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&Quantitation in the Analysis of Transesterified Soybean Oil
by Capillary Gas Chromatography'
B. F r e e d m a n * , W.F. K w o l e k2 a n d E.H. P r y d e 3
Northern Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture, Peoria, IL

A rapid quantitative capillary gas chromatographic
method has been developed for studying transesterifi-
cat ion of soybean oil (SBO) to fatty esters. Standard
so lu t ions conta in ing methyl linoleate, mono-, di- and
trilinolein were a n a l y z e d with a 1.8 m X 0.32 mm SE-30
fused s i l i ca column. The effect of carrier gas f low on
reproducibi l i ty was determined. Prior to analys i s ,
mono- (MG) and diglycerides (DG) were s i l y l a t e d with
N,O-bis(trimethylsilyl) trifluoroacetamide.Tridecanoin
was u s e d as an internal standard. From plots of area and
weight relationships, s lopes and intercepts for all four
compound c lasses were determined. Agreement between
the measured and calculated composit ions of the
standard so lu t ions was good; the overal l standard
deviat ion was 0.4. S l o p e s and intercepts a l so were
determined for SBO and its methyl and butyl es ters .
Complete separation of ester, MG, D G and triglyceride
was obtained in 12 min by temperature programming
from 160 to 350 C. This method of analysis gave excellent
resu l t s when used in a kinetic study of SBO transester-
ification.

of soybean oil (SBO) (4). The analytical m e t h o d used t o
support this kinetic study was capillary gas chromatog-
raphy (CGC) described in this paper. This m e t h o d was
chosen because it provided the accuracy and precision
required.

Capillary columns offer a n u m b e r of advan t ages over
packed columns: they are more efficient, provide g r e a t e r
accuracy and precision, increase resolution and reduce
analysis time (5-8}. Nohl (9) n o t e d that short capillary
columns, 2-4 m in length, give the same resolution as
packed columns. D'Alonzo et al. (10) successfully used a
6 m g l a s s capillary column t o separate a m i x t u r e of f a t t y
acids, monoglycerides (MG), diglycerides (DG) and
triglycerides (TG). T h e i r separation required only 10 min
compared t o 35 min for the same separation on a 1.5 ft
packed column. For our kinetic s tudy, we required
quantitation of classes of compounds, i.e. ester, MG, DG
and TG, but not of compounds within a class. S h o r t
capillary columns provided short run t i m e s and offered
adequate separation of t h e s eclasses. Thus, CGC met our
m a j o r objectives t o q u i c k l y a n a l y z e d i v e r s e and
numerous samples accurately and precisely.

Recently t h e r e has been a s t o n g interest in simple f a t t y
esters as an alternative t o #2 diesel oil as a fuel for farm
tractors. These esters are obtained from vegetable oils
by transesterification. Previously we have s t u d i e d
variables affecting e s t e r yields (1,2) with analyses by
thin layer chromatography (TLC) u s i n g f l ame ionization
detection (FID) (3), as well as transesterification kinetics

EXPERIMENTAL

Materials. Reference standards used in this s tudy,
methyl linoleate (MeL), monolinolein (ML), dilinolein
(DL), trilinolein (TL) and tridecanoin (TD), were
purchased from Nu-Chek-Prep, Inc. (Elysian, Minne-
sota) and were chromatographically pure (>99%). Refined

TABLE 1

Effects of Helium Flow Rate onAJA., Reproducibility of Standard Solutions

Methyl tinoleate Monolinolein Dilinolein Trilinolein
Solution Flow rate
number (in ml/min) na ~AJA, RSD (%) x A,/A, RSD (%) "xA,/A., RSD (%) .x A,./A~ RSD (%)

50 2 10.88 2.8 .12 7.2 .18 4.7 .07 1.0
200 4 7.96 2.1 .11 3.3 .16 0.9 .06 4.2
350 4 8.01 4.5 .11 2.1 .16 2.2 .06 5.7

50 4 .12 43.1 .21 11.4 .15 17.3 8.54 5.5
200 4 .07 1.3 .18 1.7 .12 17.3 9.29 3.8
350 3 .10 11.1 .20 3.7 .15 14.3 8.28 1.6

50 3 4.31 3.0 1.22 1.7 2.21 1.2 2.70 2.5
200 5 3.29 1.9 1.09 1.7 2.36 2.9 2.94 2.3
350 3 3.61 2.3 1.15 0.8 2.31 1.5 2.72 2.8

an, number of replicates.
b~ AJA, mean of area of compound (Ao)/area of internal standard (At).
CRSD (%), % relative standard deviation.

1Presented at the AOCS meeting in Philadelphia in May 1985.
2Retired biometrician, North Central Region, Agricultural Research
Service, USDA.

3Deceased.
*To whom correspondence should be addressed at NRRC, 1815 N.
University St., Peoria, IL 61604.
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SBO was obtained from Centra l Soya (Chattanooga,
Tennessee). We prepared t h e soybean methyl esters
(MeSBO) a n d soybean b u t y l es te r s (BuSBO) by
transesterification (1). These esters were purif ied by
distillation u n d e r reduced pressure. N,O-bis(trimethyl-
silyl)trifluoroacetamide (BSTFA) was purchased form
Pierce Chemical Company (Rockford, Illinois). Acetone
was MCB Omnisolv (spectrograde).

Instrumentation and operating conditions. Analyses
were performed with a Spectra-Physics SP7100 gas
chromatograph equ ipped with a f l a m e ionizat ion
detector and a 1.8 m × 0.32 mm bonded SE-30 fused
sil ica capillary column. In jec tor and detector tempera-
tures were 350 C. The in jec torwas used in the split mode
with a 50-100:1 split ra t io . The oven temperature was
programmed from 160 to 350 C a t 30 C/min and then
was held a t 350 C for 6 min. Ei ther hel ium o r hydrogen
was used as a carr ier gas with identical resul t s a t a set
flow of 200 ml/min and a b a c k pressure of 5-7 kPa.
U n d e r t h e s e conditions the measured flow t h r o u g h the
column was 2-4 ml/min. The detector range was 1 ×
10-'1 amp/mV. Run time was 12 rain with 6 min cooling.
Samples of 1-12 ~1 were injected e i the r manually o r by
use of a Spectra-Physics Autosampler.

Standard solutions. Three sets of s t andard solutions
were prepared each a t a concentration of 20 o r 40 mg/ml
in acetone. The f i r s t set, s t andard so lu t i ons 1-5,
contained MeL, ML, DL and TL. The second set,
s t andard solutions 7-11, contained BuSBO, ML, DL
and SBO. In the third set, MeSBO replaced BuSBO. The

~mperature Program:
160-350 C at 30 C/min

~noin

gilinolein
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FIG. 1. Chromatogram of a mixture of ester, g lycerides and
internal standard.
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FIG. 2. Plots of A / A , vs Wo/W, for monol ino le in , d i l ino le in ,
trilinolein and methyl l ino leate .

l a t t e r two compositions closely resembled transesterifi-
ca t ionreac t ion mixtures. Each solution also contained a
known amount o f TD, t h e in terna l s t a n d a r d , as
described below. The measured composition of each
s tandard solution was determined b y CGC. Data from
four repl icate CGC analyses of t h e s e solutions were used
t o determine t h e in tercepts and slopes needed fo r
quantitation.

The following description i l lustrates t h e procedures
u s e d for prepar ing s tandard solutions. S tock solutions
of BuSBO, ML, DL and SBO were made up in acetone
(40 mg/ml), and t h e n each was used to prepare s tandard
solutions 7-11. A l t h o u g h t h e proportions of t h e s e four
components var ied , t h e final concentrations of t h e
componen t s remained a t 40 mg/ml. Fo r example,
s t andard solution 7 {SS7) was prepared by mixing 3.60
ml, 0.12 ml, 0.12 ml and 0.16 ml of s t o c k solutions
BuSBO, ML, D L a n d SBO in an 8-ml via l t o give 160.0
mg o f the four components in 4.00 ml of acetone. SS7
then had the composition: 90% BuSBO, 3% ML, 3% DL
and 4% SBO. The contents of t h e vial were h e a t e d a t 50
C, and acetone was removedu n d e r a s t ream of nitrogen.

Sufficient BSTFA, 0.600 ml, was then a d d e d t o t h e
via l to si lylate M L and DL. This volume was adequate t o
silylate M L and DL in any of t h e s tandard solutions
7-11. The c a p p e d via l was h e a t e d in an aluminum block
fo r 5 min a t 100 C with br iefshak ing a t 2.5 min a n d then
was cooled t o room tempera ture . To add 9.0 mg o f TD t o
SS7, 0.225 ml o f a TD s t o c k solution, 40 mg/ml in
acetone, was a d d e d t o the vial. Acetone, 3.175 ml, was
then a d d e d to br ing t h e t o t a l volume t o 4.0 ml (includes
0.6 ml B S T F A a n d 0.225 ml TD solution}. Similar
procedures were u s e d t o prepare o t h e r s t andard
solutions.

P r e p a r a t i o n o f a n a l y t i c a l so lu t ions . T o a via l
containing 40-50 mg o f oil l ayer from the transesterifi-
ca t ion of SBO with BuOH was added 0.182 ml BSTFA.
This volume of B S T F A was in excess of the amount
needed t o si lylate all M L and DL in t h e reac t ion
mixtures. The via l was capped, h e a t e d t o 100 C in a
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TABLE 2

S t a t i s t i c a l D a t a for Solutions 1-5a

Methyl
linoleate Monolinolein Dilinolein Trilinolein

Y intercept 0.2323 - 0.0584 0.0404 0.0070
Slope 0.8245 1.2660 1.0163 0.8654
Standard deviation 0.2082 0.0439 0.1597 0.0766
Correlation coefficient 0.9986 0.9993 0.9968 0.9998

aFour replicates were used for each compound.

TABLE 3

Composition of Standard Solutions 1-5 (wt % ± Standard D e v i a t i o n )a

Solution Methyl
number linoleate Monolinolein Dilinolein Trilinolein

1 Actual 96 1 2 1
Measured 96.8 _+ 0.3 0.9 +- 0.1 1.6 __0.2 0.7 +_ 0.2

2 Actual 91 3 3 3
Measured 91.6 _+ 0.3 2.4 4- 0.03 3.0 --_ 0.1 3.0 + 0.2

3 Actual 1 2 1 96
Measured 1.2 _ 0.2 1.4 -- 0.1 1.2 +_ 0.3 96.2 __0.4

4 Actual 30 20 40 10
Measured 33.9 +_ 0.8 18.6 +_0.2 37.8 +_ 0.6 9.6 __ 0.3

5 Actual 40 10 20 30
Measured 40.1 + 1.4 8.4 _+0.2 21.6 ___1.0 29.9 +_ 0.9

aAnalyses based on 4 replicates per compound.

h e a t i n gb l o c kfor 5 min with brief s h a k i n gat 2.5 min, and
then cooled t o room temperature. T o add 2.097 mg of TD
t o the sample, .1918 ml of a TD stock solution, 10.933
mg/ml in acetone, was a d d e d t o the vial. Acetone, 0.8762
ml, was then a d d e d t o b r i n g the total volume t o 1.25 ml
(includes 0.182 ml B S T F A and 0.1918 ml TD solution)
g iv ing the solution a concentration of 40 mg/ml for a 50
mg sample.

RESULTS A N D DISCUSSION

Flow optimization. L i n e a r velocity, ~, in the 1.8 m
capillary column was ca. 70-100 cm/sec u s i n g helium
f l o w s of 50-350 ml /min . This v e l o c i t y r a n g e is
considerably faster than the range of 25-40 cm/sec
normally used with longer capillary columns. The effect
of t~ on the He igh t Equivalent t o the Theoretical P l a t e
(HETP) with various c o l u m n l e n g t h s has been reported
(9). HETP increases rapidly and therefore c o l u m n
efficiency decreases rapidly at ~ a b o v e 40 cm/sec for
columns 15-40 m in length; for 7.5 m or shorter columns
HETP does not increase significantly with increasing t~.
This observation s u g g e s t s that the 1.8 m column may be
operating efficiently at high velocities.

Another important consideration, particularly re-
ga rd ing quantitation, is w h i c h flow rate provides the
best reproducibility. The b a s i c unit chosen for our
experimental measurement was the r a t i o between area of
compound t o area of internal standard, designated
A/As. This A/As is an integral part of the quantitation,
as discussed later. The relative standard deviation

(RSD) of the Ac/A~ was therefore used t o determine
reproducibility. RSD was determined for data obtained
at flow r a t e s of 50, 200 and 350 ml /min u s i n g t h r e e
standard solutions (Table 1). Inspection of the RSD
values suggested that results from the 200 and 350
ml /min flow r a t e s were more precise than results from
the 50 ml/min flow rate. We used the 200 ml/min flow
rate in subsequent analyses.

Silylation with B S T F A . For purposes of GC analyses,
M G and DG have been derivatized with a variety of
silylating a g e n t s . A m o n g t h e s e are a m i x t u r e of
trimethylchlorosilane, hexamethyldisilizane and pyri-
dine (11), N-methyl-N-trimethylsilyltrifluoroaceta-
mide (12), N-trimethylsilylimidazole (13), and B S T F A
(8,10). One outstanding advan tage of B S T F A compared
t o some silylating r e a g e n t s is that both the reagen t and
reaction by-products are highly volatile and do not
interfere with the analysis. Derivatization prevents
rearrangement reactions and curtails chromatogram
peak skewing (8,10). D'Alonzo et al. (8) used one ml of
B S T F A t o silylate a 4 0 - m gm i x t u r e containing MG, DG
and o t h e r fat ty materials by h e a t i n g the m i x t u r e t o 100
C for 5 min. Our studies showed that 20, 40, 80 and 160
mg of a m i x t u r e of M G and DG were quantitatively
silylated at 100 C for 5 rain with one ml B S T F A as
d e t e r m i n e d by TLC and T L C / F I D analysis. This
discovery led t o more economical use of B S T F A . We
used one ml B S T F A with 80 mg of M G and/or DG t o be
silylated. Presence of f a t t y esters and TG did not
interfere with the silylation of M G and DG or with the
subsequent analysis. These silylated mixtures r e m a i n e d
stable for at l e a s t t h r e e mo when kept in a freezer.
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Temperature Program:
160-350 C at 30 Clmin

Temperature Program:
160-350 C at 30 C/min

.87 8.94 10.36 End
1.53 3.72 of

Time, min Run

FIG. 3 . Chromatogram of a standard containing s o y b e a n oil b u t y l
es ters , monol ino le in , tr idecanoin, dilinolein and s o y b e a n oil.

Evaluation of the 1.8 m column. The question arose as
to whe the r the relatively shor t column leng th could
provide adequate separation of es te r , glycerides and TD.
We n e e d e d to sepa ra t e compound classes b u t not
compounds within a class. A chromatogram of a mixture
containing MeL, ML, TD, DL and TL is shown in Figure
1. Not only were all classes of compounds well separated,
b u t analysis time was less than 12 min. TD was a
suitable in terna l s t andard meet ing criteria previously
n o t e d (10,14). We thus concluded t h e 1.8 m column
would provide adequate separation and permit a large
sample throughput.

Quantitation. Our method for quan t i t a t ing com-
pounds o f in t e r e s t has been described previously (3).
Standard solutions were prepared containing known
weights of each component and in terna l s t a n d a r d . Each
solution was analyzed by CGC t o determine t h e Ao/A,
values. From plots of Ao/A, vs weight of component
(WJ/weight of in terna l s t andard (W,), intercepts and
slopes were determined and used t o quant i fy analytical
solutions. Data from analyses of s t andard solutions 1-5
are p lo t t ed in Figure 2. The statistical da t a for s t andard
so lu t i ons 1-5 (Table 2) show a high correla t ion
coefficient fo r each component. These da t a indica ted
excellent l ineari ty within t h e concentration ranges
examined. The intercepts and slopes g iven in Table 2

0.181.36J 2.97] 5.135.81 8.88 10.21End
1.67 3.61 of

Time, min Run

FIG. 4. Chromatogram of reac t ion products from transester i f ica-
t i o n of s o y b e a n oil with 1- butanol, plus tr idecannin.

were then used to measure composition on analyzing
s tandard solutions 1-5 for a second time. A comparison
o f the measured and ac tua l compositions (Table 3)
generally showed good agreement. The measuredva lue in
m o s t cases was within 1% of the ac tua lva lue , with only
a few values devia t ing b y 3-4%. The overall SD was 0.4.

Standard solutions 1-5 contained only one es te r ,
methyl linoleate, and one triglyceride, trilinolein. The
transesterified SBO we needed t o analyze contained a
mixture of esters, e i the r BuSBO o r MeSBO, and SBO
itself. Two additional sets of s t andard solutions were
therefore prepared to more nearly approximate the
composition o f t h e transesterified SBO. The f i r s t o f
these, s t andard solutions 7-11, contained BuSBO, ML,
DL and SBO. In the second set, MeSBO was substituted
fo r BuSBO. A chromatogram of a s tandard solution
containing BuSBO, ML, DL and SBO is shown in Figure
3. A chromatogram o f a typ ica l transesterified SBO
react ion mixture (to which TD was added) is shown in
Figure 4. A comparison o f t h e s e two chromatograms
reveals t h a t t h e s tandard solution closely approximates
t h e genera l characteristics seen in the transesterified
mixture. Standard solutions containing MeSBO in place
of BuSBO gave chromatograms similar to t h a t in Figure
3.

Af t e r s t andard solutions 7-11 were analyzed by CGC,
plo ts were made of Ao/A~ vs W J W , (Fig. 5). The resu l t ing
plo ts indica ted good lineari ty fo r all components. This
was confirmed b y the low values fo r s t andard deviation
and high correlation coefficients (Table 4). The inter-

JAOCS, Vol. 63, no. 10 (October 1986)



1374

B. FREEDMAN, W.F. KWOLEK AND E.H. PRYDE

cepts and slopes obtained by l i n e a r regression were then
used t o calculate the measured composition of standard
solutions 7-11. T h e s e m e a s u r e d compositions were
calculated u s i n g the original A/As va lues in contrast t o
At/A, values from independent analyses of solutions
7-11. Agreement between the m e a s u r e d and a c t u a l
compositions for solutions 7-11 w o u l d therefore be
expected t o be closer than for solutions 1-5. This
expectation was realized by the results obtained for
solutions 7-11 (Table 5). Differences b e t w e e n the
measured and actual values generally were less than 1%.
Approximately the same accuracy and precision were

20

15
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o

~ i o
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/ / J s s "

~o3," o~S~;" ~:>"

,,/x~/" /
-<I-×d'P"

F " , , , ~ I , i L i I i L ~ i I i i i i

5 i0 15 20
Wc/Ws

FIG. 5. P l o t s of AJA, vs W,/W~ for dilinolein, monol ino le in ,
s o y b e a n oil and s o y b e a n oil butyl es ters .

observed with standard solutions containing M e S B O in
p l a c e of B u S B O . B e c a u s e of the good agreement
b e t w e e n m e a s u r e d and a c t u a l va lues for s t a n d a r d
solutions 7-11 as well as for standard solutions 1-5, we
felt our analytical m e t h o d would provide reliable and
accurate analyses of transesterified mixtures. This CGC
m e t h o d was used with excellent results t o support our
kinetic studies on the transesterification of SBO (4).
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Transesterification Kinetics of S o y b e a n Oil1
Bernard Freedman*, Royden O. Butterfield and Evereff H. Pryde~
Northern Regional Research Center,Agricultural Research Service, U.S. Department of Agriculture, Peoria, IL 61604

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

*To whom correspondence should be addressed.
'Presented at the AOCS meetingin Philadelphia, PA, May, 1985.
2Deceased.

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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