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ABSTRACT: Laboratory treatments of soybean oil were car-
ried out at the following conditions: atmospheric pressure in the
presence of air or nitrogen at different temperatures ranging
from 160 to 250°C for 12 to 72 h. These conditions were used
to study geometric isomerization of cis,cis-linoleic and
cis, cis, cis-linolenic acid in the presence or in the absence of ox-
idative degradation reactions. Based on these experiments, a
model of consecutive, parallel reactions was developed to de-
scribe the reaction steps occurring in the soybean oil during
heating at constant temperature. For both cis, cis-linoleic and
cis,cis,cis-linolenic acid, the reaction of formation isomers fol-
lowed a first-order reaction, and the rate constant of isomeriza-
tion varied according to the Arrhenius law. The isomerization
rate constant for linoleic acid was 9.57 x 107> + 0.50 h™" in the
presence of oxygen and 7.39 x 107> + 0.39 h™' in its absence,
and the isomerization rate constant for linolenic acid was
1.18 x 107" £ 0.10 h™" in the presence of oxygen and 0.87 x
107" £ 0.07 h™" in its absence (all obtained at 250°C).
Paper no. J10002 in JAOCS 79, 495-500 (May 2002).

KEY WORDS: Isomerization, kinetics, linoleic acid, linolenic
acid, modeling, oxidation, soybean oil.

Since 1974 when Ackman and Hooper (1) detected some
minor geometrical isomers in some commercial vegetable
oils, these isomers (described later as nutritionally undesir-
able) have received a great deal of attention. Ackman and
Hooper proved that the isomerization of linoleic and linolenic
acid is a result of the deodorization process under regular in-
dustrial conditions. Ten years later, Grandgirard et al. (2)
identified the same compounds in laboratory heat-treated veg-
etable oils. These components were also isolated from some
frying oils obtained from restaurants (3). It became obvious
that considerable amounts of frans and positional isomers of
FA are formed during heat treatment in various vegetable oils
at severe conditions, particularly at temperatures greater than
230°C. However, much larger amounts of frans and positional
isomer FA are formed during hydrogenation of vegetable oils
(4); the theoretical basis for this reaction was described by
Hoffman (5). Wolff (6) and O’Keefe ef al. (7) studied the ef-
fect of temperature and heating time on the extent of trans
isomer formation. Kinetic measurements showed that isomer-
ization reactions follow first-order kinetics and that the iso-
merization rate constants of individual FA exhibit an Arrhe-
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nius relationship with temperature. Precht ez al. (8) also reg-
istered the changes of oleic and linoleic acid content, includ-
ing CLA in milk fat. They made comparisons between sum-
mer and winter feeding depending on heating temperature.
Hénon et al. (9) and Hénon (10) compared the kinetics of
isomerization of linoleic and linolenic acid during deodoriza-
tion and developed a mathematical model to predict the oper-
ational conditions for selective isomerization. Recently,
Léon-Camacho et al. (11) also described the cis-trans isomer-
ization undergone by linoleic acid during industrial deodor-
ization and/or the physical refining of edible fats. The article
compared sunflower, olive, and soybean oils. In their experi-
ments, nitrogen was used as stripping gas instead of steam.
They determined the kinetic constants for the formation of
linoleic acid geometrical isomers (trans-9,trans-12-, cis-
9,trans-12-, and trans-9,cis-12-linoleic acid).

Deep-fat frying is a complicated thermochemical process
in which oil is continuously or repeatedly subjected to temper-
atures from 170 to 220°C or higher in the presence of air and
moisture. Under these conditions many chemical reactions
occur in the oil. These reactions may be grouped into oxida-
tion, isomerization, polymerization, and hydrolysis (12). The
purpose of the present investigation was to determine the cis-
trans isomerization kinetics of linoleic and linolenic acid in
the presence of air or in the presence of pure nitrogen.

EXPERIMENTAL PROCEDURES

Materials. The soybean oil was produced by GEA-Slovenska
Bistrica (Slovenska Bistrica, Slovenia).

Linoleic acid methyl ester isomer mix (Sigma-Aldrich
Chemie Gmbh, Steinheim, Germany) and linolenic acid
methyl ester isomer mix (Sigma-Aldrich Chemie Gmbh) were
used as standards for detection and quantification of FA and
their isomers.

Laboratory-scale treatments. The influence of high tempera-
ture on geometric isomerization was studied in two series of ex-
periments. In the first series, 100 mL of soybean oil in a 250-mL
glass vessel (diameter: 67 mm; atmospheric pressure: 1.013-10°
Pa) was heated at constant temperature (160, 190, 210, and
230°C, controlled with a digital thermometer) for 72 h. The final
temperature was reached within approximately 20 min. Some
overheating occurred before the temperature could be stabilized,
but it did not exceed 5°C and lasted less than 5 min. Operating
temperatures were kept within +1°C. At least two replicates of
each sample of heated oil were taken every 9 h.
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Similarly, one experiment was performed by heating and
stirring 100 mL of oil in a glass vessel at a constant tempera-
ture of 250°C for 12 h in the presence of air. Another experi-
ment was performed in which 100 mL of oil was heated at
250°C in nitrogen for 12 h. At least two replicates of each
sample of heated oil were taken every 1.5 h. The hot samples
were quickly cooled and stored at 4°C in a tightly closed
amber vial until analysis.

All samples were protected from light during heating.

Preparation of FAME. FA contents were determined as
FAME. They were prepared as follows: Anhydrous sodium
sulfate and 1 mL of a 4 mg/mL heptadecanoic acid solution
in n-hexane were added as an internal standard (purity: ~99%;
Fluka, Buchs, Switzerland) to 30 to 40 mg of cooled oil in a
tightly closed 4-mL amber vial. The mixture was manually
stirred and 1 mL of a boron trifluoride/methanol (~10% boron
trifluoride in methanol; Fluka) complex solution was added.
After repeated stirring of the mixture, the sample was heated
at 90°C for 1 h.

GLC. A quantity of 0.4 uL of FAME in n-hexane was in-
jected into a Varian 3400 gas chromatograph (Walnut Creek,
CA) equipped with an all-glass splitter system and an FID.
The injection temperature was 210°C, and the FID tempera-
ture was 250°C. The separation was performed on a CP-Sil
88 WCOT fused-silica capillary column coated with 100%
cyanopropyl polysiloxane (50 m x 0.25 mm i.d., 0.20 um film
thickness; Chrompack, Folsom, CA). Helium was used as the
carrier gas at an inlet pressure of 1.103-10° Pa. The column
was operated in a temperature-programmed mode. The oven
temperature was held at 180°C for 7 min, then increased to
190°C at the rate of 5°C/min and held at this temperature for
5 min. The temperature was again increased at the rate of
6°C/min up to 230°C and held at this temperature for 10 min.

RESULTS AND DISCUSSION

Evaluation of remaining cis,cis-linoleic (cis-L) and
cis,cis,cis-linolenic acid (cis-Ln) contents. The FA composi-
tion of the soybean oil is given in Table 1. The starting soy-
bean oil contained no measurable amounts of frans isomers
of oleic, linoleic, and linolenic acid.

In the present study we were interested in the rate of isom-
erization during heating in the presence of air. Soybean oil

TABLE 1

FA Composition (%) of Soybean Oil Used for the Tests

FA Soybean oil (%)
C14:0 0.04-0.11
C16:0 9.23-9.94
Cl6:1 0.01-0.09
C18:0 3.03-4.15
C18:1 21.59-34.22
All trans-C18:2 —
cis,cis-C18:2 46.25-58.01
C20:0 0.16-0.37
All trans-C18:3 —
cis,cis,cis-C18:3 6.38-7.60
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was heated at different temperatures: 160, 190, 210, and
230°C. All experiments were conducted in the presence of air
except one, which was performed in nitrogen atmosphere at
250°C. As mentioned earlier, many reactions occur during oil
heating, and some of them could be even more important than
isomerization. Therefore, the following kinetic model, which
includes isomerization and some other reactions (mostly oxi-
dation) in simplified mode, was proposed:

ki
cis-FA iso-FA

k
R / B

ox-FA

This reaction scheme is described with the following set of
equations (13).
Related to the conversion of FA (linoleic or linolenic acid),

dcC,
(_rcis-FA) = _#FA =k Cisra thCippa = (kl +ky )Ccis-FA [2]

expressed as conversion,

X o (%) =| 1— 52 | 100 3]
cis-FA,
the final equation is
Xeisra(P) = 100~(1—ef(k‘+k3)'t) [4]

Related to the isomer forms of FA (linoleic or linolenic
acid),

dC:'S()-
(ri:o-FA) = —a P2 = & Cisra — k2 Cryoopa [5]
t
expressed as conversion,
_ QSO-FA .
X (%) = | —22FA_ 1,100 [6]
cis-FA,

the final equation is

Xisa-FA (%) =100- kl ) ) (ei(klﬂg)‘t — e_kZ'tj [7]

ky —(ky + ks
Related to the degradation products of FA (linoleic or
linolenic acid),

— dcox-FA

(r ox-FA ) R =k;Cira + K Cyopa [8]

C
Xox-FA (%) = [ ortA

cis-FA,

J~100 [9]

the final equation is

X = _o k) K [ ~(ky+ks)-t *’Q"] 10
% 100-| 1 .
o,\'-FA( ) [ e 5 (kl 3) e e [ ]

where C_; p\ = cis-isomers of linoleic or linolenic acid con-

tent in oil at time t, C,,pa = amount of all trans isomers
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of linoleic or linolenic acid isomers formed during heating
from the beginning until time 7, C; = initial content of
cis-linoleic or cis-linolenic acid in oil at time t Copa =
content of all degradation products of linoleic or linolenic acid
in heated oil at time 7, X ;; pa (X1 X i) = conversion of
cis-L or cis-Ln at time 1, X; ) pa(X ;1> Xj5,1 ) = CONversion
of isomers of linoleic or linolenic acid at time ¢,
X e iaX 10 X p1.n) = ratio between the content of all degra-
dation products of linoleic or linolenic acid in heated oil at
time ¢, and the initial content of cis-linoleic or cis-linolenic
acid in oil at time Iy k, = rate constant for isomerization of cis
to formed frans isomers, k, = rate constant for degradation of
formed trans isomers, k5 = rate constant for degradation of pri-
mary cis-isomers (cis-L and/or cis-Ln) in the soybean oil.

These equations are applicable in this specific instance,
i.e., with the geometry of the equipment used and atmospheric
pressure. These equations are of very limited utility and are
applicable only for this specific instance. In these equations,
for the more general conditions the effect of oxygen concen-
tration have to be included.

The standard integral method was used to calculate the rate
constants for individual FA for each reaction in the proposed
mathematical model. Good agreement between the experi-
mental data and Equations 4 and 7 confirms the utility of these
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equations for calculations of the rate constants for appropriate
FA (Figs. 1-3). We established that after 72 h of heating at
230°C, cis-L reaches about 70% of conversion (Fig. 1A),
whereas cis-Ln converts almost completely (Fig. 1B). Simul-
taneously, we investigated the formation of frans isomers. The
conversion of isomers of linoleic acid after 72 h at 230°C was
8.3% (Fig. 2A), and the isomer conversion of linolenic acid
reached the value of approximately 30% after 54 h (Fig. 2B).
We presumed that at higher temperature (250°C), the time
needed for the conversion would be significantly shorter;
therefore, all experiments at that temperature lasted only 12 h.
The percentage of isomers of linoleic acid X;, ; after 12 h of
heating at 250°C was 6.8% (Fig. 2A), whereas the isomer con-
tent of linolenic acid reached approximately 35% after 10.5 h
(Fig. 2B). The comparison of the results of the experiments
done in the presence of different atmospheres is presented in
Figures 3A and 3B. The conversion values for cis-L are 35.8%
in the presence of air and 9.3% in nitrogen (Fig. 3A). The con-
version values for cis-Ln are 89.5% in the presence of air and
84.9% in nitrogen (Fig. 3B). The relatively high conversion
value of cis-Ln in nitrogen atmosphere compared to cis-Ln in
the presence of air and to cis-L is the consequence of a high
sensitivity of cis-Ln based on the number of double bonds.
This is also confirmed by the much higher rate constants for
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FIG. 1. Conversion curves of cis-linoleic (A) and cis-linolenic acid (B) at different temperatures, with prediction according to Equation 4 compared

to experimental data. Error bars represent 95% confidence limits (n = 3).
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FIG. 2. Conversion curves of iso-linoleic (A) and iso-linolenic acid (B) at different temperatures, with prediction according to Equation 7 compared

to experimental data. Error bars represent 95% confidence limits (n = 3).

cis-Ln acid (k; , and k; ;) compared to those for cis-L acid
(k; ; and k; ;) (Tables 2 and 3).

Next, the isomerization reaction of cis-L and cis-Ln was
isolated from oxidative reactions. Therefore, in the last ex-
periment a nitrogen atmosphere was used to eliminate all re-
actions initiated by the oxygen in the air (Figs. 3A,B). In this
case, consecutive, parallel reactions could be simplified into

the following reaction:
cis-FA —* s iso-FA [11]

Besides isomerization, numerous other reactions appear
(polymerization, hydrolysis, oxidation, etc.) with emphasis on

oxidation. It is easier to examine the cis-frans isomerization
when oxidation is eliminated. Calculations of isomeriza-
tion rate constants (+SD) according to Equation 11 are k; ; =
(739£0.39)x 10> h™' and k; ,, = (0.87 £0.07)x 10" h™!, and
isomerization rate constants according to Equation 1 are k; | =
(7.07+0.33)x 102 h™ and k; ,, = (0.76 £ 0.03) x 10~ h™".
The logarithms of rate constants for reactions in a hypo-
thetical model (Eq. 1) of cis-L, k;, and cis-Ln acid, & , (Ta-
bles 2 and 3) follow the reciprocal absolute temperature ac-
cording to the Arrhenius law (Eq. 12). From calculated acti-
vation energies (Figs. 4 and 5), it is clear that for both
unsaturated FA activation energies for the isomerization reac-

TABLE 2

Reaction Rate Constants (h™") of Linoleic Acid ki1, kyp and k4

Temperature Time k4 RSD ki, RSD k5 RSD

©0) (h) (h™" (%) (h™" (%) (h™" (%) r
160 72 1.91 x107* 6.38 3.96x 1074 6.98 451%x1073 1.52 0.984
190 72 3.63x107* 3.86 1.03x 1073 2.91 6.05x 1073 3.78 0.978
210 72 1.03x 1073 4.76 6.91x 1073 2.99 7.89x1073 4.60 0.990
230* 72 2.99%x 107 4.58 9.84%x 107 4.96 1.66 x 1072 3.95 0.999
250 12 9.57 x 107> 5.23 439 %1072 6.97 2.81x1072 2.12 0.996

Variability of the reaction rate constants is expressed as a relative standard deviation (RSD) and is calculated from at least duplicate analyses of the experi-
ment. *This experiment was performed three times and variability in this case is calculated as average of RSD of all three experiments.
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FIG. 3. Comparison of conversion curves of cis-linoleic (A) and cis-linolenic acid (B) at 250°C (in the presence of air or nitrogen), with prediction
according to Equation 4 compared to experimental data. Error bars represent 95% confidence limits (n = 3).

TABLE 3

Reaction Rate Constants (h™") of Linolenic Acid Kin1r Kinpr and ko

Temperature Time k4 RSD k5 RSD k5 RSD

(°C) (h) (h™ (%) (h™ (%) (h™" (%) r
160 72 3.24x107° 8.69 1.28 x 1072 7.40 1.34 x 1072 4.94 0.990
190 72 6.40x 1073 5.95 1.66 x 1072 2.61 1.85 % 1072 4.90 0.991
210 72 1.86 x 1072 5.11 2.85x 1072 3.07 2.66x 1072 2.24 0.985
230% 72 5.43 x 1072 5.46 4.28x 1072 5.25 6.35x 1072 5.43 0.993
250 12 1.18%x 107" 8.37 6.02 x 1072 7.37 1.13%x 107" 8.84 0.995

“Variability of the reaction rate constants is expressed as a RSD and is calculated from at least duplicate analyses of the experiment. *This experiment was

performed three times and variability in this case is calculated as average of RSD of all three experiments. For abbreviation see Table 2.

tions are quite similar, but activation energy for the oxidation
of trans-linoleic acids formed is much higher compared to
that of linolenic acid isomers. It also is clear that in both un-
saturated FA the original cis isomer is more easily trans-
formed into degradation or oxidized forms than into isomer
forms. This applies to all the following processes: the trans-
formations into trans isomers (k; ; and k; ), into the degra-
dation products from the trans isomers (k; , and k; ,), and for
the original reactants (k; ; and k; 5):

E, 1
Ink=-=%.—+Ink 12
n R T e (121

The good linear relationships (linear correlation coefficient
r > 0.95) found for all the reactions verify that they follow
first-order kinetics. Kinetic studies and Arrhenius plot param-
eters can be a source of valuable information about the course
of the consecutive, parallel reactions. Therefore, by applying
these kinetic equations it is possible to calculate the FA com-
position of heated oil at the defined conditions.
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