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Abstract

The use of pesticides constitutes the most cost-effective means of pest and weed
control. Despite the importance of this use, these compounds pose a toxicological
threat to both humans and the three parts of the environment formed by air,
water bodies and soils. The monitoring of pesticides constitutes a daily concern,
for researchers in both environment protection and analytical chemistry. This
study was devoted to the elaboration of an electrochemical sensor based on
a glassy carbon electrode (GCE) chemically modified by a thin film of nafion. It
was developed and used to assess the sorption of a world-wide used herbicide,
paraquat (PQ) by soils. The redox behavior of PQ was first examined by cyclic
voltammetry using the sensor. Afterwards, an electroanalytical procedure for the
determination of residues of PQ was developed by square wave voltammetry
(SWV). Some parameters of the electrochemical process such as the supporting
electrolyte, the concentration of nafion on the electrode response, the pH of
supporting electrolyte (0.01 mol/L Na,SO,) and the accumulation time were
studied. Upon optimization, a linear relationship was found between the peak
current and the concentration of PQ in the range of 2 x 10° to 6.4 x 10® mol/L,
with a detection limit of 0.4 ppb (1.8 x 10° mol/L). The developed procedure was
then successfully applied to the determination of PQ adsorbed by two tropical soil
samples with satisfactory results.
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Introduction

Pesticides are commonly used in agriculture to protect plants.
However, this class of organics has been detected in different
kinds of samples such as soils [1], liver samples of birds [2],
and water samples [3,4]. Paraquat (PQ) or 1,1-dimethyl-4,4
bipyridinium dichloride, also known as methylviologen (Scheme
1), is one of the most used pesticides in over 130 countries
around the world [5]. It is considered toxic for algae, fishes and
other organisms. The adverse effects caused by chronically and
acute expositions to this herbicide are well known and cases
of death by casual ingestion or poisoning are documented in
the literature [6,7]. PQ has thus been analyzed using a wide
range of analytical techniques such as spectrophotometry [8],

flow injection potentiometry [9] and liquid chromatography
[10]. These techniques operate quite well but they present a
certain number of disadvantages: separation processes in the
pretreatment of samples are often complex, analysis times are
long, and most of these techniques require expensive equipment
[11,12]. The reversible redox properties of PQ are well known,
that can allow the development of voltammetric methods based
on its reduction or oxidation.

Some of these methods use techniques such as differential
pulse [13], square wave [14,15] and cathodic stripping [16]
voltammetries. PQ is a di-cation that can be easily accumulated
on the surface of electrodes modified with cation exchanger
materials, such as nafion [17], clay minerals [18] and some
surfactants [19].
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Scheme 1: Structure of Paraquat.

Nafion is a perfluorinated sulfonated cation exchanger polymer
and has been widely usedin electrochemistry to modify electrodes
due toits excellent properties such as chemical inertness, thermal
stability, mechanical strength, huge cation exchange capacity and
antifouling capability [20]. Its presence on solid electrode surface
induces affinity towards target cationic compound, favored by
electrostatic interactions between the positively charged analyte
and nafion negative charge. This key aspect can been exploited for
the development of sensitive electroanalytical procedures for the
determination of PQ, based on square wave voltammetry (SWV).

In this paper we report the study of the retention of PQ in two
soils by using a voltammetric procedure based on nafion coated
glassy carbon electrode. Our study has led to the understanding of
the retention process of PQ pesticide by the investigated tropical
soils, on the basis of adsorption isotherms also investigated
herein.

Materials and Methods

Apparatus and chemicals

Electrochemical measurements were carried out using a
p-Autolab potentiostat (type Ill) running with GPES software,
supplied by EcoChemie (Utrecht, The Netherlands). A standard
single compartment three electrode cell was used. Electrode
potentials were measured with respect to an Ag/AgCl/3M KCl
reference electrode (Metrohm, Ref 6.0726.100). A stainless
steel rod was used as counter electrode. The working electrode
was either a bare GCE or a nafion coated GCE (here denoted
GCE/nafion) prepared as described below. Spectrophotometric
measurements were carried out using a JENWAY UV-Vis
spectrophometer. IR spectra were recorded using a Bruker
spectrophotometer equipped with a DTGS detector. Paraquat
(98%) was purchased from Aldrich and a 102 mol/L stock solution
was prepared in distilled water. Nafion (5% w/w in ethanol)
was obtained from Alfa Aesar. Na,SO,, H,SO,, NaOH, K HPO,,
CH,COOH, CH,COONa, CH,CH,OH and all other chemicals were
of analytical grade and used as received. The solutions and
subsequent dilutions were prepared daily with distilled water.

Procedure used for the glassy carbon electrode
(GCE) modification

Prior to its modification by drop-coating, the GCE was polished
with alumina pastes of different sizes (1, then 0.05 um) on
billiard cloth. It was then placed in a 1:1 ethanol-water solution
and properly cleaned by sonication for 10 min to eliminate any
remaining alumina particles. Finally, the electrode was activated
in 0.01 mol/L supporting electrolyte by 10 successive cyclic scans
from -1.5 to -0.3 V at a scan rate of 100 mV/s. The surface of the
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GCE was coated with 7 pL nafion film modifier followed by the
evaporation of the solvent at room temperature for 30 minutes
to obtain the GCE/nafion modified electrode.

Electrochemical procedures and batch sorption
studies

The electrochemical behavior of PQ was investigated using the
bare and modified GCE by cyclic voltammetry (CV) performed in
the potential window of -0.3 to -1.5 V versus Ag/AgCl (at a scan
rate of 100 mV/s). All experiments were performed at room
temperature. The stripping voltammetric determination of PQ
was carried out by SWV in 0.01 mol/L Na,SO, (pH7) as supporting
electrolyte. The preconcentration of PQ was performed at close
circuit at the working electrode immersed in the supporting
electrolyte and kept under stirring. The scan parameters included
a pulse potential frequency of 25 Hz, amplitude of 80 mV, a
scan rate of 200 mV/s, a deposition potential of 800 mV and a
step potential of 8 mV. A preconcentration time of 10 minutes
was used for the quantitative measurements. Following each
measurement, the electrode was cleaned by stirring in distilled
water until obtaining a flat voltammogram.

The adsorption of PQ by soil samples was carried out in batch
mode. Thus, 30 mg of soil were weighed and powdered in a
mortar, and transferred in plastic tube. 20 mL of a 2 x 10* M stock
solution of PQ were added in the tube which was hermetically
closed. It was then placed in a mechanical platform shaker
(Edmund Buhler, GmbH) and agitated at a speed of 150 rpm
for a predetermined period of time. The soil was discarded by
filtration and a volume of 60 uL of the filtrate was introduced
into the electrochemical cell containing 50 mL of the support
electrolyte. Square wave voltammograms were then recorded
using the optimized parameters obtained earlier. Analyses were
done using triplicate measurements and the mean values were
recorded. The determination of PQ in filtrates was carried out
according to the linear regression equation formulated for the
calibration curve and taking into account the dilution effect.

The amount ge (mol/g) of PQ retained at equilibrium by a soil
sample was quantitatively evaluated using the amount of
pesticide adsorbed per unit mass of soil sorbent according to
equation (1):

ge=C=C9) (1)
m

Where Ci and Ce are the initial and residual PQ concentration
(mol/L) respectively, Vs is the volume of PQ solution (mL) and m
(g) is the mass of soil used in the flask.

The percentage of adsorption (P.A.) of PQ was calculated as
follows (equation 2):

Ci—Ce)

P.A.:( %100 (2)

l
For comparison purposes, UV-Vis spectrophotometry was also
used to quantify the amount of PQ in filtrates.

2 This article is available from: http://www.imedpub.com/environmental-toxicology-studies-journal/
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Description of soil samples

The bedrock which forms the geological substratum of Nkouonke
1 soil (NK1 soil sample) is deposited on basalt, which is a flat bowl
without a slope located between 20 and 33 cm of depth. NK1
is a savanna soil from Foumbot (West region, Cameroon). It is
darkish brown in the wet state and has a clay-loam texture. In
the wet state, NK1 is also very friable, plastic and of low-tack. The
presence of very fine pores, the average percentage of fine roots,
the absence of biological activity and the absence of channels,
limit the broadcasts. The bedrock which forms the geological
substratum of Nkouonke 3 soils (NK3 soil sample) is a deposit
of granite and a savanna cultivated soil of Foumbot located
between 0 and 20 cm of depth. NK3 is dark reddish brown in the
dry state and dark in the wet state, its texture is light clay.

Results and Discussion
Cyclic voltammetry study of PQ behavior

The electrochemical behavior of 4 x 10~ mol/L PQ on the GCE
electrode and GCE/nafion electrode was studied by CV, and the
obtained result is shown in Figure 1. One can observe that the
signal of PQ is formed by two pairs of peaks (P1, P4) and (P2, P3)
which result respectively in schemes (1) and (2) corresponding to
PQ adsorbed onto GCE/nafion [21-23].

PQ* + 1 Z—/——> rprat (1)
PQt + 1ee —————> PQ (2)

As expected, the electrochemical response on the GCE modified
by a thin film of nafion was greater than that recorded on the
bare GCE. This feature can be reasonably explained by the fact
that negatively charged -SO,” groups of nafion favorably attract
the positively charged PQ pesticide [17].

Influence of the nature of supporting electrolyte
and nafion concentration on the signal of the
modified electrode

The voltammograms in Figure 2A show the electrochemical
response of PQ (5 x 107° mol/L) obtained on GCE/nafion electrode
in hydrogen phosphate (0.01 mol/L), sodium sulfate (0.01 mol/L)
and sodium acetate (0.01 mol/L) aqueous solutions with pH
adjusted to 8. The analysis of these voltammograms shows that
the peak obtained in sodium sulfate solution is more intense
than the signal obtained in other supporting electrolytes. Sodium
sulfate solution thus favors the detection of PQ and was used as
supporting electrolyte in further experiments.

The effect of nafion concentration on the peak of current for 3 x
107° mol/L PQin 0.01 mol/L Na,SO, was also examined as shown
in Figure 2B. The peak current of PQ initially increased when the
percentage of nafion was increased, reaching a maximum at 2%.
The electrode response then decreased with an increase in nafion
concentration at the electrode. The dilution of nafion decreased
its viscosity, limiting thereby the transfer of electrons at the
electrode [17]. Therefore, 2% of nafion in the dispersion was
taken as optimal concentration in the subsequent experiments.

© Under License of Creative Commons Attribution 3.0 License
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Figure 1 Cyclic voltammograms recorded in 0.01 M CH,COONa
(pH 8) (a) on bare GCE, (b) on bare GCE after addition
of 2x10™ mol/L PQ and (c) on GCE/nafion® in the
same solution as in (b). Potential scan rate: 100 mV/s.

Influence of the pH of supporting electrolyte
and accumulation time

The effect of the pH of supporting electrolyte on the current
response of GCE/nafion in 0.01 mol/L Na,SO, containing 10°
mol/L PQ was investigated in the pH range from 3 to 12. The
results are shown in Figure 3A. An increase in current intensity
when the pH increases from 3 to 7 was observed, followed by a
slight decrease of the electrode from pH7 to 12. The detection
of PQ was observed to be more favorable in basic solution
compared to acidic media. However, pH7 was taken as optimal
and used in the subsequent experiments.

The accumulation time is also a key parameter since the amount
of bounded species can vary with time. Thus, the investigation of
the variation of current intensity with accumulation time allows
us to determine the minimum time at which the accumulation of
PQ at the surface of the electrode tends to be maximum. Indeed,
the intensity of the current increased with time up to 600s (Figure
3B). The increase of current intensity indicated a progressive
accumulation of PQ at the electrode surface. After 600s (10
minutes), the current intensity increased slightly and tends to
level off, probably due to the fact that the accumulation sites of
PQ on the surface of the electrode tend towards saturation [22].
Ten minutes preconcentration was chosen as optimal time in the
subsequent experiments.

Interference study, calibration plot and
analytical application of the sensor

The influence of some ions present in topical soil such as K*, NO_",
Ca®, Mg*, NH,* and Fe*" on the peak currents of PQ reduction
onto GCE/nafion was studied using 10 mol/L PQ in 0.01 mol/L
Na,SO, at pH7 (Table 1). Each of these ions was then introduced
in the accumulation medium, with a concentration 1000-fold
greater than that of PQ. Ascan be seenfrom Table 1, the presence
of Mg? and K* showed negative interference on the signal of PQ
while other species induced a positive interference. Overall,
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Figure 2 (A) SWV response of 5 x 10°° mol/L PQ at GCE/nafion in different supporting electrolytes (0.01 mol/L) at
pH8 (i) Na,SO,, (i) K,HPO,, (iii) CH,COONa. (B) Effect of nafion concentration on SWV peak current of 3 x
10-°mol/L PQin 0.01 mol/L Na,SO, (pH8). SWV conditions: frequency 25 Hz, amplitude 0.04V, deposition

potential 0.8V.
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Figure 3 (A) Effect of the pH on SWV peak current of 10°mol/L PQ in 0.01 mol/L Na,SO,. (B) Effect of accumulation
time on SWV peak current of 10 mol/L PQ in 0.01 mol/L Na,SO, (pH7). SWV conditions: frequency 25 Hz,

amplitude 0.04V, deposition potential 0.8V.

Table 1: Influence of ions species on the peak current of 10 M PQ
(Ip=-4.840 x 107°A) in 0.01 mol/L Na_SO, at pH 7.

lonic Species Concentration (mol/L) Contribution* (%) | _

Ca? 10° 2.40
Mg? 10° -1.00
NH,* 10° 2.00
K* 10° -1.20
NO,- 10° 0.01
Fe3* 10° 0.01
*n=3

the variation in the response of PQ was not affected since none
deviation for more than 5% was registered. This means that the
GCE/nafion electrode is not influenced by the presence of these
ions in soils. Using the optimized experiment conditions obtained
in previous sections, the calibration curve for PQ was plotted

4

by SWV. Figure 4 shows the voltammograms corresponding to
the variation of PQ concentration in the range of 2 x 10° to 6.4
x 10® mol/L in 0.01 mol/L Na,SO, supporting electrolyte. The
linear equation was defined as: | (A) = -201.43868 x C (mol/L)-
2.84456 x 10, with a correlation coefficient of 0.9996 (Figure 4
inset). A limit of detection (calculated as 3xSD/m, where SD is the
standard deviation and m is the slope of the calibration curve)
was 0.4 pg/L (1.8 x 10° mol/L) and the limit of quantification of
PQ (estimated as 10xSD/m) was 1.6 pg/L (6.2 x 10° mol/L).

A comparison of the sensitivity of the GCE/nafion sensor with
those reported in the literature shows that the method proposed
herein exhibited a detection limit of the same order of magnitude
[18,23], or even lower than those reported by certain authors
[23-26] for the detection of the same pesticide. It is however
noteworthy to mention that a better detection limit has achieved
by Chtaini et al. [27] by square wave voltammetry at natural

This article is available from: http://www.imedpub.com/environmental-toxicology-studies-journal/
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phosphate modified carbon paste electrode. A key advantage
of the present study the simplest method to modify the glassy
carbon electrode which led to on a very inexpensive but quite
sensitive sensor.

The repeatability of the response was measured with the
same electrode after five measurements of 5 x 10° mol/L PQ
with an R.S.D. value of 0.8%. This indicated that the method
herein proposed is sensitive and could be easily applied for the
guantification of PQ.

Prior to that, the applicability of the GCE/nafion sensor for
the determination of PQ in soils was demonstrated by using it
to analyze PQ spiked in 2 soils. The recovery percentage was
calculated taking into consideration the amount of PQ previously
introduced in the tube. Table 2 presents the results obtained for
both voltammetric and spectrophotometric methods. One can
notice from the voltammetric method that NK1 and NK3 soils
adsorb about 69% and 77% respectively, of the amount of the PQ
initially introduced in the tube. A similar tendency was observed
for the spectrophotometric method. This observation could be
reasonably explained by the intrinsic characteristics of studied
soils. The great retention of PQ by NK3 in comparison with NK1
is in relation with the amount of organic matter, and clay mineral
and the cation exchange capacity of this soil. In fact, the higher
these parameters are, the more pronounced is the uptake of the
pesticide.

The results in Table 2 confirmed the potential applicability
of the voltammetric method developed in this work for the
quantification of PQ in soils. For both voltammetric and UV-vis
spectrophotometric methods, the maximum relative standard
deviation (RSD) recorded for a triplicate measurement was
less than 3%, proving the reproducibility of the measurements.

Assessment of the adsorption of PQ by tropical
soils
Physic-chemical characterization of soils

To gain some information about the nature of both soils
investigated in this work, some experiments were performed
to determine their physic-chemical characteristics. The key
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parameters are gathered in Table 3, that include mostly the
cation exchange capacity, the granulometry, the humidity and
exchangeable acidity, the pH, the organic carbon and organic
material.

The infrared spectra of soil samples were recorded in the 4000
- 500 cm™ region (Figure 5). The absorption bands at 3690 and
3625 cm™ for NK3, 3694 and 3619 cm™ for NK1 correspond to
interlayer hydroxyl group stretching of kaolinite [30,31]. The
absorption bands observed around 1400 and 1630 cm™ are
ascribed respectively to C-H stretching vibration of organic
matter and O-H deformation of water molecular [26,29]. The
absorption bands around 1000 and 910 cm™ observed in Figure 6
were attributed to Si-O and Al-AIOH stretching vibration bands of
kaolinite, respectively. The doublet at 745-790 cm™ on the spectra
of both soil samples can be ascribed to Si-O-Si intertetrahedral
bridging bonds in quartz [30].

Influence of contact time on the adsorption of PQ by soils

Commonly, the contact time between the sorbent and the
adsorbate affects adsorption processes. This parameter was
first investigated in this section, and as shown in Figure 6A, a
fast adsorption of PQ was observed during the first fifteen and
twenty minutes for NK3 and NK1 respectively. A plateau was then
obtained from 30 minutes for NK3. The first step is characterized
by high adsorption rate and this is due to the fact that
initially, the number of adsorbent sites available on the soils is
higher, allowing PQ to easily reach them. The second part shows
that when time progresses, the number of free sites on soils
decreases and the non-adsorbed molecules are assembled at
the surface, thus limiting the capacity of adsorption.

Influence of pH on the adsorption of PQ by soils

As the contact time, the pH of solution is one of the most
important parameters affecting adsorption. According to Table
3, both NK1 and NK3 soil samples are acidic, and from Figure
6B, the uptake of PQ was very low in more acidic medium (pH2),
probably due to a competition between PQ and hydronium ions
for the adsorbing sites on soil samples. However, the adsorption
continuouslyincreased with pH, reaching the highest rate at pH12.
This observation could find an explanation in the deprotonation

Table 2: Residual concentrations of PQ determined by UV-Visible spectroscopy and SWV.

UV-Vis Spectroscopy measurement

Square Wave Voltammetry measurement

sa:1°p:lles At:::; /[:)Q] Absorbance RSD [PQ] found Recovery Intensity (A) RSD [PQ] found Recovery
Measured* (%) (mol/L) (%) Measured* (%) (mol/L) (%)
NK1 2x10* 1.309 13 6.42 x 10~° 32.1 -1.44 x 10°° 1.4 6.18 x 10°° 30.9
NK3 2x10* 1.097 1.4 5.17 x 10°° 25.8 -1.22 x10°° 2.9 4.61 x 107 23.1

*n=3

Table 3: Physic-chemical characteristics of NK1 and NK3 soils.

Depth

PHKCI pHH,O ApH CEC(meq/100g)

Exchangeable ocC oM

Humidity Components

(cm) Acidity (meq/100g) (%w) (%w) (%) Clay (%) Silt(%) Sand (%)
‘ NK1 20-33 4.69 6.38 1.69 21.68 1.18 2.64 4.60 2.01 31 27 42
‘ NK3 0-20 4.02 5.52 1.50 24.32 3.58 2.94 5.07 0.70 35 25 40

ApH= (pH H,0-pH KCl), CEC: cation exchange capacity, OC: organic carbon, OM: organic matter

© Under License of Creative Commons Attribution 3.0 License
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in basic conditions of the functional groups present in the organic
matter of soils, which enhance the uptake of the positively
charged PQ. Therefore, pH12 was chosen for the investigation of
the effect of soil mass on the adsorption of paraquat.

Influence of soil adsorbent mass on the adsorption of PQ

The amount of soil was varied from 10 to 250 mg in 100 mL of
10* M PQ at pH12. As can be seen from Figure 6C, the retention
of the pesticide by the soil increased with the mass of this latter.
Initially low for small amounts of soil, the adsorption became
stronger as soil mass was increased in the solution, the optimal
value (adsorption of PQ above 78%) being obtained with a soil
mass of 250 mg. As observed for other parameters investigated
in this study, the adsorption of the pesticide was more important
for the soil sample NK3.
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Conclusion

In this work, a nafion coated glassy carbon electrode was shown to
be a prominent sensing tool for the voltammetric determination
of paraquat in soils. Due to its low-cost, this sensor could be
useful as an analytic device in environmental monitoring or for a
rapid screening of areas polluted with toxic pesticides.
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