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The present study reports the fabrication of a carbon nanotube/Nafion composite film
(MWNT/Nafion)-modified glassy carbon electrode (GCE) along with its excellent performance in the
analysis of Pb*" (favorable catalytic activity, large surface area, high cation exchange capacity, and
strong adsorption ability). The stripping peak current of Pb?* was greatly increased at the
MWNT/Nafion-coated GCE compared with the bare and Nafion-coated GCEs. The optimization of
different parameters was also carried out, including optimization of the accumulation time,
accumulation potential, supporting electrolyte, and MWNT/Nafion suspension volume. Therefore, our
developed electrode can be used in the analysis of Pb** in real hot spring water samples.
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1. INTRODUCTION

Lead is a substance commonly found in the environment and a potential occupational toxin,
with human exposure arising from industrial activity, food, drinking water, soil, and paint sources.
Lead is highly persistent in the environment, mainly due to its non-biodegradability. The toxicity of
lead could result in irreversible health effects to the central nervous, hepatic, circulatory,
cardiovascular, reproductive, and renal systems [1-3]. According to the US EPA, the action level for
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lead in drinking water is 15 pg/L [4, 5], while it is 10 pg/L according to the WHO [6] (comparable to
the restrictions set by the EU) [4, 7].

Electrochemical stripping analysis based on a preconcentrating step of Pb(Il) ions on a suitable
working electrode through reduction to metallic lead has been extensively used in the detection of lead
at the trace level. Then, the lead deposit was subjected to a stripping step, with rapid oxidation of the
metal; meanwhile, the transition time (in stripping chronopotentiometry) or the current (in stripping
voltammetry) was obtained. Initially, a mercury electrode, which is ultra-sensitive in lead analysis, was
used for the stripping measurement. Unfortunately, mercury electrodes are disadvantageous due to
their toxicity. Therefore, a few environmentally friendly substitutes were developed for the analysis of
lead. Among them, bismuth film electrodes have been prominent, but it also requires the formation of a
bismuth film on a suitable substrate, which would increase the workflow complexity [8]. Additionally,
some problems related to the multiple stripping peaks would arise when using solid electrodes,
possibly due to the interactions between co-deposited metals and/or underpotential/bulk deposition of
the target metals. Substantial efforts have been exerted to investigate multiple peaks in the
simultaneous detection of copper and lead on glassy carbon, graphite and boron-doped diamond
electrodes [5, 9-12]. However, these composite materials have advantages such as fast preparation and
low cost and have thus been applied to lead analysis [13-16]. The preparation strategy of injection-
molding has been reported in previous studies, in addition to its merits and demerits in the mass
production of polymer-based lab-on-a-chip analytical apparatuses [17-19]. Additionally, the feasibility
of the plastic/carbon fiber composite electrodes in electrochemical analysis has been confirmed in
previous literature [20-24].

Multi-walled carbon nanotubes (MWNTS) consist of concentric cylinders located around a
common central hollow with a 0.34-nm spacing between the layers close to that of the interlayer
distance in graphite. MWNTSs are characterized by distinct optical, electrical, thermal, mechanical, and
structural features and have the potential to be used for many different purposes [25-28]. In addition,
MWNTSs promote the study of their uses as new electrode materials in the field of electrochemistry due
to their remarkable catalytic activity and subtle electronic properties [29-37].

In this work, we intended to propose a convenient, sensitive, and selective route to analyze Pb?*
based on the synergistic effects of Nafion and MWNTSs. As a perfluorinated sulphonated cation
exchanger, Nafion has a high cation exchange capacity, thus having been widely used for electrode
modification in many different cases, including enhancing the selectivity and sensitivity of the analysis
of positively charged species.

The present study reported the preparation of a homogeneous and stable carbon
nanotube/Nafion composite (MWNT/Nafion) suspension through the dispersion of MWNTSs in ethanol
containing 1% Nafion. However, the surface of a glassy carbon electrode (GCE) was modified with the
MWNT/Nafion composite film. In terms of the final MWNT/Nafion film, MWNTs have many
advantages, including high surface area, high catalytic activity, and distinct adsorption ability; and
Nafion is highly cationically selective. Thus, the electrochemical response of Pb?* could be improved
at the MWNT/Nafion-coated GCE, leading to a highly selective and sensitive detection in the analysis
of Pb*".
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2. EXPERIMENTS

2.1. Device and chemicals

An RST3000 electrochemical system (Suzhou Risetech Instrument Co., Ltd., Suzhou, China)
was used throughout the voltammetric experiments. A typical three-electrode geometry was employed,
where the working, auxiliary, and reference electrodes were a bare GCE or Nafion/MWNTs film-
coated GCE, a platinum wire, and a saturated calomel electrode (SCE). A PHS-3C precision pH meter
(Leici Devices Factory of Shanghai, China) was used for the pH test, with calibration performed every
day using a standard buffer solution.

MWNTSs were provided by Shenzhen Nantotech Port Co., Ltd. Nafion (5%) was commercially
available from Aldrich. Pb(NO3), (Shanghai Reagent Corporation, China) was dissolved in bi-distilled
water for the preparation of a 0.01 M Pb®* stock solution. The water was bi-distilled. Furthermore, all
other reagents were of analytical grade and used without further purification.

2.2 Preparation of a Nafion/MWNTs composite film-modified GCE

For the pretreatment of the bare GCE, a 0.05 pum alumina slurry on a polishing cloth was first
used, followed by thorough rinsing using HNO3;—H,O (1:1, v/v), along with washing using pure
ethanol and redistilled water, respectively. A 68 wt.% concentrated nitric acid was mixed with the
untreated MWNTs (10 mg), followed by sonication for approximately 240 min. Then, the mixed
solution was filtered and washed using double-distilled water until a litmusless state of the filtrate was
reached. The treated MWNTSs were left to dry under an infrared lamp. Nafion/MWNTS suspension was
prepared by sonicating the treated MWNTSs (5.0 mg) in Nafion methanol solution (wt. 0.1%; 10.0 ml)
for approximately 0.5 h until a homogeneous suspension was reached. For comparison, the preparation
of the MWNTs suspension followed the same procedure, using N,N-dimethylformamide (DMF)
instead of a 0.1% Nafion solution. After evenly coating the pretreated GCE using the Nafion/MWNTSs
suspension (10.0 pL), methanol was evaporated off at ambient temperature. For comparison, the
preparation of the Nafion-modified GCE followed the same procedure, only without MWNTSs. After
the DMF was evaporated under an ultraviolet lamp, the MWNTs/GCE was yielded. Prior to the test,
the coated electrode was repeatedly washed using double-distilled water to remove the loosely
combined modifiers. The Nafion/MWNT-coated electrode was stored in a pH 7.0 phosphate solution
and could be used for 80 cyclic voltammetric (CV) cycles.

2.3. Analytical Procedure

The Pb* measurement consists of the following 3 major steps: accumulation, electrochemical
reduction, and stripping out. First, the electrode was immersed in a solution of Pb(NOs), under stirring
at 300 rpm for 10 min, to accumulate Pb** onto the MWNT-coated GCE (open-circuit potential). This
was followed by a complete rinse of the as-prepared MWNTs/GCE/Pb?* using deionized water, along
with drying using a soft tissue. Then, the final electrode was transferred into a separate voltammetric
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cell that contained a pH 4.4 lead-free fresh supporting electrolyte (0.2 M acetate buffer). The
electrochemical reduction of Pb®* was carried out after nitrogen bubbling through the as-prepared
solution for de-aeration at an applied potential of —1.1 V. Furthermore, differential pulse anodic
stripping voltammetry (DPASV) was carried out for the quantitative analysis of Pb**. The optimum
parameters were as follows: pulse width: 0.01 s; amplitude: 0.05 V; pulse period: 0.2 s; rest time: 15 s;
sampling width: 0.005 s. After each experiment, the produced residual lead was removed from the
surface of the electrode through the regeneration of the MWNT-coated GCE in a fresh stirred
supporting electrolyte by electrolysis for 2 min at +0.3 V. A comparative study was performed using
electro-accumulated Pb?* at an applied potential of —1.1 V for 10 min.

2.4. Collection and preparation of hot spring water specimens

The hot spring water test samples were collected from Aer Mountain, Inner Mongolia using a
50-mL plastic tube. Prior to the test, the samples were filtered through a filter paper (pore size: 200
nm). To assess the accuracy of the experimental results, these environmental samples were analyzed
with the standard addition method.

3. RESULTS AND DISCUSSION

The SEM image of Nafion/MWNT film on the GCE is shown in Fig. 1. The uniform coating of
this film on the surface of the electrode was apparently observed along with the generation of a
spaghetti-like porous reticular structure. This distinct structure provided a large surface area compared
with the apparent geometric area. The connection between MWCNTSs could also result in a high
conductivity.

Figure 1. SEM image of Nafion/MWNTs film on GCE.
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Because of its high sensitivity and excellent resolution, differential pulse dissolution
voltammetry (DPASV) is a perfect electrochemical method for trace level determination. The
accumulation of Pb?* from the solution phase occurred on the MWNT-coated GCE. The DPASV
characterization recorded for the Pb®* (0.1 uM) in 0.1 M of pH 5.0 acetate buffer solution at the bare
GCE and the MWNT-coated GCE is shown in Fig. 2, along with that recorded in 0.1 M of pH 5.0
acetate buffer solution at the MWNT-coated GCE. When the potential was applied as —0.62 V, the
MWNT-coated GCE showed a lower stripping peak current than the bare GCE, which is ascribed to
the absorption ability of the MWNTS. The stripping voltammetric experiment was carried out with the
following procedure. First, Pb®* was accumulated from the solution phase onto the MWNT/GCE
surface through selective complexation with non-bonding electron pairs of oxygen in hydroxy groups
of terephthalic acid to yield a metal-ligand complex. This was followed by the reduction of the
accumulated complexed ions in the modification layer at a constant voltage of —1.1 V applied to the
accumulation. Subsequently, a positive scanning potential was applied with a differential pulse
voltammetric technique (DPV) to electrochemically strip the lead back into the solution. For the
MWNTs, the diffusion of Pb®* into the bulk structure resulted from their highly porous and flexible
channels; meanwhile the Pb®" could be selectively adsorbed due to their pore size and shape.
Therefore, the combined effect resulted in an increasing amount of Pb*" accumulated on the
MWNT/GCE surface [38, 39]. Additionally, MWNTs were highly permeable in water and have a
distinct film-generation capacity. Immobilization agents were not needed, and thus, neither the electron
transfer across the film nor the electrode conductivity would suffer. Moreover, Nafion is a cation
exchanger with a high cation exchange capacity. Therefore, the Nafion film-modified GCE shows a
higher accumulation efficiency for Pb?* and finally enhances the stripping current [1, 40, 41].
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Figure 2. DPASV curve recorded for Pb* (0.1 uM) in a 0.1 M acetate buffer solution of pH 5.0 at the
bare GCE and the MWNT-coated GCE; and DPASV curve recorded in a 0.1 M acetate buffer
solution of pH 5.0 at the MWNT-coated GCE.
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Measurements were taken using an optimized system based on that developed by Dai et al.
[42], with 0.1 M HCI as the supporting electrolyte. Fig. 3A shows the pH influence on the DPASV
response over a range of 3.5 to 5.5. With the pH increase in a range of 3.5 to 5.0, an apparent increase
in the peak current was found, reaching the maximal value at pH 5.0. In addition, as the pH was
increased further to 5.5, a decrease in peak current was observed, possibly due to the lower response at
low pH caused by the electrostatic repulsion between Pb* and protonated hydroxy groups of the
MWNTSs. The current response of Pb®* was increased by the electrostatic attraction, where the number
of protonated hydroxy groups was reduced by the increase in pH. In more basic media, the peak
current for the lead stripping peaks was found to diminish in magnitude. Conversely, in more acidic
solutions, the lead stripping peaks became increasingly sharp. These changes are attributed to the
formation of lead hydroxide in the more basic media. Each lead hydroxide species has a different re-
oxidation half-wave potential causing multiple or broadened stripping peaks [43]. On the other hand,
as the pH value increase, an increase in the hydrolysis degree of the metal ions was found. In addition,
at higher pH, a white Pb(OH), precipitate was possibly generated. These results showed that the pH
was optimized as 5.0, and used for the following experiments.
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Figure 3. Effects of (A) pH value, (B) MWNT suspension volume, (C) accumulation potential and (D)
accumulation time on the DPASV peak current of 0.1 M Pb?*

Fig. 3B shows the 1.5 mg/mL MWNT/GCE suspension volume effect on the stripping peak
current. The increase in the MWNT/GCE suspension volume on the GCE surface generated a sharp
increase in the stripping peak current of Pb?*, while the peak current was reduced with an excess of
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suspension volume, which may be due to an increase in resistance of the modified film against the
mass transfer along with charge transfer for Pb? ions in the presence of excess suspension volume.
Therefore, the optimal volume was determined as 5 pL.

The accumulation step is an effective and facile strategy for the enhanced voltammetric
analysis sensitivity. Fig. 3C shows the accumulation potential effect on the stripping peak current of
Pb* (0.9 V to —1.3 V). When the accumulation potential reached —1.1 V, the peak current was
optimal; thus, the following experiments used the accumulation potential of —1.1 V.

Fig. 3D shows the influence of the accumulation time on the stripping peak current of Pb?* over
a range of 2 to 14 min. As the accumulation time increased to 10 min, an increase in the peak current
was found. Further increase caused a gradual decrease in the peak current. This can be attributed to the
increase in thickness of the composite film as the accumulation time increased, which would affect the
electron transfer rate of metal stripping [44, 45]. Therefore, the optimum accumulation time was
determined as 10 min for the best sensitivity.

The potential interferents in the Pb*" analysis process using the MWNT-coated GCE were
selected from the main components of the test samples. To assess the selectivity performance of the
MWNTSs, DPASV experiments were carried out in a pH 5.0 acetate buffer solution in the presence of a
10 nM Pb?* solution with varying amounts of metal ion interferents. The results obtained under the
optimum parameters displayed that a 100-fold molar excess of Hg?*, Cd**, Cu?*, and Ag", and a 200-
fold molar excess of Cr**, Ni%*, Mn?*, Bi**, Zn**, and Sn*" showed no effect on the analysis of 10
nM Pb®*, and a relative error < 5% was obtained.
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Figure 4. Stripping voltammograms of Pb** with varying concentrations at the MWNT-coated GCE
(from bottom to top).

Fig. 4 shows the stripping voltammograms of the MWNT-modified GCE in the presence of
varying concentrations of Pb®". The detection analysis of our developed strategy toward Pb®* was
carried out under optimum parameters. For the calibration curve, the regression equation over a Pb*
concentration range of 1 nM to 1 uM was as follows: i, (LA) = 1.5961C (10 uM) + 0.3715 (R*=0.99).
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However, the limit of detection (LOD) was 0.5 nM (n = 20) based on a signal-noise ratio of 3, showing
that the developed sensor was highly sensitive to the analysis of lead in the water. The comparison of
performance of our proposed electrode with those reported previously is presented in Table 1.
Therefore, our proposed electrode could potentially be applied to the practical determination of Pb**
due to the low LOD, high sensitivity, wide linear calibration range, and facile electrode preparation
process.

Table 1. Behavior comparison of our developed MWNT-coated GCE and those proposed in other

works.

Electrode LOD (uM) Linear range (uM) Reference

PPR/GCE 0.1 0.5-100 [46]

Thick-film carbon sensor 0.0005 0.001-1 [43]

Cu based electrochemical sensor 0.022 0.1-0.5 [47]

Bi(NO)/GCE 0.00525 0.0075-12.5 [48]

NHAP/Nafion 0.001 0.005-0.8 [49]
MWNTs coated GCE 0.0005 0.001-1 This work

For the same electrode, 6 consecutive experiments were carried out for the detection of 10
nM Pb?* with an RSD of 4.26%. Furthermore, 6 MWNT-coated GCEs were fabricated following the
same procedure and were employed for the detection of 10 nM Pb®" under optimal parameters with an
RSD of 3.96%. Therefore, our promoted electrode was highly reproducible and stable for the analysis
of Pb?".

Under laboratory conditions, the MWNT-coated GCE was used for the determination of Pb?* in
two environmental hot spring water samples collected from Aer Mountain, Inner Mongolia. The
detection results of Pb?* in real samples were displayed in Table 2. For the four real water samples, the
as-prepared electrode showed the ability to distinctly detect Pb?* and can be employed for the
fabrication of green and portable sensors.

Table 2. Electrochemical performance of the MWNT-coated GCE toward the amount of Pb?* in the
hot spring water samples collected from Aer Mountain, Inner Mongolia.

Sample Added (nM) Found (nM) Recovery (%) RSD (%)
Sample 1 100 99.71 99.71 451
Sample 2 200 198.47 99.24 3.05
Sample 3 300 311.41 103.80 2.99
Sample 4 500 488.69 97.74 3.74

4. CONCLUSIONS

In the present study, a fast and highly sensitive electrochemical strategy was developed for Pb?*
detection based on the synergistic properties of MWNTSs and Nafion. MWNTSs are characterized by
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high adsorption capacity, distinct catalytic activity, and high surface area; meanwhile, Nafion has a
high cation exchange capacity. The developed electrode was further used for the detection of Pb* in
real water samples.
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