
ABSTRACT: The effect of emulsion structure on the susceptibil-
ity to oxidation of emulsified olive oils was tested. Olive oil sam-
ples were emulsified by adding a certain quantity of water in dif-
ferent ways. The resulting water-in-oil emulsions were then oxi-
dized with UV light. The results revealed that the emulsion
structure played a significant role in the oxidation process of
emulsified olive oils. A kinetic mechanism is discussed based on
the PV determined experimentally. The susceptibility of water-
emulsified extra virgin olive oils to oxidation was quantified by
means of a dimensionless parameter that displayed a characteris-
tic dependence on the specific surface area of the water dispersed
phase.
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It is common knowledge that extra virgin olive oil has particu-
lar nutritional qualities, largely due to its high content of
mononsaturated FA and antioxidants (1,2). Olive oils taken di-
rectly from the extraction process and not filtered form a spe-
cial class characterized by the presence of water and particu-
late suspensions. Recent studies of these genuine extra virgin
olive oils have shown that dispersed particles play a stabilizing
role in the oil’s shelf life (3,4). This aspect continues to capti-
vate food and biomedical scientists because of reports that diets
rich in plant antioxidants are associated with low risks of coro-
nary heart disease and cancer (5). 

In a previous paper, we verified that in the absence of solid
particles and in the presence of only water, the antioxidant
function still takes place (6). To emphasize the link between
the oxidation process and the interfacial structure, several
water-in-oil emulsions were subjected to different oxidizing
conditions (6). The results revealed a good correlation between
the measured PV and the surface/volume ratio of the dispersed
phase (water). Thus, the structure of the water-in-olive oil
emulsion plays a significant role in the oil oxidation process. 

Fritsch (7) suggested that the oxidation rate in water-in-oil
emulsions occurs at a rate similar to that in bulk oil, because
the oil surface is exposed directly to air. On the contrary, Mc-
Clements and Decker (8) argued that pro-oxidants or antioxi-

dants, located within the water droplets or at the water/oil in-
terface, may influence lipid oxidation in water-in-oil emul-
sions. Although much attention has been given to the study of
lipid oxidation in bulk oil and in oil-in-water emulsions, the
oxidative degradation of olive oils in water-in-oil emulsions
has received little attention in the literature. In this paper we
did not analyze the natural oil as a whole but as samples treated
by filtering the particulate solids and adding water under con-
trolled conditions (emulsified oil). Here, the effects of the col-
loidal properties of water-in-oil emulsions on their susceptibil-
ity to oxidation are discussed.

EXPERIMENTAL PROCEDURES

Chemicals. All the chemicals used were reagents of analytical
grade of 99.9% purity purchased from Carlo Erba Reagenti
(Milan, Italy).

Oil sampling. Olives of mixed cultivars (Cima di Mola,
Cima di Bitonto, and others) were picked during the 2001/2002
oil campaign and pressed with a discontinuous process. The oil
samples were taken directly from the crusher and treated for 15
min with a N2 current and then stored at 4°C in 50-mL flasks.
In this way, each sample was completely used for the analyses
once it was slowly taken back to room temperature. The olive
oil was characterized by measuring the PV, total acidity, spec-
trophotometric indexes, and refractive index, according to the
official method recommended by the European Community
(9). The results are as follows: total acidity (% oleic acid), 0.36
± 0.02 (SD of six measurements); PV (meq O2/kg oil), 10.0 ±
0.6 (SD of six measurements); K232, 1.71 (where Kλ is the spe-
cific extinction coefficient at wavelength λ); K270, 0.16; ∆K,
−0.001 (where ∆K is K270 − 0.5(K266 + K274); refractive index,
1.4680 ± 0.005 (SD of six measurements). It should be stressed
that we were interested in studying the water/oil interface in
the oxidation process of emulsified olive oils. Therefore, we
measured only the parameters that would define the oxidative
state of the oil.

Preparation of water/extra virgin olive oil emulsions. Extra
virgin olive oil (about 15 g) was filtered in the presence of an-
hydrous Na2SO4 and then 1.5% (w/w) of distilled water was
added. The quantity of water added was chosen by means of a
stability test. A number of water-in-oil emulsions were pre-
pared by adding different quantities of distilled water and shak-
ing them for 15 min. The test consisted of a visual determina-
tion of the highest water quantity for which no phase separa-
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tion was observed for at least a week, at 25°C. All emulsions
were shaken with an UltraTurrax T8-S8NG (100 W; IKA
Labortechnik, Janke & Kunkel, GmbH, Staufen, Germany).
Owing to the presence of minor constituents (e.g., tyrosol, hy-
droxytyrosol), microemulsions might form (10). Since such
systems are thermodynamically stable and are not visible to the
optical microscope, we verified that all the added water was
dispersed in the emulsion droplets by centrifuging an emulsi-
fied sample at 2150 × g for 30 min. In this way, the quantity of
water added was totally recovered, indicating that no apprecia-
ble amount of water was dispersed in the microemulsion
droplets.

Oxidizing conditions. Aliquots of emulsified oil samples
(2.5 g) were put in polyester vessels (40 × 40 × 8 mm) and ex-
posed to UV light (λ = 254 nm). The lamp power was 30 W
and the direction of irradiation was perpendicular to the oil sur-
face. The distance between the lamp and the oil surface was
11.5 cm. This distance was the same for all samples so that this
parameter was constant in the oxidation process. All analyses
were performed simultaneously on different samples. The mea-
surements were performed on filtered olive oil, olive oil with-
out further treatment (natural oil), and filtered olive oil with
1.5% (w/w) of water that was dispersed under different condi-
tions (emulsified oil). Each sample was exposed to oxidation
for different lengths of time, at 25°C. The experimental uncer-
tainty was estimated by calculating the SD of repeated mea-
surements (not less than three).

Optical microscopy. Optical micrographs were obtained
by means of an optical microscope (Optech, model B5) con-
nected to a Panasonic video camera (model GP-KR222), at
25°C. To obtain representative results from the microscopic
analysis of water-in-oil emulsions, the video-enhanced mi-
croscopy technique was used (11). This technique combines
the magnification power of a microscope with the digital
image acquisition capability of a video camera. A series of
images for each sample (9–10 pictures, 1000 objects) was an-
alyzed to extract the droplet size polidispersity, which was es-
timated by counting the average number of droplets at the dif-
ferent radii in micrographs of a Thoma grating. Image analy-
sis software (Sigma Scan Pro; SPSS Science Software Inc.,
Chicago, IL), which provides a wide range of analytical fea-
tures in addition to image enhancement, was used for digitiz-
ing the images.

RESULTS AND DISCUSSION

Oxidation profiles. Oil oxidation is a generic term used to de-
scribe a complex sequence of chemical reactions that result
from the interaction of lipids with active oxygen species. The
mechanism of oxidation depends on the reactive species in-
volved and on their physicochemical environment, i.e., the
local concentration (12). An emulsion is a heterogeneous sys-
tem in which the local concentration can vary widely; there-
fore, the course of the reaction may be modified by modulating
the emulsion structure (13).

To verify this idea, we prepared emulsions with the same
water content but emulsified by shaking them for 15 and 45
min. Hereafter, these samples are referred to as E15 and E45, re-
spectively.

Many factors can affect the oxidation process (14,15). To
identify the contribution attributable to the emulsion structure,
we compared the results of oil samples that were emulsified in
different ways but oxidized under the same conditions. A quan-
tity of filtered oil was divided into three aliquots. One of them
was directly oxidized, whereas the others were used to prepare
the samples E15 and E45 and then oxidized. 

However, the shaking operation puts the oil in contact with
a large amount of air, so the PV value could increase as a result
of agitation. For this reason, we decided to check this effect on
two virtual samples, E15 and E45. These PV were obtained by
oxidizing filtered, nonemulsified samples after having shaken
them for 15 and 45 min, respectively. Figure 1 compares the
PV measured in this condition with those measured in a filtered
but nonshaken sample. It is evident that the agitation did not
affect the susceptibility of the oil to oxidation. 

In addition, the filtering operation might alter the resistance
of the oil to oxidation; therefore, a natural oil sample was oxi-
dized as well. As one can see in Figure 2, the measured PV for
filtered and natural samples coincided within the experimental
error. In other words, the filtered and natural samples showed
the same susceptibility to oxidation.

Finally, as shown in Figure 3, we compared the oxidative
properties of filtered and natural samples, both emulsified with
the same water quantity (1.5% w/w). The results showed no
significant difference, implying that there was no synergetic ef-
fect between the added water and the particulate that was pre-
sent in the natural oil.

It follows that the different trend of PV0.5 vs. time displayed
by the samples E15 and E45 (Fig. 4) must be ascribed to the
emulsion structure, i.e., droplet size distribution of the dis-
persed phase (water).

Droplet size distribution. In a real emulsion, droplets are
polydispersed with respect to their size. Mainly to aid in inter-
preting the data presented, we have provided some details
about size distributions and their characterization (16). Let
N(D) be the fraction of droplets with diameter less than D, then
dN/dD = P(D) is the size distribution function. Many of its
properties can be derived by the moments

[1]

where n is the moment order. Obviously µ0 = 1. Any type of
average diameter is thus given by

[2]

For instance, D10 is the average diameter and D32 is the vol-
ume/surface ratio or Sauter average.

Polydispersity is best expressed as the relative width of the
distribution:
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[3]

Another important parameter is the specific surface area of the
dispersed phase:

[4]

When the agitation intensity is varied, not only does the aver-
age size change but also the relative width of the distribution.
Therefore, we monitored the system evolution by measuring
the droplet size distribution during the oxidation process. To
highlight graphically the changes in the distribution functions,
we displayed the results of optical microscopy in 3-D plots
(Figs. 5, 6). This representation allowed us to see at a glance
the time evolution of droplet distributions; these parameters are

displayed in Table 1. The oil samples prepared under the same
conditions as E15 and E45 exhibited no change in the distribu-
tion function when stored in the dark. This control was per-
formed on all samples and for all oxidation times. One can thus
deduce that changes in the shape of the size distributions and
of the related parameters displayed in Table 1 must be attrib-
uted to the oxidation process.

Oxidation process. An early important observation was that
for filtered and natural oil samples, PV0.5 vs. time displayed a
linear trend (Fig. 2). In agreement with the literature (8,12), this
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FIG. 1. PV of filtered extra virgin olive oil as a function of UV oxidation
time. (nn) Shaken for 15 min; (l) shaken for 45 min; (ll) directly oxi-
dized. Data shown are the average of triplicate samples, at 25°C. Error
bars represent SD (n ≥ 3).

FIG. 2. PV0.5 as a function of the UV oxidation time of two different
olive oil samples. (ll) Natural extra virgin olive oil; (l) filtered extra vir-
gin olive oil. Data shown are the average of triplicate samples, at 25°C.
Error bars represent SD (n ≥ 3).

FIG. 3. PV0.5 as a function of the UV oxidation time of olive oil samples
emulsified with 1.5% (w/w) of distilled water. (l) Filtered extra virgin
olive oil; (ll) natural extra virgin olive oil. Data shown are the average
of triplicate samples, at 25°C. Error bars represent SD (n ≥ 3).

FIG. 4. PV0.5 as a function of UV oxidation time of filtered extra virgin
olive oil samples emulsified with 1.5% (w/w) of water for different
times. The numbers on the curves refer to the emulsifying times. (ss)
Sample emulsified for 15 min; (ll) sample emulsified for 45 min. Data
shown are the average of triplicate samples, at 25°C. Error bars repre-
sent SD (n ≥ 3).

 



indicates that the initiation step of the oxidation process starts
with the removal of hydrogen from the FA molecule, leading
to the formation of free radicals and, furthermore, to the for-
mation of hydroperoxides in the propagation step. To under-
stand this point, we can write the propagation steps as follows:

R· + O2 → ROO· [5]

ROO· + RH → ROOH + R· [6]

where RH is any unsaturated FA, R· is a free radical formed by
removing a labile hydrogen from a carbon atom adjacent to a
double bond, and ROOH is a hydroperoxide. 

The formation rate is given by

[7]

where kp is the rate constant of the propagation step. Obviously,
radical formation terminates when free radicals react with each
other. The collision between radicals depends on their concen-
tration and relative size. Therefore, we assume

ROO· + ROO· → nonradical products [8]

to be the most probable step for the termination reaction whose
rate, Rt, is

Rt = kt [ROO·]2 [9]

†

d ROOH

dt
k ROO RHp

[ ]
[ ][ ]= ⋅

168 L. AMBROSONE ET AL.

JAOCS, Vol. 83, no. 2 (2006)

FIG. 5. (a) Droplet size distribution time evolution of filtered extra vir-
gin olive oil emulsified for 45 min (E45). (b, c) Optical microscopy: rep-
resentative micrographs of the E45 emulsion at different oxidation times.
Bar = 20 µm. (b) E45 just after preparation; (c) E45 after 14 h of UV oxi-
dation.

FIG. 6. (a) Droplet size distribution time evolution of filtered extra vir-
gin olive oil emulsified for 15 min (E15). (b, c) Optical microscopy: rep-
resentative micrographs of the E15 emulsion at different oxidation times.
Bar = 20 µm. (b) E15 just after preparation; (c) E15 after 14 h of UV oxi-
dation.

TABLE 1
Moments, Sauter Average, Polydispersity, and Specific Surface Area of E15 and E45 Emulsions
at Different Oxidation Times

E15

Time µ1
a µ2

a µ3
a µ4

a D32
b AD

d

(h) (µm) (µm2) (µm3) (µm4) (µm) σ2
c (µm−1)

0 5.23 32.7 240 2030 0.71 0.71 0.72
2 4.08 25.4 209 2030 8.2 0.43 0.73
5.5 5.62 36.1 263 2150 7.3 0.35 0.92
14 4.32 22.3 135 957 6.0 0.41 0.99

E45

Time µ1
a µ2

a µ3
a µ4a D32

b AD
d

(h) (µm) (µm2) (µm3) (µm4) (µm) σ2
c (µm−1)

0 1.056 2.49 6.34 17.7 2.56 0.29 2.34
5 0.937 2.23 5.92 17.4 2.65 0.33 2.26
8 1.095 2.69 7.35 22.2 2.73 0.33 2.20
14 1.050 2.72 7.98 26.3 2.93 0.36 2.05
aµn, nth moment of droplet size distribution.
bD32, surface/volume mean diameter or Sauter diameter.
cσ2, relative width of the distribution function. 
dAD, specific surface area of the dispersed phase.



where kt is the rate constant of the termination step.
Using the matter balance and the steady-state hypothesis,

one finds that the initiation rate = termination rate, i.e., Ri = Rt,
which allows us to transform Equation 7 into

[10]

This equation indicates that for a small extent of reaction,
where [RH] ≈ [RH]0 (initial concentration), the formation rate
of hydroperoxides depends only on the initiation rate.

Nevertheless, the experimental results given in Figure 2 are
compatible with Equation 10 only if Ri is proportional to
[ROOH]. This suggests that the initiation step is

ROOH + hν → free radicals [11]

whereby

Ri = kiI[ROOH] = kI[ROOH] [12]

with I being the radiation intensity.
We can then integrate Equation 10 analytically, obtaining

[13]

which is the equation fitting the experimental results. We there-
fore conclude that, in nonemulsified oil, the hydroperoxide for-
mation reaction has a kinetic of the order 0.5. If a certain water
quantity is dispersed in the oil, the kinetic order is not pre-
served, as one can observe in Figure 4. In addition, the differ-
ent behavior of samples E15 and E45 cannot be attributed to a
direct “chemical action” exerted by the water molecules, as
their concentration is the same in all samples. Furthermore, it
should be underlined that the kinetic equations discussed here
are valid only in the homogeneous phase. On the contrary, in a
heterogeneous system the flux through the interfaces may alter
the overall kinetic. Thus, a physical action of water droplets on
the hydroperoxide concentration is expected. Furthermore, we
notice that if in Equation 12 the [ROOH] change is small com-
pared with the overall change, so that Ri ≈ constant, then the
integration of Equation 10 gives 

[14]

and the hydroperoxide formation reaction exhibits a zero-order
kinetic. Moreover, if Equations 13 and 14 describe the experi-
mental curves shown in Figure 4, we can argue that the pres-
ence of water molecules is “kinetically” equivalent to a de-
creasing RH concentration. The water effect must be ascribed
to the amphiphilic nature of the hydroperoxide molecules. In
fact, even though RH molecules are largely hydrophobic, the
intermediates of oil oxidation are quite surface active. An im-
portant effect is the capacity of water droplets to act as a “sink”
for hydroperoxide molecules, affecting the development of the
reaction. In this context, the “interphase” concept, i.e., the
imaginary region between the continuous and dispersed phases,

is crucial. The interphase characteristics depend on the type and
concentration of molecules present, and the fraction of space
occupied by this region is linked to the droplet size.

Assuming that the interphase is δ thick, the volume fraction
of the interfacial region in the whole emulsion, ϕI, is given by

[15]

which, in mathematical terms, becomes

[16]

where Equations 1 and 2 have been used.
Generally δ is in the order of a few nanometers thick whereby,

using Equation 4, this relationship can be simplified into

[17]

It is evident that the volume percentage of the interfacial region
is proportional to the specific surface. Consequently, for rela-
tively small droplets (large AD) the interfacial region comprises
a significant volume of the total dispersed phase. A “significant
volume fraction” means that some molecules will tend to accu-
mulate in this region, especially if they are present at low con-
centrations. Hydroperoxides are present in very small quanti-
ties and will therefore tend to align themselves so as to better
interact with their environment.

The orientation of hydroperoxide molecules at the interfa-
cial region affects the oxidation process because it influences
their accessibility during the course of the reaction. Thus, re-
ducing the particle size would be expected to decrease the ini-
tiation rate, owing to a larger area of interfacial contact with
ROOH molecules. Quantitatively, this implies that the forma-
tion rate of hydroperoxides relies on ϕI and, according to Equa-
tion 16, on AD. To quantify this effect, we introduce the dimen-
sionless parameter 

[18]

which measures the decreasing or increasing PV of water-in-
oil emulsions with respect to the filtered sample assumed as a
reference. The susceptibility, χ, which can be determined at any
time independently of the system structure, denotes the “oxida-
tive state” of the oil; the term AD instead measures the “emulsi-
fication state” of the oil. Thus, if the oxidation reaction is “sur-
face driven,” then χ values for samples emulsified in different
ways will be related through AD. Therefore, we used the exper-
imental results and the data in Table 1 to evaluate χ and AD for
samples E15 and E45. 

Although data points are not uniformly distributed in the ex-
perimental range, they can be fitted with a polynomial of the
second degree, within an error of 1% (see Fig. 7). This is strong
evidence that both data sets (E15 and E45) are expressions of
the same physical process involving the water droplets. 
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Notwithstanding, during the oxidation reaction the curve
χ(AD) is not monotone, indicating that the water droplets be-
have differently. For a small value of AD, that is, for large vol-
umes of the dispersed phase, the chemical effect of water might
gain a certain importance. For the large droplets, the probabil-
ity then increases of forming hydroxyl radicals from the water
molecules. In these conditions water can catalyze the initiation
step according to

H2O + hν → ·OH [19]

RH + ·OH → R· + H2O [20]

ROOH + ·OH → ROO·+ H2O [21]

RO· + HO → ROOH [22]

It is worth noting that the PV trends displayed in Figure 4 and
Equations 19–22 depend on the overall water concentration.
However, if the water concentration is held constant, the emul-
sified olive oil shows a susceptibility to oxidation that is a func-
tion of the specific surface of the water droplet. This is clear
evidence that water droplets play a physical role in the oxida-
tion process. Nevertheless, when the droplet density is high
enough, the probability of direct oxidation (for interaction with

UV radiation) becomes significant. This dual nature of the
water behavior might explain the nonmonotone trend displayed
in Figure 7.

More information about the role of the dispersed water can
be gathered by studying the oxidation process and evolution of
droplet size distribution of olive oils emulsified using different
water concentrations.
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FIG. 7. Susceptibility of all samples to oxidation as a function of the
specific surface area of the dispersed phase.


