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ABSTRACT

Fatty acid ethyl ester (biodiesel) was produced by transesterification reaction of
used palm oil and ethanol in batch and continuous systems using immobilized lipases. Four
commercial lipases, three of them are free lipases, Lipase PS, Lipase AK and Lipase AY from
Pseudomonas cepacia, Pseudomonas fluorescens and Candida rugosa, respectively, were
immobilized on accurel EP100 and one of commercial immobilized lipase, Lipozyme TL IM from
Thermomysis lauginosa, were screened. The results showed that Lipase AY and Lipase AK were
suitable for ethyl ester production due to its high activity for hydrolysis and transesterification,
respectively. The mixed enzymes Lipase AY and Lipase AK gave 89% of ethyl ester under the
optimum condition: the ratio of Lipase AY and Lipase AK of 1:1, the amount of mixed
immobilized enzymes of 10%, water content of 2% and molar ratio of ethanol/oil at 3:1 incubated
at 45 °C for 12 h. The highest yield of ethyl ester of 97% was obtained when ethanol addition
was applied in three steps. The reusability of mixed immobilized lipases was tested. It was found
that the mixed immobilized lipases produced ethyl ester more than 50% in 12 replicates.
Continuous production by the mixed immobilized lipases in  packed-bed column produced only _
20% of ethyl ester. While the separately packed column of Lipase AY and Lipase AK was more
suitable for ethyl ester production. The used palm oil was hydrolyzed well by the column of
Lipase AY which gave 60% of free fatty acid. The products from column of Lipase AY were
further catalyzed by the column of Lipase AK and 70% of ethyl ester was obtained. Fatty acid
ethyl ester from the used palm oil was purified by silica gel and the excess ethanol was removed
using rotary evaporator. The analysis for biodiesel properties showed that the viscosity of
produced cthyl ester was 5.66 ¢St {at 40 °C) and flash point, cloud point and pour point were 120,

8 and 6 °C, respectively.
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Table 1. Technical properties of biodiesel.

Property

Characteristic

Common name

Common chemical name
Chemical formula range
Kinematic viscosity range (mmzfs, at313 K)
Density range (kg/ms, at 288 K)
Boiling point range (K)

Flash point range (K)

Distillation range (K)

Vapor pressure (mm Hg, at 295 K)
Solubility in water

Physical appearance

Qdor

Biodegradability

Reactivity

Biodiesel (bio-diesel)

Fatty acid {m)ethyl ester

C,,-C,, methyl esters or C; , H,, ,,O,
3.3-5.2

860-894

>475

430-455

470-600

<5

Insoluble in water

Light to dark yellow, clear liquid
Light mosty/scapy odor

More biodegradable than petroleum diesel

Stable, but avoid strong oxidizing agents

Au1: Aauaa9n Demirbas (2008)
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Table 2. Physical and chemical properties of biodiesel from different oils.

Vegetable oil Kinematics  Cetane Lower Clond  Flash Density Sulfur
Methyl ester viscosity number heating  point point €A} (wt %)-
(mm’/s) value () ()
(M)
Peanut 4.9(37.8C) 54 33.6 5 176 0.883 -
Soybean® 4.5(37.8C) 45 33.5 1 178 0.885 -
Soybean” 4.0(40C) 45756 327 . - 0.880(15 C) -
Babassu 3.6(37.8C) 63 31.8 4 127 0.879 -
Palm" 5.7(37.8C) 62 335 13 164 0.880 -
Palm" 43-4.5(40C) 64370 324 - - 0.872-0.877(15 C) -
Sunflower 4.6(37.8°C) 49 33.5 1 183 0.860 -
Tallow - - - 12 96 - -
Cottonseed 6.8(21°C) 51.2 - - 110 . -
Safflower - 498 - - 180 - -
Rapeseed 42(40C)  51-597 328 - - 0.882(15C) -
Used rapesced 9.48(30°C) 53 36.7 - 192 0.895 0.002
Used corn oil 6.23(30°C) 63.9 423 - 166 0.884 0.0013
Diesel fuel 12-3.5(40'C) 51 35.5 - - 0.830-0.840(15C) .
JIS-2D (Gas 2.8(30°C) 58 42.7 - 59 0.833 0.05
oil)

* . The reaction that used the same raw material but different conditions.

M1 Aaula991n Fukuda tiazane (2001)



Table 3. Standard specification for characteristics and quality of fatty acid methyl ester as biodiesel

fuel 2009.

No. Property Level Unit Test method

1 methyl ester = 96.5 % wt EN 14103

2 density at 15 °C 860-900 kg/m3 ASTM D 1298

3 viscosity at 40 °C 3.5-5.0 St ASTM D 445

4 flash Point >120 °C ASTM D 93

5 sulphur < 0.0010 % wt ASTM D 2622

6 carbon residue, on 10% <030 Yowt ASTM D 4530

7 cetane number =z 51 ASTM D613

8 sulphated ash < 0.02 Yowt ASTM D 874

9 water £0.050 Yo wit EN 150 12937

10 total contaminate <0.0024 % wt EN 12662

11 copper strip corrosion < No.1 No. 1 ASTM D 130

12 oxidation stability at 110 °C 210 hours EN 14112

13 acid value < 0.50 mgKOH/g  ASTM D 664

14 iodine value <120 g lodine/100g EN 14111

15 linolenic acid methyl ester <120 % wt EN 14103

16 methanol =< 0.20 % wt EN 14110

17 monoglyceride < 0.80 % wi EN 14105

18 diglyceride <0.20 % wt EN 14105

19 triglyceride < 0.20 % wt EN 14105

20 free glycerin < 0.02 % wt EN 14105

21 total glycerin <025 % wt EN 14105

22 Group 1 metals (Na+K) <50 mg/kg EN 14108 and
EN 14109

group II metals (Ca+Mg) =50 mg/kg pr EN 14538
23 phosphorus <0.0010 % wt ASTM D 4951
24 additive follow by department of energy business

* : Alternative method could be used.

Yn: AIugININGI (2552)
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(@ CH,—OCOR! CH,0OH RICOOCH,
| 2 Catalyst N
CH—OCOR? + 3CH,OH —/——— CHOH + R2COOCH,
| |
CH, —OCOR? CH,0H R*COOCH,
Triglyceride Methanol Glycerol ~ Methyl esters

(b) Triglyceride + R!OH <——— Diglyceride + RCOOR!

Diglyceride + R'OH ———— Monoglyceride + RCOOR!

Monoglyceride + R'OH <———  Glycerol + RCOOR!

Figure 1. Transesterification of triglyceride and alcohol.
a: General equation for transesterification
b: Sequences of reactions
R: alkyl group

f17: Meher azang (2006)
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Figure 2. Production of biodiesel by alkali process.

e Ranganathan {lagae (2008)

Rapeseed oil

l<——sc McOH

—» Methyl esterification

|

<Standing separation>> (30 min)

!

-«

[Upper] [Lower]
Evaporauox> <Ev¢1porauon
of MeOH t MeOH
(90°C, 20 min
Methyl esters Glycerin

Figure 3. Schematic process of biodiesel fuel production by supercritical method.

SC MeOH = Super Critical Methyl alcohol

111 : Saka 1ay Kusdiana (2001)
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Table 5. Comparison of the different technologies for biodiesel production.

Alkali Lipase Supercritical Acid
Variable
Catalysis catalysis aleohol catalysis
-Reaction temperature ("C) 60-70 30-40 239-385 55-80
-Free fatty acids in raw Saponified Methyl esters Esters Esters
materials products

-Water in raw materials Interference with

No influence

Interference

the reaction with reaction
~Yield of methyl esters Normal Higher Good Normal
-Recovery of glycerol Difficult Easy - Difficult
~Purification of methyl Repeated washing None - Repeated
esters washing
-Production cost of Cheap Relatively Medium Cheap
catalyst expensive
1'?'.;111: Machetti tinzasie (2007)
Lipase+MeOH
\ 4
Oil Transesterification » Separation of reaction mixture
b h 4
Upper phase Lower phase
y
Methyl esters Glycerol

Figure 4. Flow diagram of biodiesel production using the lipase-catalysis processes.

#117: Fukuda taznmue (2001)
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Fukuda wazaae 2001) 1dwisnisldiewlsi laaiiludnsalfasoesniu 2
wupdoiuie ns 1wl lanlafiegmousnimadiaznsideu laflonlafogmutumad -
231 mslewlanilan)afiegnioveniasad (extracellular lipase)

= -%.4

ms teulsllanafiognouenaad iumsiuewlanilawafsdunidden
ponuenwadutlfalsz Tomnd Tﬂuﬁﬁﬁyﬁﬂ'ﬂﬁﬁmau‘lmﬁv"i"lﬁﬂzﬁmmn?fmﬁ(qquazmmmmnﬂu
aanzlumsyiml§ise 18ionduen lod lanlafegnoluaadedunid desvnldintuasuy
vosmslfuSgniuaginnedatudimgs uaiidedvienssu3smsnamen lsifnasfunsy

aataaslunng 5

Cultivation » Separation » Purification of lipase Immobilization of lipase
- extraction - cross-linking
- adsorption > - covalent bonding
- chromatography - entrapment etc.
- crystallization etc.
L 4

Methanolysis

Figure 5. Lipase production process for methanolysis with extracellular lipases.

#17: Fukuda IDEAME (2001)

2.3.2 nﬁﬁ'mullmu“lanlﬁﬁi»)gimzﬂuwmf (intracellular or whole cell biocatalyst)

= ada

ms dieulallawlafiogmotumad dunsinwaddunidingaen s lanle
n sz Tenilunsndalulefimalaonisadadausad 13 ofmysfiduTagausssumi
(Biomass Support Particles: BSPs) 34335t oafions i smsniaa nnsontldhonuuuuindn
ﬁ"qu,ﬂu"lmﬁﬁmmmﬁ’aqa waideidvinnuuignivesewladeedinhuuuisnuazasnaugy
annzveansiizoiin ldnnnd ilesnndesmuguaniz Iddaradannsonsanimey

¥ ’
18uazIion i luduaaddsannsorinanls sunsumsidiaaidanini 6

Cultivation &

Methanolysis

A 4

Immobilization (BSPs) »  Separation

Figure 6. Lipase production process for methanolysis with intracellular lipases.

1307; Fukuda uazanie (2001)
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Table 6. Sample of commercialized lipases.

Type Source Another name Company
Mammalian lipase
PPL Porcine pancreas Amano, Sigma, Fluka, Boehring
Mannhein
CE Pancreatic cholesterol Genzyme, Sigma
(BSSL) esterase
Fungal lipase
CRL Candida rugosa Candida cylindracea  Altus Biologics, Sangyo, Amano,
Boehring, Mannheim
CAL-A Candida antartica A Boehring Mannheim, Novo Nordisk
CAL-B Candida antartica B Boehring Mannheim, Novo Nordisk
CLL Candida lipolytica Amano
GCL Geotrichum candidum
HLL Humicola lanuginosa ~ Thermomyces 1. Boehring Mannheim, Novo Nordisk
PcamL  Penicillium — P. cyclopium Amano
camembertii
ROL Rhizopus oryzae R. javanicus, Amano, Fluka,
R. delemar, R. niveus  Sigma Seikagaku Kogyo Co
ANL Aspergillus niger Amano
ProgL  Penicillium roqueforti Amano
Bacterial lipase
PCL Pseudomonas cepacia  Burkholderia cepacia  Altus Biologics, Amano, Boehring
Mannheim, Fluka, Sigma
PCL- Pseudomonas cepacia Amano
AH
PFL Pseudomonas Amano, Biocatalysts Ltd.
Sfluorescens
Pfragil. Pseudomonas fragi Wako Pure Chemical
CVL Cromobacterium- Sigma, Genzyme, Asahi
viscosum
Pseudomonas sp. Pseudomonas glumae  Chemical, Biocatalysts Ltd., Amano
BTL2 . Bacillus- Boehring Mannheim
thermocatenulatas
Alcaligenes species Meito Sangyo

u: Kazlauskas lag Borscheuer {1997)
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i. Hydrolysis:
RCOCR’ + H,0—RCOOCH + R’OH
ii. Esterification:
RCOOH + R’OH—RCOOR’ + H,0
iii. Transesterification:
(1). Interesterification
RCOOR’ + R*’COOR* —RCOOR* + R”’COOR’
(2). Alcoholysis
RCOOR’ + R”’OH—RCOOR”’ + R’OH
(3). Acidolysis
RCOOR’ + R”’COOH—R”’COOR’ + RCOOH

Figure 7. Lipase catalyzed reactions.
i1 Gandhi (1997 812199 Reis ef al. 2009)
o Tl Towlendhuen lmifazawhamisnswjnsowesdumami hiagao

1 4 » [ ¥ ¥
i duegfianuasdmsluaneiliduas hifidy  Taouur Iuvesmsisalfisoziigslu
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Views

r ?ait . \\w,

Front view Top view

Candida
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lipase B
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lid—= =—B5-loop
Human

pancreatic
lipase

B5-loop
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Fugosed
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Eor

Figure 8. Shape of the binding site of lipases. {a) Orientation of the cross-sections which are planes
perpendicular to the paper plane and indicated by a straight line. The direction of the view
is indicated by an arrow. A number indicates the length of the longest fatty acid which
completely binds inside the binding pocket.

N1 pan1ladnn Pleiss tazame (1998)
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OH
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—00 ~—OH
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a) 1,3 selectivity O = oleic acid
b} 2 selectivity P = palmitic acid

¢) selectivity towards unsaturated fatty acids
d) selectivity towards saturated fatty acids

Figure 9. Hydrolysis of 1, 2-dipalmitoyl-3-oleoyl-rac-glycerol or 1,3-dipalmitoyl-2-oleoyi-glycerol by
crude lipase from Geotrichum sp.

fN7: Stransky HAZAME (2007)
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(I:H‘_)_OOCR ([:H‘ZOH
HOw»t=—H RCOO=t=H
1
CH,0H CH,OH
I-monoacyl-sa-glycerol 2-monoacyl-sr-glycerol
(1-MAG) (2-MAG)
{;HzOOCR (13 H,O0CR
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| 1
CH,OH CH,00CR’
1.2-diacyl-sn-glycerol 1.3-diacyl-sn-glycerol
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R'COO=i-=H 'Cl)
CH,0 ~P-0X
o

phosphatidylcholine X = CH,CH;N*(CHy)s
phosphatidylethanolamine X = CH;CH;N'H,

Figure 10. Structure and stereospecific numbering (sn) of acylglycerols.

Au: Scrimgeour (2005)
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Table 7. Specificity of lipases from different sources to types and position of fatty acid of triglyceride.

Source of lipase

Fatty acid specificity

Positional specificity

Microorganisms
Aspergillus niger
Candida antarctica
Candida rugosa (syn. C. cylindracea)
Chromobacterium viscosum
. Rhizomucor miehei
Penicillium roquefortii
Pseudomonas aeruginosab
Pseudomonas fluorescens
Rhizopus delemar
Rhizopus oryzae
Plants
Rapeseed (Brassica napus)”
Papaya (Carica papaya) latex”
Animal tissnes
Porcine pancreatic

Rabbit gastric’

S,M, L
S>M,L
S,L>M
S,M,L
S>M,L
S,M>>L
S,M,L
S,L>M
S,M,L
M,L>S

S>M,L

S>M,L
S,M,L

sn-1,3 >> sn-2
sn-3

sn-1,2,3
sn-1,2.3
sn-1,3 >> sp-2
sn-1,3

sn-1

sn-1,2,3
sn-1,2.3

sn-1,3 >>sn-2

sn-1,3 > sn-2

sn-3

sn-1,3

sn-3

*+'8, short chain; M, medium chain; L, long chain

®. Data from Villencuve ef al. (1995)

®: Data from Hills and Mukherjee (1990)

¢ Data from Villeneuve ef al. (1995)

#in1: Al in Godfrey (1995 §19 Ao Wamer, 2008)



Table 8. Major specificities of lipases and their applications.

Specificity Lipases

Production of

Regio specificity

1,3-Regio specific  Rhizomucor miehei
Rhizopus oryzae
Rhizopus arrhizus

Rhizopus delemar

Rhizopus niveus
Porcine pancreatic
lipase

Non-specific Candida rugosa
Chromobacterium
VISCOSUm
Pseudomonas
fluorescens
Pseudomonas cepacia

Fatty acid specific

Long chain poly- Geotrichum candidum
unsatrated acids Candida rugosa
Saturated acids Fusarium oxysporum
cis-A9 unsaturated  Geotrichum candidum B
acids

Short acids Cuphea sp.

Acylglycerol specific

Monoacylglycerols  Potato acylhydrolase
(patatin)

Mono- and Penicillivin camembertii

diacylglycerols
Penicillium cyclopinm M1
Fusarium sp.
Triacylglycerols Penicillium roquefortii

Penicillium cyclopium M1
Penicillium expansum

triglyceride synthesis

1,2(2.3)-diglycerides by triglyceride
hydrolysis

1,3-diglyceride by fatty acid
(directed) esterification

2-monoglycerides by triglyceride
hydrolysis _
1(3)-monoglycerides by fatty acid
esterification

fatty acid production by hydrolysis

mono- and diglycerides by directed
glycerolysis

Selective hydrolysis

Selective hydrolysis
Selective hydrolysis

Selective hydrolysis

Monoglycerides by fatty acid
esterification

Mono- and diglycerides by fatty
acid esterification

1.2-Diglycerides by triglyceride
hydrolysis or alcoholysis

#i1n: Diks 11a¢ Bosley (2000)
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Table 9. Source of free and immobilized lipases used for biodiesel production.
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Commercial
Lipase source Supplier Support Reference
name
Candida antarctica SP435 Novo Acrylic resin’  Nelson et al., 1996
Novozym 435 Novo Acrylic resin™  Shimada ef al., 1996
Chirazyme L-2 Roche None Lee et al., 2002
Candida cylindracea OF Meito Sangyo None Lara and Park 2004
Candida rucosa - Meito Sangyo None Kaieda et al., 2001
Chromobacteriun - Asahi Celite-545" Shah et al., 2004
viscosum
Cryptococcus spp. S-2 Lipase produced None Kamini and lefuji
in the researcher’ 200!
laboratory
Pocine pancreatic - Sigma Anion exchange
resin Yesiloglu, 2004
Pseudomonas cepacia PSS Amano Sol-get matrix . Noureddini ef al.,
2005
PS Amano None Kaieda et al_, 2001
PS-30 Amano None Abigor et al., 2000
PS-30 Amano Pyllosilicate Hsu et al., 2002
sol-gel matrix ©
PS-D Amano Diatomaceous Salis et al., 2005b
e arth(a}
Pseudomonas - Rhom GmbH None Mittlebach, 1990
fluorescence AK Amano None Kaieda et al., 2001
AK Amano Porous Iso et al., 2001
kaolinite"
AK Amano Polypropylene Soumanou and
EP100" Bornscheuer, 2003b
Mucor Miehei Lipozyme IM60 Novo Anjon exchange Nelson et al., 1996
resin”
Rhizopus oryzae F-AP15 Amano None Kaieda er al., 1999
Thermomyces Lipozyme TLIM  Novo Acrylic resin®  Du et al,, 2003
lanuginosa - Novo Pyllosilicate Hsu et al., 2004b

sol-gel matrix"

. Commercially available immobilised lipases.

®, - . - . . .
: Lipases immobilised by researchers in their own laboratories.

b: reference no.2

711 Salis BazAue (2007)
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Carrier
Properties form, shape,
pore size, patlicle size

development

rosuireatment . / Condition
pH ripping, consecutive pH, lonic strength,
modification, washing, Temperature, loading and

binding chemistry

Figure 13, Illustration of general procedures for enzyme immobilization.

31: Cao (2005)
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Table 10. Granulometric analysis of different accurel materials.

Average pore

Particle size' N Range pore
Accurel sample Span diameter
{pm) diameter (pm)
(nm)
Accurel EP 100, <200 um 200 1.1 9° 417"
Accurel EP 100, 200-350 um 230 1.0 1° 8-15°
Accurel MP 1001, 400-1000 pm 440 0.81 23 12-35
Accurel MP 1000, <1500 pm 610 1.5 25" 12-35°

* Determined by laser light scattering, presented as the volume median diameter d(0.5).
® Size distribution is expressed as span = d(0.5)/[d(0.9) - d(0.1)].

* Measured manually on SEM picture with magnification 500x.

"Measured on SEM picture with magnification 100x.

131: Sabbani (lasANE (2006)
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Figure 14. SEM of Accurel EP 100 in different particle sizes (p).
A : p <200 pm at a magnification of 25x
B: p <200 pm at a magnification of 500%
C:p 200-350 pm at a magnification of 500x

u: AAL)ag91n Sabbani ttazAME (2006)
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Table 11. Structure, systematic, trivial, and shorthand names of some common fatty acids.

Structure

CH,(CH,),COOH
CH,(CH.),,COOH

CH,(CH,),,COOH
CH,{CH.);CH=CH(CH.),COOH
CH,(CH,),,COOH
CHA{CH,),CH=CH{CH,),COOH
CHH{CH,},CH=CH(CH,},COOH
CH,(CH,),CH=CH(CH,),COOH
CH,{CH.){CH,CH=CH)(CH,},COOH
CH,(CH,CH=CH}),(CH,);COOH
CH,{CH,){CH.CH=CH),(CH,),COOH
CH,{CH,),,COOH
CH,(CH.),{CH.CH=CH),(CH.):COOH
CH(CH,CH=CH),(CH,),COOH

CH.(CH,),,COOH
CH,(CH,),CH=CH(CH,), COOH
CH,(CH,CH=CH)((CH,).COOH

CH,{(CH.),,COOH
CH,(CH.),CH=CH(CH,),;COOH

Systematic Name

Dodecaroic

Tetradecanoic

Hexadecanoic
Z-9-hexadecenoic

Octadecanoic

Z-9-octadecenoic
Z-11-octadecensic
E-1l-octadecenoic

Z,Z- 9.12-octadecadienoic
Z,Z,7Z- 9,12 15-oc1adecatrienvic
Z,Z,Z- b, 9,12-octadecatrienoic
eicosanoic?

Z,Z,Z Z- 5,8, 11, 14-eicosalelraenoic*

ZZZZ7-5811.1417-
cicosapentaenoic”

docosanoic

Z-13-docosenoic
Z2Z727272-4.71013,16,19-
docosahexaencic
tetracosanoic
Z-}5-tetracosenoic

Trivial Name/
Abbreviation

tauric

myristic

palmitic
palmitoleic

slearic

oleic

Cis-vaccenic
vaccenic

linoleic (LA)
o-linolenic (ALA)
Y-linolenic (GLA})
arachidic
arachidonic (AR A)
EPA

behenic
erugic
DHA

lignoceric
nervonic

Shorthand Name

12:0

14:0

16:0

16t 9¢

18:0

18:1 9¢

18:1 1le

18:1 114

18:2 9¢.42¢

18:3 9¢.12¢,15¢
18:3 6091 2¢
20:0

2004 S5e8¢.lle,l4e
20:5 5¢.8¢.11¢. Me, 1 70

22:0

22:1 13¢

22:6 4¢.7c,
10c.13¢,16¢,19¢
24:0

341 15¢

n- or (3

[= P - A e I -

L - )

b D

* : Icosa- replaced eicosa- in systematic nomenclature in 1975, but the latter is still widely used in

the current literature.

u Scrimgeour U0 Harwood (2005)

Taonsa lufuiseeniilu 2 nqulng) Ao nsaluliudud (saturated Fatty acid) uag

[ 1
n3a Tusiu TiduA7 (unsaturated Fatty acid) Fadruvesnsa lwdulwinfuissiiomeg szuanmg

fiuean lddwansluaisian 12
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Table 12. lIodine value and fatty acid content of the major commaodity oils.

Iodine Fatty acid
Type of oil

value C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3
Palm oil 14.1-21.0 ND-0.5 0.5-2.0 30.3- 3.5-6.0 36.0- 9.0- ND-0.5

47.5 44.0 i2.0
Palm olein > 56 0.1-0.5 05-1.5  38.0- 3.5-5.0  398- 10.0- ND-0.6

435 460 135
Palmsterin = <48  0.1-0.5 1.0-2.0 48.0- 3960 15.5- 3.0- 0.5
74.0 360 10,0

Palm kernel  50.0-55.0  45.0- 14.0- 6.5- 1.0-3.0 12.0- 1.0-3.5 ND-0.2

55.0 18.0 10.0 19.0
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14.0 67.0 43.0
Jatropha 101 ND ND 14.9 6.0 41.2 374 ND
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60.0 23.0 13.0
Soybean 124-139  ND-0.1 ND-0.2 8.0- 2.0-54 17.7-  49.8-59 5.0-

13.5 28.0 11.0
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Table 13. Chemical property of palm oil.

Property of palm oil Palm kernel oil Palm oil
Iodine value 14-20 43-59
Acid value 20 15
Saponification value 240-257 195-210
Unsaponification matter (%) 1 1
Color (Lovibond) 10Y:1R25 Y:2.5R
Total saturated fatty acid (%) 78.82 48.05
Total unsaturated fatty acid (%) 21.18 51.95

1 : danasenTning sunsaed (2530) 1sla Fn1d UswanaIwlsen (2546)
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Table 14. Melting and crystallization peaks of diglycerides by differential scanning calorimetry.

Fusion peak  Melting point  Crystallization Onset of
Diglyceride
(°C) (o) peak (C) crystallization (C)
1,2PP 50.7 52.5 474 50.0
1,3PP 71.5 75.0 62.5 65.0
1,200 227 26.0 32 10.0
1,300 24.6 283 10.9 15.7
1,2 PO 51.5 54.0 415 49.8
1,3PO 41.7 45.3 28.0 30.6
PDG 22.8, 30,43 470 -15,9,26.7 320

PDG: palm diglyceride mixture
f: Siew 1AL Ng (2000)

4.2 nunivuan
Py o o J :' ar =) o ] A g Vo A :v ar ﬂ .

nsasuudasiifatuseniniunse luthisenhameaniy 1d4a Ao huiud
'S 24 a .3' Y o o P ,! ] ot o o 9 =
A1 AnuntanuIy gaiianduanas inadounuiu e lvluldTuanudeussiios.
naguaslfsenaiily 3 sduvufie (uamiing gunaia, 2535)

1) mslalaslad lviwildifanse Tuiudass TuTunas landwe 154

=y a8 o = oy & 1]
2) mseend lad lvdy mildifamsdssnounaresiadesziveld wu lelas-
o = = o o
tMo9N 197 (hydroperoxide) AoUYNAIAN 1AD IuBNIUDFA (conjugated dienoic acid) Bwon lad
. 's = 1 dy = ar @ = - [
(epoxide)  laasonladuazf Inu msdszneumartioninanisuandade lilSonseo19eziena
o - ar & o ar a o =
i Tuagalasndivelsd uanfaiused (orosstlink)  Feiunaziuilfifinlamesnuas
a R 1
Tndwelasnfime lsdngeiu
- o ] ] ar o 12 ]

3) msinawuse Intszninemsveusums veu lee lulsznouvoseendunly

as Y 1 ‘S”A J s o ¥ o LY i o
Tuanavestudu Siuszmmriifavulunsaludu 1 Tuagassilfidansaluiuuuusdedu

W29 (eyelic fatty acid) duRawuszsznInnIalyiu 2 Tuona srwdamelulwanadsfunde



33

»
seniaTuanaveslninfie 1sd Milvidansa laweSnuazdufafuszdrwsznhaluogamail
] a o o = 7o :’ a ‘3 £
aoludmIdifanefweinihiminTuanagedudn
{a 4 4 d o i
#dsznouitfavuinnmialdsuntasluthiuneatinaud 9 vdumuise
- é I
a5 iRz Iddeutiennithe 2 Uszian fe
- msdsenounandaNszingld (volatile decomposed product) #1H13ONAULINDBAN
» T
nminiunlinea’ld
- 15tsznouaawa i luszimo (onvolatile decomposed product) 157 Wisgmo
td ¥ 3 14 v ¥ »
maniidenseglniniunea uazszifounaivde liypadsnldniniuineasmis wazemisszgn
& n:?'y.ém.w s'o’w n’/’ o q ¥V a éd:, s +
guasmait 13 wedundrldihiuneanawg afweh ldidessithiminluanageazavey
oy s 1 o 3/ o : Y = Pl 2 a 3 a A
Twiniuunas liszmie Mlddaneaenmenmeesaiwuwldouly fe arumnidamuiu fad
(] = Py 9 [ T=3 @ o ] o oy = =
naeos daumatouutasmanil WundSinansalviudass amsveda YSialeasenda

' a 6 A L |- R o 4
wazamdetiWnsuiniy Usuunsa lviu lusudaenssaaaslunini 15 uag 16

fat and oil

oxygen, heat and water

volatile compounds non volatile compound
- hydrocarbons (polar and nonpolar)
- ketones - (cyclic monomer)
- aldehydes - (noncyclic monomer)
- furan - dimers
- carboxylic actds - trimers
- high molecular weight
compound

Figure 15. Degradation of frying oil,

#u: danlaantn umanding gunma (2535)
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Oxygen Waler Steam, volatile compounds
\ /
] v
Aeration Absorption Vaporization
Oxygen Steam
e v
Hydrolysis

Oxidation
A4

h 4 Free fatty acids

Hydroperoxides , r
conjugated dienes Dehydration dlacufglvcelrols
Al Dimers, trimers, glycero
Alcohols, ketones, epoxides, aleohols monoacylglycerols

aldehydes hydrocarbons
>

Acids Hydrocarbons

Polymerization ~ ———j» Dimers
cyclic compounds

Heal source

Figure 16, Physical and chemical reactions of oil that occur during frying,

111 Warner (2008)
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Table 15. Some properties of alcohol fuels.

Fuel property Isoctane Methanel Ethanol
Cetane number - 5 8
QOctane number 100 _ 112 107
Auto-ignition temperature (K) 530 737 606
Latent heat of vaporization (MJ/Kg) 0.26 1.18 091
Lower heating value (MJ/Kg) 44 .4 19.9 26.7

1111: Balat (2007) 813100 Balat LazaAnE (2008)
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Table 16. Comparison of ethanol production from various raw materials,

Raw material (1 ton) Yield ( liter)
molasses 260
sugar cane 70
cassava 180
sorghum 70
cereal (corn etc.) 375
coconut water 83
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Qil/fal souece Alcohol Lipase source Solvent Type of reactor Conversion (c)or  Reference
yield (y)
(mol or wi%)
Sunflower oil Ethanol Pseudomunas Petroleurn Batch 82 () Mittlebach. 1990
Sluprescens ether
Methanol Pseudomonas Solvem free 3-step baich > 50 Soumanou and
Jhiorescens Bornscheuer. 2003b
Methanol Candida anlarciica Solvent free Membrane 97 () Bélafi-Baké eral.,
reactor 2002
Ethanol Muwor miehei Solvent free Barch 83 (y) Selmi and Thomas,
{4 cycles) 1998
Ethanot Porcine pancreatic Solvent free Bawh 81 (v) Yesiloglu. 2004
Methano! Rhizomucor miehei Solvent free 3-step batch > 80 {c) Soumanou and
(8 cycles) Bomscheuer, 2003a
High oleic sunflower  Butanol Riizomucor inichei n-Hexane Packed bed > 80 (<) Dossat er al, 1999
oil reactor
Sunflower acid oil Methanol Cundide antarctica a-Hexane Baich 63.6 (v) Tuter e¢ al., 2004
Soybean il Methanol Psewdmnonas ceparia Solvemt free Bach ~ 60{y) Kaieda ef al., 2001
Methanot Candida antarcrica Solvent free 3-step batch 97 (y) Sarmnukawa ef al.,
{20 cycies) 2000
Methanol Thermomyces Solveni free Cominuous batch 80-90 (v) Du er al., 2003
faruginosa
Methanol Thermonnces Solvey free 3-step batch 94 (v} Xu et al, 2004
Lmuginosa (15 cycles)
Methanol — Psendononas cepacia Solvent free Baich (12 ¢cycles) 67 (y) Nouwreddini er al.,
ethane 2005
Methanot Rhizopus oryzae Solvent free Baich 80 (y) Kaieda e al., 1999
Degummed soybean Methanot Candida antarctico Solvent tree 3-step batch 93.8 (&) Watanabe er af..
il (25 cyeles) 2002
Soybean and Methanol Candida antarcrica Solvent free d-siep bach 98.4 (c) Shimada et al., 1999
rapeseed oil mixtere 50 cycles
Methano! Candida antarctica Sofvent free 3-packed-bed 93 (v) Watanabe ef al.
reactors (100 2000 .
days)
Triclein — safflower 1-propanot Pseudpmonas 1. d-divxane Baich Iso er al., 2001
ol 1-propanck Sluorescens Solvent free Batch (L1} cycles)
Triotein Fusel cil-like Pseudomonas Solvent free Bawch 100 {c) Salis ¢f g, 2005b
mixture cepacia
Nigerian lawric Ethanol Prewdomonas Solvent free Batch 72 (¢} Abigor et al.. 2000
oils {patm kemel 1-butanol cepacia
and coconut) Psewdomonas Solvent free Batch 40 (c)
cepucin
Castor oil Ethanol Rhizommucor miiehied n-Hexane Bach Y8 {c) De Oliveira er 4l
2004
Cotton seed-oil Primary and Cundida antarclica Solvent free Bawch 91.5 (methanol) Kise er al., 2002
secondny
alcohols
Methanol Rhizomucor miehei Solvem free Bawh > 90 (&) Soumancu and
(B cycles) Bomscheuer, 2003b
Rice bran oil Methanol Crypiovoceus spp. Solvent free Batch 80.2{y) Kamini and Jefuji,
5-2 2001
Methanol Cundidu amarctica Solvent free Batch 98 {©) Lai et af., 2005
Jatropha oil Eihanol Chromobacterium Solvent free Batch 92 {y) Shah g7 ad., 2004
viscoun
Waste activated Methanol Candida cylindracea  Diesel fuel Batch ~ 100 (v} Kojima er al.. 2004
hleaching earths Methanol Rhizopus oryzae Water Batch 55 {y} Lara Pizarro and
{ABE) il Park, 2003
Waste edible-oil Methanol Candida antarclica Solvent tree Packed-bed 90 {¥} Watanabe er af.,
reactor (100 2001 .
days)
Fallow {other oils) Primary alcohols Mucor Miehei n-Hexane Batch > 90 (c} Nelson et al., 1996
Restautant grease Methanol Pseudomonas Solvent free Baich 98 (y) Hsu er al, 2002
eepacia
Methanol Candida anfarctica Solvent free Batch 96 {c} Lee et nl, 2002
Ethanol Burkholderiu Sotvent Free Packed bed > 96 (y) Hsu et of,, 20040
repacia reactor
Fractionated lard Meihanol Candida arrarctica Solvenl free Bawch 58 (c) Lee er al., 2002

a : Commercially available immobilised lipases.

b : Lipases immobilised by researchers in their own laboratories.
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Figure 17. Packed bed reactor of immobilized enzyme.
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Figure 18. Lipase immobilization.
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Figure 19. Continuous biodiesel productions in packed-bed column.
(A): substrate bottle, (B): enzyme column 1, (C): product bottle 1, (D): enzyme

column 2, (E): product bottle 2
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Figure 20. Continuous biodiesel production in packed-bed columns with separations column. The
column was ‘controled temperature by hot water from water bath. (A): substrate bottle, (B):
enzyme column 1 (with hot water jacket), (C): product bottle 1, (D): enzyme column 2

(with hot water jacket), (E): product bottle 2, (F): substrate pump, (G): water bath.
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Figure 21. Recycle system for transesterificaton of used palm oil in packed-bed column.

(A): substrate bottle, (B): enzyme column, (C): substrate pump.

Figure 22. Purification of biodiesel by silica gel column.

(A): silica gel column, (B): final product bottle, (C): biodiesel bottle, (D): peristaltic pump.
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Table 18./Properties and composition of used palm oil and palm olein.
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Used paim oil Palm olein
Property

in this study from other references
Acid value 1.24+0.25 0.6
Saponification value 184.84+0.25 190-209°
Peroxide value 0.58+0.09 0.2-03"
Todine value 52.910.18 44-55"
Water content (%) 0.86+0.06 0.2°
Molecular weight (g/mol) ! 910.53 838.22°
Composition (%)" |
TG 93.54 96.07°
FFA 0.59 could not detect
DG 5.70 2.84°
MG 0.60 1.09°
Fatty acid composition (%)°
Lauric acid (C12:0)/ 0.57 0.1-1.1"
Myristic acid (C14:0) 1.08 0.9-1.4"
Palmitic acid (C16:0) 37.66 37.7-47.7"
Palmitoleic acid (C16:1) 0.21 0.1-04"
Heptadecanoic acid (C17:0) 0.11 -
Stearic acid (C18:0) 4.26 40-48"
Oleic acid (C18:1) 43.85 40.7-43.9"
Linoleic acid (C18:2) 9.51 10.4-13.4"
Linolenic acid (C18:3) 0.27 0.1-0.6"
Arachidic acid (C20:0) 0.37 0.2-0.5"

TG = Triglyceride, FFA = Free fatty acid, DG = Diglyceride, MG = Monoglyceride

* Calculated from saponification value

® Determined by TLC/FID
° Determined by GC/FID

¢ 300, 288-2535 514 TA8 312350 AT (2546)

* Scrimgeour (2005)
"5 Sauuund (2541)

£ Xaewthong (2004)

" Maclelian (1983) falay Kaewthong (2004}
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Table 19. Characteristic of lipases in palm olein hydrolysis.

Activity * \
Activity
(U/mg Immobilized Immobilized
Lipase {(U/mg . .
commercial yield (%) activity (%)
support)
tipase)
PS (Pseudomonas cepacia) 5.74+0.07 3.32+0.41 95.89+4.36 61.77£5.41
AK (Pseudomonas fluorescens) 5.41+0.12 4.210.32 97.90+0.77 86.83+3.10
AY (Candida rugosa) 5.1840.37 1.6010.14 97.3940.86 45,50+12.72
TL IM (Thermomyces lanuginosa) ND 3.92+40.61 ND ND

ND: not determined.

*Activity of lipase was determined by cupric acetate method.
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Figure 23. Time course of hydrolysis reaction of used palm oil by immobilized lipases. A reaction

mixture consisted of 0.168 g used palm oil, 10% water, and 10 % immobilized lipase by

oil weight, was incubated at 45 °C at 500 rpm. (A) Lipase PS, (B) Lipase AY, (C) Lipase

AK, and (D) Lipozyme TL IM. TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride;

FFA: Free fatty acid.
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Figure 24. Comparision of hydrolysis activity of used palm oil by four immobilized lipases. A
reaction mixture consisted of used palm oil 0.168 g, 10% water and 10% immobilized
lipase by oil weight, was incubated at 45 °C at 500 rpm. (A) Time course of free fatty acid
formulation by hydrolysis reaction of used palm oil; (B) Relative yield of free fatty acid
content after 12 h. Different letters within the same product indicate significant

differences (p < .05).
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Figure 25. Time course of transesterification of used palm oil by immobilized lipases. A reaction

mixture consisted of 0.168 g used palm oil, ethanol was added in the mole ratio of 1:3

(oil: ethanol}, 2 % water, and 10 % immobilized lipase by oil weight, was incubated at 45

°C at 500 rpm. (A) Lipase PS, (B) Lipase AY, (C) Lipase AK, and (D) Lipozyme TL IM.

TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE:

Fatty acid ethyl ester. TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA:

Free fatty acid; FAEE: Fatty acid ethyl ester.
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Figure 26. Comparison of transesterification activity of used palm oil by four immobilized lipases. A
Teaction mixture consisted used palm oil 0.168 g, ethanol was added in the mole ratio of
1:3 {oil: ethanol), 2% water, and 10% immobilized lipase by oil weight, was incubated at
45 °C at 500 rpm. (A) Time course of fatty acid ethyl ester formulation by
transesterification reaction; (B) Relative vield of fatty acid ethyl ester content after 12 h.

Different letters within the same product indicate significant differences (p < .05).
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Figure 27. Time course of the direct esterification of palmitic acid using immobilized lipases. A
reaction mixture consisted of 0.168 g palmitic acid dissolved in 1 ml of hexane, ethanol
was added in the molar ratio of 1:1 {palmitic acid: ethanol), 0.9 % water, and 10 %
immobilized lipase by oil weight, was incubated at 45 °C at 500 rpm. (A) Lipase PS, (B)

Lipase AY, (C) Lipase AK, and (D) Lipozyme TL IM. FFA: Free fatty acid; FAEE: Faity

acid ethyl ester.
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Figure 28. Comparison of esterification activity of four immobilized lipases. A reaction mixture
consisted of 0.168 g palmitic acid dissolved in 1 ml of hexane, ethanol was added in the
molar ratio of 1:1 (palmitic acid: ethanol), 0.9 % water, and 10 % immobilized lipase by
oil weight, was incubated at 45 °C at 500 rpm. (A) Time course of palmitic acid ethyl
ester formulation by esterification reaction; (B) Relative yield of palmitic acid ethyl ester

content after 12 h. Different letters within the same product indicate significant

differences (p < .05).
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Table 20. Relative activity of immobilized lipases.

Relative activity (%)

Immobilized lipase

Hydrolysis Esterification Transesterification
Lipase PS 71 100 &3
Lipase AK : 74 76 100
Lipase AY 4 100 4 6
Lipozyme TL 1M 65 94 24

Relative activity: The yield of the product from each enzyme compared to the maximum yields in
the same reaction.
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Figure 29. Comparision of ethyl ester production from used palm oil by single and mixed
immobilized lipases. A reaction mixture consisted of 0.168 g used palm oil, 10% water,
and 10 % immobilized lipases by oil weight, ethanol was added in the mole ratio of 1:3
(oil: ethanol) at 30 min, was incubated at 45 °C at 500 rpm. (A): Lipase AK (B): Lipase
PS and AY (C): Lipase AK and AY. TG: Triglyceride; DG: Diglyceride; MG:
Monoglyceride; FFA: Free fatty acid; FAEE: Fatty acid ethyl ester.
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Figure 30. Effect of ethano! addition time on fatty acid ethyl ester production by tranesterification of

used palm oil using mixed immobilized Lipases AK and Lipase AY. A reaction mixture
consisted of 0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil was added at 30 min,
10% of water, and 10 % of immobilized lipases based on oil weight, was incubated at
45 °C at 500 rpm. (A): Control (0 min, Lipase AK), (B): 0 min, (C): 30 min, {D): 60 min.

TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE:
Fatty acid ethyl ester,
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Figure 31. Comparison of ethanol addition time on tranesterification activity of mixed immobilized
Lipase AK and Lipase AY. A reaction mixture consisted of 0.168 g of used palm oil, 3:1
molar ratio of ethanol: oil, 10% of water, and 10 % of immobilized lipases based on oil
weight, was incubated at 45 °C at 500 rpm. (A) Time course of fatty acid ethyl ester
formulate by transesterification reaction; (B) Relative yield of fatty acid ethyl ester content
after 12 hour. Control: Lipase AK (0 min). Different letters within the same product

indicate significant differences (p <.05).
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Figure 32. Effect of enzyme ratio on fatty acid ethyl ester production by tranesterification of used
palm o1l using mixed immobilized lipases. A reaction mixture consisted of 0.168 g of used
palm oil, 3:1 molar ratio of ethanol: oil, 10% of water, and 10 % of immobilized lipases
based on oil weight, was incubated at 45 °C at 500 rpm. (A).25:75 (B):50:50 and (C):100:0 of
immobilized lipase AK:AY. TG:Triglyceride; DG:Diglyceride; MG:Monoglyceride;
FFA:Free fatty acid; FAEE: Fatty acid ethyl ester,
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Figure 33. Comparison of immobilized lipases ratio on tranesterification reaction. A reaction mixture
consisted of 0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil, 10% of water, and 10
% of immobilized lipases based on oil weight, was incubated at 45 °C at 500 rpm. (A)
Time course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial

rateand relative yield of fatty acid ethyl ester content after 12 h. Different letters within the

same product indicate significant differences (p < .05).



92
=4 Al o o
5. m‘mn‘mﬂm?zm'ﬁms:mﬂumsNama‘namamaﬁmmu‘lmﬂmﬂwau

: = oy d
5.1 ﬂ'l‘iﬁﬂ‘H'IN'L’I‘UB\‘l‘lﬁiiﬂﬁ!uWiﬂﬂﬁﬂﬂmﬂﬂmﬂﬁmﬁ)i

. ¥
A o

UfATomsudoameiiadusnifaldaluanziidiituszvuifvmefazag
& = 1 ' = o = ooy
anmveaen leliFauiluTlsau 13 14uados livnnfu Wi zeei IdiAad 751 1aTas lada
v aao 4 < o = : ¥ o =y o
nnnInlgnsomsudiemmeslindu lumsAnyivavestSurahdenisnanennesmes lag

L%

H ¥
Mnivinhdnlduda 0.168 nfu waufuenusaludadiuluaenueadesiuiudhi 3 de 1 1@y
o & 9 oy o :’ Y o o’ - :‘ aan P
oulaninsagy Lipase AK: AY (1:1) $ovaz 10 woninminduiu @mbeuiithsnlud §isen
' ] ¥ ¥
IZAUANY HAMINAADIALIEAITUAING 34 uaznIwil 35 wuhySuanhndovas 2 veuiniulu
. 4 < uw :;d. ) :’ o (% :r ¥ =Y c‘
yannigu FuiluuTueiifeglniniusuduhlueniuearz1ifosazvesnandngeqait
¥ A A s s 4 0§ WY -
oz 88.64 uaziilomylTmaninniusziiiesozvosnoniagegaanns Tagluganis
naasshinhludfiseidooay 5, 10, 15 uaz 20 wiRmRawameiyuovas 83, 83, 80 uaz 77
a o d' d‘ =3 Qs _y aoan 4; L1 ) = :’ c;g} b
MUY (WA 35) uazileinsansasimsfalfisonsuduwonlSineniniyeoas 2 214
sanmsinaliToigegah 0.78 Had luadeniudeda lue iiosninnisisslfiserveasu st la
» » 3 s v ¥
alassinassrMamvesiwasihiud siums@niunm 1y Tussvueei Iidudsenhaly
a J R ' ¢ o 3y ] :’ = < []
YNNI (Noureddini er af., 2005) dema o ledviau Idnntu uansisimnnfu il
] ] aan o o o = :
muraeMssIlgnsnmswdemnesilingu lasiidsmanhluszuuiesas 5, 10, 15 uag 20 w2
ar v oo o o ] a Vo Y o
Wonsimsisal§asonilu 0.65, 0.64, 0.61 uaz 0.54 fiad IwasenSusedaTue iiesnrnou lwsfl
lﬂ' 1 Ao -4 T or E=Y ar =y lﬂ' <3 3 o
nuaIduiess sl §solslas ladauinnii TaedunaldnndSumnsalafiudassfidatunds
msinlnie 12 ¥rlue siifudevas 5, 6, 10 uaz 13 lugamsnanesiiini 5, 10, 15 waz 20
Q ar i é = : L] = or = =] d‘
mudday lvusiyaniuguisihegievas 2 suiianialviiudassiiveiovar 3 (i 34)
' 1 ¥
9IN9IHITEVYD Zhao LazAN (2007) Adnuinsnda luTefmavniminiudunies
1 &S o =S 1 1 s
uag 1enuealasmausalasodioenley Lipase AR 8asz wudueulaiannsos alfise
1Rangaluanzhiihegdosaz 10 luszvui hifidiazarw Taoldwandaofaeamey
$oyaz 57 1az11nIU3Tuves Chen nazaaiz (2008) NAnuimsndalulodiwasinnsa Toadnuas
wnwealavldienlallan/aninde Nsg1020 Futhuveydunionifanamsiameiufves
»¥ 3
%0 Aspegilus oryzae ammaiianiaiugImnssudiudus v §Asor nuihwSmaninduilesondn
et 1 a aca - aaa P 1 = oy 2 H .
hiinaremaialfison lasmsifadfasossmariuan)smaniluszuy esnnthezdluds
- o o = 1 o o :’ d‘Sf
devaumusam idfanuiluiivvesunueadeionlaianas Tassedwmirfidosas 10 voq
¥ » ¥ 14
dmiminfuszIiievazvesmandagega  uailledSuaninnadullvevinl§asoduiuly
Tumalelas ladamifuSinaefiaeamesanns Tuvmsi Liko uazams (1995) wudinsiss

» st
Ugitonemmeifdinsunsalomdnnuimueaveseuw lvllaianinie Candida rugosa Uay

] Fd
S

Pseudomonas fluorescens 32 1@ lwangithh luljazndevas 3.2 Taolinanandesas 90



93

o oy ey & o . P o P
Tunsinlgnae 30 42119 1o291n91U3T0v04 Qin HazAm (2008) BaFp¥IN1INaA tu ToAa
o’ LY o -~ (Y] 1 oo o s 4 df
siniudundesduwmuealaonisiswgnsvrvesen lysl lanlasinduyanvouye
¥ [ L4 ¥
Rhizopus chinensis wunUsuwaniluszuufimniuildmentalulefimanans Tavluszuun
¥ v T ]
thirlulgasoniosaz 2 annsonin luTefwa ldgenganiovas 86 ndamsinlgnse 72 $2lue
Ve c_i a ° Y a % o Y o o w |-
uaznulSuaimmiu Tl nandaaaasdioseni ldieu lalsauaaiu lihfiants
ar o = o A n’a’ [V o 9/ o =& 1
nszawiluszuuildfenssuvoueylolanas SavsdsiinaiilWavgavesszuudiulilg
1
oy ey r a @ oo . prro T PN
UgAsonsdesaatetiniuumy uagennuIToves Yesilogl (2004) TAAnuINTSIS oo
=) :a ar ar o' = 1 = : = dy
Tuladavesiniusennuaziulaseu ladlanlaniegd wohmaauih ludsnanniuly
o e

(] - = .3 d' ot = : .
szuvvzdanalnnansm o naanesanns laoszuud luinnauniies1d$evazves

= L4 :i :i 3 o a ooy, o'r
winemmeingsigandsyunudasaz 75 nismsilgaTen 7437
14

[ » 3 ’
ar al - =4 = 4

¥y a9t = ar = Saa

daiuiie ¥ 1dsevazuoananiauazdnsimaial §Assigadnisaadyminers

= d‘.d oy = .d’. t o £ s : 3 q’: 5 o oas
waninmsadinnmau ) ideenlusgniemsil iseninaduimsdsduveal§ise
= s L4 aaa a o o = e 3 L
lelas ladaunzndadnaive s §is ouemmes dingudeszinansnyuionvoahlussuuegun?

Tao = :‘ = :’ P -& =1 ’ 3 4

selindudesdmind i lidn SudentSinaihindeen: 2 Fallegudarlumsdduneldluns

¥
naasItuae 11



94

100 100 1
(B)
80
g g
£ g 40
=] (=]
Q Q
20
0
0 2 Timg ) 8 10 12
100 100
& (© 3‘» D)
80
g
= 60
=
g
E 40
(=]
&
20
0

Composition (%)

4 TimeG(h) 10 12
~—~TG —®—DG —&— MG —% FFA % FAEE

Figure 34. Effect of water content on fatty acid ethyl ester production by tranesterification of used

palm oi} using mixed immobilized lipases. A reaction mixture consisted of 0.168 g of used

palm oil, 3:1 molar ratio of ethanol: oil, and 10 % of mixed immobilized lipases AK and AY

based on oil weight, was incubated at 45 °C at 500 rpm. (A): Control (2%), (B): 5%, (C):

10%, (D): 15%, (E): 20% of water content, TG: Triglyceride; DG: Diglyceride; MG:
Monoglyceride; FFA: Free fatty acid; FAEE: Fatty acid ethy] ester.
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Figure 35. Comparison of water content on tranesterification reaction. A reaction mixture consisted of
0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil, and 10 % of mixed immobilized
lipases AK and AY (50:50) based on oil weight, was incubated at 45°C at 500 rpm. Control
is 2% of water content. (A) Time course of fatty acid ethyl ester formulate by
transesterification reaction; (B) Initial rateand relative yield of fatty acid ethyl ester content

after 12 h. Different letters within the same product indicate significant differences

(p <.05).
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Figure 36. Effect of mixed immobilized lipase AK and AY (50: 50) content on fatty acid ethyl ester
production by tranesterification of used palm oil. A reaction mixture consisted of 0.168 g of
used palm oil, 3:1 molar ratio of ethanol: oil, and 2% of water was incubated at 45 °C at 500
ipm. (A): 1% (B): 5%, (C): 10%, (D): 15% of enzyme content. TG: Triglyceride; DG:

Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE: Fatty acid ethyl ester.
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Figure 37. Comparison of amount of mixed immobilized lipase AK and AY (50: 50) on
tranesterification reaction. A reaction mixture consisted of 0.168 g of used palm oil, 3:1
molar ratio of ethanol: oil, and 2% of water was incubated at 45 °C at 500 rpm. (A) Time
course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial rate
and relative yield of fatty acid ethyl ester content after 12 h. Different letters within the

same product indicate significant differences (p < .05).



99

» [
INIMUIVBUD9 Noureddini Lazams (2005) 1ddanuIinsnas lulofiasiniitiug)
mdeslavmasalgnserveslanandagievinde Pseudomonas  cepacia WuimisiyTun
P 9 ) ooao [] 99t =3 o 3 Ve w o oA
ou ladnFlumsihilgisndwaldlovazvousfinemmesgeaiu ualidnsinindnfinang
:& . =2 U aan = :' o w Yy a
Tuamsh Yesiloglu (2004) fAnwimstsailfnzenen Iulodaveaiiunonniuaz Judoeu land
ar ) 1 a 43 o e o ¥y = @
lanavinduoou nunmsmsduveaou lod lanlalinani 19 ovazveanandauaz 8as1A13
- Y- a .é' o (e La & &5 ar = =, gy .
nalgnseuruIy TnondSineusulas 200 Taanfussmusondaiofiaemnes 14 eaz 11
o ® o Sy =) v A = ¢ a ; o s o
naamslfnsen 30 wiii ualorsinanen lsimudnutlu 300, 400 saz 500 Hadnsu sxeurse
F-Y -3 J ] @ d” o
wamennemnes 1dgaimiluiovas 19, 30 uaz 50 AW uenINT Shah (2004) Fa'ldANYA
= = oy o/ 1o ] aoa o :
mswialylediraviniuinaydwazioniuealaomsssufAsorvesen e lanannide
1:; ] a ' I~ 1] e'- = ]
Chromobacterium viscosum RRTHAINUFILVVUFHOOUTS LaswynsHvySuatew 1o
=y a 4 A & o A A g o =y
Mranaadinyy TashdSuiauoulst 10 Taansy sxanunsondafaeames lalszundovay
A = = o A A w = = Yy P J
50 uaziiouySuaneu ldidy 50 uag 70 AaAnsy wwa W oNEMERaAMDT I u T
dssinmiovas 60 uaz70 awdeu uatSuaueu ladfuiminly Ae# 100 Tasnsy STV
-~ o i o = aan v F =y 3 dll =3 = Y
anuniiageihlvasimsiialjiionaaasdalinandaanasmulid Wedinisandsdunu
- 'Y = s T : ar : Y =3 -
lumswaauaznmstii g msduenlsidovaz 10 aovimimbniy SuduySefimunzeay
5 i a A Y = 4 ] o'
iesanldivoasvesnandnfiguas IndifvesudTuanen laidooaz 15 ualdionloily

Usunaiieent

53 msAnywavesdaduluavessniueaneviiunensHantefaeatnos
e ar 6‘;’ © 3 =
usanesedinadudinsvisuveusu lmilasmnizueanesedmuodu lasing
9 o ] r S A [y ~oa g 1 o
wewuse lelasmussnnamjie ludgudon Tnseade 3 ddveusn laidawmalfionlaivia
ANUAIAD (Ophardt, 2003) uaz Timmsasa§asnld siansdnynavesdnauTuaves
3 3 ' ¥ .
nueadethiuaenunalisomsudiemmeitndu Turaznlfhdulduilduds
Hd
0.168 nFumanivemueatudadu Tuaemusasoriwhuihy 3 de 1 fmenladaTagyl Lipase
¥ » »
AK: AY (50:50) Jovaz 10 veniminhiiu Tagiidisntulffsordovas 2 moniimaanada

1 " ' + »
e TUNIMA 38 uazn i 39 wuidadiuTuavousansgonnmuiudsnaliiovazups

[
ot oA ~

a W o - -g 1 o oao w T
nanduaigaiomiuiu Tasnsdifionueafivaneneminlfazsne ludaduenueads
o w & v a A & o jaaa 4 & <
HniuR 3:1 ud uveamsndaszmindumussoznmumsinl§sofiviuiu (e 380)
4 : ae o 2o d P! ' ogmaa 4 da &
Fuananennstidadu lualemueadotiniui 1:1 uag 2:1 Fanmasalfisonsunsilugi g
12002 4 MUAIAY (MWH 38A uaznwil 38B) 1B INFUMASIONINBANUARY DINAWA
39B uarnsieunzveefiaemmeindsmainlgnse 12 $1lus nuhdad o luaveusniueads

o oo

d o W = 3 =t o a w
INUN 1:1, 2:1 uaz 3:1 i]zslﬂﬂaﬂﬁﬂlﬂU'iﬂﬂaz 37, 72 ung 89 Haxuﬂﬁ51ﬂ1ilﬂﬂﬂgn'jU115Nﬂu

1 Q s oa ] [ ¥ q'; o o & = 1 o ]
WU 0.71, 1.00 wag 0.87 Had luaneniusedzlug mudwy Fevsriu e hndaduvoont



100

» )
uoarsiiu 2:1 wlddasrmsfalisoiqusnandagaiiolindosniuiiesnintsuauen
P Y o |man g & o ) P = @ 1
woanasolalunmsilfasetidesndin Famsnons s aifisonlunitivesdadiuem
[ oy ar 3 ] 1 i ' = = Y] q‘: a L4
weaamiTuf 3:1 iawlesnniil 2:1 Wrezlicunguieinnisfamsdudinisiiauyaaon Tyl
4 i o = 3 o
Trsneanaaod 91NN15ANYIY04 Shimada lazaAne (2002) AndawAalemnes lnuldoulaina
U9 Candida antarctica wuhievazvesnandnzanauioduiluavesumusauaszien
- a ' v - v . o o o A o=l
wealmnuaNIzaufignnIoazatn taluiniufe 12 uaz 2/3 awddy iesnnusanosoan
= “a Y o :’ o =t Qs n’: o o 1 = or =oar
fannfulezswduiugialminfuiesinadufimsiinuveseuland wuRsiuauisovss
] . E '
Yesiloglu (2004) inunmsidmenueanuinns 3 mives lwmbiaiudinaiidaiss ajiseims
= = o ar v ar [ = 5‘:
wanlefaleminesveslaidasindudouanas uazdelioniusadruiiunisureadedl
P ] o =1 o ) ¢ A v = =
lnsnfiretsd lanteelsauaz InTunfime lsdambesglulSinamnn Tesmsanasvonanin
A A o 5 1 o =5 : 1 o 9 o = :’
ifiosnmenueaiiuiuiweninaanisasninmeulsd higienveaildeu Tmigapdei
1 o as » 3 ooo
daaliiou livannunead lumwisaszis al§asela
21AM5ANYIUBY Soumanou 1A% Bornscheuer (2003a) Tuniswan lulofmanin
3
4 e o 1 aaa 3 ) o
iifuasnniuas Jutazmuealaomas aifisuveaeu Tl lanlaaiagy 1dnanineu lad
4 . o 3 o n’; o 4
TanlevimBemoiig Pseudomonas annsonusensdudimisisnuilossinwmuoa’ld lay
1 g " = = oy W V3
nui lalev 1o Pseudomonas fluorescens dMNsBRAAIDNAOAINDS 1AIINNTI3 ovnL 90 Tu
¥ ¥ ]
anneilfumusasnududu 4.5 vhesluaisiu lusaegfiniss wfiove vyl lanla
¥ )
VIAEO  Rhizomucor miekei Wag T hermomyces lanuginose wannadelinnudutuseaunuea
a ' S W - o o ¢ A ¢ o Wy
1y 3 e Tuminiu msaanisdudmsinuveusy lxiiiiesnsueanagedainisoiila
o @ o P 5 g
MAWLUIM NI 5 1R hazaeimuN TufiuaNINIEAINIINALAHEANDBDA MLAINAITIL
a o oa dy ¥ " oy vy & s T A s A
gunsnazawndweseaniiaiulussviemshlnsnlddes nioitulaAnueanoastmonn

a L4 Q ] o1 o ooy
anududui ey ledannsaninu ldedeiilszansnm



101

100 100 (ID
o) A | . (B)
86
£ 60 2
§40 8 -g
E E
[~4
o ]

[ %]
(—] [—]
- 3
™ -*L—o—l

Time@m S 1o

100
O

- o) oL
= =] (=]

Composition (%)

[
=

10 12

Timﬁe L)}

——TG —#-DG —4& MG —%—FFA - FAEE

Figure 38. Effect of ethanol molar ratio on fatty acid ethyl ester production by tranesterification of
used palm ocil. A reaction mixture consisted of 0.168 g of used palm oil, 10% of mixed
immobilized lipase AK and AY (50:50), and 2% of water based on oil weight, was incubated
at 45 °C at 500 rpm. (A): 1:1 (B): 2:1, (C): 3:1 of ethanol: oil molar ratio. TG: Triglyceride;

DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE: Fatty acid ethyl ester.
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Figure 39. Comparison of ethanol: oil molar ratio on tranesterification reaction. A reaction mixture
consisted of 0.168 g of used palm oil, 10% of mixed immobilized lipase AK and AY
(50:50), and 2% of water based on oil weight, was incubated at 45 °C at 500 rpm. (A) Time
course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial
rateand relative yield of fatty acid ethyl ester content after 12 h. Different letters within the

same product indicate significant differences (p <.05).
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Figure 40. Effect of stepwise ethanol addition on fatty acid ethyl ester production by tranesterification
of used palm oil. A reaction mixture consisted of 0.168 g of used palm oil, 10% of mixed
immobilized lipase AK and AY (50:50), and 2% of water based on oil weight, was incubated
at 45 °C at 500 rpm. {A): 1 molar ratio of ethanol was add at 0, 1, and 2 h, (3 step) (B): 2 and
1 molar ratio of ethanol was add at 0 h and 2 h, (2 step) (C): 3 molar ratio of ethanol was add

at 0 h, (1 step). TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty
acid; FAEE: Fatty acid ethyl ester.
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Figure 41. Comparison of stepwise ethanol addition on tranesterification reaction. A reaction mixture
consisted of 0.168 g of used palm oil, 10% of mixed immobilized lipase AK and AY
(50:50), and 2% of water based on oil weight, was incubated at 45 °C at 500 rpm. (A) Time
course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial rate
and relative yield of fatty acid ethyl ester content after 12 h. Different letters within the

same product indicate significant differences (p < .05).
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Figure 42. Effect of repeated used of immobilized lipases on FAEE yield. A reaction mixture

consisted of used palm oil 0.168 g, 3:1 molar ratio of ethanol : oil, 10% immobilized

lipases AK and AY (50:50) and 2% of water by oil weight.
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Figure 43. Effect of ithmobilized enzymes distribution on continuous biodiese! production in packed-
bed column. A reaction mixture consisted of ethanol and used palm oil at molar ratio.of
3:1, immobilized lipases AK and AY (50:50) 1 g. (A): Column 1 using mixed enzymes,
(B):Column 2 using separately enzymes (packed Lipase AY on the bottom and Lipase AK

on the top). Close circle and open circle in packed column represent Lipase AK and Lipase

AY, respectively.
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Figure 44. Effect of extended retention time on continuous biodiesel production in packed-bed
column. A reaction mixture consisted of ethanol and used palm at molar ratio of 3:1, mixed
immobilized lipases AK and AY (50:50) 1 g, substrate flow rate was 0.05 ml/min at 45 °C.

Retention time of the subtrates in column were 30 and 120 min, in Figure A and B

respectively.
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Figure 45. Continuous biodiesel production with dual packed-bed column. A reaction mixture
consisted of ¢thanol and used palm oil at molar ratio of 3:1, mixed immobilized lipases AK

and AY (50:50) 1 g, substrate flow rate was 0.25 ml/min at 45 °c. (A): column 1, (B):
column 2.
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Figure 46. Continuous biodiesel production in packed-bed column with stepwise ethanol addition. A
reaction mixture consisted of used palm oil and ethanol at 1:2 molar ratio in column 1 and
1:1 molar ratio in column 2, mixed immobilized lipases AK and AY (50:50) 1 g, substr'flte
flow rate was 0.25 mVmin at 45 °C. (A): column 1, (B): column 2, ethano! was added

before flow;in column 2 by peristaltic pump.,
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Figure 47. Continuous biodiesel production in packed-bed column by hydrolysis of used palm oil
followed by transesterification. A reaction mixture consisted of used frying oil and water
(10% of oil weight} in column 1 and 1: 3 molar ratio of oil: ethanol in column 2, substrate
flow rate was 0.1 ml/min at 45 °C. (A): column 1 (immobilized Lipase AY 1 g), (B):

column 2 (immobilized Lipase AK 1 g).
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Figure 48. Continuous biodiesel production in packed-bed column with recycles system. A reaction
mixture consisted of ethanol and used palm oil at molar ratic of 3:1, substrate flow rate was

0.1 ml/min !at 45°C. The arrow showed the addition of ethanol.
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2. msmmadeiihinru (Saponification Number, S.N.)
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3. msmanlesoon 1u@ (Peroxide Value, P.V.)
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iR lumsimne
1. IazamonauerFaniuane Isvlasy dasidm 3: 2
2. asazawsudl Tnumadonle Tolas (K1)
3. msazeo Tandon In Todama (N2,8,0,. SH,0) Wudu 0.1 ussuen

M
4. 13)4 (soluble starch) Wutudouas 1

FEMInaael

] ¥
1. Hedeea i idimidniueu ldluwavuig 250 daaans

Table 22, Available sample for P.V. determination.
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J 0-12 5.0-2.0
12-20 2.0-1.2
20-30 1.2-0.8
30-50 0.8-0.5
50-90 0.5-0.3
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ANa300n 1we = (a-b)x N x 1000

W

a: YSinmsvssmsazao ladon InTodama 14 lamsatudaeis Gadaas)
b: YSuasvesmisazae Tsmfon In lodama N1 lmasnduuvash @Gaddas)
N: anududuyasaisazas Txdony In Todama (Losuen)

¥
W: I NA 0819719874 (NF1)

4. M3 leledAu (Todine Number, LN.)
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FEmInanes
1. Faeta I Idhmininiven ('-ﬁiuivmﬁﬂﬁaathqﬁmmzanﬁluﬂﬁ‘imﬂzﬁi&j’uagﬁum

leTofunmanziuluaisie) latuviaglvuyouia 500 faddes Nazerauazu

Table 23. Available sample for LN. determination.

mlelonufimanzny shmiingetha
<5 3.00
5-20 1.00
21-50 0.4
51-100 0.2
101-150 0.13

151-200 0.1
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5. PIsMAINEN33NVDUeU A 8IB Cupric acetate (Cupric acetate method)
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Figure 49. Standard curve of palmitic acid.
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1. pamimnerutalasninnsnwil (Gass chromatography) veariniuthaulfuds

pA !
- ;
700 - !
600 & ’
o
500 .
wi g2 e &2 g 9 =
300 & bo % 5 § |
200 e oo @ S oo g i
= lEpdsias ¢
o by Ul E .~ o r
0- R R A R A A A
5 10 1% 20 25 30 min|
Sample Time % Fatty Acid
Ne. ‘ Compound Name
Name {(Min) Methyl Ester
1 Used Palm  2.594  Lauric Acid Methyl Ester (C12:0) 0.56678
Oil 3.041 Myristic Acid Methyl Ester (C14:0) 1.07900
3.883  Palmitic Acid Methyl Ester (C16:0) 37.66280
4.065 Pamitoleic Acid Methyl Ester (C16:1) 0.20916
4.530 Heptadecanoic Acid Methyl Ester (C17:0) 0.11193
5426  Stearic Acid Methyl Ester (C18:0) 4.26333
5.704  Oleic Acid Methy! Ester (C18:1) 43.85114
6.267  Linoleic Acid Methyl Ester (C18:2) 9.50762
7.202  Linolenic Acid Methyl Ester (C18:3) 0.26725
8.279  Arachidic Acid Methyl Ester (C20:0) 0.37067

Test Instrument: HP 6850 Gas Chomatograph with Flame Photometric Detector
Test Technique: Gas Chromatography

Condition: Inlet temperature: 290 0C, Detector temperature: 300 °c

Oven temperature: initial 210 °C hold 25 minutes
Ramp to 250 °C at 20 °C/min, hold 5 minutes
Column: Select Biodiesel for Fame, length 30 m., 320 pum 1.D., 0.25 pm film thickness

Figure 50. GC chromatogram of used palm oil fatty acid.






145

Table 24. TL.C/FID report.

Peak no Compound name % of compound
I Fatty acid ethyl ester 11.67
2 Triglyceride 40.11
3 Free fatty acid 6.38
4 1,3 Diglyceride 5.08
5 1,2 Diglyceride 27.19

6 Moneglyceride 9.56
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Table 25. an. 288-2535 MATFIUHAANUNYATINNTIN u’llluﬂ’lﬁllﬁ’lﬁi'ﬂ'ﬂiiﬂﬂ: o9ndsenoy

YoInIA vy
NUNNMHUA
PR Y] :’ ar '3 Py : o '3 P
50MshH nN3a U diiubhdusssunauar  siuithauledu
v

wiuihdushunssuis HUNS5u3s
1 N5AAB5N (lauric acid) Taifiu 1.2 laifiu 1.2
2 nsaluSaAn (myristic acid) 0.50359 050459
3 NIAWIRNAN (palmitic acid) 32§13 59 32 619 59
4 n3a1h1duii Iatasn (palmitoleic acid) 1ipun11 0.6 "ogn 1 0.6
5 NSATATYSN (stearic acid) 1.5098.0 15546

a . . = a

6 ﬂ‘iﬂTE}mE}ﬂ (oleic acid) 27 4 52 350952
7 nsa laluadn (linoleic acid) 50414 108916
8 nsa'lalwaiin (linolenic acid) Tifu 1.5 ity 1.5
9 NSADZI1TAN (arachidic acid) T 1.0 laifiv Lo

N1 3012550 AR (2546)
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