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ABSTRACT

The use of biodiesel has rapidly increased in recent years because it is
renewable, non toxic, and biodegradable. Transesterification of vegetable oils with
methanol using solid acids or solid bases as heterogeneous catalysts is a suitable
method for biodiesel production since reaction temperature is low and the catalysts
can be easily separated from the reaction mixture.

Both alumina (Al,O3) and magnesia (MgO) are commonly used in the
chemical industry as catalysts, catalyst supports, and adsorbents. Since alumina is
amphoteric while magnesia is basic, the Al-Mg mixed oxides are interesting as
bifunctional acid-base catalysts. Moreover, porous materials are important for
catalytic reaction because the diffusion property of these materials enhances
interaction between the substrates and the surface of the materials due to higher
surface area and greater accessibility of the pores. Cetyltrimethylammonium bromide
(CTAB) is one of the structure-directing agents for synthesizing several porous
materials. In this work, alumina, magnesia and Al-Mg mixed oxides were prepared
from aluminum isopropoxide and magnesium nitrate in the presence of CTAB in an
acidic media to compare their properties as catalysts. The oxide samples were also
doped with KI or KNOj to increase the base strength. The synthesized materials were
characterized by PXRD, IR, DTA-TGA, TEM, N, adsorption-desorption
measurement, XRF, and acid-base strength measurement. All samples were tested for
activities in transesterification of soybean oil with methanol at 80 °C. Percentage
yields of fatty acid methyl ester (FAME) were characterized by *H NMR. The phases
of the Al-Mg mixed oxides are the mixture of y-Al,O3; and periclase (MgO) or the
mixture of hydrotalcite (MgsAl.CO3(OH)16-4H20) and periclase depending on the
Al:Mg ratio. The Al-Mg mixed oxides have mesoporous structure with surface areas
of 96-266 m°g™. The calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 has

base strength in the range of 9.8 <pK gy * <15 and has the highest catalytic activity in
transesterification of approximately 90 % yield of FAME after 8 h. This suggest that
of the catalyst tested the calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4
is the most efficient catalyst for use in biodiesel production.

KEY WORDS: MESOPOROUS METERIAL/ HETEROGENEOUS CATALYST/
TRANSESTERIFICATION

108 pp.
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THE RELEVANCE OF THE RESEARCH WORK TO THAILAND

Biodiesel is a popular alternative fuel because of its many advantages over
petroleum diesel, such as renewability, non-toxicity, biodegradability, and no sulfur
content. Due to the current fossil fuel crisis, the Thai Government has formulated a
strategy to ensure that the demand of 10 % biodiesel blended diesel (B10) increase
from 0.7 to 8.5 million litres per day by 2012. Currently, the most economical process
for biodiesel manufacture is transesterificaion of vegetable oils by an alcohol, usually
methanol. The most commonly used catalyst is an alkali base, such as NaOH and
KOH. However, this method has downstream purification cost because a large
amount of water is required to wash out the alkali base from the biodiesel, and this
waste water is needed to be neutralized before discard. The use of heterogeneous
catalysts can be an attractive solution. As a matter of fact, heterogeneous catalysts can
be separated more easily from reaction products. In my work, The mesoporous Al-Mg
mixed oxides as solid base catalysts were synthesized and used to catalyze
methanolysis of soybean oil. These novel heterogeneous catalysts should be benefitial
to Thailand.
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CHAPTER 1
INTRODUCTION

1.1 DIESEL

Diesel or diesel fuel is used in diesel engine invented in 1892 by Rundolf
Diesel in cooperation with the German conglomerate MAN AG. Diesel is produced
from petroleum, obtained in the fractional distillation of crude oil between 200 and
350 °C at atmospheric pressure [1]. The compositions of diesel fuel are 75% saturated
hydrocarbons (primarily paraffins including n, iso, and cycloparaffins) and 25%
aromatic hydrocarbons (including naphthalenes and alkylbenzenes) [2]. The average

chemical formula for common diesel fuel is C12H23 (ranging from CioHzo to Cis5Hzs).
1.2 BIODIESEL

Diesel fuels are commonly used in many types of vehicles including
automobiles, aircrafts, and etc. However, petroleum diesels are non-renewable fuels,
produce pollutants such as oxides of nitrogen, oxides of sulphur, carbon dioxide,
carbon monoxide, lead, and hydrocarbons. Hence, biodiesel is a good alternative
because it is renewable, biodegradable, and nontoxic. The combustion of biodiesel will
release carbon dioxide which can be fixed through photosynthesis. Biodiesel is derived
from vegetable oils or animal fats. The direct use of the oils and fats or blending them
with petroleum diesel is possible. However, the better quality biodiesel can be
produced through the microemulsion, thermal cracking or transesterification method

[2].
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1.2.1 Production of biodiesel

1.2.1.1 Direct use and blending

The vegetable oils have free fatty acid composition, low volatility, high
viscosity and polyunsaturated character [3] causing inefficient fuel atomization,
incomplete combustion, carbon deposit, oil ring sticking, lubricating oil thickening,
gum formation due to oxidation and polymerization during combustion. So the
vegetable oils are impractical for direct use in diesel engines. In addition, the blending
between vegetable oils and conventional diesel fuels in a suitable ratio produces

biodiesels that are stable for only short term usages [4].

1.2.1.2 Microemulsions

Microemusions comprise of diesel fuel, vegetable oil, alcohol,
surfactant, and cetane improver. The use of microemusions can solve the problem of
high viscosity of vegetable oil, increase cetane number, and improve spray
characteristics [5]. Although microemusions can be used as diesel fuel, many
problems were encounterd: irregular injector needle sticking, heavy carbon deposit,

incomplete combustion, and an increase of lubricating oil viscosity [6].

1.2.1.3 Thermal cracking or pyrolysis

Thermal cracking or pyrolysis is defined as the conversion of one
substance into another by means of heat or by heat with the aid of a catalyst. It
involves heating in the absence of air or oxygen [7]. Any triglycerides from vegetable
oils can be pyrolyzed to lighter hydrocarbons. The distribution of cracking products
depends on pyrolysis temperature, residence time, dilution rate of gas and feedstock,
and type of vegetable oils [8]. The mechanism of thermal decomposition of
triglyceride is shown in Figure 1.1. The products of this process are alkanes, alkenes,
aromatics, and carboxylic acids that have low viscosity and a high cetane number
which are similar to diesel from fossil fuel except they have high pour point. Although
this process produces accepted amount of sulphur, water, sediments, and copper

corrosion values, it gives unaccepted amount of ash contents and carbon residues. In
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addition, thermal cracking process has high cost for the distilled equipment to separate

various fractions.

CH3(CH2)5CH2_CH2CH=CHCH2_CH2(CH2)5CO_O§CH2R

l

CHg(CH2)5CH2§CH2CH =CHCH2% CHZ(CH2)5CO'OH

/ l N

CHs(CH3)sCH.® H,C=CHCH=CH; e CH(CH,)sCHO OH

l a2 |

i/
CH3(CHg)sCH®  H,C=CH, % O CHj;(CH,)sCO—OH

Hl jy l'coz
CHy(CHy)3CHy © CHy(CH,),CHs

Figure 1.1 The mechanism of thermal decomposition of glycerides.

1.2.1.4 Transesterification of vegetable oil

Transesterification or alcoholysis is the reaction between triglyceride of
fat or oil and alcohol to form ester and glycerol (Figure 1.2). This reaction occurs by

the replacement of alcohol from an ester by another alcohol.

O

CH,0-C-R CH,OH
O catalyst O

CHO-C-R + 3CHOH ———» 3H,C-0-C-R + CHOH
0O

CH,0-C-R CH,0H

Triglyceride Methanol Fatty acid methyl ester Glycerol

Figure 1.2 Transesterification of triglyceride with alcohol.
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Glycerol is the main byproduct that can be separated and purified for a
commercial value. Methanol is preferred over other alcohols due to its low cost and its
physical and chemical characters. Stoichiometrically, one equivalent of triglyceride
reacts with three equivalents of alcohol, but practically a large excess amount of
methanol is needed to drive the reaction equilibrium to maximize percentage yield of
fatty acid methyl ester (FAME). FAME has low volumetric heating value but it has
high cetane number, high flash point, and low viscosity. These characters are close to
the diesel from fossil fuel. The type of oils has been used for biodiesel production
depends on available raw materials of each country, for instance, in the United States
soybean oil is usually used, in European countries rapeseed oil is commonly used, in
Malaysia coconut oil and palm oil are used [9-12]. However, alcoholysis of animal

fats produces turbid ester products that raise the cloud and pour points [8].

Transesterification consists of a number of consecutive and reversible
reaction as shown in Figure 1.3. The first step is the conversion of triglyceride to
diglyceride, then diglyceride to monoglyceride, and followed by the conversion to
monoglyceride and glycerol, respectively. In an overall reaction, one mole of

triglyceride produces three moles of fatty acid alkyl esters and one mole of glycerol.

_ ) Catalyst ) )
1. Triglyceride (TG) + R'OH Diglyceride (DG) + RICOOR'
Catalyst
2. Diglyceride (DG) + R'OH Monoglyceride (MG) + R2COOR!
Catalyst
3.Monoglyceride (MG) + R'OH Glyerol (GL) + R°COOR!

Figure 1.3 The transesterification of triglyceride, diglyceride, and monoglyceride

with alcohols.

A catalyst can be used in the transesterification to increase the rate of
reaction and yield. Several types of catalysts have been used for transesterification

such as acid catalysts, alkali catalysts, and lipases (biocatalysts). The acid catalysts,
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such as H,SO,4 and HCI, are common catalysts suitable for catalyzing triglyceride with
high free fatty acids (> 3 %) and water contents because esterification of free fatty
acids by acid catalysts can reduce acid value of triglycerides [13]. The mechanism for
the acid-catalyzed esterification is shown in Figure 1.4. The initial step is the
protonation of the acid to give an oxonium ion, which can undergo an exchange
reaction with an alcohol to give the intermediate and loses a proton to become an ester
[14]. The acid catalyzed transesterification of triglyceride and alcohol occurs in a
similar manner. The mechanism is shown in Figure 1.5. The initial step is the
protonation of the ester and then the addition of the exchanging alcohol gives the
intermediate, which can dissociate via the transition state to give the ester [15]. NaOH,
KOH, NaOCHj;, KOCHs;, and carbonates are common alkali catalysts for the
transesterification of triglyceride, which proceeds at a faster rate than that of the acid
catalyzed reaction. However, the presence of water can cause hydrolysis of
triglyceride and lead to the saponification reaction as shown in Figure 1.6. The
mechanism of transesterification using alkali as catalysts is shown in Figure 1.7. The
first step is the reaction of the base with alcohol, producing an alkoxide and the
protonated catalyst. The nucleophilic attack of the alkoxide at the carbonyl group of
the triglyceride generates a tetrahedral intermediate, from which the alkyl ester and the
corresponding anion of the diglyceride are formed. The latter deprotonates the catalyst
or alcohol can react with a second molecule of alcohol and starts another catalytic
cycle. Diglycerides and monoglycerides are converted by the same mechanism to the
mixture of alkyl esters and glycerol [16]. Lipases have been used as a biocatalyst in
biodiesel production with high yield under a mild condition, but the enzymes are
expensive and not suitable for a large scale reaction [17]. Thus, it is unsuitable for
industrial usage. In addition, transesterifications of triglyceride using supercritical
fluid of alcohol without catalyst produce high yield in a short period of time, and easy-
to-purify product [16], but this process has high cost to carry out because the process

requires high temperature and high pressure, as well as a large amount of alcohol.
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Figure 1.4 The mechanism of acid catalyzed esterification of fatty acids.
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Figure 1.5 The mechanism of acid catalyzed transesterification.

0
"
CH;0-C-R CH,OH
Q@ | +-0
CHO-C-R + 3KOH — CHOH + 3KO-C-R

1]
CH,0-C-R CH,OH
Triglyceride Alkaki Glycerol Soap

Figure 1.6 The saponification of triglycerides with alkali.
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ROH + B _— RO + BH*

. _ 0
R-O-C-R" + RO ———— R'-0O-C—R"
OR
0 _ 0
R'-O-C—R" —_— RO + R-O-C—R"
OR

RO + BH* =———— ROH + B
RO + ROH =———= ROH + RO
Figure 1.7 The mechanism of alkali catalyzed transesterification.
1.3 HETEROGENEOUS CATALYSTS

Heterogeneous catalysis is made to influence substances on the rates of
chemical reactions. The catalyst is in a different phase from the reactants and usually a
solid [18]. In order for the reaction to occur, one or more of the reactants must diffuse
to the catalyst surface and adsorb onto it. After reaction, the products must desorb
from the surface and diffuse away from the solid surface. Frequently, this transport of
reactants and products from one phase to another plays a dominant role in limiting the
reaction rate [18]. Use of an insoluble, nonvolatile solid as catalyt for a fluid-phase
reaction has major advantages: loss of the catalyst is minimized, it dose not
significantly contaminate the reaction products, and it stays physically in place in the

reaction chamber [19].

Al,O3 is an heterogeneous catalyst and it can catalyze dehydraion reaction,
such as the conversion of alcohol to olefins at elevated temperatures. The Al,O3
probably functions as a Lewis acid since alcohol usually dehydrate via formation of a
carbocation, R-CH,-CH,". Zeolites, which are aluminosilicates that can be regarded as
being derived from Al,O3 and SiO,, function as acidic catalysts. In addition, Both

Al,O3 and zeolites can catalyze isomerization, cracking, alkylation, and other organic
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reactions. A structure related class of microporous materials based on aluminum
phosphate (AIPO,4) has also been developed; like zeolite, they have cavities and

channels at the molecular level and can function as sharp-selective catalysts [19].

MgO is another interesting heterogeneous catalyst. The basic oxide favors
anionic reaction mechanisms on its surface. The lattice oxide ions on the surface can
abstract protons from adsorbates, forming OH’. For example, in the production of
acrylonitrile (CH,=CH-CN) for the synthesis fibers industry, acetonitrile (CH3CN) and
methanol (CH;OH) adsorb on MgO and each loses H* to form "CH,CN and CHs0’;
then attack of the anion end of the former on the C atom of the latter leads to
CH,=CH-CN, and finally, the protons are redistributed in H,, H,O, and unchanged
MgO. It may be noted that the catalyst is acting in part as a dehydrating agent [19].

1.4 ALUMINUM OXIDE OR ALUMINA (Al»Os)

Alumina is formed by the combustion of aluminum and by igniting aluminum
hydroxide or aluminum salts of volatile acid. It is a white amorphous powder, which is
insoluble in water and (if ignited at a high temperature) insoluble in acids also. A
cubic modification of aluminum oxide (y-Al,Os), density 3.4 g mL™, is obtained by
the dehydration of hydragillite (gibbsite) or of bauxite, or by gentle heating of the
amorphous oxide hydrate [20]. According to the mode of preparation, y-Al,O3 may be
obtained with very different particle sizes and, in some cases, with considerable lattice
distortion. These differences may give rise to differences of up to 10 kcal mole™ in the
heat of solution. Above 1000 °C, y-Al,O3 changes irreversibly into o-Al,O3 or
corundum (heat of transformation of 20.6 kcal mole™). There are also other unstable
modifications such as 5-Al,03 and C-Al;Os. y-Al;O3 has a structure like that of the
magnesium spinel (MgAl,O,). The spinel has 24 cations and 32 anions in a cubic unit
cell as shown in Figure 1.8. The oxygen atoms are close-packed, with the magnesium
atoms occupying tetrahedral sites and the aluminum atoms occupying octahedral sites
[21]. In y-Al,03, as shown in Figure 1.9, the oxygen atoms occupy the positions of the
spinel lattice, but 1/9 of the places belonging to the metal atoms are left unoccupied.
The vacant positions are distributed essentially over those sites which, in the structure
of spinel itself, are occupied by Al atoms [20, 22]. The transformation of aluminum
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oxide hydrate into aluminum oxide may produce not only the modification properly
known as y-Al,O3, as a metastable phase, but possibly five unstable varieties which

change successively and ultimately into a-Al,O3 as shown in Figure 1.10 [20].

Figure 1.8 Arrangement of atoms within the MgAl,O, spinel unit cell, Mg is in green,

Al isingrey, and O is in red.

Figure 1.9 Arrangement of atoms of y-Al,O3, Al is in red, O is in blue, and vacant

atoms is in green.
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Figure 1.10 The transformation of various crystalline modifications of the aluminum

oxides and hydroxides.
1.5 MAGNESIUM OXIDE OR MAGNESIA (MgO)

Magnesia is formed when magnesium burns in air, or by the ignition of the
hydroxide carbonate, nitrate, and other oxyacid salts of magnesium. It is a loose,
white, very infusible powder (magnesia usta, burned magnesia, etc.). In the electric
furnace it sublimes, and condenses in the crystalline form. This latter may more
readily be obtained by heating it with mineralizing agents such as with calcium borate,
or by strongly heating it in a current of hydrogen chloride. Crystalline magnesium
oxide is found in nature, in the form of very small regular octohedra and cubes, as
periclase (hardness 6, density 3.7 g mL™) [20]. The crystal structure of periclase is that
of halite (rocksalt) and is composed of two interpenetrating face centerd cubic (FCC)
lattices of cation and oxygen. Both cations and anions are in octahedral coordination
as shown in Figure 1.11 [23]. Whereas crystallized magnesium oxide is hardly
attacked by water, and attacked only with difficulty by acids, the finely divided
material dissolves readily in acids and is slowly converted by water into the hydroxide
[20].
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Figure 1.11 Arrangement of atoms within the periclase (MgO) unit cell, Mg is in blue,

Oisin red.
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CHAPTER 2
LITERATURE REVIEW

The biodiesel fuel can be produced by many methods to replace fossil fuel. The
direct usage of vegetable oils as biodiesel is impractical because of the high viscosity
and volatility. The transesterification process is the most suitable way for large scale
production of biodiesel. Here, the transesterification processes with biocatalysts
(enzymes), heterogeneous catalysts, and supercritical methanol method will be

described.
2.1 BIOCATALYSTS

The enzymes used for the reaction can be categorized according to their
preparation methods as the extracellular enzymes (immobilized enzymes) and the
intracellular enzymes (immobilized whole cells). The preparation of the intracellular
enzyme is simpler and more efficient than that of the extracellular enzymes. Both

preparation methods are compared in Figure 2.1
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Figure 2.1 A comparison of preparation method of (a) extracellular enzyme and (b)

intracellular enzyme.
2.1.1 Extracellular enzymes

Many enzymes have been used to catalyze transesterification of various oils
with primary short chain alcohols, but these alcohols deactivate the enzymes. For
example, transesterification of sunflower oil with methanol, ethanol, or buthanol using
M. miehei and C. antartica (Novozym 435) as catalysts yields only a trace of the fatty
acid alkyl esters [24]. To overcome this problem the stepwise addition of methanol
was introduced, and 97 % yield of FAME was obtained with Novozyme 435 the
catalyst [25]. C. antartica was suitable for the reaction in the mixture of t-butanol and
methanol. It can catalyze the transesterification of cottonseed oil with 97% yield of
FAME. The t-butanol in the mixture acts as a solvent and solubilizes both methanol
and glycerol, but the t-butanol is not a substrate for the enzyme [26]. Du et al. [27]
reported that different acyl acceptors, such as methyl acetates and ethyl acetate, with
Novozyme 435 can catalyze the reaction of soybean oil to produce 92% yield of
FAMESs via interesterification or ester-ester interchange reaction as shown in Figure
2.2. In this reaction, there is no glycerol as a by-product, and triacetylglycerol or
triacetin is easy to be separated from the biodiesel. The triacetin can be used as an

antifungal agent, a fixative in perfurmery, or a solvent for basic dyes.



Pannapat Chotmongkolsap Literature review/14

H
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Triglyceride methyl acetate methyl ester triacetylglycerol

Figure 2.2 Interesterification reaction (a) general reaction, (b) interesterification

reaction of triglyceride and methyl acetate.

Pretreatment of the immobilized enzymes can minimize the deactivation of the
enzymes. For instance, the pretreatment of the immobilized Novozyme 435 by
washing with 2-butanol or t-butanol to regenerate deactivated enzymes resulted in the
increase in activity by 10-fold compared to the untreated enzymes. The 2-butanol and
t-butanol can restore enzyme activity to 56 and 75 % of the original, respectively [28].
Preincubation of the immobilized C. antartica in methyl oleate for 0.5 h and
subsequently in soybean oil for 12 h resulted in 97% yield of FAMEs [25]. To
decrease the solidification point, cloud point, and pour point of the biodiesel, fuel
additives such as butyl oleate and isoamyl alcohol, are used as the acyl acceptor [29].
A suitable amount water can reduce enzyme inactivation by methanol; for example, R.
oryzae can catalyze the methanolysis of soybean oil with 4-30 wt % water and produce
80-90 % vyield of FAME [30].

2.1.2 Intracellular enzymes

R. oryzae cells can be stabilized by cross-linking treatment with 0.1%
glutaraldehydrate, and catalyzed ethanolysis of soybean oil with stepwise addition of
ethanol to produce 72-83 % vyield of FAME after sixth batch cycle, but the
methanolysis without stabilizing R. oryzae cells can produce only 50% vyield after
sixth bath cycle [31]. The pretreat cells with lower alcohol, e.g. methanol, ethanol,
propanol, before usage can improve yield of FAME to 350-600 times compared with

the untreated cells [32]. Enzyme can also be stabilized by the addition of various fatty
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acids to the cells. Oleic acid and linoleic acid enriched cells enchanced activity more
than saturated fatty acid enriched cells, and palmitic acid enriched cells had higher
stability than unsaturated fatty acid enriched cells. The optimum ratio of unsaturated
fatty acid to total fatty acids (oleic acid/ oleic acid + palmitic acid) for optimum
activity and stability is 0.67 [33]. The lipase localization of P. oryzae cells has two
different molecular masses of 34 and 31 kDa, which are labeled ROL34 and ROL31,
respectively. ROL34 was bound to the cell wall and ROL31 was mainly bound to the
cell membrane. When cells were cultivated with olive oil or oleic acid, the
methanolysis activity correlated with the relative amount of ROL31. Hence, ROL31
localized in the cell membrane plays a crucial role in the methanolysis acitivity [34].
In addition, the intracellular lipase can catalyze waste oil efficiently in the presence of

water without solvent [32].

2.2 SUPERCRITICAL ALCOHOLS

A non-catalytic biodiesel production route with supercritical alcohol has been
developed that allows a simple process and high yield because of simultaneous
transesterification of triglyceride and alkyl esterification of fatty acids and the
dielectric constant of alcohol such as methanol dramatically changes from liquid to
supercritical state that close to vegetable oil allowing a homogeneous mixture in
supercritical condition [35]. A reaction mechanism of vegetable oil in supercritical
methanol is shown in Figure 2.3. An alcohol molecule directly attacks the carbonyl
atom of the triglyceride because in the supercritical state, hydrogen bonding would be
significantly decreased, which would allow methanol to be a free monomer and
produce methyl ester and diglyceride, consequently. Saka et al [36]. Compared the
supercritical alcohol types that catalyzed rapeseed oil at 300 °C and 43 MPa with
alcohol:oil ratio of 42:1. They found that alcohol with the shorter alkyl chain gave
better conversion. Almost 100 % conversion was obtained in 15 min by methanol,
while ethanol and 1-propanol required 45 min. 1-butanol and 1-octanol produced
about 85 and 62 % conversion, respectively. They also compared the reaction rate of
the methanolysis of rapeseed oil with that of the methyl esterification of oleic acid.
Methyl esterification proceeds faster since fatty acids, especially unsaturated fatty

acids, are more soluble than triglycerides so that the reaction can proceed easier and
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the transesrerification of triglyceride consists of three steps as shown in Figure 1.3.
The formation of alkyl ester from monoglyceride determines the reaction rate because
monoglycerides are the most stable intermediate compound. On the contrary, alkyl
esterification is only a one-step reaction. The effect of water content in the reaction
was studied [37]. When rapeseed oil was mixed with methanol containing 10 %, 18 %,
25 %, and 36 % of water in supercritical condition, rapeseed oil completely converted
to methyl ester within 4 min. But, when the addition of various water content in oleic
acid and supercritical methanol, the conversion of oleic acid to methyl ester was
somewhat reduced with increasing of the water content, since methyl oleate may be
hydrolyzed to oleic acid over a prolonged treatment. However, an addition of 50 %
water with the water:rapseed oil molar ratio of 26:1 under supercritical methanol at
350 °C for 4 min led to hydrolysis products. Since the amount of water is large
enough for the hydrolysis reaction to occur and the hydrolysis reaction is much faster
than transesterification, fatty acids can be produced from methyl esters as shown in
Figure 2.4. At supercritical condition, water is rich with ionic products and can mix
with polar methanol, the mixture will have both strong hydrophilic and hydrophobic
properties that can improve reaction rate. Moreover, the separation of methyl ester and
glycerol from the reaction mixture become easy because glycerol will be in the water
layer (lower layer), while methyl esters are in the upper layer.

- -
0
? Yo 0
" P S 1}
RCOR + R'OH—> | R * OR| ——» RCOR" + ROH
T

R - alkyl group

R’ : long chain hydrocarbon

R" - alkyl group

Figure 2.3 A proposed reaction mechanism of transesterification in supercritical

methanol.
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Figure 2.4 Reactions involved in the treatment of rapeseed oil by supercritical

methanol in the presence of water.

Madras et al. [38] reported the rate constants for the formation of methyl ester
from various oils. The transesterification reaction rate is the highest for the triglyceride
of saturated fatty acid followed by triglycerides of unsaturated acids. The reaction rate
of triglycerides of tri-unsaturaed fatty acid is the slowest compared to triglycerides of
di-unsaturaed and mono-unsaturaed fatty acid. The co-solvent for supercritical
methnolysis can increase solubility of methanol and vegetable oil at low reaction
temperature and pressure because it can decrease the critical point of methanol, and
allow the supercritical reaction to be carried out under milder condition. Supercritical
CO, and supercritical propane are good solvents for vegetable oil and methanol.
Supercritical CO, can be used as a co-solvent to catalyze soybean oil with supercritical
methanol to produce 98.5 % yield of FAME at 10 min under optimum condition (280
°C, 14.3 MPa, methanol:soybean oil = 24:1, CO,: methanol ratio = 0.1). When
supercritical propane was used as a co-solvent, the percentage yield of FAME at 10
min is 98% under similar condition (280 °C, 12.8 MPa, methanol:soybean oil = 24:1,
propane: methanol = 0.05) [39, 40].
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2.3 HETEROGENEOUS CATALYSTS

The cost of transesterification of vegetable oils involves two main factors, the
cost of raw materials and the cost of processing. The biocatalysts have high cost of
materials, supercritical alcohols require high temperature and high pressure that led to
high capital cost of processing, and homogeneous catalysts have the cost of
eliminating waste streams. Hence, heterogeneous catalysts can be an attractive
solution, since they can be separated more easily from reaction products and the
raction conditions could be less drastic than supercritical alcohol process. The
heterogeneous catalysts for transesterification reaction are categorized into acid

catalysts and base catalysts.

2.3.1 Acid catalysts

Acid catalysts can catalyze both esterification of free fatty acids and
transesterification of triglycerides. Bronsted acid catalysts are active mainly in
esterification reactions, while Lewis acid catalysts are more active in
transesterification reaction (39). The acid catalysts can catalyze even the low quality
oils which have high free fatty acid content. The reaction mechanism of Lewis acid
catalysts is shown in Figure 2.5. The formation of electrophilic species occurs from
the Lewis acid catalysts in the first step. The rate determiaton depends on the Lewis
acid strength. After the Lewis complex formation (stepl), the alcohol forms a
nucleophilic bond with the carbonyl carbon (step 2). Subsequently, the new ester
forms (step 3) and desorbs from the Lewis site (step 4). And then the cycle is repeated.
If the strength of acidic sites is too high, the desorption of the product is not favored,
leading to a slow reaction rate. Thus, very strong Lewis acid catalysts are less active in

transesterification reactions [42].
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Figure 2.5 A proposed reaction mechanism of Lewis acid catalyzed transesterification

of triglycerides.

The catalytic activities of several acid catalysts in transesterification of
triacetin with methanol at 60 °C using methanol:triacetin ratio of 6:1 and 2 wt% solid
acid was reported as follow: Amberlyst-15 (sulfonated polystyrene) > SZ (sulfate
modified zirconia) > Nafion NR50 (perfluorinated resin sulfonic acid) > WS (tungsta
modified zirconia) > SPA (supported phosphoric acid) > zeolite  (alumino silicate) >
ETS-10(H) (titanosilicate). Amberlyst-15, SZ, and WS exhibited decrease activity due
to the blockage of the sites by adsorbed intermediates or product species. Zeolite
revealed low activity because of diffusion limitations in the micropores of bulky
triacetin molecules and ETS-10(H) has low acid strength [43]. Tungstated zirconia-
alumina (WZA), sulfated zirconia (SZA), sulfated tin oxide (STO), TiO,-ZrO,, and
Al,03-ZrO, can catalyze transterification of soybean oil at 200-300 °C. The activities
of the catalysts at 4h are WZA > TiO,-ZrO, > Al,03-ZrO, > SZA > STO [44, 45],
Jitputti et al. [46] tested the transesterification of crude palm kernel oil (1.05 % free
fatty acid, 0.09% moisture content) and crude coconut oil (2.25% free fatty acid,
0.17% moisture content) with 3 wt% SZ, STO, Zn0O, and ZrO,, methanol: oil ratio of
6:1, reaction temperature 200 °C, reaction time 4 h. They found that SZ (90.3 % vyield
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of FAME from palm kernel oil, 86.3 % yield of FAME from coconut oil) had the
highest activity, followed by STO, ZnO, and ZrO,, respectively, but SZ was
deactivated after the first use. Vanadyl phosphate (VOPQO,-2H,0) can catalyze the
reaction of soybean oil with methanol, when the methanol: soybean oil ratio is 12:1,
the catalyst loading was 5 wt%, and the reaction temperature was 180 °C. The fresh
catalyst produced 78 % yield of FAME at 1 h and the used catalyst produced only 35
% yield of FAME after the same amount of time. The deactivation of the catalyst is
due to the reduction of the surface vanadium species from V°* to V** by methanol.
However, the vanadium catalyst can be reactivated by calcinations in air. 78 % yield
of FAME at 1 h was obtained for the regenerated catalyst [47]. In addition,
Sreeprasanth et al. [48] reported that double-metal cyanide Fe-Zn are active in
transesterification and esterification of various oils. These catalysts are Lewis acidic,
hydrophobic, and insoluble. The reaction condition is 3 wt% catalyst, methanol: oil
ratio of 15:1, reaction temperature 170 °C, and 8 h reaction time. The catalyst can be
reused without any purification (98.3 % conversion for fresh catalyst, 98.1 %

conversion for third reused catalyst) and no leaching nor dissolution was detected.
2.3.2 Base catalysts

Transesterification of vegetable oil using base catalysts requires lower reaction
temperature than transesterification using acid catalysts. The reaction mechanism of
Lewis base catalyzed transesterification is shown in Figure 2.6. In the first step,
surface oxygen react with H* from CH3OH to form surface CH3O", which is strongly
basic and has high catalytic activity in transesterification reaction [16]. The carbonyl
carbon atom of the triglyceride molecule was attacked by a methoxide anion from the
surface of the metal oxide to form a tetrahedral intermediate, from which the alkyl
ester and the corresponding anion of the diglyceride are formed. The latter
deprotonates the catalyst or reacts with a second molecule of alcohol and starts another
catalytic cycle. Diglycerides and monoglycerides are converted by the same

mechanism to the mixture of alkyl esters and glycerol [16].
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Figure 2.6 A proposed reaction mechanism of Lewis base catalyzed transesterification

of triglycerides.

Ca(OH),, Ca0, and Ca(OCHpg), can catalyze transesterification of rapeseed oil
at methanol reflux temperature with methanol:rapeseed oil ratio of 4.5:1 and 0.8 wt%
catalyst. Percentage of the solubility of Ca(OH),, CaO, and Ca(CH30), in methanol
are 0.010, 0.035, and 0.040, respectively, so that they are heterogeneous catalysts. The
reactivity order is Ca(OCHgs); > CaO > Ca(OH),, which agrees with the Lewis basic
theory. The methoxides of alkaline earth metals are more basic than their oxides which
are more basic than their hydroxides. Their acitivities were higher than 90 % yield of
FAME at 2.5 h [49]. Nanocrystalline CaO with crystal size of 20 nm and specific
surface area of 90 m”g™* has high activity (>99 % conversion at 24 h) for methanolysis
of soybean oil at room temperature with methanol:soybean oil ratio of 27:1 and 1.27
wit% catalyst, while commercial CaO with crystal size of 43 nm and specific surface
area of 1 m?g™ has only 2 % conversion at 6 h. The nanocrystalline CaO can be
reused without calcinations. The reused catalyst exhibited activity for the reaction
without deactivation until fourth and fifth cycles, when the activity decreased from 96
to 74 % conversion. The authers suggested that the catalyst may be deactivated by

impurity [50]. Gelbard et al. [51] investigated polystyrene supported biguanide and
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guanidine as strong base catalysts because their basicities are in the range of common
inorganic bases such as alkalines, hydroxides, and carbonates. The activity of the
polystyrene supported biguanide and guanidine in the transesterification of oil at 70 °C
and methanol:oil:catayst molar ratio of 69:1:0.02 are 94 and 63 % yield of FAME,
respectively. Anionic resins (PA308, PA306, PA306s, HPA25) were studied for the
transesterification of triolein at 50 °C with ethanol:triolein molar ratio of 10:1. The
PA306s was the most active catalyst that produced more than 80 % ethyl ester at 4 h
but the reused PA306s was deactivated by the ion-exchange reaction of the resin’s
hydroxyl ion with the oleic acid group of triolein, diolein, or monolein. However,
PA306s can easily be regenerated by washing the resin with citric acid in ethanol
solution following by NaOH solution and ethanol. The regenerated PA306s has no
loss of activity (>80 % at 4 h) [52]. Liu et. al. [53] tested polymeric resin (A26) with
quaternary ammonium functional groups (QN*OH") to be active in methanolysis of
triacetin at 60 °C, methanol:triacetin ratio of 6:1, 1.67 wt% AZ26 relative to the mass of
the reaction mixture (90 % conversion at 240 min). The A26 can be reused by washing
with methanol to exchange most OH™ groups of the resin with MeO". The A26 can be
reused for more than four reaction cycles with the same conversion. Suppes et al. [54]
studied basic zeolites, such as NaX, KX, CsX, and ETS-10. The methanolysis of
soybean oil using basic zeolites as catalysts with methanol:oil ratio of 6:1 at 60 °C and
10 wt% catalyst showed low acitivity (2-10 % yield of FAME at 24 h). Although,
ETO has higher activity under the same condition except the reaction temperature was
100 °C. 92 % methyl ester was obtained with ETO at only 3 h, but the activity
decreased to 28% yield in the fifth reaction cycle due to the leaching of sodium and
potassium ions. Likewise, KOH doped NaX (10 wt% KOH) studied by Xie et al. [55]
was active in the methanolysis of soybean oil with methanol:oil ratio of 10:1, 3 wt%
catalyst, reaction temperature of 65 °C to give 85.2 % yield of methyl ester and only
48.7 % vyield in the second reaction cycle because of the leaching of potassium.
Sr(NOs), doped ZnO with (2.5 mmol SrNO3 g™*) by impregnation method is active in
the transesterification of soybean oil with methanol:oil ratio of 12:1, 5 wt% catalyst.
94.7 and 15.4 % yield of FAME were obtained from fresh and first reused catalysts,
respectively. This catalyst was deactivated by the deposition of reactants and products

on the active sites and/or by transformation of the active sites during the reaction [56].
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Cantrell et al. [57] reported catalytic activity of alumina, MgAl hydrotalcite, and
magnesia for the transesterification of glyceryl tributyrate with methanol:glyceryl
tributyrae ratio of 30:1. MgAl hydrotalcite at Mg:Al ratio of 3:1 has higher activity at
3 h (74.8 % conversion) than those of the magnesia (11% conversion) and the alumina
(no activity). Reusability and leaching of their catalysts were not reported. Potassium
salts doped alumina catalysts were reported by Xie et al. [58] The transesterification of
soybean oil using calcined KI doped alumina has high activity of 87.4 % conversion.

Reusability and leaching of their catalysts were not stated.
2.4 MESOPOROUS ALUMINA

Mesoporous materials are important for catalytic reaction because the diffusion
property of these materials enhances the better interaction between the substrates and
the surface of the materials due to higher surface area and accessibility of the pores
[59]. The mesoporous materials are synthesized via electrostatic interaction between
surfactant and precursor mechanism such as S*I" or S'I" (S = surfactant, | = precursor)
and interaction between neutral surfactant and neutral precursor mechanism as N°I° (N
= surfactant, | = precursor) [60]. y-Al,O3 phase is metastable and can be transformed
into 8-Al,03; phase at roughly 800 °C and the most stable a-Al,O3 phase is finally
obtained [61]. However, y-Al,O3 has highest surface area. Hence, y-Al,O3 phase is the
most important phase for catalysis [60]. The synthesis of porous alumina is complex
due to its susceptibility for hydrolysis as well as to the phase transitions accompanying
the thermal breakdown of the ordered structure. The hydrolysis behavior of the
alumina is very complicated and it is strongly affected by pH, water, temperature,
relative humidity, and other factors so that the synthesis of mesoporous alumina is
rather difficult and strict conditions are required [62]. Vaudry et al. [63] first
investigated the mesoporous alumina with pore size of about 2 nm and surface area of
710 m?g™. These mesoporous alumina materials were synthesized using lauric acid as
a template and aluminum sec-butoxide as an aluminum precursor. Thermally unstable
formation of alumina takes place through an S-1 mechanism (S = acid, | = alkoixde).
Hexagonal mesoporous alumina samples were obtained by precipitation method using

Al(NO3), as an aluminum source, urea as a pH adjustor, and sodium dodecyl sulphate
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as a template with electrostatic mechanism (S*I"). This mesoporous alumina became
disorder upon calcinations at 300 °C [64]. Pseudo lamellar mesostrucured y-Al,O3
with crystalline framework walls (MSU-y) was synthesized by Zhang et al. [65] using
aluminum tri-tert-butoxide as a precursor, anhydrous aluminum chloride as a pH
adjustor and hydrolysis-condensation controller, nonionic triblock copolymer Pluronic
L64 (EO)13(PO)30(EQ)13) as a template and employing pseudoboehmite nanoparticles
intermediate as building blocks. The MSU-y has surface area of 346 m°g™ and pore
volume of 0.46 cm®g™*. Somorjai et al. [66] first investigated the synthesis of ordered
mesoporous alumina with amorphous walls under strict condition using aluminum
triisopropoxide (1°) as a precursor, Pluronic P123 ((EO)20(PO)70(EQ)20) as a template
(N, and HCI as a pH adjustor through N°I° mechanism. The ordered mesoporous
alumina has surface area of 410 m”g™, and pore volume of 0.80 cm>g™. Cabrera et al.
[67] studied mesoporous alumina using aluminum sec-butoxide as a precursor,
cetyltrimethyl ammonium bromide (CTAB) as a cationic surfactant, triethanolamine as
a hydrolysis delaying agent. The calcined mesoporous alumina has surface area of 340
m?g™. The high surface area mesostructured y-alumina was obtained by Aguado et al.
[68] The mesoporous y-alumina was synthesized by sol-gel method employing
aluminum triisopropoxide as a precursor, CTAB as a template, and HCI as a pH
adjustor without hydrolysis retarding agent. The calcined alumina has high surface

area (626 m°g™) with y-Al,O3 phase at calcination temperature of 550 °C.
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CHAPTER 3
OBJECTIVES

Even though biodiesel can be produced by several methods, transesterification
vegetable oil or animal fats with alcohol is the most avialable one. As the quality of
biodiesel produced from transesterification is close to these of prteoleum diesel and
can be used in diesel engines without any modification.

In transesterification reaction, a catalyst is needed to achieve a good yield in a
short period of time, and the common catalyst used for the reaction is a homogeneous
base. However, the drawback of a homogeneous catalyst in the seperation process has
led to many research in the development of solid base catalyst. With the acid-base
properties of aluminum oxide and magnesium oxide, being amphoteric and basic, we
proposed that the Al-Mg mixed oxide will offer an interesting acid-base properties. In
addition, an incorporation of an alkali species like potassium into the mixed oxide may
increase the basic strength, leading to a more active solid base for the
transesterification. Furthermore, in an heterogeneous system, the textural structure of
the catalyst plays an important role in raising the catalytic activity. Mesoporous
structured solids provide better interaction between substrates and the active sites due
to the large suface area. Hence, the mesoporous alkali metal doped Al-Mg mixed
oxides are interesting to catalyze methanolysis of soybean oil. The objectives in this
research are:

1. To synthesize and characterize mesoporous Al-Mg mixed oxides.

2. To study their catalytic activity in transesterification of soybean oil.
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CHAPTER 4
MATERIALS AND METHODS

4.1 MATERIAL AND CHEMICALS

Chemicals and reagents obtained commercially are shown in Table 4.1 All

chemicals were used as received.

Table 4.1 List of chemicals.

Chemicals Chemical formula or Manufacturer
Abbreviation
Aluminum tri-isopropoxide, 98 % Al(O'Pr); Merck
Magnesium nitrate hexahydrate, 99 % | Mg(NO3),-6H,O Unilab
CH;3(CHz)1sN(CH3)3NBr, Merck
. . : 0 erc
Cetyltrimethylammonium bromide 99 % CTAB
Potassium iodide, 99.9 % KI J.T. Baker
Potassium nitrate, 99 % KNO; Riedel-de Haén
Potassium hydroxide, 99 % KOH Ajax Finechem
_ Fischer
Sodium sulfate anhydrous, 99 % Na,SO4 )
Chemicals
n-Butylamine, 99 % CH3(CH:);NH> Merck
) Fischer
2-Propanol, 99.99 % CH;CHOHCHs;, 'PrOH
Chemicals
Ethanol, 99.9 % CH;CH,0OH, EtOH Merck
Fischer
Methanol, 99.9 % CH;0H, MeOH .
Chemicals
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Table 4.1 List of chemicals (cont.).

Chemicals Chemical formula or Manufacturer
Abbreviation

Fischer
Methanol, 99.9 % CH;OH, MeOH .

Chemicals

Fischer
Toluene, 99.97 % CeHsCH; .

Chemicals
Cyclohexane, 99.99 % CeHi4 Lab Scan
Hydrochloric acid, 37 % w/w HCI Lab Scan
Bromothymol blue Cy7H25Br205S Merck
Phenolphthalein C20H1404 BDH Chemicals
4-nitroaniline CsHsNH,NO, Aldrich
2,4-dinitroaniline, 98 % CsH3(NHz)(NO2), Aldrich

Thai Vegetable

Oil Public
Soybean oil (anjoon brand) -

Company

Limited

4.2 INSTRUMENT AND APPARATUS

Powder x-ray diffraction (PXRD) measurements were carried out on a Bruker
D8 ADVANCE diffractometer using a high-power CuK, source focusing Ge-crystal
(Johansson type) monochromator (A = 1.540619 A) operating at 40 kV and 40 mA.
The diffraction patterns over the 26 range of 0.5-5 and 8-100° were recorded at a scan

rate of 2 s/step, step size 0.015 260/s and a scan rate of 1 s/step, step size 0.037 20/s

respectively”.
The Crystalline size of KI, KIO3;, KNO3, and K,O by Scherrer equation
(= K\
Bcos6

Where t is the crystalline size
K is the Scherrer constant (0.9)
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A is the wavelength of X-rays
B is the full width half maximum of the peak (FWHM)

0 is the angle corresponding to the peak

The infrared (IR) spectra of compounds were recorded on a FT-IR system 2000
(Perkin-Elmer) spectrometer (KBr pellets)”.

The differential thermal analysis (DTA) and the thermal gravimetric analysis
(TGA) (TA instrument STD 2690 simultaneous DTA-TGA) were used to study the
thermal property of samples. Data were analyzed by TA Universal Analysis computer
program. Samples were placed in an alumina cup and heated from 10 °C to 1000 °C at
a heating rate of 10 °C min™ in air with a flow rate of 100 mL min™"".

Transmission electron microscopy (TEM) images were recorded using a
Philips Tecnai-20 operating at 25 and 50 kV".

N, adsorption-desorption experiments were carried out using a Micromeritics
2020 ASAP equipment and pore size distributions were calculated using the Barret-
Joyner-Halenda (BJH) model on the desorption branch. The surface area values were
obtained by application of Brunauer-Emmett-Teller (BET) equation. The out gass
temperature operated at 90 °C for 60 min and 350 °C for 240 min°.

'H NMR results were analyzed by 300 MHz Bruker NMR spectrometer at
room temperature®.

Wavelength dispersive x-ray fluorescence spectrometer (WDXRF), Bruker
AXS Model S4 EXPLORER equipped with RhK radiation operation at 50 kV and 20
mA with scintillation detector and sealed proportional counter, was employed to

analyze chemical composition. Each bulk powder sample was placed in a sample cup

with Mylar sheet 6 pum for measurement. The method for analysis was Fast-He34".

a = Department of Chemistry, Mahidol University
b = Central Instrument Facility (CIF), Mahidol University
¢ = Department of Chemistry, Kasetsart University
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4.3 METHOD OF CATALYST SYNTHESIS
4.3.1 Al-Mg mixed oxide catalysts

The synthesis of the alumina, the Al-Mg mixed oxides, and the magnesia can
be performed as follow: xAl(OiPr)3:yMg(NO3)2:O.8CTAB:22H20:17iPrOH, where x +
y = 1 and x:y ratio is 1:0, 8:1, 4:1, 2:1, 1:1, 1:2, 1:3, 1:4, 1:8, or 0:1. In the typical
synthesis, CTAB was dissloved with 2-propanol and water the metal precursor was
added to the CTAB solution and stirred for 4 h. The reaction mixture was heated in oil
bath at 80 °C for 2 h and subsequently dried at 100 °C. The organic portion of the
materials was extracted with 0.5 M n-butylamine in ethanol solution (100 mL g of
sample) at 80 °C. After extraction, the solid sample was calcined at 550 °C for 5 h at a
heating rate of 1 °C/min to preserve under O, flow (flow rate of 80 mL min™). A slow
heating rate was used during calcination to preserve mesoporous structure of the Al-

Mg mixed oxides.
4.3.2 Alkali doped Al-Mg mixed oxide catalysts

1 g of the alumina, the AI-Mg mixed oxides, or the magnesia was ground with
2.1 mmol KI or KNO; and a small amount of water in the mortar for 30 min. The
mixture was heated at 120 °C in an oven overnight and then calcined in air at 550 °C

for 5 h (a heating rate of 1 °C min™).
4.4 ACID AND BASE STRENGTH MEASUREMENTS

Acid-base strength of the catalysts was measured by Hammett indicator
method [68]. The indicators used in the study were bromothylmol blue, phenolthalein,
2,4-dinitroanline, and 4-nitroaniline with pK, of 7.2, 9.8, 15, and 18.4, respectively.
Color tests were made by transferring 0.1 g of dried catalyst to a test tube, and then
adding three drops of a 10% v/v methanol solution of the indicator. After one day of
equilibration, the colors of the indicators were recorded. The base strength was
reported as being stronger than the weakest indicator which exhibits a color change,

but weaker than the strongest indicator that produces no change.
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4.5 TRANSESTERIFICATION OF SOYBEAN OIL

Commercial edible grade soybean oil (anjoon brand) was obtained from local
market. The acid value of the soybean oil was determined to be 0.4 mg KOH g™, and
the average molecular weight was 909 g mol”, calculated from the saponification

index (SV = 185.6 mg KOH g™) [69, 70].

Transesterification of the soybean oil was performed by refluxing 10 mL of
methanol (247 mmol) with 11.23 g of soybean oil (12.3 mmol) and 0.5615 g of the
catalyst (5 wt%) at 70 °C. The catalyst was dried at 120 °C in an oven overnight prior
to use. A 0.5 mL aliquot was taken from the reaction mixture at various times in order
to follow the product yield. Each aliquot was extracted in a hexane/water system. The
hexane layer was then dried with anhydrous Na,SO4 and was purged with N, to

remove hexane.

The percentage yield of the fatty acid methyl ester (FAME) can be determined
by the integration ratio of the 'H NMR signal of the methoxy protons of FAME (A))
and the signal of the metylene protons of the triglyeride and FAME (A;), as shown in
scheme 4.1 [71].

-R'

-R"

Fatty acid methyl ester Triglyceride
% yield of FAME = (2—2} x 100

Scheme 4.1
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CHAPTERS
RESULTS AND DISCUSSION

The structure of all samples was characterized by powder X-ray diffraction and
fourier-transform infrared spectroscopy. The thermal property of all samples was
characterized by the differential thermal analysis and the thermal gravimetric analysis.
The textural property of calcined samples was characterized by transmission electron
microscopy and N, adsorption-desorption measurement and the ratio between Al and

Mg of calcined samples was characterized by X-ray fluorescence spectrometry.
5.1 POWDER X-RAY DIFFRACTION (PXRD)
5.1.1 Al-Mg mixed oxides

The powder X-ray diffraction (PXRD) patterns of all as-synthesized samples
exhibited CTAB pattern as shown in Figure 5.1. The CTAB template was removed by
extraction with butylamine in ethanol solution followed by calcination at 550 °C. After
the extraction, the pattern of the alumina samples showed the phases of aluminum
oxide chloride (AIOCI) and aluminum oxide chloride hydroxide (Al;70,6(OH);6Cl;3).
The extraction samples of the AI-Mg mixed oxides at the Al:Mg ratios of 8:1, 4:1, and
2:1 were amorphous as evident from PXRD patterns in Figure 5.2. The extraction
samples of the Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:2, 1:3, 1:4, and 1:8 were
the mixture of hydrotalcite (MgsAl,CO3(OH),6-4H,0), brucite (Mg(OH),), and
magnesium chloride hydroxide hydrate (Mg3;(OH)sCl-4H,O, Mg3(OH)sCl-3H,0, and
Mg»(OH);C1-4H,0). The magnesia sample consisted of the same phases, except that
the hydrotalcite phase was absent. The relative amounts of the brucite and magnesium
chloride hydroxide hydrate increased with the increase of the magnesia content as

shown in Figure 5.3.
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The calcined products of the alumina and the magnesia were y-Al,Os; and
periclase (MgO), respectively. The PXRD patterns of the calcined products of the Al-
Mg mixed oxides at Al:Mg ratios of 8:1, 4:1, and 2:1 showed mixed phases between -
Al,O3 and periclase. The relative amount of the periclase phase in the AlI-Mg mixed
oxides increased with the increase of the magnesium content as seen in Figure 5.4. The
Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:2, 1:3, 1:4, and 1:8 were the mixture
between hydrotalcite (MgeAl,CO3(OH);64H,0) and periclase. The amount of the
hydrotalcite phase in the AI-Mg mixed oxides was the highest at the Al:Mg ratio of
1:3 which was the exact ratio of Al:Mg in the hydrotalcite. The relative hydrotalcite
content decreased as the Al:Mg ratio deviated from 1:3. In addition, the Al-Mg mixed
oxides had higher relative amount of periclase phase with the increase of the magnesia
content as seen in Figure 5.5. The change in the relative amount of each phase was
consistent with the molar ratio of Al:Mg in the samples.

The PXRD results suggested that the Al,03 and MgO phases of Al-Mg mixed
oxides did not mix as a homogeneous solid solution and only hydrotalcite had the
atomic mixture of Al-Mg. This was attributed to the differences in the hydrolysis rate
of Al(OiPr)3 and Mg(NOs),, as well as the condensation rate of Al and Mg
intermediates during the synthesis of the as-synthesized Al-Mg mixed oxides. The
appearance of chloride in some of the phases might be due to the chloride ions from
HCI which incorporated into the solid structure after the extraction of the template
because chloride compounds were less soluble in ethanol extraction solvent and

chloride ions could strongly coordinate with aluminum ions [65].

Intensity (A.U.)
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Figure 5.1 PXRD pattern of CTAB.
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Figure 5.2 PXRD patterns of extraction samples of (a) the alumina, the Al-Mg mixed
oxide at Al:Mg ratios of (b) 8:1, (c) 4:1, and (d) 2:1. (V) aluminum
oxide chloride (AIOCI), (+) aluminum oxide chloride hydroxide

(Al17016(OH);16Cl3).
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Intensity (A.U.)

Figure 5.3 PXRD patterns of extraction samples of the AlI-Mg mixed oxide at Al:Mg
ratios of (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4, (e) 1:8, and (f) the magnesia. (*)
hydrotalcite (MgAl,CO3(OH);6'4H,0), (®) brucite (Mg(OH),), (+)
magnesium chloride hydroxide hydrate (Mg3;(OH)sCl), () magnesium
chloride hydroxide hydrate (Mg(OH);CI-4H,0).
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A

Intensity (A.U.)

Figure 5.4 PXRD patterns of calcined products of (a) the alumina, the Al-Mg mixed
oxide at Al:Mg ratios of (b) 8:1, (c) 4:1, and (d) 2:1. (®) y-ALO;, (A)
periclase (MgO).
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Figure 5.5 PXRD patterns of calcined products of the Al-Mg mixed oxide at Al:Mg
ratios of (a) 1:1, (b) 1:2, (c¢) 1:3, (d) 1:4, (e) 1:8, and (f) the magnesia. (&)
periclase (MgO), (*) hydrotalcite (MgsAl,CO3(OH)6:4H,0).
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5.1.2 Alkali doped Al-Mg mixed oxides

The PXRD patterns of the as-synthesized KI doped alumina and Al-Mg mixed
oxides at Al:Mg ratios of 8:1, 4:1, and 2:1 showed the mixture of phases: aluminum
oxide chloride hydroxide (Al;70;6(OH);6Cl3), nordstrandite (AI(OH);), potassium
iodide (KI), and potassium iodate (KIOs). The relative amount of the nordstrandite in
the as-synthesized KI doped Al-Mg mixed oxide increased with the increase of
magnesium content but this phase was not found in the as-synthesized KI doped
alumina as shown in Figure 5.6. In addition, the PXRD patterns of the as-synthesized
KI doped Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:2, 1:3, 1:4, 1:8, and the as-
synthesized KI doped magnesia showed the mixed phases of hydrotalcite, potassium
iodide, and potassium iodate. The brucite was found in the as-synthesized KI doped
magnesia instead of hydrotalcite as shown if Figure 5.7. The presence of potassium
iodate in the as-synthesized KI doped samples indicated the partial oxidation of
potassium iodide to potassium iodate during impregnation procedure. The calcined
product of the KI doped alumina only had y-Al,O; phase and no appearance of
potassium species, suggesting the well-dispersed potassium species on the alumina.
The calcined products of the KI doped Al-Mg mixed oxides at Al:Mg ratios of 8:1,
4:1, and 2:1 had the same phases as the undoped KI samples, beside the additional
appearance of potassium iodate, as shown in Figure 5.8. The PXRD patterns of the
calcined products of the KI doped Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:2,
1:3, 1:4, 1:8, and the magnesia showed mixed phases of periclase, KI and KIO;. The
Al-Mg mixed oxide at Al:Mg ratio of 1:1 had the highest relative amount of KI phase.
The Al-Mg mixed oxide at Al:Mg ratio of 1:2 had the highest relative amount of KIOs.
However, no regular trend was observed as shown in Figure 5.9. The average
crystalline sizes of KI (200) and KIOs (220) of the calcined KI doped Al-Mg mixed
oxides and magnesia were 2.20-96.57 and 2.69-151.11 nm, respectively. The PXRD
pattern of the as-synthesized KNO; doped Al-Mg mixed oxide at Al:Mg ratio of 1:4
showed the mixed phases between hydrotalcite and niter (KNO3). Its calcined product
had mixed phases of periclase, potassium aluminum chloride oxide (KAICI,0), niter,
and potassium oxide (K,0). The results suggested that KNOs partially decomposed to

K0 upon calcinations at 550 °C as shown in Figure 5.10. The average crystalline size



Pannapat Chotmongkolsap Results and discussion / 38

of KNO; (111) and K,O (200) of the calcined KNO; doped Al-Mg mixed oxide at
Al:Mg of 1:4 were 31.95 and 38.89 nm, respectively.

Intensity (A.U.)
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Figure 5.6 PXRD patterns of the as-synthesized KI doped (a) alumina, Al-Mg mixed
oxides at Al:Mg ratios of (b) 8:1, (c) 4:1, and (d) 2:1. ('¥) aluminum oxide
chloride hydroxide (Al;7016(OH)4Cl3), (%) nordstrandite (AI(OH)3) (%)
potassium iodide (KI), (®) potassium iodate (KIO;).
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Figure 5.7 PXRD patterns of the as-synthesized KI doped Al-Mg mixed oxides at
Al:Mg ratios of (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4, (e) 1:8, and (f) the
magnesia. (¥) hydrotalcite (MgsALCO3(OH),¢4H,0), (®) brucite, (¥)

potassium iodide, (®) potassium iodate.
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Figure 5.8 PXRD of patterns of the calcined products of the KI doped (a) alumina, Al-
Mg mixed oxides at Al:Mg ratios of (b) 8:1, (c) 4:1, and (d) 2:1. (®) v-

Al O3, (A) periclase, (®) potassium iodate.
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Figure 5.9 PXRD patterns of the calcined products of the KI doped Al-Mg mixed
oxide at Al:Mg ratios of (a) 1:1, (b) 1:2, (c) 1:3, (d) 1:4, (e) 1:8, and (f) the

magnesia. (A) periclase, (¥) potassium iodide, (®) potassium iodate.
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Figure 5.10 PXRD patterns of the KNO; doped Al-Mg mixed oxide at Al:Mg ratio of
1:4, (a) the as-synthesized and (b) the calcined products. (4) periclase,
(*) hydrotalcite, (®) potassium aluminum chloride oxide (KAICIL,0),
(*) niter (KNO3), () potassium oxide (K,O).
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5.2 FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FT-IR)
5.1.1 AI-Mg mixed oxides

The infrared spectra of all the as-synthesized samples showed similar patterns.
The infrared spectrum of the as-synthesized Al-Mg mixed oxide at Al:Mg ratio of 1:4
exhibited the broad intense band at 3435 cm™ due to OH stretching of water molecules
and the bands at 1638 and 912-964 cm™ were attributed to the in-plane and out-of-
plane OH bending, respectively [72]. The bands at 2850 and 2919 cm™ were assigned
to C-H stretching of CH; and CH, of the CTAB [73]. The bands at 1385-1488 cm’!
were assigned to N-O stretching of NO;™ [58]. The bands in the 800-400 cm™ region
were assigned to the stretching of Al-O-Mg, Al-O or Mg-O [73]. The infrared spectra
of the extraction samples had similar patterns with those of the as-synthesized samples
but the intensities decreased and the C-H stretching and bending bands disappeared,
indicating the complete decomposition of organic portion. The bands at 1546-1561
cm™ were attributed to C-O stretching of carbonate anions (COs™) that might come
from CO; in air during the extraction procedure [58]. The infrared spectra of the
calcined products exhibited similar patterns with those of the extraction samples
However, the C-O stretching bands of carbonate anion disappeared, indicating the
decomposition of the carbonate ions during calcination under oxidizing atmosphere.
These results were in agreement with the PXRD results, which suggested the presence
of hydrotalcite phase, which contained carbonate ions, in the sample after extraction
and the relative amount of hydrotalcite decreased upon calcination. The infrared
spectra of the Al-Mg mixed oxides with Al:Mg ratio of 1:4 at various preparation steps

were shown in Figure 5.11.
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Figure 5.11 FT-IR spectra of the Al-Mg mixed oxides at Al:Mg ratio of 1:4 : (a) the

as-synthesized, (b) the extraction, and (c) the calcined samples.
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5.1.2 Alkali doped Al-Mg mixed oxides

. The as-synthesized alkali doped catalysts exhibited similar IR spectra to those
of the calcined Al-Mg mixed oxides except the presence of C-O stretching band of
carbonate anions. The exposure to air and water during alkali impregnation might
cause the incorporation of CO;” ions into the structure. As the hydrotalcite phase was
found in the PXRD experiment. The IR spectra of the calcined products of the alkali
doped Al-Mg mixed oxides had similar pattern to those of the as-synthesized alkali
doped samples but the intensities at 1540-1560 cm™ decreased a little, indicating that
the carbonate ions in the samples partially decomposed. The example of the typical IR
spectra of the alkali doped AI-Mg mixed oxide before and after calcination was shown

in Figure 5.12.
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Figure 5.12 FT-IR spectra of the KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4
(a) the as-synthesized and (b) the calcined samples.
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5.3 THERMAL ANALYSIS

Thermogravimetry analysis and differential thermal analysis (TGA-DTA) of
the CTAB were shown in Figure 5.13. The TGA result indicated a two-step complete
decomposition of CTAB. The first mass change occurred at above 200 °C with a mass
loss of over 90 % and the second mass change at above 400 °C. The former mass
change was attributed to the decomposition of CTAB, and the latter was to the
decomposition of carbon residue[74]. The DTA of CTAB (Figure 5.13b) displayed
one endothermic peak at 114 °C and three exothermic peaks at 208, 324, and 492 °C.
The endothermic process was probably due to the desorption of physisorbed water in
CTAB. The first two exothermic peaks (at 208, and 324 °C) were possibly associated
with the decomposition of CTAB, as they were in the same temperature vicinity as the
major mass loss (90 %). The last exothermic peak at 492 °C was attributed to the
combustion of the carbon residue. The TGA-DTA results of the as-synthesized
alumina, AI-Mg mixed oxides at Al:Mg ratios of 2:1 and 1:2, and magnesia showed
similar patterns. Nevertheless, the combustion of carbon residue in the as-synthesized
Al-Mg mixed oxides took place at higher temperature (526 °C and 537 °C for the Al-
Mg mixed oxides at Al:Mg ratios of 2:1 and 1:2, respectively) than the as-synthesized
alumina (509 °C) and the as-synthesized magnesia (501 °C) samples. In addition, the
decomposition of CTAB in the as-synthesized samples occurred at higher temperature
than that of the CTAB itself. According to Figure 5.13 c-h, the DTA results revealed
the exothermic decomposition at 343, 343, 330, and 346 °C for the as-synthesized
alumina, Al-Mg mixed oxides at Al-Mg ratios of 2:1 and 1:2, and magnesia,
respectively, indicating the interactions between the oxides and CTAB. Furthermore,
the exothermic peak at about 300 °C in the DTAs of the as-synthesized Al-Mg mixed
oxides and that of the as-synthesized magnesia, which was absent in the DTAs of the
CTAB and the as-synthesized alumina, was likely due to the dehydroxylation of
Mg(OH); [75].
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Figure 5.13 TGA curves of (a) CTAB, (c) as-synthesized alumina, (e) as-
synthesized Al-Mg mixed oxides at Al:Mg ratios of 2:1, (g) 1:2, and (i)
as-synthesized magnesia and DTA curves of (b) CTAB, (d) as-
synthesized alumina, as-synthesized Al-Mg mixed oxides at Al:Mg
ratios of (f) 2:1, (h) 1:2, and (g)as-synthesized magnesia.
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5.4 TRANSMISSION ELECTRON MICROSCOPY (TEM)

TEM images of all calcined products of alumina, Al-Mg mixed oxides, and
magnesia (Figure 5.14 a-f) showed worm whole-like structure and they had less
porosity with increasing magnesia content. The calcined magnesia sample displayed

no feature of mesoporous structure (Figure 5.14 f). Hence, the presence of the

magnesia might lead to the collapse of the porous structure.

Figure 5.14 TEM images of the calcined products of (a) the alumina, (b) the Al-Mg
mixed oxides at Al:Mg ratios of 4:1, (c¢) 2:1, (d) 1:2, (e) 1:4, and (f) the

magnesia. Bar scales in the images are 50 nm.
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5.5 N, ADSORPTION-DESORPTION MEASUREMENT

Textural properties of calcined products of the alumina, the Al-Mg mixed
oxides, and the magnesia were summarized in Table 5.1. The BET surface areas of the
alumina, the Al-Mg mixed oxides at Al:Mg ratios of 8:1, 4:1, and 2:1 were similar
(211-230 m*g") and the BET surface areas of the Al-Mg mixed oxides decreased as
the Al:Mg ratio changed from 2:1 to 1:1 and increased as the Al:Mg ratio changed
from 1:1 to 1:4 and decreased again as the Al:Mg ratio changed from 1:4 to the pure
magnesia. Likewise, the total pore volumes decreased as the Al:Mg ratio changed
from 8:1 to 1:1 and increased as the Al:Mg ratio changed from 1:1 to the pure
magnesia. Nevertheless, the average pore sizes exhibited no correlation with the Al-

Mg content.

The average crystalline sizes of KI and KIO; of the calcined KI doped Al-Mg
mixed oxides and magnesia were larger than average pore diameter of the calcined Al-
Mg mixed oxides and magnesia. Likewise, the crystalline size of K,O of the calcined
Al-Mg mixed oxide at Al:Mg ratio of 1:4 was larger than the average pore diameter of
the calcined Al-Mg mixed oxide at Al:Mg ratio of 1:4. Hence, the particles of KI,
KIOs, KNOs, and K,O were mostly on the external surface of the AI-Mg mixed oxides

and magnesia.

The alumina and the Al-Mg mixed oxide at Al:Mg mixed ratio of 1:4 had
narrow pore size distributions with average pore size of 4.7 and 3.9 nm, respectively,
as shown in Figure 5.15. The other Al-Mg mixed oxides had similar pore size
distribution curve, but the magnesia had a broad pore size distribution as shown in
Figure 5.15. The N, adsorption-desorption isotherms of the alumina, the AI-Mg mixed
oxides, and the magnesia (Figure 5.16) were similar and could be classified as the
classical shape of type IV isotherm, indicating typical mesoporous solids. The
hysteresis loop of the alumina displayed type E characteristic, indicating that the
alumina had tubular or ink-bottom pores [76]. All Al-Mg mixed oxide samples had
hysteresis loops of type B characteristic, indicating that the Al-Mg mixed oxides had
capillary space between parallel plates or open slit-shaped capillary [76]. However, the

isotherm of the magnesia indicated that the magnesia had spaces among particles



Pannapat Chotmongkolsap Results and discussion / 54

instead of pores. This result agreed with the TEM image and the BJH pore size

distribution, where less pore structure and broad pore size distribution were observed.

Table 5.1 The physico-chemical properties of the alumina, the Al-Mg mixed oxide,

and the magnesia.

Al:Mg ratio BET surzfafe area Pore v;)llllme Average pore

(m°g") (em’g™) diameter (nm)
1:0 230 0.27 4.7
8:1 216 0.32 5.9
4:1 224 0.32 5.8
2:1 211 0.27 5.1
I:1 127 0.09 4.7
1:2 172 0.13 5.2
1:3 252 0.18 3.8
1:4 266 0.19 3.9
1:8 205 0.25 7.2
0:1 96 0.38 16.3
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Figure 5.15 BJH pore size dritribution of (m) the calcined alumina, (A ) the calcined
Al-Mg mixed oxide at Al:Mg ratio of 1:4, and () the calcined magnesia.
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Figure 5.16 N, adsorption-desorption isotherms of (m) the calcined alumina, (A) the
calcined Al-Mg mixed oxide at Al:Mg ratio of 1:4, and (e) the calcined

magnesia.
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5.6 X-RAY FLUORESCENCE SPRCTROMETRY (XRF)

The Al:Mg atomic ratios in the calcined AlI-Mg mixed oxides were measured
by XRF spectrometry and shown in Table 5.2. The Al:Mg atomic ratio values in all
samples were close to the values estimated from the amount of the starting materials.
However, the calcined alkali doped samples had 1.55 — 2.00 mmol of potassium atoms
per 1 g of catalyst, which was lower than the theoretical value (2.1 mmol per 1g of

catalyst).

Table 5.2 The Al:Mg atomic ratio values in the calcined Al-Mg mixed oxides.

Sample Al:Mg ratio Al:Mg ratio
(Theory) (Experiment)
Al-Mg mixed oxide at Al:Mg ratio of 8:1 1:0.125 1:0.094
Al-Mg mixed oxide at Al:Mg ratio of 4:1 1:0.25 1:0.21
Al-Mg mixed oxide at Al:Mg ratio of 2:1 1:0.5 1:0.47
Al-Mg mixed oxide at Al:Mg ratio of 1:1 1:1 1:1.01
Al-Mg mixed oxide at Al:Mg ratio of 1:2 1:2 1:2.10
Al-Mg mixed oxide at Al:Mg ratio of 1:3 1:3 1:3.35
Al-Mg mixed oxide at Al:Mg ratio of 1:4 1:4 1:4.15
Al-Mg mixed oxide at Al:Mg ratio of 1:8 1:8 1:8.06

5.7 ACID AND BASE STRENGTH MEASUREMENT

The base strength of the alumina, the AI-Mg mixed oxides, and the magnesia
increased with increasing magnesia content. Likewise, alkali doped samples had
higher base strength with increasing magnesia content. Moreover, both KI and KNO3
doped Al-Mg mixed oxides at the same Al:Mg ratio had the same base strength.
Hence, the magnesia content could increase the base strength and the presence of
alkali species (potassium) could also increase the base strength of the catalysts. The
base strength of the alumina, the Al-Mg mixed oxides, the magnesia, and the alkali

doped samples were shown in Table 5.3.
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Table 5.3 Base strength of the catalysts.

Catalyst pKgnt

alumina pKgu* £ 7.2

Al-Mg mixed oxide at Al:Mg ratio of 8:1 pKpu* < 7.2

Al-Mg mixed oxide at Al:Mg ratio of 4:1 pKap* < 7.2
Al-Mg mixed oxide at Al:Mg ratio of 2:1 7.2<pKgn* <9.8
Al-Mg mixed oxide at Al:Mg ratio of 1:1 72<pKpu* <9.8
Al-Mg mixed oxide at Al:Mg ratio of 1:2 7.2<pKgp* <9.8
Al-Mg mixed oxide at Al:Mg ratio of 1:3 7.2<pKgpn* <9.8
Al-Mg mixed oxide at Al:Mg ratio of 1:4 72<pKpu* <9.8
Al-Mg mixed oxide at Al:Mg ratio of 1:8 7.2<pKgp* <9.8
magnesia 7.2<pKgu* <9.8
KI doped alumina 7.2<pKpu*<9.8
KI doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 72<pKp* <9.8
KI doped Al-Mg mixed oxide at Al:Mg ratio of 4:1 7.2<pKgn* <9.8
KI doped Al-Mg mixed oxide at Al:Mg ratio of 2:1 72<pKpp*<9.8
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:1 9.8<pKgu* <15
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:2 9.8<pKgy* <15
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:3 9.8<pKpu* <15
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 9.8<pKpu* <15
KNOj3 doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 9.8<pKpuy* <15
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:8 9.8<pKpy* <15
KI doped magnesia 9.8<pKpu* <15
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5.8 TRANSESTERIFICATION OF SOYBEAN OIL

Percentage yields of fatty acid methyl ester from soybean oil using alkali
doped alumina, alkali doped Al-Mg mixed oxides, and alkali doped magnesia were

shown in Figure 5.17 and Figure 5.18.
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Figure 5.17 Percentage yields of FAME from transesterification of soybean oil using
no catalyst, KI doped alumina, and KI doped Al-Mg mixed oxides at
Al:Mg ratios of 8:1, 4:1, and 2:1 as catalyst.
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Figure 5.18 Percentage yields of FAME using KI doped Al-Mg mixed oxide at Al:Mg
ratios of 1:1, 1:2, 1:3, 1:4, and 1:8, KI doped magnesia, and undoped
Al-Mg mixed oxide at Al:Mg 1:4 as catalyst.

The transesterification of soybean oil with methanol in the absence of catalyst
essentially produced no fatty acid methyl ester (FAME) under the condition studied,
while all KI doped catalysts were active for the reaction as shown in Figure 5.17 and
5.18. The KI doped alumina was more active than the KI doped Al-Mg mixed oxides
with high aluminum content at the Al:Mg ratios of 1:2, 1:4, and 1:8. These samples
had similar basic strength (7.2 <pKgyp* <9.8) and similar surface area (211-230 ng'l),
thus the difference in the transesterification is yet explained and further study is
needed. One hypothesis now is the potassium species was better dispersed on the
alumina compared to on the mixed oxides, as the XRD results showed no crystalline
potassium species on the alumina, but KI and KIO; phases were observed on the
mixed oxides. However, the KI doped Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:3

and 1:4 gave higher yield of FAME as the magnesium content increased as shown in
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Figure 5.18. The yield of FAME from the reaction with the KI doped Al-Mg mixed
oxide at Al:Mg ratio of 1:4 was approximately 90% after 8 h, while the yield from the
reaction with the KI doped Al-Mg mixed oxide at Al:Mg ratio of 4:1 was only 20 %
after 8 h. The higher activity in this case might be a result of the higher magnesium
content which led to the higher basicity of the sample. Figure 5.19 showed the
correlation of the magnesia content and the FAME produced from the reaction at 24 h.
The undoped Al-Mg mixed oxide at Al:Mg ratio of 1:4 showed no activity after 8 h
and has only 2% yield of FAME after 56 h because of low basicity of this catalyst
(7.2<pKpy* <£9.8) as shown in Figure 5.18. Figure 5.19 also showed that the KI
doped magnesia catalyst was not as active as the KI doped Al-Mg mixed oxides. Even
though the KI dope magnesia sample had similar base strength to those of the KI
doped mixed oxides, the surface area of the magnesia support was much lower (96
m’g™"). Therefore, the lower activity was obtained. In addition, the KI doped Al-Mg
mixed oxide at Al:Mg ratio of 1:4 had higher activity than that of the KNO; doped Al-
Mg mixed oxide at the same Al:Mg ratio (Figure 5.20). This result was in good
agreement with that reported by Xie [58]. Xie reported that the calcined KI doped
alumina had higher activity than KNO3 doped sample, with 87.4 and 67.4 % yield of
FAME at 6 h, respectively. However, our KI doped Al:Mg mixed oxide at Al:Mg 1:4
exhibited higher activity (85 % yield at 4 h).

The leaching and reuse ability of the KI doped Al-Mg mixed oxide at Al:Mg
ratio of 1:4 were shown in Figure 5.21 and 5.22, respectively. Leaching test for the
calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 was carried out by
filtering out the catalyst from the transesterification reaction mixture after 2 h. The
result showed no change in the percentage yield of FAME after the catalyst removal.
10 mL of methanol was added to the reaction at 25 h to ensure that the loss of activity
was not caused by methanol evaporation during the catalyst removal. After the
addition of methanol, the yield of FAME remained relative unaffected, indicating that
the Al-Mg mixed oxide at Al:Mg ratio of 1:4 was a heterogeneous catalyst without any
soluble active species in the reaction. To study the reuse ability of the KI doped Al-Mg
mixed oxide catalyst, recovered catalysts were washed with acetone and hexane,

respectively, and dried at 120 °C for 24 h, then either used without further treatment or
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treated by calcinations at 550 °C for 5 h. The recovered catalyst with calcination
treatment showed to be only half as active as the first catalyst (47 % vs 95 % yield at
24 h), as shown in Figure 5.22, for the calcined KI doped Al-Mg mixed oxide at
Al:Mg ratio of 1:4. The recovered catalyst used without calcinations was even less
active (10 % yield at 24 h). These results indicated that the reused catalysts were

somehow deactivated or poisoned during the reaction.
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Figure 5.19 Correlation of the magnesia content in the KI doped Al-Mg mixed oxide
catalysts and the percentage yield of FAME produced from the

transesterification of soybean oil with methanol at 24 h.
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Figure 5.20 Influence of type of potassium salt doped Al-Mg mixed oxide at Al:Mg
ratio of 1:4 on the percentage yield of FAME.
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Figure 5.21 Leaching test of the calcined KI doped Al-Mg mixed oxide catalyst at
Al:Mg ratio of 1:4. The catalyst was removed after 2 h and the

transesterification was continued at 80 °C.
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Figure 5.22 Reuse ability of the calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of
1:4.
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CHAPTER 6
CONCLUSION

The phases of the calcined alumina and the calcined magnesia were y-Al,0O3
and periclase, respectively. The phase of the calcined Al-Mg mixed oxides at Al:Mg
ratios of 8:1, 4:1, and 2:1 were the mixture of y-Al,O3 and periclase. On the other
hand, the calcined Al-Mg mixed oxides at Al:Mg ratios of 1:1, 1:2, 1:3, 1:4, and 1:8
were the mixture of hydrotalcite (MgsAl,CO3(OH)16:4H,0) and periclase (MgO). The
phases of all samples remained unchanged after doping with KI or KNOs3, except the
additional appearance of Kl and KIO3 phases in the calcined KI doped samples and of

KNO; and K;0 phases in the calcined KNO3; doped samples.

The calcined alumina had mesoporous structure with tubular or ink-bottom
pores. The calcined Al-Mg mixed oxides had capillary space between parallel plates or
open slit-shaped capillary. The magnesia had only space among particles without
mesopores in the material. The mesoporosity of the materials tended to decrease with
the increasing magnesia content. BET surface area of alumina was 230 m?g™. The
calcined Al-Mg mixed oxides had BET surface areas varied between 127 and 266 m?g’
! The calcined Al-Mg mixed oxide at Al:Mg ratio of 1:4 had the highest BET surface
area (266 m?g™) and the calcined magnesia had the lowest BET surface area (96 m?g’
1)'

The base strength of the calcined alumina, the Al-Mg mixed oxides, and the
magnesia increased with magnesia content.

The percentage yield of FAME using the calcined alkali doped alumina, Al-Mg
mixed oxides, and the magnesia as catalyst were in range 5-90 % after 8 h of reaction.
The calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 had the highest
catalytic activity of approximately 90 % yield of FAME after 8 h and higher than the
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calcined KNOj3 doped Al-Mg mixed oxide at the same ratio (47 %). Moerover, There
was no catalytically active species leaching from the calcined Al-Mg mixed oxide at
Al:Mg ratio of 1:4, indicating that this catalytic system was heterogeneous.
Nevertheless, the reused catalysts were inactive, indicating that the catalysts might be
deactivated or poisoned during the reaction.
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SUGGESTION FOR THE FURTHER STUDY

1. The incipient wetness method for alkali doped Al-Mg mixed oxides may be
used to increase dispersion of potassium species in their pores and their external
surfaces and percentage weight of potassium salts should be varied to optimize the
catalytic activity of the catalysts.

2. The catalytic conditions, such as soybean oil:methanol ratio, reaction
temperature, and catalyst loading, should be studied to acheive maximum percentage
yield of FAME.

3. The locally produced oils, such as palm oil and coconut oil may be used as a
substrate in catalytic reaction to reduce the material cost.
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APPENDIX A

THE CRYSTALLITE SIZE OF KI, KIO3, KNO3;, AND K,0 OF Al-Mg MIXED
OXIDES AND MAGNESIA

Table 1A The crystalline size of KI (200) and KIO3 (220) of KI doped Al- Mg mixed

oxides and magnesia.

samples Crystalline size (nm)
Kl KIOs
KI doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 - 55.67
KI doped Al-Mg mixed oxide at Al:Mg ratio of 4:1 - 45.50
KI doped Al-Mg mixed oxide at Al:Mg ratio of 2:1 - 24.69
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:1 89.96 71.19
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:2 96.57 112.83
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:3 2.20 2.69
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 37.58 4191
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:8 40.50 101.86
KI doped magnesia 36.90 151.11

Table 2A The crystalline size of KNO3 (111) and K;0 (200) of KNO3 doped Al-Mg
mixed oxide at Al:Mg ratio of 1:4.

Crystalline size (nm)
Samples

KNO;3 K0
KNO; doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 31.95 38.89
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APPENDIX B
TRANSMISSION ELECTRON MICROSCOPY (TEM)

Figure 1B. TEM image of the alumina.
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Figure 2B. TEM image of the Al-Mg mixed oxide at Al:Mg of 1:1.

50 nm

Figure 3B. TEM image of the KI doped Al-Mg mixed oxide at Al:Mg at of 1:1.
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Figure 4B. TEM image of the Al-Mg mixed oxide at Al:Mg of 1:2.

Figure 5B. TEM image of KI doped Al-Mg mixed oxide at Al:Mg of 1:2.
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Figure 6B. TEM image of the Al-Mg mixed oxide at Al:Mg of 1:8.

Figure 7B. TEM image of KI doped Al-Mg mixed oxide at Al:Mg of 1:8.
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Figure 8B. TEM image of the magnesia.

Figure 9B. TEM image of KI doped magnesia.
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Figure 11B. TEM image of the Al-Mg mixed oxide at Al:Mg of 4:1.
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50 nm

Figure 12B. TEM image of the Al-Mg mixed oxide at Al:Mg of 2:1.

Figure 13B. TEM image of the AlI-Mg mixed oxide at Al:Mg of 1:3.
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Figure 14B. TEM image of the Al-Mg mixed oxide at Al:Mg of 1:4.
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APPENDIX C

BJH PORE SIZE DISTRIBUTION AND N, ADSOPRTION-DESORPTION
ISOTHERM
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Figure 1C. BJH pore size distribution of alumina.
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Figure 2C. N, adsorption-desorption isotherm of alumina.
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Figure 3C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 8:1.
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Figure 4C. N, adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
8:1.
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Figure 5C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 4:1.
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Figure 6C. N, adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
4:1.
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Figure 7C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 2:1.
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Figure 8C. N adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
2:1.
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Figure 10C. N, adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
1:1.
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Figure 11C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:2.
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Figure 12C. N, adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
1:2.
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Figure 13C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:3.
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Figure 14C. N, adsorption-desorption isotherm of Al-Mg mixed oxide at Al:Mg of
1:3.
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Figure 15C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:4.
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Figure 16C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:4.
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Figure 17C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:8.
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Figure 18C. BJH pore size distribution of Al-Mg mixed oxide at Al:Mg of 1:8.
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Figure 19C. BJH pore size distribution of magnesia.
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Figure 20C. BJH pore size distribution of magnesia.
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APPENDIX D

MOLE OF Al AND Mg ATOMS IN THE Al-Mg MIXED OXIDES
AND MOLE OF K ATOM IN THE K DOPED Al-Mg MIXED OXIDES

Table 1D mole of Al and Mg atoms in the Al-Mg mixed oxides 1g.

Appendix / 94

Al-Mg mixed oxide Mole of Al Mole of Mg
atom (mmol) atom (mmol)
Al-Mg mixed oxide at Al:Mg ratio of 8:1 8.0 0.7
Al-Mg mixed oxide at Al:Mg ratio of 4:1 6.2 1.3
Al-Mg mixed oxide at Al:Mg ratio of 2:1 5.8 27
Al-Mg mixed oxide at Al:Mg ratio of 1:1 2.9 29
Al-Mg mixed oxide at Al:Mg ratio of 1:2 1.7 36
Al-Mg mixed oxide at Al:Mg ratio of 1:3 1.2 4.3
Al-Mg mixed oxide at Al:Mg ratio of 1:4 11 4.4
Al-Mg mixed oxide at Al:Mg ratio of 1:8 0.6

5.1
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Table 2D mmole of K atom in the Al-Mg mixed oxides 1 g.

K doped Al-Mg mixed oxide Mole of K atom
(mmol)
K1 doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 1.9
K1 doped Al-Mg mixed oxide at Al:Mg ratio of 4:1 18
KI doped Al-Mg mixed oxide at Al:Mg ratio of 2:1 1.8
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:1 1.6
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:2 2.0
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:3 2.0
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 1.5
KNO; doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 1.6
KI doped Al-Mg mixed oxide at Al:Mg ratio of 1:8 1.8
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PERCENTAGE YIELD OF FATTY ACID METHYL ESTER (FAME)

Table 1E Percentage yield of FAME from transesterification of soybean oil without

catalyst.

Time (h)

% yield of FAME (%)

ol O Ol ol o o ol o] o

o| O] O Ol o o ol ol o
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Table 2E Percentage yield of FAME from transesterification of soybean oil using Al-

Mg mixed oxide at Al:Mg ratio of 1:4 as catalyst.

Time (h) | % yield of FAME (%)
0 0
1 0
2 0
4 0
8 0
24 0.53
32 0.94
48 1.67
56 2.09

Table 3E Percentage yield of FAME from transesterification of soybean oil using Kl

doped alumina as catalyst.

Time (h) | % yield of FAME (%0)

0 0

1 1.91
2 5.97
4 16.71
8 36.20
24 79.32
32 86.65
48 91.61
56 92.57
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Table 4E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 as catalyst.

Time (h) | % yield of FAME (%)
0
1 0.95
2 2.68
4 6.71
8 19.91
24 59.45
32 67.31
48 75.16
56 76.50

Table 5E Percentage yield of FAME from transesterification of soybean oil using Kl

oped Al-Mg mixed oxide at Al:Mg ratio of 4:1 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 1.03
2 2.51
4 7.86
8 22.57
24 70.39
32 80.21
48 86.00
56 87.23
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Table 6E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 8:1 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 0.95
2 2.68
4 6.71
8 19.91
24 59.45
32 67.31
48 75.16
56 76.50

Table 7E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 4:1 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 1.03
2 251
4 7.86
8 2257
24 70.39
32 80.21
48 86.00
56 87.23
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Table 8E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 2:1 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 2.29
2 5.14
4 10.69
8 26.57
24 63.92
32 74.22
48 81.29
56 80.49

Table 9E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 1:1 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 8.15
2 15.32
4 24.42
8 40.13
24 63.74
32 72.05
48 81.01
56 80.93




Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Appl. Anal. and Inorg. Chem.) / 101

Table 10E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 1:2 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 35.89
2 47.23
4 54.93
8 62.23
24 74.52
32 76.73
48 79.87
56 81.38

Table 11E Percentage yield of FAME from transesterification of soybean oil using Kl
doped Al-Mg mixed oxide at Al:Mg ratio of 1:3 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 10.39
2 25.57
4 48.13
8 76.05
24 88.53
32 89.71
48 89.89
56 90.46
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Table 12E Percentage yield of FAME from transesterification of soybean oil using Kl

doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 as catalyst.

Time (h) | % yield of FAME (%)
0 0.19
1 44.76
2 68.91
4 84.69
8 89.89
24 95.53
32 94.16
48 95.43
56 94.86

Table 13E Percentage yield of FAME from transesterification of soybean oil using Kl
doped Al-Mg mixed oxide at Al:Mg ratio of 1:8 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 43.02
2 64.5
4 71.34
8 76.07
24 85.43
32 87.12
48 88.34
56 89.29
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Table 14E Percentage yield of FAME from transesterification of soybean oil using Kl

doped magnesia.

Time (h) | % yield of FAME (%)

0 0

1 0.24
2 0.48
4 1.05
8 5.27
24 17.75
32 25.24
48 29.05
56 31.27

Table 15E Percentage yield of FAME from transesterification of soybean oil using
KNO; doped Al-Mg mixed oxide at Al:Mg ratio of 1:4 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 2.69
2 10.98
4 29.53
8 46.71
24 73.00
32 82.84
48 91.37
56 92.31
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Table 16E Percentage yield of FAME from transesterification of soybean oil using

the first reused calcined K1 doped Al-Mg mixed oxide at Al:Mg of 1:4 as

catalyst.

Time (h) | % yield of FAME (%)

0 0

1 0.24
2 0.48
4 1.05
8 5.27
24 17.75
32 25.24
48 29.05
56 31.27
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Table 17E Percentage yield of FAME from transesterification of soybean oil using
the second reused calcined KI doped Al-Mg mixed oxide at Al:Mg ratio of
1:4 as catalyst.

Time (h) | % yield of FAME (%)

0 0

1 0.15
2 0.32
4 1.07
8 3.97
24 3.49
32 5.63
48 5.99
56 9.87
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Table 18E Percentage yield of FAME from transesterification of soybean oil using

the first reused uncalcined K1 doped Al-Mg mixed oxide at Al:Mg ratio of

1:4 as catalyst.

Time (h) | % yield of FAME (%)
0 0
1 0
2 0
4 0
8 1.07
24 10.29
32 14.65
48 21.73
56 21.98
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Table 19E Leaching test of the calcined KI doped Al-Mg mixed oxide catalyst at
Al:Mg ratio of 1:4.

Time (h) | % yield of FAME (%)

0 0

1 37.56
2 55.88
3 56.82
4 57.55
5 57.03
6 57.41
7 57.71
8 57.73
24 58.59
25 57.32
26 59.65
27 57.11
28 56.66
29 57.37
30 58.05
48 54.59
56 53.62
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