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An Electrochemical Sensor
Based on Multi-Walled Carbon Nanotubes
Functionalized with 2-Picolinyl Hydrazide
for Electrochemical Detection of Pb(I1) lons

Li, Zhenliang*™; Liu, Xuerui; Li, Shuye
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ABSTRACT: A new electrochemical sensor was constructed with the nanometer coaxial cable,
which was prepared based on Multi-Walled Carbon NanoTubes (MWCNTs) and pyridine. the analysis
of trace Pb(ll) with Differential Pulse Anodic Stripping Voltammetry (DPASV) was studied.
The MWCNTs-TPI-2—Ph was characterized by SEM, TEM, and electrochemical methods. Various
parameters such as deposition time, pH values, deposition potential, interference experiment,
stability, and reproducibility were investigated. DPASV was used for evaluating the detection
of trace Pb(ll) based on the accumulation process. Under the optimal conditions, the MWCNTs—
TP1-2—-Ph/GCE showed excellent stripping response of Pb(ll) in the ranges of 1 to 100 umol/L,
the peak currents linearly increased with the concentration of Pb(Il). The detection limit
was calculated to be 0.03 uM (S/N=3). Detection mechanism for Pb(Il) based on MWCNTs-TPI-2—
Ph/GCE was proposed. Therefore, it was essential to design an electrochemical sensor based on
a new metal ions capture reagent.
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INTRODUCTION

Heavy Metal lons (HMI) are terrible contributors to water
pollution because of their highly toxic, non-degradable
character, once in the food chain, bioaccumulation and
biomagnification would appear, which will affect the living
systems as time goes on both in aquatic ecosystems
and the soil environment, HMI is very dangerous to the whole
community of ecology of plants, humans, and animals [1].
In recent years, more and more researchers have paid
more attention to the measurements of HMI in
environment protection, food firms, and biomedical

analysis [2]. Nowadays, HMI detection techniques
were developed quickly, which included inductively coupled
plasma mass spectroscopy, atomic absorption spectrometry,
atomic fluorescence spectrometry, X-Ray fluorescence
spectrometry, and electrochemical methods of detection [3-4],
etc. However, which can offer highly sensitive and selective
detection methods of HMI, high cost and long detection time
limited its wider application. A large number of researchers
were attracted to the field of HMI electrochemical detection
with low cost, high sensitivity, and time economics.
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Fig. 1: Schematic of the MWCNTs-TPI1-2-Ph/GCE construction and the determination process of Ph(I1).

Therefore, chemically-modified electrodes have been introduced
to HMI detection based on carbon-based materials [5], noble
metallic nanoparticles, and silicon-based materials [6, 7],
Furthermore, small organic molecular, polymer, and
inorganic-organic nanocomposite anchoring to the materials,
nanocomposite modified electrodes have significantly
improved sensitivity and selectivity of sensors [8-9].
Ramirez Maria has developed an electrochemical biosensor
for Pb(Il) based on single-walled carbon nanotubes
covalently modified with cysteine [10]. Zhao reported an
electrochemical sensor for the simultaneous determination
of Pb(Il) and Cd(ll) based on L-cysteine functionalized
single-walled carbon nanotubes incorporating nafion and
ionic liquid [11]. Deshmuk prepared an electrochemical
platform for the determination of copper(ll), lead(ll),
and mercury(l1) ions based on ethylenediaminetetraacetic
acid-modified single-walled carbon nanotubes [12]. Bagheri
research group has developed a series of innovative platforms
for HMI based on Multi-Walled Carbon NanoTubes (MWCNTS)
[13,14], graphene [15], and SiO; nanoparticles [16].

Inspired by pyridine which can form complexes with
some metal ions due to the unshared pair on the nitrogen,
it isthe perfect site to coordinate with metal ions based on
2-Picolinyl hydrazide [17-18]. Herein, we reported an efficient
strategy of nanometer coaxial cable based on MWCNTS
for electrochemical detection of Pb(ll) ions. As shown in Fig. 1.
Itisafacile way that 2—Picolinyl hydrazide(Ph) was immobilized
on MWCNT via 3—(Triethoxysilyl)propyl isocyanate (TPI).
Then, MWCNTs2-Ph was wused to construct an
electrochemical sensor for the detection of Pb(ll) with DPASV
and the results were satisfactory.
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EXPERIMENTAL SECTION
Reagents and materials

The multi-walled carbon nanotubes (MWCNTS) were
purchased from Shenzhen Bier Technology Co., Ltd
(Shenzhen, China). 3—(Triethoxysilyl)propyl isocyanate (TPI)
and 2-Picolinyl hydrazide (2-Ph) were purchased from
Aladdin Industrial Corporation. Stock solutions of Pb(Il)
were obtained from lead nitrate, HAc—NaAc buffer solutions
were prepared by mixing stock solutions of 1 M/L NaAc and
1 M/L HAc. All other reagents of analytical grade were
commercially available without further purification.
Ultrapure water was used throughout the experiments.

Apparatus

The materials were synthesized and characterized
by Fourier—transform infrared Spectra spectrometer
(Thermo Fisher Scientific Nicolet iS5 FTIR), X-ray
photoelectron spectroscopy (Thermo Fisher ESCALAB
250Xi, XPS), Scanning electron microscopy (Carl Zeiss
Gemini 300, SEM) Transmission electron microscope
(JEOL JEM 2100F, TEM). All electrochemical tests
were performed on a CHIB60E electrochemical
workstation (Shanghai Chenhua Instruments Co., China)
with a conventional three-electrode system: a bare Glassy
Carbon Electrode (GCE) or modified GCE served
as the working electrode, a platinum wire as the counter-
electrode, and a saturated calomel electrode.

Analytical experiments

The analysis of Pb(Il) based on MWCNTs-TPI-2-Ph
involved two steps: an electrochemical accumulation step
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at open circuit and an anodic stripping voltammetric step.
For the accumulation step, the MWCNTs-TPI-2-Ph/GCE
was immersed into 10 mL of supporting electrolyte
(Imol/L HAc-NaAc, pH=5.0) containing the Pb(ll),
to allow pre-concentration of the target analyte at
a constant potential (1.2 V) for 300 s. After 20 seconds,
in the anodic stripping process. Then the anodic stripping
peak current was obtained by the Differential Pulse
Voltammetric (DPV) measurement from —-1.0 V to -0.3 V.
The DPV parameters are as follows: —1.2 V deposition
potential, 50 Hz frequency, 0.05 V potential amplitude.
Prior to the next cycle, the modified electrode was cleaned
by applying a potential of 120 s at +1.2 V under stirring.

Preparation of MWCNTs-OH

The MWCNTs-COOH was synthesized as previously
reported methods [19-20]. In the second step, the
MWCNTs-COOH reacted with LiAIHs in dry
tetrahydrofuran at room temperature for 12 h, which
products were hydroxyl group functionalized MWCNTS
(MWCNTs-OH).

Preparation of MWCNTSs-2-Ph nanocomposites
TPI-functionalized MWCNTs were synthesized
according to previous literature [21-22]. 0.31 g TP1 was dissolved
into 50 mL of dry toluene solution in a round-bottom flask.
Next, 1 g of MWCNTs-OH was dispersed in the above
solution via ultrasonication 10 min. Then the mixture
was refluxed at 110 °C 12 h under stirring. Afterward,
the products were washed with toluene many times,
the MWCNTSs-TPI were obtained and dispersed in 100 mL
acetonitrile via ultrasonication 10 min [23]. 2-Ph was added
to the above acetonitrile solution stirring at 82°C
for 12 h, and finally, the products were washed with
ethanol and dichloromethane, respectively. MWCNTSs-
TPI-2-Ph was obtained and vacuum dried at 50 °C for 5 h.

Preparation of modified electrode

The MWCNTSs-TPI-2-Ph nanocomposites were dispersed
into ultrapure water via ultrasonic agitation for 30 min.
Prior to the Glass Carbon Electrode (GCE) modification,
the GCE was polished carefully with 1.0, 0.3, and 0.05 um
of alumina powder, respectively, rinsed and sonicated
with alcohol and ultrapure water successively, and dried
under nitrogen. Then, 6 pL of the sonicated solution
was pipetted onto the surface of GCE with 3.0 mm in diameter,
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Fig. 2: SEM (A) and TEM images(B) of MWCNTs—TPI-2-Ph.

and then, the solvent was evaporated under UV lamp
to obtain the MWCNTSs-TPI-2-Ph  nanocomposite
film-modified GCE [24].

RESULTS AND DISCUSSION
Characterization of MWCNTs-TPI-2—Ph composites

The surface morphologies of the nanometer coaxial
cable based on MWCNTSs were investigated with SEM and
TEM. Obviously, the nanotubes in Fig. 2(A) appeared
with a rough surface, which indicated that MWCNTSs
were coated with silica-organic ligand film to form a cable-like
structure [25]. It is noted that 2-Ph was immobilized
on the MWCNTSs with TPI. Fig. 2 B shown two typical
TEM images of MWCNTs-TPI-2-Ph were prepared
successfully and remained uniform thickness during
the entire process of silica-organic ligand coating, which
implied that TPI was linked to the MWCNTS. Moreover,
the nanometer coaxial cable structure was confirmed
by TEM images [26].

The FT-IR spectraof MWCNTs-COOH(a), MWCNTs-OH(b),
and MWCNTs-TPI-2-Ph(c) were shown in Fig. S1.
The characteristic peaks of MWCNTs-COOH appeared
in curve a, the stretching vibration band of O-H appeared
at 3436 cm’, The peak at 1707 cm™ may attribute to
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Fig. 3: XPS spectrum of the MWCNTs-TPI1-2—-Ph synthesized.

C=0 stretching of carboxyl groups and the peaks
in 1460-1640 cm™ range are ascribed to the stretching
vibration of backbone C=C of MWCNTs-COOH [27].
In curve b, the vibrational band was located at 1630 cm?,
which is ascribed to a stretching mode of OH group
in an enol C=C-OH. The peaks were broadened at 2934 cm™
and 3436 cm? due to the hydroxyl associating, which
indicated that carboxyl groups were reduced with lithium
aluminum hydride at large [28]. In curve c, the —Si-O-Si—
band appeared at 780 and 1081 cm™, and the characteristic
peaks at around 3000-2800 cm™ were assigned to aliphatic
C—H stretching vibrations. Moreover, the peaks at 1576cm™,
1477cmt, 1340 cm were attributed to C=N, C-N, and C-H
bending vibrations of the linked isocyanate, respectively [29].
The evidence suggested that the 2-Ph had been linked
to MWCNTs-OH with TPI.

The chemical bonding of synthesized MWCNTs-TPI-2—Ph
was investigated by XPS. C, N, and a small amount
of O constitute MWCNTSs-TPI-2—Ph as shown in Fig. 3 (A) [30].
The XPS spectrum of Cls was presented in Fig. 3 (B),
the sharp characteristic peaks centered at 284.7 eV, 285.1 eV,
and 286.3 eV, which were exclusively attributed to C=C,
C-C, and C-N, respectively. The peak at 288.3 eV
corresponds to O=C-NH, which indicated that the conversion
of O=C-NH was successful [31]. As expected, 2-Ph was
linked to TPI. Moreover, according to the FT-IR spectra,
SEM, and TEM image, 2-Ph was coated on the MWCNTSs
by TPI as the crosslinking agent.

Optimization of experimental conditions

In order to obtain sensitivity for Pb(Il) detection with
MWCNTs-TPI-2-Ph modified GCE, the voltammetric
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parameters were optimized in a solution containing
100 uM Pb(ll), such as pH value, deposition potential,
and deposition time. The pH value of the buffer solution has
an effect on the DPASV response, it is essential to look
for the optimal pH value, the influence of buffer solution with
different pH values was investigated in Fig. S2, the pH ranged
from 3.0 to 65 in 1 M/L acetate buffer solution [32].
In Fig. S2(A), the stripping peak current of Pb(ll) increased
with increasing pH values in 0.1 M acetate buffer solution
until 5.0, the maximum current response appeared at pH 5.0.
Therefore, pH=5.0 was selected as the optimal pH in this work.
Thus, the effect of the deposition potential was studied after 300 s
accumulation in the range from —1.0 to —1.7 V at pH 5.0.
The obtained results were shown in Fig. S2(B). When
the deposition potential increased from —1.0 to —1.2 V,
and the maximum of peak currents was obtained at potential
—1.2 V. When a deposition potential was shifted to —1.7 V,
the stripping currents decreased observed for Pb(Il). Obviously,
—1.2 V was the optimal deposition potential in the subsequent
work. Adequate deposition time plays a very important role
in stripping analysis. The effect of deposition time
was estimated in the range 120—420 s for a solution containing
100 uM/L Pb(Il), the dependence of peak currents on the
deposition time was depicted in Fig. S2(C), which implied that
increasing deposition time was a benefit for the detection
of very low concentration of Pb(ll). However, 300s
was optimized deposition in this experiment.

FElectrochemical properties of different modified electrodes

The cyclic voltammetric response of bare GCE,
MWCNTSs/GCE, and MWCNTs-TPI1-2-Ph/GCE
have been investigated in 5 mM Fe(CN)g> " in Fig. 4A.
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Fig. 4: Cyclic voltammetric response recorded with bare GCE,

MWCNTs/GCE, and MWCNTs-TPI-2—-Pl/GCE in the solution of
5 mM Fe(CN)s 7 (A), Nyquist plots at GCE, MWCNTs/GCE
and MWCNTs—TPI-2-Ph/GCE in 5 mM Fe(CN)s"*(B). The
cyclic voltammetric response of MWCNTs—-TPI-2-Ph/GCE at
various scan rates ranging from 0.001-0.070 Vs™. Inset: Plot of
stripping peak current vs square root of scan rate (C).

There are well-defined redox peaks based on bare GCE,
as compared with the bare GCE, the peak currents increased
at MWCNTs modified electrode, which indicated that
the rate of electron transfer was accelerated due to good
conductivity. After modification with the MWCNTs-TPI-2—-Ph
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at the modified electrode, which revealed that the rate
of electron transfer was hindered due to the silica-organic
ligand film coated on the MWCNTSs. The further interface
properties of modified electrodes were provided by
the electrochemical impedance spectrum (EIS). In a typical
Nyquist plot, as seen in Fig. 4B, the electron transfer
resistance (Re) values of bare GCE and MWCNTSs/GCE
were about 1096 Q, 317 Q, respectively. After
modification with  MWCNTs-TPI-2-Ph, The Re of
MWCNTs-TPI-2-Ph/GCE was 759 Q, which was ascribed
to the poor conductivity of silica-organic ligand film
at the modified electrode surface [33]. The Re value
was consistent with the cyclic voltammetric response.
The cyclic voltammetric response of MWCNTs-TPI-2—
Ph/GCE at different scan rates was shown in Fig. 4(C),
the equivalent circuits were provided based on the
interfacial electron transfer resistance of modified electrodes.
Moreover, the inset of Fig. 4(C) showed the plot of stripping
peak current vs square root of scan rate, which indicated
the process was controlled by diffusion.

Stripping behavior toward Pb(I1)

The DPV curves with different concentrations of Pb(ll)
were investigated with the MWCNTs-TPI-2—-Ph modified
electrode under the optimized conditions in Fig. 5A, and
the corresponding standard curve was presented.
Obviously, the stripping peak currents increased with
the increasing concentration of Pb(Il). As shown in Fig. 5B,
the linear equation was | / pA= 9.81 + 1.81c / uM,
(R?=0.9921, LOD=0.03 uM) The Limit of Detection (LOD)
was obtained with the result of 0.03 pM.

Evaluation of stability and reproducibility

The stability of the MWCNTs-TPI-2-Ph/GCE
was investigated based on the same electrode, which
was repeatedly performed eight times at the optimum
condition. As shown in Fig. 6, the stripping currents of
MWCNTs-TPI-2-Ph/GCE were recorded with a relative
standard deviation (RSD) of 3.67 %, it is indicated
that modified electrodes were stable, the nanocomposite of
MWCNTs-TPI-2-Ph on the surface had not detached.
which implied that the stability of the modified electrode
was accepted. Meanwhile, MWCNTs-TPI-2-Ph/GCE
was prepared based on four GCE at the same procedure,
which was used to detect 60 uM/L Pb(11) under the optimized
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Table 1: The different electrochemical sensors for the determination of Pb(II).

/ Modified electrode Electrochemical methods ions Linear range Detection limit Ref. \
Sbh,0s/MWCNTs/GCE LASV Pb(Il) 5-35 pg/L 5-35 pg/L [36]
PGA/rGO/GCE SWASV Pb(Il) 0.2-115 pg/L 0.06 pg/L [37]
Bi/Au-GN-Cys/GCE SWASV Pb(Il) 0.5-40 pg/L 0.05 pg/L [38]
N,S-YS-900/Nafion/Bi/GCE DPASV Pb(Il) 4-160 pg/L 0.49 pg/L [39]
MWCNTs/Nafion/Bi/GCE DPASV Pb(Il) 0.5-30 pg/L 0.02 pg/L [40]
Fe;0,@G2-PAD SWASV Pb(Il) 0.5-80 pg/L 0.17 pg/L [41]
SWCNSs/L-Cys/Nafion-1L/GCE SWASV Pb(Il) 0-50 pg/L 0.08 pg/L [42]
\ MWCNTs-TPI-2-Ph/GCE DPASV Pb(11) 1-100 uM/L 0.03 uM/L This work j
Linear anodic stripping voltammetry (LASV); Square wave voltammetry (SWAV); differential pulse anodic stripping voltammetry (DPASV).
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Fig. 5: (A) DPV responses at MWCNTs-TPI1-2—-Ph modified electrode with different concentrations, from a to j: 1, 5, 10, 20, 30,
40, 50, 60, 80 and 100 uM/L. Deposition potential=—1.2 V; pH=5.0; deposition time=300 s. (B)The calibration plot of peaks
current versus the Pb(l1) concentration.
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Fig. 6: The stability of MWCNTs-TPI1-2-Ph/GCE (eight times)
of DPASV responses for 100 uM/L Pb(Il) in 1 M/L NaAc-HAc
buffer solution at the optimum conditions: pH=5.0, deposition
potential=—1.2 V, deposition time=300 s. Inset: DPV responses
Jfor 100 uM/L Pb(II) on the MWCNTs-TP1-2-Ph/GCE under
eight times scans.
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condition to estimate the reproducibility. The RSD of
stripping peak currents obtained was 5.02 %, which
indicated the reproducibility was acceptable.

Detection mechanism

The detection mechanism was demonstrated in Fig.7,
Pb(1I) can be directly reduced and oxidized on the surface
of MWCNTs. With the synergistic catalysis effect of
MWCNTSs, metal ions capture reagent greatly enhances the
sensitivity to Pb(Il), and the active sites play an important
role in the detention of Pb(ll).

Interference measurements
The interference of some foreign ions was investigated
under the optimal conditions, which included SO4?*, NOs,
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Fig. 7: Synergistic catalysis mechanism proposed toward Pb(Il) based on MWCNTs-TPI1-2-Ph.
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Fig. 8: The interference experiment result of MWCNTs-TPI-
2-Ph/GCE at Pb(Il) in the presence of possible interference
ions.

CI, Li*, Co?*, K*, Fe¥, Ca?*, Mg?*, Na*, Cd?*, Bi%*, Ni?*
and Zn?*. The selectivity of the MWCNTs-TPI-2—
Ph/GCE was estimated by peak current ratio (Is/lo), the
stripping peak responses of Pb(ll) were recorded in the
presence (Is) and absence of interfering ions (lo),
respectively. As shown in Fig. 8, 5-fold excess of Na*
did not affect the electrochemical response. The
interference of SO42*, NO3~and Cl-should not be ignored,
therefore, it is important to improve the selectivity of
MWCNTs-TPI-2-Ph/GCE for heavy metal ions.

CONCLUSIONS

The nanometer coaxial cable based on MWCNTSs
was prepared, 2-Ph was the perfect metal ion capture reagent
with pyridine and hydrazine group, which was immobilized
on the MWCNTSs effectively by covalent bonding.
MWCNTs-TPI-2-Ph modified electrode was used for the
detection of ultra-trace Pb(ll) ions, and the results were
satisfactory. Therefore, amino groups and hydrazine
groups play an important role in the detection of ultra-trace
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Pb(I1), and the design of a new metal ion capture reagent
might give a direction for HMI detection.
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