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Thesis Title Kinetics of Esterification Reaction for Biodiesel Using Phosphotungstic

Acid as Catalysts
Author Miss Supawadee Pengkong
Major Program Chemical Engineering
Academic Year 2007
ABSTRACT

Currently, renewable energy is important, especially biodiesel. The most of raw
material is crude palm oil (CPO). The problem with processing crude oils is that it ofien contain
significant amounts of free fatty acid (FFA) that can not be converted to biodiesel by using.the
commercially alkaline catalyst process. The two step process consist of esterification reaction
and transesterification reaction . The first step of the process for reducing the FFA content of
CPO less than 1% by esterification using solid acid catalyst. In second step methanol and alkaline
catalyst convert the product of first step to ester and glycerol by tranesterification process. In this
experiment kinetics of esterification reaction was studied. CPO with 13.20% of FFA and
methanol was used with phosphotungstic acid on alumina as catalysts, which is solid acid
catalyst. In addition, threc principal variables for esterification reaction were investigated,
different percent by weight of HPW/ALO,; 5%, 10%, 15%, 20% and 30%, molar ratio of CPO
to methanol; 1:5, 1:10, 1:15, 1:20 and 1:40 vary temperature; 60 °C, 70 °C and 80 °C. Reaction
time 180 minute was used. The results clearly demonstrate that the maximum methyl ester
conversion for esterification is observed at 30% HPW/ALO, at molar ratio of CPO to methanol
is 1:40 amount of catalyst to CPO is 1:6.25 grams, reaction temperature of 80 °C and reaction
time is 40 minutes. The energy of activation for the forward reaction is 48.78 kJ/mol and for the

reward reaction is 49.28 kJ/mol which increased with temperature,
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dntal§asn sunsousesn 18y 3 Uszan Tasfinsannnidaussiigg
¥
Azt nlavesasdadu
(1) AU §Asnsiladisiug (Heterogeneous Catalyst) dlufasalffzeon
e et r n’; g/ A Yo o ‘g = iy
siiahiilauandannesdsdunie liswdathailodeasu
@) dusal§Torriiaenius (Homogencous Catalyst) (fiudasalAsen
] ¥ 3
hiflveuiwavewrld Taefivlavesdnsa §aTmfunlavosdsfduamsorihuie

=5 o
lagnuy

'

o o £aene { A A as
@) toulal Enzgme) Wudasulfasoiil lumgavinaluy Jufesdy
]

aaan =

UATomeduaiiuasiudusal §Torn liawisedasn it 2 aguusnld
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93910

1

wilsiiuaslsznoudunitidafouniivinalng Tavdndudrsfuaslsznou )iy

Qs ¥ o'y L ¥ a 1 £ oo a A ﬂ Ay =1 o oy \1! ﬁ
ANHUSURIOU I‘Ifllﬂ\‘lﬂgﬁgﬁ'l’l\iﬂ'lﬁﬂ'ljgﬂiﬂ'l‘ﬁuﬂﬂ5'31”. HIHAUAGINUUATHUA LUTINHU
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tHalayinuy

2.5.1 dnvazin lilvesdiusnlfdsm
() Aasulgtenzealfasn Taeduludumsiilismdanunszduveud
o’: L L] aan e:ial ] A W e e 1 oy ey
riunouvasdnsalfisnndesninl§osoi Lildduswinson
£y S0y (] H ror ey d ¥
@ qaveAservs lunlaounaufivadis wlfate lldandh 18§14
Q Y =y ey Sid. a ar
dwmiudhsmniimsdunduy
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@) duralgitondmaantesfivineneih Idifalgnso ldedsai
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(5) quugiliziinadedanimafimlfasonfosnndielidas alfiseeddan
Tudgasen
e ' £ e o a VN a e o
(6) fusalgaterdinnudwniznessluasin§aTouaznan a4
‘3’ LD ana  dq @
Aediudusalgsnnly

b
LIt o

4 = LY san o a oy o a1
FelunuAsiiseimstnmnduswfnisevlea Tilveadin ueda Faflududs

ey 1 &aa o J ar 1 oy {a
UfiTen lungui3siug (Heterogencous Catalyst) iiluddel §Asuniianuadosiasidy
o ana  Ad - L= F 14 a ‘3 o f
dudaljnsonalumseondlad nisdeanilymayifeiutasazainlumsuonduss

o 4

[} b4
s lduduiethndumnldlmitanss

2.5.2 Hloalvifisadin uoda (Phosphotungstic Acid, HPW)
HoaTriisadnuedn dludas wifdsnvewdeniidnvuziiuden Jgas
A n oy -
Tuwana fin 12WO,H,PO, xH,0 dwsnazatsldhnii (Wated), 0281au (Acetone) oy
o et o . ¥ o o A Sy 3 .
larenFatimes (Diethyl Bthen) liazaoludhazaodunsdnlufith (on-Polar Organic
Solvents) o Trlisadin weda Wududnl§asoniinnnadosuazinnuusosnsag
ar 1 Y-T-N o = d
(Past A, Jalil ef af., 2003) wonvines 1iludus alfasonddsldidlu Reagent Tums Tz
£ = 5 3 1 Py t o g
maniitasdinm lugaamassudad duanfuudalungamunssy dudadnmu
by
thluaadnuas il udnlsza (Chem-Supplyty Lid., 2004)
5
nnguanianneamyesoa lisadoueda @Pw) Wumuydnilud

oy ot { = n’:
aand ladhaunz Tnssaraniinrmiiinufoiia Primary tag Secondary Structure

{1) Primary Structure
. = Ag o o o h é 1= g
Primary Structure INRAUIINNTIUAINUVOUMOU loooU F4il Iaseas 1
. & Ao S A @ ot n- f lg
Keggin w3sildnuazuuugninanaeiendiu dgaslmaga xM,G msanmdaluaiu
asfinrnadosiaziunsaud Tng Keggin Unit v2alsznoudisezaeunaiaves Xo, iy
snssimihuasdonseudis 12 vea Mo, dluzinsanlanth ezneunaavea x i
Hoavofa uaviieendiou 4 ¥ila lulnseadrefie Central Tetrahegron (0) wazidauves
DONFIV 12 0ZABUTONADAUNY Addenda atoms Jae'lalfin1ss1uiveraounn1aues
o) A ' . ~ | A @ W
pandangafoniuily Comer-Sharing (0,) uaziidn 12 saeufiFeoudefusu Addenda
Atoms 2 82ADHMIRURYBIABNNG19YD080FI0U 59031 Endeg-Sharing (0,) 11ag 12 B2@01l

= { A N
oanFuilaugane Temminal (0,) §90157N¥1 Primary Structure ¥04 PW,,Q0  u3adow 14




il HoPw, @PwW) Tasilegnounaruilurealefauasdives Addenda Atom

ar é o i H
flagau Fuanedantnlsenoud 1 uaznmidsznoud 2

Phosphorus

Tungsten

] ¥
mdszaoun 1 uaasduriisvessondnunadviialu Keggin Unit

fan: http://www.people.virginia.edu

\ (l})" :r{E
@ «:} Y }}{ b2
Dl
j. l VARSI
b=t et

muysznevi 2 uaasdnyae Primary Structure 84 H,0,PW,, (HPW)

41 : Mizuno 412 Misono (1998)
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(2) Secondary Structure

Sccondary Structure  1AAVINAITTINAIRUYY Kegein Unit Aaemsifouds
fuT1lsasu (Proton) wiodrauuenh Tﬂaimaqnﬂlmﬁw{aﬁn Keggin Unit ‘ﬁ.il.ﬂimﬁfﬁ‘h' T
nsiendeTaolmasaTilsaou (5,07 ) Taviimesfiveasendion (Terminal Oxygen, 0) vl

wuszntsdenunyleTasouesasuues HO, dwdaslunmilsznoui 3

(a) (b)

swilszaeuh 3 uaag Secondary Structure Y94 H,0,,PW,, (HPW)
e (2) Mizuno 482 Misono (1998)

(b) http:/Awww.people.virginia.edu

oA J
(3) ozgililonoonlyd (Aluminum Oxide)
- I3 F=1 =yt =y £ e
azgiifloneen ludiumsilsznoumilvstazgiliflonnazesndioy igasnd
¥
il ALO, Thraluagami 101.96 gimol gaMaNIVAY 2030 °C YAIfiBa 2977 °C hiagay
:’ < ' ~ oo - o a
Tuih azeelddndeslunsauazare lumarsiiinTagenaasuaumiias iSondt exgiinn
= 4 1 o 1
(Aming)  eggildloueenlediiludiudsznsundnvoausvenled  (Bauit) nie -
' o & ° a o o)
wsezgildioy  lugammassuuenludgadilduiqniiluezqlidlousenlad  Tae
o e ooy s
nszUIUMs ees (Bayer Process) taznlioudiuTangezgiiiionlas nszuiumssead-
Felly 1 e o
3388 (Hall-Heroult Process) wonlwafi hiuSqnivzdszneudis ALO, + Fe,0, + Si0,

oo {
iﬂﬂﬂ?gﬂ?uﬂﬁ'iﬂm BIAITUY ﬂ']iﬁ 6
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ALO; +3H,0+2NaOH —~(Heated)-> 2NaAI(OH), (6)

Fe,0, hinzawlua1a dau sio, axmaitludainn (Silicate) SO, Tnons
n394 Fe,0, vzqniiinean tisidunsans Tyl ANOH), szanazneudann (Silicate) szimiong

Tumsagarw fseumsdi 7
AKOH), --(Heated)—> ALO, + 3110 ©
Taofl ALO, fie 929111 (Alumina)
2.6 snsusnignsm

o o Ao &5 A =y - A
oas 51 AT mnwds msnlfoulaaFaanied o luaisann
aan o Sy = o s ] = o
Ugiisevesmsinl§issmiendasusidenarderfinasvesmsean /Ao

1l i furiiavesars (Species) In 4 Tl §ATndnsuda§iTomums L Toui

A3

8 ar A

AUMS 1A
1dn dC,
== @®

I

va  dt

=) o

<1 oy ey
8 onsanlgnsen

fio §
& a o = L3
fn YSnasveedalfnsel

dn, fi9 S luafaldounlas

=) many

di fe namldinlgasen

dC, fle avduduinldouuilas

I

5
= oar & < = o
‘Immowﬁﬂsw1msﬁnmﬂauwaﬁmﬂ FUBINTZUIUNISLO N0 WA

RCOOH +CH,0H RCOOCH, + H,0 @

v
f5a  unIuea afawames  1h

nmlgnsoneaneT a1 (Esterification) Sas1msme lvesnse RCOOH) Mo 1Ty
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d[RCOO .
—;kwoﬂ:——[ik—m:k [RCOOH“[CH,OH]" —k, [RCOOCEYH,O ()

Y or

do o dudusuvenl§iiniiddesiu recoon

s as

g dhduduvenl§Asnidvidesty coon

y HusudvvenlfAsumifeadesiu Rooon,

97 s

A dhududmenlfAsomifedesty mo

k. k,, Hudneilfaze ldhamiuns§asowundy b

fw?

d? a7 ¢ 5 Q ey l-; @ oy
TUNUANUILIUYBIT I GATUATUA U g n ]
2.7 aumIostaiioe (Arrhennius Equation)

r = I U { ey g 1 &
hdl na 1889 adue erdlsfien uamaldiiudhmneil§asniuediy

auUHQil AT
k=de b (10)

w 1T a o o )
{0 E, fo WasuneAuiuAvenl§hTer (/mol)
A = o 1 o
R 78 AMAINYSILNT (N1 8.314 JK.mol)
fio quugiiduysel (K)
e A8 PUUBAOMTAUTITUMA
- = oy ' ¢ =
A A9 ANUIVBIMSYH FnIunineinud (Frequency Factor)
=} ci 1 qc; 3 3 @ 1 o any,
finngilusisquugiinhanenrsdmiuudazalfison
‘ A o . 4
aumsh (10) Sendraumseriisified (Anhennius Fquation) Feuenliis:
1 ] 3 ] ]
niINmatensulsduny A wieanudvesmasulngase venviniinIfiinieanng
"y v o o A o 1 e e des 4 & a
auagnin E/RT udasnmashonsianasilondsnuneduiuaiinigeiunasiiiogavgi

cg' s ) t:'iv L] = 4R o o cf
gaiuendouanmsilinilugilvesaen3itusssund dil
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Ink:=lnAe 5/#7

lnk=h1A—E“ an
RT

FunaNaunsn (1) AeudTuaunisidunseld de

Ink= HE“ l+1nA (12)
R)T
y=mx+b (13)

Tﬂﬂﬁ y=Ink,m :(—E—ﬂ- L X =i,b =InA
R T

o & A a ' o 1 Wy ¥ ot @ 1w
MU mm‘l}ﬂuﬂ‘i’l“}'l'iz‘}*l’nq Ink nu ? 2 lﬂlﬁuWSQﬂnﬂQ'ln‘ﬁulﬂ'lﬂﬂ

= ar o’: 1
HAZURARAUAUAANTNY In A

Ea
R

< °
2.8 mimnzvdeyadelilsunsudufogy Polymath 6.0 Professional

1109910 T1l51n53 Polymath 6.0 Professional 1111 T1)sunsuf1fanudre
o a9 s g I 1a gt
aunsoTnygrdayauuudadunas luGady
mifmuadudulgaTomTemacidgaseriildediadeaiodss polymath
6.0 Professional tfivaud ldnanisnaassluldsunsy udadmuauuyinosvosdunis
o <] oy 3 ° a ] o o o 1=
8n3usngnsen nimiulilsunsuezimssunuansiinesveswuysassaunisdasusa
3 b .
UgATerndesns Tilsunsudliimsdiunasaanududode 5%  wagaruulsilsa
at 3 ] @ o t = el o 3 + el
(Variance) 130 dniudeadanlumadaduloimnaimesasunaiddusiusimnzay
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2.9 msmisersmInfasy (% Conversion)
o oarey A oA ar nan =1 3 o osy
lumalgianielumegammassuinerrudjiseusil senudnljnse
[} g o @ o { o aa 1 ¢ ar 3 o
Til&godwiiullsunssisasasdundninl§asoldgnldhledsauysel dniudaiiinas
L4 t 1
fnuadnlaseniy q imsalasulawihla Tasezls5ovazaisuldon wie %Conversion

b
o o e A . . W o &
dhudrtmua Tuaiteiieg1d %Conversion 494 Free Fatty Acid (FEA) sHludafwun &9

@ Y ¥
Aaatlann
3171 Tuaves FFA Aivinlgnse 14
%Conversion 993 FFA = 3 " X 100
. S Tuaves FFA Atlowsdh
150
n—n
%Conversion Y99 FFA = L2 %100 (15)
n[

A & o < v
W9 n, AB ﬂTHUUTHﬂ%ﬂQFFAﬂW'I'iz‘UU

n, fio Swauluaves FRA fieenningsuy
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aq gilnseluaziims
3.1 Jag

@ o c:’ o o ° 1 a J o
3.1 JagAy fe hifuthavdy shuwnlassmsdaadugaamnisininhnhdy

o o _a “a o = d a 1 o
VAANATHHITTIAT YHIMdeaavaIuasuns Insnuamalvg Taednuazaisuen

My pryre = a g
yaduiasy ﬂﬂmglﬂuﬂlﬂﬂﬁﬂqqumﬂguﬂﬂq

3.1.2 §15tadl
(1) myuea CH,0H Commercial Grade, Fish hook UFHNHS Inainyw-
Sumetn 17a T 6%
) o lvlnsa@nuoda (HPW) Lot & Filling Code 1218495 43805112, Fluka
) ezgiliionesn lod (ALO,), Riedel-de Haén AG D-30926 seelze
4 ﬁyn‘j'm'nﬂﬂu (Liq Paraffin BP.), B.L..Hua & Co.,Ltd
(5) nyadaaia (I,S0,) H,80, AR, code no. 1.0073 1, Merck

3.2 gilnsal

3.2.1 1n50ai03n5eH
{n lﬂgﬂﬂﬁﬂaiﬂﬁZ‘ﬁ: X-Ray Diffraction (XRD) PW 3710 mpd control wide
anglegeniometer, Ni-filtered Cu K radiation at 30 kV and 25 MA, Philips, Amello, Netherland.
A A& o felg Yo a g IA Ay A o A '
dhuasesledms i 195edE ndnns1uameInau lnsznuaynia niedaghyuan o
ar =1 ﬂ o o g & A o o g 9 o : o @ A
fuTnoll Detector iTududeya Femsianwiladi lfifanms@ennuvesiadiadudiyy
3
aar i fhldnsugdusy Inswihuswan Snisdsrunsameinasymastiansii
Y o 4 4 o o ar = o
14 TagldindosiioTingrzit XRD #i gudinfosiliemummmans iinedoaevansuns
d =y s
(2) 195091i9UATITH Scanning Electron Microscope (SEM) JEOL JSM-

5800V, Highvactum mode $ijundesdifnaseunvudeansiafildlunisdomdnyus
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9t A 3 .gi" =y @ o ad & o
Tasaada ninsanlszneuvesiiuii lavorfomsnnavesdiddnaseu luurs Faguny
‘é - a « 1
m3 iresssua ez dlfidsnoganindesyanssmisssua Tasgnnsovensnm
] o cg } i - { o
1811an31 1,000 1911 audaszan 100,000 sduly Taoléinsesiiodinsiey SEM igud
A'! - ) I'd ~ or =y 4
IRTRHIDINGIATAAT HHIINNAUTIVATUATUNS
4 =N I's
(3) 1RT8918TNI1LH Fourier-transformed infrared spectrophotometer (FT-IR)
Pellet (KBr), EQUINOX55, Bruker, Germany. iijuinsasiiodimnserinyiladduvosaislsznoy
4 = 'd { 4 <y = o Py
TagldnioaiiodinseH FT-IR # guinsesiioInmnmans uminadoasanmsuns
@) wiesiloNnieH Gas Chromatography / Mass Spectrometry (GC-MS) HP
) = =Y e A
5890 GasChromatrograph—FHP 5972 Mass Selective (Hugasosiionlddinsizviatinvesais
o ' dea (a & = 'S S ] =
fedithiflsinalsontn  wansodmieialalusie 2 <700 amu wasiinsuenuee
P ~ o P ~ P
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04 300 o uralyed uazhilnnwazioon 1 esswadeaiiniianisganduveudedn
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durhusa (infrared detector) vIuFindoyadaoneuiiuned Hawlanfulamsnasgu
(Standard Library Spectra) 7301 T sunsudum (Library search) fis 191 umsusnussiiauas
o o 1 as 1 [~1 5 1 a 97 & A e 4
Anszimaulsznenvesmisdiadisstasigndesazuiud Taslfinsealeins e
= o A A o =S o = o
GC-MS 11 fudinieiloanenmans yn1Inedodsvauniuns
¥ - &
(5 (n5891193A519H Thin Layer Chromatography/Hydrogen Flame lonization
Detection (TLC/FID), Iatroscan Model MK-6s Lﬂulﬂ?ﬂ\‘lﬁﬂatﬂiwﬁﬁ 1$dm5uuen
d g = Ay '3 g 1 =) 4%‘
senlsenonvssEstia@aaniiosdlsenevvesaisaaun 2 vita 31l azansluveanan
Wy Tasedondnnsdt asdasyialanvawnselunisazaredistu uaziignialy
] o Y] = I o a 3 4 =Y o '
nsFurudgaduinriiadieduy dniumTediefinsed  TLCFD Sulszneudavday

& @ 1

ar
drigy 2 dau Ao Higadutazdntrasars n3ld TLOFD wenmnila@uiviia@eady ud

o - <r a ¥ ar k-] ﬁi' 1 lé i ot
¥fgndunediasatdein 19 idnan 18a10lUdre Fearshionandaldiosus
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wasudld1dlna - asfigngadaul@nnzmasunhlldled TaslfindesiloBinsey
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TLC/FID Al madn3ansamniednn augdmnssumans uminsidodavainiuns
6 wieaioTnszimdineniilumsdaetn (Kan Fisher) Shuntosin
Yhinahdieis Tesiamsdredraslllumsazarelolelng wildle Teladiians
gudodidnaseulfudasazaounTnlad delumsazarounTnladezillaTasmnToeerey

o

; o a 4 A . g
M lddlo lalasulessusuddnaseusznanadiuusaloTasny Faunso9 Karl Fisher 192
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L d 1 ]
JalnanhmnlfinadidanseuiileTo laagandely Tasldiadeefionsen Kan Fisher

AMMINIANTTUAT ANLIFINTTUAEAS UHTINOIBVFIVATUASUNS

322 gihsalillumsinl§isnm

sl lumsinl§asod Hugnsalyszonddin dalszaouda

(1) 931U 230V- 50 — 60 Hz 350W, Bosch [dmsuiiiuomos 1dlusia

fauld aunserfuanundasenld

@ wvianiu Mddmsuldasuauslda

(3) Thermocouple Type CA (K) ‘I%’t?m%’uﬁ’m;mﬁgﬁ‘luﬁ'aﬂﬁnsaf

(4) Reactor vi1a 1 ins Mdminsesiuamsieziiitm

(5) Reflux Condenser W¥dm3ulfnmmeaiiszmenmiunsylalis
Reactor

{6) wﬁl”e Fdmsutasu Reflux Condenser

@) witeyadhiving 7 fns saurtaaiieldilu oi Ban

@ famunugungil Mdmiumuquaangilul§ise aammaandon
W +1 °C Sauanslunmilszneud 4

) i (Peristatic Pum, Masterflex) 1 msufisemsdedy duwasly
amlszaed 5

(10 ) Pharmed Tubing, Masterflex wuqmmﬁ‘lﬁ -59°C-135°C i%ﬁ?ﬂg‘mﬂu

awlunsfeansiedn dugaslunmnlsznoud 6
(11) Timer “ ELTIMO 020S” 230 V AC + 10% 45-60 Hz 19dmsuniunu

nm lunsAa1IRI8019U04 Peristatic Pump fauaaslunvilszneui 7




)
©
)

L.

Fe--

1 4
avlszneun 5 Hu (Peristatic Pump)
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MmwiilsznouN 7 Timer “ ELTIMO 0208”

3.2.3 qunsafiildlumsnion Catalyst

(0 iisa

(2) Tﬂ@ﬂmm?}’u (Desiccator)

(3) vaeavian

(4) vIa3mSu1a5 (Volumetric flask)

(5) Hmnes
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3
6) uivIzde
b4
(7) fvuta (Clamp) taznas
(8) Fouanais

(9) unuHIAy

3.3 3EmIan :

3.3.1 M Sanias sl §asen
(1) 1 HPW wa ALO, Tdeu13n gamgii 70 °c dlunm 24 F2 Twaudaninn
4 & & 4 o
il Toganawdiu sunseviemsdudga
»
@) 11 ALO, 111 Wetness Point lnoyiimmaassdrodivag 3 ase udninn
o
WiAungY
o o o { t n’; { d g o
@) imsannanilfinasvesasazawideslddemsianun fnfesidud
5 v ¥
HPW 6133 9 /i Taomsvaaoail 199 5%, 10%, 15%, 20% uaz30% HPW/ALO, Tastivmin
= ‘ﬂ. ¥ 4§ =4 -y 3 or <y F".
(4) wvuaITaYaIe HPW Auaay %HPW  FainlSumswindnlsuiash
L
Wetness Point Y9taas %HPW 111 9
(5) M3 Support 150010 HPW 24U ALO, i %UPW fidmua’ll
) i'ldeud 70 °ciffuan 24 92 Tug
[ ar 1 4 4 ar ¥
(1 humsdaedin 3 luTogaaudu wetlestunnusu
®) 1has@regel)Tins121é0 SEM FT-IR uag XRD

©) hdusalgise1Uda

3.3.2 Tuneumasafiusal§asen

(1) thasdusalfasonldlushaa udilach fepmalsenoui
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mvilsznoui 8 uanadadusalfnsen

@ dadrsanudulizing 20 Tonfin® linaashitsa lasldiaTeeda
¥
~ o hod o A r
loasedn (Hydraulic Press) 1daanlumsdalszunar 30 wiil Sadma q 5 ufi e ldnisda

o ag ' o
navuatRauyIn

1 l‘—"’ af =y
ailszneun 9 uanunToda leasodn

3) ihduialfisonfiduriusennndhda udriliusn




29

@ ihdusalgiseriuanlieunzunse 20/42 Meshy vz 1ddus nlfAsenaT

WA 9 (i vinavesdausaljismannsadnon ldnnaums

N Dpi + Dpi+l
Ty
&
)
D, = vwagdlavesnsinsaili = 0.833 mm (20 Mesh)

Dy = VURZAIAVEIAZUNTN i+ = 0.351 mm (42 Mesh)

r
— -

D,; = MAIRGoYeBYMATIFINAZINGS i+] UARNBGUUAZINTS i

B ow 0.833 + 0.351

o = 0.592 mm
2

¥ ] 2
falu vinamagyeseyman 14 My 0.592 fiadimas

=1 @Ay or ) ano 3/ a
3.33 finmguaniifvesdasal§iselaeldinaiinaisy
(1) Annlnsesadrvedusalfnsnlaeld xrp
3
@) dAnndnvasiufinesdusalgnsenlaoly sem

@) fnvmfilsdduvesdusalfinlanld Frr

334 danmniaselumseanlulefsa
Oy - ~ H i =y =y J
() #nvresmlyzaouveaiviutdudui 19 lumspndaniandne s aeld

Gas Chromatography/Mass Spectroscopy

(2) fAH1 %Conversion Y84 FFA ﬁﬁ11Jg‘jﬁ?mmmma?ﬂm‘ﬁ’mzw'ﬁag‘lﬁu
thdwRudusmmealumaize q TaomsulAoumlaatedidy Tashminvealoa Trivs
afn ueda feguuesgiiflonsenlud fasrdauda lnavesinhshdudnudenmueanas
eIl

3) Amniledviifidenisan FRA mm%ﬁ'uﬂﬁuﬁﬂﬁﬂ%’ﬂﬁﬁ%‘ﬂuaﬁma‘%’-
Hindudawdnsalfnsem Tawtihuhnhdudy FusalfTomasmmeaiivgihnsiinmld

acluvindunaudedniuganmisnaass Idamidenunzimsniuaseammaaes
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3.3.5 aaneiilflunisnaans
o o : ar ar = a A - ¥ 4
) wedduTanhminvesloa Wlvisadn ueda Noguuesgiitionson luq
Auanmaiu s M fie 5%, 10%, 15%, 20% uaz 30% HPW/ALO,
1 ]
2) dasdmvsaiwfinhdudn {CPO} siotum1uon (MeOH) AiUan Y
s
1 a  f = o e o o ]

5 1 InvlddadnuFa luaveshinhdvdudewmiueadly 1:5, 1:10, 1:15, 1:20 uaz 1:40
(3) ounINUANATINY 3 A1 AB 60 °C, 70 °C 1Az 80 °C
lumsnaaeasuduninnisiinismaasufionnlSunaduswfised

sf

mwzay Taodmualdsasidinds luavenhsiinhdudy (cro) demmnioa (McOH)

~ ca d :’ o o A o | Y L A
gangil uazilosigud lasthminvesrloa Trivisadn ueda yuezqiidionesn leaiinined
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3. M3HIA Free Fatty Acid (FFA) veainiiu

& ¥ oL ' R
1. Fuhminnrue @ias) inss lsinioat
¥ r 4 ¥
2. sininfuldanmarue Fadmdn Taolddaed1ainiutlseana 5.00-6.00 n$y taztufin
b4
iR
3. (fiwen1uen (C,H,0H) 50 iaddns
o ¥ u’: : o gt T Y 37
4. 1 ludsuu Water Bath usinTuduviaazaio wdr lddhdu

= a oo I'd
5. waadlueilsny suanes 5-7 o

manssuTiuel sy dufinmed
¥ ]
azarwiluedsinu 1 asuasluemuen 95% $1u2u 100 Faddas duingu
o oo o =
100 Haddasudnisnoa 0.02 ueiusaveslufunlaason’lud (Soduimhydorxide, NaOH)

e -1
ashazvgavudsuyaRavuludsazay

6. i lasimsndy Soduimhydorxide (NaOH) Tasnisdes  1doy NaOH vinvaen
Tasnashwinredied 9 uasundeviaded ielédretanuluvaaf NaoH ¥imlgasen

b ¥
M sunaninfufidudimdesnaroduduaseudy

mmIsiaduslansenlsa 0.1 uesuea
o 3’ @ i o
azawlwdonlensenud 4 asuluthaduilsmeinaiiuey lnoonles

184/5301 1000 HTaddas uaauaralad WunaGon'leIsnurnuan
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7. 9151 NaOH nnnasaiinsa TuinySun NaoH 71411

FEmsuaaumialad 0.1 vesuea lnnunloaseniud
Fallunadonlalsoumanan &PH) Uszanm 2.5 adu i ldeud 120 °C

) 3
w2 53 Tue el ddulueadinmes (MW, KIp - 20423 CHKO,)
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- vreedlasre KHP 1052310 400 Haandy w150 0.4 n$y 19 Flask via
LY ]
250 dagans Wwuthnay 75 dadaas udniunlasmindu NaOH 0.1 N

1$uelmau dlududinmes uaz Point & Rose Pink (NaOH 11523101 20

ianans)
o mgKHP
- ENHIN =
mi.NaOH x204.23
204.23 mg Potassium Biphthalate = i ml 1 NNaQOH

Tt mgkHP #eo SinavesTilunadonlelsou viauan
(laaniu)
mlNaOH fo USinavesls@onlensenled @adans)
20423  fie 1§1Hﬁﬂfmaf;m!mTaJuﬁﬁvaﬂu'laTsmu

Hiaan

8. MSATHIANIAT FFA

15118 NaOH x 25.6 x AUITNYUUBY NaOH

FFA = .
suaidasengiiniu

1] 14

aw e o o a o o 3
i : uTen vindagacmnsaniniudidy (1993) $1iie, g3y il
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1. Msfaannalianaves Free Fatty Acid (FFA)

14
=y LY e o '3 =%
‘l]']ﬂﬂ']ﬁﬂﬂﬁﬂll'ﬂ"l'lJ'53J']i1!ﬂiﬁ‘l‘ililuﬂﬁizﬂ}ﬂﬂu1nuﬂ1ﬁﬂaﬂﬁ'36mﬂuﬂﬂ'l'i

NAADUAW Gas Chromatography-Mass Spectrometry JAHARIANT I

Fatty acid Systematic name Structure’ Formula Ratio (wt%)
Palmitic | Hexadecanoic 16:0 C,H,0, 46.695
Oleic cis-9-Octadecanoic 18:1 C L0, 42,358
Stearic Octadecanoic 18:0 ClL, 0, 3.243
Linoleic cis-9,cis-12- 18:2 CH,,0, 7.704

Octadecadionoic

470 1aNav9s Palmitic = (12x16)+ (1x32) +(16x2)
= 192+32+32
= 256 g/mol

I

(12x18) + (1% 34) + (16 x 2)
216 +34+32

¥ lulanaves Oleic

282 g/mol

il

(12x18) +(1x36) + (16 x 2)
216 +36 + 32

1170 TUI0NBYD4 Stearic

I

284 g/mol

370 [U@NAYB4 Linoleic = (12 x18) + (1x32) + (16 x 2)
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misAauIalitagamasuesasHas

Tau

216 +32+32

I

280 g/mol

MW = y MW, + y, MW, -+ y, MW, =" y, MW,
i=1

=h

A [ g
Famm y e

FIUMIAYI 100 e FFA

A 4

e w3a lManamdLyedmTHeY
A 4

fln  wnlumgavesasosntlszney

fin daTra1Fe Iya (Mole Fraction)

i
Q o ar
S Tyavesarsosnilsznoutiy

i
st Tuaueadrsnany

f

Basis 100 g of FFA

Fatty acid Formula Ratio (wt%) | MW M n y
Palmitic C,1;,0, 46.695 256 46.695 | 0.182 0.491
Oleic CiL,,0, 42.358 282 42358 | 0.150 0.404
Stearic C\sH;0, 3.243 284 3243 | o0.011 | 0.031
Linoleic CH,,0, 7.704 280 7704 | 0,028 | 0.074
Total 100 0.372 1.000

Taofl M #e s

Ao dnuluavssgisesmilszoou

82
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WA lANAYEI FFA = (p,,:) (W78 IW@ADYBI Palmitic) + (y,, )(M7a Tuanaves
Oleic) + (Y (M0 1100 AVO4 Stearic) + (y,, )10
Tutanaues Linoleic)

(0.491)(256) + (0.404)(282) + (0.031)(284)

+(0.074)(280}

il

125.696 + 113,928 + 8.804+ 20.72

269.148 g/mol
S U lMENaued FFA Ny 269.148  g/mol

2. MIMUIVNITNANAUBI Methyl Ester (ME)

vnaumsvealfnruemmeslindy wud FFA Maljasodummneald

= < uy { { {
wiinwamesuazi lagn rrA  uldowlWdinafiaeaned Tao B gounuidae cy,

AN
RCOOH + CH,OH RCOOCH, + HO
¥
f139 wMLea wiaema;
CH,,0, (Palmitic)  laen Tty 1,0,
C4H,,0, (Oleic) alagu iy 1,0,
C,4H,,0, (Stearic) aldoulaldhy CoH,40,
C M0, (Linoleic) g lalihy C,H,,0,

= & ]

oaa = ; ol of S
dfATeuiadu 100 % wasmsunuil B &1 OH iFedudunsaluiudass (FFA)

sf
Qr  qf 2 1

¥
wiudion fu doiudanaaugs luadaaidy wweunsesnoanaluagaves ME Tadsl

¥ 11anaved CH,,0, = (12x17)+(1x34) + (16x2)
204 +34 +32

I
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= 270 g/mol

W8 Tuonaves CH,0, = (12x19)+(1x36)+ (16x2)
= 228+36+32
= 296  g/mol

w30 lueNaved C 1,0, = (12x19)+(1x38) +(16x2)
= 228+38+32
= 298  g/mol

yaluanaved C,H,0,= (12x19)+([Ix34)+(16x2)
228 + 34 432

294 gfmol

I

FIUMTAIMNIN 100 ATUVDI ME

wialuenoued ME = (0.491)(270) + (0.404)(296) + (0.031)(298)

+(0.074)(294)
132.57 + 119.584 + 9.238 + 21,756

283.148 g/mol

~uralu@gaues ME AU 283.148  g/mol

= ¢ o I mny
3. mﬁ’J!ﬂ‘a"lz‘}ﬁlayﬁﬂﬂ‘i]!‘ﬂ‘tlﬁ@ﬂ{,]ﬂ‘iﬂ]
q 8 e . o o =
NANIHLTaY 145N THIANNT polynomial M1de 5 giliuaumshe

_ z 3 4 5
Coma=agtattat +at +at +ad
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b
TaoldTsunsu Polymath 6.0 professional M01IUAINITHIAT Polynomiat Derivative Moy

g

fAeehs maveams 15 Tilsunsu Polymath 6.0 professional Tumsmerumannnduduves

nsn lududase uagnsmia Polynomial Derivative fivufunan Againgil 70°C

991318 U1%4 [aU9ICPO:MeOH (A1 1:40

Taodimuald Cr1_40 Ao anududuvensaluiudaszfigamgii 70C

D958 Tuavas CPO:MeOH (AL 1:40

t A9 a1 )

Model: CF1_40=a0 + al*t + a2*t"2 + a3*t"\3 + ad*t"4 + a5*t"s

al 0.158411 10.016633

al -0.006777810.0026428
az 0.0001296 0.0001128
a3 -1.295E-06 [1.827E-06
a4 6.409E-09 {1.219E-08
ad -1.224E-11 {2.831E-11

Analytical polynomial derivative

CF1_40=10.158411 -0.0067778%t + 0.0001296*t"2 -1.295E-06%t"3 + 6.409E-09%t"4 -1.224E-

L1*¢~5

d(CF1_40)/d(f) = -0.0067778 + 0.0002593 %t -3.885E-06%t"2 -+ 2.564E-08*t"3 -6.12E-11 *t*4




-0.0067778

-0.0065223

-0.0060341

-0.0055752

-0.0051444

-0.00474035

11

-0.0043623

13

-0.0040089

15

-0.003679

20

-0.0629504

25

-0.0023466

30

-0.0018524

35

-0.0014537

40

-0.0011372

50

-0.0007024

60

-0.0004602

70

-0.0003376

80

-0.0002762

90

-0.0002325

120

9.528E-06

150

00002548

180

-0.0006972
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General

Degree of polynomial = 5

Regression including a free parameter

Number of observations = 22

Statistics

0.9563995

0.9427744

0.0024263

0.0001781

Source data points and calculated data points

.1907078160.158411 0.0322968
12140936810.1517616  1-0.0303522
126299563 0.1392101  [-0.0129105
.128883363{0.1276055 }0.0012779
11927342 0.1168904. 0002383
.11888695310.10701 0.011877
.1065(55825 0.0979113 77 00085945
09122835510.0895442  10.0016842
.06594091410.0818602  [-0.0159193
05977161610.065342  1-0.0055704
054291783(0.0521483  10.0021435
.036463872(0.0416933  |-0.0052294
[03977533410.0334648 | 0.00631057 )
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.03276576510.027019  |0.0057467
.02300894110.0180158  }0.0049931 )
01050789810.0123308 {-0.0018229
.00232481810.0084152  {-0.0060904
002306263 10.0053769  1-0.0030707
.00398384310.002834  10.0011499
.003509056-0.0010771 6.6045862
.001260641{0.0038354 1-0.0025747

003132501

0.0026352

0.0004974

die B, fio nasnuneimiudvel§Asun (mol)

= 4:? ' = R @ dy
AeuaumsiInilugilvesasnsiusssusma dail

4. MIMUIMAEINUN DN
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ar I o o o ooy, {
Tumamndsauneniudvesdfisn vozmlnmefnandee 1daunis

R A misafivewnea (N1 8.314 JK.mol)

T @849

q

e 19 FIHYDIRDN

I

)3

A AN

d - . . ' i [aaa 43 r o Y
¥990151511i6% (Arrhennius Equation) Tdnanilsinsil§iToduegfiuguugl dsaums

k . Ae—-E‘,.’RT

£t - 1 e o Q o ] aan
IimnsihTuygungiiinnenemsdmsuudazlgism

= oo L2
uniduyTal (K)

SUBITUIG

(10)

~ L 1 o o
BUBINMIFU FonTwrnmeTn 1w (Frequency Factor)

o

Ink=1In de%'%

Ink=In4- £, 11
RT

Funpnaumsi (1) Avudluaumsidunsa’ld fe
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lnk:(—gjlﬂnfi (12)
R T
y=mx+b (13)

Tﬂfﬂcf’; y=Ink,m= (-ﬂ),x = ~1—,b =ind
R T

o 3 A’! = X & 1 L Acl 1Y) I oar
At esunTlsene Ink A ? W 1ﬁmuﬂsmnm1wummu

Ea = o 1 e
~ 5 | wesiianauny y many InA

0 T T T T
0.0028 0.00285 0.0029 0.00295 0.003  0.04305 . x
=2 -
* Ky
+
4 r\o
“ K = -5867.6/T + 13.66
E 2
% R =0.813
.\_ k,, =-5927.6/T + 10.083
_8 _
R’ =0.937
'10 1
UT (K )
Ang A E, (kJ/mol) R?
X 855,978 48.78 0.813
k,, 23,933 49.28 0.937

daegamsiaaueen E vesl§asorlildhamh

E
——% = -5867.6
R

E, =(-5867.6)x8.314
= 48783.226 J/mol
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= 48.78 kJ/mol
[} o A& ° o A L
un K = k [RCOOH] dipassimsfnnudiomanududuves
wmea lagimua anudyduvesmusamuanududucuduss uumusaaudy

] i4 ] v
aududuvesnsaluiugass il lianuafinauSudusudgaronadudauaas

sy | Swonild | Swonlve | Yines | aodudu
o (g/mi) (2) {mol) v (mol/1)
MeOH 0.791 3204 10 0.405 14.024
. CPO 0.698 218 0.25 0.308 0432
5 0.713
anududuvsansalnidase anududuvesmuea
(Cipp, Mol/l) (Cyqeon mol/D)

quingil (©)- | Gudu | gadwe | Ald | Sudu [ 7lFW | qedwe

60 0.191 0.073 0.118 14.024 0.118 13.906
70 0.191 0.003 0.188 14,024 0.188 13.836
80 0.191 0.000 0.190 14.024 0.190 13.833

MuIwat  k,, 300

K = k [MeoH]"
by =
[MeOH®

-] U. 1 "é 1 ar -
Tasdmuaid (Meor]”  dumashdsltmisuarundudussuumuoa
A o a o 1 ar @ o o & A
Gudvavduardyiui 16 ] nagdnnumasandsaunesuiud lnoldaumsoisisiios

HONTSMUIMLEAIAT JUAHILAZAIT 19
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0.004
0.003 - ’
¥ kbw
.&0'0025 s
& 0.002 - kfw = -12.196/T + 0.0381
) R? = 0.8378
0.0015 -
*
0.001 kbw = -4,2479/T + 0.0132
2 -
0.0005 R? = 0.9805
0 T T T T
0.0028 0.00285 0.0029 0.910295 0.003 0.00305
1I/TEK )
A1nad A E, (J/mol) R?
kﬂ 1.039 101.398 0.8378
k,, 1.013 35.326 0.9805
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d; o L2 L=} = é U
1509 MnuadnvetazgumrveslulefrailssommRanmnesvesnsn luifis

¥i.#. 2548
10M3 Porfhmun onT g Finnmeu”
¥ 1
1. winatenes, seeas Ingiinnin Taidina 96.5 EN 14103
(Methyi Ester, % wt. )
2. | avnmundy o gungil 15%, Alansy hidw 860 ASTM D 1298
gmAsiIAs (Density at 15 °C, kgin3) oz
higand 900
3. | nywmila o qungdl 40 ", ssudnland Tighndr 3.5 ASTM D 445
{Viscosity at 40 °c ,e5t) uas
higandn 5.0
4. | yamu'l, seruwaios hishnd 120 ASTM D 93
(Flash Point , °C)
3 (23 oy L3 i ]
5. fngtu faoaz Tnminnin ligand 0.0010 | ASTM D 2622
{Sulphur, %wt}
1 5 Jv ar L IR )
6. mnay, seeas Tauthuip liganh 0.30 ASTM D 4530
(Feuag 10 ¥vOINNAIMABINMINTL)
(Carbon Residue, on 19 % distillation residue,
%ewt.)
Tiidn 51 ASTM D 613
7. i
(Cetane Number)
¥ o F3 uy Y 2 ]
8. ondaits, Teens lagihmin ligan 0.02 ASTM D 874
{Sulfated Ash, %wt.)
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510N dafmun BATIGIAT Tonaeow”
Ed Ed

9. |, Sesazlneinnin Bigandr | 0050 | ASTMD 2709
(Water, %wf,)
4 4 & s F ' '

10. | duhndleurisvun, $ogaz Inorfnnin liganh | 00024 | ASTMD 5452
(Totat Contaminate, %wr.)

1. | MIfansauuAuNe g Tigend | wnmav1 | ASTM D 130
{Copper Sirip Corrosion)

12. | whesmmidemsdml§fsneendiadu o hidnh 6 EN 14112
gungil 110 earssaiies, 521
(Oxidation Stability at 110 °C, hours)

13. | snvundlunse, Jadndy hinadunlaason | higendh 0.50 ASTM D 664
Yassi /s (Acid Value , mg KOH/g)

14. | avleTefiv, nsu e Tedus/100 i Tiiganh 120 EN 14111
{(Iodine Value , g fodine/100 g}

¥

15. | nsndluaidnoifaeaned, SesazTagiinnin | ligendh 12.0 EN 14103
(Linolenic Acid Methyl Ester, %wt.)

16. | wmiuea, $ouas lngrinnin Trigandn 0.20 EN 14110
(Methanol, %wt.)

E

17. | Wilundse'lse, foaas Taninnin Tigan 0.80 EN 14105

{Monogiyceride, %wt.}
Y .

18. | lanfwe'lsd, Saeas Tnetinmin higanda 0.20 EN 14105

(Diglyceride, %wt.)
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(Additive}

o o o oy §
5013 e mun das1gan Tnaael
Ed

19. | lnsnfiselse, Soaas Taminnin Tigan 0.20 EN 14105

(Triglyceride, %wt,)
¥

20. | nAeIudass, Sesns Insfunin higand 0.02 EN 14105

(Free glycerin, %wi)
=3 =t tg 5 Gy ar 1 1

21. | nawsesunaue, Sevas Inorinnin higandy 0.25 EN 14105
{Total glyeerin, %wt.)

22. | Tawzaqu 1 (wdouuas Timendon), higanth 5.0 EN 14108 tloe
ilannswnlansy EN 14109
(Group I metals (Na+K) mg/g )
Tanzngu 2 (rademosuuniliFon) Tigandn 5.0 prBN 14538
siadnsumlansy
(Group II metals {CatMg) mo/kg)

ar 5/ °_v o ] ]

23, { vlemloda, seoazTaerinnin higanh | 00010 | ASTMD 4951
{(Phosphorus, %w!.) '

2. | maduida @i Welulaui Idsuanusivsennn

aSuAnTIgIAINGINY

Yeuct
b

3!

i = 4 4 Voo 3 {a ey o o
wineng 1/ 3sneaevuennlsisounidonsin 14 edlunsdiiide 18ud q 1555 ndmualy

= y
JlpazegaluIMmey




1. annududuveansalvifudass (FFA)

NANUIN 3

¥ o,
UdYaALs

Poamagil 70 °C

ANITNYHYenIA lvhB s (mol) x 10°

sanamgduaveniniuthdududesimuen (CPO : MeOH)

1Ial

(mﬁ) 1:05 1:10 1:15 1:20 1:40
0 190.71 190.71 190.71 190.71 190.71
| 186.46 186.24 175,77 129.21 121.41
3 184.33 184.33 155.72 130.71 126.30
5 181.17 176.70 148.09 116.68 128.88
7 182.21 173.44 144.83 94.80 119.27
9 181.82 15507 126.46 112.81 118.89
11 169.44 150.81 12221 101.18 166.51
13 163.70 150.21 148.44 108.26 91.23
15 157.86 153.81 123.15 106.02 65.94
20 153.82 145.59 116.98 102.59 59.77
25 148,31 140.11 i11.50 106.27 54,29
30 151.48 122.28 93.68 106.43 36.46
35 148.30 125.59 90.88 57.94 39.78
40 149.58 126.08 94.91 62.80 32.77
50 147.02 131.76 92,79 55.14 23.01
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¥ 3 ooy 3
aniduveansaluiudass (mol) x 10

snsraudsluaveniuhinhdudunenmivea (CPO : MeOH)

nIm

() 1:05 1:10 1:15 1:20 1:40
60 146.66 131,40 82.41 42.73 10.51
70 142.58 127.33 84,00 65.10 2.32
80 134.72 119.47 85.15 59.48 2.31
90 129.49 115.67 83.36 56.01 3.98
120 127.13 115.59 79.79 40.62 3.51
150 129.02 113.76 77.54 47.20 1.26
180 126.27 110.82 69.90 59.20 3.13




2. ananduduveanaoamos (ME)

r
=]

=y

ngangil 70 °C

99

anudatuvesuiaeanes (molt) x 10°

dnndauBalinveniniuhaududemmuea (CPO : MeOH)

fai
o) 1:05 1:10 1:15 1:20 1:40
0 0.00 0.00 0.00 0.00 0.00
1 9.92 10.12 10.35 11.58 19.02
3 47.13 47.33 47.56 48.79 70.02
5 56.55 56.75 56.98 58.21 124.46
7 60.33 72.23 7246 73.69 101.89
9 53.60 65.50 65.73 66.96 152.61
11 48.95 60.85 61.08 62.31 150.61
13 87.72 99.62 99.85 101.08 132.37
15 49,79 61.69 61.92 63.15 344.67
20 59.96 6235 62.58 63.81 256.74
25 67.45 86.20 86.43 101.89 198.77
30 55.78 71.40 81.34 105.75 293.68
35 62.18 77.80 84.54 124.46 140.10
40 49.79 65.41 66.61 137.91 178.95
50 63.40 65.74 43.26 88.94 142.18
60 67.49 69.83 46.86 152.61 159.20
70 76.18 78.52 79.75 158.97 192.09
80 84.50 86.84 88.07 146.87 200.41
90 74.84 77.18 78.41 168.41 209.03
120 105.69 125.10 139.03 229.03 215.67
150 129.43 141.73 236.97 326.97 321.12
180 149.90 162.20 257.44 347.44 472,31
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3. Bananhifidaduiigamei 70 °c
Bananhiifatu (mol/1) x 10°
13m andaudaluavoninhuhdifudenmuea (CPO : MeOH)
(i) 1:05 1:10 1:15 1:20 1:40
0 0.00 0.00 0.00 0.00 0.00
1 254.92 256.12 487.12 610.58 1134.09
3 229.58 230.78 461.78 585.24 1108.75
5 151.13 152.33 383.33 506.79 1030.30
7 245.44 246.64 477.64 601.10 1124.61
9 109.04 109.17 340,17 463.63 987.14
1 139.17 139.29 370.29 493.75 1017.26
13 242.57 242.69 473.69 597.15 1120.66
15 336.55 437.78 668.78 792.24 1137.36
20 290.75 29637 52137 650.83 995.95
25 385.00 390.63 621.63 732.86 1077.98
30 354.72 360.34 591.34 702.57 1047.69
35 414.70 42032 651.32 762.55 1107.67
40 372.19 377.82 608.82 720.05 1065.17
50 400.80 406.42 637.42 748.65 1093.77
60 421.62 455.82 678.85 790.08 1135.20
70 369.30 403.50 648.37 737.75 1182.87
80 412,97 447.17 692.05 781.43 1226.55
90 390.63 424.83 669.70 759.08 1204.20
120 429.00 570.98 715.85 905.23 1250.35
150 486.14 628.12 773.00 962.38 1307.50
180 786.32 928.30 1073.17 1262.55 1607.67




Y o ann dFFA
4, Sasimainalgnsn -

Nigaurgil 70 °C 1AMIMAGDY

101

sasmsmeldveana juiudase (~ QE;}{J (mol/l.min) x 10°
t

nal FandaBahmvenihihahdudunenmuea (CPO : MeOH)
anh) 1:05 1:10 1:15 1:20 1:40
0 30.42 43.67 51.51 40.68 67.78
1 28.84 41.47 49.21 39.13 65.22
3 25.86 37.32 44.85 36.16 60.34
5 23,12 33.47 40.77 33.38 55.75
7 20.60 29.90 36.98 30.76 51.44
9 18.30 26.62 33.45 28.32 47.41
i1 16.19 23.59 30.17 26.03 43.6
13 14.28 20.82 27.13 23.90 40.09
15 12,55 18.28 24.33 21.91 36.79
20 8.94 1280 | 1826 17.54 29.50
25 6.25 8.72 13.39 13.94 23.47
30 4.34 5.61 9.57 11.03 18.52
35 3.08 3.39 6.66 8.71 14.54
40 2.33 1.91 451 6.91 1137
50 1.98 0.64 2.01 455 7.02
60 2.51 0.34 1.17 3.39 4.60
70 3.31 1.71 1.25 2.96 3.38
80 3.91 2.64 1.67 2.88 2.76
90 401 321 2.02 2.85 2.33
120 0.66 1.16 0.80 1.23 -0.10
150 -3.00 -2.36 -0.92 2,90 2.55
180 10.32 10.18 11.37 -4.23 6.97




5. anundHreInsa lvifuBass (FFA)N

o

(34

F1EUBANaV9 CPO:MeOH = 1:40

anudntuveansa luuBase (mol) x 10°
eLh) gaungi (°C)

() 60 70 80
0 190.71 190.71 190.71
1 159.55 121.41 113.98
3 164.44 126.30 107.23
5 167.02 128.88 109.81
7 157.41 119.27 100.20
9 176.10 118.89 99.82
1 163.72 106.51 87.44
13 148.44 91.23 72.16
15 123.15 65.94 46.87

20 116.98 59.77 40.70
25 130.57 54,29 35.22,
30 112.75 36.46 17.39
35 116.06 39.78 30.24
40 109.05 32.77 13.69
50 99.29 23.01 3.94
60 95.48 10.51 2.10
70 91.66 2.32 1.93
80 87.85 2.31 3.84
90 84.04 3.98 1.25
120 80.22 351 3,63
150 76.41 1.26 1.25
180 72.59 3.13 0.41
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6. AnutITHYRAnIRaeatias (ME) 1l 80

s

s1EBaluavss CPO:MeOH = 1:40

anududuveanfiaeamed (mol) x 10°
nm UngH (°C)
a0 60 70 80

0 0.00 0.00 0.00

1 3.46 19.02 82.37
3 34.46 70.02 133.37
5 88.90 124.46 187.81
7 66.33 101.89 165.24
9 97.05 152.61 185.95
11 95.05 150.61 173.95
13 76.81 132,37 155.72
15 189.11 244.67 268.02
20 203.29 256.74 197,97
25 145.32 198.77 140.00
30 240.23 293.68 254.91
35 86.65 140.10 101.33
40 125.50 178.95 120.18
50 86.46 142.18 287.30
60 103.48 159.20 204.32
70 136.37 192.09 237.21
80 144.69 200.41 245.53
90 153.31 209.03 254.15
120 160.69 215.67 219.07
150 266.14 321.12 324.52
180 417.33 47231 495.71
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7. fBananhnina

& Ao
VN0

AT IUEINAUSI CPO:MeOH = 1:40

o« 1] o
Finenihminady (mol) x 10°

e Qangil (°C)
Ny 60 70 80
0 0.00 1134.09 0.00
1 1088.47 1108.75 1256.44
3 1063.13 1030.30 1231.10
5 984.68 1124.61 1152.64
7 1078.99 987.14 1246.95
9 941.52 1017.26 1109.48
11 971.64 1120.66 1139.61
13 1075.04 113736 1243.00
15 1091.74 995.95 1258.59
20 939.23 1077.98 1117.19
25 1021.25 1047.69 1179.21
30 990.97 1107.67 1148.92
35 1050.95 1065.17 1208.91
40 1008.44 1093.77 1166.28
50 1029.42 1135.20 1194.89
60 1070.84 1182.87 1236.31
70 1118.52 1226.55 1283.99
80 1162.19 1204.20 1327.66
90 1158.53 1250.35 1307.32
120 1204.68 1307.50 1353.47
150 1261.82 1607.67 1410.61
180 1562.00 0.00 1710.79
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8. sns el §sen Ndascautaduaves CPO:MeOH = 1:40 919A15MARBY

snnmsmeidvetnsaluifudas: [~ iﬁd?) (mol/L.min) x 10*

m QUNYN (°C)

(i) 60 70 80
0 32,20 67.78 82.65
1 31.24 65.22 79.03
3 29.40 60.34 72.15
5 27.66 55.75 65.71
7 26.00 51.44 59.70
9 24.42 4741 54.09
i 22.92 43.62 48.87
13 21.50 40.09 44.03
15 20.16 36.79 39.54
20 17.11 29.50 29.75
25 14.47 2347 21.83
30 1220 18.52 15.54
35 10.27 14.54 10.67
40 8.63 11.37 6.99
50 6.11 7.02 252
60 4.41 4.60 0.75
70 3.30 338 0.57
80 2.61 2.76 1.08
90 2.19 2.33 1.62

120 1.53 -0.10 0.13
150 1.02 255 -3.04
180 1.86 6.97 11.40
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9. anunduvesnsa luidasyluzdimuaums polynomial Mdas

1 3 4 5
Cepp=a,tattat +at +at +at

hgamgil 70°C SasdIuFa luavesCPO:MeOH @14 9

106

sasauBsluaves CPO:MeOH

maafi
1:05 1:10 1:15 1:20 1:40
a, 1,93E-01 1.93E-01 1.78E-01 1.48E-01 1.58E-01
a, -3.04E-03 -4.37E-03 -5.15E-03 -4.07B-03 -6.78E-03
a, 8.06E-05 1.12E-04 1.17E-04 7.89E-05 1.30E-04
a, -1.05E-06 -1.35E-06 -1.298-06 ~71.98E-07 -1.30E-06
a, 6.17E-09 7.40E-09 6.74E-09 3.86E-09 6.41E-09
a, -1.31E-11 -1.50B-11 -1.33E-11 -6.94E-12 -1.22E-11
R’ 9.70E-01 9.68E-01 9.52B-01 8.19E-01 9.56B-01

o 1 - av o ¢ oy { =
fsasduii uaveainiuthdududenmueadiu 1:40 Hgamgiidi 9

o quingil
AR
60 °C 70 °C 80 °C
a, 1.80E-01 1.58E-01 1.50E-01
8, -3.22E-03 -6.78E-03 -8.26E-03
a, 4,83E-05 1.30E-04 1.84E-04
a, -3.93E-07 -1.30E-06 -1.96E-06
a, 1.63E-09 6.41E-09 9.98E-09
a 2.69E-12 -1.22E-11 -1.928-11
R 9.37E-01 9.56E-01 9,39E-01
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Ha21nmM 3191151033 Polymath 6.0 professional

o8 2 Lt s ey & v .
1. mamaumsanududusazdanmsmdlivesnsalviidassiiolfaums polynomial

o _or l:i \
11484 5 A1l3a1A9 9

siniaunsie

Toodmuald

2 3
Com=ay+at+at +at +at +at

t
CF1 5

CF1 10

CFl 15

CF1 20

CF1_40

CF1_60

CF1_80

flo a1 (i)
fe aundhduvesnsalwiudasyigamad 70°c
8a51e 113 Twaves CPO:MeOH Wiy 1:5
fio anmnduduvosnsaluiudasefigungi 70°c
o eI Tvave CPO:MeOH i1 1:10
fio anmididuvesnsnlviuSassiaungd 70°c
B0 31e %9 1aved CPO:MeOH i 1:15
Ao mududuvesnsaluiudassiigungi 70°c
BT e T TaYea CPO:MeOH 111 1:20
fio anududhuveansalviudaseiigumgd 70°c
9319 3UIF Tuaued CPO:MeOH IMAY 1:40
fio mmduduvesnsaluiudassiiaungd socc
8n 31995 [U YD CPO:MeOH M1 1:40
fie anududuvesnsaluuaszigamyi soec

AT 1EIUFe [aved CPO:MeOH (V191 1:40
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v 3 e o, -:t'l £y o 1 =
1.1 anudaduvesnsaluiuBassiigamgil 70°C Sandidaliaves

CPO:MeOH (711 1:5

Model: CF1_5= a0 + al*t+ a2%"2 + a3*tA3 + ad*t™4 + a5*%1"5

;0 | 0.1934051 6.0051804
al -0.003042 10.0008231
a2 8.059E-05 {3.514E-05
a3 -1.052E-06{5.69E-07

a4 6.174E-09 |3.797E-09
ad -1.31E-11 }8.817E-12

Analytical pelynomial derivative

CFi_5=10.1934051 -0.003042 *t + 8.059E-05*("2 -1.052E-06*t"3 + 6.174E-09*t"4 -1.31E-11
*TAS

d(CF1_5)/d(t) = -0.003042 + 0.0001612%t -3.157E-06*1"2 + 2.47E-08 *tA3 -6.548E-11*1"4

0 1-0.003042
1 1-0.002884
3 1-0.0025862
5 1-0.002312
7 1-0.0020601
9 1-0.0018295
11 {-0.0016191
13 1-0.0014278




15 }-0.0012546

20 |-0.0008941

25 {-0.0006253

30 {-0.0004342

35 1-0.0003075

40 1-0.0002332

50 {-0.000198

60 1-0.000251

70 1-0.0003306

30 {-0.0003908

90 §-0.0004011

120{-6.6058-05

150{0.0002997

180(-0.0010315

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations =22

Statistics

0.9702748

1.727E-05
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Source data points and calculated data points

s E e

S BEs LY

SEgm T

190707816

0.1934051

-0.0026973

186455032

0.1904426

-0.0039876

0.1849764

-0.0006477

181166345

0.180082

0.0010844

182206999

0.1757135

0.0064935

181820532

0.1718273

0.0099932

.169439405

0.168382

0.0010575

163697325

0.1653382

-0.0016408

157862209

0.1626587

-0.0047965

153824925

0.1573283

-0.0035034

148313469

0.1535649

-0.0052515

151483414

0.1509457

0.0005377

148298593

0.1491158

-0.0008172

149576336

0.1477835

0.0017929

147020851

0.1457312

0.0012896

146658392

0.1435318

0.0031266

.14258365210.140624

0.0019597

134723058

0.1369856

-0.0022625

129492999

0.132976

-0.003483

12712583

0.12474

0.0023858

.129018033

0.129744

-0.000726

126269552

0.1261768

9.277E-05
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12 anudiduvensaluiBaszigamgii 70°C sanddeliaves

CPO:MeOH 1 1:10

Model: CF1_10 = a0 + al*t + a2%t"2 + a3*i"3 + ad*t"4 + aS%tAS

;16 0.192877é 0.0065-037
al -0.004366610.0010333
aZ 0.0001117 |4.412E-05
a3 -1.347E-06 | 7.144E-07
a4 7.4E-09  |4.766E-09
as -1.497E-11 |1.107E-11

Analytical polynomial derivative

CF1_10 = 0.1928772 -0.0043666%*t + 0.0001117%t°2 -1,347E-06%t*3 + 7.4E-09 *t*4 -1.497E-
11#t°5

d(CF1_10)/d(t) = -0.0043666 + 0.0002235%t -4.04 IE-06 %2 + 2.96E-08 *t*3 -7.483E-11*t*4

0 ;;).0043 666
1 }-0.0041472
3 [-0.0037318
5 1-0.0033466
7 1-0.0029904
9 1-0.0026616
11 §-0.0023591
13 ~0.0020E.3-1“6-
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15 1-0.0018277

20 }-0.0012889

25 {-0.0008724

30 {-0.0005611

35 {-0.000339

40 1-0.0001911

50 {-6.423E-05

60 {-8.363E-05

70 {-0.0001705

80 {-0.0002641

90 1-0.0003213

126]-0.000116

15010.0002358

180}-0.0010175

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations =22

Statistics

109683715

10.9584876

10.0009487

:|2.723B-05
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Source data points and calculated data points

J19070781610.1928772  1-0.0021694
186241248 10.1886209 |-0.0023797
.18432628510.1807471 0.0035792
17669883410.1736736  10.0030252
.17343592410.1673413  10.0060946
155066356(0.1616938  [-0.0066274
15081233410.1566773  {-0.005865
150211011§0.1522406  1-0.0020296
153809876{0.1483352  {0.0054747
.14559013410.1405984  {0.0049917
.140110301)0.1352425  10.0048678
.12228238910.1316992  [-0.0094169
..”12-3593.852 0.129483 -0.0038892
12607586910.1281858  1-0.0021099
.71317647226 0.1270685 10.0046957
13140176710.1264156  (0.0049862
..127327027 0.1251729  [0.0021541
.11946643210.1229849 1-0.0035185

: 11567195710.1200148  }-0.0043428
115588833 0.1120521 30.0035368
%150 .113761408(0.1150058 §-0.0012444

110820941

0.1106342

0.0001867
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1.3 anududuvesnsa luiiudassiigamgil 70°C dasdnudaluaves

CPO:MeOH MY 1:15

Modek CF1_15=a0 + al*t + a2*t"2 + a3 %73 + ad*{™4 + aS*"S

a 0.1778423 ]0.0107642
al -0.0051509{0.0017103
a2 0.0001167 |7.302E-05
5 |20mos [11s2m0s
a4 6.736E-09 |7.889E-09
as -1.329E-111.832E-11

Analytical polynomial derivatfive

114

CF1_15=10.1778423 -0.0051509%t + 0.0001 167%t"2 -1.29E-06 *t"3 + 6.736E-09*t"4 -1.329E-

11*tAS
d(CF1_15)/d(1) = -0.0051509 + 0.0002334%t -3.869E-06%t"2 + 2.694E-08*t"3 -6.647E-11*{"4

-0.0651509

0

b 1-0.0049214
3 1-0.0044848
5 {-0.0040773
7 1-0.0036976
9 1-0.0033445
11 1-0.6030167

i3

-0.0027132
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15 {-0.0024328

20 1-0.0018255

25 {-0.0013388

30 |-0.0009572

35 1-0.0006657

40 }-0.0004508

50 {-0.0602005

60 {-0.0001165

70 {-0.0001247

80 {-0.0001674

90 ]-0.0002023

120}-8.028E-05

150]9.161E-05

1801-0.0011368

General
Degree of polynomial = 5
Regression including a free parameter

Number of cbservations = 22

Statistics

0.952134

109371759

10.0015702

17 459E-05
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Source data points and calculated data points

19070781610.1778423  10.0128655

17576681210.1728068  [0.00296

15572011210.1634056  {-0.0076855

148092661 [0.1548482  1-0.6067555

.14482975210.1470778  |-0.0022481

.1264601840.1400401  {-0.0135799

122206162(0.1336831  {-0.0114769

1484407 10.1279571  }0.0204836

.12315325910.1228149  10.0003384

11698396110.1122229  [0.004761

111504128(0.104359  10.0071451

093676217{0.0986596  {-0.0049834

09088181 {0.0946369 |-0.0037551

09490662210.0918747  {0.0030319

.092785074,0.0887916 10.0039935

082406754 10.0873118  }-0.004505

0839979 {0.086156  [-0.0021581

.0851528190.0847041  10.0004487

.08335710910.0828362 {0.0005209

079792182{0.0776833  {0.0021089

07754376710.078949  {-0,0014053

069902672{0.0696074  10.0002953
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1.4 anudiduyeansa luifudasziigamail 70°C onsi@nuFaluaves

CPO:MeOH (MY 1:20

Model: CF1_20 = a0 + al*t + a2*t"2 + a3*"3 + ad*t™ + aS*15

al 0.1480716 {0.0226553
al -0.0040682 [0.0035996
a2 7.886E-05 {0.0001537
a3 ~1.983E-07 [2.488E-06
ad 3.863E-09 [1.66E-08
as -6.936E-12 13.856E-11

Analytical polynomial derivative

CF1_20=0.1480716 -0.0040682*t + 7.886E-05*t"2 -7.983E-07*t"3 + 3.863E-09%t"4 -6.936E-
12¥7S

d(CF1_20)/d(t) = -0.0040682 + 0.0001577*t -2.395E-06%t"2 + 1.545E-08*t"3 -3.468E-11*t"4

o [oo00ss
1 }-0.0039128
3 }-0.0036162
5 ]-0.0033375
7 §-0.0030763
9 1-0.0028316
11 {-0.062603

13 ]-0.00623896




15 1-0.0021908

20 {-0.0017536

25 1-0.0013941

30 {-0.0011029

35 1-0.0008713

40 1-0.0006912

50 ]-0.0004549

60 -0.0003389

70 1-0.0002962

80 {-0.0002882

90 }-0.0002846

1201-0.0001226

15010.0062904

18010.0004233

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations = 22

Statistics

10.8194833

10.7630718

0.0033048

0.0003304
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Source data points and calculated data points

%;i .190707816}0.1480716  10.0426362
12920536 [0.1440815 {-0.0148761
.1307078160.1365556  {-0.0058477
J19683503[0.1296048  1-0.0099213
.09479570110.1231939  |-0.0283982
112806659 10.1172887  1-0.0044821
.10118361810.1118568 [-0.0106731
.10825957510.1068667  10.0013928
J10601713210,1022888  10.0037284
10258547410.092462 0.0101235
.106271815(0.0846231  10.0216487
106434893 0.0784074  16.0280275
057935701 0.073495 -0.0155593
.0628007020.0696087 1-0.006808
055140943 10.0640003  1-0.0088594
042730758(0.0601106  }-0.0173799
.065055329 0.056979 6.0081163
.0594812810.0540722  10.0054091
056012001 0.0512015  10.0048105

) 04061707210.0443362 ]-0.0037191
.0471965160.0465803  [0.0006162
05919762 10.0591825 11.508E-05
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1.5 anuanduveansalviidasy

CPO:McOH MY 1:40

¥
= o

ngaumigii

70°C BMSIENNTINVBY

Model: CF1_40 = a0 + al*t + a2*t"2 + a3*t"3 + ad*i™ + a5*tA5

a0 0.158411 {0.016633
al -0.006777810.0026428
a2 0.0001296 10.0001128
a3 -1.295E-06 | 1.827E-06
a4 6.409E-09 [1.219E-08
a5 -1.224E-11}2.831E-11

Analytical polynomial derivative

120

CF1_40-0.158411 -0.0067778%t + 0.0001296*t"2 -1.295E-06*t"3 + 6.409E-09%t"4 -1.224E-

11%75

d(CF1_40)/d(t) = -0.0067778 + 0.0002593*t -3.885E-06*t"2 + 2.564E-08*t"3 -6.12E-11 *t"4

0 }-0.0067778
1 -0.0065223
3 [-0.0060341
5 {-0.0055752
7 1-0.0051444
9 {-0.0047405
11 §-0.0043623
13 1-0.0640089




15 {-0.003679

20 1-0.0029504

25 1-0.0023466

30 1-0.0018524

35 ]-0.0014537

40 1-0.0011372

50 |-0.0007024

60 |-0.0004602

70 1-0.0003376

80 {-0.0002762

90 {-0.0002325

12019.528E-06

15010.0002548

180§-0.0006972

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations = 22

Statistics

10.9563995

0.9427744

0.0024263

0.0001781
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Source data points and calculated data points

003132501

0.0026352

0.0004974

.1907078160.158411  }0.0322968
121409368 0.1517616  |-0.0303522
12629956310.1392100 |-0.0129105
128883363 {0.1276055 0.00'1277-9“
11927342 ]0.1168904  {0.002383
11888695310.10701  [0.011877
106505825 0.0979113  }0.0085945
091228355{0.0895442  {0.0016842
065940914/0.0818602  |-0.0159193
059771616}0.065342  {-0.0055704
05429178310.0521483  [0.0021435
036463872(0.0416933  |-0.0052294
039775334[0.0334648  10.0063105
032765765]0.027019  [0.0057467
023008941 [0.0180158  0.0049931
010507898{0.0123308  {-0.0018229
002324818}0.0084152  |-0.0060904
50 |.002306263 [0.0053769 -0.003070; 7
10100 |.003983843{0.002834  10.0011499
i .003509056{-0.0010771 }0.0045862
001260641}0.0038354  |-0.0025747
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1.6 amdindiuvosnsaluiiudassiigungil 60°C sandnadaluaves

CPO:MeOH (101 1:40

Model: CF_60 = a0 + al*t + a2®"2 + a3*t"3 + ad*t™f + a5%75

al) 0.179%61 10.013094

al -0.00321960.0020805
a2 4.826E-05 18.883E-03
a3 -3.93E-07 [1.438E-06
a4 1.627E-09 [9.596E-09
as -2.685E-1212.229E-11

Analytical pelynomial derivative

CF_60 = 0.179961 -0.0032196*t + 4.826E-05%"2 -3.93E-ﬁ7 #13 + 1.627E-09%t"4 -2.685E-
[2%tA5

d(CF_60)/d(t) = -0.0032196 + 9.652E-05*t -1.179E-06*t2 -+ 6.508E-09*t"3 -1.343E-11*t"4

6 {-0.0032196
1 1-0.0031242
3 1-0.0029404
5 1-0.0027656
7 1-0.0025995
9 [-0.0024417
11 {-0.002292

13 §-0.0021501
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15 §{-0.0020157

20 j-0.0017108

25 -0.001447

30 1-0.0012202

35 1-0.0010267

40 }-0.000863

50 {-0.0006114

60 |-0.000441

70 {-0.0003303

80 1-0.0002613

90 1-0.0002192

1204-0.000153

1504-0.0001018

180{-0.0001857

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations = 22

Statistics

10.9367304

10.0019101

10.0001104
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Source data points and calculated data points

190707816

0.179961

0.0107468

159550931

0.1767893

-0.0172384

164441126

0.1707262

-0.006285

167024926

0.1650215

0.0020034

157414983

0.1596578

-0.0022428

176099298

0.154618

0.0214813

16371817

0.1498855

0.0138327

1484407

0.1454446

0.0029961

123153259

0.14128

-0.0181267

116983961

0.1319815

-0.0149975

13057491

0.1241032

0.0064717

112746998

0.1174499

-0.0047029

116058461

0.1118457

0.0042127

.109048892

0.1071331

0.0019157

099292068

0.0998384

-0.0005464

095477911

0.0946347

0.0008433

091663755

0.09082

0.0008438

087849599

0.0878898

-4.015E-05

084035442

00855042

-0.0014688

080221286

0.0800151

0.0002062

07640713

0.0762612

0.0001459

072592973

0.0726439

-5.09E-05
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1.7 ansnduduvesnsaluifudassiigamgii 80°C SasiduGaluares

CPO:MeOH 191 1:40

Model: CF_80 = a0 + al*t + a2*t"2 + a3*t"3 + ad*"4 + a5%tr5

a0 0.1502628 {0.0186046
al -0.0082646 [0.002956
a2 0.0001836 10.0001262
a3 -1.964E-06 |2.043E-06
a4 9.975E-09 11.363E-08
as -1.919E-11 [3.167E-11

Analytical polynoinial derivative

126

CF_80=0.1502628 -0.0082646*%¢ + 0.0001836%t"2 -1.964E-06*t"3 + 9,975E-09%t*4 -1.919E-

11%t75

d(CF_80)/d(t) = -0.0082646 + 0.0003671%t -5.893E-06%t"2 + 3,99E-08 *t3 -9.596E-11*{"4

0 -0.0085646
1 §-0.0679033
3 {-0.0072151
5 |-0,0065713
7 1-0.0059699
9 {-0.0054092
i1 ]-0.0048874
s [ooosor




15 1-0.0039535

20 {-0.002975

25 1-0.0021831

30 ]-0.0015542

35 1-0.0010665

40 |-0.0006993

50 {-0.0002515

60 1-7.508E-05

70 {-5.722E-05

80 1-0.0001083

90 1-0.0001615

120{-1.34E-05

15010.0003041

180]-6.0011398

General
Degree of polynomial = 5
Regression including a free parameter

Number of observations = 22

Statistics

9395097

9206065

0027139

:10.0002228
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Source data points and calculated data points

190707816

0.1502628

0.040445

113976526

0.1421798

-0.0282033

107228781

0.1270689

109812581

0.1132898

-0.0034772

100202638

0.1007555

-0.0005529

099816171

0.089383

0.0104331

087435044

0.0790928

0.0083422

072157574

0.0698088

0.0023488

046870133

0.0614583

-0.0145882

040700835

0.0442197

-0.0035189

035221002

0.0313972

0.0038238

01739309

0.0221172

-0.0047241

030239944

0.0156197

0.0146202

013694984

0.0112512

0.0024438

00393816

0.0067759

-0.0028378

002102363

0.0053184

-0.6032161

001932633

0.0047482

-0.0028156

003841618

0.0039469

-0.0001053

001247229

0.0025781

-0.0013309

.003628102

-0.0014056

0.0050337

001249136

0.0040895

-0.0028404

000407352

-0.0001528

0.0005601
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2. mimdanmsRaU§emasmnsiivenfase:n
sluunaumse
~typa = KIFFAT" Ky, [MEY [H,OF"
Taoly Polymath 6.0 professional ﬂzii’f’ﬁun151ugﬂmeq

dFFA = K*CF a-k2*CME*b*CH20%c

2
o

Taeh dFEA

~ ¥rra
K f9 K
CF flo [FFA]
a ﬁ‘ﬂ 44
k2 ok,
CME fa [ME]
b fi 4
CH20 o [H,0]
c fe A

© oW P=Y rey H rd 4 [l
‘lumsmummaﬁs1msmm::"lnmﬁmuﬂugﬁm (=0) tiosnndeduily
d’w LY L3y =1 ar 9 c;q 5 1 9 A
namdtlifa 151 wezoniimsdadeyaursganiiuun Wuuandrnndeyasu lay
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2.1 gamgi 70°C BANEIUTLHAVBI CPO:MeOH 1Y 1:5

Model: dFFA = K¥CF a-k2*CMEA¥CH20

K 100. 1.254145 {1.903752
a- | 1, 3.571741 {0.9921053
k2 0.1 0.002212210.0043073
b 6.5 0.163722710.6301622
C 0.1 0.555709811.626915

NOTE: Calculations exceeded the maximum number of iterations.

Nonlinear regression setfings

Max # iterations = 64

Precision

0.9387341

General




Source data points and calculated data points

254920174

002884

1251186455032

009924573

0.0026255

0.0002585

| 18432864

.047132991

22858056

0025862

0.0023948

0.6001914

141181166345

056549632

151126034

002312

0.0023243

-1.233E-05

182206999

06032822

245436698

.0020601

0.002226

-0.0001659

1 >
i Zh i
e

ei].1694394051.

04894525

139167973

0016191

0.0017598

-0.0001407

157862209

049785982

336545833

0012546

0.0009781

0.0002765

2.153824925

059956783

290750434

0008941

0.0008629

3.116E-05

148313469

067451223

38500151

0006253

0.0005371

8.823E-05

5 151483414

055777142

35471634

0004342

0.0007066

-0.0002724

10].148208593

062178746

414699872

0003075

0.0005128

-0.0002053

11149576336

049785637

372193352

.0002332

0.0006347

-0.0604015

11.147020851

063398092,

400799753

.000198

0.0004845

-0.0002865

13146658392

067494562

421620903

000251

0.0004356

-0.0001886

142583652
e

.076179883

369297873

0003306

0.0003594

-2.878E-05

084499347

412972947

.0003908

7.184E-05

0.000319

074839347

390628284

.0004011

-1.2E-05

0.0004131

71.12712583

105693914

429000436

000066035

-0.0061644

0.0002305

19129018033

129432009

486142593

-.0002997

-0.0002249

-7.478E-05




2.2 QNN 70°C BaNIFALUAYL CPO:MOH Mt 1:10

Model: dFFA = K*CF*a-k2*CME*b*CH20%¢

K 10, 0.185502110.0034208
é’ 0.61 2.009§§ 4.0098477
k2 0.001 0.002158 {6.565E-05
b 1.0E-05 -0.070593 {0.0111599
-c. 0.4 0.09026671{0.0256436

Nonlinear regression settings

Max # iterations = 64

Precision

i
£
2]

S

General




Source data peints and caleulated data points

010124573

256120174

0041472

0.0036881

0.0004591

7| 184326285

047332991

23078056

0037318

0.0038524

-0.0601206

3 1.176698834/.056749632

152326034

0033466

0.0034627

-0.0001161

41173435024

07222822

246636698

0029904

0.0031936

-0.0002032

553 155066356

065504947

109167184

0026616

0.0022364

0.0004252

150812334

06084525

139291093

0023591

0.0019393

0.0004198

150211011

09962187

24268995

0020816

0.0018722

0.0002054

145590134

062350538

.296374434

0012889

0.001505

-0.0002161

0:1|.140110301

086196106

39062551

0008724

0.0012139

-0.0003415

< 122282389

071397142

36034034

0005611

0.0003451

0.000216

077798746

420323872

000339

0.6004763

-(.0001373

065405637

377817352

0001911

0.0004921

-0.066301

31.131764226

065738092

.406423753

.00006423

0.0007451

-0.0006808

141131401767

069834562

455820903

00008363

0.0007129

-0.0006293

';3 127327027

D78519883

403497873

0001705

0.0005667

-0.0003962

1 19466432

086839347

A47172947

0002641

(.0002073

5.677E-05

};;.115671957

077179347

424828284

.0003213

3.567E-05

0.0002856

w 115588833

125099914

5709784361,

000116

4.983E-05

6.617E-05

; 113761408

.141732009

628120593

-.0002358

-2.616E-05

-0.0002096

h j 110820941

162201775

928297872

0010175

-0.0002085

0.001226
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2.3 gaungil 70°C BT IMTIHaYee CPO:MeOH (M 1:15

Model: dFFA = K*CF a-k2*CME~b*CH20%c

K 10. 0.1142982, 19.764E-07
a 0.1 1.6205 4,181E-06
k2 0.1 .0.0019902 3.629E-08
b 0.5 | -0.198534416.56E-06
c 0.4 1.329767 }3.485E-05

Nonlinear regression settings

Max # iterations = 64

Precision

40.9911632

10.9884441

3.807E-05
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Source data points and calculated data points

A

=.175766812

010354573

A87120174

0049214

0.0049357

-1.428E-05

721 155720112

047562991

46178056

.0044848

0.0043095

0.0001753

5 148092661

056979632

383326034

0040773

0.0041926

-0.0001153

4{‘:%1 1448297524,

07245822

477636698

0036976

0.0037367

-3.911E-05

065734947

340167184

0033445

0.003192

0.0001525

06107525

370291093

0030167

0.0028652.

0.0001515

%.1 16983961

062580538

527374434

0018255

0.0020579

-0.0002324

111504128

086426106

62162551

0013388

0.0015475

-0.0002087

%’ 093676217

081338945

59134034

0009572

0.0008349

0.0001223

0109088181

0845367

651323872

0006657

0.0005077

0.000158

1i].094906622

066605637

.608817352

0004508

0.0007547

-0.0003039

04325987

637423753

0002005

0.0003858

-0.0001853

046860409

673846903

0001165

-0.0601817

0.0002982

079753883

648373873

0001247

0.0002165

-9.177E-05

085152819

088073347

692048947

0001674

0.0001346

3.277E-05

hes
161083357109

078413347

669704234

0002023

0.0001032

9.908E-05

] 079792182

139033914

715854436

00008028

1.176E-05

6.852E-05

181 077543767

.236966009

772986593

-00009161

-6.718E-05

-2.443E-05
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2.4 ganil 70°C BN 1a1MBNNUES CPO:MeOH 111D 1:20

Model: dFFA = K*CFa-k2*CME*b*CH20"c

K 100. 0.0390245 {0.0048016
a | L. 0.9632639 [0.0758648
k2 0.01 0.0030361 {0.0005157
b 0.5 -0.069399410.0482799
¢ 0.9 0.4248946 10.2247843

Nonlinear regression settings

Max # iterations = 64

Precision

0.985956

0.9819434
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Source data points and calculated data points

.010354573 .

610580174

0039128

0.0039307

-1.788E-05

047562991

58524056

0036102

0.0035194

9.68E-05

056979632

506786034

0033375

0.0034243

-8.684E-05

144829752

07245822

601096698

0030763

0.0031334

-5.706E-05

126460184

065734947

463627184

0028316

0.0026789

0.0001527

122206162

06107525

493751093

002603

0.0024207

0.0001823

| 116983961

062580538

650834434

0017536

0.0018735

-0.0001199

| 111504128

086426106

73285551

0013941

0.0015633

-0.0001692

l 093676217

081338945

70257034

0011029

0.0008776

0.0002253

0845367

762553872

0008713

0.0006613

0.00021

.066605637

720047352

0006912

0.0008515

-0.0001603

.04325987

748653753

0004549

0.0006128

-0.0001579

082406754

046860409

790076903

0003389

0.0001278

0.0002111

140839979

079753883

737753873

0002962

0.0004103

-0.0001141

12| 085152819|.

088073347

781428947

0002882

0.0004016

-0.0001134

5.083357109

078413347

759084284

0002846

0.0003414

-5.68E-05

139033914

905234436

0001226

7.945E-05

4.315E- 05

.236966009

962376593

-.0002904

2.315E-05

-0.0003136

257435775

1.262553872

-0004233

-0.0006753

0.000252
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2.5 gungil 70°C ERNEIMBNVDY CPO:MeOH 1IN 1:40

Model: dFFA = K*CF*a-k2*CME*b*CH"c

K 10. 0.0422987|7.359E-06
a 0.7 0.93635097.693E-05
k2 0.01 0.0008759{1.504E-06
b 0.5 0.140242510.0009262
¢ 1. -8.335513 10.0266992

Nonlinear regression settings

Max # iterations = 64

Precision




Source data points and calculated data points

.1214(}-9"368 01902345 1.1;3:7409(7)174 0065223 10.005697 10.0008253
> .1262995631.07002038811.10875056 |.0060341  |0.0058391 10.0600195 -
v .128883363.12446405111.0302960341.0055752  |0.005701 {-0.0001258
11927342 [.101892096]1.124606698{.0051444  ]0.0055373 {-0.0003929
1188869531.152606106{.987137184 1.0047405  }0.0050091 {-0.0002686
106505825.15060610611.017261093{.0043623  10.0046129 {-0.0002506
0912283551.13237432 ]1.12065995 1.0040089 0.0042385 -0.00023
059771616}.256736783].995954434 1.0029504  [0.002276 |0.0006744
0542917831.19876610611.07797551 {.0023466  10.0023909 [-4.428E-05
0397753341.14009874611.1076738721.0014537  {0.0017822 |-0.0003285
4.032765765 17894563711.0651673521.0011372°  {0.0013162 {-0.000179
7 023008941].14217934511.093773753]1.0007024  [0.0009217 {-0.0002193
0105078981.15920040911.1351969031.0004602  [0.0003587 {0.0001015
.002324818{.192093883 |1.1828738731.0003376  |-2.6741-0510.0003643
.7.002306263 .20041334711.2265489471.0002762  |1.613E-05 {0.0002601
51.003983843{.209033648{1.2042042841.0002325  {9.009E-05 {0.0001424
00 .21567033911.250354436]-.000009528 0.0001037” -0.0001125
321123782§1.307496593{-.0002548  {1.629E-06 |-0.0002564
A47231452411.607673872).0006972  |0.0001762 [0.000521
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2.6 gaungil 60°C SnaIwBduaves CPO:MeOH W 1:40

Model: dFFA = K*CF*a-k2*CME"b*CH20%¢

K 100. 0.0167966 18.133E-07
a 1.0E-06 1.000101 |2.366E-05
k2 0.1 0.0004171 [6.645E-08
b 1. -0.0010227{7.482E-05
c 0.07 2.7779822 10.0005967

Nonlinear regression settings

Max # iterations = 64

Precision

10.6910868

0.0001234

6o 13.796E-07

General
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Source data points and calculated data points
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2.7 qainigll 80°C Saa M lNaves CPO:MeOH D 1:40

Model: dFFA = K*CF a-k2*CME*b*CH20"c

K 10. 0.04517681.124E-05
a 0.7 0.832941810.0001034
k2 0.1 0.0011375|2.138E-06
b 0.0011 0.2094981{0.0011429
c 0.008 -1.791999 {0.008467

Nonlinear regression settings

Max # iterations = 64
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Source data points and calculated data points
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Feasibility of Using Phosphotungstic Acid Catalyst
in Esterification for Biodiesel

Supawadee Pengkong’, Sukritthira B. Ratanawilai, Pakamas Jetapatananon,
Chakrit Thongurai,
Department of Chemical Engineering, Faculty of Engineering,
Prince of Songkla University, Songkhla Thailand 90112
*Email: s4812078@psu.ac.th

Abstract

Esterification of crude palm oil having high amount of free fatty acid (FFA) with methanol has
been studied in a heterogeneous solid-liquid reaction system using Al,0, supported phosphotungstic
acid (HPW) catalyst. The FFA content in crude palm oil is reduced from 13% to less than 1% by
esterification process. The catalysts were characterize by XRD and FT-IR. The optimum operating
conditions for esterification including amount of catalyst and % by weight of HPW on AL, O, have been
investigated while the molar ratio of crude palm oil to methanol and temperature were held constant,
From the results, 4 g of catalyst with 30% HPW/ALQ; gave the highest FFA conversion.

Key words: esterification; biodiesel; phosphotungstic acid catalyst; feasibility.
Objective

To studied the feasibility of esterification of crude palm oil with methanol using AlLO,
supported phosphotungstic acid catalyst.

Experimental Procedures

Experiments were conducted in laboratory scale which consisted of 250 ml screw-capped
bottles and oil bath for temperature control. The production of biodiesel has been studied in
heterogencous solid-liquid reaction system using ALO; supported phosphotungstic acid (HPW) catalyst
with different amount of catalyst of 2, 4, 6 and 8 ¢ and % by weight of HPW on ALO, is 5, 10, 15, 20
and 30% IIPW/ALO;. The catalysts were prepared by suspending dried phosphotungstic acid powder in
water support on ALO; and dried at 70 °C for 24 h. The catalysts were characterize by XRD and FT-IR.
Crude palm oil-to-methanol molar ratio was studied at 1:40 and temperature held constaut at 70 °C. The
rotational speed of the stirrer was set at 350 rpm. The reaction mixtures contain crude palm oil (25 g),
methanol and catalyst. Samples were drawn at pre-specified time intervals. Approximately 15 samples
were collected during the course of each reaction (60 min). Samples were taken at 1 min and 2 min
intervals, early in the reaction, and at 5 to 10 min intervals, later in the reaction. Reaction mixtures were
quenched in a beaker filled with iced water. The samples were washed by water and then the percent
conversion of FFA was determined by Thin Layer Chromatography (TLC).

Results and discussion

The physico-chemical properties of the catalysts were studied by the combination of XRD and
FTIR spectroscopy. XRD patterns of bulk and supported HPW are shown in Fig. 1. The chromatogram
of HPW is presented between 5-35 degrees. It can be seen that the HPW chromatogram of each
percentage ALO; supported HPW and pure HPW are similar. The peak of 30% HPW/ALO,
chromatogram is higher than other percentages of HPW supported on ALO; which confirms our
preparation. Fig. 2 shown the spectra of the sample in the region 1200-600 cm™. Bands observed at
1080, 985, 891 and 800 cm™, which are the fingerprint of the keggin structure of HPW are usually

assigned to v, (P-0), v, (W=0), ¥, (W-O,-W) in corner shared octahedral and v (W-O,-W) in

edge shared octahedral respectively. These characteristic bands are regarded as experimental evidences
for the existence of HPW molecules or molecular fraction such as phosphorous oxide and/or tungstate
ions. There spectra are significantly different from each other, stronger characteristic peak (W=0 and
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W-O,-W) of the 30% HPW/ALO; (e) indicate that the keggin structure is more retained thane other
sample,

- Intanalty

Fig. 1 Powder X-ray diffraction patterns of Fig. 2 Powder X-ray diffraction patterns of

Pure HPW (a), 5% HPW/ALO; (b), 10% Pure HPW (a), 5% HPW/ALQ, (b), 10%
HPW/ALO; (¢), 15% HPW/ALO;(d), 20% HPW/ALLQ; (c), 15% HPW/ALO; (d), 20%
HPW/ALO, (¢) and 30% HPW/ALO; (f) HPW/ALO: (e) and 30% HPW/ALO ()

Each sample taken from the reaction was analyzed for 3 times. From Fig. 3, the highest
conversion of FFA (97%), was obtained with 4 g of catalyst at reaction time of 15 minutes. From Fig. 4
at 30% HPW/ALO; % conversion of FFA was highest due to at 30% HPW/ALO; had HPW more
retained than other sample. However, more expetiments with longer reaction times should be carried out
increase to obtain equilibrium stage of the reaction.
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Tig. 3 The average FFA conversion from 3 Fig. 4 The average FFA conversion from 3
replications and reaction time for each amount replications and reaction time for each % by
of catalyst at 15% HPW/ALQ,. weight of HPW on Al,Osamount of catalyst at 4 g
catalyst.

Conclusions

Esterification of crude palm oil with methanol vsing AL O; supported HPW can reduce the
amount of FFA, which can be feedstock for biodiesel production. The 30% HPW/ALO; of 4 g gave the
greatest FFA conversion at 60 minutes which will be further studied.
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