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Abstract

Two series of 1-furoylthioureas (FTHD) were used as modifiers of carbon paste electrodes (CPEs) for the analysis of Cd(II). The capacities of the
newly FTHD-modified CPEs were calculated and the surface reactions during the preconcentration of Cd(II) were studied by cyclic voltammetry.
The analyte was accumulated on the surface of the modified CPEs by complexing with FTHD 3,3-disubstituted (series 1) and 3-monosubstituted
(series 2) and reduced at a negative potential (—1.0 V). It was then quantified by differential pulse anodic stripping voltammetry (DPASV) in
Britton—Robinson buffer at pH 4. Experiments were conducted to establish the optimal carbon paste composition, electrolyte and pH of the
determination, accumulation potential and time, and instrumental parameters. Under the optimized working conditions good linear correlations
were obtained for the calibration graphs in the concentration ranges studied. For 5 min of accumulation time, detection limits using modified CPEs
with ligands of series 2 were lower than that of series 1 (6 x 107> mgL~"! versus 3 x 1073 mgL~", respectively, for the CPEs modified with 1-
furoyl-3-p-tetradecylphenylthiourea and 1-furoyl-3-benzyl-3-phenylthiourea taken as models of both series). For a series of seven determinations of
Cd(I) at 0.5 mg L~ relative standard deviations below 3.9% were achieved for CPEs with ligands of both series. Only Pb(II) and Cu(II) apparently

affected the electrochemical response of Cd(II).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium is one of the most toxic heavy metals of prime
environmental and health concern. Cadmium toxicity may be
manifested by a variety of syndromes and effects on human
health [1,2]. Sensors for obtaining real time ppb-level cadmium
concentration would reduce time and costs associated with the
most common methods for the characterization and treatment
of hazardous waste sites. Stripping voltammetric techniques are
favourable methods for the determination of heavy metal ions,
including Cd(II), because of their speed, remarkable analyti-
cal sensitivity, relative instrumental simplicity and minimum
sample pre-treatment required prior to analysis. These attractive

* Corresponding author. Tel.: +34 956 016 355; fax: +34 956 016 460.
E-mail address: jluis.hidalgo@uca.es (J.L. Hidalgo-Hidalgo de Cisneros).

0925-4005/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2006.09.030

features have resulted in rapid development and wide application
of stripping voltammetry [3-5]. A number of analytical deter-
minations of Cd(I) based on stripping voltammetry at hanging
mercury drop electrode have been reported [6—8]. However,
mercury drop electrodes have the disadvantage of being mechan-
ically unstable during various steps of the assay procedure and
issues related to the use and disposal of toxic mercury, thus they
are less desirable than solid-state sensors in routine field applica-
tions [9,10]. In the past two decades, more and more works has
been performed at mercury free modified electrodes [11-16].
Carbon paste electrodes chemically modified are endowed with
many good qualities, such as easy fabrication and renewal, low
background current, low cost, ease of handling and applicabil-
ity to anodic oxidations [3-5]. Different modifiers for carbon
paste have been reported in the last years for the electrochem-
ical stripping analysis of Cd(II): bismuth-powered [17], car-
bamoylphosphonic acid [18], organofunctionalized amorphous
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silica[19], diacetyldioxime [20], polycyclodextrin [21] and N-p-
chorophenylcinnamohydroxamic acid [22]. The detection limits
for these carbon paste modified electrodes are in the range from
0.0011 to 0.22mg L—!, with relative standard deviations from
2.6t0 6.5%. Due to its affinity by sulphurated species, modifiers
containing sulphur in their structures are of interest in the prepa-
ration of carbon paste electrodes chemically modified for cad-
mium detection. Two series (Figs. 1 and 2) of 1-furoylthiourea
derivatives (FTHD) have been successfully used as ionophores
in ion selective electrodes (ISEs) for various heavy metal ions,
including Cd(II) [23]. This application required a sharp modu-
lation of the coordination strength of these ligands. Formation
of very stable complexes is usually related to a short electrode
lifetime due to the poisoning of the ISE membrane. The best per-
formance in that application corresponded to 3-monosubstituted
1-furoylthioureas (series 2) and it has been the main antecedent
for using these ligands as Cd(II) complexing modifiers incor-
porated in carbon paste electrodes (CPEs). Recently we have
first reported [24] the preliminary results concerning the pre-
concentration and voltammetric determination of Cd(II) by dif-
ferential pulse anodic stripping voltammetry (DPASV) at these
FTHD-modified CPEs in order to correlate the electroanalytical
response (dependence of the binding capabilities of the FTHD-
modified CPEs on the Cd(II) adsorption) with those changes
observed in the FHTD Raman spectra after complexation with
CdCl; in neutral media (ethanol), and the chemical yield of
the complexes obtained, using the 1-furoylthioureas that gave
response for both techniques [24,25]. The present work deals
with the development and evaluation of these new chemically
modified electrode systems suitable for the chemical preconcen-
tration of Cd(II) at trace levels, using the 1-furoylthioureas that
showed the best electrochemical behaviour. Some of the FTHD
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Fig. 2. Series 2 ligands. The C=0 and the C=S groups adopt an “S”-shaped
conformation due to the intra-molecular N3—H- - -O=C- hydrogen bond bridge.

can preconcentrate Cd(II) from aqueous solution to the surface
of the modified CPE by forming complexes with this ion and
greatly increasing the sensitivity of its determination. The exper-
imental data show that some of the FTHD-modified CPEs have
high sensitivity, adequate selectivity and reproducibility, and a
wide operative linear range of concentrations, for the determina-
tion of Cd(II) in water samples. The FTHD have the advantages
of simple methods of synthesis and purification, and their low
solubility in water.

2. Experimental
2.1. Reagents and chemicals

Graphite powder (spectroscopic grade RWB, Ringsdorff-
Werke GmbH, Bonn-Bad Godesberg, Germany), mineral oil
(Sigma, St. Louis, USA), acetic acid (Merck, Darmstad, Ger-
many), sodium hydroxide (Panreac Barcelona, Spain), boric
acid (Merck), ortho-phosphoric acid (Panreac) and cadmium
chloride (Merck) were used without further purification. Stock
solutions of 1 mgL~! Cd(II) were prepared in water. Working
standard solutions of lower concentrations were prepared freshly
by dilution. Nanopure water used throughout to prepare all solu-
tions was obtained by passing twice-distilled water through a
Milli-Q system (18 M2 cm, Millipore, Bedford, MA).

The 1-furoylthioureas (series 1 and 2) were synthesized as
previously reported by Otazo-Sanchez et al. [23], and then re-
crystallized twice in ethanol. In order to provide certain continu-
ity with previous studies on these families of thiourea derivatives
[23-25], the same numerals there used are preserved.



490 O. Estévez-Herndndez et al. / Sensors and Actuators B 123 (2007) 488—494

2.2. Apparatus

Voltammetric measurements were performed with an Auto-
lab PGSTAT20 (Ecochemie, Utretcht, The Netherlands) poten-
tiostat/galvanostat interfaced with a personal computer, using
the Autolab software GPES for waveform generation and data
acquisition and processing. The experiments were carried out
in a single-compartment three-electrode cell (25 mL), at room
temperature (25 £ 1°C), under stirring during the accumula-
tion step. The electrochemical cell contains a working FTHD-
modified CPEs with a surface area of 7 mm? (from Metrohm,
Herisau, Switzerland), a platinum wire counter electrode and an
Ag/AgCl/3 M KCl reference electrode.

2.3. Electrode preparation

The carbon paste unmodified was prepared by adding
0.36 mL mineral oil to 1 g carbon powder. FTHD-modified CPEs
were prepared by substituting corresponding amounts of the car-
bon powder (5, 10 and 20% weight-to-weight ratio) by the FTHD
and then adding the mineral oil and thoroughly hand-mixing in a
mortar and pestle. The resulting paste was packed into the elec-
trode and the surface was smoothed. The FTHD-modified CPEs
were renewed after each measurement and then polished with
no. 1200 emery paper and wiped gently with weighing paper to
get a fresh surface.

2.4. Procedure

Cyclic voltammograms (CVs) were carried out after purg-
ing the solutions for 10 min with nitrogen. CVs of the base line
were run from —0.7 to 0.8 V and back (at scan rates from 10
to 500mV s~!) using Britton—Robinson buffer at pH 4 as elec-
trolyte support. CVs of Cd(II) solutions in aqueous media were
recorded from —0.4 to —1.1 V and back at the same scan rates.

All quantitative measurements were performed using DPASV
to achieve the sensitivity required for trace analysis. Twenty-five
milliliters of supporting electrolyte was added to the electro-
chemical cell, and then standard solution of Cd(II) was added
into the cell. The mixture solution was stirred for 5 min at the
potential of —1.0 V and let to settle for 5 s. The stripping voltam-
mograms in the range from —1.0 to —0.5 V were recorded in the
differential pulse mode, for which the scan rate was 20 mV s
the pulse amplitude 100 mV, the pulse repetition time 0.6 s and
the pulse duration 0.06s.

3. Results and discussion
3.1. Electrochemical stripping

The performance of the newly FTHD-modified CPEs devel-
oped is based on the preconcentration of Cd(Il) from aqueous
solution onto the surface of the modified electrodes by forming
complexes of different strength with the modifier [24]. By this
means, the surface concentration of Cd(I) is much larger than
those of the unmodified electrode and the sensitivity is greatly
increased. The Cd(IT) accumulated was reduced at —1.0 V and

the product was then oxidized in the stripping stage. The steps
can be described as follows:

e (Cd**)go1. + (FTHD)gyf — (Cd**-FTHD)agsorb.  (the accu-
mulation/complexing stage);
o (Cd**-FTHD)agsorb. + 26~ — (Cd°, FTHD),dsorb,  (the accu-

mulation/reduction stage);
e (Cd°,  FTHD)agsorb. — 2~ — (FTHD)gyrt. + (Cd**)gol ssurf.
(the stripping step).

3.2. Cyclic voltammetry studies

After various preliminary studies using DPASV [24] the reac-
tions of Cd(Il) at the CPEs-FTHD modified in the presence
of chloride as a complexing anion were investigated by cyclic
voltammetry.

CVs of the FTHD-modified CPEs were recorded in the sup-
porting electrolyte. In cycles between —0.7 and 0.8 V, no redox
peaks were observed except for the CPE modified with ligand
2h. In relation to the observed capacities, they were calculated
by means of the equation Cyps = i/v, wWhere i is the average
anodic and cathodic current and v is the scan rate [26]. In these
calculations, those parts of the voltammograms where faradaic
intensities prevailed upon capacitive intensities were not consid-
ered. The capacities calculated for some of the FTHD-modified
CPEs at scan rate of 100mV s~! are shown in Table 1.

In general, the values obtained are low for all the FTHD-
modified CPEs. The high content of modifier in carbon paste
mixture (20% in all the cases) and the non-homogeneity of the
material could be the reason for that behaviour. The CPE mod-
ified with ligand 2h had the highest capacity. The CV obtained
with this electrode showed a signal in absence of any analyte,
so this CPE is not appropriated for metal determination. Its
behaviour is similar to a reversible system as much for the near-
ness of the anodic and cathodic peaks as the similar current
peaks, with a icp/iyp ratio close to the unity. The anodic current
at 0.23V should be caused by the oxidation of the reductive
cleavage of the -NO, group of the ligand 2h.

The CVs of the CPEs modified with the series 1 and 2 ligands
show small differences. In general, the CVs of the CPEs modi-
fied with the derivatives of series 2 show lower residual current
and more symmetric anodic and catodic scans. These estima-
tions agree with the higher Cgypg values observed for the CPEs

Table 1
Some CPEs modified with 1-furoylthiourea derivatives of series 1 and 2: capac-
ities calculated at 100 mV s~!

CPEs modified with Cobs (WF/cm?)

1c 8.6
1f 19.9
1d 124
la 9.5
2f 2.8
2h 49.1
2j 1.8
2m 3.8
2d 2.9
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Fig. 3. Cyclic voltammograms obtained by 2m (thicker curve) and 1d CPEs
modified at 100mV s~! in Britton—Robinson pH 4 electrolyte.

modified with the compounds of series 1 (Table 1). The useful
potential range for the voltamperograms obtained with the CPEs
modified with the derivatives of series 2 is wider in the anodic
range while it is similar in the cathodic range for CPEs modified
with both series. Fig. 3 shows the scans at 100mV s~! for the
CPEs modified with the ligands 1d and 2m (selected as models
of both series) where the differences commented above can be
observed. In general, upon increasing the scan rate an increasing
of the residual current and a higher distortion of the signals are
observed. These effects are common for all the modified CPEs.

Figs. 4 and 5 show CVs for Cd(II) solutions obtained at CPEs
modified with 1d and 2m in the range 10-500mV s~!. These
1-furoylthioureas showed similar electrochemical behaviour to
the other compounds of the same series; they were selected,
because they showed the highest sensitivity for each series, with
the aim to realize a comparison. A similar behaviour is observed
for both CPEs, which corresponds to an adsorption mechanism,
with weak adsorption of the product [27-29]. The cathodic scan
produces the reduced species of cadmium, which is deposited on
the electrode. This deposition favours the oxidation process and
hence the current peak of this signal (i.e., the anodic peak), but
not the reduction process. When the scan rate increases the con-
tribution of the material that diffuses is low compared with the
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Fig. 4. Cyclic voltammograms obtained by 2m CPE modified in the range

10-500mV s~! for 20mgL~! Cd(II) in Britton—-Robinson pH 4 electrolyte.
The thicker curve corresponds to the voltammogram obtained at 500 mV s~!.
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Fig. 5. Cyclic voltammograms obtained by 1d CPE modified in the range
10-500mV s~! for 20mgL~" Cd(II) in Britton-Robinson pH 4 electrolyte.
The thicker curve corresponds to the voltammogram obtained at 500 mV s~!.

adsorption; the concentration of product of the cathodic reaction
near the electrode is slightly enhanced because of adsorption,
and this results in a lower cathodic peak, and in a marked increase
of the anodic peak. Hence, it confirmed that the anodic stripping
process must be shown as the more adequate, because the accu-
mulation of the material after a previous reduction is favoured.

The anodic peak shows a typical scheme of product weakly
adsorbed (see Figs. 4 and 5); increasing the scan rate the peak
potential shifts to more positive values and the current peak is
enhanced/increased.

On the other hand, the cathodic peak does not completely fol-
low the sequence of a product weakly adsorbed, since a decrease
of the peak current and a positive shift of the potential should be
expected; the presence of the product adsorbed, and hence, its
higher concentration in the nearby of the electrode, must be on
account of a clear but slightly decreasing of the signal. However,
this behaviour is only observed at high scan rates.

To explain these phenomena the following kind of reaction
is proposed. Since, a modifier with binding capacities for the
reduction reaction reactant (Cd(II) in this case) is used at the
electrode surface, a double process of weak adsorption could
be assumed, for both the reagent and the product (metallic cad-
mium) of the reduction reaction. The weak adsorption of the
reagent implies an increasing of the cathodic current peak and
a negative shift of the peak potential [27]. The increase of the
scanrate implies an increasing reduction peak current. This is the
effect observed over the cathodic peak with increasing scan rate
for the CPEs modified with both series of ligands. When the scan
rate is too high the effect of the adsorbed product dominates; the
cathodic peak decreases for the reasons above mentioned, and
the potential shifts to more positive values. On the other hand, for
the anodic signal the effect of the product adsorption is always
observed, with an increase of the peak current and a positive
shift of the potentials with increasing scan rate.

The effects described above are observed in the CPE modified
with 2m; for this CPE the effect of product adsorption clearly
prevails, as the i,p/icp (anodic peak intensity/cathodic peak inten-
sity) ratio is always over 1, and it increases with increasing scan
rate.
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The CPE modified with 1d does not show such predominant
effect of the product adsorption. The cathodic peak decreases for
the highest values of scan rate (as it corresponds to the product
adsorption), but the iyp/icp ratio is below 1 even for the lowest
scan rate. Although this ratio increases with increasing scan rate,
it maintains values closed the unity in a wide scan rate range, as
it should be expected due the reagent adsorption.

From these studies we can establish/say that the FTHD-
modified CPEs show promising behaviour with respect to the
base line. In the determination of Cd(II), the adsorption plays a
very important role, emphasizing the weak adsorption of the
product with oxidation signals of greater intensity than the
reduction signals. It agrees with the preliminary results obtained
by DPASYV [24]. The FTHD-modified CPEs by series 2 ligands
show a larger sensitivity. This fact will be confirmed in the fol-
lowing calibration studies and detection limits calculation.

The CPEs modified with 1d and 2m were the CPEs modified
with ligands of each series that showed the most promising per-
spectives for Cd(IT) determination by DPASV. We are now inter-
ested in experiments conducted to establish the optimal media
conditions, and the electrochemical and instrumental parameters
of the method.

3.3. Stripping voltammograms of Cd(Il) at the CPEs
modified with 1d and 2m

The determination of Cd(Il) in aqueous solution at the CPEs
modified by 1d and 2m was carried out by DPASV after 5 min
of accumulation at —1.0V in a solution containing Cd(II). The
voltammograms are showed in Fig. 6. Two well-defined and
enhanced peaks are observed for the modified CPEs as com-
pared to the unmodified one. At the unmodified CPE a Cd(II)
oxidation peak of 1.8 wA appears at —0.78 V, while the FTHD-
modified CPEs exhibit an anodic peak at —0.77 V, with higher
intensity for the anodic current (9.9 and 21.2 p.A for 1d and 2m
modified CPEs, respectively) in comparison with that observed
at the unmodified electrode. The increase in anodic current at
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Fig. 6. DPASV voltammograms of Cd(II) in Britton—Robinson electrolyte pH
4 at the CPEs modified with 2m and 1d (larger current peaks) and unmodi-
fied CPE; accumulation time: 300 s; accumulation potential: —1.0 V; differential
pulse amplitude: 100 mV; scan rate: 10mV s~'; 2m (1d)/graphite powder: 20%
(wlw).

the FTHD-modified CPEs demonstrates that the FTHD play an
important role in the accumulation process of Cd(II) on the elec-
trode surface.

3.4. Effect of carbon paste composition

The amount of FTHD in the carbon paste must significantly
affect the height of the voltammetric signal. The anodic peak
of cadmium was increased with FTHD-modified CPEs. This
obviously indicates that the voltammetric response results from
the accumulation of Cd(II) at these electrodes by means of the
complex formation reaction between the metal ion, Cd(II), and
the modifier, FTHD. The effect of carbon paste composition on
the peak current was tested using FTHD-modified CPEs pre-
pared with 5, 10 and 20%. The anodic peak current increased
with increasing amount of modifier, because the concentration
of FTHD on the surface of the modified CPE increased corre-
spondingly. Higher modifier quantities in carbon paste usually
load to a decreasing of the conductive area at the electrode
surface [19,20,22]. Hence, we did not study carbon paste with
FTHD/carbon powder weight ratio over 20%. Consequently, a
carbon paste composition of 20% of FTHD was used in further
studies.

3.5. Effects of pH and electrolyte

The influence of pH on the determination of Cd(II) was inves-
tigated. From pH 2.0 to 8.0, the peak current increased at first
until the peak current reached a maximum value around pH 4.
The continuous increase of pH led to a decrease of peak current
and a broadening of the signal, which is due to the hydrolysis
of Cd(II). Also, the FTHD can slowly dissolve in basic solution
for the acidity of the amidic proton NH and lose its ability of
complexing Cd(II).

The effect of another buffer electrolyte of pH 4, such as
HAc/NaAc was studied. When the measurements were per-
formed in this electrolyte, the shape of the stripping peak current
was similar, but a smaller peak height was obtained. Thus, buffer
solution Britton—Robinson (pH 4) was suitable as supporting
electrolyte.

3.6. Effects of accumulation potential and time

Accumulation potential is an important parameter for strip-
ping techniques and has non-negligible influence on the sensi-
tivity of determination. The effect of accumulation potential on
the stripping peak current of Cd(I) was studied in the range from
—0.9 to —1.2 V. The peak increased with the negative shift of the
accumulation potential. The increase of the reduction potential
beyond —1.0'V (in negative sense) led to a steady-state current.
At the same time, over this potential of —1.0 V another metal
ions can be reduced and cause interference on Cd(II) determina-
tion. Hence, a reduction potential of —1.0 V was chosen for all
subsequent experiments to allow a difference of about 200 mV
from the peak potential observed.

Similarly, the accumulation time is a decisive factor in any
technique dealing with a preconcentration step. The quantity
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of Cd(I) reduced over the surface of the FTHD-modified
CPEs increased with increasing accumulation time in the range
0-10min. Beyond this period, the current peak reached a flat
level caused by the complete coverage of active sites on the
surface of the modified CPEs. Taking account of sensitivity
and efficiency, accumulation time was 300s in the following
experiments.

3.7. Effect of pulse amplitude and scan rate

The influences of parameters of DPASV on the measurements
of Cd(IT) were studied. The results showed that the stripping peak
current increased with increasing differential pulse amplitude
and it remains nearly constant when differential pulse ampli-
tude is larger than 100 mV. Thus, 100mV was chosen as the
differential pulse amplitude.

Scan rate can also influence the determination of Cd(II) by
DPASV. The peak current increased with the increasing of scan
rate, but slightly over 20mV s~!. However, the shape of strip-
ping peak became apparently asymmetry when scan rate was
larger than 20mV s~ . For that reason, 20mV s~! was chosen
as the scan rate.

3.8. Calibration graph, detection limit and precision

The sensitivity of the method was studied by recording dif-
ferential pulse anodic stripping voltammograms at different
Cd(I) concentrations. For the CPE modified with 2m a cali-
bration plot influenced by the electrode surface saturation was
observed. Depending on the ranges it could be obtained linear
ranges described by different regression equations. For the lower
range (0.0010-0.0075mgL~!) the linear regression equation
was Ipa(A)=0.20+168.33 [Cd(ID)] (mg L1, with a correla-
tion coefficient of 0.999. The anodic peak current at the carbon
paste modified electrode PC-1d was proportional to the concen-
tration of Cd(II) in the range 0.01-0.1 mg L ™!, with a correlation
coefficient of 0.993. The linear regression equation was: Ip,
(nA)=0.13 +18.80 [Cd(II)] (mg L~!). From 0.1 mg L™ a devi-
ation from linearity was observed due to the saturation of the
electrode surface.

The detection limits in the linear range for both modified
CPEs, calculated [30] as the signal of the blank plus three times
its standard deviation are also reported. The detection limits
obtained were 6 x 107> and3 x 10~3 mg L ™! for the CPEs mod-
ified with 2m and 1d, respectively.

The results obtained for the detection limits of these modi-
fied CPEs with two FTHD (taken as models of the behaviour
of the derivatives of both series) show that the ligands of series
2 (1-furoylthioureas 3-monosubstituted) have greater sensitivity
toward Cd(II). This fact is consistent with the results previously
reported for the complexes of these ligands with cadmium chlo-
ride [24,25].

The relative standard deviations were found to be 3.9% for
seven determinations of 0.5 mgL~! Cd(II) in the experimental
conditions previously optimised. The results indicate that the
FTHD-modified CPEs have good reproducibility.

3.9. Effects of other ions

The influence of Hg(Il), Zn(II), Ag(l), Pb(Il) and Cu(Il) on
Cd(II) peak current was also evaluated at a 1:1 interferent:analyte
mass ratio. Hg(IT), Zn(I) and Ag(I) do not interfere the deter-
mination of Cd(II). However, the presence of Cu(Il) or Pb(Il)
interfere significantly by suppressing the Cd(II) signal up to
40-50%, because they form complexes with the modifier and
prevent the complex formation and accumulation of Cd(II) at
electrode surface; peak potential for Pb(Il) signal is near to that
of Cd(Il), and overlapping is also observed.

3.10. Applications to real water samples

Some tests were carried out for spiked superficial water
(collected from San Pedro river, Puerto Real, Cadiz, Spain)
and spiked drinking water samples; Cd(II) concentrations
in cell of 0.05 and 0.01 mgL~! for the CPE modified with
2m, and 0.25 and 0.05mgL~! for the CPE modified with
1d were used. The results show recoveries of 92-96%; the
standard addition method was used for the determinations. In
all cases the paste was removed from the electrode, giving
relative standard deviations for the repeated measurements
below 4%. As a previous step, the absence of Cd(II) in
the real samples was tested by ICP (inductively coupled
plasma).

4. Conclusions

A simple and effective electrode system for the determi-
nation of Cd(II) was developed. The concentration of Cd(II)
at the surface of the FTHD-modified CPEs is increased by
the formation of cadmium complexes of the FTHD, specially
for the 3-monosubstituted ligands (series 2). The FTHD and
their cadmium complexes show thermal and physical stability,
high temperature of decomposition and a pH operational
range from slightly acid to neutral; the moderate stability
constants of the complexes favour the reversibility during
the stripping step and the adsorption process, as it has been
confirmed by the CV studies. The FTHD-modified CPEs
showed good capacities, stability, sensitivity and reasonable
selectivity.

Acknowledgements

O.E.H. thanks Faculty of Sciences (University of Cadiz,
Spain), through its Ph.D. program with Havana University. The
authors are also grateful to the Ministerio de Educacién y Cien-
cia of Spain and to the European Community for the project
CTQ2004-03708/BQU, and to the Junta de Andalucia for finan-
cial support.

References

[1] J.K. Dunnick, B.A. Fowler, Cadmium, in: H.G. Seiler, H. Sigel (Eds.),
Handbook on Toxicity of Inorganic Compounds, Marcel Dekker, New
York, 1988 (chapter 14).



494 O. Estévez-Herndndez et al. / Sensors and Actuators B 123 (2007) 488—494

[2] ILA. Darwish, D.A. Blake, Development and validation of a one-step
immunoassay for determination of cadmium in human serum, Anal. Chem.
74 (2002) 52-58.

[3] K. Kalcher, Chemically modified carbon paste electrodes in voltammetric
analysis, Electroanalysis 2 (1990) 419—433.

[4] M.G. Paneli, A. Voulgaropoulus, Application of adsorptive stripping
voltammetry in the determination of trace and multitrace metals, Elec-
troanalysis 5 (1993) 355-373.

[5] K. Kalcher, J.-M. Kauffmann, J. Wanj, I. §vancara, K. Vytfas, C. Neuhold,
Z. Yang, Sensors based on carbon paste in electrochemical analysis: a
review with particular emphasis on the period 1990-1993, Electroanalysis
7 (1995) 5-22.

[6] CM.G. van den Berg, Determination of copper, cadmium and lead
in sea water by cathodic stripping voltammetry of complexes with 8-
hydroxyquinoline, J. Electroanal. Chem. 215 (1986) 111-121.

[7] C. Li, B.D. James, J. Rumble, R.J. Magee, Adsorptive stripping voltam-
metry of some trace elements in biological samples. I. Cadmium and zinc,
Mikrochim. Acta IIT (1988) 175-182.

[8] E.N. Iliadou, S.T. Girousi, U. Dietze, M. Otto, A.N. Voulgaropoulus,
C.G. Papadopoulus, Simultaneous determination of nickel, cobalt, cad-
mium, lead and copper by adsorptive voltammetry using 1-phenylpropane-
1-pentylsulphonylhydrazone-2-oxime as a chelating agent, Analyst 122
(1997) 597-600.

[9] J. Wang, J. Wang, B. Tian, M. Jiang, Adsorptive stripping measurements of
chromium and uranium at iridium-based mercury electrodes, Anal. Chem.
69 (1997) 1657-1661.

[10] J. Wang, J. Lu, D.D. Larson, K. Olsen, Voltammetric sensor of uranium
based on the propyl gallate-modified carbon paste electrode, Electroanal-
ysis 7 (1995) 247-250.

[11] M.E. Mousavi, A. Rahmani, S.M. Golabi, M. Shamsipur, H. Sharghi, Dif-
ferential pulse anodic stripping voltammetric determination of lead(II) with
1,4-bis(prop-2’-enyloxy)-9,10-antraquinone modified carbon paste elec-
trode, Talanta 55 (2001) 305-312.

[12] K.C. Honechurch, J.P. Hart, D.C. Cowell, Voltammetric studies of lead at a
1-(2-pyridylazol)-2-naphtol modified screen-printed carbon paste electrode
and its trace determination in water by stripping voltammetry, Anal. Chim.
Acta 431 (2001) 89-99.

[13] Y. Bonfil, E.K. Eisner, Determination of nanomolar concentrations of lead
and cadmium by anodic-stripping voltammetry at the silver electrode, Anal.
Chim. Acta 457 (2002) 285-296.

[14] EY. Song, K.K. Shiu, Preconcentration and electroanalysis of silver species
at polypyrrole modified glassy carbon electrodes, J. Electroanal. Chem. 498
(2001) 161-170.

[15] A.A. Ensafi, K. Zarei, Simultaneous determination of trace amounts of
cadmium, nickel and cobalt in water samples by adsorptive voltammetry
using ammonium 2-amino-cyclopentene dithiocarboxylate as a chelating
agent, Talanta 52 (2000) 435-440.

[16] Y. Bonfil, M. Brand, E.K. Eisner, Characteristics of subtractive anodic
stripping voltammetry of Pb and Cd at silver and gold electrodes, Anal.
Chim. Acta 464 (2002) 99-114.

[17] S.B. Hocevar, 1. §vancara, K. Vytias, B. Ogoreve, Novel electrode for
electrochemical stripping analysis based on carbon paste modified with
bismuth powder, Electrochim. Acta 51 (2005) 706-710.

[18] W. Tantasee, Y. Lin, G.E. Fryxell, B.J. Busche, Simultaneous detection of
cadmium, copper and lead using a carbon paste electrode modified with
carbamoylphosphonic acid self-assembled monolayer on mesoporous sil-
ica (SAMMS), Anal. Chim. Acta 502 (2004) 207-212.

[19] G.Marino, M.F. Bergamini, M.E.S. Teixeira, E.T.G. Cavalheiro, Evaluation
of a carbon paste electrode modified with organofunctionalized amorphous
silica in the cadmium determination in a differential pulse anodic stripping
voltammetric procedure, Talanta 59 (2003) 1021-1028.

[20] C. Hu, K. Wu, X. Dai, S. Hu, Simultaneous determination of lead(Il) and
cadmium(II) at a diacetyldioxime modified carbon paste electrode by dif-
ferential pulse stripping voltammetry, Talanta 60 (2003) 17-24.

[21] G. Roa, M.T. Ramirez-Silva, M.A. Romero-Romo, L. Galicia, Determina-
tion of lead and cadmium using a polycyclodextrin-modified carbon paste
electrode with anodic stripping voltammetry, Anal. Bioanal. Chem. 377
(2003) 763-769.

[22] K. Fanta, B.S. Chandravanshi, Differential pulse anodic stripping
voltammetric determination of cadmium(II) with N-p-chlorophenyl-
cinnamohydroxamic acid modified carbon paste electrode, Electroanalysis
13 (2001) 484-492.

[23] E. Otazo-Sénchez, L. Pérez-Marin, O. Estévez-Hernandez, S. Rojas-Lima,
J. Alonso-Chamarro, Aroylthioureas: new organic ionophores for heavy-
metal ion selective electrodes, J. Chem. Soc., Perkin Trans. 2 (2001)
2211-2218.

[24] O. Estévez-Hernandez, J.L. Hidalgo-Hidalgo de Cisneros, E. Reguera,
I. Naranjo-Rodriguez, On the complex formation of CdCl, with 1-
furoylthioureas: preconcentration and voltammetric behavior of Cd(II)
at carbon paste electrodes modified with 3-monosubstituted and 3,3-
disubstituted derivatives, Sens. Actuators B: Chem. 120 (2007) 766—
772.

[25] O. Estévez-Hernandez, E. Otazo-Séanchez, J.L. Hidalgo-Hidalgo de Cis-
neros, I. Naranjo-Rodriguez, E. Reguera, Novel CdCl, and HgCl, com-
plexes with 3-monosubstituted and 3,3-disubstituted 1-furoylthioureas. IR
and Raman spectra, Spectrochim. Acta A 64 (2006) 961-971.

[26] G. Gun, M. Tsionsky, O. Lev, Voltammetric studies of composite ceramic
carbon working electrodes, Anal. Chim. Acta 294 (1994) 261-270.

[27] R.H. Wopschall, I. Shain, Effects of adsorption of electroacative species in
stationary electrode polarography, Anal. Chem 39 (1967) 1514-1527.

[28] AJ. Bard, L.R. Faulkner, Electrochemical Methods, Wiley, New York,
2000.

[29] A.M. Bond, Modern Polarographic Methods in Analytical Chemistry, Mar-
cel Dekker, New York, 1980.

[30] J.C. Miller, J.N. Miller, in: S.A. Delaware (Ed.), Estadistica para Quimica
Analitica, 2nd ed., Addison-Wesley Iberoamerican, S.A., DE, USA, 1993.

Biographies

O. Estévez-Hernandez is a Full Researcher at Institute of Science and Technol-
ogy of Materials of the Havana University. He received a Bs degree in chemistry
from Havana University in 1995 and a Master in Organic Chemistry in 1999 and
a PhD in chemistry from the University of Cadiz in 2006. His current research
interests involve molecular materials and chemical sensors.

I. Naranjo-Rodriguez is a professor at the University of Cadiz. He received
a Bs degree in chemistry from the University of Cadiz in 1986 and a PhD in
analytical chemistry from the University of Cadiz in 1994. His current research
interests are in chemical sensors, new materials applied to analytical chemistry
and electrochemistry.

J.L. Hidalgo-Hidalgo de Cisneros is a professor at the University of Cadiz.
He received a Bs degree in chemistry from the University of Murcia in 1970
and a PhD in analytical chemistry from the University of Murcia in 1975. His
current research interests are in electrochemical and mass sensors, environmental
analytical chemistry and chemometrics.

E. Reguera is a Full Researcher at Institute of Science and Technology of
Materials of the Havana University. He received a Bs degree in physics from
Havana University in 1977 and a PhD in chemistry from National Center for
Scientific Researchs of Cuba in 1988. His current research interests involve
molecular materials, molecular blocks assembling and nanotechnologies.



	Evaluation of carbon paste electrodes modified with 1-furoylthioureas for the analysis of cadmium by differential pulse anodic stripping voltammetry
	Introduction
	Experimental
	Reagents and chemicals
	Apparatus
	Electrode preparation
	Procedure

	Results and discussion
	Electrochemical stripping
	Cyclic voltammetry studies
	Stripping voltammograms of Cd(II) at the CPEs modified with 1d and 2m
	Effect of carbon paste composition
	Effects of pH and electrolyte
	Effects of accumulation potential and time
	Effect of pulse amplitude and scan rate
	Calibration graph, detection limit and precision
	Effects of other ions
	Applications to real water samples

	Conclusions
	Acknowledgements
	References


