gas

Column temperature
" Initial
®  Final
Injector temperature
Detector temperature
Time analysis

Analyzed gas

FID

DB-5
Nitrogen (99.99 vol.%)
Hydrogen (99.99 vol.%)

40°C
40°C
150 °C
150 °C
12 min
Ethylene
Acetaldehyde
Ethanol
Diethyl ether




CHAPTER IV

RESULTS AND DISCUSSION

This chapter mentioned investigation characteristic and catalytic activity of
spherical silica particle, alumina-silica composite and alumina-silica composite-
supported molybdenum catalysts in ethanol dehydration reaction. This chapter is
distinguished into two parts. The first part illustrated characteristic and activity of
spherical silica particle and alumina-silica composite catalysts. The characteristic and
activity alumina-silica composite-supported molybdenum catalysts are exhibited in

the last part.

4.1 Characterization and catalytic activity of spherical silica particle (SSP) and

alumina-silica composite catalysts (Al-SSP).

This section exhibited the characteristic of spherical silica (SSP) and alumina-
silica composite catalysts (Al-SSP) from various techniques such as BET surface area,
X-ray diffraction, scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), temperature programmed desorption of ammonia (NHs-TPD). In

the last section, it presented activity of all catalysts in ethanol dehydration reaction.

4.1.1 Nitrogen physisorption

The nitrogen physisorption technique was used to determine the surface area,
average pore diameter, average pore volume, isotherm and pore size distribution of
spherical silica particle (SSP) and alumina-silica composite catalysts (Al-SSP) having

various compositions between alumina and silica.

Table 4.1 summarizes results of surface area, average pore diameter and

average pore volume of all catalysts. It reveals that the surface area of pure spherical
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silica particle was the highest whilst those of composite catalysts were significantly
decreased by increasing the amount of alumina. There was concordance with further
of average pore diameter which was increased. The average pore diameter was
ranged from 2.35 to 6.39 nm. Furthermore, the results of isotherm in Figure 4.1
indicates that they were identical, so it was said that all catalysts are mesopore type
catalyst. Figure 4.2 presents the pore size distribution of all composite catalysts, it
can be observed that the amount of alumina was not affect on the distribution of

pore size in all composite catalysts.

Table 4. 1 The surface area, average pore diameter and average pore volume of

spherical silica particle and alumina-silica composite catalysts

Catalysts Surface area Average pore Average pore volume
(m%/g) diameter (nm.) (em’/g)
SSP 1133 2.35 0.73
20AL-SSP 684 2.68 0.59
A0AL-SSP 454 4.04 0.54
60AL-SSP 443 5.93 0.81

BOAL-SSP 367 6.39 0.76
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Figure 4. 1 The adsorption-desorption isotherms of all catalysts ; (a) SSP, (b) 20Al-

SSP, (c) 40AL-SSP, (d) 60AL-SSP and (e) 80AL-SSP
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Figure 4. 2 The pore size distribution of all composite catalysts

4.1.2 X-ray diffraction

The X-ray diffraction technique is established chemical phase composition
and bulk crystal of crystalline material having crystal size more than 3-5 nm. The

diffraction angles (20) were used between 10° and 90° for analysis.

XRD patterns of spherical silica particle (SSP) and alumina-silica composite
catalysts (Al-SSP) with various compositions between alumina and silica are shown in
Figure 4.3. The XRD patterns of SSP present only amorphous silica having board
peaks around 21-24°. Moreover, the maximum sharp peaks center at 459 and 67° of
all composite catalysts was observed indicating the presence of Y-ALO; crystallite.
These peaks were distincted when adding alumina more than 40 weight percent as
seen in 40AL-SSP, 60Al-SSP and 80AL-SSP. On the other hand, board peaks of all

composite catalysts were decreased by loading alumina.
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Figure 4. 3 The XRD patterns of all catalysts

4.1.3 Scanning electron microscopy (SEM)

The morphology of spherical silica particle (SSP) and all composite catalysts
(Al-SSP) was investigated by scanning electron microscopy (SEM). The images of
spherical silica particle (SSP) and all composite catalysts (Al-SSP) are illustrated in
Figures 4.4 and 4.5, respectively.

Figure 4.4 shows that the morphology of silica was spherical with average size
of ~ 0.5 Phm. The morphology of all composite catalysts was changed from spherical
particle to cluster after adding alumina over silica particles and heated that alumina

particle covered on silica particles as shown in Figure 4.5.



Figure 4. 4 The SEM micrograph of SSP
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Figure 4. 5 The SEM micrograph of all composite catalysts
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4.1.4 Energy dispersive X-ray spectroscopy (EDX)

The elemental distribution of catalysts, spherical silica particle (SSP) and all
composite catalysts (Al-SSP), was studied using energy dispersive X-ray spectroscopy

(EDX).

The EDX mapping of all catalysts is displayed in Figures 4.6 to 4.10. The
concentration of alumina, silica and oxygen distribution on outer surface of all
catalysts is represented with the white granule. It is suggested that alumina covering

on the surface of spherical silica particle was uniform and well distribution.

Figure 4. 6 The EDX mapping of SSP



Figure 4. 7 The EDX mapping of 20Al-SSP

Figure 4. 8 The EDX mapping of 40Al-SSP
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(60AL-SSP)

Figure 4. 9 The EDX mapping of 60Al-SSP.

Figure 4. 10 The EDX mapping of 80Al-SSP
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The composition of catalysts was analyzed from EDX as shown in Table 4.2.
The amount of oxygen on the surface of all catalysts has been coincidental. In part
of alumina, the concentration increased by adding alumina, excepting of the 80AL-SSP
which decreasing amount of alumina due to some of alumina inserted in interior of

silica particle. The amount of silica decreased due to conceal with alumina particle.

Table 4. 2 The amount of elemental distribution on surface SSP and all composite

catalysts.
Amount of weight on surface (wt%o)
Catalysts

Al Si @]
sSSP - 54.84 a45.16
20AL-SSP 11.79 31.31 53.90
A0AL-SSP 28.84 20.14 51.02
60AL-SSP 40.58 T.51 51.90
80Al1-55P 37.90 8.56 5354

4.1.5 Temperature programmed desorption of ammonia

The amounts of weak acid sites, medium-strong acid sites and total acid sites
of all catalysts were detected by temperature programmed desorption of ammonia

(NH5-TPD). The sample was heated from 30 to 800°C at a heating rate 10°C /min.

Table 4.3 shows the acid properties of all catalysts. The number of weak acid
sites and medium-strong acid sites on SSP support was the lowest when compared
with other catalysts. As considering all composite catalysts, the amount of weak acid
sites increased after loading of alumina onto spherical silica, but the 60ALl-SSP was
the lowest when compared with other composite catalysts. Moreover, the increasing
of alumina affected on increasing the number of medium-strong acid sites. Therefore,
the 60AL-SSP had the highest, but the 80Al-SSP had the lowest in all composite
catalysts. The total acid site was ranged from 0.65 to 2.05 mmole/g.cat. The amount

of alumina influenced the acidity of catalysts.
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Table 4. 3 The amount of acid site of SSP and all composite catalysts.

Number of acid site {mmole/g.cat)

Catalysts
Weak Medium-strong Total
SSP 0.00 0.65 0.65
20Al-55P 0.51 1.29 1.80
A0AL-SSP 0.69 1.36 2.05
60AL-SSP 0.25 1.45 1.70
80Al-SSP 0.77 1.22 1.99

4.1.6 Catalytic activity of spherical silica particle (SSP) and alumina-silica

composite catalysts (Al-SSP) in ethanol dehydration reaction.

The catalytic activity of spherical silica particle (SSP) and alumina-silica
catalysts (Al-SSP) in ethanol dehydration reaction was indicated by the ethanol
conversion and selectivity of products. The procedure of investigation performance
catalysts: Firstly, the moisture containing in the catalysts was removed at 200°C in
carrier gas flow 50 ml/min for 1 h. After that saturated liquid ethanol by saturator in
carrier gas flow 50 mU/min for 1 h. was flowed the saturated into a fixed bed reactor

for reaction. The resulted reaction is displayed in Figure 4.11 to Figure 4.14.
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Figure 4. 11 The ethanol conversion at different temperatures of all catalysts

The conversion of ethanol dehydration reaction is displayed in Figure 4.11.
The result indicates that the ethanol conversion of each catalysts depended on the
reaction temperature. Increased temperature gave higher conversion. As regarding the
low temperature, 200-3000C, it was found that the 60AL-SSP gave evidently the
highest conversion. This result agreed with amount of medium-strong acid sites
measured by NH.-TPD method. So, it can be predicted that the ethanol conversion
depended on the amount of medium-strong acid sites. At temperature ~ 3500C, the
ethanol conversion of all composite catalysts went up to 100 percent but, the SSP

still exhibited the lowest conversion.
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Figure 4. 12 The ethylene selectivity at different temperatures of all catalysts

Figure 4.12 shows the selectivity of ethylene. The results of all catalysts
revealed that the selectivity of ethylene is related to the temperature of reaction
that it related with ref [10]. The ethylene selectivity of SSP catalyst is the lowest
when compared with other catalysts but, it is slightly increased when increasing the
temperature. This result agrees with the result of NH;-TPD, which the acid sites of SSP
are the lowest up on the medium-strong acid sites. The ethylene selectivity of all Al-
SSP composite catalysts suddenly increased after temperature was increased from
2000C to 250°C. As considering at low temperature, the ethylene selectivity of
composite catalysts was resembled. At 2000C and 300°C, the 60AL-SSP provided
higher ethylene selectivity than the 20Al-SSP, whereas at the temperature of 250°C,
the ethylene selectivity result is opposite with previous temperature result, where
the 20AL-SSP exhibited higher ethylene selectivity than the 60Al-SSP. This result can
be exhibited for the reason that the 60Al-SSP can donate the highest selectivity of
ethylene. It accorded with the result of NH;-TPD, which the 60Al-SSP exhibited the
highest amount of medium-strong acid sites. At high temperature of 3500C-4000C,
the selectivity of ethylene was approximately 90 percent. All this results indicated

that adding alumina onto silica yielded increased ethylene selectivity.
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Figure 4. 13 The DEE selectivity at different temperatures of all catalysts
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The selectivity of DEE is presented in Figure 4.13. The temperature impacted

DEE selectivity by which the low temperature gave high DEE. The increase of

temperature from 200°C to 250°C can immediately decrease the DEE selectivity. The

selectivity of DEE was the highest over the 80Al-SSP that is accordance the amount

of weak acid sites present in 80AL-SSP. This result sympathized with [12]. The DEE

selectivity was very low on the SSP.
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Figure 4. 14 The acetaldehyde selectivity at different temperatures of all catalysts

The acetaldehyde selectivity is displayed in Figure 4.14. All composite
catalysts gave the acetaldehyde less than pure SSP catalyst. The acetaldehyde
selectivity of SSP was suddenly increased from 200°C to 250°C and it was the
highest at 2500C, after these it was decreased. This result is accurate with [39] and
result of NHs-TPD which the SSP indicate that exhibited the lowest amount of total
acid sites. In addition, the amount of total acid site of all composite catalysts has

been closes. So, the selectivity of acetaldehyde was rather uniform.

4.2 Characterization and catalytic activity of 60 weight percent of alumina-silica

composite supported molybdenum catalysts.

This section represented the characterization results of 60 weight percent of
alumina-silica composite (60Al-SSP) and 60 weight percent of alumina-silica
composite (60Al-SSP) supported by various weight percent of molybdenum. The
techniques were used in order to investigate characteristic including BET surface area,

X-ray diffraction, scanning electron microscopy (SEM), energy dispersive X-ray
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spectroscopy (EDX), temperature programmed desorption of ammonia (NHs-TPD). In

the last section, it presented activity of all catalysts in ethanol dehydration reaction.

4.2.1 X-ray diffraction

The X-ray diffraction was used for detection XRD patterns of 60AL-SSP
composite catalyst was impregnated by various amounts of molybdenum such as

Twt% 5wit% 12wt% and 16wt% of molybdenum and calcined in air at 5509C for 4 h.
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Figure 4. 15 The XRD patterns of all catalysts

The XRD patterns of all catalysts with molybdenum supported on the 60Al-
SSP composite catalyst are exhibited in Figure 4.15. The XRD peaks of molybdenum
oxide forms are presented at 23.20, 2550, 27.49 and 29.60 [7]. The peak of
molybdenum oxide was dominated when the modified 60Al-SSP composite catalyst
containing more than 12wt% of molybdenum. The peak of Y-Al,0; crystallite
remained representing at 459 and 679. At 1wt% and 5wt% of molybdenum over
60AL-SSP composite catalyst, they did not display the XRD peak of molybdenum
oxide form due to the fact that the crystallites size of molybdenum oxide may be

less than 3-5 nm or it was well dispersed.
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4.2.2 Scanning electron microscopy (SEM)

(1%Mo/60ALSSP) | (5%Mo/60AL-SSP)

Figure 4. 16 The SEM micrograph of all catalysts

The images of all catalysts, 1wt% 5wt% 12wt% and 16wt% of molybdenum
supported 60Al-SSP composite catalyst, are presented in Figure 4.16. From these
fisures, it was found that the morphology of 60Al-SSP composite catalyst did not
change after impregnation with molybdenum. The morphologies of all catalysts were

similar although there had different amount of molybdenum.

4.2.3 Energy dispersive X-ray spectroscopy (EDX)

Figure 4.17 - Figure 4.20 show the EDX mapping of all catalysts. Alumina,
silica, oxygen and molybdenum were distributed on external surface. Those are
displayed with white granule. The white granule of molybdenum image was higher
when increasing amount of molybdenum. Furthermore, the dispersion of

molybdenum was uniform.



(1%Mo/60Al-SSP)

Figure 4. 17 The EDX mapping of 1%Mo/60AL-SSP
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(5%Mo/60Al-SSP)

Figure 4. 18 The EDX mapping of 5%Mo/60AL-SSP
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Figure 4. 19 The EDX mapping of 12%Mo/60Al-SSP
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Figure 4. 20 The EDX mapping of 16%Mo/60AL-SSP.
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Table 4. 4 The amount of elements distribution on surface of all catalysts.

Amount of weight on surface wt%)

Catalysts
Al Si O Mo
60AL-SSP 40.58 7.51 51.90 -
19%Mo/60AL-SSP 27.19 18.54 499 4.57
5%Mo/60AL-SSP 13.537 2931 49.54 7.78
12%Mo/60AL-SSP 11.60 24.88 52.83 10.69
16%Mo/60AL-SSP 23.57 12.21 49.41 14.82

The result of composition on surface of all catalysts was reported in Table
4.4. The amount of aluminium in all catalysts decreased when comparing with 60Al-
SSP composite catalyst owing to covering by molybdenum. As considering the
amount of molybdenum, it was increased by increasing the amount of molybdenum

impregnated 60AL-SSP composite catalyst.

4.2.4 Temperature programmed desorption of ammonia

The amount of acid sites of the 60Al-SSP composite catalyst and other
molybdenum loaded catalysts are shown in Table 4.5. The amount of weak acid
sites and medium-strong acid sites depended on the amount of molybdenum
loading onto catalysts. The weak acid sites were increased but, the medium-strong
acid sites were decreased by higher molybdenum loading. The amount of total acid

sites were ranged between 1.70 to 1.99 mmole/g.cat.
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Table 4. 5 The amount of acid site of all catalysts.

Number of acid site {mmole/g.cat)

Catalysts
Weak Medium-strong Total
60AL-SSP 0.25 1.45 1.70
1%Mo/60AL-SSP 0.33 1.37 1.70
5%Mo/60AL-SSP 0.78 1.21 1.99
12%Mo/60AL-SSP 0.97 0.95 1.92
16%Mo/60AL-SSP 1.17 0.79 1.96

4.2.5 Transmission electron microscope (TEM)

The TEM technique was used for investigation of molybdenum particle
distribution of all catalysts. This equipment was operated at 200 kV and used
magnification at 1x106, 2><1O6 and 3><106.

The image of distribution at 1wt% and 16wt% of molybdenum particle
on 60AL-SSP was shown in Figure 4.21 and Figure 4.22, respectively. The black
granular in both figures is molybdenum particle distribution. The black granular of
1%Mo/60AL-SSP remained as spherical particle and well distribution. In part of
16%Mo/60AL-SSP, the black granular aggregated and formed to cluster. These results

endorsed with ref [7].
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Figure 4. 21 TEM of 1%Mo/60Al-SSP

Figure 4. 22 TEM of 16%Mo/60Al-SSP

4.2.6 Catalytic activity of 60 weight percent of alumina-silica composite

supported molybdenum catalysts in ethanol dehydration reaction.

The performance of 60 weight percent of alumina-silica composite supported
molybdenum catalysts was demonstrated by the ethanol conversion and selectivity
of products for ethanol dehydration reaction. The catalytic activity results of catalysts

are presented in Figure 4.23 to Figure 4.26.
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Figure 4. 23 The ethanol conversion at different temperatures of all catalysts

Figure 4.23 shows the ethanol conversion of dehydration reaction. The
increased temperature results in increased ethanol conversion of all catalysts and
1%Mo/60AL-SSP - exhibited the highest conversion. When comparison between
1%Mo/60AL-SSP and 60AL-SSP, it was found that after loading molybdenum on pure
composite catalyst, 1%Mo/60Al-SSP exhibited higher conversion than 60AL-SSP. The
other catalysts which contained more than 5wt% of molybdenum exhibited the
conversion less than the 60AL-SSP. From this result, it is speculated that the
conversion of ethanol depended on rate of reaction. This rate is mention to the
ethanol molecules was reacted on both acid site and redox site which was
encouraged from adding the molybdenum and this site was used for ethanol
dehydrogenation to acetaldehyde [40]. Table 4.6 exhibited rate of ethylene,
acetaldehyde and total rate of all catalysts. The increasing amount of molybdenum
on the 60Al-SSP affected the rate of ethylene which was produced on the acid site
of catalyst decreased while the rate of acetaldehyde on the redox site of catalyst
increased. The total rate includes rate of ethylene and acetaldehyde. The total rate

of 1%Mo/60Al-SSP was higher than 60Al-SSP whilst the other catalysts having amount
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of molybdenum more than 5wt% gave the total rate lower 60AL-SSP. The total rate

agreed with result of ethanol conversion. So, the previous assumption is presumable.

Table 4. 6 The rate of products.

Catalyst Rate of ethylene™ Rate of acetaldehyde™ Total rate’®
60AL-SSP 72.06 - 72.08
1%Mo/60AL-SSP 68.12 5.79 73.91
5%Mo/60AL-SSP 60.13 10.31 70.45
12%Mo/60AL-SSP 47.32 14.17 61.49
169%Mo/60AL-SSP 39.21 19.65 58.86

*Based on 300°C.

*a : Calculated from TOF average of ethylene (571) x amount of medium to strong acid site from NH,-TPD.

*b : Calculated from TOF average of acetaldehyde (s) x amount of metal from EDX method.

*c : Total of rate of ethylene and acetaldehyde.
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Figure 4. 24 The ethylene selectivity at different temperatures of all catalysts
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The ethylene selectivity of ethanol dehydration reaction on molybdenum
supported 60Al-SSP composite catalyst is presented in Figure 4.24. The increased
temperature influenced with ethylene selectivity by increasing the selectivity. The
amount of molybdenum in catalysts also affected the selectivity of ethylene. The
order of ethylene selectivity is 60Al-SSP > 1%Mo/60AL-SSP > 5%Mo/60Al-SSP - >
12%Mo/60AL-SSP > 16%Mo/60AL-SSP. This result conformed with the sequence of
number of medium-strong acid sites obtained by NHs-TPD result. Since, the ethanol
dehydration to ethylene required strong acid sites [12], so the prediction that
impregnated of molybdenum on 60Al-SSP composite catalyst affected on a

decreased of ethylene selectivity.
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Figure 4. 25 The DEE selectivity at different temperatures of all catalysts

Figure 4.25 represents the selectivity of diethyether (DEE). This result
indicated that the DEE selectivity is high at the low temperature. The 16%Mo/60Al-
SSP gave the highest selectivity of DEE due to it had the maximum weak acid site
based on the NH;-TPD method. However, the pure composite catalyst, 60Al-SSP,

provided poorly selectivity of DEE because this catalyst had the lowest weak acid
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sites. So, it was conformable with [12]. Therefore, it was speculated that high loading

of molybdenum on 60AL-SSP affected DEE selectivity.
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Figure 4. 26 The acetaldehyde selectivity at different temperatures of all catalysts

The loading of molybdenum into 60Al-SSP composite catalyst affected on the
selectivity of acetaldehyde as shown in Figure 4.26. The 60Al-SSP impregnated with
molybdenum gave higher acetaldehyde selectivity when compared with the pure
composite catalyst. The increase in temperature resulted in a slight decrease in
selectivity of acetaldehyde. The order of acetaldehyde selectivity was 16%Mo/60Al-
SSP > 129%Mo/60AL-SSP > 5%Mo/60Al-SSP > 1%Mo/60Al-SSP > 60AL-SSP. This series
endorsed with EDX method which represented the concentration of molybdenum on
surface of catalyst. So, this resulted may be follow the proposed mechanism of

reaction ref. [40].



CHAPTER V

CONCLUSIONS AND RECOMMENDATION

This chapter explained about conclusion of the experimental results which
comprised characteristics and catalytic activity of spherical silica particle (SSP),
alumina-silica composite (Al-SSP) and 60 weight percent of alumina-silica composite
supported molybdenum catalysts for ethanol dehydration reaction. These are
described in section 5.1. Moreover, the section 5.2 mentioned recommendation for

forward study.

5.1 Conclusions

1. The surface area of SSP and Al-SSP was decreased, whereas average pore diameter
was increased by alumina loading. Increasing of alumina did not affect the pore size

distribution.

2. The XRD patterns indicated that adding more than 40 weight percent of alumina

onto silica, resulted in a larger crystalline size of Y-ALOs.

3. The morphology of SSP and Al-SSP depended on the amount of alumina in the

catalysts. The higher alumina led to none spherical particle.
4. The distribution of alumina on silica was uniform and well dispersion.

5. The adding alumina influenced acidity of catalysts. Loading alumina on silica
caused the weak acid site and medium-strong acid site increased. The 60Al-SSP

exhibited the lowest weak acid sites and the highest medium-strong acid sites.

6. The alumina-silica composite catalysts gave the ethanol conversion, ethylene
selectivity and diethylether selectivity higher than those obtained from the spherical
silica particle. The acetaldehyde selectivity was the highest on the spherical silica

particle.
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7. The XRD patterns of molybdenum supported on the 60Al-SSP displayed peak of

molybdenum oxide when molybdenum loading was more than 12 weight percent.

8. After impregnated molybdenum on the 60AL-SSP and calcined, the morphologies
of catalysts did not change when compared to the 60AL-SSP. Thus, the amount of

molybdenum did not feature of catalysts.

9. The concentrations of molybdenum were increased according to the amount of

molybdenum loading. There was well distribution.

10. The acid property of catalysts depended on the amount of molybdenum loading.
Increasing number of molybdenum decreased medium-strong acid sites, but

increased weak acid sites.

11. The 1%Mo/60AL-SSP gave the highest ethanol conversion of dehydration reaction.
In part of ethylene selectivity, results followed the amount of medium-strong acid
sites, likewise the series of acetaldehyde selectivity, results accorded with
concentrations of molybdenum on the 60AL-SSP. All catalysts with molybdenum
adding gave the diethlyether selectivity higher than 60AL-SSP pure composite
catalyst.

5.2 Recommendations

1. In the further study, the pyridine FT-IR should be used to distinguish types of acid

sites included Bronsted acid site and Lewis acid site.

2. The amount of Bronsted acid site are measured by “ALNMR technique due to the
amount of Bronsted acid site correlates with amount of tetrahedral coordination of

Al. Therefore, this technique should be further studied.

3. Other metals should be impregnated onto the alumina-silica composite catalyst

shoulder be investigated for development catalytic performancr at low temperature.

4. The other properties of alumina-silica composite catalyst such as thermal stability,

life span and coke accumulation etc should be further investigated.
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APPANDIX A

CALCULATION FOR CATALYST PREPARATION

Calculation of Al,0;-SiO, composite catalysts

The 20% ratios of Al,O5 in alumina-silica composite catalyst was prepared by

hydrolysis method was shown as follows :

Reagent : - Alumina isopropoxide 98% (ALOPT),)
Molecular weight = 204.25 g/mol
Alumina (ALL,O3) formula weight = 101.9614 g/mol
- Support : SiO,

Molecular weight of water 18 g/mol

= Ammonia 30%

For 20 %wt. of alumina (ALLO3), the support was based on 80 ¢ of silica

The composition of the catalyst would be as follow :

101.9614 g of ALO, required  408.5 g of AUOPT),
20 g of ALO; required _408.5x20 g of Al(OPr1)3
101.9614
= 80.13 ¢ of AOPr),
At(OPr1)3 98 g provide 98% alumina isopropoxide solution 100 g

AOPT); 80.13 g provide 98% alumina isopropoxide solution 80.13x100 ¢
98

= 8177 g
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The ratio of catalyst : isopropanol is 1 : 3 by weight

So, 1 gof catalyst required 3 g of isopropanol
100 g of catalyst  required  100x3 g of isopropanol

1
= 300 g of isopropanol

The ratio of DI water : Al(OPrl)?, is 4 : 1 by mole
Then, required 80.13 g of Al(OPr1)3 is changed to mole unit as follow:

204.25 ¢ of Al(OPr1)3 £ 1 mole of Al(OPr1)3

80.13 g of A(OPr), 80.13  mole of A(OPr'),

204.25
30 mole of Al(OPr1)3
So, required DI water = 4x0.39 = 1.56 mole of water

= 1.56x18 = 28.08 g of water

For ammonia 30%, it included 70% of water
70 g of water in ammonia solution 100 g
28.08 ¢ of water in ammonia solution 28.08x100 g

70

= 40.11 g
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Calculation of molybdenum loading

The incipient wetness impregnation method was used for
preparation of molybdenum on the 60 weight percent composite

catalyst.
169%Mo/60Al-SSP was prepared as follow:
Reagent: - Ammonium heptamolybdate-tetrahydrat ((NHg)gMo7O4.4H,0)
Molecular weight = 1,235.86 g/mol
Molybdenum (Mo), atomic weight = 95.94 g/mol
- Support : 60Al-SSP

Based on 1 ¢ of catalyst used, the catalyst composition would be as follow :

Molybdenum = 0.16 g
60AL-SSP = 1.00-0.16 g
= 0.84 g

Mo of Ammonium heptamolybdate-tetrahydrat formula form = 95.96x7

= 671.72 ¢
671.72 ¢ of Mo in Ammonium heptamolybdate-tetrahydrat 1,235.86 g
0.16 ¢ of Mo in Ammonium heptamolybdate-tetrahydrat 1,235.86x0.16 ¢

671.72

= 029 g
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APPENDIX B

CALIBRATION CURVES

This appendix exhibited calibration curves of reactant and products in
ethanol dehydration reaction. There curves were used calculation of composition.
The ethanol is reactant while the ethylene is main product but, the diethylether and

acetaldehyde are byproducts of this reaction.

The capillary column DB-5 of flame ionization detector (FID), gas
chromatography Shimadzu model 14A was used to analyze the concentration of
ethanol, ethylene, diethylether and acetaldehyde. The conditions uses in GC are
presented in Table B.1

Table B. 1 Conditions use in GC-14A.

Parameters Condition
Width 5
Slope 100
Drift 0
Min.area 300
T.DBL 1000
Stop time 12 min
Atten 2
Speed 3
Method Normalization
SPLWT 100

IS.WT 1
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APPENDIX C

CALCULATION OF ETHANOL CONVERSION AND SELECTIVITY

The conversion of reactant and selectivity of products are performance of

catalyst then, there are used demonstrated for ethanol dehydration reaction.

Ethanol conversion

The ethanol conversion is assigned that mole of ethanol converted with

respect to ethanol in feed:

Ethanol conversion (%)

= [mole of ethanol in feed — mole of ethanol in product]x100 (1)

Mole of ethanol in feed

Selectivity of product

The product selectivity is assigned that mole of product (A) formed with
respect to mole of ethanol converted:
Selectivity of A (%) = [mole of A formed / mole of total products]x100 (I

Where A is product, the calibration curve of ethylene, diethlyether and

acetaldehyde are used measuring the mole of A.

Mole of ethylene = (-2x10 %) x area” + (7x10°) x area (D)
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APPENDIX D

CALCULATION OF TURN OVER OF FREQUENCY AND RATE OF REACTION

The changing rate of reaction can be exhibited in term of turn over of
frequency or rate of reaction. These can be used explanation transfer rate of

reactant molecules to product molecules between reactions.

Rate of reaction

® Reaction rate was based on concentration of A.

Rate of A = Concentration of A x Flow rate of carrier gas x 60 (V)

g. of catalyst

Where The unit of rate of A is Mmol/h.g.cat
The unit of concentration of A is [dmol/ml.
A'is ethylene, diethlyether and acetaldehyde.
Flow rate of carrier gas is 50 ml/min.
g. of catalysts is 0.05 g.

The 60 min/h. in (IV) equation was used for changing the unit of rate of A

from Mmol/min.g.cat to Mmol/h.g.cat.
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® Reaction rate was based on amount of active site

Rate of A = Average of TOF of A x Amount of active site V)
Where The unit of rate of A is Mmol/s.g.cat
A'is ethylene, diethlyether and acetaldehyde.

TOF is turn over of frequency which it was based on each of

=)
temperature ( s).

The amount of active site was based on type of active site for

each of product.

Turn over of frequency (TOF)

TOF of A = Rate of A V1)

Amount of active site x 3600

Where  The unit of TOF is s
The unit of rate of A'is [dmol/h.g.cat
The unit of amount of active site is [Jmole/g.cat.
A is ethylene and acetaldehyde.

The amount of active site was based on type of product.

The 3600 s/h. in (VI) equation was used for changing the unit of TOF of A from h.

-1
to s.
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APPENDIX E

CALCULATION OF ACID SITE

The amount of acid site was used representation to acidity of catalyst. The
acidity property of catalyst can be measured by various methods. In NH;-TPD

method, the amount of acid site was calculated from area under the curve of TCD

signal as a functional of temperature. As following :

Amount of acid site = Y (Vi

g. of catalyst

Where The unit of amount of acid site is [dmole/g.cat.

g. of catalyst is 0.1 g.

Y is area under the curve x 300 (Mmole) which based on

calibration curve of micromeritics chemisorp 2750 Pulse

Chemisorption System
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The ethanol dehydration over Al-Si composite catalysts

Titinan Chanchuey1 and Bunjerd jongsomijit

Center of Excellence on Catalysis and Catalytic Reaction Engineering,
Department of Chemical Engineering, Faculty of Engineering,

Chulalongkorn University, Bangkok 10330, Thailand

E-mail; Titinan.Chanchuey@email.com

Abstract— In this study, Al-Si composite catalysts were synthesized by adding Al into
the spherical silica particle (SSP) having Al loading from 20 to 80 wt%. The
dehydration of ethanol on the catalysts was performed in a fix-bed reactor at the
atmosphere pressure at various temperatures from 200°C to 400°C. The surface area
decreased and the morphology changed with Al addition. The acidity of catalysts
depended on Al adding into SSP support. It was found that the 60AL-SSP exhibited
the highest ethanol conversion and the ethylene selectivity. Moreover, the
temperature range of 300-400°C gave high ethylene selectivity, but the formation of

diethylether was found to decrease while the acetaldehyde was low.

Keywords: Al-Si, ethanol dehydration, ethylene

Introduction

In recent years, ethylene is an important light olefin in the chemical industry for
production of polyethylene, ethylene dichloride, and ethylene oxide and etc. [1]. For
years, ethylene has been produced by the thermal cracking of petroleum gas. When
focus on environmental problems, petroleum price and volume petroleum in the
world [2], it must find the new source for ethylene production such as methanol or

ethanol.
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Ethanol is chosen to replace petroleum source because it is clean and renewable
[3]. Ethylene was produced by ethanol dehydration reaction over solid acid catalysts
such as Y-alumina, zeolite and silica-alumina [4,5]. In the present study, the effect of
different Al loading on the spherical silica particle (SSP) on the activity and selectivity
during ethanol dehydration to ethylene and other products under the specified

operating condition was investigated.

Experimental

A. Catalyst preparation
SSP

First, the spherical silica particle (SSP) was prepared following molar ratio : 1TEOS :
0.3CTAB : 11NH; : 58Ethanol : 144H,0. Secondly, this solution was stirred at room
temperature for 2 h after that the white precipitate was separated from solvent by

centrifuge. Then, dried sample was calcined in air at 5500C for 6 h [6].
Al-SSP composites

The SSP was added into the solution (desired ratio of aluminum isopropoxide : 2-
propanol) and stirred for 1 h at room temperature. Then, adding ammonia
[HZO:AL(OPr1)3 = 4:1] into the sample for hydrolysis and stirred at room temperature
for 20 h. After that the sample was dried at 1100C for 24 h. Dried sample was
calcined in air at 6509C for 2 h [6]. The nomenclature of catalysts are XAI-SSP (where
X = 20wt%, 40wt%, 60wt% and 80wt%).

B. Catalyst characterization

The surface area, pore volume and pore diameter of catalysts was determined by
nitrogen gas adsorption at liquid nitrogen temperature (—1960C) using Micromeritics
Chemisorb 2750 Pulse chemisorption system instrument. Before the experiment, the

sample was thermally treated at 150 C for 3 h.
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The bulk phase of catalyst was determined by SIEMENS D500 X-ray diffractometer
(XRD), using CuKq radiation with Ni filter in the 20 range of 10-90 degrees having the

resolution of 0.020.

The morphology and elemental dispersion over the catalysts surface was
determined by Scanning Electron Microscope (SEM) and Energy X-ray Spectroscopy
(EDX). The SEM model is JEOL mode JSM-5800LV and Link Isis Series 300 program

was performed for EDX.

The acid properties of all catalysts were measured by Temperature Programmed
Desorption of Ammonia (NH5;-TPD) equipment by using Micromeritics chemisorb 2750
Pulse Chemisorption System. The catalyst samples were pretreated at 400°C in a
flow of helium. The sample was saturated with 15%NHs/He at 1209C for 1 h. After
saturation, the physisorped ammonia was desorped in a helium gas flow. Then the
sample was heated from 40 to 800°C at a heating rate 10°C /min. The amount of

ammonia in effluent was measured via TCD signal as a function of temperature [7].
C. Catalytic performance

The ethanol dehydration was carried out in a fix-bed down flow reactor at
atmospheric pressure and the temperature range of 200-400°C. In this experiment,
about 0.05 ¢ of catalyst were packed in reactor. First, a carrier gas (argon) was fed
into the reactor for pretreat the catalyst. Ethanol in liquid phase was saturated for 1
h at 2000C, and it was fed into the reactor. The effluent products were collected at
2000C, 2500C, 3000C, 350°C and 400°C. Finally, all samples were analyzed by FID

gas chromatograph, using DB5 capillary column.
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Results and discussion

D. Catalyst characterization

The trend of catalysts surface area was decreased by adding of Al because Al
particle covered on the surface of SSP support. This incidence affects on the

morphology of catalysts.

Figure 1 shows the XRD patterns of catalyst. Board peaks around 21-24° represent
the conventional amorphous silica [8]. In addition, the maximum sharp peaks center
at 459 and 67° can be assigned to the Y-alumina crystallite [8]. The peak of Y-
alumina crystallite was dominated when modified SSP catalyst containing more than

40 wt% of Al as shown in Fig.1.

Figure 2 shows the SEM images of catalysts. SiO, (a) morphology demonstrated
that spherical and smooth surface which was calcined at 550°C. After alumina was
loaded into SSP and calcined at 6509C, the morphology of catalysts was displayed in
(b), (0), (d) and (e) as 20AL-SSP, 40AL-SSP, 60AL-SSP and 80AL-SSP, respectively. The
morphology of catalysts did not remain spherical and being spongy at 80AL-SSP due

to coverage by alumina.
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Figurel. XRD patterns of catalysts.

Figure 3 on EDX mapping of catalysts; (b), (c) and (d) images as Al atom, Si atom
and O atom, respectively. This image shows only the 60AL-SSP catalyst. The Al atom
was thorough dispersion over SSP support. Table 1. shows the amount of Al, Si and

O atoms dispersed on the surface of catalysts. The Al atom increased, but Si atom
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decreased when adding of Al. Table 2. shows the surface acidity of all catalysts. The
assignment of the maximum peak between 175 to 300°C was weak acid site and
above 3000C was medium-strong acid site [9]. The total of acid site and medium-
strong acid site increased depending on adding of Al. Due to the acidity could be
both Bronsted and Lewis acid site, so the total acidity which was increased, maybe
comprised Bronsted or Lewis acid site. The s/w ratio was increased by loading Al and

its maximum at 60AL-SSP.

E. Catalytic activity

The conversion of ethanol dehydration reaction with temperature range of
200-400°C is shown in Fig.4 indicating that each catalyst exhibited increased ethanol
conversion when the temperature was increased. At temperature range of 350-
400°C, the ethanol conversion for Al-SSP catalysts went up to 100%, whereas the
SSP yielded low conversion. The 60Al-SSP catalyst acted as the best catalyst among

other catalysts.

Figure 5 shows the selectivity of ethylene. The SSP catalyst cave the lowest ethylene
selectivity at low temperature and slightly increased when increasing the
temperature. The ethylene selectivity immediately increased for each catalyst,
excepted for SSP when the temperature was increased from 250 to 300°C. All Al-SSP
catalysts used in the temperature range of 300-4000C gave about 95% selectivity of
ethylene. As consider at 300°C, The 60AL-SSP catalyst gave the highest ethylene
selectivity and following 40ALl-SSP, 20AL-SSP, 80AL-SSP and SSP, respectively. The
ethylene selectivity for 60Al-SSP, 40Al-SSP, 20Al-SSP and SSP agrees with the number
of medium-strong acid site, because strong acid site is suitable for ethanol
dehydration reaction [10]. The 80AL-SSP exhibited the highest medium-strong acid
site, but the ethylene selectivity less than the 60Al-SSP, 40Al-SSP and 20AL-SSP. This
was due to the medium-strong acid site of 80Al-SSP may be Lewis acid site, but
ethanol dehydration reaction require Bronsted acid site [4]. or medium acid site more

strong acid site in total of medium-strong acid site.
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() (e)

Figure 2. SEM micrograph of all catalyst

Figure 3. EDX mapping of 60Al-SSP catalys.

Table 1 The amount of atom on surface all catalyst from EDX analysis.



Cataly=t Al (Satom) 54 (¥atom) O (%% tom)
S5P - 53193 G3.07
201-S5P 3.60 2429 67.01
4041 S5P 21.48 1441 G110
G0Al- SEP 20 0% 3.35 G4.68
0155 2778 603 G5 1%

Table 2. The amount of acid site of all catalysts from NHs-TPD.

Catalyst Number of acid sit= (mmeol=s/ g cat) SAV ratio
Weak MNedivm-strong Total

SSP 0.01 0.00 0.01 0.00

20A1-SSP 045 0.00 0.45 0.00

40A1 SSP 0.33 031 064 085

60A1-SSP 0.13 127 1.40 10.02

S0A1-SSP 0.56 175 231 3.13
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Figure 5. Ethylene selectivity at different temperature of all catalysts.

Figure 6 shows the selectivity of by products on this reaction. The
diethylether selectivity was decreased when increasing the temperature,
especially the temperature between 250 to 350°C. The diethylether selectivity
(DEE) was inversed with ethylene selectivity because the ethanol dehydration
to diethylether requires weak acid site [10]. From characterization of NH5-TPD, it
was found that 80AL-SSP exhibited the highest weak acid site. At the low

temperature, 200 to 250°C, the acetaldehyde selectivity of SSP catalyst was
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immediately increased and slowly decreased when temperature was above

2500C. The other catalysts; 20Al-SSP, 40AL-SSP, 60AL-SSP and 80AL-SSP, gave

low acetaldehyde selectivity.
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Conclusions

In summary, the AL-SSP catalysts exhibited high conversion and ethylene
selectivity for ethanol dehydration. The 60AL-SSP catalyst performed the highest
ethanol conversion. All Al-SSP catalysts gave high ethylene selectivity at high
temperature, whereas the other products such as diethylether was high at low
temperature. Acetaldehyde selectivity was low based on this study. The
ethanol dehydration to ethylene requires strong acid site and Bronsted acid site.
The surface area, morphology and acid site of catalysts depend on the amount

of Al on SSP support.
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