
ABSTRACT: Methyl heptanoate and octanoate, methyl 8-oxo-
octanoate and 9-oxononanoate, and dimethyl suberate and aze-
late were quantitated in model systems of FAME, i.e., methyl
oleate and linoleate, and monoacid TAG, i.e., triolein and trilin-
olein, heated at 180°C for 5, 10, and 15 h. Polar compounds,
ranging from 20.2 to 53.2% in TAG systems, were also quanti-
tated as a reference for the level of degradation of the samples
analyzed. Base-catalyzed techniques were used for methylation
as they did not modify the structure of the compounds of inter-
est. The maximum amounts of short-chain FAME and of aldehy-
dic FAME obtained were of the same order (3–4 mg/g sample in
methyl linoleate and trilinolein heated for 15 h). After a second
methylation step with diazomethane, amounts of dimethyl su-
berate and azelate were also quantitated. The total amounts of
dimethyl esters in TAG model systems ranged from 1.07 to 3.35
mg/g of heated sample and were similar to those found for total
aldehydic FAME (from 1.03 to 3.15 mg/g of heated sample),
suggesting that oxidation of the aldehydic acyl group to an acid
acyl group was a major reaction.
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During deep fat frying, hydroperoxides decompose into a
wide range of volatile and nonvolatile secondary oxidation
products (1–4). From a nutritional point of view, the non-
volatile degradation products present in used frying fats are
of importance because they remain in the oil, subsequently
being absorbed into the food and thereby ingested. Among
them, oxidized TAG monomers are of particular interest be-
cause they have a high degree of digestibility (5–7). 

An important route of hydroperoxide breakdown proceeds
by homolytic β-scission of the alkoxy radicals coming from
allylic hydroperoxides to form ultimately volatile and non-
volatile oxidation compounds, the latter including short-chain
glycerol-bound aldehydes (2). Information available so far re-
garding the analysis of these ester-bound aldehydes, also
called core aldehydes, is limited to qualitative data. The re-
ports on this subject published during the last few years fo-
cused on methods for detection of oxidation products in in-
tact TAG, phospholipids, and cholesteryl esters, which have
been very useful to demonstrate the presence of aldehydes in

lipoproteins and in biomembranes prepared from tissues (8–
12). However, these papers provide no quantitative data on
the level of core aldehydes.

Core aldehydes are absorbed after being hydrolyzed to
short-chain aldehydic acids by the action of pancreatic lipase.
Some reports on 9-oxononanoic acid, the major aldehydic
acid in oxidized lipids, indicate that it could induce hepatic
lipid peroxidation (13) and affect hepatic metabolism (14,15).
Consequently, quantitation of the total amount of aldehydic
acids in dietary lipids is more relevant than the analysis of in-
tact molecules.

In a previous paper, we reported qualitative analysis of
aldehydic acids as FAME derivatives in frying oils by GLC–
MS (16), and the need arose for deeper studies on derivatiza-
tion methods for quantitative purposes. Recently, we studied
the different methylation procedures and selected two base-
catalyzed methods as the most suitable for GLC quantitation
of major short-chain glycerol-bound compounds, particularly
ester-bound aldehydes (17).

The objective of the present work was to study the evolution
of major short-chain glycerol-bound compounds during ther-
moxidation of model systems of FAME and TAG constituted
by a single FA. Methyl linoleate and oleate as well as trilinolein
and triolein were selected as model compounds because linoleic
and oleic acids are the most representative FA undergoing
changes during deep fat frying. Model systems of FAME were
used as the reference model system since they can be analyzed
by GLC and GLC–MS without further derivatization.

EXPERIMENTAL PROCEDURES

Samples and reagents. Methyl linoleate (ML, 18:2n-6), methyl
oleate (MO, 18:1n-9), trilinolein (LLL), triolein (OOO), methyl
octanoate (C8:0), methyl tridecanoate (C13:0), and methyl pen-
tadecanoate (C15:0) were purchased from Nu-Chek-Prep
(Elysian, MN). Silica gel 60 for column chromatography
(particle size 0.063–0.100 mm) was purchased from Merck
(Darmstadt, Germany). Azelaic acid (nonanodioic acid) and
suberic acid (octanodioic acid) were obtained from Sigma (St.
Louis, MO). All other solvents and chemicals (of reagent
grade or better quality) were obtained from local suppliers.

Heating procedure. MO, ML, OOO, or LLL (2 ± 0.01 g)
were weighed directly into standard glass tubes (20 cm × 12 mm
i.d.). Tubes were introduced into a Rancimat vessel containing
8 g of glycerol to facilitate heat transfer, and inserted into the
heating block previously heated to 180 ± 1°C. Vessels were
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left open during heating. Samples were heated for 5, 10, and
15 h in duplicate and kept at –20°C until analyses. This pro-
cedure was described in detail, including data repeatability,
in a recent publication (18). 

Analytical methods. (i) Quantitation of total polar com-
pounds and their distribution. Nonpolar and polar fractions
were separated from 1 g of sample by silica column chroma-
tography (20 g silica H2O, 95:5, w/w). Nonpolar fractions
containing unoxidized TAG or FAME were eluted with 150
mL of n-hexane/diethyl ether (90:10, vol/vol) for OOO and
LLL (19) and 150 mL of n-hexane/diethyl ether (95:5,
vol/vol) for ML and MO (20). A second fraction, comprised
of total polar compounds, was eluted with 150 mL of diethyl
ether. Efficiency of the separation by adsorption chromatog-
raphy was checked by TLC using hexane/diethyl ether/acetic
acid (80:20:1, by vol) for development of plates and exposure
to iodine vapor to reveal the spots. After evaporation of sol-
vents, both fractions were weighed and dissolved in di-iso-
propyl ether until further analysis. The polar and nonpolar
fractions obtained were dissolved in di-isopropyl ether (25
mg/mL) for analysis by high-performance size exclusion
chromatography (HPSEC), using a Rheodyne 7725i injector
with 10-µL sample loop, a Waters 510 pump (Waters, Mil-
ford, MA), an HP 1037 A refractive index detector, and an
HP 3392 A integrator (Hewlett-Packard, Avondale, PA). The
separation was performed on two 100 and 500Å Ultrastyragel
columns (25 cm × 0.77 cm i.d.) packed with porous, highly
cross-linked styrene–divinylbenzene copolymers (film thick-
ness 10 µm) (Hewlett-Packard) connected in series, with
tetrahydrofuran (1 mL/min) as the mobile phase (19).

(ii) Quantitation of short-chain glycerol-bound com-
pounds. A standard solution was prepared with a mixture of
C13:0 (500 µg/mL) and C15:0 (500 µg/mL) FAME in diethyl
ether or tert-butylmethyl ether (TBME). The following
methylation procedures were applied. 

Base-catalyzed transmethylation with 2 N potassium hy-
droxide in methanol at room temperature: 100 mg of heated
FAME or TAG was accurately weighed into a screw-capped
centrifuge tube and dissolved in 0.5 mL of the standard solu-
tion in diethyl ether. Potassium hydroxide in methanol (0.1
mL, 2N) was then added, and the vial was closed and shaken
vigorously for 30 s. One milliliter of brine solution was added
and the solution was neutralized with acetic acid. The mix-
ture was shaken and centrifuged. Two microliters from the or-
ganic layer was injected onto the GLC column. 

Base-catalyzed transmethylation with sodium methylate
(NaOMe) and TBME at room temperature: 50 mg of heated
FAME or TAG was accurately weighed into a 5-mL screw-
capped centrifuge tube and dissolved in 1 mL of the standard
solution in TBME. Five-tenths milliliter of 0.2 N solution 
of sodium methylate in methanol was added, and the vial 
was closed, shaken for 1 min, and left for 2 min at room
temperature. One-tenth milliliter of a 1 N solution of H2SO4
in water was then added and the mixture was shaken 
for a few seconds. The mixture was diluted with 1.5 mL of
H2O, shaken for 10 s, and centrifuged. Two microliters from

the organic layer was injected directly onto the GLC column
(21).

FA methylation using diazomethane: After base-catalyzed
methylation with NaOMe, 0.2 mL of the heated TAG samples
was evaporated under reduced pressure, redissolved in diethyl
ether, and methylated by using diazomethane in a second step.
A device was used (22) whereby the first tube was half-filled
with diethyl ether (approximately 5 mL) and the second tube
contained 3 mL of 2-(2-ethoxyethoxy)ethanol, 3 mL of di-
ethyl ether, and 3 mL of 60% NaOH solution. Approximately
1 g of N-methyl-N-nitroso-p-toluene-sulfonamide was added
to the second tube, and both tubes were connected. A stream
of nitrogen (5–10 mL/min) was applied to the first tube, en-
tered the second tube being saturated with ether, and carried
the diazomethane generated into the vial containing the sam-
ple diluted in diethyl ether. Methylation of FA was judged to
be completed upon development of a light yellow color. Two
microliters was injected onto the GLC column.

GLC. FAME were analyzed by GLC using an HP 6890
chromatograph on an HP Innowax capillary column: 30 m ×
0.25 mm i.d., film thickness 0.25 µm (Hewlett-Packard)
under the following temperature program: 90°C (2 min),
4°C/min; 240°C (25 min). Samples were introduced into the
column via a split injector (split ratio 1:40) at 250°C, and the
flow rate of hydrogen, used as carrier gas, was 1 mL/min.
Temperature of both the split injector and the FID was 250°C. 

GLC–MS. GLC–MS analyses were performed with a
Finnigan MAT 95 double-focusing mass spectrometer (Finni-
gan, Bremen, Germany) operating in the electron ionization
mode. Electron energy was 70 eV, multiplier voltage 1500 V,
source temperature 200°C, and transfer line 250°C. Spectral
data were acquired over a mass range of 28–600 amu at a scan
rate of 1 s/scan. Chromatographic conditions were the same
as those used for GLC analyses.

RESULTS AND DISCUSSION

Heated samples were initially characterized by determining
the total amount of the new compounds formed and their dis-
tribution in the main groups of constituents, i.e., polymeric
compounds and oxidized compounds, by means of adsorption
and size exclusion chromatography. Tables 1 and 2 summa-
rize the results obtained for FAME and TAG model systems,
respectively. As expected, levels of total polar compounds
were much higher in TAG model systems than those found in
FAME model systems. In fact, polar compounds in FAME
systems included exclusively modified FAME, whereas polar
compounds in TAG model systems consisted of TAG con-
taining one to three modified fatty acyl groups; therefore, a
considerable number of unoxidized fatty acyl groups were
included. 

As linoleic and oleic acids are the most representative FA
undergoing degradation in the TAG of oils and fats, results
obtained on TAG model systems are of particular interest. As
can be observed in Table 2, only the samples heated for 5 h had
polar compound levels lower than 25%, compatible with the
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official regulations on frying fats and oils established in many
European countries (23). However, it is not unusual to find used
frying oils and fats with polar compound percentages as high as
those found for LLL heated for 15 h (24). In the case of TAG
model systems, separation by exclusion chromatography of
polar compounds also allows quantitation of DAG and FA
formed through hydrolytic or thermolytic reactions. However,
under the conditions used, no formation of these two groups of
compounds was observed.

In spite of the differences in the degree of unsaturation of the
main constituents of thermoxidized substrates, i.e., oleic and
linoleic acids, the levels of polar compounds in heated OOO and
LLL samples were similar after heating for 5 h (20.2 and 21.7%,
respectively), as found previously in frying oils of distinct de-
grees of unsaturation (25–27). However, the amounts of oxidized
monomers were higher in OOO samples than those obtained for
the same heating period for LLL, reflecting the lower tendency
toward polymerization of the less unsaturated substrate.

SHORT-CHAIN OXIDATION COMPOUNDS IN THERMOXIDIZED MODEL SYSTEMS 281

JAOCS, Vol. 79, no. 3 (2002)

TABLE 1 
Total Polar FAME (wt% on heated sample), and Their Distribution
(mg/g of heated sample) in Model Systems of Methyl Oleate (MO) and
Methyl Linoleate (ML) Heated at 180°C for 5, 10, and 15 ha

Polar compounds

Heating
Distribution

Sample period (h) Total FAP + FAD OxFAM

MO 5 8.9 63 26
10 17.8 116 67
15 23.6 148 87

ML 5 10.0 68 32
10 17.2 124 48
15 26.2 193 69

aValues are means of duplicate analyses. FAP, FA polymers; FAD, FA dimers;
OxFAM, oxidized FA monomers.

TABLE 2 
Total Polar Compounds (wt% on heated sample), and Their Distribution
(mg/g of heated sample) in Model Systems of Triolein (OOO) and 
Trilinolein (LLL) Heated at 180°C for 5, 10, and 15 ha

Polar compounds

Heating
Distribution

Sample period (h) Total TGP + TGD OxTGM

OOO 5 20.2 95 100
10 32.8 158 160
15 42.7 210 207

LLL 5 21.7 156 76
10 41.5 285 129
15 53.2 378 152

aValues are means of duplicate analyses. TGP, triacylglycerol polymers;
TGD, triacylglycerol dimers; OxTGM, oxidized triacylglycerol monomers.

FIG. 1. Gas chromatograms of thermoxidized methyl oleate (A) and thermoxidized methyl linoleate (B). Conditions: HP
Innowax capillary column (30 m × 0.25 mm i.d.; Hewlett-Packard, Avondale, PA). Temperature program: 90°C (2 min),
4°C/min; 240°C (25 min). Peak assignments: C13:0, methyl tridecanoate, internal standard (Rt = 20.0 min); C15:0,
methyl pentadecanoate, internal standard (Rt = 24.8 min); C18:1, methyl oleate (Rt = 32.4 min); C18:2, methyl linoleate
(Rt = 33.2 min); 1, methyl heptanoate (Rt = 6.0 min); 2, methyl octanoate (Rt = 7.9 min); 3, methyl 8-oxooctanoate
(Rt = 21.1 min); 4, methyl 9-oxononanoate (Rt = 23.5 min).



Figure 1 shows representative gas chromatograms of
thermoxidized MO and ML, respectively, after heating for
15 h at 180°C. Methyl C13:0 and C15:0 were added as inter-
nal standards for quantitative purposes. All peaks eluting at
retention times shorter than that for the intact MO (32.0 min)
or ML (32.9 min) corresponded to oxidation compounds of
lower molecular mass. Among the most relevant compounds
identified were saturated short-chain FAME, methyl hep-
tanoate (C7:0, 1) and octanoate (C8:0, 2), and saturated short-
chain aldehydic FAME, methyl 8-oxooctanoate (8-oxo-8:0,
3) and 9-oxononanoate (9-oxo-9:0, 4). For those compounds
of molecular mass higher than that of the starting MO or ML,
a complex mixture of degradation products eluted at retention
times beyond those for MO or ML, where the main groups
identified corresponded to epoxyacids, ketoacids, and hydrox-
yacids. Epoxyacids, the major compounds among those
formed at high temperature, were characterized and quanti-
tated recently (28).

The short-chain glycerol-bound compounds expected from
decomposition at high temperature of 9- and 13-hydroperox-
ides from LLL and of 8-, 9-, 10-, and 11-hydroperoxides from
OOO are well known. Reactions involve formation of satu-
rated and unsaturated short-chain acyl groups and aldehyde
acyl groups bound to the glyceridic backbone (2,4). However,
in a previous work, after methylation of thermoxidized LLL
only saturated C7:0 and C8:0 FAME and C8:0 and C9:0 alde-
hydic FAME were found in significant amounts, which was
attributed to further oxidation reactions of unsaturated com-
pounds to yield the most stable products (17). Therefore,
quantitative analysis was focused on major saturated short-
chain FAME and aldehydic FAME formed from oleate, i.e.,
methyl C7:0, C8:0, 8-oxo-8:0 and 9-oxo-9:0, or linoleate, i.e.,
methyl C8:0, 8-oxo-8:0 and 9-oxo-9:0. Correction factors
were 0.98 for methyl C7:0 and C8:0 and 1.80 for methyl 8-
oxo-8:0 and 9-oxo-9:0 (17).

In the present work, the first experiments were carried out
using ML and MO heated for 5, 10, or 15 h at 180°C by sim-
ulating the normal conditions used in frying (18). The main
advantage of using methyl FAME models is that analysis by
GLC can be carried out directly on the heated sample, thus
overcoming possible artifact formation during transesterifica-
tion.

The amounts of FAME, i.e., methyl heptanoate (C7:0), oc-
tanoate (C8:0), 8-oxooctanoate (8-oxo-8:0), and 9-oxo-
nonanoate (9-oxo-9:0) in thermoxidized ML and MO without

treatment are listed in Table 3. The presence in heated ML of
8-oxo-8:0, only formed through scission of the alkoxy radical
from the 8-hydroperoxide from oleate, can be explained by
further oxidation and decomposition of diunsaturated struc-
tures produced by the same route, i.e., 13-oxotrideca-9,11-
dienoate (17). Particularly remarkable were the unexpectedly
low contents of 8-oxo-8:0 FAME as compared to those of
C7:0 FAME in the case of MO and the relatively low contents
of 9-oxo-9:0 FAME with respect to those of C8:0 FAME in
both MO and ML, considering that β-scission of the alkoxy
radical from allylic hydroperoxides clearly favors formation
of aldehydes (3). These results can be explained by further
oxidation of aldehydic acids to diacids as previously reported
(29). Quantitation of diacids has been included as well in this
publication.

Similar experiments were carried out with monoacid TAG,
i.e., LLL and OOO. However, the thermoxidized LLL and
OOO necessarily had to be transesterified to quantitate major
oxidation short-chain glycerol-bound compounds by GLC.
For that purpose, we selected two base-catalyzed transmethyl-
ation methods using 2 N methanolic KOH at room tempera-
ture or using NaOMe in methanol at room temperature, which
are excellent procedures for quantitation of short-chain FA and
aldehydic acids (17). Methylation procedures were applied to
both FAME and TAG model systems, and the results obtained
are shown in Tables 4–7. Good recovery and repeatability, and
the absence of artifact formation for the compounds of interest
in thermoxidized FAME model systems, were demonstrated
by analyzing FAME model systems after simulated methyla-
tion. As can be observed in Tables 4 and 5, the amounts found
for the different compounds were similar to those obtained be-
fore the methylation step (Table 3).

With respect to TAG model systems, regardless of the pro-
cedure used, transmethylation of the samples was complete,
as no partial glycerides were detected by TLC. Quantitative
results for methyl C7:0, C8:0, 8-oxo-8:0, and 9-oxo-9:0 are
shown in Tables 6 and 7 for thermoxidized OOO and LLL,
respectively, after application of the two catalyzed trans-
methylation procedures selected. The amounts obtained for
OOO and LLL were of the same order as those obtained for
their corresponding FAME, MO and ML, respectively.

Diacid dimethyl esters deserve special comment. They
were found in small amounts in model systems of FAME and
TAG after base-catalyzed transmethylation (Tables 4–7).
However, they were not detected in control model systems of
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TABLE 3 
Concentration of Short-Chain Oxidation Compounds (mg/g of heated sample) in Model Systems of MO and ML
Heated at 180°C for 5, 10, or 15 ha

MO ML

FAME 5 h 10 h 15 h 5 h 10 h 15 h

C7:0 0.46 ± 0.03 0.66 ± 0.05 0.80 ± 0.04 — — —
C8:0 0.74 ± 0.04 1.18 ± 0.09 1.58 ± 0.12 2.22 ± 0.04 2.70 ± 0.05 3.33 ± 0.01
8-oxo-8:0 0.27 ± 0.04 0.39 ± 0.03 0.50 ± 0.02 0.52 ± 0.02 0.70 ± 0.03 0.95 ± 0.01
9-oxo-9:0 0.73 ± 0.05 0.83 ± 0.02 1.05 ± 0.04 1.89 ± 0.05 2.58 ± 0.08 3.13 ± 0.03
aValues are means ± SD (n = 3). For abbreviations see Table 1.



FAME before transmethylation (Table 3). A correction factor
for azelaic acid dimethyl ester was calculated against the in-
ternal standards selected, C13:0 and C15:0, and the value
found (1.53) was applied for quantitation. A similar weight
response was assumed for suberic acid dimethyl ester.

In a previous paper, we demonstrated that diesters were
not artifacts formed during transmethylation but were com-

pounds produced by further oxidation of aldehydes during
heating at high temperatures (17). However, base-catalyzed
methods could only transmethylate the esterified carboxylic
acid group. In fact, the presence of dimethyl esters after base-
catalyzed transmethylation in FAME and TAG model systems
is a clear indication of a further esterification reaction of the
free carboxylic groups during thermoxidation. Such reactions
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TABLE 4 
Concentration of Short-Chain Oxidation Compounds (mg/g of heated sample) in Model Systems of MO Heated at
180°C for 5, 10, or 15 h, After Base-Catalyzed Transesterification (2N KOH or NaOMe/TBME)a

KOH NaOMe/TBME

FAME 5 h 10 h 15 h 5 h 10 h 15 h

C7:0 0.40 ± 0.04 0.63 ± 0.04 0.79 ± 0.01 0.40 ± 0.01 0.63 ± 0.02 0.82 ± 0.04
C8:0 0.64 ± 0.01 1.18 ± 0.04 1.62 ± 0.01 0.68 ± 0.01 1.14 ± 0.03 1.62 ± 0.07
8-oxo-8:0 0.28 ± 0.02 0.39 ± 0.02 0.47 ± 0.04 0.31 ± 0.02 0.37 ± 0.01 0.48 ± 0.01
C8:0 diester Trace Trace 0.2 ± 0.02 Trace Trace Trace
9-oxo-9:0 0.62 ± 0.03 0.82 ± 0.07 0.96 ± 0.02 0.72 ± 0.06 0.86 ± 0.01 1.08 ± 0.02
C9:0 diester Trace 0.21 ± 0.02 0.49 ± 0.02 Trace 0.13 ± 0.01 0.40 ± 0.12
aValues are means ± SD (n = 3). Traces < 0.1. TBME, tert-butylmethyl ether; for other abbreviation see Table 1.

TABLE 5 
Concentration of Short-Chain Oxidation Compounds (mg/g of heated sample) in Model Systems of ML Heated at
180°C for 5, 10, or 15 h, After Base-Catalyzed Transesterification (2N KOH or NaOMe/TBME)a

KOH NaOMe/TBME

FAME 5 h 10 h 15 h 5 h 10 h 15 h

C8:0 2.12 ± 0.13 2.70 ± 0.07 3.29 ± 0.07 2.20 ± 0.02 2.84 ± 0.01 3.35 ± 0.04
8-oxo-8:0 0.46 ± 0.06 0.67 ± 0.02 0.85 ± 0.08 0.52 ± 0.02 0.69 ± 0.01 0.93 ± 0.06
C8:0 diester Trace 0.15 ± 0.01 0.32 ± 0.03 Trace 0.12 ± 0.01 0.20 ± 0.03
9-oxo-9:0 1.74 ± 0.10 2.44 ± 0.04 2.81 ± 0.22 1.8 ± 0.05 2.46 ± 0.09 3.04 ± 0.08
C9:0 diester 0.40 ± 0.07 0.75 ± 0.06 1.10 ± 0.17 0.25 ± 0.02 0.53 ± 0.03 0.67 ± 0.03
aValues are means ± SD (n = 3). Traces < 0.1. For abbreviations see Tables 1 and 4.

TABLE 6 
Concentration of Short-Chain Oxidation Compounds (mg/g of heated sample) in Model Systems of OOO Heated
at 180°C for 5, 10, or 15 h, After Base-Catalyzed Transesterification (2N KOH or NaOMe/TBME)a

KOH NaOMe/TBME

FAME 5 h 10 h 15 h 5 h 10 h 15 h

C7:0 0.35 ± 0.02 0.63 ± 0.03 0.92 ± 0.04 0.35 ± 0.01 0.63 ± 0.02 0.93 ± 0.05
C8:0 0.50 ± 0.05 0.88 ± 0.04 1.30 ± 0.05 0.48 ± 0.01 0.88 ± 0.02 1.31 ± 0.07
8-oxo-8:0 0.32 ± 0.03 0.49 ± 0.02 0.72 ± 0.05 0.31 ± 0.02 0.55 ± 0.04 0.83 ± 0.03
C8:0 diester Trace Trace Trace Trace Trace Trace
9-oxo-9:0 0.71 ± 0.06 1.08 ± 0.03 1.45 ± 0.14 0.82 ± 0.1 1.23 ± 0.06 1.67 ± 0.03
C9:0 diester Trace 0.09 ± 0.01 0.20 ± 0.01 Trace 0.08 ± 0.01 0.19 ± 0.01
aValues are means ± SD (n = 3). Traces < 0.1. For abbreviations see Tables 2 and 4.

TABLE 7 
Concentration of Short-Chain Oxidation Compounds (mg/g of heated sample) in Model Systems of LLL Heated at
180°C for 5, 10, or 15 h, After Base-Catalyzed Transesterification (2N KOH or NaOMe/TBME)a

KOH NaOMe/TBME

FAME 5 h 10 h 15 h 5 h 10 h 15 h

C8:0 1.52 ± 0.02 2.44 ± 0.05 3.43 ± 0.04 1.55 ± 0.02 2.60 ± 0.01 3.40 ± 0.09
8-oxo-8:0 0.22 ± 0.01 0.36 ± 0.01 0.55 ± 0.02 0.25 ± 0.05 0.44 ± 0.02 0.65 ± 0.04
C8:0 diester Trace Trace 0.10 ± 0.01 Trace Trace 0.10 ± 0.01
9-oxo-9:0 1.20 ± 0.04 1.86 ± 0.03 2.40 ± 0.07 1.21 ± 0.01 2.13 ± 0.03 2.50 ± 0.12
C9:0 diester 0.10 ± 0.02 0.41 ± 0.05 0.56 ± 0.08 0.06 ± 0.01 0.25 ± 0.04 0.41 ± 0.04
aValues are means ± SD (n = 3). Traces < 0.1. For abbreviations see Tables 2 and 4.



have already been reported to occur during heat treatment.
Formation of estolides through esterification between a hy-
droxyl group and a carboxylic group is one of the major reac-
tions occurring during the heat treatment of FA (30–32).
Therefore, not only is the presence of diesters after base-
catalyzed transmethylation justified, but this also suggests
indirectly that quantitation of this group of compounds was
incomplete because of the incapability of detecting diacid
monoesterified compounds by GLC after methylation with
base-catalyzed reagents. 

Demonstration of the presence of monoesterified C8:0 and
C9:0 diacids was achieved in two independent ways. On the
one hand, the peaks corresponding to the diesters of suberic
and azelaic acids showed an increase after acid methylation.
Figure 2 shows representative parts of the chromatograms ob-
tained before and after methylation with diazomethane of ML
thermoxidized for 15 h, where the appearance of two new
peaks, with retention times of 23.0 and 25.2 min, can be eas-
ily observed. On the other hand, monoesterified azelaic acid

was identified by GLC–MS in the original thermoxidized
FAME. It eluted as a small peak overlapping with epoxy com-
pounds, at a longer retention time (39.3 min) owing to its free
carboxylic acid group. 

Table 8 shows the total suberic dimethyl esters (C8:0 di-
esters) and azelaic dimethyl esters (C9:0 dimethyl esters)
found in TAG model systems after submitting samples trans-
esterified (NaOMe/TBME) to a second methylation step with
diazomethane. By comparing these results with those ob-
tained in Tables 6 and 7 for diesters and aldehydic esters, it is
easily deduced that the major amount of diesters initially had
a free carboxyl group and, overall, that oxidation from alde-
hydes to acids was an important reaction. Finally, oxidation
of aldehydes to acids justifies the unexpected low contents of
8-oxo-8:0 FAME as compared to those of C7:0 FAME in the
case of MO and OOO, as well as the relatively low contents
of 9-oxo-9:0 FAME as compared to those of C8:0 FAME for
the four models.
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