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A B S T R A C T

A voltammetric sensor for selective determination of ultra-trace Pb (II) was prepared based on EDTA-
immobilized graphene-like carbon nitride nanosheets (EDTA-CN-NS), which has been designed to
improve the accumulation performance for Pb (II) onto the electrode surface. The EDTA-CN-NS was
prepared through pre-oxidation by K2S2O8 and silanization by N-(trimethoxysilylpropyl) ethylene-
diamine triacetic acid sodium salt. The crystalline structure, morphology and the added functional
groups of EDTA-CN-NSwere characterized by XRD, SAED, TEM, STEMmapping and FT-IR, which are quite
in accord with the catalysis action in cyclic voltammetry test generated by improved accumulation
performance of the immobilized EDTA for Pb (II). The detection limit of EDTA-CN-NS/Nafion modified
sensor reached 5.7�10�13mol L�1 with two linear ranges from 2.1�10�12�1.3�10�9mol L�1 and
1.3�10�9�1.7�10�6mol L�1. The sensor behaves acceptable immunity from common interferences in
Pb (II) determination and was employed for analyzing the Pb (II) concentration in different water
samples. This work gives new instructions in designing ultra-high sensitive sensors for determination of
heavy metal ions using 2D functional materials.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

As the accumulation of heavy metal elements in the human
body is non-biodegradable, the high toxicity of heavy metals
becomes persistent in all of the ecological ramifications involved,
and passes through food chains to humans [1,2]. Among these
metals, lead, the metal largely used as an industrial material, for
instance in paint, leaded petrol, cosmetics and batteries [3,4], is
regarded as a prevalent toxic metal with non-biodegradability in
human body. The toxicity caused by lead is chronic and
accumulatively damaging to humans [5]. Although the lowest
content of Pb (II) ion in drinkable water was defined by
Environmental Protection Agency (EPA) in the US, which refers
to 7.2�10�10mol L�1, it is still harmful to children [6]. Several
methods based on the inductively coupled plasma-mass

spectrometry (ICP-MS) [7], graphite furnace atomic absorption
spectrometry (GFAAS) [8], atomic absorption spectrometry [9] and
Belousov-Zhabotinskii (B-Z) reaction [10]. These techniques have
beenwidely used in the determination of trace metal ions inwater
samples. In the past 50 years, voltammetric techniques have
shownpromising prospect in determination of tracemetal because
of their aspects, which include rapidity, low cost, easy operation,
high sensitivity and easy microminiaturization. Among these
electrochemical determination methods, stripping differential
pulse voltammetry (DPV) has becoming one of the most attractive
electrochemical techniques for sensing ultra-trace heavy metals
using various kinds ofmodified electrodes, which can be attributed
to its high sensitivity and selectivity [11].

In past decades, electrodes modified by different chemicals
have received considerable attention in enhancing of the
sensitivity and sensing linear rage of the electrochemical sensing
of Pb (II). Various modifiers, including bismuth [12], PAN-
incorporated Nafion [13], organic chelates [14–17], natural clay
nano materials [18,19], zeolite [20], silica [21], SiO2-Al2O3 [22],
hollow fiber-graphite [23], ion-imprinted polymers [24], organic
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chelates immobilized at graphene [25], carbon nanotubes [26–28],
antimony [29] and complexing agents such as crown ethers
[30,31], penicillamine [32] and peptides [33,34] have already been
used in improving the electrochemical performance in the
determination of Pb (II). Most of these modifiers have a common
feature, about which the accumulation ability of the electrode
surface for metal ions was enhanced in aqueous solution, in that
the amount of the functional groups is abundant, which could
accordingly enhance the intensity of the stripping current of the
sensor [11]. However, most of the modifiers mentioned above are
highly dispersable [14–17] or toxic [12], and their analytical
performance, such as sensitivity, are not high enough, only one
research have achieved determination of ultra-trace Pb (II) at
picomole level [23], which may restricted their further applica-
tions.

Ethylenediaminetetraacetic acid (EDTA) has been recognized as
a stable chelate towards heavy metal ions. Many peer studies have
successfully immobilized EDTA onto different supporting materi-
als, which enhanced the maximum adsorption capacity of heavy
metal ions [35–40]. Therefore, functional groups of EDTA can
significantly enhance the accumulationperformance formetal ions
onto the surface of electrode modifiers, which may increase the
intensity of the response current in voltammetric analysis of Pb (II).
However, immobilizing EDTA onto different supporting materials
to enhance the sensing performance of heavy metal ions is rarely
reported.

Recently, two-dimensional (2D)materials have attracted a great
deal of attention in the realm of electronics, bio-sensing, catalysis
and energy storage [41,42]. Among them, graphene-like carbon
nitride nano-sheets (CN-NS), obtained by the exfoliation process
including ultrasonic treatment, self-assembly, hydrothermal
method and thermal exfoliation, has emerged as a promising
candidate in photocatalysis, bio-imagining and fluorescence
sensing due to its appropriate band gap, high stability and low
cost [43–48]. Moreover, carbon nitride materials modified electro-
des have special electrochemical responses to several kinds of
analytes [45], especially for Cu (II) [49–51] and Hg (II) [52,53]. Li
and co-workers employed exfoliated CN-NS as photoelectrochem-
ical materials in selective sensing of Cu (II), and the limit of
detection (LOD) is at mmol L�1 level [49]; Li, Long and co-workers
has employed CN-NS as an electrode modifier in voltammetric
determination of Hg (II), and the LOD is 1.2�10�10mol L�1 [52];
Barman and co-workers prepared a CN-NS modified electrode to
determine Hg (II) in aqueous solution with the detection limit
9.1�10�11mol L�1 [53]. They mentioned in the interferant
investigation section that the current responses of Pb (II) and Cu
(II) with�7�10�8mol L�1 could be observed. They thought the
enhanced responses is due to the amalgam formation after Hg (II)
was reduced on the CN-NS surface. But when Pb (II) and Cu (II)
were analyzed individually, their sensitivities decreased signifi-
cantly [53]. By now, direct determination of Pb (II) based on CN-NS
modified electrode has never been reported.

In thiswork, EDTAhas been covalently immobilized onto CN-NS
using N-(trimethoxysilylpropyl) ethylene-diamine triacetic acid
sodium salt as a coupling reagent, and EDTA-CN-NS as an
effectively chelating modifier with excellent dispersibility in
aqueous solutionwas prepared at the first time. The electrochemi-
cal response of EDTA-CN-NS for Pb (II) detection was much more
significant than that of CN-NS without functionalization, and
EDTA-CN-NS is able to be used as a novel electrode material in the
preparation of ultra-high sensitive sensor for voltammetric
determination of Pb (II) with the LOD 5.7�10�13mol L�1. The
simultaneous electrochemical detection of Pb (II), Cu (II) andHg (II)
using the EDTA-CN-NS/Nafion/GCE was illustrated as well. The
environment-friendly and low-cost modified electrode showed
good sensitivity, selectivity, reproductivity and stability, which had

been applied to the determination of Pb (II) in real water samples
with satisfactory results.

2. Experimental

2.1. Chemicals and reagents

Regents were all analytical grade and used without further
purification unless otherwise stated. Concentrated sulfuric acid
(H2SO4), hydrochloric acid (HCl), potassium persurfate (K2S2O8),
melamine and other regents were all purchased from Sinopharm
Chemical Regent Co., Ltd. N-(trimethoxysilylpropyl) ethylene-
diamine triacetic acid sodium salt (EDTA-silane), 35% in water was
purchased from Gelest Inc., which was used as a silane
functionalization agent. The bulk graphitic carbon nitride (bulk-
g-C3N4) was synthesized by calcinating melamine [43]. Ultrathin
graphene-like carbon nanosheets (CN-NS) was prepared via
sonication-exfoliation using bulk-g-C3N4 as starting material
[44,45]. The ultra-pure water used in all following experiments,
whose resistivity is 18.2MV cm at 298.2 K, was prepared by
distilling deionized water twice. All of the glassware and plastic
beakers were steeped by 10% (v/v) HNO3 for about 24hours to
prevent the interference of metal ions in the container wall, then
the vessels were washed 3 times by the ultra-pure water. The
solution of Pb (II) was prepared by dissolving Pb(Ac)2�3H2O in 10%
HAc solutions. The concentration of as-prepared Pb (II) solution
was standardized by complexometric titration using EDTA as a
complexing agent, which refers to 0.02038mol L�1 of Pb (II). The
stock solutionwas diluted in 10% HAc solutions to be 0.001019mol
L�1 using the standardized solution [6]. The electrolyte phosphate
buffer solution (PBS, 0.1mol L�1) was prepared bymixing the stock
solutions of KH2PO4 and K2HPO4 and was adjusted to appropriate
pH by the addition of NaOH or H3PO4 solution at the concentration
of 0.1mol L�1. The dilution process of Pb (II) was conducted by the
PBS presented above, and the diluted Pb (II) solution was stored in
the disposable polyethylene tubes. To remove Pb (II) by adsorption
onto the containerwalls, 2.1% (v/v) sulfuric acid solutionwas added
into Pb(Ac)2�3H2O solution [54].

The environmental water samples were collected our research
group from a lake and a river in Jiangsu Province, P. R. C. The
contents of Pb in these lake water samples had been detected by
inductively coupled plasma mass spectroscopy (ICP-MS) method
using an Elan DRC-e inductively coupled plasma mass spectrome-
ter (PerkinElmer, USA) as a standard method.

2.2. Apparatus

Powder X-ray Diffraction (XRD) patterns were performed on a
Bruker-D8 ADVANCE diffractometer equipped with Cu Ka radia-
tion (l =0.15406nm). The dispersing of the samples was con-
ducted on a SCIENTZ-1200E ultrasonic cell disruptor (Ningbo
Scientz Biotechnology Co. Inc.). High Resolution Transmission
Electron microscope (HRTEM), Scanning Transmission Electron
Microscope (STEM) and Selected Area Electron Diffraction (SAED)
were conducted by a Tecnai G2 F30 S-Twin electron microscopy
with an accelerating voltage of 200 kV. Fourier Transform Infrared
measurements (FT-IR) were recorded on KBr pellets with a PE
Paragon 1000 spectrophotometer. Electrochemical measurements
were performed on a CHI 660 electrochemical workstation
(Chenhua Instruments Co., Shanghai, China).

2.3. Pre-oxidation of CN-NS

The 0.5 g CN-NS was firstly dissolved in 50mL concentrate
sulfuric acid under constant stirring at a temperature of 273.2K,
then 2gK2S2O8 was dissolved in themixturewith constant stirring
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for 30min. After heating the mixture at a raising rate of
temperature of 1K/min to 303.2K, the mixture was kept under
constant stirring for 15min. Then, the mixturewas cooled down to
273.2K, and 150mL ultra-pure water was slowly added into the
mixture before adding 25mL 5% hydrogen peroxide into the
mixture under constant stirring. After filtration, the precipitate
was washed by 5mL 6mol L�1 hydrochloric acid solution three
times, andwas sufficientlywashed by ultra-purewater. After being
dried in a vacuum ovenwith the pressure of 66.7 kPa at 303.2 K for
24h, the pre-oxidized CN-NS was prepared.

2.4. Silanization of pre-oxidized CN-NS

To silanize the CN-NS, 20.0mg of pre-oxidized CN-NS was
placed in a three-neck flask. Then, 50.0mL of tetrahydrofuran was
added into the flask, and the flask was sealed and treated by the
ultrasonication at a temperature of 303.2K for 60min [55]. Then,
2mL tetrahydrofuran solution containing 1.0wt % EDTA-silanewas
dropped into the suspension, and the suspension was kept under
vigorous stirring for half an hour. After adding 1mL ammonia
solution (1mol L�1), the suspension was acutely stirred for 12h at
333.2K. Then, the dilution of the unreacted silane after the
silanization reaction completed was conducted by addition of
100mL methanol. The precipitate was filtered and washed
sequentially by methanol, water, and acetone. The complete
removal of EDTA-silane was examined by dropping onto the
surface of a thin layer chromatography (TLC) plate and then placed
in iodine chamber. After which CN-NS treated by silane was dried
at 313.2K with pressure at 66.7 kPa for 24h in a vacuum oven. The
as-prepared silanized CN-NS is named as EDTA-CN-NS in the
following experimental sections. The procedures of pre-oxidation
and silanization towards CN-NS are displayed in Fig. 1.

2.5. Preparation for the electrode

Before the modification of the glassy carbon electrode, the
electrode, whose diametre is 3mm, was polished with aluminium
oxide powders (d =0.05mm). Then, the polished electrode was
washed by double distilled water and rinsed by piranha solution
that was prepared bymixing 30% hydrogen peroxide solutionwith
H2SO4 at a volume ratio of 1:3, respectively. After being washed by

ultra-pure water and absolute ethanol under ultrasonic treatment,
the electrode was cleaned by electrochemical scanning of cyclic
voltammetry from �0.50V to+ 1.60V vs. Ag/AgCl electrode in
0.5mol L�1 sulfuric acid solution for 20 cycles. The as-cleaned GCE
was then dried in nitrogen steam.

After which 10mg of EDTA-CN-NS powder was dissolved into
20mL 5% Nafion solution in a 50mL disposable polyethylene
centrifuge tube with ultrasound treatment for 2hours. After
dropping 6mL the EDTA-CN-NS Nafion mixtures onto the as-
cleaned GCE, the electrode was dride by nitrogen steam at 298.2 K.
Bulk-g-C3N4, CN-NS and pre-oxidized CN-NS were mixed with the
same Nafion solution, which were selected as modifiers for the
preparation of GCEs using the same preparationprocedure to study
the effects on the electrochemical features caused by the
silanization of EDTA. Each modification step should be conducted
on the same electrode to guarantee the comparability of the date
acquired in electrochemical tests, and the GCE should be cleanwith
ultra-pure water, ethanol and acetone to remove the physical
adsorption then dried in a nitrogen steam after each electrochem-
ical measurement.

2.6. Measuring the electrochemical performance of the electrode

Unless any other illustration appeared, all of the electrochemi-
calmeasurementswere conducted at the temperature of 298.2K in
the PBS mentioned in the section of Chemicals and reagents. A
conventional three-electrode system was employed for all
electrochemical measurements, in which a modified electrode,
an Ag/AgCl electrode whose concentration of KCl was 3.5mol L�1

and a platinum plate electrode was respectively served as the
working electrode (WE), reference electrode (Ref), and counter
electrode (CE). The Nafion modified GCE (Nafion/GCE), the bulk-g-
C3N4/Nafion modified GCE (bulk-g-C3N4/Nafion/GCE), the CN-NS/
Nafion modified GCE (CN-NS/Nafion/GCE), the pre-oxidized CN-
NS/Nafionmodified GCE (pre-oxidized CN-NS/Nafion/GCE) and the
EDTA-CN-NS/Nafion modified GCE (EDTA-CN-NS/Nafion/GCE)
were prepared and tested by cyclic voltammetry (CV), respectively.
CVmeasurements of the fivemodified GCEs were performed in the
presence of 7.7�10�7mol L�1 Pb (II) in the PBS from �1.00V to
1.00V at a scan rate of 0.05V s�1. After adding a certain amount of
Pb (II) standard solution in the PBS, DPV measurements were

[(Fig_1)TD$FIG]

Fig 1. The schematic diagram in the synthesis of EDTA-CN-NS.
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conducted by using the same three-electrode system using EDTA-
CN-NS/Nafion/GCE as the working electrode from the potential of
�0.20V to+ 1.00V was conducted to examine the sensing
performance of the as-prepared electrode towards Pb (II).

The sensor’s repeatabilitywas evaluated by testing the intensity
of the peak current in DPV measurements. In this experiment,
replicate determinations of aqueous solutions containing
2.3�10�7mol L�1 Pb (II) were conducted in intra-day and inter-
day determinations.

2.7. Solubility and compatibility of EDTA-CN-NS with Nafion in
aqueous solution

0.5 g bulk-g-C3N4, CN-NS and EDTA-CN-NS were respectively
added to 100.0mL deionized water. Then, these mixtures were
dispersed by ultrasonic treatment for 2hours by an ultrasonic cell
disruptor and were poured immediately into three weighing
bottles. After being rested for 4 weeks, the solubility of bulk-g-
C3N4, CN-NS and EDTA-CN-NS was examined by comparing the
settlement properties in aqueous solution. The solubility of these
threematerials in 5% Nafion solutionwas investigated by the same
procedure.

3. Results and discussion

3.1. The dispersibility of EDTA-CN-NS in aqueous solution and its
compatibility of Nafion

Fig. 2 shows the flocculation settling velocity of bulk-g-C3N4,
CN-NS and the EDTA-CN-NS. As shown in Fig. 2a, three kinds of
material showed similar dispersibility in aqueous solutions after
the ultrasonic treatment. Bulk-g-C3N4 showed poor dispersibility
in aqueous solution by settling onto the bottom, the CN-NS and
EDTA-CN-NS showed good dispersing performance after 48hours.
After resting for 4weeks, the EDTA-CN-NS formed awell-dispersed
suspension in aqueous solution, however, the CN-NS had mostly
settled onto the bottom of the bottle, as shown in Fig. 2c. Similar
dispersal behaviours in Nafion solution were performed in Fig. 2b
and d, as well. Such results indicate a significantly improved
dispersibility of EDTA-CN-NS after the silanization in aqueous

solution and an acceptable compatibility with Nafion, which may
be due to the immobilization of the functional groups, such as
EDTA. The silanization of EDTA towards CN-NS may endow
possibilities of carbon nitride materials for further applications,
for example, the immobilized EDTA may enhance the adsorption
capacity of carbon nitrides, which can also serve as a promising
functional material for heavy metal adsorption.

3.2. Characterization of EDTA-CN-NS

Fig. 3 shows the XRD patterns of bulk-g-C3N4, CN-NS, pre-
oxidized CN-NS and EDTA-CN-NS, which reveal the changes in
crystal structure through pre-oxidization and silanization process.
As shown in Fig. 3a, the diffraction peak of bulk-g-C3N4 at 2
u =13.1� (d =0.68nm) arising from the inter-planar structural
packing pattern is indexed as the (100) plane of graphitic carbon
nitride, while the strong peak at approximately 2 u =27.3�

(d = 0.324nm) is indexed as (002) plane from the inter-layer
diffraction of graphitic-like structures. The diffraction pattern of
CN-NS shows that the peaks at 27.3� and 13.1� in the diffusion
pattern of CN-NS still exists, but both of the 2 peaks have been
sharply decreased compared with the peaks in the pattern of bulk-
g-C3N4, which suggests the few-layered structure of CN-NS
[45,49,56–58]. The pattern of the oxidized CN-NS showed similar
layer structure like the CN-NS, but the intensity of the peak at 13.1�

becomes weaker, which can be due to the simultaneously decrease
of the repeated tri-s-triazine structure planar size though the
oxidization process. The diffusion pattern of EDTA-CN-NS is quite
accordant with oxidized CN-NS, but the intensity of the peak at
27.3� showed a significant decrease,whichmay be attributed to the
a further exfoliation in the crystalline structure the silanization
process that caused by the short range disorder of (002) plane in
EDTA-CN-NS.

The TEM images of EDTA-CN-NS are shown in Fig. 3b and c,
which reveals themorphology of EDTA-CN-NS. As shown in Fig. 3b,
it is obvious that the morphology of the nanosheets remained
lamellar, and the SAEDpattern, which is inserted in Fig. 3c of EDTA-
CN-NS, reveals the multicrystalline structure of the g-C3N4 [45].
The diffraction ring marked in SADE pattern is quite accord with
the interplanar spacing of (002) plane of graphite-like carbon

[(Fig._2)TD$FIG]

Fig. 2. Digital photos of suspensions containing bulk-g-C3N4, CN-NS and EDTA-CN-NS dispersed in deionized water (a) and 5% Nafion solution (b) just after the ultrasonic
treatment. Digital photos of suspensions containing bulk-g-C3N4, CN-NS and EDTA-CN-NS dispersed in deionized water (c) and 5% Nafion solution (d) resting for 4 weeks.
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nitride, which is calculated to be 0.33nm [59]. Such results reveal
that the crystalline structure and monophony of CN-NS still
remained after the oxidization and silanization process [45].

The STEM images and the EDSmapping patterns of CN-NS, pre-
oxidized CN-NS and EDTA-CN-NS scanning for C, N, O and Si are
shown in Fig. 4 to elaborate the changes of the functional groups on
the surface of CN-NS. According to the EDS mapping images of the
CN-NS and oxidized CN-NS in Fig. 4a and b, the amount of oxygen
increases significantly, which is attributed to the oxygen contain-
ing groups added onto the surface of the CN-NS during the pre-
oxidization process. According to the EDS mapping images of C, N,

O and Si obtained during the STEM measurements as shown in
Fig. 4c, it is obvious that silicon has been detected by EDS mapping
measurement, which indicates the successful silanization.

To further investigate the silanization effects to the functional
groups in EDTA-CN-NS, FT-IR spectrum of CN-NS, pre-oxidized CN-
NS and EDTA-CN-NS are shown in Fig. 4d, the characteristic
absorption peaks of the tri-s-triazine ring and CN heterocycles at
801 cm�1 and between 1200 and 1600 cm�1 appeals in the FT-IR
spectrum of CN-NS and the pre-oxidized CN-NS, which indicates
the similar covalent bonds in their structure. Moreover, compared
with bulk-g-C3N4 and the CN-NS reported in previous literature

[(Fig._3)TD$FIG]

Fig. 3. The influence to the crystal structure andmorphology brought from the oxidization and silanization process. XRD analysis of bulk-g-C3N4, CN-NS, pre-oxidized CN-NS
and EDTA-CN-NS (a). TEM images of the EDTA-CN-NS in different scales (b), (c). The SAED pattern (inserted c).

[(Fig._4)TD$FIG]

Fig. 4. Effects of the functionalization of CN-NS with N-(trimethoxysilylpropyl) ethylenediamine triacetic acid sodium. The STEM-HAADF image and STEM EDS mapping of
CN-NS (a), pre-oxidized CN-NS (b) and EDTA-CN-NS (c). The FT-IR spectrum of CN-NS, pre-oxidized CN-NS and EDTA-CN-NS (d).
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[45,49,56,57], the additional absorption peak of pre-oxidized CN-
NS at 1088 to 1110 cm-1 revealed the covalent bonds of C-O, and
the peaks between 3300 and 3600 cm�1 suggest the existence of
–OH in the pre-oxidized CN-NS. In addition, the absorption peaks
of CN-NS, pre-oxidized CN-NS and EDTA-CN-NS from 1360 to
1310 cm�1 and the peaks from 1230 to 1150 cm�1 indicates the
changing groups of tertiary amine (R3-N). It reveals, obviously, that
the peak intensity of R3-N shows significant weakening after the
pre-oxidation process, which may be attributed to the partial
damage of R3-N caused by K2S2O8. However, compared with the
absorption peak of R3-N in pre-oxidized CN-NS, the peak obtained
from EDTA-CN-NS showed some degree of enhancement, which
may due to the covalent bonds of R3-N in immobilized EDTA
groups. In addition, the adsorption peaks of Si-O between 1110 and
1000 cm�1 were obviously detected, which shows that the
coupling reagent was successfully bonded with CN-NS. These
results from STEM EDS mapping and FT-IR tests clearly show that
the functional groups of EDTA were immobilized onto the surface
of CN-NS after the process of pre-oxidization and silanization. As
EDTA is a well-known chelating agent, EDTA-CN-NS may have
great tendency in accumulating heavy metal ions in aqueous
solution, which has great potential for preparing ultrahigh
sensitive electrochemical sensors in detecting heavy metals.

3.3. Electrochemical behaviours of modified electrodes

Fig. 5 shows the CV characteristics of Nafion (curve a), bulk-g-
C3N4/Nafion (curve b), CN-NS/Nafion (curve c), pre-oxidized CN-
NS/Nafion (curve d) and EDTA-CN-NS/Nafion (curve e) modified
GCE in 0.05 mol�L�1 PBS (pH 4.5) containing 7.7�10�7mol L�1 of
Pb (II). Besides, EDTA-CN-NS/Nafion/GCE were tested in PBS (pH
4.5) without Pb (II) (curve f). Compared with the intensity of the
current response obtianed from the Nafion/GCE, the intensity of
the current response of CN-NS/Nafion/GCE was slightly increased,
which suggestsweak accumulation effect of CN-NS for heavymetal
ions. However, bulk-g-C3N4 modified GCE showed extremely
weaker intensity of oxidation peak current, which may be
attributed to the poor conductivity of the bulk-g-C3N4 that hinder
the transmission of the charges onto the GCE surface. Moreover,
the intensity of the peak currents using CN-NS/Nafion/GCE and
Pre-oxidized/Nafion/GCE in the presence of Pb (II) was almost the
same, but the potential of the peak current slightly shifted to
+0.006V, which indicates the pre-oxidization process of the CN-NS

did not contributemuch in its electrochemical performance. In the
case of EDTA-CN-NS/Nafion/GCE, a well-defined anodic stripping
current peak at the potential of �0.494V was clearly observed,
whose intensity was significantly enhanced. Such results verified
that the adsorption ability of electrode surface for Pb (II) ions is
greatly enhanced by modification of EDTA-CN-NS, which may
significantly enhance the sensor sensitivity. In addition, compared
with the equilibrium potential of the Nafion/GCE at �0.527V, the
equilibrium potential of the EDTA-CN-NS/Nafion/GCE shifted +
0.034V. Such an obvious shift of the potential indicated that EDTA-
CN-NSmay catalyze the electrochemical reactions on the interface
of GCE. Comparing the mechanism in determination of Hg (II)
using CN-NS/GCE [53], the electrode reaction equations on the
suface of EDTA-CN-NS/Nafion/GCE can be assumed as follows:

Accumulation and reduction step: EDTA-CN-NS/Nafion/GCE (sur-
face) + Pb (II) (solution) +2e� !EDTA-CN-NS/Nafion/GCE-Pb (0)
(surface). (I)

Oxidation step: EDTA-CN-NS/Nafion/GCE-Pb (0) (surface)!EDTA-
CN-NS/Nafion/GCE (surface) + Pb (II) (solution) + 2e�. (II)

To examine these electrochemical reaction mechanisms, CV
characteristics should be thoroughly elaborated. According to the
Nernst equation, the ideal equilibrium electrode potential of Pb
(II)/Pb (vs. Ag/AgCl with 3.5mol L�1 KCl) should be calculated as
follows: the standard electrode potential of Pb (II)/Pb (vs. NHE)
couple is �0.1262V, and the equilibrium electrode potential of Ag/
AgCl (containing 3.5mol L�1 KCl, vs. NHE) is 0.205V, thus the
standard electrode potential of the Pb (II)/Pb (vs. Ag/AgCl with
3.5mol L�1 KCl) couple equals �0.3312V; the equilibrium elec-
trode potential of the Pb (II)/Pb couple in the as-mentioned
experimental conditions can be calculated using the Nernst
equation, which was illustrated as follows:

Pb2þ aqð Þ þ 2e ! Pb sð Þ ð1Þ

fPb2þ=Pb ¼ fQ
Pb2þ=Pb �

RT
zF

ln
aPb2þ
aPb

� �
ð2Þ

In the as-proposed equation, the perfect gas constant (R) is
8.314 Jmol�1 K�1, and the temperature of the experiment (T) is
298.2K, as well as the electron transfer number (z) equals 2, and
the Faraday constant (F) is 96485.3383Cmol�1 and the standard
electrode potential of the Pb (II)/Pb (vs. Ag/AgCl with 3.5mol L�1

KCl) couple (FPb(II)/Pb
Q) is �0.3312V. According to the calculation

above, because the phase state of the Pb obtained by reduction
reaction is solid phase, the aPb equals 1. After substituting the
concentration of Pb (II) into the equation, the equilibriumelectrode
potential of Pb (II)/Pb (vs. Ag/AgCl with 3.0mol L�1 KCl) equals to
�0.512V. The weak electrochemical features of the Nafion/GCE
and CN-NS/Nafion/GCE near �0.527V were relative to the results
of the calculation from the Nernst equation, which suggest that the
as-presented assumption is reasonable [27_TD$DIFF][60].

The electrochemical mechanism of the potential shift men-
tioned above can be explained by the as-proposedNernst equation,
R, T, z, F, aPb and F Pb(II)/Pb

Q are constants during the CV
measurements, the only factor to influence the potential is the
activity of Pb (II) ions (aPb(II)) near the surface of the electrode.
Compared to the CN-NS/Nafion/GCE, the ennoblement of the
equilibrium potential of EDTA-CN-NS/Nafion/GCE reached to+
0.034V, which refers to the significantly increased aPb(II) near the
surface of the electrode. This phenomenon ismost likely due to the
pre-oxidation and silanization process that has successfully added
some ligands, such as carboxyl, hydroxyl and tertiary amine onto

[(Fig._5)TD$FIG]

Fig. 5. The CV curves of the Nafion/GCE (curve a), bulk-g-C3N4/Nafion/GCE (curve b)
CN-NS/Nafion/GCE (curve c), pre-oxidized CN-NS/Nafion/GCE (curve d) and EDTA-
CN-NS/Nafion/GCE (curve e) in PBS containing 7.7�10�7mol L�1 of Pb (II). The CV
curves of the EDTA-CN-NS/Nafion/GCE in blank PBS (curve f).
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the surface of the CN-NS, which may effectively chelate the free Pb
(II) ions in solution onto the surface of the EDTA-CN-NS/Nafion
films modified electrode, and thus, Pb (II) ions in the solution have
a much greater tendency to accumulate near the surface of the
EDTA-CN-NS/Nafion/GCE than Nafion/GCE and the CN-NS/Nafion/
GCE, and therefore, the electrochemical reactions on the interface
of the GCE was catalyzed. Additionally, the enhancement of the
accumulation ability for Pb (II), whichwas aroused by the chelation
effect of the immobilized EDTA on EDTA-CN-NS, may indirectly
increase the intensity of the stripping current.

3.4. Optimization for experimental parameters

The optimal experiments were all conducted in PBS whose
content of Pb (II) was 2.3�10�7mol L�1. The current intensity in
anodic stripping voltammetric response of the EDTA-CN-NS/
Nafion/GCE can be influenced by pH value, which was investigated
using PBS at pH value ranging from 3.5 to 6.0. As shown in Fig. 6a,
the anodic stripping peak currents kept increasing with continu-
ous enhancing of the pH value at 4.5, then decreased when the pH
values increased. The long pair of electrons present on the oxygen
and nitrogen atoms may be effected by protonation, and the
complexation effect of the active groups on the surface of EDTA-
CN-NS such as amidogen, hydroxyl and carboxyl can be weakened
accordingly when the pH value is lower than 4.5. The anodic
stripping peak currents decreased at the higher pH values, which

could be attributed to the hydrolysis reaction of Pb (II). Thus, a pH
value of 4.5 was chosen as the optimum pH value for all the
subsequent experiments.

Another important influencing factor for electrode accumula-
tion and reduction is the pre-concentration potential in the
stripping voltammetry measurement. The optimum deposition
potential on anodic stripping peak currents at an accumulation
time of 350 s was investigated from �0.2V to �1.0V. As shown in
Fig. 6b, the anodic stripping peak current increased when the
deposition potential increased from �0.2 to �0.6V, and then
decreased when potential turned negative more than �0.6V. Such
tendency can be attributed to the reaction of hydrogen evolution in
the PBS (pH 4.5), when the negative value of the deposition
potential get larger, the hydrogen evolution will be earier to
generate. When the pre-concentration potential become more
negative than�0.6V, the deposition of metal ions on the electrode
surface can be influenced by the hydrogen evolution near the
electrode surface, and thus, the response of the stripping current
was also be influenced. Therefore, �0.6V was chosen as the
deposition potential for Pb (II) in all the subsequent tests.

Pre-concentration time can be another a crucial influencing
factor for the intensity of the anodic stripping peak current during
the stripping voltammetry measurement. Fig. 6c shows the anodic
stripping peak current at several independent deposition times
ranging from 50 s to 500 s under the deposition potential of �0.6V
in PBS (pH 4.5). The anodic stripping peak current increased

[(Fig._6)TD$FIG]

(a) (b)

(d)(c)

Fig. 6. Optimization of experimental parameters in PBS solution containing 2.3�10�7 mol L�1 Pb (II) via measuring the peak current of differential pulse anodic stripping in
different conditions. (a) Effects of the pH values in the peak current peak intensity applied EDTA-CN-NS/Nafion/GCE. (b) Effect of the pre-concentration potential in the peak
current peak intensity applied EDTA-CN-NS/Nafion/GCE. (c) Influence of the pre-concentration time in the peak current peak intensity applied EDTA-CN-NS/Nafion/GCE. (d)
Influence of the peak current caused by modifying different volume of EDTA-CN-NS/Nafion suspension onto GCE. Quiet time: 30 s; Scan rate: 0.005V s�1; Pulse amplitude:
0.050V; Sampling width: 0.05 s; Pulse period: 0.2 s; Step potential: 0.004V; Sensitivity: 1.0�10�5 AV�1.
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linearly with pre-concentration time up to 350 s. When the pre-
concentration time was extended, the anodic stripping peak
current tended to keep constant due to the saturation loading of
active sites at the electrode surface. Therefore, 350 s was selected
as the optimum pre-concentration time for all later experiments.

The volume of EDTA-CN-NS/Nafion suspension adding onto the
GCE could be another factor during the stripping voltammetry
measurement. The EDTA-CN-NS/Nafion suspension at a concen-
tration of 1.0mgL�1 in various volumes ranging from 2mL to 8mL
were dropped onto the GCE to examine the changes in the intensity
of the anodic stripping peak current in a PBS (pH 4.5) ions at a
deposition potential of �0.6V and the pre-concentration time of
350 s, as shown in Fig. 6d. The peak current increased significantly
with increasing film thickness before the dropping volume of 6mL,
which was mainly caused by the increased active surface area of
EDTA-CN-NS film and the enhanced chelation effect by increased
electron donating groups on the EDTA-CN-NS/Nafion film. When
the dropping volume of the EDTA-CN-NS/Nafion suspension
exceeded 6mL, the densitiy of the peak current showed slightly
decrease, which can be attributed to the excessive thickness of the
film. As bulk-g-C3N4 has performed extremely poor conductivity,
which is presented in Fig. 5, curve b. Therefore, the excessive
dropping of the EDTA-CN-NS suspension may increase the
thickness of the film, which may weaken the electrical conductivi-
ty of the sensor and, accordingly influence the current intensity
generated by redox reactions. Therefore, the condition of dropping
6mL EDTA-CN-NS suspension at a concentration of 1.0mg L�1 onto
the suface of the GCE was selected to prepare EDTA-CN-NS/Nafion
film in suitable thickness for all subsequent measurements.

3.5. Voltammetric determination of Pb (II)

As the surface of the EDTA-CN-NS was modified by many
functional groups, which have a greater tendency for metal ion
accumulation. The chelation of EDTA-CN-NS for Pb (II) could
increase the amount of the charged particles on the surface of the
electrode, which is expected to give a much larger signal change
magnitude than other sensors modified by either bulk-g-C3N4 or
CN-NS. Under optimal conditions, Fig. 7 shows that the DPVs peak
currents increased with the increasing concentration of Pb (II) in
PBS. Two linear plots of the anodic stripping peak current changes
(Dip) versus the concentrations of Pb (II) (CPb(II)) in the range of
2.1�10�12mol L�1 to 1.3�10�9 mol L�1 and the range of 1.3�10�9

mol L�1 to 1.7�10�6mol L�1, and the detection limit is 5.7�10�13

mol L�1 at a signal to noise ratio of 3. The linear regression
equations are inserted in Fig. 7, which are presented follows:

Dip =0.5694CPb(II) + 61.52 (Dip: nA, CPb(II): pmol L�1, R2 = 0.990) (3)

Dip =15.69CPb(II) + 2.424 (Dip: mA, CPb(II): mmol L�1, R2 = 0.998) (4)

Table 1 compares our analytical method with other voltam-
metric methods in detecting Pb (II), which indicates that our
preparation strategy shows a lower detection limit and wider
linear relationship than most of the as-presented analytical
methods. Such results can be attributed to the accumulation of
Pb (II) onto the surface of the electrode in electrochemical
measurements via the chelate effect of the electron donating
groups. Although our strategy shows a lower sensitivity than a
hollow fiber-graphite electrode [23], the linear relationship of our
analytical method can reach to ppb level, which may exhibit more
extensive applications in determination of Pb (II) in samples from a
variety of sources. Compared with the procedure in preparation of
the hollow fiber-graphite electrode [23], the preparation for the
hollow fiber and the different kinds of nano materials are not
needed in our preparation technique, which demonstrates its
simplicity and easy operation. Therefore, our preparation strategy
may provide new instructions for design ultra-high sensitive
sensors.

3.6. Anti-contamination performance of the EDTA-CN-NS/Nafion/GCE

Anti-contamination ability is also an important factor in
evaluating the performance of the sensor. The renewed sensor
was prepared by in-situ an electrochemical cleaning process at
+0.5V for 300 s after the first DPV measurement. Obviously no
stripping current peak can be observed after the cleaning process
in the blank solution, this indicates the complete removal of the
accumulated Pb (II). Then, the renewed electrode was used to
examine the contamination of the surface of the electrode during
the latest test. Fig. 8 shows that the as-prepared electrode was
examined by testing the current intensity of the newly modified
electrode (curve a1) and the renewed electrode (curve a2 - curve
a4) was tested in the solution containing 2.3�10�7mol L�1 Pb (II).
To ensure the complete removal of Pb (II) on the surface of the
electrode, the renewed electrode was examined by DPVmethod in
blank solution (curve b1-curve b4) before the following tests.
Applying the sameGCE conducted by the same renewed procedure
several times, the following curves of the anodic stripping peak
currents showed acceptable coincidence with the first curve in the
detecting of Pb (II). Additionally, the reproducibility of the current
curves in the blank solution also indicated the successfully removal
of the Pb (II) from the electrode. These results indicate the excellent
anti-contamination ability of the sensor [27_TD$DIFF][60]. Then, stability of the
EDTA-CN-NS/Nafion GCE at 298.2 Kwas examined. After 3months,
the as-prepared sensor remained about 92.3% of its initial intensity
of the current in the solution containing 2.3�10�7mol L�1 Pb (II).
As listed in Table 2, the relative standard deviations (RSDs) of the
intra-day and inter-day in the peak current of the differential pulse
stripping measurements were 1.2% and 1.4%, respectively, which
indicates the acceptable repeatability of the method. The evalua-
tion of fabrication reproducibility towards the developed sensor is
obtained according to testing 2.3�10�7mol L�1 Pb (II) by usingfive
EDTA-CN-NS/Nafion/GCEs based on five GCEs with the same
production batch. The RSDs of peak currents were calculated to be
3.2% and 5.2% in intra-day and inter-day determination, respec-
tively, which indicated that the proposed electrode processes good
fabrication reproducibility. After threemouths, the average current

[(Fig._7)TD$FIG]

Fig. 7. Linear calibration graphs of EDTA-CN-NS/Nafion/GCE at higher and lower
concentrations of Pb (II) under optimized experimental conditions. Accumulation
potential under stirring: �0.6V; Accumulation time: 350 s; Quiet time: 30 s; Scan
rate: 0.005V s�1; Pulse amplitude: 0.05V; Sampling width: 0.0333 s; Pulse period:
0.2 s; Sensitivity: 1.0�10�5 AV�1.
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intensities of these five electrodes remained about 91.2% of its
initial intensities for the determination of 2.3�10�7mol L�1 Pb (II),
indicating that the durability of the as-prepared sensors is
acceptable.

3.7. Interference study

The selectivity of the as-proposed method was investigated as
other metal ions might influence the detecting of Pb (II) in real
sample analysis. In previous literature, CN-NS showed enhanced
electrochemical response in detecting Pb (II) when Hg (II) existed
[53], and the chelating constant of EDTA for Hg (II) is much larger
than that for Pb (II), so Hg (II) may be the strongest interfering
factor in the determination procedure presented above. Hg (II) and
some othermetal ions have been examined as possible interferents
under the optimized Pb (II) detection condition. Fig. 9 shows a DPV

Table 1
Comparison of the sensing performance of the as-proposed electrode with other sensors in determination of Pb (II) using [25_TD$DIFF]voltammetric methods.

Electrode LOD*

(mol L�1)
Linear range
(mol L�1)

Ref.

PAN/Nafion/GE 1�10�8 5�10�8�1�10�5 [13]
9,10-anthraquinone modified Na-montmorillonite GCE 1�10�9 2�10�9�1�10�6 [14]
TPP-kaolinite/CPE 8.4�10�8 3�10�7�2�10�5 [19]
Zeolite/NH

[26_TD$DIFF]4-Y/CPE 1.7�10�8 2.5�10�8�1�10�7 [20]
2-benzothiazolethiol/
SBA-15/silica/CPE

4.0�10�8 3.00�10�7�7.00�10�6 [21]

SiO2-Al2O3/CPE 1.07�10�9 2.0�10�9 �5.2�10�5 [22]
HF-GE 9.1�10�16 2.9�10�15� 4.0�10�11 [23]
IIP-MCPE 3.0�10�11 1.0�10�10�1.0�10�8

& 1.0�10�8�1.0 �10�5
[24]

HP-b-CD-RGO/Nafion/GCE 9.42�10�11 1�10�10�9�10�9 [25]
TCA-MWCNT/GCE 4�10�11 2�10�10�1�10�8 [26]
Bi-CNT electrode 6.2�10�9 9.7�10�9�4.8�10�7 [27]
BiOCl/MW-CNT/GCE 1.9�10�6 5.0�10�6�5.0�10�5 [28]
CB-18-crown-6-GEC 6.2�10�8 2.1�10�8�1.0�10�6 [30]
CB-15-crown-5-GEC 5.7�10�8 1.9�10�8�1.0�10�6 [30]
4-carboxybenzo-18-crown-6-GEC 7.2�10�9 2.4�10�8�9�10�7 [31]
4-carboxybenzo-15-crown-5-GEC 1.6�10�8 5.2�10�8�9�10�7 [31]
D-penicillamine/aryl diazonium
salt monolayers/GCE

1.5�10�8 4.9�10�8�5.6�10�7 [32]

GSH-SPCNFE 1.4�10�8 4.8�10�8�7.2�10�7 [33]
EDTA-CN-NS/Nafion/GCE 5.7�10�13 2.1�10�12�5.7�10�10

& 1.3�10�9�1.7 �10�6
This method

LOD* means the limit of the detection.

[(Fig._8)TD$FIG]

Fig. 8. The differential pulse stripping voltammograms curves of EDTA-CN-NS/
Nafion/GCE (curve a1) and the renewed electrode (curve a2 - curve a5) in the
solution containing 2.3�10�7mol L�1 Pb (II) and the renewed electrode (curve b1-
curve b4) were measured by DPV method in blank PBS. Accumulation potential
under stirring: �0.6V; Accumulation time: 350 s; Quiet time: 30 s; Scan rate:
0.005V s�1; Pulse amplitude: 0.05V; Sampling width: 0.0333s; Pulse period: 0.2 s;
Sensitivity: 1.0�10�5 AV�1.

Table 2
Repeatability of the method in detecting 2.3�10�7mol L�1 Pb (II) in aqueous
solution by EDTA-CN-NS/Nafion/GCE (n = 5).

Sample The intensity of the peak current in the DPV measurements

Run-to-run (mA) Day-to-day (mA)

1 6.31 6.21
2 6.21 6.06
3 6.12 6.05
4 6.17 6.27
5 6.03 6.11
RSD 1.5% 1.4%

[(Fig._9)TD$FIG]

Fig. 9. The DPV voltammograms of 2.3�10�7mol L�1 Pb (II) in presence of
2.3�10�5mol L�1 each of Cu (II), Hg (II), Cd (II), Fe (II), Zn (II), Ni (II) ions at EDTA-
CN-NS/Nafion/GCE. Accumulation potential under stirring: �0.6V; Accumulation
time: 350 s; Quiet time: 30 s; Scan rate: 0.005V s�1; Pulse amplitude: 0.05V;
Sampling width: 0.0333 s; Pulse period: 0.2 s; Sensitivity: 1.0�10�5 AV�1.
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voltammogram for the determination of 2.3�10�7mol L�1 Pb (II)
in presence of somemetal ions such as Cu (II), Hg (II), Cd (II), Fe (II),
Zn (II), Ni (II) with 2.3�10�5mol [19_TD$DIFF]L�1 content, respectively. It can be
seen that sharp stripping peaks due to Hg (II) and Cu (II) also
appeared at 0.244V and�0.001V, respectively, whereas Zn (II), Cd
(II), Ni (II) and Fe (II) have no significant response. Therefore, the
simultaneous detection of Cu (II), Hg (II) and Pb (II) was also
investigated, as shown in Fig. 10. The peak currents increased
linearly with increasing concentration of Cu (II) and Hg (II). The
detection limits of Hg (II) and Cu (II) calculated from the calibration
curves are found to be 2.7�10�7 and 9.0�10�8mol L�1. Both linear
ranges of the calibration curves were from 4.3�10�7 to 2.1�10�6

mol L�1 for the determination of Cu (II) and 6.4�10�7 to
2.1�10�6mol L�1 for that of Hg (II). The existence of plenty
interfering ionsmay still influence the electrochemical response of
the target ion in the DPV measurement [24]. Therefore, the
stripping peak current voltammograms of 2.3�10�7mol L�1 Pb (II)
in the presence of different concentrations of Hg (II) need to be
examined under optimized conditions. The existence of Hg (II) at
an increasing ratio possesses a negligible influence on the electrical
signal of Pb (II), andwhen the excess of Hg (II) reached 75 times the
concentrations of Pb (II), the signal of Pb (II) was clearly affected.
Such tendency reveals that the competition betweenHg (II) and Pb
(II) for occupying the chelating sites on the surface of EDTA-CN-NS
may play a leading role in reducing the intensity of DPV current in
detecting Pb (II), rather than the formation of amalgam with the
reduced mercury on the surface of CN-NS. Furthermore, the
influence of the peak current of Pb (II) in DPV measurements
caused by other interfering ions were listed in Table 3. It can be
easily observed that all tested interfering ions had little effects on
the intensity of the stripping peak current of Pb (II). The tolerance
limit was defined by the maximum concentration of interfering
ions that caused a relative error of 5% in the intensity of the current
peaks in DPVmeasurement. It is clear that some interfering ions as
possible co-existence ions in environmental water systems,
possess no significant effect on the determination of Pb (II), which
indicates that EDTA-CN-NS/Nafion/GCE electrode can selectively
detect Pb (II) in aqueous solution.

3.8. Real sample analysis

As lead is a high toxic and non-biodegradable element for
human, the content of Pb (II) inwater source can be regarded as an
important indicator to evaluate the safety of drinking water. To
examine the potential application in real water sample analysis,

the as-prepared sensor was applied to evaluate the lead content in
the water samples collected from lake (No. 3) and river (No. 4).
Moreover, tap water (No.1), mineral water (No. 2) and wastewater
samples (No. 5) were also chosen to examine the performance of
the as-prepared electrode in detection of Pb (II) at different
concentrations in various real samples. The same procedure was
employed for testing the Pb (II) content in same samples without
any pre-treatments conducted by ICP-MS. Statistical evaluations of
the level of the significance difference were shown in Table 4, in
which the calculated t values are all less than the critical value of t
(the confidence coefficient 90%), and the relative deviations were
in a range from �3.3% to +5.0%. The results of the statistical
evaluations indicated that the proposed method showed a good
agreement with the ICP-MS. Additionally, the recovery test of Pb
(II) was also conducted using sample No. 1, 2 and 4 to present
different kinds of water samples containing different contents of
Pb (II), as shown in Table 5. The recoveries of Pb (II) from the raw
and spiked samples ranged from97.6% to 105.0%, which reveals the
good accuracy of the as-proposed method. Therefore, this method
could reliably meet the analytical need for detection of Pb (II) in
different water samples.

4. Conclusions

In summary, the CN-NS was covalently immobilized by
functional groups of EDTA through the pre-oxidization and
silanization process. The structure and morphology of EDTA-CN-
NS shows no obvious change compared with the CN-NS. It reveals
that the EDTA-CN-NS exhibits an excellent dispersibility in
aqueous solution, which can form stable suspension for more
than 4 weeks. Additionally, the studies of electrochemical
performances of the Nafion/GCE, the bulk-g-C3N4/Nafion/GCE,
the CN-NS/Nafion/GCE and the EDTA-CN-NS/Nafion/GCE reveals
that Pb (II) can significantly accumulate onto the surface of the
electrode due to the chelating effect of EDTA groups, which

[(Fig._10)TD$FIG]

(a) (b)

Fig.10. (a) DPV voltammograms for the different concentrations of Pb (II), Cu (II) and Hg (II) at EDTA-CN-NS/Nafion/GCE, and the concentrations of Pb (II), Cu (II) and Hg (II) in
eachmeasurement are all the same. (b) The calibration curve of Hg (II) and Cu (II). Accumulation potential under stirring:�0.6V; Accumulation time: 350 s; Quiet time: 30 s;
Scan rate: 0.005V s�1; Pulse amplitude: 0.05V; Sampling width: 0.0333s; Pulse period: 0.2 s; Sensitivity: 1.0�10�5 AV�1.

Table 3
Interference levels for some tested ions in the determination of Pb (II) by EDTA-CN-
NS/Nafion/GCE.

Species Interference level

Cu (II), Hg (II) >75
Mn (II), Fe (II), Co (II), Ni (II), Zn (II), Cd (II) >100
Ag (I), Mg (II) >200
Na (I), K (I), Ca (II), >1000
NO3

�, Cl�, SO4
2�, CO3

2�, PO4
3�, SiO3

2� >1500
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significantly enhanced the intensity of the CV current. An ultra-
high sensitive sensor for Pb (II) is proposed. Under the optimized
experimental conditions, the EDTA-CN-NS/Nafion/GCE could
detect Pb (II) at a concentration of picomole level that reaches
5.7�10�13mol L�1 with linear range of 2.1�10�12�1.3�10�9mol
L�1 and 1.3�10�9�1.7�10�6mol L�1. The simultaneous electro-
chemical detection of Pb (II), Cu (II) and Hg (II) using the EDTA-CN-
NS/Nafion/GCE was illustrated as well. The resulting studies of
interference and real sample analysis showed that EDTA-CN-NS/
Nafion/GCE can be used as a highly selective sensor for
determination of ultra-trace Pb (II) in water samples. [28_TD$DIFF]
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No. 2 2.1�10�11 2.0�10�11 0.49 5.0
No. 3 3.7�10�8 3.8�10�8 0.21 �2.6
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No. 5 7.8�10�8 7.9�10�8 1.13 �1.3
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Table 5
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