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Abstract: Herein, the synthesis of a sensor for the determi-
nation of lead (Pb2+) ions via the intercalation of iodide
ions into the polypyrrole matrix is performed. It demon-
strated a Nernstian slope of 31.7mV/decade, indicating a linear
response within the concentration range of 10−5–10−1M. The
detection limit achieved is 9.10−6M, indicating the sensor’s
sensitivity to low concentrations of Pb2+. The effectiveness of
the Ppy/I− sensor in Pb2+ sensing is confirmed through cyclic
voltammetry, where a peak potential of −0.2 V is observed.
The sensitivity of the sensor for Pb2+ detection is measured
to be 2 µA/M. Moreover, the Ppy/I− sensor exhibits a negative
response to interfering ions, which enhances its selectivity for
Pb2+ detection. Furthermore, when tested with natural water
samples such as tap or underground water, which are typi-
cally free of lead ions, the sensor demonstrates a negative
response to normal interfering ions commonly found in
such samples. The Ppy/I− sensor offers several advantages,
including the ability to detect Pb2+ ions at very low concentra-
tions, a flexible and adaptable design, and a cost-effective
preparation technique. These features make it a promising
tool for accurate and efficient detection of Pb2+ ions.
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1 Introduction

Lead is a soft, heavy metal that is very toxic and dangerous
to human life in all environments. It affects children
greatly because they are more sensitive and susceptible
to it, and it causes poisoning that leads to damage to the
internal organs and causes growth retardation and beha-
vioral problems [1]. Several strategies have been devised
for the detection of lead in various samples. However, it is
worth noting that many of these methods and techniques
are associated with significant financial costs and require
intricate and costly equipment for operation and mainte-
nance. Additionally, some of these techniques may also
result in sample consumption [2–4]. Potential sensors con-
stitute one of the most important and least expensive
classes of chemical sensors today. The application of mea-
suring voltage sensors, which range between degrees in
relation to the size of the concentration, is an important
advantage in this analytical technique, in addition to its
simplicity for the wall of the voltage sensors in solution.
The electrodes composed of these membranes are called
ion-selective electrodes. These selective electrical systems
increasingly use ionic species and nanomaterials [5,6].
These systems are classified into two types according to
their structural form: symmetric and non-symmetric.

The use of polymers in detecting heavy metals holds
great promise due to the strong coordination bonds formed
between the electronegative atoms in the polymer and the
positive charge of metal ions [7]. Certain categories of poly-
mers, such as aniline and its derivatives, pyrrole, or thio-
phene derivatives, exhibit desirable characteristics such as
cost-effectiveness, good mechanical properties, and semi-
conductivity. These polymer categories have demonstrated
their applicability in various commercial and industrial
applications.

To further amplify the benefits of using polymer mate-
rials for the detection of heavy metals, there are two
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strategies that can be employed. First, one can pursue the
synthesis of polymers with specific morphological charac-
teristics, such as porous structures, rods, or fibers. This
approach holds the potential to substantially elevate their
performance [12,13]. The rationale behind this lies in the
fact that tailored morphologies offer advantages like an
expanded surface area, which in turn facilitates more
effective interactions with heavy metal ions.

The second avenue involves the incorporation of addi-
tional substances into the polymer materials, a process
known as doping. This deliberate introduction of dopants
or additives can yield significant enhancements in the elec-
trical and mechanical properties of the polymers. As a
result, the overall performance of these polymers in heavy
metal detection applications can be greatly improved.

Polypyrrole (Ppy) polymer exhibits remarkable mor-
phological and semiconductor properties, making it highly
effective for a wide range of applications [8]. The Ppy mate-
rials demonstrate an intriguing strain behavior that can be
integrated into polyurethane nanocomposites. This unique
strain behavior provides an avenue to enhance the mechan-
ical properties of different materials, with the observed
strain reaching as high as 10% [9]. Also, a composite con-
sisting of Ppy, polycaprolactone, and β-cyclodextrin, charac-
terized by its fibrous morphological properties, is employed
for the electrochemical detection of dinotefuran. This
sensor achieves an impressive detection limit of 0.05 μM
[10]. Furthermore, Ppy finds an electrochemical applica-
tion as a sensor for detecting SARS-CoV-2-S. In this parti-
cular study, PPy is deposited onto a Pt–metal substrate to
enable this sensing approach [11]. Also, the oxidation of
pyrrole is carried out using ferric chloride (FeCl3), resulting
in the formation of a porous composite known as polypyr-
role–iron composite (Ppy–Fe). This composite is utilized as a
sensor for detecting ammonia (NH3) gas [12].

Several prior research studies have explored the detec-
tion of heavy metals using various techniques and sensor
systems. Here is a summary of some of these notable
studies:

Triviño et al. [13] conducted research on potentio-
metric sensors with the aim of enhancing their properties
for heavy metal detection. The study likely involved improve-
ments in sensor sensitivity, selectivity, and response time,
which are crucial factors in effective detection methods. In
another study, researchers investigated the use of a hanging
mercury electrode and a glassy carbon electrode modified
with Nafion–mercury (Hg) for the detection of Pb2+ and cad-
mium (Cd2+) ions. Their approach was based on adsorption
voltammetry, and quercetin-5′-sulfonic acid was likely used as
a reagent to facilitate the detection process. This method may

have provided insights into the electrochemical behavior of
these heavy metal ions [13]. Ghaedi et al. [14] developed an
ion-selective electrode specifically designed for the detection
of Pb2+ ions. This electrode was based on a chemical com-
pound named 1-((3-((2-hydroxynaphthalen-1-yl)methylenea-
mino)-2,2-dimethylpropylimino)methyl)naphthalen-2-ol.
The research likely focused on optimizing the electrode’s
variables to achieve maximum sensitivity and accuracy.
The electrode’s performance was assessed over a range of
pH values, and the study reported a response slope of
25.79mV/decade within the pH range of 5.0–7.2.

Ikena et al. [15] explored the fabrication of new thin-
film polymeric materials for the detection of Pb2+ and Cd2+

ions. This research aimed to develop innovative sensor
materials that could offer improved sensitivity and selec-
tivity for these heavy metal ions. The reported response
slopes of 23.9 mV/decade for Pb2+ and 25.5 mV/decade for
Cd2+ ions suggest that these sensors exhibited promising
detection capabilities for a relatively wide concentration
range of these heavy metals [16,17].

In this study, an efficient Ppy/I- sensor is developed
using a cost-effective method that involves oxidizing pyr-
role with iodine as the oxidant. The exceptional sensing
capability of this sensor for Pb2+ ions can be attributed to
either the unique morphology resembling hollow mush-
rooms or the strong interaction between the nanomaterials
and Pb2+ ions.

The sensitivity of the Ppy/I− sensor towards Pb2+ ions is
demonstrated through two techniques: simple and cyclic
voltammetry techniques. Both methods complement each
other and provide consistent results. The sensor exhibits a
significant Nernstian slope, indicating a linear response
over a concentration range of 10−5–10−1 M. Additionally,
using cyclic voltammetry, the sensor displays excellent sen-
sitivity within a concentration range of 10−4–10−1 M.

Importantly, the Ppy/I− sensor shows no interference
or interaction with other ions present in lead-free natural
samples like tap or underground water. This highlights the
sensor’s selectivity for Pb2+ ions and its ability to distin-
guish them from other elements commonly found in envir-
onmental samples.

Therefore, the prepared Ppy/I− sensor offers an effi-
cient and cost-effective solution for detecting Pb2+ ions.
Its unique morphology or strong interaction with Pb2+

ions, along with the corroborating results from simple
and cyclic voltammetry, demonstrates its reliable perfor-
mance. Additionally, the sensor exhibits high selectivity
toward Pb2+ ions, making it suitable for the accurate detec-
tion of Pb2+ in various environmental samples, including
lead-free water sources.
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2 Materials and methods

2.1 Materials

Iodine, sodium hydroxide (NaOH, 99.9%), and acetic acid
(CH3COOH, 99.8%) were procured from Pio Chem Company,
Egypt. Pb(NO3)2 (99.9%) was sourced from El-Naser Chemical
Company, Egypt. Pyrrole was obtained from Sigma Aldrich,
Japan. Additionally, hydrochloric acid (HCl, 36%) was pur-
chased from Merck, Germany.

2.2 Ppy/I− nanocomposite thin film sensor
preparation

The synthesis of polypyrrole (Ppy) involves the formation
of pyrrole radicals through an oxidation reaction using
potassium persulfate (K2S2O8) as the oxidant [18]. Initially,
pyrrole is dissolved in a 0.5 M HCl acidic solution under
stirring. The addition of the K2S2O8 oxidant directly to the
solution results in the formation of Ppy nanoparticles. As
pyrrole radicals are generated, they subsequently undergo
mutual attack to facilitate the creation of Ppy. The outcome
is the precipitation of a green substance, denoted as Ppy,
which is further subjected to thorough washing and sub-
sequent warm drying.

For the preparation of the PPy/I− nanocomposite thin
film sensor based on the glass substrate, pyrrole is oxidized
using iodine as the oxidant. In this case, 0.06 M pyrrole is
dissolved in a 1 M acetic acid solution. The oxidation pro-
cess leads to the intercalation of iodide ions between the
Ppy chains, forming the PPy/I− nanocomposite, which is
utilized for sensing applications after additional treat-
ments, including washing and drying at 60°C.

2.3 Potentiometric sensing

The Ppy/I⁻ nanocomposite thin film sensor demonstrates
the potential for detecting Pb2+ ions. The intercalation of
iodide ions within the Ppy chains facilitates additional ion
interactions with the sensor in solution. Detection is car-
ried out using a simple potentiometric method, employing
a two-electrode cell with the PPy/I− nanocomposite thin
film as the sensing electrode. Cyclic voltammetry, utilizing
a three-electrode cell, is utilized to detect Pb2+ ions by
analyzing the resulting cyclic voltammetry curves, where
the peak height corresponds to the Pb2+ ion concentration.

Both these methods, simple or cyclic voltammetry, use the
synthesized Ppy/I− nanocomposite as a working electrode
that is inserted into Pb2+ solution at various concentra-
tions. The sensor’s sensitivity to Pb2+ ions is validated by
assessing its response to interfering ions. Furthermore, the
sensor’s effectiveness is assessed by testing it with real-
world samples to observe how it behaves in practical situa-
tions. All of these measurements are conducted under
typical environmental conditions and at room temperature.

These measurements provide us with a valuable indi-
cator of the concentration of Pb2+ ions, and this connection
is established twice through the fundamental electrostatic
interactions between the sensor and heavy metal ions to
evaluate the reproducibility and accuracy. In simpler terms,
as the concentration of heavy metals, such as lead (Pb2+

ions), increases in solution, there is a proportional genera-
tion of additional electric charge. This generated charge is
then detected by the evaluation of the electrical potential of
the system.

The underlying principle behind this phenomenon is
the strong attraction between the heavy metal ions and the
sensor’s surface. When heavy metal ions, like Pb2+, are
present in the solution, they interact with the sensor’s sur-
face due to their opposite charges, forming an electric
double layer. As the heavy metal concentration increases,
the electric double layer becomes more pronounced, leading
to an increase in the potential difference detected by the
sensor.

This approach is widely used in various analytical
techniques, such as electrochemical sensors, for the precise
quantification of heavy metal ions in environmental sam-
ples, industrial processes, and so on. By monitoring the
changes in the evaluated potential, we can determine the
concentration of Pb2+ ions, making it an invaluable tool for
environmental monitoring and quality control in diverse
industries.

3 Results and discussion

Following the synthesis of both Ppy and PPy/I− nanocom-
posites, a comprehensive characterization is conducted to
assess their chemical, morphological, and electrical prop-
erties. Subsequently, a PPy/I− thin film is employed for the
detection of Pb2+ ions utilizing two methods: a straightfor-
ward potentiometric approach and cyclic voltammetry.
The sensor is subsequently employed for the detection of
Pb2+ ions in samples derived from natural sources.
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3.1 Analyses

FTIR analysis provides valuable information about the
characteristic functional groups present in Ppy and Ppy/
I− nanomaterials. In Figure 1, the black and red curves
represent the spectra of Ppy and Ppy/I− nanomaterials,
respectively. Although they are similar, there are slight
shifts in the peak positions, indicating the influence of
iodide ions on the active sites of Ppy.

For the Ppy polymer, several main functional groups
can be identified. The C]C bond vibrations are observed at
1,699 cm−1 for the quinoid state and 1,545 cm−1 for the benzene
state. The N–H group is detected at 3,402 cm−1. Additionally, the
C–N bond vibration is observed at 1,312 cm−1, and the C–H
group is present at 1,177 cm−1.

In the Ppy/I− nanomaterials, these functional groups
are also present, but with small shifts in their positions due
to the interaction with iodide ions. The specific positions of
these functional groups in the FTIR spectra are given in
Table 1, which provides a comprehensive overview of their
positions and changes.

The XRD patterns of Ppy and Ppy/I− nanomaterials
exhibit similar characteristics, indicating the structural
nature of these materials.

Ppy shows an amorphous structure, as evidenced by a
broad peak with a small semi-sharp peak observed at 26.6°.
On the other hand, Ppy/I− nanomaterials exhibit a similar
behavior with a small peak at 25.3°, indicating a semi-crys-
talline structure.

The crystal size (D) of the nanomaterials can be eval-
uated using equation (1) [19,20], which takes into account
the peak angle and the full-width half-maximum of the

peak (ß). Through this equation, the wavelength (λ) of
the incidence XRD is 0.154 nm. Based on this calculation,
the crystal size is determined to be 85 nm, using the peak at
2θ of 25.3° for the Ppy/I− nanomaterials:

=D
λ

θ

0.94

ß cos
. (1)

The XPS analysis of Ppy/I− nanomaterials, as depicted
in Figure 2, affirms the elemental composition of these
materials. Notably, the nanomaterials demonstrate a high
degree of purity for elements I, N, and C, with no discernible
additional peaks that might suggest the presence of other
elements, except for the O element, originating from the
ethanol employed in the washing process.

Figure 2(b) specifically delineates the peaks associated
with the element I, showcasing I 3d5/2 and I 3d3/2 peaks at
618 and 630 eV, respectively. These distinct peaks serve as
clear indicators of the existence of I–N bonding within the
formed nanomaterials, providing valuable insights into the
structural composition.

Figure 1: Characterization of the chemical structure using (a) FTIR and (b) XRD for Ppy and Ppy/I−.

Table 1: FTIR analyzed data for Ppy and Ppy/I−

Position (cm−1) Group

Ppy/I− Ppy

3,370 3,402 N–H
1,658 1,699 Quinoid C]C
1,535 1,545 Benzene C]C [21]
1,300 1,312 C–N [22]
1,167 1,177 C–H
899 910 Para disubstituted ring
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As seen in Figure 2(c), the C1s spectra are situated at
285 eV. These peaks are attributed to the presence of C]C
bonds within the benzene or quinone structures of the
nanomaterials [23]. Additionally, any observed peaks may
be attributed to the adsorption of CO2 molecules from the
surrounding environment, adding a layer of complexity to
the analysis.

In Figure 2(d), the N 1 s spectra manifest at 400 eV and
exhibit the active and positive sites within the Ppy nanoma-
terials. These spectra unequivocally indicate the presence of
nitrogen (N) atoms within the structure, highlighting the
incorporation of nitrogen in the nanomaterials. This pre-
sence of nitrogen is indicative of the potential role of
nitrogen atoms in contributing to the overall functionality
and reactivity of the Ppy nanomaterials.

Therefore, the XPS analysis of the Ppy/I− nanomater-
ials, as portrayed in Figure 2, provides a comprehensive
understanding of the elemental composition and bonding
characteristics. The presence of I–N bonding, C]C bonds and
active nitrogen sites within the nanomaterials is elucidated
through the examination of specific peaks, shedding light on
the structural intricacies of the synthesized materials.

Figure 3 illustrates the distinctive morphological dis-
parities between Ppy and Ppy/I⁻ nanomaterials. In Figure
3(a), the Ppy nanomaterial exhibits a semi-spherical shape
with a porous surface, and this porosity is evident within
the particles themselves as well as between the granules.
The average particle size measures approximately 250 nm.
It is noteworthy that these semi-spherical particles are not
hollow; they possess an internal structure. The unique
morphological attributes, especially the porous surface,
play a substantial role in enhancing the surface activity
of the Ppy nanomaterial.

On the contrary, Ppy/I⁻ nanomaterials assume a dis-
tinct mushroom-like configuration, featuring a noticeable
cavity space within. This morphology is explicitly por-
trayed in the TEM image, where the inner diameter of
the open-faced mushroom measures 250 nm, and the wall
thickness is approximately 120 nm. SEM images in Figure
3(c) and (d) further emphasize this distinctive morphology,
showcasing the formation of mushroom-shaped structures
with conspicuous cavity surfaces and porous walls. This
unique structure enables these materials to facilitate addi-
tional interactions through chemical reactions involving

Figure 2: XPS analyses of the Ppy/I− nanomaterial: (a) survey, (b) I 3d, (c) C 1s, and (d) N 1s spectra.
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bond formation or electrostatic reactions based on charge
interactions.

The unique structure of this polymer material imparts
a variety of beneficial attributes, making it a versatile
option for a wide range of applications. Its notable quali-
ties make it particularly well-suited for various uses. A
significant advantage lies in its considerable surface area,
paving the way for improved performance, particularly in
the detection of heavy metals. The existence of voids or
empty spaces within this nanomaterial is a crucial aspect
that adds to its heightened sensitivity.

In the specific domain of heavy metal detection, the
polymer material’s structure proves to be particularly
advantageous. Its unique morphology, marked by substan-
tial surface area and cavities, empowers it to excel in this
application. The cavities within the nanomaterial are adept
at efficiently engaging with heavy metal ions, thus ele-
vating their ability to detect and quantify these metals
with precision [24,25]. Furthermore, the economical nature
of polymer materials and their straightforward preparation
process, combined with their exceptional morphological

characteristics, facilitate the expansion of active sites for
metal detection [9,26–28]. This expansion occurs through
the exchange of electrical charges, creating an attractive
interaction between these metals and the active sites within
the polymer. Collectively, these advantages make polymer
materials a highly favorable choice for deploying them as
sensors for heavy metals. Additionally, enhancing the per-
formance of these sensors by introducing other ions, such as
iodide, which intermingle with the polymer chains to pro-
vide an additional avenue for interaction with heavy metals,
is regarded as a highly advantageous feature for these
metal-detecting systems. Therefore, the distinctive mor-
phology of this polymer material imparts a variety of
promising characteristics, rendering it well-suited for a
broad range of applications. Its substantial surface area
and the existence of cavities contribute to an increased
sensitivity, especially in the field of heavy metal detec-
tion. These nanomaterial cavities demonstrate efficiency
in interacting with heavy metal ions, thereby strength-
ening their capabilities for precise detection and quanti-
fication of these metals monitoring.

Figure 3: Morphological behavior of Ppy and Ppy/I−: (a) SEM of Ppy, (b) TEM, and (c and d) SEM of Ppy/I− at different scale bars.
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3.2 Sensing properties

The Ppy/I− thin film sensor exhibits promising sensing
behavior towards Pb2+ ions, facilitated by the interaction
between the Pb2+ ions and the Ppy/I− nanomaterials. The
excellent morphological properties of Ppy/I− contribute to sig-
nificant enhancements in sensing performance, as observed
in both simple and cyclic potentiometric studies.

In the simple potentiometric study, the sensitivity of
the Ppy/I− sensor to Pb2+ ions is measured using a two-
electrode cell configuration. The Ppy/I− thin film serves
as the main electrode, while a calomel electrode is used
as the reference. The potential difference between these
two electrodes reflects the sensing potential of the sensor
towards Pb2+ ions. The Nernstian slope, which has a theo-
retical value of 29.56 mV/decade [17,29], is used to calibrate
the potential measurements. Measurements are conducted
in a concentration range spanning from 10−8 to 10−1 M,

maintaining a pH of 5.5. These experiments provide valu-
able insights into the sensing capabilities of the Ppy/I−

sensor for Pb2+ ions across a wide concentration range.
The calibration curve of Pb2+ ions by Ppy/I− sensor,

obtained through the simple potentiometric method, is
depicted in Figure 4(a). The slope of the calibration curve
is measured to be 31.7 mV/decade, which closely aligns with
an optimum value of 29.56 mV/decade. This demonstrates
the sensor’s capability for efficient detection of Pb2+ ions.
The linear detection range of the sensor spans from 10−5 to
10−1 M, exhibiting high linearity within this concentration
range. The detection limit of the sensor is determined to be
9 × 10−6 M (<2 ppm), indicating its sensitivity to low con-
centrations of Pb2+ ions. These findings highlight the excel-
lent performance of the Ppy/I− sensor in detecting Pb2+

ions, as demonstrated by the close alignment of the slope
with the optimal value and the wide linear detection range
[30,31]. Additionally, the low detection limit further

Figure 4: Ppy/I− sensor for Pb2+ ions through (a) simple potentiometric and (b and c) cyclic voltammetry technique in a concentration range from 10−4

to 10−1 M, versus saturated calomel electrode (SCE), and (d) the sensitivity behavior through the relation of −log [Pb2+] with the current density.
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confirms the sensor’s high sensitivity for accurate detec-
tion of Pb2+ ions.

The cyclic voltammetry behavior of the Ppy/I− sensor
for Pb2+ ions was evaluated using a three-electrode cell
configuration. The Ppy/I− sensor served as the main elec-
trode, while the calomel and graphite electrodes functioned
as the other two electrodes within the cell. Measurements
were conducted over a concentration range spanning from
10−4 to 10−1 M at pH 5.5. In Figure 4(b), the cyclic voltam-
metry curve clearly illustrates a distinct peak corresponding
to the detection of Pb2+ ions at a potential of −0.2 V, indi-
cating a strong sensing capability of the Ppy/I− sensor for
Pb2+ ions. Figure 4(c) further demonstrates the detection of
Pb2+ ions in a concentration range from 10−4 to 10−2 M,
where the current density (I) increases with increasing con-
centrations from 10−4 to 10−2 M. The concentration-depen-
dent response of the Ppy/I− sensor to Pb2+ ions at low con-
centrations can be attributed to two main factors. First, the
strong interaction between Pb2+ ions and the Ppy/I− sensor
occurs due to electrostatic phenomena. The electronegative
atoms in the polymer and the positive charge of Pb2+ ions
lead to a favorable interaction, enhancing the sensitivity of
the sensor toward Pb2+ ions [32–34].

The distinctive morphology of the Ppy/I− sensor plays a
crucial role in its responsiveness to Pb2+ ions. This sensor
boasts a highly porous structure with prominent cavities on
its surface, which facilitate the diffusion and dispersion of
Pb2+ ions within these features. This particular morphology
offers additional surface area, allowing for efficient capture
and detection of Pb2+ ions, resulting in the heightened sen-
sitivity observed at low concentrations [33,41].

Several factors contribute to the concentration-depen-
dent response of the Ppy/I− sensor to Pb2+ ions, especially at

low concentrations. One key factor is the electrostatic
interaction between the sensor and the ions, which helps
attract and bind Pb2+ ions to the sensor’s surface. This
interaction is further aided by the favorable morphology
of the sensor, with its porous structure creating an envir-
onment conducive to ion binding [25,35].

The cavities within the Ppy/I− sensor significantly increase
the available surface area and the number of active sites for
ion binding. This morphological feature essentially acts as a
trap for Pb2+ ions, enhancing the sensor’s ability to sense their
charge. The unique structure of the sensor promotes the effi-
cient interaction between Pb2+ ions and the sensor surface,
leading to a more pronounced response to changes in the Pb2+

ion concentration.
Therefore, the remarkable morphology of the Ppy/I−

sensor, characterized by its porous structure and cavity-
rich surface, plays a pivotal role in its sensitivity to Pb2+

ions. This distinctive morphology not only increases the
surface area but also acts as an effective trap for Pb2+

ions, contributing to the sensor’s concentration-dependent
response and making it particularly effective at low Pb2+

ion concentrations.
The sensitivity of the Ppy/I− sensor to Pb2+ ions is quan-

tified in Figure 4(d), with a slope of 2 µA/M. Although these
values may appear to be small, they indicate the wide
sensitivity range of the sensor toward Pb2+ ions, further
affirming its suitability for efficient detection of Pb2+ ions,
matching our previous work [34,36].

The effect of interfering ions on the responsiveness of
the Ppy/I− sensor for Pb2+ ions was investigated and is
presented in Figure 5(a). The measurements were con-
ducted using the three-electrode cell mentioned earlier,
with the interfering ions (potassium (K+), magnesium

Figure 5: Ppy/I− sensor used to test the (a) interfering ions and (b) natural samples through the potential versus SCE with the current density values
produced.
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(Mg2+), aluminum (Al3+), calcium (Ca2+), or zinc (Zn2+)) pre-
sent at a concentration of 0.01 M and pH 5.5. It was
observed that the Ppy/I− sensor exhibited a negative
response to these interfering ions, with no characteristic
peaks observed for their detection.

Figure 5(b) further demonstrates the responsiveness of
the Ppy/I− sensor to various elements present in tap or
underground water (specifically from Beni-Suef City, Egypt),
using distilled water as a reference. The Ppy/I− sensor
showed a negative response to these elements, indicating
its selectivity toward Pb2+ ions.

The results of these investigations serve to emphasize
the exceptional sensitivity and selectivity of the Ppy/I-
sensor in its response to Pb2+ ions. Even in the presence of
interfering ions and various elements commonly encountered
in natural water samples, whether sourced from tap water or
underground reservoirs, the sensor consistently retained its
proficiency in precisely identifying Pb2+ ions. Furthermore, it
consistently displayed a counteractive response when con-
frontedwith the interfering ions that were subjected to testing.
Therefore, these findings reaffirm the outstanding sensitivity
and selectivity of the Ppy/I− sensor when it comes to the detec-
tion of Pb2+ ions. These attributes solidify its position as a
reliable choice for practical applications that necessitate accu-
rate detection and quantification of Pb2+ ions while effectively
mitigating the influence of interference from other ions and
elements.

Overall, these results confirm the high sensitivity and
selectivity of the Ppy/I− sensor for Pb2+ ions, making it a
reliable choice for practical applications requiring accu-
rate detection and measurements of Pb2+ ions while mini-
mizing interference from other ions or elements.

4 Conclusions

The use of Ppy/I− nanomaterials for potentiometric sensing
of Pb2+ ions in water is achieved by employing an iodine
oxidant on the pyrrole monomer. The resulting Ppy/I−

nanomaterials exhibit a unique and visually appealing
morphology, resembling hollow mushrooms with a face
cavity measuring 250 nm and a wall thickness of 120 nm,
exhibiting additional porous characteristics.

When applied for Pb2+ determination, the Ppy/I− sensor
demonstrates a promising Nernstian slope of 31.7mV/decade,
indicating a linear response over the concentration range of
10−5–10−1M, with a detection limit of 9 × 10−6 M. This perfor-
mance is supported by cyclic voltammetry analysis, where a
distinct potential peak at −0.2 V is observed for Pb2+ sensing
using the Ppy/I− sensor. The sensor exhibits a sensitivity of
2 µA/M in this regard.

Furthermore, the Ppy/I− sensor displays a negative
response to interfering ions, showcasing its selectivity for
Pb2+ detection. Moreover, even in the presence of normal
interfering ions typically found in natural water samples,
such as tap or underground water, which are devoid of lead
ions, the sensor maintains a negative response. Overall, this
Ppy/I− sensor offers advantages such as the ability to detect
trace amounts of Pb2+ ions, flexibility in its application, and
a cost-effective preparation method. These qualities make it
a highly promising tool for accurate and adaptable detection
of Pb2+ ions at very low concentrations.
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