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Abstract: A talc-like magnesium phyllosilicate functionalized with amine groups (TalcNH2), useful
as sensor material in voltammetry stripping analysis, was synthesized by a sol–gel-based processing
method. The characterizations of the resulting synthetic organoclay by scanning electron microscopy
(SEM), X-ray diffraction, N2 sorption isotherms (BET method), Fourier transform infrared spec-
troscopy (FTIR), CHN elemental analysis and UV–Vis diffuse reflectance spectroscopy (UV–Vis-DRS)
demonstrated the effectiveness of the process used for grafting of amine functionality in the inter-
lamellar clay. The results indicate the presence of organic moieties covalently bonded to the inorganic
lattice of talc-like magnesium phyllosilicate silicon sheet, with interlayer distances of 1568.4 pm. In
an effort to use a talc-like material as an electrode material without the addition of a dispersing agent
and/or molecular glue, the TalcNH2 material was successfully dispersed in distilled water in contrast
to natural talc. Then, it was used to modify a glassy carbon electrode (GCE) by drop coating. The
characterization of the resulting modified electrode by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) revealed its charge selectivity ability. In addition, EIS results showed
low charge transfer resistance (0.32 Ω) during the electro-oxidation of [Fe(CN)6]3−. Kinetics studies
were also performed by EIS, which revealed that the standard heterogeneous electron transfer rate
constant was (0.019 ± 0.001) cm.s−1, indicating a fast direct electron transfer rate of [Fe(CN)6]3− to the
electrode. Using anodic adsorptive stripping differential pulse voltammetry (DPV), fast and highly
sensitive determination of Pb(II) ions was achieved. The peak current of Pb2+ ions on TalcNH2/GCE
was about three-fold more important than that obtained on bare GCE. The calculated detection and
quantification limits were respectively 7.45 × 10−8 M (S/N = 3) and 24.84 × 10−8 M (S/N 10), for the
determination of Pb2+ under optimized conditions. The method was successfully used to tap water
with satisfactory results. The results highlight the efficient chelation of Pb2+ ions by the grafted NH2

groups and the potential of talc-like amino-functionalized magnesium phyllosilicate for application
in electrochemical sensors.
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1. Introduction

Talc or steatite is a clay mineral with the chemical formula Mg3Si4O10(OH)2. It consists
of tetrahedral Si and octahedral Mg sheets forming the layered structure 2:1 [1,2]. Silicon
dioxide (SiO2), magnesium oxide (MgO) and H2O are the main constituents of talc [3]. The
talc surface consists of basal cleavage faces and edges. The neutral surface faces consist
of tetrahedral siloxane with -Si-O-Si- bonds, giving them a non-polar and hydrophobic
character, while the edges are hydrophilic due to the presence of charged ions (Mg2+ and
OH−) [4]. The hydrophobic behaviour of the surface layers of talc is due to oxygen atoms [5].
Talc has very interesting properties, it is organophilic, has a lamellar structure, chemical
inertia, high thermal stability, low electrical conductivity, heat resistance, wide particle
size distribution and high specific surface area [6,7]. Due to its hydrophobic nature, talc is
highly valued for various applications such as paints, adhesives and sealants [8]. Despite
its good properties, its chemical reactivity is limited when it has to undergo chemical
surface modification with organic molecules, due to the rather strong attractive forces
between the sheets [9]. Previous studies have shown that talc can be easily dispersed in a
surfactant/polymer by absorption on its surface [10]. However, its difficult dispersion in
aqueous solution limits its applications, for example, in the development of electrochemical
sensors [11].

Synthetic clay materials are very popular compared to their natural counterparts
due to their high purity [12,13]. Inorganic–organic materials based on magnesium sili-
cates, similar to natural talc, have been synthesised by a sol–gel process. Under normal
conditions of temperature and pressure, covalent attachment of organic functionalities
occurs, thus creating homogeneous pure inorganic-organic hybrid materials with con-
trolled porosity [14]. Ca2+ and Ni2+ ions have been extensively studied to obtain these
organosilicate materials [15–18]. However, other organomodified phyllosilicates have also
been synthesised, including aluminium [15], copper [19], zinc [20], and calcium [21] inside
the inorganic layer. It should be noted that the magnesium and nickel-based organosili-
cates have a lamellar structure similar to the 2:1 trioctahedral phyllosilicates. The main
objective of these synthetic materials remains their applicability, which would be multiple
in case of organo-functionalisation [22]. Organoclays can be used as adsorbents, environ-
mental barriers, polymer fillers, catalytic supports, electrochemical sensors or chemical
sensors [23]. Previous work has shown their use for binding cations in aqueous solutions at
the solid/liquid interface [16,19,20,24]. Their ability to extract heavy metals is a promising
property to be explored in many applications [25].

Lead is a heavy metal that can have negative effects on human health, including kidney
disease, cardiovascular effects, reproductive toxicity and irreversible nerve damage [26,27].
The Quantification of lead in real samples is usually performed by electrothermal atomic
absorption spectrometry [28], atomic fluorescence spectrometry [29], inductively coupled
plasma spectrometry [30]. As these methods are somewhat limited in selectivity and sensi-
tivity, electrochemical methods have been widely studied as electrochemical sensors [31,32].
In this regard, several works based on chemically modified electrode materials have been
proposed [33–38]. Most of these studies demonstrate organoclays for heavy metal electro-
analysis due to the affinity between the organic modifier and the target species. To our
knowledge, no work in the literature mentions the use of amino-functionalized magnesium
phyllosilicates of the synthetic talc type as a glassy carbon electrode (GCE) modifier.

This work describes the preparation of a new amino-functionalised magnesium phyl-
losilicate obtained by a sol–gel process. The resulting synthesised material and natural talc
were characterised by physicochemical methods. The characterised material was tested as
electrochemical sensor with electrochemical characterizations of the modified electrode,
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which was tested for the detection of Pb2+ ions in aqueous solution, by means of anodic
stripping differential pulse voltammetry (DPV).

2. Materials and Methods
2.1. Chemicals

The natural talc clay mineral (Nat-Talc) used in this work is a commercial sample
(NICRON® 674, Luzenac America, Inc., 767 Old Yellowstone TrI, Three Forks, MT, USA).
All chemicals were obtained commercially and used without further purifications. These in-
cluded (3-aminopropyl)triethoxy-silane (APTES, 99%, Sigma-Aldrich Taufkirchen, Bavaria,
Germany), MgCl2·6H2O (99%, Fluka, Buchs, Switzerland), Pb(NO3)2 (99%, Analar, Prince-
ton, NJ, USA), K3[Fe(CN)6] (Prolabo, Bern, Switzerland) and Ru(NH3)6Cl3 (Alfa, Binfield,
UK). NaNO3 (99.99%, Prolabo, Bern, Switzerland), KCl (99.5%, Fisher Scientific Interna-
tional Inc., Pittsburgh, PA, USA), HCl (36%, Phillip Harris, Birmingham, England), NaCl
(99.5%, Fisher Scientific International Inc., Pittsburgh, PA, USA). Zn(NO3)2·6H2O (98%),
Cd(NO3)2·4H2O (98%), Cu(NO3)2·xH2O (99.99%) and Hg(NO3)2·H2O (99.99%) were from
Sigma-Aldrich (Taufkirchen, Bavaria, Germany).

2.2. Material Characterization

In order to evaluate the morphology of our materials, an Amray 1610 Turbo scanning
electron microscope (SEMTech Solutions, Inc., North Billerica, MA, USA) was used. For the
measurements, the samples were deposited on a conductive strip placed on a specimen
holder and coated with gold by vacuum sputtering.

Characterisation by Fourier Transform Infrared Spectroscopy (FTIR) was carried out using
a Nicolet 8700 instrument equipped with a specular reflectance accessory (Smart Collector).

The crystallinity of the materials was assessed by X-ray diffraction analysis, using an
STOE Stadi-p X-ray powder diffractometer (STOE & Cie GmbH, Darmstadt, Germany)
operated at 40 kV and 30 mA with Cu Kα1 radiation (λ = 1.54056 Å), in transmission
geometry with an IP-PSD (STOE & Cie GmbH, Darmstadt, Germany) and/or a DECTRIS®

MYTHEN 1K detector (DECTRIS, Baden-Daettwil, Switzerland).
The Brunauer-Emmett-Teller (BET) specific surface areas of the samples were deter-

mined by means of N2 adsorption-desorption at 77.13 K using a micrometrics model sorp-
tometer (Thermo Electron Corporation, Sorptomatic Advanced Data Processing, Waltham,
MA, USA). Before N2 adsorption, the samples were degassed at 307.13 K under vacuum.
The linear part of the BET equation was used to evaluate the surface area.

A CHNS Euro EA 3000 analyser (HEKAtech GmbH, Wegberg, Germany) was used to
determine the chemical composition of our materials.

The optical properties of our materials were determined using a Shimadzu UV-Vis
3101PC Diffuse Reflectance Absorption Spectrophotometer (DRS) in the wavelength range
200–800 nm. BaSO4 was used as the reflectance standard.

Voltammetry measurements were performed on a µ-Autolab potentiostat running
GPES software and using a standard three-electrode cell (bare or modified GCEs used
as working electrodes (WE), the saturated silver chloride electrode (Ag/AgCl/KCl) as
reference electrode (RE), and a stainless-steel bar as auxiliary electrode). Cyclic voltam-
mograms of [Fe(CN)6]3− and [Ru(NH3)6]3+ ions were recorded from −0.15 V to 0.7 V and
from −0.6 V to 0.2 V respectively, in 0.1 M KCl at a scan rate of 50 mV/s, unless other-
wise stated and without stirring. Using anodic stripping differential pulse voltammetry
(ASDPV), the electroanalysis of Pb2+ ions involved two successive steps: open circuit
preconcentration of the analyte under gentle agitation followed by voltammetric detection
in the potential range of −0.7 V to −0.3 V after 30 s electrolysis at −0.8 V. Electrochemical
impedance spectroscopy (EIS) measurements were performed on a Palmsens3 potentiostat
driven by PS Trace 4.2 software. It was performed over the frequency range of 0.01 Hz
to 10 kHz with a potential amplitude of 10 mV in a 0.1 M KCl solution containing 1 mM
[Fe(CN)6]3−/[Fe(CN)6]4−.
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2.2.1. Preparation of the Organofunctionalized Talc-like Magnesium Phyllosilicate

The synthetic organic/inorganic hybrid was synthesised according to a previously
published procedure [13,39]. Firstly, 845.77 mg of magnesium chloride hexahydrate was
dissolved at room temperature under stirring in 100 mL of distilled water. To this solution,
a 1.0 mL ethanolic solution containing 1197.6 mg of (3-aminopropyl)triethoxysilane was
added dropwise at room temperature. The mixture obtained corresponded to a Si/Mg
molar ratio of 4/3, as in natural talc. The resulting dense, pale suspension was placed
under stirring for 1 h, and 20 mL of 0.1 M NaOH was added dropwise. The suspension
was aged for 24 h at room temperature, then filtered and washed with ethanol and distilled
water to neutral pH. After centrifugation, the product obtained was dried under vacuum
for 48 h at 50 ◦C and noted TalcNH2.

2.2.2. Preparation of the Working Electrode

For the electrochemical characterisations, a GCE was used. This was first polished
with alumina powder of different sizes, then placed in a 1:1 ethanol-water solution and
ultrasonicated for 10 min to remove the remaining alumina particles. GCE modified with
a TacNH2 film was prepared by drop coating: 6 µL of TalcNH2 suspension previously
prepared by dispersing 5 mg of TalcNH2 in 1 mL of water were drop coated on the active
surface of the GCE (about 0.071 cm2). The modified electrode was placed in an oven set at
110 ◦C for 4 min to dry. The modified electrode obtained was TalcNH2/GCE.

3. Results and Discussion
3.1. Physicochemical Characterization of Organofunctionalized Clay Material

Elemental analysis carried out with a CHNS Euro EA 3000 analyser on both natural
talc (Nat-Talc) and the synthesised material TalcNH2 gave the experimental results shown
in Table 1. The theoretical results are also presented in Table 1. During the synthesis of
TalcNH2, the ethoxy groups of the organosilane molecules were transformed into silanol by
hydrolysis, being able to lose an H+ proton in basic medium. By being negatively charged,
these silanols aggregate into ordered molecular networks as do anionic surfactants [40]. The
negatively charged micelles can act as a matrix and attract magnesium cations from solution
to give a hybrid layered structure, in which the inorganic phase is formed by Si-O-Mg
bonds. For TalcNH2 (Table 1), the theoretical contents of CHN meet the experimental results,
which correspond to the following formula of synthetic amine talc: Mg1.8Si0.9O19C6H24N1.8.
From this formula, it was evident that the presence of nitrogen containing fractions and the
obtained C/N molar ratio (3.33) were high and close to the calculated value (3.00), evidence
that the organic fractions remained intact during the synthesis process. The high calculated
value may be due to partial condensation, involving the methoxy groups of the silylating
agents, which would have resulted in an increase in carbon content. The Si/Mg ratio of 0.50
for the TalcNH2 material differs from the expected value of 1.33 for natural talc. Clearly,
there is 2.67-fold more magnesium in the TalcNH2 structure than in natural talc, which
could be due to the presence of exchangeable cations between the layers or complexed by
the pendant groups arranged in the lamellar cavity. The latter is the most plausible reason
as the nitrogen atoms in the pendant groups can complex them [13].

Table 1. Chemical composition of Nat-Talc and TalcNH2.

Molar Ratios

Reaction Mixture Product Weight (%)

Si/Mg C/N Si/Mg C/N C H N

Nat-Talc - - 1.33 - 0.357 0.469 0
TalcNH2 1.33 3.00 0.50 3.33 14.90 (14.57 *) 4.83 (4.89 *) 4.42 (5.10 *)

* Theoretical values.
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Figure 1 displays nitrogen sorption isotherms for Nat-Talc (curve a) and TalcNH2
(curve b). Both clay samples show type III nitrogen isotherms, which is characteristic of non-
porous or macroporous solids. A specific surface of 14.39 m2/g was obtained for natural
talc. This low value compared to those of other families of clay minerals is due to the fact
that N2 molecules cannot access the interlayer regions of expanding clays or the structural
tunnels of natural talc. The cumulative mesopore volume, cumulative micropore volume
and surface area, and specific surface area of aminated synthetic talc were 0.013 cm3/g,
0.0048 cm3/g, 9.04 m2/g, and 12.16 m2/g, respectively. The low surface area compared
to that of natural talc can be attributed to the high level of amino-functionalization of the
hybrid material, as the pendant carboxyl groups of the (3-aminopropyl)triethoxy-silane
(APTES) molecule block the access of nitrogen gas to the pores of the material [13,41].

Figure 1. N2 sorption isotherms (at 77.13 K) for (a) Nat-Talc, and (b) TalcNH2 materials.

Figure 2 shows the FT-IR spectra of the raw and synthesised amine clay samples. In
the spectrum of raw clay mineral (Figure 2a), a broad band at 3683 cm−1, associated with
(Mg-OH) vibrations, is observed [42,43]. In addition, some remarkable bands related to
the inorganic structure of clay were obtained at 983 cm−1 and 535 cm−1, due to v (Si-O-Si)
and δ(Mg-OH) vibrations, respectively. Some changes were observed in the spectrum of
the synthesised clay sample (TalcNH2) (Figure 2b). The absorption bands at 3366 cm−1

v(N-H), 2919 cm−1 v(C-H), 1613 cm−1 δ(N-H), 1481 cm−1 v(C-N), 1198 cm−1 v(Si-C), and at
995 and 877 cm−1 associated with Si-O-Si and Si-O-Mg bonds [44–49]. Around 3600 cm−1,
we observed a broad band attributed to the vibration of the Mg-OH bond, and the stretching
bands of water and the Si-OH bond [50–52]. The band at 1628 cm−1 corresponds to the
bending vibration mode of water. At 535 cm−1, another band is observed which is attributed
to the overlapping of the Si-O and Mg(OH) vibrational modes as observed in magnesium-
based and trioctahedral clays [53–55]. However, the presence of new bands observed for the
synthetic amino clay corresponds to all the vibrations of the surface organosilane functions.
This significant difference shows that the functionalization of the synthetic clay by the
APTES molecules was effective.
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Figure 2. Fourier transform infrared (FTIR) spectra of: (a) Nat-Talc, and (b) TalcNH2.

XRD characterizations were performed to compare the crystalline structures of the
synthetic and the natural clay materials. XRD patterns of Nat-Talc and synthetic amino-clay
(TalcNH2) are shown on Figure 3. Figure 3a showed diffraction peaks at 2θ = 9.3◦ (lamellae
width/ spacing d = 950.2 pm), 19.4◦ and 28.7◦ that correspond to the primary diffractions
of the (001), (020) and (003) planes of natural talc material [56]. The XRD analysis revealed
the presence of small amounts of chlorite at 2θ = 26.7◦ and of dolomite at 2θ = 31◦, in
addition to talc signals. TalcNH2 material showed diffraction peaks at 2θ = 5.63◦ (lamellae
width/spacing d = 1568.4 pm) and at 21.13◦, assigned to the primary diffractions of the (001)
and (020) planes. The use of (3-aminopropyl)triethoxysilane (APTES) during the synthetic
process led to an increase (1.65-fold) in basal spacing when comparing the natural talc value
to that of the functionalized talc (950.2 pm to 1568.4 pm, respectively) (Figure 3b). This
slight difference arises from the incorporation of organic chains (APTES) in the interlamellar
space. This conclusion is derived from the data on the length of the organic chains. By
estimating this length using a bond distance model and assuming a zigzag conformation,
a value of 543 pm was obtained, for the -(CH2)3NH2 fragments attached to the inorganic
backbone. The low intensity peak at 2θ at 59.07◦ (156.3 pm) corresponds to a reflection in
the 060 plane and is in agreement with the formation of trioctahedral layers [15].

Figure 3. X-ray diffraction patterns of: (a) Nat-Talc, and (b) TalcNH2.
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Figure 4 shows SEM micrographs of Nat-Talc and TalcNH2. The surface morphology of
both materials shows a tendency towards aggregation with the microcrystalline character of
talc. These observations allowed us to conclude that the structure of Nat-Talc and TalcNH2
is practically the same. The raw talc sample showed a solid microporous structure. The
surface of natural talc is mainly made up of aggregates or agglomerates of particles with
non-uniform pores either in slits, plates or sharpened particles. After functionalization,
the synthesised amine talc retained the same surface shape, with a reduction in textural
microporosity probably due to the progressive diffusion of APTES molecules between
its pores.

Figure 4. SEM micrographs of: (a) Nat-Talc, and (b) TalcNH2.

The optical properties of raw talc and synthetic amine clay have generally been
elucidated by UV-Visible Diffuse Reflectance Spectroscopy (Figure 5). It provides direct
evidence of the transmission, absorption or reflection of light by a material. The UV-Vis
spectra showed the strongest bands for two materials (Nat-Talc and TalcNH2) around
300 nm, indicating that they reflect light in this range. The absorbance values decreased
from Nat-Talc (0.01 a.u.) to TalcNH2 (0.006 a.u.). The decrease in absorbance is probably
related to the incorporation of organosilane into TalcNH2 during the synthesis process and
to the reduction of the physical surface area of the material. The light thus interacts with
the amino parts of TalcNH2, highlighting their energy absorption capacity.

Figure 5. UV-Vis diffuse reflectance spectra of: (a) Talc, and (b) TalcNH2. The dot line corresponds to
the reflectance standard BaSO4.
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In summary, the presence of C, H, N in the TalcNH2 material successfully demon-
strated the covalent grafting of organosilane groups onto the chemical functional groups of
natural talc, results confirmed by infrared spectroscopy showing the main characteristic
bands of APTEAS embedded in the tetrahedral silica layers and by the increase in interlayer
distances observed on X-ray diffractograms. Based on the literature on talc and considering
the physico-chemical characteristics carried out on the virgin talc used in this work, we
noticed that this mineral clay is made up of neutral layers stacked on top of each other and
connected by van der Waals interactions. The basal faces of the talc do not carry any -OH
functional groups or active ions, while the lateral faces carry very few -SiOH and MgOH
functions. The latter two chemical functions mentioned behave as Brönsted acids and are
more reactive, whereas the basal surface of talc, consisting of Si-O-Si siloxane bonds, has a
low Lewis basicity. Due to the chemical composition as well as the lamellar geometry of
talc, which gives talc a hydrophobic basal surface, it is very difficult to disperse natural
talc in an aqueous medium, in ethanol (96%) and in dilute solutions of acids and alkali
hydroxides. Although compounds such as nafion, carboxymethylcellulose (CMC) can
increase the solubility of talc, allowing better adhesion of talc on a glassy carbon electrode
for electroanalysis applications, our study aims at the possibility of using talc-like material
without binder on a solid electrode. The nafion, a membrane and ion exchange resins, or
CMC with numerous hydroxyl (-OH) functions and carboxyl groups of interest in electro-
analysis [57–63], would automatically modify the electrochemical (ion exchange, charge
transfer resistances) and electroanalytical properties (better accumulation of Pb2+ ions and
consequently a better detection limit in aqueous solution) of talc, when the latter is used to
prepare composites. Since these compounds do not solve the problem of hydrophobicity
of talc and consequently difficulty to disperse it in water, while the synthesized amino-
functionalized talc can be dispersed in aqueous solution and be stable on the glassy carbon
electrode, we undertook to study its electrochemical and electroanalytical properties by
comparing it to bare GCE.

3.2. Electrochemical Characterization of Modified GCE by Cyclic Voltammetry

The electrochemical characterization of the sensor consisting of the GCE modified
with TalcNH2 clay (TalcNH2/GCE) was first performed in solution with neutral pH us-
ing cyclic voltammetry (CV). Negatively charged ([Fe(CN)6]3−) and positively charged
([Ru(NH3)6]3+) redox probes were probes were used to verify and confirm the ion exchange
properties of TalcNH2. The analysis of [Fe(CN)6]3− was carried out within a potential win-
dow ranging from −0.15 V to 0.7 V in 0.1 M KCl and the results are depicted on Figure 6a.
As can be seen, the CV peak current of the first scan on TalcNH2/GCE (Ipa = 4.91 µA
and Ipc = 5.15 µA) is lower compared to that observed on bare GCE (Ipa = 8.07 µA and
Ipc = 8.93 µA). This is due to a gradual increase of ions on the electrode surface through
the binding sites or pores of the electrode material. Not all [Fe(CN)6]3− ion binding sites
on the electrode surface have the same accessibility. An increase in CV peak currents
is then observed up to the 20th scan (Ipa = 24.5 µA and Ipc = 23.5 µA). The high peak
currents (anodic and cathodic) and a strong accumulation up to the 20th scan could be due
to the electrostatic attraction between the negatively charged redox system [Fe(CN)6]3−

and the positively charged amino (-NH3
+) groups present on the organosilane fragments

used in the synthesis process. Several recently published works have highlighted the
good affinity that protonated amine functions have in an acid medium to interact (through
electrostatic interactions) with either negatively charged molecules or those having free
pairs of electrons capable of reacting with other species in solution [64–66].
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Figure 6. Multisweep cyclic voltammograms recorded in 0.1 M KCl containing (a) 1 mM [Fe(CN)6]3−

and (b) 1 mM [Ru(NH3)6]3+ on TalcNH2/GCE. The red curve in (a,b) corresponds to the probe signal
recorded on the bare GCE, v = 50 mV/s.

Similarly, the analysis of [Ru(NH3)6]3+ ions was carried out in the potential range
from −0.6 V to 0.2 V in 0.1 M KCl, and the results are presented on Figure 6b. The
comparison of the signals revealed that the oxidation and reduction peaks are more intense
on the bare GCE (Ipa 5.490 µA, Ipc 6.187 µA) compared to TalcNH2/GCE (Ipa 2.110 µA, Ipc
2.164 µA). The lower peak current and non-accumulation obtained on TalcNH2/GCE could
be explained by the fact that the synthesised and protonated TalcNH2 film in solution acted
as an electrostatic barrier, preventing the absorption of the cationic species [Ru(NH3)6]3+.
These electrochemical results support the results obtained during the physico-chemical
characterisations which confirmed the effectiveness of the synthesis of a talc-like material
and the incorporation of APTES into the structure of the synthesised product.

3.3. Determination of Electroactive Surface Area

The electrochemically active surface areas of bare GCE and TalcNH2/GCE were
estimated, using the [Fe(CN)6]3−/4− redox system and applying the Randles–Sevcik for a
reversible Equation (1):

Ip = (2.69 × 105)An3/2D1/2CV1/2 (1)

where Ip is the peak current, A the electrode electroactive area (cm2), n the number of elec-
trons transferred, D the diffusion coefficient of [Fe(CN)6]3− in a 0.1 M KCl solution, C the
concentration of [Fe(CN)6]3− (mol·cm−3) and v the potential scan rate (V·s−1) [67]. Cyclic
voltammetry experiments at different scan rates, as shown on Figures 7 and 8 were per-
formed, and the obtained slopes of the Ip (peak current) vs. v1/2 plots for the [Fe(CN)6]3−

oxidation process were 4.29 × 10−5 A·v−1/2·s1/2 for the GCE and 5.59 × 10−5 A·v−1/2·s1/2

for the TalcNH2/GCE. From the D value for [Fe(CN)6]3− equal to 7.6 × 10−6 cm2·s−1 [68],
the corresponding electroactive areas were (0.058 ± 0.001) and (0.075 ± 0.002) cm2 for the
GCE and TalcNH2/GCE, respectively. From these results, we can conclude that the electro-
chemical response of the [Fe(CN)6]3− probe is affected by modification on the GCE, with
the TalcNH2 material allowed an increase in the electroactive area by 1.3 fold compared to
the GCE.
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3.4. Impedance Characterization

Using electrochemical impedance spectroscopy (EIS), it is possible to elucidate the
heterogeneous electron transfer properties at the electrode-solution interface. The EIS
curves display semi-circular and linear areas corresponding respectively to a process
limited by electron transfer and diffusion. The diameter of semicircle is equal to the charge
transfer resistance (Rct) [69]. Figure 9 shows the Nyquist plots recorded at bare GCE and
TalcNH2/GCE in 0.1 M KCl containing 1 mM [Fe(CN)6]3−/4−. On the bare GCE, the value
of Rct was 2725.7 Ω (Figure 9a). On TalcNH2/GCE, the value of Rct was decreased to
186.8 Ω (Figure 9b), which was much smaller than that of TalcNH2/GCE, indicating higher
electron transfer for the TalcNH2-modified electrode. It was due to the presence of high
conductive amino-synthetic material on GCE. As known, higher electron transfer and
charge carrier density will increase the sensitivity of the target sensor. All these results
indicated that Pb2+ ions can be successfully reduced on the surface of TalcNH2/GCE. The
higher electrocatalytic behavior of the TalcNH2/GCE was confirmed by its lower charge
transfer resistance. The EIS was also used to calculate the standard heterogeneous rate
constant for the two electrodes in accordance with Equation (2) [50]:

ko =
RT

F2Rct AC
(2)



Nanomaterials 2022, 12, 2928 11 of 18

where k◦ is the standard heterogeneous electron transfer rate constant (cm·s−1), R the uni-
versal gas constant (8.314 J·K−1·mol−1), T the thermodynamic temperature (298.15 K), F the
Faraday constant (96485 C·mol−1), Rct the electron transfer resistance (Ω), A the electrode
surface area (cm2) and C the concentration of the [Fe(CN)6]3−/4− solution (10−6 mol·cm−3).

Figure 9. Electrochemical impedance spectroscopy (EIS) of bare GCE (a) and TalcNH2/GCE (b) in
0.1 M KCl containing 1 mM K3Fe(CN)6/K4Fe(CN)6. Frequency range: 0.01 Hz–10 kHz.

The k◦ values were obtained for the bare GCE (0.0017 ± 0.0003 cm·s−1) and TalcNH2/
GCE (0.019 ± 0.001 cm·s−1). The k◦ values give information on the kinetic ease of a reaction
process. A system with a low k◦ value will reach equilibrium faster than a system with a
high k◦ value. The k◦ value is greater on TalcNH2/GCE than on GCE, indicating a faster
electron transfer on this electrode, a property that is very beneficial in electrochemistry
both in terms of energy savings and analysis time.

3.5. Electrochemical Behavior of Pb2+ Ions at TalcNH2/GCE

After the characterization of the TalcNH2 and the TalcNH2/GCE, the ability of the
modified electrode to detect Pb2+ ions was investigated and preliminary experiments were
carried out. The comparison between the anodic stripping differential pulse voltammetry
responses on a bare GCE (curve a) and TalcNH2/GCE (curve b) is shown on Figure 10. It
indicated that the sensitivity was higher on the TalcNH2/GCE.

Figure 10. Anodic stripping differential pulse voltammetry (ASDPV) curves obtained on (a) GCE,
and (b) TalcNH2/GCE of 5 µM Pb2+ in 0.1 M HCl after 30 s electrolysis at −0.8 V. Accumulation time:
1 min.
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The results demonstrated that the peak height of Pb2+ ions on TalcNH2/GCE was
about 3 times more important than that obtained on bare GCE. This shows the better affinity
between Pb2+ ions and TalcNH2 synthesized clay which can be explained by the presence
of amino functional groups -NH2 on its surface and in its structure that can easily chelate
Pb2+ ions.

3.6. Optimization of the Experimental Conditions for the Detection of Lead Ions atTalcNH2/GCE

To achieve a best detection of Pb2+ ions with the TalcNH2 modified GCE, parameters
such as pH of the accumulation medium, the concentration of the detection medium, the
deposition potential and the deposition time were optimised.

The pH of the accumulation or detection medium can influence the electrochemical
response of the modified electrodes with respect to the detection of heavy metal ions [70].
The ionization of functional groups on the TalcNH2 clay surface depends on the pH of the
solution. At pH < pKa (the pKa of amines being around 9–10), most of these functional
groups are mainly in ionized form (protonated amine) and can exchange H+ with metal
ions in solution. The effect of the pH of the accumulation medium (from 1 to 9) on the peak
current was studied in the range of 1.0 to 9.0, in order to find the right pH value to define
the optimal values of detection of lead ions. The results were shown in Figure 11a.

Figure 11. Influence of pH of the accumulation medium (a), the concentration of the stripping
solution (b), the deposition time (c) and the deposition potential (d), on the stripping current response
of TalcNH2/GCE (accumulation time of 1 min in 5 µM Pb2+). The experiments were conducted in
triplicate.

The results (Figure 11a) showed the current peaks are low for pH values up 5.0 due
to its mainly protonated state (protonated amine groups) of TalcNH2 material that can
prevent the fixation of lead ions (predominant in accumulation medium) on its surface via
electrostatic repulsions forces. The absorption of H+ (H+ coming from hydrochloric acid
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(HCl) used) hinders the adsorption of Pb2+, as it is a stronger acid than Pb2+. However,
the peak currents increase when the pH increase from 1.0 to 7.0, and further decrease
up to a pH value of 9.0. Yet, in the pH range 3.0–7.0, polymeric hydroxocomplexes
of lead, mainly Pb(OH)− and Pb(OH)2 predominate due to hydrolysis reactions [71],
which inhibit the accumulation of lead ions [72]. The pH value 7 was chosen as optimal
value for further studies. The pH range from 6.0 to 7.0 corresponds approximately to the
beginning of the formation of the first lead monohydroxide complex Pb(OH)+ and to a
low concentration of H+ in solution. Pb(OH)+ can therefore be easily absorbed by TalcNH2
when the concentration of H+ becomes much lower.

The concentration of detection medium (H3O+, Cl−) was studied from 0.01 M to 1 M
on TalcNH2/GCE and the results were presented in Figure 11b. As shown, the electrode
response was less between 0.01 M and 0.1 M due to the smaller amount of H+ ions in the
solution capable of weakening the complexes formed during the accumulation stage. After
0.1 M, the electrode response increased significantly and was more quantitative at 1 M. This
may be due to the increase of H+ ions in solution. A concentration of 1 M of HCl was selected
as the stripping medium for further studies. The deposition time was studied in the range of
0 to 45 s. The results in Figure 11c showed that the stripping current intensities of Pb2+ ions
increased up to 30 s and almost reached the maximum at 30 s. Regarding sensitivity and
measurement time in practice, 30 s was retained as the optimal deposition time for further
investigations. To obtain the best sensitivity for TalcNH2/GCE, the deposition potential
was studied from −0.4 to −1.1 V. The results presented in Figure 11d showed higher peak
currents between −1.1 V and −0.9 V. The electrode response significantly decreased when
the deposition potential shifted from −0.9 V to −0.4 V, due to lower amount of energy
required to reduce Pb2+ ions. In the following study, −0.9 V was used as the optimal
deposition potential.

3.7. Detection Limit, Interference Study and Analytical Application of the Developed Sensor

Under the optimal conditions, Figure 12a showed that the anodic stripping peak
currents of Pb2+ increased with concentration in the range of 0.8 µM to 2.5 µM (curve 1
to curve 6). The calibration curve (insert of Figure 12a) was linear over the studied con-
centration range, with the equation Ip(A) = 3.6[Pb2+](M) + (2.66 × 10−6) (R2 = 0.997). The
detection limit (DL) and quantitation limit (QL) were calculated from DL = 3 Sb/m [73,74],
and QL = 10 Sb/m, where Sb is the standard deviation of the blank and m is the slope of
the calibration curve. DL and QL were estimated to be 7.45 × 10−8 M and 24.84 × 10−8 M,
respectively, and the sensitivity of the method of 3.6 µA.µM−1 was obtained. The perfor-
mances of the sensor developed were compared with some other electrochemical sensors
of Pb2+ ions (Table 2). Prior to the application of TalcNH2/GCE as a sensing device, the
reproducibility of the electrode was checked by performing five successive measurements
of 5 µM Pb2+ on different electrodes (GCE surface was renewed between successive runs).
A relative standard deviation of 5.65% was obtained, showing the stability, repeatability
and reproducibility of TalcNH2/GCE (Figure 12b).

Figure 13 shows the DPASV responses toward 5 µM Pb2+ in the presence of 5 µM Cu2+,
Cd2+, Zn2+ and Hg2+ under optimal experimental conditions. It was observed that the
presence of Cd2+ and Zn2+ does not significantly influence the signal of Pb2+ ions. However,
a decrease in the peak current of Pb2+ ions was observed upon addition of Cu2+, due to
its high affinity for protonated amine groups on the synthesized TalcHN2. A significant
increase in peak current was observed when Hg2+ were added, due to code position of
Hg(0) during the detection step. It was found that some other ions, Na+, K+, Cl−, SO4

2−

and NO3
−, which were not listed in Figure 13, did not interfere with the signal of Pb2+.

The applicability of TalcNH2/GCE as a sensing device was evaluated for the detection
of traces of lead in tap water sample. Tap water was used to prepare accumulation medium
at a final Pb2+ concentration of 5 µM. After analysis under optimal conditions, a recovery
amount of 95.65% of added Pb2+ ions was obtained. A high recovery obtained indicated
that the TalcNH2/GCE can be successfully applied to analyse water polluted by lead ions.
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Figure 12. (a) Differential pulse anodic stripping voltammetry (DPASV) response of the
TalcNH2/GCE at different concentrations of Pb2+ ions under optimal conditions (insert corresponding
to calibration curve). The experiments were conducted in triplicate. (b) Series of 5 DPASV response
of 5 µM Pb2+, recorded in 0.1 M HCl after 1 min accumulation in pH 6 aqueous solution.

Table 2. Comparison of the performance of some Pb2+ ion sensors.

Electrode DL (µM) Linear Range (µM) Reference

Ca10(PO4)6(OH)2 modified CPE * 0.0768 0.002–0.24 [75]
Nanosized HA nafion modified GCE 0.001 0.005–0.8 [76]

GCE covered by engineered MWCNT ** 0.0188 0.4–80 [77]
GCE covered by zinc oxide nanofibers

functionalized by L-cysteine 0.0012 0.03–0.42 [78]

CPE modified with magnetic eggshell
nanocomposite and MWCNT 0.452 1.5–600 [79]

TalcNH2/GCE 0.0745 0.8–2.5 This work
* CPE: Carbon paste electrode, ** MWCNT: Multi-walled carbon nanotubes.

Figure 13. Interference studies of TalcNH2/GCE at 5 µM Pb2+ ions in the presence of 5 µM Cu2+,
Cd2+, Zn2+ and Hg2+ ions under optimal experimental conditions. Experiments were performed
in triplicate.
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4. Conclusions

Overall, this study has shown that it is possible to use a synthetic talc-type clay,
easily functionalized with amine chelating groups as electrode material to improve the
sensitivity and selectivity of the resulting modified electrodes. Indeed, a synthetic talc-like
magnesium phyllosilicate amino-functionalized was obtained from the sol–gel process.
Infrared spectroscopy, X-ray diffraction, CHN elemental analysis, SEM, BET method and
UV–Vis diffuse reflectance spectroscopy study results confirmed the synthesis process.
We have demonstrated that a TalcNH2/GCE can be used for the analysis of Pb2+ ions
by stripping voltammetry. The ability of the TalcNH2 to complex Pb2+ ions onto the
electrode was precise and accurate. After optimization of the factors affecting the pre-
concentration and stripping steps, a detection limit of 7.45 × 10−8 M was obtained. The
amino-functionalized talc/glassy carbon electrode prepared in this study was applied in
the determination of Pb2+ ions in tap water with good results. This study demonstrates the
potential of TalcNH2 synthetic material, a hydrophilic talc-like magnesium phyllosilicate
amino-functionalized to serve as electrode material for the preparation of sensing devices
dedicated to the detection of heavy metals.
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