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Production of biodiesel from palm fatty acid, which was a by-product from
refining palm oil production, was investigated semi-continuous process catalyzed by
Novozym 435. It was found that, using ferf-butanol as a cosolvent could maintain activity
of lipase even high amount of methanol was present in the system and could improve
yield of fatty acid methyl ester (FAME). A molar ratio of palm fatty acid and methanol,
teri-butanol quantity and flow rate had significant effects on the percent molar conversion
in semi-continuous process. The appropriate conditions for synthesis were as follows:
reaction temperature 50°C, flow rate 1.87 mg/sec, and methanol to palm fatty acid ratio
2:1 and fert-butanol 29% based on palm fatty acid weight. One-step and three-step process
were investigated. The highest conversion ratio of the FAME from one-step and three-step
under the optimal condition was 80% and 92%, respectively. The lipase catalyst could be

used for >240 hours without decrease of the activity,
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CHAPTER ]
INTRODUCTION

Nowadays. energy consumption in Thailand has been increasing substantially.
especially diesel fuel to meet with rising demand. Presently, the country’s demand for
diesel fuel 1s about 18,000 mullion liters per year [1]. This type of fuel widely used in
transportation, agriculture. industry. etc. However continued and increasing use of
petroleum will intensify local air pollution and magnify the global warming problems
caused by carbondioxide. Consequently. the search for alternative energy which is
renewable and environment-friendly has been carmed out. One of the extensively
researched renewable around the world is biodiesel. This fuel is gaining more
attention due to the depleting fossil fuel resource, its renewable. low emission
particles. biodegradable and nontoxic [2].

There are four primary ways to produce biodiesel, direct use and blending,
microemulsions, thermal cracking (pyrolysis) and transesterifications [3]. The most
commonly used method is transesterification in which oil or fat is reacted with a
monohydric alcohel in presence of catalyst. The chemical process for biodiesel
production, alkali or acid is usually adopted as a catalyst. Alkali — catalyzed process
has been established that gives high conversion levels of oils to methyl esters.
However, it has several drawbacks. including difficulty of recycling glycerol and the
need for either removal of the catalyst or the wastewater treatment. Recently.
enzymatic processeés have been developed. There are many advantages of using
lipases as a catalyst such-as easy separation of‘product, environmental friendly and
reuse of the immohilized enzyme, ete [4].

Biodiesel is monoalkyl ester-of long chain-fatty acids from-vegetable oils and
animal fats. The types of vegetable oils used to produce biodiesel are palm oil,
rapeseed. soybean, etc [5]. Most of biodiesel in Thailand are produced from palm oil
because it has high vield crops in the south of the country with the lowest price.
Palm oil like natural fats and oils comprises mainly of triglycerides. mono- and

diglyecerides.



Recently, biodiesel production from palm fatty acid, which was a by-product
from palm oil production, by NOVOZYME A/S lipase in batch process gave high
conversion and required short reaction time [6]. This research focuses on the
development of continuous production of biodiesel from palm fatty acid using

Novozym 435,

1.1 Objectives of the research
e To study continuous production of biodiesel from palm fatty acid using
Novozym 435,
e To study the parameter of biodiesel production from palm fatty acid by

continuous process.



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Background

Majority of the world 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 used for transport of industrial and agricultural goods and
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 and pollution
problems caused due to the widespread use of fossil fuels make it increasingly
necessary to develop the renewable energy sources of limitless duration and smaller
environmental impact than the traditional ene. 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 available.
One possible alternative to fossil fuel is the use of oils of plant origin like vegetable
oils and tree borne oil seeds. This alternative diesel fuel can be termed as biodiesel.
This fuel is biodegradable and non-toxic and has low emission profiles as compared
to petroleum diesel. Usage of biodiesel will allow a balance to be sought between

agriculture, economic development and the environment [5].

2.1.1 Biodiesel production [2, 3]
There are four primary ways to make biodiesel, direct use and dilution,
microemulsification, thermal cracking (pyrolysis) and transesterification. The most

commonly used method is transesterification.



1. Dilution

Dilution of vegetable oils can be accomplished with such materials as
diesel fuels, a solvent or ethanol. The dilution of sunflower oil with diesel fuels in the
ratio of 1:3 by volume has been studied and engine tests. The viscosity of this blend
was 4.88 ¢St at 40°C. They concluded that the blend could not be recommended for
long-term use in the direct injection diesel engines because of severe injector nozzle
coking and sticking. A comparable blend with high oleic safflower oil was also tested
and it gave satisfactory results, but its use in the long term is not applicable as it leads
to thickening of lubricant.

2. Microemulsion

Microemulsions are defined as a colloidal equilibrium dispersions of
optically isotropic fluid microstructures, with dimensions generally in the 1-150 nm
range. These are formed spontaneously from two normally immiscible liquids and one
or more ionic or non-ionic amphiphile. A microemulsion is designed to tackle the
problem of the high viscosity of pure vegetable oils by reducing the viscosity of oils
with solvents such as simple alcohols.

The performances of 1onic and non-ionic microemulsions where found
to be similar to diesel fuel, over short term testing. They also achieved good spray
characteristics, with explosive vaporization which improved the combustion
characteristics. In longer term testing no significant deterioration in performance was
observed, however significant injector needle sticking. carbon deposits, incomplete
combustion and increasing viscosity of lubricating oils.

3. Pyrolysis

Pyrolysis refers 10 a chemical change caused by the application of
thermal energy in the presence of air or nitrogen sparge. Many investigators have
studied the pyrolysis of triglycerides to obtain products suitable for diesel engines.
These studies include the effect of temperature on the type of products obtained, the
use of catalysts, largely metallic salts. to obtain paraffins and olefins similar to those
present in hydrocarbon-based diesel fuels, the characterization of the thermal
decomposition products.

Thermal decomposition of triglycerides produces the compounds of
classes including alkanes. alkenes, alkadienes, aromatics and carboxylic acids.
Different types of vegetable oils produce large differences in the composition of the

thermally decomposed oil. The mechamsm of thermal decomposition 1s shown in



Scheme 2.1. Mechanisms for the thermal decomposition of triglycerides are likely to
be complex because of many structures and multiplicity of possible reactions of
mixed triglycerides. Generally, thermal decomposition of these structures proceeds
through either a free-radical or carbonium ion mechanism. Formation of homologous
series of alkanes and alkenes is accountable from the generation of the RCOO radical
from the triglyceride cleavage and subsequent loss of carbon dioxide. The R radical,
upon disproportionation and ethylene elimination, gives the odd-numbered carbon
alkanes and alkenes. The presence of unsaturation enhances cleavage at a position u, 3
to the unsaturation. Thermal positional isomerization and subsequent cleavage could
account for the higher amounts of Cs to Cyp alkanes obtained from saftflower
compared with soybean oil. The formation of aromatics is supported by a Diels-Alder
addition of ethylene to a conjugated diene formed in the pyrolysis reaction.
Carboxylic acids formed during the pyralysis of vegetable oils probably result from

cleavage of the glyceride moiety.

CH;3(CH;)sCH,-CH,CH=CHCH;-CH,(CH;,)sCO-04CH,R
CH3(CH,)sCH4CH-CH=CHCH,{CH,(CH,)sCO-OH

V l %

CH3(CH,)sCHa- \CH,=CHCH=CH, -CHa(CH,)sCO-OH

| I

) Diels Alder
CHi(CH:);CH2+  + EH:=CH1 \ CH1(CH1)sCO-OH

-~ -\.i
CH3(CH3):CH; @ CH31(CH3)4CH;

Scheme 2.1 The mechanism of thermal decomposition of triglycerides



4. Transesterification
Transesterification, also called alcoholysis, is the displacement of
alcohol from an ester by another alcohol in a process similar to hydrolysis, except
than an alcohol is used instead of water. This process has been widely used to reduce

the viscosity of triglycerides. Transesterification of triglyceride with alcohol shown in

Figure 2.1.
“H,=00C —p, R—CO0—R xIH—c-H
2 Catalysi '
H— O0C —R. - 3ROH —m—=" Ry—YTOo0—HR _ H —OH
CH—~00C —p, Ri—Co0—R CH.—0OH
Tngheende SmunpleAleohol Esters Ghveerol

Figure 2.1 Transesterification of triglycerides with alcohol.

2.2 Biodiesel

Biodiesel, an alternative diesel fuel, i1s made from renewable biological
sources such as vegetable oils and animal fats. It is biodegradable and nontoxic which
has low emission profiles and so is environmentally beneficial. Biodiesel has been
defined as the monoalkyl esters of long-chain fatty acids derived from renewable
feedstocks, such as vegetable oils or amimal fats, for use in compression-ignition
(diesel) engines. The biodiesel that is considered as a possible substitute or extender
of conventional diesel fuel is commonly composed of fatty acid methyl esters that are
prepared from the triglycerides in vegetable oils by transesterification with methanol.
The resulting  biodiesel. is ~quite, similar te conventional diesel fuel in its main
characteristics. Biodiesel 1s compatible “with conventional ‘diesel and both can be
blended . in- any proportion.. A number of plants are manufacturing biodiesel
worldwide. These units are using sunflower oil, used-frying oil, jatropha oil, etc. as a

source of triglycerides [3].



2.2.1 Biodiesel advantages [2]

1. Conventional diesel engines can be operated without much, if any,
modification on biodiesel.

2. Biodiesel can be used pure or in a mixture with hydrocarbon-based
diesel fuels.

3. Biodiesel is nontoxic, safe to handle and biodegradable.

4. No evaporation of low-boiling components takes place.

5. Exhaust gas is free of SO; and halogens.

6. There is substantial reduction of soot, unburnt hydrocarbons, and also
of carbon monoxide (when an oxidation catalyst is used) in the exhaust gases.

7. NOx emissions increase slightly if there are no changes in the engine
setting.

8. Good performance in auto-ignition of fatty esters results in a smooth
running diesel engine.

9. Biodiesel consumption is similar to hydrocarbon-based diesel fuels.

2.3 Raw materials for biodiesel |7]

A major source of fuel enmergy comes from nonrenewable, potentially
exhaustible, resources such as fossil fuels (natural gas, petroleum, and coal). These
sources have environmental and toxic problems and they are not biodegradable.

1. Plant-Derived Qils

Plant-derived oils (TAG) as a substitute raw material for diesel were
considered a good energy supply because they are carbon dioxide neutral. This stems
from the fact that green plants grow through the photosynthesis process with CO; as a
carbon_source. Therefore; the combustion ‘of plant-derived oils will release carbon
dioxide which has previously been fixed through photosynthesis. Plant-derived fuels
are renewable, inexhaustible, nontoxic and biodegradable, with an energy content
similar to that of fossil diesel fuel. The fatty acid composition of the source oil or fat
is important in biodiesel because, in the winter, oils containing more saturated fatty
acids than unsaturated fatty acids may solidify and clog the fuel lines. The fatty acids
found in vegetable oils and typical fatty acid compositions of common oil sources are
summarized in Table 2.1 and Table 2.2, respectively. Table 2.3 showed the names, in

a variety of formats, of common fatty acids.



Refined oils are more expensive but have a low production scale. Of all
the vegetable oils available. high oleic acid containing oils are preferred because of
the increased stability of their alkyl esters on storage and improved fuel properties.
Soybean, palm kernel, cottonseed, sunflower, safflower, rapeseed, peanut, groundnut

and castor bean oils are the more commonly used oils in biodiesel production.

Table 2.1 Percentage of fatty acid type for different oils [8]

Vegetable oil Fatty acid composition, % by weight
16:0 | 18:0 | 20:0 | 22:0 | 24:0 | 18:1 | 18:2 | 18:3 | 22:1
Corn 12 - 1 0 0 25 61 1 0
Cottonseed 28 1 0 0 0 13 58 0 0
Crambe 2 A2 P L bae | 9| 7| so
Rapeseed 4 1 0 0 0 64 22 8 0
Soybean 12 3 0 0 0 23 56 7 0
Sunflower seed 6 3 ’EIV : 0 0 17 74 0 0
Canola oil 6 2 l 1 0 55 24 9 I
Palm 44 |adba o fro |40 | 10| 0| 0
Butter 30 30 2 1 0 30 3 0 2
Peanut 6 6 10 10 0 66 38 0 0
Linseed 9 1 0 0 0 9 8 45 0
Tung 0 0 0 0 0 13 15 72 0
Table 2.2 Typical fatty acid composition-common oil sources [9]
Fatty acid Soybean Cotton  Palm Lard  Tallow  Coconut seed
Lauric, C12:0 0.1 0.1 0.1 0.1 0.1 46.5
Myristic, C14:0 0.1 0.7 1.0 1.4 2.8 19.2
Palmitic, C16:0 10.2 20.1 42.8 23.6 233 9.8
Stearic, C18:0 37 2.6 4.5 14.2 19.4 3.0
Oleic, C18:1 228 19.2 40.5 44.2 42.4 6.9
Linoleic, C18:2 53.7 55.2 10.1 10.7 2.9 2.2
' 0.0

Linolenic, C18:3 | 8.6 0.6 0.2 0.4 0.9




Table 2.3 Names and structures of the most common fatty acids [10]

No. of C:No. | Molecular | Molecular Systematic name | Other names
of double formular | mass

bound

C12:0 C2H2404 200.32 Dodecanoic acid | Lauric acid,

n-Dodecanoic acid

0

/\/\/\/\/\)\\DH

Tetradecanoic acid

Myristic acid

)

Cl16:0

CmHn 01

256.43

Hexadecanoic acid

Palmitic acid,
Hexadecylic
acid,

Cetylic acid

o]

/\/\/\./\/\/\/\)J\DH

CisH100:

9-hexadecanoic acid

Palmitoleic acid

\/\/VWJ\,H
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Table 2.3 Names and structures of the most common fatty acids (Continued)

No. of C:No. Molecular | Molecular | Systematic name Other names

of double formular | mass

bound

C18:0 CisH30; | 284.48 Octadecanoic acid Stearic acid
o]

/\/\/\/\/\/\/\/\)km

C18:17 CisHisl: 282.46 O-octadenoic Oleic acid,
acid (9Z)-Octadecenoic acid,
(Z£)-Octadec-9-enoic acid,
Cis-9-octadecenoic acid,
Cis-A9-octadecenoic acid
0
= OH
od 1 1 CisH1,0, | 280.46 | (9.12)- Linoleic acid,

Octadecadienoic acid

Cis-cis-9,12-
Octadecadienoic

acid

\WU\/\/\/\(UH

o

Cl 8:3-&&"1‘5

CisH300;

278,441 (9,12,15)-

Octadecatrienoic acid

a-Linolenic acid,
Cis,cis,cis-9,12,15-
Octadecatrienoic

acid

OH
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Table 2.3 Names and structures of the most common fatty acids (Continued)

No. of C:No. | Molecular | Molecular | Systematic name | Other names
of double formular mass
bound
C20:0 C20H400; 312.54 Eicosanoic acid Arachidic acid,
Arachic acid
Eicosanoic acid,
n-eicosanoic acid
OH
(4]
C22:0 CaHas 04 340.60 Docosanoic acid Behenic acid
OH
o
C22:1 Ca:Haz05 338.58 13-Docoseénaic Erucic acid
Cis-13-Docosenoic
8]
7 OH
C24:0 C2oHax04 368.63 | Tetracosanoic acid | Lignoceric acid
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2. Waste Oils and Fats [7]

Waste oils and fats, used frying oils, lard, beef tallow, yellow grease and
other hard stock fats can also be used in preparing biodiesel. Used frying oils, while
cheap, may have some disadvantages because of the contents of high polymerization
products, high free fatty acid contents, susceptibility to oxidation and high viscosity.
Therefore, preliminary treatment such as the use of adsorbent materials (such as
magnesium silicates) to reduce the free fatty acid content and polar contaminants may
be necessary to improve the oil quality prior to transesterification to produce biodiesel
catalyzed by a basic catalyst.

3. Microbial Oils

Microalgal oils represent another cheap source of renewable raw materials
for biodiesel production that has received little or no attention. Algal oils are largely
produced through substrate feeding and heterotrophic fermentation. Li et al[l11]
reported the production of hiodiesel on a large scale using the oils from microalga,
Chlorella protothecoids. in bioreactors. The lipid content of the microalga was
increased up to 44-48% of the cell dry weight. The oils were then used to produce
biodiesel (98% conversion to FAME) by a reaction catalyzed by immobilized
Candida sp. lipase at a substrate molar ratio of 3:1 and a reaction time of 12 hours.
The product was said to be comparable to conventional biodiesel in physical

properties. Table 2.4 showed the fatty acids compositions of microorganism oil.

Table 2.4 Fatty acid compositions of microorganism oil

Microorganism Fatty acid composition
oil 14:0 | 16:0 | 18:0 | 18:1 | 18:2 | 18:3 | 20:4 | 20:5 | 22:1
Algae - / / { / / - - -
Yeast / / / / | / / { - -
Fungus / / / / / / / / -
Remark : / = the fatty acids were found in microorganism oil.

- = the fatty acids were not found in microorganism oil.
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2.4 Palm oil

The oil palm is a monocotyledon belonging to the genus Elaeis. It is a
perennial tree crop and the highest oil producing plant. The crop is unique in that it
produces two types of oil. The fleshy mesocarp produces palm oil, which is used
mainly for its edible properties and the kernel produces palm kernel oil, which has
wide application in the oleochemical industry. The genus Elaeis comprises two
species, namely E. guineensis, E. oleifera. Currently, most of the world’s production
of palm oil comes from South-East Asia, in particular Malaysia and Indonesia.

Like all oils, TGs are the major eonstituents of palm oil. Over 95% of palm oil
consists of mixtures of TGs. During o1l extraction from the mesocarp, the
hydrophobic TGs attract other fai- or oil-soluble eellular components. These are the
minor components of palm oil such as phosphatides, sterols, pigments, tocopherols,
tocotrienols and trace metals. Other components in palm oil are the metabolites in the
biosynthesis of TGs and products from hpolytic activity. These include the
monoglycerols (MGs), diglycerals (DGs) and free fatty acids (FFAs). The oil palm
fruit is a drupe, which forms in a tight bunch. The pericarp comprises three layers: the
exocarp (skin); mesocarp (outer pulp containing palm oil): and endocarp (a hard shell
enclosing the kernel (the endosperm) which econtains oil and carbohydrate reserves for

the embryo). Composition of palm oil fruit is shown in Figure 2.2.

Figure 2.2 Composition of palm oil fruit.
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Palm o1l is available in a variety of forms: crude palm oil (CPO, the
production of crude palm oil is shown in Scheme 2.2), palm olein, refined, bleached
and deodorized (RBD) palm oil, fractionated palm olein, palm stearin and palm
midfraction. The extracted oil 1s known as CPO. The oil palm being extracted can be
used in two different ways. the first part which contains 90% is used for food and
food derivatives and the rest is used for non-food products. The use of non-food

product is rather small but it has high value [12].
Fresh trunt bunch
Thermal treatment ——* liquid

Separation of fruit ——— empty truit bunch

Threshing. Stripped bunch
—* fibres

Pressing —— fibres + nuts — Separation

l ——

Effluent «#——— Clarification shell kernel
| [ |
Puritication palm kernel palm kernel
l oil meal
Drving

Crudepalmoil
Scheme 2.2 Diagram of the production of crude palm oil [13]
Biodiesel tvpically contains up to 14 different types of fatty acids that are

chemically transtormed into fatty acid alkyl ester. Compositions of palm oil are

within the range of those types of fatty acids shown in Table 2.5,
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Table 2.5 Typical (%) fatty acid composition of palm oil and palm kernel oil [14]

%Fatty acid content

Fatty acids oil | Carbon & Double bond
Palm oil Palm kernel

Caprylic C8 2-4
Capric C10 3-7
Lauric C12 45-52
Myristic Cli4 1-6 14-19
Palmitic 7 Cl6:0 32-47 6-9
Palmitoleic Cl6:1 0-1
Stearic C18:0 1-6 1-3
Oleic ' C18:1 40-52 10-18
Linoleic Cl8:2 2-11 1-2
Linolenic Ci8:3
Arachidic C20:0 1-2
Eicosenoic c20:1
Behenic e 1-2
Euricic £22:1

CPO has a rich orange-red colour because of its high content of carotene (700-
800 ppm). The major carotenoids in palm oil are - and e-carotene, which account for
90% of the total carotenoids. Carotenoids are the precursors of vitamin A, with -

carotene having the highest provitamin A activity.

2.4.1 Refining process

Refining of oil is carried out or to remove solid material such as
phospholipids, free fatty acid and colored impurities. A number of processes are
employed for this purpose, including treatment with alkali and absorbent materials. A
further process, known as deodorization, may be applied to edible oils. It consists of
treatment with steam at high temperatures and under low pressure to remove volatile
material such as residual solvent, certain free acids and other substances which would

give undesirable tastes or odors. A final treatment for edible oils may consist of
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hydrogenation and blending of the hydrogenated product with other oils to obtain a
product of the desired characteristics. Vegetable o1l physical refining process is shown

in Scheme 2.3.

Physical Refining

o
fy-=
(e

Refined

Scheme 2.3 Vegetable oil physical refining process

Fatty acid is a by product of the refining of edible vegetable oil process. The

price of fatty acid is less than refined vegetable oil.
2.4.1.1 Step of refining vegetable oil [15]
1. Degumming

Gums in vegetable oil need to be removed to avoid colour and taste reversion
during subsequent refining steps. Stage phosphoric acid treatment and a stage hot
water treatment followed by continuous removal of the hydrated gums in a
degumming centrifuge. The process is applied to many oils that contain phospholipids
in significant amounts. Since the separated phospholipids are rather waxy or gummy
solids, 'the térm degumming, was quite “naturally: applied to the separation. The
aqueous phase can be removed from the lipids and phospholipids can be removed

from the oil.
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2. Neutralizing

The neutralization step is necessary to remove free fatty acids from the oil

This can be done in one of two ways: alkali (chemical) or steam stripping (physical)
means.

(a) Alkali/chemical method: caustic soda (alkali) is mixed in the proper

amounts and the aqueous solution is removed. leaving the neutral oil behind.

(b) Steam stripping: This is done under vacuum, to remove moisture,
free fatty acids, odor bodies and other impurities from the oil. As it is performed
under vacuum conditions, the oil can be kept at a low temperature, preserving its
chemical structure by net subjecting it to temperatures in which undesirable

dehydration reactions can oceur,
3. Bleaching

Bleaching earth (adsorbent natural or activated earth, mixed with activated
carbon if necessary): high-activity ¢lay is added into oil. mix and heat mixture of oil
and clay to make the small particle of pigment absorbed on the crystal of clay. At last
filtering the oil, perfect mechanism, liable performance, well configured equipment.
Bleaching results in the removal of coloring materials. phospholipids and oxidation

products.
4. Dewaxing

Dewaxing process includes slow chilling of the oil to temperatures sufficient
to crystallize the waxy components from the crude oil, preferably under gentle
agitation. The crystallized companents are then generally removed by a cold filtration

step. Dewaxing can improve oil transparency and brightness.
5. Deodorizing

Deodorization results in the removal of odor from the oil. Most heat of
bleached oil is recovered by heat exchangers, the bleached oil is heated to the process
temperature by mineral oil or high pressure steam and then the oil enters into the

combined deodorizer, the deodorizer is a combined type: the upper is packing
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structure, which is used to remove odor components like FFA, the lower is plate type
used for heat bleaching and making product quality more consistent. Oil coming from
the deodorizer is cooled and stored after series of heat exchange; volatile like FFA is

collected and stored as by products.
6. Winterizing

For refining products to be bottled as edible oils (e.g. rice bran oil, sunflower
seed oil or corn oil) winterization is required to achieve the necessary cold stability.
Winterization prevents crystallization and ¢louding of the waxes contained in the oil
at ambient temperature. It is often desirable to remove the traces of waxes (e.g.,
cuticle wax from seed coats) and the higher-melting glycerides from fats. Waxes can
generally be removed by rapid chilling and filtering. Separation of high-melting
glycerides, or stearine, usually requires very slow cooling in order to form crystals

that are large enough to be removed by filtration or centrifuging.

2.5 Biodiesel catalyst [16]

2.5.1 Acid-catalyst

The processes are catalyzed by Bronsted acids, preferably by sulfonic acids,
sulfuric acid and hydrochloric acid. These catalysts give very high yields in alkyl
esters but the reactions are slow and requiring temperature above 100°C and more
than 3 hours to reach the complete conversion. Transesterification process under acid-
catalyzed condition needs to be done in absences of water because the water reduces
the yield alkyl ester. The alcohol/oil molar ratio is one of the main factors that
influence the transesterification. An excess alcohol favors the formation of products.
On the other hand, an excessive amount of alcohol makes the recovery of glycerol

difficult. Mechanism of the acid catalyst transesterification is shown in Figure 2.3.
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(o} *OH OH
J\ H )L )’\
————
R' OR" R’ OR" R OR™
1 1]
i R HO  r HOR"
A + 0\ _-‘_—h- R‘ h Df ————— J\
H .
R' OR" R"O 4 R' OR
H.C=aD—
R" = Ho——0H (glyceryl radical)
H,C——OH

R' = carbonchain of the fatty acid
R = alkyl group of the alcohol

Figure 2.3 Mechanism of the acid catalyst transesterification.

2.5.2 Base-catalyst
This reaction is base catalysed. Commenly the base (KOH and NaOH) is
dissolved in the alcohol to make a convenient method of dispersing the otherwise
solid catalyst into the oil. The ROH needs to be very dry. Any water in the process
promotes the saponification reaction and inhibits the transesterification reaction.

Mechanism of the base catalyst transesterification is shown in Figure 2.4.
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ROH+B =—= RO +BH’ (1)
R'COO—CH, R'DOD—THz
R"c:ou—¢|:H /*‘—\ ‘OR —/—— R"GOD-——TH TR (2)
Hz'[l:_ mnln Hzc_ ﬂ— T_R-I
0 o
R'COO—CH; R'COO—CH;
R"COO—CH OR _—— R"COO—CH + ROOCR™ (3)
—
H,C—O0—C—R™ H,C—O

R'COO—CH, R'CO0—CH;
R'COO—CH + BH ————= R"ODD—TH + B (4)
H,C—CO H,C——OH

Figure 2.4 Mechanism of the base catalyst transesterification.

2.5.3 Enzyme catalyst

Although chemical wransesterification using an alkali-catalysis process gives
high conversion levels of triglycerides to their corresponding methyl esters in short
reaction times, the reaction has several drawbacks: it'is energy intensive, recovery of
glycerol 1s difficult, the acidic or alkaline catalyst has to be removed from the product.
alkaline wastewater requires treatment and free fatty acids and water interfere with the
reaction. Both extracellular and intracellular lipases are also able to effectively
catalyze the transesteritication of triglycerides in either aqueous or nonaqueous
systems is shown in Table 2.6, enzymatic transesterification methods can overcome
the problems mentioned above. In particular, it should be noted that the by-product.

glycerol, can be easily recovered without any complex process and also that free fatty



21

acids contained in waste oils and fats can be completely converted to methyl esters by
esterification. On the other hand, in general the production cost of a lipase catalyst is
significantly greater than that of an alkaline one. Lipases catalyze not only

transesterification, but also esterification. Esterification of free fatty acid is shown in

Figure 2.5.
O O
I : H |
R=C-—=0H - ROH)Is=—= R—C=—0OR - H.O
Free Fatry Acid  Snnple Alcohal Esters Water

Figure 2.5 Esterification of free fatty acid.

Table 2.6 Comparison between alkali-catalysis and lipase-catalysis methods for

biodiesel fuel production [4]

W Alkali-catalysis Lipase-catalysis
process process
Reaction temperature 60-70°C 30-40°C
Free fatty acids in raw .
aatenialis iﬂ]}umﬁed products Methyl esters
Water in raw materials Imarferenm? with the No influence
reaction
Yield of methyl esters Normal Higher
Recovery of glycerol Difficult Easy
Purification of methyl esters Repeated washing None
Production cost of catalyst Cheap Relatw_ely
expensive

2.6 Immobilized enzyme [17]

Lipases (triacylglycerol acylhydrolases E.C.3.1.1.3) are enzymes that hydrolyse
fatty acyl ester bonds of acylglycerols at the interface between oil and water. Lipases
have been extensively studied because of their actual and potential applications in the
detergent, oil and food industries. Recently, various strategies in the pharmaceutical

and chemical industries have used lipases in the synthesis of optically pure drugs and
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agrochemicals that are more effective and produce fewer side effects compared with
their racemates.

Immobilized enzymes are becoming increasingly popular as reusable,
selective analytical chemical reagents in solid-phase flow-through reactors, as
membranes in sensors and as films in dry reagent kits. Immobilized enzymes are
becoming increasingly popular as reusable. selective analytical chemical reagents in
solid-phase flow-through reactors, as membranes in sensors and as films in dry
reagent kits.

Principal method of immobilization is shown in Figure 2.6. There is a variety
of methods by which enzymes can be localized., ranging from covalent chemical
bonding to physical entrapment however they can be broadly classified as follows:

I. Covalent bonding of'the enzyme to a derivatized, water-insoluble matrix.

-

- Intermolecular cross-linking of enzvme molecules using multi-functional reagents.
3. Adsorption of the enzyme onto a water-insoluble matrix.
4. Entrapment of the enzyme inside a water-insoluble polymer lattice or semi-

permeable membrane.

2.6.1 Advantages of immobilized enzyme

I. The enzyme is easily removed.

[

- The enzyme can be packed into columns and used over a long period.

Tad

- Speedy separation of products reduces feedback inhibition.
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Figure 2.6 Principal method of immobilization [16].

2.7 Biodiesel property

Biodiesel is made up of fourteen different types of fatty acids, which are
transformed ‘into fatty acid methyl esters (FAME) by transesterification. Different
fractions of each type of FAME present in various feedstocks influence some
properties of fuels. Table 2.7 shows some of the properties defined in the ASTM
standards for diesel and biodiesel. For Thailand, it has set legislative assembly

characteristic and quality of biodiesel shown in Table 2.8.



Table 2.7 Comparison of fuel properties between diesel and biodiesel [ 18]

Fuel property Diesel Biodiesel
Fuel standard ASTM D975 ASTM PS 121
Fuel composition C10-C21 HC C12-C22 FAME
Lower heating value, Btu/gal 131,295 117,093
Viscosity, @ 40° C 1.3-4.1 1.9-6.0
Specific gravity kg/l @ 60° F 0.85 0.88
Density, 1b/gal @ 15°C 7.079 7.328
Water, ppm by wt 161 00.05% max
Carbon, wt % 87 77
Hydrogen, wt % 13 12
Oxygen, by dif. wt % 0 11
Sulfur, wt % 0.05 max 0.0 - 0.0024
Boiling point (°C) 188-343 182-338
Flash point (°C) 60-80 100-170
Cloud point (°C) -15t05 -3to 12
Pour point (°C) -35t0-15 -15t0 10
Cetane number 40-55 48-65
Stoichiometric air/fuel ratio wt./wt. 15 13.8
BOCLE Scuff, grams 3,600 >7,000




Thailand [19]

Table 2.8 Characteristic and quality of biodiesel (methyl ester of fatty acids) in

25

Characteristic Value Method of standard
Methyl ester, Yowt. >96.5 EN 14103
Density at 15°C, kg/m’ 860-900 ASTM D 1298
Viscosity at 40°C, ¢St 3.5-5.0 ASTM D445
Flash point, °C =120 ASTM D 93
Sulphur,%wt. <0.0010 ASTM D 2622
gxzr;:ﬂue, on 10% distillation <0.30 ASTM D 4530
Cetane number =51 ASTM D 613
Sulfated ash, %owt, <0.02 ASTM D 874
Water, %wt. <0.050 ASTM D 2709
Total contaminate, %owt. ¢ <0.0024 ASTM D 5452
Copper strip corrosion <96.5 ASTM D 130
Oxidation stability at 110°C, hours >6 EN 14112
Acid value, mg KOH/g <0.50 ASTM D 664
lodine value, g lodine/100 g <120 EN 14111
Linolenic acid methyl ester, %wt. <12.0 EN 14103
Methal:lel, Yowt. <0.20 EN 14110
Monoglyceride, %owt. <0.80 EN 14105
Diglyceride, %wt. <0.20 EN 14105
Triglyceride, %owt. <0.20 EN 14105
Free glycerin, ‘};wt_ - <0.02 EN 14105
Total glycerin, Yowt. <0.25 EN 14105
3 Gr-::-up I metals (Na+K) <5.0 EN 14108 and EN 14109
Group Il metals (Ca+Mg) <5.0 EN 14538
Phosphorus, %wt. <0.0010 ASTM D 4951
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2.8 Literature reviews
2.8.1 Batch process

In 1999 Watanabe and coworkers [20] studied stepwise ethanolysis of tuna
oil using immobilized Candida antractica lipase. The first step was carried out at
40°C for 12 hours in a mixture of tuna oil and I3 molar equivalent of ethanol with 4%
immobilized lipase; the second step was performed for 36 hours after adding 2/3
molar equivalent of ethanol. The three-step reaction was conducted as follows: the
first step was conducted under the same conditions as those in the two-step
ethanolysis: in the second and third steps. I'3 molar equivalent of ethanol was added
after 12 and 24 hours. respectively: and in the third step, the mixture was shaken for
24 hours. Both types of ethanolysis achieved the conversion of 95%. The two- and
three-step reactions maintained over 95% of the conversion for 70 d and over 100 d,

respectively.

In 2002 Kose and coworkers [21] studied immobilized Candida antarcrica
lipase-catalyzed alcoholysis of cotton seed oil in a solvent-free medium. The refined
cotton seed oil of Turkish origin with primary and secondary alcohols was
investigated in the presence of an immobilized enzyme from Candida antarctica,
commercially called Novozym 435 in a solvent-free medium. The optimum
conditions of the methanolysis were as follows: 30% enzyme based on oil weight;
oil/alcohol molar ratio 1:4; temperature: 50°C and reaction time: 7 hours. Maximum
methyl esters (ME) vield was 91.5%. At the same conditions cotton seed oil was
converted with short-chain primary and secondary alcohols to its corresponding esters
with conversions between 72% and 94%. The results indicated that alcoholysis

products of cotton seed oil could be used as valuable intermediates in oleochemistry.

In 2002 Shimada and coworkers [22] studied enzymatic alcoholysis for
biodiesel fuel production and application of the reaction to oil processing. Two-step
batch methanolysis: the first-step reaction was conducted in the presence of 1/3 molar
equivalent of MeOH for the stoichiometric amount. and the second-step reaction was
performed by adding 2/3 molar equivalent of MeOH. If the immobilized carrier is

destroyed by agitation in a reactor with impeller, three-step flow reaction will be
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available: the first-step substrates were waste oil and 1/3 molar equivalent of MeOH:
the second-step. the first-step eluate and 13 molar equivalent of MeOH: the third-
step. the second-step eluate and 1/3 molar equivalent of MeOH. The conversion of
waste oil to biodiesel fuel reached ~90% in the two reaction systems, and the lipase

catalyst could be used for =100 days without decrease of the activity.

In 2003 Chen and coworkers [23] studied regeneration of immobilized
Candida antarciica lipase for transesterification. Immobilized lipase 1s frequently
deactivated by lower alcohols with deaciivalion being caused by the immiscibility
between triglycerides and methanol or ethanol. When the lower alcohol is adsorbed to
the immobilized enzyvme. the entry of triglveerides is blocked. which causes the
reaction to stop. An aleoholwith three or more carbon atoms. preferably 2-butanol or
rert-butanol, can regenerate the deactivated immobilized enzvme. The present work
established that the aciivity of immobilized lipase could be significantly increased
when such alcohols were used for an immersion pretreatment of the enzyme. The
activity of the commercially available immobilized enzyvme. Novozym 4335, increased
about tenfold in comparison to the enzvine not subjected to any pretreatment.
Following complete deactivation of the enzyme by methanol. washing with 2-butanol
and rert-butanol successtully regenerated the enzyme and restored it to about 56% and

75% of its original activity level, respectively.

In 2005 Hass and coworkers [24] studied improving the economics of
biodiesel production through the use of low value hipids as feedstocks: vegetable oil
soapstock. The-mest effective method Anvolved the eomplete saponification of the
spapstock followed by acidulation using methods similar to those presently emplovyed
in industry., This resulted - an acid o1l with a-free famty-acid. (FEA) converted to
methyl esters by acid-catalyzed estentication.’ Following ‘a simple washing protocol.
this preparation met the established specifications for biodiesel of the ASTM
standard. Engine emissions and performance during operation on soy soapstock
biodiesel were comparable to those on biodiesel from soy o1l An economic analysis
suggested that the production cost of soapstock biodiesel would be approximately
LSS 0.41/L. a 25% reduction relative to the estimated cost of biodiesel produced from

soy ol
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In 2006 Li and coworkers [25] studied Lipase-catalyzed transesterification
of rapeseed oils for biodiesel production with a novel organic solvent as the reaction
medium. Combined use ot Lipozyme TL IM and Novozym 435 was proposed further
to catalyze the methanolysis and the highest biodiesel yield of 95% could be achieved
under the optimum conditions (fert-butanol/oil volume ratio 1:1; methanol/oil molar
ratio 4:1; 3% Lipozyme TL IM and 1% Novozym 435 based on the oil weight:
temperature 35°C; 130 rpm, 12 hours). There was no obvious loss in lipase activity
even after being repeatedly used for 200 cycles with rert-butanol as the reaction
medium. Furthermore, waste oil was also explored for biodiesel production and it has

been found that lipase also showed good stability in this novel system.

In 2006 Saifon [6] studied biodiesel using NOVOZYMS A/S from
antractica lipase. The optimized methyl ester biodiesel production was determined
from palm soapstock. The experiment reaction was catalyzed by immobilized lipase,
NOVOZYMS A/S from antractica hipase. The optimum condition consisted of the
palm soapstock and methanol in the ratio of 1:2 and NOVOZYMS A/S 15% (w/w) of
palm soapstock at 60°C for one hour. Besides the previous NOVOZYMS A/S was
also used in the next batch with the same condition for two hours. The synthesized

methyl ester was 89.53%.

In 2007 Watanabe and coworkers [26] studied conversion of acid oil by-
product in vegetable oil refining to biodiesel fuel by immobilized Candida antractica
lipase. The first-step reaction was conducted by shaking a mixture of 66 wt% acid oil
(77.9 wt% FFAs. 10.8 wilo| dcylglycerols) ‘and 34 “wi% MeOH with 1 wt%
immobilized lipase, to convert FFAs to their methyl esters. The second-step reaction
was performed by shaking a mmxture of 52,3 wt% dehydrated first-step product (79.7
wt% FAMEs, 9.7 wt% acylglycerols). 42.2 wt% rapesced oil, and 5.5 wt% MeOH
using 6 wt% immobilized lipase in the presence of additional 10 wt% glycerol., to
convert acylglycerols to FAMEs. The resulting product was composed of 91.1 wt%
FAMEs, 0.6 wt% FFAs, 0.8 wt% trniacylglycerols, 2.3 wt% diacylglycerols, and 5.2
wt% other compounds. Even though each step of reaction was repeated every 24
hours by transferring the immobilized lipase to the fresh substrate mixture, the

composition was maintained for =100 cycles.
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In 2008 Jeong and coworkers [27] studied lipase-catalyzed
transesterification of rapeseed oil for biodiesel production with rerr-butanol. The
application of Novozym 435 was determined to catalyze the transesterification
process and a conversion of 76.1% was achieved under selected conditions (reaction
temperature 40°C. methanol/oil molar ratio 3:1. 5% (w/w) Novozym 435 based on the
oil weight, water content 1% (w/w), and reaction time of 24 hours). Under these
reaction conditions. a conversion of approximately 76.1% was achieved. It has also
been determined that rapeseed oil can be converted to fatty acid methyl ester using
this system and the results of this study contribule to the basic data relevant to the

development of continuous engymalic processes.
2.8.2 Continuous process

In 1999 Dossat and coworkers [28] studied continuous enzymatic
transesterification of high oleic sunflower oil in a packed bed reactor: influence of the
glycerol production. The transesterification of high oleic sunflower oil with butanol
by the immobilized Lipozyme in n-hexane was carried out in a continuous packed bed
reactor, oleic acid, butyl ester and glvcerol being formed as the main products. It was
found that glycerol, insoluble in n-hexane. remained in the reactor adsorbed onto the
enzymatic support, leading to a drastic decrease in enzymatic activity. The
phenomenon involved in this loss of activity was attributed to the formation of an
hydrophilic hindrance around the enzyme resulting in diffusion limitations of the
hydrophobic substrate from the organic phase to the enzyme. To recover enzymatic
activity, several solutions are proposed. The addition of silica gel into the enzymatic
bed to adsorb the produced glycerol did not enable this loss of activity to be avoided.
In order to enhance the solubility of glycerol in the reaction medium as soon as it was
produced, n-hexane amended acetone was used as solvent. but high conversion of
sunflower oil was not restored. Finally, by intermittent rinsing of the catalyst bed with
a solution of tertiary alcohol amended with water to obtain the optimal
thermodynamic water activity of 0.54, glycerol was eliminated from the reactor, and

high conversion was maintained.
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In 2006 Nie and coworkers [29] studied lipase catalyzed methanolysis to
produce biodiesel: optimization of the biodiesel production. Continuous reaction in a
fixed bed reactor in three-step transesterification with methanol of oil was conducted
by using a series of nine columns packed with immobilized Candida sp. 99-125
lipase. As substrate of the first reaction step, plant or waste oil was used together with
1/3 molar equivalent of methanol against total fatty acids in the oil. Mixtures of the
first- and second-step eluates and 1/3 molar equivalent of methanol were used for the
second- and third-reaction steps. A hydroevelone was used in order to on-line separate
the by-product glycerol after every 1/3 melar equivalent of methanol was added.
Petroleum ether was used as solvent (3/2, v/v of @il) and the pump was operated with
a flow rate of 15 L/hour giving an annual throughput of 100 t. The final conversion
ratio of the FAME from plant oil and waste oil under the optimal condition was 90%

and 92%, respectively. The life of the immobilized lipase was more than 10 days.

In 2007 Roven and coworkers [30] studied enzymatic production of
biodiesel from cotton seed o1l using -butanol as a solvent. The enzymatic production
of biodiesel by methanolysis of cottonseed o1l was studied using immobilized
Candida antarctica lipase as catalyst in t-butanol solvent. It was found, using a batch
system, that enzyme inhibition caused by undissolved methanol was eliminated by
adding r-butanol to the reaction medium, which alse gave a noticeable increase of
reaction rate and ester yield. The effect of r-butanol, methanol concentration and
temperature on this system was determined. A methanolysis yield of 97% was
observed after 24 hours at 50°C with a reaction mixture containing 32.5% ¢-butanol,
13.5% methanol, 54% oil and 0.017 g enzyme (g oil)_ ' With the same mixture, a 95%
ester yield was obtained using a one step fixed bed continuous reactor with a flow rate
of 9.6 ml h' (g enzyme) 2 Experiments with the continuous reactor over 500 hours

did not show any appreciable decrease in ester yields.

In 2007 Shaw and coworkers [31] studied continuous enzymatic synthesis of
biodiesel with Novozym 435. Novozym 435 was packed in a packed-bed reactor and
used to catalyze the alcoholysis of methanol and soybean o1l to produce FAMEs in a
cosolvent system. Reaction temperature and flow rate had significant effects on the
percent molar conversion. On the basis of ridge max analysis, the optimum conditions

for synthesis were as follows: reaction temperature 52°C, flow rate 0.1 ml/min and
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substrate molar ratio 4.3:1. The predicted value was 74.2% and the actual

experimental value was 75.2% molar conversion.

In 2008 Mcneff and coworkers [32] studied continuous catalytic system for
biodiesel production. A novel continuous fixed bed reactor process has been
developed for the production of biodiesel using a metal oxide-based catalyst. Porous
zirconia, titania and alumina micro-particulate heterogeneous catalysts are shown to
be capable of continuous rapid esterification and transesterfication reactions under
high pressure (ca. 2500 psi) and elevated temperature (300-450°C). The continuous
transesterification of triglycerides and simultaneous esterification of free fatty acids
with residence times as low as 5.4 s was described. Biodiesel produced from soybean
oil. acidulated soapsteck. tall oil, algae oil and corn eil with different alcohols to
make different alkyl esters using this new process pass all current ASTM testing
specifications. Furthermore, the economics of this novel process is much more cost
competitive due to the use of inexpensive lipid feedstocks that often contain high
levels of free fatty acids. The process has been shown to easily scale up a factor of 49
for more than 115 hours of continuous operation without loss of conversion

efficiency.

In 2009 Chongkhong and coworkers [33] studied continuous esterification
for biodiesel production from palm fatty acid distillate using economical process. An
overflow system for continuous esterification of palm fatty acid distillate (PFAD)
using an economical process was developed using a continuous stirred tank reactor
(CSTR). Continuous production compared to batch production-at the same condition
had higher product purity. The optimum condition for the esterification process was a
8.8:1:0.05-molar ratio of methanol to- PFAD to sulfuric acid-catalyst, 60 min of
residence time at 75°C under its own pressure. The free fatty acid (FFA) content in the
PFAD was reduced from 93 to less than 1.5 %wt by optimum esterification. The
esterified product had to be neutralized with 10.24 %wt of 3 M sodium hydroxide in
water solution at a reaction temperature of 80°C for 20 min to reduce the residual FFA

and glycerides.
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In 2009 Halim and coworkers [34] studied continuous biosynthesis of
biodiesel from waste cooking palm oil in a packed bed reactor: Optimization using
response surface methodology (RSM) and mass transfer. Response surface
methodology (RSM) based on central composite rotatable design (CCRD) was used to
optimize the two important reaction variables packed bed height (cm) and substrate
flow rate(ml/min) for the transesterification of waste cooking palm oil in a continuous
packed bed reactor. The optimum condition for the transesterification of waste
cooking palm oil was as follows: 10.53 cm packed bed height and 0.57 ml/min
substrate flow rate. The optimum predicted fatty acid methyl ester (FAME) yield was

80.3% and the actual value was 79%.



CHAPTER III

EXPERIMENTAL

3.1 Materials and equipments

3.1.1 Chemicals
1. Methanol: analytical grade; Merek

(]

. Ethanol; absolute GR for analysis grade; Merck
. Propanol; analytical grade; Fisher scientific

. Butanol; analytical grade; Fisher scientific

Lh e e

. 2-Propanol; analytical grade: Merck
. tert-Butanol: for svathesis grade: Merck
. 2-Butanol; analytical grade: Merck

. Hexane: analytical grade; Merck

O oo -1 an

. Ethyl acetate: analytical grade; Fisher scientific

10. Novozym 435 (Lipase B from € @nrarctica, EC 3.1.1.3, a nonspecitic
lipase immobilized on macroporous acrvlic resin); S.M. Chemical
Suppliers Co.. Ltd.

11. Vanillin solution (containing vanillin (1%) and conc.H2504 (4.5%) in
ethanol)

12. Palm fatty acid; Oleen Co., Ltd.

13. Crude palm oil: Thai Eastern Group Co., Ltd.

14. Chlaroform-d (CDCl;): NMR spectroscopy grade; Merck KGaA
Darmstadt, Germany

15:Molecular sieve 4 A:;Merck KGaA Darmstadt., Germany

16. Nitrogen gas industry grade

3.1.2 Equipments
1. Hotplate stirrer with magnetic stirrer set
2. Thermometer
3. Vessel vial, round bottom flask, volumetric flask and erlenmeyer flask

4. Beaker



34

wn

. Filter paper

6. Centrifuge

7. Rotary evaporator
8. Stainless steel tank

9. Stainless steel column: id.4.57 mm

3.2 Chemical properties of palm fatty acid
3.2.1 Fatty acid compositions were determined by gas chromatography
(EN 14103)

3.3 Batch process
3.3.1 Biodiesel produetion from palm fatty acid using Novozym 435 in a solvent

free medium
3.3.1.1 Optimization of process parameter

I. Effect of reaction time
In the esterification reaction, biodiesel was produced by using a 2:]
ratio of methanol and palm fatty acid and 15% w/w of Novozym 435. A hot plate with
a magnetic stirrer was used for heating the mixture at 55°C. In order to investigate the
reaction time, the reactions were conducted at 0.5, 1, 2, 3. 4.5, 6. 7 and 8 hours. All
reactions were monitored by TLC developed by hexane:ethyl acetate (90:10 v/v) and
visualized by vanillin solution. The methyl ester (5 mg) was subjected to 'H-NMR

analysis.

2. Eftect of alcohol type
Palm fatty acid with primary (methanal. ethanol, propanol, butanol),
secondary (2-propanol. 2-butanol) and tertiary (teri-butanol) alcohols were conducted
at 55°C. The reaction mixture consisted of a 2:1 ratio of methanol and palm fatty acid
and 15% w/w of Novozym 435. A hot plate with a magnetic stirrer was used for
heating the mixture in the round bottom. The operation condition during the whole

reaction process was fixed at reaction time 4 hours.
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3. Effect of temperature
The effect of temperature on the ester content and on the esterification
of palm fatty acid was investigated with its reaction temperature varying at 55°C,
60°C and 65°C. The operation conditions during the whole reaction process were
fixed at 2:1 molar ratio of methanol to FFA, 15% w/w of Novozym 435 and reaction

time for 4 hours.

4. Effect of the absorbent quantity on the esterification
In the esterification. biodiesel was produced by using a 2:1 ratio of
methanol and palm fatty acid and 15% w/w of Novozym 435. A hot plate with a
magnetic stirrer was used for heating the mixture at 60°C. In order to investigate the
amount of molecular sieves; the reactions were conducted at 0, 15, 30, 50, 80% based
on palm fatty acid weight. The operation condition during the whole reaction process

was fixed at reaction time 4 hours.

3.3.2 Esterification of'paln fatty acid for biodiesel production in organic solvent

medium

3.3.2.1 Optimization of process parameter
1. Eftect of temperature

The effect of temperature on the ester content and on the esterification
of palm fatty acid was investigated with its reaction temperature varying at 30°C.
40°C. 50°C and 60°C. The operation conditions during the whole reaction process
were fixed at 2;1 ratio-of methanol and palm fatty acid and terz-butanol 29% based on
palm fatty acid weight and enzyme to palm fatty acid ratio 15% w/w. A hot plate with
a magnetic stirrer was used for heating the mixture in the round bottom. The operation

condition during the whole reaction process was fixed at reaction time 4 hours.

2. Effect of rert-butanol quantity on the esterification
In the esterification reaction, biodiesel was produced by using a 2:1
ratio of methanol and palm fatty acid and enzyme to palm fatty acid ratio 15% w/w. A
hot plate with a magnetic stirrer was used for heating the mixture in the round bottom.
In order to investigate the amount of rert-butanol, the reactions were conducted at 0,

3, 10, 20, 40 and 80% based on palm fatty acid weight and reaction time for 4 hours.



3.4 Continuous process
3.4.1 Biodiesel production from palm fatty acid using Novozym 435 in a solvent

free medium

3.4.1.1 Optimization of process parameter

1. Effect of temperature

A 1:2 molar ratio of palm fatty acid and methanol were mixed well in
a feeding tank. The esterification reaction was earried out using a 5 cm stainless tube
reactor with a 4.57 mm inner diameter containing 0.328 g of Novozym 435 (Figure
3.1) . The mixture was pumped through a column with flow rate 1.67 mg/sec. The
effect of temperature on the ester content of palm fatty acid was investigated with its
reaction temperature varying at 50°C. 55°C. 60"C and 65°C. All products were
collected at the outlet of the reaction tube after 24, 48 and 72 hours of the reaction

time for further FAMESs analysis.

Biodiesel
Feeding “— Water
Tank
<«——Waterbath

Column

Figure 3.1 Continuous biodiesel production tfrom palm fatty acid using

Novozym 435,
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2. Effect of a molar ratio of palm fatty acid and methanol
The esterification reaction was carried out using a 5 cm stainless tube
reactor with a 4.57 mm inner diameter containing 0.328 g of Novozym 435. The
mixture was pumped through a column with flow rate 1.67 mg/sec. The reaction was
performed at 50°C. The different methanol to oil ratios 1:1, 1:1.5, 1:2 and 1:3 were
used to investigate their influence on the percentage of methyl ester. All products
were collected at the outlet of the reaction tube after 24, 48 and 72 hours of the

reaction time for further FAMEs analysis.

3. Effect of flow rate
A 1:2 molar ratio of palm fatty acid and methanol were mixed well in
a feeding tank. The esterification reaction was carried out using a 5 cm stainless tube
reactor with a 4.57 mm ner diameter containing 0.328 g of Novozym 435. The
mixture was pumped through a column. The reaction was performed at 50°C. To
investigate the effect of flow rate. the reactions were conducted at 1.67. 3.33 and 5.01
mg/sec. All products were collected at the outlet of the reaction tube after 24, 48 and

72 hours of the reaction time for further FAMEs analysis.

4. Effect of amount of Novozym 435

A 1:2 molar ratio of palm fatty acid and methanol were mixed well in
a feeding tank. To investigate the effect of amount of Novozym 435, the reaction was
conducted at 0.328 and 0.656 g. The esterification was carried out using a 5, 10 cm
stainless tube reactor with a 4.57 mm inner diameter containing 0.328, 0.656 g of
Novozym 435. The mixture was pumped through a column with flow rate 1.67
mg/sec. The reaction was performed at 50°C. All products were collected at the outlet
of the reaction tube after 24. 48 and 72 hours of the reaction time for further FAMEs

analysis.

3.4.1.2 Three column esterification process
Continuous flow esterification of palm fatty acid using Novozym 435
was shown in Scheme 3.1. The reaction was conduced at 50"C with three columns (5
cmx4.57 mm) containing 0.328 g of Novozym 435. A 1:2 ratio palm fatty acid and
methanol were mixed well and then fed into the first column at a constant flow rate of

1.67 mg/sec. The product, in which water/FAMEs mixture, was separated completely
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by centrifuge. In the second step, | molar equivalent of methanol was added in the
water-free of the product, and then fed into the second column at the same condition.
The third step was performed in similar manner by feeding a mixture of the second
step. All products were collected at the outlet of the reaction tube after 24, 48 and 72

hours of the reaction time for further FAMEs analysis.

Fatty acid + MeOH

(new column) | Esterification

Product + H,O

Removal of water

Product

+1 mol of MeOH
(based on palm fatty acid weight)

Product + MeOH

Scheme 3.1 Diagrant of three column-esterification process

3:4.1.3 Operational stability of the immobilized lipase
The operational stability of the immobilized lipase is-an important
parameter in an industrial process, since it directly affects the cost. A 1:2 ratio palm
fatty acid and methanol were mixed well in a feeding tank. The esterification reaction
was carried out using a 5 cm stainless tube reactor with a 4.57 mm inner diameter
containing 0.328 g of Novozym 435, The mixture was pumped through a column with
flow rate 1.67 mg/sec. The reaction was operated at 50°C during 240 hours. The

methyl ester (5 mg) was subjected to 'H-NMR analysis.
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3.4.2 Esterification of palm fatty acid for biodiesel production in organic
solvent medium

3.4.2.1 Optimization of process parameter

1. Effect of temperature

A 1:2 molar ratio of palm fatty acid and methanol were mixed well
with tert-butanol (29% based on palm fatty acid weight) as cosolvent in a feeding
tank. The esterification reaction was carried out using a 5 cm stainless tube reactor
with a 4.57 mm inner diameter containing 0,328 g of Novozym 435. The mixture was
pumped through a column with flow rate 1.67 mg/sec. In order to investigate the
temperature effect, the reactions were conducted at 30, 40, 50, 60 and 65°C. All
products were collected at the outlet of the reaction tube after 24, 48 and 72 hours of

the reaction time for further FAMESs analysis.

2. Effect of a molar ratio of the palm fatty acid and methanol

The esterification was carried out using a 5 cm stainless tube reactor
with a 4.57 mm inner diameter contaming 0.328 g of Novozym 435. The mixture was
pumped through a column with flow rate 1.67 mg/sec. The reaction was performed at
50°C. The different methanol to oil ratios 1:1. 1:1.5, 1:2 and 1:3 using teri-butanol
(29% based on palm fatty acid weight) as cosolvent were used to investigate their
influence on the percentage of methyl ester. All products were collected at the outlet
of the reaction tube after 24, 48 and 72 hours of the reaction time for further FAMEs

analysis.

3. Effect of cosolvent on the esterification

A -2 molar ratio of palm fatty acid-and methanol were mixed well
with fert-butanol as cosolvent in a feeding tank. The esterification was carried out
using a 5 c¢m stainless tube reactor with a 4.57 mm inner diameter containing 0.328 g
of Novozym 435. The mixture was pumped through a column with flow rate 1.67
mg/sec. The effect of rert-butanol quantity on the esterification were conducted at 0,
14.5, 29 and 58% based on palm fatty acid weight at 50°C. All products were
collected at the outlet of the reaction tube after 24, 48 and 72 hours of the reaction

time for further FAMEs analysis.
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4. Effect of flow rate

A 1:2 molar ratio of palm fatty acid and methanol were mixed well
with fert-butanol (29% based on palm fatty acid weight) as cosolvent in a feeding
tank. The esterification was carried out using a 5 cm stainless tube reactor with a 4.57
mm inner diameter containing 0.328 g of Novozym 435. The mixture was pumped
through a column. The reaction was performed at 50°C. To investigate the effect of
flow rate, the reactions were conducted at 0.83, 1.67 and 3.33 mg/sec. All products
were collected at the outlet of the reaction tube after 24, 48 and 72 hours of the

reaction time for further FAMEs analysis.

5. Effect of amount of Novozym 435

A 1:2 - molap ratio of palm fatty acid and methanol were mixed well
with fert-butanol (29% based on palm fatty acid weight) as cosolvent in a feeding
tank. To investigate the effect of amount of Novozym 435, the reaction was
conducted at 0.328 and 0.656 g. The esterification was carried out using a 5, 10 cm
stainless tube reactor with a 4.57 mm inner diameter containing 0.328, 0.656 g of
Novozym 435. The mixture was pumped through a column with flow rate 0.83. 1.67
mg/sec. The reaction was performed at 50°C. All products were collected at the outlet
of the reaction tube after 24, 48 and 72 hours of the reaction time for further FAMEs

analysis.

3.4.2.2 Three column esterification process

Continuous flow esterification of palm fatty acid using Novozym 435
was shown in Scheme 3.20 The reaction was conduced at 50°C with three columns (5
cmx4.57 mm) in which 0.328 g of immobilized lipase was packed. A 1:2 ratio palm
fatty acid and methanol -and tert-butanol (29% based-on palm fatty acid weight) were
mixed well and then fed into the first column at a constant flow rate of 1.67 mg/sec.
The product, in which water/FAMEs mixture, was separated completely by
centrifuge. In the second step. 1 molar equivalent of methanol was added in the water-
free of the product. and then fed into the second column at the same condition. The
third step was performed in similar manner by feeding a mixture of the second step.
All products were collected at the outlet of the reaction tube after 24, 48 and 72 hours

of the reaction time for further FAMEs analysis.
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Fatty acid + MeOH + -BuOH

(new column) | Esterification

Product + H,0

Removal of water

Product

+1 mol of MeOH

(based on palm fatty acid weight)

Product + MeOH

Scheme 3.2 Diagram of three column esterification process

3.4.2.3 Operational stability of the immobilized lipase

The operational stability of the immobilized lipase is an important
parameter in an industrial process, since it directly affects the cost. A 1:2 molar ratio
of palm fatty acid and methanol and rer-butanol (29% based on palm fatty acid
weight) were mised well in a feeding tank. The esterification reaction was carried
using a 5 cm stainless tube reactor with a 4.57 mm inner diameter containing 0.328 g
of Novozym 435, The mixture ' was pumped through a column with flow rate 1.67
mg/sec. The reaction was operated at 50°C during 240 hours. The methyl ester (5 mg)

was subjected to 'H-NMR analysis.

3.5 Properties of biodiesel

The percentage of methyl ester, flash point and density tested by the
Department of Energy Business, Ministry of Energy, following EN14103, ASTM
D93 and ASTM D 1298.



CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Compositions of palm fatty acid

The palm fatty acid obtained from Oleen Co., Ltd. was used for the synthesis
of the biodiesel. The compositions of free fatty acid (FFA) of palm fatty acid were
determined by EN14103 and the results (Table 4.1) indicated that palmitic acid and

oleic acid were major components.

Table 4.1 Compositions of fatty acids in palm fatty acid (see details in Appendix B)

Fatty acid composition i Cand

(%)
Palmitic acid, C16:0 44.66
Stearic acid, C18:0 4.13
Oleic acid, C18:1 37.67
Linoleic acid, C18:2 9.80
Linolenic acid, C18:3 0.48
Arachidic acid, C20:0 0.32
Eicosenoic acid, C20:1 0.15
Eicosapentaenoic acid, C20:5 0.06
Lignoceric acid, C24:0 0.14
Others 2.59

The percentages of palmitic acid. stearic acid, arachidic acid and ligoceric acid
were 44.66. 4.13. 0.32 and 0.14%, respectively. The total of saturated fatty acids was
49.25%. The percentages of oleic acid, linoleic acid, linolenic acid, eicosenoic acid
and eicosapentaenoic acid were 37.67, 9.80, 0.48, 0.15 and 0.06%, respectively. The
total of unsaturated fatty acids was 48.16%. The calculated average molecular weight

of palm fatty acid was 270.44 g/mole (see details in Appendix B).
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4.2 Batch process
4.2.1 Biodiesel production from fatty acid using Novozym 435 in a solvent free

medium

4.2.1.1 Optimization of process parameter
I. Effect of reaction time
In the process of biodiesel production, reaction temperature, methanol
quantity and reaction time were found to be significant operating parameters, which
are closely associated with energy cosis from an economic perspective. In the
esterification reaction, biodiesel was performed at 55°C using a 2:1 ratio of methanol

and palm fatty acid and enzyme 15% (based on palm fatty acid weight).

00 0F 0 /0, 0-.000 0 nlq— Sterol ester

«—— FAME
<+— Triglyceride
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| ©
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| f | +—— Fatty acid

Std 0.5 1 23— 4 5 6.7 8h

Figure 4.1 TLC for monitoring the methyl ester at reaction time 0.5, 1, 2,3, 4,5,6,7

and 8 hours.

The results analyzed by TLC were shown in Figure 4.1. The changes in
product compasitions with reaction time and the distribution of various components in
the reaction system can be clearlycseen. TLC analysis showed that the free fatty acid
was converted rapidly to FAME “within 30 mmutes while the conversion was
relatively constant after 2 hours. The ester content increased when increasing reaction

time.
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Figure 4.2 Fifects of reaction time on esterification at 55°C.

Conversion of palm fatty acid analyzed by 'H-NMR were shown in Figure
4.2. The results showed that the reaction was very fast in a few minutes, more than
80% ester content was formed within 30 minutes. After that, the reaction slowed
down and entered a slow rate stage till the reaction equilibrium was reached
eventually. The highest percentage of conversion reached 90.9% at 4 hours .The
conversion of FAME was decreased after 4 hours. FFA increased again from
reversible reaction. The appropriate reaction time was 4 hours. Thus, the other

experiments were carried out at this appropriate time.

2. Effeet of alcohol type
Esterification of the palm fatty acid with primary (methanol, ethanel,
propanol, butanol) secondary (2-prapanol, 2-butancl) and tertiary (rert-butanol)
alcohols was investigated. The conditions of the esterification were as follows: 15%
enzyme- based on palm- fatty acid weight: a 1:2-molar ratio of palm fatty acid and
alcohol and temperature 55°C. Conversion of palm fatty acid analyzed by 'H-NMR

were shown in Figure 4.3 (see details in Appendix B).
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Temperature 55°C
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Figure 4.3 Eftect of'alcohol types on the esterification of palm fatty acid. The
conditions of the esterification were as follows: 15% enzyme based on
palm fatty acid weight: 1:2 molar ratio of' palm fatty acid and alcohol:

temperature 55"C.

Esterification of methanol and the palm fatty acids progressed faster than
other alcohol. The highest percentage of eonversion in the reaction reached 90.9%.
2-Propanol and 2-butanol are less active than methanol and ethanol for biodiesel
production. The percentage of conversion reached 66.3 and 36.6%. respectively. Due
to steric effect of secondary alcohols to enter the active site of enzyme was more
difficult than primary alcohols. For bulky alcohol such as rer-butanol was unreacted.
Increasing the carbon numbers of primary alcohols and secondary alcohols decreased
the percentage of conversion. Due to small size of molecule and higher polarity,
methanol may easily diffuse and access the lipase enzyme tesulting in higher reaction

rate [35].
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3. Effect of temperature

The reaction temperature is an important parameter in enzymatic catalysis.
Higher temperatures can give a faster transformation, but too high temperature will
lead to enzyme denaturing [36]. Because the appropriate temperature of the enzyme
range from 40 to 60°C and the melting point of the palm fatty acid is about 50°C, the
reaction temperatures were performed from 55 to 65°C and reaction times (0.5, 1, 2, 3
and 4 hours) were investigated in this experiments. The results were shown in Figure
43,44 and 4.5.

o Temperature 60°C _
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Figure 4.4 Effect of temperature on the esterification of palm fatty acid. The
eonditions of the esterification were as follows: 15% enzyme based on
palm fatty acid weight; 1:2 molar ratio of palm fatty acid and alcohol:

temperature 60°C.

At different temperatures, highest percentage of FAME (90.9%) was obtained
at. 55°C  after. the reaction time for 4 “hours. The optimal réaction temperature of
primary alcohols is lower than secondary alcohols. Due to the steric effect of
secondary alcohols, the percentage of conversion was low. Higher temperature can
improve the efficiency of reaction. Therefore, the optimal temperatures of primary

and secondary alcohols were 55°C and 65°C, respectively.
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Figure 4.5 Effect of temperature on the esterification of palm fatty acid. The
conditions of the esterification were as follows: 15% enzyme based on
palm faity acid weight; 1:2 molar ratio of palm fatty acid and alcohel;
temperature: 65°C.

4. Effect of the adsorbent quantity on the esterification
Since esterification of palm fatty acid produced water, which cause
reversible of the reaction, molecular sieve was used as adsorbents. Effect of different
amount of adsorbents on the esterification was studied. The amount of molecular
sieves were conducted at 0. 15. 30. 50, 80% based on palm fatty acid. In the
esterification reaction, biodiesel was produced by using methanol to palm fatty acid

ratio 2:1, enzyme to palm fatty acid ratio 15% w/w and temperature 60°C. The results

were shown in Figure 4.6.



48

100

a0

8
7
60 = :
0 15 30 50 80

Molecular sieve (%Yawiw)

% Conversion
o

(=]

Bo5hB1hB2h0O3hW4hN

Figure 4.6 Effect of the absorbent quantity on the esterification. The conditions of the
esterification were as follows: 15% enzyme based on palm fatty acid

weight; 1:2 molar ratio of palm fatty acid and alcohol; temperature: 65°C.

In the batch process. a little amount of water in the reaction did not affected to
the percentage conversion significantly. There was no much change in the percentage
conversion with molecular sieve 15% and percentage conversion decreased when
amount of molecular sieve more than 15%. The percentage conversion decreased
when increasing the amount of molecular sieve, Because molecular sieve can absorb

methanol in the reaction, it results in the lower percentage of conversion [27].

4.2.2 Esterification of palm fatty acid for biodiesel production with organic

solvent

1. Effect ‘of temperature
In the esterification, biodiesel was produced by using methanol to
palm fatty acid ratio 2:1 and 29% rers-butanol (based on palm fatty acid weight) and
enzyme 15% w/w (based on palm fatty acid weight). The reactions were conducted at

30, 40, 50 and 60°C. The results were shown in Figure 4.7.
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Figure 4.7 Effect of temperature on the esterification of palm fatty acid. The
conditions of the esterification were as follows: 15% enzyme and
tert-butanal 29% based on palm fatty acid weight: 1:2 molar ratio

of palm fatty acid and alcohol.

At different temperatures. highest percentage of FAME (84.8%) was obtained
at 60°C after the reaction time for 4 hours. When using fert-butanol as a solvent,
reaction temperature does not have much effect on increasing the percentage of
FAME. The percentage of FAME increased when increasing temperature and higher
temperature gave a faster transformation. Therefore, the optimal reaction temperature

is 60°C.

2. Effect of rert-butanol quantity on the estenfication
It has been confirmed in our study that rert-butanol .is inert in the
esterification of palm fatty acid for biodiesel production. In the esterification reaction,
biodiesel was produced by using a 1:2 molar ratio of palm fatty acid and alcohol and
enzyme 15% w/w (based on palm fatty acid weight). Different amounts of fert-
butanol were conducted at 0. 5. 10, 20. 40 and 80% based on palm fatty acid weight.

The results were shown in Figure 4.8.
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Figure 4.8 Effect of rerr-butanol quantity en the esterification. The conditions of the
esterification were as follows: 15% enzyme based on palm fatty acid

weight; palm fatty acid /alcohol molar ratio 1:2 and temperature 60°C.

At different amounts of fert-butanol, highest percentage of FAME (90.1%)
was obtained under the reaction time for 4 hours at 5% fert-butanol. tert-Butanol
could improve the solubility of methanol and reaction mixture. However, there was no
much increase in the percentage of FAME. A further increase of the tert-butanol
quantity would decrease the percentage FAME gradually, which might be due to the
dilution effect of the substrate with too much fert-butanol presenting in the system

[37].
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4.3 Continuous process
4.3.1 Biodiesel production from palm fatty acid using Novozym 435 in a solvent
free medium

4.3.1.1 Optimization of process parameter

1. Effect of temperature
The experimental results determined the effect of the temperature on
the reaction. The appropriate temperature to operate of the enzyme in the range from
40 to 60°C and the melting point of the palm fatty acid is about 50"C, the reaction
temperatures were performed from 50 to 65°C and reaction times (24, 48 and 72

hours) were investigated.
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Figure 4.9 Conversion of fatty acid versus reaction temperature at 50°C, 55°C, 60°C
and 65°C during 24,48 and 72 hours in a solvent free system.

From. 'H-NMR-analysis. the results were. shown in-Figure 4.9. At different
temperatures, the highest percentage of FAME (57.5%) was obtained at 50°C after the
reaction time for 24 hours. Conversions of fatty acid performed at 60 and 65°C were
similar. The conversion decreased when increasing temperature. Therefore, the
optimal reaction temperature was 50°C. At 50°C, the reaction time at 24, 48 and 72
hours gave 57.5%, 55.3% and 53.5% of conversion to methyl ester, respectively. The
conversion significantly reduced with time, which means that water produced by the

reaction stays in the column. This trend was expected because the presence of higher
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concentrations of water than needed by the enzyme drives the reaction toward

hydrolysis rather than esterification [28, 38].

2. Effect of a molar ratio of palm fatty acid and methanol
The results also showed that the optimal reaction temperature was
50°C. An important variable which affected % conversion of methyl ester was the
molar ratio of palm fatty acid to methanol. From 'H-NMR analysis the results were

shown in Figure 4.10.
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Figure 4.10 Conversion of palm fatty acid versus molar ratio of methanol and palm
fatty acid at 1:1, 1:1.5, 1:2and 1:3 during 24, 48 and 72 hours in a

solvent free system.

After esterification was performed for 24 hours at 1:2 molar ratio, the highest
percentage of conversion (57.5%) was obtained. The FAME was enhanced with the
increase of methanol molar ratio. At the 2 molar equivalents, the reaction gave higher
conversion than at one molar equivalent. Although the reaction at 3 molar equivalents
gave also higher conversion than at 1 molar equivalent, the conversion was less than
at 2 molar equivalents. This results indicated that more excess methanol caused
deactivation of enzyme. This result corresponds with the results obtained by
Watanabe et al. [26] who conducted the methanolysis of vegetable oil using the same

lipase and the lipase was inactivated irreversibly in the presence of >2 meolar
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equivalent MeOH. Therefore, the appropriate molar ratio of palm fatty acid and

methanol was 1:2.

3. Effect of flow rate
The effect of flow rate on conversion of palm fatty acid to FAME was
investigated at 1.67, 3.33 and 5.01 mg/sec using an optimal reaction temperature 50°C
and 2:1 molar ratio of methanol and palm fatty acid and the reactions were monitored

by 'H-NMR analysis.
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Figure 4.11 Conversion of palm fatty acid versus flow rate 1.67, 3.33 and 5.01

mg/sec during 24, 48 and 72 hours in a solvent free system.

From 'H-NMR analysis the results were shown in Figure 4.11. After
esterification was occurred for 24 hours at flow rate 1.67 mg/sec, the highest
percentage of conversion was obtained. The reaction time at 24, 48 and 72 hours gave
57.47%., 55.25% and 53.48% of conversion to methyl ester. respectively. The FAME
was increased with decreasing flow rate, indicating that a lower flow rate might
extend the contact time between substrate and enzyme and result in higher conversion
FAME. At flow rate 3.33 mg/sec, reaction time 24, 48 and 72 hours gave 44.8%,
42.6% and 40.9% of conversion to methyl ester. respectively. At increasing flow rate,
the substrate will only pass through the enzyme with less interaction with the enzyme,

consequently failing to bind at the enzyme active site. Hence, there is less contact
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between the substrate and enzyme active sites yielding lower FAME [34]. Therefore,

the appropriate flow rate was 1.67 mg/sec.

4. Effect of amount of Novozym 435
The effect of amount of Novozyme 435 on conversion of palm fatty
acid to FAME was investigated at 0.328 and 0.656 g using an optimal reaction
temperature 50°C, and 2:1 molar ratio of methanol and palm fatty acid. The reactions
were monitored by 'H-NMR analysis. From 'H-NMR analysis the results were shown

in Figure 4.12.
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Figure 4.12 Conversion of palm fatty acid versus amount of enzyme 0.328 and 0.656

mg/sec during 24, 48 and 72 hours in a salvent free system.

At 0.328 (5 cm column with mner diameter 4.57 mm).and 0.656 g (10 cm with
inner diameter 4.57 mm) of Novozym 435, the highest percentage of FAME was 57.5
and 62.1%, respectively. The pércentage of FAME obtained from the amount of 0.656
¢ enzyme was higher than 0.328 g by approximately 5%. It was observed that
increasing the column height does not have much effect on increasing the percentage
of FAME. The reason may be that water, which was the by-product from the reaction,
was produced in the column. When using a longer column, water quantity would
increase and was longer retain the column, thus inducing the hydrolysis reaction at the

end of the column. The hydrolysis reaction was shown in Figure 4.13.
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Figure 4.13 Hydrolysis of fatty acid methyl ester

4.3.1.2 Three-step esterification process

The reaction was conduced at 50°C with three columns (5 cm=4.57
mm) in which 0.328 g of immobilized lipase was packed. A mixture of palm fatty
acid and methanol with 1:2 molar ratio were fed into the first column at a constant
flow rate of 1.67 mg/sec. The product. in which water/FAMEs mixture. was separated
completely by centrifuge. In the second step | molar equivalent of methanol was
added in the water-free of the product and the substrate mixture was fed into the
second column at the same flow rate. The third step was similarly operated by feeding

a mixture of the second step. The reactions were monitored by 'H-NMR analysis.
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Figure 4.14 Conversion of palm fatty acid versus number of column during 24, 48

and 72 hours in a solvent free system.

From 'H-NMR the results were shown in Figure 4.14. The percentage of
conversion in the first. second and third column eluates at 24 hours of the reaction
was 57.5. 76.3 and 82.0%. respectively. The percentage of FAME from the second

and the third column increased about 20% and 5%. respectively. The cost of lipase
p 3 P
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accounts for a large part in the total cost of biodiesel production. Therefore, the
optimal condition for biodiesel production in a solvent free medium were temperature
at 50°C with three columns (5 cmx4.57 mm) in which 0.328 g of immobilized lipase
was packed, flow rate 1.67 mg/sec, palm fatty acid and methanol with 1:2 molar ratio

in the first column and 1:1 in the second and third column.

4.3.2 Esterification of palm fatty acid for biodiesel production with organic

solvent

4.3.2.1 Optimization of process parameter

I. Effect of temperature
The experimental results determined the effect of the temperature on
the reaction. In the esterification reaction, biodiesel was produced by using methanol
to palm fatty acid ratio 2:1 and 29% rerr-butanol (based on palm fatty acid weight).
The reaction temperatures were performed from 40 to 65°C and reaction times (24, 48

and 72 hours) were investigated. The reactions were monitored by 'H-NMR analysis.
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Figure 4.15 Conversion of palm fatty acid versus reaction temperature 30°C. 40°C.

50°C. 60°C and 65°C during 24, 48 and 72 hours in a cosolvent system.

From 'H-NMR analysis the results were shown in Figure 4.15. It has also been
found in our study that with rers-butanol existing in the system, much better stability

of the lipase could be achieved. At different temperatures, highest percentage of
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FAME (about 80%) was obtained at 50°C. Conversions of fatty acid performed at 30
and 40°C were similar while the conversion at reaction temperatures exceeding 50°C
was decreased. This indicated that conversion decreased with increasing temperature.
This result corresponds with the results obtained by Shimada et al. [36] who
conducted the methanolysis of vegetable oil using the same lipase. The optimal
reaction temperature was 50-60"C. The difference of conversion from reaction
temperature was analyzed via statistics in T-test. Based on a 95% confidence level,
the temperature at 40°C and 50°C were significant. At 50°C. the reaction time at 24,
48 and 72 hours gave 79.4%, 79.4% and 80.6% of conversion to methyl ester,
respectively. This demonstrated that the conversion was non-significant with
increasing time. Because water 1s soluble in the rerr-butanol, the negative effect
caused by water on lipase eatalytic activity could be eliminated. Thus, the optimal

reaction temperature is 50°C.

2. Effect of a molar ratio of palm fatty acid and methanol
Additionally, the results showed that the optimal reaction temperature was
50°C and important variable which affected “sconversion of methyl ester was the
molar ratio of palm fatty acid to methanol. The reactions were conducted at 1:1, 1:1.5,

1:2, 1:3 and 29% rert-butanol (based on palm fatty acid weight).
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Figure 4.16 Conversion of palm fatty acid versus molar ratio of methanol and palm
fatty acid at 1:1, 1:1.5, 1:2and 1:3 during 24, 48 and 72 hours in a

cosolvent system.
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From '"H-NMR analysis the results were plotted as shown in Figure 4.16. The
FAME was enhanced with the increase of methanol molar ratio. The percentage of
FAME obtained from a molar ratio of methanol and palm fatty acid at 1:2 and 1:3
were similar. The difference of conversion from molar ratio of methanol and palm
fatty acid was analyzed via statistics in T-test. Based on a 95% confidence level, the
molar ratio of palm fatty acid to methanol 1:2 and 1:3 were non-significant and the
percentage of FAME was about 80%. This study showed that one molar equivalent of
methanol to FFA has less capability compared with the excess methanol to protect
reversible reaction. At the 2 molar equivalents protected reversible reaction. The
presence of ferr-butanol could improve the selubility of methanol in the reaction
mixture, so lipase still maintained high activity even with much methanol present in
the system. For economical reasons. the appropriate condition for this process was 1:2
molar ratio of palm fatty acid to methanol which caused decreasing in production cost

and separated excess methanol.

3. Effect of rerr-butanol quantity on the esterification

It has been demonstrated that more than 1/2 molar equivalent methanol are
insoluble in vegetable oils and the immobilized lipases are easily inactivated by
contacting with insoluble methanol existing as drops in the oils. By-product water is
hydrophilic and insoluble in the fatty acid, the presence of higher concentrations of
water than needed by the enzyme drives the reaction toward hydrolysis rather than
esterification. rerr-Butanol has been demonstrated in our study as an ideal solvent for
lipase-catalyzed biodiesel production. With a certain amount of rert-butanol as the
reaction medium, both methanol and by-product water are soluble, so the negative
effect caused by methanol and water on lipase catalytic activity could be eliminated.

From "H-NMR analysis the results were shown in Figure 4.17.
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Figure 4.17 Conversion of palm fatty acid versus amount of rers-butanol at 0, 14.5,

29 and 58% during 24, 48 and 72 hours in a cosolvent system.

In lipase-catalyzed esterification of palm fatty acid for biodiesel produetion,
different amounts of reri-butanol were examined. Without rerr-butanol, the reaction
time at 24, 48 and 72 hours gave 57.5%, 55.3% and 53.5% of conversion,
respectively. The conversion was significantly reduced with time, which may be
caused by water remained in the column. This trend was expected because the
presence of higher concentrations of water than needed by the enzyme drives the
reaction toward hydrolysis rather than esterification. The percentage FAME increased
by adding rert- butanol into the reaction mixture. When the rers-butanol reached 29%
(based on the palm fatty acid weight), the highest conversion of 80% was obtained.
The presence of fert-butanol could improve the solubility of methanol in the reaction
mixture, 50 acitivity of lipasc was still maintained even with much methanol present
in the system. When more than 29% ferr-butanol was used, the percentage of
conversion decreased gradually, which was caused by the dilution of the reactants and
excessive fert-butanol. In comparison to a solvent free system, the stability of enzyme
was obviously improved in a reri-butanol system. Therefore, the appropriatel amount

of terr-butanol was 29%.



4. Effect of flow rate
The effect of flow rate on conversion of palm fatty acid to FAME was
investigated at 0.83, 1.67 and 3.33 mg/sec using an optimal reaction temperature 50°C
and 2:1 molar ratio of methanol to palm fatty acid, 29% tert-butanol based on the
palm fatty acid weight and the reactions were monitored by 'H-NMR analysis. From

'H-NMR analysis the results were shown in Figure 4.18.
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Figure 4.18 Conversion of palm fatty acid versus flow rate 0.83, 1.67 and 3.33

mg/sec during 24, 48 and 72 hours in a cosolvent system.

The velocity of substrates flow is an important parameter in the experiments.
The difference of conversion from flow rate was analyzed via statistics in T-test.
Based on a 95% confidence level, the flow rate 0.83 and 1.67 mg/sec were non-
significant and-the percentage of FAME was about 80%. The FAME was increased
with decreasing flow rate, indicating that a lower flow rate might extend the contact
time between substrate and enzyme and result in higher conversion FAME. The flow
rate of 3.33 mg/sec gave about 60% of conversion to methyl ester. With the increase
of flow rate, the substrate will only pass through the enzyme with less interaction with
the enzyme, consequently failing to bind at the enzyme active site. Hence, there is less
contact between the substrate and enzyme active sites yielding lower FAME. If the
flow rate is too high. the contact time of substrate on lipase will be too short and the
reaction will be incomplete. If the velocity is too low, the throughput of the reaction

will be little. Therefore, the optimal flow rate was 1.67 mg/sec.
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5. Effect of amount of Novozym 435
The effect of amount of Novozyme 435 on conversion of palm fatty acid to
FAME was investigated at 0.328 and 0.656 g using an optimal reaction temperature
50°C, 2:1 molar ratio of methanol to palm fatty acid and 29% tert-butanol (based on
palm fatty acid weight). The reactions were monitored by 'H-NMR analysis.
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Figure 4.19 Conversion of palm fatty acid versus amount of enzyme 0.328 and
0.656 g during 24, 48 and 72 hours at flow rate 1.67mg/sec in a

cosolvent system.

From '"H-NMR analysis the results were shown in Figure 4.19. The percentage
of FAME obtained from amount of enzyme 0.328 and 0.656 g were similar. The
difference of conversion from amount of enzyme was analyzed via statistics in T-test.
Based on a 95% confidence level. the amount of enzyme 0.328 and 0.656 g at flow
rate 1.67mg/sec were non-significant and the percentage of FAME was about §0%. It
was observed that increasing amount of enzyme does not have much effect on

increasing the percentage of FAME at flow rate 1.67mg/sec.
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Figure 4.20 Conversion versus amount of enzyme 0.328 and 0.656 g during 24, 48

and 72 hours at flow rate 0.83mg/sec in a cosolvent system.

From 'H-NMR analysis the results were shown in Figure 4.20. At the flow
rate 0.83 mg/sec, amount of enzyme 0.328 and 0.656 g gave about 80 and 85 of
conversion to methyl ester, respectively. The percentage of FAME obtained from
amount of enzyme 0.656 g was higher than 0.328 g about 5%. It was observed that the
ester content increased when increasing amount of enzyme. Based on a 95%
confidence level, the amount of enzyme 0.328 and 0.656 g at flow rate 0.83 mg/sec
were significant, It can be clearly seen effect of amount of Novozym 435 at flow rate
0.83 mg/sec because the lower flow rate might extend the contact time between
substrate and enzyme and result in higher conversion FAME. Amount of enzyme
related with production cost. Therefore, this study used 0.328 g of Novozym 435 as

optimal condition.
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4.3.2.2 Three-step esterification process

We attemped to carry out two types of the reaction (two-and three step
reactions) by considering the factors affecting esterification of palm fatty acid. In the
two-step esterification was conduced at 50°C with two columns (5 cmx4.57 mm) in
which 0.328 g of immobilized lipase was packed. A mixture of palm fatty acid and
methanol with 1:2 molar ratio and 29% rert-butanol (based on palm fatty acid weight)
were fed into the first column at a constant flow rate of 1.67 mg/sec. The product, in
which water/FAMEs mixture, was separated completely by centrifuge. In the second
step the water-free of the product and the substrate mixture was fed into the second

column at the same flow rate. The reactions were monitored by 'H-NMR analysis.

From 'H-NMR analysis in Table 4.2, the percentage conversion in the first and
second column eluates of the reaction was about 80 and 76%. respectively. The
percentage conversion from the second column decreased about 4%. This maybe

caused by the reversible reaction.

Table 4.2 The effect of two-step esterification on conversion by "H-NMR analysis in

a cosolvent system

Time~ | . column
(hours) 1 = 2
24 79.4% 76.9%
48 79.4% 76.3%
72 80.7% 76.4%

From two-step esterification (without methanol added. in the second step), the
percentage of conversion-decreased because of the reversible reaction causing a little
remaining ‘methanol in the reaction mixture. Therefore the three step esterification
was investigated. The reaction was conduced at 50°C with three columns (5 cmx4.57
mm) in which 0.328 g of immobilized lipase was packed. A mixture of palm fatty
acid and methanol with 1:2 molar ratio and 29% terr-butanol (based on palm fatty
acid weight) were fed into the first column at a constant flow rate of 1.67 mg/sec. The
product, in which water/FAMEs mixture, was separated completely by centrifuge.

In the second step | molar equivalent of methanol was added in the water-free of the

product and the substrate mixture was fed into the second column at the same flow
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rate. The third step was similarly operated by feeding a mixture of the second step.

The reactions were monitored by 'H-NMR analysis.
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Figure 4.21 Conversionversus number of column during 24, 48 and 72 hours in a

cosolvent system.

From 'H-NMR analysis the results were shown in Figure 4.21. The percentage
conversion in the first, second and third column eluates of the reaction was about 80,
88 and 92%, respectively. The percentage of FAME from the second and the third
column increased about 8% and 4%. respectively. The cost of lipase accounts for a
large part in the total cost of biodiesel production. Therefore. the optimal condition
for biodiesel production in a solvent medium were temperature at 50°C with three
columns (5 cm=4.57 mm) in-whieh 0.328 g of immaobilized lipase was packed. flow
rate 1.67 mg/sec. palm’ farty ‘acid ‘and methanol with a 1:2 ‘molar ratio in the first

column and 1:] in the second and third column.

4.4 Operational stability of the immobilized lipase
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The operational stability of the immobilized lipase is an important parameter
in an industrial process, since it directly affects the cost. To compare the stability of
the immobilized lipase in a solvent free system and a cosolvent system was
investigated. Palm fatty acid and methanol with a 1:2 molar ratio (using -BuOH 29%
based on palm fatty acid weight in a cosolvent system) were mixed well in a feeding
tank. The esterification was carried out using a 5 ¢cm stainless tube reactor with a 4.57
mm inner diameter containing 0.328 g of Novozym 435. The mixture was pumped
through a column with flow rate 1.67 mg/sec. The reaction was operated at 50°C with

stir during 240 hours. The reactions were monitored by 'H-NMR analysis.
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Figure 4.22 Conversion versus reaction time during 240 hours in a solvent free

system and a ¢osolvent system.

From "H-NMR analysis, the results were plotted as shown in Figure 4.22. In a
solvent free system, the esterification reached equilibrium at 1 hour and the
percentage of conversion was about 57%. After that the percentage of conversion
significantly reduced with time. In a cosolvent system, the esterification reached
equilibrium at 1 hour and the percentage of conversion was about 80%. The
operational stability of the immobilized lipase in a cosolvent system is longer than
240 hours, which maintained 79-81% of conversion to methyl ester during all

experiment. In the solvent free system. water produced by the reaction stays in the
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column. The presence of higher concentrations of water than needed by the enzyme
drives the reaction toward hydrolysis rather than esterification. In fert-butanol system
which is a moderate polar solvent, both water and MeOH are soluble in fert-butanel
solvent, the negative effect caused by water on lipase catalytic activity could be
eliminated. This result corresponds with the results obtained by Royon et al. (2007)
also reported the stability of immobilized lipase is longer than 500 hours without
appreciable loss in substrate conversion, for the transesterification of cotton seed oil
with methanol in tert-butanol system using. A thermostatized column containing a

mixture of Novozyme 435 plus mill glass was used as the fixed bed reactor.

4.5 Properties of biodiesel

The characteristics of biodiesel produced from palm fatty acid by three-step
esterification. In a solvent free and cosolvent system were comparable to that of
standard biodiesel as shown in Table 4.3. The comparison of these properties with
American standards for biodiesel (ASTM D6751-02) shows the density and flash
point are in range of fuel properties prescribed in standard biodiesel, except
percentage of methyl ester (See details in Appendix A).

Table 4.3 Properties of biodiesel

Fuel property Standard biodiesel | Biodiesel ina | Biodiesel in
ASTM D6751-02 solvent free a cosolvent
Methyl ester, %wt ) > 96.5 77.5 91.7
Density at 15°C, kg/m’ 0.86:0.90 0.8784 0.8780
Flash Point (“C) 100-170 =130 >130




CHAPTER V

CONCLUSION AND SUGGESTION

5.1 Conclusion

Lipase-catalyzed biodiesel production from palm fatty acid with the linear and
branched alcohols was investigated. Among several short chain alcohols, methanol
gave the highest conversion. Primary alcohols gave higher conversion than secondary
alcohols. The reason could be due to secondary alcohols reacted slower than primary
alcohol. Increasing the carbon numbers of primary alcohols and secondary alcohols
decreased the percent conversion of'the free fatty acids. Due to small size of molecule
and higher polarity, methanol might easily diffuse and access to active site of the
lipase enzyme resulting in higher reaction rate. For bulky alcohol such as tert-butanol

as bulky alcohol, there was no reaction,

The amount of molecular sieves were conducted at 0, 15, 30, 50, 80% based
on palm fatty acid. The results showed that a small amount of water in the reaction
did not affected to the percentage conversion significantly. There was no much
change in the percent conversion with molecular sieve. The percent conversion
decreased when increasing the amount of molecular sieve. Because molecular sieve

may absorb methanol in the reaction, it results in the lower percent conversion.

Activity of Candida antarctica lipase may be reduced in the continuous
production of biodiesel from palm fatty acid in a solvent free system and FAME was
obtained 62.1% at the appropriate condition (reaction temperature 50°C, flow rate
1.67 mg/sec, palm fatty acid/methanol molar ratio of 1:2 and Novozym 435 0.656 g

(column length 10cm).

tert-Butanol could improve the solubility of methanol and reaction mixture, so
lipase still maintained high activity even high amount of methanol present in the
system. In the presence of this solvent, high reaction rates are obtained. The quantity

of enzyme needed to catalyze the reaction within a reasonable time periods is lower
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than the solvent free system. The appropriate conditions for synthesis were as follows:
reaction temperature 50°C, flow rate 1.87 mg/sec, and methanol to palm fatty acid
ratio 2:1 and tert-butanol 29% based on palm fatty acid weight. The highest
conversion ratio of the FAME from one-step and three-step under the optimal
condition was 80% and 92%, respectively. The lipase catalyst could be used for =240

hours without decrease of the activity.

Biodiesel properties were analyzed including %methyl ester, flash point and
density which were in range of fuel properties prescribed in standard biodiesel, except

percentage of methyl ester which less than limit of fuel property.

The enzymatic process established in this study has the following advantages:
the immobilized lipase can be used for a long period so that the production costs are
reduced. In addition, the process is advantageous in the following respects: the
reaction temperature of lipase-catalysis process is lower than alkali-catalysis process,
therefore the energy for heating can be saved; a process to remove the acid catalyst is
not necessary; and by product, water, is easily separated from the products. These
advantages indicate that this enzymatic system is cco-friendly and may be applicable

to an industrial process for the production of biodiesel fuel from palm fatty acid.

5.2 Suggestion

Palm fatty acid which was a by-product from palm oil production is an
interesting raw material for use in the industrial biodiesel production. However, the
production cost of lipase catalyst is significantly higher than an alkali. Reducing the
cost of lipase can use genetic engineering technology, such as by developing lipases

with high levels of expression or stability towards methanol.
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Appendix A

I. Report of analysis of biodiesel three step esterification from palm fatty acid in

a solvent free system.
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2. Report of analysis of biodiesel three step esterification from palm fatty acid in

a cosolvent system.
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3. Data sheet of Novozym 435

novoe ‘:,-'['I'hh

Novozym® 435

Valid from 13-Oct-2006

Product Characteristics:

Enzyme Class
Declared activily

Colour

Phiysical form
Approximate Density (g/mi)
Carrior

Preservatives

Froduchon organism

Product Specification:

Propyl Laurate Unit PLU
Loss on Drying 105 C

Packaging:

Recommended Storage:

Besl before

Slorage temperaturs
Storage Conditions

Lipase

10000 PLUg

Off-wtute:

Cologr gan vary from balch 1o batch. Colour infensity is not an
ind catien of enzyme achv ity

framobelized Geanualflo

oan

Aciyho resa

Polassium Ssorbale

Sodwm Benzoate

Bospargilas moes

Produced by submemged lermanialion of & ge il modiled
micro'organism The enzyme pradedn, which in itssl is nol
genglically modified 18 separated and puiified from the produclion
oraAnism

Lower Limit Upper Limit Unit
10000 fa
=50 b}

See the standard packaging list for more iniormation.

When slored as recommended, the product is best used within 6
manths from date of delivary

0-25°CA32°F-17T°F)

I enbroken packaging -dry and-prolecied from the sun. The
product has been formulaled for gptimal stability. Extended storage

of adverse candibons such as higher tempearaturd or highar
humidity may lead lo a higher dosage requirgment
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Safety and handling precautions:
Enzymes are proteins. Inhalation of dust or aerosols may induce sensilization and may cause allergic
reactions in sensilized individuals, Some enzymes may inlale the skin, eyes and mucous membranes upon
protonged contact. Powdered enzymes are readily inhaled and should be handled only with specific
precautions o prevent inhalation of dust. All eguipment and handing procedures must be designed lo
control airborme dust. Personal respiralory protection is recommended in all cases where full dust control is
not secured . All spills, however minor, should be removed immedately. Use respiratory peotection. Major
spills should be carefully shovelled into plastic-lined containers. Minor spills and the remains of major spills
should be removed by vacuum cleaning or flushing with water {avod splashing). Vacuum cleaners and
central vacuum systems should be equipped with HEPA fiters. Wear suilable prolective clothing, gloves and
eye/face prolection as prescribed on (he warning label. Wash contaminaled clolhes. A Material Salety Data
Shl;eu [ Wﬂm all products. See (he Safety Manual for further information regarding how to handle
the product safaty,
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Appendix B

CALCULATIONS

1. Composition of fatty acid in palm fatty acid

ek
0

i

[
L]
0
am

0] b,

HETS
(-]

where
Mira = Z [(MW of fatty acids x % fatty acids)
total of fatty acids {only fatty acid)

S0,  Myra=[(256.43x44.66) + (284.48x4.13) + (282.46x37.56) +....]
97.41

= 270.44 g/mol
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2. Calculation of %econversion of biodiesel from palm fatty acid with primary

and secondary alcohols

n "y e (11 B e LT an

'H NMR spectrum of palm fatty acid

_Mu ]

Yeconversion = integration of methoxy group per one mole equivalent

integration of methylene group per one mole equivalent

CH;00CCH; =~

I
i

077

'H-NMR spectrum of the reaction mixture of palm fatty acid and MeOH

vaconversion = (1/3)/(0.77/2)x 100 = 86.84%
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'H-NMR spectrum of the reaction mixture of palm fatty acid and EtOH

%conversion = (1/1.19)x 100 = 84.03%
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'H-NMR spectrum of the reaction mixture of palm fatty acid and PrOH

Seconversion = (1/1.19)= 100 = 84.03%
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3. Calculation amount of enzyme in the column

Density of enzyme = 0.4 g/cm’

Inner diameter Of the column = 0.4572 cm.

In the column 5 cm. (height)

V=[Ir’h
=3.14x(0.2286)" x5
=0.82¢m’

Enzyme 1ml use 0.4 g

Enzyme 0.82ml  use0.4x0.82=0.328¢g
. In the column 5 cm. has 0.328 g of enzyme

In the column 10 cm. (height)

vV=[Ir’h
=3.14x(0.2286)" x10
=1.64cm’

Enzyme | ml use.4g

Enzyme |.64 ml use 0.4x1.64=0.656g
. In the column 10 em. has 0.656 g of enzyme

2. %Methyl ester content from GC

85

%Methyl ester content from GC of palm fatty acid can be calculated this

equation

Al

Ai = Peak area of internal standard

LA = Total peak area

12034.7 - 2468.71 | 10.085x5
= 4 = ]{]ﬂ
2468.71 251.68
=77.53%

T ,aj x CxV x 100 %  C =Concentration of standard
i m V = Volume of standard

m = Amount of sample
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