
ABSTRACT: The measurement of FA profile, polar material,
oligomers, oxidized triacylglycerols (OTG), total polyphenols,
and cyclic FA monomers (CFAM) was used to evaluate the al-
teration of a high-oleic sunflower oil (HOSO) and an extra vir-
gin olive oil (EVOO) used in 75 domestic fryings of fresh pota-
toes with frequent replenishment (FR) of unused oil. CFAM were
absent in the unused EVOO but appeared in small amounts in
the unused HOSO. Although polar material, oligomers, OTG,
and CFAM contents increased and linoleic acid and polyphe-
nols content decreased in both oils during repeated frying, the
changes produced should be considered small and related to
the use of very stable oils and FR. Throughout the 75 fryings,
the total CFAM concentration was higher in HOSO than in
EVOO. OTG increased more quickly in EVOO, whereas
oligomers increased more quickly in HOSO. Polar material and
oligomer content appear significantly correlated (r = 0.9678 and
r = 0.9739, respectively; for both, P < 0.001) with the CFAM
content. A 25% polar material and 12% oligomer content
would correspond to about 1 mg·kg−1 oil of CFAM. Data sug-
gest that both oils, particularly EVOO, perform very well in fry-
ing, with a low production of oligomers, polar materials, and
CFAM.

Paper no. J10289 in JAOCS 80, 437–442 (May 2003).

KEY WORDS: Cyclic fatty acids, deep-frying, extra virgin
olive oil, high-oleic sunflower oil, oil replenishment, polyphe-
nols, thermal oxidation.

Deep-fat frying is a widely used culinary technology. How-
ever, in choosing an oil for frying purposes, different factors
such as oil stability, price, and nutritive value should be con-
sidered. During the frying process, oxidation, hydrolysis,
polymerization, isomerization, and cyclization occur (1,2),
with the intensity of these reactions being highly dependent
of the type and quality of the oil used (1). Because some new
compounds, such as oligomers and cyclic FA that have been
identified as forming during frying (2–4) show potential toxi-
city (4–6), thermal degradation should be studied, not only
for technological reasons (production of fried foods with ac-
ceptable qualities) but also for safety and nutrition. Monoun-
saturated oils show unique properties in frying, permitting the
frequent replenishment of these oils to extend their shelf life
considerably (7). The traditional source of dietary monoun-

saturated FA in Mediterranean countries has been olive oil.
However, several types of olive oils are commercially avail-
able. In addition, new monoenoic oils have also appeared and
are extensively used (1,7,8). On the other hand, during deep-
fat frying in bars and restaurants, oil is likely to be kept hot
for long periods with only intermittent use for frying. Under
these circumstances of slow or no turnover of oil in frying,
there is a buildup of undesirable compounds. However, our
group has repeatedly found benefits in frying with a frequent
replenishment of fresh oil (1,7). 

Most studies on heated fats have been carried out on oils
heated without food fried in it, in the laboratory. Thus, only
partial information is available on what happens when frying
oils are used to fry foods. Previously, our group found that
frying frozen foods with extra virgin olive oil (EVOO) in-
creased the content of cyclic FA monomers (CFAM) to
0.58–0.69 mg·kg−1 oil after 20 fryings of frozen foods (3).
This amount was much lower than the 100–7000 mg·kg−1

detected in commercial frying oils (4). Moreover, in comparison
with infrequent replenishment with unused oil, frequent re-
plenishment (FR) with unused oil maintains oil quality dur-
ing frying because of the addition of antioxidants and the di-
lution of the alteration compounds formed (3). 

Taking into account all these facts, the present study aims
(i) to be a real approach to what is happening in the frying oil
when fresh potatoes are fried in it; (ii) to establish and com-
pare the deterioration of two monoenoic oils—EVOO and
high-oleic acid sunflower oil (HOSO)—in 75 discontinuous
deep-fat fryings using FR of oil by measuring the FA profile
and the total polar material, the oligomer, the oxidized tri-
acylglycerol (OTG), CFAM, and polyphenol contents. 

MATERIALS AND METHODS

Materials. EVOO (Patrimonio Comunal Olivarero, Mora,
Toledo, Spain), refined HOSO (VIPA, Andujar, Jaén, Spain),
and fresh potatoes (Kennebec variety, Xinzo de Limia, Gali-
cia, Spain) were purchased at a local store.

Frying procedure. Domestic deep-fat fryers with 3-L ves-
sels were used for frying. The amount of fresh potatoes used
in the successive fryings was 500 g. In total, 75 fryings were
carried out with FR, adding unused oil after each frying to
maintain the initial volume of 3 L of oil during the 75 fryings.
Fifteen batches of five frying operations were conducted. Ten
fryings were performed every day, five in the morning and
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five in the afternoon. The oil cooled to room temperature be-
tween batches. More extensive details of the frying method
have been described previously (7). Replenishment of the oil
lost after each frying throughout the 75 frying operations im-
plied the total addition of 4 L of unused EVOO and 4.25 L of
unused HOSO. These amounts comprised the oil absorbed
into the potatoes/vaporized/splattered and the amount taken
for analyses (about 150 mL in total for each oil). The average
oil amount added after each frying was 53.3 mL of EVOO
and 56.7 mL of HOSO. The whole procedure was performed
in duplicate by using two fryers for each oil. 

Polar material. Total polar material of the oils was deter-
mined by silica column chromatography (1,7). Separation of
nonpolar and polar fractions was checked by TLC as previ-
ously described (1,7). Samples from the unused oils and from
those belonging to frying numbers 1, 4, 8, 12, 16, 20, 30, 40,
50, 60, 70, and 75 were analyzed.

High-performance size-exclusion chromatography (HPSEC).
To obtain further information about thermal oxidative
changes occurring during frying, polar fractions of EVOO
and HOSO, previously obtained by column chromatography,
were analyzed by HPSEC (2). Two determinations on each
polar fraction of both fresh and used EVOO and HOSO were
performed. Samples from the unused oils and from those be-
longing to frying numbers 1, 4, 8, 12, 16, 20, 30, 40, 50, 60,
70, and 75 were analyzed.

FA determination. Analysis of FA was carried out by GC.
Samples of the oils were saponified for 30 min at 60°C with
40 mL·g−1 0.5 M NaOH in methanol and then methylated
with boron trifluoride/methanol complex to achieve complete
conversion to methyl esters. The esters were extracted into
hexane, freed of moisture over anhydrous sodium sulfate, and
dried under nitrogen. The FA content of the oil was analyzed
by a Hewlet-Packard 5890 Series II gas chromatograph (Palo
Alto, CA) equipped with a 1/8 in. 2-m SP 2330 (Supelco,
Barcelona, Spain) packed column. Samples from the unused
oils and from those belonging to frying numbers 1, 4, 8, 12,
16, 20, 30, 40, 50, 60, 70, and 75 were analyzed.

Hydrogenation of cyclic FA monomers (CFAM). Methyl
ester derivatives were hydrogenated in 10 mL of a mixture of
chloroform/methanol (2:1 vol/vol) by using platinum oxide
as catalyst under about 3–4 bar of hydrogen atmosphere for 4
h in order to ensure a complete hydrogenation (9). The cata-
lyst was removed by filtration, and the hydrogenated methyl
esters were extracted with chloroform after addition of water.
Ethyl palmitate (1.5 µg) was added as internal standard be-
fore hydrogenation. Samples (100 mg) from the unused oils
and from those belonging to frying numbers 20, 50, and 75
were analyzed.

HPLC of CFAM. The hydrogenated CFAM were isolated
by HPLC following the method of Sébédio et al. (10). HPLC
analyses were carried out on a reversed-phase C18 column
(Lichrosorb; Merck, Darmstadt, Germany; 7 mm i.d. × 25 cm
in length, 5 µm particle size). A Waters 410 refractive index
detector was used. A mixture of acetone/acetonitrile of 90:10
served as the mobile phase with a flow of 4 mL·min−1. Sam-

ple concentration was 20 mg of the hydrogenated FAME in
100 µL of acetone.

GC of CFAM. The fraction isolated by HPLC was further
analyzed on a Hewlett-Packard Model 5890 Series II gas chro-
matograph. The instrument was fitted with a splitless/split
injector (a split ratio of 50:1 was used) and equipped with a
fused-silica capillary BPX70 column (0.33 mm i.d. × 50 m in
length, film thickness 0.25 µm). The oven was temperature-
programmed from 60 to 190°C at 20°C·min−1. Helium was the
carrier gas. The total content of CFAM in the sample was cal-
culated relative to the internal standard (ethyl palmitate).

Polyphenol content. The polyphenol content was deter-
mined as caffeic acid (11) in unused EVOO and in EVOO that
had been used in 75 fryings.

Statistical analysis. Linear adjustments between the con-
tent of total CFAM, total polar material, oligomers, and OTG
from EVOO and HOSO were established by ANOVA test.
The comparison between linear equation adjustments of both
oils was performed by a two-way ANCOVA. The polar mate-
rial and the oligomer content were correlated with the CFAM
content by using Pearson product-moment correlations. 

RESULTS AND DISCUSSION

FA and total polyphenol changes. Table 1 shows that the two
fresh, unused oils had similar oleic acid contents, but EVOO
had lower linoleic acid and higher palmitic and linolenic acid
contents. After 75 frying operations, small changes in the FA
profile were found in both oils. Changes in FA were linearly
related to the number of fryings for all FA except 18:1 in
EVOO (Table 1). The small changes found show the high sta-
bility of both oils and the benefits of FR with unused oil in
the frying of potatoes. However, the higher slope found for
linoleic acid in HOSO suggests that EVOO was relatively
more stable than HOSO. This fact should be related to the
higher amount of linoleic acid initially found in HOSO that is
preferentially oxidized in frying. However, the antioxidant ef-
fects of minor compounds, such as polyphenols, tocopherols,
and phytosterols should be considered. 

Table 1 shows that the total amount of polyphenols was
relatively high in EVOO and markedly decreased (about 70%
in EVOO) after 75 fryings. According to Boskou (12),
polyphenols are present in relatively high amounts in olive
oil, with hydroxytyrosol being a very efficient antioxidant
compound in frying. Polyphenols tend to disappear during
frying (12). Thus, polyphenols, tocopherols, and phytosterols
may efficiently protect linoleic and linolenic acids from oxi-
dations in EVOO, whereas tocopherols and phytosterols pro-
tect linoleic acid from oxidation in HOSO (13). 

Thermal oxidation. Total polar material contents in the un-
used oils were similar and low, corresponding to good-qual-
ity oils. Frying increased this polar material in both oils
(Table 1). Changes in EVOO and HOSO were significantly
different, showing that EVOO has a lower intercept than the
HOSO. Moreover, the slope of OTG was 9.9% higher in
EVOO, whereas that of oligomers was 26% higher in HOSO
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(Table 1). This clearly suggests that the two oils behave dif-
ferently, with preferential oxidation in EVOO but polymer-
ization in HOSO. Dobarganes et al. (14) indicated that oils
with low linoleic acid and high oleic acid contents tend to ox-
idize more than oils with higher linoleic acid and lower oleic
acid contents, which preferentially polymerize. This fact is of
nutritional relevance because oligomers are potentially toxic
(5,6) and actively absorbed (15).

Measurement of CFAM. As found previously (3), CFAM
were present in fresh HOSO in small quantities (Table 2) as a
consequence of the deodorization process, but they were ab-
sent in fresh EVOO because it was not submitted to previous
heat treatment. Total CFAM increased after repeated fryings,
and concentration changes were linearly related to the num-
ber of fryings in both oils. Nevertheless, the slopes show a
42.9% greater formation of CFAM in HOSO (Table 2). As ex-
perimental conditions were exactly the same, differences be-
tween both oils must be attributed to the higher content of
linoleic acid in HOSO, which is more susceptible to forming
CFAM than oleic acid (16). 

However, we noted a greater formation of CFAM during
the first 20 frying operations than with the next 55 fryings
(data not shown). Thus, the high turnover rate and the addi-
tion of new antioxidant compounds imply a protection
against cyclization for these monoenoic oils. Burton and In-
gold (17) indicated that antioxidants such as tocopherol in-
hibit the cyclization mechanism because they are hydrogen
donors.

In the current study the total amount of CFAM found after
75 frying operations of fresh sliced potatoes was very small
in comparison with those reported in 93 samples of frying oils
(4). Moreover, the levels found were also lower than those
found in frying of frozen foods with EVOO with FR or null
replenishment of fresh oil (3). Again, frying fresh potatoes
turned out to be less deleterious to the oil than frying frozen
foods. 

Structural identification of CFAM. In a previous work (3),
we determined by GC–MS the structures of the hydrogenated
CFAM molecules from an EVOO used for frying (3). EVOO
and HOSO showed similar profiles and the same number of
peaks (Figs. 1A and 1B, respectively). In Table 2, the mono-
cyclic CFAM structures for peaks 1, 2, 4, 5, 6, 8, 9, 10, and
11 were identified according to their corresponding retention
times of the chromatographed profiles described previously
(3,19). “Others” in Figures 1 and 2 includes those peaks elut-
ing after peak 11 and presumably corresponding to bicyclic
FA (18). In both monoenoic oils, bicyclic compounds ac-
counted for less than 3% of the total CFAM. Oleic acid is the
major FA in EVOO and HOSO (80 vs. 78.5%, respectively),
yielding saturated CFAM (19). Linoleic acid (4.5% in EVOO
vs. 11% in HOSO) gives rise to monocyclic monoenoic FA
(16). Because HOSO contains linolenic acid in trace amounts,
only EVOO will contain monocyclic dienoic FA, which are
formed from linolenic acid cyclization. 

After 75 frying operations, cyclopentyl structures ap-
peared in both oils in a greater proportion (62.9% for EVOO
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and 60.3% for HOSO) than cyclohexyl structures (27.3% for
EVOO and 26.3% for HOSO) (Table 2). The distribution of
CFAM originated in both oils was quite similar. Thus, in
EVOO and HOSO, the higher amount of CFAM was repre-
sented by cis and trans isomers of the methyl-9-(2′-butyl-
cyclopentyl)-nonanoate (peaks 9 and 4, respectively) and
methyl-4-(2′-nonyl-cyclopentyl)-butanoate (peaks 6 and 1,
respectively). Similar results have been found in studying sat-
urated CFAM from oleic acid (19). These four basic struc-
tures can be formed by cyclization of both oleic and linoleic
acids. In a previous paper peak 2 was identified as methyl 7-
(2′-hexyl-cyclopentyl)-heptanoate (3). This peak is exclu-
sively formed from the linoleic acid (16). This explains the
significantly higher formation of this CFAM in HOSO vs.
EVOO (Table 2).

Relationship between polar material, thermal oxidation,
and CFAM contents. As described above, the polar material,
oligomers, and OTG increased in both oils during the 75 fry-
ing operations. Figure 2 shows linear regressions for the con-
tent of polar material and of oligomers vs. the CFAM con-
tents. 

These linear correlations with CFAM are as follows: 

CFAM = −107.06 + 43.128 * polar material;
r = 0.9678, P < 0.001 [1]

CFAM = 19.532 + 83.854 * oligomers; r = 0.9739, P < 0.001 [2]

where CFAM is expressed in µg/kg oil and polar material and
oligomers are both expressed as g/100 g oil.

It has been suggested that an oil should be discarded when
it contains 12% oligomer content or 24% polar material (20).
However, the cutoff points of 10% oligomers and/or 25%
polar content are extensively used. Employing these equa-
tions, one  can calculate that the cutoff points of 10 or 12%
oligomers would correspond to 859 or 1027 µg CFAM/kg oil,
respectively, and 24 or 25% polar material would correspond
to 928 or 971 µg CFAM/kg oil, respectively. Nevertheless,
these calculations should be carefully interpreted because the
present study was finished at frying number 75 with polar ma-
terial and oligomer contents lower than 10 and 4%, respec-
tively. Moreover, total CFAM in EVOO appears to reach a
steady state of ~200 µg·kg−1 (Fig. 2), whereas in HOSO this
tendency does not occur, thus suggesting a lower tendency for
EVOO than for HOSO to form CFAM during repeated frying
of fresh potatoes. These results are related to the already-
noted lower linoleic acid content of EVOO in comparison to
HOSO. These data also suggest the benefits of frying pota-
toes with monoenoic oils, because much higher amounts of
CFAM have been found with other oils (4).

In short, the 75 fryings of potatoes with both monoenoic
oils produced a low thermal oxidative alteration and CFAM
formation. Moreover, EVOO seems to present better charac-
teristics than HOSO, taking into account the lower losses of
linoleic acid and the lower production of polar material,
oligomers, and CFAM.
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