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CHAPTER|

INTRODUCTION

1.1 The Statement of Problem

The fossil fuels mainly crude oil, natural gas and coal have been playing an
important role worldwide.as the major energy. resourresecent years, the energy
demand is increasing centinuously because of the growth of population and the rapid
development of indusiry and economics. Diesel fuel is a petroleum-based fuel, largely
utilized in the area ofstransportation, 'égricultupe,wer generation and industries.
However, the petroleum sources are limited and non-renewable. Moreover, the
petroleum-derived fuels gontain aromatics, organic sulfurs, and heavy metals. Their
combustion emitts pollutants in'the f_grm of oxides of sulfur, oxides of carbon,
particulate matter and unbuint-hydrocarbons. Therefore, there is an urgent need to
develop alternative fuels that are renewaple, clean and economically feasible as a

substitute to the petroleum diesel.

Biodiesel is a mixture of monoalkyl esters of long chain fatty acids derived
from renewable feedstoeks such as vegateble oils or animal fats [1]. It can be used
directly in diesel engines without requiring engine modifications. Biodiesel is usually
produced by transesterification of vegetable oils or animal fats with a monoalkyl
alcohal, (methanel or ethanal) in“the presence of a catelys. catalysts most
frequently used in the industrial biodiesel production are homogeneous basic
catalysts, for example NaOH and KOH. The base-catalyzed transesterification can
actively produce monoalkyl esters with a high yield under mild conditions. However,
in the homogeneous process, removal of the soluble catalysts from the reaction
mixture is difficult and generates a large amount of alkali wastewater during washing

step.



Heterogeneous catalysts can overcome these problems since they can be easily
separated from the reactiomixture and reutilized, diminishing waste from the
conventional process. A number of heterogeneous base catalysts for the
transesterification of vegetable oils such as Na/NaM/O; [2] and various alkali
metal compounds supported on alumina [3-5] have been proposed. However, since
the active oxide species are easily leached by methanol, the supported alkali catalysts
exhibited short service lifetime [6]. Several oxides of alkali earth metals such as CaO
[7-11] and MgO [12-14] have been investigated to minimize the leaching effect due to
their low solubility in methanol [7]: The mixed metal oxides have gain attention
because of their improved.basiCity. It is established that the mixed oxide of Ca and Zn
with the Ca/Zn ratio of 0:25:was active in the methanolysis of palm kernel oil [15].
This result emphasizes the” advantage of co-existence of two different basic oxide

components in the catalyst for transesterification.

The present thesis is an attempt-t'o"improve the physicochemical properties and
the catalytic performance of"the mlxed _oxides based on Ca and Zn for the
transesterification of palm kernel oil. An mtroductlon of magnesium into the mixed
oxide is supposed-to increase the baS|c propertles, leading to an enhancement of the
activity of the resultant mixed oxides. We have prepared the mixed oxides of Ca, Mg
and Zn by pH-contralling co-precipitation method. Effects of various factors such as
metal composition, aging time and aging temperature were studied to find suitable
conditions for:the catalyst preparation:~The physicochemical properties of the mixed
oxides were investigated by several techniques. The catalytic performance was
studied. in .the, transesterification .of ;palm kernel .0il .with. methanol under batch
conditions. Moreover, the influences of reaction ‘cenditions en methyl ester (ME)

content were investigated.



1.2 Objectives of the Research Work

1. To synthesize mixed oxides of Ca, Mg and Zn by pH-controlling precipitation
method.
2. To study the transesterification of palm kernel oil with methanol over the prepared

mixed oxides of Ca, Mg and Zn.

1.3 Scope of the Resear ch"'Weork

1. Literature survey.
2. Synthesize mixed oxides oF Ca, Mg and Zn by pH-controlling co-precipitation
method. The parameters influencing. the physical properties and transesterification
performance of the resultant catalysts are studied, including.

e Metal composition(Ca:Mg:Zn) = 0:1:1, 1:1:1, 3:1:1, 1:3:1 and 1:1:3

e Molar ratio of C@* 10 metalion 0.75:1.5

e Sodium carbonate Concentration . 10.5-1 M

e pH during precipitation  7,8,9and 10

e Aging time 8 and 20 h

e Aging temperature room temperature and 60°C
e Calcination temperature 500, 600, 700 and 800°C

3. Find the suitable conditions for the catalyst preparation.
4. Characterize the prepared catalysts hy following techniques:
e Scanning electron microseopy (SEM)
o X-ray fluorescence spectrometry (XRF)
e X-ray diffraction (XRD)
e N, adsorption-desorption measurement
e Thermogravimetric and differential thermal analy3i6/DTA)
e Temperature-programmed desorption of,G8D,-TPD)
5. Sudy effects of transesterification conditions on the formation of methyl esters.

Various reaction parameters are investigated, including methanol/oil ratio, catalyst



amount and reaction time. The methyl ester (ME) content in the biodiesel product is
determined by gas chromatography.

6. Summarize the results and write thesis.

AUEINENINYINS
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CHAPTER Il

THEORY AND LITERATURE REVIEWS

2.1 Biodiesel

Biodiesel is defined as a mixture of*monealkyl esters of long chain fatty acids
derived from renewable feedstocks,d such as vegetable oils or animal fats. Biodiesel
has a potential to be an@liernate for conventional diesel fuel produced from crude oil.
It can be used directly’as/fuel or blended with petroleum diesel and used in diesel
engines with few or ne engine modifications. Neat biodiesel fuel is designated as
B100. A biodiesel blend'is/a mixture xéf»pure biodiesel with the conventional diesel.
For example, B20 isderived from 80 AVQII.% petroleum diesel blended with 20 vol.%
B100. Advantages of biodiesel are the ,f_é_l!dwing:

e |tis made from renewable sources that can be produced domestically.

e It reduces emission of carbon m(;ﬁog,ide, sulfur dioxide, unburnt hydrocarbons
and paticulate matters generated during the combustion process.

e It has relatively high cetane number and high ftbricant properties compared to
diesel fuel.

e It has no aromaticS*and sulfur compounds.

e |t contains high.oxygen by weight, which.improvesithe combustion process

e |tis biodegradable and non toxic.
2.1.1 Roperties of biodiesel

Biodiesel is a clear yellow liquid with a viscosity similarly to that of
petrodiesel. Typically, it comprises of esters with long chain fatty acids,e¢€£& and
shot chain alkyl alcohols. Table 1 compares some important properties of diesel and
biodiesel. As can be seen, the physicochemical properties of biodiesel are similar to

diesel fuel. However, the fuel properties of biodiesel are superior to those of diesel



fuel. Biodiesel has a higher flash point, meaning a safe handling and transporting. It

possesses the oxygen content of ca. 11 wt.% of oxygen by weight, which enhances a

complete combustion in an engine. Moreover, it possesses high cetane number

corresponds to shorter ignition delay time and advances the combustion timing.

Table 2.1 Comparison of diesel and biodiesel properties [16]

Property Diesel Biodiesel
Composition z-lglzl-rgsgrbon I(:étltzy C?zc;;d alkyl ester
Kinematc viscosTy radge 1341 1960
Specific gravity (@ml) 0.85 0.88
Flash point range (K) 333353 373-443
Cloud point range (K) - 258-278 270-285
Pour point range (K) -243-258 258-289
Water (vol.%) 0.05 0.05
Carbon (wt.%) 87 77
Hydrogen (wt.%) 13 12
Oxygen (wt.%) 0 11

Sulfur (wt.%) 0!05 0.05
Cetane number range 40-55 48-60

2:1.2 Quality specifications of biodiesel

Prior to use biodiesel as a commercial fuel, its physicochemical and fuel

properties must be analyzed to ensure the standard specifications required. In the

United States, biodiesel must meet the specifications issued by the American Society
of Testing and Materials (ASTM). ASTM D 6751 is the method for verifying pure

biodiesel, while biodiesel blends cointaining B100 in the range of 6 to 20 wt.% are



tested according to ASTM D 7467. EN 14214 is the standard biodiesel used in the
European countries. In the United Kingdom, it is known as BS EN 14214, while DIN

EN 14214 is set in Germany. In Thailand, the biodiesel properties are evaluated

according to the standard issued by Department of Energy Business, Ministry of

Energy, which is adopted from the ASTM and EN standards. The standard

specification for biodiesel in Thailand is listed in Table 2.2.

Table 2.2 Standard specification for biegies€Lin Thailand [17]

Property Lowerlimit  Upper limit Test method
Methyl ester (wt.%) 96.5 - EN 14103
Density at 15°C (kg¥) 860 900  ASTM D 1298
Viscosity at 40°C (cSt) 33 5 ASTM D 445
Flash point (°C) 120 - ASTM D 93
Sulphur (wt.%) . 0.0010  ASTM D 2622
(c):r{ljl r1bC())°po rdeizlt(ijlll;;i’on residue (wit.%) » 0.30 ASTM D 4530
Cetane number 51 - ASTM D 613

Sulfated ash (wt.%)
Water (wt.%)
Total contaminate{wit.%o)

Copper-strip carresion

Oxidation stability at 11
(hours)

Acid value (Mmgon )
lodine value (g,100 g%
Linolenic acid methyl ester (wt.%)

Methanol (wt.%)

0.02 ASTM D 874
0.050 ASTM D 2709
0.0024 ASTM D 5452
No,1 ASTM D 130

6 EN 14112
0.50 ASTM D 664
120 EN 14111

12 EN 14103

0.20 EN 14110




Table 2.2 Standard specification for biodiesel in Thailand [17] (continued)

Property Lower limit ~ Upper limit Test method
Monoglyceride (wt.%) - 0.80 EN 14105
Diglyceride (wt.%) - 0.20 EN 14105
Triglyceride (wt.%) - 0.20 EN 14105
Free glycerin (wt.%) - 0.02 EN 14105
Total glycerin (wt.%) - 0.25 EN 14105
Group | metals (Na+K)(mgky : 5.0 EN 14108 and

EN 14109
Group Il metals (Ca+Mg) (Mg kg )\ 5.0 prEN 14538
Phosphorus (wt.%) - 0.0010 pr EN 14538

The parameters used to define the quality of biodiesel can be divided in to two
groups. One of them is set for determination_of the fuel properties similarly to those of
petrodiesel, whereas the other describes the ‘chefical composition and impurity
remaining. The former includes, for example, density, viscosity, flash point, sulfur
content, carbon residue, cetane number and sulfated ash. The latter comprises of, for
example, methyl ester .content, water, content, free glycerin, total glycerin and

methanol content. The definition-of these parameters is described below:

o “Methyl ester content
Methyl ester content is related to the methyl ester concentration (wt.%) in

biodiesel. Analytical method for evaluation of the methyl ester content is based on a
gas chromatography according to the European standard EN 14103. Lower methyl
ester content values indicate the presence of wisher amount of mono-, di- and
triglyceride than the methyl ester. The viscosity of biodiesel is increased as the
amount of mono-, di- and triglycerides increases. An increase in the viscosity affects
the fluidity of the biodiesel, which can lead to the formation of engine deposit.



e Density at 15°C

Density can be defined as the mass per unit volume of any liquid at a given
temperature. Diesel injection equipment meters the fuel by volume. A change in the
fuel density influences the engine output power due to a different mass of injected
fuel [18]. The density of the fuel also affects injection timing, injection pressure and
fuel spray characteristics. Therefore, the density has a strong influence on the engine
performance. In addition, the fuel density affects the exhaust emissions. There is a
correlation between the fuel density and ihe.emission of particulate matter (PM) and
NOx. The higher density-leads io the largeramount of PM and®&éased [19]. The
dengty of biodiesel depends on the fatty acid composition and impurities. Although
biodiesel exhibits highersdensity than the conventional of diesel, it possesses lower
energy content on both.a mass.and a volume basis. It means that more volume of
biodiesel is required.o inject into the‘co_mbustion chamber in order to gain the same

power from the engine; resulting in higher fuel consumption.

e Viscosity at 40°C .

Viscosity has a significant impact“ohﬂ”sthe operation of engine fuel injection and
atomization systems. A high viscosity interfere. the injection process leading to
insufficient fuel atomization. Moreover, the fuel with higher viscosity can cause an
early injection due to a high line pressure, which moves the combustion zone closer to
top dead center, increasing the maximum pressure and temperature in the combustion
chamber [20].-0n the otherthand, aleakage in the fuel system can be found when the
fuel with low wiscosity is applied. Viscosity of any fuel is related to its chemical
structures. £or, biadiesel, it-is-influenced by.Several, factors such as fatty acid chain
length, degree 'of'unsaturatiory (umber of double bends), whieh depends on the fatty
acid composition of the starting oil or fat. An increase in the carbon chain length and

number of double bonds results in an increase in the viscosity [21].

e Flash point
A key property determining the flammability of a fuel is the flash point. The
flash point is the lowest temperature at which the fuel starts to burn when it comes to

contact with fire. This temperature is correlated with its volatility, which affects the
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starting and warming of engine [20].The flash point of biodiesel is higher than that of
diesel fuel. Although this property does not directly influence the combustion, it
concerns more safety in the handling, storage and transportation. Methanol remaining
in biodiesel reduces the flash point of biodiesel. ASTM D 93 limits the methanol

content in the biodiesel fuel to a maximum of about 0.2% (w/w).

e Sulfur content

Sulfur content is a weight percentage of sulfur element in a fuel. Sulfur is set
according to an environmental concern, sinee-sulfur is converted ¢qSED and
SO) during the fuel combustion. SMoisons the Catalytic converter and generates
add rain. Biodiesel contauns dittle or no sulfur, while petrodiesel possesses high sulfur
levels. Therefore, the use of biodiesel.instead of the conventional diesel reduces the
SO, emission. According o ASTM D 2622, the maximum sulfur content in biodiesel
mud be less than 0.0020 wt.%.

e Carbon residue “
Carbon residue is a measure of émo‘unt of carbon remaining after combustion.
It corresponds to the contents of glycerides, free fatty acid, soaps, residual catalysts
and other impurities {22}. The carbon residue is an important parameter for diesel

engines due to the possibility of carbon residues clogging the fuel injectors.

e Cetane;number
Cetanemumber is a measure of ignition quality or ignition delay, and is related

to the~time required .forignition, ofy a Aiquid»fuel jafter~being injected into a
compression-ignition “engine [23]. “The higher the cetane ‘number is the shorter the
ignition delay and the better the ignition quality. The cetane number is determined by
following ASTM D 613. A long straight-chain hydrocarbon, hexadecane, is set as a
standard for the cetane number of 100, while 2,2,4,4,6,8,8,-heptamethylnonane with a
highly branched structure is a standard with the cetane number of 15. Accordingly, it
indicates that saturated straight-chain hydrocarbons have higher cetane number than
branched-chain or aromatic compounds. The cetane number of biodiesel depends on

the distribution of fatty acids in the starting oil or fat. The longer the fatty acid carbon
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chains and the higher the degree of saturation are present in the oil or fat, the higher

the cetane number of biodiesel product is attained [24].

e Sulfated ash
Sulfated ash is a residue remaining after a fuel sample is carbonized. The
standard specification for measurement of sulfated ash is ASTM D 874. This property
is an important indicator of quantity of residual metals in biodiesel that is derived
from the catalyst used in the transesterification. The high content of ash in the fuel
leads to engine deposiis-and high abrasive wearlevels.

e Water content
Water is a major source of fuel.contamination. The presence of high level of
water content in biodigsel causes ‘many problems. Water causes corrosion of
components in engineé fuel system. The other problem is that water promotes
microbial growth. There are various spéc‘i’es of yeast, fungi, and bacteria growing at
the fuel-water interface. These organisms“produce sludges and slimes resulting in a

filter plugging.

e Total contammants

The presence of contaminants such as unsaponifiable matter, free fatty acids,
soap and residual catalyst can affect the quality of biodiesel. The unsaponifiable
matter consists of plant sterols, tocopherois afid hydrocarbons with small quantities of
pigments andaminerals. Most biodiesel is produced using soluble alkaline catalysts
such as, sodium hydroxide-and, potassium-hydroxide. jrree-fatty,acids that are present
will react with the alkaline catalystto form soaps. Hewever, this contaminant can be
removed during washing of biodiesel with water. The problem associated with these

contaminants is to reduce the storage stability.

e Copper strip corrosion
Some components in diesel fuel, especially sulfur compounds, are corrosive.
The corrosiveness of a fuel has implication on storage and utilization. The copper

strip corrosion test is used to evaluate a tendency of the fuel to cause corrosion. It is
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therefore a measure of how the fuel is harmful to the copper and brass components of
the fuel system. The test is performed on each fuel to evaluate relative degree of
corrosivity, and then each strip is compared with the data in ASTM D 130. The
classification code, denoted as numbers 1, 2, 3, or 4, represents slight tarnish,
moderate tarnish, dark tarnish, or corrosion, respectively [19]. The degree of tarnish
on the corrode strip correlates the overall corrosiveness of the fuel sample. However,

biodiesel is generally less corrosive than the conventional diesel fuel.

e Oxidation stability
Oxidation stability shows resistance of a fuel towards oxidation during an
extended storage. EN 14112 is used to evaluate the oxidation stability of biodiesel.
The oxidation of biodiesel is related to the presence of double bonds in fatty acid
chains. When biodiesel is exposed to‘ox_ygen, the oxidation will occur. The oxidation
of fatty compounds is‘a multi-step reaétion. The initial species formed during the
oxidation process are hydroperoxides,-which chemically interact with each other to
produce high molecular weight insolu'b'le.sediments and gums. In some cases, the
oxidized fatty acid chains may split and forr#i aldehydes, ketones and short chain acids
[20]. The formation.of sediménts and gums can-cause fuel filter plugging and carbon
deposits on the fuel system-components {25} Ihe stability of fatty compounds is
affected by several factors such as presence of air, heat, light, metallic contaminants,
or chemical structure of the compounds, mainly the presence of double bonds. The
oxidation stability:decreased with thelincrease of polyunsaturated fatty acids contents.

e Acid value
Acidvalue,is ‘expressed in milligram of KOH required to"neutralize 1 gram of
fatty acid methyl esters. The maximum value for biodiesel is set and is€&bahg
KOH/g according to EN 14214. The acid value is a direct measurement of free fatty
acids in biodiesel. Biodiesel with a high content of free fatty acid can be corrosive to
storage tank. When water is present, a part of the esters is hydrolyzed to long chain

free fatty acids, which increasing the acid value.
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e lodine value
lodine value is an indication of total unsaturation in oil and fatty acid. It is
expressed in grams of iodine required for reaction with double bonds containing in
100 grams of the sample. The higher the iodine value is the larger the quantity of
double bonds is present. Biodiesel with a low iodine value and therefore low degree

of unsaturation, is less sensitive to oxidation process.

e Linolenic acid methyl ester content
Linolenic acid methyl-ester content (€C18:3) is related to degree of unsaturation
of biodiesel. The content.ef linolenic acid methyl ester is determined by EN 14103
due to a tendency of methyklinolenate oxidation (max. 12.0 wt.%). The high content
of linolenic acid methyl ester results polymerization of glycerides, which leads to a

formation of depositsiand/ora teterioration of lubricating oil [22].

e Methanol content
Methanol remaining_ it biodiéSéI. promotes metal corrosion, especially
aluminum, and decreases the flash point of biodiesel. EN 14110 limits the maximum

content of methanel in biodiesel at 0.2% (WYW).

e Mono-,di- and friglycerides content
Mono-, di- and triglycerides content is an indicator of an incomplete
tranesterification‘reaction. After the transesterification; the resulting product contains
not only the desired alkyl esters but also unreacted triglycerides and intermediates.
Since stransesterification is-a-stepwise sreaction; s/meno=, and @iglycerides formed as
intermediates can ‘also be Tound in biodiesel: These'contaminants may cause severe

operational problems, such as engine deposits, filter clogging, or fuel deterioration.

e Free and total glycerin content
Free glycerin, a byproduct from triglyceride transesterification, should not be
present when the esters product is washed thoroughly with water. However, glycerin
may be found in biodiesel as a result of inappropriate processing, such as insufficient

separation of the glycerin phase or insufficient water washing after separation. An
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incomplete removal of glycerin provides biodiesel with a high free glycerin and total
glycerin. If the free glycerin is too high, the storage tank and the fuel system
components can be contaminated. Moreover, the problem of injection fouling is found

to relate with a higher content of free glycerin.

e Group | metals (Na+K) and Group Il metals (Ca+Mg) content
Determination of amount of Na, /K, Ca and Mg remaining in biodiesel is
important for biodiesel quality control. The‘€onventional biodiesel production process
employs NaOH or KOH-as ihe homogeneous-eatalysts. Residual Na and K may be
found in biodiesel due to an‘insufficient washing and purification. Ca and Mg may be
introduced into biodieseldunng the purification step through washing with hard water
or use of a drying ageni (such as magnesium sulfate). These alkali and alkali earth

metals can promote ash build-up in the engine engine corrosion.

e Phosphorus content
Phosphorus presenting it biodiedel is derived from phospholipids remaining in
vegetable oils after refining. fi can pois:on‘ﬂ”scatalytic converter used for reduction of
exhaust emissions. The phosphorus content of biediesel produced in Thailand is
measured according to-prEN-14538: The maximum phosphorus content is limited to
0.0010 wt.%.

2.2 Vegetableils

2.2.1'Chemical composition‘of vegetable oils

The main constituent of vegetable oils is triglycerides. Vegetable oll
comprises of 90 to 98% of triglycerides and small amounts of mono- and diglycerides.

A triglyceride molecule is made up of one mole of glycerol and three moles of fatty

acids. The reaction for the formation of triglyceride is esterification (Eq.(2.1)).
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2.1)

When three fatty acids are identical, the product is a simple triglyceride,
whereas a so-called mixed triglyce?ide consists of dissimilar fatty acids [26]. The
terms of monoglyceride«or _diglyceride refer to the numbers of fatty acids that are
attached to the glycerol'baekbone. Diglyceride has one hydroxyl group and two fatty
acid groups attached tathe/glycercl backbone as shown in Figure 2.1.

Cip—F——OH = i 4 CH, COOR
‘ .?

CH COOR -+ HcH OH
lHZ =—COOR " " "CH, COOR
a-diglyceride pdiglyceride

Bure 2.1 Chemical structures of diglyceride.

Fatty, acids vary. in_the number of “carbon atoms“and double bonds in
hydrocarbon chain. They are designated by two numbers:separated by a colon. The
first number represents the number of carbon atoms in the fatty acid chain and the
second number shows the number of double bonds. For example, C18:1 (oleic acid)
represents the fatty acid with 18 carbon atoms and 1 double bond. Table 2.3 shows

fatty acid composition found in different vegetable oils.
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Table 2.3 Fatty acid composition of various vegetable oils [27-29]

Composition (wt.%)

Vegetable oil

12:0 14:0 16:0 16:1 180 18:1 18:2 18:3 Other
Almond kernel 0 0 6.5 0.5 14 70.7 200 0 0.9
Bay laurel leaf 26.5 45 25:9//06 31 108 113 17.6 0
Canola 0 0 4 0 2 61 22 10 1
Castof 0 0 1.1 0 e, 4.9 1.3 0 89.6
Coconut 0 0 9.7 ‘ 0.1 3 6.9 22 0 65.7
Corn 0 0 6.5 106 14 656 252 0.1 0.6
Corn marrow 0 0 1184 ; 0 2 248 613 0 0.3
Cottonseed o' 0 2867 o Woof 13 574 0 0
Hazelnut kernel 0 0 49 02 26 836 85 02 0
Linseed C) 0] 54 03 25,189 181 551 0
Grape 0 01 @9 01 4 19 2691 03 0.5
Olive 0 0 11.6 1 31 750 7.8 0.6 0.9
Olive kernel 0 0 5 0.3 16 747 176 0 0.8
Palm 0 0 426 0.3 44 405 101 0.2 1.1
Peanut 0 0.1 8 0 1.8 533 284 0.3 8.1




17

Table 2.3 Fatty acid composition of various vegetable oils [27-29] (continued)

Composition (wt.%)

Vegetable oil
12:0 14:0 16:0 16:1 180 18:1 18:2 18:3 Other
Peanut kernel 0 0 11.4 0 24 483 320 0.9 4
Poppyseed 0 0 12601 . 40 223 602 05 0
Rapeseed 0 0 3i5 0 09 641 223 8.2 0

Safflower seed 0 0 A 0 19 136 77.2 0 0

Seasameseed 0 0 317 0 3.9 528 30.2 0 0

Soybean 0 0 13.940:3 21 233 56.2 43 0
Sunflowerseed 0 0 6.4 041 29 177 729 0 0
Walnut kernel 0 0 7.2 0.2. 19/ 185 56 16.2 0
Wheat grain 0 04 206 10 11 16.6 56 2.6 1.7

& Castor oil contains 89.6% ricinoloic acid

2.2.2 Ruel properties.of vegetable.oils

Fuel properties of vegetable oils are listed in Table 2.4. The kinematic
viscosity of vegetable oils varies in the range of 30-4CPsirwhich is higher than
tha of diesel fuel. The high viscosity is resulted from their high molecular weight and
chemical structure. The cetane numbers is in the range of 33-50. Vegetable oils posses
high flash point (above 200°C). The heating value of vegetable oils (39-40\iskg
slightly lower than that of diesel fuel (50 MJRg The presence of chemically bound

oxygen in triglyceride lowers the heating value of vegetable oils.
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Table 2.4 Fuel properties of various vegetable oils [29-30]

Kinematic .
Vegetable viscosity Ceane Heating C|O.Ud Pour qush Density
ol at 38°C no valuc?1 point point  point (kg Iy
(mn? s MIkg') (C) (C) (°0)
Almond 34.2 345 398 i i i i
kernel .
Bay laurel i i
leaf
Babassu 150 0.9460
Castor - -
Corn 277 0.9095
Cottonseed 234 0.9148

Crambe FJE ﬁsg ,‘j‘ wg V] %ﬁﬂ EI} ;T,h ,312.2 274 0.9048
SR RRINFUNRITINNY - -

Olive kernel 29.4 49.3 39.7 - - - -
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Table 2.4 Fuel properties of various vegetable oils [29-30] (continued)

Kinematic .
Vegetable viscosity Ceane Heating C|O.Ud Po_ur F|§Sh Density
ol at 38°C no. valuc?1 point point  point (kg I'")
(mn? s (MIkg) (C) (C) ()
Palm 39.6 42.0 - 31.0 - 267 0.9180
Peanut 39.6 41.8 39.8 12.8 -6.7 271 0.9236
Rapeseed 37.0 3746 39.7 -3.9 -31.7 246 0.9115
Safflower 31.3 413 39.5 18.3 -6.7 260 0.9144
Wheat grain 32.6 35.2 39:3 - - - -
Diesel 3.06 50 43.8 - -16 76 0.855
2.2.3 Oil plants

Raw material is the major factor affecting selling cast of biodiesel product.
The choice'of raw materials /depends on their availability;and cost. Soybean oil is
commonly used in the United States, while rapeseed oil is more abundant in the
European countries for biodiesel production. In India, Jatropg&@opha Curcus)
[31] and Karanja Rongamia pinnata) [32] is used as the major triglyceride source.
The raw materials used at present in Malaysia and Indonesia are coconut oil and palm
oils. Currently, the potential raw material for biodiesel production in Thailand is palm

oil.



2.2.3.1 Palm oil and palm kernel oil
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Palm oil is a potential raw material for biodiesel prddrc in

Thailand due to its high crop yield. Palm tree is mainly growing in the south of

Thailand. The major area for palm plantation are in three provinces; Krabi, Chumporn

and Suratthani. Table 2.5 shows the harvested area of palm oil, amount of palm oil

produced and palm oil price between 2003 and 2007. The harvested area has steadily
increased from 19,023 hectare in 2003.10.32,718 hectare in 2007 due to the policy of

the Thai government. li-term-of production,-Fhailand’s palm oil production increased

from 4,902,575 metric tons.in 2003 to 7,378,230 metric tons in 2007.

Table 2.5 Palm oil harvested area, palm oil production and the price of palm oil in
Thailand during 20032007 [33]

Price of
Palm oil harvesied area. . Palm oil production power crop
(hectare) : (metric ton) (baht/metric
Year ton)
Central South Total Central - _South Total Palm oil
2003 19,023 268,880287,903 293,392 4,609,183 4,902,575 2,340
2004 21,0624,288,553 309,615 310,358 4,871,439 5,181,797 3,110
2005 22,515 301,677324,192 311,647 4,691,023 5,002,670 2,760
2006 28,436 351,436379,872 428,707 5,812,046 6,240,753 2,390
2007 32,718 405,530438,248 497,508 6,880,722 7,378,230 3,080
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Palm oil and palm kernel oil are both derived from thBkaeis
guineensis palm tree. Its origin is believed to be in the humid forests of East Africa.
The palm fruit is oval shaped, about 3-cm long, and looks like a small red plum as
shown in Figure 2.2a. The outer fleshy mesocarp gives the viscous orange palm oll
while the kernel, which is inside a hard shell, gives the clear white palm kernel oil
(Figure 2.2b). Both oils from the same fruit have difference in the fatty acid

composition. ‘

Figure 2 almbur;ch,es (a) and palm fruits (b)
.u‘.l‘. A -ij-h
— it |

The major aC|d mmwneﬂi%rof palm oil are palmitic acid (C16:0) and
oleic acid (C18:1).. Others found with' m@hlﬁcant aTount are linoleic acid (C18:2),
stearic acid (C18:0)-andmyristic-acid(C14:05-C~ ?tty acids, which may be

derived from the endecarp rather than the mesocaﬁa, are present at trace amounts. On
the other hand, the " major fatty acids in palm ké‘rnel oil are lauric acid (C12:0),
myristic aicd and-oleic acid with.the,distribution 0f-45,16-and 15%, respectively [34].

A
2.3 Biodiesel Praduction

2.3.1 Transesterification reaction

Transesterification, also called alcoholysis, is the displacement of alcohol
from an ester by another alcohol in a process similar to hydrolysis, except that an

alcohol is employed instead of water. The transesterification reaction is represented

by the general equation (Eq.(2.2))
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Catalyst

RCOOR' + R2OH =<——— RCOOR’ + R'OH (2.2)

Ester Alcohol Ester Alcohol

The most commonly preferred method for biodiesel production is
transesterification in which a triglyceride molecule is chemically split up by reacting
with monohydric alcohol in the presence.of a catalyst. In this process, glycerol is
taken from the triglyceride and replacedwiih alkyl radical of the alcohol used in the
reaction. Thus, glycerol based triesters are converted to alkyl based monoesters. The
general equation for the.transesierification of triglyceride with alcohol is expressed in
Eq. (2.3).

CH,—O0C-R, By =CO0-R CH,—OH

| G 4 |
CH-OOC-R, + 3ROH/ "——=> "R.COO-R + CH-OH

CH,—OOC-R; ~ R,COO-R CH0H (¢-3)

Triglyceride Alcohol Esters Glycerol

Stoichiometrically,~3 moles of aleohol are required to react with 1 mole of
triglyceride. In practice, the high molar ratios of alcohol are needed to shift the

equilibrium to achieve a maximum alkyl ester yield.

Basically, transesterification consists of a number of consecutive and
reversible reactions as shown in Figure 2.3. The first step is the conversion of
triglyceride to diglyceride (Eq.(2.4)), followed by the successive conversion of
diglyceride to monoglyceride (Eg.(2.5)), and glycerol (Eg.(2.6)). In each step, an alkyl
ester is generated and thus three ester molecules are produced from one molecule of

triglyceride.
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The conversion of monoglyceride to alkyl ester is believed to be the rate

determining step because monoglycerides are the most stable intermediate compound

[35].

R1CDO?H2 Catalyst HOCH,
R,COOCH + CHOH <.~ RCOOCH + R,COOCH, (2.4)
R,COOCH, R,COOCH,
Triglyceride Diglyceride
e, Gatalyst 1002
RZCDD{?H + RO/ Lt HOCH + R,COOCH, (2.5)
I
R,COOCH, L 4\ \RiCOBCH,
Diglyceride | Monoglyceride
—— (2.6)
il Glycerol

Figure 2.3 Three consecutive transesterifications of triglyceride.

Alcohels used in“the transesterification oftriglycerides include the primary
and secondary moncohydric aliphatic alcohols having 1-8 carbon atoms. However, the
often used.ones_are,.methanol, ethanol, propanal, iso-propanol and butanol. Among
these, methanol'is the ‘'most commonly prefefred in-the biodiesel production because
of its lower cost, high reactivity, and physicochemical properties (polar and shortest
chain alcohol). It can easily react with the triglyceride molecules. Moreover, the

catalyst can be dissolved in methanol much faster than in other alcohols [36].
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2.3.2 Catalytic transesterification

In the transesterification, a catalyst is used to enhance the reaction rate and the
alkyl ester yield. Thus, the type and concentration of the catalyst are important,
determining the reaction conditions. The catalysts used for the transesterification of

triglycerides are classified as acid, base, and enzyme catalysts.
2.3.2.1 Homogeneously base-Catalyzed transesterification

Homogeneous base. catalyst is an alkaline solution such as sodium
hydroxide, sodium “methoxide, ‘potassium hydroxide, or potassium methoxide.
Currently, the conventional biodiesel production technology is based on NaOH and
KOH due to their availabilityyand lew éost. The reaction rate in the alkaline process is
much faster than othess, resulting in muéh shorter reaction time [1]. The rate of base-
catalyzed transesterification was repor'tedf as high as 4,000 times faster than that of
transesterification in the presence of ah{'."acﬂidic catalyst [37].

The mechanism of base-CétaIyzed transesterification of vegetable oil is
shown in Figure 2.4: The first step (Eqg:(2:7)) is the reaction of base with alcohol,
producing an alkoxide and the protonated catalyst. The alkoxide ion is a strong
nucleophile and attacks the carbonyl group of triglyceride, generating a tetrahedral
intermediate (Eq«(2.8)), from which rthe; alkyl cester -and=the corresponding anion of
diglyceride are formed (Eq.(2.9)). In the last Step, the deprotonation of the catalyst
results.in the regeneration.of active, species(Eg..(2.10)). The regenerated catalyst is
able to' react with the 'second: melecule’ of alcohol for'another catalytic cycle.
Diglyceride and monoglyceride are converted by the same mechanism to a mixture of

alkyl esters and glycerol [38].
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2.7)

ROH + B RO + BH'

0 q,«“” - :
)1\ | 0 (2.8)
R—E)LU{Z . ER — Rz)l\ ()CZH

™ T

0

OR
Ry
R,
(2.9)

50 (2.10)

] ;
Y . W\
) ot O
W\Rj TN S }[\R'L

Q 0
B: base catalyst
R1, Ry, Rs: carbon chain of the fatty acids

R4: alkyl group of the alcohol
Figure 2.4 Mechanism of the transesterification of vegetable oils catalyzed by base.

Even though theitransesterificationis feasiblerusing homogeneous base
catalysts, the base-catalyzed process suffers from many serious problems. The
alkaline catalysts should not be used in the transesterification if the feedstock contains
free fatty acid with the concentration higher than 0.5 wt.%. Free fatty acid reacts with
the alkaline catalyst, resulting in a soap formation (Eq.(2.11). Soap inhibits separation
of methyl esters and glycerol, and contributes to emulsion formation during washing.
Furthermore, the soap formation increases the viscosity of methyl esters and causes a

gel formation.
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0 0
RJ\OH +NaOH —— RJ\O'NT + He0 (2.11)

Water promotes the f rmation of free fatty acids by a hydrolysis of
triglyceride as shown in Eq. the presence of water results in the soap

formation as described

—
i 07 ;
HO OH
g ,_ - T i)
\FT 44 Glycerol
Triglyceride 7
In the lysts, water participates in the
hydrolysis of biodiesel to produ free fatty acids and methanol as shown
in Eq.(2.13)

Biotliesel FFA

ﬂumwamwmm

oreover water that enhances,the soap formation, can be generated by

e eap B S bbbl 1 o o scwe specis

(CHgO')nat the initial state of the transesterification reaction (Eq.(2.14)).

NaOH +CH;OH —> CHsCNa +H,0 (2.14)
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2.3.2.2 Homogeneously acid-catalyzed transesterification

In the transesterification using homogeneous acid catalyst, the reaction
can be catalyzed by sulfuric, hydrochloric or sulfonic acids. In general, the acid
catalyzed reactions are performed at the high alcohol to oil molar ratios, low to
moderate temperatures and pressures, and high acid concentrations to obtain a high
product yield. The alcohol to oil molar ratio is one of the main factors influencing the
transesterification. However, the excess.amoeunt of alcohol makes the recovery of
glycerol difficult. Figure-2.5 shows ihe- mechanism of acid-catalyzed
transesterification of representative triglyceride. Firstly, the triglyceride carbonyl
group is protonated by _the acid catalyst (Eg.(2.15)). The activated carbonyl group
then undergoes nueleophillic attack fram an alcohol molecule, forming a tetrahedral
intermediate (Eq.(2.26)).. Selvent aséisted proton migration give rise to a leaving
group, promoting the' cleavage - of ”thé tetrahedral intermediate and yielding a
protonated alkyl monoester and ‘a diglyceride molecule (Eq.(2.17)). The transfer of
proton then regenerates the acid catal;fst: This sequence is repeated twice to yield 3

alkyl monoesters and glycerol-as produdts fé9].
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R:)I\U—C:: 'é ,{:)LD _CD J (2.15)

O | 0 (2.16)
R:)ku{{; % Rj{)H- = REA”{ . )

il |
)L J 3 & —OH 0
R; 'L‘-'{u\ ' [ & :‘Bé)kﬂ --<0 N /Jj\ - (217)
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Ri1, R, Rs: carbon chain of the fatty acidsfjj, _

R4: alkyl group of the alcohol —

.

Figure 2.5 Mechanism-of the-transesterification-of vegetable oils catalyzed by acid.

The acid-catalyzed transesterification holds an important advantage
over the base-catalyzed-reactioncthat:the performance’ of the acid catalyst is not
strongly influenced by the presence of free fatty acid. Therefore, the acid catalysts can
directly. produce biodiesel from low-cost feedstocks such_as waste cooking oil and
greases, associated ‘with a’high: free fatty ‘acid concentration..However, this process
requires more alcohol and larger volume reactors. Besides, the use of acid catalyst
requires a special grade stainless steel due to corrosion problem. In some processes,
the acid catalysts have been used in conjunction with the base catalysts (two stage
reaction process). Typically, an acid catalysi§&,, HCI) is initially used to convert
free fatty acids to methyl esters (Eq.(2.18)), and then in the second stage, the
transesterification of oil is performed in the presence of a base catalyst (NaOH,
KOH).
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O O

Bl (50, || (2.18)
HO-C-R + CH;0H —— CH;-O-C-R + H»O
Fatty acid  Methanol Methyl ester Water

2.3.2.3 Heterogeneously base-catalyzed transesterification

Although the homogeneous catalysis using alkali hydroxides or
alkoxides results in the fast reaction raie_under mild conditions, there are some
drawbacks that originate-from the-homogeneous catalysts. The removal of these
soluble catalysts is difficuli-and a large amount of alkali wastewater derived from
neutralization and washing.sstep is generated. Moreover, the homogeneous base
catalysts are sensitive tg free fatty acids and water presenting in the feedstocks and
alcohols. Free fatty a€lds/react with tHe hydroxide bases (NaOH, KOH) to form soap.
The presence of soap camplicates th_efesters/glycerol separation and decreases the
catalytic activity and the yield of fatty a(':id"fmethyl ester. Water in the feedstock leads
to hydrolysis of oils and fatty acid methj}lfgester. Thus, for the conventional processes
using homogeneous catalysts; the free#a{fy acid and water content in the feedstock

must be lower than.0.50; 0:06 Wt.%, respectively.

To minimize the problems associated with the use of homogeneous
catalysis, heterogeneous catalysts have been extiensively investigated and recently
introduced torcommercial biodieselbproduction: Heterogeneous catalysts can be easily
separated from, the reactionixture and can be reutilized, diminishing waste water
found in the.conventional process.. The.cost'of biodiesel could be reduced by the use
of a heterogeneadus catalyst due te simplification of the separation and purification of
the products and no loss of methyl ester yield by soap formation. However, the
processes using heterogeneous catalysts need higher temperatures to promote the
conversion at a reasonable rate. The advantages/disadvantages of homogeneous and

heterogeneous catalysis are compared in Table 2.6.
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Table 2.6 Comparison of homogeneously and heterogeneously catalyzed

transesterification [39]

Factors Homogeneous catalysis Heterogeneous catalysis
Reaction rate Fast and high conversion Moderate conversion
After treatment Catalyst cannot besrecovered, Catalyst can be recoverd

must be neutralized.Jeading to
waste chemical produetion

Processing Limited.use of continuous Continuous fixed bed
methodology methodology operation possible

Presence of water/

free fatty acids Sensitive Less sensitive
Catalyst reuse Notjpassible .5 * Possible
Cost Comparatively cosily Potentially cheaper

Many-sohid-base catalysts-have been roposed for biodiesel production.
Alkali metal salts supported on alumina were demonstrated as active heterogeneous
base catalysts for the transesterification of vegetable oils (Table 2.7). Alumina itself
exhibited no activity, lbut'when loading®Os, KNQO3, Kl; KFE:or KOH and activating
at high temperatures, the supported catalysts showed a remarkable enhancement of the
triglycerides. conversion., 0. species, formed.-by. thermal decomposition of loaded
potassium’ compounds, and the surface AI=O=K ‘groups formed by salt—support
interactions were suggested as the active species responsible for the transesterification

reaction [4-5].
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Table 2.7 Different sodium or potassium supported catalysts used for

transesterification of vegetable oils

Catalyst MeOH/QIl Reaction Temperature

Catalyst o]] amount molar . v Results
(wt.%) ratio time (h) (°C)
Na/NaOH/AROs soybean 2 9:1 2 60 conversion
[2] = 94%
methyl
K2COJAIZOs  iotein 2.5 25:1 1 60 Oleate
[3] yield
= 94%
KNO/ Al2Os soybean /2.5 15:1 7 60 conversion
[4] = 87%
KI/Al ;03 [5] soybean 2.5 15:1 8 65 conversion
=96%
KF/Al,O3[40]  canola 3 15:1 8 60 Si'g%'ese'
=99.6%
KOH/AI 05 g biodiesel
[41] palm 25 155 2 60 yield
=91.1%

However, there are some interests in the leaching of active species on
the supporty Fhedeaching of petassiumyol .05 during the reagtion was reported,
since the oxides"of alkali metal ‘group are water-soluble [6]. This result emphasizes
the importance of the homogeneous contribution of the leached basic species in the

transesterification reaction.

Alkali earth metal oxides are the potential base catalysts for used in
transesterification of triglyceride. The origin of basic sites in alkali earth oxides has
been generated by the presence 6f and G ion pairs in different co-ordination

environments [42]. The basic strength of the group Il oxides and hydroxides increased
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in the order Mg > Ca > Sr > Ba. Among alkali earth metal oxides, CaO has been
widely investigated in the transesterification reaction [7-11] since it possesses high
basic strength [10] and low solubility in methanol. MgO which is produced by direct
heating of magnesium carbonate or magnesium hydroxide has the weakest basic
strength and solubility in methanol among group Il oxides. It has been rarely used for
biodiesel production. However, the combination of CaO and MgO gave higher alkyl
ester yield. The enhancement of alkyl'ester formation may occur via a bifunctional
catalysis route. ZnO with weakly hydrogenating character also possesses basic
properties. It is established that the mixed-oxide of Ca and Zn was active in the
methanolysis of palm Kernel oil [15]. This result emphasizes the advantage of co-
existence of two different s basic oxide components in the catalyst for
transesterification. “Therefore, /. the. .motivation “to use mixed oxides for
transesterification is 0 enhance the basic strength or, to improve the stability of a
single metal oxide as in the gener‘alyapproaches of catalyst design. Table 2.8
summarizes different types' of single “and mixed oxides catalysts used as

heterogeneous base catalysts for biodi’e‘éel production.

Table 2.8 Different.types of single and mixed oxides catalysts used as heterogeneous

base catalysts for transesterification-oi vegetabie 0ils

Cataly ST Reaction Temperature

Catalyst Oill amount molar ) o Results
(Wi:%0) ratio time (h) (°C)

CaO [9] sunflower 1 13:1 1.5 60 conversion
= 94%

CaO [10] soybean 8 12:1 15 65 Silgld(;esel
= 95%

Caand methyl

Zn mixed - palm 10 30:1 3 60  ester

oxide kernel content

[15]

> 94%
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Table 2.8 Different types of single and mixed oxides catalysts used as heterogeneous

base catalysts for transesterification of vegetable oils (continued)

Catalyst MeOH/QIl o - ion Temperature

Catalyst Oill amount molar . o Results
(wt.%) ratio time (h) (°C)

calcined

Mg-Al Y .

hydrotalcite rape 1.5 6:1 4 65 Eog(;/esi/lon

[43] — . 0

Mg-La sunflower 3 20:1 2.2 room conversion

oxides [44] temperature = 100%
FAME

(l\)/lxgi]c(l:eas [45] sunflower 2.5 12:1 1 100 yield
=92%

Zn0-La0s 4 te o 23 36:1. 3 ppg  Diodiesel

[46] yield
=92%

2.3.2.4 Heterogeneously acid-catalyzed.transesterification

Solid acid catalysts have the strong potential to replace liquid acids,
eliminating separationy carrosion and environmental problems. In general, solid acid
catalysts used for biodiesel production regquires several requirements that govern
reactivity. These requirements are presented in the following:

¢, “An/interconnected system of large pores
e A moderate to high concentration of strong acid

e A hydrophobic surface

Large interconnected pores would minimize diffusion problems of
molecules having alkyl chains, and strong acid sites are needed for the reaction to
proceed at acceptable rate. The hydrophobic surface is essential to promote an

adsorption of oily hydrophobic species on the catalyst surface and to avoid possible
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deactivation of catalytic sites by the strong adsorption of polar byproducts, such as
glycerol and water [47]. However, the studies dealing with the use of solid acid

catalysts for transesterification are limited due to the low reaction rate and side
reactions. As a result, the factors governing the reactivity of solid acid catalysts have
not been fully understood. For example, simple correlations between acid strength and
activity of the catalyst have not been clearly formulated. Second, the catalyst must
have a porous system with interconnecting pores due to diffusional restriction.

Although, it is possible to generate these eharacteristics in the solids, it is not possible
to obtain uniform pore-architecture with abselute control over the radius or geometry

of the pores as well as the stability of the solid in the system.

The studies of transesterification catalyzed by solid acid have been
reported in the literaitires Most of-them are based on zeolites [48], heteropoly acids
[49-50], sulfated zireonia @ [51-52], Nafion resins [53] and organosulfonic
funtionalized mesoporous silicas [54]. HoWever, the use of these catalysts to obtain
high conversion of triglycerides to ‘biodiesel requires much higher reaction

temperatures than base catalysts because of their low activity for transesterification.
2.3.2.5-:Enzyme-=catalyzed-transesterification

In recent years, there has been an interest in the use of enzymes such as
lipases for biodieselgproduction: Lipases (triacylglyeerol:acylhydrolase, EC 3.1.1.3)
are producedgby ‘microorganism (fungi and “bacteria),” animals and plants. Their
commercial. preparations are.derived. from ‘microbial sources due to low costs of
production and e€asy modification ‘of properties [55].. There are two major types of
enzymatic biocatalyst: (1) extracellular lipases (previously extracted from the living-
producing microorganism broth and then purified) and (2) intracellular lipase which
still remains either inside or in the cell-producing walls [56]. Both extracellular and
intracellular lipases are used for biodiesel synthesis but the majority of research has
been conducted by using immobilized extracellular lipases. Various lipases for

biodiesel production have been reported. Their examples are lipaseSCéruiiaa
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antartica [57-58], Candida rugasa [59], Pseudomonas cepacia [60], Pseudomonas

fluoresecence [61], Rhizomucar miehel [62] and Thermomyces lanuginosa [63].

In general, the enzyme-catalyzed transesterification can be carried out
at mild reaction conditions (temperature, 20-50 °C), with the oils from different
sources, including waste oils, refined and crude plant oils. Fats containing triglyceride
and free fatty acid can be converted to alkyl esters in a one-step process because the
lipases catalyze both transesterification and. esterification reaction. In addition, the
enzymatic process tolerates the water conientin the starting oil and increases the
biodiesel yield by avoiding.soap formation. Another advantage of enzymatic biodiesel
production is providing am easy recovery of glycerol without purification or chemical

waste production.

On the ather hand, the major technical disadvantages of the enzymatic
process are its slowep reaction rate than the alkaline process and the enzyme
inhibition. Poor solubility of methanol in-eil.and adsorption of glycerol onto the lipase
lead to the accumulation of methanol arbuﬁd the enzyme, resulting in the inactivation
of the enzyme. The cost of lipase production.is the main obstacle for enzymatic
biodiesel productionin-an-industrial-scaie:folower the cost of the enzymatic process,
the immobilization of lipase in suitable support has been developed. Moreover, if the

lipase is immobilized, it can be easily separated from the reaction mixture.

2.4 Heterogeneous Catalyst.Preparation

Heterogeneous catalysts are frequently defined as solids or mixtures of solids
which accelerate chemical reaction without themselves undergoing changes.
Generally, the catalysts may be classified according to the preparation procedure as:
(i) bulk catalysts or supports and (ii) impregnated catalysts. On this basis the relative
preparation methods are: (i) the catalytic active phase is generated as a new solid
phase and (ii) the active phase is introduced or fixed on a pre-existing solid by a
process which intrinsically depends on the support surface [64].
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The catalytic properties of heterogeneous catalysts are strongly affected by the
catalyst preparation. The choice of method for preparing a catalyst depends on the

physical and chemical characteristics desired in the final composition.

2.4.1 Bulk catalysts and support preparation [65-66]

2.4.1.1 Precipitation

Precipitation is one of the most widely employed preparation methods
and may be used to prepare beth smgle component catalysts and supports.
Precipitation is usualiyunderstood as obtaining a solid from a liquid solution. In the
production of precipitated.caialysts, the first step is mixing of two or more solutions
or suspensions of materials, causing the precipitation of an amorphous or crystalline
precipitate or gel. The'formation of the precipitate from a homogeneous liquid phase
may occur as a resulf of physical transformations (change of temperature or of
solvent, solvent evaporation). but maost often is determined by chemical processes
(addition of bases or acids, use of complex forming agents).

It is generally desirable to preeipitate the desired material in such a
form, that the counterions of the precursor salts and-the precipitating agent, which can
be occluded in the precipitate during the precipiiation, can easily be removed by a
calcination step. If*“precipitation is induced by physical means, i.e. cooling or
evaporation of;selvent,to-reach supersaturation of.the, selution, only the counterion of
the metal salt is‘relevant. If precipitation’is induced ‘by’addition of a precipitating
agent, ions introduced into thef“system viasthis route alse/have to be considered.
Favorable 1ons| are nitrates; carbonates, or ammanium, which' decompose to volatile
products during calcination. If the ions do not decompose to volatile products, careful

washing of the precipitate is advisable.

The equilibrium between concentrations of particular ions in solution
and the solid precipitate is expressed in terms of the solubility product. The solubility
product constant, Ksp, is a particular type of equilibrium constant. The equilibrium is

formed when an ionic solid dissolves in water to form a saturated solution. The
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equilibrium exists between the aqueous ions and the undissolved solid. A saturated
solution contains the maximum concentration of ions of the substance that can
dissolve at the solution’s temperature. Table 2.9 showed the solubility product

constant for various compounds.

Table 2.9 Solubility product constant for various compoujtd$

Name Formula Ksp
Carbonates

Calcium carbonate CaCQ 3.4 x10°
Magnesium carbonate MgCOs 6.8 x 10°
Zinc carbonate ZnCQO; 1.6 x 10%°
Hydroxide

Calcium hydroxide _Ca(OH) 5.0 x10°
Magnesium hydroxide Mg(OH), 5.6 x 10"
Zinc hydroxide 4 Zn(OH), 1.2 x 10"

The wet solid is converted to the finished catalyst by filtration,
washing, drying, forming, calcination and activation. Adjusting production conditions

can vary crystallinity; particte size; porosity, and composition of the precipitate or gel.
2.4.1.2 Co-precipitation

In the synthesis of multicomponent systems, the problems are even
more complex., Co-precipitation, allows,one.to-0btain.goed macroscopic homogeneity.
The term' co-precipitation ‘is “usually reserved for “preparation of multicomponent
precipitates, which often are the precursors of binary or multimetallic compound. The
composition of the precipitate depends on the differences in solubility between the

components and the chemistry occurring during precipitation.

The choice of salts and/or alkali (precursor) depends on availability at
a moderate cost, the solubility in the solvent (water), and avoiding an introduction of

compounds that can cause negative effects in the final catalyst. Chlorine ions are
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known as common poisons and their presence has to be avoided as well as sulfate,
which can be reduced to sulfide during the last step of activation. Therefore, nitrate
salts or organic compounds, such as formate, oxalate are preferred although some
problems can arise with them. However, formate and oxalate compounds are
expensive and may not completely decompose during calcination. Nitrate is
inexpensive and particularly soluble in water, but calcination has to be controlled
because of the exothermic evolution of nitrogen oxides. In the case of the alkali, Na
K*, NH'; hydroxides, carbonates and bicaionates can be used as precipitating agents.

2.4.2 Supported Catalysis preparation [64]
2.4.2.¥Impregnation

Impregnation is the procedure whereby a certain volume of solution
containing the metal precursor-is contacted with the solid support, then it is aged,
usually for a short time, dried and calcined. According to the volume of solution used,
two types of impregnation cafn be diStinéuished: wet impregnation and incipient

wetness impregnation.

In the wet impregnation technigue (also called soaking or dipping), an
excess of solution is used. After a certain time, the solid is separated from solution,
and the excess solvent s remaved by-dryings The ecomposition of the batch solution
will change and the Telease of debris can form a mud which makes it difficult to
completely. use the solution.

In incipient wetness impregnation, the volume of the solution of
appropriate concentration is equal or slightly less than the pore volume of the support.
Control of the operation must be rather precise and repeated applications of the
solution may be necessary. The maximum loading is limited by the solubility of

precursor in the solution.
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2.4.2.2 lon exchange

lon exchange consists of replacing an ion in an electrostatic interaction
with the surface of a support by another ion species. The support containing ions A is
plunged into an excess volume (compared to the pore volume) of a solution
containing ions B. lons B gradually penetrate into the pore space of the support, while
ions A pass into the solution, until equilibrium is established corresponding to a given
distribution of the two ions between the‘selid.and the solution. For example, using a
proper salt solution at.ca.-100°C (io increase-the exchange rate), it is possible to
prepare the acid form of-zealite by exchanging sNKbr Na and successive

calcination.
2.4.2.3/Adsorption

Adsorption allows' the controlled anchorage of a precursor (in an
aqueous solution) on the suppert. The térm adsorption is used to describe all processes
where ionic species from aquesots solufior;‘é are attracted electrostatically by charged
sites on a solid surface. Often consideration is net given to the difference between true
ion exchange processes and-electrostatic adsorptioh at the charged surface of oxides.
Catalyst systems, which need charge compensating ions are ideal materials for ion
exchange (zeolites, cationic clays or layered double hydroxides). Instead most oxide
supports, when tplacedsin can caqueous isolution;, develop a pH-dependent surface
charge. These oxidesS may show a tendency for adsorption of cationsAB},

Si0Oy), .or anions (ZnO, MgQ) or both, cations'in basic_solutions and anions in acid
solutions (TIQ, ' Al,O3). 'Thel'surface«charge of an' oxide! depends on its isoelectric

pointas well as on the pH and ionic strength of the solution.
2.4.2.4 Deposition-precipitation
In deposition—precipitation two processes are involved: (1)

precipitation from bulk solutions or from pore fluids; (2) interaction with the support
surface. Slurries are formed using powders or particles of the required salt in amounts
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sufficient to give the desired loading, then enough alkali solution is added to cause
precipitation. However, precipitation in the bulk solution must be avoided, since it
gives rise to deposition outside the pores of the support. A well-dispersed and
homogeneous active phase is reached when the gosups of the support (for
example, the silanols of silica) interact directly with the ions present in the solution,
thereby also determining the nature of the phase formed. The nucleation rate must be
higher at the surface than in the bulk selution and the homogeneity of the solution
must be preserved. A method to obtain‘uniform precipitation is to use the hydrolysis
of urea as a source of Ofiistead of eonveniional-alkali. Urea dissolves in water and
decomposes slowly at ca. 90°C., giving a uniform concentration of @Hboth the

bulk and pore solutions. Fhus the precipitation occurs evenly over the support surface,
making the use of urea the preferred method for amounts higher than 10-20%.

2.5 Literature Survey

In 2004, Kimet al. [2] studied the t“r“ansesterification of soybean oil, using
alumina loaded with sodium and sodium hydroxide as.a solid base catalyst. They have
studied the role of coselventin-the transesterification process in the presence of solid
base catalyst. When n-haxane was added, the tmmiscible two-phase system was
changed to the homogeneous emulsion state. The optimum vegetable oil to n-hexane
molar ratio is_found o be 5:4.The /maximun biodieselyield of 94% was obtained
after optimum conditions were reached using the methanol/oil ratio of 9, the amount
of catalyst of .2 wt.%, the reaction time of 2°h, and the temperature of 60°C. The
activity ‘of catalyst was closely‘carrelated to the' basic!sites.which determined by
temperature programmed desorption of carbon dioxide (TPR)-:Tt@ catalyst
activity was also compared to NaOH homogeneous catalyst and nearly the same
activity was detected.

In 2005, Ebiuraet al. [3] studied the selective transesterification of triolein
with methanol to methyl oleate and glycerol using alumina loaded with alkali metal
salts, including KCOs;, KF, LINO3;, NaOH, KOH, KNQ, NaNG;, and RbNQ, as a
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solid base catalyst. Among the catalysts, alumina loaded wi@lOKgave methyl
oleate and glycerol in the highest yields of 94 and 89%, respectively. The suitable
reaction conditions for the transesterification of triolein with methanol oy€0OK

Al,Os were the methanol/triolein molar ratio of 25, the reaction time of 1 h, and the
temperature of 60°C. Tetrahydrofuran (THF) was used as a solvent. They also
compared catalytic activity of O3/ Al,O; and KOH under the same reaction
conditions and found that ¥COs/Al>03 showed the same catalytic activity as that of
KOH.

In 2006, Xie e _.al. . [5] reported the biodiesel production from
transesterification of soybean oil using alumina-supported catalysts. The catalysts
were prepared by impregnation of potassium compounds, such as Kl, KF, and KOH,
into alumina to gepneraie catalyiic activities for transesterification reaction. The
catalyst with 35 wt.% Kl loading on 203 ahd calcined at 500°C for 3 h was found to
be the optimum catalyst, which gave' the highest basicity and the best catalytic
activity. The highest conversion of 96% was achieved at reaction condition of a molar
ratio of methanol to oil of 15;-a reaction ti“r“ne of 8 h, a temperature of 65°C, and a
catalyst amount of 2.5 wt.%: It was concluded that there was a correlation between
the activities of the catalysts-with-their corresponiding basic properties. Jbe K
species formed by thermal decompaosition of precursor and the surface Al-O-K groups
by precursor-support interaction were revealed as the actives species toward the

transesterification.

In 2007, Alonsoet al.. [6] studied theieaching of potassium species from
K/y-Al,05 catalysts in' the tfansesterification of sunflower 6il with methanol. A K/
Al,O3 catalyst was prepared using the wet impregnation method w(llOXas a
precursor salt. They found that this catalyst showed good activity, achieving a methyl
ester close to 100% after 1 h. However, when it was used in successive runs the
catalyst showed a strong decrease in its catalytic performance, yielding 99% of fatty
acid methyl ester in the first run, and only 3.8% for the fourth run. This is due to the

leaching of active species. They explained the dissolved active species arise from the
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attack of the methanol to the KAJdike derived species present at the surface of the
alumina.

In 1999, Gryglewicz [7] investigated the possibility of using alkali earth metal
hydroxides, oxides, and alkoxides to catalyze the transesterification of rapeseed oil
with methanol. He found that NaOH was the most active, Ba(@#d}$ slightly less
adive, and that Ca(C#D), showed medium activity. The reaction rate was lowest
when CaO was used as catalyst while MgO and Caf@Gk)wed no catalytic activity.

The high activity of barium hydroxide is.due 1o-its higher solubility in methanol with
respect to other compounds. The erder oi reactivity Ca{@HFaO < Ca(ChkD),

agrees with the Lewis theory..the methoxides of alkali earth metals are more basic
than their oxides and their hydroxides. The transesterification rate can be increased
using ultrasound energy.and the cosolvent (THF).

In 2008, Liu et al. [10] utilizéd CaO as a solid base catalyst for
transesterification of soybean-oil. They. revealed that the reaction rate is accelerated in
the presence of water, because CaO génerated more methoxide anions, which are the
real catalyst of transesterification of trigrlycﬂ‘éride to biodiesel. However, if too much
water (more than 2.8% by weight of soybean oil).is added to methanol, the fatty acid
methyl ester will hydrelyze-under basie conditions to generate fatty acid, which can
react with CaO to form soap. Catalyst reusability studies were carried out by
activating by methanol with 2.03% water in the first use and reusing them with the
analytical reagent jmethanael/iny acsubsequent jreaction:cycle. They found that the
catalytic activity was maintained even after used for 20 cycles and the biodiesel yield
was only slightly decreased. A 12:1 molar ratio, of methanol ta oil, addition of 8%
CaO catalyst, 65°C and 2.03%water ‘content in methanol' gave the best results, and

the biodiesel yield exceeded 95% at 1.5 h of reaction.

In 2005, Cantrelkt al. [12] studied the structure-activity correlations of Mg-
Al hydrotalcites for transesterification of glyceryl tributyrate with methanol. A series
of [Mg 1) Alx (OH)]**(COs)yn> hydrotalcite materials with composition over the
range x = 0.25-0.55 have been synthesized using an alkali-free coprecipitation
method. All hydrotalcite materials are effective catalysts for the transesterification of
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glyceryl tributyrate with methanol. The rate of glyceryl tributyrate conversion
increases steadily with Mg content, and the most active dAy catalyst was 10
times more active than MgO. The rate of reaction also correlates with intralayer
electron density, which can be associated with increased basicity.

In 2007, Shumakest al. [14] studied the transesterification of soybean oil to
fatty acid methyl esters using a calcined Li/Al layered double hydroxide catalyst. The
calcination temperature of the catalyst afiecied on its activity. A temperature of 400-
450°C was found to be opiimal; corresponding-io-decomposition of the layered double
hydroxide to the mixed oxide without formation of less basic LIA#Dd LiAlsOs
pheses. It was found that; at the reflux temperature of methanol, the conversion of
soybean oil was achieved at low catalyst loadings (2-3 wt.%) and short reaction times
(2 h). Catalyst recycling studies shoWed that the catalyst maintained a high level of
activity over several cycles, although aﬁ-alyses Indicate that a small amount of Li is
leached from the catalyst. '

In 2008, Ngamcharussrivichei al. [15] used mixed oxides of Ca and Zn as a
solid base catalyst for transesterification of palm kernel oil with methanol. The
catalyst was prepafred-by the co=precipitation of edrresponding mixed metal nitrate
solution in the presence of p@0O; as precipitant. The catalyst with a Ca/Zn molar
ratio of 2.5 and followed by calcination at 800°C for 2 h exhibited the best catalytic
activity for theo tramsesterification;s When| the~transesterification reaction was
performed at 60°C, with the methanol/oil molar ratio of 30 and 10 wt.% of catalyst,
the methyl ester content reached 94% after ‘3 *h.of reaction. They found that washing
with the mixture '0f methanol and 5M NEH lista good-method for the regeneration
of a spent catalyst. The catalyst can be reused up to 3 times with maintaining the

methyl ester content > 90%.

In 2008, Babuet al. [44] used magnesium-lanthanum-mixed oxide catalysts in
the transesterification of sunflower oil and the catalyst was prepared by a precipitation
of nitrate precursors with KOHACQO;. With increasing Mg content in the mixed
oxides, the basicity of the Mg-La oxides increased but the surface area decreased. The
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catalyst with a Mg/La weight ratio of 3:1 showed optimum performance toward
transesterification of oils, and it exhibited excellent activity even at room temperature.
After 2.2 h of reaction time, at room temperature, with 20:1 molar ratio of
methanol/oil and 5 wt.% of catalyst content, the maximum conversion achieved was
100%.

In 2008, Albuquerquet al. [45] investigated the transesterification activities
of MgAl and MgCa oxides. It was found-that MgAl and MgCa oxides were active as
basic catalysts for transesierification processes; as evidenced in the reaction between
ethyl butyrate and methanoelas well as in the methanolysis of sunflower oil. The best
performance was obseryed forthe series of MgCa oxides, which could be attributed to
the presence of strofg hasi¢ sites on the surface, mainly associatéd-@ Gaairs,
and a surface area much higher than fhat of pure CaO. The highest activity was found
for a Mg:Ca molar ratio of 3.8, with a FAME yield of 92%, for a methanol:oil molar
ratio of 12, at a reaction temperaturé of 833K and 2.5wt.% of catalyst were
employed. =

In 2009, Yanet al. [46] studied the simultaneous transesterification and
esterification of UArefined—or waste oiis over ZnGQa catalysts. A strong
interaction between Zn and La species was observed with enhanced catalyst activities.
Lanthanum promoted zinc oxide distribution, and increased the surface acid and base
sites. The catalystjwith /3:1oratio jof zing to, lanthanum avas found to simultaneously
catalyze the il transesterification and fatty acid esterification reactions, while
minimizing oil.and biodiesel_hydrolysis. After reaction time_ of 3 h at 220°C, 96% of
fatty acid methyl'ester (FAME) was obtained.

In 2008, Tittabutet al. [68] studied the transesterification of glyceryl
tributyrate and palm oil with methanol using metal-loaded MgAl oxides. MgAl
hydrotalcites (Mg/Al molar ratios 3 and 4) were synthesized using alkali and alkali-
free methods at different pH’s, followed by the the calcination, and then loaded with
Na, K metals at different content. The results suggested that the catalysts synthesized
with a Mg/Al molar ratio of 4 and at pH 11 are more basic than those with a ratio of 3
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and at pH 8, due to higher incorporation of Mg in the oxides, resulting in higher
catalytic activity. For the metal-loaded catalysts, under the same reaction conditions,
it was found that the MgAl oxide loaded with 1.5% K gave the highest activity. It was
therefore used for the biodiesel synthesis from palm oil. The ester content and yield of
biodiesel were 96% and 87% at temperature 100°C in 9 h. The catalyst could be

regenerated by recalcination and reloading metal.

In 2009, Chuayplodt al. [69] studied the transesterification of rice bran oil
with methanol over Mg(Al)ka hydrotalcites-and-Metal/MgAl oxides. Both MgAIl and
Mg(Al)La hydrotalcites were synthesized by an alkali-free coprecipitation method
and calcined to their cerresponding oxides. MgAl oxide was impregnated with
different kinds of metals‘’(M = Cs,; Sr, Ba, and La). The Mg(Al)La oxide obtained
from calcination of Mg(Al)La hydrotallcite showed a higher activity than the MgAl
oxide. The rehydrated Mg(Al)La hydrotaic-;ite was found to be superior to the calcined
one. Biodiesel (97% ester content and 78% product yield) could be produced from
rice bran oil by a two-step process: 'e'sterification and transesterification reactions
catalyzed by the silica-supportedgﬂWiZOi{b acid catalyst and the rehydrated
Mg(Al)La hydrotalcite, respectively. ol

In 2009, Albuguerquest al. [70] studied the transesterification of ethyl
butyrate with methanol using MgO/CaO catalysts. The catalysts were prepared by co-
precipitation smethod jin™ag basicomedium] and-subseguent calcination. Textural
properties were improved by the presence of Mg, with the porosity increased and the
particle. sizes decreased with respect to pure-CaO. These_ catalysts were active in the
transesterification of ethyl butyratetwith methanol at'333 Kand.atmospheric pressure,
a model reaction to evaluate the potential of these basic catalysts in triglycerides
transesterification for biodiesel production. The most active catalyst was obtained
with Mg/Ca ratio of 3, with conversion close to 60%.



CHAPTER 11

EXPERIMENTAL

3.1 Chemicals

AR grade, Ajax Finechem)

2. Magnegsium nitrate (v )>-6H,0) (AR grade, Ajax Finechem)
. - oy g X ‘\ \
3. Zinc niirate x (4

iG),
4. Sodum earb lé' grade, Ajax Finechem)
5. Nitric -" ( Q%I? f., ) \\\ r

!w* {

ﬁ ‘,‘ . ~.
3.1.2 Chemicals for'tr ansester ifice ‘

\\ de Ajax Finechem)

1. Refine Kernel oil (Chumporn Paim Oil
Industry )
2. Menol (CHOH, 99.5% | m

3. Sodium sulfate (NgSQy, 99%)(Riedel-deHaén)
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2. Heptane (€H16) (MERCK)




3.2 Instruments and Equipments

. Peristaltic pump

. Beaker, 250, 600 and 1000 mL
. Magnetic bar

. Magnetic stirrer

. Dropper
. pH meter
. Water bath

. Thermomey
. Suction fla

© 00 N o 0o~ W DN PP

14. Desiccator
15. Three-neck round b
. Stoppe ’

-
17. Conde IS0
18. Thermo

19. Water be
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3.3 Reaction Product Analysis
The methyl ester (ME) content, equivalent to methyl ester yield, was
determined by a Shimad#£sC-14 B gas chromatograph equipped with a 30-m DB-

Wax capillary column and a flame ionization detector (FID).

Table 3.1 GC conditions for determination of methyl ester content

Condition Value
Carrier gas (He) flow rate 1.0 mL/min
Make up gas (He) pressure 100 kPa
Hydrogen pressure (forFID) ) 60kPa
Air pressure (for FID) 30 kPa
Detector temperature 250°C
Split ratio 1:20
Injection port temperature 250°C
Inject volume 0.5uL
Initial column temperature 140 °C
Ramp rate 15°C /min

Final column temperature 200°C
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3.4 Characterization of Cat
3.4.1 Scanning electron

Morphological study of at 1“'}. S ,-'tl ied out with a JEOL JSM-5410 LV

Scanning Electron — C ple. was sputter-coated with gold

before the observation. ‘,‘! by using a 15 kV electron

beam with a magnificati

Figure 3.2 Schematic diagram of scanning electron microscope
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Scanning electron microscopy (SEM) involves rastering a narrow electron
beam over the surface and detecting the yield of either secondary or backscattered
electrons as a function of the position of the primary beam. Contrast is caused by the
orientation: Parts of the surface facing the detector appear brighter than parts of the
surface with their surface normal, pointing away, from the detector. The secondary
electrons have mostly low energies (~5-50 eV) and originate from the surface region

of the sample. Backscattered electroh% E’) Efrom deeper and carry information on the

composition of the sample, hegtuse he nts are more efficient scatters and

appear brighter in the i |magﬂ-— -
!

3.4.2 Surface area ands \
-
The surface are _ ed- at Iyst was determined, lagl$orption-

desorption measurement usi I “' " |t?cs SAP 2020 surface area and porosity

analyzer.

e

Figure 3.3 Surface area and porosity analyzer

IR

9

The Brunauer-Emmett-Teller (BET) theory is a rule for the physical
adsorption of gas molecules on a solid surface and serves as the basis for an important

analysis technique for the measurement of the specific surface area of a material.
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The concept of the theory is an extension of the Langmuir theory, which is a
theory for monolayer molecular adsorption, to multilayer adsorption with the
following hypotheses: (a) gas molecules physically adsorb on a solid in layers
infinitely; (b) there is no interaction between each adsorption layer; and (c) the
Langmuir theory can be applied to each layer. The resulting BET equation is
expressed by (Eq.(3.1)):

1 —C_1|f.j'i\_|_i (3.1)

v [(Py/P =l Ua, C e 7

P and Py are the eguilibrtim and the saturation pressure of adsorbates at the
temperature of adsorptiow'is_ the adserbed gas quantity (for example, in volume
units), andvi, is the monolayer.adsorbed gas quantiig the BET constant, which is
expressed by (Eq.(3.2)): |

(3.2)

(E; —ELj
c & eXp | =

REZ)

E; is the heat of adsorption for the first layer, &nds that for the second and

higher layers and is equal to the heat of liqguefaction.

Equation (3.1) is-an adsorption isotherm and can be plotted as a straight line
with 1 /v[(Po / P).—. 1] on the_y-axis_and = P / P, on _the x-axis according to
experimental results.<This plot is called'atBET plot. The linear relationship of this
equation is maintained only in the range of 0.0B.£Py < 0.35. iLhe value of the
slopeA and the y-intercegtof the line are used to.calculate the monolayer adsorbed

gas quantity ¥ and the BET constant Thefollowing equations can be used:

1
Um =TT (3.3)
A (3.4)
—14+Z
c=1+7
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The BET method is widely used in surface science for the calculation of
surface areas of solids by physical adsorption of gas molecules. A total surface area

Sota @nd a specific surface area Sare evaluated by the following equations:

U, N 8
SBET total = (1—") (3.5)
N\ Oibd; (3.6)

N: Avogadro's number
s: adsorption cross section
V: molar volume of adserbent gas

a: molar weight of adsorbed species
3.4.3 X-ray diffractometer

Oxide structure and cluster size of the catalysts were determined by techniques

of powder XRD using a Bruker D8 Discover equipped with Gu&diation.

X-ray powder diffractometry is recognized as a powerful technique for the
identification of crystalline phases. The technique can also be used for the quantitative

analyses of solids:

When_an X-ray beam strikes a surface of ‘crystalline sample at antaragle
portion of the radiation is scattered by the layer of atoms at the'surface. The effect of
scattering from the regularly spaced centers of the crystal is a diffraction of the beam.
The data of X-ray diffraction indicates that the spacing between layers of atoms and
the scattering centers must be spatially distributed in a higher regular way. The

diffraction of X-rays by crystal is shown in Figure 3.4.
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Figure 34 Diffraction of X-rays by a crystal.

A narrow beam strikes ihe crystal surface at afglecattering occurs as a
conseguence of interaction of the radiation‘with atoms located at B. The distance was

calculated from Equation (3.7).

AB"+ BC 2 n (3.7)

S

The scattered radiation will-be in phasé', and the crystal will appear to reflect
the X-ray radiation. It is,investigated with E'qu_tibmn (3.8).
AB = BC = dsin® 3.9

Thus, the condition for constructive interference of the beam at éngle

expressed by the Equation (3:9), called Bragg's law.

2dsin, 6 nk (3.9
Where n = an integer
d = interplanar distance of the crystal (A; 1 A="1fn)
0 = angle between X-ray and crystal planes (degree)

A = wavelength (A)
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3.4.4 X-ray fluorescence spectrometer [73]

Elemental analysis was performed on a Philips PW-2400 ED-2000 Energy
Dispersive X-ray Fluorescence Spectrometer (XRF).

An electron can be ejected from its atomic orbital by the absorption of a light
wave (photon) of sufficient energy. The energy of the photon must be greater than the
energy with which the electron is bound to'the nucleus of the atom. When an inner
orbital electron is ejected frem-an-atomy'an elecironfrom a higher energy level orbital
will be transferred to the lower€nergy level orbital. During this transition a photon
maybe emitted from the atam. Fhis fluorescent light is called the characteristic X-ray
of the element. The energyof.the emitted photon will'be equal to the difference in
energies between the two erhitals occu‘pied by the electron making the transition.
Because the energy difference between twc; specific orbital shells, in a given element,
is always the same (i.e. characteristic of'a"'particular element), the photon emitted
when an electron moves between-these th"leveIs, will always have the same energy.
Therefore, by determining the™energy (Wavélength) of the X-ray light (photon)

emitted by a particular.element, it is possible to determine the identity of that element.

For a particular energy (wavelength) of fluorescent light emitted by an
element, the number of photons per unit time (generally referred to as peak intensity
or count rate) is related tojthe amountofithat analyte‘in thessample. The counting rates
for all detectable glements within a'sample are usually calculated by counting, for a
set amount of time, the number of photons. that'are detected for the various analytes’
characteristic'’X-ray energy lines.It'is important ta'note that these fluorescent lines are
actually observed as peaks with a semi-Gaussian distribution because of the imperfect
resolution of modern detector technology. Therefore, by determining the energy of the
X-ray peaks in a sample’s spectrum, and by calculating the count rate of the various
elemental peaks, it is possible to qualitatively establish the elemental composition of

the samples and to quantitatively measure the concentration of these elements.
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Incident Radiation from
Primary X-ray Source

M-Shell electron

fills vacancy
O Ejected

» I, o L-Shell

electron

Ejected
k-Shell ) c
electron

K x-ray
emitted

L x-ray
emitted

Figure 3.5 Schematic o
electron, higher shell el ills the en én‘gy and excess energy given up
as an x-ray (photon). '

3.4.5 Thermogravi ic/diffe alyzer [74-75]

Thermogravimetric ana_lys@GAf carried out by using a Perkin Elmer

oé' vim ifferenti zer. Typicallymg®f a

of 8°C /min with air flomﬂ?;!%:zopr?}n iﬂn
ﬂuﬂquW5wa1ni
) RS umfmmaa

Pyris Diamond ther

sample was placed i to 1,000°C at a ramping rate

ADB-PPT-CUCT-03-105

Figure 3.6 Thermogravimetric/Differential Thermal Analyzer.
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Thermogravimetric Analysis or TGA is a type of testing that is performed on
samples to determine changes in weight in relation to change in temperature. Such
analysis relies on a high degree of precision in three measurements: weight,
temperature, and temperature change. As many weight loss curves look similar, the
weight loss curve may require transformation before results may be interpreted. A
derivative weight loss curve can be used to tell the point at which weight loss is most
apparent. Again, interpretation is limited without further modifications and
deconvolution of the overlapping peaks may be required.

TGA is commonly employed in research and testing to determine
characteristics of materials stch' as polymers, to determine degradation temperatures,
absorbed moisture content of materials, the level of inorganic and organic components
in materials, decomposiiion points of expllosives, and solvent residues. It is also often

used to estimate the corrgsion kinetics in high temperature oxidation.

Differential thermal analysis {or DTA) |s a thermoanalytic technique, similar
to differential scanning calorimetiy.—in DTA the material under study and an inert
reference are made.to undergo identical thermal cycles, while recording any
temperature difference-between-sampie-and reference ~This differential temperature is
then plotted against time, or against temperature (DTA curve). Changes in the sample,
either exothermic or endothermic, can be detected relative to the inert reference. Thus,
a DTA curve provides data-onithectransfermations that-have occurred, such as glass
transitions, crystallization, melting and sublimation. The area under a DTA peak is the
enthalpy change and.is not.affected by the heat €apacity of.the sample.

3.4.6 Chemisorption analyzer [76]
The basic properties of the catalysts were investigated by the temperature-

programmed desorption (TPD) method, using.C£3 probe molecule, using a
Micromeritics AutoChem Il 2920.
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ADB-PPT-CULT-13-106

: 7 .
Flg ure 2.7 Chem‘sorptlon analyzer.

The interaction ytaa/ants Wlt the catalyst surface is a key parameter in

heterogeneous reaction syst ; I'—'or example the temperature at which species are

desorbed from a surface ig indi tlve* of\‘}he strength of the surface bond: the higher

the temperature, the stronger t e bo‘hd "fherefore the adsorption of a probe molecule
at low temperature, a ubsetquent“ﬂmonltorlng of its desorption/reaction
characteristics with temperature,is-a snmpl;eg,\zy;iy to characterize surface properties of

catalysts and adsorbents. This. 15 the kﬁ@ig,pf temperature-programmed analysis

methods in which, fgﬂr}}a linear increase in temperatgftg, the concentration of the

reacting/desorbing pa'rt-i‘élles is recorded as a function qiNe,!mperature.

T

Temperature-proarammed desorption (TPD) of carbon dioxide is frequently
used to measurésthe number and ‘strength, of ‘basic ‘sites. The strength and amount of
basic sites are reflected in the desorption temperature and the peak area, respectively,
in a TPD plot; However it is,difficult ta;express the strengthuin-a definite scale and to
count the number 'of sites quantitatively. Relative strengths and relative numbers of
basic sites on the different catalysts can be estimated by carrying out the TPD
experiments under the same conditions. If the TPD plot gives a sharp peak, the heat of

adsorption can be estimated.
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3.5 Catalyst Preparation

A mixed oxide of Ca, Mg and Zn was prepared by pH-controlling co-
precipitation method. A required quantity of Ca@AHO, Mg(NOs),-6HO and
Zn(NO3),-:6H,0 was dissolved in deionized water. The mixed metal solution was
precipitated by adding an aqueous solution o under vigorous stirring. The
pH of the resulting solution was varied by adding HNOIlution. The amount of
COs* was controlled according to two diffefefie€onditions.

Table 3.2 The catalyst preparation conditions used in the preparation of CaMgZn

mixed oxides

Condition CQ%/metalfion molar ratio N&O; concentration (M)
I 1 _ 0.75

Il Yo 15

The precipitate was further aged at room temperature or 60°C for 8-20 h.
Finally, the white solid was filtered, washedv wi‘t‘h deionized water, dried in an oven at
100°C overnight, and-calcined in a muffle furhace.at 800°C for 2 h. Hereafter, the
mixed oxide catalysis-were designated as CaMgzZnAXX-Y, where XXX and Y
represent the atomic ratio of Ca:Mg:Zn in the synthesis mixture and the preparation

conditions | or Il, respectively.

3.6 Transesterification,of -Palm Kernd Qil with-M ethanol

A 250-mL three-neck round bottom flask equipped with a condenser and a
magnetic stirrer was used as a reactor for transesterification of palm kernel oil. In a
typical reaction, 0.6 g of a calcined catalyst was suspended in methanol. Temperature
of the mixture was controlled at 60°C by using a water bath. Then, palm kernel oil
was added into the mixture under vigorous stirring. In the study of effects of reaction
conditions, the various reaction conditions such as catalyst amount (2-6 wt.%), molar

ratio of methanol to oil (9:1-20:1) and reaction time (0.5-4 h) were investigated. After
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the course of reaction (3 h), the catalyst was separated from the reaction mixture by
centrifugation and the excess methanol was removed by using a rotary evaporation.
Methyl ester layer was subsequently washed with deionized water and dried with
N&SQ,. The methyl ester (ME) content, equivalent to methyl ester yield, was
deermined by a gas chromatograph (GC) equipped with a 30-m DB-Wax capillary
column and a flame ionization detector (FID). Methyl ester (ME) content was

| ’I//,E:; using methyl undecangats (C
=

calculated based on the standar

thereference standard.
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CHAPTER IV

RESULTSAND DISCUSSION

4.1 Catalysts Characterization
4.1.1 Effects of metal composition

The effects oi*meial -.composition on the physicochemical properties of
catalysts were studied. The catalysté were prepared according to the condition I; the
molar ratio of C@/metal don of 1, tfj(él; C& concentration of 0.75 M, the aging
temperature of 60°C, andl tie aging time of 20 h.

The elemental ‘compositions of mixed oxides synthesized with different
amounts of metal precursor.are presenié'd}‘in Table 4.1. The Ca:Mg:Zn molar ratios
found in the precipitated mixed oxides .iwr_-l.'_all,cases were deviated from those in the
synthesis mixtures: Jt should be mainly attributed o the fact thidtada Md" are
precipitated at pH higher than the pH of synthesis mixture, whil&" & readily
precipitated at pH of4 [15]. Therefore, the amount-of Zn found in the resulting solid
was highest. Although'thé~amount of Mg-in the synthesis mixture was increased to the
ratio of 1:3:1, the solid with the/Cai:Mg:Zn ratio.of 1:1:1 was attained, suggesting the

low precipitation of M§".
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Table 4.1 Elemental composition of calcined CaMgZn catalysts prepared with

different Ca:Mg:Zn molar ratios

Ca:Mg:Zn Metal composition in the solid
i o)
Catalyst molar ratié@ (wt.%)

Mixture® Solidf CaO MgO ZnO
MgZn11-I 0:1:1 0:1:4 0.0 10.7 89.2
CaMgzn111-| 1:1:1 6117 37.9 4.0 58.0
CaMgzn311-I 3 19:1:7 63.1 2.3 34.6
CaMgzZn131-I T 3. L. 29.8 20.4 49.6

CaMgZn113-I 1" 3 1:1:4 17.9 9.6 72.3

 Determined by XRF spectr@scaopy:
® Ca:Mg:Zn molar ratio in'the synthesis rmixture. 4

¢ Ca:Mg:Zn molar ratio in the final solid.

Figure 4.1 shows thé XRD pétii’é’rns obtained from calcined CaMgZn
precipitates with different €a:Mg:Zn molar ratios. In the XRD pattern of MgZn11-1,
the presence of MgO-and-ZnO-phases-was-observed (Figure 4.1a). The calcined
CaMgZn showed the diffraction peaks related to CaO, MgO and ZnO phases (Figure
4.2b-4.2e). By varying the metal composition, the diffraction peaks associated with
the corresponding metal-oxide species-became;more-intense. For an exmple, the peak
of MgO obseryed for-CaMgZzn131-1 possessed higher intensity than those found in
MgZnl1l-l, CaMgzZnl11l-l, CaMgZnl113-l, ‘and CaMgZn311-l. Moreover, the
diffraction peaksiaof ‘Ca(OH)were observed for all CaMgZn catalysts, suggesting
hydration of CaO by moisture in the atmosphere.
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Intensity / a.u.

2 Theta/°

Figure 4.1 XRD patterns of CaMgZn precipitates prepared with different Ca:Mg:Zn
molar ratios after the calcination at 800°C: (a) MgzZnl1l-I, (b) CaMgzZnl11-Il, (c)
CaMgZn311-l, (d) CaMgzZni3i-l, and (e) CaMgzZnl113-l. (Symboss: ( ) CaO, ( )
Ca(OH), X ) MgQ.and« ) ZnO)

During the preparation of CaMgZn catalyst,CaO, MgO and ZnO generated
after the calcination of €aMgZn precipitate. Non-calcined MgZn11 showed a major
weight loss from240.to 370°C with ‘a maximum DTG peak at 318°C (Figure 4.2).
This process corresponds te the decemposition of » basic Zn carbonate
ZnzCO3(OH)..2H,0 reported hy Sawada et al. [77].-The decomposition pattern of
non-alcined CaMgzZn111-1 (Figure 4.3) exhibited a three-step weight loss. The first
and second peak should correspond tosCI®(OH)..2H,O and Ca(OH)
respectively. The peak at the highest temperature (710°C) should be;Cal©
TGA results obtained from non-calcined CaMgzZn311-I (Figure 4.4) showed a similar
decomposition pattern to CaMgZn111-1. It can be seen that the peak corresponding to
CaCQ decomposition was shifted to higher temperature with increasing the amount
of Ca. In the case of non-calcined CaMgzZn131-1 (Figure 4.5), the peak at around
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400°C can be assigned to the decomposition of MgQ®e higher-temperature
pesks can be assigned to the Ca(@Hhd CaC®@ decomposition, respectively. The
presence of ZnC@and CaC@ phase in non-calcined CaMgZn113-1 was revealed by
the DTG peak at 245-300°C and 625-690°C, respectively (Figure 4.6).
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Figure 4.2 Weight loss and diiferential weight loss (DTGirves of as-synthesized
MgZnl114.
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Figure 4.3 Weight loss and differential weight loss (DTéirves of as-synthesized
CavgZnl111-I.
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Figure 4.5 Weight loss and differential weight loss (DTéirves of as-synthesized
CavigZn131-I.
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Figure 4.6 Weight loss and differentialweight loss (DT&irves of as-synthesized
CavigZn113-1.

The SEM images of as-synthésiied CaMgzn precipitates with different
Ca:Mg:Zn molar ratios are shown in Figure 4.7. MgZnl11-l showed an aggregate of
very small thin flaké particies (Figure 4.7a). in the presence of Ca, the formation of
spherical particles with various sizes was observed (Figure 4.7b-4.7d). The mixed
precipitate particles of CaMgZnl111-l possessed non-uniform size and morphology
(Figure 4.7b)=The presencenof both flakes and spheres with a wide range of size
distribution can,be seen. The increase in the Ca content, CaMgzn311-1 (Figure 4.7¢),
uniformly reduced. the particle sizes to.248. Similarly, compared to CaMgzZn111-I|
(Figure '4.7h), CaMgZnl131:l with inereasing amount.of Mg ‘exhibited much smaller
particle sizes (ca. um) (Figure 4.7d). On the other hand, the morphology of
CaMgzZn113-1 (Figure 4.7e-4.7f) was an aggregate of flake-like particles similarly to
that of MgZn11-I (Figure 4.7a). However, the incorporation of Ca distorted of the
particle shape to shortened and thick pellets (Figure 4.7f).
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Figure 4.7 SEM images ofas-synthesized CaMgZn precipitates prepared with
different Ca:Mg:Zn molar ratios: (a) MgzZn11-Il, (b) CaMgzZnl111-l, (c) CaMgZn311-I,
(d) CaMgzZn131-l, (e) CaMgZn113-1 and (f) CaMgZn113-1 (x15,000)
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The textural properties of CaMgZn mixed oxides were characterized, by N
adsorption desorption measurement and the results are given in Table 4.2. The BET

surface area of CaMgZn mixed oxides varied between 2 arfg’s m

The cluster sizes of CaO, MgO, and ZnO were calculated by Deby-Scherrer
equation. The cluster size of the corresponding metal oxide was increased with
increasing the metal content. For example, the cluster size of CaO increased from 47.9

to 49.4 nm as the Ca content in the CaMgZn oxides increased.

Table 4.2 Textural properties of calcined CaMgZn catalysts prepared with different

Ca:Mg:Zn molar ratios

Catalyst P:lirztgle 7 i N SBzET.Cl Vaé’ed-l Dave’
i) 4 €407 Mgo zno AM°g) (mmigh)  (A)
Mgznll-l  0.3-05 - 379 | 464 50 9.9 78.8
CaMgzZn11l-l 4.0-5.0 479 35."6 40.8 3.7 6.8 73.8
CaMgzn311-l 2.0-3.0/ 4594 '4':'_1'-6], 417 1.8 3.8 84.8
CaMgzn131-l 1.0-2.0 420 46.6'.'" 418 43 8.6 79.4
CaMgzZn113-l 02-03 430 « 37.9 428, 46 7.4 63.2

 Determined by SEM techiigue.

® Determined from XRD'patterns using Sherrer’s equation.
¢ BET surface area.

4 Average pore volume.

® Average pore diameter.
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The CQ desorption profiles from the temperature-programmed desorption
(TPD) analysis are shown in Figure 4.8. A broad peak of MgZn11-I (Figure 4.8a) was
observed between 100 and 320°C, which can be attributed 1d&S6@rbed from the
basc ZnO. Pure calcium oxide derived from Cagxhowed a desorption peak at 660
°C (Figure 4.8b). CaMgZnl111-l and CaMgZnl131-l exhibited a similar desorption
profile (Figure 4.8c and 4.8e, respectively). The peaks located at 630 °C were
ascribed to the desorption of @®om the basic CaO sites. Moreover, it was found
tha the desorption peak slightly shifted.to-the dower temperatures when compared to
pure CaO. CaMgZn31i-I (Figure +4.8d) possessed two desorption peaks, which
indicated the presence of at least two types of basic sites with different strengths. It
should be related to theshigh Ca content. CaMgZn113-1 showed the peak related to
CO, desorbed from"CaQ at 632°C, while the desorption peak appearing at 190°C
comesponded to ZnO«(Figure 4.8f):

0,
M
© s 630°C
735°C

486°C

TCD sgnal

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Temperature (°C)

Figure 4.8 CO,-TPD analysis of calcined CaMgZn catalyst prepared with different
CaMg:Zn molar ratios: (a) MgZn11-1, (b) CaO (from Cagdc) CaMgZn111-l, (d)
CaMgzZn311-l, (e) CaMgZn 131-1, and (f) CaMgZn113-I.
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4.1.2 Effects of molar ratio of COs?/metal ion

The elemental compositions of mixed oxides synthesized with different molar
ratios of CQ%/metal ion are summarized in Table 4.3. The molar ratio of Gktal
ion varied from 0.75 to 1.5. The Ca:Mg:Zn molar ratio and the’G@ncentration
were kept constant at 1:1:1 and 0.5 M, respectively. The Ca:Mg:Zn molar ratios found
in the precipitated mixed oxides were deviated from those in the synthesis mixtures. It
should be due to the fact that each- metal ion precipitating at different pH as

mentioned above.

Table 4.3 shows.the/influences of the ﬁ:[metal ion molar ratio on the
elemental composition of mixed oxides. The amount of MgO in the mixed oxides
increased when the amolar ratio of €@netal ion increased from 0.75 to 1.5. This

result suggested that the precipitation “ole\/lag; pH of 7 required the high amount of
COZ.

Table 4.3 Elemental compositien of calc“ineﬁld CaMgZzn prepared with different molar

ratios of CQ?/metal.ion

Metal composition in

/ Ca:Mg:Zn :
cos [CO] ; the solid
Catalyst /metallion (M) molar ratié (Wt.9%)
Mixture”® Solid® CaO MgO ZnO
CaMgZnill 0l75 05 1:2:1 8:1:9 36.2 3.2 60.2
1.0 0.5 1:1:1 9:1:9 38.2 3.2 58.5
1.5 0.5 1:1:1 314 30.8 7.6 61.4

& Determined by XRF spectroscopy.
P Ca:Mg:Zn molar ratio in the synthesis mixture.

¢ Ca:Mg:Zn molar ratio in the final solid.
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The dependence of morphology of CaMgZn precipitates on the molar ratios of
COs*/metal ion is shown in Figure 4.9. There were two types of morphologies. The
spherical particles possessed the diameters of 4-5 um and the other type was flake-
like particles. The formation of thin flakes was related to the presence of MgZn

mixed precipitates. At the high GBmetal ion molar ratio, the Mg was more

precipitated, leading to the increased amount of MgZn phase.

l‘ F’/
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Figurﬂ 4.ﬂE Mﬂrﬂg@s ﬁéf as-s%?i‘tjeﬁs:]egJ Cugnqucig}!ates prepared with

different CQ?/metal ion molar ratios: (a) 0.75, (b) 1, and (c) 1.5.
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4.1.3 Effects CO5% concentration

The influences of C§ concentration on the elemental composition of
CaMgzZn mixed oxides were studied. The £Oconcentration were varied
investigated at 0.5, and 1.0 M. Table 4.4 shows that MgO was attained at the highest
amount when the mixed oxide prepared with the;‘C@oncentration of 1.0 M,
indicating that M§" was more precipitated. In addition, the Ca:Mg:Zn molar ratio
was very close to 1:1:1 when the €Ocontentration of 1.0 M was used as the

precipitant.

Table 4.4 Elemental Comp0sition of calcined CaMgZn prepared with differenf CO

concentrations

: Metal composition in

- Ca:Mg:Zn .

COs” [CO-7] “ ; the solid

Catalyst /metal igh £ @) molar ratié (Wi%)
Mixture®  Solid® CaO MgO ZnO
CaMgZnil1l 15 0.5 111 3:1:4 30.8 7.6 61.4
1.5 1.0 Lid. 111 329 177 493

& Determined by XRF spectroscopy.
® Ca:Mg:Zn molar ratio i the synthesis mixture.

¢ Ca:Mg:Zn molar ratio if'the final solid.
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Figure 4.10 shows the influences of £@oncentration on the morphology of
the CaMgzn precipitates. As the €O concentration increased, the precipitate
amount was increased. Thus high concentration of Gfid not only enhance the

formation of thin flakes related to MgZn phase, but also resulted in the aggregation of

the flakes to more uniform spherical particles.

;‘b) 1.0 M.
i "", v:J.-...-.l
o -H’HF':-;. ! ? -"J b
uﬁ -J:J'
4.1.4 Effects of pH during precipitation \d

| .

The influenc; of pH during the precipita;i‘on on the structure of the as-
synthesized CaMgZn. precipitates were investigated by XRD. Figure 4.11 showed the
XRD patterns ‘of the as-sythesized CaMan precipitates prepared at pH of 7, 8, 9 and
10. Thesesasssynthesized: catalysts cexhibiteds similarypatterns. They showed the
diffraction peaks related to Cazn(g)e) CaMg(CQ),, Zn(OH), and Mg(OH) phases.

By consulting the XRF data, the absence of Mg(£Xbl) the as-sythesized precipitate
prepared at pH of 7 (Figure 4.11a), suggested the remaining &f iMthe aqueous
phase. The formation of Mg(Okphase at pH > 7 implied that K¥fgvas precipitated
more easily in the form of Mg(OH)as a separate phase. Moreover, the intensity of
the peak corresponding to CaMg(g9 and CaZn(Cg), was decreased with
increasing the precipitation pH. It should be due to a competitive formation of

hydroxide precipitates when the concentration of @idreased. At pH of 7, the
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predominant species were €O Therefore, the metal carbonates should be formed

with the higher amounts.

(d) +eo®e 7V o

Intensty/a.u.

10 15 204 250 30 35 40 45 50 55 60 65 70 75 80
2 Theta/’

Figure 4.11 XRD patterns of as—syntheSifze‘d CaMgZn111-Il prepared at different pH:
(@) 7, (b) 8, (c) 9 and (d) 10: (Symbois ( ) CazZn{lzO(®) CaMg(CQ),, (m)
Zn(OH). and & ) Mg(OH) S

4.1.5 Effects of aging time and aging temperature

The effects of aging time and aging temperature on the elemental composition
were investigated. over.CaMgZn catalyst with the metal ratio, of 1:1:1, synthesized
under the conditions 1I." As 'shown' in Table 4.5, .the 'aging-time and the aging
temperature did not affect the elemental composition of the resultant catalysts. It

appeared that these three mixed oxides had a similar Ca:Mg:Zn molar ratio of 1:1:1.
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Table 4.5 Elemental composition of calcined CaMgZn aged at different times and

temperatures
_ Ca:Mg:Zn Metal composition in the
Catalyst Aging molar ratié solid
y conditions (wt.%)
Mixture®  Solid® caO MgO ZnO
CaMgznl1ll-1l 60 °C,8h 1:1:1 1:1:1 31.8 22.8 45.2
60 °C, 20 h R 1:1:1 32.9 17.8 49.3
rt, 20 h 1:1:1 duep 30.6 14.4 45.4

@ Determined by XRF speciroscopy:
P Ca:Mg:Zn molar ratio in the"synthesis mixture.

¢ Ca:Mg:Zn molar ratio in the final solid.

The influences' of' the aging éonditions on the morphology of mixed
precipitates before and after the calcination are illustrated in Figure 4.12a-4.12f.
Aging the synthesis mixture at60°C for 8 h resulted in CaMgZn precipitate with
small spherical particles of O.74im (Figﬁrél‘"4.12a). The patrticle size of CaMgZn
precipitate was increased when the a'g'uih'g' time was. extended to 20 h as shown in
Figure 4.12c (ca. 8m)-—ii-should-be-due-io-the-aggregation of very small thin flake
particles to form larger spheres. When CaMgZn precipitate was aged at room
temperature for 20 h, the particle size was decreased to less tham qFgure
4.12e). It can’be ;seen~thatithe low<aging temperature retarded the processes of
precipitation of metal“ions and the aggregation of precipitate nuclei, yielding uniform
defect_spheres. In all the cases, after the calcination, the particle sizes of resulting
CaMgZn mixed ‘oxides were smaller than'those 'of.the! parent ones (Figure 4.12b,
4.12d and 4.12f), implying a considerable loss of,@a the decarbonation. It is
likely that these small spheres were derived from the decomposition of the aggregate

thin flakes.
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Figure 4.12 SEM images of CaMgZn precipitates aged at different times and
temperatures

(a) uncalcined CaMgZn111-Il (60°C, 8 h), (b) calcined CaMgzZn111-ll (60°C, 8 h),
(c) uncalcined CaMgZn111-11 (60°C, 20 h), (d) calcined CaMgZn111-ll (60°C, 20 h),
(e) uncalcined CaMgzZn111-1l (120 h), and (f) calcined CaMgzZn111-II (rt, 20 h).
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4.1.6 Effects of calcination temperature

The influence of calcination temperature, in the range of 500-800°C, on the
morphology of catalyst was studied using SEM. For uncalcined sample (Figure
4.13a), it was found that the spherical particles were formed by an aggregation of
small thin flake particles. After calcination, the merging of thin flake particles

¥
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Figure4.13 SEM images oCaMgZn111-Il (a) before and after the calcinations at (b)
500°C, (c) 600°C, (d) 700%@nd (e) 800°C.
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4.2 Transesterification over CaMgZn Catalysts
4.2.1 Effects of metal composition

The effect of metal composition on the palm kernel oil transesterification over
different CaMgZn catalysts is shown in Table 4.6. It can be seen that the catalyst
consisting of only Mg and Zn was not agtive for the formation of methyl esters. As
discussed for the CEAIPD. analysis resulis (Figure 4.8a), MgZnll-l showed the
desorption peak at 237°C.is aitributed to the-interaction of Wiith weak basic. The
presence of weak basic sites resulted in the low activity for transesterification. With
increasing the amount oi*Ca; CaMgZn311, the highest ME content of 98.0% can be
attained. CaO isConsidered  as . the main basic sites responsible for the
transesterification over the mixed oxiél*es of Cazn [15], since it possesses the highest
basicity {H_26.5) [10]. it is Interesting j’[:_oajnote that an increase in the fraction of Mg
(CaMgzn131) hampered the transeste'rifiCation to larger extent than the case of Zn
(CaMgZn113). Ngamcharussivichai et'ét;suggested that ZnO promoted the methyl
ester synthesis over CaZn catatysts by réd'ljj"cing the particle size of the resultant mixed
precipitates and facilitating the thermal aé'dbmposition of carbonate species to easily

form the active CaO sites {15}
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Table 4.6 Methyl esters (ME) content attained over calcined CaMgZn prepared with

different Ca:Mg:Zn molar ratios

Catalvst Ca ME content
Y (Ca+Mg+2Zn) (wt.%)
MgZnl1l-Il 0 3.1

CaMgZni111-I| 0.36 21.1
CaMgZzn111-li 0.33 91.4
CaMgZn311-| 0.60 98.0
CaMgZn131-i 0.33 49.5
CaMgZn113.i 0.15 87.1

Transesterification conditions: catalyst amount, 6 wi%; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.

Catalyst preparation condition I @é/metal molar ratio, 1; [C@Z'], 0.75 M.

Catalyst preparation condition 1; Cg@'/metal molar fétio, 1.5} [C§?'], 1.0 M.

¥

To investigate the effect of catalﬁ/si preparation condition on the catalyst
properties, the catalysis were prepared according 'to according to two different
conditions: Condition |, the molar ratio of GUmetal ion of 1, the C&
concentration of 0.75 M and Condition lI, the molar ratio ofs&®etal ion of 1.5,
the CQ? conéentration of 1.0'M;

ThetCQO-TPD iprofiles of CaMgZn mixed:oxides with different preparation
conditions were Sshown in Figure 4.14. CaMgZn111-l and CaMgZn111-1l showed a
similar desorption profile (Figure 4.14a and 4.14Db, respectively). The peaks located at
630°C and 717°C were ascribed to the desorption off@ the basic sites of CaO.
CaMgZnl111-ll showed much higher peak intensity compared to CaMgZnl111-l,
which suggested CaMgZn111-1l possesses high basicities, resulting in a high ME
content (Table 4.6). Moreover, it was found that the desorption peak slightly shifted to

the higher temperatures when compared to CaMgZn111-I.
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Figure 4.14 TPD analysis of €O for calcined CaMgZn catalyst prepared with
different preparation conditions (a) C{nganll—l (the molar ratio of*Gaktal
ion of 1, the C& concentration of 0.75 ivl)',]f':and (b) CaMgzZn111-Il (the molar ratio
of CO2/metal ion of 1.5, thé C& concentration of.1.0,M).

4.2.2 Effects of molar ratio of COs>/metal ion

Table 4.7 'shows the 'effects of the molar ratio 'of@M@etal ion on the ME
content. at the.molar ratio of GOmetal.ion.in‘the. range .of 0.75-1.5. It can be seen
that, at the 'Cgl/metal ion molar'ratio of 0.75; the! ME content.attained was 8%. It
should be related to an incomplete precipitation of metal ion at the low ratio, resulting
in a low catalytic activity. As the molar ratio of G@metal ion was raised from 0.75
to 1.5, the ME content was increased and the highest ME content of 88.6% was

obtained.
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Table 4.7 Methyl esters (ME) content attained over calcined CaMgZn prepared with

different molar ratios of C§/metal ion

. . 5 Ca ME content
Catalyst C@/metalion  [CQ*] (M) (CarMg+Zn) (WL%)
CaMgZnill 0.75 0.5 0.44 8.0
1.0 0.5 0.47 8.6
15 0’5 0.37 88.6

Transesterification conditionsi catalyst amount, 6" Wwi%j; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.

Catalyst preparation conditignl: @@J‘/metal molar ratio, 1; [C@'], 0.75 M.

Catalyst preparation condition 11; Cg@'/metal molar ratio, 1.5; [Cﬁi'], 1.0 M.

4.2.3 Effects of €04 concentrati!o_n

To investigate the effects of Qﬁlgbbj}centration on the formation of methyl
esters, the catalysts were prepared by usiﬁé thé €@centration of 0.5 and 1.0 M.
The results showed, that when thegé(bdhé_é;h-tration was increased, the ME content
was increased and the highest ME content (91.4%) was obtained at the CO
concentration of 1.0 M (Table 4.8). It should be related to the basicity of the catalysts.

Table 4.8 Methyl"esters (ME) cantent attained over calcmed CaMgZn prepared with
different CQ? €oncentrations

. ' Ca ME content
Catalyst C@%metaldon < (JC&T (M) (CarMgezn) (WL%)
CaMgZnilll 1.5 0.5 0.37 88.6
1.5 1.0 0.33 91.4

Transesterification conditions: catalyst amount, 6 wt%; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.
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4.2.4 Effects of pH during precipitation

In order to investigate the influences of pH during precipitation, the catalyst
preparation was performed at various pH in the range of 7-10. From Table 4.9, it can
be seen that the pH significantly affected the formation of methyl esters. The catalyst
synthesized at pH 7 gave the highest ME content of 91.4%. At higher pH, the
precipitation mechanism may be changed due to an increase’jmedtiting in the
different mixed precipitate species. Consequently, the physicochemical properties of

the resultant catalysts should be altered.

Table 4.9 Methyl esters (ME) content attained over calcined CaMgZnl111-Il mixed
oxides prepared at different pH values .

- AR ME content
Catalyst pH"during precipitation
: (wt.%)
CaMgzZn111-| - 91.4
5=, 80.2
g==" 72.0
TOSE 5.1

Transesterification conditions:.catalyst amount, 6. wt%; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.

Catalyst preparation condition I: Cg@'/metal molar ratio, 1.5; [C§?'], 1.0 M.

4.2.5 Effects of aging time and aging temperature

The effects of aging time and aging temperature on the ME content were
investigated over CaMgZn catalyst with the metal ratio of 1:1:1, synthesized under
the conditions Il (Table 4.10). It can be seen that the aging conditions did not only
alter the morphology of the resultant mixed precipitate (Figure 4.12), but also affected
the transesterification performance, and probably the basicity of mixed oxide as well.
By combining the reaction results with the SEM analyses, it is likely that the calcined

CaMgZn catalyst composed of smaller particle sizes was more active for the
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formation of methyl esters. The defect spheres with uniform small size (Figure 4.12e-
4.12f), obtained by aging at room temperature for 20 h, exhibited the highest ME
content of 97.6%. Although aging at 60°C for 20 h resulted in the larger spherical
particles formed by flake agglomerates (Figure 4.12c), the tiny particles appearing all
over the spheres after the calcination (Figure 4.12d) catalyzed the reaction actively
(91.4%). These results indicated that the aging time and the aging temperature are the
important parameters for the preparation of CaMgZn mixed oxides for the

transesterification.

Table 4.10 Methyl esters«(ME) content attained over calcined CaMgZnl111-II
prepared under different.aging.conditions

Catalvst Aging ' Ca ME content
y conditions (Ca+Mg+Zn) (wt.%)
CaMgznl111-Il rt, 20¢h 0.33 97.6
60°C. B h v, | 0.33 79.5
6QfE 20 h s 0.33 91.4

Transesterification conditions: catalyst amount, 6 wi%; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.

Catalyst preparation cendition II: Cgé'/metal molar ratio, 1.5; [Cﬁ'], 1.0 M.

4.2.6 Effects of calcination temperature

Theer effeet,  ©focalcination j demperature pfor- GaMgzZnlll-ll on the
transesterification was studied. The calcination temperatures varied from 500 - 800°C.
As shown in Table 4.11, it can be seen that the calcination of mixed precipitates at
700 or 800°C increased the ME content > 90%, while the catalyst prepared from the
mixed precipitates calcined at 500 or 600°C exhibited the ME content of only 3%. It
should be due to an incomplete decomposition of GaG8@aO at low temperatures,
resulting in the decrease in the transesterification activity. By combining the reaction
results with the SEM analyses, it is likely that the calcined CaMgZn catalyst

composed of smaller particle sizes was more active for the formation of methyl esters.
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This result suggested that the calcination of mixed precipitates at 800°C provided the

mixed oxides catalyst with high activity for the transesterification reaction.

Table 4.11 Methyl esters (ME) content attained over CaMgZn catalysts prepared

under different calcination temperatures

Catalyst Calcined temperature (°C) ME content (wt.%)
CaMgZn111-li 300 3.0
600 2.4
700 90.0
800 914

Transesterification condiiionsi catalyst ameunt, 6 wi%; methanol/oil molar ratio, 20; temperature,
60°C; time, 3 h.

Catalyst preparation condition'll: @&/metal molar ratio, 1.5; [C6¥], 1.0 M.

4.2.7 Effects of catalyst amount

In order to determine the optimum reaction conditions, the influence of three
parameters on palm. kernel oil transesterification was examined: catalyst amount,

methanol to oil molar ratie, and reactionatime.

The influence of the catalyst amounts was studied_at a 20:1 molar ratio of
methanol'to palm, kernel oil, at 60 °C for '3h. The catalyst amount was varied in the
range of 2-8 wt.%. As shown in Figure 4.15, the methyl ester content was increased
with the increase of catalyst amount from 2 to 6 wt.%. However, with further increase
in the catalyst amount the methyl ester content was decreased, which was possibly

due to a mixing problem involving reactants, products and solid catalyst.
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Figure 4.15 Dependence jof methyl ester (ME) content on catalyst amount over
CaMgzn311-l. Reaction conditions: methanol/eil molar ratio, 20:1; temperature,
60°C; time, 3 h.

4.2.8 Effects ef-molarratio-of methanoltootl

Stoichiometrically, the methanolysis of vegetable oil required three moles of
methanol for each mele of oil,However.in, practice, the molar ratio of methanol to oil
should be higher than-that of stoichiometric ratie in‘order‘to drive the reaction towards
completion and produced more “‘methyl estersas product. As shown in Figure 4.16,
with aniincreasesin the maolar;ratio -of methanol to oil, theymethyl ester content was

increased considerably. The highest methyl content was obtained when the molar ratio
was 20:1.
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The methyl ﬂter content with various reaﬂion times was shown in Figure
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4.17, the me tion time range between 0.5
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Table 4.12 Comparison of the activity of the prepared catalyst for transesterification of vegetable oils with the reported catalysts

Literature Catalyst Reactor Catalyst Alcehel/Oil. molar Temperature Time Yield
amaouhnt ratio (°C) (h) (%)
(wt.%)
Kim et al. [2] Na/NaOH}AI,O3 Autoclave 4 9:1 60°C 2 94.0
(MeOH : Soybean)
Benjapornkulaphong Ca(NG)o/Al .03 Flask 10 4 5 60°C 3 93.7
[78] (MeOH : Palm kernel)
Liu et al. [10] Ca0 Flask 8 S 124 65°C 15 95.0
(Me“;‘dl-“l‘_‘: Soybean)
Albuquerquest al. MgCa mixed Flask 2.5 T iZ:l 100°C 1 92.0
[45] oxides (MeOH Sunflower)
Yan et al. [46] Zn0O-La0; Parr 2.3 36:1 200°C 3 92.0
reactor (MeOH: Waste oil)
Totarat [79] CaZn mixed Flask 10 30:1 60°C 3 94.8
oxides (MeOH : Palm kernel)
This research CaMgZn mixed Flask 6 20:1 60°C 3 98.0
oxides (MeOH :Palm kernel)
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CHAPTER YV

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In this thesis, the mixed oxides of €a, Mg and Zn were prepared by pH-
controlling co-precipitation of the Corresponding metal nitrate salts an@®a
solution. The characterizations of physicochemical properties of the synthesized
materials were done by using technigues of X-ray diffraction, X-ray fluorescence
spectrometry, scanningselectron: micrascopy, thermogravimetric/differential thermal
analysis, N adsorptionsdesarption ’mqasurement and temperature-programmed
deorption of CQ. The catalytic peff_ormance of CaMgZn mixed oxides was
evduated in the transesgterification of pé}'lrh kernel oil with methanol. The following

conclusions can be attaingd: —
.J.-'

e The elemental analysis of the mixed oxides revealed that the precipitation of

2+ 2=
Mg was low at low amount of CO. Increasing the molar ratio of

2- _ 2- , o
CO, /metal ion and the CO concentration” promoted the precipitation,

yieldingithe desired Ca:Mg:Zn,meolar;ratios:

e The XRD results_indicated that the as-synthesized CaMgZn were precipitated
in the form of 'mixedcarbonates of CaMg and.CaZn; and after the calcination
the corresponding metal oxides were obtained.

e The as-synthesized CaMgZn morphologies showed the aggregation of small
thin flakes to spherical particles with the size of 0.2-5.0 um. The particle sizes

of the spheres strongly depended on the aging time and aging temperature.
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e The transesterification performance was largely influenced by the catalyst

bascity, but not correlated with the amount of Ca containing in the catalyst.

e The CaMgZn catalyst synthesized at pH of 7 gave the highest ME content. At
higher pH, the precipitation mechanism may be changed due to an increase in
OH, resulting in the different mixed precipitate species.

e The highest methyl ester content 6F98% was achieved over CaMgZn catalyst
with the Ca:M@:Zn melar ratio of 3:1:1, synthesized under the preparation
conditions: thesMolar ratio of \G&/metal ion of 1.0, the C§ concentration
of 0.75 M the.aging'time of 20 h at 60°C.

e The suitable reaction conditions for the transesterification of palm kernel oil
with methanol over the .aforementioned CaMgzZn311 were the methanol/oil
molar ratio of 20, the ameunt of.catalyst of 6 wt.%, the reaction time of 3 h,

and the temperature 6f 60°C.

5.2 Recommendations

For future,work; the catalyst preparation, should be investigated in detail, for
example:
e To study the precipitation mechanism of mixed:earbonates.
s To'study the interaction of metals in mixed carbonates and oxides by
X-ray photoelectron spectroscopy (XPS).
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Appendix A

Calculation for Catalyst Preparation

Table A-1 Molecular weight of chemieal used in the catal yst preparation

Chemical Molecular weight (g mol™)
Ca(NO3), 4H:0 236.15
Mg(NO3),.6Hs0 256.41
Zn(NO3).6H50 297.47

Na,COs 106

The amount of chemical usedin the catal yst preparation was calcul ated as follows:

Example Preparation of ‘CaMgZn mixed.gx_ides with the CaMg:Zn molar ratio of
1:1:1 (COs*/metal ion molar ratio of 1.5 and €O5> concentration of 1 M).

(1) Calculation for the preparation of metal solution (CaMgiZn = 1:1:1)

0.02 mol of Ca(NO3)s.4H,0 =0.02 x 236.15 =4.723 ¢

0.02 mol of Mg(NOg3)2.6H,0O =0.02x 256.41=5.13 ¢

0.02 mol of Zn(NOg3),.6H,0x = 0.02 x 297.47 = 5.95 g

Therefore, 4.723 g.0f Ca(NO3); 4H,0, 513 g of Mg(NO3)2.6H,0, and 5.95 g of
ZNn(NO3),.6H,O were dissolved in 200 ml of deionized water.

(2) Calculation for the preparation of Na,COs solution

From the CO3*/metal ion molar ratio of 1.5
Mol of metal =0.02 + 0.02 + 0.02 = 0.06
Therefore, Mol of COs” = 1.5 x 0.06 = 0.09

Calculate the volume of 1M Na,COj3 solution required to prepare catal yst
From mol = cv/1000

where ¢ isthe concentration, and v is the volume.
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The Na,COs solution volume = Mol of COs* x 1000

CO5?% concentration
=0.09x 1000 =90 ml

g
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Appendix B

Fatty Acid Composition of Palm Kernel QOil

Table B-1 Fatty acid composition of pam kernel oil used in the present study

Fatty acid \-, h Fatty composition
’ / (Wt.%)
Caproic acid 0.24
Capryric acid 5.14
Capric acid 4.82
Lauric acid 59.83
Myristic acid 14.92
Palmitic acid 5.38
Stearic acid 1.52
Saturated 91.85
Oleic acid 6.87
Linoleic acid 1.28
Unsaturated y 8.15
Total fatty acid comp(ﬁlo 100
Molecular wei gt ¢a 677.60
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Appendix C

Calculation of Methyl Ester Content

3 | Methyl undecanoate (C11:0)

// 'r"\\\\ -

&g \\ Methyl laurate (C12:0)
A

L ‘ﬂi ‘ /e yristate (C14: 0)

=3

2
ﬂUU?ﬂﬂ‘ﬂiWﬂﬂﬂ‘i

RepaRacadl i INYA Y

Methyl oleate (C18:1)

> Methyl stearate (C18:0)

Figure C-1 Gas chromatogram of methyl ester product
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The methyl ester content (wt.%) was cal culate from the formula
wt.% = (Y. Aj X Wgg )/(AsgX Ws)
Where > A; = The total area from methyl ester, from methyl caprylate (C8:0) to

methyl stearate (C18:0)
Wsq = The weight of methyl und

) U]
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Appendix D

Calculation of Methanol to Oil Molar Ratio

i r’)ar ratio of 20

____ﬁ?? 60 g mol™

Example Calculation of methanol t

Molecular weight of palm

Density of palm kerneV wz gml*t
Molecular weight of meihar gmol™
Density of methanol [ ]"=—=" : 2gmlt

From molecular Weight of methanol = 32 04 gmol™

S”W”ﬁ%?ﬂ"ﬂ%ﬁﬂ‘i
ORTTT inendt

Therefore, the desired amount of methanol was 12 ml.
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