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A B S T R A C T

This study characterizes the electroanalytical behavior of the carbamate pesticide formetanate
hydrochloride (FMT) at a cobalt phthalocyanine (CoPc) functionalized multiwalled carbon nanotubes
(fMWCNT) modified glassy carbon electrode (CoPc-fMWCNT/GCE). Nafion1 was used to improve
solubility and dispersibility of fMWCNT. The construction of the developed electrode was characterized
by high-resolution field-emission gun scanning electron microscopy, Raman spectroscopy, cyclic
voltammetry and electrochemical impedance spectroscopy. FMT exhibited a behavior consistent with a
three-step reaction of the electrochemical-chemical-electrochemical mechanistic type at CoPc-
fMWCNT/GCE (three anodic peaks at 0.26, 0.55 and 1.2 V, and two cathodic peaks at 0.35 and 0.50 V
vs. Ag/AgCl/3 M KCl). Highly reproducible and well-defined peaks were obtained at the optimum
experimental conditions (Britton-Robinson buffer at pH 5.0, accumulation potential 1.55 V, accumulation
time 5 s, frequency 100 s�1, amplitude 30 mV, and scan increment 3 mV). Peak currents were found to be
proportional to the FMT concentrations in the range of 9.80 � 10�8 to 3.92 � 10�6mol dm�3 with a
detection limit (LOD) of 9.7 � 10�8mol dm�3. The modification of GCE with CoPc-fMWCNT enhanced the
electrocatalytic activity and provided high sensitivity (3.51 A mol�1 dm3). The developed electroanalyti-
cal methodology was successfully applied to FMT residue analysis in mango and grape samples with
recoveries in the range of 94.2 � 4.5 to 105.7 � 1.8%. The proposed electroanalytical approach represents a
reliable, sensitive and environmental friendly analytical alternative for determination of FMT.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Current concerns of the deleterious environmental and health
impacts of carbamate pesticides have been increasing. Humans
and other non-target species are exposed to residues of these
cholinesterase-inhibiting chemicals via nutritional sources
(legumes, fruits, contaminated meat, dairy products, etc.), water
and/or through environmental/occupational settings [1]. As a
member of the N-methyl carbamate class of chemicals, formeta-
nate hydrochloride (3-dimethylaminomethyleneaminophenyl
methylcarbamate hydrochloride; FMT) shares the common
* Corresponding author. Tel.: +351 228340500; fax: +351 228321159.
E-mail address: sbm@isep.ipp.pt (S. Morais).
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mechanism of toxicity. It is a miticide/insecticide registered for
use on several fruits (grapefruit, lemon, lime, nectarine, orange,
tangelo, tangerine, etc.) and nonagricultural uncultivated areas/
soils [2]. In this context, the development of electrochemical
devices is a key tool for implementation of rapid, sensitive,
versatile, environmental friendly, in situ real-time and cost-
effective residues screening programs [3]. Moreover, electrochem-
ical sensors can also provide information regarding kinetic and
mechanistic aspects of degradation [4–6].

Nanostructured carbon materials have proved to be very
interesting in various research fields due to their inherent
advantages such as excellent electrical conductivity, high-surface
to volume ratio, significant mechanical strength, good chemical
stability and pore structure [7–11]. The use of Nafion1 to improve
solubility and dispersibility of multiwalled carbon nanotubes
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(MWCNT) has provided a useful avenue for preparing MWCNT-
based sensors [12]. In addition, MWCNT decorated with transition
metal phthalocyanine complexes (MPc) hold great promise for
designing new sensing platforms [13–17]. Phthalocyanine are
18 p-conjugated aromatic macrocycles that present remarkable
optical and electrical properties, structural versatility and excep-
tional stability. Metal atoms (e.g. Co, Fe, Ni, and Cu) can be
incorporated in the central region of the macrocycle to tailor some
of their chemico-physical properties [18,19]. In particular, CoPc
have the ability of undergoing fast redox processes, with minimal
reorganizational energies, and can act as electron transfer
mediator for several compounds. The immobilization of CoPc on
suitable substrates can lead to modified electrodes with electro-
catalytic properties [20]. In biosensor design, such as cholinester-
ase modified electrodes, CoPc were indicated as one of the most
suitable for the detection of thiol-containing molecules [21], and
has been used as electronic mediator to decrease the applied
potential (from ca. 410 to 100 mV vs. Ag/AgCl), hindering the
oxidation of other compounds thus reducing the interferences
[22]. Enzymes were successfully immobilized on CoPc modified
electrodes by entrapment in a photocrosslinkable polymer (PVA-
AWP) [23,24]. Scarce studies have demonstrated the potential of
MPc-MWCNT systems to improve the sensitivity of modified
electrodes for pesticides (asulam, carbaryl, glyphosate and
metolcarb) analysis [11,25–28] mostly in (tap/natural) waters
and synthetic aqueous solutions [11,25–27]. Novel electrocatalytic
platforms based on CoPc integrated with MWCNT for electroanal-
ysis of pesticides in food commodities need clearly to be further
explored. No electrochemical method based on MPc-MWCNT
modified electrode for FMT detection was found in the literature so
far, nor any mechanistic proposal involving its oxidation and
reduction. FMT electroanalysis was only reported in four works
[29–32]. FMT reduction was characterized at the dropping mercury
electrode [29]. More recently, FMT was indirectly quantified by
three different enzymatic biosensors [30–32]. However, the
developed biosensors presented limited specificity since other
pesticides from the carbamates family may also inhibit the
enzymatic catalysis. Also, modified electrodes with biological
components are more difficult to work with and less robust (to pH,
temperature, applied potential, storage, etc.) [26].

Therefore, the main aims of this work were: i) to explore the
advantages of combining CoPc and functionalized MWCNT
solubilized in Nafion1 (fMWCNT) for modification of glassy carbon
electrode (GCE), ii) to develop and optimize a rapid, simple,
accurate and low-cost sensitive electrochemical approach for FMT
analysis based on the modified electrode (CoPc-fMWCNT/GCE),
and iii) to propose a mechanism for the electrochemical behavior
of FMT. The preparation of CoPc-fMWCNT/GCE was fully charac-
terized by high resolution field-emission gun scanning electron
microscopy (FEG-SEM), Raman spectroscopy, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). Consid-
ering that real sample applications of electrochemical devices are
rare, the performance of CoPc-fMWCNT/GCE for FMT quantifica-
tion in fruits was also assessed. The chosen fruit species are those
that have the lowest (0.02 mg kg�1 in mango) and the highest
(1.0 mg kg�1 in grapes) established Brazilian FMT maximum
residue limits (MRLs) [33].

2. Experimental

2.1. Reagents

Formetanate hydrochloride (certified purity higher than 99.6%),
CoPc (97% purity), Nafion1 (10 wt. % in H2O) and pristine
MWCNT (O.D. � L 6–9 nm � 5 mm, >95%) were purchased from
Sigma–Aldrich (Steinheim, Germany). Standard solutions of FMT
were prepared daily by dissolving an accurately weighed amount
in ultrapure water. Britton-Robinson buffer (BR, 0.04 mol dm�3)
was prepared by mixing 0.04 mol dm�3 of phosphoric, acetic and
boric acid. All other chemicals were of analytical grade. The
ultrapure water (18.2 MV cm) was produced by a Milli-Q system
(Millipore, Molsheim, France).

2.2. Electrode pretreatment and modification

Firstly, the functionalization of 500 mg of pristine MWCNT was
carried in a 250 mL mixture of H2SO4:HNO3 (3:1; v/v) with
magnetic stirring at 26 � 1 �C for 4 h [34–36]. The fMWCNT were
filtered through a 0.45 mm Nylon filter membrane (Millipore,
Molsheim, France), washed with ultrapure water, and dried in oven
at 70 �C for 12 h [26,34–36].

Prior to the modification, the GCE (geometric area of 0.0314 cm2

Metrohm, The Netherlands) was polished with 3.0 mm diamond
paste slurry, rinsed with ultrapure water, cleaned ultrasonically in
acetone and water alternatively for 3 min, and then dried with
nitrogen. 1 mg of fMWCNT plus 1 mg of CoPc were dispersed by
ultrasonic stirring for 30 min in 1 mL of dimethylformamide (DMF)
containing 0.5% Nafion1 (DMF/Nafion1 0.5%). Next, 0.5 mL of the
CoPc-fMWCNT suspension was dropped on the cleaned GCE
surface, and dried at 26 � 1 �C for 1 h. The other tested electrodes,
i.e., 0.5% Nafion1/GCE (modified with DMF/Nafion1 0.5%),
MWCNT/GCE (modified with MWCNT dispersed in DMF/Nafion1

0.5%) and fMWCNT/GCE (modified with functionalized MWCNT
dispersed in DMF/Nafion1 0.5%) were prepared similarly.

Surface characterization of the modified GCE was accomplished
by FEG-SEM using a FEG-Zeiss model Supra 35-VP (Carl Zeiss,
Germany). Raman spectroscopy assays of the several tested
modifications (MWCNT, fMWCNT and CoPc–fMWCNT prepared
as described above) were carried out on a Horiba Jobin Yvon model
HR550 spectrometer using the 514.5 nm excitation line from an
argon ion laser ion.

2.3. Electrochemical studies

Electrochemical experiments were performed with a potentio-
stat/galvanostat, AUTOLAB model PGSTAT 30 (Metrohm-Eco
Chemie, The Netherlands) controlled by a computer through the
Model NOVA version 1.9 software. A conventional electrochemical
cell consisting of an Ag/AgCl/3 M KCl reference electrode, a
platinum plate as the auxiliary electrode, and 0.5% Nafion1/GCE,
MWCNT/GCE, fMWCNT/GCE, CoPc-fMWCNT/GCE as working
electrode were used. CV and square wave-voltammetry (SWV)
experiments were carried out in 0.04 mol dm�3 BR buffer (pH 5.0)
over the potential range of 0.0 to 0.8 V or 0.0 to 1.5 V. The optimal
SWV parameters were: accumulation potential (Eacc) 1.55 V,
accumulation time (tacc) 5 s, frequency (f) 100 s�1, amplitude (a)
30 mV and scan increment (DEs) 3 mV. EIS assays were performed
in the presence of 1.0 � 10�3mol dm�3 Fe(CN)63�/Fe(CN)64�(1:1) in
0.1 mol dm�3 KCl at a frequency range of 10�1 to 6 � 104 s�1 and
amplitude perturbation 5 mV. All measurements were carried out,
at least, in triplicate.

2.4. Application to fruits

Fruit samples were acquired from local supermarkets at
Fortaleza (Brazil). Samples of mango and grape were taken,
chopped and homogenized in accordance with the guidelines of
the European Council Directive [37]. Pesticide extraction
was performed by the Quick, Easy, Cheap, Effective, Rugged and
Safe � QuEChERS method [31,38,39]. An aliquot of 15 g of
homogenized sample was quantitatively transferred to a
QuEChERS tube containing the buffer–salt mixture 6 g magnesium
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sulfate/1.5 g sodium chloride/1.5 g sodium citrate dehydrate (UCT,
Bristol, USA). Next, 15 mL of acetonitrile were added and the
QuEChERS tube was shaken vigorously during 3 min. After
centrifugation in a QUIMIS1 Q222T204 centrifuge (São Paulo,
Brazil) for 5 min at 4500 rpm, the solvent layer was reduced to 2 mL
by evaporation under vacuum in a QUIMIS1 Q344M2 rotary
evaporator (São Paulo, Brazil). Then, it was transferred onto a
column cleanup (containing 150 mg magnesium sulfate, 150 mg
Fig. 1. (A) FEG–SEM images of (a) fMWCNT and (b) CoPc–fMWCNT; (B)
primary secondary amine sorbent UCT Enviro-Clean Bristol, PA),
shaken and centrifuged as mentioned above. The supernatant was
then evaporated to dryness with a gentle stream of nitrogen.
Immediately before electroanalysis, the residue was re-dissolved
with the supporting electrolyte (10 mL of BR buffer, pH 5.0).
Validation of the pesticide residue methodology was performed by
recovery assays of fortified mango and grape samples at four
spiking levels (0.13–0.73 mg kg�1 (w/w)). Blanks (non-spiked) and
 Raman spectra of pristine MWCNT, fMWCNT and CoPc–fMWCNT.



Fig. 2. Comparative cyclic voltammograms of 1.0 � 10�3mol dm�3 Fe(CN)63�/Fe(CN)64�(1:1) in 0.1 mol dm�3 KCl at 0.5% Nafion1/GCE, MWCNT/GCE, fMWCNT/GCE and CoPc–
fMWCNT/GCE. Scan rate of 50 mV s�1.

Scheme 1. Schematic representation of the interfacial interaction between fMWCNT and CoPc.
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Fig. 3. (A) Nyquist plot of electrochemical impedance spectroscopy for the different modified electrodes for a frequency range of 10�1 to 6 � 104 s�1 and amplitude
perturbation of 5 mV using 1.0 � 10�3mol dm�3 Fe(CN)63�/Fe(CN)64�(1:1) in 0.1 mol dm�3 KCl. (B) Equivalent electrical circuit comprising the resistance of the solution (Rs/
V), the Warburg impedance (Zw/V), the double-layer capacitance (CPE/F), and the electron transfer resistance (Rct/V).
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samples used for recovery assays were free of FMT residues. All
measurements were carried out in triplicate by the standard
addition method.

3. Results and discussion

3.1. Construction of CoPc-fMWCNT/GCE

3.1.1. Characterization of MWCNT, fMWCNT and CoPc-fMWCNT
FEG-SEM was used to evaluate the morphology of the pristine

MWCNT, fMWCNT and CoPc-fMWCNT films. The typical morphol-
ogy of the well-aligned MWCNT [40] was observed before and after
functionalization (Fig. 1A a)). Based on FEG-SEM observations, the
determined diameters were approximately 24 and 15 nm for
MWCNT and fMWCNT, respectively. The detected decrease was due
to rupture of nanotubes which also promoted the increase of edge
Fig. 4. Cyclic voltammograms of 1.0 � 10�5mol dm�3 FMT (Britton-Robinson buffer pH 

(dashed line) scans.
planes. The presence of edge planes will promote the electro-
chemical reactions rates at the nanoscale [41]. The existence of
functional groups on the sidewall of the MWCNT facilitated the
modification with the charge transfer mediator (CoPc). The
FEG-SEM image of CoPc-fMWCNT (Fig. 1A b)) shows a homoge-
neous and compact film; the entangled metal clusters can be
clearly seen (blue circle in Fig. 1A b)) which is in agreement with
previous related studies [26,42,43].

The functionalization of the carbon surface with carboxylic,
alcohol, and ketone functional groups with predominance to
carboxylic groups [41,44], and the interaction between fMWCNT
and the CoPc were evaluated by Raman spectroscopy (Fig. 1B).
Samples exhibited two characteristics peaks at 1350 cm�1 (D band)
and at 1586 cm�1 (G band). The first one was due to Raman-active
A1gmode derived from the disordered carbon and defects of MWNT,
as well as sp3 hybridized carbon atoms, and the second band can be
5.0) at CoPc-fMWCNT/GCE. Scan rate of 50 mV s�1; first (solid line) and subsequent
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attributed to the Raman-active E2g mode due to sp2 hybridized
carbon atoms in the graphene sheets of the carbon nanotubes [45].
The presence of the D and G bands before and after functionalization
proved that the MWCNT structure was preserved. The D band
intensity (ID) was higher in the fMWCNT than in MWCNTevidencing
the insertion of the functional groups in carbon nanotubes [46].
Frequently, the intensity ratio, ID/IG, is applied to analyze the
structural aspects such as the ratio sp3/sp2hybridized carbon atoms
and amount of defects in carbon nanotubes. The attained ID/IG
values were 1.277 and 1.282 for MWCNTand fMWCNT, respectively,
suggesting that the attachment of functional groups occurred
preferentially in the pre-existing defects of the carbon nanotubes.
The slight diminution of the ID/IG ratio to 1.234 when CoPc were
combined with fMWCNT can be attributed to non-covalent
interaction [47]. The interfacial interactions of CoPc with fMWCNT
(Scheme 1) comprises p-p type interaction, coordination bond
between the cobalt atoms of the phthalocyanine complexes and the
oxygen atoms of fMWCNT, and hydrogen bond between the
nitrogen atoms of CoPc and hydrogen atoms of fMWCNT [48].
p-p stacking interactions (between CoPc and fMWCNT) have been
reported to be the main ones when Nafion1 is used to improve the
solubility and dispersibility of fMWCNT [49,50].

3.1.2. Electrochemistry of CoPc-fMWCNT/GCE
The electrochemical properties of the electrode after the

different modifications were firstly investigated by CV in 1.0 � 10�3

mol dm�3 Fe(CN)64�/Fe(CN)63� (1:1) in 0.1 mol dm�3 KCl (Fig. 2).
Scheme 2. Proposed electrochemical-chemical-electroch
Nafion1 acts as a polymer backbone to give stable and homoge-
neous films at the modified electrode with MWCNT (functionalized
or not) [51]. The response of 0.5% Nafion1/GCE was very poor when
compared with the other electrodes due to electrostatic repulsion
between Nafion1 and the Fe(CN)63�/Fe(CN)64� redox probe. The
peak currents clearly increased with the subsequent modifications
with MWCNT or fMWCNT (fMWCNT/GCE > MWCNT/GCE >> 0.5%
Nafion1/GCE), and CoPc (CoPc–fMWCNT/GCE > fMWCNT/GCE).
Functionalization enhanced the charge transfer reaction. “Wrap-
ping” of MWCNT or fMWCNT in Nafion improved their solubility
without impairing their electrocatalytic properties. Such behavior
has been demonstrated for other redox processes [12]. Since the
walls of MWCNT are built up by p electrons delocalization from sp2

hybrid orbital, delocalization of p bond can be formed in fMWCNT
due to the carboxyl groups [52]. This phenomenon improved
electron transport, hence increasing the current signal. Another
cause is that edge planes present an enhanced catalytic activity in
comparison to the basal planes, so fMWCNT (broken nanotubes)
exhibited superior electrocatalysis activity [41,53]. The anodic-to-
cathodic peak separation (DEp) decreased with functionalization
of MWCNT and non-covalent attachment of CoPc on the fMWCNT.
The obtained DEp values were 137.9 � 4.2, 92.6 � 1.1 and
83.9 � 3.1 mV for MWCNT/GCE, fMWCNT/GCE and CoPc-
fMWCNT/GCE, respectively, reflecting the high impact of the
modification on the reversibility of the charge-transfer reaction.

EIS was also applied since it is an effective tool for the
characterization of the interface properties of the electrode surface
emical mechanism for FMT at CoPc-fMWCNT/GCE.
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during different modification steps. The attained Nyquist diagrams
at the 0.5% Nafion1/GCE, fMWCNT/GCE and CoPc-fMWCNT/GCE
are exhibited in Fig. 3A. The equivalent electrical circuit used to fit
the electrochemical impedance data is also presented in Fig. 3B.
The results are in agreement with those attained by CV (Fig. 2).
Nyquist plot of 0.5% Nafion1/GCE exhibited the higher charge
transfer resistance (Rct/V) because the negatively charged
Nafion1 hampered the diffusion of Fe(CN)63�/Fe(CN)64� towards
the active sites of the electrode surface. Additionally, the calculated
slope of the Bode plot (log jZj vs log f (ac-frequency)), �0.9, was
very close to the theoretical value (�1.0) expected for true
capacitors [54]. After modification of the electrode with fMWCNT
or CoPc-fMWCNT, the Nyquist plots included a semicircle at high
frequency region and a linear relationship at low frequencies. At
higher frequencies, the diameter of the semicircular portion is
equal to the Rct which controls the electron transfer kinetics of the
redox process at the electrode interface. At lower frequencies, the
linear part is typical of a mass diffusion-limited electron-transfer
process. The observed Rct of the CoPc-fMWCNT/GCE
(7.98 � 0.63 kV) was lower than the one obtained for fMWCNT/
GCE (12.13 � 0.56 kV) confirming that the CoPc-fMWCNT film
improved the conductivity and facilitated electron transfer.

The influence of the electrode surface modification in the
apparent electron transfer rate constant (kapp) was evaluated using
the equation (1):

kapp ¼ RTðn2F2ARctCÞ�1 ð1Þ
A

B

Fig. 5. (A) Influence of pH on 1.0 � 10�5mol dm�3 FMT peak current (left y-axis) and pea
(0.04 mol dm�3); (B) Effect of supporting electrolyte (pH 5.0; 0.04 mol dm�3) on 1.0 � 10�5

potential 1.55 V, accumulation time 15 s, frequency 100 s�1, amplitude 50 mV and step 
where R is the ideal gas constant (J mol�1 K�1), T is the
temperature (K), n is the number of electrons involved in reaction
(n = 1), F is the Faraday constant (C mol�1), A is the electrode area
(cm2), Rct is the charge transfer resistance (V) and C is the
concentration of the redox species (mol cm�3) [55]. The attained
kapp values were 7.1 �10�4� 2.8 � 10�5 and 1.1 �10�3� 8.7 � 10�5

cm s�1 for fMWCNT/GCE and CoPc-fMWCNT/GCE, respectively.
These results clearly reflected the faster electron transfer process
at CoPc-fMWCNT. Up to now, the effects of MWCNT and metallic
phthalocyanine are still not fully understood and further studies
are needed to clarify the electronic properties of these hybrid
materials and accurately establish a correlation between these
properties and the electrocatalytic behavior [56]. Also, studies
performed by CV between 20 to 100 mV s�1 (in 1.0 � 10�3mol
dm�3 Fe(CN)64�/Fe(CN)63� (1:1) in 0.1 mol dm�3 KCl) showed a
linear relationship between the peak currents and the square root
of scan rate (Ip(anodic)/A = 1.24 �10�7� 2.89 � 10�8 + 2.96 � 10�5

� 1.14 �10�7 v1/2/V1/2 s�1/2, n = 4, R = 0.999; Ip(cathodic)/A = �3.97
10�7�4.98 � 10�8–2.81 �10�5� 5.08 � 10�7 v1/2/V1/2 s�1/2, n = 4,
R = 0.999) suggesting a diffusion-controlled process.

3.2. Electrochemical behavior of FMT at CoPc-fMWCNT/GCE

CV experiments were performed from 0 to +1.5 V in order to
characterize the electrochemical behavior of FMT at CoPc-
fMWCNT/GCE (Fig. 4). The first scan at CoPc-fMWCNT/GCE
revealed an irreversible oxidation process at ca. 1.2 V (a0), and
k potential (right y-axis) using CoPc-fMWCNT/GCE in Britton-Robinson (BR) buffer
mol dm�3 FMT peak current. Square-wave voltammetric parameters: accumulation
2 mV.



Table 1
Calibration data (n = 22) obtained for FMT quantification by SWV experiments
(f = 100 s�1, a = 30 mV and DEs= 2 mV) at the CoPc-fMWCNT/GCE.

Parameter CoPc-fMWCNT/GCE

Linearity range/mol dm�3 9.80 � 10�8 to 3.92 � 10�6

Intercept/A �6.02 � 10�7

Slope/A mol�1 dm3 3.51
tcalculateda 1.73
Confidence interval of intercept �9.61 �10�8

Confidence interval of the slope �0.495
Correlation coefficient 0.9982
SD of the intercept/A 1.1 �10�8

SD of the slope/A mol�1 dm3 5.5 �10�2

LOD/mol dm�3 9.7 � 10�8

LOD/mg kg�1 0.02
LOQ/mol dm�3 3.2 �10�7

LOQ/mg kg�1 0.08

a t—Coefficient of the Student's t distribution at the 95% confidence level.

Fig. 6. Influence of accumulation potential on 1.0 � 10�5mol dm�3 FMT peak current (tacc = 15 s) at CoPc-fMWCNT/GCE (Britton-Robinson buffer pH 5.0). Square-wave
voltammetric parameters: frequency 100 s�1, amplitude 50 mV and step 2 mV.
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two reduction peaks at ca. 0.50 V (c1) and 0.35 V (c2). In the
subsequent scans, two anodic peaks appeared at 0.55 V (a1) and
0.26 V (a2). The redox peak couple a2/c2 matches to a reversible
two-electron process (DEp = 33.7 mV), and a1/c1 to a quasi-
reversible process (DEp = 126.9 mV). No peak was observed when
CV assays were made in the range of 0.0 V to 0.8 V demonstrating
that the set of peaks a1/c1 and a2/c2 are dependent of the a0 process.
This behavior is consistent with a three-step reaction of the
electrochemical, chemical, electrochemical (ECE) mechanistic
type, where a fast chemical reaction is interposed between two
electron-transfer reactions (Scheme 2). It is known that the
primary charge-transfer step of carbamates is one electron
oxidation of the dimethylamino nitrogen attached to the
conjugated system [57–59]. Thus the a0 peak is probably due to
the formation of the cation radical species which is unstable and
undergo immediate hydrolysis; the new formed species (quinone-
imine intermediate (I) and hydroxy-1,4-benzoquinone (II);
Scheme 2) are then reduced and oxidized in the potential range
0.1 to 0.6 V. Preliminary adsorptive SWV experiments for FMT at
CoPc-fMWCNT/GCE (using Eacc = 1.55 V, tacc = 5 s, f = 100 s�1,
a = 50 mV, and DEs = 2 mV) exhibited one more redox couple at
ca. 0.20 V (a3/c3) than those recorded at CV assays (Fig. 4). This peak
set (a3/c3) was clearly noticed because of the superior sensitivity of
SWV and may be due to some other reaction intermediate of the
first oxidation process. Still, from the third cyclic voltammogram, a
poorly defined redox process seems to appear near a2/c2 (Fig. 4).

Since the pH affects the protonation mechanism involved in the
ECE reaction, the dependence of the electrochemical response of
the redox couple that showed the highest sensitivity (a1/c1) at
CoPc-fMWCNT/GCE was studied over a pH range of 2.2 to 9.0
(0.04 mol dm�3 BR buffer) (Fig. 5A). The data showed that the peak
current and potential are strongly pH dependent. The maximum
peak current was clearly evidenced at pH 5.0, which was selected
as the optimum value. Moreover, the peak potential (Ep) shifted
towards more negative values as the pH increased. Using the
experimental data (Ep vs. pH), the following equation was reached
Ep (V) = 0.782 (V) � 0.054 pH (V/pH) (R = 0.9983; n = 8). The slope
(@Ep/@pH) value is close to the theoretical value predicted by the
Nernst equation (0.059 V/pH) indicating that an equal number of
proton and electrons are involved in this electrochemical system
[60]. The same conclusion was reached for the influence of pH on
the irreversible oxidation process at ca. 1.2 V (a0), and the obtained
slope (@Ep/@pH) was 67.8 mV/pH. No potential shift was observed
for pH higher than 8.0 since FMT has a pKa of 8.1 [61]. The highest
peak current for a0 was detected at pH 6.0. Regarding the influence
of pH on the redox peak couple a2/c2, the maximum peak current
was reached at pH 2.2, and no linear relation between the pH and
the peak potential was perceived.

The effect of the supporting electrolyte on the electrochemical
FMT peak current was also evaluated using four different buffers
(at 0.04 mol dm�3) namely acetate, BR, McIlvaine, and phosphate at
the optimum pH value (Fig. 5B). It is known that the composition of
the supporting electrolyte influences the conductivity, structure of
the electrical double layer, kinetics of the electrochemical
processes and diffusion coefficient [60]. The following order was
established: Ip (BR) > Ip (phosphate) > Ip (McIlvaine) > Ip (acetate).
BR buffer was further used as the electrolyte for FMT quantifica-
tion.

3.3. Electroanalysis of FMT at CoPc-fMWCNT/GCE

3.3.1. Optimization of the square-wave voltammetric analysis
The combination of adsorptive stripping with SWV technique

offers highly sensitive schemes for quantification of organic and
inorganic compounds [62]. Furthermore, extremely low detection
limits can be attained when coupling the adsorptive stripping
accumulation with electrocatalysis. The influence of the accumu-
lation potential (1.0 to 1.6 V) on the current of the redox couple
a1/c1 at CoPc-fMWCNT/GCE was assessed (Fig. 6). The peak current
of a1/c1 was about 92% higher than those of the other two sets,
therefore, the optimization of instrumental parameters for FMT at
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CoPc-fMWCNT/GCE, as well as the subsequent FMT quantification,
was based on a1/c1. As far as the effect of the accumulation
potential (Eacc; range of 1.0 to 1.6 V selected based on the CV
studies) on the peak height is concerned, it is evident from the data
plotted in Fig. 6 that the highest current was reached using a
deposition potential of 1.55 V (about 250 fold-increase when
compared with the response at Eacc = 1.0 V) which was selected as
the optimum. Concerning the influence of the accumulation time,
no peak was detected when no deposition time (or potential) was
A

B

Fig. 7. (A) Square-wave voltammograms after successive standard additions of FMT (9.80
(pH 5.0). The inserts correspond to the respective FMT analytical curve. (B) Represe
quantification in spiked (0.13 mg kg�1) extracts of mango (a) and grape (b) samples (re-d
Square-wave voltammetric parameters: accumulation potential 1.55 V, accumulation ti
applied. Accumulation during a 5 s step was employed in the
further optimization assays since this time provided good signal
enhancement, appropriate sensitivity and allowed fast FMT
analysis.

To get the highest sensitivity, the instrumental SWV parameters
(f, a and DEs) were also optimized (in BR buffer pH 5.0). The f was
ranged from 10 to 300 s�1, a from 1 to 70 mV and DEs from 1 to
8 mV. A linear positive dependence between f and Ip values was
obtained for the a1/c1 and a3/c3 couples in the range from 10 to
 � 10�8 to 3.92 � 10�6mol dm�3) on CoPc-fMWCNT/GCE in Britton-Robinson buffer
ntative square-wave voltammograms obtained with CoPc-fMWCNT/GCE for FMT
issolved with Britton-Robinson buffer at pH 5.0) by the standard addition method.
me 5 s, frequency 100 s�1, amplitude 30 mV and step 3 mV.
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100 s�1. According to the theoretical model proposed by Lovri�c
et al. [63] for SWV, this type of relation indicates an adsorption-
controlled process, which is characteristic of a surface redox
reaction. Furthermore, no linear correlation was detected between
Ep and log f which evidenced the quasi-reversible nature of the
redox process (as already observed in the CV experiments
discussed in section 3.2) [64]. The quasi-reversibility of the
processes was also confirmed by the dependence between Ip/f and
f. According to Komorsky-Lovri�c and Lovri�c [65,66], the maximum
in the parabola (fmax/s�1) is called the “quasi-reversible maximum”

and can be used to estimate the standard rate constant (ks/s�1). It
depends on the a (charge transfer coefficient) and a values, and can
be calculated by equation (2):

ks = kmax� fmax (2)

where kmax is the theoretically calculated critical kinetic parame-
ter. When 0.25 � a � 0.85, the kmax value is 1.18 � 0.05 [63]. The
estimated quasi-reversible maxima were found to be 20 s�1 for a3/
c3 and 70 s�1 for a1/c1. Thus, the attained ks were 23.6 � 1.0 s�1 and
82.6 � 3.5 s�1 for a3/c3 and a1/c1, respectively. These values prove
that the charge transfer kinetic is faster for the a1/c1 process which
is in agreement with the higher current observed.

On the other hand, the a2/c2 process demonstrated a linear
dependence between Ep and log f, and the half-peak width (DEp/2)
was independent of f. This behavior is characteristic of a reversible
reaction with adsorption of reagents [63]. In this case, the
expression (3):

DEp/2/n = 101 mV (3)

can be applied to calculate the number of electrons (n) involved in
the reaction. The attained value for DEp/2 was 48.4 mV (obtained
with f = 100 s�1, a = 50 mV and DEs = 2 mV) indicating that two
electrons participate in the electrochemical reaction.

The results revealed that f = 100 s�1, a = 30 mV and DEs = 3 mV
originate the best signal-to-background current characteristics for
the determination of FMT.

3.3.2. Analytical data
The optimal adsorptive square-wave voltammetric parameters

were employed to obtain the calibration data for FMT using CoPc-
fMWCNT/GCE (Table 1). The analytical curve (Fig. 7A) presented
wide linearity and low dispersion of the data, even at low
concentrations, with correlation coefficient (r) of 0.9982 (Table 1).
High sensitivity (expressed by the slope of the analytical curve)
was also observed (3.51 A mol�1 dm3; Table 1). The detection (LOD)
and quantification limits (LOQ) were calculated using the standard
deviation of the intercept and the average of slope of the straight
line from the analytical curve [67]. Low LOD (9.7 � 10�8mol dm�3;
0.02 mg kg�1 (w/w)) and LOQ (3.2 � 10�7mol dm�3; 0.08 mg kg�1

(w/w)) were attained. The LOD calculated on a fresh weight basis is
enough for application of the methodology to residue monitoring
purposes in fruits and vegetables, considering the established
Table 2
Recovery of formetanate hydrochloride from spiked mango and grape samples (n = 3) u

CoPc-fMWCNT/GCE

[FMT]added/mg kg�1 0.13 

Mango [FMT]afound/mg kg�1 0.13 � 0.02 

Recovery/% 102.8 

RSD/% 6.4 

Grape [FMT]afound/mg kg�1 0.12 � 0.01 

Recovery/% 94.2 

RSD/% 4.5 

a mean � confidence interval (based on Student’s t distribution at 95% confidence lev
Brazilian MRLs [33]. FMT is extensively applied for the protection
of fruit and vegetable crops with MRLs ranging from 0.02 (mango)
to 1.0 mg kg�1 (w/w) (grapes) in fruits, and 0.05 (potato) to
2.0 mg kg�1 (w/w) (pepper) in vegetables [33]. Nevertheless, if
needed (the MRLs established in EU are lower for fruits and
vegetables; 0.01 (mango) to 0.1 (grapes) [68]), a significant
enhancement in LOD can be achieved by increasing the sample
weight to be extracted and/or redissolving the crop residue in a
lower volume of supporting electrolyte. Studies regarding the FMT
electrochemical determination are scarce [29–32], none based on
detection by MPc-MWCNT modified electrodes. The LOD achieved
with the developed CoPc-fMWCNT/GCE is similar [30,32] or
compares favorably with those reported previously for this
pesticide based on more complex platforms [31].

Additionally, the (intra- and inter-day) repeatability and
reproducibility was estimated at a controlled FMT concentration
of 9.80 � 10�7mol dm�3. No significant differences were found
between intra–day (n = 6) and inter–day experiments (n = 9) with
relative standard deviations (RSD) ranging between 4.0 and 5.6%.
The reproducibility of the CoPc–fMWCNT/GCE was also assessed
using three different modified electrodes and the attained RSD was
2.4%. Overall, the proposed procedure exhibits appropriate
features for analytical purposes.

3.4. Application to fruit samples

The accuracy and applicability of the proposed methodology
were assessed by recovery assays of fortified mango and grape
samples at four spiking levels (0.13–0.73 mg kg�1 (w/w)). No
interference peaks were detected in the extract after the sample
pretreatment (the residue was re-dissolved with the supporting
electrolyte, BR buffer at pH 5.0) in the absence of FMT. The results
are summarized in Table 2 and representative voltammograms are
presented in Fig. 7B. Global average recoveries within the studied
concentration ranges were 99%. More specifically, recoveries
ranged from 98.0 � 2.9 to 105.7 � 1.8% for mango, and
94.2 � 4.5% to 100.6 � 1.5% for grape demonstrating the good
accuracy and precision (RSDs � 6.4%) of the electroanalytical
procedure. These results confirm the practical utility of proposed
method for FMT analysis in fruit matrices. Still, comparison of
these results with those attained by the well-established
technique, liquid chromatography tandem mass spectrometry
(LC-MS/MS), would be precious to fully validate the developed
electroanalytical procedure.

4. Conclusions

Although efforts are being made globally and a significant
progress is being accomplished, the impact of carbamates on
human and environmental health still remains a public health
problem and an analytical challenge. Continuous efforts to develop
reliable sensing tools are mandatory to mitigate dietary and
sing the CoPc-fMWCNT/GCE.

0.25 0.38 0.73

0.24 � 0.02 0.37 � 0.01 0.77 � 0.03
98.0 100.7 105.7
2.9 1.3 1.8

0.25 � 0.01 0.35 � 0.02 0.72 � 0.02
100.6 94.2 99.2
1.5 2.0 0.9

el).
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environmental risks. In that regard, the present work demonstrat-
ed that the voltammetric quantification of FMT in fruit samples can
be successfully accomplished using the developed CoPc-fMWCNT/
GCE. Considerable positive effects on the current signal were
attained by combining the advantages of CoPc and fMWCNT
(solubilized in Nafion1). The electrochemical behavior of FMT at
CoPc-fMWCNT/GCE was consistent with an ECE mechanism.
Globally, the proposed electrochemical device presents interesting
characteristics, such as simplicity of preparation, short time of
analysis, satisfactory sensitivity, accuracy, repeatability and
reproducibility, being simultaneously environmental friendly
and low-cost in comparison with the traditional chromatographic
techniques used for residue determination. Also, the method
yielded a LOD value lower than the established MRLs in fruits.
Thus, it can constitute a reliable and independent alternative for
food safety control.
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