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Abstract: The quality and safety of agricultural products are threatened by heavy metal ions in soil,
which can be absorbed by the crops, and then accumulated in the human body through the food
chain. In this paper, we report a low-cost and easy-to-use screen-printed electrode (SPE) for cadmium
ion (Cd(II)) detection based on differential pulse voltammetry (DPV), which decorated with ionic
liquid (IL), magnetite nanoparticle (Fe3Oy4), and deposited a bismuth film (Bi). The characteristics
of Bi/Fe304/ILSPE were investigated using scanning electron microscopy, cyclic voltammetry,
impedance spectroscopy, and linear sweep voltammetry. We found that the sensitivity of SPE
was improved dramatically after functionalized with Bi/Fe3;O4/IL. Under optimized conditions,
the concentrations of Cd(Il) are linear with current responses in a range from 0.5 to 40 pg/L with the
lowest detection limit of 0.05 ug/L (S/N = 3). Additionally, the internal standard normalization (ISN)
was used to process the response signals of Bi/Fe3O,4/ILSPE and established a new linear equation.
For detecting three different Cd(II) concentrations, the root-mean-square error using ISN (0.25) is
lower than linear method (0.36). Finally, the proposed electrode was applied to trace Cd(II) in soil
samples with the recovery in the range from 91.77 to 107.83%.
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1. Introduction

Rice is one of the most popular staple food for large parts of Asia, especially in the south
of China [1]. It is widely cultivated in these areas, which has the potential to improve the food
production [2,3]. Due to unreasonable use of chemical fertilizer and sewage irrigation, cadmium,
one of the most toxic heavy metals, has been deposited and exceeded the safety level in soil.
Cadmium ions (Cd(Il)) in soil are easily absorbed by the paddy [4], and then enter the human
body through the digestive system [5-8]. Cd(Il) can cause some serious diseases, such as carcinogenic
issues, lung damage, kidney failure [7,9-11]. Therefore, quick and accurate identification of Cd(II)
concentrations is urgent to prevent soil pollution and ensure food safety. Up to now, the regular
methods have been employed for Cd(II) determination, such as X fluorescence spectrometry (XRF) [12],
Atomic Absorption Spectroscopy (AAS) [13], Atomic Emission Spectrometry(AES) [14], Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) [15], Inductively Coupled Plasma-Mass
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Spectrometry (ICP-MS) [16], Atomic Fluorescence Spectrometry (AFS) [17], biological technique [18]
and electrochemical method [19]. However, the spectrographic methods are not suitable for in-situ
analysis because of complex operation, large volume, and expensive instruments. The application of
biological technique for metal ions detection was limited because the properties of biological materials
hard to keep in natural conditions [20]. Compared to approaches mentioned above, the electrochemical
method owns some unique merits such as relative portability, inexpensive instrumentation and real
analysis [21]. It has been recognized as an effective way for heavy metal ions determination.

Screen-printed electrode (SPE) is low-cost and easy-to-use, which is much suited for mass production
and application. Nevertheless, bare SPE is hard to trace Cd(II) at low concentrations. Many researches
show that nanomaterials have merits to improve the performance of SPE. Magnetic nanoparticles
(Fe304) [22-24] have broad applications in catalysis, biotechnology as well as analytical chemistry [25]
due to the large surface area, quantum size effect, high adsorption ability, excellent biocompatibility,
its strong superparamagnetic property, low toxicity and easy preparation. Srivastava et al. [26] developed
an electrode coated ionic liquids and Fe;O4 nanoparticle, applied for the simultaneous determination of
DNA bases.

Chitosan (CHT) is a natural polymer with abundant primary amino groups and hydroxyl groups.
It has excellent adhesivity, hydrophilicity, gel-forming ability, doping feasibility, excellent mechanical
stability, permeability, cost-effectiveness, and availability of reactive functional groups for chemical
modifications. CHT has been widely employed in the construction of electrochemical sensors and
biosensors to improve performances. It also can adsorb metal ions and various organic compounds at
the same time.

To exploit a cheap, easy to use and sensitive electrode, we have developed a new electrode.
It used a mixed solution of Fe30O4 and CHT to coat on the ion liquid based SPE (ILSPE), and then
deposited a bismuth film (Bi) in situ. The new electrode can combine the advantages of Fe;0,4, CHT,
and SPE successfully. Additionally, Bi/Fe3;04/ILSPE was applied to determine Cd(II), and used
internal standard normalization (ISN) to amendment the linear regression equation to improve the
accuracy. At last, a new electroanalytical electrode for Cd(Il) determination in soil was created.

2. Experimental

2.1. Chemicals and Reagents

All electrochemical measurements were collected using a CHI660D electrochemical workstation
(CHI Instrument Company, Shanghai, China) with a three-electrode system. The modified screen-printed
electrode was used as the working electrode, a platinum column as an auxiliary electrode and
an Ag/AgCl electrode as a reference electrode. Scanning electron microscope photos were achieved by
using the JEOLJEM-2011 device. All electrochemical measurements were recorded at room temperature.

Ionic liquid(IL), n-octylpyridinium hexafluorophosphate (OPFP), was purchased from Shanghai
Chengjie Co., Ltd. (Shanghai, China). Graphite powder (size < 30 um, 20019126) was obtained from
Sinopham Chemical Reagent Co., Ltd. (Shanghai, China). SPE was bought from Suzhou delta system
biological cross scientific research institute co. Ltd. (Shanghai, China). Chitosan and nano-Fe;O4 were
obtained from Sigma-Aldrich Corporation (Shanghai, China). Standard solutions of Bi(III) and Cd(II)
(1000 mg/L) were provided by National Standard Reference Materials Center of China and diluted
as required. Phosphate buffer solution (0.2 M, pH 5.0) was selected as the supporting electrolyte for
experiments. The rest of chemicals not mentioned here were of analytical reagent grade and were used
as received. Millipore-Q (18.2 M()) water was used for all experiments.

2.2. Preparation of Fe3O4/ILSPE

The ILSPE was fabricated by the following steps in Figure 1. First, 0.05 g cellulose acetate was
dissolved in a solution containing 2.5 mL cyclohexanone and 2.5 mL acetone. Second, 0.5 g OPPF
and 2.0 g graphite powder were added and mixed to form a homogeneous and viscous ink achieved
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through ultrasonic shaking. The modified process was executed by using a pipette to direct write the
composite onto the surface of SPE. Third, the prepared electrode was annealed at 80 °C for 30 min.
0.2 g chitosan flakes were weighed and dissolved in aqueous solution of 100 mL 1.0% acetic acid.
Fourth, weighing 0.1 mg Fe3O4 nanoparticle was dispersed into 10 mL 0.2 wt % (weight/solution
volume = 0.2 g/100 mL) CHT using an ultrasonic treatment for 2 h. 2.0 uL dispersion liquid was
dropped on the ILSPE surface and dried at 50 °C for 30 min. For Bi(Ill) deposition, the 400 Bi(III)
was added into the solution containing Cd(II), electrodeposited on Fe3O4/ILSPE at —1.2 V, and then
reduced to Cd and Bi subsequently by DPV.

Graphite
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Figure 1. Fabrication and modification process.
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2.3. Sample Preparation

Soil samples were collected from an agriculture paddy field in Beijing, China, and pre-treated
with the following steps. Briefly, soil samples were heated at 200 °C for 30 min in an oven to remove
the water. The dried soil was ground using pestle and mortar, and sieved by a 200 um sieve. 4 g soil
sample was added to 40 mL of 0.1 M hydrochloric acid and extracted Cd(II) by ultrasonic processing
for 60 min at room temperature. Finally, the supernatant was filtered by a membrane and adjusted to
pH 5.0 using H3PO,4 and NaH,; POy solution.

2.4. Electrochemical Measurement Procedure

Differential pulse voltammetry (DPV) was applied to the detection of Cd(II) under optimized
conditions. Cd(II) was performed in 0.2 mol/L phosphate buffer solution in the presence of 400 g/L
Bi(Ill). Under stirring conditions, Cd(Il) was deposited on the surface of the working electrode at the
potential of —1.2 V for 240 s. After 20 s equilibration period, DPV was carried out from —12Vto 0V
with optimized parameters (increase E, 0.01 V; amplitude, 25 mV; pulse width, 0.2 s; sample width,
0.02 s; pulse period, 0.5 s).

3. Results

3.1. Characteristics

The morphological and electrochemical characteristics of the modified screen-printed electrode
were investigated by some effective approaches.

Figure 2 shows the CV responses of different electrodes in a mixture of 5 mM [Fe(CN)g]?~/4~ and
0.1 M KCl. SPE (curve a) had a pair of weak oxidation peaks with a peak to peak separation of 380 mV.
This indicated the electron transfer rate of SPE was sluggish due to the poor conductivity of commercial
ink. While on ILSPE (curve b), the redox peak currents enhanced in view of IL. After modifying Fe3O4
nanoparticle (curve c), the peak currents increased considerably, demonstrating that nanomaterial
membrane covered on SPE can improve the charge transfer [27]. One reason for these results may
be the high specific surface area and excellent conductivity of Fe30O4 nanoparticle. Another reason
that the Fe304 nanoparticle provides redox substances including ferrous and ferric iron. Well-defined
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reduction peaks were observed at the Fe3O,4/ILSPE, whereas the peak potential separation reduced to
120 mV and the redox currents were considerably higher than those at the SPE, Fe30,4/SPE, and ILSPE

due to the synergistic effects from ion liquid and Fe3O4 nanoparticles.
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Figure 2. Cyclic voltammograms of different electrodes in 5 mM/L [Fe(CN)g]>~/4~ and 0.1 mol/L
KCl, (a) SPE, (b) Fe304/SPE, (c¢) ILSPE, (d) Fe3O4/ILSPE. Scan rate: 50 mV/s.

Figure 3 shows the electron transfer kinetics of different electrodes were investigated by using EIS
measurement. According to the Randle model, the value of electron-transfer resistance (Rct) is equal to
the bulk membrane resistance coupled with the contact resistance. As shown in Figure 3b, the R of
SPE was got as 18 K(2, indicating bare SPE had poor conductivity that went against electron-transfer.
When SPE was modified by OPFP and Fe;O4 nanoparticle respectively, the electron transfer rate was
improved, and impedance was decreased. The values of Rt are 1025 () and 250 () for Fe3O4/SPE
and ILSPE. After SPE modified OPFP and Fe3;O4 nanoparticle at the same time, an obviously reduced
impedance with the Rt of 100 () was observed due to the synergistic effect of OPFP and Fe3;O4
nanoparticles. These results are in agreement with the conclusion obtained from the CV.
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Figure 3. Electrochemical impedance spectra of different electrode in 5.0 mmol/L K4[Fe(CN)s] + 0.1 mol/L
KCl solution with the frequencies from 100,000 to 1 Hz, () (a) SPE, (b) Fe304/SPE, (c) ILSPE, (d) Fe3O,4/ILSPE.
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The hydrogen evolution on the electrode surface diminishes the accuracy of the stripping analysis
significantly. The linear sweep voltammetry (LSV) responses of different electrodes in 0.2 mol/L
phosphate buffer solution (pH 5.0) were shown in Figure 4, respectively. The Fe30O4/ILSPE without
bismuth film exhibited a relatively positive hydrogen overvoltage potential (about —1.1 V). While on
Bi/Fe30,4/ILSPE, a more negative hydrogen evolution potential (about —1.2 V) due to the formation
of bismuth film. It is reported that the bismuth electrodes are less prone to hydrogen evolution, due to
the unique crystal plane structure of bismuth. This indicated that modified electrode has a sufficient
potential window for the stripping analysis of Cd(II).

Current(nA)

—— Fe,0,/ILSPE
- - - BilFe,0,/ILSPE

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4

Potential (V) vs.Ag/AgCl

Figure 4. Linear sweep voltammograms in 0.2 mol/L phosphate buffer solution (a) Bi/Fe3O,4/ILSPE,
(b) Fe3O4 /ILSPE.

Scanning electron microscope (SEM) was used to research the surface morphological structures
of prepared electrodes. As seen in Figure 5a, the surface of SPE shown a disordered distribution of
gaps between graphite blocks, which affirmatively affected the conductivity of electrode. While on the
ILSPE, the surface was compact and homogeneous (Figure 5b), indicating the solid binder OPFP has
excellent adhesiveness to graphite particles in the view of the low melting point of OPFP. Figure 5c
exhibited the typical SEM image of Fe;O,/ILSPE; it was observed that some ball-like structures
covering the ILSPE'’s surface, showing good interfacial interactions between Fe3O,4 nanoparticles and
ILSPE’s surface.

SEI 40kV  X10,000 WD 7.1mm 1um

Figure 5. Cont.
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Figure 5. SEM images of (a) SPE, (b) ILSPE and (c) Fe3O,/ILSPE.

The DPV responses of 40 ug/L Cd(Il) on different electrodes are shown in Figure 6 to illustrate the
sensitive improvement. A little peak current was observed on the SPE. After using Fe;04 nanoparticles,
Fe30,/SPE exhibited higher stripping response toward Cd(Il) determination. The main reason might
be that the superior properties of Fe3O4 such as huge specific surface area and good conductivity
decreased the electron transfer barrier, and accelerated the rate of metal ions preconcentration on the
electrode surface. While on the ILSPE, the striping currents of Cd(II) is also enhanced in the view of the
excellent conductivity and adhesion of ionic liquid. The highest stripping peak was observed on the
Fe304/ILSPE, which might be attributed to IL and Fe3O4 composite film modification. This composite
membrane not only enhanced the conductivity of the electrode but also offered abundant anchor sites
for the detection of Cd(II).

——Bi/SPE

—— BiFe,0 /SPE

~——— Bi/ILSPE

45 4 ——Bi/Fe,0 /ILSPE d

Current(pA)

Potential(V) vs.Ag/AgCl

Figure 6. DPV responses of 40 ug/L Cd(II) and 400 ug/L Bi(III) in 0.2 mol/L phosphate buffer solution
(pH 5.0) on the (a) SPE, (b) Fe30,/SPE, (c) ILSPE, and (d) Fe30, /ILSPE. Deposition time: 240 s. Deposition
potential: —1.2 V.
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3.2. Optimization of Experimental Parameters

The detecting parameters were optimized in 0.2 M phosphate buffer solution containing 35 pg/L
of Cd(II). The relationship between the peak current of Bi/Fe3O4/ILSPE and deposition potential
is described in Figure 7. With the deposition potential shifting from —0.8 V to —1.2 V, the peak
current increased significantly, which the maximum value was achieved at —1.2 V. This may be the
lower potential can offer more energy to improve the efficiency of accumulation. However, when the
deposition potential is ranging from —1.2 V to —1.6 V, the peak currents decreased. We attribute this
to the electrochemical potential stability window and interference from H; evolution on the deposited
Bi/Fe30,4/ILSPE surface. Thus, a deposition potential of —1.2 V was determined as optimum and
employed in further experiments.
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Figure 7. Effects of deposition potential on the stripping peaks current of 35 ug/L Cd(II).

The peak current of Bi/Fe3O4/ILSPE changed along with deposition time is shown in Figure 8.
The peak current increased proportionally with the prolonging of deposition time from 20 to 240 s.
While over 240 s, the stripping current of the peak is not any more linear with deposition time, which is
increasing slowly. In view both of sensitivity and determination time, a deposition time of 240 s was
selected for further studies.
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Figure 8. Effects of deposition time on the stripping peaks current of 35 pg/L Cd(II).
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Figure 9 shows the stripping response of Cd(II) on the Bi/Fe3O,4/ILSPE affected with changing
pH value. The peak current increased gradually with decreasing pH from 2.0 to 5.0, while the stripping
response disappeared completely at high pH values. The maximum peak current was found at pH 5.0.
At excessively acidic circumstances, enhanced hydrogen evolution will damage the quality of the
Bi(IIl) film. If the pH is much higher, Bi(IIl) ions might be susceptible to hydrolysis in neutral and
alkaline media. Thus, a pH of 5.0 was found to be suitable for experiments.

32+

24

Current (1A)

0 T T T T 1

pH value

Figure 9. Effects of pH value on the stripping peaks current of 35 pg/L Cd(II).

Figure 10 shows the stripping response of Cd(II) on the Bi/Fe30,/ILSPE affected by the Bi(III)
concentration. The peak current of Cd(II) was positively correlated with different levels of Bi(IIl) from
100 to 400 pg/L and negatively correlated when the level of Bi(Ill) exceeded 400 pg/L. This may be
attributed to the formation of thick bismuth layer on the electrode surface, which is not favorable for
Cd(II) diffusing out. Consequently, 400 ug/L was selected as the optimal Bi(III) concentration.
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Figure 10. Effects of Bi(Ill) concentration on the stripping peaks current of 35 pg/L Cd(II).

The sensitivity of DPV is much higher than cyclic voltammograms. Figure 11 shows DPV
responses of Bi/Fe3Oy4/ILSPE for different Cd(II) concentrations in 0.2 M phosphate buffer (pH 5.0).
The deposition potential was kept at —1.2 V for the stripping analyses. Figure 11a shows different
sharp stripping peaks on the modified electrode. As seen from the calibration curve in Figure 11a,
a linear relationship was obtained between the peak current and Cd(II) concentration in the range from
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0.5 pg/L to 40 nug/L with the detection limit as 0.05 ug/L (S/N = 3). The linear regression equation
was I(nA) = 0.810 x C(ng/L) + 0.028 (r = 0.996), where I is the peak current and C is the concentration
of Cd(II).
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Figure 11. (a) Differential pulse voltammograms of Bi/Fe304/ILSPE for additions of 0, 0.5, 1, 5, 10, 15,
20, 25, 30, 35, 40 g/L Cd(II); (b) The right part shows the calibration curves. Error bar: n = 3.

There are some differences in sensitivity among Bi/Fe3O4/ILSPEs, which will influence the accuracy
of the results. To conquer these deficiencies, the internal standard normalization (ISN) was used to
calibrate the linear regression equations. Following this method, we can get a new linear regression
equation as N = 0.907 x C(ug/L) + 0.032(r = 0.996), where N is the ratio of 10 x 1/Iy, Ij is the response
current of 10 ug/L, and C is the concentration of Cd(II). To demonstrate the improvement of measuring
accuracy using this new method, we selected three electrodes to detect the different concentration of
Cd(II) and obtained the detection value of 10 (E1: 0.93 pA; E2: 0.87 nA; 0.98 nA). As shown in Table 1,
the results using ISN method are more closed to the real value, and relative error are much lower.
Meanwhile, the root-mean-square errors of linear method and ISN are 0.36 and 0.25, respectively. This
indicates that the ISN method can conquer parts of difference between electrodes and improve the
measuring precision. root-mean-square error (0.257) is lower than linear method (0.36).

Table 1. Determination results of different Cd(Il) concentration.

Linear Method ISN Method
cdan

Concentration Electrode Current Detection . Detection .
Number (uA) . Relative . Relative
(ug/L) Concentration Error (%) Concentration Error (%)

(ug/L) (ug/L)

E1l 1.78 £ 0.05 1.93 £ 0.05 3.52 2.09 + 0.06 4.48

2 E2 1.63 4+ 0.03 1.76 £ 0.03 11.89 2.03 4+ 0.04 1.65

E3 1.73 £0.05 1.87 £0.05 6.49 1.92 £+ 0.06 3.92

E1l 4.33 +0.19 4.73 +0.22 5.32 5.13 £ 0.26 2.60

5 E2 422 +0.09 4.61 +0.10 7.74 5.34 +0.12 6.80

E3 447 +£0.12 4.89 +£0.14 2.23 4.99 +0.16 0.24

E1 8.72 +£0.29 9.57 +0.31 4.30 10.30 4 0.37 3.00

10 E2 8.53 £0.19 9.25 +0.21 7.49 10.64 £+ 0.27 6.40

E3 9.73 £0.37 10.68+0.40 6.83 9.78 £ 0.46 2.20
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Compared with some published electrodes for Cd(II) detection [28-31], some properties are
summarized in Table 2. The Bi/Fe3O4/ILSPE has a relatively wide linear detection range and low
detection limit. Otherwise, the accumulation time is much shorter than others, which is far more
suitable for rapid detection.

Table 2. Comparison with other electrodes for Cd(II) detection.

Modifier Accumulation Time (s) Concentration Range (ug/L) Detection Limit (ug/L) Reference
Bi/SG/SPE 240 0.95-16.9 14 [28]
G/PANI/PS/SPE 180 10-500 4.43 [29]
SbSPCE 120 11.5-72.4 3.4 [30]
ILGPE 300 0.1-3.2 0.01 [31]

Bi/Fe304/ILSPE 240 0.5-40 0.05 The present

3.3. Interference Effects

The interference effected from various common-existed cations and anions in soil were a vital
property for the electrochemical electrode in Figure 12. The effects of different interferences on the
Bi/Fe304/ILSPE were estimated by DPV in phosphate buffer solution (pH 5.0) containing 40 ug/L of
Cd(II) in the absence and presence a specified concentration of interfering substances and comparison
of the peak currents. Under the optimized conditions, it was found that 50-fold concentrations of Na(J),
Hg(II), Ca(Il), Mg(Il), Fe(1lI), AI(IIT), Ni(II), Cu(II), PbI), Zn(II) CI(I), NOs(I), did not interfere with
Cd(II) determination (the peak current change < 10%).

50

N
o
1

R

w
o
1

Cd(I1) concentration (ug/L)

[y
o
1

Blank Na(l) Hg(ll) Ca(lly Mg(lly Fe(lll) Al(iy Ni(ll) Cu(ll) Pb(lly Zn(ll) CI(l) NO3(l)

Different ions

Figure 12. The 40 ug/L of Cd(II) before and after adding 50-fold concentrations of Na(I), Hg(II), Ca(Il),
Mg(I), Fe(I1I), AI(III), Ni(II), Cu(Il), Pb(II), Zn(II) CI(I), NO3(I). The error bars represent standard
deviations based on three independent measurements.

3.4. The Reproducibility

The reproducibility of the Bi/Fe3O,4/ILSPE was evaluated using the two electrodes to determinate
10 ng/L Cd(II). The electrodes were stored at ambient conditions, which was used to measure the
Cd(II) every seven days. The relative standard deviation (RSD) was 5.79% for Cd(Il) in three-time
measurements. The electrode lost less than 5.29% for Cd(II) of its original responses after its storage at
ambient conditions for 14 days.
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3.5. Application to Real Sample Analysis

To evaluate the practical performance, Bi/Fe;0,/ILSPE was applied to detect Cd(II) in the soil
samples. Each extract solution undergoes three parallel determinations in Table 3. Cd(Il) in soil samples
could be satisfactorily detected with the recovery in the range from 91.77 to 107.83%. For comparing
the results of the suggested method with those of FAAS, the t-test was applied. It can be concluded
that there is no significant difference between the results obtained by the two methods for p > 0.05.
All results indicated that the present Bi/Fe3; O, /ILSPE electrode could be used for the accurate detection
of Cd(Il) in soil samples.

Table 3. Determination results of Cd(II) in soil samples.

Sample Added (ug/L) Found (pg/L) Found by FAAS (ug/L) Recovery (%)
1 - 1.45 £ 0.49 1.38 £0.11 -
5 6.88 £ 0.26 107.83
10 11.48 + 0.45 100.87
2 - 2.85 £ 0.37 3.02 + 0.08 -
5 7.36 = 0.39 91.77
10 12.66 + 0.19 97.23

4. Conclusions

In summary, a low-cost and simple method was used to prepare bismuth film/Fe;O4/IL
composite modified screen-printed electrode, which was further investigated by CV, EIS, SEM, LSV,
and DPV. Compared with Bi/SPE, Bi/IL/SPE, and Bi/Fe30,4/SPE, the electrode exhibited some good
properties that include excel

ent electrochemical activity and accelerated charge transfer kinetics, which owed to the presence
of conductive Fe3O,4/IL composite and the co-deposits ability with heavy metals of bismuth film.
The electrode was used internal standard normalization (ISN) to conquer differences between
electrodes, which was further confirmed by the real samples analysis with a good accuracy and
satisfactory recovery results.
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