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Abstract

Based on differential pulse voltammetry technology, we developed a portable and affordable instrument for on-site detection of
trace heavy metal pollutants in liquid through a disposable plastic pipette. It mainly consists of a six-electrode electrochemical
sensor which is integrated in the instrument. The pipette chip is equipped with a pump valve, and thus, it can avoid contamination.
We have analyzed the sensitivity and specificity of the electrochemical sensor for heavy metal detection. Experimental results
demonstrated that the limit of detection for Pb, Hg, Cu, and Zn was 2.2 ng/mL, 2.5 ng/mL, 15.5 ng/mL, and 10 ng/mL,
respectively. The limit of quantification for them was 10 ng/mL, 25 ng/mL, 25 ng/mL, and 14 ng/mL, respectively. The
correlation coefficient between peak current and the target heavy metal concentration was above 0.96. Finally, we have tested
the analytical performance of the self-build instrument by measuring heavy metal ions in industrial wastewater and rainwater,
respectively. Such an instrument is user-friendly for all users even for the common people, and we can envision its wide

application in future heavy metal pollutant detection in groundwater, tap water, and supernatant of soil solution.
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Introduction

With the development of industry, heavy metal pollution is
widespread in water and soil. Consequently, heavy metals
accumulate through water and crops, then enter the body
through the food chain [1-4]. High concentrations of heavy
metals can cause irreversible harm to human health [5, 6].
Research also shows that most heavy metals can move freely
across the human placenta, and consequently, they will be
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transferred from mothers to young infants [7, 8]; the determi-
nation of its concentration is of great value in clinical diagno-
sis and biological research. Until now, although there are
many methods applied for the detection of heavy metal pol-
lutant in liquid (e.g., UV-Vis absorption spectroscopy [9, 10],
inductively coupled plasma-optical emission spectrometry
[11], atomic absorption spectrometry [12]) (see Table S1 in
Supplementary Information (ESM)), unfortunately, most of
them require well-trained professionals to operate the
instrument.

Differential pulse voltammetry (DPV) involves applying
amplitude potential pulsed on a linear ramp potential. In
DPV, the base potential value is chosen when there is no fara-
daic reaction. The base potential is increased with same incre-
ments, and simultaneously, the current varied with the pulsed
was recorded [13]. With the development of electrode modifi-
cation and nanomaterial technology, electrochemical analysis
was employed for the detection of heavy metals in liquid [14].
For example, Gavino and Sanna analyzed Cu, Pb, Cd, and Zn
in honey by differential pulse anodic stripping voltammetry
with Hg microelectrodes [15]. Shahbazi et al. measured the
metal content in different brands of milk by differential pulse
anodic and cathodic stripping voltammetry method [4]. Zhao’
group proposed a system for heavy metal detection in soil. They
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used n-octylpyridinum hexafluorophosphate and graphene to
modify a disposable screen-printed electrode, and detected trace
Cd** ions by anodic stripping voltammetry [16]. Based on
square wave anodic stripping voltammetry technique, Liu’s
group realized the detection of Pb, Hg, Cu(Il), and Cd by ap-
plying L-cysteine-functionalized mesoporous MnFe,O, hybrid
nanospheres (MnFe,0,@Clys) as electrochemical sensor [17].
Zhang introduced a flexible tape-based superhydrophilic-
superhydrophobic tape, and realized on-site monitoring of chro-
mium, copper, and nickel by naked eyes [18]. Zhao’s lab
strengthened the laser-induced breakdown spectroscopy meth-
od for detection of heavy metal ions by improving the enrich-
ment way of heavy metal in water with graphite and aluminum
electrode, and found that the graphite enrichment method com-
bined with plasma spatial confinement was more appropriate
for online detection of industrial waste water [19]. Although
there are other researches about the on-site monitoring of heavy
metal ions, most of them focused on the algorithms [20], sub-
strate surface modifying [21], and optical biosensor designing
[22]. Bernalte et al. have developed an electrochemical meth-
odology for detection of Pb**, Cu®*, and Hg”* in water based
on square wave anodic stripping voltammetry, but it requires

10 mL of water sample at least [23]. Huang’s lab also designed
an automated electrochemical measuring equipment for online
monitoring of heavy metal ions in water [24]. Whitesides’
group built an inexpensive, handheld device that coupled with
electrochemical analysis to “the cloud” using any mobile phone
[25]. The sampling and monitoring procedures seem quite com-
plex, although the device is very smart. To our knowledge,
there is still lack of versatile portable instrument for on-site
heavy metal analysis.

In this work, we have developed a portable instrument with
a disposable electrode-printed (DEP) chip for heavy metal
determination. The disposable plastic pipette design can avoid
cross-contamination for successive detection of heavy metal
ions in liquid sample. To validate its analytical performance,
we have investigated the effect of electrode chip surface, limit
of detection (LOD) for some typical heavy metal ions, the
interference between heavy metal ions, and the analytical per-
formance of multi heavy metal detection. Such an instrument
can be constructed at a cost of less than US$160, and we
believe that this portable and affordable instrument can pro-
mote the development of on-site detection of trace heavy met-
al pollutants in liquid.

Fig.1 The photo of (A) the heavy
metal detection instrument and
the schematic for (B) the principle
of pipetting sample into the in-
strument and how to detect the
target heavy metal ions by elec-
trochemical sensor. (C) The
schematic and the photo of the
six-electrode chip. W, working
electrode; R, reference electrode;
C, counting electrode
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Fig.2 The effect of electrode surface on the detection of Hg, Pb, Cu, and Mn. The sample was preconditioned at — 2000 mV and for 120 s. The voltage is

increased from — 2500 to 250 mV at a rate of 20 mV/s

Materials and methods
Material and reagents

Standard solutions (1000 pg/mL) of Pb, Zn, Mn, Hg, and Cu
were purchased from General Research Institute for
Nonferrous Metals (Beijing, China). Deionized water was

Fig. 3 The scanning electron
microscopy photo of the two
kinds of electrode
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from ultrapure water system (Shanghai Xunhui
Environmental Technology Co., Ltd., China). The DEP chips
were supplied by Bio Device Technology Co. Ltd. (Ishikawa,
Japan) and Yilong Bio. Co. Ltd. (Shanghai, China) based on
screen printing technology. The chromium-rich polluted water
was supplied by a Metal Processing Factory in Shanghai
(China).
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Fig. 4 The current varied with the scanning potential for Zn, Pb, Cu, and Hg, when the concentration of the sample was changed. The experimental

conditions were as those in Fig. 2

System construction

The portable instrument for heavy metal detection was
shown in Fig. 1A. It mainly consists of a disposable plastic
pipette (Fig. 1B), a DEP chip (Fig. 1C), and the electronic
circuit. The six-electrode DEP chip mainly includes two
sets of Ag/AgCl reference electrode, carbon counter elec-
trode, and carbon working electrode. The pump valve (see
Fig.S1 in ESM) inside the instrument was made of rubber,
and thus, it offered high elasticity for deformation. The
basic working principle for this instrument is that when
the user presses the pump valve, the volume of the tank
will become small. Then if the button is released, the sam-
ple will be pipetted into the portable instrument and reach
the surface of the electrochemical sensor. To observe the
electric current varied with the scanning voltages, we also
designed a portable heavy metal detection instrument with

Table 1 The correlation coefficient for the heavy metal ions
Slop Intercept R LOQ (ng/mL)  LOD (ng/mL)
Zn 1.951 111.21 0.969 14 10
Pb  1.882  133.68 0.990 10 22
Cu 3.033 11582 0.998 25 15.5
Hg 3326 105.04 0.990 25 2.5

R, the correlation coefficient; LOQ, limit of quantification; LOD, limit of
detection
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industrial control panel (see Fig.S2 in ESM), and the soft-
ware to demonstrate the current changed with potential was
programmed by Microsoft Visual C# 2013. Global Tech
Corp (Japan) manufactured the instrument for us.

Results and discussion
Effect of electrode surface

First, we evaluated the sensitivity of two kinds of DEP
chips. To distinguish them, we named the electrode as A
and B. The ratio of deionized water to standard solution is
1/999. They were equally divided into two identical parts,
and thus, 1 pug/mL of Cu, Pb, Hg, and Mn of test samples
were obtained. Then those four solutions were measured
successively with potential from — 2000 mV at a scan rate
of 20 mV/s, and the result was demonstrated in Fig. 2. It
showed that there was a characteristic potential corre-
sponding to Hg, Pb, Cu, and Mn, and the peak current
by electrode B was obviously higher than it was by elec-
trode A. To find the reason, we employed scanning elec-
tron microscopy (SEM, Tescan MIRA3) to get informa-
tion about the morphology of the electrode surface. It
demonstrated that the surface of electrode chip B was
more uniform than that of electrode chip A (Fig. 3), which
may make the metal cation easily deposit onto the active
site of the electrode.
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Fig. 5 (A) Detection of multi heavy metals by the portable instrument and (B) the relationship between peak current and the concentration of the target

heavy metal ions

Measurement of individual heavy metals

To determine the selectivity and sensitivity of the DEP chip,
we have tested the common heavy metal pollutants (e.g., Zn,
Pb, Cu, and Hg) based on the self-build instrument. The sam-
ples were diluted by deionized water, and the concentration of
the test sample was varied from 5 to 1000 ng/mL. Each sample
was preconditioned on the chip at — 2000 mV for 120 s, and
they were tested with electric potential from — 2500 to
250 mV. All experiments were performed three times for re-
producibility, and the result was demonstrated in Fig. 4. It
showed that the characteristic potential peak for Zn, Pb, Cu,

and Hg was at about — 1796 mV, — 1471 mV, — 816.06 mV,
and — 321 mV, respectively. The LOD for Pb, Hg, Cu, and Zn
was 2.2 ng/mL, 2.5 ng/mL, 15.5 ng/mL, and 10 ng/mL, re-
spectively. At the same time, limit of quantification (LOQ) for
Pb, Hg, Cu, and Zn was 10 ng/mL, 25 ng/mL, 25 ng/mL, and
14 ng/mL, respectively. Moreover, the characteristic potential
for Pb and Cu was nearly the same with the variation of its
concentration, while for Zn and Hg, it was slightly increased
with the growth of concentration. We also found that the peak
current was linearly increased with the concentration of the
heavy metal ions, and the correlation coefficients for all the
calibration curves were higher than 0.96 (see Fig.S3 in ESM).
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Fig.6 Detection of (A) heavy metal ions mixed with industrial wastewater (B) industrial wastewater and (C) heavy metal ions mixed with rainwater. The
insert in (A) demonstrated the photo of the wastewater sample. The experimental conditions were as those in Fig. 2
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Interference between heavy metal ions

We then investigated the interference if there were two
heavy metal ions in the liquid sample. Therefore, we mea-
sured two groups (A and B) of heavy metal solution based
on the electrode-printed chip. In group A, there was about
250 ng/mL Pb, and the concentration of Cu was varied
from 20 to 200 ng/mL. In group B, the concentration of
Cu was 700 ng/mL, while the concentration of Pb was
90 ng/mL, 100 ng/mL, 150 ng/mL, 180 ng/mL, and
250 ng/mL, respectively. The volume of the test sample
was 30 pL. It can be observed that the peak current in-
creased with the concentration of Cu, while there was no
obvious variation for the peak potential of Pb (ESM
Fig.S4A), and vice versa (ESM Fig.S4B), indicating that
there was no obvious interference for the characteristic
potential of Pb and Cu (see Fig. S3 in ESM). The correla-
tion coefficient (R) between concentration and the current
was 0.970 and 0.948, respectively (see Fig.S5 in ESM).

Detection of multi heavy metals

Then we analyzed the solution containing Zn, Pb, Cu, and Hg
based on the DEP chip, and the concentrations for them were
15 ng/mL, 25 ng/mL, 50 ng/mL, 70 ng/mL, and 100 ng/mL,
respectively. The scanning potential was ranged from — 2500
to 250 mV. Then those four solutions were measured by the
self-built instrument in succession. Each experiment was per-
formed three times for reproducibility. Data in Fig. SA
showed that there was nearly no obvious peak current if the
solution contained no heavy metal ions, and the peak current
increased with the growth of target heavy metal concentration.
Furthermore, Fig. 5B demonstrated that there existed linearly
relationship between the peak current and the concentration of
Zn, Pb, Cu, and Hg. Detailed information about the fitting
curves was tabulated in Table 1. However, we found that the
peak current corresponding the same metal ion was higher
than that in Fig. 4. This might because the signal of target
metal ions experienced interference caused by co-deposition
of other heavy metal ions onto the same active site of electrode
surface.

Detection of heavy metal ions in real sample

Finally, we have applied the self-build instrument to detect
the heavy metal ions in complex samples. The samples
consisted of two kinds of industrial wastewater from a
workshop (Metal Processing Factory, Shanghai) and rain-
water, and the test sample was 30 uL. For industrial waste-
water A, we found that there was an evident characteristic
potential peak corresponding to Cu (Fig. 6A), and the char-
acteristic potential peak corresponding the metal ions was
observed after we added standard solution of 100 ng/mL
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Pb and 300 ng/mL Cu into the industrial wastewater B
(Fig. 6B). Moreover, result showed that those target heavy
metal ions were also observed by the self-build instrument
after we added 100 ng/mL Pb, Cu, and Hg metal ions into
the rainwater (Fig. 6C). We also found that the baseline
will be elevated if the sample was complex by comparing
the current from ultrapure water and rainwater (see Fig.S6
in ESM). To validate these heavy metal ions in the indus-
trial wastewater and rainwater, we also compared the data
measured by our instrument with it by ICP-OES (Optima
8000, Perkin-Elmer), which was demonstrated in Table S2
(see ESM), and it showed that the heavy metal ions detect-
ed by our instrument were slightly higher than the value if
there were multi heavy metal ions in the waste water; the
interference may be caused by the presence of other heavy
metal ions on the active site of the electrode surface or
other active ions from the sample, such problem may be
overcome by applying pipette tips containing prefilter
cartridge.

Conclusion

In summary, we have developed a portable heavy metal de-
tection instrument based on a disposable plastic pipette and a
DEP chip. Take Zn, Pb, Cu, Hg, and Mn as an example, we
have performed series of experiments to validate the detection
ability of liquid containing heavy metal ions. Results demon-
strated that there was no apparent interference if there were
Pb, Hg, Cu, and Zn in water. The LOD for them reached
2.2 ng/mL, 2.5 ng/mL, 15.5 ng/mL, and 10 ng/mL, respec-
tively. To validate its utility, we tested the instrument by mea-
suring the heavy metal ions in industrial wastewater and rain-
water. Such an instrument is not only portable, but also re-
quires only 30 pL liquid sample. Furthermore, it does not
require professional training. Therefore, it may be of great
value in the point-of-care test for heavy metal pollutants in
liquid.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03292-w.
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