Full Paper
DOI: 10.1002/elan.201600006

Evaluation of Bismuth Modified Carbon Thread Electrode
for Simultaneous and Highly Sensitive Cd (II) and Pb (II)
Determination
Ayman Ali Saeed,[c] Baljit Singh,[a, b] Mohammed Nooredeen Abbas,[c] and Eithne Dempsey*[a, b]
Abstract: Bismuth film modified and chemically activated
carbon micro-thread electrodes were investigated for the
simultaneous determination of Cd(II) and Pb(II) using
square wave anodic stripping voltammetry. The carbon
thread electrode was characterised using both surface and
electrochemical techniques. Electrochemical impedance
spectroscopy (EIS) studies demonstrated that the H2SO4/
IPA-treated carbon thread electrode showed a much improved resistance response (Rct = 23 W) compared to the
IPA-untreated carbon thread (Rct = 8317 W). Furthermore,
parameters such as the effect of deposition potential, deposition time and Bi(III) concentration were explored
using square wave voltammetry. Detection limits (S/N =
3) for Cd(II) and Pb(II) were found to be 1.08 mg L@1 and

0.87 mg L@1, respectively and response was found to be
linear over the range 5–110 mg L@1. The proposed Bi/IPAtreated carbon thread electrode exhibited a high selectivity towards Cd(II) and Pb(II) even in the presence of
a range of heavy metals and is capable of repetitive and
reproducible measurements, being attributed to the high
surface area, geometry and electrode treatment characteristics. The proposed metal ion sensor was employed to determine cadmium and lead in river water samples and
% RSD was found to be 5.46 % and 5.93 % for Cd(II)
and Pb(II) respectively (n = 3). Such facile sensing components favour the development of cost effective portable
devices for environmental sample analysis and electrochemical applications.

Keywords: Square wave anodic stripping voltammetry · Carbon thread · Bismuth electrode · Electrochemical impedance
spectroscopy · Cd(II) · Pb(II)

1 Introduction
Toxic heavy metals form a threat to living organisms due
to non-biodegradability and persistence concerns, with
even trace level exposure affecting both mankind and
aquatic systems [1, 2]. Lead (Pb) and cadmium (Cd) are
very common toxic metal ions, which have been routinely
discharged into the environment via electroplating, metallurgical processes, and paper mills [3, 4]. The world health
organisation (WHO) has recommended threshold limit
values of 10 mg L@1 for Pb2 + and 3 mg L@1 for Cd2 + ions in
drinking water [5].
Significant efforts have been applied in the quantification of such species at trace level and in monitoring exposure limits. Such techniques include UV-Vis spectrometry
[6], colorimetric analysis [7], atomic absorption spectrometry [8], atomic fluorescence spectrometry [9], surface enhanced Raman spectrometry [10], ion chromatography
[11], inductively coupled plasma-mass spectrometry (ICPMS) [12] and inductively coupled plasma-optical emission
spectrometry (ICP-OES) [13]. However, these methods
have some limitations such as; high cost, require complex
instrumentation and as such are unsuitable for on-field
analysis. Hence, there is a continued effort to realise
mobile or portable devices which can provide reliable results at a desired concentration level. Among such analytical techniques, electrochemical methodologies are widely
established for heavy metal ion detection [14–16] due to
www.electroanalysis.wiley-vch.de

low cost and simplicity, ease of operation, suitability for
multiple analysis, and portability for in situ environmental
monitoring/field analysis.
Anodic stripping voltammetry is a powerful technique
in this regard due to an effective pre-concentration step
followed by electrochemical stripping measurements of
the accumulated analytes [17]. The selection of a proper
electrode material is very important in voltammetry and
desired properties for the electrode materials include;
high selectivity and sensitivity, reproducibility and longtime stability. In addition, the material should be environmentally friendly, inexpensive, and be capable of mass
production. Carbon materials are considered to be good
candidates for nano-architectural templates to support
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electrochemically active materials for various applications, because they not only improve the conductivity of
such composites but also mitigate instability or cycle degradation related issues [18, 19].
In this regard, carbon cloth has been extensively investigated as a conductive substrate, due to cost-effectiveness, reasonable chemical stability, and 3D features.
Carbon cloth is also well reported as a material for the
fabrication of flexible energy storage devices from design
and packaging perspectives [20]. Either untreated or
modified activated carbon cloths have been explored as
catalysts or supporting matrices in several processes, as
electrode materials, and/or as a potential substrates [21–
26]. Carbon cloth has also been investigated intensively
for abatement of gaseous and liquid pollutants [27–29],
for separation and purification of biomolecules [30], in
gas storage and separation, recovery, purification and
sensing of hydrogen (H2), and sour gas sweetening [31–
33]. The main advantages arise from the nano-micro diameter of the fibers [34], faster adsorption kinetics,
higher efficiency, and larger capacity for adsorption due
to the higher surface area and pore volume [35, 36]. Besides, these materials are light and flexible and can be arranged in different stable configurations providing a contiguous carbon form suited for electrical and electrochemical applications [37, 38].
Mercury-based electrodes have been mostly used for
anodic stripping voltammetry due to their wide cathodic
potential window, high hydrogen over potential, good reproducibility, ease of surface renewal and high sensitivity
[39, 40]. However, the toxicity and difficulties associated
with storage and disposal restrict its use [41]. Two approaches have been generally utilised to displace mercury
in the construction of chemically modified electrodes for
trace level determination of heavy metals. One is the use
of conductive materials, like bismuth (Bi), antimony (Sb),
gold (Au), silver (Ag) film and carbon and boron-doped
diamond based materials [42–46]. Another involves the
use of receptors including ethylenediamine tetraacetic
acid [47], dimethylglyoxime [48], phenanthroline [49],
and cysteine [50], which have either electrostatic interactions or complexation capabilities with metal ions and
promote pre-concentration of the latter onto the electrode surface.
Recently, bismuth (Bi) film electrodes have attracted
considerable interest, possessing behaviour similar to
mercury-based electrodes and present remarkably low
toxicity [51]. Bismuth offers many advantages over other
materials, including simple preparation, low toxicity, well
defined and separated stripping signals, wide potential
window, high sensitivity, and insensitivity to dissolved
oxygen (an essential property for on-site monitoring applications) [51–53]. The superior stripping performances
of Bi-based electrodes are well known and attributed to
its ability to form fused alloys with other metals, in a similar fashion to mercury [54, 55]. However, analysis of
heavy metals still remains challenging as these metal ions
are normally present at very low levels with complex
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forms in real samples. On the other hand, in order to perform on-site environmental monitoring of heavy metals at
the point of interest, it is important to develop cost effective and portable electrode systems with long-term stability. Therefore, additional efforts are required in order to
improve detection at low concentrations and stability for
long-time use in environmental analysis.
In this study, we report a simple strategy to fabricate
bismuth film modified and chemically activated carbon
thread for simultaneous determination of Cd(II) and
Pb(II) ions using square wave anodic stripping voltammetry. The work employs the use of a single carbon thread
which is a unit of the micromesh structure of carbon
cloth. The study therefore demonstrates an inexpensive
and effective electrode system that is very flexible for use
in a range of configurations as well as being suitable for
electrochemical determination of heavy metal ions (Cd2 +
and Pb2 + ).

2 Experimental
2.1 Materials
Teflon-treated carbon cloth (Clean Fuel Cell Energy,
USA). Isopropyl alcohol, potassium hexacyanoferrate(III) (> 99 %), potassium hexacyanoferrate(II) trihydrate (> 99.99 %), potassium chloride, sulphuric acid,
sodium acetate, cadmium(II) chloride (99.999 %) and bismuth(III) nitrate pentahydrate (98 %) were purchased
from Sigma-Aldrich. Lead(II) nitrate (99 %) was purchased from BDH. Acetic acid (99–100 %) was purchased
from Riedel-de Ha]n. Acetate buffer solution was prepared using 0.1 M sodium acetate (C2H3NaO2) and 0.1 M
acetic acid (C2H4O2).
2.2 Preparation of the Carbon Thread Electrode
Prior to electrochemical measurements, the carbon
thread was immersed in isopropyl alcohol (IPA) for
5 min, in order to improve the hydrophilicity of the material and to allow water to permeate the micro-pores created during Teflon treatment. The thread was then washed
with de-ionised water to remove excess IPA. IPA-treated
carbon thread was scanned in 5 mL of 0.5 M H2SO4 between @0.2 V to 1.6 V at 100 mV/s for 25 cycles to activate the carbon thread surface and confirm a reproducible
current response. The thread was washed with de-ionised
water prior to further electrochemical measurements.
2.3 Instrumentation and Electrochemical Procedures
The surface morphology of carbon cloth and carbon
thread materials were characterised using scanning electron microscopy (SEM, JEOL JSM-6390LV model). For
SEM measurements, a piece of carbon cloth/carbon
thread was mounted onto an aluminium sample stub. The
electrochemical experiments (cyclic voltammetry, electrochemical impedance spectroscopy and square wave
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anodic stripping voltammetry) were performed using an
electrochemical workstation CH Instruments Inc. 750A,
using 0.5 M H2SO4, 5 mM [Fe(CN)6]3@/4@ and 0.1 M acetate buffer (pH 4.4) electrolytes, in a conventional threeelectrode electrochemical cell (5 mL) at room temperature. A piece of carbon cloth with 1 cm length, 0.6 mm
width and 0.3 mm depth, was employed as a working
electrode. These dimensions describe the piece of thread
taken from the whole carbon cloth but not the actual surface area exposed for deposition of metals - each thread
has a large number of sub-threads (filament like structure). Platinum wire and a standard Ag/AgCl electrode
(filled with 3 M KCl) were used as counter and reference
electrodes, respectively.
The simultaneous determination of Cd2 + and Pb2 + was
carried out using square wave anodic stripping voltammetry (SWASV) in 5 mL of acetate buffer solution (0.1 M,
pH 4.4), with known concentrations of Cd(II), Pb(II) and
300 mg L@1 Bi(III) by applying deposition (pre-concentration) and stripping steps. During the pre-concentration
step, @1.1 V was applied to the carbon thread electrode
for 300 seconds in a stirred solution, which resulted in simultaneous deposition of Bi(III), Cd(II) and Pb(II). Stirring was stopped immediately after the deposition step
and following a quiet time of 5 seconds, the electrode was
swept anodically using square wave voltammetry (@1.0 V
to @0.3 V, amplitude 25 mV, frequency 15 Hz and incremental potential 4 mV). Following each measurement,
the carbon thread electrode was cleaned by holding the
potential at 0.3 V for 120 s so that the surface was renewed and conditioned for subsequent electrochemical
measurements.

3 Results and Discussion
3.1 Surface Characterisation of Carbon Cloth and Carbon
Thread Materials
SEM images have been recorded for a piece of the
carbon cloth (Fig. 1a) as well as for a single carbon
thread (Fig. 1b). A carbon thread is a single unit of the
micromesh structure of the carbon cloth (Fig. 1a) which is
composed of large number of such carbon thread units,
entangled together to form a complete structure. From
the high magnification SEM images, it is evident that
even a single carbon thread unit (carbon thread electrode
in our case, Fig. 1b–h) consists of large number of entangled carbon sub-threads which has a filament like structure (width approx. 10 mm). This geometrical configuration provides high surface-to-volume ratio and seems
ideal for providing sufficient active sites for metal/ion adsorption. Such features make it an ideal substrate for
Bi(III), Cd(II) and Pb(II) adsorption during the pre-concentration step. Successive electrochemical measurements
were performed using a single carbon thread as shown in
Fig. 1(b–h).
www.electroanalysis.wiley-vch.de

Fig. 1. SEM images of (a) a piece of the carbon cloth and (b-h)
single carbon thread unit (which itself is composed of several
carbon filaments) of the carbon cloth, at different magnifications
(and scale bars); (a) X37 (500 mm), (b) X50 (500 mm), (c) X150
(100 mm), (d) X300 (50 mm), (e) X850 (20 mm), (F) X650 (20 mm)
(g) X1900 (10 mm) and (h) X3300 (5 mm).

3.2 Electrochemical Characterisations of Carbon Thread
Electrode
The electron transfer kinetics characteristics of this electrode was evaluated (using 5 mM [Fe(CN)6]3@/4@) via
cyclic voltammetry and electrochemical impedance spectroscopy measurements. CVs were recorded for a single
carbon thread at different stages of treatment, scanning
between 0.7 V to @0.2 V at 100 mV/s. As shown in Fig. 2,
the IPA-untreated carbon thread electrode shows a very
small oxidation current at 0.55 V without a detectable reduction peak current, indicating insulator features of the
Teflon layer prior to activation, which prevent electronic
access of the redox probe to the carbon surface.
Upon immersing the carbon thread in IPA solution for
5 min, clear oxidation and reduction peaks (E 1=2 =
214 mV vs. Ag/AgCl) were observed, with DE = 163 mV.
Further redox improvements were observed upon cycling
(25 cycles) IPA-treated carbon thread in 0.5 M H2SO4 between @0.2 V to 1.6 V at 100 mV/s. This may be attribut-
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Fig. 2. Cyclic voltammograms of (a) IPA-untreated carbon
thread electrode, (b) IPA-treated carbon thread electrode and
(c) H2SO4/IPA-treated carbon thread electrode, in 5 mM
[Fe(CN)6]3@/4@ in 0.1 M KCl solution.

ed to functionalisation of the carbon thread surface by introduction of e.g. @OH and @COOH – groups [56]. Following the activation in H2SO4, the DE value was further
improved to 142 mV with (E 1=2 = 229 mV vs. Ag/AgCl).
AC impedance experiments (Fig. 3) were performed
using the same thread at different stages of electrode

modification in 5 mM [Fe(CN)6]3@/4@ at 0.22 V and frequency range from 0.1 Hz to 105 Hz. The resultant Nyquist
plot shows a semicircle portion at higher frequencies corresponding to the electron transfer-limited process and
a linear part at the lower frequency range representing
the diffusion limited process. The semicircle diameter in
the Nyquist plot is a measure of the charge transfer-resistance (Rct) and is directly related to the electron-transfer
process of the redox couple at the interface. The obtained
data was fitted by applying an equivalent circuit for the
system to achieve Rct values. The results of impedance
were in agreement with the cyclic voltammetry studies.
Overall impedance experiments shows that the IPA-untreated carbon thread exhibited very high resistance
(Rct = 8317 W) which again confirms the sluggish kinetic
nature of the untreated surface. Once the electrode was
immersed in IPA the insulating organic layer is removed
and the underlying carbon thread surface becomes electrochemically active with the charge transfer process
being accompanied with a large decrease (approx. 180
times) in the resistance (Rct = 46 W). This confirms the importance of the IPA treatment as it results in significant
response improvements. Furthermore, upon cycling the
IPA-treated thread in H2SO4 for 25 cycles, the carbon
thread electrode showed even better response characteristics (Rct = 23 W). This could be attributed to the electrode
surface functionalisation which enhances the electron
transfer process and again confirms surface activation.
Overall, the IPA and acid treatments resulted in redox
characteristics improvement of the electrode and contributed hugely to the electrode response. From now onwards
the IPA and acid (H2SO4) treated (or activated) thread
electrode is labelled as IPA-treated carbon thread electrode.

3.3 Electrochemical Response Optimisations of Carbon
Thread Electrode

Fig. 3. (A) Nyquist plots of (a) IPA-untreated carbon thread,
(b) IPA-treated carbon thread and (c) H2SO4/IPA-treated carbon
thread in 5 mM [Fe(CN)6]3@/4@ solution (initial potential 0.22 V,
frequency range 0.1 Hz to 105 Hz). (B) Enlarged view for b and
c in Fig. 3 (A). Equivalent circuit used for Rct calculations is
shown as inset.
www.electroanalysis.wiley-vch.de

The influence of the various stages of electrode pre-treatment was investigated in the presence of Cd(II) and
Pb(II), 50 mg L@1. The pre-concentration step was performed in acetate buffer solution at @1.1 V for 120 s and
the stripping potential window was from @1.0 V to
@0.2 V. In the presence of 300 mg L@1 Bi(III), the IPA-untreated carbon thread (carbon thread without IPA treatment - Bi/IPA-untreated carbon thread) showed a small
response for Pb(II) and almost negligible response for
Cd(II) – as shown in Fig. 4a. This confirms that the
Teflon layer prevents the deposition of the metals even in
the presence of Bi(III) (Fig. 4a). The IPA-treated surface
resulted in Pb(II) deposition during the pre-concentration
step, however there was no significant increment in the
current response for the cadmium region (Fig. 4b). The
combination of both IPA treatment and addition of
300 mg L@1 Bi(III), allowed Cd(II) to deposit during the
pre-concentration step (@1.1 V) – bismuth forms alloys
with cadmium hence facilitating its deposition (Fig. 4c).

T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Electroanalysis 2016, 28, 2205 – 2213

2208

Full Paper
osition potential cathodically from @0.9 V to @1.1 V, the
signals of Cd(II) and Pb(II) were improved significantly.
Further cathodic shift in the potential > @1.1 V was accompanied by a decrease in the current signals for both
metals, as hydrogen evolution became more obvious at
these high negative potentials, influencing the metal alloy
formation. Therefore, a deposition potential of @1.1 V
was chosen as the optimum potential for Cd(II) and
Pb(II) separation and quantitation.

Fig. 4. SWASV of 50 mg L@1 Cd(II) and Pb(II) at @1.1 V for
120 s (a) Bi/IPA-untreated carbon thread electrode, (b) IPAtreated carbon thread electrode and (c) Bi/IPA-treated carbon
thread electrode.

This indicates that cadmium cannot be deposited in the
absence of Bi(III) though it was possible to detect Pb(II).
However, the presence of Bi(III) improves the Pb(II)
signal and both the addition of Bi and IPA treatment
were employed for further investigations. The proposed
electrode is labelled as Bi/IPA-treated carbon thread
electrode. Furthermore the performance of the treated
carbon thread electrode toward Cd(II) and Pb(II) ions
was investigated by considering the parameters of the
SWASV analysis.
Optimisation of the experimental conditions could increase the deposition of the metal ions during the preconcentration step with subsequent increase in signal
during the stripping step. The effect of deposition potential, deposition time and Bi(III) concentration were examined and discussed below.

3.3.2-Effect of Deposition Time
The influence of the deposition time on the stripping current signals of Cd(II) and Pb(II) was examined (over the
range of 60–600 s) and results are shown in Fig. 6. The
stripping current values increased as expected by prolonging the deposition time with a linear dependence. The signals did not plateau which could be attributed to the high
surface area of carbon thread electrode. In order to minimise time to result while retaining analytical performance, deposition time of 120 s and 300 s were chosen for
the SWASV experiments for Cd(II) and Pb(II).

3.3.1 Effect of Deposition Potential
The effect of the deposition potential on the stripping
current signals of Cd(II) and Pb(II) is shown in Fig. 5
(deposition time 120 s). The current signals of both metal
ions exhibited a clear dependence on the deposition potential of the pre-concentration step. By shifting the dep-

Fig. 6. The effect of deposition time on the SWASV of
30 mg L@1 Cd(II) and Pb(II) at Bi/IPA-treated carbon thread electrode.

3.3.3 Effect of Bi(III) Concentration

Fig. 5. The effect of deposition potential on the SWASV of
30 mg L@1 Cd(II) and Pb(II) at Bi/IPA-treated carbon thread electrode. Deposition time 120 s.
www.electroanalysis.wiley-vch.de

The effect of Bi(III) concentration on the SWASV of
Cd(II) and Pb(II), 30 mg L@1 each, was examined over the
range 100–600 mg L@1 Bi(III) at a deposition potential of
@1.1 V and a deposition time of 120 s. Fig. 7 shows the response behaviour and dependence of the current response
of Cd(II) and Pb(II) ions on the bismuth film thickness.
The peak current of both metal ions increased as the
Bi(III) concentration increased from 100 to 300 mg L@1.
Any further Bi(III) addition (> 300 mg L@1) resulted in
a decrease in the SWV current of the metal ions, possibly
due to film thickness effects. Therefore, the optimised
Bi(III) concentration was chosen to be 300 mg L@1 for the
simultaneous determination of Cd(II) and Pb(II).
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Fig. 7. The effect of Bi(III) on the SWASV of Cd(II) and
Pb(II), 30 mg L@1 each, for 120 s at @1.1 V at Bi/IPA-treated
carbon thread electrode.

3.4 Analytical Performance of Bi/IPA-treated Carbon
Thread Electrode
The SWASV response of Bi/IPA-treated carbon thread
electrode towards Cd(II) and Pb(II) was examined by increasing the metal ion concentrations under optimal experimental parameters as discussed above. Calibration
curves for the simultaneous determination of Cd(II) and
Pb(II) at Bi/IPA-treated carbon thread electrode are
shown in Fig. 8. The calibration curves were linear over
the range from 5–110 mg L@1 with y = 0.6298x@6.6021 and
coefficient of determination equals 0.9896 for Cd(II) and
y = 0.474x@4.0547 with a coefficient of determination
equals 0.9915 for Pb(II). The detection limits for Cd(II)
and Pb(II) were calculated to be 1.08 and 0.87 mg L@1, respectively, based on 3s with 300 s deposition time. It is
expected that with prolonged deposition time, lower detection limits for both metal ions could be achieved. The
analytical performance of the proposed sensor (Bi/IPAtreated carbon thread electrode) was compared with
other reported Bi film based electrodes and results are
summarised in Table 1. From the comparison, it can be
seen that the proposed electrochemical sensor exhibited
low detection limit and broad linear range, which could
be attributed to the high surface area, geometry and electrode treatment characteristics of the carbon thread

Fig. 8. (A) SWASV response at Bi/IPA-treated carbon thread
electrode in 0.1 M acetate buffer solution (pH 4.4) containing
different concentrations of Cd(II) and Pb(II). (B) Calibration
curve for the stripping peak current as a function of Cd(II) and
Pb(II) concentrations.

which collectively influence the deposition of metal ions
in an efficient way.
3.5 Repeatability and Reproducibility
In order to test the repeatability of the results, IPA-treated electrodes were used to measure 30 mg L@1 Cd(II) and
Pb(II) in acetate buffer solution (0.1 M, pH 4.4) containing 300 mg L@1 of Bi(III). The experiment was repeated 5
times using the same carbon thread electrode. Relative
standard deviation (% RSD, n = 5) of 11.8 % for Cd(II)
and 6.8 % for Pb(II) were found. The reproducibility of
the results was tested using 8 different carbon threads
under similar fabrication and operating conditions. The
relative standard deviation (% RSD) of the obtained re-

Table 1. Comparison of analytical performance (in terms of linear range and limit of detection) of the proposed sensor (Bi/IPA-treated carbon thread electrode) vs. reported Bi film-based electrodes.
Electrode material

Time (s)

LR (mg L@1)

LOD (mg L@1)

Ref.

Cd(II)

Pb(II)

Cd(II)

Pb(II)

20–120
2–100
1–24
20–100
10–100
20–300
0.5–40
5–110

20–120
2–100
1–24
20–100
10–100
20–300
0.5–40
5–110

2.8
0.7
0.35
1.5
1.2
8.0
0.1
1.08

0.55
1.3
0.2
2.3
0.9
16.0
0.05
0.87

RGO/Bi/CPE
Bi-CNT/SPE
MMT/BiCE
SPE-Bi2O3 paste on GC paste
Bi/CPE
Bi2O3/SPE
Bi/Au-GN-Cys/GCE
Bi/IPA-treated CC

400
300
120
300
300
120
800
300
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sults was calculated to be 13.4 % for Cd(II) and 13.1 %
for Pb(II). The greater variation between carbon threads
is attributed to differences in number of filaments (subunits thread) with altered electroactive area.
3.6 Interference Studies
Bismuth can form alloys with most metal ions which may
also be deposited at this potential, therefore it is important to test the effect of such metal ion interferents on
the response peak of Cd(II) and Pb(II). Here, current signals were recorded firstly following deposition of Cd(II)
and Pb(II), 50 mg L@1 each, in 5 mL acetate buffer solution
(0.1 M, pH 4.4) containing 300 mg L@1 Bi(III) at @1.1 V
for 120 s. Then, 10-fold (500 mg L@1) of each interfering
metal ion was added to the cell solution and the experiment was repeated. The current values were compared
before and after introducing the tested metal ion and
based on data in Table 2, the majority of the interfering
metal ions did not exhibit a significant decrease in the
original peak current except in the case of Ni(II) which
decreased the Cd(II) by 27.67 % and Pb(II) by 22.68 %.
Overall, the Bi/IPA-treated carbon thread electrode
has a high selectivity towards Cd(II) and Pb(II) even in
the presence of a wide range of heavy metals. However,
the interference caused by 10-fold Cu2 + is relatively
higher ( & 50 % decrease in response) for Cd(II) and
Pb(II) signals. This interference is attributed to the formation of inter-metallic compounds during the deposition
step as previously reported [64].
In order to test the effect of Cd(II) on Pb(II) and vice
versa during their simultaneous determination, 50 mg L@1
of one metal kept constant while the concentration of the

Contribution (%)

K+
Li +
Mg2 +
Cr3 +
Mn2 +
Fe2 +
Co2 +
Ni2 +
Zn2 +

other was altered (20, 50 and 100 mg L@1). As shown in
Fig. 9, the signal alteration was insignificant indicating the
sensorQs ability to determine both metals simultaneously.

3.7 Real Sample Analysis

Table 2. Interference study.
Interferences

Fig. 9. SWASV response at Bi/IPA-treated carbon thread electrode in 0.1 M acetate buffer solution (pH 4.4) containing (A)
50 mg L@1 Pb(II) and different concentrations of Cd(II) and (B)
50 mg L@1 Cd(II) and different concentrations of Pb(II). Deposition time 120 s.

Cd(II)

Pb(II)

7.76
2.32
@8.74
2.17
1.39
1.41
@4.06
@27.67
@8.70

2.99
7.88
@1.59
7.08
11.96
10.94
8.73
@22.68
@4.88

In order to evaluate the accuracy and efficiency of the
proposed sensor in practical environments, Bi/IPA-treated
carbon thread electrode was employed to determine
Cd(II) and Pb(II) in river water samples (Table 3). The
samples were collected from Whitestown stream located
in Sean Walsh Park (Tallaght, Dublin, Ireland). 2.5 mL of
the river sample was diluted by addition of 2.5 mL of
0.1 M acetate buffer solution (pH 4.4) and 300 mg L@1 of
Bi(III) was added to the solution mixture. The measurement was repeated 3 times and no obvious peaks were
observed for both metals.

Table 3. Determination of Cd(II) and Pb(II) in river water samples.
Sample

Added

Found

@1

(mg L )
River water

2+

Cd
0
10
20

RSD

@1

(mg L )
Pb
0
10
20

2+

2+

Cd
*
10.63
19.06

Recovery

(%, n = 3)
2+

Pb
*
8.90
19.37

2+

Cd
–
5.46
7.35

(%, n = 3)
2+

Pb
–
5.93
2.24

Cd2 +
–
106.3
95.3

Pb2 +
–
89
96.9

* Below detection limit
www.electroanalysis.wiley-vch.de
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2.5 mL of the collected sample was added to 2.5 mL of
20 mg L@1 of Cd(II) and 20 mg L@1 of Pb(II) prepared in
acetate buffer solution and finally Bi(III) was added. The
response standard deviation (SD) for three measurements
was found to be 0.005 and 0.015 mg L@1 for Cd(II) and
Pb(II), respectively. In an another experiment, 40 mg L@1
of Cd(II) and 40 mg L@1 of Pb(II) prepared in acetate
buffer solution was added to 2.5 mL of the collected
sample with the addition of Bi(III). The standard deviation for the three measurements was found to be 0.39 and
0.11 mg L@1 for Cd(II) and Pb(II) respectively.

4 Conclusions
The proposed Bi/IPA-treated carbon thread electrode exhibited high selectivity towards Cd(II) and Pb(II) even in
the presence of a range of heavy metals and is capable of
repetitive and reproducible measurements. This was attributed to the high surface area, geometry and electrode
treatment characteristics of the carbon thread. Overall,
the bismuth film modification and IPA/acid treatments
resulted in characteristics (surface area, electron transfer
processes and electrode response) improvement of the
carbon thread electrode. The work highlights the efficient
utilisation of a single thread of a carbon cloth material
and demonstrated a novel and inexpensive electrode
system capable of heavy metal ion determination. Evaluation of such facile and portable devices in continuous
mode on-site will be the subject of further work via integrated microfluidic elements with extensive validation
and testing. Overall activated carbon thread is a promising
new sensor material and capable of promoting a new conception in equipment design/arrays, favouring the development of novel and cost effective portable devices for
environmental samples analysis and electrochemical applications.
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