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Abstract

Characteristics of the esterification reaction between free fatty acid in rice bran oil and methanol was investigated
in the presence of catalysts, such as PTS(p-toluene sulfonic acid), Amberlyst 15 dry and SCX(silica gel based
strong cation exchange resin). While reaction temperature was kept constant at 65°C, initial feed content of free
fatty acid was varied from 100% to 1% by addition of pure free fatty acid which was previously made from rice
bran oil. Also, the effect of mole ratio of methanol to fatty acid on the final conversion was examined. When
esterification of pure free fatty acid was catalyzed by several acids, final conversions were increased in order of
Amberlyst 15 dry, SCX and PTS. Using PTS catalyst, initially the reaction proceeded in homogeneous 2nd oder
reaction mechanism. However, phase of reaction mixture changed from homogeneous to heterogeneous along the
reaction time and then reaction rate was retarded by mass transfer resistance of methanol. Final conversion of
free fatty acid in reaction mixture was depended on initial feed content of free fatty acid, and had maximum value
at 30% of initial feed free fatty acid content for all kinds of catalysts used. And the final conversion was increased
with mole ratio of methanol by the improvement of reaction rate. When initial feed free fatty acid content below
10% and the reaction was catalyzed by PTS, concentration of free fatty acid in reaction mixture was increased
in the middle of reaction time by hydrolysis of triglyceride in reaction mixture. Also, if silica gel was added into
the reaction mixture which had initial feed free fatty acid content below 50%, final conversion was increased by
the adsorption of moisture produced. The SCX catalyst made the esterification reaction of free fatty acid to progress
like in case of PTS catalyst. However, when initial feed free fatty acid content below 10%, concentration of free
fatty acid in. reaction mixture was decreased monotonically and not increased in-the-middle of reaction-time on
the contrary to the case of PTS. Thus, SCX catalyst accomplished more high value of final conversion than PTS
catalyst for the initial feed fatty acid content range from 50% to 5%. In case of initial feed free fatty acid content
of 1% and mole ratio of methanol was 2, concentration of free fatty acid in reaction mixture increased over the
initial feed free fatty acid content for all kind of catalysts used. Although SCX catalyst was added into reaction
mixture which had 1% of initial feed fatty acid content, final conversion was hardly raised by mole ratio of methanol.
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Table 1. Physical properties and fatty acid compositions
of the rice bran oil

Physical properti6324) Fatty acid Wt %
Acid value 0.157 Myristic acid 0.4
Saponification Palmitic acid 203
202.7 e
value Polmitoleic acid -
Stearic acid 1.2
Todi 1 134
odine value Oleic acid ~ 42.5
Density 0.929 Elaidic acid -
(17°C) glem’ Linoleic acid  29.0
Viscosity 93 P Linolenic acid 1.5
0 C L. .
(17°C) Arachidic acid 0.8
Refractive index Behenic acid 3.0
o 1.4775
(17°0C) Unknown 1.3

B dAdA Fulz AMEF PTS(CHSOH -
H0, ass. 98%, Aldrich), 28} 2B 4+ A& base® 3}
= ZHAMA okol £ g4 2)¢] Amberlyst 15 dry(Rohm
& Haas), 1e]il A 7pA 7k ol 2 g%
(SCX, Supclcoy= A = AAEE o1 g 1
W2 ARgstAor, GolunBFR Y BAHL
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Zote] ARE-5t) WS, o2, diethyl ether,
nhexane 5 7]E} Ao] ALRE AlGEL SF 1
1% AeEe Agasich

B ATIAE UBRe) ARAR G 22
seH A8 G e z}%z}vﬂw% WA

(o3

22 dart A ‘1111 2HE FA4 ds

ol 1%2] NaOH Zvfj 9} °J%Hl-°4 2 WigkEe] Wighg

S AHESt] HEg e e o)t 2EolA 2 A

b FQk Aojol| 28 28k YA F T Aol
Elay

2HESNE] FEE HEEFES Gz F

Table 2. Physical properties of strong cation exchange resins

Properties Amberlyst 15 dry SCX
Concentration of active site 4.7 eq/kg 8 eg/kg
Surface area 53 m'/g 504 m’/g
Average pore diameter 300 A 66 A
Total pore volume 0.4 cc/g 0.83 cc/g
Maximum operating temp. 120°C -

Fines contents

< 0.3 mm:0.5% max.

dawg=0.057 mm, < 0.02 mm:8%
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Table 3. Initial mole fractions of reaction mixture at each reaction condition(MR=2)

FFA content 100% 90% 70% 50% 30% 10% 5% 1%
Fatty acid 0.3333 0.3295 0.3188 0.3014 0.2675 0.1716 0.1085 0.0321
triglyceride 0 0.01164 0.0437 0.0959 0.1976 0.4851 0.6746 0.9038
MeOH 0.6667 0.6589 0.6375 0.6028 0.5349 0.3432 0.2169 0.0641
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(a) Feed free fatty acid content=10%, MR=2, PTS. 65°C

(b) Feed free fatty acid content=30%, MR=2, SCX, 65°C

Fig. 7. Photos of TLC analysis of reaction mixture(TLC plate=silica gel 60 Fis4, sample dilution=1/100, spotting
amount=30ul, developing solvent: n-hexane:diethyl ether:acetic acid =80:20:1).

Fig. 72 AN ¥ W-EEFES] g azvlEns
J(TLC) ¥4 Z#E Jebd AMxlo|t}h Fig. 7(a)e

W) 27145 A FF 10%0] 5 PTS Zo

2 AT A9 27 Aelny. ALl eRd n)
o o] %{%t&g F Eg2dAdse FEs)
Mg AIZEo] Gl wheh i o) wet A

Fr A ke iEﬂ Mg E & At wepA,
Fig. 3ol A Bgtd ule} o) n{9 27)1A-F7

W2 FF 10% ol WSEFE F AP
o 5%} F7kekE Ae EdF e e

ol 9@ AL BAY & ok
YA, AFAPE 22D e EF
Fol PTS Zuj7} Feislo] #Ugo|A o el =)
Mo APATH, 2K ZH NIEEE WIE
FE F AFAPY B2} DL S0 vale] 2
714 98 M EEAS dETT Azt ¢
I AFE A 09 A7 BB
TS FUY WS PPARAE ) 24 WS EE

4 AEHAG. ARAREE T o223

BEEEA e T A (D3 2ol B¥D 5 A
dCp,

“TRaT T & kCpy Ceon (1)

L1y
=
)

AFARLe] T} Wgge) FEE 44 vEhd
o). 9)s} 22 Hhg&T o ARG b oS3 2
2 2 EAN2 F+ 9t
‘Me OH
in|-ieor }_ WO 1)Cy, @)
CMeOHn)
.'. M= 2
( CFA,D

AZNN, Crome®t Cu,oe BHEERE T WEE
I AfAgate] 27) lﬁE% a2 gul=s

Fig. 82 Fig. 3904 €2 A &L 24 () i3}t
o ¢l Tdelnh I'e] yEhd vieh o] B E
Bl g ZIlde AFAHY BAE wSe
A|Zbo] Z#gtel et A BAE DA
3ot mebs, vge] 271ARFAAE FF
AARle] ¥hg 2V]dle #9423 ¥ FR o
2H 238} ¥hg-o] P, Aol B3l wpet
7L 221 WHEo] ohd & wkE7) el o3 whg
o] APHS & # Ao EZ, Fig. 6914 =231 R
9 ZAAE 1R 271 AR AR ) 30%S)
¥ A8 #AE BFseE 7T F, TEAL 2

2t §EI7| 78 W Izt A 7 AE & F
pi=

3.2.2 HELES ZH|of }E 22 EM

Fig. 9= ¥le&E3Eo) FUAS FAste 24



PR § aEE ARAAY o 2y 23 219

" ( "0~ Meomo ™ "MeOH)
—~ *1 o714, 7'1120|hm, E BARANAN HEEFE F 5
= o] BES, (,k 4R 52 Uit we
= = Ey ‘Hy0 T [¢] = gul e,

[8)
E;. 8 " rte OH, 0> nMEOHQ’}' ho % HRSERE F vEey =
g s 7 B, NRLS) BEFES) BE Moy My
B & S U BAF DAL o o
. Weest +Eo UEE ehdth 99 4oz A
00 : : , Kais —T—v‘i‘—v:%% LT Badde AAAY %%
' JEE WMEEFEC] FYNE o|FE Ay FEF
(M1, t

Fis. 8. Kinetic oot of q &9 & 9. Fig 98 29 v73H] 27
1g. 8. Kinetic plot of esterification reaction between FFA HIA H N
and MeOH catalyzed by PTS(MR=2, 65°C). AFAGAE FFo] 100%A X FE 30%= B
= AAARNA S $EEE] L L F 3
on), o|4e WeEREe FAYE oFE /I

\\\ o Rolge rl g B ol ACZRE 7} %]
AFARE BF Dotol TR TUHL
o)FE AH N zrshigel 1A )
AT WL Ao BUE O A ()3 go) AL

025 4

Moisture mole fraction in reaction mixture (-)

020 g 4 Atk
0.15 | S - CH20|XFA:1
MO Xea=1 Cudlx, =11 Creorlx,, =
0.10 v . . . n | =
02 04 06 08 10 1.2 n I ij:‘;:l lHl (6)
Fatty acid weight fraction in feed rice bran oil (- HOXpg=1 " Mo OH Xy =1
Fig. 9. Effect of feed FFA content on the moisture content e 1
of the phase transition point(PTS, MR=2, 65°C). Meomo  Mhonin
. _ 1 _ 1
ol A $REE} 01349 Z/ARAGY o T M = T T T @
#e} AAE vebd 1 olth Fig 99] 4L Fig.
8olA Ao BAE nEdE F7he AA Ao A7V, zhydy, 1 T HEERE F AFATA ]
Ao 2P E2REH OF 4 3)S ol&3te] Ads 9A3] ASHYL W FEY BEg T
- pno S Muon B WHEERE F AR g
c &9 7] EFE vYehin, MR, = A4 8-S
H,O
& g Ohimir = Coo® Coon (3) EPE Yeith
R Fig. 90 s} mfo 7|AFAT S
Coom = Mg o8 @ 100% @ BAAH SRRl Fo3olnz F
My 208 ¢ gy O Yol A AzE| 23 §Hgo] A7) JiME
7 Pweor T P 23 viEhg Eul7} 33 o]dololok g o % Stk
o Mo Fig. 10& wZf9 Z7|ARFAPake] Fakol
O e o ) 100% @ Wghe Bl Wslo) BE WIERE F
O o P AFAe FE WEHE 293 Agolth Fig. 10



220 |

0.9
[ ]
o
v
o
Z 068 []
2 \ °
£
Q
-4
(&)
0.3 4
0.0 T
0 40 80 120
Reaction time (min)
Fig. 10. Variation of fatty acid concentration in reaction

mixture with reaction time at several MeOH
mole ratios(feed FFA content=100%, PTS, 65°C).

B Wgg E87) FUHsel g S EgE
AFAGY] F7t o A8 Fade B
Ak Y Wk EFE o] FLEAS o] FE AH
AA 2 23 ¥kgo] AP HTHA 4 (2ol &
T e vk} o] NS EFE F AR ALY ¥
< AFTEFAHJA ZAFHY) 24E vEd Aol
t}. Fig. 99 A9 EUE3 4 (7)) AL AHE
B o=e 23} ghgo] FAAE F A Ao
A P EE HA HE-g Eu)7) 3.3 o]ito)o]
ofvt Fc}. Fig. 100)4 B vighg Bu)7} 380
AAE G EFE T AFAYL T 4 JTA
o] ®go] g 7le- Rgo 2 wasgS
E 7 Ao 28y, vgg Eu7) 109 A=
S0l I T W EF R0 BggPoesr
AgHE RS B2 5 JUoug vge By
7} 10 Bt} F7Eojopgt w3 &350 FUAFS
FASL HEERE 5 AFALY FE Wl
Ax ST AFTFFAHA BaF3He wge v
3 Aoz wedn
Fig. 112 v]7h{-9] 27127244 o) 100%
A g Enlo g2 JAFHLS Ve 1
Holth. 2¥ S Bd g2 Eu)7} S5t o
HFAEL Z713 wg Bt 10Y o 97%
9] HFALES ES F AN A, Bl ukg
EFEC] TLRE ol FRE ESIAIT 2 A 7o)
o ¥-&-& FAA77] A5t gL E6E 10 o]
do2 F7/MAE 8= gl Aog duddd.

-l> ofy o

A

09 | 4

08 i

0.7

Final conversion (-)

06 4 .

05

0 2 4 6 8 10 12
Mole ratio of MeOH (-}

Fig. 11. Relationship between final conversion and MeOH
mole ratio(feed FFA content=100%, PTS, 65°C).

Fig 128 91449 27134284 Gl 100%
ol; WGg Bulvh 29 W WAz Sotol HE
MSEFE F ARARL BT WNE 24
Ajolth. 1YL BW WSAI] 7 Nt AE 7
HehE WEEFE 3 AFAPNY FEE WD
ol 3ol N 2El 2 vhgo] WY EYTE
AL B 900, ojus) By AsjgL 95% BE
of £2@ch o] AHE ¥ ©f ARALY o 2
28 Wgo] FFNIAAIE WSE 5, W E
BE 3 ARARL 55} Bgol A= =
Fo oA 37he Ae dou we
&SItk weA, Fig 3904 91369 271457
2 G| 10%e132 FaSAS W HSEHE T

¢

(o

L 0

r

0.8

CealCrao ()

0 150 300 450 600
Reaction time (min)
Fig. 12. Fatty acid concentration variation in reaction mix-

ture with reaction time catalyzed by PTS(feed
FFA content =100%, MR=2, 65°C).



P13R T SR AR o 28 238 221

AFAALS FEI) w7 AT nhe} 27}a)
B el g 2o SpgRa o)
Aol 0} IE ﬂ:a‘ﬂl*ﬂa! o} Zh 3l o
T Aok EF, WEe BuE 2
%—7}’\17]\_ 2L Fig. 10914 ®k

{}\]ﬂ— A= B olx ¢ 3}

o ol r%

=l oo

£

Off

L“‘ o

o oW

to 2

O

© %
EooZ by

2;7:}_1:1 = }Tor;qug-/;_gq TR F28A HAx
L

S
ok
3.9
rsL'
s
ol
odt
tio
i
l-'O
£
e
s
=)
ol
Jo
e
( ]-)jn }-_'_] r}oln

N,

)

Jo

DI

o

2

fo

u_(')l_l‘

o

£ L
Jm )
) P
® T
s, to =
o &
w [ A
Q =%
i £ i
=
2 I =
g

oo O fiu

e ok
o

of 1E of

k!
S%7HA rste® whgo] JYHE B
TE T AFALN w2} 3}
HEIA ethe Holth o) e s
Folle EFIHM =Y sl
A G AL Jrshe, Fig. (b)E 2E, v
ERE T EYIPMEEY vx Wt A gl

=2
L

ji
x o ©

o

o[o ><

0.9

0.6

CFA/CFA,a )
*

100% a a
90% L) .
70%

50%

30%

10%

5%

0.3

o

L J=N - el )

0.0

0 40 80 120
Reaction time (min)

Fi

®

13. Fatty acid concentration in reaction mixture vs.
reaction time at several feed FFA contents(SCX,
MR=2, 65°C).

& 4 Aok EgFEATE=Y sg2a)
B W SCX Fvf BHY FHHA &
shodobnl gt whabA, A=

3] vh-go] JYPHA g AL SCX Zuf)
ol EA4A ae AL 9. oy
SCX Zuje] 89 A4 7913 Rog

A ZyEt}h, Mbaraka®l Shanks’e= mesoporous silica
nz)

sl o f3

< 8
©
<]

°]

réL rg

[} =

7t
T
3 73

—

B o ML T oo

=
A
T
ol

o

m%m;

E e arenesulfonic groupg
palmitic acid®] o282} ¥-&& A7 ). o
59 A7 Sjakwl, A7) Hu) wuo) 444
2 ¥AARoEA olav 23} Wee) A% 84
Fiol F4H7] @A Hol E& d5ee @
F AT B AFOIA AL SCX Sof A
A5 Be Be B4g 2] diel EdZeA
=9 JheRs wgo] A WNA ghe oz
A7 AT £, o9 2L olf 2 Q5o Fig. 60]
A g sk ol w9 2AAG AR Faol
50% BlREO 2 PSR ©) SCX ZU)E ALES
A9l HE Ao PTS Zu)& AL§3 250}
2 Fog gddg.

Table 3¢ & Ao A} ALR-3 kg2 A A Hb
SEFEY 27 2AE AN YU b
Ao E27IAFAEEY o] 100%0) A R
30%7HA = RS ERE F vehgo ko) A =
I go g AFA Y FaFo] gk SCX Zu)
7 S ERE FAHE, HEERE F vge
o EHAEY} 53% o|A4o g 71 &7 wjFo v
©-&o] 7HF UA 3=l 23l ¥ 319 3
AL FAL Aoz YzZteo) gLz ¥3ig
SCX Fuf FH | AFA Aol BEdAGH o] F3

F J=e 28 wh-go] FYF Ao g JFHAT.
°‘°ﬂ*1 AHF upo} o] SCX FHvje AoE
PTS o] Bg-9b= 2e] SCX FHvf EHAA o
sHzs) gol AWHE 2 Z) BN AHA
Wito] BEAdg s ojopyt vhgo] AdH 4 9o}
Fig. 13& H9 oj= Aoy z7ld 43 vt
ERE F ARG FE A e § 5
FAP) S sl ARo] VAN L A5 TS
490 w3t Ao 2 Y Holde & 4 k. 0|9
2E ATE AFALLY Fu Aoz EAA
2ol gt vhg&mrt APHY) YR Aoz

tlo O mu

o,
J

i

2L oo -



222

A zrE o)

Fig. 13 B}S of =UhE 5o)3 He vgH
9 ZI|AFRAHA FaFo] 100%) A 30%E 7HA 3
of e} ¥ EFE F AFALA B5 st 24
271 7127] #kol Stk Aolt) o)Ae wh
9] HoE of 2] 8)F 2L AU wHq

WS EE o] HOE ALgsle] ANEE, 27
EAE F AFARNY w5t B4l v
HEET7E S48 AL 9rdg.

1-)1

B 8 oo fo
o I

ﬁ, 0{0

d dc,
T g g (V= amst)  (®)
1 dn
A= A ©)
47N, Ve HSEHEY ¥y agn we §

SEIEL EIES EREER S
FLGANA AFARRE o 223 go) 7
FAPAA thaked 13} whg 22T kgl o

A= 12 73‘4 S54E& Bolug gl AF3 &
A& oW Ao g R duo] 51X By welx,
olRL WHeEEe Fo g AR AL AR A
2 DA X g AHEE Aol 4] (9)9) 2ol
Folg Eujo] = AN FAAT v 24

VEO R WL E AYElE Ao) dgEicn
Azt

Fig. 14= Fig. 1394 348 298 nlgeozn
SEHE T AFAELY FEG NS EFEY

n e

0.15

100%

0%
50%
30%
10%
5%

0.12 4

oL RD>PA0CO

0.09

0.06 1

Moles of fatty acid reacted (mol)

0.03 J

0.00 T T T T
0 30 60 90 120 150
Reaction time {min)
Fig. 14. Moles of FFA reacted in reaction mixture vs. re-

action time(SCX, MR=2, 65°C).

&

A%
W4k "oIE
S F ;JF} ol dis}e 2 (9)
9gE —‘]%3}@ _7#_7] 8%2}
%57]'
= AL 41:]611:} Table 3-& y_t&, LRAS Y
3‘-7]1}%11 WA ghakol 30%71 A= t"}gﬁif{}
A ALY EHAET} 2% o] 49 w2 e
=0 B2hA, SCX Flr) Folg A& ¥he-E
E F ARAATY] SCX v xHozo E44
g9& 7 Zof WA AN &Y W)
A Zvf o] o] WEE T} AKXt E3}E o]
AT FEE KA W&ol uFFY 2714
A o] 30% 7t A= ARG 271 F
T #AGlel dFT 27 WHEEEE YER =
Zeg Yz,

Fig. 15 w759 27124204t o] 5%}
1%21 2o vlgkg Evjd] w& SEFE F #
TFALAA TE WHSE A Aol AHF
A& Atode AFARTY FFo] A &
RS FE2 AT #2859 Foe= AFAY
e Aole U 1% A9 g e Aoz
dH A . mebs, B Aol A ugge 27
AT A A gHego) 1% ~ 5%%1 A& HA &89
A-FAHT 5 99E Jeldga & 5 Qo
‘v\\_v___u—y

v

L—:

1‘."J>f¥ O{N

0.9 -

O FFA=5%,MR=2 cat=65g
® FFA=5%, MR=10 cat=65g¢g

06 - v FFA=1%,MR=10 cat=024g¢g

CralCra,o ()

0.3

0.0

T T T
60 90 120 150

Reaction time (min)

Fig. 15. Effect of methanol dose on progress of ester-
ification reaction catalyzed by SCX(65°C).



AR LEE ALY dag 23 223

o 5e) 27

5% Aol e E8E 1

ANA 2 A ol
0742 F7HA 7 o
A& Bt wEHE F A

FARALY HFAFES 85% BETA 274412
T A} Y, | FFe) 27| g
o yehd ve} o] A-f-%

WAt Fego] 3.2%¢)1 ERlF YA B =9 3ol
90%0}/F o2 tes] Fola SCX Zvjjo] o]sted vk
%é:fé}% < Ef2gAe =t g3lso] g5
€0l ZM o g HAEr). oj9} 22 MIEFE
o &35 7] 95t SCX Fujo FAFL 6
gollA 024 go 2 E A3l Wege BHE |
22 FIMA vg-& AYsgo. 28 Y, Fig 15
ol GERG uhe} o] o AE| 238} Whg-& A9l A3
HA gt o) g AREL
v gfoll A 27| AR A ghako] 1 =
HEEAE T AFAYNHE oﬂéﬁﬂéi} iFS-S
AYAA At Mo 2b2g Agsie AL &
Bt Af-A ke o 28 23} W3-t op] g}
al

'u-

Eel2elA = Aol sv=s) WeE B
Bstel APy widol 222 e WYL
e Ao HIs Aoz AT

4. 2 &

U35 & AGALGS Hehe s AEuE AL
ox g

?‘i}@l o ~H =3
< HEE AU
A2 7HA AFE AMEY g AR RS

W& dae 23 wheAz A JFAgse

Amberlyst 15 dry Zwj], SCX v} 18] PTS =uj

o o7 FUMEA PTIS & A3 4% A

FALAY] o 2E 28} wEe Zylole TLA 2

2 ¥hgo £ Ho} whgo) Ao upa}

EddEE dAeY v &Ert Aada Wge

ol EAALEER o5t wHe& = AAHAT-

Zf FH BAGl WARe 27 AFA A F

o] 100% A 1%2 724 3o whe} 7] 24§24

A 30%d o) Ho) WS B 3, PTS

& AMES A v AR ZNARA A

o] 10%o]3lE 743 EfZAa e 714-E

2 Qe Ry 2Fo WMFEFE F A5

Akt geFo] FUbstAeh wAR S 2AAHA
Wk ol 50% o]stkd uf PTS Swje} Aelshae
7 FA3td dedstAe 8 FFoz sy
FE Hz&o] F7FsHAY PTS W& AME3 7
o Mg EHE F7MAIIE AR AR o2
H23} uh32 & o FYA vkl e AsS
Honm uig&n S302 Q3o HE &0
Z7Vt k. SCX Ful & Ag-3she] w39 o
Ha2sl vg-g APAIZ] A A7 B o
WEESE F ARARYY F= ¥WdE PTS
Z & AT B9 FALR ASS BT 1y
"5 27)AFA R o] 10%0)3t 2 v
on’ﬂ PTS Zul & AME-3F A9-ohe 28 s
THE F AFARLLY FErF wHEAIZE H
w2} oA F7bEt A @tk wdRS 2714

A3 gHagol 50% wwto 2 7FAE RS wW SCX
Zu & AHES Ao HFAsEol PTS S & A}

3 AR & S BAY vAHFY 214

rlm

L

Fl

A FFe] 30% o)) BF SCX HhE A}
&30 27) AFATY Fa% DAYl 43D
27) MEEES BAT T2, wgol Aol

e ARANY FEWoRY BANGAY
o A%t WeEEst ASHAAL TR 2
NAFARAE o] 1%2) ol Ful FFol
BAgle] EFYAYES B atel AR
A $E7E 27] BEET 2 go 37189
om, WgEEe] SAoz FATYT SCX &
e ALEE A HA) 2AAFALY Fape]

5% Mol Weke Bul Sl wet HF Asg
o) Frskg ey, vAel zﬂz}vxww
ol 1% Aeole W BulE FIAR
WSETE F ARG z%:c}& A<l 73t

A ?%Ah:}

e 2

1) 01714, 2000, 454 Fr2A Hlol e AF e A



224

A 2 o] 883} ETIS, 9, 1-10.

2) 294, 19%, A7 @ AF3e] gAAE2A ¥
A& o8, AR Ar)EH4E, 11, 262-275.

3) Bartholomew D., 1981, Vegetable oil fuel, JAOCS,
58, 286A-288A.

4) Ma F., Hanna M. A., 1999, Biodiesel production: a
review, Bioresource Technology, 70, 1-15.

5) Tyson K. S., 2005, DOE analysis of fuels and cop-
roducts from lipids, J. Fuel Processing Technology,
86, 1127-1136.

6) o394, 2007, vlo] . t]A, NICE, 25(5), 471-474.

7) Ceriani R., Meirelles A. J. A., 2006, Simulation of
continuous physical refiners for edible oil deacidifica-
tion, Journal of Food Engineering, 76, 261-271.

8) Rodrigues C. E. C., Onoyama M. M., Meirelles A. J.
A., 2006, Optimization of the rice bran oil deacidifi-
cation process by liquid-liquid extraction, ibid, 73,
370-378.

9) Gerpen J. V., 2005, Biodiesel processing and pro-
duction, J. Fuel Processing Technology, 86, 1097-
1107.

10) Meher L. C., Sagar D. V., Naik S. N., 2006, Technical
aspects of biodiesel production by transesterification
-a review, Renewable and Sustainable Energy
Reviews, 10, 248-268. .

11) Marchetti J. M., Miguel V. U., Errazu A. F., 2007,
Possible methods for biodiesel production, ibid, 11,
+1300-1311.

12) Berrios M., Siles J., Martin M. A., Martin A., 2007,
A kinetic study of the esterification of free fatty acids
in sunflower oil, Fuel, 86, 2283-2388.

13) Hou X., Qi Y., Qiao X.,, Wang G., Qin Z., Wang J.,
2007, Lewis acid catalyzed transesterification and es-
terification of high free fatty acid oil in subcritical
methanol, 24(2), Korean J. Chem. Eng., 311-313.

14) Chonghong S., Tongurai C., Chetpattananondh P.,
Bunyakan C., 2007, Biodiesel production by ester-
ification of palm fatty acid distillate, Biomass and
Bioenergy, 31, 563-568.

&

A

15) Takagaki A., Toda M., Okamura M., Kondo J. N,
Hayashi S., Domen K., Hara M., 2006, Esterification
of higher fatty acids by novel strong solid acid,
Catalyst Today, 116, 157-161.

16) Ni J., Meunier F. C., 2007, Esterification of free fatty

acids in sunflower oil over solid acid catalysts using

batch and fixed bed reactors, Applied Catalysis A:

General, 333, 122-130.

ol&E, A, F4F, 29§, 2006, vio] 2. T)A

FAANA o] 2ngFR] Fujo o3 A8 FH A

Ay, A EFEIA, 21(1), 68-71.

AAH, 923, 2006, iLFE YA HAE 6

g A8 R WA, ibid, 21(6), 418-421.

Diaz 1., Alvarez C. M., Mohino F., Pariente J. P.,

Sastre E., 2000, Combined alkyl and sulfonic acid

functionalization of MCM-41 type silica: part 2. ester-

ification of glycerol with fatty acids, Journal of

Catalysis, 193, 295-302.

Mbaraka I. K., Radu D. R, Lin V. S. Y., Shanks B.

H., 2003, Organosulfonic acid functionalized meso-

porous silicas for the esterification of fatty acid, ibid,

219, 329-336.

21) Mbaraka I. K., Shanks B. H., 2005, Design of multi-
functionalized mesoporous silicas for esterification of
fatty acid, ibid, 229, 365-373.

22) BAE, olF4], 1980, F A W4HE 2o 53
3o S 223 g B3 A
T+, A2 E 7383 7], 12(3), 193-199.

23) Zullaikah S., Lai C., Vali SR, Ju Y.2005, A
two-step acid catalyzed process for the production of
biodiesel from rice bran oil. Bioresource Technology,
96, 1889-1896.

24) Bak Y. C,, Choi J. H, Kim S. B., Kang D. W_, 1996,
Production of biodiesel fuels by transesterification of
rice bran oil, Korean J. Chem. Eng.,13(3), 242-245.

25) AYF, AYS, o9, weE, oA, 2005,
Amberlyst 15 Zuj o] EA] el A a4tz A&
9] J 223} ¥hE £54] dF, Korean Chem.
Eng. Res., 43(5), 621-626.

17)

18)

19)

20)



