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Abstract

Lead, a toxic heavy metal, is considered one of the most serious pollutants in the water environment, posing a grave threat
to human health and the global ecosystem. In this work, a simple, fast and sensitive sensor strategy for detecting trace lead
ions (Pb*") in water was proposed. The disposable electrochemical sensor was fabricated with a screen-printed carbon
electrode (SPCE), and the working electrode was modified in a single step with in situ polymerized phytic acid functional-
ized polypyrrole (PA-PPy). Differential pulse anodic stripping voltammetry (DPASV) was employed to realize the efficient
detection of Pb** in the range of 10—600 nM with a low detection limit of 0.43 nM (S/N=3). The PA-PPy@SPCE sensor
exhibits good stability, repeatability and anti-interference performance, indicating a promising application for real sample
detection, and satisfactory recoveries were obtained when detecting Pb>* in real tap water samples. Furthermore, the rapid
sensor strategy with in sifu polymerization of phytic acid functionalized polypyrrole composite material enables large-scale
Pb?* sensor preparation.
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and densities greater than 4.5 g/cm®.! Because heavy metal
ions (HMIs) are very hazardous and non-biodegradable,
they can accumulate in the natural environment, including
in water, soil, and plants. HMIs may then enter and accu-
mulate in the human body along with the food chain, and
the toxicity of HMIs will gradually become more noticeable
as their concentration rises. Therefore, even trace concen-
trations of HMIs can have significant negative impact on
the ecosystem and its inhabitants.>™ It becomes even worse
because the clearance rate of the human body for these HMIs
is extremely low. For instance, long-term direct or indirect
exposure to lead ions (Pb>") will have a variety of reper-
cussions on the human nervous system and hematopoietic
system, resulting in cardiovascular diseases, encephalopathy,
anemia, and other symptoms.®’ The World Health Organiza-
tion (WHO) has published a series of relevant documents to
improving public awareness of minimum HMI intake and
threshold concentrations in aquatic environments.® Identifi-
cation and detection of HMIs in water is the basic require-
ment of public security at present.” A novel, rapid, and sen-
sitive heavy metal detection device is urgently required to
protect the environment, maintain human health, and ensure
the sustainable development of society.

At present, many methods are used for the detection of
HMIs, including atomic absorption spectrometry (AAS),’
atomic fluorescence spectrometry (AFS),!" inductively
coupled plasma mass spectrometry (ICP-MS),!! ultraviolet
and visible spectrophotometry (UV),'? x-ray,'® and nuclear
methods.'* But they generally require expensive instruments,
complex sample preparation, or professional technicians
to operate.15 In contrast, the electrochemical method has
become one of the most important methods for HMI detec-
tion because of its unique advantages of simple operation,
low cost, less sample consumption, high sensitivity, good
selectivity, high stability, portability, low detection limit,
and simultaneous detection.'®"'® Among these electrochemi-
cal methods, differential pulse anodic stripping voltammetry
(DPASV) is an effective method for the detection of HMIs.
It can preconcentrate the accumulated HMIs and then carry
out the operation of electrochemical dissolution.!” The inter-
face materials on the working electrode are critical for the
accumulation and electron transfer of HMIs during the elec-
trochemical reaction*?! because some groups of interface
materials can chelate with HMIs to promote redox reactions
and improve the electron transfer rate between electrode and
solution. Therefore, the selection of interface materials is
an important research focus to improve the electrochemical
detection performance of HMIs.?

Conductive polypyrrole (PPy) is a heterocyclic conju-
gated electronic polymer with the advantages of easy synthe-
sis, good stability, and low cost, making it an excellent can-
didate for sensor interface material.>>> Phytic acid (PA) is
a polyvalent organic acid with six phosphate groups attached
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to the carbon of cyclohexane, which can make phytic acid
have a strong metal complex ability.?*?” Phytic acid and
its salts can effectively remove Pb and other pollutants and
can be utilized as heavy metal poisoning preventive agents.
Moreover, phytic acid is a green substance mainly extracted
from plant tissues, which has the advantages of good bio-
compatibility, low toxicity, strong chelating ability and low
price.?® Therefore, combine polypyrrole and phytic acid may
have the ability to enhance the perception of heavy metals.

In this work, we developed a kind of disposable electro-
chemical sensor with the screen printed carbon electrode
(SPCE) for the rapid detection of lead ions (Pb?Y). In situ
polymerized phytic acid functionalized polypyrrole (PA-
PPy) was used to modify the working electrode. The PA-
PPy composite was prepared rapidly and easily using the
full solution method with ammonium persulfate as a strong
oxidant, and phytic acid as a dopant. PA and PPy on the
electrode surface can be used as electroactive materials to
increase the sensor's electrochemical response signal. The
results demonstrated that the PA-PPy composite materi-
als modified electrode has a considerable electrochemical
response to Pb>* detection in water.

Experimental
Materials

Phytic acid (PA), ammonium persulfate (ACS reagent
grade, >98.0%), pyrrole (reagent grade, 98.0%), isopropyl
alcohol (ACS reagent grade,>99.5%), sodium acetate (ACS
reagent grade,>99.0%), glacial acetic acid (ACS reagent
grade, >99.7%) and other reagents were purchased from
Sigma-Aldrich. Potassium ferrocyanide (>99.5%) was pur-
chased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
A lead standard solution (1000 pg/mL) was purchased from
the National Non-ferrous Metals and Electronic Materials
Analysis and Testing Center. Pyrrole was stored in a sealed
environment at 2-8°C to prevent oxidation. As a supporting
electrolyte, the HAc-NaAc buffer solution (0.1 M) was pre-
pared by mixing a given amount of sodium acetate and acetic
acid in a specific proportion. Deionized water (18.2 MQ cm
@25°C) was used throughout the experiment, and all rea-
gents were of analytical grade. The standard solution of Pb**
was diluted into different concentrations with HAc-NaAc
buffer.

Apparatus

A CHI760e electrochemical workstation (CH Instrument
Co., LTD, China) was used for electrochemical measure-
ment. The Taiwan Chan Pu Company provided the SPCEs
(® =3 mm), which consisted of three electrodes, with
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carbon paste as the working electrode and the counter elec-
trode and Ag as the reference electrode. SEM, FTIR, and
ICP-MS were tested by Shiyanjia Lab (www.shiyanjia.com)
with a Hitachi Regulus8100 FE-SEM instrument, Thermo
Scientific Nicolet 1520, and Agilent 7850 ICP-MS instru-
ment, respectively.

Construction of PA-PPy-Modified SPCE Sensor

PA-PPy composite materials were prepared by the full solu-
tion method. Ammonium persulfate (1.2 mmol) was dis-
solved in deionized water by ultrasound and labeled as A.
Pyrrole monomer (1.2 mmol), isopropyl alcohol and phytic
acid (0.36 mmol) were mixed evenly and marked as B.
Before mixing A and B, they were refrigerated and frozen
for 10 min, respectively. Then mixed solutions (2.6 pl) were
dropped on the SPCE’s working electrode surface to con-
struct a PA-PPy sensor. After cooling for 10 min to ensure
complete reaction, the sensor was purified with deionized
water and dried at room temperature. The mixed solutions
with different proportions of V, : Vg = 1:0.5, 1:1 and 1:2
were marked as PA-PPy2, PA-PPy and PA-PPy3, respec-
tively. The materials prepared without PA were marked as
PPy.

Fig.1 SEM images of (a), (b) PPy and (c), (d) PA-PPy composites.

Electrochemical Testing

Electrochemical tests were carried out on a CHI760e work-
station using a three-electrode system with 0.1 M HAc-
NaAc buffer electrolyte solution. The primary test method
is DPASV with three processes. Firstly, the potential was set
at —1.5 V while stirring to enrich Pb>* on the electrode sur-
face. Then the system was kept stationary for 30 s. Finally,
a potential ranging from —1.2 V to —0.5 V was applied to
dissolve Pb from the electrode into the solution without
stirring. For comparison, square wave anodic stripping vol-
tammetry (SWASV), linear sweep anodic stripping voltam-
metry (LSASV) and staircase anodic stripping voltammetry
(SCASV) were also used to test under the same conditions.

Results and Discussion
Characterization of the PA-PPy

Figure 1 shows the SEM images of PPy and PA-PPy materi-
als. The surface morphology of PPy is a random granular
structure, and these sub-micron particles accumulate to form
aggregates of several microns (Fig. 1a and b). The accu-
mulation of these particles induces PPy to form a porous
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structure dominated by large pores, which is disadvanta-
geous to the electron transfer. The doping of phytic acid
significantly reduces the accumulation phenomena of PPy
particles. These particles overlap each other to form a typi-
cal cross-linked structure with a slightly rough surface and
a porous structure (Fig. 1c and d), which facilitates the rapid
transportation of electrolytes and electrons. Therefore, PA-
PPy as an interface material is beneficial to improve the
electrochemical performance.?** Compared with PA-PPy,
the surface morphologies of PA-PPy2 and PA-PPy3 (see
Supplementary Fig. S1) were similar to Fig. 1¢ and d, which
proves the successful doping of phytic acid. To prove the
doping of phytic acid more visually, EDS scanning analyses
were performed on PPy and PA-PPy (Fig. 2). The element
distribution diagram of PPy (Fig. 2a) indicated that PPy was
primarily composed of C, N and O and without P, while the
same EDS scanning results of PA-PPy revealed the presence
of P with 7.4% (wt.%) (Fig. 2b). The results proved that the
phytic acid molecules were successfully doped into PPy, and
this conclusion also consistent with the Fourier transform
infrared spectrum in Fig. 3.

The black line in Fig. 3 shows the characteristic peaks
of PPy. The absorption peaks at 1550 cm™" and 1400 cm™!
were related to the asymmetric and symmetric ring tensile
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Fig.2 EDS mapping of (a) PPy and (b) PA-PPy composites.
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vibration of C-N and C-C, respectively. The absorption peak
at 1170 cm™~! was caused by the in-plane bending vibration
of C-H, while the absorption peak at 1020 cm™' was attrib-
uted to the in-plane deformation vibration of C-H and N-H.
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Fig.3 FTIR spectra of PPy (black line) and PA-PPy composite (red
line) (Color figure online).
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In addition, the absorption at 3130 cm™! was caused by O-H
stretching vibration.>! When phytic acid was doped into PPy,
some new absorption peaks appeared in the FTIR spectra
(the red line in Fig. 3). The absorption peaks at 876 cm™,
1050 cm™", 1200 cm™! and 1640 cm™! were attributed to
the vibrations of P-O-C, PO,*~, P=0 and HPO,>~ bonds,
respectively.*> Moreover, compared with PPy, the absorp-
tion peak at 3140 cm™~! was increased significantly and also
accompanied by a peak offset. This phenomenon may be
related to the vibration of the O-H bond in phytic acid. All
these peaks indicated the presence of phytic acid in the com-
posite material.**3

Hydrophilic Testing of the PA-PPy

As an important medium connecting inorganic electrode
with solution, the hydrophilicity of interface material is
critical to the electrochemical reaction and the transfer of
electrolytes and electrons. By comparing the contact angles
of the working electrode on bare SPCE and PA-PPy@SPCE
(see Supplementary Fig. S2), we found that the contact angle
of PA-PPy@SPCE was about 32°, which was significantly
lower than bare SPCE (133.5°). This result suggested that
PA-PPy with good wettability can improve the hydrophilic-
ity of the printed carbon paste electrode, which is beneficial
for the enrichment of heavy metals and the rapid transfer of
electrons during electrochemical testing.

Selection of Electrochemical Detection Technique

DPASYV, SWASYV, LSASV and SCASV were compared for
the detection of Pb?>* under the same conditions, and the
results are shown in Fig. S3. It can be seen from the figure
that the peak responses of SWASV, LSASV and SCASV
were lower than the detection of DPASV. Therefore, DPASV
was selected as the subsequent detection technique.

DPASYV mainly includes an enrichment stage, static stage
and dissolution stage. Firstly, a negative constant potential
was applied to promote the diffusion of HMIs to the elec-
trode surface and the reduction of these migrated HMIs.**
Then the system was kept stationary for a period to ensure
that the mass transfer on the electrode surface and in the
solution reached a steady state and to improve the repeat-
ability of the analysis results. Lastly, forward potential was
applied to oxidize the enriched metals into ionic states.*”
Stripping current and stripping potential were recorded to
achieve a qualitative and quantitative analysis.

DPASY Performance of Different Sensors
Figure 4a depicts the DPASV curve of PA-PPy@SPCE in

the absence of Pb?* (purple line) and the DPASV curves
of PPy @SPCE (red line), PA-PPy @ SPCE (blue line), and

bare SPCE (black line) in the presence of 150 nM Pb**
under the same conditions. It can be seen from the figure
that the PA-PPy @SPCE has an obvious electrochemical
response signal compared with the PPy @SPCE and bare
SPCE. The stripping peak of PA-PPy@SPCE is between
—0.7 V and —0.8 V, which is attributed to the dissolution
of Pb. The significant enhancement of peak current may
be attributed to the phosphoric group in the phytic acid,
which can be complexed with Pb?*. The cyclic voltamme-
try curve clearly shows an obvious redox peak, which cor-
responds to lead's reduction and dissolution potential (see
Supplementary Fig. S4). Furthermore, phytic acid contains
a large number of negatively charged functional groups
that can improve the adsorption capacity of Pb>*. Hence,
the PA-PPy composites can accelerate electron transfer in
the detection of Pb** when phytic acid combines with con-
ductive PPy polymer.** The influence of different phytic
acid doping concentration on the detection of Pb** under
same condition was compared in Fig. S5. It can be seen
that the peak current increased with the doping of phytic
acid, but there was virtually no growth when the propor-
tion of V,, :Vy was set to 1:2.

Optimization of Experimental Parameters

In order to achieve the best performance, we optimized the
experimental parameters, including buffer pH, deposition
potential and deposition time. Figure 4b shows the current
response with buffer pH ranging from 3.6 to 6.0. The dis-
solution peak current increased while the pH was less than
5.6, which might be attributed to the protonation of hydro-
philic groups on the sensor.’® On the contrary, the current
decreased when the buffer pH exceeded 5.6. This phenom-
enon could be caused by Pb>* hydrolysis or the formation
of metal hydroxide complexes, both of which affect lead
enrichment and dissolution.>>*® Therefore, we chose 5.6 as
the best pH condition for electrochemical tests in subsequent
tests. Figure 4c depicts the current responses under various
deposition potentials ranging from —1.0 V to —1.6 V, with
the current peaking at —1.5 V. This increase might be related
to the potential increasing the enrichment ability of Pb>*
and thus leading to the increased dissolution. The decrease
could be related to hydrogen evolution and other by-products
in the solution, which limit the availability of the active site
and ultimately affect the dissolution signal.” Hence, —1.5 V
was selected for the DPASV tests. Lastly, we optimized the
deposition time from 60 s to 300 s (Fig. 4d). The peak cur-
rent increased with the increase of deposition time, while
the slope decreased noticeably after 180 s. This might be
attributed to the saturation of the binding sites on the elec-
trode surface, which can no longer enrich more Pb%*. So
we optimized the deposition time to 180 s during the tests.
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Fig.4 (a) DPASV curve of PA-PPy@SPCE in the absence of Pb%+
(purple line) and the DPASV curves of PPy@SPCE (red line), PA-
PPy@SPCE (blue line), and bare SPCE (black line) in the presence

Electrochemical Detection of Pb2*

Under optimal experimental conditions, the DPASV tests of
PA-PPy @SPCE were performed at a concentration gradient
of 10600 nM and are shown in Fig. 5a. A clear and sharp
oxidation stripping peak was obtained, and the peak current
increased along with the Pb?* concentration. According to
the DPASYV curves, we delineated a good linear relation-
ship between concentration and current (Fig. 5b). The limit
of detection (LOD) was calculated to be 0.43 nM, which is
lower than the WHO standard of 48.3 nM. Table I shows the
comparison of electrochemical Pb** detection with different
sensors. In comparison to previous works, we were able to
use a simple, all-solution method to quickly prepare a dis-
posable sensor for the detection of Pb**, and the sensor has
good performance in terms of linear range, detection limit,
and stability. Furthermore, our disposable sensor can be used
in conjunction with microfluidic technology to detect Pb**
(see Supplementary Figure S6).
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of 150 nM Pb** under the same conditions. The effects of (b) pH, (¢)
deposition potential and (d) deposition time on Pb* (150 nM) detec-
tion with PA-PPy @SPCE. Error bar: n=3 (Color figure online).

Stability, Repeatability and Anti-Interference

The DPASYV tests were used to evaluate the stability, repeat-
ability, and immunity to interference of the PA-PPy @ SPCE
sensor for the detection of Pb>* under optimal experimen-
tal conditions, and the results are shown in Fig. 6. The
curves essentially maintain coincidence after 20 repetitions
(Fig. 6a), with a relative standard deviation (RSD) of about
3.1%, indicating that the sensor is stable. We put the elec-
trode through rigorous testing for a week, and the results
showed that the sensor efficiency was essentially above
83% with an RSD of less than 5% (Fig. 6b), indicating that
the sensor still performed well during the week of storage,
demonstrating the sensor’s good stability. The repeatability
was carried out with five different PA-PPy @ SPCE sensors,
and the stripping current values were stable with RSD of
about 2% (Fig. 6¢). For anti-interference detection, Zn’*,
Ni**, Cr®*, Nat, K+, Hg?*, Cu**, SO,*~, NO;~, NH,* and
CI™ were selected as the interference ions, and the results
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current. Error bar: n=3.

Table | Electrochemical

. P . Modified electrode Technique Liner range (nM) Detection limit of Pb*+ References
detection of Pb“™ with different
modified electrodes Detection  Calculation method
limit (nM)

GDY/GCE SWASV 10-10° 1.72 3 SD/k 38
EDTA-PPy/SWNTs/SSE ~ DPV 150-8x10° 70 3.3 SD/k 39
TGDY/GCE SWASV 100-1500 5 SIN=3 40
OPE/BiONPs/PANI/SPCE  SWV 0-4030 13.5 3 SD/k 41
AuNPs/SPGE SWASV 96.5-965.3 10.62 SIN=3 42
Au@PANI/GCE SWASV 24-724 3 SIN=3 43
Nafion/G/PANI/SPCE SWASV  4.8-1447.9 0.48 SIN=3 44
Bi-SPCNTE ASV 9.7-482.6 0.97 3 SD/k 45
G/MWCNTs/GCE DPASV 2.4-144.8 2.41 SIN=3 46
PA-PPy/SPCE DPASV 10-600 0.43 SIN=3 This work

S/N is the signal-to-noise ratio; SD is the standard deviation of the multiple blank measurements; k is the

slope of the calibration curve.

are shown in Fig. 6d. Normally, the relative change of the
target HMI oxidation peak current was within + 10% while
the interference ion concentration was 10 times that of the
target HMISs, so it can be considered to have little influence
on the detection results.*”*3

For the PA-PPy@SPCE sensor, Hg>" and Cu®* caused
more than + 10% change, while the other ions were both
within + 10%. The presence of Hg>* may form a mercury
film on the electrode surface under negative voltage during
the test.*” The small peak near the Pb>* dissolution peak
with the presence of Cu?*, which could be the formation of
intermetallic alloy, will also affect the detection of Pb2+ 4050
Hence, some masking agents must be employed to alleviate
the interference of Hg?* and Cu** during the detection of
Pb>*.175% As shown in supplementary Fig. S7, the presence
of masking agents can reduce Hg*" and Cu* interference on

Pb?* detection, and the masking agent itself has less interfer-
ence on Pb** detection.

Real Sample Analysis

The practical application of the PA-PPy@SPCE sensor
was investigated using the markup method with tap water
as the sample. The tap water sample and HAc-NaAc solu-
tion were mixed in a 1:1 ratio during the test. There was no
obvious peak without Pb>* addition. With the addition of
different concentrations of standard solutions, a significant
increase can be observed. The results of the spiked test are
summarized in Table II. Meanwhile, the ICP-MS method
was employed to detect Pb>* in real samples for compari-
son. The results demonstrated that the proposed method
was compatible with the traditional method (R*=0.996)
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Fig.6 (a) DPASV response of PA-PPy @SPCE electrode to Pb** with
20 repetitions; (b) effect of storage time on PA-PPy @SPCE electrode
for the detection of Pb.2*. (c) DPASV currents of PA-PPy @SPCE for

Table Il The detection of Pb>* in an actual water sample

Sample Added (nM) Found (nM) Recovery (%) RSD (%)
Tap water 0O 0 - -

150 148.4 98.9 2.8

200 197.3 98.6 1.8

300 279.5 93.2 24

(see Supplementary Fig. S8), proving that the sensor could
be applied to the detection of Pb?* in actual water sources.

Conclusions

Combining the full solution method and SPCE, we pre-
pared a disposable electrochemical sensor for lead ion
detection with in situ polymerization of conductive PA-
PPy. During the polymerization of PPy, the negatively
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five different electrodes; (d) the interference test of PA-PPy@SPCE
in the presence of 10 times the interference ions. Error bar: n=3.

charged phytic acid functional molecules can be adsorbed
into polypyrrole by electrostatic action. The results show
that phytic acid functionalized PPy was beneficial for the
detection of Pb** with its unique characteristics and the
PA-PPy@SPCE sensor represented excellent detection
performance from 10 nM to 600 nM with good stability
(RSD =3.1%), repeatability (RSD <2%), and lower detec-
tion limit (LOD =0.43 nM). Moreover, we successfully
employed the PA-PPy @SPCE sensor to realize the detec-
tion of tap water with a good recovery rate (>93%). Com-
bined with a simple preparation method, screen printing
technology and microfluidic technology, large-scale lead
sensors can be fabricated. However, further advancements
in the types, range, and convenience of detecting heavy
metals are still required. We will continue to optimize the
interface materials, improve the sensor preparation pro-
cess, and develop a portable electrochemical detection
device to detect a variety of trace heavy metals simultane-
ously and in situ.
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