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Blueberries tend to accumulate lead ions in the plant tissue for the reason that they are grown in acidic
soil. The detection of lead ions in blueberries is a very important research objective in the field of food
safety. In this work, a highly fast technique for electrochemical analysis was proposed. Nitrogen-doped
carbon nanospheres were synthesized for the surface modification of glassy carbon electrodes, and the
modified electrodes exhibited a sensitive response to lead ions. By optimizing the potential increments,
pulse amplitude, pulse width, accumulation potential and accumulation time, this method can detect lead
ions in the range of 10 nM-4 uM with the detection limit calculated to be 1.05 nM. In addition, the
proposed electrochemical analysis has been successfully adopted to detect lead ions in blueberry
samples.
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1. INTRODUCTION

Heavy metals are metallic elements with a relative density greater than 4.0 and are naturally
found in rocks of the earth's crust. Human industrial and commercial activities result in environmental
pollution by heavy metals, including air, water and soil pollution[1-3], among which soil heavy metal
pollution is a worldwide problem. Heavy metals are presented in the soil in many forms, and the activity
of heavy metals varies depending on the form in which they exist [4—8]. Heavy metals are most active
in the water-soluble state and the exchange state, in which they can be easily absorbed by plants and are
highly toxic [9-14].
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Lead is one of the constituent elements of the earth's crust, and lead in soil under natural
conditions mainly comes from the soil-forming matrix. The average background content of lead in the
world soil is 15.25 mg/kg, and with the development of industry, the annual consumption of lead in the
world is up to 4 million tons, most of which are not recycled and cause different forms of pollution to
the environment [15-19]. Lead mainly exists in soil as PbCOs, PbSOs, Pb(OH). and other divalent
insoluble compounds. The strong adsorption capacity of soil makes it difficult to be absorbed by plants,
thus the toxicity of lead is suppressed. However, when the pH of the soil is lowered, some of the Pb(CO)3
in the soil is converted into Pb?* which can be absorbed by plants with the uptake of Pb mainly existing
in the roots. The low concentration of Pb can promote the growth of some plants, while the high Pb
inhibits the normal growth and metabolism of plants and even has a lethal effect [20-22].

Lead damage is mainly manifested by accumulation in plants, shrinkage of seedlings, retardation
of plant growth and reduction of crop yield. The tolerance level of lead in different plant species varies
greatly [23-25]. Blueberry is a genus of lingonberry in the Rhododendron family. The fruit of blueberry
can be eaten fresh and also processed into dried fruit, jam, juice as well as fruit wine. Blueberries were
native to Canada and the western United States, with a great number of varieties and about 400 species
worldwide. Blueberries vary in environmental requirements. The pH of the soil for blueberry cultivation
ranges from 4.0-5.5 and the optimum pH is 4.3-4.8 [26], which directly affects the growth condition and
fruit yield of blueberry [27,28]. Therefore, it is of great importance to test for lead in blueberries.

The detection of heavy metals in plants should be preceded by appropriate processing, such as
dehulling, crushing, grinding, homogenizing, etc. The steps include filtration, centrifugation, dissolution
and purification, followed by digestion of the sample and the methods of digestion are usually dry ashing,
wet digestion and closed digestion [29-31]. The detection methods are atomic absorption spectrometry,
graphite furnace atomic absorption, flame atomic absorption and inductively coupled plasma mass
spectrometry. However, these analytical methods often require large instruments and a long time of
operation. In contrast, electrochemical sensors are much faster and simpler, which have been widely
used in food detection, requiring sensitive detection electrodes [32—-34]. The preparation of suitable
detection electrodes is the main research direction in this field.

Carbon nanosphere material is a type of nanomaterials, and is one of the isomers of carbon in
macroscopic level, with a more extensive application research. Carbon nanosphere materials are
spherical in microstructure, and their mechanical structure determines a high specific surface area [35—
37], while their chemical composition determines their biocompatibility. Carbon nanosphere materials,
with a certain adsorption effect and a smaller size, have an ability to transfer electrons compared to
other non-carbon materials. However, some non-hydrophilic properties that are determined by the
elemental composition and mechanical structure of carbon nanosphere materials greatly hinder their
application in aqueous systems. The doping of exotic elements can significantly improve carbon
materials’ structure and electrical conductivity, among which nitrogen doping has become a hot research
topic. Nitrogen is adjacent to carbon in the periodic table, and its atomic radius is close to that of carbon,
thus the doping of nitrogen atoms can minimize the distortion of the original lattice of carbon materials
[38-40]. After being doped into carbon materials, nitrogen atoms play the role of loaded electrons, which
increases the charge density of the materials, thus increasing the electrical conductivity. Meanwhile, the
doping of nitrogen atoms can also improve the water solubility of the materials, and their ability to bind
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to metal ions can facilitate the disperse of metal ions to the surface of the carbon materials. In this work,
the glassy carbon electrode (GCE) was surface-modified with nitrogen-doped carbon nanospheres and
the modified electrode was adopted to detect lead ions. This sensor has been successfully applied to the
detection of lead ions in blueberries.

2. MATERIALS AND METHODS

All reagents were analytical grade and used without further purification. 16 mL of ethanol was
mixed with 40 mL of water, and 0.6 mL of 1-butyl-3-methylimidazole hydroxide ionic liquid was added.
The mixture was stirred for 1 h. Afterwards, 0.4 g of resorcinol was added to the solution which was
stirred until completely dissolved, and 0.56 mL of formaldehyde solution (37 wt%) was added and stirred
at 30°C for 24 h. The mixture was transferred to a hydrothermal kettle and reacted at 100°C for 24 h.
After centrifugation and washing, the mixture was dried at 100°C, after which the powder was
carbonized in nitrogen atmosphere and heated up to 350°C at 1°C/min for 2 h. The powder was heated
up to 600°C at 1°C/min for 4 h and cooled to room temperature to obtain nitrogen-doped carbon spheres
(denoted as NC).

The surface of GCE was oxidized to produce various oxygen-containing groups including
alcohols, phenols, carboxyl groups, anhydrides, etc., resulting in a loss of reproducibility, stability, and
sensitivity of the electrode. The GCE was first polished with sandpaper, followed by a polishing to a
mirror surface with 0.3 pm and 0.05 pm diameter aluminum trioxide powder on a chamois, and was
moved to an ultrasonic water bath for 3 min. After thorough washing, the electrode was repeatedly
scanned by cyclic voltammetry in 1 M H2SO4 solution at -0.8 V to 0.8 V until the curve was stable. For
GCE modification, NC dispersion (dispersed in a chitosan solution) was drop coated on the GCE surface
and dried naturally. All electrochemical measurements were carried out in a CHI 820D working station.
A Ag/AgClI (3M) and a Pt foil were adopted as reference electrode and counter electrode, respectively.

The blueberry samples were digested by wet digestion method. The dried and crushed blueberry
samples were weighed 0.25 g, with 12 mL of a mixture of concentrated nitric acid and perchloric acid
added. The samples were placed in a 100 mL Kjeldahl flask with a funnel and glass beads overnight and
cooked on a temperature-controlled digestion oven until the digestion was complete. Deionized water
was fixed to 25 mL for the measurements.

3. RESULTS AND DISCUSSION

Figure 1A shows that the NC material has a uniform microscopic particle distribution and forms
a dense structure. The nitrogen-doped carbon spheres are solid structures with smooth surfaces and no
impurities. There are about 100 nitrogen-doped carbon spheres with a diameter of about 300 nm (Figure
1B). The surface functional groups of NC were recorded by FTIR. The broad band around 3000-3400
cm L can be assigned to the vO —H and vN —H stretching vibration, while the peaks at 1708 cm ™ were
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corresponded to vC =0 vibration. SN —H and vC —N stretching brands of amino groups located at
1607 cm™* and 1374 cm™, respectively.
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Figure 1. (A) SEM image, (B) size distribution and (C) FTIR of NC.

Figure 2A presents the electrochemical characterization of the GCE and NC/GCE electrodes with
the elecctrochemical impedance spectroscopy. The impedance of the system was measured by applying
a small amplitude sinusoidal interference signal to the working electrode to determine the ability of the
electrode to conduct electrons. The impedance of the system was measured in a 10 mM Kz[Fe(CN)g]
solution (containing 0.1 M KCI), which was used to characterize the impedance of both electrodes, and
the magnitude of the resistance at the electrode surface was measured. The surface resistance of the
electrode can be derived from the diameter of the semicircular part. It can be seen that the surface
resistance of NC/GCE electrode is 385.42 Q, while the surface resistance of GCE electrode is 833.61 Q,
which is 2.2 times higher than that of NC/GCE, which reveals that the introduction of NC material has
the effect of reducing the resistance of the electrode surface and accelerating the electron transfer.
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Figure 2. (A) EIS of GCE and NC/GCE in 10 mM Ks[Fe(CN)s] solution (containing 0.1 M KCI). (B)
The electrochemical behavior of Pb?* (10-5 M) on NC/GCE. GCE and blank scan.
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Figure 2B shows the detection of Pb?* ions at 10> M by GCE and NC/GCE. The NC/GCE blank
scan to compare the electrochemical behavior of Pb?* on the surface of both electrodes is also included
in the figure. As shown in Figure 2B, the blank detection signal is almost zero, which indicates that the
signals obtained by both sensors are for Pb?*. The peak current I, of the electrode reached 102.1 pA. The
results show that the response signal of the modified NC/GCE electrode to Pb?* is stronger than that of
the bare GCE, indicating that the NCs material has a significant sensitizing effect on the Pb?* detection
signal, the reason for which is the formation of reactive adsorbed OH species that influence the kinetics
of the reaction [41-44]. This study focuses on the sensors that are capable of directly detecting the Pb
ions, thus an enhancement of the signal is necessary to determine the sub-nanomolar Pb concentration,
since the amounts of free Pb?* cations are lower at higher pH, due to their lower solubility, as
chlorocomplexes and lead hydroxide are formed. For this purpose, the electrode surfaces were modified
with NC, to improve the performance conditions of the GCE for heavy metal trace determination.

Since the peak position of lead ions in electrochemical detection experiments is around 0.55 V,
it needs to be included in the initial and termination potentials. Given that only the post-oxidation
dissolution peak needs to be shown in the differential pulse dissolution voltammogram, the initial
potential is -0.8 V and the termination potential is -0.3 V.

The effect of potential increments was investigated in the range of 0.001 to 0.006 V on the
electrochemical detection of lead. Figure 3A shows the results of the electrochemical detection at
different potential increments. It can be noted that the peak current of lead shows a trend of increasing
and then decreasing, with the increase of potential increment. In the range of 0.001-0.005 V, the peak
current increases with the potential increment, whereas in the potential increment range of 0.005-0.006
V, the peak current decreases with the increase of potential increment. The peak current reaches the
maximum at a potential increment of 0.005V. The final value of the potential increment was chosen as
0.005V.

The effect of pulse amplitude was investigated on the electrochemical detection of lead in the
range of 0.01-0.1 V. Figure 3B shows the electrochemical detection results of lead at different pulse
amplitudes, in which the peak current shows a trend of increasing and then decreasing, with the increase
of pulse amplitude. In the range of 0.01 to 0.04 V, the peak current increases with the increase of potential
increment. In the range of potential increment 0.04-0.1 V, the peak current decreases with the increase
of potential increment, and the peak shape becomes worse. The peak current is highest at a potential
increment of 0.04 V.

The effect of pulse widths was studied in the range of 10-50 ms on the electrochemical detection
results of lead. Figure 3C shows the electrochemical detection results of lead under different pulse width
conditions, in which the peak current shows a trend of increasing and then decreasing, with the increase
of pulse amplitude. At the pulse width of 20 ms, the peak current reaches the maximum and the peak
shape is better.
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Figure 3. Effect of (A) potential increments, (B) pulse amplitude and (C) pulse width on electrochemical
detection results.

The general heavy metal electrochemical detection enrichment potential is in the range of -1.0 to
-1.4 V. In the case of an obvious oxidation peak of the substance to be measured, the accumulation at
the negative potential and the oxidation phase scanning is necessary, which will be much more obvious
than when it is not enriched. The effect of -0.8~-1.6V accumulation potential was investigated on the
results of electrochemical detection of lead. Figure 4A shows the effect of different accumulation
potentials on the experimental results. As the accumulation potential becomes more negative, the peak
current value becomes larger, and the peak current is maximum when the accumulation potential reaches
-1.3 V. Below -1.3 V, the peak current value decreases as the accumulation potential becomes more
negative. It is possible that the more negative the accumulation potential is, the more difficult it is to
reduce ions that are enriched on the electrode to interfere with the experiment.

The accumulation time is the time required to deposit the accumulation of the heavy metal ions
to be measured onto the surface of the working electrode. In general, the longer the accumulation time
is, the more heavy metals are deposited onto the working electrode surface and the higher the peak
current is. The effect of the accumulation time in the range of 20-140 s on the heavy metal detection
results was investigated, with the results shown in Figure 4B, which indicates that the growth trend is
most stable and the peak height is relatively high when the accumulation time is 90s.
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Figure 4. Effect of (A) accumulation potential and (B) accumulation time on electrochemical detection
results.
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After optimizing all parameters, the linear detection range of the sensor was investigated. As
shown in Figure 5A, the current value increases with the concentration of lead ions. The linear detection
curve of the NC/GCE sensor for lead ions is shown in Figure 5B, which presents that there is a positive
linear relationship between NC/GCE in the range of 10 nM-4 uM. The detection limit was calculated as
1.05 nM. The extraordinary performance of the sensor occurred in two ways: 1) The high specific surface
of the NC increased the effective electroactive surface area and improved the electrochemical response
[45-47]. 2) The terminal amino groups at the edges of the NC increased adsorption sites of electrode
surface to chelate lead cations [48].

As shown in Table 1, the detection limits of lead ions obtained in this work meet the requirements
of low detection limits, indicating that NC/GCE can effectively detect lead ions and achieve the purpose
of detecting trace lead ions.

4 uM i
0.00044 A 0.00020 B
- _0.00015+
< <
+— 0.0002 - =
s $ 0.000101
= E
= =]
o (&)
0.0000 0.00005 -
0.00000 -
-0.0002 T T T T T T T r r
-0.7 -0.6 -0.5 -04 -0.3 0 1 2 3 4
Potential (V) Concentration (pM)

Figure 5. (A) DPV curves of the NC/GCE towards different concentrations of Pb?*. (B) Plots of the
current against the concentrations of Pb?*,

Table 1. The detection limits of Pb?* in different reference.

Sensor LR LOD Reference
Bi/GCE 20 nM-150 nM 7.2nM [49]
ZnO/graphene/GCE 10 nM-600 nM 3.86 nM [50]
Bi/GO/GCE 1 nM-200 nM 0.48 nM [51]
Graphene/Au/GCE 5 nM-800 nM 2.65 nM [52]
Graphene/Bi/GCE 1 nM-400 nM 0.8 nM [53]

NC/GCE 10 nM-4 uM 1.05 nM This work
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Figure 6. Selectivity performance of the NC/GCE for lead ions detection.

Selectivity is one of the most important parameters for electrochemical sensors. For the purpose
of investigating the selectivity of NC/GCE, the sensor first detected the electrochemical signal of a
solution with a concentration of 1 uM of lead ions, and added other metal ions with different
concentrations as shown in Figure 6, which presents that NC/GCE has a good selectivity and can be used
for the detection of complex systems.

Aiming to investigate the feasibility of NC/GCE in actual sample detection, a standard recovery
method was adopted to detect the content of lead ions in blueberries. As shown in Table 2, the recovery
of NC/GCE was within the range of 96.0-103.0%, indicating that NC/GCE can be used for the detection
of blueberries with high accuracy.

Table 2. Determination of lead ions in blueberry samples with NC/GCE.

Sample Added (uM)  Detected (uM) Recovery rate
(%)
1 0.00 0.00 -
2 0.50 0.48 96.00%
3 1.00 1.03 103.00%
4 2.00 2.05 102.50%

4. CONCLUSION

In conclusion, nitrogen-doped carbon nano was synthesized for the surface modification of GCE,
and this NC/GCE has a very sensitive response to the detection of lead ions. After optimization, the
NC/GCE can provide linear detection of lead ions in the range of 10 nM-4 uM. The detection limit was
calculated to be 1.05 nM. This electrochemical sensor has excellent immunity to interference. The
NC/GCE has been successfully adopted for the detection of lead ions in blueberries.
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