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ARTICLE

Modified carbon paste electrode for the electrochemical
sensing of 3,5,6-trichloro-2-pyridinol
André Luiz dos Santosa, Elisete A. Batistaa, Luís Moreira Gonçalves b

and Maria del Pilar T. Sotomayora

aDepartamento de Química Analítica, Instituto de Química, UNESP-Univ Estadual Paulista, Araraquara,
Brazil; bREQUIMTE/LAQV, Departamento de Química e Bioquímica, Faculdade de Ciências, Universidade do
Porto (FCUP), Porto, Portugal

ABSTRACT
An electrochemical sensor for the determination of 3,5,6-tri-
chloro-2-pyridinol (TCP), the main metabolite of the pesticide
chlorpyrifos, was herein developed. TCP has greater solubility
than the source pesticide, and its occurrence in ground and
surface water is more frequent and more dangerous. The
sensor was fabricated using carbon paste modified with the
inorganic complex chloro-5,10,15,20-tetrakis-(pentafluorophe-
nyl)-21 H,23 H-porphyrin iron(III) (FeTPPCl); this metallic com-
plex has a chemical core structure similar to the heme cofactor
of the cytochrome P450 (CYPs). Measurements were performed
with square-wave voltammetry. Using the optimised voltam-
metric parameters and without any sample preparation, the
sensor showed a limit of detection of 2.8 mg L−1 (14 μmol L−1),
recoveries ca. 102%, suitable selectivity and long durability
(over 1 month).
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1. Introduction

Chlorpyrifos is a pesticide used to control mosquitos and flies. Though its residential
use has been progressively eliminated, it is still one of the most sold pesticides in the
world, including in countries with more developed economies [1–3]. Chlorpyrifos has
been reported as the second most commonly detected pesticide in food and water
[2]. It has limited solubility and a high soil sorption coefficient. It acts by direct
contact and by ingestion. Organophosphorus insecticides connect to the stearic
centre of acetylcholinesterase (AChE) inhibiting its function to hydrolyse the neuro-
transmitter acetylcholine (ACh). Thus, it interferes with the transmission of nervous
impulses in insects leading to their death [4,5]. This AChE binding can also occur in
humans causing nausea, convulsions, and, with large exposition, respiratory problems
and even death. It may be particularly dangerous to pregnant women due to its
possible teratogenicity [1].

One of the main hydrolysis products of chlorpyrifos is 3,5,6-trichloro-2-pyridinol
(TCP). TCP not only might serve as biomarker for chlorpyrifos contamination, since it
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is more stable, but it should also be monitored since it is considered to be a more
hazardous pollutant than the parent compound [2,6], which is in part explained by
the fact that TCP is 20 times more soluble than chlorpyrifos [6].

In a literature search, one can find a large variety of immunoassays for the
determination of TCP [7–12] and some chromatographic procedures [13] that can
be associated with sample preparation techniques like solid-phase extraction [14] or
liquid–liquid [6,15]. However, eletroanalytical alternatives are rather scarce [16,17]. Liu
et al. developed a sequential injection analysis system with a thin-layer electroche-
mical flow cell containing a magnet that fixed TCP antibody-coated magnetic beads;
these beads competitively reacted with TCP and horseradish peroxidase (HRP)-
labelled TCP, being the HRP activity monitored by square-wave voltammetry achiev-
ing a limit of detection (LOD) of 6 ng L−1 [16]. Wang et al. presented a portable
immunochromatographic electrochemical biosensor working by also measuring HRP
activity by square-wave voltammetry, albeit in a different sensor configuration, the
obtained LOD was 0.1 μg L−1 [17].

In this work, a sensor was developed for the swift detection of TCP by square-wave
voltammetry; this sensor made use of a carbon paste modified with a metallic complex
mimicking the catalytic action of CYP 450.

2. Experimental

2.1. Reagents

All chemicals were of analytical grade and were used as received without further
purification. Pesticides (TCP and all other used in the selectivity tests), the metallic
complexes, the mineral oil (Nujol) and the graphite powder were all purchased
from Sigma-Aldrich, St. Louis, USA. Ultrapure water (resistivity not lower than 18.2
MΩ cm at 298 K) from a Direct-Q 3UV water purification system (Millipore, Billerica,
USA) was used in all experiments.

2.2. Sensor preparation

Several steps were carried out to prepare the carbon-paste-modified electrodes: (1)
25 mg of the modifying agent, that is, the metallic complex, was mixed with 75 mg
of graphite powder; (2) addition of 1 mL of buffer phosphate, 0.1 mol L−1, pH 7.0;
(3) the mixture was slowly dried at room environment for about 24 h; (4) over the
dried material, 60 μL of the glutting agent, that is, the mineral oil, was added, and
after homogenisation, the modified carbon paste was considered ready and
kept dry.

The paste was placed in the working electrode surface previously cleaned with
isopropyl alcohol. The working electrode consisted in a glass cylinder with a platinum
wire in the middle; the paste was deposited on a cavity of 1 mm depth and 3 mm
diameter holding a small platinum disc in the base [18].
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2.3. Apparatus

Electrochemical measurements were performed in a μAutolab controlled with soft-
ware GPES v.4.9. A three-electrode system was used; it was composed of a platinum
wire as the counter-electrode, a Ag|AgCl (in saturated KCl) electrode as the reference
electrode and the previously mentioned modified carbon electrode as the working
electrode.

All measurements were performed at room temperature and without degasification
with nitrogen. Between measurements the working electrode was polished and kept in a
dry place.

3. Results and discussion

Biomimetic sensors have been used to obtain a more stable response than conventional
biosensors that use a biological element. These devices aim to solve the limitations of
enzymatic sensors like cost and stability while maintaining selectivity. Cytochromes P450
(CYPs) are proteins present in the human liver involved in metabolising many different
substances, including pharmaceuticals and, notably for this work, pesticides. CYPs are hemo-
proteins, that is, they contain an heme group as a co-factor. It was precisely the catalytic
activity of this group that authors tried to mimic in this work (Figure 1). Several different
metallic complexes were tested, namely: 5,10,15,20-tetrakis(pentafluorophenyl)-21 H,23 H-
porphyrin iron(III) chloride (FeTPPCl), copper(II) phthalocyanine, cobalt(II) phthalocyanine, iron
(II) phthalocyanine bis(pyridine) cobalt(II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadeca-
fluoro-29 H,31 H-phthalocyanine, 5,10,15,20-Tetrakis(4-methoxyphenyl)-21 H,23 H-porphine
cobalt(II) and Iron(III) phthalocyanine chloride. Of all these complexes, FeTPPCl was chosen to
carry out the rest of the experiments; this choicewas based in the larger signal gain on the TCP

Figure 1. Heme B and FeTPPCl structures.
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analysis when compared to the non-modified carbon paste electrodes. Although this signal
gain was quite modest (ca. 30%), the greatest advantage seemed to be a greater linearity
between signal and concentration. The quantity of the metallic complex within the paste was
also subsequently optimised (the following percentages were tested with a TCP calibration
curvewith concentration from 0.11 to 0.61 g L−1: 0%, 5%, 10%, 15%, 20%, 25% and 30%), there
was a large increase in signal starting at 15% that remained rather constant up to 30% (data
not shown), a percentage of 25% was chosen to perform the following experiments.

To better understand the process, scan-rate experiments were performed, results are
shown in Figure 2. It is known that for a fully diffusional process, in cyclic voltammetry,
peak current is proportional to the square root of the scan rate and for a fully adoptional
process, peak current is proportional to the scan rate [18,19]. This means that by plotting
logarithm of peak current versus logarithm of scan rate, for a diffusional process the
slope is 0.5 and for an adsorptive process the slope is 1.0, and one could expect a value
between for a mixed process [20,21]. As can be observed in the inlays of Figure 2, in this
case we have a mostly diffusional process, thus, due to the irregular surface some quasi
adsorptive processes might be found to be occurring in simultaneous. The peak poten-
tial corresponding to TCP was around 0.0 V versus Ag|AgCl, and the peak present at
−0.5 V versus Ag|AgCl corresponds to the oxidation of the metallic complex as can be
found in literature [22].

Square-wave voltammetry was applied to increase sensitivity [23,24]. Optimised
square-wave voltammetric parameters were the following: square-wave frequency
of 50 Hz, wave amplitude of 150 mV and potential step of 1.5 mV (Figure 3). A
calibration curve (n = 28) was constructed to evaluate the sensor’s analytical
parameters: coefficient of determination (r2) of 0.994, ip (A) = (4.0 ± 0.2) × [TCP]
(g L−1) – (21 ± 5), linear range up to 0.17 g L−1, LOD and limit of quantification
(LOQ) of 2.8 and 9.3 mg L−1 (i.e. 14 and 47 μmol L−1), respectively. LOD and LOQ
were calculated as 3 and 10 times the standard deviation of the intercept/slope,
respectively. When compared to the LODs of other electroanalytical methodologies
[16,17], the obtained LOD is indeed higher, however in those cases immunoelec-
trochemical methodologies with indirect determination were employed. The intra-
day repeatability was around 7.5% and inter-day repeatability was around 4.8%
(seven calibrations curves, with seven points each, performed in five consecutive
days).

To estimate the electrode’s durability, the same carbon paste was monitored for
around 40 days. This monitoring consisted on making a repeating a calibration curve
with seven different concentrations and then compare the obtained slopes, that is,
comparing sensitivities. Measurements were performed in the 1st, 2nd, 3rd, 4th, 7th,
14th, 22nd, 31st and 39th day. Only in the 39th a sensitivity below 70% was obtained, in
fact in the 31st it was around 94%, this shows that the paste’s life time is ca. 1 month.
Since this sensor does not make use of any biological element it is not surprisingly that it
possesses such durability [25].

To check the sensor selectivity, other five common pesticides were tested:
metribuzin, chlorpyrifos, 2,4-dichlorophenoxyacetic acid, carbofuran and profeno-
fos. All these compounds have limited solubility in aqueous solutions, thus we
analysed saturated solutions in phosphate buffer, not knowing the precise
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Figure 2. Cyclic voltammetry measurements obtained in the analysis of TCP, 2.08 × 10−2 g L−1,
in phosphate buffer 0.02 mol L−1, pH 6.0, at different scan rates (from 2 to 100 mV s−1). Inlay
A: Linear variation of peak current as a function of the square root of the scan rate. Inlay B:
Linear variation of the logarithm of peak current as a function of the logarithm of the scan
rate.
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concentration. None of them produced an electrochemical signal differing from the
blank, which indicates very good selectivity of the developed sensor.

Recovery studies were performed over water samples obtained in the Tietê river nearby
the Araraquara region. These samples were filtered to remove any solid residues. Then the
samples were mixed with phosphate buffer 0.20 mol L−1, pH 7.0 in a one to one proportion.
This mixture was spiked with TCP concentrations from 12 to 22 mg L−1; average recoveries
obtained were of 102%.

In order to obtain the number of electrons in the electrochemical reaction, the
variation of peak potential with the square-wave frequency was studied using the
following equation [26]:

E ¼ � 2:3RT
2nF

log fð Þ

where E is the potential, R is the ideal gas constant, f is the frequency, T is the
temperature, F is the Faraday constant and n is the number of electrons. Using this
formula, it was calculated that it is a two-electron reaction, thus authors suggest the
reaction shown in Figure 4 [18].

Figure 3. Square-wave voltammograms of TCP, concentrations from 8.73 × 10–3 to 4.96 × 10–2

g L−1, sweep from +1.1 to −0.7 V. Inlay: calibration curve of concentration vs. peak potential.
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4. Conclusions

It is herein presented a carbon paste electrode for the determination of TCP, a danger-
ous widespread pesticide. To obtain a more suitable response the metallic complex
FeTPPCl was included within the paste; this complex mimicked the heme B present in
the CYP 450. The analytical sensing was performed by square-wave voltammetry, the
sensor had adequate selectivity, LOD and LOQ of 2.8 and 9.3 mg L−1, respectively,
recoveries around 102%, 1-month stability and good repeatability.
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