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Study of Ozonated Olive Oil: Monitoring of the Ozone
Absorption and Analysis of the Obtained Functional Groups

Vladimir Ferdinandov Georgiev, Todor Todorov Batakliev, Metodi Parvanov Anachkov,
and Slavcho Kirilov Rakovski
Institute of Catalysis, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria

The peculiarities of ozone absorption during olive oil
ozonolysis have been studied by continuous monitoring of
ozone concentrations at the bubbling reactor outlet. The deter-
mined amount of ozone, consumed during the ozonolysis of
the double bonds, was used as alternative way for evaluation
of the degree of unsaturation of the oil. The basic functional
groups, products of the reaction: ozonides and aldehydes have
been quantitatively characterized by means of 1H-NMR spec-
troscopy, whereupon their ratio was found to be 93.4:6.6
(mol. %), respectively. The determined ratio between the cis
and trans ozonides was 46:54.

Keywords Ozone, Cis/trans Ozonides, 1H-NMR Spectroscopy,
Ozonolysis, Olive Oil, Olive Oil Unsaturation

INTRODUCTION

Recently, there has been increasing interest of cosmetic
and pharmaceutical industries in application of the ozonized
unsaturated triglycerides of vegetable oils (Cirlini et al. 2012;
Díaz et al. 2006; Sadowska et al. 2008). The ozonated veg-
etable oils have also been used as modifiers in biodiesel fuel
(Matsumura et al. 2002; Soriano and Migo 2005, 2006) and
as additives to cutting fluid emulsion (John et al. 2004). The
products of vegetable oils ozonolysis find successful utiliza-
tion in the field of dermatology for the treatment of acute
cutaneous wound due to their antibacterial, fungicidal and
antiviral properties (Díaz et al. 2006; Lezcano et al. 2000;
Matsumoto et al. 2013; Sechi et al. 2001; Shiota et al. 2005).
At the same time their wider application is facing resis-
tance from the orthodox medicine (Bocci 2002, 2006). One
of the reasons for such attitude is insufficiently complete
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characterization of the nature and properties of the ozonolysis
products.

In interpreting the results of ozonolysis, the authors usually
refer to the classical Criegee’s scheme, according to which,
when the reaction is carried out in neat substrate or nonpar-
ticipating solvents, ozonides (1,2,4-trioxolanes) are obtained
as the main product. There are few studies in which attempts
have been made to characterize all obtained functional groups
(Diaz et al. 2005a,b, 2009; Martinez et al. 2006; Soriano
et al. 2003a,b). The results on the ratio between ozonides and
aldehydes are contradictory (Miura et al. 2013; Soriano et al.
2003a,b).

Although the formation of two isomeric forms of 1,2,4-
trioxolanes (cis and trans), is well known, the structural
and isomeric composition of the ozonides obtained upon
ozonolysis of vegetable oils has not yet been studied (Soriano
et al. 2003a,b; Wu et al. 1992). As an example of the complex-
ity of this problem the study on methyl oleate ozonolysis can
be noted where six isomeric ozonides (cis and trans forms
of the normal and two types of cross-ozonides) have been
identified (Wu et al. 1992).

In this research the ozone absorption during reaction of
olive oil in neat or in nonparticipating solutions was mon-
itored. The mixture of ozonolysis products was analyzed
and quantitatively determined by FT-IR and 1H-NMR spec-
troscopy.

EXPERIMENTAL

Ozone was obtained by passing dried oxygen (99.99%)
through a 4–9 kV discharge in an own design, self-made tubu-
lar type ozone generator. Extra virgin olive oil Costa d’Oro
(Italy) was used in the experiments as reagent. According
to the literature data, the fatty acids composition in per-
centage was as follow: saturated – 15%; monounsaturated –
75%; polyunsaturated – 10%. The iodine number in units [g
J2/100 g oil] was 83 (Skalska et al. 2009).
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Ozonation
The experiments runs were performed at 20 ◦C in a

bubbling reactor, containing 5–10 mL of olive oil or olive
oil solutions (0.1 mL in 10 mL CCl4), equipped with a
thermostatting water jacket. An ozone–oxygen mixture with
ozone concentration in the range of 1000–25000 ppm (4.5 ×
10−5–1.2 × 10−3 mol L−1) was passed through the reactor at
a flow rate of (1.67 ± 0.15) × 10−3 L s−1. The ozone con-
centrations in the gas phase at the reactor inlet ([O3]o) and
outlet ([O3]u) were measured spectrophotometrically by BMT
model 964 ozone analyzer, Germany.

Determination of Amount of Consumed Ozone
The ozone absorption process has been studied by contin-

uous monitoring of ozone concentrations at the reactor outlet
([O3]u), under conditions of constant values of initial ozone
concentration at the reactor inlet ([O3]o). The [O3]u = f(τ )
dependence was recorded on a computer, connected to the
ozone analyzer. The area of the surface enclosed between the
curves [O3]u = f(τ ) and the line y = [O3]o (where [O3]o =
[O3]u at τ = 0), is proportional to the amount of ozone
consumed in the reaction. This amount has been calculated
by using the coefficient of ozone extinction at UV wave-
length 254 nm–3000 L cm−1 mol−1 (International Ozone
Association Standardization Committee-Europe 002/87 (F)
1987) and the respective flow rate of the ozone–oxygen
mixture.

A correction should be made taking into account the
area, defining the ozone consumption in solvent saturation.
At appropriately selected concentrations of double bonds in
the solution, the area of the ozone needed for solvent satu-
ration becomes negligible, in comparison to the area of the
ozone absorbed from olive oil solution, and it may be ignored.
Usually five experimental runs have been made for determi-
nation of amount of consumed ozone. In this case the results
were also checked by comparing the obtained data with the
results for ozone consumption during ozonolysis in CCl4
solution of the known amount of trans-1,2-diphenylethylene
(stilbene).

Infrared spectra were acquired on thin films coated onto
KBr plates using a Nicolet 6700 FTIR spectrometer, USA.
The spectra were the results of 100 scans at a resolution of
4 cm−1.

1H-NMR spectra were recorded on a Bruker Avance
600 MHz instrument, Germany, under the following condi-
tions: 20 ◦C; digital resolution 0.3 Hz; number of scans 30.
Samples were dissolved in CDCl3 containing TMS as internal
standard.

RESULTS AND DISCUSSION

Monitoring of the Ozone Absorption
Figure 1 presents the dependence of the ozone concentra-

tion at the bubbling reactor outlet on the reaction time. The

FIGURE 1. Dependence of the ozone concentration at the reac-
tor outlet ([O3]u) on the reaction time for the neat olive oil
ozonolysis, at temperature 20 ◦C; olive oil volume 5 mL, initial
ozone concentration at the reactor inlet [O3]0 = 24000 ppm.

kinetic curve can be divided into two regions: the first one in
which there is practically complete absorption of fed ozone
amount and second where about 28% of the ozone fed is not
absorbed. Our observations indicate that the beginning of the
second part coincides with formation of gel-like substance in
the reactor. The appearance of a new phase in the reactor leads
to an increase in the system viscosity and partial plugging up
of the glass grid. The flow-resistance of the reactor increases
and therefore it probably reduces the feed rate of the ozone-
oxygen mixture. The indication for complete conversion of
double bonds is practically identical inlet and outlet ozone
concentrations. The total conversion of double bonds is also
confirmed by the disappearance of the 1H-NMR signals in the
region 5.3–5.4 rrm (max. 5.35 ppm).

The kinetics of ozonolysis of different double bonds in
solution is considerably less investigated in comparison to the
reaction mechanism (Zaikov and Rakovsky 2009). Because of
the high rates of ozonolysis of alkenes, whose double bonds
are structurally similar to the RHCH=CHR1H bonds of 3-
glycerides in olive oil, the rate constant values published in
the literature have been determined mainly by three meth-
ods: 1) measurement of the relative rate of consumption of
the investigated olefin compared with a control compound;
2) determination of the [O3]u values; and, 3) stop-flow method
(Pryor et al. 1985; Razumovskii 2000; Razumovskii and
Zaikov 1980).

Although there are some differences, the values of the rate
constants of alkenes, discussed here, are in the range of 5 ×
104–5 × 105 L mol−1 s−1. Furthermore, the rate constants for
the cis double bonds are greater than those of the correspond-
ing trans ones. As an example of the rate constants values
for the olefin double bonds, which are structurally similar to
those in the olive oil, the k values of the cis-2-butene and cis-2-
hexene are reported to be 1.6 × 105 and 5 × 105 L mol−1 s−1,
respectively (CCl4, 20 ◦C) (Razumovskii and Zaikov 1980;
Zaikov and Rakovsky 2009).
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Another fundamental peculiarity of the alkenes ozonolysis
in solution is the exact 1:1 stoichiometric ratio of the reactants
under conditions of nonparticipating solvents (Razumovskii
et al. 1980). Furthermore, the rate of ozone reaction with
the reaction products is 3 or more orders of magnitude
lower than that of the double bond ozonolysis (Zaikov and
Rakovsky 2009). Based on the features of olefins ozonolysis,
discussed previously, a spectrophotometric method has been
developed for quantitative determination of the double bonds
by means of measuring the amount of absorbed ozone
(Razumovskii and Lisitsyn 2008; Razumovskii and Zaikov
1980).

This method could be competitive to the iodine value
determination and it has a very high sensitivity due to the
great values of the extinction coefficient of ozone absorption
(International Ozone Association Standardization Committee-
Europe 002/87 (F) 1987). The essence of the method is
illustrated in Figure 2 where the dependence of [O3]u on the
time of ozonation of olive oil solution in CCl4 is shown under
conditions of normal bubbling regime and [O3]o = const. The
respective curve is characterized by two practically perpendic-
ular parts at the beginning and at the end of the reaction, and
region where [O3]u ≈ 0. The absence of outlet ozone is due
to the high values of the rate constant of ozone reaction with
double C=C bonds (Razumovskii 2000).

The amount of measured ozone, based on Figure 2, was
(3.02 ± 0.08) × 10−4 mol. Assuming that it is equal to that of
the double bonds, normalizing it to 100 g of olive oil and recal-
culating into grams of iodine according to the methodology
for determining of the iodine value (British Pharmacopoeia
2000; Firestone 1994; ISO Standard 1998) we obtained 83.4 g
of iodine, absorbed by 100 g of olive oil. Hence the iodine
number of olive oil, determined on the basis of its ozonolysis
in solution was 83.4. This value is within the range, known

FIGURE 2. Dependence of the ozone concentration at the reac-
tor outlet ([O3]u) on the reaction time for the olive oil ozonolysis
in carbon tetrachloride, at temperature 20 ◦C; initial ozone con-
centration at the reactor inlet [O3]0 = 2000 ppm; initial olive oil
concentration 0.1 mL in 10 mL CCl4.

from the literature as specific for the iodine number of olive
oils (Pocklington 1990; Skalska et al. 2009).

Functional Group Analysis
A broad and strong band at 1109 cm−1 is seen in the IR

spectra of ozonated olive oil (Figure 3), assigned to the C-O
stretch of ozonide (Bailey 1978; Razumovskii and Zaikov
1980) and the band at 1727 cm −1 is typical for ν C=O of
aldehydes (Smith 1982). In addition to these two signals, an
intensive peak at 1379 cm−1 and a shoulder at 975 cm−1 were
also identified. It is mention in the literature that the trans iso-
mer of the 1,2,4-trioxolane absorbs at about 1300 cm−1, and
the cis isomer- at about 800 cm−1 (Bailey 1978). According to
another work, upon ozonolysis of sunflower oil methyl esters,
a broad peak at 1365 cm−1 appears. On this basis it is con-
cluded that the corresponding trans ozonides are dominating
product (Soriano et al. 2003a,b).

In our opinion the IR-spectroscopy, in contrast to the 1H
or C13-NMR spectroscopy, cannot be applied for characteri-
zation the cis–trans isomerism of the ozonides. According to
the experimental reference data of applied IR-spectroscopy,
the peak at 1379 cm−1 is most likely associated with ν

COC (vibration with expansion and contraction of cycles, so-
called “breathing”) (Smith 1982). The band at 975 cm−1 is
characteristic for stretching vibration ν O-O (Smith 1982).

The 1H-NMR spectroscopy provides much more oppor-
tunities for identification and quantitative determination of
functional groups formed during ozonolysis of vegetable
oils (Diaz Gómez et al. 2005, 2009; Sega et al. 2010).
Assignment of the signals of non-ozonized olive oil (Figure 4
curve 1) is discussed in detail by Vlahov (1999). Changes
in the corresponding spectrum as a result of ozonolysis are
represented in Table 1.

FIGURE 3. Infrared spectra of: non-ozonized (1) and ozonized
(2) olive oil.
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FIGURE 4. 1H NMR spectra of neat (1) and ozonated olive oil (2). 1H NMR spectra of ozonized olive oil in the regions of 5.0–5.5
and 9.5–10 ppm-(2′).

TABLE 1. Changes in the 1N-NMR Spectra after Ozonation of Olive Oil

Disappearing signals (ppm) Newly appearing signals (ppm) Functional groups

2.01–2.02 CH=CH-CH2

2.77 CH=CH-CH2-CH=CH
5.3–5.4 CH2-CH=CH-CH2

1.41 CH2-CH2(-CHOCHOO-)CH2-CH2

1.69 CH2-CH2(-CHOCHOO-)CH2-CH2

5.13 CH2-CH2(-CHOCHOO-)CH2-CH2 trans 1,2,4 trioxolane
5.18 CH2-CH2(-CHOCHOO-)CH2-CH2 cis 1,2,4 trioxolane
9.75 CH2CHO

Two isomeric forms of 1,2,4-trioxolanes exist: cis and
trans (Bailey 1978). Their ratio is a function of the dou-
ble bond stereochemistry, the steric effect of substituent,
and the conditions of ozonolysis, and it has been studied
only in cases low-molecular-weight alkenes (Bailey 1978;
Kuczkowski 1992; Murray et al. 1967). The 1H-NMR spec-
troscopy is the most universal method for determination of
the cis/trans ratio of ozonides (in some cases it is practically
the only possible method that can be applied). The measure-
ment is based on the differences in the chemical shifts of the
methine protons of the two isomers: the respective signal of
the cis form appears at lower field compared with the trans
one (Bailey 1978; Murray et al. 1967). The cis/trans ratio of
the olive oil ozonides determined from integrated intensity of
signals at 5.18 and 5.13 ppm was 46:54 (Figure 4).

The formation of the ozonide, as a basic ozonolysis prod-
uct, is represented in Figure 5. The modern concepts about
the mechanism of the reaction of ozone with S=S double

bonds in nonparticipating solvents, in contrast to the classical
Criegee’s mechanism, take into account the stereochemical
features of the reaction, which ultimately leads to formation
of cis and trans 1,2,4 – trioxolanes (Bailey 1978; Kuczkowski
1992; Zaikov and Rakovsky 2009).

The initial reaction is 1,3-coordinated addition of ozone to
cis(trans) S=C double bond with formation of cis- or trans-
molozonide (MO) respectively. The cis- or trans-molozonide
is unstable species, and at temperatures higher than -150 ◦C
for the cis-isomer and -90 ◦C for the trans-isomer it is decom-
posed via the so-called “cycloreversion” (Figure 5, reactions
2 and 2′) (Kuczkowski 1992). It is assumed that as a result
of the passing of the reaction through the envelope transi-
tion state, predominantly anti carbonyl oxides are obtained
from cis isomers of MO. The degree of the isomer prefer-
ence and the extent of stereoselectivity depend on substituent
steric effects, secondary orbital interactions and anomeric
interactions (Kuczkowski 1992).
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FIGURE 5. Formation of ozonides. Formation of molozonide (k1), decomposition of molozonide (k2, k2′ ), formation of normal ozonide (k3, k3′ ),
formation of cross-ozonides (k4, k4′ ), formation of polymer ozonides (k5, k5′ ).

FIGURE 6. Stereochemistry of carbonyl oxides intermediates.

Ozonides are formed as a result of the interaction of the
corresponding carbonyl oxides with aldehydes (Figure 5 reac-
tions 3 and 3′). It is supposed that this interaction is cycload-
dition type via envelope transition state according to orbital
overlap arguments (Kuczkowski 1992). Thus a syn (or anty)
carbonyl oxide (Figure 6) will react with aldehyde in either
endo or exo transition state to give cis or trans ozonide. This
step, like the previous one, can occur with varying degrees of
stereoselectivity depending on substituent interactions, elec-
tronic effects, temperature, etc. (Bailey 1978; Kuczkowski
1992; Zaikov and Rakovsky 2009). As a summary of the
reviewed scheme it can be pointed out that the ozonolysis of
cis(trans) alkenes with bulky substituent should yield more
cis(trans)-ozonides respectively (Bailey 1978; Kuczkowski
1992).

For example, the ratio between cis-and trans-ozonides,
formed on ozonolysis of cis-3-hexene, which is “structurally
similar” to those in olive oil, is 53:47 (Murray et al. 1967).
As it was already mention, in our case the amount of
trans ozonides prevails, and most likely the reason for this
result might be the anti stereoselective influence of the high
temperature during ozonation (20 ◦C for olive oil compared

to −70 ◦C for cis-3 hexene). It should be taken into account,
that the above-discussed hypothesis is not generally accepted,
especially with respect to the supposed concertedness of third
stage (Bailey 1978; Razumovskii et al. 1980). There are exper-
imental results that cannot be explained by applying this
hypothesis (Razumovskii et al. 1980). Our goal is not to take
side in the discussion, but simply to illustrate briefly and in
general terms the existence of cis and trans isomerism of
1,2,4-trioxolanes.

It has been learned that the dominant part of ozonides is
formed through interaction between carbonyl oxide and the
corresponding carbonyl group, which both originate from the
decomposition of one and the same MO, i.e., a solvent “cage
effect” is occurring (Figure 5, reactions 3 and 3′) (Bailey
1978; Razumovskii et al. 1980; Zaikov and Rakovsky 2009).
The yield of the so-called normal ozonides from the simple
olefins is usually of the order of 70% from the total ozonide
yield (Bailey 1978). Cross-ozonides are products of the inter-
action between carbonyl oxide and aldehyde, originating from
different double bonds (Figure 5, reactions 4 and 4′).

It is assumed that the greater volume of the substituents
hampers their formation (Anachkov et al. 2007; Bailey 1978).
Based on literature data for the case of low-molecular-weight
olefines, whose double bonds are similar in their structure to
the respective bonds in olive oil, the yield of cross-ozonides is
of the order of 20–30%, while in the case of polybutadienes,
it varies between 5 and 15 (Anachkov et al. 2007; Bailey
1978). It is obvious that the cross-ozonides cannot be iden-
tified by means of 1H NMR spectroscopy, but on the basis of
the characteristics of the structure of the oil, it can be assumed
that their amounts are lower than those of the simple olefins.

In principle in the course of alkenes ozonolysis one
can observe the formation of three other types of reaction
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FIGURE 7. Nonozonide routes of conversion of carbonyl oxide intermediates. Formation of diperoxides (k1), formation of two aldehydes and
oxygen from two carbonyl oxide intermediates (k2), formation of oligomeric carbonyl oxides (k3), isomerization of carbonyl oxide intermediate
into hot acid (k4), decomposition of hot acid to radicals and CO2 (k5), formation of normal acid (k6).

products, which contain peroxide bonded oxygen (O-O):
polymeric ozonides (Figure 5, reactions 5 and 5′), diperox-
ides (Figure 7, reaction 1) and eventually oligomeric carbonyl
oxides (Figure 7, reaction 3). It should be taken into account,
however, that the polymeric ozonides and oligomeric carbonyl
oxides are being formed only in small amounts and that they
are insoluble or hardly soluble in organic solvents (Bailey
1978; Razumovskii et al. 1980). In our experimental runs
the gel-like substance being formed is completely soluble in
CHCl3 and CDCl3.

It is only slightly probable for the mono-substituted
carbonyl oxide intermediates to form diperoxides (Figure 7,
reaction 1). In this case, due to the relatively “high” tem-
peratures of the reaction it becomes more probable to obtain
two aldehydes (Figure 7, reaction 2), (Bailey 1978). Yet one
cannot exclude entirely the possibility that 1H NMR signals
of low intensity in the range 5.40–5.44 are connected with
the formation of diperoxides. Our opinion, however, sup-
ported also by literature data (Sega et al. 2010) is that the
signals at 5.30–5.33 and 5.40–5.44 ppm are connected with
those methine protons of the ozonides of polyunsaturated
acids, which are separated between one another only by one
methylene group.

The second main product of the olive oil ozonolysis are the
aldehydes (Ledea et al. 2005). According to the mechanism of
the ozone reaction with double bonds in solution, the aldehyde
groups are being formed when the conversion of carbonyl
oxide intermediates (CO) is proceeding through such routes,
which are an alternative to the carbonyl oxide–aldehyde inter-
action (Anachkov et al. 2007; Bailey 1978). Scheme of the
most often occurring nonozonide routes of conversion of
carbonyl oxides is illustrated in Figure 7 (Anachkov et al.
2007). It is seen that as a result of the interaction between the
two SO intermediates at the relatively “high” temperatures
(Figure 7, reaction 2) two aldehydes are obtained. Unreacted
aldehyde remains in the reaction mixture and after the iso-
merization of SO via hot acid to radicals (Figure 7, reactions
4 and 5). In principle it is also possible that acidic groups
are being formed (Figure 7, reactions 6) (Razumovskii and
Zaikov 1980); however, no such groups have been observed
in this experimentation.

Also no products of the interaction of the carboxylic acid
groups with the SO intermediates have been detected. The
ozonide/aldehyde ratio, determined as ratio between half of
integrated intensity of signals of methine protons of the cis-
and trans- ozonides and aldehyde signal at 9.75 ppm was
93.4:6.6 (mol. %). This ratio is of the same order as the
one obtained during the ozonolysis of sunflower oil methyl
esters – 90.7:9.3 (Soriano et al. 2003a,b). In the case of
low-molecular-weight olefins the yield of ozonides of the cis-
isomers is considerably higher, compared to that of the respec-
tive trans-forms (Bailey 1978). The same fact has also been
observed in the case of polybutadienes. During the ozonolysis
of 1,4-cis polybutadiene the ratio ozonides:aldehydes is 89:11
(Anachkov et al. 2007). In our opinion, taking into account the
above-mentioned results, the finding by Miura et al. (2013) is
a strange one, because they claim that during the ozonation of
olive oil, under practically the same conditions, no formation
of aldehydes has been observed.

CONCLUSIONS

The peculiarities of ozone absorption during olive oil
ozonolysis have been studied by continuous monitoring of
ozone concentrations at the bubbling reactor outlet, under
conditions of constant values of ozone concentrations at the
reactor inlet. The determined amount of ozone, consumed
during the ozonolysis of the double bonds, was used as an
alternative way of evaluation of the degree of oil unsaturation.

The basic functional groups, products of the reaction:
ozonides and aldehydes have been identified and quantita-
tively characterized by means of IR-spectroscopy and 1H-
NMR spectroscopy; their ratio was found to be 93.4:6.6 (mol.
%), respectively. The ratio between the cis and trans ozonides
was also determined to be 46:54.
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