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ABSTRACT

This study describes the development of a simple and accurate methodology for carbamate pesticide formetanate
(FMT) analysis in fruits based on the use of a boron-diamond doped electrode (BDDE) cathodically pretreated
and on the forward component of the current of square-wave voltammetry (SWV). FMT exhibits a well-defined
irreversible oxidation process, which reaction mechanism is diffusion-controlled, involves the participation of
one electron and is influenced by the electrolyte pH. However, protonation does not participate in the rate-
determining step in the redox process. The optimum experimental and voltammetric conditions were pH 7.0
(0.04 mol L™ Britton-Robinson buffer), pulse potential frequency of 20s ™', amplitude of the pulse of 25 mV,
and height of the potential step of 3 mV. Under the optimum conditions, calibration curve was linear from
4.98 x 1077 to 1.70 x 10> mol L ™! FMT with a limit of detection of 3.7 X 10”7 molL™'. FMT sensing was
performed in different fruits (mango and grape). Recoveries ranged from 95.2 + 2.8 to 104.0 = 3.5% for
mango and 96.5 = 2.5 to 105.2 + 3.5% for grape proving the accuracy and precision of the electroanalytical
methodology. The attained data validated the applicability of the developed approach for FMT quantification in
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fruits.

1. Introduction

In the last years, contamination of food and water promoted by
pesticide residues has been a growing concern for the general public
and for governmental authorities [1-6]. Currently, there are several
diseases associated with pesticide exposures [6-8]. Organochlorine
pesticides have been traditionally considered as main representatives of
this type of contaminants, but, more recently, two other classes of
chemical compounds widely used in agricultural crops, i.e. organo-
phosphates and carbamates, have been considered as hazardous be-
cause they can inhibit acetylcholinesterase activity and can act as en-
docrine disruptors [9-11]. Therefore, the development of simple,
highly selective and accurate analytical methodologies for pesticide
determination in environmental and food samples has become a key
issue. In this context, electroanalytical approaches have been success-
fully applied for carbamate pesticide detection in several matrices due
to the remarkable versatility of these methods [12-14]. Selection of the
most appropriate sensing material is a crucial step. The boron-doped

diamond electrode (BDDE) has the widest usable potential range from
all electrode materials (up to 3V), quasi-metallic conductivity, low
background current, mechanical strength, chemical stability in acidic
and basic media, and high resistance to surface fouling due to the sp3
character of diamond carbon [15-22]. Thus, it is an excellent material
with unicast properties, which has allowed several applications in
electrochemical science [20, 23, 24], such as degradation of organic
pollutants (due to its high capacity of generated hydroxyl radical in
situ) [25], photoelectrochemical CO, reduction [26], electrochemical
sensor [15, 16, 19, 27-29] and electro-organic synthesis [30]. Fur-
thermore, the electrochemical performance of BDDE can be modified by
a cathodic or anodic pre-treatment in sulphuric acid solution, due to the
possibility of changing the surface termination of BDDE; H-termination
and O-termination are obtained by cathodic and anodic pretreatment,
respectively [31, 32].

The versatility of BDDE for pesticide determination has been de-
monstrated in few studies [13, 27, 33-36], which included five carba-
mates (methomyl in river and tap water and commercial formulations
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[13], pirimicarb in tap and weir water [27], propoxur in tap and weir
water and a pesticide formulation [33], methiocarb in commercial
pesticide [34], and carbaryl in natural water [35] and in natural water
and pineapple juice [36]). To the best of our knowledge, there is no
study regarding the exploitation of BDDE as sensor for formetanate
hydrochloride (3-dimethyl amino methylene aminophenyl methylcar-
bamate hydrochloride, FMT) nor the determination of this pesticide
with an unmodified solid electrode. FMT is a carbamate pesticide mi-
ticide/insecticide authorized to be used on several fruits and non-
agricultural uncultivated areas/soils [37, 38]. Its quantification was
rarely performed by electrochemical techniques, being only made by
the conventional hanging mercury drop electrode [39], and more re-
cently with the glassy carbon modified with cobalt phthalocyanine and
functionalized multiwalled carbon nanotubes [40], and also by three
different laccase-based biosensors electrochemical biosensor [14, 41,
42]. Thus, the main goal of this study was to characterize the electro-
chemical behavior of FMT on BDDE (cathodically pretreated) and
subsequently optimize a simple, sensitive, accurate and inexpensive
electroanalytical procedure for FMT sensing in fruits.

2. Materials and methods
2.1. Reagents

Formetanate hydrochloride (=99.6%) was acquired from Sigma-
Aldrich (Steinheim, Germany). FMT standards were made every day by
dissolving an accurate quantity in ultrapure water. Britton-Robinson
buffer (BR, 0.04 molL™') was prepared by mixing 0.04 molL™! of
phosphoric, acetic and boric acid. All other reagents were of analytical
grade. The ultrapure water (18.2 MQ-cm ') was obtained by a Milli-Q
system (Millipore, Molsheim, France).

2.2. Instrumentation and electrochemical activation

The electrochemical measurements were performed with an Autolab
PGSTAT 128N (EcoChemie, Netherlands) potentiostat/galvalnostat
controlled by NOVA 1.10 software. A three-electrode system was pre-
pared with a BDDE (8000 ppm; 0.265 cm?, Centre Suisse de Electronique
et de Microtechinique S.A., Neuchatel, Switzerland) (Metrohm) as
working electrode, a platinum plate counter electrode (1.03 cm?) and
an Ag/AgCl/KCl (saturated) reference electrode. A Micronal B474 pH
meter was utilized to adjust solutions pH. The BDDE was activated
applying +3.0V for 30s and —3.0V for 60s in 0.5molL™" H,SO0,
[43].

2.3. Electrochemical investigation

A cell with 10.0 mL of supporting electrolyte was used for electro-
chemical experiments. Before each assay, the solution was agitated
using a magnetic stirrer for 30s.

Cyclic voltammetry (CV) was used to study the FMT electrochemical
behaviour on the BDDE. SWV was the electrochemical technique per-
formed to detect and to quantify the FMT. The voltammetric parameters
were optimized based on a systematic study of the experimental para-
meters, such as the potential pulse frequency (f), the amplitude of the
pulse (a) and the height of the potential step (AE;) or scan increment.
Furthermore, the pH of the medium was optimized. The only procedure
performed between the electrochemical measurements with FMT was
the magnetic stirring for 30 s to remove any possible residues adsorbed
on the electrode surface, thus ensuring the reproducibility of the all
experiments. All measurements were performed at 26 + 1°C.

2.4. Electroanalytical methodology

After the optimization of the voltammetric parameters, analytical
curves were obtained using the standard addition method. The

detection limit (DL) and quantification limit (QL) were obtained using
methodology described in the literature [44]. The precision and accu-
racy of the method were evaluated by the relative standard deviations
(RSD).

The methodology for FMT analysis was applied to grapes and
mangoes purchased from local stores at Fortaleza (Brazil). Samples of
mango and grape were prepared according to the guidelines of the
European Council Directive [45] and 15 g of homogenized sample were
extracted by the QUEChERS “Quick, Easy, Cheap, Effective, Rugged and
Safe” [40, 41, 46]. The supernatant was thereafter evaporated to dry-
ness with nitrogen and just before electroanalysis, the residue was re-
dissolved with Britton-Robinson buffer (BR, 0.04 molL™!) at pH?7.0.
Mango and grape recovery experiments were realized at four for-
tification levels (0.31-1.70 mg kg’1 (w/w)). Triplicate samples were
analyzed by the standard addition method.

3. Results and discussion
3.1. Characterization of the BDDE

Since electrochemical pretreatments can improve the charge
transfer reaction on the BDDE surface [32], a simple, fast and efficient
step consisting in the application of sequential anodic and cathodic
potentials (as described in the experimental section) was selected. The
effect of the applied pretreatment on the BDDE surface was studied by
CV using 1.0 x 103 molL™! of the electrochemical indicator [Fe
(CN)61*™7*" in 0.1 molL™* KCl (Fig. 1).

The attained voltammogram without electrochemical pretreatment
(dashed line; Fig. 1) showed higher separation between the cathodic
(Epc) and anodic (Ep,) peak potentials and lower peak current compared
with the pretreated BDDE response (solid line; Fig. 1). The differences
among anodic and cathodic peak potentials (AE, = E,, — E,.) were
140.8mV and 73.4mV for BDDE before and after electrochemical
pretreatment, respectively. Thus, the polarization improved the BDDE
conductivity and the reversibility of the [Fe(CN)e]®> ™74~ redox couple.

3.2. Electrochemical behavior of FMT on the pretreated BDDE

The voltammetric behavior of FMT on the BDDE was studied by
performing five subsequent CV scans in the range from 0.0 V to 1.4V in
BR buffer with different pH values (2.0 to 9.0). A well-defined irre-
versible oxidation process with both peak potential (E,) and peak
current (I;) dependent on electrolyte pH was detected.
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Fig. 1. (A) Cyclic voltammograms of 1.0 x 10> molL™" [Fe(CN)e]®*~/*" in
0.1 molL™! KCl on the DBBE with (solid line) and without (dashed line) elec-
trochemical activation at 50 mVs™!.
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Fig. 2. Cyclic voltammograms of 1.0 x 10> mol L ! FMT in Britton-Robinson
buffer at pH 7.0 on the BDDE (A) for five subsequent scans at 50 mV s ' and (B)
at different scan rates in the range from 5 to 100mV's ™" (the insert corresponds
to the relationship between peak current and square root of the scan rate in the
range).

Representative voltammograms with an anodic peak at ca. 1.1V at
pH7.0 are displayed in Fig. 2. The intensity of the peak oxidation
current stabilized after the third scan; afterwards no significant changes
were observed. This pattern of variation can be associated with the
weak interaction between the product of FMT reaction and the BDDE
surface. According to the literature, inertness to the adsorption of the
reaction electrochemical products and, consequently, facile surface
cleaning are inherent characteristics of the BDDE [20, 21]. Moreover, it
is reported that the cathodic pretreatment promotes an enhanced re-
sistance to fouling, while simultaneously increasing the electrochemical
signal [47, 48].

Based on the diagnostic criteria of CV for irreversible processes, the
electron number was calculated by the following equation [49]:

1.857RT

IE, — Epjnl =
N anF eh)

where E,/, is the half peak potential, R is the gas constant, T is the
temperature, o is the electron transfer coefficient, n is the number of
electrons, and F is the Faraday constant. Using the attained |E, — E, »|
value for the first cyclic voltammogram at 50 mV s~!, 84mvV, and
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Fig. 3. Effect of the pH on the FMT peak potential (right y-axis) and current
(left y-axis) for 1.0 X 10> mol L™ FMT in Britton-Robinson buffer on the
BDDE with f = 10s™', a = 25mV, AE, = 2mV.

considering a = 0.5, an was determined as being equal to 0.57 and the
electron number equal to 1, being the rate-limiting step of the reaction.
It has been reported that other carbamate pesticides, as methomyl [13],
pirimicarb [27], propoxur [33] and methiocarb [34], exhibited oxida-
tion processes with the participation of only one electron in the ni-
trogen atom in the conjugated system [50].

The effect of the scan rate (v) on oxidation peak current was also
assessed from 5 to 100 mVs ™! (Fig. 2B). I, value increases with in-
creasing v values. The reached linear relationship between I, and the
square root of the scan rates (Uae) 1/
A) = —7.51 x 1078 + 3.26 x 107 v"?2/(mVs~1)'"2 with a correla-
tion coefficient of 0.9985 and n = 11) indicates a diffusion-controlled
redox process. This conclusion was further validated by the obtained
linear dependence between log (I;) and log (v) [log (I,/
A) = —6.52 + 0.541 log (v/mV s™!) with a correlation coefficient of
0.9991 and n = 11].

The influence of the pH from 2.0 to 9.0 of the BR buffer on the FMT
SWV responses was characterized by BDDE measurements with
f=10s"%, a = 25mV and AE, = 2mV (Fig. 3). pH increase promoted
the displacement of the E, to less positive potential values. However,
the relationship between Ep and pH was non-linear, suggesting the non-
involvement of protonation in the rate-limiting step. In addition, the
peak current (I) presented a maximum at pH 7.0, while decreasing for
higher pH values. This profile can be associated with FMT hydrolysis
reaction in basic media [51], which can cause a significant diminution
of the concentration of electroactive species at the neighborhood of the
BDDE surface. Thus, pH 7.0 was considered the optimum value.

The electrochemical FMT process exhibited on the electrode surface
is dependent on the electrode type of carbonaceous materials.
According to data previously published [40], FMT exhibits various
process of oxidation and reduction on the glassy carbon electrode
modified with cobalt phthalocyanine and functionalized multiwalled
carbon nanotubes (MWCNT-CoPc/GCE), but in the present study, only
one irreversible oxidation was observed on the BDDE. The corre-
sponding mechanism of FMT oxidation on the BDDE is represented by
in Scheme 1.

3.3. Optimization of the electroanalytical parameters

The impact of the SWV parameters on the peak current of
1.0 X 10> molL™! FMT on the BDDE in BR buffer at pH7.0 was
evaluated by varying the f, a and AE, from 5 to 605!, 10 to 50 mV, and
1 to 8 mV, respectively. A linear correlation between I, and f was de-
tected from 5 to 20s " followed by stabilization of current intensity
around 40s~!, which can be attributed to the slow charge transfer
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Scheme 1. Mechanism of FMT oxidation on the BDDE.
1.0 Table 1
Electroanalytical parameters obtained for the determination of FMT at BDDE
using SWV.
0.8
Forward Parameter BDDE
= = Backward
0.6 .+ + Resultant Linearity range (molL™") 4.98 x 1077 to 1.70 x 107°
< : Intercept (A) -7.79 x 1078
3 Slope (A mol™' L) 0.103
—~ 0.4 - tealculated” 2.26
— . Confidence interval of intercept +1.56 x 1077
Confidence interval of the slope + 0.020
Correlation coefficient (R) 0.9997
0.2 1 Standard Deviation of the intercept (A) 6.3x 1078
Standard Deviation of the slope (A mol ™! L) 8.1x107°
A\ Detection Limit (mol L") 3.7 x 1077
0.0 Detection Limit (mgkg ™) 0.09
Quantification Limit (molL™1) 1.2 x10°°
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Quantification Limit (mg kg ") 0.31
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Fig. 4. Square-wave voltammograms showing forward, backward and resultant
component of currents for 1.0 X 10> mol L™* FMT in Britton-Robinson buffer
at pH 7.0 on the BDDE performed with f = 20s™!, a = 25mV, AE; = 3mV.

kinetics between FMT and the selected BDDE (doped with 8000 ppm
boron). Furthermore, there was no linear dependence between E, and
log f, which is in agreement with SWV diagnostic criteria for irrever-
sible processes without adsorption of reagent and/or product [52]. The
linear relationships for a and AE; were observed until 25 mV and 3mV,
respectively. For electroanalytical purposes, the SWV parameters con-
sidered as optimum were f = 20s™ ', a = 25mV and AE, = 3mV.

The components of the SWV signal, obtained under optimum con-
ditions, can be observed in the Fig. 4.

Interestingly, both forward and backward components appear at the
same direction, in other words, both refer to the oxidation process,
resulting in a lower intensity for the resulting current. According to the
theoretical SWV model for not electrochemically reversible reactions
controlled by electrode kinetics [52], the response depends on the
transfer coefficient and the dimensionless kinetic parameter (x) is ex-
pressed by:

kg

N @

where K; is the standard rate constant, D is the diffusion coefficient, and
f is the frequency [52]. The theoretical model also predicts that for
irreversible reactions k is lower than 0.01 and the current intensity of
the resultant component is less than the forward component [53]. Thus,
these results regarding FMT on the BDDE are consistent with the SWV
theory for irreversible electrode reactions. In this study, the forward
component, due to its higher sensitivity, was used for electroanalysis.

K =

3.4. Electroanalytical curves

The figures of merit were calculated based on the achieved FMT
calibration curve on the BDDE using the optimum pH and SWV ex-
perimental conditions (Table 1). Calibration curve was performed in a
wide linear range from 4.98 X 10~ to 1.70 x 10> molL™! FMT in
BR buffer at pH7.0 with f=20s"!, a=25mV and AE,=3mV

2 t — coefficient of the Student's t distribution at the 95% confidence level.
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Fig. 5. Square-wave voltammograms for FMT concentrations from 4.98 x 10~
to 1.70 x 10> mol L ™! in Britton-Robinson buffer at pH 7.0 on the BDDE with
f=20s"', a=25mV, AE, = 3mV. The insert shows the mean calibration
curve of three independent assays.

(Fig. 5). The mean of three independent electroanalytical curves is
described by the following equation I,/A= —7.79 X 1078
(£6.3x107%) +0.103 (8.1 x107%) [FMT]/Amol 'L with a
high correlation coefficient of 0.9997 and n = 20. The well-shaped
voltammograms exhibited a peak at 1.08 + 2.21 x 1073 V with a RSD
equal to 0.20%, indicating that no significant electrode fouling oc-
curred allowing to reach high reproducibility. The t-test of significance
was applied to the negative intercept and the calculated value of t was
equal to 2.26, being lower than the critical value (4.30 at 95% level
[44]), suggesting the absence of systematic errors. The DL and QL were
calculated using the standard deviation of y-residuals (Sy,) [44], as
3.7 x107molL™"  (0.09mgkg™') and 1.2 X 10 ®molL™!
(0.31 mgkg ™), respectively. It is important to note that the reached
sensitivity is adequate for food safety control considering the set Bra-
zilian [38] and European [37] Union Maximum Residue Levels of



Table 2
Recovery of FMT from spiked mango and grape samples (n = 3) using the
BDDE.

BDDE
[FMT],ddea (mgkg ™) 0.31 0.38 0.73 1.70

Mango  [FMTl¢ouna (Mg kg’l) 0.32 0.36 0.73 1.71
Confidence interval (mgkg™) +0.03 +0.02 +0.09 =*0.14
Recovery (%) 104.0 95.2 100.6 100.4
RSD (%) 3.5 2.8 5.4 3.3

Grape  [FMTlfouna (mgkg™) 0.24 0.37 0.75 1.79
Confidence interval (mgkg™’) +0.02 +0.04 +0.04 +0.14
Recovery (%) 96.5 97.8 103.4 105.2
RSD (%) 2.5 4.5 2.1 3.5

several fruit and vegetable crops. In addition, and if necessary, the LD
can be further lowered by redissolving the extract in a lesser electrolyte
volume or/and simply by augmenting the fruit amount to be extracted.
Intraday (n =9 at 2.44 x 10 ®molL™!) and inter-day (n =4 at
2.44 x 10"® mol L. ™!) assays exhibited RSD lower than 5.0%, which
demonstrated suitable repeatability as well as reproducibility.

In comparison with other electroanalytical methods for FMT sen-
sing, the sensor proposed in this paper obtained comparable results to a
sensor composed by cobalt phthalocyanine and funcionalized multi
walled carbon nanotube modified glassy carbon electrode [40] which
showed a wide linear range from 9.80 x 1078 t0 3.92 x 10 ® mol L !
and DL value equal to 9.70 x 10~® mol L.™?, a bi-enzymatic biosensor
composed for laccase, tyrosinase and AuNPs entrapped in a chitosan in
a graphene doped carbon paste electrode s [41] with linear range from
9.99 x 1077 to 3.21 x 10 °molL™! with DL value equal to
2.15 x 107" mol L' and a enzymatic biosensor composed by laccase,
glutaraldehyde onto a gold electrode s [42] with present a linear range
from 9.43 x 1077 to 1.13 x 10 > molL™! with DL value equal to
9.5 x 10 8 molL™!. The proposed sensor presents a similar linear
range with others described in the literature, and DL in the same order
with a biosensor, described, which is one construction more expensive
and complex. In addition, the developed biosensors have less selectivity
and specificity since they respond to the presence of all carbamates and
organophosphorus pesticides because they are based on inhibition of
the enzymatic activity.

3.5. Application to fruit samples

With the goal of assessing the applicability of the developed meth-
odology, the QUEChERS procedure was combined with the BDDE and
SWV for FMT determination in different complex fruit matrices, i.e.
mango and grapes. Samples were spiked at four different levels
(0.31-1.79mgkg ™' (w/w)) and the recovery percentage, confidence
interval and RSD values are shown in Table 2. No interfering signals
caused by the fruit matrices were perceived in the SWV voltammo-
grams. Recovery values between 95.2 and 105.2% with RSD varying
from 2.1 to 5.4% were reached, suggesting excellent accuracy and
precision. In particular for each type of fruit, yields varied from
95.2 + 2.8 to 104.0 + 3.5% for mango, and 96.5 + 2.5 to
105.2 *= 3.5% for grape indicating that the type of fruit matrix had no
significant effect on the accuracy and precision of the proposed meth-
odology. These data also validated the applicability of the developed
approach for FMT quantification in fruits.

4. Conclusions

This is the first time that a procedure based on a solid electrode
without modification has been optimized and applied for FMT sensing.
FMT on the cathodically pretreated BDDE exhibited one well-defined
irreversible oxidation process with one electron involved. FMT oxida-
tion was affected by the medium pH (with maximum signal at 7.0), but

the relationship between peak potential and pH was non-linear, sug-
gesting that no protonation occurred in the rate-limiting step. The
forward component of the SWV current was used for electroanalytical
purposes due to its higher sensitivity. The achieved electroanalytical
data showed satisfactory linearity, detection and quantification limits
coupled to good sensitivity, repeatability, reproducibility and accuracy.
In addition, the proposed procedure was successfully applied to FMT
determination in mango and grape fruits samples. Therefore, it can be
concluded that the cathodically pretreated BDDE allied with SWV is an
interesting approach for FMT sensing in fruits, which can represent a
reliable, cheap, fast and simple option that can be implemented in food
safety protocols.
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