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a b s t r a c t

A bismuth-film modified graphite nanofibers–Nafion glassy carbon electrode (BiF/GNFs–NA/GCE) was
constructed for the simultaneous determination of trace Cd(II) and Pb(II). The electrochemical proper-
ties and applications of the modified electrode were studied. Operational parameters such as deposition
potential, deposition time, and bismuth ion concentration were optimized for the purpose of determi-
nation of trace metal ions in 0.10 M acetate buffer solution (pH 4.5). Under optimal conditions, based on
three times the standard deviation of the baseline, the limits of detection were 0.09 �g L−1 for Cd(II) and
eywords:
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0.02 �g L−1 for Pb(II) with a 10 min preconcentration. In addition, the BiF/GNFs–NA/GCE displayed good
reproducibility and selectivity, making it suitable for the simultaneous determination of Cd(II) and Pb(II)
in real sample such as river water and human blood samples.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Anodic stripping voltammetry has been established as a pow-
erful tool for the determination of trace metal ions, owning to
an effective preconcentration step with advanced electrochemical
measurements of the accumulated analytes [1–4]. In previous stud-
ies, mercury electrodes were used for achieving high sensitivity
and reproducibility [5]. However, the environmental regulations
and health considerations restrict its continuous application due
to the high toxicity of mercury. Recently, bismuth film electrode
(BiFE) has drawn considerable interests in the field of the stripping
technique because of its remarkable low toxicity and the ability
to form alloy with many metals as well as its partial insensitiv-
ity to dissolved oxygen, wide potential window, which has proved
to be equal to or even superior to that of mercury film electrode

3,4,6–10]. Though various chemically modified electrodes have
een exploited for anodic stripping voltammetric determination
f trace metals, such as functionalized mesoporous silica electrode
11], carbon nanotubes (CNTs) modified electrode [12,13], ordered

esoporous carbon (OMC) [14], nanocrystalline diamond thin-film
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electrode [15] and graphene [16,17] modified electrodes, we still
need new materials to improving the detection sensitivity and
reproducibility in analysis of trace metals.

Graphite nanofibers (GNFs) have cylindrical nanostructure with
the anisotropic alignment of graphene layers such as platelet,
herringbone and tubular axis [18]. As a promising kind of car-
bon materials, GNFs have drawn increasing attention due to their
mechanical stability, high electrical conductivity, large surface
active groups, and easy mass production. In addition, activation
of GNFs with nitric acid can produce a range of oxygen-containing
groups without degradation of the structural integrity of their back-
bone, leading to better dispersion and wettability [19,20]. The GNFs
possess less order and more edge sites on the outer wall than those
of CNTs [21], which facilitate the electron transfer of electroactive
analytes. On the other hand, in order to alleviate interferences and
improve the mechanical stability, Nafion (NA) was widely used as
coating ionomer. Previous results have shown that NA membrane
can enrich metal cations, improve voltammetric signal-to-noise
ratios, and increase the electrode’s resistance against fouling by
surface-active compounds effectively [22,23].

In this work, a sensitive platform for the detection Cd(II) and

Pb(II) was presented based on the GNFs–NA modified glassy car-
bon electrode (GNFs–NA/GCE) which remarkably enhances the
stripping performances. The surface morphology of the electrode
was characterized by scanning electron microscopy (SEM). The



83
D. Li et al. / Talanta

as-prepared electrode was applied to the determination of trace
metals in river water and blood samples, and the results were com-
pared with those of inductively coupled plasma mass spectrometry
(ICP-MS).

2. Experiment

2.1. Apparatus

Cyclic voltammetry (CV) and differential pulse anodic stripping
voltammetry (DPASV) were performed in a conventional three-
electrode cell with a CHI 832B electrochemical workstation (CH
Instruments, Shanghai, China). The modified GCE (3 mm diameter)
was used as the working electrode. An Ag/AgCl (saturated KCl) elec-
trode and a platinum foil were used as the reference electrode and
auxiliary electrode, respectively. SEM images were obtained from
an XL 30 ESEM FEG SEM (Philips, Netherlands) with an accelerating
voltage of 20 kV. For the ICP-MS measurements of Cd(II) and Pb(II),
an X SeriesII ICP-MS (Thermo Scientific, USA) was used. All the elec-
trochemical experiments were carried out in a one-compartment
electrochemical cell at room temperature (20 ± 1 ◦C).

2.2. Reagents and solutions

GNFs (>95%, O.D. × I.D. × L 80–200 nm × 0.5–10 nm × 0.5–20 �m)
and NA (5 wt% in a mixture of lower aliphatic alcohols and lower)
were purchased from Aldrich. Single-walled carbon nanotubes
(SWNTs) were obtained from Shenzhen Nanotech Port Co., Ltd.
(China). Hexaammineruthenium(III) chloride (98%) was obtained
from J&K Chemical Ltd. A 0.10 M acetate buffer (pH = 4.5) prepared
by mixing appropriate amounts of CH3COOH and CH3COONa was
served as the supporting electrolyte. All the other chemicals were
analytical grade, or better, and used as received. Unless otherwise
stated, all the solutions were prepared with pure water from Water
Purifier (Sichuan Water Purifier Co., Ltd., China).

2.3. Treatment of graphite nanofibers

Twenty milligrams of GNFs was dispersed in 30 mL of 30% HNO3,
and the resultant mixture was then refluxed for 24 h at 140 ◦C [12].
The resulting suspension was centrifuged and the precipitate was
washed with 0.10 M NaOH to neutralize to pH 7.0. The washed GNFs
were collected and dried at 100 ◦C overnight. This treatment made
carboxylation of GNFs at the terminus. The SWNTs were treated as
the method as GNFs.

2.4. Fabrication of GNFs–NA film coated GCE

Ultrasonic for 30 min was used to disperse the carboxylic GNFs
into N,N-dimethylformamide until a homogeneous suspension
resulted. Then, a 50 �L of 2 mg mL−1 GNFs suspension was mixed
with 450 �L 0.5 wt% NA ethanol solution by ultrasonication for
30 min. Between each modification, the GCE was polished care-
fully with smaller grades of alumina slurries (1.0, 0.3, and 0.05 �m)
respectively, followed by sonicated in 1:1 nitric acid, acetone and
pure water after each stage of polishing successively and dried
under nitrogen. Then, an aliquot of 3 �L of the mixture was coated
on the GCE, and then the solvent was evaporated under an infrared
lamp to obtain the GNFs-NA/GCE. For comparison, SWNTs-NA com-
posite film electrode (SWNTs-NA/GCE) was prepared in the same
manner.
2.5. Procedure for DPASV analysis

Bismuth was in situ deposited onto the modified electrode, from
non-deaerated 0.10 M acetate buffer (pH 4.5) in the presence of
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400 �g L−1 Bi(III) with model target metals, if not stated otherwise.
The preconcentration step was carried out at −1.2 V for 120 s while
stirring the solution. After a 10 s equilibration period, the voltam-
mogram was recorded by applying a positive-going potential scan
from −1.2 to 0.3 V (with a step increment of 5 mV, amplitude of
80 mV, pulse period of 0.2 s, and pulse width of 5 ms). Prior to the
next cycle, a preconditioning step (120 s at 0.3 V, with solution stir-
ring) was used to remove the target metals and bismuth film. River
water was collected from Yongchun River in Changchun, and was
filtered through a 0.45 �m membrane (Millipore). Human blood
samples were obtained from the local hospital and digested with
nitric acid–perchloric acid in 70 ◦C water bath pan into pre-digested
till a dark brown liquid appears. Then it was transferred to electric
panel bath and steamed until almost dry up [24]. The samples were
diluted appropriately before determination.

3. Results and discussion

3.1. SEM images of GNFs–Nafion film

SEM can take useful insights into the growth patterns of the
bismuth film. The SEM image of the bismuth-coated GCE indi-
cates a highly porous, three-dimensional fibril-like network [6].
The SEM of the GNFs film displayed a chemically lean, three-
dimensional homogeneous incompact structure [25]. Fig. 1 shows
SEMs of GNFs–NA/GCE before (A) and after (B) the deposition of bis-
muth film, respectively. As shown in Fig. 1(A), the GNFs dispersed
in NA were observed with diameters ranging from 120 to 150 nm,
and the surface of GNFs was smooth. From Fig. 1(B), the bismuth
deposits, which can greatly enhance the electrochemically active
surface area of the modified electrode, can be seen as nanoparticles
on the GNFs.

3.2. Electrochemical characterization of the GNFs–NA/GCE

Two redox systems exhibiting different electrode kinetics were
used to study the electrochemical properties of GNFs–NA/GCE.
Fig. 2 shows the voltammograms of various redox species at
the GNFs–NA/GCEs. Fe(CN)6

4−/3− proceeds through a inner-sphere
electron transfer pathway while Ru(NH3)6

2+/3+ proceeds an outer
sphere one [26]. Fig. 2(A) represents steady-state CVs for the bare
GCE, NA/GCE and GNFs–NA/GCE in a 2.5 mM K3Fe(CN)6 solution
containing 1.0 M KCl. A well-shaped CV with a peak-to-peak sep-
aration was observed at the bare GCE (solid line). When modified
with NA (dashed line), the anodic and cathodic peaks almost dis-
appeared, which indicating that the negative charged skeleton of
NA acted as the blocking layer for electron and mass transfer that
hinders the diffusion of Fe(CN)6

4−/3− toward the electrode sur-
face [27]. However, the redox currents increased remarkably at the
GNFs-NA/GCE (dotted line) than those of at the NA/GCE, indicating
that the introduction of the graphite nanofibers could accelerate
the electron transfer rate. Similar phenomena can be seen when
the redox probe was changed as 2.5 mM Ru(NH3)6

3+, as shown
in Fig. 2(B). The modified GCEs exhibited higher peak currents in
Ru(NH3)6

3+ than those of in the same concentration of Fe(CN)6
3−,

which can be attributed to the negative charged NA can enrich
cations while repulse anions.

The DPASV analytical characteristics of different film modi-
fied GCE, BiF/NA/GCE (dotted line), BiF/SWNTs–NA/GCE (dashed
line), and BiF/GNFs–NA/GCE (solid line), by in situ plating bis-
muth film for trace metal determination are shown in Fig. 3. The

stripping voltammograms were checked in a solution containing
20 �g L−1 each of Cd(II), Pb(II), and 400 �g L−1 Bi(III) in 0.10 M
acetate buffer (pH 4.5) without deaeration. The results exhib-
ited that the BiF/GNFs–NA/GCE takes 71% and 108% peak height
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Fig. 1. SEM images of GNFs–NA/GCE (A) and BiF/GNFs–NA/GCE (B) surfaces. Deposition of bismuth film was carried out for 300 s at −1.2 V vs. Ag/AgCl with stirring, from
solutions of 1000 �g L−1 Bi(III), 0.10 M acetate buffer (pH 4.5) as supporting electrolyte.
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ig. 2. CVs for bare GCE (solid line), NA/GCE (dashed line), and GNFs–NA/GCE (do
0 mV s−1.

nhancement for Cd(II) and Pb(II) than those of BiF/NA/GCE, respec-
ively. While under the same conditions, the BiF/SWNTs–NA/GCE
mproves 44% and 11% peak height enhancement for Cd(II) and
b(II), respectively. This can be attributed to two aspects: First,
NF has high electrical conductivity, and it possesses less order
nd more edge sites on the outer wall which facilitate the electron
ransfer of electroactive analytes [19,21]. Second, the activation of
NFs with nitric acid can produce a range of oxygen-containing
roups leading to better dispersion. The mixture of GNFs–NA can
mprove electrical conductivity so the detection sensitivities of
d(II) and Pb(II) were enhanced.
.3. Effect of the experimental variables

The voltammetric response of Cd(II) and Pb(II) was closely
elated to the thickness of GNFs–NA film, which was determined

ig. 3. DPASVs for 20 �g L−1 each of Cd(II) and Pb(II) on an in situ plated BiF/NA/GCE
dotted line), BiF/SWNTs–NA/GCE (dashed line), and BiF/GNFs–NA/GCE (solid line).
upporting electrolyte 0.10 M acetate buffer (pH 4.5), deposition potential −1.2 V,
eposition time 120 s, quiet time 10 s, amplitude 80 mV, increment potential 5 mV,
ulse period of 0.2 s, and pulse width of 5 ms.
line) in 2.5 mM K3Fe(CN)6 (A) and 2.5 mM Ru(NH3)6
3+ (B) in 1.0 M KCl, scan rate is

by the volume of GNFs–NA suspension added onto GCE surface. The
relationship between the volume of GNFs–NA suspension and the
stripping peak currents of Cd(II) and Pb(II) was examined, as shown
in Fig. 4(A). When 3 �L of mixed polyelectrolyte was recast on the
GCE, the sensitivity for Cd(II) and Pb(II) is high. However, when the
amount of the coating increased from 3 to 7 �L, the peak currents
were decreased, indicating that the electron transfer were blocked
by thick coating on the electrode surface. According to the results,
3 �L was selected for the mixed GNFs–NA coating.

The effect of the deposition potentials on metal stripping signals
were studied with 20 �g L−1 each of Cd(II) and Pb(II) with deposi-
tion time of 120 s in the range from −0.9 up to −1.4 V. When the
deposition potential shifts from −0.9 to −1.2 V, the stripping peak
currents increase sharply, as displayed in Fig. 4(B). As the deposition
potential becoming more negative, the reproducibility of stripping
currents of Cd and Pb becomes poor, because hydrogen evolution is
beginning to be significant in acetate buffer at such negative poten-
tial [28]. The metal alloys deposited on the electrode surface might
be damaged by the hydrogen bubble and lead to decrease in current
signals at very negative potentials. Therefore, −1.2 V was selected
for the following experiments due to good sensitivity.

The effect of the deposition time on the stripping peak currents
was also studied from 30 s up to 600 s. As can be seen from Fig. 4(C),
as the accumulation time increased from 30 s to 120 s, the stripping
peak currents of Cd(II) and Pb(II) increased linearly. However, the
linear trend was not obvious with the further prolonging of the
deposition time, only a slight increase of the stripping responses
was found due to the saturation loading on the electrode surface.
Thus, an accumulation time of 120 s was chosen as the optimal
accumulation time.

As shown in Fig. 4(D), the influence of the concentrations of
Bi(III) was studied in the range from 100 to 1000 �g L−1, each con-

taining 20 �g L−1 of Cd(II) and Pb(II) with deposition time of 120 s.
The heights of the stripping peaks displayed a clear dependence
on the Bi film thickness as they increased with increasing con-
centrations of bismuth ions from 100 to 400 �g L−1. However, for
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ig. 4. Effect of the volume of GNFs–NA suspension (A), deposition potential (B), dep
ach of Cd(II) (a) and Pb(II) (b) on the in situ plated BiF/GNFs–NA/GCE. Other condit

i(III) concentrations higher than 400 �g L−1, the stripping peak
urrents of Cd(II) and Pb(II) decreased gradually and both of the
eaks became wider, which is probably due to the fact that thick
ismuth film may hinder the mass transfer of metal ions during
he stripping step [29]. Therefore, the optimized concentration of
ismuth was chosen as 400 �g L−1.

.4. Calibration data

Calibration plots for the simultaneous determination of Cd(II)
nd Pb(II) on the BiF/GNFs–NA/GCE were achieved by DPASV under
he optimal conditions. The DPASV for different concentrations of
d(II) and Pb(II) were illustrated in Fig. 5. The resulting calibra-

−1
ion plots are linear over the range from 0.2 to 50 �g L for both
d(II) and Pb(II). The calibration curves and correlation coefficients
re y = −0.03114 + 0.9780x, r = 0.9969 and y = −0.9012 + 1.3174x,
= 0.9995 for Cd(II) and Pb(II) with a preconcentration time of 120 s,
espectively (x: concentration/�g L−1, y: current/�A). The limits of

ig. 5. Stripping voltammograms for the different concentrations of Cd(II) and Pb(II)
n an in situ plated BiF/GNFs–NA/GCE in solution containing 400 �g L−1 Bi(III). From
ottom to top, 0.2, 0.6, 1.0, 3.0, 5.0, 10, 15, 20, 30, 40, and 50 �g L−1 Cd(II) and Pb(II),
espectively. (Inset) the calibration curves of Cd(II) and Pb(II), respectively. Other
onditions as in Fig. 3.
on time (C), and concentration of Bi(III) (D) on the stripping peak current of 20 �g L−1

as in Fig. 3.

detection were 0.26 �g L−1 for Cd(II) and 0.19 �g L−1 for Pb(II) based
on three times the background noise. Longer deposition time led to
higher sensitivity. Under the same conditions, the limits of detec-
tion were 0.09 �g L−1 for Cd(II) and 0.02 �g L−1 for Pb(II) with a
preconcentration time of 10 min, which are more sensitive than
those of NA modified BiFEs (0.1 �g L−1 for Cd(II) and Pb(II) [23]) and
OMC-NA coated GCE (0.95 �g L−1 for Pb(II) [14]). When compared
with the CNTs–NA coated BiFE [13] and graphene–NA coated BiFE
[16], the present method exhibited the comparable sensitivity. The
reproducibility of BiF/GNFs–NA/GCE was evaluated by 16 repetitive
measurements of Cd(II) and Pb(II). The relative standard deviations
were 1.4% and 2.1% for 20 �g L−1 each of Cd(II) and Pb(II), respec-
tively. The results demonstrated that the modified electrode could
improve both the sensitivity and the reproducibility of bismuth-
modified electrode.

3.5. Interferences

The common existing interferences of inorganic species were
investigated to test the selectivity, as well as the influence of some
other surface-active compounds. It was found that 1000-fold for
K+, Mg2+, Ca2+, SCN−, Br−, NO3

−, PO4
3−, and SO4

2−, have no influ-
ences on the signal of 20 �g L−1 of Cd(II) and Pb(II). The tolerated
ratio of the other substances was 200-fold for Fe3+, 100-fold for
Zn2+, 50-fold for MnO4

−. Triton X-100, cetyltrimethylammonium
bromide (CTAB), and sodium dodecyl sulfate (SDS) were selected
as the model compound to study the possible interferences with
the stripping voltammetric measurements of heavy metal ions
at the BiF/GNFs–NA/GCE and BiF/NA/GCE. The peak currents of
metal ions before (Ipmax) and after adding different surfactants (Ip)
were recorded. Table 1 shows the data on the normalized current,
Ip/Ipmax, at different surfactants for both electrodes. Compared with

the BiF/NA/GCE, the BiF/GNFs–NA/GCE presented better antifouling
ability to surfactants, which may be attributed to the different inter-
facial properties of the bismuth film electrode [22]. This implies
the possible direct application of BiF/GNFs–NA/GCE in real samples
which contain low concentration of surfactants.
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Table 1
Normalized current, Ip/Ipmax, expressed as a percentage, for 20 �g L−1 each of
Cd(II) and Pb(II) at 5 mg L−1 surfactants for the BiF/NA/GCE and BiF/GNFs–NA/GCE,
respectively.

Metal ion Electrode (Ip/Ipmax/%)

Triton X-100 CTAB SDS

Cd(II) BiF/NA/GCE 53 36 70
BiF/GNFs–NA/GCE 57 83 107
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Pb(II) BiF/NA/GCE 38 55 89
BiF/GNFs–NA/GCE 49 96 102

.6. Application

The as-prepared electrode was used to determination of Cd(II)
nd Pb(II) in real samples. Standard additions of 2 �g L−1 each of
d(II) and Pb(II) caused current increments at the sample poten-
ials and made the determination of Cd(II) and Pb(II) in the river
ater possible. The values of Cd(II) and Pb(II) in river water were

alculated to be 0.75 ± 0.05 and 2.33 ± 0.05 �g L−1, which are con-
istent with the results obtained by ICP-MS (0.70 ± 0.04 for Cd(II)
nd 2.50 ± 0.04 �g L−1 for Pb(II), respectively). For the human blood
ample, standard additions of 5 �g L−1 Pb(II) each to the sample
ith a preconcentration time of 120 s, we got 66.25 ± 0.88 �g L−1

f Pb(II) in the blood sample (Cd(II) is not found), which is con-
istent with the results obtained by ICP-MS (63.13 ± 1.37 �g L−1).
rom these results, we can conclude that the as-prepared electrode
ould provide a satisfactory method for the determination of metal
ons in real samples.

. Conclusion

GNFs, as a promising carbon material, was used to fabricate
odified electrode for the simultaneous determination of Cd(II)
nd Pb(II). The as-prepared electrode has the advantages of high
lectrical conductivity and high resistance to organic interferences
ompared with bare GCE. In addition, the as-prepared electrode
as successfully applied to the real samples and the results agree
ell with those of ICP-MS.
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