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Transesterification Kinetics of S o y b e a n Oil1
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Transesterification of soybean oil (SBO) and other
triglycerides with alcohols, in the presence of a catalyst,
yie lds f a t t y esters and glycerol. Di- and monoglycerides
are intermediates . React ions are consecutive and
reversible. Rate constants have been determined for
each reaction with a computerized kinetic program. The
ef fects of the type of alcohol, 1-butanol or methanol
(MeOH); molar rat io of alcohol to SBO; type and amount
of catalyst; and react ion temperature on rate constants
and kinetic order were examined. Forward reactions
appear to be pseudo-f irst order or second order
depending upon condit ions used. Reverse react ions
a p p e a r to be second order. A t a molar rat io of
MeOH/SBO o f 6:1, a shunt reaction was observed.
Energy of activation was determined for all forward and
reverse react ions under a variety of experimental
condit ions from plots of log k v s 1/T. Values ranged
from 8-20 kcal/mol.

Transes ter i f ica t ion o f vegetable oils with simple
alcohols has long been a preferred method for prepar ing
fa t ty esters. These es te r s have good po ten t i a l as an
al ternat ive o r emergency fuel t o replace #2 diesel oil in
farm t rac to r s . Because of this potential, we have focused
our a t t en t ion on variables t h a t affect the yield of these
es te r s {1,2} as well as analysis of intermediates and
products as determined b y a n Ia t roscan analyzer (3}. In
t h e present p a p e r we report on a s t u d y of the kinetics of
t h e transesterification of soybean oil (SBO). A capillary
gas chromatographic (CGC} method used to support this
s t u d y has been described (4). One of o u r objectives was
to determine how variations in type of alcohol, molar
ratio of alcohol t o SBO, c a t a l y s t type and reaction
temperature affected kinetic order , reaction rates and
energies of activation. Another objective was to gain a
more fundamenta l u n d e r s t a n d i n g o f t h e chemistry
involved in the transesterification of vegetable oils.

Various mechanisms have been proposed for both
acid- and alkaline-catalyzed transesterification {5-7}. A
number o f kinetic studies have been repor ted for the
transesterification o f simple {non-fatty) es te r s with
alcohols {6,8-10} a n d dimethyl terephthala te with
ethylene g lyco l {11,12). Only a few kinetic studies have
dealt with the transesterification of vegetable oil or fa t ty
esters. These include t h e conversion of c a s t o r oil t o
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methyl ricinoleate {7), t h e glycerolysis of methyl o lea te
(13) a n d t h e t ranses ter i f ica t ion o f t h e es te r s o f
9(10)-carboxystearic acid (14} and methyl 9(10}-car-
boxymethyls teara te {15}. The p r e s e n t s t u d y was
under taken with a commercially important vegetable
oil, SBO, utilizing a computerized kinetic program (16)
t o shed additional l ight on the kinetics o f transesterifica-
tion reactions.

EXPERIMENTAL

Materials. Refined SBO was ob ta ined from Centra l
S o y a , Chattanooga, Tennessee. The molecular weight
was a s s u m e d t o be 872.4. M e t h a n o l (MeOH) a n d
1-butanol (BuOH) were MCB Omnisolv (spectrograde)
a n d were stored over molecular sieves 4A. A solution o f
sod ium butoxide (NaOBu) was prepared b y the reac t ion
o f 240 mg o f sod ium with 10 ml o f BuOH at 59-99 C with
stirring. Sulfuric acid was purchased from B&A, Allied
Chemical, Morristown, New Je r sey . Sodium methoxide
(NaOCH3) was obtained from Aldrich Chemical Com-
p a n y , Milwaukee, Wisconsin.

Reaction conditions employed in kinetic studies. The
scope of our kinetic studies is outlined in Table 1.
Experiments were designed t o determine kinetic o rde r
and ra te constants u s i n g two simple alcohols, two molar
ra t ios o f alcohol t o SBO, acidic vs alkaline catalysis, two
weight percentages o f NaOBu and two temperature
ranges each containing five temperatures. All reactions
studied were conducted a t atmospheric pressure.

Transesterification reaction and sampling. The f i r s t
two of five systems shown in Table 1 utilized a 250-ml
round-bottomed four-necked flask, equipped with a
mechanical st irrer, thermometer, condenser a n d / o r
dry ing tube and stopper (for sample removal}. The
remaining sys tems in Table 1 employed a 400-ml
cus tom-made reac t ion f lask with five n e c k s . The
addi t iona l neck was equipped with a thermocouple
connected t o a digi ta l pyrometer . This pyrometer
provided rapid temperature readings t h a t were essential
t o follow t h e very f a s t reactions. The larger size f lask
enab led u s t o scale u p t h e reac t ion and poss ib ly
permit ted more vigorous agitation.

The reaction f lask was immersed in a Polyscience
Series 9000 refr igerated constant temperature b a t h a n d
circulator. The opera t ing range of this b a t h was - 1 5 t o
+150 C, with a control accuracy o f +_0.02 C. The
temperature con t ro l o f t h e reac t ion m i x t u r e was
generally ca. 0.1 C.
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TABLE 1
R e a c t i o n Condit ions Employed i n Kinet i c Studies

Alcohol used

Molar ratio Weightof reactants
of

alcohol/SBO Alcohol (g) SBO (g) Catalyst Temperature (C)a

1-Butanol 30:1 51 20
1-Butanol 30:1 51 20
1-Butanol 30:1 102 40
1-Butanol 6:1 51 100
Methanol 6:1 22 100

1% H~SO4
1% NaOBu

0.5% NaOBu
1% NaOBu

0.5% NaOCH3

77,87,97, 107, 117
20, 30, 40, 50, 60
20, 30, 40, 50, 60
20, 30, 40, 50, 60
20, 30, 40, 50, 60

aTemperature control: ±0.1C.

The reac t ion f lask and its associated equipment and
o t h e r g l a s s a p p a r a t u s used fo r handl ing s ta r t ing
materials were f i r s t h e a t e d t o expel moisture. Calculated
amounts o f SBO and alcohol were a d d e d t o t h e reaction
f lask t h a t was b r o u g h t t o a predetermined temperature
u s i n g t h e c o n s t a n t temperature b a t h . A calculated
amount o f c a t a l y s t was quickly added to the reactants,
and timing o f the reaction was begun.

Samples (0.5 ml each} were removed from the reaction
mixture a t various intervals, depending upon reac t ion
conditions. Fo r example, alkali-catalyzed reactions a t
60 C were sampled initially a t 15-sec intervals and then
over longe r intervals dur ing the course of one hr. Fo r the
acid-catalyzed reaction a t 117 C, early samples were
taken a t 6-min intervals, and la te r samples were taken
a t 30-min intervals dur ing t h e course o f th ree hr.
Samples were immediately quenched in 0.5 ml water ,
thus stopping the reaction. Because the oil l ayer did not
always cleanly sepa ra t e from the water , sa l t ing out and
cent r i fuging were used t o enhance separation. The
resu l t ing oil was used fo r both thin layer chromatog-
raphy (TLC) and CGC analysis.

TLC was used initially to determine t h e qual i ta t ive
composition of each sample of the reac t ion mixture and
t o determine which samples were t o be quantitatively
analyzed. This TLC procedure has been described
previously {2). The reac t ion was stopped when TLC
indicated high conversion to the ester. Four teen samples
were taken , of which nine were quantitatively analyzed
b y the CGC. The CGC method provided a quan t i t a t ive
analysis of t h e tr iglyceride (TG), diglyceride (DG),
monoglyceride (MG) and e s t e r composition needed for
t h e kinetic study.

Preparation o f CGC samples and their analysis.
Samples from t h e oil layers ob ta ined a b o v e were
accurately weighed and silylated, in te rna l s t andard was
added, and t h e concentration was adjusted and then
analyzed b y CGC as previous ly desc r ibed (4). A
computerized program was used to analyze CGC d a t a .
The o u t p u t from this program gave wt %, ~mol or mmol,
s t andard deviation and relat ive s tandard deviation fo r
each component.

Computerized kinetic program. A computer ized
kinetic program, described previously 06), was used to
determine whe the r a proposed kinetic o rde r appeared
possible. The program requires t h a t a specific kinetic
scheme be proposed for each reaction be ing studied. The
reactions studied are shown in Figure 1. Additional

Overall Reaction:

Triglyceride (TG) + 3ROH
catalyst

3R'CO~R + glycerol (GL)

Stepwise Reactlons:
TG-DG(k,)

1. TG + ROH _
DG-TG(k,)

2, DG + ROH
DG-MG(k2)

MG DG(ks)

MG-GL(k3)

digl¥ceride (DG) + R'CO2R

monoglyceride (MG) + R'C%R

3, MG + ROH- ~ glycerol + R'CO2R
GL-MG(k~)

FIG. 1. Chemistry of the transes ter i f i ca t ion of vege tab le o i l s .
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FIG. 2. Effect of t ime and temperature o n ester format ion .
B u O H / S B O (30:D, 1% H~SO4, 77-117 C. X, 117 C; o, 107 C; a , 97 C;
m , 87 C; + , 77 C .

i npu t consists o f the concentration of each component
with time. Concentration uni t s were e i the r mmol o r
~mol/ml depending on requirements of the program. The
p r o g r a m utilizes t h e s e da t a t o p roduce plo ts o f
concentration vs time, which are shown later. A sepa ra t e
plot is produced fo r each tempera ture . Based upon t h e
kinetic scheme be ing tested, t h e program at tempts t o
draw a line t h r o u g h the points. A close fit of the lines t o
t h e poin t s suggests t h a t the kinetic scheme employed is
adequate, and from this a kinetic o rde r can be proposed.
On t h e o t h e r h a n d , a poor fit of the lines to the poin t s
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suggests t h a t an incorrect scheme was proposed and/or
t h e da t a are fau l ty .

The p r o g r a m also repor ts two types o f errors
associated with t h e fit o f t h e lines to the points a t each
tempera ture . The f i r s t is t h e "summed squared error,"
which is the s u m o f all ver t ica l distances squared
be tween poin t s a n d lines. The grea te r t h e coincidence
be tween poin t s and lines, the smaller t h e error. The
second error repor ted is t h e " averageerror," which is the
square root o f t h e summed squared error divided by the
number of da t a points (concentrations). By comparing
t h e t o t a l of e i the r t h e summed squared or averageerrors
o f t h e various schemes be ing t e s t e d a t all temperatures,
one can determine which scheme gives the best fit.
Final ly, t h e compute r program repor ts ra te constants
fo r each reac t ion a t each tempera ture .

RESULTS AND DISCUSSION

Chemistry of the transesterification of vegetable oils.
The stoichiometry o f t h e overal l transesterification
reac t ion requires 1 mol of TG for 3 mol o f alcohol to give
3 mol of e s t e r a n d 1 mol of glycerol (GL) (Fig. 1). This
reversible reaction, which is e i the r acid- or alkaline-
catalyzed, involves stepwise conversions of TG to DG to
M G t o GL producing 3 mol of e s t e r in the process. One
objec t ive of this s t u d y was to determine t h e ra te
constants for all forward and r e v e r s e reactions. Ra the r
t h a n use k, t o designate the ra te constant for the
conversion o f the TG t o DG, we have chosen to use the
designation TG-DG. Similarly, designations for the
o t h e r ra te constants are shown in Figure 1. It should be
n o t e d t h a t the transesterification reac t ion consists of
consecutive as well as reversible reactions t h a t m u s t be
accounted fo r in any kinetic study.

E f f e c t o f time and temperature on ester formation. To
determine the effect of temperature on e s t e r formation
for t h e reaction of BuOH with SBO at a molar ratio of
30:1 catalyzed b y 1% H2SO4, five temperatures rang ing
from 77-117 C were examined. The resul t s of this s t u d y
showed t h a t e s t e r formation is essentially complete in
3 h r a t 117 C, compared t o 20 h r a t 77 C (Fig. 2). It will be
n o t e d t h a t the curves have spacing which indicates a
d is t inc t ra te change for every 10 C temperature r i se . The
curves also indicate t h e reac t ion begins a t a slow ra te ,
proceeds a t a f a s t e r ra te and then slows again as the
reac t ion nears completion. The shapes of the curves a t
two adjacent temperatures enabled u s to predic t the
approximate shapes o f the curves fo r t h e remaining
three temperatures. This information was valuable for
determining both when samples should be taken and
when to stop the reaction. Similarly shaped curves for
t h e esters were observed for alkaline-catalyzed reac-
tions.

Kinetics of acid-catalyzed transesterification reac-
tions. We u n d e r t o o k a kinetic s t u d y of t h e reac t ion of
BuOH with SBO u s i n g a 30:1 molar ratio with 1%
H2SO4 a t five temperatures. A 30:1 molar ratio was
c h o s e n b e c a u s e a t m o l a r ra t ios of 6:1 a n d 20:1,
conversion to e s t e r was unsatisfactory (1). The resul t s
obtained a t 117 C are shown in Figure 3. Because we
used a large excess of alcohol over t h a t required by the
stoichiometry, we expected t h e forward reactions to
fol low pseudo-first-order kinetics. The r e v e r s e reac-
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FIG. 3. Change of component concentrat ion with t ime for a m o l a r
ra t io of B u O H / S B O (30:1), 1% H2SO4, 117 C . . , Soybean b u t y l
esters; A , s o y b e a n oil; X , dig lycer ide; I , monoglycer ide .
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FIG. 4. Change of component concentrat ion with t ime for a m o l a r
ra t io of B u O H / S B O (6:2), 1% NaOBu, 3 0 C. e, Soybean butyl esters;
I , monoglycer ide X 10; A , s o y b e a n oil; X , dig lycer ide .

tions would be expected t o be second order . The fit o f the
lines to t h e poin t s was excellent for all four components.
Similarly, good fits were obtained for t h e o t h e r four
temperatures s t u d i e d . T h e s e f ind ings suppor t o u r
kinetic as s ignmen t fo r t h e forward a n d r e v e r s e
reactions. The curves for all four components shown in
Figure 3 are characteristic of consecutive reactions
a n d confirm t h a t t h e t ranses ter i f ica t ion reac t ion
consists of a series of consecutive reactions. It should be
n o t e d t h a t b o t h t h e forward and reverse reactions are
consecutive. The ra te constants ob ta ined fo r t h e s e
reactions are discussed later.

K i n e t i c s of alkaline-catalyzed transesterification
reactions. Alkaline-catalyzed transesterifications pro-
ceed a t considerably f a s t e r ra tes than acid-catalyzed
transesterifications (2,17). Partly for this r e a s o n and
partly because alkaline ca ta lys t s are less corrosive t o
indus t r ia lequipment t h a n acid catalysts, m o s t commer-
cial transesterifications are conducted with alkaline
c a t a l y s t s . Sodium alkoxides are among t h e m o s t
efficient ca ta lys t s used for this purpose (5,6,18) a n d were
therefore used in o u r study.

The molar ratio of alcohol t o SBO has a n important
bear ing on the kinetic o rde r of the reaction. We have
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shown t h a t acid catalysis o f t h e forward reac t ion
employing a 30:1 molar ratio o f BuOH to SBO followed
pseudo-first o rde r kinetics. This was expected because
o f t h e large molar excess o f alcohol. Similarly, we
expected alkaline-catalyzed transesterifications u s i n g a
30:1 molar ratio o f alcohol t o SBO t o follow pseudo-first
o rde r kinetics. We conducted two studies, both u s i n g
m o l a r ra t ios o f BuOH t o SBO o f 3 0 : 1 , a t f ive
temperatures be tween 20 a n d 60 C in which t h e
catalysts were 1% and 0.5% NaOBu b y weight. The da t a
obtained from t h e s e experiments were used in compu-
terized plo ts of concentration vs time as previously
discussed. These plo ts strongly supported o u r assump-
tion t h a t t h e NaOBu-catalyzed forward reactions a t
30:1 followed pseudo-first o rde r kinetics.

We next studied the effect of lowering t h e molar ratio
from 30:1 t o 6:1 with 1% NaOBu as catalyst. It has
previously been shown t h a t with alkaline catalysis, a 6:1
molar ratio o f alcohol to vegetable oil results in high
conversions (93-98%) o f vegetable oil to es te r , whereas
below t h e 6:1 ratio conversion decreases (1). A 6:1 molar
ratio would therefore probably b e t h e preferred ratio in
commercial operations. A t this ratio a second-order
reaction appeared more likely than a pseudo-first-order
reaction because the excess alcohol was only twice t h a t
of theory compared t o 10 times t h a t of theory for a 30:1
ra t io . Both schemes, however, were t e s t e d u s i n g t h e
computerized kinetic program. Again it was a s s u m e d
t h a t t h e consecutive, r e v e r s e reactions were second
order. This program indicated a b e t t e r fit of lines t o
poin t s fo r t h e second-order reac t ion t h a n fo r t h e

pseudo- f i r s t -o rder reac t ion . The summed s q u a r e d
errors for the second-order reactions a t 2 0 - 6 0 C were
46.5, 3.4, 17.4, 27.7 and 22.7, for a t o t a l of 117.7. The
summed s q u a r e d errors for t h e pseudo-first-order
reactions a t 2 0 - 6 0 C were 235.2, 7.1, 33.2, 44.2 and 25.6,
fo r a t o t a l of 345.3. The average errors fo r t h e
second-order reactions were 1.3, 0.4, 0.8, 1.0 and 0.9, for
a t o t a l of 4.4. The average errors for the pseudo-first-
o rde r reactions were 2.9, 0.5, 1.1, 1.3 and 1.0, for a t o t a l
o f 6.8. Thus both the t o t a l of t h e summed squared errors
and t h e average errors were lower for the second-order
reac t ion compared to t h e pseudo-first-order reaction.
These differences a p p e a r t o be significant and were the
basis fo r choosing the second-order reaction. A plot o f
data fo r component concentration vs time for a 6:1 molar
ratio of BuOH to SBO with 1% NaOBu a t 30 C,
assuming a second-order reaction, is shown in Figure 4.
The fit of the lines t o the poin t s in this case was
excellent. Good fits were also observed a t the o t h e r four
temperatures. These resul t s suggest t h a t a t a 6:1 molar
ratio with 1% NaOBu, t h e reac t ion of BuOH with SBO
follows consecutive, second-order kinetics.

We also expected the reactions of MeOH with SBO at
a 6:1 molar ratio with 0.5% NaOCH3 a t 2 0 - 6 0 C t o b e
second order . MeOH, however, behaved differently from
BuOH in this regard . Although a second-order scheme
was evaluated by our compute r program for the reac t ion
of MeOH/SBO at 6:1, t h e average error obtained was
somewhat larger t h a n t h a t observed with BuOH/SBO at
6:1. This increase in er ror is because o f the rapid
appearance of e s t e r wi thout a corresponding rapid
inc rease a n d d e c r e a s e o f D G a n d MG. B e c a u s e
consecutive reac t ions could n o t explain t h e rapid

appearance of e s t e r wi thout t h e appearance of inter-
mediate D G and MG, a shunt-reaction scheme was
tested. This shunt-reaction scheme comprised both the
second-order reactions and a s h u n t reac t ion in which 3
mol of MeOH directly a t t acked 1 mol o f TG. By u s i n g t h e
shunt-reaction scheme, we obtained much b e t t e r fits of
t h e d a t a . Thus, t h e kinetics which best describe t h e
reac t ion o f MeOH/SBO at 6:1 molar ratio consist of a
combination of second-order consecutive and four th -
o rde r s h u n t reactions.

The shunt-reaction scheme was fur the r supported by
comparing certain resul t s obtained from kinetic studies
o f both t h e s h u n t a n d second-order schemes. Two
criteria were used in this comparison. The f i r s t was a
comparison of summed squared and average errors. The
summed s q u a r e d errors fo r t h e second-order scheme a t
2 0 - 6 0 C were 1.5, 3.4, 2.9, 6.7 and 4.1, all values X 10-5,
for a t o t a l of 18.6 × 10-5. The summed squared errors fo r
t h e shunt-reaction scheme a t 2 0 - 6 0 C were 1.5, 0.4, 1.9,
1.8 and 1.5, all values × 10-5, fo r a t o t a l of 7.1 X 10-5. The
average errors for t h e second-order scheme were 0.8,
1.1, 1.0, 1.6 and 1.3, all values × 10-3, fo r a t o t a l of 5.8 ×
10-3. The average errors for the shunt-reaction scheme
were 0.8, 0.4, 0.8, 0.8 and 0.8, all va lues × 10-3, for a t o t a l
of 3.6 × 10-3. Thus b o t h the t o t a l of the summed squared
errors a n d t h e average errors were lower fo r t h e
shunt-reaction scheme compared t o the second-order
scheme. A plot o f da t a for component concentration vs
time for MeOH/SBO at a 6:1 molar ratio with 0.5%
NaOCH3 a t 40 C, assuming t h e shunt-reaction scheme,
is shown in Figure 5. The close fit of lines t o points, a t
this temperature and t h e o t h e r four temperatures
studied, strongly supports t h e val idi ty o f this scheme.
The s e c o n d cri ter ion was correla t ion coeff icients
obtained b y l inear regression from plots o f log k vs 1/T.
These plo ts were used to determine ene rgy o f activation,
E°, and are discussed later. The correlation coefficients
obtained with t h e shunt-reaction scheme were generally
h ighe r t h a n those from the second-order scheme. Thus,
t h e s h u n t reac t ion m u s t be used in conjunction with the
second-order reac t ion t o fully explain the kinetics for
t h e reaction of MeOH with SBO at a 6:1 molar ra t io .
S h u n t reactions have been observed in kinetic studies o f
t h e hydrogenation o f conjugated diene (19) and SBO and
linseed oils (20).

We next reexamined the reac t ion of BuOH/SBO at 6:1

0.12

4 ~ f t r
0.09 - o f

0.06
L~_

0.03 --m, •

/
0 . 0 • 1 I I I I

5 10 15 20 25 30
Time, min

FIG. 5 . Change of component concentrat ion with t ime for a m o l a r
ra t io of MeOH/SBO (6:2), 0.5% NaOCH3, 4 0 C. s , Soybean methyl
esters; X , d ig lycer ide X 10; l , monoglycer ide X 10; b , s o y b e a n oil.
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t o determine if the shunt-reaction scheme was applic-
able. Our computer p r o g r a m calculated a zero reaction
r a t e , clearly indicating that the s h u n t reaction did not
e x i s t for the BuOH reaction. Why was the transester-
ification of SBO with MeOH different from that with
BuOH at the 6:1 m o l a r ratio? Two possible explanations
can be proposed. The smaller size of the MeOH molecule
relative t o that of BuOH could facilitate the simultane-
ous a t t a c k of MeOH on all t h r e e chains of the TG. Also,
the greater polarity of the methoxy anion compared t o the
bu toxy a n i o n might promote its a t t a c k on the ester
carbonyl according t o established mechanisms.

Rate constants. Rate constants were calculated by our
computer p r o g r a m for all reactions included in our
kinetic s tudy. The rate constants determined for the
reaction of BuOH with SBO at a 30:1 m o l a r r a t i o u s i n g
various catalysts are shown in T a b l e 2. Because the
forward and reverse reactions are not of the same kinetic
o r d e r at a 30:1 m o l a r ratio, a direct comparison of t h e s e
rate constants c a n n o t be m a d e . The alkaline-catalyzed
reactions had much la rge r rate constants than the acid-
catalyzed r e a c t i o n s for both f o r w a r d and r e v e r s e
reactions, as expected. The h ighe r rate constants for the

T A B L E 2

Effect o f Various C a t a l y s t Systems on Rate Constants

BuOH/SBO, 30:1, rate constants X 10~

Rate 1% H~SO4, 1% NaOBu, 0.5% NaOBu,
designation 77 C 60 C 60 C

TG-DG 3 3,822 26,626
DG-MG 8 1,215 3,584
MG-GL 7 792 2,373
DG-TG 0.02 121 439
MG-DG 0.05 7 8
GL-MG 0.03 11 7

For the forward reactions units are min-L For the reverse reactions
units are ml mmol-~ rain-' for the acid-catalyzed reaction, and ml
~no1-1 rain-' for the alkali-catalyzed reaction. TG, triglyceride; DG,
diglyceride; MG, monoglyceride; GL, glycerol.

0.5% NaOBu- vs 1% NaOBu-catalyzed reactions was
unexpected. This difference probably resulted because
the 0.5%- and l%-catalyzed reactions were run on
different scales (see T a b l e 1) and with different reactors
(see Experimental). The la rge r size of the 400-ml f l a s k
may have permitted more vigorous agitation, w h i c h
could have influenced reaction rates. Had the reactions
been run u n d e r identical conditions, r a t e s for the
l%-catalyzed reactions should have been h ighe r than
those for the 0.5%-catalyzed reactions. A n u m b e r of
kinetic studies have shown that reaction r a t e s increase
with increasing catalyst concentration (7,8,14).

Energy o f activation. The relationship b e t w e e n
reaction rate constant, k, and temperature is g iven by
the integrated form of the Arrhenius equation: log,ok =
(-Eo/2.303R)/T + C w h e r e E, is the energy of activation,
R the gas constant in calories mo1-1 degree-1, T the
absolute temperature and C a constant. From a plot of
log k vs l/T, the slope can be determined. This slope is
e q u a l t o (-E,/2.303R). Thus, E, = - 4 . 5 8 (slope).

We determined energy of activation in this m a n n e r for
most of the reactions. An example is s h o w n in F i g u r e 6
for the acid-catalyzed butanolysis of TG t o DG at
77-117 C. L i n e a r regression analysis of t h e s e data gave
a slope of - 3 2 5 8 . 1 with a correlation coefficient of

- 1 . 5 117 ~ ' ~ 1
-1.7 07 C

\
-1.9 ~ 9 7 C

\
-2.~ \

-2.3

- 2 . 5 L__ L ___~- J _ _ _
0.25 0.26 0.27 0.28 0.29

lIT x 10~

FIG. 6. Plot of log k v s l i T for the butano lys i s o f tr ig lycer ide to
dig lycer ide with 1% H2804 at 77-117 C.

T A B L E 3

Energy of A c t i v a t i o n (E.) Under Studied Condit ions

E. (caYmol): reaction conditions

BuOH/SBO, 30:1

1% H2SO4 1% NaOBu
Rate designation 77-117 C 20-60 C

BuOH/SBO, 6:1 MeOH/SBO,6:1

0.5% NaOBu 1% NaOBu 0.5% NaOCH3
20-60 C 20-60 C 20-60 C

TG-DG 14,922 15,360 15,662 17,092 16,062
DG-MG 16,435 11,199 13,053 12,137 17,247
MG-GL 15,067 11,621 13,395 10,693 --
DG-TG 19,895 17,195 15,587 15,925 15,843
MG-DG 16,885 -- 13,336 15,816 13,571
GL-MG 12,196 -- 13,110 8,181 --
TG-GL . . . . 20,022

TG, triglyceride; DG, diglyceride; MG, monoglyceride; GL, glycerol.
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--0.9964. By u s i n g this slope in the equation E, = - 4 . 5 8
(slope), an Ea of 14,922 cal/mol was calculated for this
reaction. Correlation coefficients for the o t h e r five
reactions of BuOH/SBO, 30:1 catalyzed by 1% H2SO4
were - 0 . 9 9 1 8 , - 0 . 9 9 6 5 , - 0 . 8 9 1 8 , - 0 . 9 7 9 5 and
- 0 . 9 9 0 5 .

Energ ies of activation determined for o t h e r reactions
in our study ranged from 8,000-20,000 cal/mol (Table 3).
O t h e r investigators have reported Eova lues within this
range for other transesterification reactions (6,8,9-12).
Eo for the s h u n t reaction TG-GL had a v a l u e of 20
kcal/mol. The spread of values seen in T a b l e 3 for Ea is
due partly t o experimental error. In addition, the
simplified m o d e l used in the e q u a t i o n log,oK =
(-Eo/2.30R)/T + C may not be adequate t o account for
all the variables involved. This might also explain why
E o for some reverse reactions are g r e a t e r than those of
the corresponding forward reactions. F u r t h e r research is
n e e d e d t o develop a m o d e l that might provide a narrower
range of Eo values.
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• .Study on the Oxidative Rate and ProoxJdant Activity
of Free Fatty Acids
Kazuo Miyashita and Tom Takagi*
Department of Chemistry, Faculty of Fisheries, Hokkaido University, Hakodate, Japan 041

Oleic, linoleic and linolenic acids were autoxidized more
rapidly than their corresponding methyl esters. Addition
of s tear ic ac id accelerated the rate of autoxidat ion of
methyl linoleate and the decomposit ion of methyl linole-
ate hydroperoxides. Therefore, the higher oxidative rate
of F F A ' s than their methyl esters could be due to the
cata lyt ic ef fect of the carboxyl groups on the formation
of free radicals by the decomposit ion of hydroperoxides.
Addition of stearic acid also accelerated the oxidative rate
of soybean oil. This result sugges t s that particular atten-
tion shou ld be paid to the F F A content that affects the
oxidative stabi l i ty of o i l s .

A few papers (1,2) have been published on the comparison
of the oxidative rate of free fat ty acids (FFA) and their
esters. H o l m a n et al. (2,3) reported that F F A ' s were ox-
idized more rapidly than their esters, and he suggested
that this effect probably was due t o participation of the

*To whom correspondence should be addressed.

carboxyl groups in the decomposition of peroxides. He
also said in this review (3) that this idea has been sup-
ported by the work of Privett et al., in w h i c h addition of
linoleic acid t o methyl linoleate peroxide accelerated its
decomposition. However, it was not c l ea r whether its
decomposition was promoted by the catalytic action of
the carboxyl group in linoleic acid or oxidized products
of this acid, and the effect of F F A ' s on the autoxidation
of esters has not been investigated.

In this paper, we report the detailed data for the dif-
ference in oxidative rates between F F A ' s and their methyl
esters with periodic measurement of the unoxidized
substrate content by GLC and POV, and elucidate the
catalytic action of the carboxyl group in F F A ' s on the
autoxidation of oils by the use of stearic acid as a catalyst
which is not autoxidized u n d e r the conditions of the pres-
ent experiment.

MATERIALS AND METHODS

P r e p a r a t i o n o f m a t e r i a l s . Oleic, linoleic and linolenic acids
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