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Abstract In this paper, a novel Nafion polymer-coated
stannum film-modified carbon paste electrode was devel-
oped for the analysis of trace cadmium by square wave
anodic stripping voltammetry. The electronic conductive
material—molecular wire (diphenylacetylene)—was
employed as the binder instead of traditional mineral oil
for fabricating this electrode. It was found that the prepared
electrode possessed excellent electrochemical performance
and increased electron transfer rate due to the introduction
of molecular wire as a binder, and exhibited a better sensi-
tivity and stability as well as high resistance to surfactants
due to the synergistic effect of Nafion and stannum film.
Under the optimal conditions, the stripping peak currents
showed a good linear relationship with the Cd(II) concen-
tration in the range from 1.0 to 80.0 pg L™" with a detection
limit of 0.13 ug L™ (S/N=3). The developed electrode was
further applied to the determination of Cd(Il) in soil extracts
with satisfactory results.
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Introduction

Cadmium is regarded as one of the most toxic heavy metals
in the environment. It can irreversibly accumulate in the
kidney, liver, lung, and pancreas of the human body and
cause neurological, gastrointestinal, and skeletal illnesses
[1]. A major pathway of cadmium entering the body is by
foods intake. This is to say, from plants grown in tainted
agricultural land or meat from animals which have ingested
plants grown in contaminated soil [2]. Therefore, it is nec-
essary to establish a convenient, fast, and precise method for
the detection trace level of cadmium in soil to assess the
potential risk of environmental pollution.

Electrochemical stripping analysis (ESA) has been wide-
ly recognized as a powerful and versatile technique for the
determination of trace metals in various samples. It pos-
sesses many intrinsic advantageous features such as rapid
response, simple operation, low cost, and high sensitivity.
Traditional working electrodes for ESA determination were
generally based on hanging drop mercury electrode and
mercury film electrode (MFE). However, the toxicity of
mercury and the risks of it during disposal make the use of
mercury electrodes undesirable. In search for alternative
electrode materials, bismuth film electrodes (BiFE) have
been shown to offer comparable performance to mercury
electrode for stripping analysis. The notable advantages of
BiFE include low toxicity, high sensitivity, large cathodic
potential range, as well as its insensitivity to dissolved
oxygen [3, 4]. Recently, a new electrode material—
stannum—has been proposed [5—7]. Because the stannum
and bismuth are in diagonal position in element periodic
table, the stannum may possess many analogical characters
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of bismuth including the property of forming alloys with
different metals. Moreover, stannum is also an “environ-
mentally friendly” material that has less toxicity and lower
price than bismuth. Therefore, the stannum holds great
promise to be another electrode material for the “green
analytical chemistry.”

Carbon paste electrodes (CPE) have been widely used in
biomedical, environmental, and industrial applications.
However, CPE exhibit some disadvantages, such as low
reproducibility and mechanical stability compared to the
solid electrodes due to the poor adherence of liquid binders
[8]. In addition, the use of non-conductive binders such as
mineral oils or Nujol may weaken the electrochemical re-
sponse of the sensor [9]. Many efforts have been made to
promote the performance of CPE by alteration the binders.
Recently, a kind of conducting binder—room temperature
ionic liquid (IL)—was introduced to fabricate a new type of
carbon composite electrode called carbon ionic liquid elec-
trodes [10]. These electrodes exhibited many advantages
over traditional CPE, such as high sensitivity, low imped-
ance, and good ionic conductivity. However, those IL-based
paste electrodes are found to suffer from large capacitive
charging current. This high background current may obscure
the analytical faradaic current of interest and reduce the
detection performance, especially at low analyte concentra-
tion [11, 12]. Therefore, new binder materials are still highly
desired. Molecular wire, a conductive organic molecule
entity, has aroused great attention in recent years due to its
outstanding electrical conductivity, good chemical and ther-
mal stability, and wide electrochemical windows [13—15].
As one of the smallest conjugated oligomers, diphenylacetylene
(DPA) possesses a rigid wire-like molecule structure and a good
electron transport capability. Safavi’s group had successfully
fabricated a DPA-based carbon paste electrode and investigated
its electrochemical behavior, which exhibited better perfor-
mances than the traditional GCE [16].

In this paper, a molecular wire carbon paste (MWCPE)
was fabricated by using DPA as binder and further in situ
deposited stannum film for the measurement of Cd(Il) ions
in soil extracts. In the analysis of the real natural samples,
one of the most serious problems may arise from various
surface active compounds that may adsorb on the electrode
surface and cause the electrode performance deterioration. A
kind of effective methods to alleviate this electrode fouling
by surfactants is coating the electrode with a layer of a
semipermeable membrane [17]. Nafion (perfluorosulfonate
cation-exchange polymer) has been proven to have the
ability of preconcentrating metal ions, offers higher resis-
tance to surface active compounds, as well as improves the
mechanical stabilization of the deposited metal layer [18]. It
has been successfully applied in the combination with mer-
cury and bismuth film-modified electrode [19, 20].
However, to the best our knowledge, the electrochemical
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characteristics of Nafion-modified stannum film electrode
have not been explored by now. In our work, a Nafion layer
was coated on the surface of prepared electrodes and applied
to the determination of cadmium in real sample. The exper-
imental results show that the developed electrode possesses
good sensitivity, repeatability, and mechanical stability
along with the low background current and excellent resis-
tance to surfactant interference.

Experimental
Reagents

DPA (98 %) and Nafion (5 wt% solution in lower aliphatic
alcohols) were obtained from Aldrich (Sigma-Aldrich,
USA). Nafion was then diluted to 1 wt% with pure ethanol.
Graphite powder (spectrum pure, size <30 wm) and paraffin
oil were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). SnCl, was purchased from Jinlong
Chemical Reagent Co. (Beijing, China) and dissolved to
100 mg L™, Stock solution of Cd(II) (1,000 mg L") was
obtained from national standard reference materials center of
China and diluted as required. Acetate buffer (0.11 M) was
used as supporting electrolyte. Millipore-Q (18.2 M2 cm)
water was used for all experiments.

Apparatus

Cyclic voltammetry (CV), square wave anodic stripping
voltammetry (SWASV), and electrochemical impedance
spectroscopy (EIS) were carried out on a CHI660D electro-
chemical workstation (Shanghai CH Instruments, China).
The electrochemical cell was assembled with a conventional
three-electrode system: the prepared carbon paste working
electrodes, an Ag/AgCl (3 M KCI) reference electrode, and
a platinum wire auxiliary electrode. A magnetic stirrer was
used to stir the test solutions during the deposition steps.

Soil samples preparation

Soil samples were collected from a cultivated land in China.
The extraction process was performed according to the pub-
lished literatures [21, 22]. Briefly, soil sample was dried in an
oven for about 2 h. Then, the sample was grinded by a mortar
and sieved by a 200-um sieve. A portion (1 g) of soil was
transferred to an extraction bottle in which 40 mL of 0.11 M
acetic acid was added. The mixed sample was shaken on an
end-over-end shaker for 16 h at room temperature. Then, the
mixture was centrifuged for phase separation and the aqueous
phase was filtered through a membrane of 0.2 um pore size.
Before the measurement, the pH of the extract solutions was
adjusted to 4.0 by addition of NaOH solution (0.11 M).
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Preparation of electrodes

MWCPE was prepared by hand-mixing graphite powder
with DPA at a mass ratio of 70/30 [16] to produce a homo-
geneous paste. Then, a portion of the resulting paste was
firmly packed into one end of a glass tube ($=3 mm). The
electrical contact was provided by inserting a copper wire to
the paste through the opposite end of the tube. The electrode
was further heated to a temperature of higher than the
melting point of DPA (62.5 °C) for 2 min. After cooled at
the room temperature, the electrode was well polished by a
weighting paper into a mirror surface. The Nafion coating
was made by applying 5.0 pL Nafion solution, followed by
5.0 uL of N,N'-dimethylformamide (DMF), directly on top
of the electrode. After evaporation of the solvents, the
membrane of Nafion was cured by a warm air stream, and
the resulted electrode was denoted as NA/MWCPE. For
comparison purposes, the traditional CPE was prepared by
hand-mixing 0.7 g graphite powder and 0.3 g paraffin oil in
a similar way, and was then coated with a Nafion film which
denoted as NA/CPE.

Measurement procedures

The analysis of Cd(IT) by SWASV was performed in 0.11 M
acetate buffer solutions in the presence of 3.5 mg L™ Sn(Il).
Under the stirring conditions, the deposition potential of —1.2 V
was applied to the working electrode for 120 s. Then, the
stirring was stopped, and after a 10-s equilibration period, the
SWASYV potential scan was carried out from —1.2 V to 0 V
(square wave amplitude, 25 mV; potential step, 5 mV; frequen-
cy, 25 Hz). Prior to the next measurement, a 30-s clean step at
0.3 V under stirring condition was used to remove the residual
metals and the stannum film. All experiments procedures were
carried out in the presence of dissolved oxygen in the test
solutions.

Result and discussion
Electrochemical characteristics of prepared electrodes

Figure la compares the CV responses of CPE, MWCPE,
and NA/MWCPE electrodes in [Fe(CN)s]>*" solution, re-
spectively. A pair of poor redox peaks was observed at the
CPE with a peak potential separation of 205 mV
(Fig. 1a(b)), suggesting the sluggish electron transfer at the
interface due to the poor conductivity of the paraffin oil.
While at the MWCPE (Fig. la(a)), a well-defined and en-
hanced redox peaks with a small peak potential separation
of 85 mV was observed, indicating that the electron transfer
at the interface was dramatically improved. This change
may be attributed to the effect of conjugated system of

DPA and its 71—t interaction with graphite atoms [16].
Figure la(c) shows the CV response of NA/MWCPE under
the same conditions. The redox peaks became much smaller
than that of MWCPE. Two mechanisms can be employed to
explain the results. First, the Nafion film is non-conductive,
and the insulated surface of Nafion can block the electron
transfer of the electrode. Second, the negatively charged
skeleton of Nafion layer repelled the [Fe(CN)g]> ™ anion
and made the diffusion of ferricyanide more difficult to the
surface of the electrode [23]. On the other hand, this nega-
tively charged characteristic of Nafion can facilitate the
preconcentration of cationic target analytes and, under a
certain circumstances, improve the detection sensitivity.
The interface properties of prepared electrodes were stud-
ied by the EIS and the results were shown in Fig. 1b. After
fitting suitable circuit and calculation, the value of electron
transfer resistances (Ret) were 159 , 746 €, and 1.3 MSQ)
for MWCPE, CPE, and NA/MWCPE, respectively, which
was in agreement with the conclusion obtained from the CV.
The hydrogen evolution process and the background cur-
rent have a profound effect on the performance of the elec-
trode. Figure 2 shows the cyclic voltammograms of MWCPE,
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Fig. 1 a Cyclic voltammograms for 5 mM [Fe(CN)¢]* * in 0.1 M
KCl, (a¢) MWCPE, (b) CPE, and (¢) NA/MWCPE. Scan rate,
50 mV s~ '; b Nyquist plots of (¢) MWCPE, (b) CPE, and (c) NA/
MWCPE in 10 mM [Fe(CN)¢]** and 0.1 M KCl1
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stannum film-modified MWCPE (Sn/MWCPE), and stannum
film-modified NA/MWCPE (Sn/NA/MWCPE) in bare ace-
tate buffer solution, respectively. A low background current
between —0.7 and —1.1 V was observed on the MWCPE
(Fig. 2(a)). Moreover, this background current was very stable
during the repetitive scans which suggested a higher mechan-
ical strength of solid binder over the liquid binder. In compar-
ison, the SWMWCPE (Fig. 2(b)) exhibited a more negative
hydrogen evolution potential than the MWCPE due to the
formation of a stannum film. While at Sn/NA/MWCPE
(Fig. 2(c)), a more negative hydrogen overvoltage
(about —1.4 V) than that of Sn/MWCPE was observed.
This change can be attributed to the synergistic effect of
Nafion and stannum film, which the Nafion can effi-
ciently facilitate the deposition of the Sn(Il) and im-
prove physical stability of the Sn film. Similar effect of
Nafion on BiFE and MFE electrodes were also been
reported [24, 25]. These results demonstrated that the
Sn/NA/MWCPE electrodes possess a sufficient reduc-
tion potential and small background current that can
be used to stripping analysis.

Stripping response of S/NA/MWCPE

Figure 3 compares the square wave stripping responses of
20 pg L™' Cd(II) at the MWCPE, Sn/MWCPE,
Sn/NA/MWCPE, and Sn/NA/CPE, respectively. A weak
and unobvious stripping peak of Cd(II) was observed on
the bare MWCPE (Fig. 3(a)). However, after adding
3.5 mg L' Sn(Il) into the deposition solution, the response
at the SW/MWCPE was remarkably enhanced (Fig. 3(b)).
This enhancement can be attributed to the fact that stannum
can form “fused” or “low-temperature” alloys with heavy
metals that makes metal ions reduced more easily [5]. While

— (a) MWCPE
(b) SN'/MWCPE
—— (c) SN/NA/MWCPE

Current (pA)

25+

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8

Potential (V) vs.Ag/AgCI
Fig. 2 Cyclic voltammograms of (¢) MWCPE, (b) St/MWCPE, and (c)

Sn/NA/MWCPE in acetate buffer solution (0.11 M, pH 4.0). Scan rate,
S0mvs
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Fig. 3 Square wave anodic stripping voltammograms of 20 pg L™ Cd(Il)
in 0.11 M acetate buffer solution (pH 4.0) at the (a) MWCPE, (b) Sn/
MWCPE, (¢) SW/NA/MWCPE, and (d) Sn/NA/CPE. Deposition time,
120 s. Deposition potential, —1.2 V. Concentration of Sn(II), 3.5 mg L™

at S"/NA/MWCPE, a higher sensitivity toward Cd(II) de-
tection (Fig. 3(c)) was observed. Such improvement can be
attributed to two factors: one is that the sulfonate groups in
the Nafion were negatively charged and, as a result, the
polymeric membrane acted as a cation-exchanger facilitat-
ing the non-faradaic preconcentration of metal cations [20].
The other is as previously mentioned that the presence of
Nafion film efficiently helped the electrodeposition of the
stannum. Figure 3(d) also showed the stripping response of
Cd(II) at the Sn/NA/CPE. However, the peak current was
relatively weaker than that of Sn/NA/MWCPE. In Fig. 3, we
also noted that the peak potential of Cd(II) was shifted about
21 mV to the cathodic direction on the Sn/NA/MWCPE
than that of Sn/MWCPE. This shift can be attributed to the
coulombic interactions between the cation-exchanging
Nafion film and the accumulated metals. The similar phe-
nomenon was also observed in the Nafion-modified MFE
and BiFE [20, 25].

Optimization of experimental conditions
Thickness of Nafion layer

The actual polymer loaded on the electrode surface was
changed by applying a 5.0-uL drop of the Nafion solution
containing 0.25, 0.5, 1, 1.5, and 2 wt% of Nafion, respec-
tively. It was found that the peak current of Cd(II) reaching
its maximum when the concentration of Nafion was 1 %.
The reason would be that at too thin or too thick polymer
film, the oxidized species could diffuse away from the
surface of electrode due to incomplete coating or cracks,
respectively [26]. Therefore, a 1 wt % Nafion solution was
employed to construct Nafion film. Under the assumption of
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Fig. 4 Voltammograms for additions of 0, 1, 5, 10, 20, 30, 40, 50, 60,
70, and 80 pg L' Cd(Il) at Sn/NA/MWCPE (left part of figure). The
right part of the figure shows the corresponding correlation plot. Other
conditions were as in Fig. 3

Nafion completely covered on the surface of electrode, the
average thickness of the Nafion layer, Ly, can be calculat-
ed by the formula [27]:

MNA

L =
NA ”deNA

Calculations showed that the optimized average thickness
of membrane was about 3.9 pum.

pH of supporting electrolyte

The effect of pH on the peak current of Cd(II) that was inves-
tigated in the pH range of 3.0-6.0 is shown in Fig. Sl(a)
(Supporting Information). It can be seen that the optimum pH
was 4.0. The reason of lower responses at relative acid electro-
lyte was probably due to the hydrogen evolution that could
interfere with the deposition process. Furthermore, under the
excessively acidic circumstances, the sulfonic groups of
Nafion will not effectively deprotonate and lead to fewer
ion-exchange sites. Nevertheless, at higher pH values, Sn(II)
is very susceptible to hydrolysis [28]. Therefore, a pH of 4.0
was chosen for further study.

Concentration of Sn(Il)

The effect of the Sn(Il) concentration on the stripping
peak current is displayed in Fig. S1(b) (Supporting
Information). The peak heights of Cd(Il) increased with
the raising of Sn(II) concentration from 0.5 to
3.5 mg L' due to the formation of adequate binary
“fusing” alloy. However, with subsequent additions of
stannum ions into the solution, the stripping signals
were decreased gradually. This phenomenon could be

explained by the formation of thick stannum layer on
the electrode surface which hampered the target metal
ions diffusing out of the stannum film. As a result, 3.5 mg L™
was selected as the optimal Sn(II) concentration.

Deposition potential and deposition time

Figure S1(c) (Supporting Information) demonstrates the
effect of deposition potential upon the stripping re-
sponses. When the deposition potential shifted from
—0.8 to —1.2 V, the stripping peak currents of Cd(I)
increased remarkably. But when the deposition potential
became more negative, the peak currents reduced grad-
ually, which probably due to hydrogen evolution was
occurred at such potentials. Therefore, the deposition
potential performed at —1.2 V. The effects of the depo-
sition time on the stripping response of Cd(II) is show
in Fig. S1(d) (Supporting Information). The peak currents
increased linearly from 30 to 210 s. However, when the
deposition time exceeded 210 s, the peak currents started to
level off, which was probably due to the saturation effect of
the stannum film on the electrode surface. In view both of
sensitivity and determination time, 120 s was selected for
deposition.

Analytical performance of Sn/NA/MWCPE

To investigate the dynamic range and sensitivity of the devel-
oped electrode, the SWASV measurement under the optimal
conditions were performed. A series of stripping responses for
successive additions of Cd(II) are illustrated in Fig. 4. It can be
seen that the peak currents displayed a good linear relationship
with the concentration of Cd(Il) in the range from 1.0 to

Table 1 Comparison of different electrodes for the Cd(II) determination

Electrodes Method Linear Detection  References
range limit
(gL  (ugLl™
Sn film-modified = SWASV ~ 2-90 1.13 [5]
CPE
Bi powder- SWASV ~ 10-100 1.2 [29]
modified CPE
Sb film-modified SWASV ~ 5-50 0.8 [30]
CPE
Sn film-modified = DPASV 10-110 1.1 [7]
GCE
Sb film-modified SWASV  1-40 0.7 [31]
GCE
Bi-Nafion film- DPASV 1-140 0.17 [20]
modified GCE
Sn/NA/MWCPE SWASV 180 0.13 This work

Sb antimony, Bi bismuth, GCE glass carbon electrode, DPASV, difter-
ential pulse anodic stripping voltammetry
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I Sn/MWCPE
I Sn/NA/MWCPE

Normalized current (%)

SDsS Triton X-100

CTAB

Fig. 5 Normalized current, /,/l,max, expressed as a percentage, for
40 ug L™ Cd(ID) at 10 mg L™ of surfactants for the St MWCPE and
Sn/NA/MWPE

80.0 ug L™". The linear regression equation was calculated as:
iy = 0.3621c — 0.2065 (i, : pA, ¢ : ug L), with the corre-
lation coefficient of 0.9978. Based on three times the standard
deviation of the blank signals (S/N=3), the limit of detection
(LOD) was 0.13 pug L™'. The comparison of the
Sn/NA/MWCPE with other electrodes for the determination
of Cd(Il) was listed in Table 1. From Table 1, one can see that
prepared electrode exhibited a comparable linear range and a
lower LOD than other electrodes.

The reproducibility of the developed electrode was
evaluated by measuring a buffer solution containing
20 pg L™' Cd(I). For a single electrode, the relative
standard deviation (RSD) was 1.4 % in five times
repetitive measurements. For the six different electrodes
prepared by the same way, the RSD was 3.7 %. The
long-term stability was also estimated by recording
stripping voltammograms of Cd(II) at a same electrode
every day over a week, the maximum deviation
obtained was 6.3 %, indicating good stability of pre-
pared electrode. It is worth to note that the use of DMF
as casting solvent and heat curing process during Nafion film
formation is the crucial steps for the production of electrode,
which has a profound effect on the stability of Nafion film
[27].

Interference study

The interferences from coexisting ions were investigated
by adding various foreign substances (max: 1,000-fold)
into buffer solution containing 20.0 pug L~' Cd(II).
Under the +5.0 % tolerated ratios, it was found that
1,000-fold NO*~, SO,*", and CI; 1,000-fold K*, Na',
and Ag2+; 400-fold Mg2+, Mn?*, and AI**; 80-fold
Zn*"; and 50-fold Pb*" have no evident influences on
the signal of Cd(II). Cu*" was found to have an obvious
suppressing effect on the determination of Cd(Il) in low mass
ratio (0.7-fold). This interference is probably due to the com-
petition between electrodeposited Sn(I) and Cu(II) for surface
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active sites on the electrode as well as the formation of an
intermetallic compound between Cu(Il) and Cd(Il) [7].
However, it can be efficiently alleviated by the addition of
ferrocyanide ions in the test solution [32].

The effects that came from the surfactants had also
been investigated. Three types of surfactants, including
cetyltrimethylammonium bromide (CTAB, cationic),
Triton X-100 (nonionic), and sodium dodecyl sulfate
(SDS, anionic), were selected as “model” to study the anti-
fouling ability of the developed electrode. The normalized
peak currents (calculated as 1,//ymax, Where I, and Iy, Were
the stripping peak currents in the presence and the absence of
surfactant, respectively) of Sn/MWCPE and Sn/NA/MWCPE
were recorded. As shown in Fig. 5, the Sn/NA/MWCPE
exhibited a more tolerance to the presence of different surfac-
tants than Sn/MWCPE. This resistance can be attributed to the
microstructure of Nafion that looks like a segregated area of
fluorocarbon and clusters of hydrated sulfonate sites. The
bulkier surfactant molecules are mechanically prevented by
the membrane, while the smaller metal cations can pass
through smoothly.

Soil sample extracts analysis

To evaluate the feasibility of the developed electrode for routine
analysis, the S/NA/MWCPE was applied to the detection of
cadmium in soil samples. The measurement was performed by
standard addition method. A typical analysis from these tests is
shown in Fig. S2 (Supporting Information). The obtained
results were further validated by the analysis of atomic ab-
sorption spectroscopy and recovery tests. The result (summa-
rized in Table 2) showed a good agreement between two
analytical methods and satisfactory recovery results with an
average recovery of 97.1 %, confirming the availability of the
developed method.

Table 2 Recovery tests and the comparison of Sn/NA/MWCPE and
AAS for the determination of Cd(II) in several soil sample extracts

Sample Added Found Found by Recovery
(gL (ugL™) AAS® (%)
Sample 1 - 2.18+0.03°  2.21+0.02° -
4.0 5.89+0.08 95.31
8.0 9.93+0.14 97.54
Sample 2 — 4.73+0.07 4.67+0.04 -
5.0 9.17+0.12 94.24
10.0 14.22+0.16 96.53
Sample 3 - 7.06+0.11 7.24+0.07 -
10.0 16.59+0.19 97.25
15.0 22.45+0.27 101.76

*SWASV and AAS measurements were repeated five times (n=5)
®Mean value+standard deviation
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Conclusion

In this work, a novel carbon paste electrode based on
the molecular wire (DPA) as binder was fabricated, and
further modified with Nafion and stannum film to the
determination of cadmium by SWASV. Compared with
conventional electrodes using mineral oil as binder, the
electrochemical performance of prepared electrode was
dramatically improved by the high conductivity of DPA.
Combining the co-deposits ability with heavy metals of
stannum film and ion-exchange property of Nafion film,
the developed electrode exhibited a very high sensitivity
toward the determination of Cd(II). Several fabrication
and operational parameters were optimized and the in-
fluence caused by different ions and surfactants was
investigated. The proposed electrode was further applied
to detect trace cadmium in soil samples with satisfactory
results. This work proposed a low cost, high sensitive,
reproducible, and stable sensor, which holds great prom-
ise for its wide applications in environmental and food
analysis.
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