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Abstract
A copper phthalocyanine/multiwalled carbon nanotube film-modified glassy carbon electrode has been used for the
determination of the herbicide glyphosate (Gly) at �50 mV vs. SCE by electrochemical oxidation using differential
pulse voltammetry (DPV). Cyclic voltammetry and electrochemical impedance spectroscopy showed that Gly is
adsorbed on the metallic centre of the copper phthalocyanine molecule, with formation of Gly-copper ion complexes.
An analytical method was developed using DPV in pH 7.4 phosphate buffer solution, without any pretreatment steps:
Gly was determined in the concentration range of 0.83 –9.90 mmol L�1, with detection limit 12.2 nmol L�1 (2.02 mg L�1).
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1. Introduction

Glyphosate (Gly) is a systemic, nonselective and broad-
spectrum herbicide, being one of the most widely used in
agriculture worldwide [1]. Gly, [N-(phosphonomethyl)
glycine], has an action mechanism based in the inhibition
of the enzyme 5-enolpyruvylshikimate 3-phosphate syn-
thase, that acts directly on the biosynthesis of amino acids
such as tryptophan, phenylalanine and tyrosine, which are
fundamental to the development of plants [2].

Despite the fact that the toxicity of Gly in humans is very low
[3], due to the fact that it is a small, very polar, molecule and has
a high solubility in water, the indiscriminate use of Gly in many
countries can cause considerable environmental impact. Thus,
the development of analytical procedures for the monitoring
of glyphosate has gained increasing importance.

Most of the analytical methods employed for the deter-
mination of Gly have been based on chromatographic
techniques using different detection systems [4, 5]. In
general, such analytical methodologies are not suitable for
“in field” application nor for continuous monitoring. They
often require several sample preparation steps, including
extraction and clean-up procedures, in order to obtain a final
extract fully compatible with chromatographic determina-
tion. These techniques also usually generate a large amount
of waste containing organic solvents, which makes the
procedure more complicated and expensive.

Electrochemical methods present the advantages of
relatively low cost, high sensitivity, easy operation, poten-
tiality for miniaturization and automation, and the ability to

construct simple, portable devices for fast screening pur-
poses and for field/on-site monitoring. Up until now, the
electrochemical detection of glyphosate has been indirect
since Gly itself is not electroactive at accessible potentials
and multistep procedures need to be devised or special
adsorption strategies identified, such as modification of
platinum electrode surfaces by silver carbonate sol [6].
Some of these indirect methods describe Gly detection via
hydrolysis of the amino groups present in the herbicide
molecule to form N-nitroso groups, in nitrous acid media;
the nitroso groups are easily reduced and can be determined
by voltammetric techniques [7, 8].

Other methodologies achieve the electrochemical detec-
tion of Gly through the use of copper electrodes [9, 10]. In
this case, the Gly molecules� functional groups – such as
amino, carboxyl and phosphonate – bond to copper ions
forming coordination compounds [11]. This strong coordi-
nated interaction occurs in solutions of pH close to neutral
[12]. The soluble complex formed, Gly-Cu2þ, has electro-
active copper ions and so the amount of Gly can be
determined, in this indirect way, by using voltammetric
techniques [13]. However, time has to be spent in the
hydrolysis step and in surface pre-treatment of the metallic
copper electrode, in order to generate available copper ions
on the electrode surface, and promote the formation of the
electroactive complex. Thus, the use of copper organome-
tallic compounds, such as copper phthalocyanine, immobi-
lized on suitable substrates, such as carbon nanotubes,
would be an interesting alternative strategy for the electro-
chemical determination of glyphosate.
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Carbon nanotubes (CNTs) have been extensively inves-
tigated for electroanalytical applications [14 – 16] due to
their unique structure and physical properties. The excellent
electrical conductivity, large surface area, significant me-
chanical strength, surface chemical reactivity and pore
structure make CNTs attractive materials for electroanal-
ysis. Since CNTs can easily be adsorbed on the surface of
glassy carbon electrodes, they have been studied extensively
for a large variety of applications, particularly for solid-state
chemical and biological sensors [17, 18].

Metallophthalocyanine complexes (MPc) are recognized
for their excellent electrocatalytic activity for many reac-
tions, which is highly dependent on the central metal atom
(as well as on substituents in the case of aza-macrocyclic
compounds) [19]. It is known that amino-substituted metal-
lophthalocyanine complexes can be covalently linked to
CNTs via amide bond formation [20] while nonsubstituted
MPc complexes are noncovalently adsorbed onto CNTs via
p – p interactions. It has been observed that phthalocyanine-
CNT complexes have the excellent catalytic properties of
phthalocyanines without losing any of the electronic proper-
ties of carbon nanotubes [21].

In the study reported here, MWCNT act as substrate to
adsorb copper phthalocyanine and this electrocatalytic
system was employed, to our knowledge for the first time,
for the direct oxidative detection of glyphosate using
differential pulse voltammetry (DPV).

2. Experimental

2.1. Apparatus and Procedures

Differential pulse voltammetry (DPV) experiments were
performed using a model PGSTAT40 Autolab electro-
chemical system (Metrohm Autolab, Utrecht, Netherlands)
coupled to a personal computer and controlled with GPES
4.9 software. The electrochemical cell was assembled with a
conventional three-electrode system: glassy carbon elec-
trode (3.0 mm diameter) modified with multi-walled carbon
nanotubes (GC/MWCNT) or glassy carbon electrode modi-
fied with multi-walled carbon nanotubes plus copper
phthalocyanine (GC/MWCNT/CuPc), a saturated calomel
electrode (SCE) as reference and a Pt wire as auxiliary
electrode. All experiments were carried out at room
temperature (25� 1 8C).

A 1.0� 10�3 mol L�1 stock solution of glyphosate (99.8%
purity, Sigma-Aldrich, Germany), was prepared daily in
purified water. Aliquots of this stock solution were diluted
in aqueous electrolyte solution for the voltammetric experi-
ments. Solutions of sodium phosphate buffer (PB) of ionic
strength 0.1 mol L�1 were used in all experiments as
supporting electrolyte, and were prepared using analytical
grade reagents and purified water from a Millipore Milli-Q
system (conductivity <0.1 mS cm�1).

The DPV measurements for constructing the Gly cali-
bration curves were performed using optimized parameters
(see Section 3.2): an amplitude of 100 mV, step potential of

2 mV, a pulse interval of 200 ms and a sampling time of
20 ms, in 0.1 mol L�1 of PB (pH 7.4). Electrochemical
impedance spectroscopy (EIS) data were obtained using a
PC-controlled Solartron 1250 Frequency Response Ana-
lyzer coupled to a Solartron 1286 Electrochemical Interface
using ZPlot 2.4 software (Solartron Analytical, UK), scan-
ning from 65 kHz to 100 mHz frequency range with 10 mV
amplitude sinusoidal peerturbation, and 10 data points per
frequency decade. The impedance spectra were recorded
within the potential range for the glyphosate oxidation
process, in 0.1 mol L�1 PB (pH 7.4) containing 1.0�
10�3 mol L�1 of glyphosate stock solution.

2.2 Preparation of the Electrodes

First, 1.0 g of MWCNT (90% purity, Sigma-Aldrich)
synthesized by thermal chemical vapor deposition, was
mixed with 500 mL of a 1 :3 (v/v) mixture of HNO3/H2SO4

and boiled for 12 h, in order to remove most of the metallic
impurities and promote CNT functionalization. The
MWCNT was then filtered through a 0.45 mm Millipore
Nylon filter membrane. The resulting functionalized
MWCNT were continuously washed using distilled water
until the pH of the filtrate was neutral and were then dried
overnight in a vacuum oven at 120 8C.

Prior to modification, the glassy carbon electrode surface
was polished with 0.5 mm alumina slurry, rinsed thoroughly
with ultrapure water, sonicated 3 min in acetone and 3 min
in water, and dried in air. For MWCNT, a mass of 2.0 mg of
MWCNT was dispersed in 1.0 mL dimethylformamide
(DMF) for 20 min using ultrasonic stirring. For MWCNT/
CuPc, 2.0 mg of treated MWCNT plus 1.0 mg of CuPc
(Sigma-Aldrich) was dispersed by ultrasonic stirring for
20 min in 1.0 mL of DMF. A 10 mL aliquot of one or the
other dispersion was placed as a droplet on the GC electrode
surface and the solvent was then left to evaporate at room
temperature. DMF was used because it was found to be
more compatible with the hydrophobic nature of the GC
surface than other solvents (ethanol, acetone etc.) and led to
a more homogeneous film.

3. Results and Discussion

3.1. Electroactivity of GC/MWCNT/CuPc Electrode for
Direct Glyphosate Oxidation

The studies of Gly oxidation on GC, GC/MWCNT and GC/
MWCNT/CuPc electrodes were carried out by differential
pulse voltammetry (DPV) with optimized parameters
determined by maximization of peak current signal: ampli-
tude of 100 mV, step potential of 2 mV and effective scan
rate of 10 mV s�1 in 0.1 mol L�1 PB (pH 7.4), both in the
absence and presence of 1.0 mmol L�1 of Gly. The results
obtained are presented in Figure 1. At the GC/MWCNT
electrode an oxidative process was observed, both in the
presence and absence of Gly in solution, with peak potential
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close to�70 mV vs. SCE; this was associated with functional
groups, such as carbonyl or carboxyl, on the functionalized
carbon nanotube surface [22].

The DPV response of the GC/MWCNT/CuPc electrode
in the absence of Gly, reveals an oxidative process close to
�50 mV, similar to that discussed above for the GC/
MWCNT electrode. However, besides the oxidation of the
functionalized carbon nanotube surface, De Wael et al. [23]
report the occurrence of another anodic electrochemical
process, at approximately �50 mV, due to the oxidation of
Cu(I) to Cu(II) in the phthalocyanine ring. These authors
showed [23] that the peak current values increased with the
number of voltammetric cycles, since Cu(I) is formed during
the potential scanning.

The addition of Gly to the electrolyte leads to a significant
increase in the peak current of the oxidation process. This
increase is probably due to the interaction between the
glyphosate molecule and the copper ions present in the
metallic centre of the copper phthalocyanine molecules.
Such a behaviour is in agreement with that discussed by
Coutinho et al. [12] who showed that the strong interaction
between Gly and copper ions forms a stable complex and
allows the detection of Gly by indirect electrochemical
methods, based on the Cu(I)/Cu(II) couple.

The dependence of the peak current and potential of the
oxidation of the Gly-CuPc complex on electrolyte pH was
studied by DPV in the pH range from 6.0 to 9.0 in different
phosphate buffer solutions (ionic strength 0.1 mol L�1)
containing 1.0 mmol L�1 glyphosate. The results obtained

are presented in Figure 2, in the form of plots showing the
DPV peak current (Ipa) and peak potential (Epa) as a
function of pH.

The variation of Epa with pH shows that an increase in pH
causes a shift in the peak potential towards more negative
values, the experimental value of the slope of the plot of Epa

vs. pH being 32 mV per pH unit. This suggests, from the
corresponding Nernst equation, the involvement of two
electrons for each proton in the electrochemical oxidation
process.

The plot of Ipa vs. pH has a maximum value at pH 7.4
decreasing sharply for both higher and lower pH values.
Sprankle et al. [24] reported that Gly presents a sequence of
equilibria with acid dissociation constants (pKa): 2.0, 2.6, 5.6
and 10.6. Near pH 7.4, most of the functional groups present
in the Gly molecule, the carboxylate and phosphonate
groups, are deprotonated, as shown in Scheme 1. These
functional groups coordinate strongly with transition metals
[25], thus stabilizing the Cu(I) species. At pH 7.4 the peak
current showed the highest response and was thus selected
for subsequent experiments using the GC/MWCNT/CuPc
film electrode.

The effect of scan rate on the peak current on the GC/
MWCNT/CuPc electrode was also investigated. There is a
linear relationship between the anodic current peak and the
scan rate in the range between 5 and 100 mV s�1, which can
be described by the equation Ipa¼ 0.121þ 0.125 v (Ipa in mA
and scan rate in mV s�1, r¼ 0.992), which reflects the control
of the electrochemical process by adsorbed species.

Electrochemical impedance spectroscopy experiments
were performed to investigate the possibility of Gly
adsorption on the electrode surface. Impedance spectra

Fig. 1. Differential pulse voltammograms, in 0.1 mol L�1 PB
(pH 7.4) for the electrodes: GC/MWCNT in absence of Gly (—),
GC/MWCNT in the presence of 1.0 mmol L�1 Gly ( ·· · · · ), GC/
MWCNT/CuPc in the absence of Gly (~) and GC/MWCNT/CuPc
in the presence of 1.0 mmol L�1 Gly (&). DPVparameters: 100 mV
amplitude, 2 mV step potential.

Fig. 2. Effect of pH on the peak potential (&) and peak current
(*) for Gly oxidation at the GC/MWCNT/CuPc film electrode
using 0.1 mol L�1 PB electrolyte containing 1.0 mmol L�1 Gly.

Scheme 1. Equilibrium and dissociation constant of the herbicide glyphosate.

Full Paper F. C. Moraes et al.

1588 www.electroanalysis.wiley-vch.de � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2010, 22, No. 14, 1586 – 1591

www.electroanalysis.wiley-vch.de


were recorded in 0.1 mol L�1 of PB (pH 7.4) (blank
solution), 0.1 mol L�1 of PB (pH 7.4) containing 1.0 mmol
L�1 of Gly and in 0.1 mol L�1 of PB (pH 7.4) after ten
successive cyclic voltammograms between�0.5 andþ0.5 V
vs. SCE in a solution containing 1.0 mmol L�1 of glyphosate.
Impedance spectra were recorded at �70 mV vs. SCE, the
oxidation peak potential of Gly. In Figure 3 are presented
impedance spectra as complex plane plots for the GC/
MWCNT/CuPc electrode in these three situations. An
equivalent electrical circuit with a cell resistance, RW, in
series with a parallel combination of a constant phase
element, CPE, and a charge transfer resistance, Rct, was used
to fit the spectra. The CPE was found to be necessary
because of the heterogeneous nature of the electrode
surface, expressed through the exponent a, where a¼ 1
represents a perfectly smooth and uniform surface.

In blank electrolyte, the sloping straight-line can be
considered as a nonideal capacitor, which is a characteristic
of double layer charging on a nonhomogeneous surface [26];
in this case Rct was removed from the fitting circuit. The
fitting obtained values for CPE and a were 1.55 mF cm�2 sa�1

and 0.85 respectively.
With the addition of 1.0 mmol L�1 of Gly to the electro-

lyte, the spectrum presented a semicircle at high to medium
frequencies, characteristic of a charge transfer reaction, and
a straight line at low frequencies, corresponding to diffusion
control. The values calculated by fitting were 0.68 kW cm2

for Rct, 2.72 mF cm�2 sa�1 for CPE and 0.82 for a. Calculation
of the apparent standard rate constant of the reaction from
Rct according to kapp¼RT/F2Rct c [27] leads to the value of
3.55� 10�4 cm s�1, where c is the glyphosate concentration
(in mol cm�3) and R, T and F have their usual meanings.

Following ten potential cycles in the presence of Gly, an
impedance spectrum of GC/MWCNT/CuPc was recorded in
PB without Gly. Significant differences were observed in the
spectra after exposure of the electrode to Gly solution. The

values calculated by fitting were 10 mF cm�2 sa�1 for CPE,
0.84 for a and 4.75 kW cm2 for Rct. The increase in the CPE
and Rct values can be attributed to saturation of the available
electrode sites by glyphosate molecules. These results are in
agreement with the scan rate study, confirming a surface-
confined process.

3.2. Optimization of Experimental Parameters for
Glyphosate Oxidation on the GC/MWCNT/CuPc
Film Electrode

To maximize the DPV analytical signal, the effects of
experimental parameters (film composition, pulse ampli-
tude and potential step height) were studied at the GC/
MWCNT/CuPc film electrode, in 0.1 mol L�1 PB, at pH 7.4,
containing 1.0 mmol L�1 of Gly.

The effect of the composition of the MWCNT/CuPc film
on the DPV profiles at the GC/MWCNT/CuPc electrode
was evaluated in experiments in 0.1 mol L�1 PB (pH 7.4)
electrolyte solution containing 1.0 mmol L�1 Gly, as shown
in Figure 4. In such studies the amount of MWCNT (1.0 mg
per mL of suspension) was kept constant and the quantity of
CuPc was varied from 0.25 to 2.0 mg per mL of suspension.

The peak current values increase up to 1.0 mg of CuPc in
the film. For larger amounts of CuPc a decrease in the peak
current was found. In previous work [16, 28] it was observed
that cobalt phthalocyanine has poor adhesion to the surface
of glassy carbon electrodes. Thus, the decrease in the
analytical signal may be due to the instability of the
MWCNT/CuPc film on glassy carbon electrode surfaces.
Larger proportions of CuPc result in electrode assemblies
which are unsuitable for analytical use. The best film was
obtained from the suspension ratio: 1.0 mg of MWCNT,
1.0 mg of CuPc and 1.0 mL of DMF solvent.

The influence of DPV voltammetric parameters was also
investigated. First, the pulse amplitude was varied in the
range of 10 – 100 mV, at a constant step potential of 2 mV,

Fig. 3. Complex plane impedance spectra at GC/MWCNT/CuPc
film electrode in: (~) 0.1 mol L�1 PB (pH 7.4), (&) 0.1 mol L�1 PB
(pH 7.4) containing 1.0 mmol L�1 Gly and (*) 0.1 mol L�1 PB
(pH 7.4) after 10 cycles in 1.0 mmol L�1 Gly. The solid lines show
fitting to the equivalent circuit described in the text.

Fig. 4. Effect of the CuPc concentration in the CNT suspension
on the Gly oxidation peak current, in 0.1 mol L�1 PB (pH 7.4),
containing 1.0 mmol L�1 Gly, with the optimised DPV parameters.
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effective scan rate 10 mV s�1. In such conditions, Ipa

increased with increasing amplitude. For amplitude values
as high as 100 mV, no deformation of the peak shape was
observed, such as an increase in peak width. Hence, 100 mV
was chosen as the DPV amplitude.

Fixing the amplitude at 100 mV, the effect of potential
step increment was studied, in the range of 1 – 10 mV,
keeping the effective scan rate constant at 10 mV s�1. For
potential steps greater than 2 mV, deformation of the
voltammetric profile was observed and the current peak
decreased in height. Hence a 2 mV potential step increment
was selected.

3.3. Analytical Curve for Glyphosate

DPV experiments were carried out in triplicate using the
optimized experimental parameters in order to obtain an
analytical curve for the determination of Gly at the GC/
MWCNT/CuPc film electrode, see Figure 5. The analytical
curve shown in the Inset of Figure 5 has a linear response in
the range of 0.83 – 9.90 mmol L�1, according to:

I (mA cm�2)¼ (0.54� 0.05) (mA cm�2/mmol L�1)þ
(6.14� 0.09) [Gly] (mmol L�1)

with a correlation coefficient of 0.9994 (n¼ 7). The LOD of
12.2 nmol L�1 (2.02 mg L�1) was determined using a 3s/slope
ratio, where s is the standard deviation of the mean value for
10 voltammograms of the blank, determined according to
IUPAC recommendations, as stated in [29].

The method yielded values for the LOD lower than those
required for the environmental monitoring of glyphosate in
surface water by many government agencies, as reported by
IUPAC [30]. Depending on the legislation, the maximum

permitted residue levels in such matrices can vary from 50.0
to 1.0 mg L�1of glyphosate.

Comparing the detection limit of 12 nmol L�1 at the GC/
MWCNT/CuPc film electrode with other electroanalytical
methods, there is a significant improvement in relation to
the indirect determinations of Gly using metallic copper
electrodes of 30.0 mmol L�1 (5.07 mg L�1) [9] and 0.35 mmol
L�1 (59 mg L�1) [10]. Higher sensitivity was also observed at
the GC/MWCNT/CuPc film electrode, which can be attrib-
uted to the efficiency of the electron transfer between the
modified electrode and Gly due to the relatively high rate
constant for the oxidation process.

4. Conclusions

Carbon nanotubes on glassy carbon electrode substrates
were used to attach copper phthalocyanine, making use of
the unique properties of CNTs such as high specific surface
area and strong adsorptive ability. This assembly was shown
to be efficient in the detection of the herbicide glyphosate.
Differential pulse voltammetry was used to investigate the
mechanism of oxidation. Cyclic voltammetry and electro-
chemical impedance spectroscopy studies showed the
adsorption of glyphosate on the GC/MWCNT/CuPc film
electrode surface, by complexation, at neutral pH, between
functional groups in the Gly molecule and phthalocyanine
copper ions.

Differential pulse voltammetry yielded values for the
LOD lower than those required for environmental control
for glyphosate in surface waters and demonstrates that the
electrochemical sensor described here can be used to
analyze and monitor glyphosate in natural samples directly
and in real time.
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