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In recent years, traces of active ingredients from phytosanitary products and other products used in
treating olive trees have been found in some olive oils because production systems are unable to sep-
arate and/or eliminate these chemical residues. Degradation of five phytosanitary chemicals (methyl
parathion, ethyl parathion, chlorpyrifos, methyl chlorpyrifos and oxyfluorfen) in virgin olive oil exposed
to ultraviolet light at different temperatures has been studied. The influence on the quality parame-
ters of treated virgin olive oil and its composition has been analyzed. The photodegradation kinetics

gi{::o\;isg:m olive oil can be described by a first-order degradation curve. The half-life values determined at the end of a
0il quality 150-min UV irradiation (T=288 K) were as follows: methyl parathion 60.3 min, ethyl parathion 73.0 min,

chlorpyrifos 110 min, methyl chlorpyrifos 86.6 min and oxyfluorfen 239.0 min. After the treatment, the
phytosanitary chemicals were still present at 19.6, 24.1, 39.1, 32.8, and 67.3% of their initial concentration,
respectively. The activation energy for each pesticide was calculated obtaining the following values under
the experimental conditions: methyl parathion 15.5 k] mol~!, ethyl parathion 29.7 k] mol~!, chlorpyrifos
23.5k] mol-!, methyl chlorpyrifos 16.0 k] mol~', and oxyfluorfen 157.9 k] mol-!. These results reinforce

Phytosanitary chemicals
Photodegradation
Kinetics parameters

photodegradation as an effective tool for the degradation of pesticides in olive oil.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Spain is the world’s leading olive oil producer. Olive oil produc-
tion has long been a tradition in Mediterranean countries and in
recent years these countries have sought to increase its value [1].
The introduction of irrigation, together with the improvement and
development of production techniques has tremendously boosted
olive-oil production in the past few years. The greater output has
led to the development of modern systems for olive harvest and
transport and also systems for olive-oil extraction.

The use of machines (sweepers, blowers) that facilitate the col-
lection of the fallen olives from the ground is the most frequent
harvesting practice. However, this system augments the amount
of earth accompanying the olives to the mill and thus oil quality
seriously declines. In addition, phytosanitary products as insecti-
cides, fungicides, and herbicides, are widely used to control pests,
diseases, and weeds. It should be noted that each of the active ingre-
dients has a safety period (minimum number of days that should
elapse between the final application and harvest). Therefore, non-
degraded chemical products (phytosanitary not degraded during
the safety period) can be persist and pollute not just the water
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but also the soil at harvest time, contaminating the olives that
reach the ground. On the other hand, some of the active ingredi-
ents of the phytosanitary products are degraded through hydrolytic
degradation or photolytic degradation mediated by sunlight. As a
result, harmless or harmful residues (phytosanitary residues) can
be retained by the ground or leach into the surface water or ground-
water.

This problem has been discussed during the last decade and
was first addressed by analytical studies followed by elaboration
of techniques aimed at elimination of phytosanitary contaminants
from the water. Nevertheless, this remains a matter of study for
researchers worldwide [2] as it is a major problem in many coun-
tries. Due to the toxicity of these compounds, the European Union
has established guidelines stipulating the acceptable limits for
drinking water. The maximum concentrations of phytosanitary
residues in drinking water accepted by the European Parliament for
the countries of the European Union are 0.1 ug L~! for a given chem-
ical and 0.5 wgL~! for the total amount of pesticides [3]. In recent
years, there has been remarkable progress in photodegradation of
pesticides (as a part of tertiary treatment) since conventional tech-
niques of contaminated water treatment were found ineffective.
Research results have demonstrated the feasibility of photodegra-
dation with UV light on atrazine, isoproturon and mecoprop [4].
The degradation of pentachlorophenol (PCP) has also been stud-
ied. Used as fungicide, PCP contains polychlorinated dibenzodioxin
(PCDD) and polychlorinated dibenzofuran impurities, which are
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even more toxic than the main product. Further research has been
made in the field of photodegradation of other pesticides, but all
publications mainly deal with treatments in plant, soils [4], aque-
ous solutions [5], and no research is available on treatment of
phytosanitary-contaminated extra virgin olive oil (EVOO). Chem-
ical treatment is completely forbidden in the production process of
EVOO. Only research in refined olive oil is known [6].

Investigation has shifted from the contamination detected in
drinking water to the pesticide residues found in foods such as
grapes and wines of many wine producing countries [7-9]. In
the last 3 years, traces of phytosanitary products have also been
detected in olive oil. This fact caused increasing concerns within
the sector which resulted in regular administrative controls estab-
lished on at least 20 different pesticides. It is important to note that
the water used to wash the olives frequently comes from a closed
circuit so that olives free of phytosanitary residues could be eas-
ily contaminated. For this reason, some authors recommend not to
wash olives harvested directly from a tree and to limit the washing
of olives that have been in direct contact with the ground.

In this paper, the feasibility of a controlled process of pho-
todegradation of phytosanitary residues present in virgin olive oil
isreported using UV light and five phytosanitary chemicals (methyl
parathion, chlorpyrifos, ethyl parathion, oxyfluorfen and methyl
chlorpyrifos).

2. Materials and methods
2.1. Experimental device

The experiments were carried out in an experimental photore-
actor (Fig. 1) composed of a 1 L reactor tank with a UV lamp covered
with a quartz immersion tube and a quartz cooling jacket, a mag-
netic stirrer inside the reactor for blending the olive oil with the
phytosanitary chemicals, cryorefrigeration equipment with an Frig-
iterm 30 ultra-thermostat to eliminate the heat created by the UV
lamp and controlling the temperature of olive oil in the reactor. A
thermometer was located in the interior of the reactor to indicate
the operating temperature.
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Fig. 1. Configuration of the photoreactor used.

The UV lamp used has the following characteristics: UV Immer-
sion lamp (model TQ 150; no. 5600 1725; brand HNG Germany G4)
with a length of total immersion 384 mm, length of the luminous
part of the immersion 303 mm, position of the emission centre of
the lamp 44 mm, power of the lamp 150 W and nominal level of
emission intensity 200-280 nm.

2.2. Experimental conditions and procedure

Commercial extra virgin olive oil from the province of Jaén
(Spain) was used as solvent to study the influence of UV radiation
on photodegradation of the phytosanitary residues. First the influ-
ence of UV light on the quality parameters of the olive oil has been
studied. Thus, we analysed the usual parameters: acidity, peroxide
index, the values of absorption coefficients K57q, K232, and AK, and
the stability to oxidation determined by the Rancimat method [10].

To study the photodegradation and degradation kinetics of the
phytosanitary residues in the olive oil, after analysing several olive
oil samples, we introduced a ‘doped mixture’ containing active
phytosanitary components with concentrations higher than those
usually registered in olive oils (to detect the exact amount of
degraded pesticides).

Once the olive oil and active ingredients were prepared, the mix-
ture was placed in the reactor, where each active phytosanitary
has been mixed with olive oil. Different experiments have been
conducted to study the five phytosanitary molecules (one for each
phytosanitary investigated). All the experiments carried out under
air atmosphere. The average concentration for each phytosanitary
in olive oil was 1841 pg L~ with a standard deviation of 244.

The circulation of water refrigerated by the quartz cooling jacket
around the lamp was activated, the UV lamp was switched on and
the oil temperature was controlled. Once the desired temperature
was reached (within few minutes), the time was started from zero.
Over the course of the experiment samples were taken at different
times during the approximately 2.5 h of operation.

A series of experiments were carried out at different tempera-
tures and with different operation times, in order to determine the
effect of temperature and time on the photodegradation of phy-
tosanitaries and on the quality parameters of olive oil.

2.3. Analytical methods

2.3.1. Quality parameters of extra virgin olive oil

Olive oil quality parameters such as: acidity, peroxide index, the
values of absorption coefficients K»79, K»32,and AKhave been deter-
mined using methods of analysis published in the official bulletin
of the European Communities [11].

2.3.2. Rancimat stability

The olive oil was oxidized to its possible maximum through an
air flow at 100°C, determining the oil conductivity with Metrohn
679 Rancimat stability equipment [10].

2.3.3. Extraction and determination of residues from
phytosanitary products

These were determined by gas chromatography with a capil-
lary column and a Varian Saturn 2000 mass detector with GPC
purification clean-up (Waters 717 Plus Autosampler equipment,
Water-Fraction Collector III, and Envirogel GPC clean-up columns
of 19 mm x 300 mm and 19 mm x 150 mm). The principle of mea-
surement was based on the extraction of the pesticide fraction in
oil to which an internal standard, anhydrous sodium sulphate, n-
hexane with acetonitrile had been added. Afterwards, the extracted
fraction was purified through chromatography of gel permeability
separation and finally the direct analysis was carried out through
gas chromatography in a capillary column and mass detector. The
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Table 1
The injector and oven conditions.

T (K) Rate (K/min) Hold (min) Total time (min)
Injector 343 = 0.50 0.50

573 373 15.0 17.8
Oven 343 - 3.50 3.50

453 298 10.0 17.90

573 277 10.0 57.90

quantitative measurements of pesticides (MS/MS) have been done
using different calibration lines for each pesticide where the con-
centration of pesticides has varied between 10 and 500 pg L~!1. The
purity pesticide standards were purchased from Dr. Erhenstorfer
(Pomochem, Wesel, Germany) and used without further purifica-
tion. Varian CP3800 Gas chromatography equipment was used with
detector Saturn 2200 GC with a sample of 10 pL injected. The injec-
tor and oven conditions are shown in Table 1. The helium flow in
the column was 1 mLmin~1.

2.4. Calculation methods and reproducibility

The experiments were made at least in duplicate and the ana-
lytical methods were applied at least in triplicate. The calculation
and statistical methods used are available in the program OriginPro
8.0.

3. Results and discussion
3.1. Influence of UV light exposure on the quality of virgin olive oil

To ensure the quality of EVOO during the process of exposure
to ultraviolet light, the main quality parameters were analyzed
with a frequency of 10 min during 150 min. Table 2 shows the ini-
tial parameters of EVOO quality (without exposition to UV light)
and after treatment for 16, 30, 60 and 150 min, and different tem-
peratures. Treatments at higher temperature values have not been
reported as far. The quality parameters of the oil were not affected
significantly by ultraviolet light during the time period tested
(150 min). Acidity (<0.52%), peroxide index (<12.6 meq.0; kg 1),
UV absorbency: K79 (<0.200), K32 (<2.18), and AK (<0.001)

Table 2
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Fig. 2. Kinetics of the photodegradation of pesticides (T=288K): (a) methyl
parathion, (A) chlorpyrifos, (¢) ethyl parathion, (M) oxyfluorfen, and (®) methyl
chlorpyrifos.

have not exceeded the maximum values of the quality parameters
allowed according the official legislation (Table 2).

A tasting panel did not registered significant differences from
sensorial standpoint that might be attributed to temperature or
oxidation reactions.

3.2. Photodegradation kinetic

The reactions of photodegradation of pesticides in water can be
described by kinetics of different orders. However, with reactions of
first-order kinetics fit well to these processes and were successfully
used [5,7,8].

Since similar behaviour has been observed in the photodegra-
dation of pesticides in the EVOO, the graphical representation
of napierian logarithm of the concentration versus time gives a
straight line (Fig. 2), where the slope of the line gives the constant
of the reaction of photodegradation (Eq. (1)).

m(é):_@t 1)

Variation of the quality parameters of virgin olive oil exposed to UV light at different periods of time and different temperatures.

T (K) t (min) Acidity (%) Peroxide index (meq. 0, kg~') Ka70 K332 AK Rancimat stability (h)
288 0 0.28 1.5 0.139 1.991 0.001 33.0
16 033 12.1 0.129 1.766 0.001 36.0
30 0.44 10.8 0.154 1.987 0.001 36.1
60 0.52 83 0.126 1.732 0.001 36.2
150 0.52 13.0 0.193 2.182 0.001 36.3
293 0 0.28 1.5 0.139 1.991 0.001 33.0
16 0.31 12.6 0.131 1.766 0.001 36.0
30 0.35 1.5 0.152 2,014 0.001 35.6
60 0.44 10.1 0.142 1.912 0.001 349
150 0.52 8.9 0.178 2.006 0.001 35.0
289 0 0.28 11.5 0.139 1.991 0.001 33.0
16 0.32 121 0.147 1.791 0.001 37.7
30 0.39 8.8 0.150 1.912 0.001 384
60 0.42 10.0 0.140 1.735 0.001 35.0
150 0.49 7.5 0.184 2.010 0.001 36.0
303 0 0.28 1.5 0.139 1.991 0.001 33.0
16 0.33 12.4 0.161 2.008 0.001 35.7
30 0.43 10.6 0.161 1.984 0.001 36.2
60 0.43 9.1 0.183 1.989 0.001 36.0
150 0.51 10.4 0.200 2.036 0.001 36.1

Maximum values allowed according the Commission Regulation (CEE) no. 2568/91: acidity < 0.8, peroxide index < 20, K79 <0.20, K232 <2.50, AK <0.01. Rancimat stability:
the value of this parameter varies largely depending on the variety of olives and their value varies from 20 to 200 h roughly. (Officially no value given.)
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Table 3
The apparent first-order photodegradation rate constant of five pesticides at different temperatures.
T (K) ky x 103 (min~")
Methyl parathion Ethyl parathion Methyl Chlorpyrifos Chlorpyrifos Oxyfluorfen
288 11.5 9.50 8.00 6.30 2.90
293 9.64 7.25 7.00 5.32 1.53
298 9.50 6.61 6.48 4.58 0.401
303 8.09 4.95 5.69 3.86 0.120

where Cand Cy are the concentrations of pesticide at time t and time
0, respectively, and kj, is the apparent first-order photodegradation
rate constant.

Table 3 shows the values obtained for the apparent first-order
photodegradation rate constant of the five pesticides studied at
different temperatures (in a previous study, the best results of
the photodegradation with direct use of UV have been obtained
using methyl parathion, chlorpyrifos, ethyl parathion, oxyfluorfen
and methyl chlorpyrifos [10]). It can be seen that the constant
of the reaction in all experiments of photodegradation decreases
with increasing the temperature. Particularly in the temperature
range from 288 to 298 K, the rate of the photodegradation of pesti-
cides decreases in the following order (highest to lowest): methyl
parathion, ethyl parathion, methyl chlorpyrifos, chlorpyrifos, and
oxyfluorfen. However, at 303K methyl chlorpyrifos recorded a
higher value for k;, than ethyl parathion. In addition, the pho-
todegradation of oxyfluorfen is much slower than the rest of
the pesticides studied. For this reason, the photodegradation rate
constant of methyl parathion4 and is 67 times higher than of oxyflu-
orfen at 288 and 303 K, respectively.

The half-life (t;,) of pesticide indicates that the stability of the
compound over time can be calculated by Eq. (2):

0.693
kb

typ = (2)

Fig. 3 shows the half-lives of the photodegradation of the pes-
ticides. In all experiments the half-life of each pesticide increases
with increasing the temperature. The photodegradation half-life of
methyl parathion, ethyl parathion, methyl chlorpyrifos, chlorpyri-
fos and oxyfluorfen varies in the range between 60.3 and 85.7, 73
and 140, 86.6 and 121.8, 110.0 and 179.6, and 239.0 and 5776.2 min,
respectively.

The half-life values show that oxyfluorfen demonstrates the
longest dissipation half-life (between 4 and 32 times higher) than
the rest of pesticides studied. Moreover, while the half-life of the
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Fig. 3. Variation of the half-lives of pesticides with temperature: (a) methyl
parathion, (A) chlorpyrifos, (¢) ethyl parathion, (®) oxyfluorfen, and (®) methyl
chlorpyrifos.

other pesticides do not exceed 3 h, that of oxyfluorfen can reach
up to 97 h. The persistence or dissipation of a chemical is mainly
controlled by its physico-chemical properties and environment
conditions including (in this case) olive oil as a solvent [12].

Moreover, the order of magnitude of the constant of the
reaction of photodegradation and half-life of the pesticide
obtained is similar to values registered in the literature, for
example in aqueous solutions the kinetics parameters of methyl
parathion is k,=8.46 x 103 min~! and t;,=82.0min (T=303K,
pH 12) [13], for ethyl parathion is equal to 9.6 x 10-3 min~! and
t12=72.2min  (Ajrradiation =350nm) [14], for the organophos-
phorus compounds (chlorpyrifos) k,=52.1x103min~! and
t12=13.3min (Ajradiation <410nm) [15] and for oxyfluorfen in
n-hexane (T=294.0K) k,=0.415 10~3 min~! and t;; =1673.3 min
[16]. All the photodegradation reactions fit a first kinetic order. No
significant reaction was observed in the dark.

The rate of degradation is affected by the temperature depen-
dence of k, and the temperature is given by the Arrhenius equation:

Eq
kp=A -
o =exp (-52) ®
where A is the frequency factor (min~1), E, the activation energy
(kJmol~1), T the temperature (K) and R the gas constant. This equa-
tion can be expressed with the napierian logarithm:

In(ky) = In(A) — (%‘) (%) (4)

Eq. (4) represents a lineal equation, where the slope of the line
gives the activation energy for each pesticide (Fig. 4). The activation
energy provides information about the dependence of photodegra-
dation reaction on temperature: the greater the activation energy
value, the more temperature affects photodegradation.

The dependence of the photodegradation rate of pesticides
on temperature is well pronounced within the range 288-303 K.
It is observed that the reaction rate decreased with increasing
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Fig.4. Arrhenius graphic and calculation of activation energy: (a) methyl parathion,
(A) chlorpyrifos, (¢) ethyl parathion, (W) oxyfluorfen, and (®) methyl chlorpyrifos.
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Table 4
Activation energy calculated for each pesticide at the experimental conditions.

Table 5
The maximum photodegradation for each pesticide at different temperatures.

Pesticide A(min~1) E, (k] mol-1)
Methyl parathion 5.83 x 104 15.5
Ethyl parathion 2.62 x 107 29.7
Methyl chlorpyrifos 9.89 x 104 16.0
Chlorpyrifos 2.89 x 108 23.5
Oxyfluorfen 1.32 x 10%! 157.9

the temperature. The Arrhenius plot yields a straight line from
which the overall apparent activation energy varies between 15 and
157.9k] mol~! (Table 4). Obviously, this value is smaller than that
of ordinary thermal reactions and it appears that the photodegra-
dation reaction is less temperature dependent. The rate decrease is
most probably due to decreasing collision frequency of molecules
in the olive oil at higher temperatures (more viscosity at low tem-
perature).

The activation energy values reported in literature at pH 7.1 for
seven organophosphorous pesticides are in the range between 58.6
and 92.1 kJmol~! [17]. In more recent studies [18], lower values,
in the range between 0.46 and 40.6 k] mol~!, were found for 14
organophosphorous pesticides at pH 7.3. Badawi and El-Dib [19]
reported the activation energy for methyl parathion at pH 11 equal
to 41.5 k] mol~1. Accordingly, Di Palma [20] reported that the phos-
alone activation energy values varied in the range between 11.5 and
22.1k]mol~! (pH 10-12 and room temperature).

3.3. Photodegradation of pesticide

In real samples without the addition of pesticides (samples
collected directly from the market) have been detected trichlor-
fon 99 wgL-1, diuron 12 pgL-1, carbaryl 43 wgL-!, dimethoate
15 wg L1, terbuthylazine 19 wg L1, terbutryn 8 wg L1, oxifluorfen
12 ngL-1, endosulfan I 8 wgL-!, endosulfan sulphate 19 pgL-1,
diflufenican 9 pgL~!, and phosmet 7 wg L. In any case, these val-
ues exceeded allowed. There is currently no specific legislation in
Spain as regards maximum residue limits (MRLs) for pesticides in
olive oil, but only in olives. However, levels five times higher than
those set for olives are commonly accepted for oil [21].

Fig. 5 presents the results of the photodegradation treatment at
different times for the pesticides tested in virgin olive oil, obtained
under UV light (T=303K). The values of the percentages of pesti-
cides degraded (PD) over time (t) has been adjusted by nonlinear
regression using the OriginPro 8.0 program to the mathematical Eq.

(5):
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Fig. 5. Photodegradation of pesticides (T=303 K): (o) methyl parathion, (A) chlor-
pyrifos, (¢) ethyl parathion, (M) oxyfluorfen, and (®) methyl chlorpyrifos.

% Photodegradation (150 min)

T (K)

288 293 298 303
Methyl parathion 80.4 78.8 73.7 70.1
Ethyl parathion 75.1 50.9 60.8 50.1
Methyl chlorpyrifos 67.2 55.8 60.7 57.6
Chlorpyrifos 60.2 40.1 48.9 421
Oxyfluorfen 32.7 12.9 5.42 14.4
PD = PDmax(1 — exp~*) (5)

where PD and PDpx are the percentage of photodegradation of pes-
ticide at time t and the maximum percentage of photodegradation
of pesticide at infinite time, « is the constant of equation.

Fig. 5 shows that the process of photodegradation with UV light
consists of two stages. In the first stage, photodegradation is very
fast and then reach a second stage where degradation rate is much
slower. At infinite time, a maximum value of the photodegrada-
tion of the pesticide is reached. In this study, with the objective
to preserve the quality of EVOO, the maximum values of the pho-
todegradation were considered once a period equal to 150 min was
reached.

Table 5 lists the percentages of the maximum photodegrada-
tion reached by each chemical at t=150min. In any experiment
photodegradation did not exceeded 80.4%. Methyl parathion, ethyl
parathion, chlorpyrifos, methyl chlorpyrifos registered a pho-
todegradation percentage above 40%. However, the percentage of
photodegradation of oxyfluorfen under the optimal experimen-
tal conditions did not exceeded 33%. The highest decreases were
registered after 150 min of operation time. In terms of operating
temperature, the highest degradation rates were detected at 288 K
(Table 5). Also, the photochemical degradation over extra virgin
olive oil only with residual pesticide detected was carried out. The
degradation yields of trichlorfon recorded equal to 98% at 16 min
and 96% at 30 min (T=298 K). The experiments with mixed oil with
terbuthylazine recorded values of 38% and 55% at 16 and 30 min
(T=298K), respectively. Dzyadevych and Chovelon [22] reported
a percentage equal to 90% (160 min) for the photodegradation of
methyl parathion similar to that obtained in this work (Table 5). On
the other hand, Scrano et al. [16] reported that 3000 min were nec-
essary to achieve a percentage of photodegradation of oxyflurfen
equal to 70% (T =294 K using methanol, acetonitrile, n-hexane).

In general, the photodegradation of a pesticide with UV light in
EVOO decreases with increasing temperature. This can be explained
considering that increasing the temperature decreases the viscos-
ity of olive oil (oxygen solubility in olive oil is almost refractory
to temperature change, varying less than 1% over a range of 30°C
[23]) and therefore, molecular collisions decrease with increas-
ing temperature until 303 K. While temperatures above 303 K can
increase photodegradacion of pesticides in olive oil, high tempera-
tures adversely affect the quality of olive oil. Therefore, operations
aimed at photodegradation at temperatures above 303 K should be
restricted. Compared with the available literature, results obtained
in this study do not comply with what has been observed in aqueous
solutions where photodegradation increases with increasing tem-
perature [13,20]. Such a process behaviour depends on the chemical
structure of the pesticide and chemical environment where it con-
ducts its degradation.

4. Conclusions
As shown by these results, the photodegradation of residues of

pesticide (methyl parathion, ethyl parathion, chlorpyrifos, methyl
chlorpyrifos and oxyfluorfen) in the virgin olive oil is possible in
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the wavelength range between 200 and 280 nm. The photodegra-
dation of residues of pesticides in extra virgin olive oil in the range
between 288 and 303K follows a first-order kinetic degradation
curve. The half-lives were as follows: methyl parathion 60.3 min,
ethyl parathion 73.0 min, chlorpyrifos 110 min, methyl chlorpyrifos
86.6 min, and oxyfluorfen 239.0 min, which, at the end of 150 min
irradiation (T=288K), were still present at 19.6%, 24.1%, 39.1%,
32.8%, 67.3%, respectively, of the initial concentration. Also, the
activation energy for each pesticide above mentioned has been
calculated obtaining the following values at the experimental con-
ditions: 15.5, 29.7, 23.5, 16.0, and 157.9 k] mol~1.

Even though the values presented are preliminary results, we
can conclude that this work proposes a new approach for elim-
inating phytosanitary products found in oils, applying a physical
procedure which does not alter the quality standards established
by the regulations within the intervals analyzed. As mentioned in
the Section 1, most research to date has been focused on pesticides
treated individually and in an aqueous environment.
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