Research Article

Montmorillonite clay-modified disposable ink-jet-printed graphene
electrode as a sensitive voltammetric sensor for the determination
of cadmium(ll) and lead(ll)

Léopoldine S. Guenang'?3 . Liliane M. Dongmo' - Sherman L. Z. Jiokeng' - Arnaud T. Kamdem* -
Giscard Doungmo'~ - Ignas K. Tonlé' - Victor Costa Bassetto® - Milica Jovi¢3 - Andreas Lesch® - Hubert Girault?

Received: 22 October 2019 / Accepted: 17 February 2020 / Published online: 24 February 2020
© Springer Nature Switzerland AG 2020

Abstract

This work describes a new sensitive sensor for the simultaneous electrochemical determination by square wave anodic
stripping voltammetry of Cd?* and Pb?* ions in aqueous solution, based on a disposable ink-jet-printed graphene elec-
trode (IPGE) modified by a thin film of montmorillonite (Mont) clay mineral. The clay was characterized by X-ray diffrac-
tion and scanning electron microscopy while the Mont-IPGE was analyzed by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry before its exploitation for sensing studies. EIS results revealed a low electron transfer rate
on Mont-IPGE during the electro-oxidation of [Fe(CN)¢]*". The stripping response on both Cd** and Pb?* analytes was
improved by the in situ co-deposition with bismuth, added to the electrolyte solution, on the clay substrate. The proposed
electrode showed great stability and good reproducibility. The key experimental parameters governing the stripping
analysis of Cd?* and Pb?* were optimized. A linear relationship between peak currents and concentrations of the analytes
was obtained in the range from 0.01 to 0.21 uM, leading to detection limits of 0.42 nM for Cd?* and 1.14 nM for Pb?* ions,
respectively (S/N=3).The sensitivities to Cd** and Pb?* ions were 921.8 Acm™ M™~" and 1960.8 A cm™2 M, respectively.
The Mont-IPGE sensor was used for the quantification of lead and cadmium in a mineral water.

Keywords Disposable ink-jet-printed graphene electrode - Montmorillonite - Cadmium(ll) - Lead(ll) - Bismuth(lll) -
Square wave voltammetry

1 Introduction set their acceptable threshold concentration in drinking

water of less than 10 and 3 pg/L, respectively [4]. For the

Heavy metals are pollutants that represent a growing envi-
ronmental problem that can affect various components
of the environment [1]. The presence of heavy metals in
water has caused serious damage to the human immune
system due to bioaccumulation in various ecosystems [2,
3]. Lead and cadmium are among the most toxic heavy
metals, and the World Health Organization guidelines

monitoring and the detection of heavy metals, several
techniques are commonly used, such as atomic absorp-
tion spectrometry [5], atomic fluorescence spectrom-
etry [6], ion chromatography [7] and inductively coupled
plasma mass spectrometry [8]. Despite their importance,
these methods have some disadvantages, such as the
time and high costs they require, the need for complex
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instruments and the difficulty of field analysis. Besides, the
development of new and sensitive methods remains for
the quantification at trace levels for this class of pollut-
ants remains a daily necessity. To meet these requirements,
electrochemical methods offer several advantages such
as simplicity, accuracy, low cost, remarkable sensitivity,
high stability and the ability to determine several ana-
lytes in the same matrix. In these lines, anodic stripping
voltammetry (ASV) has been widely recognized as a pow-
erful technique for the determination of trace metal ions
through two experimental steps: the preconcentration
of analytes followed by their electrochemical stripping
measurements [9]. The choice of the working electrode
is decisive for the success of the stripping operation [10].
Electrodes chemically modified using a convenient mate-
rial have been shown to display higher selectivity due to
the ability of the modifier to capture specific metal ions
[11]. They are usually made up of a conductive material
that is coated with a molecular, ionic or polymeric film
or an inorganic material able to capture a target analyte
[12]. Thus, chemically modified electrodes (CMEs) repre-
sent one of the main areas of electrochemistry research
with many applications including analytical chemistry
[13, 14], solar energy conversion [15, 16], electrochromic
display devices [17] and molecular electronic devices
[18]. In the analytical field, different types of conductive
materials were used to develop CMEs: polymers [19, 20],
mesoporous silicate films [21, 22], nanoparticles [23] and
clay minerals [9, 24-27]. Clay-modified electrodes have
distinct advantages over conventional electrodes in many
areas of application, such as electrocatalysis, electrochemi-
cal sensors and preconcentration electroanalysis. These
electrodes have the advantage of being naturally attrac-
tive for the electrochemical detection of environmental
pollutants [28-31]. For their development, different modi-
fication techniques are used to increase the sensitivity of
electrochemical sensors. They include drop casting, spin
coating and drop coating [9, 24, 25]. Montmorillonite is a
natural and inexpensive clay material found in many parts
of the world and composed of layers of silicates stacked on
top of each other. Its physical and chemical properties are
attributed to its large surface area and multilayer structure
[32]. It has already been used to modify solid substrates
such as glassy carbon electrodes [33, 34] or carbon paste
electrodes [35, 36]. On the other hand, screen-printed
electrodes have been exploited to address measurements
in the field using portable devices with low-cost dispos-
able electroanalytical sensors [37]. Ink-jet printing as an
alternative material deposition technique has become of
interest in particular due to the versatility in sensor design-
ing and production thanks to the digitally controlled non-
contact deposition of a large range of material containing
inks. In drop-on-demand ink-jet printers, ink droplets are
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generated on demand leading to minimum ink waste. This
offers in particular for expensive and rare materials a big
advantage over screen printing where a large amount of
ink remains on the screens. In the field of electroanalytical
sciences devoted to ink-jet printing technology for amper-
ometric sensors, some pertinent works have been pub-
lished: Dong et al. used an ink-jet-printed ionic liquid—car-
bon nanotube-graphene film electrode for the detection
of heavy metals in water samples [38]. Lesch et al. [39]
prepared on large-scale ink-jet-printed carbon nanotubes
electrodes for the detection of antioxidants in blood bags.
In terms of the working electrode material, graphene (GN)
and its derivatives are nowadays intensively investigated.
The resort to GN is due to its 2D structure, in which sp2 car-
bon atoms are arranged in a honeycomb network. GN has
a lower resistance to charge transfer, a high surface area
and a strong mechanical stability [40-42]. In connection
with electrochemistry, a larger electrochemical potential
window was reported [43].

For the detection of heavy metal ions, some recently
reported works include the combination of GN or gra-
phene oxide with piperazine [44], carboimidazole [45],
Co;0, nanoparticles [46] and PEDOT nanorods [47]. One
could also mention a recent review by Zuo et al. [48] which
summarizes the progress made in the past few years in the
field of sensors dedicated to heavy metal ions, based on
GN-derived materials.

Herein, the modification of an ink-jet-printed, dispos-
able graphene electrode with a swelling-type clay min-
eral, i.e,, montmorillonite clay, was addressed for the first
time. The ink-jet-printed electrode was modified by drop
casting and exploited for the simultaneous detection of
trace amounts of Cd?* and Pb?* ions using square wave
anodic stripping voltammetry (SWASV). The experimental
conditions were carefully investigated and optimized. Fur-
thermore, the clay-coated graphene electrode was applied
for the determination of cadmium and lead in a mineral
water sample.

2 Experimental section
2.1 Clay mineral, reagents and apparatus

A Na-rich montmorillonite from Crook County, Wyo-
ming (SWy-2), with a cationic exchange capacity (CEC) of
85 meq/100 g was received from the source clay minerals
repository of the Clay Minerals Society, Purdue Univer-
sity, West Lafayette (USA). The clay fraction with particle
size less than 2 um was used to prepare the dispersion
employed for the modification of the IPGE. This fraction
was collected by wet sedimentation according to previ-
ously published procedures [33, 34]. Cadmium(ll) nitrate
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(Cd(NO3),) and lead(ll) nitrate (Pb(NOj3),) salts were
obtained from Sigma-Aldrich, and a standard solution
of 0.01 M was prepared. Millimolar solutions of bismuth
nitrate pentahydrate (Bi(NOs)5.5H,0 99.99%) were pre-
pared by diluting a 0.1 M stock solution. Acetate buffer
solution (ABS, pH 4.5) was prepared by mixing appropriate
amounts of 0.1 M CH;COONa and 0.1 M CH;COOH. All solu-
tions were prepared with purified water. The morphology
of Mont-coated ink-jet-printed GN electrodes was inves-
tigated by scanning electron microscopy (SEM) using an
Amray 1610 Turbo SEM. The samples were coated with
gold under vacuum using a sputter coater. X-ray diffraction
analysis was performed using a Stoe Stadi-p X-ray powder
diffractometer (Stoe & Cie GmbH, Darmstadt, Germany),
operating with a Cu Ka1 radiation (A, =1.54056 A) at
40 kV and 30 mA. The pH of the solutions was measured
or adjusted using a Mettler Toledo pH meter. The morphol-
ogy of the IPGE and Mont-IPGE was investigated using
scanning electron microscopy [Dual Beam TM 3D FEG; FEI;
CES-Ruhr Universitat Bochum (Germany)] equipped with
an energy-dispersive X-ray detector (EDAX Genesis XM2j;
EDAX) operating at 20 kV.

2.2 Preparation of ink-jet-printed disposable
graphene electrodes

Two ink-jet printing platforms were used in this work to
fabricate thin-film graphene electrodes. The DMP-2850
printer from Fujifilm Dimatix was employed to deposit two
ink-jet-printed layers of graphene dispersion (graphene ink
for ink-jet printing with ethyl cellulose in cyclohexanone
and terpineol, Sigma-Aldrich). The X-Serie Ceraprinter
from Ceradrop was used to simultaneously print and pho-
topolymerize with an integrated UV LED (FireEdge FE300
380-420 nm; Phoseon Technology) and a UV-curable
dielectric ink (EMD 6200 from SunChemical) as insulating
material in order to define accurately the electrode area
and to insulate partially the graphene patterns that were
used as electronic traces. Disposable Dimatix DMC-11610
cartridges containing 16 individually addressable nozzles
and generating nominally 10 pL droplets were used in
both machines for both inks. All printing parameters, such
as the voltage pulse for the piezoelectric actuation inside
the nozzles, jetting frequency, droplet falling speed, over-
lapping distance of adjacent droplets and substrate tem-
perature, were optimized for each printed layer. After the
printing of the graphene ink, the patterns were thermally
cured for 1 h in a furnace at 400 °C. The insulation layer
was deposited as a frame around the graphene pattern to
create a squared working electrode area of theoretically
1 mm? (Fig. 1). The elaborated ink-jet-printed disposable
graphene electrode is herein referred to as IPGE.

Active graphene surface

Insulation layer

Graphene layer

Kapton substrate Electric contact surface

Fig. 1 A black-white photograph of an ink-jet-printed disposable
graphene electrode (IPGE), taken with the sample observer camera
of the CeraPrinter

2.3 Modification of the IPGE

The thin-film clay-modified IPGE was prepared as follows:
3 mg of Mont (particle size <2 um) was dispersed in 1 mL
of purified water and shaken for 2 min. Thereafter, 0.5 pL
of the dispersion was drop-casted on the IPGE and dried
at 100 °C for 5 min. Throughout the text, the modified
electrodes are referred to as Mont-IPGE for the ink-jet-
printed graphene electrode modified by a film of purified
montmorillonite.

2.4 Electrochemical procedures

Electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and square wave voltammetry (SWV)
were performed on a Palmsens? potentiostat using the PS
Trace 4.2 electrochemical analysis software. The CVs were
recorded under quiescent conditions immediately after
the immersion of the working electrode in a conventional
single compartment cell containing the “analyte + elec-
trolyte” solution, a pseudo-reference electrode (Ag/Ag™)
and a platinum wire auxiliary electrode. SWV measure-
ments were performed in an electrochemical cell con-
taining 50 mL of 0.1 M ABS (pH 4.5) and 2 pM Bi*, filled
with known amounts of Cd?* and Pb?* ions. The precon-
centration step (also known as accumulation) was carried
out at — 1V for 180 s under stirring. During this step, Bi>*
ions and the target metals were simultaneously deposited
on the surface of the electrode. After the accumulation
time, the stirring was stopped and the SWV curves were
recorded from — 1.5V to 0.0 V by applying the following
parameters: frequency 25 Hz; potential step increments
10 mV; and potential amplitude 25 mV. All experiments
were conducted at room temperature. EIS measurements
were carried out in 0.1 M KCl solution containing a mixture
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(1:1) of 1 mM [Fe(CN)¢]*~ and 1T mM [Fe(CN)¢]* solutions,
over the frequency range of 0.1 Hz-10 kHz.

3 Results and discussion

3.1 Physicochemical characterization of the clay
mineral and the working electrodes

The commercial clay mineral used in this work (Mont) is
a well-characterized material, mainly composed of mont-
morillonite. However, prior to its use, its nature and the
morphology were confirmed by XRD and SEM. Figure 2a
depicts the X-ray diffraction pattern of Mont, along with
its SEM picture. According to the XRD curve, the essential
constituent this clay is montmorillonite as revealed by a
doo; basal spacing of 1.22 nm (at 26=7.32°). These results
are consistent with previous data on this clay mineral [49].
Some crystalline impurities associated with montmorillon-
ite revealed by XRD data were quartz and anorthite that
were eliminated by wet sedimentation during the collec-
tion of the clay fraction with particle size <2 um [9, 24,
25]. The inset in Fig. 2a displaying the SEM picture of Mont
shows its tendency to form aggregates of well-crystallized
particles [50, 51].

SEM was also used to characterize the morphology of
IPGE and Mont-IPGE. As shown in Fig. 2b, the surface of
the unmodified IPGE was uniform, suggesting that the
printing material (mixture of graphene ink, ethyl cellulose
in cyclohexanone and terpineol) clearly identified by eye
has properly adhered on the Kapton insulating material
[37]. When the IPGE was modified by a thin film of mont-
morillonite, one could observe in Fig. 2c that the clay
material with an average size of 2 um is uniformly casted
on the IPGE surface. As observed during experiments in

the electrochemical section, this film was quite stable on
the IPGE due to the inherent plastic and adhesive nature
of montmorillonite clay mineral [9, 24].

3.2 Electrochemical characterization
of the electrodes

To investigate the general electrochemical responses of
the unmodified IPGE and Mont-IPGE, cyclic voltammet-
ric (CV) measurements were performed in 0.1 M KCl solu-
tion containing 1 mM [Fe(CN)4]*~ or 1 mM [Ru(NH,)1**
(Fig. 3a, b). Both redox species were first analyzed at the
bare IPGE and gave the expected well-defined reversible
CV signals [see curves (1) in Fig. 3a, b]. The peaks cur-
rent values obtained are /,, 1.2 pA and [, 1.25 pA, and /,,
1.10 pA and Ipc 1.45 pA, respectively, for [Fe(CN)6]3* and
[Ru(NH,)4]**, that did not change upon multiple potential
scanning. However, the CV curves at the IPGE covered by
the thin film of Mont appeared different [see curves (2)
in Fig. 3a, b]. The response to [Fe(CN)4]>~ was suppressed
[a decrease in the peak currents of about 83.74%, curve
(2) in Fig. 3a] since the clay film acts as a barrier to the
negatively charged species. Such a behavior is due to
electrostatic repulsions between the clay platelets and
the analyte, both negatively charged [52]. By contrast,
a pair of well-defined current peaks was observed for
[Ru(NH3)6]3+ probes at the Mont-IPGE [curve (2), Fig. 3b].
The CV peak current (Ipa 5.75 uA, Ipc 6.85 YA) increased by
ca 79.76% in comparison with that obtained at the bare
IPGE, due to more favorable ion exchange. The increase
in peak currents is attributed to both true physical diffu-
sion of the positively charged [Ru(NH,)¢]** species that are
retained by the negatively charged clay platelets via an ion
exchange mechanism and due to the mass-charge trans-
fer phenomena arising from potential scanning [53]. This

Fig.2 aPowdered X-ray dif-
fraction pattern of used clay
mineral (M: montmorillonite,
Q: quartz and A: anorthite),

the inset in (a) shows the SEM
micrograph of the clay mineral;
b and c correspond to SEM
pictures of IPGE active surface
and Mont-IPGE, respectively
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Fig. 3 Cyclic voltammograms recorded at 50 mV s™' in 0.1 M KCl containing a 1 mM [Fe(CN)¢]*~, b 1 mM [Ru(NH,)¢]** using (1) the bare IPGE
and (2) Mont-IPGE; ¢ Nyquist plot obtained in 0.1 M KCl+1 mM [Fe(CN),]*~"*~ on the same electrodes

result suggests that the clay film on the IPGE electrode can
be exploited for the accumulation of cationic species, such
as Cd?* and Pb?*, under investigation in this work. Electro-
chemical impedance spectrum (EIS) was further exploited
to confirm the interfacial properties of IPGE electrode
before and after its modification by the thin film of Mont.
As shown in Fig. 3¢, the values of the resistance of charge
transfer (R-;) which is derived from the semicircle portion
located at higher frequencies and characterizes the elec-
tron transfer kinetics of the redox probe at the electrode
interface were 523.1 kQ and 111.5 kQ, on Mont-IPGE and
IPGE, respectively. The largest R recorded on Mont-IPGE
indicated a poor conductivity of this electrode because
of unfavorable interactions between [Fe(CN)6]3‘ redox
probe and the clay platelets, both of which bear nega-
tive charges, as observed in cyclic voltammetry data.

Meanwhile, the bare IPGE displayed the smallest R due
to a good electron conduction that improves the diffusion
of [Fe(CN)6]3‘ toward the electrode surface as observed in
similar and previous studies [46, 47]. As partial conclusion,
the EIS results indicated that the IPGE covered by a thin
film of Mont could serve to accumulate cationic species.

3.3 Electroanalytical detection of heavy metal ions

The efficiency of IPGE and Mont-IPGE toward the detec-
tion of Cd?* and Pb?" ions and the effect of the presence of
Bi* ions in the supporting electrolyte were investigated.
Yet, the addition of Bi** ions in the accumulation medium
during the electrochemical detection of heavy metals by
stripping analysis has been shown to favor the forma-
tion of alloys with these metals, thereby facilitating their
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Fig.4 SWV curves obtained without Bi** ions in the supporting
electrolyte, on bare IPGE (1a, black) and Mont-IPGE (2a, red), and
upon addition of Bi** ions in the supporting electrolyte (final con-
centration: 2 uM) on IPGE (1b, dark yellow) and on Mont-IPGE (2b,
blue). Detection was performed in 0.1 M ABS pH 4.5 containing
2 uM of Cd?* and Pb?* ions. Accumulation time: 180 s

accumulation by co-deposition [54, 55]. Figure 4 shows
the square wave anodic stripping voltammograms of
2 uM Cd?* and Pb?* ions recorded at the bare IPGE and at
Mont-IPGE under the same conditions. As one can notice,
the investigated analytes were detected on both elec-
trodes without Bi* in the supporting electrolyte (curves
1aand 2ain Fig. 4). It can be also observed that both elec-
trodes were more sensitive to Pb?* ions: The recorded peak
currents were 4.00 pA (Mont-IPGE) and 2.03 pA (IPGE)
for Pb?* ions on one hand, 0.35 uA and 0.11 pA, respec-
tively, at the same electrodes for Cd** ions on the other
hand. Upon the addition of Bi>* to a final concentration
of 2 uM in the supporting, a significant increase in the sig-
nals of investigated heavy metals ions was observed: the
peak currents registered on the bare IPGE were 3.39 pA
and 0.19 pA for Pb?* and Cd?** ions, respectively (curve
1b, Fig. 4), while these currents increase to 6.14 pA and
1.96 pA on Mont-IPGE (curve 2b, Fig. 4). This increase in
the electrode signals from curve 1a to curve 2a is due to
the presence of Mont on the IPGE, since this clay mineral
possesses surface reactive hydroxyl (-OH) groups able to
adsorb Pb?* and Cd?" ions [56]. Yet, the reactivity of clay-
modified electrodes is dependent from the sorption abil-
ity, the exchange capacity and the surface area of the clay
material bound at the solid electrode [57]. The addition of
Bi* ions in detection medium further increases both IPGE
and Mont-IPGE responses (Fig. 3, curves 1b and 2b) for
the stripping detection of Pb?* and Cd?* ions due to the
ability of bismuth to form "fused" alloys with cadmium and
lead, making them easier to be accumulated before their
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electrochemical reduction [58, 59], as observed in previous
studies on the role of bismuth in preconcentration elec-
troanalysis dedicated to trace analysis of heavy metals
[60-62]. Moreover, the oxidation peak potentials of both
Pb?* and Cd*" ions slightly shifted to more negative poten-
tials on Mont-IPGE, due to the electrocatalytic effect of the
clay mineral. These observations clearly demonstrate the
feasibility of using the ink-jet-printed electrode modified
by a thin film of clay mineral as low-cost sensing electrode
for the detection of Pb?* and Cd?* ions. The optimization
of key parameters effecting the electroanalysis of these
species was undertaken in the coming section.

3.4 Optimization of experimental parameters
for heavy metals detection on Mont-IPGE

Some parameters likely to affect the sensitivity of
Mont-IPGE toward the stripping analysis of Pb?* and
Cd?" including the amount of Mont on IPGE, the concen-
tration of Bi** ions in the detection medium, the pH of
detection medium, the deposition potential and time were
optimized.

3.4.1 Influence of the amount of Mont on the electrode

It was shown from preliminary studies that the presence of
the clay mineral on the IPGE has induced an increase in the
electrode response. Thus, the purified water volume was
kept at 1 mL while the amount of Mont was varied from
0.5 to 5 ug. Figure 5 presents the effect of the amount of
Mont in the dispersion used to modify the ink-jet-printed
electrode. As observed in IPGE and Mont-IPGE, the current
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Fig.5 Effect of the amount of Mo (in pg) on the SWV peak current
of 2 uM Cd?* (a) and Pb?* (b) on Mont-IPGE recorded in 0.1 M ace-
tate buffer (pH 4.5). Electrolysis potential: — 1.1V, electrolysis depo-
sition: 180 s. The experiments were performed in triplicate
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signal increased with the increase in clay mass from 0.5
to 2.5 pg where the binding sites on the clay-modified
electrode become saturated. Afterward, the electrode
response decreased, the clay film becoming too thick and
acting as a physical barrier for the electron transfer. Hence,
the concentration of 2.5 ug mL™" was selected for the sub-
sequent study. This result demonstrates that the montmo-
rillonite clay can be exploited to remarkably improve the
sensitivity of the IPGE electrode, owing to its ion exchange
ability and high adsorption capacity.

3.4.2 Influence of Bi** ions concentration

The preliminary tests also revealed that the presence
of Bi** ions in the detection solution can enhance the
signals of the target analytes. Thus, the concentration
of Bi** ions in the supporting electrolyte appears to be
another critical parameter for SWASV because these ions
contribute to increase the amount of bounded Pb?* or
Cd?" ions, thereby affecting the sensitivity of Mont—-IPGE
sensor. Figure 6 shows the effect of the concentration of
Bi**ions (0, 0.1, 2, 10 uM) on the peak currents of Cd**
and Pb?* ions (2 uM). The stripping peak currents of Cd**
and Pb?" increased with Bi** concentration from 0 to 2 uM
and then decreased slightly in the range from 2 to 10 puM.
Thicker bismuth films may probably impede mass transfer
between the binding sites of target analyte and the con-
ductive substrate of the working electrode, resulting in
a decrease in current response after the maximum value
is reached. A Bi** concentration of 2 uM was used as the
optimal value in subsequent experiments.
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Fig.6 Effect of Bi** ions concentration on the SWV peak current
of 2 uM Cd?* +Pb?" on Mont-IPGE in 0.1 M ABS pH 4.5 (electrolysis
potential: — 1.1V, electrolysis time: 180 s)

3.4.3 Influence of pH on the electrode response

The acidity of the buffer solution used as accumulating
and detecting solution, expected to influence the sensitiv-
ity of Mont-IPGE sensor, was optimized. The study was lim-
ited to acidic media where the studied ions are in cationic
form and to avoid the complexation of Cd** and Pb?* that
may occur in basic solutions. It can be observed from Fig. 7
that the stripping peak currents of Cd?* and Pb?* increased
with the pH value from 3.5 to 4.5 and then decreased in
the range from 4.5 to 5.5. Almost weak from 3.5, the pH
increased progressively to reach a maximum at 4.5, and it
then decreased till 5.5. Therefore, the pH 4.5 was selected
as the optimal pH value in the subsequent experiment.

3.4.4 Effect of electrolysis potential and accumulation time

The electrolysis step is mainly governed by two param-
eters: the potential at which each metal ion is reduced,
and the duration for that potential to be applied. The elec-
trolysis potential was investigated from —1.4to —0.9Vin
0.1 M ABS pH 4.5 containing 2 uM Cd?* and Pb?" in the
presence of 2 uM Bi** ions. The results are shown in Fig. 8a.
The reduction in both analytes was affected by the poten-
tial, and the convenient domain for their significant detec-
tion was observed to lie between — 1.4V and — 1.2 V. More
negative potentials did not induce a significant change
in the stripping peak heights. However, a decrease in the
peak currents of Cd** and Pb?* occurred at electrolysis
potentials between — 1.2 and —0.9 V. Considering the strip-
ping currents of Cd** and Pb2* ions, — 1.3 V was chosen
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Fig.7 Effect at Mont-IPGE of the pH of 0.1 M acetate buffer solu-
tion used as preconcentration/detection medium on the peak cur-
rent of 2 uM Cd?* and Pb?* (electrolysis potential: — 1.1V, electroly-
sis time: 180 s). Experiments were performed in triplicate
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Fig.8 a Effect of electrolysis potential and b accumulation time on the SWV peak currents of 2 uM Cd*" and Pb?* on Mont-IPGE in 0.1 M

ABS pH 4.5. Experiments were performed in triplicate

as the optimal electrolysis potential for further measure-
ments. The effect of the accumulation time was also evalu-
ated within the range from 0 to 15 min, and the results
are presented in Fig. 8b. The response gradually increased
with accumulation time up to 7 min and a plateau was
observed between 7 and 15 min, which indicates the satu-
ration of the binding sites on the Mont-IPGE. For further
analysis, the deposition time was chosen to be 5 min.

3.5 Calibration curves, reproducibility, interference
study and analytical application

3.5.1 Calibration curve and reproducibility

The analytic performance of Mont-IPGE sensor was
investigated by applying the optimized experimental
conditions achieved in previous sections, toward the
detection of Cd** and Pb?* ions. Figure 9 presents the
voltammograms recorded in 0.1 M ABS when the concen-
tration of Cd?* and Pb?* was varied from 0.01 to 0.21 uM.
It was observed for each metal ion that the peak current
increases with the concentration. The corresponding cali-
bration curves are illustrated by the inset in Fig. 9: For both
analytes, the current response increases linearly with the
metal ion concentration.

The correlation equations were defined as
Ip(A) =9.218[Cd**](uM) + 2.625x 1077 (R=0.998) for
Cd?" ions and Ip(A)=19.608 x [Pb?*] (uM) —9.218x 1078
(R=0.999) for Pb%* ions, respectively. The sensitivity
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Fig.9 SWV curves recorded under optimized conditions for Cd?*
and Pb?* ions (from 0.01 to 0.21 uM) in 0.1 M ABS at pH 4.5, using
Mont-IPGE. Inset shows the corresponding calibration curves (data
recorded in triplicate)

of the electrode for Cd** ions is 921.8 A cm™ M~'" and
1960.8 A cm™ M~ for Pb?* ions. Based on a minimum
signal-to-noise ratio of 3, the detection limits were esti-
mated to be 0.42 nM for Cd?* and 1.14 nM for Pb?* ions.
These analytical performances are comparable or better
than some data reported in the previous literature for both
metals [9, 38, 57, 63-69], as shown in Table 1.
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Table 1 Comparison of the performance of some Cd** and Pb?* ion sensors

Description of the working electrode Analyte Limit of detec-  Analytical tech- Sample References
tion (nM) nique

GCE/Sa(CTA 5,7 cd* 1.2 SWASV - [9]
Pb2* 0.42

IL-CNT-GF electrode® cd* 0.1 DPASV East lake water, tap water [38]
Pb2* 0.2

Nano-SWy-2-AQ/GCE® cd* 3 DPASV Milk powder, lake water [57]
Pb2* 1

SPE® modified with bismuth citrate Cd** 9.79 SWASV Tap water, mineral water [63]
Pb2* 434

SPCE-Bi,05-PSS-CnP® membrane Cd?* 0.11 DPASV Mineral water, natural water [64]
Pb2* 0.14

Screen-printed bismuth oxide Cd** 13.34 SWASV Real water samples [65]
Pb* 1.1

MWCNTs-NA/Bi/GCE® cd* 0.357 DPASV Tap water [66]
Pb* 0.12

Bismuth film electrode Cd?* 1.77 SWASV Tap water, human hair [67]
Pb2* 0.966

Bi/poly(pABSA)/GCE? cd** 5.6 DPASV River water samples [68]
Pb2* 3.86

Bi/Au-GN-Cys/GCE® cd** 0.89 SWASV Real water sample [69]
Pb2* 024

Mo/2L-IPGE® Cd* 0.42 SWASV Mineral water This work
Pb2+

(1) Glassy carbon electrode covered by a thin film of smectite clay obtained by co-intercalation of thiourea and CTA* ions, (2) ionic lig-
uid-carbon nanotube-graphene film, (3) clay nanoparticles and anthraquinone complexly modified glassy carbon electrode, (4) screen-
printed electrode, (5) disposable screen-printed electrode modified with bismuth—polystyrene sulfonate composite, (6) multiwall carbon
nanotubes-nafion/bismuth composite electrodes, (7) bismuth/poly(p-aminobenzene sulfonic acid) film on glassy carbon electrode, (8) gold
nanoparticle-graphene-cysteine composite modified bismuth film electrode, (9) 2 layers ink-jet-printed graphene electrode modified by a

film of montmorillonite

The reproducibility of the Mont-IPGE sensor was
evaluated prior to its exploitation in real sample analy-
sis. Thus, three Mont-IPGE electrodes were prepared
in the same way and used for the detection in 0.1 M
ABS (pH 4.5) of a solution containing 2 pM of Cd** and
Pb?* ions. Each electrode was used for five repetitive
stripping voltammograms. The results showed that
Mont-IPGE presents excellent reproducibility for cad-
mium and lead detection since a relative standard
deviation of 3.06% was observed between the pre-
pared electrodes while a standard deviation of 2.11%
was registered for the 5 measurements. These results
showed a good reproducibility of the proposed IPGE-
clay-modified electrode.

3.5.2 Interference study and analytical application

The effect of eventual interfering species on the sig-
nals of Cd?* and Pb?* ions (0.5 pM of each ion in the

mixture) was carefully examined. Thus, Zn?*, Fe?*, Cr3*,
Cu?*, Ni* and Zn?* ions were added at various concen-
trations (typically 1, 50 and 100 uM) in the accumulation
medium that correspond, respectively, to 2-, 100- and
200-fold excess over Cd** and Pb?* target analytes con-
centration. Most of these metal ions did not interfere
significantly in the detection of Cd** and Pb?*: Zn?*,
FeZ*, Cr3*, Ni** and Zn?* event added in the accumu-
lation medium at a concentration 200-fold higher than
that of the analytes did not significantly influence the
signal of Cd?* and Pb?* as the observed variations in
peak currents were below the tolerance limit defined as
the concentration ratio of interfering/ (Pb?* + Cd?*) caus-
ing less than +5.0% relative error. However, Cu?* was
pointed to be the most interfering ion since its addition
at 0.5 uM induced a diminution of the analytes’ signals
for about 50% (Fig. 10), as a result of a competition of
Cu?* with Bi**, Pb?* and Cd?* for the electrodeposition
on the surface of the clay-modified electrode [54, 55].
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Fig. 10 Effect of some typical metal ions on the peak currents of
0.5 uM Cd?* and 0.5 uM Pb?* ions in 0.1 M ABS at pH 4.5, at the
Mont-IPGE sensor. The concentration of interfering species is 200-
fold excess over Cd®* and Pb?* target analytes concentration

This has a significant influence on the stripping signals
of the investigated analytes, which somewhat limits the
application of the proposed sensor for the analysis of
samples expected to contain Cu?* ions.

Finally, the Mont-IPGE sensor was applied to the
analysis of Pb?* and Cd?* in a mineral water, under the
optimized conditions. The mineral water was stored at
4 °Cin a refrigerator immediately after collection from
a local market, and no pretreatment was made before
the analysis. The label of this water shows that it con-
tains Ca®* (30 mg/L), Mg?* (5.9 mg/L) and K* (3.8 mg/L)
cations, which are equivalent to 750 uM, 242.7 uM and
97.4 uM for Ca*, Mg?* and K, respectively, in terms
of concentrations. The real water sample was condi-
tioned with a 0.1 M acetate buffer solution (at pH 4.5)

containing 2 uM Bi**. The solution was then transferred
into the voltammetric cell to be analyzed without any
further treatment. As shown in Table 2, a relatively low
average recovery rate was obtained for mineral water
sample spiked with Cd?* (67.11%) and Pb2" (72.64%)
ions. This suggests that the Mont-IPGE sensor is less
selective in the analysis of mineral water which contains
high amounts of Ca?* and Mg?* ions. Yet, these ions can
easily be adsorbed within the montmorillonite interlayer
space. This issue could be probably solved by modifying
the IPGE by montmorillonite previously grafted by spe-
cific chelating groups displaying a great affinity toward
the target analytes.

4 Conclusion

A low-cost and highly sensitive method for Cd** and
Pb?* ions determination was developed, based on
montmorillonite-type clay mineral, which formed
a quite stable thin film on ink-jet-printed graphene
electrodes (IPGE). The ion exchange ability and high
adsorption capacity of the clay mineral at the IPGE
were exploited to elaborate a sensor applied for the
detection of Cd** and Pb?* ions using SWASV. Cd?* and
Pb2* ions were shown to be well concentrated on the
clay-modified electrode surface with the addition of
Bi** ions in the detection medium, under the applica-
tion of a negative potential. The combination of the
ion exchange ability of clay mineral with the electronic
conduction of graphene material allows to achieve best
results in terms of sensitivity. This work demonstrates
the resort to clay minerals as potential modifier for dis-
posable ink-jet-printed electrodes.

Table 2 Data obtained in the

Added (UM Found® (uM RSD (% Recovery (%
determination 0.21 uM Cd* (M) und” (M) 06) very (%)
and Pb?*ions in a mineral Cd?* PbZ* Ccd* Pb2* Ccd? Pb% Cd?* Pb?*
water sample using Mont-IPGE
sensor aMineral water 0 0 ND¢ ND¢ - _ _ _

0.21 0.21 0.14 0.15 2.66 3.02 67.11 72.64

ND not determined
#The mineral water sample was collected from a local market in Dschang, Cameroun
bMean of three measurements
“Mean of three measurements
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