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# # 4872333723: MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEY WORD: ERB-1/ DELAMINATED ERB-1/ TRANSESTERIFICATION/ BIODIESEL
NANCHANA SRIKONGYOO: TRANSESTERIFICATION OF PALM OIL USING
BASE LOADED ERB-1 CATALYSTS FOR BIODIESEL PRODUCTION. THESIS
ADVISOR: DUANGAMOL NUNTASRI, Ph.D., 120 pp.

ERB-1 was hydrothermally synthesized by rotating crystallization and using
piperidine (PD) as a structure directing agent with the gel composition 1.50 SiO; :

B;03 : 0.60 NaOH : 1.80 PD : 28.34'-0. The gel was crystallized at 175°C for 7

)1 sample by calcination in a muffle
: ® by swelling and exfoliating the
e

|| Fisisgmmmmm—_;hcet with an extremely high

days and removed template_J
furnace at 550°C. The W
ERB-1 precursor. Th®
external surface area.” N - g 4 | ¢ ‘ , ~ catalysts could be obtained by
‘ ’ ulis condition was applied to

: a W\vere characterized using X-

stirring with 0.10 %
load with other al
_r “ion, nitrogen adsorption and
scanning electron m # ¢ .-; t\\activity in transesterification
id inethyl esters (biodiesel). The

various reaction conc® 1( ., methanol to oil mole ratio

including reaction time # ld @

GC technique. In case of ik /b ,g

slightly higher .;_____—7 4= conversion over Na-del-

ua®zd. The product was analyzed by

it shows the triglyceride conversion

ERB-1 is lower (s £ transesteriﬁcation activity
is achieved when I ERB- (U0 S Uused asfilatalyst, the conversion and

methyl esters yield ca‘ reached to 7403% and 42.45%, respectlvely Moreover,
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activity of Nfdreloaded ERB-1 catalyst is sllghtly higher than used ERB-1 but lower
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CHAPTER 1

INTRODUCTION

1.1 Background

World energy consumption is praiacted to increase by 59 percent over a 21-

year forecast horizon, from 1999b% 4 ide energy use grows from 382

quadrillion British thermal unim .

Quadrillion By

o
Q\

ﬂuHQﬂﬂwswbwnﬁ

Figure 1.1 Wor d energy consumptign [1].

Qﬁﬁﬂﬁﬂ‘imuﬂﬂﬂﬂﬁﬂﬂ
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ORI 3 & & S S

Ma_|or1ty of the worlds energy needs are supplied through petrochemical
sources, coal and natural gases, with the exception of hydroelectricity and nuclear
energy, of all, these sources are finite and at current usage rates will be consumed
shortly. Diesel fuels have an essential function in the industrial economy of a

developing country and are used for transport of industrial and agricultural goods,



operation of diesel tractor and pump sets in agricultural sector. Economic growth is
always accompanied by commensurate increase in the transport. The high energy
demand in the industrialized world as well as in the domestic sector, the increase in
diesel prices and environmental concerns causes the widespread use of fossil fuels. It
is increasingly necessary to develop the renewable energy sources of limitless
duration and smaller environmental impact than the traditional one. This has
stimulated recent interest in alternative sources for petroleum-based fuels. An
alternative fuel must be technically feasible, economically competitive,

environmentally acceptable and readily e. One possible alternative to fossil

fuel is the use of oils of plant ori g This alternative diesel fuel can

be termed as biodiesel. Thissms ioxic and has low emission

profiles as compared to petr: 2ce| will allow a balance to

a

be sought between agricult: e environment [1].

The use of vegetah. szen around for 100 years

when the inventor of tne st tested them, in his
b

; . , . .
compression engine. T, bms found with using

vegetable oils directly in ¢ injection engines). These

include;

1. Coking formation on t P an extent that fuel atomization

does not occur prong a result of plugged orifices

2. Carbon deig= -
\7 AY )
3. Oilring sticK'Z :

iy

4. Thickening a= gelling of the lubricating oil as®#-esult of contamination

; iiiiﬁ?il‘%itm almw g9
@emﬁw&ﬂ SRIHAVINS Y e

the high vigcosity (about |1-17 times higher than diesel fuel), lower volatilities that
causes the formation of deposits in engines due to incomplete combustion and
incorrect vaporization characteristics. These problems are associated with large
triglyceride molecule and its higher molecular mass and avoided by modifying the
engine less or more according to the conditions of use and the oil involved. At high

temperatures there can be some problems with polymerization of unsaturated fatty



acids, this is where cross linking starts to occur between other molecules, causing
very large agglomerations to be formed and consequently gumming occurs. This
problem does not occur with fats as they have a very low concentration of unsaturated

fatty acids as can be seen in Table 1.1.

Table 1.1 Typical fatty acid composition of common oil source

Fatty acid composition, % by weight
Lipid Lauric | Myristic Par > ric | Oleic | Linoleic | Linolenic
12:00* 14:00 w28 L 18:01 18:02 18:03
Soybean 0.1 - 53.7 8.6
Cottonseed 0.1 532 0.6
Palm 0.1 10.1 0.2
Lard 0.1 10.7 0.4
Tallow 0.1 29 0.9
Coconut 46.5 2.2 0.0
12:00 denotes a carbon le
Alcohol can be used: a : T these properties, but pure

vegetable oils are rarely used for - fuel substitute. Fats, due to their
high melting point an isce ' AR ain giesel engines or mixed
with diesel fuels. The‘v l;'-" lched to the glycerol
backbone determines thegjoli ®C. T and oils are primarily
composed of tnglycende;, ester of glycerol (mono- and dlgnycende) and fatty acids.
The term mono ﬁ m y acids that are
attached to the ﬁﬁeﬂ ﬂﬂﬂy ﬂ i‘ hydroxyl group
and two fatty acid groups attached to th& glycerol baclgagpne as in Figur@2. .

wnmnmummmaa

—8—oH
CH — COO—R

|
CH,— COO—R

Figure 1.2  Diglyceride



Moreover, the plant oils usually contain phospholipids, sterols, water and other
impurities. Because of these, the oil cannot be used fuel directly. To overcome these
problems the oil requires slight chemical modification mainly transesterification,
pyrolysis and emulsification. Among these, the transesterification is the key and
foremost important step to produce the cleaner and environmentally safe fuel from
vegetable oils [2].

Mono-alkyl esters are usually produced by transesterification of triglyceride
with mono-alkyl alcohols, such as methanol. Also known as methanolysis, this

reaction is commonly carried out i =nce of homogeneous base or acid

catalysts. The acid-catalyzed pros ¢ acid and hydrochloric acid as

catalysts; however the reacticmmmm crv lon === cven at reflux of methanol
and a high molar ratio e “o I i 150:1 mol.%). Potassium
hydroxide, sodium hydr/ 1 — =as potassium and sodium
alkoxides such as NaOCH ' : N g for this reaction. As the
catalytic activity of a base #f1 & EEV ke gd acid catalysts are more
corrosive, the base catad ARNTE i \ _c. lyzed one and is thus
: | homogeneous manner,
removal of the base catalyst T t r,c_.;,e amount of wastewater
is produced to separate and cle ‘ - & . p R uct. Therefore, conventional
homogeneous catalysts are exp : Polaced in the near future by

environmentally friendly hetg ._because of environmental
8

'l

constraints and snmplh _ d

In this work, the -1 and on delaminated

., m
J.H |

ERB-1 is first adopted ™ the production of biodiesel. T catalytic efficiency in

°f?ﬁiif 0N (1)) i A

1.2 therature reviews on the ERBg1 catalyst o
ARININTURNVINBARE =
hereafter Mferred to as ERB-1 (EniRicercheBoralite-1), to study the structure of
ERB-1 precursor. The crystallization of ERB-1 took place under hydrothermal
condition in the presence of piperidine (PD) as organic template at 175°C for seven
days and had the several gel compositions. The results shown that SiO,/B,0O; molar
ratio appeared to be a critical parameter; in fact, ERB-1 was preferably obtained with

this molar ratio ranging between [.5 and 3. At higher boron concentration, new phases



probably non-porous borosilicates appeared, at low concentration (SiO./B,03>10)
amorphous materials were obtained together with quartz or other compact silicates.
ERB-1 was formed in the absence of sodium ions from gels containing only PD.
However, if sodium was added to the starting gel, it was retained only in minor
amounts in the recovered solid. This indicated a negligible, if any, role played by the
alkali metal ion in directing the formation of ERB-1. ERB-1 might be obtained in the
presence of both boron and aluminium. Increasing the amount of aluminium in the

synthesis gels resulted in increased aluminium concentration and decreased boron

concentration in the crystalline solid e gave the opportunity to tailor the
acidity of the materials in view o | /. v neous catalysts.

The framework topwm - — ERB-Ft® to MCM-22, has been
""g (10MR) pore systems;
the other by micropores
possessing twelve-memb ! \ N\ Ssates, The two-dimensional
sinusoidal 10MR channels i £ . .ts,

N\
K®\:percages, which form

have been designated

“interlayer micropores” 4
between stacked MWW

causes the removal of hex JF L uF he ERB-1 precursor and

OWARB-1 precursor (which

hydration condensation betwe, == . 1eets), have been designated

WiNesaium NNy

Figure 1.3  Preparation of MCM-22 from as-synthesized MCM-22.
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Figure 1.4

In 1996, Perego et al | = atal ! in cumene synthesis by the
f‘fpa 4 "J

alkylation of benzene with propyie

= P11 has been largely applied in the
Cu LTRIIA Y,

petrochemical industry bemical intermediate mainly
used for the produc N ‘owed the propylene

; d

conversion and the cum ‘ o8 . 10%, respectively.

Increasin gp rder apply for large
molecule, Corma‘ﬁ ﬁ ﬂ&m mﬂ'ﬁ)ﬁ(ﬁlammated MCM-
22) and MCM- 22 vacuum gasoil cragking. The resAs indicated thaUe activity of
o2 AN Q4R I A T B Y Gy B amoun
of accessifjle acid sites presented in the former. The higher ratio of “external” versus
microporous surface in the case of ITQ-2 was responsible for the formation of more
liquids and less gases and coke. When looking into the ratios C3~ / Cs, C4 / C4, and
iC4 /iCy, it is clear that ITQ-2 gave a higher ratio of olefins to paraffins than MCM-

22, showing a lower hydrogen transfer ability of the above structures [7].



1.3 Literature reviews on the basic modification and application of catalysts
In 2006, Ziolek et al. [8] prepared the catalysts containing all alkali metals
(from Li to Cs) located in amorphous silica as support by wetness impregnation
method. The acid—base properties of the obtained materials were tested in the
acetonylacetone (AcAc) cyclisation. The formation of 2,5-dimethylfuran (DMF)
occured on acidic centres, whereas in the production of 3-methyl-2-cyclopentenone
(MCP) basic centres took part. On the basis of the ratio of selectivity to
MCP/selectivity to DMF, the sequence of the basicity of the prepared catalysts could
W)} Jated if MCP/DMF>>1. Taking into

norphous silica, the following

, :0, >> Si0,
N

\\\ e highest basic properties

\\

1.4 Literature reviews ( ¢ i ~ i Tc of triglycerides

be estimated. The basicity of the cata )

account the activity of the alkawg

order was observed:
Rb/SiO; > N-g

Silica based catalyst rubidi
concluded from MCP/D#".

In 1998 Papayann: Jfs thermal non-catalytic
transesterification of soybean oil w ic experiments were conducted at

220 and 235°C at 55. "‘9

d cogelels aarions methanol/oil ratios
ranged from 6/1 to 2. .-‘;' components in the
ester phase could be vers 11. [t was observed that
methyl ester content was 5% after 10 h reaction time at 23$ and 67 wt% after 8 h
at 220°C. Follow creased and after
10 h at 235°C, 1tﬁﬁﬁ?ﬁﬂ%?ﬂﬁm n i 1t Ily increased and
reached a maxnmum like diglyceride, bt it decreasedgigry slowly and guen after 10 h
5o Q FAR AT HAA TR B
with reactin time and a total conversion is observed after 10 h at 235°C. It could

conclude that triglyceride and diglyceride conversion rates were much higher than the

conversion rates of monoglyceride to glycerol.

A non-catalytic biodiesel production route with supercritical methanol was

studied by Ayhan Demirbas [10]. Supercritical methanol has a high potential for both



transesterification of triglyceride and methyl esterification of free fatty acids to
methyl ester for diesel substitution. In the supercritical method, the conversion
increased to 95% in 10 min and the viscosity values of vegetable oil methyl ester were
between 3.59 and 4.63 mm?%/s, whereas those of vegetable oils were between 27.2 and
53.6 mm?/s. However, the presence of water and fatty acid affected positively the
formation of methyl ester in supercritical method which was opposite to the alkali and

acid catalysts.
» method were studied by Demirbas
'} /’/ brensted acids, preferably by
sulfon and sulfuric acids. The /__d,‘ields in alkyl esters, but the
; ————

reactions were slow. In coo “ase |- ~ asterification, it proceeded
faster than the acid Catal‘"/ 4% _ sides (as CH3ONa for the

methanolysis) were the m- ¢ very high yield (>98%)

Comparative studies on transe)

[11]. The transesterification prows

in short reaction time (SUM 4 ¢4 ' A8 L Ne 0% low molar concentrations
(0.5 mol%). In the supe#®it 4 ol % " W conversion rose to 50-

anol method, the yield of
Cieristics and performance of three

Leung and Guo [12] were St

]

commonly used homggenegut e . @5 and CH;ONa) used for
alkaline-catalyzed ; F. d frying oil (UFO) in
2006. The transesterificems | e arried out with a 7.5:1

molar ratio of methanol & oil at 70°C for 30 min. The three & ualysts exhibited similar

trends on the co ﬂ ounts of catalyst
were required aeii %ﬁﬂ ﬂgw gﬁhﬁter content was
reached at 1.1, 1 3 and 1.5 wt% of the qatalyst conceggation for NaOK fCH30Na and
o QPRI TUUNA IR B o
was foundto be more superior than CH;ONa and KOH due to its lower price and
smaller amount of catalyst required. Therefore, NaOH was chosen for this research.
Moreover, the process variables that influence the transesterification of triglycerides,
such as catalyst concentration, molar ratio of methanol to raw oil, reaction time,

reaction temperature and free fatty acids content of raw oil in the reaction system

were investigated and optimized. Optimal reaction for transesterification of



commercial edible Canola oil with a 0.25% free fatty acid content, the optimal
conditions were 40-45 °C for 60 min, 1.0 wt% NaOH and 6:1 molar ratio of
methanol/oil. For UFO with an acid value of 2 could be achieved at 60 °C for a
reaction time of 20 min, 1.1 wt% NaOH and 7:! molar ratio of methanol/UFO. But
the maximum biodiesel yield is 88.8 wt%, much lower than 93.5 wt% for neat Canola
oil.

In this recent, many heterogeneous catalysts have been developed to catalyze

the transesterification because these catalysts can be regenerated many times. For

example, NaX zeolite, soybean oil i § ers preparation using NaX zeolites
loaded with KOH was studied tygli '} /soybean conversion reached the
maximum value of 85.6% s téhanol/oil molar ratio 10:1, 3

othe stability of KOH/NaX

ot A decline was observed

wt% catalyst amount at a— Irford
catalyst, it was regenere/ 1

in the conversion to me g . i, thereby indicating the
decrease of catalytic acuvi #f >4 | ' A N RNLTIC activity was, probably,
responsible for leachin #%T1 4 ASP L W b ed catalyst. The cost of
st needs to be regenerated.

For this purpose, the used J¥¢ Lo S _ 2\ ) nbregnating catalysts in an

aqueous solution of 5% KOF & = the regenerated catalyst could

1

The transesteis = ~vere performed with

Y

NaX zeolite, ETS-10 a1 F o 1= 1V were exchanged with

potassium and cesium *#nereas NaX also containing oc®.ded sodium oxide and

sodium azide. T acti r 0°C I20°C nd_150°C for 24 h and
mol ratio of oil éi;u ﬁwm :ieased conversions
were attributed ty the higher basiciy of ETS-10 nd large poreg sfructures that
o QAR ANTUUNATHEIG B
achieved §t temperatures of 150°C and 120°C with residence times of 24 h.
Pretreating the ETS-10 catalyst at 500°C for 4 h was instrumental in increasing the
activity of the ETS-10 catalyst. Methyl ester yield increased with an increase in
temperature and the catalyst was reused without observed loss of activity. Moreover,

potassium and cesium exchanged ETS-10 provided lower methyl ester yield than

ETS-10 in all temperature [14].



10

Furthermore, the activity and selectivity of a variety of commercial alkali and
alkali-earth metals compounds as catalysts for the methanolysis of sunflower oil at
323 K had been investigated by Gandia et al. in 2008 [15]. The hydroxide of alkali
metals (Li, Na, K, Rb and Cs) were completely soluble in methanol and behaved as
homogeneous catalysts. These were very active methanolysis catalysts that at the very
low concentration equivalent to 0.1% NaOH, taken as reference, achieved sunflower
oil conversions above 90% after 100 min of reaction. Selectivities for methyl esters
(biodiesel) were also high. Differences in performance among the several alkali
17 I'9 was no advantage in using lithium,
v v ‘nventional NaOH or KOH. As
concerns the remainder cata — - e o ligible activity, they were
NaHCOs, Na,HPO,, NaH D, ~ calcined CaO, fresh and

v/, NN 03, NayCO;3 and NasPO,
he basic strength of the

metals hydroxides were not signifiza}

rubidium or cesium compoundse

anions in these compour # ° ) A "\\ methoxide species. This
. " n s or phosphates than
bicarbonates, hydrogen  #Fs: L5s. Potassium carbonate at
a concentration equivalent R g, 9 % 08 min to achieve 90% oil
conversion. Sodium carbona #ind- | a very similar behaviour and
achieved 90% oil conversion afte! hese compounds were moderately
soluble in the reactiog, mix =t ibute to their higher activity.
The percentage of ;

ountcd up to 55% for
K>CO3, 20% for Na,C

.‘II o iy
|
| W]

From llt gj ﬁ a g ii cous base catalyst
was suitable fo ﬁ tm ?j W ?i ity and separation
process. Thus i m is research, the mogtified ERB-1| £atalysts were chpgen as catalyst

o QRARIN FUUNAD Y Bt

produce fitty acid methyl ester (biodiesel). The catalytic activities of used and Na-

reloaded catalysts were also investigated.
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1.5 Objectives

1.5.1 To synthesize and characterize ERB-1 catalyst.

1.5.2 To increase the activity of ERB-1 by delamination.

1.5.3 To modify the basic strength of ERB-1 and delaminated ERB-1
(Del-ERB-1) by loading with alkali hydroxide solution.

1.5.4 To study the catalytic activity of these catalysts in transesterification
reaction of palm oil.

1.5.5 To investigate the optimum condition in transesterification reaction.

1.5.6 To study the catalytic.z # J ised and reloaded catalyst.

1.6  Scope of work

ERB-1 catalyst is L as the structure directing

— RB-1). Both ERB-1 and
del-ERB-1 are loaded w* ' ) (" Rb and Cs) in order to
increase the basic strengt! £ 1) ial to increase the methyl
esters yield. Then, the# (=) i cation of palm oil by
7 % "\ molar ratio and catalyst

amount to biodiesel produs i : % activities of used and Na-

AUEINENINYINS
ARANTUNNIINGAY



CHAPTER 11

THEORY

2.1 The phenomenon catalysis [16]
Catalysis is the key to chemical transformations. Most industrial syntheses and
nearly all biological reactions require _catalysts. Furthermore, catalysis is the most

important technology in environ:a,

I~ i.e., the prevention of emissions. A

While it was forr dat remained unchanged in the
course of the reaction, . _aoet is involved in chemical
bonding with the rea ®¥hus catalysis is a cyclic
process: the reactants, Wst and the products are
released from another,

In simple terms, bea as shown in Figure 2.1.
The intermediate catal g 120y reactive and difficult to

detect.

RIAINIRENIINYAY

Figure 2.1  Catalytic cycle.
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In theory, an ideal catalyst would not be consumed but this is not the case in
practice. Owing to competing reactions, the catalyst undergoes chemical changes and
its activity becomes lower (catalyst deactivation). Thus catalysts must be regenerated
or eventually replaced.

Apart from accelerating reactions, catalysts have another important property:
they can influence the selectivity of chemical reactions. This means that completely
different products can be obtained from a given starting material by using different
catalyst systems. Industrially, this targeted reaction control is often even more

important than the catalytic activity.

Most of the process invoig s /3ssing and petrochemistry, such
as purification stage, refiismm s hemi -:énations, require catalysts.
S

Environmental protection sile exhaust control and

purification of off-gase# dustrial plant would be

inconceivable without cat='

2.2 Definition of ca;
The usually accer Wt it is a substance that
increases the rate at which =quilibrium, without being

consumed in the process. Cate flfis jctta= E-ESEa, a catalyst in reaction.

2.3 Mode of action_of cats

Y X
2.3.1 Activity ‘

Activity is a mesbure of how fast one or more ®ictions proceed in the

presence of the :ﬁaﬁ Agtﬁy can be defin@din term of kinetics or from a more

VIBVIIWEIN

The prlma effect ofa catalystgon a chemlcgeactlon is thus‘g increase its

e w R RANIAG S HANINHAR B

theory, the§ate coefficient & is given by

practically orien

k= PZ exp(- E/RT) Q.1

where P is the so-called steric factor, Z the collision frequency, R the gas constant and

T the absolute temperature.
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In terms of the absolute rate theory, the rate coefficient is given by
k= kTTexp(-AthRT) (2.2)

where £ is the Boltzmann constant, AG* is the Gibbs free energy of activation and 4 is
Planck’s constant and so the effect of a catalyst must be to decrease the free energy of
activation of the reaction. This in turn is composed of an entropy and an enthalpy of

activation. Now the entropy of activatiot g gatalyzed reaction will usually be less

than in the corresponding unc

because the transition state is
immobilized on the catalyst_s n con.é iﬂ s of translational freedom.

There must therefore be a ™t ing =ecr W enthalpy of activation to
compensate for this or more * At catalysis is desired. Thus
according to either theory, »vzed reaction ought to be

less than for the same ur®

. Potential energy ——s< o

AUt Inend

Reaumr“mrdmdle

Qma\m‘mummmau

Figure 2. 29 Potential energy profile for an exothermic reaction, showing the lower

activation energy of the catalyzed reaction.
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2.3.2 Selectivity

The selectivity of a reaction is the fraction of the starting material that is
converted to the desired product. It is expressed by the ratio of the amount of desired
product to the reacted quantity of a reaction partner and therefore gives information
about the course of the reaction. In addition to the desired reaction, parallel and

sequential reactions can also occur.

Desired
product

A Parallel
Sequential
A = q

" .
W reaction

Scheme 2.1 Parallel ¢

2.3.3  Stability

The chemical, therma’ ot a catalyst determines its

o : ::’:’I -
lifetime in industrial reactors. Ca influenced by numerous factors,

. . . WA T N
including decompositian, cq i eactivation can be followed

l;‘

Catalysts that losss1 Pl be regenerated before

by measuring activity =

they ultimately have to b®eplaced. The total catalyst lifetimi®s of crucial importance

R ﬁlﬁﬁmﬂmm Tl S

and it is preferab to optimize existigg processes n to develop ones. For
- FRARIATUURITNEI 8k

Selectivity > stability > activity



2.4 Classification of catalytic systems

In fact, it is possible to divide catalytic systems into two distinct categories:
homogeneous catalysts and heterogeneous catalysts (solid-state catalysts). There are
also intermediate forms such as homogeneous catalysts attached to solid (supported
catalysts), also known as immobilized catalysts. The well-know biocatalysts

(enzymes) also belong to this class

Catélysts |
A

E__1%

Homogeneous - 2ro iz Heterogeneous
catalysts . ogc €0 catalysts
Acid/base Bulk
catalysts catalysts
Transition Supported
metal catalysts
compounds
Scheme 2.2 Classificatio
7 A )
When the catalyst is of 124 & U = phase boundary exists,

it is spoken of homogené®us catalysis. This may take place e¥uer:

gaﬂuﬂﬁmpﬂmimmmes

of sulphur dioxide; or

i QhWPNﬂ%H HWAINY F Qi

OSC

When a phase boundary separates the catalyst from the reactants, it is spoken of
heterogeneous catalysis. A number of phase combinations can then occur, as shown

in Table 2.1. Other possible phase combinations rarely arise in catalysis.



Table 2.1 Phase combinations for heterogeneous catalysis
Catalyst Reactant Example
Liquid Gas Polymerization of alkenes catalyzed by
phosphoric acid
Solid Liquid Decomposition of hydrogen peroxide catalyzed
by gold
Solid Gas Ammonia synthesis catalyzed by iron

Solid Liquid+Gas w\ |ign of nitrobenzene to aniline

There is however o ibstances which cannot

be accommodated within & sher a homogeneous nor

heterogeneous system bu* ¢

Wi OW, reactions. They exhibit

W,

Enzymes are the 4

remarkable activities ar Wazy™e catalase decomposes

A1
hydrogen peroxide 10° tir U he enzymes are organic

molecules that almost alw. ‘e center. Often the only

difference to the industrial ho: the metal center is ligated by

one or more proteins, resulting in a_ : , .iolecular mass.
. - E}E‘ /A L .
Apart from hish se 2 ofeenzymes is that they

X
-

function under mild 'y- ;'-“ aqueous solution at
i )

pH values near 7. Thenpisa Cna ve, unstable molecules

which are destroyed by Cxtreme reaction conditions. Thegenerally function well

only at physiologi Ti ‘ua. ﬂlﬂmﬂﬁﬁj‘ste
Enzymesﬁ;e si WL Rl Jolai rd form. With the

increasing importance of biotechnologfical processga, enzymes willgglso grow in

men R WIANNIUARTINYIRE
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2.5 Comparison of homogeneous and heterogeneous catalysis

Whereas for heterogeneous catalysts, phase boundaries are always present
between the catalyst and the reactants, in homogeneous catalysis, catalyst, starting
materials and products are present in the same phase. Homogeneous catalysts have a
higher degree of dispersion than heterogeneous catalysts since in theory each
individual atom can be catalytically active. In heterogeneous catalysts only the surface
atoms are active.

Due to their high degree of dispersion, homogeneous catalysts exhibit a higher

s catalysts. The high mobility of the
ﬁsions with substrate molecules.
s c1 from any direction and a
o —

w0 centers. This allows the

activity per unit mass of metal thard %
molecules in the reaction mixthss

‘The reactants can approaci yticglly

reaction at an active cen*
use of lower catalysts co s g /8 | W RE S ditions.

The most promir ¢ " ion metal catalysts are the
p \ ‘i.."lll .
WONNY catalyzed reactions are

% e

high selectivities that c-

controlled mainly by | F ; 1) %0 hecause diffusion of the

N
reactants to the catalyst WA ~vell-defined reaction site,

the mechanism of homog ell understood. In contrast,
processes occurring in heterc. J" ,g { P obscure.

In industrial use, both typ ubjected to deactivation as a result
of chemical or ph "cal arizgs the advantages and
disadvantage of the ; .F‘

The major disegraii™ it metal catalysts is the
difficulty of separating the catalyst from the product Herogeneous catalysts are
either automat a arated by simple
methods such ﬁfuﬁ myﬁiwzlﬁﬂ eneous catalysts,
more oompllcate processes such af distillation, Mguid-liquid extgggtion and ion

e RN I T A WA 1INYIAY



Table 2.2 Comparison of homogeneous and heterogeneous catalysts

Homogeneous Heterogeneous

Effectivity

Active centers all metal atoms only surface atoms

Concentration low high

Selectivity high lower

Diffusion problems practically absent present (mass-transfer-
controlled reaction)

Reaction conditions severe (often > 250°C)

Applicability i — o wide

Activity loss Pn vy intering of the metal
stallite; poisoning

Catalyst properties \

Structure/stoichiometry #e g ’ W:fined

Modification
possibilities

Thermal stability

Catalyst separation fixed-bed: unnecessary

uszansion: filtration

d

Catalyst recycling Ul ecessary (fixed-bed) or

¥
easy (suspension)

Cost of catalyst lpdsq

26 ﬁ)ﬁnﬁenal \éﬁ fl]f?.inﬂidll Maﬁ lwm’t}é:gcal fields

such as adaorptlon and environmental technology including catalysis because of their
high surface area, large pore volume and uniformity in pore size. The design and
processing of novel porous materials are driven by the rapidly growing demands of

emerging applications such as separation, purification, immobilization of biological
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molecules, drug delivery and gas storage, etc. Porous materials can be classified based

on the IUPAC pore diameter into three groups that is shown in Table 2.3.

Table 2.3 TUPAC classification of porous materials

Porous material Pore diameter (nm)
Microporous Up to 2
Mesoporous 2-50

Macroporous 50 to up

2.7  Shape-Selective cata

2.7.1 Compositi-
Zeolites are cryst-, o group I and group 11
elements, in particular, s- ycalcium, strontium and

barium. Structurally the es which are based on

an infinitely extending W and SiO, tetrahedra

Figure 2.3 Frﬁ u‘g'j’ﬂ Hﬂﬁw tINT
Zeolltes "1 be r;a&resemed %ltj'e em%ﬁ.‘]ﬁ‘.’j“ﬁ Ej 4-] a U

Mz/,,o . A]zO} . x8102 . szo

In this oxide formula, x is generally equal to or greater than 2 since AlO, tetrahedra

are joined only to SiOy tetrahedra, n is the cation valence. The framework contains

channels and interconnected voids which are occupied by the cation and water
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molecules. The cations are quite mobile and may usually be exchanged, to varying
degrees, by other cations. Intracrystalline “zeolitic” water in many zeolites is removed
continuously and reversibly. In many other zeolites, mineral and synthetic, cation
exchange or dehydration may produce structural changes in the framework.

The structural formula of a zeolite is best expressed for the crystallographic
unit cell as: Mya[(AlO2)(Si02),] - wH,O where M is the cation of valence n, w is the
number of water molecules and the ratio y/x usually has values of 1-5 depending upon
the structure. The sum (x+y) is the total number of tetrahedra in the unit cell. The

I jatio or by the molar ratio R

composition is characterized by the Si

SiO:
ALOs

Zeolites are mainly g 2478 \ \ ormetry of the cavities and
channels formed by thed ' ik (79 NS rahedra. The tetrahedra
are the smallest structur #u t sldd - : . divided. Linking these
primary building units to g o A cWl:zcondary building blocks
(polygons), the interconne¢ ﬁf:",f = hollow three-dimensional
structures. The entrances to the cay “ites are formed by 6-, 8-, 10- and
12-ring apertures (sma4 5 T

2.7.2 Producti -I ors

. i iF ) .
Zeolite syntheses”™ start from alkaline aqueous mixwres of aluminum and

silicon compou ﬁ § spheric pressure
but more ofte ﬂ ﬁﬂ Mﬂﬂ m ﬂnojﬂai) tallization of a

particular zeolite requires careful contrd of the concesgation and stoiclismetry of the
BINEAT VTP It 1 Yia by T
of the llC]U% phase and formation of a gel, a transition of the gel phase in to the liquid
aqueous phase occurs, whereby crystalline zeolites are formed from the amorphous
particles.

The silicon-rich pentasils are mainly synthesized in the presence of organic

cations. Their open structures seem to be formed around hydrated cations or other
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cations such as NRj . In particular, templates such as tetrapropylammonium
hydroxide are used and are of decisive importance for the crystallization of the zeolite
structures. The C, H and N of the tertiary ammonium cation are removed in the

subsequent calcination of the microcrystalline product.

2.8 Catalytic properties of the zeolites
In 1962 the zeolites were introduced by Mobil Oil Corporation as new

cracking catalysts in refinery technology. They were characterized by higher activity

and selectivity in cracking and hydroy ' i ghe end of the 1960s, the concept of
shape-selective catalysis with =SS ) to petrochemistry and the
zeolites became of increasino - e ingrata ﬁh and applied catalysis.
Due to the outstarn ; ~ polites, no other class of
lvantages in application.

2d as follows:

_ Crystalline and 1’4 = Walnent of SiO, and AIO]

- Shape selectivit# oan the pore diameter of

the zeolite undergo reactiony

- Controlled incorpor #fon % in M= intracrystalline surface is

possible during synthesis and/or b= = A" hange.
if 1o the catalyst by ion

- Catalytically &%
exchange or impregnai§ 2§ i Jso possible.

- Zeolite catalyst: | ‘e thens —0 C g , can be regenerated by

combustion of carbon deposats

Let us ﬁr ﬁﬂ%%ﬁ%&l q)ﬂ%of the zeolites:

- Shape ﬂectlv

RN TU NN Y

2.8.1 Shape selectivity

The inner pore system of the zeolites presents a well-defined crystalline
surface. The structure of the crystalline surface is predetermined by the composition
and type of the zeolite and is clearly defined. Such conditions are otherwise found

only with single-crystal surfaces.
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The accessibility of the pores for molecules is subject to definite geometric or
steric restrictions. The shape selectivity of zeolites is based on the interaction of
reactants with the well-defined pore system. A distinction is made between three

variants, which can, however, overlap:

- Reactant selectivity
- Product selectivity

- Restricted transition state selectivity

Figure 2.4 shows these schematic / reactions.

b
CH:OH -
O

1 -
o- Z ////14,’//%/) % ‘Q
. p ‘,

TP SR
2352252707,

Figure 2.4  Shape selectivity of zeolites with examples of reactions.
a) Reactant selectivity: cleavage of hydrocarbons
b) Product selectivity: methylation of toluene
c) Restricted transition state selectivity: disproportionation of

m-xylene
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2.8.1.1 Reactant selectivity

Reactant selectivity means that only starting materials of a certain size
and shape can penetrate into the interior of the zeolite pores and undergo reaction at
the catalytically active sites. Starting material molecules that are larger than the pore

apertures can not react (Figure 2.4 a). Hence the term “molecular sieve” is justified.

2.8.1.2 Product selectivity

Product selectivity arises when, corresponding to the cavity size of a

intermediates that hav s can be formed during

catalysis. This selecti \ oth monomolecular and

bimolecular rearrangemen g#: s % ‘ -y .o At loften difficult to distinguish
i P -

restricted transition state selc gvitsm clculvity.

LA MIN T
282  Aciditspof S

Zeolites in th]

-— - .
V. Y h can be varied over a
i )

wide range by modific i 'ZeTartial dealumination and

isomorphic substitution™of the framework Al and Si atoms)Direct replacement of the

alkali metal ioH Ef) mm{w 1?1 is only possible in
éxceptional cas sﬂke ) high-Eilided it&zZ -g]T b ﬁethod is exchange
of the alkali metal ions by NH} ion§, follwed byﬂaﬁ the resu 'éjammonium

sals to'éloﬂ'c] &?ﬂrﬂl nm l.l M f] ’J EJ ’] a

q
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\/o\/\/\/\/
o S S o

Figure 2.5  Zeolite in the H form.

2.9  Structure of ERB-1 catalyst
The synthesis of the borosilic 'ycular sieve, hereafter referred to as

ERB-1 (EniRicercheBoralite-1) ¢ # athe aluminosilicate PSH-1, was

claimed by Bellussi et al. in !

Figure 2.6 = Framework o'

et . .
The framework topology of Liructure, is characterized by two

v!F'

independent non-interconnects e A~ having  ten-membered ring

openings. One systemiw———————————————— < ~f1annels with slightly

folded elliptical apertu V._..; : ’ ' Tages, with the internal

!

11
diameter defined by tw=s/e-membered rings, interconnecw#| by slightly elliptical

ﬂumwﬂmwmn‘s
QW'WG\‘Iﬂ‘iﬂJNWT}VIBWGB

apertures.
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12 MR

10 MR

10 MR windoy

window

';; <

i

ﬁwﬁﬁwi’wam

The crysta"zatlon of moleculargieves usually&kes place undeiyydrothermal

o QRARINTUNNAINUV R

the micropfrous structure formed. The crystalline solid (precursor) recovered has a bi-

dimensional (2D) layered structure and contains the template molecules which are
subsequently eliminated by calcination. The precursor already possesses a three-
dimensional (3D) framework of [TQ4] tetrahedra and little or no structural variation

occurs during calcination. Surprisingly, this is not the case for ERB-1. In fact, a
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number of investigations allowed us to conclude for a layered structure of ERB-I
precursor, the 3D structure being formed only upon calcination.

Details about some representative syntheses of ERB-1, the SiO,/B,03; molar
ratio appears to be a critical parameter; infact, ERB-1 is preferably obtained with this
molar ratio ranging between 1.5 and 3. At higher boron concentration new phases,
probably non-porous borosilicates, appear; at low concentration (Si0,/B;03>10)
amorphous materials were obtained together with quartz or other compact silicates.
ERB- 1 is formed in the absence of sodium ions from gels containing only piperidine

as structure-directing agent. Howevar) m is added to the starting gel it is

: é’rhis indicates a negligible, if
s nation of ERB-1.
e —

retained only in minor amounts s

Delaminated ERP =10 gmared by swelling and
delaminating an as-synthes g o "\ Woats of thin sheets with an
extremely high externa, cgh % NN Me sheets consist of a
hexagonal array of “cups’y he 2% ﬁb both sides. These cups
form by a 12-member ring Wi %O %e of the layer, forming a
double 6-member ring windoy. s, bttom to bottom. As a result,
a smooth, 10-member ring (10MKj L runs in between the cups, inside

the sheet.

c4 i
. =i

Ten Calc.SS?!@ﬁ e oes I
g “ -
Eiwl Loy, S

As-synthesgzed
ERB-1

Swollen ERB-1 Del-ERB-1

Figure 2.8  Preparation of del-ERB-1 from as-synthesized ERB-1.
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oH o oM on anoem OH o o on 12 MR

Hexagonal
Prism

Figure 2.9  Proposed structural model for del-ERB-1.

2.11 Ion-exchange

The efficiency way of ﬁnd basicity of catalyst is ion-
Sssojtia = in the preparation and/or

manufacture of zeolites fz 4.5 S| rbegs : s. Metal ion and cationic

exchange. lon-exchange is

complexes can occupy fr: hown in equation 2.3.

Na-zeolite + M™", (2.3)

The interaction i sisorption. This method
provides stronger coulon sies and zeolite anionic
framework. These exchange - netic laws as the reaction of

heterogeneous catalysis. They tak nsecutive stages, the diffusion of

L AN T
solute to be exchangedsat th . soe i#=elf. When the support
is a porous solid, ;, .‘:‘ on limitation can be

extragranular or intragra 1 lar”

g;j'j;ﬂuﬁ,l’ TIETINEND T s

minutes, others last for more than ten ears The maéatenance of cataliubt actnvnty for
ciox SRS OG-S oA S AV oo
during thel process can be the result of various physical and chemical factors, for
example:

- Blocking of the catalytically active sites

- Loss of catalytically active sites due to chemical, thermal or mechanical

processes
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2.13 Characterization of materials

2.13.1 X-ray powder diffraction (XRD)

An electron in an alternating electromagnetic field will oscillate with the same
frequency as the field. When an X-ray beam hits an atom, the electrons around the
atom start to oscillate with the same frequency as the incoming beam. In almost all
directions we will have destructive interference, that is, the combining waves are out

of phase and there is no resultant energy leaving the solid sample. However, the atoms

in a crystal are arranged in a reguio) a very few directions we will have

se and there will be well defined

é{ence a diffracted beam may

— of scattered rays mutually

constructive interference. ThP
X-ray beams leaving the s? -
be described as a bear:
reinforcing one another

Let us consider

separated by an interplan-g

Figure 2.10 @Tractlon o’fa( rays%l a cryz w Ej fl ﬂ ‘s
ALANTL QARIINEAEE o e

planes. A reflected beam of maximum intensity will result if the waves represented by
1’ and 2’ are in phase. The difference in path length between 1 to 1’ and 2 to 2° must
then be an integral number of wavelengths, (LAMBDA; 1). We can express this

relationship mathematically in Bragg’s law.
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2dsinO = nA (2.4)

The process of reflection is described here in terms of incident and reflected
(or diffracted) rays, each making an angle THETA with a fixed crystal plane.
Reflections occurs from planes set at angle THETA with respect to the incident
beam and generates a reflected beam at an angle 2-THETA from the incident beam.
The possible d-spacing defined by the indices h, k, | are determined by the

shape of the unit cell. Rewriting Bragg’s law we get :

2.5)

Therefore the pe; . can have reflections are

determined by the unit g kies of the reflections are

: “\ Planes going through areas

with high electron densi#w & § ect #% 18 low electron density will

2.13.2 Nitrogen adsorpticoees— «hnique

Adsorption is/ e p ulgm become attached to a

o Jout it has particular

porouJfkolid such as charcoal or
¥

surface. In principl‘

significance when a gas ‘! 1

alumina. -

The forcgsftignt]bg ‘o : o rgryaethe surface may be

physical or cheﬂaﬂﬂﬂtﬂgﬁmﬁﬂﬂnﬂ ﬁtwo is not sharp),

giving rise to the phenomena ofﬁisor tion and=shemisorption Mic]ctively. In
i

racics Mo 1] O NP1 b Qob e orkds i B B

the streng& of the bond formed between adsorbate and surface - weak Van er waals

the basis of

bonds are deemed to give rise to physisorption, while shared electron bonds are
responsible for chemisorption.
Adsorption is described using an adsorption isotherm; this shows the amount

of gas adsorbed as a function of pressure, at constant temperature. The simplest
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isotherm is due to Langmuir and can readily be derived with the following

assumptions:

1. In the gas phase, the adsorbate behaves ideally.

2. Adsorbed molecules are confined to a monolayer and never form
multilayers.

3. Every part of the surface has the same energy of adsorption (the energy

that is released as the adsorbate bonds to the surface).

Let us consider e~ ‘ : /1 : t is often reasonable, but
the second is unreasonab' 4, Wi, layers are common. The
next three assumptions are v 4 £ L AR Sw.cr uniform and even for a
noble gas, the interacti#® b 4 # FisCr—= ) M ccount for as much as

25% of the measured he \ -_H'”* of the surface. The final

assumption is usually tru at room temperature for

physisorption, since, althougt lecule to the surface have an
energy usually greater than kT, i ' <<1. Quite recent work has
shown that many molecule ben “stuck” onto the surfaces

of solids. = .‘:‘ i

Especially at lo =y Mo=> common, and the BET

(Brunauer, Emmett and™ eller) isotherm is more useful ur®r these conditions. The

BET isotherm erm, except that
multilayer ads ijJ ﬂﬁﬂ ﬁh gmuir and BET
isotherms is glve in standard physicad chemistry texds (derlvatlon e Langmuir

o QR A S VIR T B o

the final BET result here:

x 1 +(C—l)x

2.6)
V(] _x) VmC VmC
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In equation (2.6), x is the relative pressure (p/p,) at which a volume of gas V,
measured at room temperature and pressure, is adsorbed. p is the pressure of the gas,
and p, its saturation vapour pressure at the temperature of the vessel containing the
adsorbent. In this experiment nitrogen is the gas, and the adsorbent alumina is held at
77K, the normal boiling point of liquid nitrogen where, by definition, its vapour
pressure p, equals atmospheric pressure. V,, is the volume of adsorbed gas required to
form a monolayer on the adsorbent, and is a constant for a given temperature.
Equation (2.6) demonstrates that a plot of x/[V(1-x)] against x should give a straight

line, whose intercept is 1/V,,C and. o | 4 )/VC. Thus from the slope and

intercept, C and V,, can be founds

The constant C is gz

.7

where (E-E}) is the diffe: f adsorption in the first

layer and the enthalpy of liq », by and b, are constants
connected with the formation and higher layers of
adsorbed molecules.

Brunauer and hig co- ' AN s certain circumstances

aby/azb should be cIF

- = determine E
v, Y ) '

from a measurement of (z4'G ne= vields a value for V,,,

the volume of gas requires to form a monolayer. Brunauer ar Emmett suggested that

::zz:z:tzzzzz;@im@m eh T
mmmm INYIAY .

4(2)2 Nd

where M is the molecular weight of the adsorbate, N is Avogadro’s number and d the
density of the liquefied adsorbent, which equals 0.808 g cm™ for liquid nitrogen.

Knowing V,,, the surface area can then be found. Adsorption amount depends on gas
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pressure, adsorption temperature and properties of adsorptive gas and adsorbent solid.
In nitrogen adsorption isotherm measurement, temperature is constant and gas is
limited, thus the isotherm changes according to the property of solid. The surface area
of a solid includes both the external surface and the internal surface of the pores.
Several forms of isotherm besides the langmuir type have been shown in Figure 2.12.
According to the IUPAC definition, microporous materials exhibit a type I
adsorption-desorption isotherm. Nonporous or macroporous exhibit types II, IIl and

VI and mesoporous exhibits type IV and V.

Amovnt Adsotbed, nlmmolg”) —

Figure 2.11 The IUPAC

¥

strength of the interactior™®etween sample surface and gas ac®

AUEINENINYINS
ARANTUNNIINGAY
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Table 2.4 Features of adsorption isotherms
Type Features
Interaction between sample Porosity

surface and gas adsorbate

I Relatively strong Microporous
11 Relatively strong Nonporous
I Weak Nonporous

v Relatively ~t. ¢ Mesoporous

» ﬂicroporous or Mesoporous
VI ’ — - Nonporous

2.13.3 Inductive! 'y AR " spectrometry

(ICP-AES) _
This method descr 45 - " k“ by ICP-AES using
sequential or simultanec#S ¢ #f¢ A SN riewing of the plasma.

The instrument measures N optical spectrometry.

irted to the plasma torch.
Element-specific emission sp #fra. == == radio-frequency inductively

coupled plasma. The spectra are a grating spectrometer and the

sitivasdevices. Background

correction is required -V'- md correction is not

ndTrorrection measurement

intensities of the emissign liz

required in cases of lingrhroe
would actually degrade ne analytical result. Additional Mierferences and matrix
effects must be r i ‘vﬁ i o%l i ; r their presence
are described. Aﬁnﬁy myms mm ﬁ‘tﬁzon methods. In
this case, point seqilections for backgrafind correctioemare superfluougsince whole

weot AP I UNTVINERY

2.14 Diesel oil [19]
Diesel or diesel fuel is a specific fractional distillate of petroleum fuel oil or a
washed form of vegetable oil that is used as fuel in a diesel engine invented by

German engineer Rudolf Diesel.
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2.14.1 Petroleum diesel

Petroleum diesel or petrodiesel is produced from petroleum and is a
hydrocarbon mixture, obtained in the fractional distillation of crude oil between
200°C and 350°C at atmospheric pressure.

The density of petroleum diesel is about 850 g/l whereas gasoline has a
density of about 720 g/l, about 15% less. When burnt, diesel typically releases about
40.9 MJ/1, gasoline releases 34.8 MJ/1, about 15% less. Diesel is generally simpler to

refine from petroleum than gasoline.

2.14.2 Chemical composatiti) ’//

Petroleum-derived di — = S 5%, saturated hydrocarbons
(primarily paraffins incl= . ‘ ais) and 25% aromatic
hydrocarbons (including s T The average chemical

formula for common dies ! L= O 3x. CioHzo to CysHag

They are develope g Fri .t transportation fuels and
engines include synthetic

middle distillates from natura gfas yas (LPG), compress natural

&
gas (CNG), dimethy] ether (DME), S0
Zo KA

k

2.15 Natural palm‘v = .F‘
Palm oil is a fore Ot Camom the fruit of the oil

alm tree. Previousl tht,oecond most widely produced edighe oil, after soybean oil,
p y Yyp Y

28 million metri e now surpassed
soybean oil as tﬁﬁﬁﬂﬂﬂ ﬁﬁfﬁ ﬁy]rﬁﬁpalm oil has two
species of oil palm the better knowngone is origingting from GuinggyAfrica. The
un s QRARIA T HPIIREN R B
oil (extracfd from the fruit seeds). Palm oil itself is reddish because it contains a high
amount of beta-carotene. It is used as cooking oil to make margarine and is a
component of many processed foods. Palm oil is one of the few vegetable oils

relatively high in saturated fats (such as coconut oil) and thus semisolid at room

temperature. It is also an important component of many soap, washing powders and
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personal care products and has controversially found a new use as a feedstock for

biofuel.

2.16 Palm oil composition

Palm oil extracted from the mesocarp of the fruit of the palm FElaeis
guineensis. The mesocarp comprises about 70-80% by weight of the fruit and about
45-50% of this mesocarp is oil. The rest of the fruit comprises the shell, kernel,
moisture and other non fatty fiber. The extracted oil is known as crude palm oil (CPO)

which until quite recently was knovi) I r Iden commodity.

Palm oil like all natussss v rises mainly mono-, di- and
triglycerides. Free fatty aci .

matter referred to collecti:

2.16.1 Triglyce,

H H W W H H
1 | I R |
HeC —c-— Y — —Com= G € o Com Com
[
H H R H H
R
|
H_;_ J-C—C— c—c-—l— C—H
| T |
H H H H H
0 H H H 0 H H H H
p =0 | . NN
H—!r DeeCe—Co C c—c-—c—H H o= O Qoo Comm € amn oo € e Coome Comme H
| | | ] [ R I
H H H H H

cers ] NN WY TAsa
F-gurealma«aﬂw ARINY1AY

The fatty acids could be of the same type or they could be different. The property of a
triglyceride will depend on the different fatty acids that combine to form the
triglyceride. The fatty acids themselves are different depending on their chain length
and degree of saturation. The short chain fatty acids are of lower melting point and are

more soluble in water; whereas, the longer chain fatty acids have higher melting
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points. The melting point is also dependent on degree of non-saturation. Unsaturated
acids will have a lower melting point compared to saturated fatty acids of similar
chain length. The two most predominant fatty acids in palm oil are C16:0 (saturated)
palmitic acid and C18:1 (unsaturated) oleic acid. Typical fatty acid composition of

palm oil is given in Table 2.5.

Table 2.5 Typical fatty acid composition of palm oil

C. No.: DB % Weight
C12:0 0.2
Cl14:0 1.1
Cl6:0 44.0
C18:0 4.5
Cl18:1 39.2
C18:2 10.1
Cl18:3 0.4
C20:0 0.4

C: carbon, DB: double bond.
2.16.2 Mono- and dlglycel ty acid (FFA)
In the presence of hag = ides break up by a process

known as hydrolysis ; .‘:‘ ind diglycerides and
FFA which is of crucial = pe e md diglycerides account
for about 3 to 6% by w¥ ght of the glycerides in the oil. *®00d oils having lower
amount of mono the fractionation
process becauseﬁeﬁﬁiﬁﬂﬁgﬁ ﬁﬁzﬁﬁl formation and
making filtration di ﬁcult The amoufit of mono- gnd diglycerideg and FFA is

s QEARIATU A INEAR B

(Distillate Batty Acid).

2.16.3 Moisture and dirt
This is a result of milling practice. Good milling will reduce moisture and dirt

in palm oil but normally it is in the range of 0.25%.
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2.16.4 Minor component
These are classified into one category because they are fatty in nature but are
not really oils. They are referred to as unsaponifiable matter and they include that are

carotineoids, tocopherols, sterols, polar lipids, impurities.

2.17 The production of biodiesel
There are several generally accepted ways to make biodiesel some more
common than others, e.g. blending and transesterification and several others that are

more recent developments, €.g. reac iy J gupercritical method. An overview of

these processes is as follows;

2.17.1 Direct use=

The direct use of roblematic and has many

inherent failings. It hacg v for the past couple of

decades but has been éxr‘, | dred years. Although some

%

diesel engines can ru j s 5 Sy%ur:harged direct injection
engines such as trucks a g §F maiail rislconsumption, with the use

of pure vegetable oils, was iesel fuel. For short term use

ratios of 1:10 to 2:10 oil to gFsel—nc-—= be successful. The difficulties
s
may be grouped into three key arc—=

k

2.17.2 Micr V = v ]
Microemulsions €% #¥orim dispersions of optically

isotropic fluid micros .ctures with dimensions generall in the 1-150 nm range.

These are fo { is quids and one or
more ionic or:ﬂ ﬂﬂﬁﬁﬂ %‘i ﬂﬂﬁ ﬁined to tackle the
problem of the hlgh viscosity of puregvegetable oilghy reducing thewcosnty of oils
o AR T INID BT E) o
microemfllsions where found to be similar to diesel fuel, over shot term testing. They
also achieved good spray characteristics with explosive vaporization which improved
the combustion in performance was observed however significant injector needle

sticking, carbon deposits, incomplete combustion and increasing viscosity of

lubricating oils where reported.
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2.17.3 Thermal cracking (Pyrolysis)

Pyrolysis is the conversion of one substance into another by means of applying
heat, i.e. heating in the absence of air or oxygen with temperatures ranging from
450°C — 850°C. In some situations this is with the aid of a catalyst leading to the
cleavage of chemical bonds to yield smaller molecules. Unlike direct blending, fats
can be pyrolyised successfully to produce many smaller chain compounds. The
pyrolysis of fats has been investigated for over a hundred years, especially in

countries where there is a shortage of petroleum deposits. Typical catalyst that can be

Table 2.6 Compositic

_ _weight

(S : ‘ Soybean
Alkanes i -llh- | 29.9
Alkenes _ %‘ 28 249
Alkadienes } : ‘i Bl 3 10.9
Aromatics A;‘ 2.2 T
Unresolved unsaturate- 5.1
Carboxylic acids T3 = 9.6

Unidentified | ’ | 12.6

*HO High oleic safflower oé]
=1

. e | ,
The equipment fﬂ)uyﬂ ghmaﬂmmgsuﬂig Mest throughputs.
Although the products are chemicall sifhilar to yrock@mically based &ehel, oxygen
o AT AOILFD G-I T s e

This decregses its environmental benefits and generally produces more fuel similar in

properties of gasoline than diesel with the addition of some low value materials.
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2.17.4 Transesterification (Alcoholysis)

Transesterification is the reaction of a lipid with an alcohol to form esters and
a by-product, glycerol. It is in principle the action of one alcohol displacing another
from an ester, the term alcoholysis (cleavage by an alcohol). The reaction, as shown
in Figure 2.14 is reversible and thus an excess of alcohol is usually used to force the
equilibrium to the product side. The stoichiometry for the reaction is 3:1 alcohol to
lipids however in practice this is usually increased to 6:1 to increase product yield. A
catalyst is usually used to speed up the reaction and may be basic, acid or enzymatic

lude NaOH, KOH, carbonates and

in nature. The alkalis that are generglfp
's_sodium methoxide, ethoxide,

/émmon alkali catalyst that is

lysed reactions are used

corresponding sodium and potasiss
propoxide and butoxide. Sod
used, due to economical re

more often commercially are faster.

Only simple alce’ ation such as methanol,

ethanol, propanol, butano!, M is most often used for

L

H‘l
commercial and process < 5 W% M mical nature (shortest

N\

chain alcohol and is pol ion conditions and the

jetermine the path that the

Sy :
& and free fatty acid (FFA) are not
WA

favourable to the reaction, sg = d alzahol are necessary to

minimise the productif = 1mount of esters and
i I,’

renders the separation of #/CS re[ commercial processes

concentration of impurities |
reaction follows. I

For alkali catalysed tranest

using crude feed stock, excss alkali is added to remove all tif FFAs.

F’WEJ’JVIHV]?%&’]W?

HzC OCOR' cata ‘S, HZC OH

iﬁﬁ ASh AL [

HZC a ‘i um "Ejfla C-OH

triglyceride alcohol mixture of alkyl glycerol
esters

Figure 2.13  Transesterification of triglycerides with alcohol.
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2.17.4.1 Esterification

The formation of esters occurs through a condensation reaction known
as esterification. This requires two reactants, carboxylic acids (fatty acids) and
alcohols. Esterification reactions are acid catalysed and proceed slowly in the absence
of strong acids such as H,SO4, H3PO4 and HCI. The equation for and esterification

reaction can be seen in Figure 2.15.

(II: H* Il
R SoOH *+ RO :

Free fatty acid Water

Wine hydrolysis, converts
triacylglycerols to glyce # -, 4 ; Nk hain carboxylic acids. As
can be seen from Figure J§F' ‘ ¥ Y \Wied out with an ester (i.e.

triglycerides) or with carbox ids). However, the production

of fatty acids is an intermedi —s “liglycerides are directly used for
LTI D)
saponification. The somm ZEzag ie_uszally conducted in two

phases. The first pho

= .‘:d boiling with aqueous

©1 tapbrecipitate the soap.

4

NaOH until hydrolysis '_'E S0

AUEINENINYINS
ARANTUNNIINGAY
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il Heat "
R—C—OH + NaOH R—C—0Na  + H,0
Free Fatty Acid Metalic alkoxide Sah Water
0 0
I |

R—C—OR + NaOH —uMl}R—C—0ONa" + ROH

Ester Metalic alk Simple Alcohol

Figure 2.15  Saponificigms

The hydro' #fs e jous reaction system made
up of two liquid phas : ' N s of water and glycerol;
the homogeneous lipid -erides. The hydrolysis of
Mhges via partial glycerides
(diglycerides and monoglyc ez . W very effective at accelerating
res substantial material corrosion
occurs. Basic meta xi wan gmore strongly alkaline
monobasic metal ;, : ‘{ n suggested to be the
most active catalyst 7] ! hy n Tithout a catalyst is not

i¥

economical below 210°(, thus requmng the lmpllcatlon of nigh temperature, pressure
techniques. M n 0.6-1.2 MPa at
210-260°C witﬂuﬂmm'ﬂnﬁwmntmual solubility of
the two phases to increases to a ﬁ)lnt wWhere the formesion of continuo@s phase occurs.

ARIRNNIUANTING R
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H OCR, CH,OH R;COOH
H OCR; + 3H,O— OH + R,COOH
H —QOCR; CH,OH R,COCH
Triglyceride water Glycerol  Free fatty acid

Figure2.16  Hydrolysis of triglycerides.

used as biocatalysts as thgf 4 £ A5 easily handled. They are
stable, do not require ‘ rganic solvents. “Their
potential for regioselecti Wve synthesis makes them
valuable tools”. Recent pat t reaction yields and times
are still unfavourable compe esterification for commercial

application.

]

pemcd oil with supercritical

2.17.5% :
y:'
The stua=->

methanol was found to®C very effect and gave conversior™of >95% within 4min. A

reaction tempe Huﬂﬁ mg’ H i 1 of methanol to
rapeseed oil fo mﬂ ﬂ ﬁﬁd ns. The rate was
substantlally hlgh om 300 to 500°C ¥ut at tempergiyres above 400° it was found

o QRARIAFUNIIN R VY o

solvent sU§h as methanol relies on the relationship between temperature, pressure and
the thermophysical properties such as dielectric constant, viscosity, specific weight

and polarity.
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2.17.5.3 Catalyst free

Transesterification will occur without the aid of a catalyst; however, at
temperatures below 300°C the rate is very low. There are two methods to produce
biodiesel and that is with and without a catalyst. A comparison of supercritical

methanol production and alcoholysis can be seen in Table 2.7.

Table 2.7 Comparison between production of biodiesel

*SC MeOH method

0.067

Reaction time (h)

Reaction condition (MPa an. ™ 35, 350

None

Catalyst

Free fatty acids

Methyl esters
|

Yield (%) 98.50

Removal for purification g4

Process Simple

*SC MeOH method — Supy

2.18 Transesterification kineti= _,ﬁf"' =

Transesterific/ i coflyl proceeds via three

consecutive and revel 7 i‘d nbine with alcohol to
produce a fatty acid a I e =onog i lleride intermediates and

finally glycerol by- product The stonchlometrlc reaction requ1res 1 mole of TG and 3
moles of meth le of glycerol. In
presence of ex ﬂ uﬁq nﬂﬂgmﬂ ‘:Ifﬂ Eer and the reverse
reaction j to be sec ﬂ tr terﬁ! tion is faster
when mg‘] a ﬁlﬂ %‘ rﬁxﬁﬁﬁ% ET —catalyzed

transesterﬁicatlon is described in Figure 2.18 and 2.19, respectlvely.
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DU G
"’ R’ OR" R+ TOR"

H —R y -H*/R"OH @]
. " O R’ O

Pre-step

or

Step. 1.

Step. 2.

Step. 3.

== RCEOR + R"OH

ﬂ%ﬂl?ﬂﬂﬂ’ﬁwmﬂ‘i

aw%&nmumfmmaa

CH, —QCOR’

= Carbon chain of fatty acid

R
R = Alkyl group of alcohol

Figure 2.18 Mechanism of the base-catalyzed transesterification [2].



46

2.19 Transesterification parameters

The most relevant variables that influence the transesterification reactions are

the following

2.19.1 Moisture and free fatty acid

The glyceride should have an acid value less than 1 and all materials should be
substantially anhydrous. If the acid value is greater than 1, more NaOH is required to
neutralize the free fatty acids. Water also causes soap formation, which consumes the

catalyst and reduced catalyst efficiently o

The conversion rate i ith T:act’ e di- and monoglycerides

increases at the beginn'in" ' e end, the amount of

Transesterification - at M L "\a %, depending on the oil
used and catalyst types. Te: s g = %he reaction rate and yield

esters.

2.19.4 Molar r_atio 0

LY ] . .
One of most iInge s Zder s the molar ratio
| y L)

of alcohol to triglyceria . " ' wype of catalyst used.

Methanol present in amo=#s of above 1./5 equivalents tencd to prevent the gravity
separation of glycerol, thus £ g more cost to Gt process. Higher molar ratios result
ingrester st ccﬁf W8N EWI INEINT

o WW ﬁNﬂ‘iﬂJ UNIANYIAY

yéption is the most widely used derivatization technique. Nearly all
functional groups which present a problem in gas chromatogaphic separation
(hydroxyl, carboxylic acid, amine, thiol, phosphate) can be derivatized by silylation
reagents such as N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA). MSTFA is
an effective trimethylsilyl donor which reacts to place labile hydrogens of hydroxyl

compound with —Si(CH3)3 group. The derivatives are generally less polar, more
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volatile and more thermally stable. One advantage of MSTFA over other silylating
reagents is the volatility of its byproduct, N-methyltrifluoroacetamide.

N-methyltrifluoroacetamide has an even lower retention time than MSTFA.

O CH; CH; CH; O CH;
Al | | | Il |

CF; — C— N— Si—CH3; + RO—H — RO— Si—CH; + CF;3— C — N—H
I |
CH3 CHB

Figure 2.19  Silylation of alcohgg

‘ Y |

AULINENINYINT
ARIAATAUNN TN



CHAPTER II1

EXPERIMENTAL

3.1 Instrument and apparatus

Crystallization of , é i; was performed at 175°C using a

Parr series 4560, 30 . ¥ni [ rcactors and transesterification

reaction which also ¢ 7 oo J 0 ml Mini Bench Top reactor,

together with 484C perature program for reaction

was shown in Sche

5°C/min

R.T.
X

4

Scheme 3.1  The tergbgsature program fog jransesterification reaction.

AU INUNTINYING

3.1.2UFurnace

ARSI AT

shown in Scheme 3.2.
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8h

550°C

1°C/min

R.T.

XRD patteris 1 %, inax 2200/ultima plus X-ray
powder diffracto e O 20 <20 < 40°, with a step

size of 0.02° 26, usi

3.1.4 Inducti -y : . " ission spectrometer

Boron content n J§ codl i Gsing the Perkin Elmer Plasma-

1000 inductively couplea pl J%

f.~‘,

n spectrometer (ICP-AES).

-
L)

315 AVe————— -
Sodium a2 : ' **were analyzed using the

Varian, 280FS atom: ‘-E absorption specirometer (AAS). &4

= v
1 PRV INEINT
Chara%lerlzatlon of catal*st porosity 1n terms of nj rogen adsorption-
des@ Wﬁm ﬂ'ﬁpm ﬂmq qﬁd lbutlon of the
catalygts were carried out using a BE ﬂ.gRP -mini tnstrument. The

sample weight was near 40 mg and weighed exactly after pretreatment at 400°C for 3

h before each measurement.
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3.1.7 Scanning electron microscope

Scanning electron micrographs were obtained on a JEOL JSM-5410 LV
scanning electron microscope. The samples were sputtered with gold before taking the
images. The coupled EDX mode was used in determination of the alkali (Na, K, Rb
and Cs) content in different alkali ions loaded on ERB-1 catalysts.

3.1.8 Gas chromatography

Methy!l esters, total glycerql gpono-, di- and triglyceride contents were

41 gas chromatograph equipped with

/ iesel for glycerides column (High
®tectors (FID). The GC heating

analyzed using a Varian, G(
a 10 m length x 0.32 mm
temperature type). GC®

program was shown i och

Scheme 3.3 Th V _ e glycerol, mono-, di-

and ..j .yceride COlLCLILS antary SIS, ¥

- .Y o
2 il IBIVITINEINT
1. FuMed silica (Cab-osil®M-5) (Riedel-de Haén)
e = v
YRIANILHNTINENE

q3. Boric acid, H3BO3 (299.5%, Merck) S
4. Hexamethylenimine, HMI (>97.0%, Fluka)
5. Piperidine (299.5%, Sigma)
6. Hexadecyltrimethylammonium bromide, CTMABTr (296.0%, Fluka)
7. Tetrapropylammonium hydroxide, TPAOH (1.0 M in water, Aldrich)
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8. Hydrochloric acid, HCI (37%, Carlo Erba)

9. Potassium hydroxide, KOH (285.0%, Analar)

10. Cesium hydroxide monohydrate, CsOH.H,0 (295.0%, Fluka)
1. Rubidium hydroxide, RbOH (99%, Aldrich)

12. Refined palm oil (OLEEN, Co. Ltd., commercial grade)

13. Methanol, CH3OH (99.9%, Merck)

14. Heptane, C;H ;6 (99%, Scharlau)

I5. Eicosane, CyoHaz (297%,

l6. NN

17.
18.
19.
20.
21.
23.1,2,4- At s ' , i o ridhe, Resték)
24.1,4- Y2

25. Tricaprin stand 6, Gz =2 k118 Restek)

26. N-methy|-N- (trlmef i etamide, MSTFA (97.0%, Fluka)
27. Hydrof]G¥rig

28. Nitric a4 7

29. Acetone, ( J 1O

e i 110 e N
Moyl N toE L gy Ter | Tomees

(PD) : 8 50 H;O. A typical synthesis procedure was follows: Into a 2000- -cm’
4-necked round bottom flask, a 10.97 g of NaOH was dissolved in 209.75 g of

/T" ,".J l

deionized water and 81.58 g of piperidine was added. 56.51 g of H3BO3 was added at
50°C. After total dissolution of boric acid, 41.19 g of SiO, was added gradually over |

h with stirring. After that, the clear solution was aged for 1 h, cooled at room



52

temperature and charged into a Parr reactor. Crystallization was achieved after seven
days at 175°C with stirring at 100 rpm. The obtained white solid was separated by
filtration and washed with water for several times, finally dried overnight at 120°C.

The procedure for preparing the ERB-1 was shown in Scheme 3.4.

A 4
Y
A 4

NaOH + H,O + PD

Aging for lh

Aged gel

at 175°C for 7 days

Crystallization
and stirring 100 rpm|

%% and drying

Scheme 3.4 Pre

AULINENINYINT
ARIAATANNING A Y
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Mechanical
stirrer | :

" 4-necked round
bottom flask

Figure 3.1  Apparatus for f’-ﬂ

Sy ’ ,_ '

-

)

3.4  Organic Ve DN 4

To remove *ined in a muffle furnace

from room tempera -..i > t0 550°C 101 0 1t a> snown in Sclne 3.2.

Prerm HARERIWEANT

The d8}ERB-1 sample was‘gbtamed by swellmg the precursor with CTMARBET.

NIRRT
surfa queous solution o reflux 16 h at 80°C.

The layers were forced apart by placing the slurry in an ultrasound bath.
Subsequently, it was added a few drops of concentrated hydrochloric acid (HCI), until
the pH was below 2 and harvested the solid by centrifugation. Then, it was removed

the organic material by calcination at 550°C to achieve del-ERB-1. The preparation
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preparation conditions were shown in Table 3.1 and the delamination procedure was

shown in Scheme 3.5.

Table 3.1 Conditions of del-ERB-1 preparation [20-23]

Composition (g) Sonication time
Sfj':(;’;e Precursor | H;0 | CTMABr | TPAOH (h)
DI 1.00 32.36 2.40 1
D2 1.00 11.3: 6.00 [
D3 1.00 : I
D4 1.00 3

 \[PAOH
A\or'16 hat 80°C

20 in an ultrasound bath

4.4 f concentrated HCI

<
nwering, wi ,, ing and drying
@Icmatlon at 550°C for8 h

Schemd3.5 Preparation diagram for del-ERB-1.
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3.6  Loading of XERB-1 (X = Na, K, Rb or Cs)

The NaERB-1 was prepared that 1 g of calcined ERB-1 was stirring at RT or
refluxing at 60°C with 30 ml of 0.05-0.50 M NaOH solutions for 3 h. After loading,
NaERB-1 was filtered, dried and calcined at 550°C for 8h. All loaded catalysts were
adopted in transesterification reaction of palm oil. The conditions of NaERB-I

preparation were shown in Table 3.2.

Table 3.2 Conditions of NaERF & k jcparation

Sample Code Temperature

)
NaERB-1(0.05, R17™ / N RT
NaERB-1(0.05, AN 60
NaERB-1(0.10, . ; | RT
NaERB-1(0.10, 60'4 — 60
NaERB-1(0.30, & (= \ RT
NaERB-1(0.30, 6( 60
NaERB-1(0.50, RT) . RT
NaERB-1(0.50, 60) 60

M of KOH, RbOH and CsOH-H,0
524/(0.10, RT) to obtain

The ERB-1 catal

X

aqueous solutioNSw

KERB-1(0.10, R I ' \ l RT), respectively.

¥

‘C"ﬁfﬁﬁﬁ*ﬁ'ﬁw%’w 9119

3.7.1 sCI stock solutiong 1000 ppm

Qm ﬂ‘&ﬂdﬁ‘ﬂ&ﬂm@% Hq(ﬁﬁﬂn a 1000 ml

volum@tric flask and made up to the mark with de-ionized water.

3.7.2 Sample preparation

A 40 mg of calcined sample was soaking with 10 ml of conc. HCI and

subsequently 10 ml of 48% hydrofluoric acid was added dropwise to get rid of silica



56

in the form of volatile SiF4. The sample was heated on a hot plate until dryness and
repeated three times. An amount of 10 ml of a mixture of 6 M HCI : 6 M HNO; at a
ratio of 1:3 was added slowly and warmed until dryness again. Then an amount of 10
ml de-ionized water was added and warmed for 5 min to complete dissolution. The
solution was transferred to a 50-ml polypropylene volumetric flask and made with
CsCl stock solution. The solution in the flask was brought to the mark with de-ionized
water. The flask was capped and shaken thoroughly. The solution was transferred into

a plastic bottle with a treaded cap lired ynder with a polyethylene seal.

d
A 10 g of com n oMand==es— v ith molar ratio of methanol to
palm oil 9:1) were aGUTi_ - | - e awdlyst. The system temperature
was raised to 120°@*h” 7y ] "N v24 h, the reactor was cooled

to room temperat .- ' W rated from the methyl ester
_ o4d with acetone, separated by
centrifuge again and 4 L s \ Icination heating program for
the used catalyst w vs' . N " Wprcducts were analyzed by gas

chromatography. Com#ie PP W as the starting material, which

Table 3.3 Fileoe 7 P g4 Oleen palm oil
| y ll_r“
Fa :I acid “ ., bmposition (wt%)
Oleic acidf(&18:1) 45.2
mjtj Yo% | 137.9
Lioleic acid (C18:2) 10.9
: ¢ o ¥,
I 13NEINE
q “"MyriStic aci :0) ’ ) o St
Lauric acid (C12:0) 0.7
Linolenic acid (C18:3) 0.3

Data from Oleen Company.
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Pressure
reactor
Programmable
process controller fe
Figure 3.2  Appar
i T
3.8.1 Effect &t 1 flotioadss -
y : :
The reaction was pe it rcaction time of 6, 12, 24, 30 and

36 h. b A S
3.8.2 EfE1

i

In order .,,I udy the erieCt o1 molar ratio ¥Ld methyl ester yield of the

, l‘;—‘

transesterification, expﬁn:ﬁ.ents were cond@oted with various molar ratios of methanol

to ol in ranﬂoulg QIVI stw Ejﬁ ﬂ?

RIMIIMANGIAY, .. .

€ transesterification reaction was carrie

equivalent to 5 wt%, 10 wt%, and 15 wt% of palm oil.
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3.8.4 Effect of reaction temperature

To examine the temperature dependency on conversion, reactions were

conducted at 90 to 120°C

39 Determination of free and total glycerol and mono-, di- and triglyceride
contents [37]
The purified methyl esters were evaluated in a series of tests to determine if

the biodiesel produced met the Brigijhy Standard EN 14105:2003. This European

Standard specified a metho g>lycerol and residual mono-, di- and

triglyceride contents in faf

3.9.1 Internais* : 1oy mg/ml.

A 10 mg of 1j4- & ioiicd approximately in a 10 ml

A 80 mg of | Frrae ) \ ateiy weighed approximately in

a 10 ml volumetric flas®a farent /N y10. pyridine.

3.9.3  Glycerol stogdc b/ A = 7
A 5 Mg o e b A ml volumetric flask and
Y

maked up to the oA  ml of this solution was

transferred into a 10, ..! volumeltriciasn anu taked up 4 he mark with pyridine.

S AUSIRBNTNYINT

Daily ur calibration solutl‘gns were prepared by transferrln into a series of

ARSI N
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Table 3.4 Preparation of calibration solutions

Calibration solution 1 2 3 4
Glycerol solution (ul) 10 40 70 100
Monoolein solution (ul) 50 120 190 250
Diolein solution (ul) 10 40 70 100
Triolein solution (ul) 10 30 60 80
1,2,4-Butanetriol solution 80 80 80 80
(Internal standard No.1) (ul)
1,2,3-Tricaproylglycerol solution _ . 100 100 100
(Internal standard No.2) (ul) S

of N-methyl-N-
trimethylsilyltrifluordac g # 4 A\ o cach of the four calibration
solutions, the vials#® 4! \ .\' igC®usly shaked and avoided
v H : p temperature, then 8 ml of
heptane was added.

A1 plof each d by GC under the condition

defined above. Samples®we .ivatisation.

|
3.10 Determination of ms f"‘f‘"_.’i
Determina.' &>/lated from the British
Standard EN 1410; .
3.10.1 Internal$teadard No.3 stodksolution, 10 mg/ml.

N YL IEaX LT E L et o ——

approxnmately% a50ml volumetnc‘ﬂask and maked up to the mark with heptane.

VAN IHINLINAE

Five calibration solutions were prepared by transferring into a series of vials.
The volumes of stock solutions of reference substances and of internal standards

given in Table 3.6, using microsyringe.
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Table 3.5 Preparation of calibration solutions
Calibration solution 1 2 3 4 5
Methyl oleate (ul) 46.6 31.0 20.7 10.3 53
Methyl palmitate (ul) 40.0 26.8 17.8 8.9 4.5
Methyl linoleate (pl) 11.0 7.3 4.9 2.5 1.1
Methyl stearate () 0.0035 | 0.0023 | 0.0015 | 0.0008 | 0.0004
Eicosane solution 1.00 1.00 1.00 1.00 1.00

(Internal standard No.3) (ml)

3.10.3 Preparatid
Each of the fivemm
A 1 pl of each reaclithi

above.
3.11
washed with aceton?,

by XRD, ICP-AES, A#S

activity at the sa ' 2

17

3.12  Analysis of ,I iched [Na COUUIEN

jﬁ ?
sample, 1 g of the used Iy %

of NaOH at room temperatuz2289,) 4 =/

iy i ’/)ﬁbration solutions

\\:..‘:\,\

S

N

| SO IOT == > ptane was added into the vials.

< under the conditions defined

incd at 550°C and characterized
»n-desorption. For Na-reloaded
ithi0 ml of 0.10 M aqueous solution

was dried and calcined before testing

0.50 g of NaERB,1(0.10, RT) or Ngyeloaded ERB-1 was stirred in 5.00 ml of

methanol aﬂourﬂzq aﬁﬁrﬂ'@ Waﬂvq ﬂl)‘%’&d by AAS and used in

transesterificlfion without catalyst to observe leaching of Na ions from the catalyst.

IR TAUNM TN




CHAPTER IV

RESULTS & DISCUSSION

4.1 ERB-1 catalyst

4.1.1 X-ray powder di ‘
XRD patterns of the» : é '.d‘_ERB—l are shown in Figure
4.1. By comparing, one oW mOsition of some reflections
remain practically uncharnge M PG 26.4°%). Other peaks, such
as those located at 2 thlia 2’ W UU2), respectively], refer to

"

Icination. Furthermore,

" f organic template. It is

w‘ ' > hmwuwiim.
ANYINININAUINT
* IBAANYINY

-
-

Intensity (a.u.)

2 theta (degree)

Figure 4.1 XRD patterns of as-synthesized (a) and calcined (b) of ERB-1.
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4.1.2 Sorption properties

N, adsorption-desorption isotherms of calcined ERB-1 are shown in Figure
A-1 (in Appendices). Isotherm exhibits a type I, characteristic of micropores. The
total specific surface area, external surface area, micropore volume and micropore

distribution are 474 m%g, 27 m%/g, 0.17 cm*/g and 0.60 nm, respectively.

4.1.3 Elemental analysis

The obtained results from ICP-AES and AAS techniques, the SiO,/B,0;,
Na/SiO, and B/Na ratios in cata! | , 0.01 and 3.25, respectively. The
Si0,/B,0; ratio is negligible. sl

\ . alyst is not required. While the
- vter hec __Jmount reveals basic strength.
i ' 4 to the starting gel, it was
a/SiO; ratio = 0.01) [4].
satrength. For B/Na ratio is

Na/SiO; ratio is the imporiwm
Millini er al.’s research <%
retained only in minor a2

Therefore, the catalyst

After the synthesi J#¢ o e 22, o %as modified by loading of
various alkali ions (Na, K, #® == btain the most efficient basic

catalyst.

42.1 NaloT=
Ny

4.2.1.1 ray powder diffraction (XRD)

Eﬁiﬁ] TN VAN (o121 F3 e
ERB-1; firstly, !ﬁl el at 60°C by various

concentrations o NaOH solution. The concentratiogsgvas varied by lging 0.05, 0.10,

o0 ARG I UANINEIAR E rocro-

(%, 60), where x is a concentration (molar) of NaOH solution. Figure 4.2 and 4.3 show

iF |

the XRD patterns of various ERB-1 materials which loaded with various NaOH
solution concentrations by stirring at RT and refluxing at 60°C, respectively.
Compared to calcined ERB-1, the XRD patterns of base modified ERB-I indicate
reducing of XRD peak intensity, but no new crystalline phase is detected. Using the
equal NaOH solution concentration, NaERB-1(x, 60) is observed that the intensity of
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diffraction peaks slightly decreases by comparing with NaERB-1(x, RT). In case of
the same temperature, when concentration of NaOH solution was increased, the
intensity of all diffraction peaks obviously decrease especially NaERB-1(0.30, RT),
NaERB-1(0.50, RT), NaERB-1(0.30, 60) and NaERB-1(0.50, 60), because of their
damaged structure. Thus, these NaERB-1 samples do not adopt to be catalysts.

(e)

Intensity (a.u.)

Figure4.2  The X®™D patterns of various NaOF* 'solution concentrations

‘ET %:tn Icined ERB-1 (a),
Ej i{y m ﬁﬁ ngﬁﬁ)ﬂaERB-l(OJO, RT)
(d and NaERB-1(0.50¢RT) (e).

ama\mmummmaﬂ
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e

/ Whsolution concentrations
loaded on EF .: :' I l‘"-h\ 50°C: calcined ERB-1 (a),
NaERB-1(0.05 #) 0 1.%50) (c), NaERB-1(0.30, 60)
(d) and NaERB- 1(0 JEE

Figure 4.3

Y
|

L

ﬂumwﬂmwmn‘s
QWWMﬂ‘iﬂJNWT}V]EﬂﬂH
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4.2.1.2 Sorption properties

Na doped samples exhibit N, adsorption isotherms of type I like
ERB-1 (Figure A-2 and A-3 in appendics). Table 4.1 and 4.2 show textural properties
of various NaOH solution concentrations loaded on ERB-1 by stirring at RT and
refluxing at 60°C. The higher Na loading amount leads to the lower total specific
surface area on account of increasing Na ion on surface. Moreover, the micropore
volume decreases, it may be concerned with sodium species transfer into pore of

catalyst.

Table 4.1 Textural properticss lution concentrations loaded on

ERB-1 by stir
g Micropore
Sample voll:l l::;l? ?conrﬁ /%) distribution®
(nm)
ERB-1 0.17 0.60
NaERB-1(0.05, RT) 0.15 0.60
NaERB-1(0.10, RT) 0.10 0.60

“calculated using the BET pl
bcalculated using the t-plot met

‘calculated using the MP-plot®ie

Table 4.2 Textural propertiezfiibs/i = 4 lution concentrations loaded on

ERB-1 {54 E— V.

—~wcrnal . Micropore
e Micropore p

<tal specific b 8 R i a0 g
2 surface area b 3 distribution
surfawaea (m°/g) volume” (cm™/g)

Sample

- (nm)

ERB-1 H_E _ En¥ 17 0.60

NaERB-1(0.05, 0 L T 0.60
6

NaERB-1(0.10, 33 .0.08 0.60

L »ﬂfi’% UURIINYINY

‘calculated asmg the MP-plot method
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4.2.1.3 Elemental analysis

The Na/SiO; ratios of various NaOH solution concentrations on loaded
ERB-1 by stirring at RT and refluxing at 60°C are shown in Table 4.3 and 4.4,
respectively. The Na/SiO; ratio increases according to increasing Na loading amount.
NaERB-1(0.10, RT) shows highest Na/SiO, ratio, this implies to highest content of
Na ion in catalyst. Thus, the optimum condition for Na loading on ERB-1 is Ig of
ERB-1 with 30 ml of 0.10 M NaOH solution stirring at RT for 3 h. Then, this
condition will be adapted to the other alkali metals (K, Rb and Cs) loading on ERB-1
catalysts.

Table 4.3  The Na/SiO, 'Zm concentrations loaded on
: —

Table 4.4 The Na/SiO; re PiGress '/ ioin concentrations loaded on

L3 .. 3 ‘ S
| Na I 3- 10"
NaE#=3-1(0.10, 60) | O 18 =

obtamed s@djpyn content by A4S,

AUGINENINYINT

4.2.2 Thildifferent alkali i |0ns loaded ERB 1

Qmmmmmmm e

For the other alkali ions {K, Rb and Cs) loading on ERB-I, the

optimum condition for alkali loading was adopted that was stirring with 0.10 M alkali

metal hydroxide solution at RT. Figure 4.5 shows the XRD patterns of alkali catalysts.
The result shows the intensity of diffraction peaks reduces when samples were loaded

by the alkali ions. Furthermore, the larger size of alkali metal causes more reduction
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of diffraction line than the smaller one because of its higher basic strength. The high

basic strength affects to the damaged structure.

(d)

Intensity (a.u.)

LA , |
0 40
Figure 4.4  The &} . [oged on ERB-1 catalysts:

5% 1), RbERB-1(0.10, RT)

¥

CPhien (2 (R LT

4.5 shows textural properties of difféfent alkali ios@oaded on ERBAY samples. Pore
size oaRw'i;}l Iﬁn@m N'mfﬂ Quﬂf&lqa i(] Cs ions are
1.0, 1.4,q1.5 and 1.7 A, respectively [46]. Then these alkali cations can transfer into
pore and distribute upon surface. Total specific surface area, external surface area and
micropore volume become lower because of damaged ERB-1 structure and the larger

alkali ionic size. This observation is corresponding to Xie’s research [13].
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Table 4.5  Textural properties of different alkali metals loaded on ERB-1

catalysts
i External : Micropore

Sample suriTaOcteazla:s :.c l(i;:z g) surface area” voll:;I l:lc:.? ?"n’]‘i y distribution®
81 (@) P |
ERB-1 471 27 0.17 0.60
NaERB-1(0.10, RT) 298 27 0.10 0.60
KERB-1(0.10, RT) 17 9 3.21x10° 0.90
RbERB-1(0.10, RT) 13 8 1.80x10” 0.70
CsERB-1(0.10, RT) 10 = 8 1.02x10° 1.00

“calculated using the BET plot method
bcalculated using the t-plot method

‘calculated using the MP-plot =

4.2.3.3 Elem~,
SEM-EDA v %

Rb and Cs contents in+##.a';

. aikali contents. The Na, K,
\\\ hre shown in Table 4.6.

\ = Na > Rb, respectively.

- catalysts

The order of alkali cont:

Table 4.6 Alkali conter

omient (atomic%)

Rb Cs

Catalyst

NaERB-1(0.10, RT) (g —
\7 AX

KERB-1(0.10, RT) == : -
- -
RbERB-1(0.10, RT) &I 5.08 :

CsERB-1(0.10,RT) | ¢ &~ o/ | T 7.65

4. % 4 Scannmg electrgn microscop SEM)
2 WAEN IR HN ’Tﬂ"ﬁﬂ'ﬁf\ 4
shown in §igure 4.5. The calcined ERB-1 particles are aggregated sheets [Figure 4.5
(a)]. After alkali ion loading [Figure 4.5 (b-e)], no important differences are observed

between calcined ERB-1 and other catalysts, except for the presence of small

aggregated particles in the alkali ion loaded on ERB-1. By drawing on the results,

after being loaded with alkali ion, ERB-1 retains its structure where alkali ion is
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homogeneously distributed upon the surface of the support. The same phenomena of

alkali ion loading on catalyst used to be reported by Xie et al. [3] and [13].

fl oA [ MINYIaY

-t

1S5kU  X15,888 1um 8815 ©9 38 SEI

Figure 4.5  SEM images of different alkali ions loaded on ERB-1 catalysts:
calcined ERB-1 (a), NaERB-1(0.10, RT) (b), KERB-1(0.10, RT) (c),
RbERB-1(0.10, RT) (d) and CSERB-1(0.10, RT) (e).
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4.3 Reaction mixture qualitative analysis

Troublesome compounds for GC analysis are physically large i.e. free and
bound glycerol and triglycerides. In the case of the hydroxyl groups, silylation is
employed to derivatise free and bound glycerol. This converts any hydroxyl groups
into trimethylsilyl ether groups [-OSi(CHs;);], which are more volatile and do not
interact with the stationary phase of the capillary column.

A gas chromatogram of silylated palm oil methyl ester is shown in Figure A-7.
Peak identification is achieved by comparison with reference substances or

chromatograms. Since 1,2,4-butanetri vailable, 1,4-butanediol is instead used

for sample analysis. 1,4-butanc \ Jte in advance of the fatty acid

methyl esters at column ter mmmm—— .OWer thé Mono-, di- and triglycerides
are mainly separated ac= ~carfon SN). The analysis of the
calibration solutions un/ o \ meothose used for the analysis

\parison of the retention
ion time (RRT) of 0.77 (2-
Mono-C18:1,2,3) and 4 - ST i nc®ito the internal standard

of the sample allows the
times. For monoglycendes
tricaprin clearly domin: . of monoolein (CI8:1),
monolinolein (C18:2) and W mmetric peak shape is due
to the superimposition of the gfmos=—= aks With equal carbon number (CN
uition, the signals of monopalmitin

0 79) can be identified.

= 18) but different number of doli&
(CN = 16; RRT=0.70).and m
The diglyceritfie

gly (7

appear in groups of peas C¢ - u”‘ mers or to diglycerides

F- ‘0 carbon number and
]

with equal carbon nun®™er but different number of doul® bonds. The individual

diglyceride pea n&f %ﬂﬁ nals with relative
retention times ﬁu a ﬁﬂlﬁ ;ﬂﬁj ﬁlﬁndes with carbon
numbers of 34 an 36 by comparison of chromatogrags of samples wiglyhigh and low
 ARARNIRENIIND 18 8

Afithe end of the chromatogram, the triglycerides form a group of peaks
separate only according to carbon number. Signals with relative retention time 1.34 to
1.39 corresponding to triglycerides with carbon numbers of 50 and 54 are included in
quantitation [38].

For peak of each methyl ester, it obviously separates from others, except for

methyl linoleate and methyl oleate. Both peaks slightly overlap but can be identified.
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4.4 Reaction mixture quantitative analysis

For the quantitative determination of methyl esters, free glycerol, mono-, di-
and triglycerides in palm oil methyl ester, a calibrations with the reference substances
methyl oleate (MO), methyl palmitate (MP), methyl linoleate (ML), methyl stearate
(MS), glycerol, mono-, di- and triolein are carried out. Due to structural differences
between the individual analytic classes and to partial thermal degradation observe for
the high boiling di- and triglycerides, calibration is of great importance for a reliable

quantification. Freshly prepared standard solutions (5 concentration levels for methy|

esters and 4 levels for others), contain n amounts of the reference substances
four methyl esters, glycerol, ma vind three internal standards are

, é‘ in Figure A-5 for methyl
esters and Figure A-6 for v
calibration curves of me/

acerides, respectively. The
A-10 and A-11 to A-14
of glycerol, mono-, di- ar,

lation of the percentage

s Shown in 2.2, 3.3 t0 3.5

reaction

of methyl esters, free glyce:

in appendices.

4.5 Catalytic activities
The values of % conv ffio iel( Whtained by transesterification

reaction of palm oil over non- Ca i catalyst at 120 and 150°C are

compared in Table 4.7_Desirs god by-products are glycerol,

mono-, di- and trlglyc ;:. ion of methyl oleate,

methy| palmitate, methy : 1vely. Without addition
of a catalyst, the conver™ “n and product yield, except for 1Jal glycerol, increase by
rising temperat %i ing free nd parts in total
glycerol, free gﬁ ﬂ (iﬂuﬂ %%éwﬁljsﬁg mono-, di- and
triglycerides, decr ses. Bound glycerqg is the mam of glycerol, i 1ghly affects
o QIR AT N TR
Comparing to the blank test at 120°C, the conversion over ERB-I catalyst is
decreased, which is possibly due to the lack of strong basic sites and the rise of a
mixing problem of reactants and solid catalyst. For non-catalyst reaction at 150°C, the
conversion over ERB-1 shows the same trend as reaction at 120°C. Considering
conversion with addition of ERB-I catalyst, it increases because of increasing

reaction temperature but methyl ester yield is nearly equal. That means that the
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mixing problem of reactants and solid catalyst. For non-catalyst reaction at 150°C, the
conversion over ERB-1 shows the same trend as reaction at 120°C. Considering
conversion with addition of ERB-1 catalyst, it increases because of increasing
reaction temperature but methyl ester yield is nearly equal. That means that the
increasing reaction temperature to 150°C does not promote methy! ester yield. From
this experiment, ERB-1 seems to retard palm oil transesterification. Then next step,

ERB-! has to be improved its activity by base loading.

Table 4.7

over non-catalystses

Conversion and produg g

rmansesterification reaction of palm oil

' 120 and 150°C

ZZ

#¥ 110lar ratio of 9:1 for 24 h)

re (°C)
150
ERB-1

Conversion (%) 31.88

Product yield (%)

1. Methyl esters 5.80
MO and ML 44.60
MP 40.68
MS 14.72

2. Total glycerol , : 9.57
Free 0,025/ brr/ A 24 0.03
Bound Y ; 99.97

3. Monoglycerides 2 1.31

4. Diglycerides ) 9.40 15.20

Triglycerides (%) , 7209 77%7 65.64 68.12

FIUEIY

A

)

MR TAUNM TN
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Figure 4.6 ie! ‘ Ju H\ of palm oil over

4.6  Catalytic activities ¢ L i ' transesterification

reaction

o,

461 Na loaded ERR A
Loading of N&em——————— == increment of basic
L)

strengths on the NaER'E =>"in the conversion and

methyl esters yield. Thus 'i 'he production of biodiesel in trar&dsterification reaction of

palm oil needs bﬁ sites, € o

U ANUNI WY AR e i

Table 4.8 shows &nversnon and produg yield in transesternf‘catnon reUlon of palm

oil over m ﬁﬂﬁmww ﬁT When
NaOH congentration was increased trom 0.05 to 0 conversion and diglyceride

yield highly raise from 58.48 to 74.03% and 5.26 to 16.29%, respectively, because of

Concentr.

basic site increasing. It is confirmed by the value of Na/SiO, ratio in Table 4.3. For
methyl ester yield gives a slight increasing from 39.33 to 42.45%.
For refluxing ERB-1 at 60°C, conversion increases due to containing Na ion in

ERB-1. However, concentration was increased from 0.05 to 0.10 M, conversion is
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nearly similar. Now that the Na/SiO, ratio of NaERB-1(0.10, 60) is slightly higher but
total surface area is lower than NaERB-1(0.05, 60).

Using the same concentration, stirring ERB-1 catalyst at RT gives the
conversion and methyl ester yield higher than refluxing at 60°C on account of higher
surface area.

~ These results can conclude that NaERB-1(0.10 RT) catalyst leads to the
highest conversion and methyl esters yield. Therefore, this condition for Na loading
on ERB-1 will be adapted to the other alkali ions (K, Rb and Cs) loaded on ERB-1
catalysts.

Table 4.8 Conversion ai — el | éﬁcation reaction of palm oil
— p
over various gion|:on, 2aded on ERB-1 by

stirring at % ‘ ,\ - feOH to oil molar ratio
of 9:1at1”
NaERB-1
(0.10, RT)

Conversion (%) 74.03

Product yield (%)

1. Methy| esters 42.45
MO and ML 50.17
MP 42.78
MS 7.05

2. Glycerol 8.16
Free , . 15.76
Bound | ¢ ; 84.24

! -0 LOA .

3. Monoglycerid§¥| 2dlhl 6 p #:49

4. Diglyceride "q) ~ 2T 11 . o =NE 16.29

=1

Tri . b7

.
q
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' : i@ Glycero!
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f 40 | (@ Dighycerides | |
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g b - ] N |
f
N
- :
B i
L b |
5 |
0 .'
!
Figure 4.7  Product yield - 7 an of palm oil over various
NaOH soli#: /8 R R_| by stirring at RT
(Condition: - ‘\, ratio of 9:1 at 120°C
for 24 h)’ o\ =
Table 4.9 Conversior t W4 tion reaction of palm oil
over various aded on ERB-1 by
refluxing at 605 Jf Comta= £ yst, MeOH to oil molar
ratio of 9:1 at 120°Ca0—=
L b 2
W NaERB-1
| B (0.10, 60)
Conversion (%) 22.13 : R
Product yield (%) [ iS5
1. Methyl esters | N ? 30.66
MOand ML I | . 51.01
MP U 50.13 ¢ 44 .44 43.71
X
MS =~ ) P ~ 848
§ RN R IEAR
2. GlyceroR§ 9.10 7.62 8.13
Free 0.06 4.23 4.85
Bound 99.94 95.77 95.15
3. Monoglyceride 0.22 6.45 Tek!
4. Diglyceride 6.97 6.03 7.68
Triglyceride (%) 77.87 46.34 46.25
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Figure 4.8 of palm oil over various
NaOH sca /4 N a1 by refluxing at 60°C
(Conditic g0 4 WY Waliar ratio of 9:1 at 120°C

Table 4.10 shows (v fFion 493 % Wiransesterification reaction

of palm oil over different al i j '

product yield versus type of alkal: ﬁ
alkali ion, NaERB-1,/ ™ve q

,C'“{ er than Na content in

. The corresponding plot of

Figure 4.9. Among four types of

uters yield due to its
highest total surface al
NaERB-1, but reaction ! er L conjfiision and methyl esters

¥

yield than the case of Na.ERB 1. Then, both conversion and methyl esters yield

N 1) 9 m:armﬂ‘;;;rr‘;z;;;:
”S“‘ﬁma\mmwnwmaa
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Table 4.10  Conversion and product yield in transesterification reaction of palm oil
over different alkali ions loaded on ERB-1 (Condition: 10 wt%
catalyst, MeOH to oil molar ratio of 9:1 at 120°C for 24 h)

Catalyst
NaERB-1 KERB-1 RbERB-1 CsERB-1
(0.10, RT) (0.10, RT) (0.10, RT) | (0.10, RT)

Conversion (%) 74.03 65.11 67.69 JL9
Product yield (%)

1. Methyl esters 42.45 ‘ 3757 38.19 30.62

MO and ML 52.08 51.81
MP 42.01 42.42
MS 5.91 5.77
2. Glycerol 7.90 7.83
Free 10.48 0.27
Bound 29.52 99.73

7 5.88

W

. Monoglycerides

4. Diglycerides 16.17 13.46

Triglycerides (%) 42.21
{ 50 |© Methylesters
! | l@ Glycerol L
: K Monoglycerides :
'@ Diglycerides

Product Yield (wt%)

Figure 4.9  Product yield from transesterification reaction of palm oil over
different alkali ions loaded on ERB-1 (Condition: 10 wt% catalyst,
MeOH to oil molar ratio of 9:1 at 120°C for 24 h).
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4.7 Catalytic activities of NaERB-1(0.10, RT) in transesterification reaction

4.7.1 Effect of reaction time

The optimum reaction time is determined by performing reactions at varying
reaction time. The values of % conversion and product yield obtained by
transesterification reaction of palm oil over NaERB-1(0.10, RT) for different reaction
times are shown in Table 4.11. The reaction time was varied in the range of 6-36 h.

The conversion and methyl esters yield increase from the reaction time range between

6 to 24 h, and thereafter kept near"‘ | g5 a result of a nearly equilibrium

conversion. It is obvious that th ﬁ 18 h is not enough for the
completion of reaction at 120 B— 1C 1150 {1} —

i 36 h makes the conversion

and methy! esters yield are ‘ .28 2 suitable reaction time is
24 hours.
. - & O\ . . .
Table 4.11  Conversion - " e %ation reaction of palm oil
over NaE+ B V(R R A o ™mes

(Condition 4 - 7 s or ratio of 9:1 at 120°C)

30 36

Conversion (%) 7724 | 75.63

Product yield (%)

1. Methyl esters 45.10 | 47.12
MO and ML 22.13. | 3196
MP ¢l 7]l | 4157
MS 6.15 6.48

‘o Q

2. Glycerol [ ~p48 & 8.60 8.25
Free @%% " |1El V 6Py | 7% d 24.61 | 25.43
Bound 99.49 98. 23.97 84.24 75.39 | 74.57

| & -

TS 8 1N AWNYY DULGCE PN 171 INE TN

4. Diglycergde = 8. ~d TS 3.35 7 | SEER | 13.99

Triglyceride (%) 75.335 66.02 52.34 2597 22.76 | 2437
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i 50 |EI Methyl esters . i
| — R
; 1 i 2 Glycerol i '
@A Monogiycerides;', )
, 40 'O Diglycerides
| -
R :
E 30 4 ?
2 '
3 :
3 |
_ 3 20 |
! 2 i !
! %] |
} 10 -
| 0 ;
f a
______ !
Figure 4.10 X ; 9 eSO palm oil over

(Condition: 4 ‘- ; \ "'"'\.\: ratio of 9:1 at 120°C).

4.7.2 Effect of me
Table 4.12 shows the c ec .ol ratios on the conversion. By

increasing the amount of mef’ : 9 methyl ester yield increases

considerably. When tiad ) 9:1, the conversion

and methyl esters yiel‘ V "‘ ,yond the molar ratio
of 9:1, the excessively ac I d methangreeeun of 15: ,, 1as no significant effect
on the conversion. Therefogethe optimum mglgr ratio of MeOH to oil to produce

methyl esters .sﬁwlfﬁ VI 3 Vl 5 W U’] ﬂﬁ

The stoichfmetric ratio for transesterlf cation reaction requires three moles of

D 0 LTV i (12

important variables affecting the yield of methyl esters. In this reaction, an excess of

methanol was used in order to shift the equilibrium in the direction of the products.
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Table 4.12  Conversion and product yield in transesterification reaction of palm oil
over NaERB-1(0.10, RT) at various ratios of methanol to oil

(Condition: 10 wt% catalyst at 120°C for 24 h)

MeOH to oil molar ratio (mol/mol)
6:1 9:1 15:1

Conversion (%) 54.20 74.03 72.25
Product yield (%)
1. Methyl esters 20.49 4245 44.50

MO and ML 52.04

MP 43.58

MS 4.37
2. Glycerol 8.28

Free 15.85

Bound 84.15
3. Monoglyceride 1159
4. Diglyceride 7.88
Triglyceride (%) 27.75
e 0 Methyl esters
| 4
| 30 @ Glycerol b
i _ B Monoglycerides; '
i “0 0 Dighycerides
- 20
} S |
I é
s 5
| B |
! 10 - i
! i '

. q - ~ Methanol to oil molar ratio (n;ol/mol)> .

Figure 4.11 Product yield from transesterification reaction of palm oil over
NaERB-1(0.10, RT) at various ratios of methanol to oil
(Condition: 10 wt% catalyst at 120°C for 24 h).
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4.7.3 Effect of catalyst amount

The catalyst amount was varied in the range of 5.0 to 15.0% referred to the
starting material weight, while the remaining variables keep constant. Increased
catalyst amount from 5 to 10% results the increased conversion and methyl esters
yield. However, with further increase in the catalyst amount, the conversion is
decreased, which is possibly due to the rise of a mixing problem of reactants, products
and solid catalyst. This problem corresponds to the previous report by Xie et al. [3]

which shows lower conversion by increasing catalyst amount from 7.5 to 9.0%.

Table 4.13  Conversion and 2388 )riﬁcation reaction of palm oil
over NaERB-! —) at gari —-di amount
(Condition . N 120°C for 24 h)

15

Conversion (%) 67.96

Product yield (%)

1. Methyl esters 41.70
MO and ML 46.64
MP 40.91
MS 12.45

2. Glycerol 10.40
Free 43.13
Bound 56.87

3. Monoglyceride g 2.76

4. Diglyceride 16.29 % 13.10

- Qs
s Y NN

MR TAUNM TN
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Figure 4.12  Product ya g e X IAN W% palm oil over

(Condition: M.20°C for 24 h).

4.7.4 Effect of 1#¥ac

To determine the eff reac I ransesterification reaction

was carried out under the opti #l ;@

catalyst, 9:1methanol to oil molar. A I

temperatures ranging (\"§y 0 temperature on the

| ' he previous section (10 wt%

e experiments were conducted at

product yield is preseiy 4 Y ) sreasing temperature

from 90 to 115°C, the col ! srs10t ol gre ' ally increase. However,
reaction temperature is upraised to 120°C, the conversion and methy! esters yield
P Péa & Y

o G101 ) 191 S E V)T

From all qffecs in transesterification reaction, these conclude that the

AR TNy AR

catalyst (Del-ERB-1).
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Table 4.14  Conversion and product yield in transesterification reaction of palm oil
over NaERB-1(0.10, RT) at various reaction temperatures

(Condition: 10 wt% catalyst, MeOH to oil molar ratio of 9:1 for 24 h)

Temperature (°C)
90 100 110 115 120

Conversion (%) 26.78 34.17 36.24 48.08 74.03

Product yield (%)

1. Methyl esters 6.94 10.52 12.65 19.36 42.45
MO and ML 48.30 9. | 49.62 51.46 50.17
MP 45.35 o\ 43.89 42.78
MS 6.35 4.66 7.05

2. Glycerol 9.08 8.16
Free 5.38 15.76
Bound 94.62 84.24

3. Monoglyceride 3.48 743

4. Diglyceride 16.16 16.29

Triglyceride (%) o192 25.97

503

40 |

30

201? e e

Product Yield (wt%)

2} ~ Reaction temperature (°C)

Figure 4.13  Product yield from transesterification reaction of palm oil over
NaERB-1(0.10, RT) at various reaction temperatures
(Condition: 10 wt% catalyst, MeOH to oil molar ratio of 9:1 for 24 h).
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4.8 Delaminated ERB-1 (Del-ERB-1)
The del-ERB-1 was made by swelling and exfoliating the as-synthesized

ERB-1. The delamination process is articulated in different treatment steps:

- swelling of ERB-1 precursor [ERB-1(P)] at 80°C by CTMABr, TPAOH and H,O
(swollen product);
- ultrasound treatment (sonicated product);

- calcination (final product del-ERB-1).

4.8.1 X-ray powder

The changing struc

_-/4 ment was followed by XRD

technique. The X-ray dites a0 was complete [indicated

by a diffraction patter o to layer separation of
approximately 4.7 nm.] ; ‘ "ss not show the 00/ peaks
[(001) and (002)] with it< 4 - s wof a MWW topology. This
; ‘tween layers and makes
the surfactant molecule gfc- Iting in the formation of

material with expanded la; P A1 of the SiOy species causes

of calcined ERB-1, it can be seen me—— and lower intensity for del-ERB-1

because the expandedslayes

L
AUEINENINYINS
RN ITUUMING AT
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Figure 4.14 The XRD patt 4 .r = —= , as-synthesized ERB-1 (b),

swollen ERB-1 (c) ar™=
M IA T

Figure 4.15 'y,'.

different amount of T} I ) = . The diffraction line

.‘:‘ s, prepared by using

decreases in intensity witl! increasing TPAOH content from 740 to 12.02 g. However,
the excess TPA ‘ﬁ etk i cture of ERB-1
catalyst is destroﬂ ﬂ)ﬂp uﬁﬂm‘ﬁpﬂeﬂﬁgﬁ §US (d)]. When the
weight ratio of TPAOH aqueous solutiéh (20.10%) ta=ERB-1(P) is 6, @ intensity of
i AV UM AR E] o
as D2 in F&ﬁre 4.15 (b). T’hé Nz adsorptionudétau of del-Ei{B-rsamples comparing to
ERB-1 are shown in Table 4.15. It is observed that external surface area extremely

increases for del-ERB-1 samples, while sample D2 provides the highest total specific

surface area and external surface area. Then the suitable condition for ERB-I1



delamination was 1.00g ERB-1(P) :

and sonicated | h [23].

Intensity (a.u.)

Figure 4.15 The X
(a), D2 yl ;

Table 4.15  Textural pr(p

ies of ERB-I

86

11.36g H,O : 5.60g CTMABr : 6.00g TPAOH
@ |
(©)
(b)
()
35 4.0

A rious conditions: DI

deI ERB-I samples with various

ﬂum‘nﬂmwmn‘s

Micropore

AR5 TE SIMRE) |
» ) ) e
ERB-1 471 0.17 0.60
Dl 516 60 0.18 0.60
D2 544 357 0.07 0.60
D3 501 292 0.08 0.60

“calculated using the BET plot method

bcalculated using the t-plot method

‘calculated using the MP-plot method
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4.9 Na loaded delaminated ERB-1 (Na-del-ERB-1)

Del-ERB-1 can be increased the basicity by loading alkali base like ERB-1
catalyst. Therefore, the optimum condition of loading base for ERB-1 is applied to
del-ERB-1, i.e. 1 g of del-ERB-1 stirring with 30 ml of 0.10 M NaOH solution at RT
for 3 h.

4.9.1 X-ray powder diffraction (XRD)

Figure 4.16 shows the XRD pattern of del-ERB-1 and Na-del-ERB-1
(0.10, RT). After loading Na, ¢ ign line of Na-del-ERB-1(0.10, RT)
obviously decreases. Moreo v /ibits the external surface area

Jfic surt é‘d external surface area which

extremely reduced for botl

results are similar to NaF™.

Intensity (a.u.)

<0

40

L Augm)

ta(d

?}Wﬂﬂ*ﬂﬂ‘imuﬂﬁ?ﬂmﬁﬂ

Figure 4.16 The XRD patterns of del-ERB-1 (a) and Na-del-ERB-1(0.10, RT) (b).



Table 4.16  Textural properties of del-ERB-1 and Na-del-ERB-1(0.10, RT)

88

Total specific Extaenal b Micropore l'\’lic'rop(.)rec

Sample it e (mzlg) surfacg area eilume? (cm’/g) distribution
(m/g) (nm)
Del- ERB-1 544 357 0.07 0.60
Na-del-ERB-1(0.10, RT) 93 44 0.02 0.60

“calculated using the BET plot method

bcalculated using the t-plot method

‘calculated using the MP-plot method

4.9.2 Elemental ana
After Na loading, M

this ratio is less than NaFZ.

Table 4.17 The Na/S7,

4.9.3 Scanning electrol

Figure 4.17 illystrataess

(b), del-ERB-1 (¢) ;
typical platelet morphc oy

particle. In case of Na-&€[-ERB-1, the morphology is the n&&rly same as del-ERB-1.

AULINENINYINT

» ._]

L)
|

AU INYAE

2), NaERB-1(0.10, RT)
:“ -1 does not exhibit the

, =1 shows smaller irregular
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4.10 Catalytic activities of del-ERB-1 and Na-del-ERB-1(0.10, RT) catalysts
The values of % conversion and product yield in transesterification reaction of
palm oil over ERB-1, del-ERB-1, NaERB-1(0.10, RT) and Na-del-ERB-1(0.10, RT)
catalysts are shown in Table 4.18. The del-ERB-1 provides the slightly higher
conversion than ERB-1 due to its higher surface area. It is observed that high surface
area of catalyst hardly promotes the product amount, if basicity is not a strong

enough. When del-ERB-1 was increased basic strength with Na loading, the

conversion and methyl esters yield increase from 24.41 to 69.54% and 6.12 to

AUEINENINYINS
ARANTUNNIINGAY
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Table 4.18  Conversion and product yield in transesterification reaction of palm oil
over ERB-1, del-ERB-1, NaERB-1(0.10, RT) and Na-del-ERB-1
(0.10, RT) (Condition: 10 wt% catalyst, MeOH to oil molar ratio of 9:1

at 120°C for 24 h)

Catalyst
ERB-1 Del-ERB-1 NaERB-1 Na-del-ERB-1
(0.10, RT) (0.10, RT)

Conversion (%) 22.13 24.41 74.03 69.54

Product yield (%) ‘ '

1. Methyl esters 5.85 4245 37.38
MO and ML §6.17 50.77
MP 42.94
MS 6.29

2. Glycerol 8.02
Free 7.47
Bound 92.53

3. Monoglyceride 7.02

4. Diglyceride 1'7-1}

30.46

Triglyceride (%) GG NN 2507

RS 5
509 1= Methyl esters
{@ Glycerol

w
(=}

Product Yield (wt%)

NaERB-1(0.10, RT)
Catalyst

" Na-del-ERB-1(0.10, RT)

Figure 4.18 Product yield from transesterification reaction of palm oil over

del-ERB-1 and Na-del-ERB-1(0.10, RT) (Condition: 10 wt% catalyst,

MeOH to oil molar ratio of 9:1 at 120°C for 24 h).




92

4.11 Used and Na-reloaded catalysts

It is well known that the outstanding advantage of heterogeneous catalyst is
the ease of separation and reuse. In this research, the spent catalyst was washed with
acetone, dried at 120°C overnight and calcined at 550°C for 8 h. In addition, the used
ERB-1 was refluxed with 0.10 M NaOH solution at RT for 3 h, dried and calcined at

the same condition of above, which denoted as Na-reloaded ERB-1.

4.11.1 X-ray powder diffraction (XRD)
The XRD patterns of fresh, u
in Figure 4.19. XRD pattern of
NaERB-1(0.10, RT) catalys

ja;reloaded ERB-1 catalysts are shown
/ a characteristic peaks like fresh
__/a at 20 ~ 7 decreases because

an. In case of Na-reloaded

the catalytic structure is_:
ERB-1, the diffraction i

is destructed by reloaded,

s structure of used ERB-1

R |

Intensity (a.u.)

[__4_ [

f»m'] mmmmmwmé’a

Figure 4.19 The XRD patterns of fresh NaERB-1(0.10, RT) (a), used ERB-1 (b)
and Na-reloaded ERB-1 (c).
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4.11.2 Sorption properties

After reaction, the total specific surface area and micropore volume of used
catalyst decrease, but external surface area increases since the structure is deformed
and Na ions are leached out during reaction. After loading Na ions on used ERB-1,
total specific surface area, external surface area and micropore volume decrease
because of increasing Na amount and the deformed EBR-Istructure as evidence from

Na/SiO; ratio and XRD, respectively.

Table 4.19  Textural properties of ¥

Micropore MApeTS
Sample sl (cmslg) distribution®
(nm)_
NaERB-1(0.10, RT) 0.10 0.60
Used ERB-1 6.71x10* 0.60
Na-reloaded ERB-1 1.73x107 0.60

“calculated using the BETplc

bcalculated using the t-pl

‘calculated using the MP-p!

Table 420  The Na/Si(J

Sam R s 24

2

. -
Y A p—

“obtaine I oain
W

- o/
e L AL T LR M) 4
Figureﬂ) S f Tre a -1(0:10, RT) (a), used ERB-1
(b) and_Nacreloaded ER -} c fe ectively. e holo f used and
Na-rel _emlér aﬁﬁgimil ﬁgﬁﬁﬁﬁg}é’ u'yst is the

aggregati%n of smooth sheets and covered with small particle on surface.
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Figure 4.20 SEM imags; T Cms-] (b) and
Na-reload®i ERB-1 (c). -~

o e fUEANBNINEADT

In order to study the stability of@NaERB-1(0.18,RT) catalyst, igyas reused by

s ARARIATUNNITNEY R e

and calcifition at 550°C for 8h before using in the next experiment. A decline is

observed in the conversion from 74.03% to 51.58%, thereby indicating the decrease
of catalytic activity of used catalyst. Such a decrease in the catalytic activity is
probably responsible for leaching of the Na species from ERB-1 catalyst. Then, the
Na leaching experiment was conducted by stirring NaERB-1(0.10, RT) with methanol
at 120°C for 24h. The filtrate was analyzed by AAS technique to confirm the Na
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leaching amount during reaction, i.e. 12.55% comparing to NaERB-1 fresh catalyst.
Moreover, the filtrate was adopted in transesterification without catalyst, the obtained
conversion and methyl ester yield are 29.12% and 9.85%, respectively. When
comparing to blank test (Table 4.7), reaction with filtrate gives slightly higher
conversion and methyl esters yield about 3.11% and 3.22%, respectively. This
experiment shows that methyl ester products mainly obtain from NaERB-I catalytic
performance, not only develop from leached Na ion. The cost of catalyst is significant

and for the economic reason the catalyst needs to be regenerated. Moreover, the used

increasing of activity. The catigs \\'1/, /'at the Na-reloaded catalyst can

give the slightly higher conss — é is lower than fresh catalyst
. " - ’ .’ ﬁ

according to effects of ty'fac, are aount.

Table 4.21  Conversior g i ™. sation reaction of palm oil

over useu ar g AR \ "on: 10 wt% catalyst,

N

MeOH t
Na-reloaded
ERB-1

Conversion (%) pfEE]

Product yield (%)

1. Methyl esters 25.46
MO and ML 45.90
MP 37.40
MS 16.69

2.Glycerol .| . &6 | & 040 | 8.44
Free o) 13 ! 10.12
Bound . 2 L 89.88

3. Mon ¢ AN OLA Y 1.08

4. Diglygiﬂi | ¥ 41X m %.55

q
Triglyceride (%) D97 48.42 46.47
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Figure 4.21

4.13 Comparison o1 g fFALGEE] bsterification reaction of

hel catalysts

o)
ll

vegetable oil over®

Several studies have .%

oil over different basic cataludit

terification reaction of vegetable

ghe catalytic activities of these

materials have Usua K — S+J«tural properties such
' Y

|

as surface area and pdd #. Suppes, GJ. et. al’s

research [14], soybean J nsesteritication was carried out z4.420°C for 24 h over NaY

and NaX zeolite. The soyegg oil conversionggnd methy!| esters yield were reported

weeen 205D PVBHIR T I RIARNS vt e igher

than the reactiofldcarried over ERB- 1 because of Iarger pore size of both zeolite

T S TN T
10 wt% aET catalyst ol"to™oil" moTar rati C for 24 h

[47]. NaETS-10 provides methyl esters yield about 78 wt%, which is higher than
NaERB-1(0.10, RT) due to larger aperture; whereas, total specific surface area and

micropore volume are nearly equal.
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4.14 Transesterification mechanism for ERB-1
The mechanism was started from a framework oxide ion reacting with
methanol to generate methoxide ion. Then this active species further react with

triglyceride to produce methy! esters as shown in Figure 4.22.

-OCH:; + BH

Audmenineing
qmmhwumfmmaa

— OCOR’

R’ = alkyl group of fatty acid

Figure 4.22  Proposed transesterification mechanism for ERB-1 catalyst.




CHAPTER V

CONCLUSION

The borosilicate molecular sieve, ERB-1 (EniRicercheBoralite-1) catalyst was

synthesized by using piperidine gg g Structure directing agent (SDA) under

1cts were characterized using XRD,

ICP-AES, N, adsorption- " , Bnd 8 ‘// ﬂ ues. The XRD patterns show the
- characteristic peaks si . at ¢ dted by Millini et al. [4]. As-

i -1 has_ gy | (NS iructure. Upon calcination, the
layers condense and " . ; i AR Orous structure. The Na/SiO,
ratio in catalyst is## ) o W w is needed to increase basic
r . _ \ b and Cs, were applied to
increase the efficienc: 4y % 7 k \ Firstly, ERB-1 was stirred at
“hi g acentrations (0.05 - 0.50 M) of
tCund by stirring with a 0.10 M
10,"RT). This makes the structure of

room temperature or ré r .
NaOH solution for 3h! F op i 1.;, ’
NaOH solution at RT, d\, 1ot
catalyst still remains and the .’9’: o ihest. This condition is adapted to

other alkali basesg4 Jtion reaction of palm oil.

; d

The catalytic acti. fie highest conversion and
methyl esters yield AI account Of tie tigiest Na/SiO; ], b of catalyst under optimum
condition, i.e. 10 wt% &F ggfalyst, 9:1 of methanol to oil molar ratio at 120°C for 24 h.

me R ARV 05 43 sttmin e e

precursor. Co“parmg the XRD paJ;tems of del- ERB | to calcmed ERB-1, it can be

MGV MON PN M
reduc inn plan ecrysta size. The de provides also

a high external surface area.

Del-ERB-1 does not exhibit the typical platelet morphology as calcined
ERB-1 particles, but shows smaller irregular particle shape. In case of Na-del-ERB-1,
the morphology is the same as del-ERB-1. Adsorption-desorption isotherms of
nitrogen on ERB-1 and del-ERB-1 samples exhibit a pattern of typical microporous
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shape. The del-ERB-1 sample provides higher external surface area than ERB-I
sample about 13 times (from 27 to 357 m%/g). The del-ERB-1 provides the slightly
higher conversion because it has higher surface area but lack of basic sites. This
proves that the high surface area leads to promote the conversion and product yield.
Del-ERB-1 was loaded with NaOH solution by the same condition as ERB-1. It hopes
that the obtained conversion and methyl esters yield are higher than NaERB-I1. In
contrast, both values are lower because of less Na/SiO, ratio of Na-del-ERB-1

catalyst. The catalytic activities of grjogl catalyst are decreased while after reloaded

with NaOH solution, the m # ichtly increases but is not high as the

fresh one according to ef . } i area and Na amount of catalyst.

The suggestions for

The catalyst in trariSCsr- g ig iiiprove the product yield.

1. To improve meth | - ; i cmperature.
2. To replace the alka' #fa N %th base solution because

ERB-1 structure riav

AUEINENINYINS
ARANTUNNIINGAY
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Figure A-2 N, adsorption-desorption isotherms of NaERB-1 catalysts preparing by

refluxing at RT.
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1. Molecular weight calculation of triglycerides
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Table A-1 Calculation mol % from fatty acid composition of Commercial Oleen

palm oil
Fatty acid wt % MW Mol % (wt % x MW)
Oleic acid (C18:1) 45.22 282.46 X773
Palmitic acid (C16:0) 37.94 256.43 97.49
Linoleic acid (C18:2) i 30.98
Stearic acid (C18:0) 10.92
Myristic acid (C14:0) 2.72
Lauric acid (C12:0) 1.34
Linolenic acid (C18:3) .4 0.75
271.73

From structure of FAw T

TG \ T TE

)W (12) +2(1)
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2. Determination of methyl ester contents
2.1 Methyl esters calibration function
The calibration function was given by the following expression, obtained from

the experimental data using the linear regression method.

Linear regression equation: Y = aX+b

Mmo+mLyMisa ] ML AMo+MLY Ais3) + bmo+ML)
Mmp/Mis3 | '/ 3) + bmp
Mums/Mis3

Mmo+mry, Mmp, Mus = ‘ \ Seaoleate and methyl

Mis3 (mg)

Apo+mry, Amp, Ams hyl oleate and methyl

M palmitate and methyl

I

Ais3 Fal standard No.3

amo+mL) and boormy) egzassion equation for
= ombination
I" “

amp and bmp mression equation for

¥

methyl palmitate

aws and bys FJI ﬂ EI ﬁlmzﬂ:ﬁﬁ{wlgﬁgﬁs? equation for
AFARINTRIAVINYI Yo

and AMs/Aﬂg, while Y was M(MO+ML)/M1'53, MMP/ MisB and MMS/Mis3-
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| ' y=0.9414x+ 0.1383
: 1 R =1

(Mmo+MmrL)Misg

4.00 4.50 .

Figure A-8  Calibratic / oleate combination.
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Figure A-9  Calibration curve of methy! palmitate.
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| y=1.2148x + 0.0253 . .
et R*=0.9811 ;
, 0.30 - i
g 025 |
g
2 0.20
= 015 -
0.10
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|
0.00 - - T, \
0.00 028 .
Figure A-10 Calibrati
2.2
= \
The percentage (n/m ¥ JF <aad A\ “\hy! linoleate combination,
methy| palmitate and methy® st el d b_ sii.g the expression:
MO+ML = + b(MO+ML)] X (M.—s3/m) x 100
MP ) <) 100
MS | A 100
MO+ML, MP, MS the methylggleate and methyl linoleate

AU 8 INGNTHE ARG oo

stegrate percentage (m/m) in the sample

.,m AN IPYRIANEIAY..

and methyl linoleate combination, methyl
palmitate and methyl stearate
Aisz = the peak area of internal standard No.3

m = the mass of sample (mg)
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amo+mr) and bpvo+mr) = constants coming from regression method for
methyl olelate and methyl linoleate combination

amp and bup = constants coming from regression method for
methyl palmitate

ams and bus = constants coming from regression method for

methyl stearate

3. Determination of free and total glycerol and mono-, di- and triglyceride

content

3.1 Glycerol calil®
The calibration fur gxpression, obtained from

the experimental data usir

M, =
Misi =
A, =
Aisi =
ag and by = S v athogfor glycerol
7 ' Y
In regression funl n 'y m ' g/Ais| while Y was
Mg/Misi
fa Yoo
e RMEINENINEINT
| ¢ o o/
YRIINAIU N WAIINETAE
N Md/Mis2 - éd(Ad/AiSZ) + by
M¢/Misz = a(A/Ai2) + by
Mpn Mg M, = respectively the mass of mono-, di- and triolein (mg)
Mis2 = the mass of internal standard No.2 (mg)

Am Ad Al = the peak areas, respectively, mono-, di- and triolein
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A = the peak area of internal standard No.2

am and by, = constants coming from regression method for monoglycerol
ag and by = constants coming from regression method for diglycerol
a,and by = constants coming from regression method for triglycerol

In regression function X was represented by the term Ay /Ajs2, Ad/Ais2 and

A(/Aisz while Y was Mm/Mis2, Md/Misz and M[/Misz

The calibration functions 3 eparded as acceptable only if the

correlation coefficient was equal

Mg/Misl

o o
— 1 o]
o o

0.70 0.80

i AREINENTNYING
ARIAINT UM TN
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y=1.1957x + 0.0003
R? =0.9989

M /Mis2
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Figure A-14 Calibrati

3.3 Calculatior “ Y A ol
The percentage (ifi/mm \ was calculated by using

the expression:

X (Mis;/m) x 100

G = . ) sample
Ag = ‘! ak arcd OTe——

Aisi = the pga rea of internal dard No.l
Mo uﬁ%ﬂe&m@ WRANI

=4 temassofsampe mg)
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3.4 Calculation of the percentage of glycerides
The percentage (m/m) of the mono-, di- and triglycerides was calculated by

using the expression:

M = [am(ZAm/Ais2) + bm] x (Mis2/m) x 100
D = [a4(EAd/Ais2) + ba] x (Mis2/m) x 100
T = [a(ZA/Ais2) + by] x (Mis2/m) x 100
M,D, T = the mono-, di- gde percentage (m/m) in the sample
AL, LAy, LA= ono-, di- and triglycerides
Ais2 =
m =
am and by, = : H Seiaod for monoglycerol
aq and by = d for diglycerol
a; and by = S A& 4 Cl thod for triglycerol

The percentage (m/1 = el e was calculated by using

Gr 0.123 T
: .-" P
Gt = the perce E 3¢ bound) in the sample

G = the percen ge (m/m) of free glycerol in the san ple
S N1 R (13K Lo}
D = hq . Ej I i?}l& sahbl

T the percentage (m/m) of &iglycerides igsfhe sample

0255 o%Wﬂ AIRIUNRARI NI

respectively.
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