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The partition coefficient (Kp) of the natural phenolic antioxidant compounds in the olive fruit between
aqueous and olive oil phases was determined. The antioxidants of olive oil are either present in the
olive fruit or formed during the olive oil extraction process. The antioxidants impart stability to and
determine properties of the oil and are valuable from the nutritional point of view. The olive oll
antioxidants are amphiphilic in nature and are more soluble in the water than in the oil phase.
Consequently, a large amount of the antioxidants is lost with the wastewater during processing. The
determination of antioxidants was performed using HPLC, and the K, was estimated to be from as
low as 0.0006 for oleuropein to a maximum of 1.5 for 3,4-DHPEA—EA (di-hydroxy-phenyl-ethanol—
elenolic acid, oleuropein aglycon). Henry's law fitted very well to the experimental data. The partition
coefficients were also estimated by applying the activity coefficients of the antioxidants in the two
phases using a predictive group contribution method, the UNIFAC equation. The K; values estimated
with UNIFAC method were of the same order of magnitude but varied from the experimental values.
Nevertheless, this method may be a rough predictive tool for process optimization or design. Because
the K, values were very low, some changes in the process are recommended in order to achieve a
higher concentration of antioxidants in the oil. A temperature increase may lead to increasing the
partition coefficient. Also, limiting the quantity of water during oil extraction could be a basis for
designing alternative processes for increasing the antioxidant concentration in the olive oil.
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INTRODUCTION on the olive variety ). This amount of antioxidants in the olive

The phenolic compounds of virgin olive oil show several oil .is 1-2% of the avgilable pool of antioxidants. in the olive
functional, nutritional, and sensory properties: inhibition of Uit The restis lost with the wastewater (approximately 53%)
blood platelet aggregation (1) and phospholipid oxidati2) ( gnd the pomace (approximately 45%) depending on the extrac-
protection of human erythrocytes against oxidative damage ( tion system (9).
correlation with the pungent and bitter taste of oil, reduction of ~ As aforementioned, some of the phenolic compounds present
the oxidative process of fruity flavored aromatic compounds, in the olive oil possess antioxidant activity, thus imparting higher
and improvement of the olive oil shelf life4{-6). These stability to the oil. The most important of the phenols of the
phenolic compounds are either originally present in the olive olive oil (in terms of having the highest protection factt0))
fruit (7) or formed during processing of olive oil extraction.  that possess antioxidant activity is the 3,4-dihydroxyphenyle-

The phenolic compounds, once released or formed during thanol (3,4-DHPEA) §, 10—12). The 3,4-DHPEA is present
processing of olives, are distributed between the water and oil in different oleosidic forms: the 3,4-DHPEA form, the form
phases. Another part of the phenolics is trapped in the solid linked to the dialdehyde form of elenolic acid (3,4-DHPEA
phase: the “pomace”. The distribution of the released amount EDA), and as an isomer of oleuropein aglycon (3,4-DHPEA-
of the phenolics between water and oil is dependent on their EA) (12). All of these three forms are degradation products of
solubilities in these two phases. Consequently, only a fraction oleuropein. Oleuropein is a glucoside that contributes to the
of the phenolics enters the oil phase. In this way, an upper limit bitterness of olives. The antioxidant activity of all three forms
on the kind and amount of the phenolic compounds entering is equivalent (13). Their antioxidant activity is also dependent
the oil phase is set. In general, the concentration of the phenolicson the concentration of these compounds, and more specifically,
in the olive oil ranges from 50 to 10Q@g/g of oil depending it is proportional to the antioxidant concentration in the oil phase
(14).
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partition into the different phases thermodynamically according respectively, and then mixed with olive oil at the following ratios: 10:
to their affinities toward these phases. The proportions of 2, 10:5, 10:10, and 10:20 water/oil (w/w). Tyrosol and 3,4-DHPEA-
antioxidants residing in the three different phases (oil, water, EDA, though, were first dissolved in olive oil at concentrations of 1.74
and solids) depend on the relative polarities of the antioxidants,#9 8dGA/g and 6.8.g eqGA/g, respectively, and then mixed with

s istilled water at the following ratios: 10:1, 10:2, 10:3, 10:4, 10:5,
Fer;iﬁlrécgnigjzgagﬁﬂt:’pfg;ggrature’ and the composition an 0:6, 10:10, 10:15, and 10:20 oil/water (w/w) for tyrosol, and 10:2,

N - . 10:5, 10:10, and 10:20 oil/water (w/w) for 3,4-DHPEA-EDA. The
The partitioning coefficient,, between oil and water phases  concentrations of the antioxidants (phenolic compounds) in the oil phase
can be determined experimentally by measuring the concentra-were determined quantitatively with high-performance liquid chroma-
tion of the phenolic compounds-antioxidants, in the two phasestography (HPLC). HPLC analyses were conducted according to the
at equilibrium. Prediction of partitioning coefficientsp, Montedoro procedure (8, 13) which has been modified as described in
between phases, though, may be feasible by using a generathe following. The qualitative and quantitative analysis of the antioxi-

group contribution methods for prediction of activity coefficients dants was carried out by reversed-phase high-performance liquid
in a liquid-phase, such as the UNIFAC method. This method ch_romatography (_RPHPL_C) on a Waters 600E pump controller (Waters,
has enabled the prediction of vapor/liquid or liquid/liquid Mford. MA) equipped with a C18 NovaPak column (4:6250 mm)

equilibrium. or the solubility of several substances. in agueous (Waters) in combination with a guard column. The chromatograms were
quilibrium, ubility v u » IN AQUEOUS 5 hitored using a Waters 486 tunable absorbance detector at 280 nm.

pr nonaqueous phases(-17). The grogp contribution method The column was eluted at room temperature with a gradient mobile
is based on the concept of the solution of groups instead of phase consisting of methanol and 1% acetic acid in water as follows:
molecules. Each molecule is considered as a mixture of simplegradient time (min), 1% acetic acid (%), methanol (%): 2, 95, 5; 5,

groups (—CH2——~COOH, —OH, etc.) whose thermodynamic 75, 25; 15, 60, 40; 25, 50, 50; 40, 40, 60; respectively. The flow rate
property parameters (described in the UNIFAC model below) was set at 1 mL/min and the backpressure was set below 2000 psi.
are known in the literaturelf, 17), and the various properties The system was controlled by Waters baseline 815 data acquisition
are found by the summation of the contributions of the various and control software. The concentrations of all antioxidants were
groups. Thus, the group contribution method has the advantage’sXFF’)resds,e‘_j as iq;"’a_'?m_s of .galcl';l /3\‘/:”' S " y
of predicting various thermodynamic properties through estima- __"rediction of Partitioning in Oil/Water System. The partition
tion of the effects of the various groups. The UNIFAC method coefficient was calculated by dividing the equilibrium concentration

. . T . . of antioxidant in the oil and water phases, respectively.
was based on the universal quasi chemical activity coefficient P P Y

(UNIQUAC) method, which is another method derived from Ky = Coil Cuater (1)
an extension of Guggenheim’s quasi-chemical theory of liquid
mixtures (18). At equilibrium, the activity of any component is the same in both

In food systems, the UNIFAC equation has been applied for phases by definition, therefore, for an antioxidaail/antioxidant—
the prediction of water activity in sugar solutions and for the water system the following relationship may apply:
prediction of volatility of aromatic compounds in sugar solutions

(19—23). Torres and Meirelle24) predicted the oil vapor Yot = (72" X)ater @)
pressures, as well as vapdiquid equilibrium of oil, by using
the UNIFAC set of equations. where y1°, y2* are the activity coefficients of a substrate (i.e., an

In the present study, the partition coefficiett, between antioxidant) in the oil or in the water phase at infinite dilution,
olive oil and water phases of selected phenolic compounds respective'ly; andk andy are the (molecular) concentrations of the
related to olive oil, some of which are powerful antioxidants, substrate in the two phases.

. . - . The partition or distribution coefficient may be expressed as the ratio
was determined experimentally and predicted using the UNIFAC of molecular concentrations in the two liquid streams (oil and water)

method. by the following equation:

0o __
MATERIALS AND METHODS Ko = YoilXuater (3)

Commercial olive oil was purchased from the local supermarket. The eq 2 may result in the following:
Its phenolic content was stripped off with a methanol/water (80:20)
mixture and used as such for experimentation. Oleuropein was obtained Kp° = YoilXpater= V2 V1" 4)
from Extrasynthase (Genay, France); protocatechuic acid and caffeic

acid were from Sigma Chemical Co. (St. Louis, MO); tyrosol was from  \yherey,, is the molecular concentration of the substance (antioxidant)

Fluka (Bunchs, Switzerland); and gallic acid was from Aldrich in the oil phase andwaer is the corresponding concentration in the
(Steinheim, Germany). 3,4-DHPEA, 3,4-DHPEA-EDA, and 3,4-DH-  aqueous phase.

PEA-EA were gifts from Professor G. Montedoro of University of The relationship between egs 1 and 4 is the followi6){
Perugia, Italy.

The partition coefficientKp, of antioxidants between the olive oil — KO N — (v N —
and Wa?er phases was determined according to Archer @6}l The Ko = KopMWysare/MWoi) = Kol Xuared MW yare/MWoi)
methodology involved the formation of 1:1 (w/w) oil/water mixtures (2 171 ) (MW i of MW ;) (5)
containing the antioxidant or phenolic compound. The water or oil phase
containing the antioxidants at various concentrations was mixed with where MW,; and MW,4.r are the molecular weights of oil and water,
either olive oil or water, respectively, and homogenized with an Ultra respectively.
Turrax (IKA Werke, Germany) at 6,000 rpm for 1 min after purging Therefore, by calculating or predicting the activity coefficients one
with nitrogen and then centrifuged at 27@0@ break down the may be able to predict the partition coefficient of a substrate (i.e.,
emulsion. Specific information for each substance tested is as follows: antioxidant) between the two phases (oil and water) according to eq 5.
concentrations of oleuropein in water before mixing [0.6, 1, 3, 5, 10, The prediction of the activity coefficients >, y.* may be done using
15, and 20 mg/g], of protocatechuic acid [0.1, 0.2, 0.5, and 1 mg/g], the UNIFAC method for small concentrations of antioxidants.
and of caffeic acid [0.05, 0.1, 0.25, and 0.5 mg/g]. 3,4-DHPEA-EA UNIFAC Model. According to this model the activity coefficient
and 3,4-DHPEA were first dissolved in water at concentrations of 1.94 of the liquid phase may be found by adding two terms: a combinatorial
ug eqGA/g (eqGA, equivalent of gallic acid) and 254 eqGA/qg, term and a residual term.
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Iny,=Iny°+InyR (6) 0.12
]
where the combinatorial part of the activity coefficient is derived from § .
pure component properties such as group volume and area constantse= ? . ¢ .
and it is given by the equation: § 0.08 +,8 ¢
s .
InG) = In(@/x) + 50 In@/@) + 1 - @)Y xl, ) & |
: L0 0.04 +
©
0,= x|y axy ® 2
! >
= 0.00 a ; ;
= 1| > ©) 0 100 200 300 400
J time (min)
r= ka(‘)Rk (10) Figure 1. Distribution of tyrosol in the oil and aqueous phases against
time of mixing. Equilibrium was attained after 17 min.
6= (1 o000
3
<
=50 —q)—(;—1) (12) e
1]
The residual part of the activity coefficient is a function of group area 0.0005
fractions and their interactions in pure components and in mixtures, & - 1
and it is given by the equation: Q
] .
In(y § = ka“)(mrk — I, (13) 3 y = 0.0006x + 0.0002
o
. . - - . 0.0000 ; .
where Iy is the group residual activity coefficient ardd(i) is the 0.0 05 10 15

residual activity coefficient of a grouf in a reference solution
containing only molecules df(i.e., water or oil).

InE, = QL =~ (S Ou) = S Ontbin] S O] (14)

[oleuropein] (ug-eqGA/gy20)
Figure 2. Partitioning of oleuropein between oil and water phase at
equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
repetitions, 5.

0= merrj anxn (15) Table 1. Type and Number of Groups of Various Molecules Involved
n in Liquid—Liquid Equilibria (oil, water, antioxidants)
X = ZVm(i)xi/z zvj(i)xi (16) molecule UNIFAC groups
! bt olive oil 3 groups CHs, 41 CH,, 1 CH, 3 CH=CH, 3 CH,COO
water 1 group H,0
On= exp(—qm{T) (17) oleuropein 1 group CHs, 2 CHp, 6 ACH, 1 ACCHj, 2 ACOH, 2 CHO,
1 CH,COO, 1 CH3COO, 1 -0-, 1 AC, 1 C=CH
The parameter table data reported by Magnussen efl@).was tyrosol 4 groups ACH, 1 ACCHy, 1 CH, 1 OH, 1 ACOH
used for the determination of the activity coefficients. These data are Protocatechuic acid 3 groups ACH, 1 AC, 2 ACOH, 1 COOH

3,4-DHPEA 3 groups ACH, 1 ACCH,, 1 CHy, 1 OH, 2 ACOH

considered appropriate for use in liguitiquid equilibrium calculations.
The various substances which were considered in this work (water,

3,4-DHPEA-EDA

1 group CHs, 2 CHy, 1 CH, 1 C=CH, 3 ACH, 1 ACCH,,
2 ACOH, 2 CHO, 1 CH,COO0, 1 CHO

oil, qnt|OX|dants) were analyzed in various groups Whose'therr_nody- 34 DHPEA-EA 1 group CHy, 2 CHy, 6 ACH, 1 ACCHz, 2 ACOH, 2 CHO,
namic constants are known. For simplicity reasons the olive oil was

idered as being made exclusively of tri-ester of glycerol, with oleic - L CH,CO0, 1 CH,COO, 1 ~0-, 1 AC
consi ; caffeic acid 1 group CH=CH, 3 ACH, 1 AC, 2 ACOH, 1 COOH

acid (CHy(CH,)sCH=CH(CH,)sCH,COOH) being the only fatty acid
of the ester. The oleic acid is usually approximately 85% of all fatty
acids of the olive oil. The groups which were considered for each approximately 17 min for most antioxidants, and it was

molecule are shown in Table 1. The thermody_namic parameters groupconsidered as the time to attain equilibrium. Figure 1 shows
volume (R) and area (Q as well as the group interaction parameters yhq ratio of concentrations of tyrosol in the oil and water phases
(amn) were taken from Magnussen et al. (16) and Reid et al. (17). against time. It may be seen that the ratio [tyras(ity/rosoljuaer
attained a maximum value of 0.09 after 17 min of mixing of
RESULTS the two phases (oil/water). Similar curves were obtained for
Experimental Results on Partitioning. During oil extraction the other antioxidants. Thus, all measurements of antioxidants
from the olives the phenolic compounds are distributed betweentook place after equilibrium was reached1(7 min).
the oil and aqueous phases. It is important to determine the Figure 2 shows the distribution of oleuropein between the
partition coefficients of these compounds in oil/water mixtures oil and the water phase after the equilibrium was reached.
because their concentration has beneficial effects on the stability,Oleuropein is the parent molecule of powerful antioxidants in
aroma, and nutritional properties of the oil. the oil such as 3,4-DHPEA. The solubility of oleuropein in the
The ratio of concentration of antioxidants in the oil phase aqueous phase is much higher than in the oil phase resulting in
against the concentration in the aqueous phase attained & K,=0.0006 (mg of oleuropein in the oil phase per g of oil/mg
maximum value after some time of mixing. This time was of oleuropein in the water phase per g of water). This Ky




Olive Oil Antioxidants Partitioning

3
3
< .
<
¢ 27
[e)]
=2
<
L 14
o
&
< y = 0.0106x + 0.0611
0,
0 +— +
0 100 200 300

[3,4-DHPEA] (ug-eqGA/gy;0)

Figure 3. Partitioning of 3,4-DHPEA between oil and water phase at
equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
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Figure 4. Partitioning of protocatechuic acid between oil and water phase
at equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
repetitions, 5.
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Figure 5. Partitioning of tyrosol between oil and water phase at equilibrium
at 20 °C (eqGA, equivalent of gallic acid). Number of repetitions, 5.
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Figure 6. Partitioning of caffeic acid between oil and water phase at
equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
repetitions, 5.
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Figure 7. Partitioning of 3,4-DHPEA-EDA between oil and water phase
at equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
repetitions, 5.
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Figure 8. Partitioning of 3,4-DHPEA-EA between oil and water phase at
equilibrium at 20 °C (eqGA, equivalent of gallic acid). Number of
repetitions, 5.

value of oleuropein, obviously due to its structure, explains the  The highest value of partition coefficient was found for 3,4-

observation that oleuropein is not practically found in the oil

phase.

Similar curves showing the partitioning of other antioxidants

between the aqueous and the oil phases at@@s given in

DHPEA-EA (K, = 1.49). The partition coefficients for various
antioxidants appear in Table 2 in the order of incread{pg

As mentioned earlier, the most potent antioxidant is the three
forms 3,4-DHPEA, 3,4-DHPEA-EDA, and 3,4-DHPEA-EA.

Figures 3, 4, 5, 6, 7, and 8 for 3,4-DHPEA, protocatechuic acid, The form 3,4-DHPEA has &, = 0.01 (approximately), thus,

tyrosol, caffeic acid, 3,4-DHPEA-EDA, and 3,4-DHPEA-EA,

it is much less soluble in oil than in water. Thus, most of this

respectively. The partition coefficients of these antioxidants are form is lost during water treatment of the olive pulp (extraction).

significantly higher than the partition coefficient of oleuropein,

ranging from 0.01 to 1.49, but still thi€, values for tyrosol,

However, the two other forms, the 3,4-DHPEA-EDA and 3,4-
DHPEA-EA, are 0.189 and 1.5 times, respectively, more soluble

protocatechuic acid, caffeic acid, and 3,4-DHPEA were very in oil than in water, thus having a considerable solubility in the

low, pointing to their hydrophilic nature.

oil phase.
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Table 2. Experimentally Estimated Partition Coefficients of Olive Ol Limiting the quantity of water used during the oil extraction
Antioxidants between Oil and Water Phases processes could be a basis for designing alternative processes
. - B for enriching olive oil with antioxidants. Indeed, use of the two-
antioxidant partition coefficient (Kp) phase centrifugal decanter, where the volume of water added
oleuropein 0.0006 to dilute the paste is much less than that in the conventional
3,4;DHTE/I:. ’ 8-8;88 three-phase unit, has resulted in increased concentration of
protocatechuic acl A . . .
tyrosol 0.0770 o-diphenols in the oil (5).
caffeic acid 0.0890
34-DHPEA-EDA 0.1890
3.4 DHPEAEA 14900 ACKNOWLEDGMENT
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oleuropein 0.0012 0.0034 0.0087 (1) Petroni, A.; Blasevich, M.; Salami, M.; Papini, N.; Montedoro,
3}?);5;?;%& acid 88223 88%(2) 88%8 G. F.; Galli, C. Inhibition of platelet aggregation and eicosanoid
fyrosol 0.0970 01510 0.2220 production by phenolic components of olive dilhromb. Res.
caffeic acid 03600 05920 0.7970 1995,78 (2), 151-160. _ _
3,4-DHPEA-EDA 0.1870 0.2990 0.4130 (2) Visioli, F.; Bellomo, G.; Montedoro, G. F.; Galli, C. Low-density
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coefficients (eq 5) are given in Table 3. virgin_oil by headspace (volatiles) and extraction (polyphenols)
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