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SUMMARY: Vegetable oils are usually rich in unsaturated fatty acids which are susceptible to oxidation. The
oxidation of vegetable oils has been one of the most widely studied fields within lipid chemistry, because it alters
their properties and nutritive value, inducing the formation of harmful compounds and off-flavors. Moreover,
oxidized vegetable oils display altered physical and chemical properties which are conferred by the newer oxy-
genated compounds they contain. This is the case of ozonized oils. Ozone is a powerful oxidizing agent that
mainly acts on olefinic compounds which generate ozonides and other peroxidic species that can decompose
into carbonilic fragments. The action of the oxidant and the later reactions depend on the chemical environment
of the reaction as well as the carbonyl termination products resulting from peroxide cleavage. In recent years,
sunflower oils with different fatty acid compositions have been developed by breeding and mutagenesis. They
displayed higher contents of oleic, stearic or palmitic acids, which mainly alters their triacylglycerol composi-
tion. Therefore, four different sunflower oils, common, high oleic, high stearic-high oleic and high palmitic-high
oleic, were oxidized with ozone and the progress of the reaction was monitored by measuring the level of oil
peroxygenation and the changes in the oils’ fatty acid compositions. The peroxidated species formed during
ozonation were studied by FT-IR spectroscopy. The main conclusions of this work were that ozonation caused
linear oxidation rates that were similar in all the oils assayed. The addition of water accelerated oxidation, which
tended to occur in linoleic polyunsaturated fatty acid The FT-IR pointed to the presence of ozonide-derived
peroxides as the major oxygenated species.
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RESUMEN: Caracterizacion de diferentes aceites de girasol ozonizados 1. Cambios quimicos durante la ozonizacion.
Los aceites vegetales son generalmente ricos en acidos grasos insaturados susceptibles de oxidacion. La oxi-
dacion de aceites vegetales ha sido un campo de estudio intensivo dentro de la quimica de lipidos ya que este
proceso altera sus propiedades y valor nutritivo, induciendo la formacién de compuestos perjudiciales y olores
y sabores indeseados. Ademas, los aceites vegetales oxidados muestran propiedades fisicas alteradas conferidas
por los nuevos compuestos oxigenados que contienen. Este es el caso de los aceites ozonizados. El ozono es
un agente oxidante enérgico que actua sobre los compuestos olefinicos generando ozoénidos y otras especies
peroxidicas que se descomponen en fragmentos carbonilicos. La accion del oxidante y las reacciones posteriores
dependen del entorno quimico de la reaccion ademas de los productos carbonilicos de terminacidn resultante de
la rotura de los peroxidos. El aceite de girasol comun es rico en oleico y linoleico, susceptibles de ataque oxida-
tivo por parte del ozono. En los ultimos afios, aceites de girasol con composiciones diferentes de acidos grasos
se han desarrollado por seleccion y mutagénesis. Estos aceites muestran altos contenidos en oleico, estearico o
palmitico, los cuales alteran de manera importante su composicion de triglicéridos. Este trabajo es el primero
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de una serie de dos en los cuales se estudian los cambios fisico-quimicos que dichos aceites de girasol experi-
mentan durante la ozonizacion. Asi, se oxidaron con ozono cuatro aceites de girasol diferentes, girasol comun,
alto oleico, alto estearico-alto oleico y alto palmitico-alto oleico. Se monitorizaron las cantidades absorbidas de
0zono, los niveles de peroxidacion y los acidos grasos que experimentaron oxidacion. Las especies formadas en
el proceso se estudiaron mediante espectroscopia FT-IR. El modo en que la composicion de acidos grasos del
aceite afectd a las cinéticas de oxidacion y los productos resultantes se comentaron a la vista de los resultados.

PALABRAS CLAVE: Aceite de mutante de girasol; Acidos grasos, Carbonilos; Cinética; FT-IR; Oxidacion, Ozono;
Peroxidos
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1. INTRODUCTION

Vegetable seeds oils consist of a matrix of triacylg-
lycerols (TAGs) plus minor components which could
include a broad variety of compounds including ste-
rols, triterpenic alcohols, tocopherols and pigments
(Gunstone, 2011). The physicochemical properties
of oils are mainly determined by the fatty acids
esterified to the glycerol backbone. Commercial seed
oils display a limited variety of fatty acids. Thus, the
main acyl components of these oils are C18 unsatu-
rated fatty acids such as oleic, linoleic or linolenic
acids. The saturated fatty acids palmitic and stearic
are also common components of these oils, although
in lower proportions, as it happens with some C20
and C22 saturated or unsaturated species. Sunflower
oil is one of the most appreciated seed oils due its
light flavor, pale color and balanced composition
of fatty acids (Salas et al, 2015). The major fatty
acids present in common sunflower oil are oleic and
linoleic, which are found in different proportions
depending mainly on the temperature during seed
filling and maturation. Palmitic and stearic acids
are present in proportions lower than 10%, and low
proportions of arachidic and behenic (less than 2%)
are also detected. Trace amounts (< 0.5%) of linole-
nic and lignoceric acids have been reported as well
(Gunstone, 2011). Sunflower oil is widely sold com-
mercially for frying throughout the world. In this
regard, oxidation is the alteration that sunflower
oil most often undergoes (Crapiste et al., 1999).
The oxidation of vegetable oil is usually mediated
by the process called autoxidation (Frankel, 1980).
This process involves a chain reaction via free radi-
cals in the presence of molecular oxygen. The ini-
tiation generally involves the hemolytic abduction
of a hydrogen atom from a fatty acid to give place
to a free radical that quickly reacts with molecular
oxygen to yield a peroxyl radical. This reaction is

much more favorable in polyunsaturated fatty acids
which can stabilize the unpaired electron within a
group of conjugated double bonds (Chloe and Min,
2006). Peroxyl radicals propagate the reaction by
abducting hydrogen atoms from fatty acids, with
a parallel accumulation of fatty acid hydroperox-
ides. The termination reactions involve a reaction
between intermediate radicals forming dimers and
oligomers, which increments the viscosity of the oil.
The accumulated hydroperoxide are unstable species
that tend to break down into carbonilic fragments
or react with other oxygenated species, giving way to
ketones, epoxides, acids or ethers. This is called the
secondary oxidation process and is responsible for
the production of off-flavors in fats and oils. In the
case of frying the reactions are accelerated by high
temperatures, which also decrease the concentration
of oxygen. In these conditions the oxygenated acyl
chain can experiment cyclation, dehydration and
breakage reactions, yielding harmful compounds
like acrylamide or malondialdehyde (Kubow, 1992).
The main initiators of autoxidation are metals or
light in the presence of certain pigments. UV light
can also promote oxidation though a different mech-
anism involving the activation of oxygen to the sin-
glet form, which can directly attack the double bonds
of fatty acids, and produce peroxyl radicals which
are able to start the process of oxidation (Bradley
and Min, 1992). The above-mentioned oxidation
processes have been studied extensively in previous
works on a large variety of vegetable oils. However,
the oxidation caused by other different chemical
agents in these oils is not so well known.

Ozone is an alotrophic form of oxygen consisting
of 3 bonded oxygen atoms forming a bent molecule
with resonant unsaturation. It is a very powerful
oxidant, so it can react much faster than oxygen
with any electron donor. It is naturally formed in
the top layers of the atmosphere and can be ecasily
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produced in a corona discharge tube (Pietsch and
Gibalov, 1998). Therefore, it is used as an oxidizing
agent in synthetic chemistry, deodorization, bleach-
ing and depuration of air and water (Kim ez al., 1999;
Guzel-Seydim et al., 2004). Ozone reacts with dou-
ble bonds forming 1,2,3-trioxolanes or molozonides
(Figure 1; Bailey, 1978). Molozonides are unstable
and those synthesized in aprotic media tend to rear-
range to the more stable Crieggerozonides through
a mechanism involving the formation of a carbonyl
oxide. Nevertheless, in the presence of protic sol-
vents or water the carbonyl oxides can react and
form different groups of derivatives. In the case
of water, it would yield a carbonyl fragment and a
terminal hydroxyl-hydroperoxide (Figure 1; Bailey,
1978). Studies on these compounds show that they
are formed in living tissues in contact with ozone
and are responsible for the cytotoxic effect of this
gas (Santrock et al., 1992; Devlin et al., 1994). In
this regard, hydroxyl-hydroperoxides display high
biological activity and are a source of hydrogen per-
oxide through decomposition to a carbonyl deriva-
tive (Figure 1). Nevertheless, ozonides can also
decompose into two carbonyl fragments, a reaction
that is widely used in the degradative characteriza-
tion of organic compounds (Thomas et al., 2007).
Vegetable oils react with ozone easily, making the
peroxide index increase at high rates. The amount
of ozone that oils are able to incorporate depends
on the degree of unsaturation of their fatty acids.
Ozonized vegetable oils have applications in derma-
tology and cosmetics, as they display a well-known
disinfectant and healing effect (Sechi er al., 2001;
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Skalska et al., 2009; Valacchi et al., 2013; Serio
et al., 2017). Nevertheless, the chemical character-
ization of ozonized vegetable oils is difficult due the
large variety of oxygenated species they can contain.
Moreover, the presence of highly oxidizing species
can also induce the initiation of autoxidative pro-
cesses, which can further increase the complexity of
the oil composition (Diaz et al., 2005; 2006). In the
present work the ozone absorption rate of differ-
ent sunflower oils was studied, including common
sunflower, high oleic sunflower (Garcés et al., 1989)
and sunflower oils which display high levels of satu-
rated palmitic (Fernandez-Martinez et al, 1997)
and stearic acids (Fernandez-Moya et al., 2005).
These oils were extracted from mutant sunflower
lines developed to produce oils with different physi-
cal properties and oxidative stability. The kinetics of
oxidation were completed with the analysis of fatty
acids, which showed the species which were resistant
to the oxidative attack. Spectrometric analysis by
FT-IR supplied information about the nature of the
new species formed. The mechanism of the reaction
and the secondary reactions that took place during
the oxidation of these oils are discussed according
to the results obtained.

2. MATERIALS AND METHODS
2.1. Oil ozonization and peroxide monitoring

Four sunflower oils were ozonized: common
sunflower from Borges Co. (Spain), and high oleic
sunflower, high stearic-high oleic sunflower and high
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General scheme of the reactions involved in the ozonation of fatty acids in different media. Bailey (1978).
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palmitic-high oleic sunflower supplied by Instituto
de la Grasa (Spain). The respective sunflower oil
(100 mL) was placed in a jacketed bubbling reac-
tor at a controlled temperature of 25 £ 0.1 °C. A
mixture of O,/O, was introduced into the reactor
at a flow rate of 30 L/h during the reaction time
(2.75 h). Samples were taken every 55 minutes cor-
responding to ozone mean doses of 0.45; 0.90; and
1.33 mol of ozone per liter of oil. The ozone was
generated in an AQOZO ozone generator (Havana,
Cuba) and its concentration was determined by
measuring the absorbance at 254 nm in an Ultraspec
II1 spectrophotometer (Pharmacia LKB, Uppsala,
Sweden). Every 5 minutes the ozone concentration
was measured at the exit of the reactor. Three ozo-
nation processes were carried out for each sunflower
oil studied.

The peroxide value (PV) was measured following
the protocol established by Martinez-Téllez et al.,
(2006). In this protocol 0.5 g of oil reacted with
0.5 mL saturated KI in 30 mL acetic acid/chloroform
3:2 in the dark for 24 h. Then, a volume of 30 mL
of distilled water was added and the mixture was
titrated with 0.01 M sodium thiosulphate. The PV
was expressed as milli-equivalents of active oxygen
per kg of sample.

2.2. Analysis of fatty acid methyl esters

Briefly, the oil was trans-esterified to its corre-
sponding methyl esters by treating 5 ug of sample
with 1.5 mL methanol/toluene/sulfuric acid (88/10/2;
v/vlv) for 1 hour at 80 °C. The resulting methyl esters
were then extracted with 1 mL of heptane and ana-
lyzed by gas chromatography. The GC system was
similar to that reported by TAG analysis but equipped
with a Supelco SP-2380 fused silica capillary col-
umn (30 m length; 0.25 mm i.d.; 0.20 um film thick-
ness: Bellefonte, PA). The injection temperature was
200 °C, and hydrogen was used as carrier gas at a rate
of 28 cm/s. The oven temperature was set at 170 °C
and the FID detector operated at 200 °C. Fatty acid
methyl esters were identified according to their reten-
tions times, which were compared with those from
commercial standards. Oxidation fragments were

identified by GC-MS as methanol ketals or diketals
of carbonilic moieties. Composition was calculated
from peak integration data.

2.3. ATR-FTIR spectroscopy

Spectral data were collected on a Bruker Vertex
70 FTIR spectrometer and a Bruker Equinox 55
spectrometer both equipped with a DGTS detector
(Bruker Optics, Ettlingen, Germany) and a Specac
(Orpington, U.K.) ZnSe attenuated total reflectance
(ATR) crystal with 6 bounces. Each spectrum was
recorded at room temperature over the region of
4000-600 cm ™" using 50 scans at a resolution of 4 cm ™.
Before each analysis, the background spectrum was
taken with the empty ATR crystal and stored in
the computer. Each sample (240 plL) was spread
uniformly through the ATR crystal and analyzed
in duplicate. Between samples, the ATR crystal
was thoroughly cleaned and dried with hexane and
alcohol and its cleanliness verified spectrally. The
spectra were manipulated with OPUS version 4.0
(Bruker Optics, Ettlingen, Germany), and the results
were exported by the Unscrambler X 10.3 (CAMO
Software AS. Oslo, Norway) for further study.

2.4. Statistical treatment

The values of different magnitudes represented
the average of three independent determinations
plus or minus standard deviation.

3. RESULTS AND DISCUSSION
3.1. Courses of oil ozonization

Four different sunflower oils were used in the
present work. The common sunflower oil displayed
a content of 62% linoleic acid and 30% oleic acid
(Table 1). The high oleic oil displayed around 84%
oleic acid with much lower levels of linoleic acid
(5%). The other two oils displayed higher levels of
stearic and palmitic acids in a high oleic background.
The former oil contained 16% stearic acid with high
levels of oleic (71%) and a low content of linoleic

TABLE 1. Fatty acid compositions of the different sunflower oils used in this study.
(Data are expressed in mole per cent).

16:0 16:1 18:0

18:1  18:1*" 182 20:0 22:0

Common 6.2 0.0 3.7
High oleic 5.4 0.5 3.2
High stearic 5.1 0.0 16.2
High palmitic 27.3 7.8 2.2

25.7 0.6 62.6 0.3 0.8

83.8 0.8 5.0 0.3 1.0
70.8 0.3 4.6 1.2 1.8
54.3 4.7 2.0 0.5 1.3

Data in the table correspond to the average of 3 technical replicates. The standard deviation in
each percentage was below 5% in all cases. Fatty acids under 0.2% were not quantified.
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(4.6%), whereas the later contained as much as 27%
palmitic acid. This later oil also displayed high levels
of oleic (54%) and differed from the other ones in its
content in the n-7 fatty acids palmitoleic (16:1) and
asclepic (18:1*'"). Thus, these fatty acids were in trace
amounts in the other oils studied, but accounted for
as much as 7.8% and 4.7%, respectively, in the high
palmitic oil. These oils were treated with increasing
amounts of ozone, which was produced in a gen-
erator at a constant flow and was dispersed into
the oil at a constant temperature. The progress of
the reaction was monitored by taking samples of
the oil and measuring its peroxide value. Water was
also included in these reactions since it is usually
included at the industrial scale for the preparation of
ozonized oils to promote the formation of hydroxyl-
hydroperoxides, which display higher germicidal
activity than Criegge ozonides. The oxidation of the
oils investigated with ozone displayed a linear pat-
tern in all cases (Figure 2), with little or no difference
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FIGURE 2. Courses of ozonation of different sunflower oils.
Data represent the increment in peroxide value against the
supplied ozone in the presence of 5% water (A) or 10% water
(B). Common sunflower (-m-), high oleic sunflower (-e-), High
stearic sunflower (- A-) and high palmitic sunflower (-o-) oils
were used as substrates. Data represent average data from
three determinations plus or minus standard deviation.
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among the different oils used as substrates despite
their different fatty acid compositions. The rates of
oxidation were dependent on the initial amount of
water. Thus, the increase in water content from 5%
to 10% doubled the oxidation rates of the differ-
ent oils. The data from the oxidation course indi-
cated that ozone, being an oxidant much stronger
than O,, reacted quickly with the TAGs in the dif-
ferent oils in such a way that the rate of the chemical
reaction or the fatty acid compositions of the oils
were neither limiting nor determinant. Therefore,
the rate of oxidation was mainly determined by the
diffusion of the reactant into the oils. The presence
of water in percentages of 5% and 10% seemed to
increase the solubility and transference of ozone
into the system, increasing the diffusion rates of the
reactant into the oil. Nevertheless, more research is
necessary to confirm this point. The acidity values
of the final ozonized oils were also determined in
these courses (Figure 3). Common sunflower oil
displayed the highest increase in acidity, and reached
values of 6 and 9 at the end of the two ozonization
courses. The other oils also displayed increments
in their acidity values but stayed in a lower range
(2 to 5). The addition of water enhanced the final
acidity of the ozonized oils. The increase in the
acidity values through ozonization is usually due to
the oxidation of carbonyl moieties by the excess of
ozone in the medium (Santrock ez al., 1992). Thus,
the increment in this parameter was compatible
with the higher rates of oxidation with greater addi-
tions of water. Moreover, the data suggested that
carbonyls produced from the common sunflower,
mainly hexanal and nonenal coming from linoleic
acid, were more easily oxidized than those from the
other oil, which mainly consisted of nonanal pro-
duced from oleic acid.

10.0
8.0 1
6.0

4.0 1

Increment in acidity value

2.0

Common High High High
oleic palmitic stearic

FIGURE 3. Increase in acidity values after ozonation of
different sunflower oils. Data correspond to final products from
the courses depicted in Figure 2 with 5% water (black bars) or
10% water (white bars). Data represent the average of three
determinations plus or minus standard deviation.
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The profiles of ozone oxidation of sunflower oils
were very different from those reported for autoxi-
dation. Thus, the rates of autoxidation of these oils
were studied in a previous work using the Rancimat
system, in which the induction time of the oxidation
process in certain conditions (temperatures around
100 °C and O, bubbling) is measured according to the
formation of volatiles which alter water conductiv-
ity (Marquez-Ruiz et al., 1999). This study indicated
that the rates of autoxidation varied substantially
among the different oils, with common sunflower
oxidizing much faster than high oleic sunflower,
which oxidized faster than the highly saturated
oils, Moreover, the kinetics of oxidation displayed
the sigmoidal curves typical of the chain reaction
processes depicted in the introduction. The ozoniza-
tion reaction was not dependent on the fatty acid
composition in the first stages of the process, which
were those observed in this study. This was because
it depended on the presence of double bonds in the
oil, which were always in excess at the beginning.
Once the reaction advanced, the number of double
bonds available for ozone attack decreased and so
the rates of oxidation progressively dropped until
ozonization was complete. Nevertheless, that point
was not reached in the present study for any of the
oils used as substrate.

3.2. Fatty acid composition

The most direct way to study the alteration
experimented by oils during the process of ozoniza-
tion is to study the fatty acid composition of the
oils at different stages of that reaction. The fatty
acid composition of oils is usually measured by
transesterification of the acyl moieties from TAGs
to methanol, followed by the analysis of resulting
fatty acid methyl esters (FAMES) by GLC. Thus,
ozonized oil samples were transmethylated in an
acidic medium. The resulting GLC records dis-
played important differences due to ozonization
when compared with those from the oil substrates.
They displayed a series of unidentified peaks in
the range of low C8-C12 fatty acids and they had
to be identified by means of GC/MS. Most of the
unidentified peaks corresponded to C9 carbonyls
and carbonyl derivatives formed from 9,10-mol
ozonide derivatives from oleic or linoleic fatty
acids (Bailey, 1978). Therefore the products found
were nonanal, 2-nonenal and their corresponding
ketals and diketals with methanol. Nonanoic and
2-nonenoic fatty acids were also present, which
were formed through the oxidation of carbonyls
by ozone and were compatible with the increment
in acidity values in Figure 3. These compounds
were quantified together as C9 terminal deriva-
tives (Figure 4). Moreover, other series of oxidation
derivatives found corresponded to the complemen-
tary C9 or C12 oxoacids resulting from ozonization

breakage. These data showed that the ozonides and
peroxides produced during the oxidation reaction
split during the derivatization and analysis of the
samples. The C6 fragments resulting from the ozon-
ization of the delta 12,13 double bond of linoleic
acid were not present because they are volatile com-
pounds that probably coincide with the beginning
of the GC analysis. Furthermore, all the fatty acids
present in the initial oil were also found in the ozon-
ized samples, although their proportions changed
after ozonization (Figure 2). The fatty acids present
in the samples and analyzed as their FAMEs were
unchanged after the reaction, and provided infor-
mation regarding the specificity of the oxidative
attack of ozone on different oils. The results in fig-
ure 3 display the fatty acid composition of the series
of ozonized oils obtained by adding 10% water in
the reaction mixture and are represented by series B
in Figure 1. Those in series A display a similar pat-
tern (data not shown). Common sunflower, which
was rich in linoleic acid (Table 1) produced lower
amounts of C9-terminal derivatives and similar
amounts of C9 and C12 oxoacid fragments. The
proportion of C9 against C12 fragments was simi-
lar at the beginning of the course and increased with
ozonization time until C9 oxoacids almost doubled
the C12 ones, indicating a preference of ozone for
attacking the more external delta 12 bonds of lin-
oleic acid at shorter reaction times. This specificity
declined when the reaction advanced (Figure 2A).
According to the untransformed FAME species,
linoleic acid displayed the most rapid decay in pro-
portions which decreased substantially throughout
the whole course. The decay of oleic acid was slower
and tended to be faster at a longer reaction time.
This result was expected due to the fact that linoleic
acid was the most abundant fatty acid in this oil
and it displayed two double bond targets that could
be attacked by ozone. Once there was less linole-
ate available, the oxidation of oleic acid started
to increase. The decrease in oleic and linoleic acid
was compensated by the increase in carbonyl com-
pounds and saturated fatty acids, which increased
their proportions throughout the whole course.
The results obtained from the high oleic oil dis-
played significant decreases in oleic acid through-
out the whole course (Figure 2B), which decreased
from initial values of 83% to 40% at the end of the
experiment, with a concomitant increase in C9 ter-
minal products, mainly nonanoic acid, nonanal and
derivatives. It is worth mentioning that the content
of terminal compounds was higher this time than
those coming from internal fragments (oxoacids).
The possible cause of this could be a further degra-
dation of these compounds throughout the process
of oxidation caused by secondary reactions. The
content of 18:2 in the oil also decreased throughout
the course and was close to the detection limit at the
end of the experiment. High oleic oil contains low
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FIGURE 4. Fatty acid and carbonyl compound

composition of different sunflower oils during the course of ozonation

in the presence of 10% water. Data correspond to initial oils (Black bars), 50 mmol ozone applied (white bars), 100 mmol
ozone applied (light grey bars) and 150 mmol ozone applied (dark grey bars). Common sunflower (A), high oleic sunflower
(B), High stearic sunflower (C) and high palmitic sunflower (D) oils were used as substrates. Data represent the average data
of three determinations plus or minus standard deviation.
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levels of saturated fatty acids, mainly 16:0 and 18:0
and traces of 20:0 and 22:0 that increase through-
out oxidation.

The pattern of oxidation displayed by the high
oleic oil was similar to those displayed by the
highly saturated oils high stearic and high palmitic,
although in those cases the decrease in oleic acid
was more pronounced. Thus, in the case of the high
stearic oil the content of oleic acid decreased from
70% to around 16%, with a strong increase in the
C9 terminal fragments. This indicated that a high
percentage (78%) of the oleic acid was peroxidated
during the reaction, and was practically the only
fatty acid to suffer the oxidative attack out of the
small amount of linoleic acid that was almost com-
pletely oxidized. The high palmitic oil displayed a
similar pattern, with the oleic acid undergoing a
drastic decrease. This time other unsaturated fatty
acids also experimented oxidation. They were pal-
mitoleic and asclepic fatty acids (16:1 and 18:1A),
which decreased in a proportion similar to oleic
acid. It is remarkable that once ozonized these
fatty acids did not produce two C9 fragments but
a C7 external carbonyl or caboxilic fragment and a
C9 inner one in the case of 16:1 and C7 and CI11
moieties in the case of asclepic. Nevertheless, these
compounds were in low proportion and were quan-
tified together with C9 compounds.

According to these results we can conclude that
ozone reacts with all unsaturated fatty acids present
in the oil, which in this case were oleic and linoleic
acid. The difference in reactivity between different
fatty acids is given by the number of double bond
targets they have. This constrasted with the autoxi-
dation processes, where polyunsaturated fatty acids
were oxidized much faster than monounsaturated
ones because they are able to stabilize free radicals
by conjugation (Frankel, 1980). Thus, the concen-
trations of these fatty acids determined the autoxi-
dation rates in vegetable oils and were the most
affected during the oxidation process.

3.3. FT-IR spectroscopic study

The analysis of FAMEs showed the fatty acids
oxidized in the process of ozonization. However,
the transmethylation and GC analysis of fatty acids
destroyed the ozonides and peroxides present in the
oxidized oils so the information obtained about the
products in the process of ozonization was 1ncom-
plete. Spectroscopic studies based on 'H and “C
NMR of ozonized sunflower oils have been published
in previous works (Diaz et al., 2005 and 2006). These
oils displayed signals corresponding to chemical
shifts typical of olefinic carbon multiplets (6 = 5.35
ppm) that decreased with the degree of ozonation, at
the moment new proton species appeared which cor-
responded to Criegge ozonides (8 = 5.15 ppm) and
olefinic protons from hydroperoxides (& = 5.55 ppm).

Weak signals corresponding to carbonyl compounds
(6 =9.63, 9.74 ppm) also appeared along the course
of ozonation. With regard to *C NMR, the results
were in agreement with 1H NMR data, with signals
corresponding to methynic carbons associated with
ozonides and hydroperoxides at 104 to 122 ppm and
aldehyde carbons resonating at 199 to 203 ppm.

The use of the FT-IR spectroscopy allowed for
determining the predominant functional groups in a
given substrate, which would determine the chemi-
cal species that appeared in vegetable oils after the
process of ozonization. In the present work we deter-
mined the FT-IR spectra of the initial oils used in
ozonization and the ozonized oils resulting at the end
of the process of ozonization described in the experi-
mental section obtained by addition of 10% water in
the oxidation medium. Initial oils displayed a similar
spectrum, which is the one typically found for vegeta-
ble oils. However, in the spectra of the non- -ozonized
samples the band at (3003-3009 cm™") assigned to
the C-H stretching vibration of the cis double bond
(-CH) revealed the fatty acid composition of the sam-
ples. The exact position of this band is dependent on
the proportion of the fatty acids. Thus, the spectrum
of common sunflower oil, with 62% linoleic acid
and 20% oleic acid, presented the maximum of this
band at 3008 cm ™', while the spectrum of high oleic
sunflower, with 5% linoleic acid and 84% oleic acid,
presented the maximum at 3003 cm™'. The spectra
of high stearic sunflower oil and high palmitic sun-
flower oil, with 71% and 54% oleic acid, respectivelyf
presented the maximum of this band at 3004 cm™
(Figure 5). The spectra displayed two groups of
strong vibrational bands (Figure 5 A to D). The first
one was found at 1750 cm ' and corresponded to
the ester group present in TAGs. Close to this band
(1750-1690 cm ') a weaker signal corresponding
to aldehydes or free carboxylic acids was found. A
weaker signal produced by the CH, group was also
found at 1450 cm . The second group of signals was
around 3000-2750 cm™' and corresponded to car-
bon-hydrogen bonds and the carbon-to-carbon dou-
ble bonds (3000 cm ™). In the area around 3500 cm ™'
weak signals corresponded to hydroxyl groups and
the C to oxygen overtone from ester groups. The fin-
gerprint region embraced from 600 to 1400 cm™". In
the spectra of the ozonized oils the band assrgned
to the C=0 stretching Vrbratlons of the ester group
of triglycerides (1750 cm™") presented a widening to
lower wavenumbers probably because the concentra-
tion of aldehydes and free fatty acids increased dur-
ing the ozonide analysis (Figure 4). In the region of
the fingerprint, the band at 1099 cm™" presented a
higher intensity in the spectra of ozonized oils com-
pared to the spectra of the non-ozonized oil. This
band was assigned to a C-O stretching vibration,
the increment in this band showed the formation
of oxidized compounds that this functional group
contained (Figure 4). However, the most remarkable
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FIGURE 5. FT-IR spectra of common sunflower, high oleic sunflower, High stearic sunflower and high palmitic sunflower
oils before (A, B, C and D, respectively) and after (E, F, G and H, respectively) ozonation. Data correspond to final
products from the courses depicted in Figure 2 with 10% water.

difference found in the spectra of ozonized oils in
comparison with the spectra of non-ozonized oils
was a large broad peak in the interval from 3100 to
3700 cm . This signal was produced by the hydro-
peroxide group through the stretching of the O-H
bond. The peak was also expanded to the area of
wavelength higher than 3500 cm™', which could indi-
cate the presence of hydroxyl groups. These data
were in good agreement with previous NMR results,
which pointed to the presence of hydroperoxydes and
carbonyl compounds in these oils (Diaz et al., 2005
and 2006). Moreover, the FT-IR records obtained in
this work revealed that the water added to the reac-
tion media reacted with molozonides resulting from

the oxidative attack of ozone on the double bonds
from unsaturated fatty acids making way for alpha-
hydroxyl hydroperoxides, as shown in Figure 1. This
would explain the formation of such a large absorp-
tion peak in the area from 3750 to 3200 cm™', to
which the stretching of O-H bonds from hydroxyl
and hydroperoxyde groups would contribute.

4. CONCLUSIONS

In the present work, we studied the oxidation
of different sunflower oils by the application of
ozone. These oils displayed different fatty acid com-
positions, including the common oil, rich in linoleic,
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high oleic oil and oils with high contents of satu-
rated fatty acids (palmitic and stearic) in a high oleic
background. The courses of oxidation of these oils
displayed linear increments in the peroxide values
for all the oils, indicating that the reaction rates
were not limiting and that a fast incorporation of
the ozone into the double bonds of fatty acids took
place. The kinetics and oxidation pattern were very
different to those found in autoxidation processes.
Moreover, the ozonation courses took place in the
presence of water to favor the formation of active
hydroxyl-hydroperoxides. The presence of higher
amounts of water favored oil oxidation probably
because it increased the amount of available ozone
substrate. The resulting ozonized oils were charac-
terized in terms of fatty acid composition, which
revealed the fatty acids that received ozonation. In
the case of common sunflower, the higher rates of
ozonation were supported by linoleic acid which
decayed quickly during the course, although to a
lesser extension oleic acid. In the remaining oils the
ozonation reaction took place mainly in oleic acid,
which was by far the most abundant unsaturated
fatty acid. The content of non-transformed satu-
rated fatty acid increased steadily throughout the
oxidation course. FT-IR studies on the ozonized oils
showed a large vibrational band in the interval from
3100 to 3700 cm™', compatible with the formation
of hydroxyl-hydroperoxides as major products of
the oxidation reaction, which was compatible with
the experimental conditions applied.
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