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a b s t r a c t

This work describes the preparation and characterization of smectite clay partially exchanged with
tetrabutylammonium ions (TBAþ) and its subsequent deposition onto glassy carbon electrode (GCE) for
application to the preconcentration electroanalysis of metal ions (Cd, Pb, and Cu). Such partial exchange
of TBAþ induces the expansion of the interlayer region between the clay sheets (as ascertained by XRD)
while maintaining its ion exchange capacity, which resulted in enhanced mass transport rates (as pointed
out by electrochemical monitoring of permeability properties of these thin (organo)clay films on GCE).
This principle was applied here to the anodic stripping square wave voltammetric analysis of metal ions
after accumulation at open circuit. Among others, detection limits as low as 3.6�10�8 M for copper and
7.2�10�8 M for cadmium have been achieved.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Clay-modified electrodes (CLMEs) have been developed from few
decades ago [1–3], but they still represent a notable field of interest,
especially for their applications in electroanalysis, as discussed in
some reviews [3–6] and illustrated in recent research papers where
CLMEs have been used as sensors or biosensors (see examples, from
our group [7–9] and from those of Ngameni [10–17], Mousty [18,19],
or some others [20–22]). Clay minerals used as electrode modifiers
are primarily (but not only) phyllosilicates-layered hydrous alumi-
nosilicates. An important characteristic of those minerals is their
interlayer distance which depends on the number of intercalated
water and exchangeable cations within the interlayer space [4]. They
also exhibit attractive properties such as a relatively large specific
surface area, ion exchange capacity, and the ability to adsorb and
intercalate some organic species. Smectites have been mostly used
for CLMEs preparation in thin layer configuration, especially

montmorillonite (MMT), due to a high cation exchange capacity
(typically 0.80–1.50 mmol g�1) and its thixotropy likely to generate
stable and adhesive clay films on electrode surfaces [4,6].

Keeping in mind that clays are insulating materials, their use in
electrochemistry thus requires a close contact to an electrode surface,
which can be achieved via either the dispersion of clay powders in a
conductive composite matrix (e.g., carbon paste electrode [23]) or the
deposition of clay particles as thin films on solid electrode surfaces.
An advantage of the clay film modified electrodes is that they are
binder-free, thanks to the particular platelet morphology of clay
particles bringing them self-adhesive properties toward polar sur-
faces [5], which ensure a better interaction with most electrode
materials and, consequently, a more durable immobilization. Clay
films can be attached to a solid electrode surfaces by physical means
(through solvent casting, spin-coating, or layer-by-layer assembly
[5,6,24]), or electrophoretic deposition [25], by covalent bonding (via
silane or alkoxysilane coupling agents) [26,27], or, more recently, in
the form of clay–silica composite films [28]. At the beginning, CLMEs
were mainly prepared from bare (unmodified) clay materials [5,6]
but recent advances have been mainly based on organically-modified
clays (obtained either by intercalation or grafting of organic moieties
in the interlayer region of the clay [29–32]) because they enable to
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tune, control and extend the clay properties, resulting therefore to
better analytical performance in terms of selectivity and sensitivity
[10–17].

Dealing with sensitivity, preconcentration electroanalysis at
modified electrodes (in which the analyte is firstly accumulated
at open circuit and then electrochemically detected) has proven to
be a powerful method to improve the performance of electro-
chemical sensors. In this respect, the ion exchange capacity of
clays and the binding properties of organoclay have been exploited
for the detection of metal ions using CLMEs (see examples in
reviews [1,4]). Till now, however, very few examples are based on
the use of intercalated organoclay materials for that purpose
[11,16], in spite of the simpler modification procedure for inter-
calation than for grafting for instance (which requires the use of
particular organoalkoxysilane reagents [10,15]). Here, we have
thus examined the interest of CLMEs based on clay particles
intercalated with tetrabutylammonium (TBAþ) moieties for the
preconcentration electroanalysis of some metal ions (i.e., Cd2þ ,
Pb2þ and Cu2þ). The choice of this tetraalkylammonium inter-
calation reagent was motivated by at least two features: (1) TBAþ

ions can be easily intercalated in the interlayer region of smectite
clays by ion exchange [33], and (2) it modifies the packing
configurations in the interlayer of the clay thus influencing the
sorptive properties of the organoclay [34], notably with respect to
adsorption of metal ions such as Cu2þ or Cd2þ [35,36].

The present study describes the deposition of partially TBAþ-
modified clay particles (montmorillonite-rich natural clay from
Romania) onto a glassy carbon electrode surface, subsequently
covered with a dialysis tubing cellulose membrane, a configuration
ensuring fast mass transport for analytes from the solution through
the film to the electrode surface. The modified electrode was applied
to the detection of some metal ions chosen as relevant biological and
environmental contaminants (Cd2þ , Pb2þ and Cu2þ).

2. Experimental

2.1. Chemicals, reagents and clay materials

NaNO3 (99%, Fluka), HCl (37%, Riedel de Haen), and tetrabuty-
lammonium bromide (TBAB, 99%, Sigma) were used as received
without further purification. The redox probes employed for
permeability tests were of analytical grade: ferrocene dimethanol
(Fc(MeOH)2, Alfa Aesar); potassium hexacyanoferrate(III) (K3Fe
(CN)6, Fluka); and hexaammineruthenium chloride (Ru(NH3)6Cl3,
Sigma-Aldrich). Single-component and multicomponent cation
solutions were prepared daily by diluting standardized mother
solutions (comprised of 1000 mg/l each metal ion, from Sigma-
Aldrich). These standards were also used to certify copper(II)
solutions prepared from Cu(NO3)2 �3H2O and 0.05 M HNO3, lead
(II) solutions prepared from Pb(NO3)2 and 0.5 M HNO3 and
cadmium(II) solutions prepared from Cd(NO3)2 �4H2O and 0.5 M
HNO3, Sigma-Aldrich, which were used to prepare diluted solu-
tions for preconcentration studies (final pH in the electrolyte was
5.5 if not stated otherwise). The electrolyte employed was 0.1 M
NaNO3. All solutions were prepared with high purity water
(18 MΩ cm�1) from a Millipore milli-Q water purification system.

The clay sample used in this study was a natural Romanian clay
from Valea Chioarului (Maramureş County), consisting mainly of
MMT, with minor amounts of quartz. Its physico-chemical char-
acterization is provided elsewhere [9]. The structural formula is
(Ca0.06Na0.27K0.02)Σ¼0.35 (Al1.43Mg0.47Fe0.10)Σ¼2.00 (Si3.90Al0.10)Σ¼4.00

O10(OH)2 �nH2O. It is characterized by a surface area (N2, BET) of
190 m2 g�1. Only the MMT-rich fine fraction of the clay (o1 μm, as
collected by sedimentation according to Stockes law, after the raw
clay was suspended in water, ultrasonicated for about 15 min and

allowed to settle, centrifugation and ultracentrifugation of the super-
natant phase) was used here. This fine fraction has a cation exchange
capacity (CEC) of 0.78 mequiv g�1 and was used before as template
for an amperometric biosensor for acetaminophen detection [8]. Its
XRD diffractogram showed a high content of MMT (with its char-
acteristic peaks at 2θ: 6.941; 19.961; 21.821; 28.631; 36.141; and
62,011) and also confirmed the almost negligible presence of other
minerals.

2.2. Apparatus and characterization procedures

Electrochemical experiments were carried out using a PGSTAT-
12 potentiostat (EcoChemie) equipped with the GPES software.
A conventional three electrode cell configuration was employed
for the electrochemical measurements. Film modified GCEs were
used as working electrodes, with an Ag/AgCl/KCl 3M reference
electrode (Metrohm) and a platinumwire as reference and counter
electrode. Cyclic voltammetry (CV) was carried out correspond-
ingly in 1 mM K3Fe(CN)6, 0.1 mM Ru(NH3)6Cl3, and 5 mM Fc
(MeOH)2 (in 0.1 M NaNO3). CV curves were typically recorded in
multisweep conditions at a potential scan rate of 20 mV s�1 and
used to qualitatively characterize accumulation/rejection phenom-
ena and mass transport issues through the various films.

Accumulation–detection experiments were also performed
using copper(II), lead(II), and cadmium(II) as model analytes.
Typically, open-circuit accumulation was made from diluted
cations solutions (5�10�7–10�6 M) at pH 5.5 and voltammetric
detection was achieved after medium exchange to a cation-free
electrolyte solution (0.1 M NaNO3) by square wave voltammetry
(SWV), at a scan rate of 5 mV s�1, a pulse amplitude of 50 mV and
a pulse frequency of 100 Hz.

The CNH elemental analysis of clay and organoclay materials
was performed using an Elementar Vario Micro Cube, with the
following experimental conditions: combustion temperature
950 1C; reduction temperature 550 1C; He flow 180 ml/min; O2

flow 20 ml/min; and pressure 1290 mbar.
The film structure was characterized by X-ray diffraction (XRD),

FTIR and Raman spectroscopy. XRD measurements were per-
formed using a BRUKER D8 Advance X-ray diffractometer, with a
goniometer equipped with a germanium monochromator in the
incident beam, using Cu Kα1 radiation (λ¼1.54056 Å) in the 2θ
range 15–851. The FTIR spectra were measured on a Jasco FT/IR-
4100 spectrophotometer equipped with Jasco Spectra Manager
Version 2 software (550–4000 cm�1). The Raman spectra were
acquired with a confocal Raman microscope (Alpha 300R from
WiTec) using a WiTec Control software for data interpretation
(1000–3600 cm�1, resolution40.5 cm�1).

Electrochemical impedance spectroscopy (EIS) was used to char-
acterize the electron transfer properties of the modified electrodes.
The Nyquist plots were recorded with an Autolab potentiostat
equiped with a FRA2 module and 4.9 version software.

2.3. Clay modification with TBAB

A MMT sample (10 g, particle sizeo1 μm) was suspended in
ultrapure demineralized water (clay concentration in water 4%).
A quantity of Na2CO3 equivalent to 100 mequiv Na2CO3 per100 g
clay was then added in the clay suspension and stirred for 30 min
at 97 1C. An aqueous solution of TBAB (corresponding quantita-
tively to 1.1 times montmorillonite cation exchange capacity
(CECMMT¼0.78 mequiv g�1); 0.85 mequiv g�1 of TBAB), was then
added and the suspension was stirred for 30 more minutes at
room temperature. The obtained solid was separated by centrifu-
gation and washed until it was free of any residual Br� . The
organoclay material was then dried for 48 h at 60 1C. When
necessary, TBAB was partially solvent-extracted in an ethanol
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solution containing 0.1 M NaClO4 for 30 min under moderate
stirring, to get partially TBAþ-exchanged clays.

2.4. Electrode assembly

Glassy carbon electrodes purchased from e-DAQ (GCEs, 1 mm
in diameter) were first polished using 1 and 0.05 μm alumina
powder and then washed with water and sonicated for 15 min in
distilled water to remove any alumina trace, leading to an
electrochemically active surface area of 7.85�10–3 cm2. Clay or
organoclay suspensions (5 mg/ml) were prepared in distilled
water (20 min stirringþ10 min sonication), and left quiescent at
room temperature.

The clay or organoclay film was deposited on GCE by spin-
coating. A volume of 2.5 μl of the clay suspension (5 mg/ml) was
deposited on the electrode surface and then stirred for 20 min at
2000 rotation per minute. The electrode was then dried at room
temperature for 1 h. The clay or organoclay film was covered with
a dialysis tubing cellulose membrane (Sigma) fixed first with a
rubber o-ring, and then with laboratory film to avoid the solution
penetration under the membrane.

The five systems characterized in this study are: the bare glassy
carbon electrode (GCE), the bare glassy carbon electrode with
cellulose membrane (GCE/M), the unmodified MMT film coated on
GCE with cellulose membrane (GCEþMMT/M), and the TBAB
modified MMT film coated on GCE with cellulose membrane
before (GCEþMMTþTBAB/M) and after partial TBAþ extraction
(GCEþMMTþTBAB(partial)/M).

3. Results and discussions

3.1. Characterization of clay materials and clay film electrodes

3.1.1. Physico-chemical characterization of (organo)clays
XRD was first used to characterize the structural changes of the

smectite clay, which are likely to occur upon intercalation of TBAB. As
expected, prior to surfactant entrapment, the clay film exhibited the
same MMT characteristics as those reported for the raw clay particles
in Section 2 (diffraction lines at 2θ values (deg) of 6.9; 19.9; 21.8;
28.6; 36.1; 62.0, and data not shown). As the clay was in contact with
a TBAB solution, the unit cell parameters and the profile discrepancy
indices values (Table 1) indicate an expansion of the interlayer region
between the clay sheets. This expansion is due to the incorporation
of TBAþ species in the clay interlayer (in agreement with a similar
process described elsewhere for other surfactants such as cetyltri-
methylammonium bromide [37]). After partial removal of TBAþ , in
the conditions described in Section 2, the clay interlayer distance was
found to maintain almost the same values obtained for the fully
doped clay, MMTþTBAB (Table 1). The partial TBAþ removal was
otherwise confirmed by CHN elemental analysis (Table 2), showing
that about 1/3 of the initially exchanged TBAþ remained in the
material after ethanol/NaClO4 treatment.

The modified clays were also characterized by vibrational
spectroscopy (Fig. S1), in order to support its reaction with TBAB
and partial removal of TBAþ .

The main information of FTIR data is that the typical bands of
TBAB can be found in addition to the clay ones in both
MMTþTBAB and MMTþTBAB(partial) samples (confirming success-
ful incorporation of TBAþ), but with less intense TBAþ signals in
the latter case (confirming the effectiveness of the partial removal
process). In more detail, the FTIR spectrum of Valea Chioarului clay
(Fig. S1A, black line) presents the typical bands attributed to the
characteristic groups of MMT, as described elsewhere [8,38]. The
FTIR spectrum of TBAB (Fig. S1A, blue line) presents at 739 cm�1 a
band corresponding to the C–H alkanes rocking vibration. The
band near 1020–1250 cm�1 can be assigned to the C–N stretching
vibrations and the bands near 1450–1470 cm�1 are due to the C–H
alkanes bending vibrations. The bands near 1350–1370 cm�1

correspond to the C–H alkanes rocking vibrations and the bands
near 2969–2945 cm�1 to the C–H alkanes stretching vibrations.
The bands near 600–1300 cm�1 can be assigned to the C–C
aliphatic chain vibrations [39]. For the clay sample fully doped
with TBAB (Fig. S1A, red line), the bands at 3625 cm�1 (stretching
vibration of the hydroxyl group), near 1637 cm�1 (bending vibra-
tion of H–O–H group) and in the 1000–1200 cm�1 region (Si–O
stretching vibration) are common with MMT spectrum [8,38]. In
addition, one can see the bands near 2969–2945 cm�1 (C–H
alkanes stretching), near 1475 cm�1 (C–H alkanes bending), and
near 1350 cm�1 (C–H alkanes rocking), all indicating the presence
of TBAþ in the clay. It can be assumed that the broad band at
1000–1200 cm�1 includes the C–N stretching vibrations [8,38,39].
After partial removal of the modifier, the FTIR spectrum (Fig. S1A,
green line) presents almost the bands that were attributed to
TBAþ , yet with much lower intensities.

Similar conclusions can be drawn from Raman spectra. In
detail, the Raman spectrum of MMT is characterized by three
strong bands near 200, 425 and 700 cm�1, (Fig. S1B, black line)
[40–42]. The sharp Raman peak at 706 cm�1 is due to SiO4

vibrations and the broader feature near 420 cm�1 that has been
assigned to M–OH bending vibrations [40,42] and to Si–O–Si(Al)
bending modes [41,42]. The position of the strong band near
201 cm�1 varies depending on the clay mineral type [40,42]; it is
probably due to the SiO4 and influenced by Al substitution and the
dioctahedral or trioctahedral character. Weaker bands due to the
OH bending vibration are observed near 850–920 cm�1 [42]. In
the case of TBAB spectra (Fig. S1B, blue line), the sharp Raman
bands near 2800–3000 cm�1 are due to the C–H bending vibra-
tions. The strong bands near 250–400 cm�1 can be assigned to the
C–C aliphatic chains vibrations. The broader feature near
1380 cm�1 can be assigned to the CH3 bending vibration, while
the feature near 1460 cm�1 is due to the asymmetric CH3 vibra-
tions. The band near 1331 cm�1 corresponds to the C–N bending
vibration and the weaker band near 1057 cm�1 is due to the C–C
aliphatic chain vibrations [43]. The Raman spectra of the TBAþ

modified MMT exhibit, as expected from elemental analysis data
(Table 2), both characteristic bands of MMT and TBAB, yet with
lower intensity for the organic component in MMTþTBAB(partial)
(Fig. S1B, green line) than in MMTþTBAB (Fig. S1B, red line).

From all these results (XRD, FTIR, Raman and elemental
analysis), one can conclude that successful incorporation of TBAþ

Table 1
Unit cell parameters and profile (Rp) discrepancy indices calculated by Rietveld
refinement analysis of XRD data for the pristine clay (MMT), the clay exchanged
with TBAB (MMTþTBAB) and clay with TBAB after partial TBAþ removal
(MMTþTBAB(partial)).

Samples a [Å] b [Å] c [Å] Rp

MMT 5.17 5.17 12.62 17.2
MMTþTBAB 5.24 5.24 15.49 18.6
MMTþTBAB(partial) 5.23 5.23 15.48 17.6

Table 2
Elemental analysis of the modified clay before and after TBAþ partial extraction.

Samples N (%) C (%) H (%)

MMTþTBAB 0.73 8.82 4.07
MMTþTBAB(partial) 0.26 3.85 3.39
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in the clay was achieved, resulting in an increase in the interlayer
distance between the clay sheets, this latter being maintained
expanded after moderate (i.e., 2/3) removal of the organic modifier
(see illustration in Scheme 1).

3.1.2. Permeability properties of clay film electrodes
Multisweep cyclic voltammetry was applied to evaluate the

permeability properties of the clay and organoclay film electrodes,
firstly using a cationic redox probe (Ru(NH3)3þ), and the main results
are shown in Fig. 2. Comparing the response on the bare GCE
(Fig. 1A) and the same electrode covered with the cellulose mem-
brane (Fig. 1B) shows that this dialysis membrane acts somewhat as a
physical barrier, restricting mass transport rates, as peak current
values were ca. 2 times lower than on the bare electrode. Never-
theless this membrane was necessary to maintain good mechanical
stability of the clay films. In the presence of the pristine MMT clay,
the physical barrier was even more pronounced in the first CV scans
but the signals then rapidly and continuously increased upon
successive potential cycling (Fig. 1C) to reach a plateau at 3.1 mA
after ca. 25 cycles. This value is 2.7 times larger than peak currents
recorded at the bare GCE (1.15 mA). Such behavior is classically
observed at clay films electrodes [44] and it is evidently due to the
accumulation of Ru(NH3)3þ species by ion exchange with sodium
ions in the clay film. Effective accumulation thus occurred in spite of
the presence of the cellulose overlayer membrane. The accumulation
behavior was also observed using the organoclay films but it
exhibited distinct features (Fig. 1D and E). For the fully doped
MMTþTBAB material (Fig. 1D), the maximal current values were
restricted to about 2/3 of the MMT film value (Fig. 1C), consistent
with lower ion exchange capacity values reported for TBAB-modified
clays with respect to the pristine ones [35,36]. More interesting is the
behavior of the MMTþTBAB(partial) film (Fig. 1E) exhibiting not only
larger steady-state peak currents than the MMT clay film but also
significantly faster accumulation rates (compare curves E and C in
Fig. 1F). This attractive feature can be explained by the much easier
and faster access to the ion exchange sites thanks to the expansion of
the interlayer region between the clay sheets by TBAB while
maintaining a high exchange capacity as a result of only partial
exchange of sodium ions with TBAþ . These results suggest promising
use of GCEþMMTþTBAB(partial)/M for preconcentration electroana-
lysis of cationic analytes (see Section 3.2. for confirmation).

When using an anionic probe ([Fe(CN)6]3�) or a neutral one (Fc
(MeOH)2), the situation was totally different, the negatively-
charged probe being totally excluded from the clay film (Fig. 2A)
due to electrostatic repulsion, while poor accumulation of the
neutral probe was observed (Fig. 2B), the (organo)clay layer acting
only as a physical barrier.

3.1.3. EIS characterization
EIS was employed to characterize the electron transfer properties

of the modified electrodes. The typical Nyquist plot of EIS includes a
semicircle and a liniar zone, which correspond to the electron trans-
fer limited process and the diffusion limited process, respectively.

The proposed circuit is R1(Q1[R2W1]) both for unmodified GCE and
GCE modified with MMT (with or withoutTBAB). The conventional
Cdl is replaced by the constant phase element (CPE), representing the
non-uniform behavior of adsorbed species on irregular geometry and
small electrode surface. The reaction seems to occur in single step
and a combination of kinetic and diffusion processes with infinite
thickness describe the whole process. The high frequency section of
Nyquist curves describe an arc (Fig. 3), the diameter of which
displays the Rct values (namely the electron transfer resistance), that
increases in the presence of MMT from 128Ω (GCE) to 395Ω
(GCEþMMTþTBAB(partial)/M), indicating better electrode surface
coverage with non-conductive clay film in the latter case. The
experimental results of EIS confirmed that the clay films coated well
the GCE surface and the clay's presence decreases the electron
transfer rate of the redox probe.

3.2. Preconcentration electroanalysis of metal ions – effect of
experimental conditions

The organoclay film electrodes have been examined for metal
ions detection (mainly Cu2þ and Cd2þ , but also Pb2þ) via precon-
centration electroanalysis, involving two successive steps: an open-
circuit accumulation by ion exchange, followed by anodic stripping
voltammetry detection (in the SWV mode) after medium exchange.

3.2.1. Influence of the supporting electrolyte on the detection step
Due to the insulating character of the organoclay material, the

quantitative electrochemical detection of the accumulated metal ions
requires their beforehand complete desorption and concomitant
electroreduction onto the electrode surface prior to anodic stripping.
It is thus necessary to select the most appropriate supporting
electrolyte likely to fulfill these requirements. Various media (such
as 0.1 M HCl, 0.2 M HNO3, 0.1 M KCl, and 0.1 M NaNO3) have been
tested after 5 min accumulation at open-circuit from 10–5 M Cu2þ

solution using GCEþMMTþTBAB(partial)/M system. It appears that
the DWV response was of the same order of magnitude in all cases
(data not shown), yet slightly lower (by ca. 20%) in chloride media.
Among the best media (HNO3 and NaNO3), 0.1 M NaNO3 was chosen
as the most appropriate supporting electrolyte as it gave rise to a
sharper stripping signal and better long-term stability (acidic solu-
tions are good desorption media but they also contribute to the
chemical degradation of the clay via hydrolysis of the aluminum sites
[45]). In addition, the electrolysis time to be applied before anodic
stripping detection should be long enough to ensure complete
reduction of all the accumulated Cu(II) species, and 3 min was found
to be a suitable value. The NaNO3 medium and 3 min electrolysis
time were thus used in all further detection experiments.

3.2.2. Effect of the accumulation time
The effect of accumulation time was studied in a range from 0 to

25min and typical results are presented in Fig. 4 for Cu2þ at 3 distinct
concentrations. For larger concentrations (see parts (b) and (c) in
Fig. 4), the current response first increased with the accumulation
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Scheme 1. Illustration of the modification of MMT with TBAB and partial removal of TBAþ .
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time and then tended to level off and reached almost steady-state
after more than 15min. This can be attributed to the saturation of the
accessible adsorption sites in the clay film, as typical for preconcen-
tration electroanalysis at modified electrodes [46–49]. At lower con-
centration (see part (a) in Fig. 4), a period is required to sufficiently

accumulate the metal ions at detectable levels, after which the
electrode response was linear with the accumulation time. Such trend
was previously observed with other modified electrodes. Accordingly,
the preconcentration time should be appropriately set with respect to
the analyte concentration in the accumulation medium.
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3.2.3. Effect of the presence of TBAþ in the clay
The effect of TBAþ insertion in the clay interlayer on the

(organo)clay film electrode response was studied both for Cu2þ

and Cd2þ analysis after 5 min accumulation at open-circuit. From
Fig. S2A and B one can observe that the response obtained with
GCEþMMTþTBAB(partial)/M was larger by about two times with
respect to GCE covered with the pristine MMT clay film. This result
is consistent with the permeability data discussed above (see

Section 3.1.2), for which faster mass transport was observed with
the MMTþTBAB(partial) film (Fig. 1F), thanks to the presence of
some TBAþ species in the interlayer region of the clay contributing
to expand the interlayer distance between the clay sheets while
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maintaining its ion exchange capacity (Scheme 1). As the rate
determining step of preconcentration electroanalysis is the diffu-
sion of the analyte to the binding sites in the material, the
sensitivity of the process is therefore enhanced in conditions of
improved mass transport. GCEþMMTþTBAB(partial)/M was thus
exclusively used afterwards for analytical purposes.

3.2.4. Regeneration, reproducibility and operational stability
It can be also seen from Fig. S3 that the GCEþMMTþTBAB(partial)/

M electrode can be easily regenerated by back ion exchange, just via
soaking some time (typically 2 min) in the electrolyte solution.
Following this preconcentration/detection/regeneration scheme, 10
consecutive voltammetric measurements were performed using the
same modified electrode in order to determine the system's stability
towards Cu2þ and Cd2þ analysis. The GCEþMMTþTBAB(partial)/M
electrode exhibited good long-term operational stability for both
Cu2þ (Fig. S3A) and Cd2þ (Fig. S3B) and good reproducibility (the
relative standard deviations were 0.35% and 1.55%, respectively for
Cu2þ and Cd2þ). This good performance can be ascribed to the
durable immobilization of the clay material (by the aid of the
cellulose membrane) and the effectiveness of both the accumulation
and regeneration steps thanks to fast mass transport processes
ensured by the porous electrode modifier.

3.2.5. Calibration data
The calibration curves obtained for Cu2þ and Cd2þ at GCEþ

MMTþTBAB(partial)/M are shown in Fig. 5. There were no noticeable

anodic peaks when the experiments were performed in Cu2þ- and
Cd2þ-free solutions. In the case of copper (Fig. 5A), the peak was
quite large and centered around þ0.2 V (vs. Ag/AgCl), yet under-
going some cathodic shift at lower Cu2þ concentrations, whereas
the detection of cadmium (Fig. 5B) led to sharper anodic peaks
located at �0.9 V (vs. Ag/AgCl) independently on the Cd2þ con-
centration. Both analytes gave rise to rather similar calibration
curves, starting with a linear variation which tended to level off
afterwards. The relationship between Cu2þ concentration and
current intensity obtained with SWV was linear in a range from
1.2�10–7 M to 7.5�10–6 M, according to the equation I (μA)¼
2.9870.11 [Cu2þ] (μM)þ0.2370.04 with a correlation coefficient
of 0.9922 (8 points considered for the linear plot). In the case of
Cd2þ , the linear range extended from 2.16�10–7 M to 2.5�10–6 M,
according to the equation I (μA)¼0.7070.01 � [Cd2þ] (μM)þ
0.02870.017 with a correlation coefficient of 0.9983 (6 points
considered for the linear plot). The LOD values were estimated on
the basis of a signal-to-noise ratio of 3 [15], while the LOQ values
were estimated on the basis of a signal-to-noise ratio of 10. For
copper, the LOD was estimated at 3.6�10–8 M and LOQ¼1.09�10–
7 M, whereas cadmium analysis gave rise to a LOD of 7.2�10–8 M
and LOQ¼2.16�10–7 M.

3.2.6. Simultaneous analysis of multi-component cationic solutions
Fig. S4 compares the voltammetric response of a multi-

component solution of Cd2þ , Pb2þ and Cu2þ (10–5 M each),
recorded using GCEþMMTþTBAB(partial)/M, to the signals
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Fig. 5. Calibration data obtained with GCEþMMTþTBAB(partial)/M for the analysis of Cu2þ (A) and Cd2þ (B) (conditions as in Fig. 4). The insets show some corresponding
calibration plots.
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obtained for the corresponding mono-component solutions ana-
lyzed in the same conditions. One can see that the interactions
between the three cations is minimal in terms of peak current
intensity variations, but the cadmium peak is slightly shifted to
less potentials, and that of copper to less anodic values, whereas
the position of the lead peak was almost unaffected by the
presence of the other metal ions. This suggests possible analysis
of these metal ions in mixture.

3.2.7. Interference study
The selectivity of the GCEþMMTþTBAB(partial)/M-based sensor

for Cu2þ and Cd2þ was evaluated in the presence of some
common metal ions expected to influence its response (i.e.,
Pb2þ , Co2þ , Ni2þ , Zn2þ , Baþ , Naþ , and Kþ , tested at the same
concentration as the target analytes: 10�6 M Cu2þ and Cd2þ). The
recovery data are given in Table 3. Most of these species do not
influence the electrochemical signal of Cu2þ and Cd2þ in a
significant way, except Ni2þ for which a noticeable decrease
(12–16%) in intensity was observed.

4. Conclusions

This work demonstrates that low-cost pillared clay is an
attractive material likely to be used as electrode modifier for the
elaboration of electrochemical sensors. The effective functionali-
zation of MMT by ion exchange with tetrabutylammonium bro-
mide was first confirmed by XRD, FT-IR and Raman spectroscopies,
and EIS determinations. Then, the electrochemical characteriza-
tion of permeability properties of thin films of organoclay on GCE
revealed that the functionalized material kept its ion exchange
properties after partial TBAþ removal and exhibited excellent
permeability issues and long-term mechanical stability. The per-
meability properties of such thin organoclay films towards
selected redox probes were characterized, pointing out the crucial
interest to use partially TBAþ-exchanged clays to ensure effective
accumulation rates of positively-charged species. These advanta-
geous features can be notably exploited in preconcentration
electroanalysis, with improved sensitivities in comparison to
similar electrodes covered with the unmodified clay film. In spite
of the fact that the sensor assembly seems complicated, the
possibility to reuse the same sensor it is an advantage, because it
can be easily regenerated in a very simple manner and short time,
without losing the initial performances. The organoclay film
electrode offers the advantage of ease of fabrication and exhibits
good analytical performance in terms of linear response range and
good repeatability for the accumulation/detection of metal ions
such as Cu2þ , Cd2þ , or Pb2þ . After optimization of various experi-
mental parameters, a stable and reliable sensor was obtained. This

low-cost device could be of interest in environmental monitoring
of these toxic pollutants.
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