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Abstract A graphite—polyurethane composite electrode
with Santa Barbara Amorphous 15, SBA-15, mesoporous
silica organofunctionalized with 2-benzothiazolethiol
(BTSBA) as bulk modifier has been characterized electro-
chemically by voltammetry and electrochemical impedance
spectroscopy (EIS) in the presence of cadmium ions, as an
example of a toxic trace heavy metal, as well as by solid-
state '>*C-NMR and by scanning electron microscopy. EIS
measurements performed on the modified composite elec-
trodes to investigate the influence of BTSBA on the
deposition of cadmium during square wave anodic stripping
voltammetry showed that organofunctionalization of the
SBA-15 bulk modifier in the composite electrode facilitates
heavy metal deposition. Experiments were also carried out
with a mixture of submicromolar cadmium, lead, copper
and mercury ions and led to similar conclusions.
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Introduction

Increasing demands for ever more sensitive chemical sensors
for environmental monitoring, air-quality detection,
inflammable-gas inspection, healthcare, industrial production,
and other applications have led to an upsurge of research
devoted to the development of new sensing materials [1-5].
The new generation of sensing materials should exhibit a
wide operation temperature range, high sensitivity, rapid
speed, good accuracy, reproducibility, durability, easy pro-
cessing and low cost. Recently, mesoporous materials, owing
to their structural characteristics (ordered nanometer-size
pore distributions, high pore volumes and high surface areas
[6-9]) combined with the possibility to process them in
various shapes (calibrated spherical powders, thin films,
membranes, and monoliths [10-13]), have attracted much
interest due to their potential applications in optoelectronics
[14-16], catalysis [17-20], and sensors [21-26].

One of the more successful types of composite for
electrochemical sensors is the carbon paste electrode
prepared from an intimate mixture of graphite and an
organic liquid. However, these electrodes have the serious
disadvantage of limitations in their use in non-aqueous
solvents [27]. Solid composite carbon electrodes, prepared
with polymer matrices, do not suffer from this problem and
are of interest for electrochemical analysis in such media,
also showing a number of improved properties with respect
to carbon paste such as surface regeneration by polishing,
rigidity and ease of fabrication [28]. In this context, we
previously proposed a rigid graphite-polyurethane compos-
ite electrode for use in electroanalysis [29].

Electrochemical impedance spectroscopy (EIS) is a
powerful, non-destructive, informative, and amenable tech-
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nique to examine an electrochemical system and electrode
assembly, since the interfacial impedance of the electrode/
solution is influenced by specific microscopic events of
interest. EIS is becoming increasingly widely used in the
field of electrochemical sensors and biosensors, mainly for
characterization of the sensor assemblies, but also as a
diagnostic and as a quantitative detection method [30].
Modelling of the interfacial region allows the determina-
tion, for a simple reaction, of electrode parameters such as
the cell resistance (Rg) in series with a parallel combination
of a constant phase element CPE (considered a non-ideal
capacitance C with exponential factor «), and a charge
transfer resistance (R,), attributed to the electrode/solution
interface, from the impedance spectra [31, 32].

The purpose of this paper is characterization of graphite-
polyurethane composite electrodes bulk-modified by Santa
Barbara Amorphous 15 (SBA-15) mesoporous silica orga-
nofunctionalized with 2-benzothiazolethiol (BTSBA);
SBA-15 has pores of size 4.6 to 30 nm [33]. This was
done mainly by EIS, supported by solid-state NMR and
scanning electron microscopy with the aim of observing the
interaction of the modifier with trace cadmium ions, chosen
as an example of toxic heavy metal ions, that can be
quantified by square wave anodic stripping voltammetry.
Changes at the electrode-solution interface occurring when
analysing a mixture of cadmium, lead, copper and mercury
ions were also evaluated.

Experimental
Instrumentation

Electrochemical measurements were carried out in a 20 mL
total capacity thermostatted glass cell at 24°C, using a
graphite—polyurethane electrode modified with BTSBA as
working electrode, saturated calomel electrode (SCE) and
platinum wire as reference and auxiliary electrodes respec-
tively. Voltammetric experiments were performed with a
pAutolab Type III PGSTAT (Ecochemie, Netherlands)
potentiostat/galvanostat coupled to a personal computer
and controlled with GPES 4.9 software.

Electrochemical impedance spectra were recorded using
a Solartron 1250 Frequency Response Analyser coupled to
a Solartron 1286 Electrochemical Interface (Solartron
Analytical, UK), controlled by ZPlot software, scanning
the frequency logarithmically from 65.5 kHz to 0.1 Hz or
0.01 Hz, in 10 steps per frequency decade, with a sinusoidal
perturbation of 10 mV rms amplitude superimposed on the
chosen potential. Fitting to equivalent circuits was done
with ZView software.

Solid state nuclear magnetic resonance (NMR) data for
13C were obtained on a Varian INOVA spectrometer and
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scanning electron microscopy (SEM) images were recorded
with a LEO-440 (Leica-Zeiss) microscope using a 20 kV
electronic beam and magnification of 1000x.

Reagents and solutions

All chemicals were of analytical grade and were used
without further purification. Solutions were prepared with
water purified in a Millipore Milli-Q system (resistivity >
18 MQ cm). A 0.10 mol L™" potassium chloride (Fluka,
Switzerland) electrolyte solution was used for most
experiments.

3-(chloropropyl)-trimethoxysilane (Aldrich, Germany)
and 2-benzothiazolethiol (Sigma. Germany) were used in
the organofunctionalization of the SBA-15 silica, carried
out according to a previously-described procedure [34], as
follows. A mass of 3.0 g of SBA-15 silica was refluxed
with 2 ml of 3-(chloropropyl)-trimethoxysilane in 40 ml dry
xylene for 24 h to introduce 3-chloropropyl on the surface.
Following this, a sample of 3-chloropropyl SBA-15 silica
was suspended in a N,N’-dimethylformamide solution
containing 2-benzothiazolethiol with constant stirring and
refluxing during 24 h. The functionalized particles were
then treated with hot ethanol in a Soxhlet extractor during
8 h to eliminate excess organoalcoxysilane. Finally, the
product was dried in air at 80°C for 12 h. The BTSBA
product is highly s and was stored at room temperature in a
dry atmosphere until needed.

Graphite powder of 1-2 pum particle size (Aldrich,
Germany) and polyurethane resin (Poliquil, Araraquara,
SP, Brazil) were used for the preparation of the composite,
see below.

A standard 1000 mg L' Cd*" solution (Tec-Lab, Brazil,
traceable to SRM 3108 NIST, USA); 1000 mg L' Pb**
solution (Tec-Lab, Brazil, traceable to SRM 3128 NIST,
USA); 1000 mg L' Cu*" solution (Tec-Lab, Brazil,
traceable to SRM 3114 NIST, USA) and 1000 mg L'
Hg”" solution (Tec-Lab, Brazil, traceable to SRM 3133
NIST, USA) were used for the preparation of the working
cadmium, lead, copper and mercury solutions.

Preparation of the modified composite electrodes

The polyurethane (PU) resin was prepared by mixing
0.8 parts of pre-polymer (A-249) with 1.0 part of polyol
(491-ID), according to the manufacturer’s instructions,
in the form of rods of 4 mm diameter and 50 mm
length. Previous results [29] showed that the best
composition of the material was 60% (w/w) graphite and
40% (w/w) PU. Modified composites were prepared by
substituting corresponding amounts of the graphite pow-
der and PU by BTSBA to obtain the desired composition.
In one series of compositions, the proportion of PU was
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fixed at 40% (w/w) and part of the graphite powder was
replaced by the modifier in order to prepare electrode
materials containing 5, 10, 15, 20% of BTSBA (w/w). In a
second series, the proportion of graphite powder was fixed
at 60% (w/w) and the PU was partially replaced by
BTSBA—however, it was only possible to prepare this
type of rod with 5 and 10% (w/w) of BTSBA, since when
larger amounts of PU are substituted, homogenization
becomes difficult.

The electrode was prepared from rods of the 4 mm
diameter composite extruded in a press [29]. Rods of length
50 mm were cut and attached to a copper wire using silver
epoxy (Electron Microscopy Sciences, Hatfield, PA, USA)
and left to cure for 24 h. The electrode was sealed in a glass
tube using epoxy resin (Silaex, Sdo Paulo, SP, Brazil) and
used only after at least 24 h curing, and the excess of
polymer was removed using 600-grit abrasive paper.
Finally, the electrode surface was polished with 1 pum -
Al,O5 suspension on a polishing wheel and the electrode
sonicated for 5 min, in water.

Results and disscussion

Characterization of the organofunctionalized SBA-15 silica
and the composite electrode chemically modified
with BTSBA

The organofunctionalization of the SBA-15 silica with 2-
benzothiazolethiol was evaluated by solid-state NMR and
SEM was employed for examining the surface modification
of the composite electrode.

The '>C-NMR spectra of the BTSBA (Fig. 1) show
signals at 10.7, 23.7 and 36.6 ppm, that can be assigned to
the methylene groups 1, 2 and 3, respectively. Carbon
atoms of the heterocycle resonate at lower fields: 65.5 and
121.5 ppm (4 and 5, respectively). NMR data thus showed
that the functionalization process occurs mainly by bonding
of the thiol group with 3-(chloropropyl)-trimethoxysilane,
previously fixed on the silica matrix, demonstrated through
observation of CH,-S bonds.

Scanning electron micrographs are presented in Fig. 2
and reveal changes in the surface morphology of the bulk-
modified composite electrodes, both by SBA-15 silica
alone and by BTSBA. It is thus possible to observe the
influence of the incorporation of the modifiers in the
graphite-PU composite electrode.

Influence of the electrode composition
The influence of the composition of the electrode material on

the voltammetric response of the electrode bulk-modified with
BTSBA was evaluated by square wave anodic stripping
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Fig. 1 a '3C NMR spectrum of BTSBA in deuterated chloroform b
structure of 2-benzothiazolethiol-modified SBA-15 (BTSBA), show-
ing the three methylene groups in the '*C NMR spectrum

voltammetry (SWASV) of 4 umol L™' Cd** in 0.10 mol L™
potassium chloride solution pH 3.0 and is presented in
Fig. 3. Pre-concentration of Cd** was done for 120 s
at —1.1 V, the square wave scan was done at a frequency of
50 Hz, 50 mV pulse amplitude and step potential of 5 mV.
No response from oxidation of BTSBA was found in the
potential range up to 0.5 V in blank experiments.

The anodic peak current increased significantly when the
amount of graphite powder was fixed at 60% (w/w) and
substituting some of the PU by BTSBA, probably due to
the higher content of the conducting phase at the electrode
surface. The material of composition 5% (w/w) BTSBA,
60% (w/w) graphite and 35% (w/w) PU (Fig. 3e) was
chosen for further studies because it presented higher
anodic peak currents than that of composition 10% (w/w)
BTSBA, 60% (w/w) graphite and 30% (w/w) PU (Fig. 3f).

Comparison of stripping voltammetric behaviour of Cd**
at modified and unmodified composite electrodes

Figure 4 presents square wave anodic stripping voltammo-

grams obtained with unmodified, SBA-15 silica modified
and BTSBA-modified composite electrodes in 0.10 mol L™
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Fig. 2 Scanning electron micrographs of a unmodified electrode, b
silica-modified composite electrode (5% SBA-15) and ¢ BTSBA-
modified composite electrode (5% of BTSBA)

potassium chloride solution pH 3.0. No peaks were
observed in the potential range —1.1 to —0.6 V vs. SCE at
the BTSBA bulk-modified composite electrode (curve a) in
the absence of Cd*".

However, when the accumulation process was carried
out for 120 s at —1.1 V in a solution containing
8 umol L' Cd*", at the unmodified composite electrode
(curve b), the Cd** oxidation peak appears at —0.77 V, the
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Fig. 3 Effect of the electrode composition containing different
proportions of graphite, PU and BTSBA (w/w) respectively: a 55%,
40%, 5%; b 50%, 40%, 10%; ¢ 45%, 40%, 15%; d 40%, 40%, 20%; e
60%, 35%, 5%; f 60%, 30%, 10%

SBA-15 silica modified composite electrode (curve c)
exhibits an anodic peak at —0.74 V and the BTSBA-
modified composite electrode (curve d) the Cd oxidation
peak appears at —0.74 V, with a larger anodic current
compared to that at the other electrodes. The increase in
stripping currents at the modified composite electrode
demonstrates that the organofunctionalization of SBA-15
nanostructured silica with 2-benzothiazolethiol plays an
important role in the accumulation process of Cd*" on the
electrode surface, with advantages of increased sensitivity.

These questions have been explored in more detail in
[35] and nanomolar detection limits have been achieved.
The linear range remains the same as at the unmodified
electrode, up to 1 pM, and the sensitivity increases by a
factor of two.

1/ mA cm®
N

of a

-1.1 -1.0 -0.9 -0.8 -0.7 -0.6
E/V vs. SCE

Fig. 4 Square wave anodic stripping voltammograms obtained in
0.10 mol L™" KCI solution pH 3.0 for: a BTSBA-modified composite
electrode, b unmodified composite electrode in the presence of
8 umol L' Cd**, ¢ SBA-15 silica-modified composite electrode in
the presence of 8 pmol L™ Cd**and d BTSBA-modified composite
electrode in the presence of 8 pmol L™' Cd*". Accumulation time
120 s; stripping parameters: potential interval —1.1 to —0.6 V vs. SCE,
frequency 50 Hz, 50 mV pulse amplitude, step potential 5 mV
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Fig. 5 Complex plane impedance plots a in the presence of Cd*" /
0.10 mol L' KCI solution pH 3.0 and b only electrolyte for the
composite electrodes: (A ) unmodified, (o) modified with SBA-15 silica
and (m) modified with BTSBA. Lines show equivalent circuit fitting

Electrochemical impedance spectroscopy

Study of the electrochemical properties of modified
graphite-PU composite electrodes

In order to understand better the influence of the bulk
modification, EIS was used to investigate further the
changes occurring in the interfacial region at unmodified
and modified graphite-PU composite electrodes in the
presence of Cd*". Experiments were carried out at the
half-wave potential for cadmium oxidation, i.e. at —=0.85 V
for unmodified and at —0.84 V vs SCE for silica SBA-15

modified and BTSBA-modified composite electrodes.
Figure 5 shows spectra in 0.1 M KCI solution pH 3.0 in
the presence of cadmium ions (Fig.5a) and in their
absence (Fig. 5b). In Fig 5a, all responses presented
characteristic semicircles at high and medium frequencies,
corresponding to charge transfer processes, and a diffu-
sional process was observed at low frequencies at the
unmodified electrode. For electrodes modified with silica
SBA-15 and BTSBA, an inductive process is seen at low
frequencies, probably due to adsorption of cadmium ions
in the silica, causing blockage of the active sites of the
electrode surface [36]. In the absence of Cd*" (Fig. 5 b)
these processes are not observed for any of the three types
of composite electrode.

The high and middle frequency region of the spectra
were fitted to an equivalent electrical circuit comprising the
cell resistance, R, in series with a parallel combination of a
constant phase element, CPE, and a charge transfer
resistance, R.. The CPE is assumed to be a non-ideal
capacitor of capacity C according to CPE={(Ciw)"} "
where w is the angular frequency and i the square root
of —1, the roughness factor « varying from 0.5 to 1, where
an « value of 1 represents a perfectly smooth and uniform
surface. The fitting parameters obtained from Fig. 5a are
shown in Table 1. It can be seen that the modified
electrodes have a higher cell resistance and this fact can
be explained by the adsorption of cadmium ions on the
electrode surface, similarly to what was observed at carbon
film electrodes [37]. Electrodes modified with SBA-15
mesoporous silica showed a higher value of the charge
transfer resistance but a much lower charge separation
(capacity) and a more uniform surface (higher o« value).
Functionalization with BTSBA reduces the charge transfer
resistance, which is important for the occurrence of efficient
charge transfer processes such as those in anodic stripping
voltammetry, but charge separation is less affected.

Deposition of cadmium at the electrode modified
with BTSBA

Experiments were carried out in the following sequence.
Impedance spectra of the electrode modified with
BTSBA were first recorded in 0.1 mol L' KCI solution
pH 3.0 at —1.1 V and at —0.6 V vs. SCE. Following this,
0.5 umol L' Cd** ions was added to the KCl solution and
a potential of —1.1 V vs. SCE was applied to the working

Table 1 Summary of calculated

EIS parameters obtained from Graphite-polyurethane electrode Rq (Q~cm2) R (kQ~cm2) C, (chm72 s“ﬁl) o
Fig. 5a using the composite

electrodes for cadmium ion unmodified 9.5 0.12 349 0.83
oxidation in 0.10 mol L™" KCl modified with SBA-15 silica 16.0 0.31 43 0.98
solution pH 3.0 + BTSBA 11.0 0.18 82 0.98
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Fig. 6 Electrochemical imped- 0.8

ance spectra as complex plane
and —Z" vs. Ig (f/Hz) plots for
composite electrode modified
with BTSBA in 0.10 mol L™' 0.6
KCI solution pH 3.0 in the
different situations: (oO0) electro-
lyte, (o) after Cd deposition and
(A) after SWASV. Lines show
equivalent circuit fitting
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electrode for 5 min in stirred solution, for metal deposition
to occur. An impedance spectrum was then recorded
at —1.1 V. After waiting 2 min with the electrode at open
circuit for re-oxidation to occur, another spectrum was
recorded at —0.6 V. Then, the electrode was placed in KCI
solution and a “blank” SWASV experiment carried out to
check the absence of metal ions. Finally, spectra were
recorded at the same potentials of —1.1 V and —0.6 V, in
order to ascertain if any permanent alteration to the
surface of the modified electrode had occurred during
the SWASV procedure.

The spectra obtained are shown in Fig. 6 as complex
plane plots and as plots of the imaginary part of the
impedance, —Z", vs. 1g (f/Hz), which aid in visualizing the
differences in the adsorption behaviour and charge separa-
tion of the interfacial region. Semicircles in the complex

plane plots, which are due to a resistance, R, and a
capacitance, C, in parallel, lead to peaks in the —Z" vs. Ig
(fHz) plots, and the maximum, when w-RC=1 (w in
radians), corresponds to the time constant of the process.
Fitting of spectra was done using the same equivalent
electrical circuit described above and the parameter values
at —1.1 V are presented in Table 2. Values obtained under
the different experimental conditions lie in the range 0.87—
0.94 for «, the charge transfer and cell resistance increasing
with the deposition of cadmium ions, which can be ascribed
to complexation of Cd** with BT on the electrode surface.
In the presence of Cd*" ions, some alterations occur at low
frequency, due to the adsorption of cadmium on the
electrode surface. The peak in the —Z" vs. Ig f'plot is at Ig
/=0.6 in electrolyte only, and with the addition of Cd*",
shifts to a lower value (Ig /=0.4), returning to its initial

Table 2 EIS parameters

obtained at =1.1 V vs SCE for Experiment Rg (9 cm?) R (kQ-cm?) Ci (WF em 2 s*7h «

the BTSBA-modified graphite-

PU composite electrode Initially—electrolyte 8.71 0.42 170 0.88
+Cd* 9.35 0.51 169 0.87
After SWASV 9.18 0.44 113 0.94
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value after SWASV. There is a reduction in the interfacial
capacity after SWASV and a more uniform surface, so
permanent changes have occurred, see Table 2. Neverthe-
less, at —0.6 V, there are essentially no differences in the
spectra obtained in the absence and presence of Cd*",
where cadmium re-oxidation has occurred.

Simultaneous deposition of Cd**, Pb>", Cu’" and Hg**
at the graphite-PU electrode modified with BTSBA

EIS was also used to visualize the changes occurring
when more than one metal is deposited. Experiments
were carried out in the same sequence described
previously, except that 10 'mol L™' Cd**, Pb*", Cu**
e Hg®" were simultaneously pre-concentrated at the
modified electrode at —1.1 V and +0.15 V vs. SCE. An
applied potential of —1.1 V is the optimized value for
deposition of these metals [35] and +0.15 V corresponds to
a potential more positive than that needed for re-oxidation of
all the metals, the most positive being Hg”" at +0.10 V.
Spectra obtained are shown in Fig. 7 in complex plane plots
and as plots of the imaginary part of the impedance, —Z", vs.
lg (f/Hz). Using the same equivalent electrical circuit
described above, the charge transfer resistance and the double
layer capacitance at —1.1 V when only the electrolyte is
present are respectively: 1.13 kQ-cm® and 115 pF cm 2 s* .
However, with the deposition of metal on the electrode

surface these figures are: R =0.78 kQ-cm? and C, =
131 pF cm 2 s* ' and after SWASV these values change
to: Ry=0.74 kQ-cm?® and C; = 215 puF cm 2 s*°\.

At —1.1 V, the peak in the —Z" vs. lg (f/Hz) plot is at Ig
(f/Hz) = 1.8 for the modified electrode in the absence of the
metals and with the accumulated metals shifts to higher
values. The charge transfer resistance at the modified
composite electrode is higher after the addition of Cd*",
Pb**, Cu®" and Hg>" than with only cadmium ions,
suggesting that deposition is easier when there is only
Cd*" in solution. At +0.15 V, after re-oxidation of the
metals has occurred, there are no significant differences.

A further important point is that the charge transfer
resistance (0.78 kQ-cm?) at the electrode modified with
SBA-15 and BTSBA with addition of metal ions is
significantly lower than those found in the literature (38.1
kQ-cm? [37], and ~8.0 kQ-cm? [38]).

These results suggest that the bulk-modified electrode
described here is superior for the stripping voltammetry of
heavy metals, due to better charge transfer kinetics for
metal deposition.

Conclusions

Graphite—polyurethane composite electrodes modified with
2-benzothiazolethiol organofunctionalized SBA-15 silica

Fig. 7 Electrochemical imped-
ance spectra as complex plane 12} -1V 051 11V
and —Z" vs. lg (f/Hz) plots for
composite electrode modified 1.0 04h
with BTSBA in the different ~ N
;(it(ljllatioils: (A) 12;% nzol) L; £ 08r £ osl
solution pH 3.0, (o) after <] e
’ 0.6 |-
Cd', Pb>", Cu®" and Hg>" < |
deposition and (m) after SWASV N 04 N
0.2 0.1
0.0 1 1 ! ! q1 H; 0.0 L L L | T I
00 02 04 06 08 1.0 12 0 1 2 3 4 5 6
Z'/kQ cm? g (f/ Hz)
15 <
+0.15V 12 +0.15V
12 %
o~ g I d
§ o £
S
x 9‘: 6
: 6 =
N N
3+
3
0 0 o
6 9 12 15 4 0 1 2 3 4 5

Z'/kQcm®
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have been characterized voltammetrically, by electrochem-
ical impedance spectroscopy and by solid-state '*C-NMR,
with surface examination by SEM. The use of electrochem-
ical impedance spectra has been exploited in order to follow
the changes occurring at composite electrodes during
square wave anodic stripping voltammetry of cadmium
ions. Alterations due to metal ion deposition were observed
and the potentiality of the modified composite electrode
was investigated. The voltammetric and impedance results
showed the advantages of BTSBA modification, which
increases sensitivity in the accumulation process of Cd*"
and that the modified electrode facilitates heavy metal
deposition, confirmed by carrying out experiments with a
mixture of trace metal ions.
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