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A novel analytical approach has been developed and evaluated for the quantitative analysis of paraquat
herbicides which can be found at trace levels in olive oil and olives. The aim of this work is to optimize all
factors that can influence this determination by a carbon paste electrode modified with chitin (Chit-CPE).
The best responses were obtained with square wave potential in diluted Na,SO,4 as supporting electrolyte.
The influence of various parameters on the Chit-CPE was investigated. Under the optimized working
conditions, calibration graphs were linear in the concentration ranges of 5.0 x 107°~1.0 x 07> mol L. For

Keywords: 180 s preconcentration, detection limits of 2.67 x 107° mol L™! (peak 2) was obtained at the signal noise
Ch,‘““ . ratio (SNR) of 3. To evaluate the reproducibility of the newly developed electrode, the measurements of
8};‘625011 1.0 x 107 mol L™! PQ were carried out for seven times at Chit-CPE and the relative standard deviation was
Paraquat 5.2%. The analytical methodology was successfully applied to monitor the paraquat content in olives and

Square wave anodic stripping voltammetry olive oil.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Paraquat (1,1-dimethyl-4,4-bipyridinium dichloride), a fast-acting
non-selective contact herbicide, is widely used to control broad-leaved
weeds in growing corn, fruit trees and vegetables. It is also used as a
desiccant before harvesting and for destroying marijuana plants.
Accidental and occupational exposures of agriculture workers are
the primary hazards for human health. During the past few decades,
paraquat (PQ) has proved to be a popular agent for intentional
poisonings. Paraquat is extremely toxic to humans (LD50 35 mg/kg)
and animals (rats: LD50 is 110~-150 mg/kg), by all means of exposure.
Since recently, the use of PQ has been restricted [1-4]. There is no
specific treatment for PQ poisoning. Hence the management of
poisonings is to relieve symptoms and treat complications [5]. Para-
quat is an herbicide that is used in weeding many crops and there
have been many authenticated cases of detection of its residues in
water sources [6]. Its residues constitute a potential danger for health
since it is a highly persistent molecule when present in the environ-
ment. This fact increases the contamination risk when paraquat is
overused. Therefore, there is an urgent need to determine paraquat in
the environment, air and food. PQ is polar, highly soluble in water and
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has a low volatility. According to its properties, this compound is
usually determined by ion-pair HPLC with UV detection [7], this latter
being the method recommended by the Environmental Protection
Agency (EPA) [8].

Standardized analytical methods for paraquat determination in
environmental samples, mainly based on gas and liquid chromato-
graphy [9-11] or mass spectrometry (MS) [12-15], and more recently,
on electrophoretic methods, with either UV detection [16] or mass
spectrometry [17] have certain disadvantages because they require
rather complicated and expensive instruments and time-consuming
procedures, especially for in situ applications or in decentralized
laboratories. Electroanalytical stripping techniques, however, prove
to be the ideal alternative in such a case [18-20].

Literature has so far reported different electroanalytical
approaches in order to determine paraquat [21,22]. They are
mainly based on the stripping voltammetry technique [23-25].
An increase in the sensitivity of electroanalytical methods, using
chemically modified electrodes (CMEs), can be achieved by its
combination with an effective method of pre-concentration. The
basic carbon electrode materials most frequently used for electro-
chemical measurements are glassy carbon and carbon paste
electrode (CPE) [25-27].

The main objective of this work was to develop a procedure for
the determination of paraquat by square wave anodic stripping
voltammetry (SWASV) using a carbon paste electrode modified
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with commercial chitin particles (Chit-CPE). The advantages of
using this electrode include the availability of a wide potential
range of CPE for analysis, the easily renewable surface and the
simplicity of fabrication. Among the different inorganic solids,
chitin has advantages because it is biocompatible, biodegradable,
antibacterium and almost non-toxic [28]. Its high hydrophilicity
and its high chemical reactivity are attributed to a large number of
functional groups [26].

All experimental variables involved in the stripping method
were investigated in detail in order to identify the best working
conditions. A fast, sensitive method for determining paraquat in
oils (especially olive oil) is described. In principle, considering the
extreme lipophobicity of the bipyridyl herbicides, it is quite
unlikely to find such residues in olive oil. Nevertheless, they could
appear at ppb levels. This is particularly critical in the case of
organic oils which are, by definition, supposed not to contain
pesticides. Therefore, we must ensure that such oils fulfill the
legislation.

2. Experimental
2.1. Equipment and reagent

A stock solution of 10 mol L™! PQ was prepared by dissolving
the corresponding amount of paraquat chloride in bidistilled
water. A working solution of 10™* mol L' PQ was prepared daily
from the stock solution, by dilution in bidistilled water. pH was
adjusted by adding H,SO4 or NaOH. All chemicals used in these
experiments were extremely pure (used without further purifica-
tion). They were obtained from Merck, Fluka, and Riedel de Haen
Chemical Companies.

Electrochemical measurements were carried out by using an
eDAQ e-corder/potentiostat EA163 controlled by eDAQ EChem
data acquisition software. A voltammetric cell with three electro-
des was used: a carbon paste electrode modified with the chitin as
the working electrode (WE), a platinum electrode as the auxiliary
electrode (AE) and an Ag/AgCl/Cl” (3 M) as the reference electrode
(RE). A pH-meter sensION™, (pH31) with the glass-Ag/AgCl/KCl
(3.00mol L") combined electrode, was used for adjusting pH
values.

2.2. Working procedure

The working electrode was constructed from 1 mm diameter
bar of carbon which was partially inserted into PTFE cylindrical
tubing of approximately 5 mm internal diameter, forming a
cylindrical cavity. A chemically modified carbon paste electrode
(Chit-CPE) was prepared by mixing amounts of chitin and carbon
paste thoroughly until obtaining a uniformly wetted paste. Por-
tions of the resulting composite material were then packed into a
home built electrode assembly consisting of the cavity (geometric
area 0.1256 cm?) of PTFE tube electrode of a plastic pipette tip.
Electrical contact was established with a bar of carbon.

The electrode, after having been washed with distilled water
and heated at room temperature, was transferred into the sample
cell (10 mL). Two-step procedures were followed for the analytical
determination of the concentration of paraquat in aqueous sam-
ples. The working electrode was first immersed in a Na,SO4
solution containing paraquat at open circuit. Where the accumula-
tion of paraquat ions was achieved chemically, the electrochemical
experiments were performed in 0.1 molL™' Na,SO, electrolyte
solutions at Chit-CPE.

Several supporting electrolytes namely (NaClO4, NaySOy,
CH3COOH, and HClO,4) were tested. Each of the four considered
electrolytes was tested working in SWASV. After recording the

voltammogram of the blank, the test solutions were spiked with
paraquat solution (107¢molL™!). The best electrochemical
response, measured in terms of the highest analytical signal and
improved reproducibility, was obtained in Na,SO,. This means that
0.10 mol L™! of Na,SO, was used throughout the experimental
program as the supporting electrolyte.

The appropriate solutions of paraquat were transferred into the
electrochemical cell and the optimization of the analytical proce-
dure for SWASV was carried out following a systematic study of
the experimental parameters that affect the SWASV responses;
such as, the pH of the medium, frequency, amplitude, deposition
potential and deposition time. After the optimization of the
voltammetric conditions, analytical curves were obtained by the
standard addition method. Recovery experiments were then
performed by adding a known amount of PQ to the supporting
electrolyte, followed by standard additions from the paraquat
stock solution and by plotting the resulting analytical curve.
All measurements were performed in triplicate under ambient
conditions.

The analytical utility of this procedure was assessed by apply-
ing it to the determination of paraquat in realistic samples
containing this herbicide. The experiments were carried out by
adding a known amount of paraquat to the supporting electrolyte
followed by standard additions from the diquat stock solution and
by plotting the resulting analytical curve. The supporting electro-
lytes were prepared by addition of 0.1 mol L™! Na,SO, to fresh oil
and olive samples.

3. Result and discussion

The voltammetric response of paraquat at the chitin
modified carbon paste electrode Chit-CPE was investigated using
cyclic voltammetry (Fig. 1). The results show two voltammetric
peaks toward the negative and the positive sweep direction as
indicated in the literature [20,26,29-31]. According to the experi-
ment undertaken, the electrochemical process related to peaks
presents a totally reversible behavior indicated by the presence of
direct and reverse currents with similar values of peak current. In
addition, the difference between peak potential for forward and
reverse scans, presented values about 58 mV. This indicates of the
transfer of one electron during the redox process, a behavior
similar to that published in previous literature reports [21,22,25].
The two peaks can hence be used, with great success, for the
electroanalytical determinations of paraquat residues in different
samples.
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Fig. 1. Cyclic voltammogram for 5.0 x 107 mol L™! of paraquat in 0.10 mol L™ of
Na,S04, pH 6.0, scan rate, 50 mV s™' on the Chit-CPE.
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Optimization of experimental variables

The influence of the experimental variables (frequency, ampli-

tude, pulse height, deposition potential and deposition time)
which were involved in the SWASV determination of paraquat
was investigated (Fig. 2). The effect of frequency (v) on the current
intensity (Ip) of paraquat on Chit-CPE was evaluated in the range
from 5 to 50 Hz. The signal increased up to 50 Hz. Nevertheless,
the maximum acceptable value to be in a SWASV program, which
is 50 Hz and which corresponds to 0.02 s of duration for each step,
was used in the present experimental study. The amplitude
influence was investigated in the range from 1 to 100 mV.

The results obtained demonstrated that a height of the para-

quat peak increased linearly as a consequence of the increase of
amplitude values up to 50 mV. According to this value, the
paraquat signal remained stable due to peak broadening and the
signal noise increased. The pulse height was studied in the range
from 1 to 50 mV. The stripping signal underwent an increase up to
4 mV, where the highest peak intensity was obtained. A slight
decrease of the signal was observed after 4 mV.

In agreement with the high peak current values, good shapes of

the signal and better signal to noise ratio, the selected optimal
values were 4 mV, 50 mV and 50 Hz for pulse height, amplitude
and frequency respectively.

The effect of deposition potential was evaluated in the range

from -09V to -13V. The highest voltammetric signal was
obtained with a deposition potential of -1.0 V, which is chosen

das

the optimal value. In this case, no irreversible changes were

observed on the surface of the modified working electrode when
more negative potentials were applied. But the paraquat signal
intensity was affected as a result of the height peak increase of the
undesirable signal.

Using the optimized parameter values, the influence of deposi-
tion time on the peak currents was finally tested in the range from
0 to 140s. The height of the paraquat peak increased as a
consequence of the increase of deposition time, up to 90 s. Longer
deposition times resulted in smaller signals probably due to
electrode saturation.

The decrease in proton concentration as pH increases from
2.0 to 9.5 is shown to have a pronounced effect on the SWASV
response of paraquat (Fig. 3). Up to a pH of 7.5, the peak currents
show an increase for peak 1 and peak 2. This could be explained by
the fact that at low pH, amine groups in the chitin easily form
protonation that induced an electrostatic repulsion of paraquat
ions and a competition between paraquat and H* for binding sites.
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Fig. 3. Influence of pH on SWASV oxidation peaks for 1.5x 10> mol L™! PQ in
0.1 mol L™! Na,S0, at Chit-CPE, tp=3 min.
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Fig. 2. Influence of the experimental variables (pulse height, amplitude, frequency, deposition potential and deposition time) involved in the SWASV method and response to
PQ 1.0 x 107> mol L™! in 0.1 mol L™ Na,SOy at the chitin-modified carbon paste electrode.
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The peak potentials do not, however, seem to be affected by the
concentration of H*, suggesting the absence of any protonation
step in the reduction mechanism, which is in agreement with
published works [22,25]. Therefore, pH 7.5 was chosen for sub-
sequent measurements.

For an open potential, the effect of accumulation time on the
extraction efficiency was examined in the range of 30-420 s with
constant stirring speed. The intensity of the peak P, and peak P, of
PQ generally increased with extraction time until 180 s (Fig. 4).
After 180s, no dramatic increase of the current intensity was
observed with additional extraction time. Moreover, long extrac-
tion time may result in solvent drop dissolution in water and
consequently leads to poor sensitivity and precision. From a
comprehensive view, an extraction time of 180 s was selected for
subsequent experiments.

The dependence of anodic current response on the chitin
loading in the carbon paste in pH 7.5 conditions is shown in
Fig. 5. The current response increases with the increase of the
amount of chitin until a chitin/CP ratio of 2% by weight (w/w). The
anodic peaks currents decreased significantly when more than 2%
(chitin, w/w) is used in the electrode preparation. This probably
occurs due to the conductive reduce of area of the electrode
surfaces. Hence a 2% chitin of ratio (Chitin/CP) by weight was used
throughout this work.

3.2. Repeatability, linearity and detection limit
Calibration data were obtained for paraquat solutions under
optimum experimental conditions described above. Fig. 6 shows
some of the typical SWASV voltammograms recorded on the
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Fig. 4. Effect of accumulation time on charge transfer of 1.0 x 10> mol L™! PQ in
0.1 mol L™! Na,SO4, pH 7.5 at Chit-CPE.
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SWASV peak currents of 1.0 x 107> mol L™ paraquat in 0.1 M Na,SO4 (pH 7.5),
tP=3 min.
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Fig. 6. Calibration curve and respective stripping voltammograms for increasing
concentrations of PQ from 1.5 x 107 to 1.0 x 107> mol L! in Na,SO,4 0.1 M by using
the SWASV optimized method at the Chit-CPE.

Table 1
Results obtained from linear regression curves (Fig. 5) for the determination of
paraquat in pure electrolyte on Chit-CPE using SWASV.

Parameter Peak 1 Peak 2

Equation I(A)=4.7618C+4E-06 I(A)=8.1296C+9E-06
R? 0.9898 0.9826

S (blanc) 12.412E-09 7.235E-10

Slope (AL mol™") 4.7618 8.1296

DL (mol L) 7.82E-09 2.67E-10

QL (mol L") 26.066E-09 8.90E-10

Sensibility (AL mol™') 6.02E+07 5.2E+07

Chit-CPE after being in contact with different paraquat concentra-
tions for 180 s. A calibration graph was then constructed from the
observed peak currents (Table 1). A linear fit was applied over the
range of 1.5 x 107°~1.0 x 07> mol L™! with a correlation coefficient
(R?) of 0.9826. The limit of detection (LOD) for PQ, based on a
signal-to-noise ratio (S/N) of 3, was 2.67 x 107" mol L', The
precision of this method was determined by the analysis standard
solution at 1.0 x 0> mol L™ and 5.0 x 1078 mol L™! of PQ for seven
times continuously, and the relative standard deviation (RSD) was
5.2% and 6.02% for peak 2 respectively.

To evaluate the analytical performance of the proposed
method, figures of merit were determined. Table 2 shows a
comparison between our simple proposed assays with other
methods toward the detection of paraquat. The results indicate
that the Chit-CPE has excellent reproducibility. The results
obtained here show that the proposed SWASV method is fast,
sensitive and better suited than conventional methods like spec-
trophotometry or chromatography, to characterize fast variations
in concentration of dilute paraquat aqueous solutions. Most of
these techniques are either suffering from the instability of the
reagent and the instrumental system or require extensive sample
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Table 2
Detection of paraquat reported at some analytical methods.

Methods DL (ug L") DSR (%)
CE-MS hydrodynamic injection [17] 2000 7
CE-MS electrokinetic injection [17] 30 17
CSEl-sweeping-MEKC [32] 0.001 <22
SPE-LC-MS-MS [13] 0.03 79
Chit-CPE 0.049 <6.02

Table 3
Results obtained from recovery curves of paraquat in spiked olive and olive oils
samples considering peak 1 and peak 2 on Chit-CPE and SWASV.

Sample  Recovered concentration ( x 107 mol L") Recovery (%) R.S.D. (%)
P1 P2 P1 P2 P1 P2

Olive 9.1 9.44 91.0 944 61 590

Olive oils 9.3 9.75 93.0 975 571 534

CE-MS: capillary electrophoresis-mass spectrometry.

SPE-LC-MS-MS: on-line solid-phase extraction-liquid chromatography-tandem
mass spectrometry.

CSEl-sweeping-MEKC: micellar electrokinetic chromatography (MEKC) using
sweeping and cation-selective exhaustive injection (CSEI).

pretreatment. Moreover, after careful analysis of the results
obtained for the detection and quantification limits, it is apparent
that the use of the Chit-CPE provides an alternative method for
electrochemical detection of paraquat, with the possibility of its
employment for analytical determination of other pesticides that
are frequently determined at mercury electrodes. These latter have
the inconvenience of being highly toxic, or chromatographic and
spectrophotometric methods. This presents difficulties involving
limited sensitivity and/or specificity and require laborious and
time-consuming sample preparation procedures; such as, cation
exchange chromatography, ion-pair liquid-liquid extraction (LLE)
and/or solid phase extraction [32-34].

The proposed electrode was stored at room temperature, and
its response was studied every week. The response was 92% of its
initial value after 45 days which shows long-term stability and
very good sensitivity for the analysis of real samples.

3.3. Practical application

Olive oil products have a great importance in the sustainable
economy of important regions in Morocco. It is obtained from the
fruit of the olive without any further treatment. The most
extensively applied agrochemicals in olive plantations of Mediter-
ranean countries are far herbicides and insecticides.

In Morocco, the paraquat is one of the most widely used
herbicides in olive cultures. Due to its permitted use in such
cultures, the methodology proposed was applied in order to
evaluate the occurrence of matrix effects in the electroanalytical
determination of paraquat residues directly in the samples. The
paraquat residues can persist to the harvest stage, making possible
the contamination of the olives used to produce the olive oil. This
can cause the presence of trace amounts of these pesticides in
olive oil samples. The United States Environmental Protection
Agency (EPA) proposed that maximum contaminant limits (MCL)
for paraquat in drinking water is 3 pg L™!. There is currently no
legislation on the MCL values of paraquat in oils. However, values
of 1mgL™! PQ in olives are commonly accepted [35].

3.3.1. Olive samples

A representative 20 g portion of olives (including the seed of
the crop) previously homogenized was weighed and transferred to
a glass mortar, where it was fortified homogenously with 2 ml of
the bidistilled water because of its solubilizing effect of paraquat
[36]. The mixture was then gently blended in the mortar for
30 min to assess the homogeneity of the sample. The mixture
samples were used after filtration step, to prepare the supporting
electrolyte (by adding 0.1 molL™! Na,SO4) and corresponding
analytical curves were again obtained applying for SWASV experi-
ments. The recovery studies were realized by adding an appro-
priate volume of paraquat standard solution (1 x 107> mol L™") to

electrochemical cell. The recovery results obtained, in triplicate,
were related to the interference effects of the constituents of each
sample (Table 3). The statistical calculations for the assay results
showed suitable precision of the proposed voltammetric method.
There were no significant differences between the calculated and
added concentrations at the 95% confidence level and within an
acceptable range of error. The results of relative standard devia-
tions (5.9%) and the recovery percentage (94.4%) that were
obtained for peak 2, were considered satisfactory compared to
those obtained using other analytical methods, considering that
neither the extraction or preparation stages of the samples are
necessary in the proposed methodology. The slight decrease in the
values of the recovery reflects an electrochemical process invol-
ving depression due to competitive effects between analytes,
fouling of electrode or passivation of analyte response.

3.3.2. Oils samples

Due to the high polarity of the paraquat, a water solution
partition was selected for extraction. The extraction procedure was
as follows: 20 ml of oil are dissolved in 30 mL of bidistilled water.
The system is shaken for 30 min, centrifuged and the lower
aqueous phase is taken for direct analysis. The samples were used
in preparing the supporting electrolyte (adding 0.1 mol L™
Na,SO,4) and the analytical curves were again obtained by SWASV
experiments. No paraquat was detected in these original samples.
So they were spiked with appropriate amounts of paraquat and
were adjusted to a pH 7.5 value. The analytical sensitivities,
defined by the slope of the analytical curves, were compared with
that obtained with purified water, where it is possible to observe
that the peak current values for the paraquat reduction process
displayed some influence from the components of the samples
employed, characterized by a decrease in the slope of the curves
obtained. It was found that peaks currents iP1 and iP2 versus
paraquat added into real samples increased linearly. These results
indicate that the proposed methodology is suitable for the
determination of paraquat in these samples. As summarized in
Table 3 for spiked samples, the analytical response of analyte in
SWASV determination slightly decreased compared to those
obtained in pure electrolyte. The results of relative standard
deviations and percentage signal that were obtained for peak 2,
were considered satisfactory compared to those obtained using
other analytical methods [11]. The mean percentage recoveries of
added PQ were found to be 98% using Liquid Chromatography
(HPLC) in oils samples in confidence interval of 95%. These results
demonstrate the applicability of the procedure for paraquat
determination in oils samples. The proposed methodology has
therefore proven to be applicable for use in complex samples.

4. Conclusion

Initially, the electrochemical behavior of paraquat was evalu-
ated using the voltammetric results at carbon paste electrode
modified with chitin. The voltammetric response showed two
oxidation waves associated to the partial oxidation of paraquat
molecule. The influence of the experimental variables which were
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involved in the SWASV determination of paraquat was investi-
gated. The results indicate that the method developed for the
analytical determination of paraquat using chitin modified paste
electrode is applicable for the determination of the pesticide at
2.67 x 1079 mol L™! levels with very good precision. The use of
SWASV is faster and more sensitive than other conventional
techniques in confidence interval of 95%.

The analytical utility of this procedure was assessed by apply-
ing it to the determination of paraquat in olives and oils samples
containing this herbicide. The slight decrease in the values of the
recovery of obtained paraquat reflects an electrochemical process
involving adsorption of reagents and/or products. This can be
inhibited by the presence of other components in the samples
used.

In this way, the use of carbon paste electrode in conjunction
with SWASV in determining paraquat proves to be a very suitable
and efficient analytical methodology which permits its application
in a variety of different natural matrices.
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