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SUMMARY: Within the chemical transformations that vegetable oils undergo, oxidative reactions are one of
the most widely studied. During the process of oxidation oils react with oxygen in their different forms to pro-
duce a large variety of chemical species that alter their chemical and physical properties. This work is the second
of a series of two in which the action of ozone on different sunflower oils was investigated. Ozone reacts with
double bonds of unsaturated fatty acids which produce different peroxidated species. The presence of altered
triacylglycerol (TAG) increases the polarity of the vegetable oils and induces changes in their physical properties.
Moreover, peroxygenation alters the aggregation of TAGs, favoring the formation of dimers or oligomers that
can substantially change the melting and crystallization profiles of these oils. In the present work the effect of
ozonation on four different sunflower oils was studied: common sunflower, high oleic sunflower and two highly
saturated sunflower oils, high palmitic and stearic in a high oleic background. Furthermore, the species of TAGs
from the different oils that were affected by the ozone oxidative attack were studied. The formation of polar
compounds and TAG aggregates were investigated as well as the effect caused by them on the physical properties
of the oils as studied through differential scanning calorimetry.

KEY WORDS: Differential scanning calorimetry, Melting profile; Ozonation, Peroxides,; Polar lipids, Sunflower oil;
Triacylglycerols

RESUMEN: Caracterizacion de diferentes aceites de girasol ozonizados Il. Condensacion de triacilgliceroles y pro-
piedades fisicas. Dentro de las transformaciones quimicas que experimentan los aceites vegetales, las reacciones
oxidativas son de las mas ampliamente estudiadas. Durante el proceso de oxidacion los aceites reaccionan con el
oxigeno en sus distintas formas para producir una amplia variedad de especies quimicas que alteran sus propie-
dades fisico-quimicas. Este trabajo es el segundo de una serie de dos en los cuales se investigd la accion del ozono
sobre diferentes aceites de girasol. El ozono reacciona con los dobles enlaces de los acidos grasos insaturados
produciendo diferentes especies peroxigenadas. La presencia de triacilgliceroles (TAG) alterados incrementa la
polaridad de los aceites vegetales y producen cambios en sus propiedades fisicas. Ademas, la peroxidacion altera
el nivel de agregacion de los TAGs, favoreciendo la formacion de dimeros u oligdmeros que cambian de manera
importante sus perfiles de fusion y cristalizacion. En este trabajo se estudio el efecto de la ozonizacion de cuatro
aceites diferentes: girasol comun, alto oleico, y dos aceites alto saturado, alto palmitico y estearico, en fondo alto
oleico. Asi mismo, se estudiaron las especies de TAGs de estos aceites que fueron afectadas por el ataque oxi-
dativo del ozono. Se investigaron por lo demas la formacion de compuestos polares y TAGs agregados, ademas
del efecto causado por ellos en sus propiedades fisicas mediante estudios de calorimetria diferencial de barrido.

PALABRAS CLAVE: Aceite de girasol; Calorimetria diferencial de barrido; Lipidos polares; Ozonizacion, Perfil de
fusion, Peroxidos; Triacilglicerol
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1. INTRODUCTION

Vegetable oils consist of a matrix of triacylg-
lycerols (TAGs) plus minor compounds. TAGs are
esters of fatty acids with glycerol and account for
more than the 95% of the oils. Therefore, oil prop-
erties are strongly dependent on their fatty acid
composition and the distribution of them among
the different TAG species (Harwood et al., 2007).
The most direct modifications that vegetable oils
can experiment are hydrolytical and oxidative. The
hydrolysis of oils involves the breakage of TAGs
which releases free fatty acids that increase the
oils’ acidity values and promote the formation of
soaps and emulsions. Oxidation involves the reac-
tion of fatty acid chains with oxygen giving way
to a large variety of oxygenated compounds (Min
and Boff, 2002). The most commonly studied oil
oxidation process is autooxidation, which involves
the reaction of fatty acid moieties with molecular
oxygen through a free radical based chain reaction
mechanism. This mechanism involves the initia-
tion of the reaction by the homolytic abduction of
a hydrogen atom from fatty acids, followed by the
reaction propagation after the formation of perox-
ide radicals by reaction with atmospheric oxygen.
Propagation involves the accumulation of hydro-
peroxides that can decompose to carbonyl com-
pounds. The rates of autooxidation are dependent
on the presence of initiators (metals, peroxides) and
the concentration of polyunsaturated fatty acids,
due the fact that they are able to stabilize free radi-
cal intermediates. The termination reactions usu-
ally involve the blockage of free radicals by several
mechanisms (Chloe and Min, 2006). Among them,
we can find the formation of TAG dimers or oligo-
mers through the formation of C-C or peroxide
bridges from the corresponding free radical species.
Therefore, oil oxidation usually involves changes
in TAG aggregation. This aspect can be monitored
by size-exclusion chromatography (Marquez-Ruiz
et al., 1990) and it is important for determining the
quality of used oils. For example, frying oils should
not have more than 25% polymerized TAGs to be
considered admissible for human food consump-
tion (Gertz, 2000). Furthermore, the polymeriza-
tion of highly unsaturated vegetable oils is also used
for the fabrication of natural plastics like linoleum
(Sharmin et al., 2015).

The mechanism of oxidation that takes place
during vegetable oil ozonation differs from
the one in autooxidation. Ozone is an oxidant
which is stronger than molecular oxygen and
quickly attacks both carbons in double bonds
in unsaturated fatty acids producing unstable
1,2,3-trioxolanes or primary ozonides. These inter-
mediates are very unstable and decompose form-
ing a carbonyl compound (aldehyde) and carbonyl

oxide or zwitterion (Criegee intermediate). From
this moment and taking into account the reac-
tion conditions, different pathways can be taken
and therefore different reaction products can be
obtained (Bailey et al., 1978). The most important
concept of the Criegee mechanism from this point
of view is precisely, the possibility of explaining
the formation of all the peroxidic products of the
ozonolysis of the unsaturated compounds from
a single intermediate, the zwitterion of Criegee
or carbonyl oxide. The different paths that could
take place are competitive and in most cases lead
to complex mixtures with different proportions of
the products formed. If it is required to improve or
increase the yields of one product in question, it is
necessary to take into account a series of factors
in the establishment of the reaction conditions.
Among these factors are: the use or not of solvents
and their type; the presence of other compounds,
the temperature of the reaction; the type of reac-
tor; the agitation of the reaction mixture, among
others. (Diaz et al., 2005; Martinez Téllez et al.,
2006). Classically, primary ozonides can rearrange
themselves in aprotic media to give way to more
stable ozonides (1,2,4 trioxolanes). In the presence
of water, ozonides are split to yield carbonyl frag-
ments plus hydroxyl-hydroperoxides. Ozonides and
hydroxyl hydroperoxides can also decay into car-
bonyl compounds with time. The combination of
two or more triglyceridic carbonyl oxides produces
diperoxides and peroxidic triglyceride oligomers
(Diaz et al., 2005; Martinez Téllez et al., 2006).
Unlike autooxidation, the rates of ozonation are
not so dependent on the presence of polyunsatu-
rated species, but the reactions take place at similar
rates to monounsaturated ones.

This work studied the rates of ozonation of sun-
flower oils with different fatty acid composition at
different doses of applied ozone. The oils studied
were common sunflower, high oleic sunflower, high
stearic-high oleic sunflower and high palmitic-
high oleic sunflower (Fernandez-Moya et al., 2005;
Fernandez Martinez, et al., 1997; Garcés et al.,
1989). In all cases, ozone should react with the pre-
dominant unsaturated fatty acid, linoleic or oleic
depending on the composition, and their concen-
tration substantially decreased throughout the
course of ozonation with a concomitant increase in
the proportion of saturated fatty acids. Therefore,
the changes in the TAG aggregation of ozonized
oils throughout the oxidation process were stud-
ied as well as the modification that this induced in
the melting and crystallization profiles of these oils
through differential scanning calorimetry (DSC)
techniques. This aspect could be of importance
because these oils were designed for the production
of high melting point fats and pomades. The chem-
ical and physical transformations of the different
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oils induced by ozonation were discussed in view of
the results.

2. MATERIALS AND METHODS
2.1. Oil ozonization procedure

Four sunflower oils were ozonized: common
sunflower from Borges Co. (Spain); high-oleic
sunflower, high stearic-high-oleic sunflower and
high-palmitic-high-oleic sunflower supplied by
the Instituto de la Grasa (Spain). The respective
Sunflower oil (100 mL) was placed in a jacketed
bubbling reactor at the 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 corresponding to
ozone mean doses of 0.45; 0.90; and 1,33 mol of
ozone per liter of oil were taken every 55 minutes.
Ozone was generated in an AQOZO ozone genera-
tor (Havana, Cuba) and its concentration was deter-
mined by measuring the absorbance at 254 nm in an
Ultraspec I1I spectrophotometer (Pharmacia LKB,
Uppsala, Sweden). The ozone concentration at the
exit of the reactor was measured every 5 minutes.
Three ozonation processes were carried out for each
studied sunflower oil.

2.2. Isolation of neutral and polar lipid fraction

The polar lipid fraction containing the oxidized
lipids from different ozonized oils was separated
by applying the Standard method (Waltking and
Wessels, 1981) scaled down for 1 g of sample. 25 g of
silica gel were hydrated with 5% distilled water in a
rotavapor for 30 minutes. The mixture was then sus-
pended in Hexane/ethyl ether 87:13 v:v to construct
a column in the same solvent. 1 g of ozonized oil was
dissolved in 2 mL of hexane and loaded onto the
column. Then the column was eluted with 125 mL
of Hexane/ethyl ether 87:13 v:v and the flow con-
taining the neutral lipids was collected. The column
was eluted with an additional 125 mL of the same
solvent and both fractions were combined to form
neutral lipid one. The polar lipids were then eluted
with a volume of 150 mL of pure ethyl ether. The
fractions were transferred to tared flasks and the
solvent was removed in rotavapor. The resulting res-
idues were weighed, dissolved in 5 mL trichorometh-
ane and stored at —20 °C under nitrogen atmosphere.

2.3. Analysis of TAG dimers and oligomers by size
exclusion HPLC

Oil or polar fraction samples were dissolved
in tetrahydrofuran (THF) and filtered through
0.22 um membranes. They were then injected into
the HPLC system for size exclusion analysis using

the method reported by Marquez-Ruiz et al.,
(1990). The HPLC system consisted of a Waters
2695 separation module endowed with a 2420 ELS
detector. Two columns connected in series were
used for the analysis, the first one was a Waters
100 A Ultrastyragel THF (7.8 x 300 mm) column
and the second was a Waters 500 A Ultrastyragel
THF (7.8 X 300 mm). THF in isocratic regime at
0.5 mL/min was used as the mobile phase. The sys-
tem was calibrated using an autooxidized sunflower
oil of known composition.

2.4 Analysis of triacylglycerols

The analysis of TAGs in the neutral lipid frac-
tion was carried out by gas chromatography in
an Agilent 6890 gas chromatograph (Palo Alto,
CA) using a Quadrex Aluminium-Clad 400-65HT
(30 m length, 0.25 mm i.d., 0.1 um film thickness:
Woodbridge, CT, USA) capillary column and flame
ionization detector (FID). The working tempera-
tures of the injection and detection were 360 and
370 °C, respectively. The split ratio of injection used
was 1:80, with hydrogen as the carrier gas at a linear
rate of 50 cm/s. The method used was isothermal at
335 °C, with a head pressure gradient from 100 to
180 kPa. The amount of total TAGs injected should
not be higher than 2.5 ug. In these conditions the
peaks were identified according to their retention
times, which were compared with those in our data-
base, obtained from the analysis of oils of known
composition. After integration the percentages of
each TAG were corrected according to the response
factors calculated by Carelli and Cert (1993).

2.5. Differential scanning calorimetry

The melting and crystallization profiles of the
different oils were determined by differential scan-
ning calorimetry (DSC) using a Q2000 V23.5 scan-
ner (TA instruments, New Castle, DE, USA). The
results were processed using the TA analysis software
provided by the manufacturer. This instrument was
calibrated prior to use with indium, azobenzene, and
undecane purchased from Sigma-Aldrich (Madrid,
Spain). Nitrogen was used to purge the system.
Samples were prepared by pipetting 6-8 mg of the
oils into aluminium pans, and weighing them using
a Sartorius M2P electronic microbalance (Sartorius
AG, Goettingen, Germany). The pans were then
sealed and balanced calorimetrically, using an empty
sealed capsule as the reference. The melting profile
of the oils was determined by heating the samples at
50 °C and holding for 10 min (in order to delete the
thermal memory), then cooling to —80 °C at a rate
of 10 °C/min and held for 180 minutes. Finally, a
heating ramp of 5 °C/min up to 50 °C was applied to
obtain the melting thermograms. The crystallization

Grasas Aceites 70 (4), October—December 2019, €330. ISSN-L: 0017-3495 doi: https://doi.org/10.3989/gya.1167182


https://doi.org/10.3989/gya.1167182�

4+ O.E. Ledea-Lozano et al.

profile was also obtained by completely melting the
oils at 50 °C for 10 min, and decreasing the tempera-
ture to —80 °C at a rate of 10 °C/minute.

2.6. Statistical analysis

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

3. RESULTS AND DISCUSSION
3.1. TAG composition of the ozonized oils

The properties of oils not only depend on their
fatty acid composition but also on the distribu-
tion of those fatty acids throughout the different
TAG species. So, it is important to know the TAG
composition of the different oils used as substrates
in ozonation reactions because it is a factor which
somewhat determines the distribution of the oxy-
genated functions and their later changes in aggre-
gation. The TAG compositions of the oils used in
this work were substantially different from each
other (Table 1). The TAG species were named
according to their fatty acid moieties by assigning
letters or pairs of letters to each one (P: palmitic;
Po: palmitoleic; O: oleic; As: asclepic; St: stearic; L:
linoleic; A: Arachidic; B: behenic). Common sun-
flower oil displayed high levels of LLL and LLO,
which accounted for up to 56% of the total TAG
species found in that oil. Saturated fatty acids were
present mainly in monosaturated TAG species
(mostly PLL and StLL), and only traces of disatu-
rated TAGs were found. The high-oleic oil differed
from the other oils in that it contained a single pre-
dominant TAG specie that was glyceryl-trioleate
or triolein (O0OO0), accounting for 64.8% of the
total TAG composition. Saturated fatty acids were
similarly distributed as in the case of common sun-
flower, forming monosaturated TAG species. The
high saturated oils, high-stearic and high-palmitic,
displayed similar fatty acid distributions. Thus, sat-
urated fatty acids in sunflower oil are mostly bound
to the sn-1,3 positions in a very low proportion
(< 0.5%) and are bound to the sn-2 position of the
TAGs. Thus, no tri-saturated TAGs were detected
in these oils, and the predominant species were
mono-saturated like StOO or POO (33% and 28.9%
respectively), which were the saturated acyl moi-
eties in the external sn-1,3 positions. Disaturated
TAG species were also present, although they rep-
resent a minor fraction of the oils. The presence of
n-7 unsaturated fatty acids (Po and As) in the TAG
of high palmitic oil caused the number of species
found in the ozonized oil to be higher. This fact
is also related to the different physico — chemical
properties found for this ozonized oil with respect
to the others.

Triacylglycerol composition of the different sunflower oils used in this study. Data are expressed in mole percent

TABLE 1.

OOA StOB OOB OLB LLB

0.0
0.8

PPoP POP PLP PPoL PoPoO POSt POO PLSt PoOAs POL PLL PoOO PoOL StOSt StOO StLSt OOO StOL OOL StLL OLL LLL StOA

00 07 06
24 0.0

0.0
0.0

264 304

5.8
0.0

0.0 2.8

0.0

0.0
0.0

0.0
0.0

8.4
0.3

5.0
1.5

02 07 00 0.0 0.2 0.8 0.0
0.0 0.4

0.0

Common
High
oleic

0.0

0.0

0.0

1.3

5.8

8.2 0.0 64.8 1.8

0.3

0.0

0.5 11.1

0.0

0.8 0.0

0.0

0.0

0.0

4.5

0.9 3.0 1.2

0.5

0.5 0.1 0.0 0.0 3.0 84 02 0.0 0.7 04 0.0 0.0 4.6 330 03 329 2.0 2.7 0.2 1.0

0.0

High

stearic
High

0.0 0.0

0.7 1.4

0.5

1.3

0.0

2.4 0.5 11.5 4.1 0.5 0.0 1.0

0.3

1.9 0.4

0.0

158 9.8 1.4 0.1 2.1 289 0.0 6.3 8.0

0.8

palmitic

Data in the table correspond to the average of 3 technical replicates. The standard deviation in each percentage was in all cases below 5%. Fatty acids under 0.2 % were not quantified. Triacylglycerols were named assigning one

or two letters to each fatty acid. P: palmitic; Po: palmitoleic; O:oleic; As: asclepic; St: stearic; L: linoleic; A: Arachidic; B: behenic. Triacylglycerols under 0.2% were not quantified.
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3.2. Accumulation of polar lipids and changes in
triacylglycerol species

During the process of ozonation, oxygen was
incorporated into the TAG fraction in the form of
oxygenated compounds that can be evaluated glob-
ally by determining the percentage of polar lipids in
the oil. This was carried out by separating the neu-
tral fraction from the polar fraction by liquid chro-
matography on hydrated silica gel. The neutral and
polar fractions were quantified by weight, which
resulted in a linear increment in the content of polar
lipids that was in accordance with the ozone doses
applied. (Figure 1). Thus, the polar lipid contained
the TAGs that were peroxidated by the action of the
ozone and the carbonyl moieties that were formed
by ozonide disruption. On the contrary the neutral
lipid fraction included the TAGs that were not oxi-
dized throughout the reaction course, because the
reaction was conducted as a partial ozonation of the
unsaturated TAG. Again, the profile of polar lipid
accumulation was very different from what would be
expected from an autooxidation process, especially
because of high reaction rates and product accumu-
lation. The content of polar lipids reached high pro-
portions, accounting for almost 80% of the total oil
mass at the end of the experiment. According to the
profiles of the different oils the shape of the polar
lipid accumulation curve was similar for all of them,
but an important difference can be observed at the
end of the experiment. Oils containing higher levels
of saturated fatty acids, for example, high stearic and
high palmitic oils, displayed contents of polar lipids
which were significantly higher than common and
oleic sunflower. This result could seem unexpected

80 =
70 -
60
50 |
40

30 -

Polar lipid content (%)

20 -

0 0.45 0.90 1.33
Applied ozone(mole/L)

FIGURE 1. Accumulation of polar lipids during the course
of ozonation of different sunflower oils. Data represents the
percentage of polar lipids at different stages of ozonation.
Data correspond to common sunflower (black bars), high
oleic sunflower (white bars), high stearic sunflower (light
grey bars) and high palmitic sunflower (dark grey bars).
Data represent average data from three determinations
plus or minus standard deviation.

but it can be explained by looking at the fatty acid
distribution of the different oils. Common and high
oleic oils contain TAGs with high levels of unsatura-
tion like LLL, LLO, LOO or OOO, in which all the
esterified fatty acids are unsaturated. These TAGs
are able to react with several molecules of ozone,
resulting in a concentration of new oxygenated
groups on them. Highly saturated oils displayed
fewer targets for oxidation which were more widely
distributed throughout the TAG species, which
caused a higher proportion of altered TAGs at high
levels of ozonation, which produced an increment in
the total polar lipids in such conditions.

3.3. Changes in the composition of neutral lipids

The neutral lipid fractions obtained represented
the fraction of oil that did not react with ozone.
Therefore, the composition of this fraction revealed
the TAG species which were more reactive within
each oil, along with other aspects of the reaction of
oxidation with ozone. The sunflower oils treated with
increasing amounts of ozone changed their TAG
composition according to Figure 2. In that figure,
the percentage of the main TAG species occurring
in each oil is shown at different stages of the ozona-
tion reaction. In common sunflower the main tar-
gets of ozonation were the TAGs LLL and LLO,
which decreased throughout the whole course. This
result was expected due to the fact that these TAGs
contain the largest amount of unsaturations, which
are the groups attacked by ozone. The decrease in
the proportion of these species was compensated by
the increment of other ones. Looking at the com-
positions of these fractions, species with 4 double
bonds like OOL and PLL increased very slightly
throughout the course; whereas this increment was
more pronounced in species with 3 or less unsatura-
tions as in the case of OO0 and POO. The profile
of high oleic TAGs differed considerably from that
observed for common sunflower. This time the main
changes in composition relied on OOO, which was
by far the more abundant one and represented the
specie with the highest level of unsaturation after
OLL and OOL, which were in much lower pro-
portions. Monosaturated species (POO and StOO)
increased their proportions very slightly throughout
the course. The high stearic-high oleic oil displayed
the main changes in the composition of OOO, which
displayed a strong decrease throughout the course.
On the contrary, the di-saturated TAGs StOSt and
POSt displayed important increases in proportions.
The content of the most abundant TAG StOO did
not display important changes, relaying most of the
oxidative attack to more unsaturated species like
OOO or OOL. The high palmitic-high oleic oil con-
tained higher levels of saturated fatty acids (31.3%
against 24.3%; Fernandez-Martinez et al., 1997),
which involved lower levels of tri-unsaturated TAGs
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—
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Triacylglycerol composition (Yew/w)

—
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20 A

10

0 -

POO
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A
PLL 000 POO Others
B
T
StO0 OLL POP Others
C
StOSt POSt OooL Others
D
000 StOO POSt Others

FIGURE 2. Triacylglycerol composition of the neutral fraction isolated from sunflower oils during the course of ozonation. Data
correspond to initial oils (Black bars), 0.45 mol/L ozone applied (white bars), 0.90 mol/L ozone applied (light grey bars) and 1.33 mol/L
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 average data from three determinations plus or minus standard deviation.

like OOO. The pattern of TAG variation in this oil
during the course of oxidation showed decreases in
POO, POL and OOO at the expense of important
increments in the proportion of POP. Thus, this oil
differed from the high stearic one in that the oxida-
tive alteration was more widely distributed through-
out different TAGs; whereas in the former relied
mainly on OOO. In both cases, the increase in the
proportion of di-saturated TAGs was remarkable,
mainly POP, StOSt and POSt, which is interesting
due the fact that these TAGs possess higher melting

points and their contents determine the melting pro-
files of many fats and oils. This result shows that
these TAG species were refractory to ozone oxida-
tion, probably because they only have a single unsat-
uration to be attacked and by the protective action
of the saturated fatty acids esterified in the sn-1,3
position, which probably hinder the access of the
oxidant to the unsaturated fatty acid esterified in the
central position of the TAG.

These results are in good agreement with the
records of polar lipid in Figure 1, where, unexpectedly,
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high saturated oils displayed higher proportions of
them than common or high oleic ones. Thus, in the
later oils oxidation relied on fewer TAG species with
higher degrees of unsaturation, able to have several
double bonds ozonized. The lower level of unsatura-
tion of the TAG species in the former oils reduced the
possibility of multiple oxidative attacks in the same
molecule, resulting in ozonation being extended to a
broader number of TAG molecules, which on a mac-
roscopic scale, was shown as higher proportions of
total polar lipid fractions.

3.4. Dimers, oligomers and altered triacylglycerols

During the process of autooxidation, the pro-
duction of free radical intermediates gave way to the
polymerization of TAG molecules by the formation
of covalent bonds through the interaction of pairs of
free radicals within the reactions of termination of
this chain reaction process. TAG polymerization is
often monitored to follow the level of oil autooxida-
tion but little has been studied with regard to other

oxidative processes like ozonation. In the present
work we studied the formation of TAG condensates,
dimers and oligomers by the action of ozonation.
This was done by determining the condensates in the
total oil and in the polar fractions isolated from the
same oils by size exclusion HPLC. Thus, by know-
ing the size of the polar fraction it was possible to
find the proportion of dimers, oligomers and altered
TAGs in the oils (Figure 3). The formation of TAG
condensates started from the very beginning of the
oil ozonation, as can be seen in Figure 3A, where the
dimer formation followed linear patterns similar to
those corresponding to the incorporation of ozone
into the oils (Characterization of different ozonized
sunflower oils I, in this number). This result indi-
cated that the formation of dimers was simultane-
ous to the ozonation of double bonds and that it
did not follow a different mechanism. Furthermore,
the different oils displayed similar patterns of
dimer formation, not showing significant differences
throughout the course. The formation of oligomers
(Figure 3B) displayed a different pattern -- it was not
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FIGURE 3.  Accumulation of dimers (A), oligomers (B), altered triacylglycerol monomers (C) and non-modified triacylglycerols

(D) during the course of ozonation of different sunflower oils. Data represents the increment in peroxide value against the supplied
ozone doses. Common sunflower (-m-), high oleic sunflower (-0-), High stearic sunflower (- A -) and high palmitic sunflower (-e-) oils
were used as substrates. Data represent average data from three determinations plus or minus standard deviation.
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linear and displayed higher increments of formation
at longer reaction times. This result was expected,
due to the formation of larger molecular weight
condensates, which was progressive and accelerated
when dimers or small oligomers had the possibil-
ity of binding to each other. In this case only the
high stearic sunflower oil displayed significant dif-
ferences at the end of the course compared to the
other oils. With regard to altered TAG monomers,
there were interesting differences concerning the dif-
ferent oils. Common sunflower displayed a higher
proportion of this oxidized monomer at short reac-
tion times and became stable until the end of the
course; whereas in the other lines, with high oleic
backgrounds, there was a progressive increment in
the altered TAGs which reached their maximal val-
ues at the end of the reaction (Figure 3C). Thus,
there were important differences in the percent-
ages of these altered TAGs at the end of the course,
which were around 20% in common sunflower and
between 30 and 35% for the other lines. The contents
of unaltered TAGs was in agreement with this distri-
bution, with final contents of unaltered TAGs being
higher in the common sunflower oil (Figure 3D).
This result can be explained from the TAG and fatty
acid compositions of common sunflower oil. This
oil is rich in TAGs like LLL and LLO, which con-
tain 6 and 5 double bonds, respectively, and can react
with several ozone molecules at a time, reducing the
number of TAG molecules oxidized at the end of
the oxidation course with the same applied doses.
Also, the transference processes play and important
role in the heterogeneous systems working better at
the gas — liquid systems.

Theoretically, the ozonation of oils could involve
the formation of TAG dimers. This process is
favored when oil reacts with ozone in a neat solu-
tion. This means in the absence of solvents. These
dimers are quite different from the ones produced by
autooxidation, because no free radicals are involved
and they present a di-peroxidic functional group as
a result of a combination of two zwitterions placed
near each other. The results in the present study
point to di-peroxidic dimer formation, due to the
detection of a linear formation of TAG dimers, con-
comitant with the peroxidation of the oils, which
did not display an induction period which is typical
of chain reaction mechanisms. (Criegee, 1975) The
di-peroxidic dimers (or 1,2,4,5 tetraoxanes) formed
are represented as shown in Figure 4.

3.5. Melting and crystallization profiles of
ozonized oils

Important changes in the chemical composition
of ozonized sunflower oils were observed. These
changes involve an increment in the content of satu-
rated fatty acids and derived TAG species, with car-
bonyl, ozonides and peroxidic functions. Moreover,

R\ p_o\ /R"
/C /C\. "
R” vb—d R

FIGURE 4. Representation of a generic diperoxidic
dimer (or 1,2,4,5 tetraoxanes) where: R, R’, R”y R™’
are triglyceridic or C6, C9 lineal fragments.

the results in the preceding section point to the pro-
duction of TAG condensates (peroxidic dimers) as
a direct consequence of oxidation with ozone. All
these chemical changes should also affect the physi-
cal properties of the ozonized oils.

Vegetable oils usually consist of a complex mix
of TAGs with different melting points. This means
that the oils do not have a sharp melting or crys-
tallization point but are characterized by a certain
melting or crystallization interval resulting from the
successive phase changes and inter-solubility of the
different TAG components into others at different
temperatures. One of the most accurate techniques
to measure changes in the phase transitions in oils is
differential scanning calorimetry, which studies the
flow or transference of heat that the samples undergo
at different temperatures, revealing both phase and
allotropic modifications. In the present work the
effect of ozonation on the melting and crystalliza-
tion profiles of different sunflower oils was investi-
gated. Common sunflower oil is a liquid transparent
oil at room temperature. The high levels of unsatu-
rated fatty acids and TAG species like LLL or LLO
cause phase changes in this oil to take place at very
low temperatures (Figures SA and 6A). Thus, the
melting interval from 0 to —50 °C, displaying 5 peaks
at different temperatures, probably corresponded
to different TAG species with different levels of
unsaturation. Second order crystalline transitions
were also found in the range of very low tempera-
tures (—60 to —70 °C). The crystallization profile
displayed an onset at —15 °C, at which temperature
the oil started to solidify. The progressive ozonation
of the oil substantially changed its melting profile
within the temperature range studied. Thus, the
clearly defined peaks soon disappeared, resulting
in a large single peak, which decreased its height,
which was at its minimum at the highest stage of
oxidation (Figure 5A). Interestingly, the changes in
the crystallizing profile varied much less throughout
the reaction, displaying the oils’ similar onsets and
profiles. In the case of high oleic the melting pro-
file of the initial oil displayed a large main peak at
—10 °C which corresponded to triolein, the main
TAG component in the oil. This peak broadens
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FIGURE 5.

Melting curves of different sunflower oils during the process of oil ozonation obtained by differential scanning

calorimetry. Data represent results obtained with common sunflower (A), high oleic sunflower (B), high stearic sunflower
(C) and high palmitic sunflower (D). Different degrees of ozonation correspond to different colors; Initial oil (black),
0.45 mol/L (red), 0.90 mol/L (green) and 1.33 mol/L (purple). Arrows indicate secondary transitions.

its base and decreases its intensity throughout the
course of ozonation in a way similar to the com-
mon sunflower (Figure 5B). In this case, the second-
ary transitions observed in the initial oil at =30 °C
took place at lower temperatures when the degree
of ozonation increased. The crystallization curve
of high oleic displayed a sharp signal at —55 °C
which decreased when the oil ozonation advanced
(Figure 6B). The same pattern was observed in the
high saturated sunflower oils. Thus, the high stearic

oil displayed a large peak, revealing the monosatu-
rated TAGs (=5 °C) and triolein (=10 °C), which
gave way to a single broad peak of lower intensity
(Figure 5C). This pattern was even more obvious
for the high palmitic (Figure 5D), where two clus-
ters of peaks were clearly differentiated, probably
due to the melting of di-saturated TAGs POP and
POSt (10 °C) and monosaturated and polyunsatu-
rated TAGs like triolein (0 and —5 °C). All these
peaks tended to merge throughout the process of
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FIGURE 6. Crystallization curves of different sunflower oils during the process of ozonation obtained by differential scanning
calorimetry. Data represent results obtained from common sunflower (A), high oleic sunflower (B), high stearic sunflower
(C) and high palmitic sunflower (D). Different degrees of ozonation correspond to different colors; Initial oil (black),

0.45 mol/L (red), 0.90 mol/L (green) and 1,33 mol/L (purple).

ozonation, resulting in a broad low intensity peak
at the end of the process (Figure 5D). The crystal-
lization profiles of these oils displayed a decrease in
the crystallization onset, showing the decrease of
the temperatures at which the secondary transitions
took place. Moreover, a signal similar to that found
in the high oleic, probably corresponding to triolen
crystallization appeared at the same temperature
and continued to decrease throughout the oxidation
course (Figures 6C and 6D).

According to these results the process of ozo-
nation is able to alter the melting profiles of the
studied oils. The main effect observed is the smooth-
ing of the profiles, involving the peak merging
and widening, increasing the melting temperature
and decreasing the melting enthalpies involved in
the process (table 2). Furthermore, the crystalliz-
ing onset of the oils showed a steady increase due
to the the effect of ozonation (table 2). This effect
was depicted in previous works for other ozonized
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TABLE 2. Melting enthalpies, melting offsets and
crystallization onsets from different ozonized sunflower oils

Melting Cristallization
Ozonization Enthalpy Offset
level (mol/L)  (J/g) (°O) Onset (°C)
Common Initial 64.80 -0.9 -15.1
sunflower s 52.61 42 ~18.4
0.90 32.58 6.3 ~19.0
1.33 11.91 7.8 ~20.0
High oleic Initial 81.57 02 ~20.4
sunflower 5 71.55 7.8 ~13.1
0.90 64.28 167 ~15.0
1.33 3731 183 ~10.3
High Initial 7581 193 0.9
S e 045 5567 29.5 1.9
0.90 5164 346 3.6
1.33 4492 402 6.1
High  Initial 6498  21.1 -3.0
palftitic 44 4955 318 -1.9
0.90 4889 383 7.9
1.33 489  39.0 9.0

Data corresponded to the average of 3 determinations. Standards
deviations remained below 10% of the average values.

vegetable oils (Li et al., 2013). Furthermore, the
changes observed in the melting and crystallization
profiles of these oils were identical to those depicted
for triolein polymerization by Li et al, (2013), espe-
cially in the case of high oleic oil, the one with the
highest content of that TAG. The modifications of
these physical traits were concomitant with the for-
mation of TAG condensates (Figure 3A and 3B), a
process that transformed discrete TAG units into
larger molecules with different physical properties.
The presence of TAG dimers and oligomers hinders
the regular packing of TAGs and alters the primary
and secondary heath transitions. Thus, the resulting
profiles at increasing ozonation levels correspond
to two overlapping exotherms or endotherms cor-
responding to different components with different
aggregation patterns, as they are individual TAGs
with their corresponding oligomers. The changes
induced in the oil properties by the presence of
oxygenated compounds seemed to be minor if com-
pared to these others.

CONCLUSIONS

The present work studied the changes in TAG
composition and aggregation throughout the process
of ozonation of different sunflower oils. The oils used

in this work displayed very different TAG composi-
tions, derived from their fatty acid composition and
fatty acid distribution in the TAG backbone. The
ozonation of these oils caused a rapid increment in
their polar fraction, which was significantly higher in
high saturated lines. The separation of neutral lipids
allowed for monitoring which TAG species reacted
with ozone throughout the oxidation courses. Species
with higher levels of unsaturation were those more
actively attacked by this oxidant, and the TAGs LLL
and LLO showed the fastest reaction rate in common
sunflower. The other lines showed large decreases in
triolein, OOO, with a concomitant raise of disatu-
rated TAGs, which seemed to indicate they were espe-
cially resistant to oxidation by ozone. The formation
of TAG condensates was monitored as a part of the
characterization of the chemical and physical changes
that take place during ozonation. In this work, the
rapid formation of dimers and oligomers of TAGs
during ozonation was demonstrated through a direct
mechanism, which was not boundby, nor related to
secondary processes like the chain reactions which
are typical of autooxidation. The formation of these
aggregates caused important changes in the physical
properties of the oils studied, and affected their melt-
ing and crystallization profiles and enthalpies.
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