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ABSTRACT

Cyclic fatty acid monomers were analyzed by gas chromatography
in commercial frying oils obtained in this country and in the Middle
East. Samples were obtained from food outlets in California and
Hllinois after varying periods of usage. The samples from Egypt and
Israel were collected from street vendors frying vegetable patties
(known as “fallafel”) in open-air stands. The United States samples
ranged from 0.1 to 0.5% cyclic monomers, and from 1 to 8% polar
+ noneluted thermal oxidation materials. The Middle Eastern
samples showed significantly more heat abuse, with values for cyclic
monomers from 0.2 to 0.7% and polar materials ranging from 2 to
22%.

INTRODUCTION

Cooking and deep-fat frying with polyunsaturated oils re-
sult in significant chemical changes that produce flavor
deterioration in the fried foods and potential impairment in
nutritional value. The literature in this field is extensive and
several reviews have appeared (1-3). In the USA, soybean
oil and other vegetable oils, intended for frying and other
institutional uses, are generally hydrogenated to reduce
most or all of the linolenic acid and a large portion of
linoleic acid. However, in other countries and in the Middle
East, many of the vegetable oils used for cooking and frying
are not hydrogenated. If these oils are subjected to exten-
sive heat abuse, their nutritional value may be damaged.

Changes occurring in heated oils have been followed by a
large variety of analytical methods including acid, iodine
and hydroxyl values, thiobarbituric acid tests, UV absorp-
tion, fatty acid composition, nonurea adductforming
material, triglyceride content, noneluted material by gas
chromatography (GC), polar-polymeric material by column
chromatography, octanoate content, dielectric constant,
color and viscosity (4-18). Much of the methodology re-
ported for the analysis of thermal changes has been used
without valid basis and may explain some of the contro-
versy in the literature on the effect of heating unsaturated
oils. Despite limitation of the methodology, there is now
evidence that a measurable amount of cyclic monomers
accumulate in heated vegetable oils (19,20).

No precise information has been available concerning
which specific compounds are nutritionally harmful (1).
Previous work of Iwaoka and Perkins (21) with rats showed
that incorporation of 0.15% cyclic fatty acid methyl esters
in low-protein diets containing 15% corn oil caused ac-
cumulation of liver lipids. Because of the markedly increas-
ing consumption in this country of fried foods prepared in
fast-food establishments, it is important to assess the
amount of cyclic monomers actually formed in such com-
mercial operations.

A GC procedure was previously developed (20) to deter-
mine quantitatively cyclic monomers formed in hydro-
genated and unhydrogenated soybean oils heated at 195 C
intermittently for 52 hr or continuously for 104 hr with
frying of potato slices. In the present study, the same
method for analyzing cyclic monomers was applied to a
variety of samples of oils obtained from actual commercial
frying operations. In the Middle East, vegetable patties

known as “fallafel” are commonly deep-fat fried in vege-
table oils by street vendors. Samples of oils used in such
operations in Egypt and in Israel were obtained to compare
their cyclic acid content with those from the USA.

EXPERIMENTAL

Samples

Fresh and used cooking oil samples were collected from
several fast-food outlets in Peoria, Illinois, and in Davis,
California, after varying periods of usage and just prior to
being discarded. In the USA outlets, frying oil losses on
foods were replenished daily. The types of foods fried
included doughnuts, chicken, chicken liver, French fries,
seafood, tofu and mixed substrates alternating between
meat, pork cutlets and shrimp. Information on the number
of frying cycles could not be obtained. History of usage of
the Middle East oils was unknown. These Middle Eastern
samples were collected at random from street vendors and
transported to the USA by air. Length and conditions of
usage varied widely. The Egyptian and Israeli samples were
derived, respectively, from unhydrogenated cottonseed and
soybean oils. All samples were stored under nitrogen at 4 C
until analyzed.

Fatty Acid Composition

Major fatty acids were determined by GC of methyl esters
prepared by the procedure of Metcalfe et al. (22). Instru-
mentation and conditions for GC included a Hewlett
Packard Model 5711A chromatograph with flame ioniza-
tion detector and a 610 X 0.257 cm id stainless steel
column packed with 15% OV-275 (Supelco Inc., Bellefonte,
PA) on high performance Chromosorb W. The column was
operated isothermally at 220 C with injector and detector
temperatures at 250 C. Nitrogen carrier gas flow rate was
10 mL/min. Standard mixtures of simple triglycerides were
used to obtain relative retention times and response factors.

Cyclic Fatty Acid Monomers

The GC method used for cyclic monomers was that of
Meltzer et al. (20). Briefly, the oil samples were saponified,
hydrogenated and crystallized in acetone (—47 C) to remove
77-97% of the saturated linear fatty acids, The concen-
trated cyclic acids were then methylated and analyzed by
GC using methyl heptadecanoate as an internal standard.
The group of peaks assigned to cyclic monomers, which
were eluted between methyl stearate and polar materials,
was based on previous identification by comparison with a
reference standard and by gas chromatography-mass spec-
trometry.

Thermal Oxidation Materials

Extent of oxidative degradation was estimated by measur-
ing noneluted materials from a GC column according to the
method of Waltking et al. (23). This procedure was adapted
to methyl esters by using ca. 20% by weight methyl hepta-
decanoate as internal standard and by using their equation
to calculate noneluted material.
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TABLE I

Fatty Acid Composition (Weight Percent) of Fresh Cooking Fats?

Fatty Vegetable shortenings Animal-vegetable Partially hydrogenated Cottonseed Soybean
acid (vs)b shortenings (AVS)¢ vegetable oil (PHV) oil (C$0)d  oil (SBO)
De D P D D P P P D E8 1h
12:0 - - 1.3 01 01 - 0.1 0.1 - - -
14:0 0.1 0.1 0.6 3.7 35 39 43 0.3 08 038 0.1
16:0 11.4 11.0 15.2 26.8 26.4 27.7 27.2 13.5 20.3 23.0 7.4
16:1 0.2 0.2 — 5.5 5.2 — - — 0.7 0.6 -
18:0 11.8 13.0 9.8 18.1 188 21.1 229 9.8 2.8 28 5.4
18:1 740 723 706 426 41.7 449 42.4 45.6 19.6 19.5 26.8
18:2 2.3 2.9 2.5 24 34 24 31 29.9 55.0 52.8 53.6
18:3 0.2 0.2 - 0.5 06 — - 0.8 0.3 0.5 6.7
20:1 - 0.3 - 0.3 0.3 - - - 0.5 - -

AGC analyses are average of duplicate determinations,
bHydrogenated soybean oil for “‘heavy-duty frying.”

CBeef fats and cotronseed oil with dimethyl polysilane, BHA and BHT.

dwinterized cottonsced oil,
€Davis, CA.
fPeoria, IL.

ZEgypt.
hisrael,

RESULTS AND DISCUSSION

Fats used by the restaurants sampled included vegetable
shortenings (VS), animal-vegetable shortenings (AVS),
partially hydrogenated vegetable oil (PHV) and cottonseed
oil (CSO). Fats used in the Middle East included CSO in
Egypt and soybean oil (SBO) in Israel. Fatty acid composi-
tions were determined on the fresh unused fat sampled
when available. Analyses in Table I show that monoenes
vary from 46 to 74% and dienes from 2.3 to 29.9 in VS,
AVS and PHV. In unhydrogenated SBO and CSO, the
monoenes ranged from 20 to 27%, dienes from 54 to 55%
and trienes from 0.3 to 7%. Only samples of AVS used were
reported tc include additives such as methyl polysilane,
BHA and BHT.

GC analyses for cyclic monomers and polar + noneluted
thermal oxidation materials varied widely with the origin,
type and usage of the fats (Table II). The commercial USA
samples ranged from 0.1 to 0.5% cyclic monomers and
from 1 to 8% polar + noneluted materials. The correspond-
ing fresh unused fats gave a value for materials with same
GC retention ranging from 0.02 to 0.06% as cyclic mono-
mers and from 0.6 to 1.9% as polar + noneluted materials,
The lowest level of cyclic monomers was found in the fats
used for doughnut frying (0.06-0.08%) and the highest level
was found in the fats used for French fries (0.4-0.5%) and
when CSO was used for frying (0.3-0.4%). The differences
suggest that the cooking of French fries causes greater
deterioration of the fats than cooking of the other foods.
However, this assumes that comparable percentages of
make-up fat were added daily to the different fryers used
for each type of food.

The Middle Eastern samples showed significantly more
heat abuse, with values for cyclic monomers from 0.2 to
0.7% and polar + noneluted materials from 2 to 22%. It is
remarkable that, in all samples examined, the cyclic mono-
mer content was less than 1%, even in the most abused
samples that contained relatively large amounts of polar +
noneluted materials. The low values for cyclic monomers
may be accounted for by the dilution effect of make-up fat
during the frying operation. No meaningful correlation was
apparent between the level of cyclic monomer and polar +
noneluted material.

These results confirm our previous study (20) with soy-
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bean oil and hydrogenated soybean oils heated in the labo-
ratory under conditions analogous to those common in
deep-fat frying operations. Although the level of cyclic
monomer was in the same range (0.3-0.6%), the level of
polar + noneluted material was generally lower in the com-
mercial US samples (1-8%) than in the laboratory samples
(18-21%). This difference would indicate a larger amount of
thermal oxidation products in the laboratory samples. In
another study, Guillaumin (24) showed the presence of
cyclic monomers (0.07-0.2%) in all unsaturated fats exam-
ined by GC analysis. After 15 heatings at 200 C, cyclic
monomers showed an increase of only 0.02-0.10%. To
analyze for cyclic monomers, these workers used a direct
gas chromatographic procedure without preliminary con-
centration (19). However, we found that at the low levels
of cyclic monomers found in heated fat, it was necessary to
concentrate the hydrogenated fatty acids prior to gas
chromatography (20), and this observation was recently
confirmed by Grandgirard and Julliard (25). Billek et al
(26) established an arbitrary level of 25-30% oxidized polar
materials (by silica gel chromatography) to indicate that a
frying oil is deteriorated to the discard point.

Caution must be exercised in interpreting the literature
on nutritional effects of heated fats. Early reports (27-29)
indicated that fats heated under frying conditions had no
harmful effects. However, the diets used in these studies
contained excessively high protein levels, which are known
to lessen the effects of heated fats (30). In a more recent
study, synthetic cyclic monomeric compounds, similar to
those isolated from heated fats, have been shown to depress
growth in rats and cause hepatomegaly or fatty livers due to
accumulation of lipid (21). In this study, the diets were
low in proteins to stress the animals, and the mineral mix
used was deficient in important trace elements including
zinc, cobalt, selenium and molybdenum. Additional data
are needed on the level of cyclic monomers and polar
materials in fats extracted from fried foods. Since pan fry-
ing is most commonly used in the world and may be more
abusive to fats (24), further work is needed on the effect of
this treatment on the extent of formation of oxidation
product, Future work should also focus on the analysis of
those polar and noneluted materials that were significant
components of most of the heated samples examined in
this work.



89

CYCLIC MONOMERS IN HEATED FATS

TABLE 11

Cyclic Fatty Acid Monomers and Polar + Noneluted Materials in Commercial Cooking Oils?

Oil Heating Relative percent
Origin  Type¢ Usaged Temperature® hr/day  Days Cyclic monomers Polar + noneluted
USA-D1 VS Fresh — - - 0.02 0.6
Doughnuts 181 8 7 0.06 1.2
Doughnuts 181 8 7 0.08 2.8
USA-D2 VS Fresh — - - 0.06 0.7
Chicken 191 9 28 0.24 0.9
Chicken livers 177 9 2 0.42 3.7
French fries 177 9 2 0.40 3.7
Chicken livers 177 9 2 0.37 1.3
French fries 177 9 2 0.50 8.2
USA-P1 \'A Mixed 180 10 7 0.10 2.0
Mixed 180 10 7 0.15 4.9
Mixed 180 10 7 0.11 8.0
USA-P2 AA Mixed 190 8 7 0.12 3.8
USA-D3 AVS Fresh - - - 0,06 1.1
Seafood/
French fries 191 10 3.5 0.15 4.0
Seafood/
French fries 191 10 7 0.14 2.3
USA-P3 AVS Mixed 195 10 7 0.15 2.9
Mixed 195 10 14 0.45 4.1
Mixed 195 10 7 0.12 3.2
USA-P4 PHV Fresh - - - 0.03 1.9
Mixed 190 8 7 0.34 4.2
USA-D4 CSO Fresh - — - 0.26 2.6
Tofu 177 5 15 0.37 8.3
Tofu 177 5 15 0.38 7.3
Tofu 177 5 15 0.40 6.6
Israel SBO Fallafel 0.50 22.2
Fallafel 0.44 2.3
Fallafel 0.38 2.3
Fallafel 0.20 4.5
Egypt CSO Fallafel 0.39 7.4
Fallafel 0.66 10.1
Fallafel 0.17 2.4
Fallafel 0.48 9.9

aMethod of Meltzer et al. (20).
bUSA—D: Davis, CA; USA-P: Peoria, IL.

€See Table I; VS = vegetable shortening; AVS = animal-vegetable shortening; PHV = partially hydrogenated

vegetable oil; CSO = cottonseed oil; SO = soybean oil.

dMixed = mixture of substrates including meat, pork and shrimp. Fallafel = Middle Eastern vegetable patties—
no exact history available on usage. Daily make-up with fresh oil in Davis and Peoria outlets,

€Temperature = 5 C.
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ABSTRACT

Tandem mass spectrometry is particularly suited for the analysis of
complex, natural wax ester mixtures R, -CO,-R,. Reduction of the

mixture with deuterium provides species that are separable (through

mass spectrometry) based on the number of original double bonds.
Chemical ionization with isobutane produces high yields of proton-
ated molecular ions and very little further fragmentation. These ions
are separated by the first mass filter and then dissociated through

collisions with argon. The positively charged dissociation products
are almost exclusively the protonated acid ions (R,-CO, H,)" that
can then be separated by the second mass filter before detection and
quantitation. The technique overcomes many of the obstacles pre-
viously faced during wax ester analysis. Results from this method
are compared with those obtained by previous work, and the isomer
composition of a new wax ester oil, orange roughy oil, is given.

INTRODUCTION

The analysis of naturally occurring wax ester mixtures for
the relative abundances of isomers within each chain length
is a somewhat formidable task. Since Aasen et al. showed
that electron impact (EI) mass spectra could be used to
quantitate saturated wax ester mixtures (1), mass spectrom-
etry has become the method of choice of many workers
(2-4). Complications encountered in these analyses include
the difficulties associated with gas chromatographic separa-
tion of these relatively high molecular weight compounds
and the problem of quantitatively introducing them into
the mass spectrometer. Further, EI gave a great deal of non-
specific fragmentation with a relatively small percentage of
the total ion current attributed to diagnostically important
ions.

Recently, we showed that chemical ionization (CI) with
isobutane gave spectra with intense protonated molecular
ions and very little further fragmentation (5). Although this
feature was not beneficial for structural information, it
appeared to be particularly advantageous for mass spec-
trometry/mass spectrometry (MS/MS), because a high yield
of ions representing the molecular species could be formed.
When subsequent experiments showed that these ions could
be dissociated to yield essentidlly one daughter ion per
acyl radical (the protonated acid), a method was needed to
identify and quantitate unsaturated isomers and analogs.
Tris(triphenylphosphine)chlororhodium(I) catalyzes. the re-
duction of double bonds with very little exchange between
substrate and reagent (6), which results in saturates that
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include two atoms of deuterium per original double bond.
Therefore, the protonated molecular ion and associated
protonated acid ion from unsaturated compounds have
m/z values 2 units greater per double bond and, although
they behave chemically like their fully protonated counter-
parts, they are easily distinguished by mass spectrometry.
Thus conditions were available to conduct the analysis in a
single MS/MS experiment, because the entire wax ester
mixture could be reduced with deuterium and the proton-
ated molecular ions separated by the first mass filter. Fol-
lowing dissociation, the ions arising from. the component
acids could be analyzed in the second mass filter. In this
paper we describe methods used to conduct such analyses
and the results obtained from four natural wax ester
mixtures.

EXPERIMENTAL

Purified wax ester standards were prepared from appropri-
ate alcohols and acyl chlorides (2). Saponification (and
recovery of unsaponifiables) was carried out essentially as
prescribed by the AOCS (Method Ca 6b-53); the combined
aqueous layers were then acidified and the free acids were
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FIG. 1. Daughters of the protonated molecular ion from stearyl
palmitate (18:0-16:0) produced by collision-induced dissociation
with Ar; collision energy = —15 V.



