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<ABS-Head><ABS-HEAD>Graphical abstract

<ABs-p>P> Rivas et al.

<ABS-HEAD>Highlights» S-triphenylmethyl cysteine is covalently attached to
oxidized SWCNTSs through the amino groups. » Cd(II) is preconcentrated at
GCE/SWCNT-Cys through complex formation at open circuit potential. P>
GCE/SWCNT-Cys allows the highly sensitive (sub-ppb levels) quantification of Cd(ll).
» Recovery studies in groundwater samples shows an excellent agreement with ICP.
<ABS-HEAD>Abstract

<ABS-P>This work is focused on the development of an electrochemical sensor
for the quantification of Cd(ll) based on the use of glassy carbon electrodes
(GCE) modified with a dispersion of single-walled carbon nanotubes (SWCNTS)
covalently functionalized with cysteine (Cys). Cd(ll) is preconcentrated at the
electrode surface by complex formation at open circuit potential, followed by the
reduction at -0.900 V and the final anodic voltammetric stripping in a 0.020 M
acetate buffer solution pH 5.00. The functionalization of SWCNTs was performed
through the reaction between the carboxylic groups of oxidized SWCNT and
amino groups of S-triphenylmethyl cysteine using a coupling chemistry agent
based on benzotriazol for the activation of carboxylic residues.

<ABS-P>There was a linear relationship between Cd oxidation signal and Cd(ll)
concentration between 1.0 and 300.0 ugL* Cd(ll), with a sensitivity of (49 + 2) x
103uApgiL and a detection limit of 0.3ugL™. The reproducibility was 1.7 % using
the same dispersion and 3.8 % using 3 different dispersions. The sensor was
challenged with groundwater samples enriched with Cd(ll) showing excellent
recovery percentages and excellent agreement with the values obtained by ICP-
MS.



<KWD>Keywords: Carbon nanotubes; Electrochemical sensor; Cadmium;
Complex formation;  Cysteine-functionalized @ SWCNT,; Covalently

functionalization

<H1>1.INTRODUCTION

The control of the amount of heavy metals released to the environment has
received enormous attention in the last years due to the direct impact on the
human health and the economic damage associated with the contamination
problems [1,2]. Several methodologies have been proposed for the detection of
heavy metals, including atomic absorption spectrometry (AAS), inductively
coupled plasma optical emission spectrometry (ICP-OES), inductively coupled
plasma mass spectrometry (ICP-MS), neutron activation analysis (NAA), X-ray
fluorescence (XRF), and ion chromatography (IC) [3-9]. However, although these
techniques offer high sensitivity and selectivity, they present some disadvantages
that restrict their routine use like complex sample preparation, use of
sophisticated instruments, and the requirement of skilled personnel.
Electrochemical techniques have demonstrated to be an important alternative
due to their simplicity, relatively low cost, sensitivity, possibility of miniaturization
and descentralized work [10].

Different electrochemical sensors have been proposed. Ghaemi et al. [11] have
reported a ion-selective sensor for Cd quantification based on the use of 1,13-bis
(8-quinolyl)-1,4,7,10,13-pentaoxatridecane as supramolecular carrier. p-tert-
butylcalix[6]arene has been demonstrated to be a very efficient membrane for the
development of fast, reproducible, stable and selective Cd ion-selective
electrodes [12]. Chow et al. [13] have proposed the nanomolar detection of
Cu(ll), Cd(I1) and Pb(Il) mixtures at gold electrodes modified with thioctic acid
and peptides. Yantasee et al. [14] have detected Cu(ll), Cd(ll) and Pb(ll) in non-
pretreated natural waters using glassy carbon electrodes (GCE) modified with
thiol functionalized mesoporous silica and Nafion Bismuth film electrode,
introduced in 2000 by Wang et al. [15] have demonstrated to be highly
successful for the quantification of heavy metal ions at sub pgL™ level [16-19].
Antimony film [20, 21] and stannum film [22, 23] electrodes have been also used
for the sensitive quantification of Cd(ll).

Nanomaterials have demonstrated to be very useful for the development of
electrochemical sensors due to their unigue mechanical, magnetic, electrical,
optical, and catalytic properties [24-27]. Wu et al. [28] have described the
electrochemical determination of Hg(ll), Cu(ll), Pb(ll) and Cd(lIl) using GCE
modified with mesoporous MgO nanosheets. A sensitive detection of TI(l), Pb(Il)
and Hg(ll) has been proposed using anionic liquid/graphene/carbon paste
electrode [29]. Ruecha et al. [30] have described an electrochemical sensor for
the simultaneous detection of Zn(ll), Cd(Il) and Pb(ll) using a graphene—



polyaniline nanocomposite electrode. The incorporation of graphene oxide at 4-
aminophenyl modified gold electrodes have demonstrated to be highly successful
for the sensitive quantification of Pb(ll), Cd(Il) and Hg(ll) [31]. Carbon nanotubes
modified with different ligands have been also used for the quantification of
heavy metals [32-35].

The motivation of this work was to transfer the fascinating ability of Cys to
complexate heavy metals [36-38] to the development of an electrochemical
sensor for the quantification of Cd (Il) based on the modification of GCE with a
dispersion of single-walled carbon nanotubes (SWCNT) covalently functionalized
with L-cysteine (Cys) (SWCNT-Cys) and the efficient complex formation between
HS residues of Cys and Cd(ll) [37, 38].

It is widely known that carbon nanotubes (CNTs) need to be functionalized to
facilitate the dispersion in aqueous media and to make possible the preparation
of CNT-based electrochemical sensors [39-42]. We have recently reported an
electrochemical sensor for Cu(ll) based on the use of GCE modified with multi-
walled carbon nanotubes non-covalently functionalized with polyhistidine
(GCE/MWCNT-Polyhistidine) through the complex formation of Cu(ll) with the
histidine residues present at GCE/MWCNT-Polyhistidine [39]. Morton et al. [43]
have proposed the modification of GCE with oxidized multi-walled carbon
nanotubes (MWCNT) covalently functionalized with cysteine (Cys), although in
this case they have used the carbodiimide/N-hydroxysuccinimide chemistry, a
strategy completely different to the one we are proposing here and without using
protective groups for thiol groups. The resulting sensor has been used for the
guantification of Cu(ll) and Pb(ll), although the analytical performance was not
really competitive compared to previously reported electrochemical sensing
strategies. A similar modification scheme has been also used as a sorbent for
preconcentration of heavy metals [39].

In the following sections we report the synthesis of the Cys-modified SWCNT; the
characterization of the resulting modified nanostructures using different
techniques (FTIR, Raman, TGA, XPS, and electrochemical techniques); and the
analytical application of GCE/SWCNT-Cys for the highly sensitive and selective
guantification of Cd(ll).

<H1>2. EXPERIMENTAL

<H2>2.1. Materials and reagents

Single walled carbon nanotubes (SWCNT, AP-SWNT grade) were purchased
from Carbon Solutions Inc. (Riverside, California). Sodium
dodecylbenzenesulfonate (SDBS), anhydrous N,N’-dimethylformamide (DMF),
O-(benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate (HBTU),
N,N-diisopropylethylamine (EDIPA), S-triphenylmethylcysteine(S-Trt-Cys),
trifluoroacetic acid (TFA), triethylsilane (EtsSi), dichloromethane, diethyl ether,
guinone (Q) and hydroquinone (H2Q) were purchased from Sigma-Aldrich.
Hydrogen peroxide (30% v/v agueous solution), Hg2(NO3)2.H20, (CdS04)3.8H20



and Pb(CH3COO)2Pb(OH)2 were received from Anedra. Other chemicals were
reagent grade and used without further purification.

A 0.200 M acetate buffer solution pH 5.00 was used as supporting electrolyte.
Ultrapure water (p = 18 MQ cm) from a Millipore-MilliQ system was used for
preparing all the solutions. All the experiments were conducted at room
temperature.

<H2>2.2. Apparatus

Electrochemical experiments were performed with Epsilon (BAS), TEQ 4 and
Autolab PGSTAT128 N potentiostats. The electrodes were inserted into the cell
(BAS, Model MF-1084) through holes in its Teflon cover. A platinum wire and
Ag/AgCl, 3M NaCl (BAS, Model RE-5B) were used as counter and reference
electrodes, respectively. All potentials are referred to the latter. A magnetic stirrer
(BASI Cell stand) set at 800 rpm and a stirring bar provided the convective
transport during the amperometric measurements.
Infrared spectroscopy (FTIR) measurements were performed with a Bruker
Vertex 70 spectrometer. The samples were prepared with spectroscopic-grade
KBr. Micro Raman spectroscopy experiments were performed with a HORIBA
JobinYvon spectrometer (model HR 800 UV) using a green laser at 532nm.
X-ray photoelectron spectroscopy (XPS), was performed with an ESCAPIlus
Omicron spectrometer equipped with a Mg anode (1253.6 eV) working at 150 W
(15 mA, 10 kV). CASA software was used for the peak deconvolution.
Thermogravimetric analysis (TGA) were carried out with a Setaram

balance, model Setsys Evolution 16/18. The experiments were performed using
a nitrogen inert flow and a heating ramp of 10 °Cmin-t.

Sonication treatments were carried out with a sonicator probe VCX 130W
(Sonics and Materials, Inc.) of 20 kHz frequency with a titanium alloy microtip (3
mm diameter).

Amperometric experiments were performed in an acetate buffer solution (0.020
M, pH 5.00) by applying the desired potential and allowing the transient current to
decay to a steady-state value prior to the addition of the analyte and subsequent
current monitoring.

Electrochemical impedance spectroscopy (EIS) experiments were carried out in
a 0.020 M acetate buffer solution pH 5.00 by applying a sinusoidal potential
perturbation of 10 mV in the frequency range of 10° — 10! Hz and a working
potential corresponding to the formal potential of a 2.0 x10-3 M Q/H2Q solution
(0.050 V). The impedance spectra were analyzed and fitted using the Z-view
program.

<H2>2.3. Synthesis of functionalized SWCNT



From the scarce reports found for the covalent functionalization of CNTs with Cys
[39, 43] the use of the bare aminoacid is a common feature. With this approach,
it is difficult to ascertain if the reaction occured through classical amidation or
thioester formation (which may also be formed with carbodiimides) [44]. In this
work, we have undertaken the functionalization using thiol-protected Cys to avoid
thioester formation, and we have set the reaction conditions to guide the amide
bond formation throughout the a-amino group of Cys and to hinder any unwanted
side-reaction such as peptidic condensation.

SWCNT were purified by oxidation at 350°C for 2h under air atmosphere and
further reflux in 3M HCI for 2h. Purified SWCNT were oxidized in a 3 M
H2S04/HNO3 mixture (50:50 v/v) by refluxing for 3h (called SWCNT-Ox) Once
filtered, rinsed with deionized water and over-dried, the solid was functionalized
with Cys (SWCNT-Cys). In a typical experiment, 100 mg of SWCNT-Ox were
placed in a round-bottom flask and bath-sonicated for 1h in a 0.5 % w/v sodium
dodecyl benzene sulfonate (SDBS) aqueous solution. After that, the suspension
was transferred to a Schlenk flask, purged with Ar under magnetic stirring, and
cooled with a water/ice bath. The COOH residues of SWCNT-Ox were activated
with 300mg of HBTU and 1mL of EDIPA while the medium was kept at 0°C for
45min. Once activated, a volume of 100 mL of 8.1 mM S-trt-Cys solution
(prepared in DMF) was dropwise incorporated to the SWCNT dispersion in a
period of 24h, at room temperature. The reaction was allowed to take place at
room temperature for 48h and under these conditions, the covalent attachment of
Cys was intended through the a-amine of L-Cys. A gentle continuous flow of Ar
and magnetic stirring were kept along the whole functionalization process. The
reaction product was filtered through a 0.1um pore size Teflon membrane and
washed with DMF, ethanol and acetone (Scheme 1).

The deprotection of the aminoacid was performed by cleaving the tritylprotective
groups with TFA [45] and EtsSi acting as a scavenger [46]. An amount of 100mg
of SWCNT-S-Trt-Cys powder was redispersed in 25mL of dichloromethane by
sonication with an ultrasounds bath. After the addition of 1 mL of TFA and 5 eq.
of EtsSi, the mixture was left at room temperature for 2h under stirring conditions
and finally filtered through a 0.1um pore size Teflon membrane, rinsed with
dichloromethane and diethyl ether, and dried under vacuum at room temperature
(Scheme 1).

<H2>2.4. Preparation of GCE modified with SWCNT-Cys

2.4.1. Preparation of SWCNT-Cys dispersion: the dispersion was obtained by
sonicating 0.5 mg of SWCNT-Cys with 1.0 mL of water for 5.0 min with ultrasonic
probe. Dispersions of SWCNT and SWCNT-Ox were prepared in a similar way.
2.4.2. Modification of GCE with SWCNT-Cys (GCE/SWCNT-Cys): GCEs were
polished with alumina slurries of 1.0, 0.30, and 0.05 pum for 2 min each. Before
modification with SWCNT-Cys, the electrodes were cycled (10 cycles) in a 0.050
M phosphate buffer solution pH 7.40 between -0.300 V and 0.800 V at 0.050 Vs
1, The modification was performed by immobilization of an aliquot of 20 L of



SWCNT-Cys dispersion on top of the GCE and the solvent was allowed to

evaporate at room temperature. The modified electrodes were cycled for ten

times between -0.200 V and 0.800 V at 0.050 V s before starting the

electrochemical experiments. GCE/SWCNT and GCE/SWCNT-Ox were

prepared in a similar way by using the corresponding dispersions.

<H2>2.5. Quantification of Cd(Il)

The steps for the quantification of Cd(ll) are the following:

() Preconcentration: performed at open circuit potential by immersion of

GCE/SWCNT-Cys in the Cd(ll) solution (prepared in a 0.020 M acetate buffer pH

5.00) for 5.0 min under stirring conditions.

(I Washing: the GCE/SWCNT-Cys containing the preconcentrated Cd(ll) was

washed with a 0.020 M acetate buffer solution pH 5.00 for 10s and then

transferred to a fresh acetate buffer solution.

(1) Reduction: the preconcentrated Cd(Il) was reduced at —0.900 V for 180 s in a

0.020 M acetate buffer solution pH 5.00.

(IV) Stripping: the anodic stripping was performed in a 0.020 M acetate buffer

solution pH 5.00 by scanning the potential between -0.900 V and 0.500 V at

0.010 V/s using Linear sweep voltammetry staircase (Step potential: 0.032 V).

1.1.1 . The analytical signals were obtained

from the oxidation currents of the accumulated
and further reduced Cd(Il) after substracting
the background currents.

All measurements were performed at room temperature.

<H1>3. RESULTS AND DISCUSSION

<H2>3.1. Characterization of SWCNT-Cys

<H2>3.1.a.FTIR spectroscopy



Figure 1A displays the FTIR spectra for SWCNT-Ox and SWCNT-Cys.
FTIR spectrum for SWCNT-Ox show bands associated to the presence of
oxygenated groups, typically at 1100 cm (C-O stretching), 1320 cm* (OH
stretching), and 1727 cm (C=0 stretching). The presence of the carboxylate ion
can be also detected from the bands at 1580-1620 cm™ and 1320 cm™ [47, 48].
After functionalization with Cys, the consumption of COOH groups is denoted by
the change in the ratio between the intensity of the band at 1723 cm™ and the
intensity of the rest of carboxylic-based bands. This region becomes more
populated after reaction, exhibiting the most important contribution between 1600
and 1624 cm, which corresponds to the amide bond. The functionalization with
Cys also causes a pronounced increase in the intensity of Csp3-H vibrations in
methylene groups (~ 2840-2950 cm), associated to the aliphatic segments of
the functional groups. The bands due to the stretching of S—H and C-S (2550-
2600 cm™) were not observed in the spectrum of SWCNT-Cys possibly due to
the strong interactions between Cys and SWCNT and the small amount of Cys
attached to the CNT [49].
It is interesting to note that two new IR bands appear after functionalization with
Cys, that may be ascribed to the carboxylic acid group present in the aminoacid
moiety [50]. One is located at 620 cm and could be attributed to the stretching
vibration of the HC-COOH bond, while the other band at 1376 cm™ is
characteristic of the symmetric stretching of a-aminoacid’s CO2 [50]. We may
also discern the existence of amide N-H bands, whose stretching vibrations
typically appear in the range of 1390-1430 cm* with a narrow weak-intensity
fashion [45], and whose bending (1610-1630 cm™) and rocking (1100-1110 cm™)
vibrations in Cys [50] could explain the sharpening of these two regions in our IR

spectrum.
<H2>3.1.b. Raman spectroscopy



Figure 1B shows typical Raman spectra for SWCNT, SWCNT-Ox and
SWCNT-Cys. All the spectra present the radial breathing mode (RBM) at low
frequencies, the D band at around 1300-1400 cm®, and the tangential
multifeature G-band at around 1600 cm™. G-band presents the doublet structure
(split into G+ and G- components) characteristic of semiconducting/metallic
SWCNT [51]. The comparison of SWCNT and SWCNT-Ox spectra (Fig. 1B and
Table 1) shows an increment in the D/G ratio and a shifting of the G and D bands
to higher wavenumbers, associated to the presence of defects and disorder in
the graphitic material due to the conversion of sp? carbons into sp® by the action
of the strong oxidative treatment [52, 53]. The changes of full widths at half
maximum (FWHM) for D and G bands are associated to the presence of basal
plane defects due to the vacancies and oxygenated groups at the graphitic
structure [54]. After functionalization with Cys, the wavenumbers of D and G
bands are higher than those for SWCNT and slightly smaller than those for
SWCNT-Ox, while the D/G ratio decreases due to the partial deoxygenation and
restoration of the sp? conjugated network after TFA treatment and the steric
stress due to the newly formed amide bonds on the surface of SWCNT-Ox [54].
<H2>3.1.c.TGA

Figure 2 shows TGA profiles obtained for SWCNT (a), SWCNT-Ox (b) and
SWCNT-Cys (c). The slight weight loss (~ 6 wt %) observed in the thermograms
corresponding to SWCNT (Fig. 2a) indicates that they possess a very low
amount of functional groups and that the oxygenated residues incorporated upon

air oxidation are mostly removed during the HCI reflux. In the case of SWCNT-Ox



(Fig. 2b), the amount of carboxylic groups, estimated from the release observed
between 150 and 300 °C, was 0.66 mmol/g SWCNT. The weight loss observed
between 300 and 500°C is associated with the desorption of other oxygenated
groups, mostly quinones, phenols and acid anhydrides [55, 56].
In the case of SWCNT-Cys sample, considering the temperature frame of 150-
350°C (beyond which a simple a-aminoacid with no aromatic residues should be
already pyrolyzed), the absolute difference in weight loss between SWCNT-0x
and SWCNT-Cys may be ascribed to the amount of anchored Cys. The
progressive mass loss beyond 350°C is less steep in SWCNTs-Cys than in
SWCNTSs-o0x, indicating the higher thermal stability of functionalized SWCNTSs, in
good agreement with the fact that the oxidized sample experienced a
deoxygenation during the last step of the functionalization process (TFA
treatment). These results give an additional support to the lower D-band
observed in Raman spectroscopy.
<H2>3.1.d. XPS

Figure 3 shows the C1s (Fig. 3 A) and N1s (Fig. 3 B) core level spectra of
SWCNT-Cys, which include several components ascribed to the different
covalent bonds present in the sample. All the deconvoluted bands match those
reported for Cys [57]. The functionalization of SWCNTs-ox with Cys provides C-
H, C-N and C-S bonds which are gathered in the band at 285.1 eV, representing
a 25.8% of the total area in this region. Subsequent bands at 286.3 (C-O bonds),
287.5 (C=0 bonds) and 288.8 eV (O-C=0 bonds) could correspond to the
remaining oxygen groups on the surface of SWCNTS, such as phenols, lactones
or non-reacted carboxylic acids. The band at 290.3 eV is often observed for
carbon nanotubes and is assigned to the Tr-m* transitions in delocalized
structures containing sp? carbon bonds [58]. The N1s spectrum (Fig 3B) presents

two main components, with nearly the same area ratio, namely the band

corresponding to C-NH bond at 399.7 eV and the one corresponding to O=C-NH-



C bonds at 401.3 eV [59]. Both are present in amide linkages but only the latter
one is exclusive to them.

<H2>3.1.f. Electrochemical Impedance Spectroscopy and amperometry

The electronic properties of GCE/SWCNT-Cys were characterized by EIS. Figure
4 depicts the Nyquist plots obtained for GCE/SWCNT (a), GCE/SWCNT-Ox (b)
and GCE/SWCNT-Cys (c) at 0.050 V using 2.0 x 10 M Q/H2Q solution as redox
marker. The experimental data were fitted with a Randles circuit (where Rs is the
electrolytic resistance, Rct the charge transfer resistance, Cai the double layer
capacitance and W the Warburg impedance). Rct decreases when GCE is
modified with SWCNT-Ox ((8.410.4) vs (6.7£0.5) Q for GCE/SWCNT and
GCE/SWCNT-O¥x, respectively), indicating that the presence of the oxygenated
groups facilitates the charge transfer for the couple Q/H2Q. In the case of
GCE/SWCNT-Cys (c) the Rctis almost the double than the one obtained for
GCE/SWCNT-Ox ((11.9+0.2) vs (6.7£0.5) Q), suggesting that Cys residues
partially block the surface of SWCNT, hindering the charge transfer of the redox
probe.

In order to obtain additional information about the accessibility of CNTs for the
charge transfer and to make a correlation with the EIS results, we also performed
amperometric determinations at 0.700 V at GCE/SWCNT-Ox and GCE/SWCNT-
Cys using hydrogen peroxide as redox indicator. The sensitivity obtained at
GCE/SWCNT-Ox ((13.5 + 0.2) ph)AmM-1) was almost 2.6 times higher than the
one obtained at GCE/SWCNT-Cys ((5.5 + 0.3) h)AmMM1), confirming that the
functionalization of SWCNT-Ox with Cys produces a patrtial blockage of the
charge transfer. These results represent an additional evidence, in an indirect
way, of the efficient functionalization of SWCNT-Ox with Cys.

<H2>3.2.Analytical applications of GCE/SWCNT-Cys for the quantification of

cd(l)

As it was previously indicated, Cd(ll) is accumulated at GCE/SWCNT-Cys at
open circuit potential through the complex formation with the SH residues of Cys
[38, 45], it is further reduced at -0.900 V and finally reoxidized by scanning the
potential from -0.900 V to 0.500 V. The optimization of the different conditions
was performed through the evaluation of Cd(ll) oxidation signal.The effect of the
amount of SWCNT on the oxidation current of Cd was evaluated using GCE
modified with dispersions containing different amount of SWCNT-Cys from 0.25
to 2.00 mgmL* (Figure SI-1A). Cd-oxidation currents increase almost linearly
with the amount of SWCNT-Cys up to 0.50 mgmL?, to remain almost constant
thereafter due to a saturation effect. Therefore, the selected amount of SWCNT-
Cys was 0.50 mgmL-2.

Considering that the analytical signal of the sensor is obtained from the oxidation
of Cd present at GCE/SWCNT-Cys, the selection of the conditions for Cd(ll)
accumulation and Cd(ll) reduction is critical to ensure an efficient analytical
performance. Figure SI-1B displays the effect of the accumulation time of Cd(ll)
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at GCE/SWCNT-Cys at open circuit potential on the oxidation signal of Cd (from
1.0 to 10.0 min). The peak current increases with the preconcentration time from
1.0 to 5.0 min, to remain almost constant thereafter due to the saturation of the
available complexing sites. Hence, a preconcentration time of 5.0 min was
selected for further work. The effect of the potential applied to reduce the
preconcentrated Cd(ll) was evaluated between -1.200V and -0.800V. The best
compromise between sensitivity, reproducibility and resolution of the final
oxidation signal of Cd was obtained by applying a potential of -0.900 V. More
negative potentials are not convenient due to the generation of hydrogen bubbles
that makes the signal highly irreproducible. The oxidation current of Cd increases
with the time that the electrode is hold at -0.900 V up to 180 s, to keep almost
constant for longer times. Thus, the reduction of the accumulated Cd(ll) was
performed by applying -0.900 V for 180 s.
Before presenting the analytical performance of GCE/SWCNT-Cys, is important
to discuss the advantages of the covalent attachment of Cys to SWCNT-Ox on
Cd(ll) sensing. We evaluate these advantages by comparing the response
obtained for 300.0 pgL*Cd(Il) at GCE/SWCNT, GCE/SWCNT-Ox and GCE/
SWCNT-Cys (Figure 2-Sl). No voltammetric signal was obtained at GCE/SWCNT
since no Cd was accumulated, while at SWCNT-Ox the oxidation signal for the
preconcentrated and further reduced Cd(Il) was 20 times lower than the one
obtained at GCE/SWCNT-Cys ((0.24 £ 0.03) vs (4.9 £ 0.7) pA at SWCNT-Ox and
GCE/SWCNT-Cys, respectively). No peaks were obtained at GCE/SWCNT-Cys
in the absence of Cd(ll). These results clearly demonstrate that, even when the
carboxylate residues of SWCNTox allow the accumulation of Cd(ll) by complex
formation and facilitated electrostatic interaction, there is a selective
preconcentration of Cd(ll) at GCE/SWCNT-Cys due to the complex formation
with Cys residues.

Figure 5A shows the voltammetric response obtained after

preconcentration of increasing concentrations of Cd(ll) at GCE/SWCNT-Cys for
5.0 min at open circuit potential, followed by a reduction step at -0.900 V for 180
s and the final anodic voltammetric stripping in a 0.020 M acetate buffer solution
pH 5.00. A well-defined response is observed in the whole range of
concentrations from 1.0 to 300.0 pgL? Cd(Il). A small shifting in the oxidation
peak potential towards positive values is observed with the increment of Cd(ll)
concentration. The corresponding calibration plot is shown in Fig.5B. A linear
relationship between the oxidation signal and Cd(Il) concentration is obtained

between 1.0 and 300.0 pgL* with a sensitivity of (49 + 2) x 103 pAugL and a

11



detection limit of 0.3 ugL? (calculated as 3 x o/S, where o is the standard
deviation of the blank signal and S the sensitivity). The reproducibility, obtained
from the sensitivity of different calibration plots, was 1.7 % using the same
SWCNT-Cys dispersion and 4 different electrodes, and 3.8 % using 3 different
dispersions and 4 electrodes per dispersion.

The selectivity of the assay was evaluated by challenging the sensor with
different metals. Figure 5C shows the voltammetric response for 20 ugL* Cd(ll)
in the absence and presence of 100 pgL™ Pb(ll), Hg(ll), Co(ll), Zn(Il), Ni(Il),
Cr(ll1), As(I1), Ir (1IV) and 20 pgL* Cu(ll). Four well-defined oxidation current
peaks were obtained at —0.760, —0.580, — 0.093, and 0.28 V for Cd(ll), Pb(ll),
Cu(ll) and Hg(ll), respectively. The Cd oxidation peak currents obtained in the
absence (0.799 % 0.08) pyA and presence (0.789 £ 0.09) pA of Pb(ll), Hg(ll),
Co(ll), Zn(I1), Ni(I1), Cr(l11), As(lll), Ir (IV) and Cu(ll), indicating that there is no
interference of these metals on the determination of Cd(ll). The addition of 100
ugL-1 TI(I) to the previous mixture produced a shifting in the Cd(ll) oxidation peak
potential of -20 mV as well as a decrease in the Cd(ll) oxidation signal of 15%.
Lower concentrations of TI(l) did not produce any change. These results clearly
demonstrate the excellent selectivity of GCE/SWCNT-Cys towards Cd(ll) in the
presence of other metals.

Table 2 summarizes the analytical parameters of different Cd(Il) electrochemical
sensors reported in the last years. Is important to remark that, at variance with
most of the electrochemical sensors for Cd(ll), where the preconcentration of
Cd(ll) is performed by reduction at very negative potentials [ 61-74, 18, 20, 21], in
the case of our sensor the preconcentration of Cd(ll) is done at open circuit
potential, through the specific Cd(lI)—Cys complexation and subsequent medium
exchange, largely decreasing the risk of possible interference of other metallic
species able to be reduced at the preconcentration potential. The analytical
performace of GCE/SWCNT-Cys is highly competitive since it presents similar or
lower detection limits than most of the sensing strategies reported in the table
and on of the widest linear range. Even when a strict comparison of sensitivities
is not possible, the results obtained with our sensor are similar or better than
those presented in table 2. The difference in the affinity of Cys towards other
metals [60] represent an additional contribution to the selectivity of the assay.
Despite the time for the assay is longer than those reported for metal film
electrodes, our sensor presents several advantages that make it a sensitive and
selective alternativeto to quantify Cd(ll).

To evaluate the practical application of the proposed electrochemical sensor, we
determine the recovery of Cd (ll) in groundwater samples taken from the city of
Cordoba (Argentina) by triplicate using the GCE/SWCNT-Cys. The results are
summarized in Table 3. Three different concentrations of Cd(Il) were added to the
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groundwater samples (10.0, 50.0 and 100 pgL-t) with excellent recoveries. The
method was validated using ICP-MS with excellent agreement.
<H2>4.8. CONCLUSIONS

We reported here the advantages of a new electrochemical sensor for Cd(ll)
based on the modification of GCE with a dispersion of SWCNT covalently
functionalized with Cys. At variance with most of the existing electrochemical
sensing schemes, in this case we propose a preconcentration of Cd(ll) at open
circuit potential through the complex formation with Cys residues, minimizing the
possibility of potential interference of other metallic cations. The combination of
the electroactivity of SWCNT and the high affinity of Cys towards Cd(ll) made
possible the highly sensitive and selective quantification of Cd(Il) even in the
presence of an excess of several heavy metal ions. The proposed sensor was
successfully used for the quantification of Cd(ll) in groundwater samples with
excellent correlation with ICP-MS, demonstrating to be a very interesting
alternative for further applications in environmental monitoring.
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<Figure>Figure 1: A)FT-IR spectra for: SWCNT-Ox and SWCNT-Cys. B) Raman
spectra for: SWCNT, SWCNT-Ox and SWCNT-Cys.

<rigwre-Figure 2. TGA plots for: (a) SWCNT, (b) SWCNT-Ox, (c) SWCNT-Cys.
<Figure>Figure 3. Deconvoluted (A) Cls and (B) N1s XPS spectra of SWCNT-

Cys.
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<Figure-Figure 4. Niquist plots for the impedance spectra obtained for different
electrodes: GCE/SWCNT (a), GCE/SWCNT-Ox (b) and GCE/SWCNT-Cys (c).
Frequency range: 10 KHz to 10 mHz; Potential perturbation: 10 mV; Working
potential: 0.050 V. Redox indicator: 2.0 x 102 M Q/H2Q solution. Supporting
electrolyte: 0.020 M acetate buffer solution pH 5.00.

<Figure>Figure 5. (A)Voltammetric response obtained after preconcentration of
different concentration of Cd(ll) (from 1.0 upgL' and 300.0 upgL?) at
GCE/SWCNT-Cys at open circuit potential for 5.0 min, followed by a reduction
step at -0.900 V for 180 s and the final anodic voltammetric stripping in a 0.020 M
acetate buffer solution pH 5.00. (B) Calibration plot for Cd(ll) obtained from the
peak currents corresponding to the LSV recordings. (C) Linear scan
voltammograms for 20 ugL™* Cd(ll) in the absence (solid line) and presence (
dashed line) of 100 pgL Pb(ll), Hg(ll), Co(ll), Zn(Il), Ni(ll), Cr(lI1), As(lll), Ir (IV)

and 20 ugL™t Cu(ll).

<Figure>Scheme 1-Rivas et al.

Tables
<Table>Table 1. RAMAN parameters obtained from data at Fig. 1B.

<Table>TABLE 1-RIVAS ET AL
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<Table>Table 2. Comparison of the analytical performance of GCE/SWCNT-Cys

with those of different methods reported for the detection of Cd(ll).

Electroche Detecti | Linear
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ocp SuALug™! .
Accumul
ation
time:
180s

BiBE: bismuth bulk electrode.

PPha/MWCNTS/IL/CPE: triphenylphosphine-modified carbon nanotube composite with a
ionicliquid as pasting binder

PGE: pencil graphite electrode

Bi/Nafion/GC: GCE modified with Bi nanoparticles and Nafion.
MosS3ls NWSs/GC: Molybdenum-chalcogenide-halide nanowires/ glassy carbon
electrode.

BTPP: N,N-bis(3(2-thenylidenimino)propyl)piperazine
L-MSNPs:ligand modified silica nanoparticles
L:N,N-bis(3(2-thenylidenimino)propyl)piperazine

SPCEs: Screen-printed carbon electrodes

SPEs: screen-printed electrodes

MFEs: Mercury film electrodes

SPCNTE: screen-printed carbon nanotubes electrodes
BFE:bismuth film electrode

3DAGN:Ss: three-dimensional activated graphene networks

STP: sulfonate-terminated polymer

GO: Graphene oxide

MWCNTSs: multiwall carbon nanotubes

MgSiOs:nanostructured magnesium silicate hollow spheres
Sb-CPE: carbon paste bulk-modified with antimony powder
SbFE: antimony film electrode

nsBiFE: nanostructured bismuth film electrode

SbFME: antimony film microelectrode

<Table>TABLE 2-RIVAS ET AL

<Table>Table 3. Analytical application of GCE/SWCNT-Cys for the quantification
of Cd(Il) added to groundwater samples. Comparison to the results obtained with
ICP-MS.

<Table>TABLE 3-RIVAS ET AL

Samples CD(ll) added This sensor Recovery ICP-MS
(ngL™) Cd(i) found (%) cd(Il) found
Groundwater 0.00 0.00
10.0 10.1+0.5 110.5 12+1

23



50.0 49+ 4
100 100 + 6

106.7 51.7+0.1
100.8 100 + 2

ICP-MS: inductively coupled plasma-mass spectrometry.
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