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Abstract

The determination of linuron using differential-pulse voltammetry (DPV) and a
cathodically pretreated boron-doped diamond electrode is proposed. Cyclic
voltammetry results showed one irreversible oxidation peak for linuron at 1.29 V (vs.
Ag/AgCl (3.0 mol L' KC1)) in 0.04 mol L' Britton-Robinson (BR) buffer solution (pH
2.0). Under optimized DPV conditions, a linear analytical curve was obtained for the
linuron concentration range 0.61-26.0 umol L™ with a detection limit of 0.18 pmol L™
Similar responses (linearity and sensitivity) were obtained employing a boron-doped
diamond electrode modified with platinum nanoparticles. The proposed method was
successfully applied in the determination of the linuron in natural water samples with

recoveries ranging from 90.9% to 104%.

Keywords: Linuron determination, herbicides, Boron-doped diamond electrode,

Cathodic pretreatment, Platinum nanoparticles.
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Introduction

At present, there are numerous studies in the literature involving the evaluation

of electrochemical sensors for the determination of pesticides, including carbon paste o

6 10-12

4 carbon nanotubes > °, mercury ", bismuth film , and different types of
nanomaterials *'®. However, there are few studies using a boron-doped diamond
electrode (BDDE) for the determination of this kind of analyte 7 One of the main
characteristics of this electrode is low surface adsorption by organic compounds '®. This
quality is very important in pesticide determination since the biggest problem is
poisoning of the electrode surface after a few measurements. Other important
characteristics of BDDE 1is a large useful potential range, resistance to corrosion in
highly aggressive media, stable and low background current, and good stability in long-

term response 18,15

Since nanoparticles have been intensively studied, many properties have been
observed, such as optical and catalytic properties. Electrochemical/electroanalytical
researchers have begun to use this type of nanomaterial more frequently in recent years
2922 1 the most cases, an improvement in terms of electroanalytical behavior can be
observed, showing higher -catalytic performance, mass transport, efc., when
nanoparticle-modified electrodes were compared with macroelectrodes; these
improvements are chiefly attributable to size effects. Several methods have been used
for preparing metal clusters . Most of these methods can produce nanoparticles on a
supported surface or on colloidal dispersions, which are subsequently used to modify

the surface of the electrodes.

Pesticides, when used properly, can save up to 40% of crop losses — however,

when pesticides are misused, the consequences of environmental and public health can

3
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be very serious. Urea/phenylurea herbicides are among the most widely used in the

culture of trees °!

, and their action is very similar to the triazine pesticides, i.e.,
inhibition of photosynthesis by interruption of the Hill reaction 31 The toxicity effects
of these herbicides on fish and invertebrates have been studied, and it was observed that

concentrations in the order of parts per million (ppm) affected the embryonic

development **.

One of the most commercialized urea pesticides is linuron, or 3-[3,4-
(dichlorophenyl)-1-methoxy-1-methylurea] (Figure 1), which efficiently eliminates
emergent weed seedling by contact **. The linuron half-life in soil is 40-70 days, and
the soil water can retain milligrams per day, which can persist for several weeks **,

depending on the water temperature and pH.

Insert Figure 1 here

The first electroanalysis of linuron was performed by Grover * using a
polarography technique. In recent years, linuron was determined by different electrodes,
such as carbon-fiber microelectrodes !, modified carbon-paste electrodes " *, glassy
carbon, and boron-doped glassy carbon *. Meng and Ma *° reported HPLC analysis of
linuron, which involved amperometric detection using a glassy carbon electrode. All of
these electrodes were used for different samples, such as natural water, soil, and

vegetables.

The purpose of this work was to investigate the electrochemical behavior of

linuron in aqueous solution at a BDDE and a BDDE modified with Pt nanoparticles
4
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(PtNP-BDDE) by cyclic, square wave, and differential pulse voltammetries to propose a

sensitive method to determine detect linuron in natural water samples.

Experimental
Reagents and standards

All solutions were prepared with Millipore Milli-Q nanopure water (resistivity >
18 MQ cm). All chemicals used were of analytical grade, and were used directly
without any further purification. H,SO4 was obtained from Merck, while platinum(I'V)

chloride and linuron were from Sigma.

A stock solution of 1.2 mmol L™ linuron was prepared before use in ethanol.
Linuron working solutions were prepared by dilution of the stock solution with Britton-
Robinson (BR) buffer solution (pH 2.0). This buffer was prepared by mixing 0.04 mol
L' of acetic, orthophosphoric, and boric acids, and adjusting the pH by adding suitable
amounts of 2.0 mol L™ sodium hydroxide. All linuron solutions were protected from

light by using amber glass material.

Apparatus

The voltammetric measurements were carried out using an Autolab PGSTAT-30
(Ecochemie) potentiostat/galvanostat controlled with GPES 4.0 software.
Electrochemical experiments were conducted in a three-electrode single-compartment
glass cell (with degassing facilities for bubbling N;), including a BDDE (8000 ppm;

0.26 cm? exposed area; Adamant, Switzerland) as the working electrode, a Pt foil as the

5
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auxiliary electrode, and an Ag/AgCl (3.0 mol L' KCI) reference electrode. Cyclic,
differential-pulse, and square-wave voltammetric measurements were carried out in a
10.0-mL electrochemical cell. All experiments were carried out at room temperature

(25°C + 1°C).

Prior to the experiments, the BDDE was electrochemically pretreated in a 0.5
mol L' H,SO4 solution, either anodically by applying 0.5 A cm* for 20 s, or
cathodically by applying —0.5 A cm™ for 80 s. After the anodic or cathodic
pretreatment, the BDDE surface is predominantly oxygen- or hydrogen terminated,

respectively.

For BDDE modification, the platinum nanoparticles (PtNPs) were
electrochemically deposited as described by Hutton et al. *”, who used a fixed potential
of 940 mV vs. Ag/AgCl (3.0 mol L™ KCI) for 5 s in a solution containing 1.0 mmol L™

! PtCls in 0.1 mol L' HCI solution.

The pH was measured at 25.0°C + 0.5°C using an Orion pH-meter, Expandable
Ion Analyser, model EA-940, employing a combined glass electrode with an Ag/AgCl

(3.0 mol L™" KCI) external reference electrode.

Measurement procedures

After optimizing the experimental parameters for the proposed methods, the
analytical curves were constructed by adding small volumes of concentrated standard
solutions of linuron. The limit of detection (LOD) was calculated as three times the

standard deviation for the blank solution divided by the slope of the analytical curve.
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The samples of natural water (Al and A2) were collected from the Tieté River in
Salto City, Brazil. For each sample, an aliquot was transferred to three different
calibration flasks. After this, the samples were carefully spiked with a linuron standard

solution to obtain concentrations of 1.1, 3.2, and 5.6 umol L

Results and Discussion
Voltammetric behavior of linuron in a BDDE

Initially, the effect of the pretreatment of the BDDE was investigated. The
electrode was anodically (0.5 A cm ™ for 20 s) or cathodically (—0.5 A cm™ for 80 s)
pretreated in 0.5 mol L™ H,SO4 solution and its response was assessed for 24.0 pmol
L linuron solution at a BDDE in a BR buffer solution (pH 2.0), as presented in Figure
2. As can be seen, better peak definition and a higher current magnitude were obtained
employing cathodically pretreated BDDE, as was observed previously for other
compounds (e.g., chlorophenols **, acetylsalicylic acid **, sildenafil citrate *°, p-blockers
4

! and paracetamol and caffeine **). Moreover, from this voltammogram, it can be seen

that no reduction peaks were observed, indicating an irreversible anodic process.

Next, the cathodic pretreatment time on the analytical response was investigated.
The magnitude of current increased with the cathodic pretreatment up to 80 s, then
remained constant. Consequently, all subsequent experiments were carried out using a
cathodically pretreated BDDE by applying —0.5 A cm 2 for 80 s, which was performed
daily before starting the voltammetric measurements. This cathodic pretreatment was
preceded by an anodic pretreatment (0.5 A cm ™ for 20 s) in order to guarantee the

oxidation of possible contaminants.
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Insert Figure 2 here

Effect of pH and composition of the supporting electrolyte

The influence of pH (between 2.0 to 6.0) on the peak current for 24.0 pmol L™
linuron by employing phosphate buffer solution is shown in Figure 3A and 3B. A
decrease in pH led to a current magnitude increase, and the potential shifted to more
positive values. The peak current presented a maximum value for phosphate buffer

solution at pH 2.0.

Insert Figure 3 here

Next, the influence of the different supporting electrolytes with identical pH
values (pH 2.0), including 0.1 mol L phosphate buffer, 0.1 mol L' BR buffer, sulfuric
acid, nitric acid, hydrochloric acid, and 0.1 mol L' sodium nitrate (pH adjusted with
2.0 mol L™ nitric acid) solutions on the electrochemical oxidation of 24.0 pmol L™
linuron at the BDDE were investigated. The best results (higher current magnitude and
less positive potential) were obtained with the BR buffer solution. Thus, this solution

was chosen as the supporting electrolyte for further experiments.

Effect of scan rate
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The effect of the potential scan rates from 5 to 500 mV s”! on the voltammetric
response of BDDE was investigated for 24.0 umol L' linuron in BR buffer solution at
pH 2.0 (Figure 4). The cyclic voltammograms revealed that the peak currents increased
and the peak potential shifted as the scan rate increased. The anodic peak current varied
linearly with the square root of the scan rate (inserted in Figure 4), suggesting that the
linuron oxidation follows a diffusion-controlled mechanism * according to the linear

relationship: ,, (A) = 1.43 x 10 +3.01 x 10”° v (r=0.991).

Insert Figure 4 here

Optimization of Square wave voltammetric (SWV) and Differential pulse voltammetric

(DPV) parameters and analytical curves using a BDDE

For the development of the electroanalytical procedures for the determination of
linuron in natural water samples, the effect of experimental parameters that affect the
SWYV and DPV techniques was investigated using 6.2 pmol L' linuron in BR buffer

solution (pH 2.0) employing a cathodically pretreated BDDE.

For SWV, the corresponding investigated ranges were: 1075 s, for square
wave frequency f; 10—150 mV, for pulse amplitude a; 1-5 mV, for the scan increment
AEs. The obtained optimized values were /=75 s, a = 40 mV, and AEs = 4 mV. The
SWYV technique was used to determine the number of electrons transferred in the redox

process using eq. (1) **:

AE,/Alog {7 = 2.3RT/anF eq. (1)
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where « is the transfer coefficient, T is the temperature, F Faraday constant, R universal
gas constant and n the number of electrons transferred. The # value was calculated to be
3, indicating that the oxidation of linuron involves three electrons per molecule (Figure

5).

Insert Figure 5 here

For DPV, the ranges studied were 10—150 mV for pulse amplitude (a), 2-20 mV
s for scan rate (), and 3-20ms for modulation time (¢). The optimized values were a =

100 mV, v=15mV s, and 7= 3 ms.

After optimizing the experimental parameters for the proposed methods, the
analytical curves were constructed by adding small volumes of concentrated standard
solutions of linuron. The respective analytical curves for linuron by DPV (Figure 6) and
SWV (Figure ESI1) techniques using a cathodically pretreated BDDE were /,p/pA = —
0.33 + 0.67 [linuron/(pmol L] (r=10.9991) and Lp/uA =—-0.089 + 0.31 [linuron/(umol
L] (r=0.9998). The linear ranges were 0.61-26.0 pmol L™ and 0.46-26.0 pmol L™,
respectively. The calculated LOD values were 0.18 pmol L™ and 0.12 pmol L,
respectively. As can be observed, the best values for analytical parameters, such as
linearity and sensitivity, were obtained for the DPV technique. The DP voltammograms
and the respective analytical curve obtained for the linuron reference solutions at
different concentrations (0.61-26.0 pmol L_l) in a BR buffer solution (pH 2.0) using a

cathodically pretreated BDDE is shown in Figure 6.

10
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Insert Figure 6 here

The intra-day repeatability of the peak current was determined by successive
measurements (n = 10) of 1.2 pumol L' linuron solution, and a relative standard
deviation of 0.56% was obtained. The inter-day repeatability of the peak current was
evaluated by measuring the peak current for similar fresh solutions over a period of 5

days, and a relative standard deviation of 2.1% was obtained.

Physical characterization of Pt nanoparticles on the BDDE surface

Initially, particle size and morphology of the PtNPs-BDDE and BDDE (Figure 7A and
7B) was characterized by scanning electron microscopy (SEM). Two types of particle
structures were observed (Figure 7B); the cubic particle is the BDD and the small
particles (white) are the PtNPs. Moreover, the PtNP distribution was analyzed, and the
histogram (ESI1) showed an average of 13.4 nm and 84.6% of the PtNPs had a size

between 7.5 and 22.5 nm.

Insert Figure 7 here

Modification of the BDDE surface with Pt nanoparticles

11
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The results obtained employing a cathodically pretreated BDDE were compared
with those obtained using a PINP-BDDE. Figure 8 shows the cyclic voltammograms for
a 30 umol L™ linuron standard solution using a BDDE (solid line) and a PtNP-BDDE
(dashed line). An increase in the resistivity of the surface-modified electrode was
observed, and a decrease in the magnitude of the current (analytical signal), when the
BDDE was surface-modified with PtNPs. This can be attributed to a passivation of the
BDDE surface with the addition of PtNPs, since the cathodic pretreatment causes a
hydrogen termination over the BDDE surface, and it is known that platinum has high
affinity for such terminations. This leads to a blockage of the electroactive area of the
BDDE. Although the PtNP-BDDE presented a lower analytical response than BDDE to
linuron determination, in order to evaluate the possibility of using the PINP-BDDE as a
sensor to determine linuron, the experimental parameters of SWV and DPV techniques
were evaluated in BR buffer solution (pH 2.0), and the construction of analytical curves

(Figure ESI2 and ESI3) was carried out.

For SWV, the corresponding investigated ranges were: 1075 s, for square
wave frequency f; 10-75 mV, for pulse amplitude a; 1-7 mV, for the scan increment
AFEs. The obtained optimized values were f'= 50 sfl, a=50mV, and AEs =4 mV. For
DPV, the ranges studied were 10150 mV for pulse amplitude (@), 2-20 mV s for scan
rate (v), and 3—25ms for modulation time (¢). The optimized values were a = 100 mV, v

=7.5mV s, and 1= 10 ms.

Insert Figure 8 here

12
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The analytical parameters thus obtained for both electrodes (cathodically
pretreated BDDE and PtNP-BDDE) using DPV and SWV are summarized in Table 1.
As can be seen, the results (linear range and sensitivity) obtained employing a
cathodically pretreated BDDE are similar to those obtained using a PtNP-BDDE. Thus,
a cathodically pretreated BDDE using DPV was selected for the determination of the

linuron in natural water samples.

Insert Table 1 here

Comparison of the analytical parameters obtained using other electrodes for linuron

determination

The voltammetric determination of the pesticide linuron is based on its oxidation

2, 4,31, 45 s —
» 20" or its direct determination

at the working electrode with an accumulation step
employing carbon-based electrodes * *°. Table 1 presents the comparison between the
analytical performance of the BDDE and previous voltammetric procedures for the
determination of linuron. The use of a BDDE for direct determination of linuron led to
an improvement in the detection limit when compared with the results obtained using a
carbon-paste electrode containing tricresyl phosphate (TCP-CPE) °, a glassy carbon
electrode (GCE) and a modified boron-doped glassy carbon electrode (GCBE) *.
Moreover, in this work, it was not necessary to use an organic reagent of high toxicity
for dissolution of linuron (e.g., methanol and acetonitrile) and no modification or

renewing mechanical of the surface of electrode, as reported by other authors > 344,

13
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Insert Table 2 here

Application of the proposed method in the determination of linuron in natural water

samples

The cathodically pretreated BDDE was applied for the determination of linuron

in previously spiked natural water samples (see Experimental section).

Addition and recovery experiments were performed by adding different amounts
of standard solutions of linuron to each sample, followed by analysis using the proposed
DPV method. Sets of triplicate enrichments were added with increasing concentration
of the linuron, yielding values of around 90.9-104% (Table 3), indicating that there
were no matrix interferences for these samples analyzed by the proposed voltammetric

method.

Insert Table 3 here

Conclusions

The present study shows that linuron can be determined in natural water samples
by differential-pulse voltammetry using a cathodically pretreated BDDE. A BDDE
without modification showed better analytical characteristics than a PtNP-BDDE
because a passivation of the surface of the BDDE occurs with the addition of
nanoparticles to the modified electrode. Optimization of the experimental parameters

yielded a detection limit for linuron of 0.18 pmol L™, and a relative standard deviation
14
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of less than 0.6% for 1.2 pumol L™ linuron solutions (n = 10). Addition-recovery tests
were satisfactory, yielding values of around 90.9—104%, and a relative error of less than

5.5%. In addition, the reported results demonstrate that the combination of DPV and a

©CoO~NOUTA,WNPE

10 cathodically pretreated BDDE is a feasible alternative for the analytical determination
12 of linuron in water samples without the necessity of using organic reagents for
14 dissolution of this herbicide or modification of the surface of the electrode for the

16 linuron determination.
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Table 1. Comparison of the analytical parameters obtained using BDDE and PtNP-

BDDE for the determination of linuron.

Electrode Technique LOD Linear range Slope
(pmol LY (umol L™ (LA L mol )
BDDE SWV 0.12 0.46 — 26.6 0.31
BDDE DPV 0.18 0.61 —26.0 0.67
PtNP-BDDE SWV 0.82 2.1-14.9 0.35
PtNP-BDDE DPV 0.18 0.61 -6.6 0.70

18
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Table 2. Comparison of the analytical parameters obtained using different electrodes and/or techniques for the determination of linuron.

©CoO~NOUTA,WNPE

Electrode Technique Concentration range (umol L) LOD (umol L) Reference

CPE SwWv 0.10-1.2 0.092 [2]
16 Carbon fiber ultramicroelectrode DPV - - [44]
19 Carbon fiber microelectrode Cv 0.36-5.3 0.32 [31]
2 CPE/sepiolite DPV - 0.30 [4]
o5 TCP-CPE DPV 5.05-177 - [3]
28 GCE; GCBE DPV 5.0-70.0; 5.0 — 100 10.0; 6.0 [45]

31 BDDE DPV 0.61 -26.0 0.18 This work

19
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Table 3. Addition and recovery of linuron from spiked natural water samples at a

BDDE using DPV.
Linuron / pmol L™
Sample Added Found Recovered (%)
1.1 1.1+£0.2 100 +2
Al 3.2 3.3+0.1 103 £ 1
5.6 54+0.1 96.4+ 1
1.1 1.0+0.2 90.9+2
A2 3.2 33+0.2 103 £2
5.6 58+0.3 104 +2
20
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Figure captions

Figure 1. Chemical structure of linuron.

Figure 2. Cyclic voltammograms (50 mV s ') on a BDDE for 24.0 pmol L™" linuron in
a BR buffer solution (pH 2.0): anodic pretreatment (dashed line) and cathodic (solid

line) pretreatment.

Figure 3. Cyclic voltammograms using the cathodically pretreated BDDE for 24.0

pmol L™ linuron in phosphate buffer solution at different pH values, at 50 mV s .

Figure 4. Cyclic voltammograms for 24.0 pmol L™ linuron in 0.04 mol L™' BR buffer
solution (pH 2.0) obtained using a cathodically pretreated BDDE at different scan rates

(V): 5-500 mV s'. Insert: Linear dependence of log I, with v,

Figure 5. Proposed oxidation mechanism for linuron at the BDDE surface.

Figure 6. Differential-pulse voltammograms obtained using the cathodically pretreated
BDDE for various concentration of linuron (1-13): 0.61-26.0 pumol L™ in BR buffer

solution (pH 2.0). Insert: Analytical curve for the linuron oxidation process.
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Figure 7. MEV-FEG micrograph of BDD (A) and PtNPs onto a BDD surface, using 5

kV and magnification of 200000x.

Figure 8. Cyclic voltammograms (50 mV s ') on a BDDE (solid line) and a PtNP-

BDDE (dashed line) for 30.0 pmol L' linuron in BR buffer solution (pH 2.0).

22
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