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Abstract:

Within the framework of this research paper, the hybrid composite composed of
polyaniline/layered double hydroxide (PANI@Nd-Co/LDH) is regarded as a versatile
substance under solvothermal conditions. A systematic structural and morphological analysis
of PANI@Nd-Co/LDH was performed utilizing a diverse array of analytical
methods, including Powder X-ray Diffraction (PXRD), Fourier  Transform
Infrared (FT-IR), Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA),
and Scanning Electron Microscope (SEM). The synthesis approach involved polymerization to
fabricate PANI@Nd-Co/LDH, which functions as a sensor enabling exceptionally sensitive and
specific fluorescence detection of Pb(Il) and AI(IIl) in comparison to other prevalent heavy
metal ions. The sensor exhibits a fluorescence response characterized by “turn-oft” behavior for
Pb(I1) ions, while it exhibits a fluorescence response marked by “turn-on” behavior when
detecting AI(I1I) ions. With conditions optimized, the minimum detectable limit (MDL) ) was
determined to be 9.6 nM for Pb(ll) and 220 nM for AI(III), respectively. These results are
consistent with the most minimal limits of detection (LOD) documented in the literature.
Additionally, PANI@Nd-Co/LDH can be easily regenerated and employed for a minimum of
three cycles by a straightforward process involving filtration and repetitive water washing. The
detection mechanism is attributed to the inner filter effect (IFE), which occurs due to the
concurrence of the emission and excitation spectra of PANI@Nd-Co/LDH with the absorption
spectra of Pb(I1). In contrast, the increased fluorescence observed for Al(l11) can be linked to the
chelation enhanced fluorescence (CHEF) effect, also known as the chelation-enhanced
fluorescence phenomenon. These findings suggest that PANI@Nd-Co/LDH demonstrates

excellent potential for detecting and/or recognizing Pb(Il) and AI(I11).



Keywords: Polyaniline, LDH, Nanocomposite, fluorescence sensor

1. Introduction:

Environmental contaminants have experienced a significant surge over the past few decades due
to anthropogenic and biochemical activities releasing vast amounts of uncontrollable waste into

the natural biosphere [1-3].

In our everyday lives, Lead (Pb(ll)) widely exists in aquatic and soil systems, primarily because
of its use in producing paints and pigments, manufacturing batteries, electroplating processes,
and the combustion of gasoline in vehicles. Although, regrettably, Pb(ll) is an extremely
poisonous heavy metal, and its discharge into the environment can endanger human well-being
and cause significant harm to aquatic ecosystems, vegetation, and wildlife. Additionally, as noted
by Lo et al., a modest increase in lead concentration, around 5 mg mL™?, in drinking water could
have serious health implications, causing elevated blood pressure, kidney impairment, anemia,
diarrhoea, chronic headaches, irreparable harm to the reproductive system, and other health
issues. Hence, it is crucial to devise cost-effective and efficient methods to address the challenge
posed by lead contamination [4-9]. Meanwhile, aluminium (Al(II1)) is not vital for our body’s
functioning, yet it often finds its way into individuals as a result of various human activities.
Drinking water with elevated aluminium concentrations can become extremely hazardous. The
presence of AI(III) ions has been linked to various health issues, including encephalopathy,
osteoporosis, glucose intolerance, Parkinson’s disease, amyotrophic lateral sclerosis, renal

failure, cardiopulmonary arrest, Alzheimer’s disease, and more [10-12].



Noxious metal ions such as Pb(Il) and Al(I1l) are detectable in polluted aqueous media through
several established techniques, including chromatography, Ultraviolet-Visible spectroscopy,
electroanalytical methods, fluorescent sensors, and more. Nonetheless, preparing samples for
analysis can often be challenging and time-intensive in the majority of these methodologies.
When contrasted with alternative traditional approaches used for detecting harmful pollutants
such as Raman spectroscopy, gas chromatography coupled with mass spectrometry, and
electrochemical methods, which are constrained by their intricate sample preparation, costly
instruments, sample destructiveness, and low sensitivity, the fluorescent detection method offer
distinct advantages including heightened sensitivity, fast and short response time, excellent
reproducibility, real-time visual monitoring, and high selectivity [2,3,13-16]. This technique
serves to achieve high selectivity in the precise detection of specific ions, by leveraging the
unique design and functionalities of fluorescence sensors. These sensors are purposefully crafted
with ion receptors exhibiting a strong affinity for the target ions—in this case, Pb(Il) and AI(I11).
One crucial aspect in the development of these sensors is to mitigate responses to pH changes
within the physiological range. Furthermore, meticulous selection of both excitation and
emission wavelengths is executed to operate within ranges that minimize interference arising

from background fluorescence induced by other metal ions [17].

Recent research has explored fluorescence sensing, employing techniques centred around metal-
organic frameworks, coordination Polymers, fluorescent molecularly imprinted polymers and
other similar materials [18-22]. Consequently, there arises a necessity for the advancement of
innovative technologies and smart nanomaterials that can effectively aid in sensing Pb(ll) and

AI(I1T) within agueous environments.



Polyaniline (PANI) is a popular polymerization material due to its versatile synthesis methods,
which include both chemical and physical approaches such as electrodeposition. Precision and
stability are ensured by the main oxidative polymerization process. PANI has ease of fabrication,
affordability, impressive chemical and environmental durability, easy adjustability, non-toxicity,
exceptional capacitive characteristics and strong electrical conductivity. PANI's characteristics,
including conductivity, may be enhanced by doping with different acids and oxidants, expanding
its applicability in areas such as electronics, sensors, energy storage, and biomedical engineering
[23-26]. Correspondingly, LDHs are layered materials with two-dimensional structures,
consisting of positively charged layers segregated by interlayer regions containing water
molecules and anions that serve to balance the charges. The standard formula for LDH is
represented as [M"1.x M"'x (OH)2](A™)xn, mH20, here M" and M"' denote metal cations (M'"=
Niz*, Mg?, etc. M""" = Fe3*, AI**, along with similar cationic species) and A™ signifies interlayer
anions that can be substituted (A™ = SO4>, COs*, CI" and various other anionic species). LDHs
offer several benefits such as remarkable stability, non-toxicity, low cost, capacity for anion

exchange and straightforward synthesis methods [27-29].
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Fig. 1. Chemical Structure of PANI
As shown in Fig. 1, PANI contains a significant quantity of amine and imine functional moieties.
The main attributes of individual phases within hybrid formations can be retained or enhanced by
integrating preferred functional layered inorganic materials and organic components, achieved
by means of self-assembly, grafting or intercalation techniques. The interaction of markedly
distinct constituents results in the emergence of novel properties. However, the alterations in the
redox state of PANI can considerably influence its electronic and optical properties, leading to
the disturbance of reliable and consistent fluorescence emission. This issue can be tackled by
optimizing the experimental conditions or by modifying the PANI structure to mitigate its redox
reactivity [30]. This involves maintaining precise control over environmental factors like
temperature, humidity, and exposure to light or air is vital to minimize external influences that
might trigger unintended redox reactions. Employing sealed or controlled systems, such as glove
boxes or inert gas environments, can help create a more stable atmosphere for conducting
experiments with doped PANI, reducing the chance of unintended reduction. Most importantly,

the choice of dopants for PANI is critical. Certain dopants exhibit greater stability and



compatibility with PANI, affecting the number of electrons on the polymer backbone and the
degree of protonation, which are contingent on the pH of the dopant used[30] . For instance,
camphorsulfonic acid (CSA), recognized for its stability, is commonly utilized in PANI to
maintain its oxidized form [31]. Additionally, altering the PANI structure through chemical
modifications or copolymerization can enhance its stability against reduction.

While the provided procedure is an essential step in synthesizing the composite material
PANI@Nd-Co/LDH, ensuring the stability of doped PANI involves a more comprehensive
assessment. Factors such as the choice of dopants, their compatibility with PANI, the
polymerization process, and the environmental conditions during synthesis need to be carefully
considered to ensure the stability of doped PANI within the composite material. Conducting
stability tests and characterizations specific to the doped PANI in the composite material would
be essential to fully ascertain its stability.

In this work, the concept involves the interaction of the inorganic LDHs with the organic PANI,
leading to the formation of the PANI@Nd-Co/LDH hybrid material through ex-situ oxidative
polymerization[32]. PANI@Nd-Co/LDH nanocomposite that inherits the properties of PANI and
Nd-Co/LDH materials can be tested as sensors against Pb(Il) and Al(I1l) ions at ultra-low trace
levels from aqueous solutions. Fluorescence spectroscopy (FL) demonstrates the charge transfer
interaction between 2D LDH nanosheets and a PANI matrix. The heightened FL intensity
observed in the LDH/PANI composite suggests increased electrical conductivity due to the
extended electron conjugation within PANI. The interaction of LDH nanosheets and PANI
increases m-m* transitions in the benzenoid unit of PANI, enhancing singlet exciton production
and FL emission. The composite's orderly arrangement of benzenoid and quinonoid units, as well

as its enhanced conjugation, substantiates this observation. Overall, the LDH/PANI interaction



not only elevates FL intensity but also augments electrical conductivity, suggesting possible uses

in nanomaterial-based devices [33].
2. Experimental

2.1. Chemical Reagents

Sigma-Aldrich Chemical Co. India supplied aniline [CsH7N], potassium persulfate (KPS)
(K2S20g), methanol (CHsOH), Neodymium(lll) nitrate [Nd(NOz)3-6H20], Cobalt(ll)
nitrate hexahydrate [Co(NOz).. 6H.0], and additional metal nitrates which were used without

further purification.
2.2. Synthesis of Nd-Co/LDH

Nd-Co/LDH was produced by employing a basic hydrothermal method. In brief, a solution
containing a mixture of Co(NO3)2.6H20 (1 mmol, 0.2910 g), Nd(NO3)3.6H20 (0.5 mmol, 0.1487
g) and CH4N20 (5 mmol, 0.3003 g) was added to 40 mL of deionised water while being stirred
continuously for a duration of 10 min. The solution volume was gradually increased to 70 mL,
and the blend was heated at a specific temperature of 60 + 2 oC for a period lasting 2 h. The
ensuing blend of products was subsequently relocated to an autoclave and subjected to heating at
a temperature of 150 £ 2 C for a duration of a day. Following this phase, the autoclave was
allowed to cool down. The final product underwent treatment with deionised water and dried at

50 £ 2 °C for an approximate duration of 24 h [34].
2.3. Synthesis of PANI@Nd-Co/LDH

The synthesis of PANI@Nd-Co/LDH was achieved using ex-situ oxidative polymerization. In a

standard procedure, 0.03 g of unmodified e Nd-Co/LDH was dispersed in 20 mL of methanol
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while being stirred for 30 min. Following this, 0.3 mL CeH7N was introduced and stirring was
continued for an additional 20 min. A solution of 1.11g of KPS was prepared by dissolving it
within a solution of 1.0 mol L HCI, with a volume of 33 mL. Subsequently, the prepared
solution of KPS was introduced to the reaction container while being stirred for 10 min for the
progression of polymerization. An ice bath was used to maintain the reaction temperature at 5-8
°C. After the reaction concluded, the resulting product underwent certrifugation, washing to
eliminate any remaining acid, and subsequently dried at 80 °C overnight. For comparison
testing, PANI was produced using the aforementioned process, excluding the use of Nd-

Co/LDH. (Scheme 1) [35].
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Scheme 1. lllustrative outline of PANI@Nd-Co/LDH synthesis process

2.4. Methods and Instruments

The functional moieties existing in the samples were analyzed using FTIR spectroscopy with the

KBr disk method, covering a spectral range of 400 to 4000 cm™. PXRD analyses were conducted



using a (Shimadzu 6100) instrument equipped with Cu Ka radiation (1.54 nm). SEM (JSM-
6510LV, JOEL Japan) investigated the materials’ morphologies. TGA and DTA data for the
samples were analyzed using a Shimadzu DTG-60 H instrument within N2 atmosphere,
employing a temperature ramping rate of 5 -C/min. The fluorescence spectra were collected

utilizing a Hitachi spectrofluorimeter (F-2500).

3. Results and Discussion

3.1. Material Characterizations.

FTIR, PXRD, SEM, and TGA/DTA methods were used for a comprehensive evaluation of

PANI, Nd-Co/LDH, and PANI@Nd-Co/LDH.

3.1.1. PXRD analysis

The powder x-ray diffraction patterns of the PANI, Nd-Co/LDH, and PANI@Nd-Co/LDH are
elucidated in Fig.2. In Nd-Co/LDH, distinct diffraction angles were observed at 10.0°, 10.8°
14.1° 18.6°, 22.2°, 24.7°, 28.5° 31.9° 34.2° 35.3° 36,7° 42,1° and 43.6°. The reduction in the
prominence of the original Nd-Co/LDH peaks in PANI@Nd-Co/LDH could be attributed to the
PANI coating on the surface of Nd-Co/LDH during the polymerization process. The pure PANI
does seem to exhibit sharp peaks [36,37], showing a diffraction peak at 26 = 18.09 assigned to
the (100) reflection of PANI which can be attributed to the periodicity parallel and perpendicular
to polymer chain [38]. The peak at 26 = 20.37° is evidence of the characteristic distance between
the ring planes of benzene rings in adjacent chains or close contact interchain [39]. The
crystalline peak centered at 20 = 25.2 is ascribed to the (200) plane of the orthorhombic unit cell
of PANI, resulting from the scattering of PANI chains at interplanar spacing [40]. The

PANI@Nd-Co/LDH shows peaks corresponding to PANI at 18.6°, 19.9° 25.1° 26.1°, 27.5°,
10



28.4°, 29.7°, 31.6° 32.5° 37.0° 37.8° as well as a peak at 42.5° Several of the reflections
observed in  PANI@Nd-Co/LDH closely matched those found in the original Nd-Co/LDH,
particularly at angles of 18.6° 24.7°, 28.5° and 42.1°. These findings demonstrate a successful
growth and interweaving of the virgin Nd-Co/LDH with PANI, which is also evident from the
SEM images. The Scherrer equation was utilized to compute the crystallite size (D) of the Nd-
Co/LDH and PANI@Nd-Co/LDH nanoparticles. This equation allows you to calculate the
crystallite size based on the full width at half maximum (FWHM) of a diffraction peak (eq.1).

kA 1)
b= B cos 0

Where, k represents the Scherrer constant, B and 6 stand for the full width at half-maximum
(FWHM) and the peak position (26 /2), respectively, while A signifies the X-ray source’s
wavelength. The crystallite sizes of Nd-Co/LDH and PANI@Nd-Co/LDH were measured as 65.16

and 38.44 nm, respectively.

For layered 2D materials like LDH, the crystallite size obtained will be related to the size of the layers
or the interlayer spacing. For polymeric materials like PANI, it will provide information about the size
of the crystalline domains within the polymer. The Scherrer equation provides an approximate
estimate of crystallite size and makes some assumptions about the shape and uniformity of the
crystallites. The accuracy of the result depends on the quality of the XRD data and the appropriateness

of the assumptions for the specific material being analyzed [41,42].
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Fig. 2. XRD patterns of the PANI, Nd-Co/LDH, and PANI@Nd-Co/LDH
3.1.2. FT-IR Analysis

The FT-IR data was utilized to elucidate the chemical structures of Nd-Co/LDH and PANI@Nd-
Co/LDH, as depicted in Fig.3. In both Nd-Co/LDH and PANI@Nd-Co/LDH, a peak arose from
the stretching vibrational mode of H2O particles, within the spectral range spanning 3200 - 3600
cm™? [2]. The peaks observed at 1150 and 1298 cm™ in PANI@Nd-Co/LDH align with the
vibrational modes of C-N bond, which is characteristic of aromatic amines [32], while the band
at 1573 cm, along with another band present in both Nd-Co/LDH and PANI@Nd-Co/LDH at
1487 cm’, is ascribed to the C=C vibrational resonance of quinoid rings and C=C stretching
deformations specific to benzenoid rings, respectively [36,43]. Within Nd-Co/LDH, the
occurrence of a peak at 1384 cm™ signifies the vibrational stretching mode of the nitrate anion
(NO3) [44]. The attenuation of the peak at 1384 cm™ in PANI@ Nd-Co/LDH serves as evidence
that PANI was incorporated into the interface of Nd-Co/LDH through polymerization process,

consequently displacing nitrate (NOs) ions [2,45]. The band observed at 812 cm™ represents the

12



out-of-plane bending vibration of C-H bonds in para-substituted benzene, serving as an indicator
of the formation of polyaniline polymer [46]. Finally, the signals observed in the range of 500-
880 cm are associated with the vibrations of Nd-O and/or Co-O within the lattice, specifically
linked to interactions like (M-O-M, M-OH, and M-O) within the structure, resembling that of

hydrotalcite [45,47-49].

PANI@Nd-Co/LDH

Nd-Co/LDH

Transmittance (%)

v T v T v T v T v L v T v T
3500 3000 2500 2000 1500 1000 500
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Fig. 3. FT-IR patterns of PANI, Nd-Co/LDH, and PANI@Nd-Co/LDH

3.1.3. SEM analysis

The SEM technique was used to analyze the layered arrangements and morphologies of Nd-
Co/LDH and PANI@Nd-Co/LDH (Fig. 4), revealing uniform shapes in both the samples. As
shown in Fig. 4a & b, Nd-Co/LDH exists in a hexagonal sheet-like structure with uniform
particle size distribution. However, as depicted in Fig. 4c & d, the sheet-like structures of Nd-

Co/LDH have undergone changes to a certain extent due to the acidic polymerization process.
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Notably, the Nd-Co/LDH surfaces within the PANI@Nd-Co/LDH were enveloped by PANI
layers. As depicted in Fig.4e, the EDS spectra confirmed the presence of C, O, N, Co, and Nd
elements in the PANI@Nd-Co/LDH nanocomposite, indicating the existence of the Nd-Co/LDH

and PANI.
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Fig. 4. Scanning electron microscope (SEM) images illustrating (a & b) Nd-Co/LDH and (¢ & d)
PANI@Nd-Co/LDH samples. () EDS morphological diagram of PANI@Nd-Co/LDH nanocomposite
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3.1.4. TGA-DTA analysis

Using TGA analysis, the thermal behaviour of the original Nd-Co/LDH and PANI@Nd-Co/LDH
can be recognized, as depicted in Fig.5. The materials were heated from 30 to 800 °C, revealing a
decrease in weight for all materials upon heating. The thermal decomposition of the raw Nd-
Co/LDH and PANI@Nd-Co/LDH takes place in three distinct zones. For Nd-Co/LDH (Fig.5a),
the initial region, spanning from 30 to 184.2 °C (8.9%), represents the removal of surface-bound
H>O molecules from Nd-Co/LDH [50], a deduction supported by the presence of endothermic
peaks observed at 76.6 °C. The second region (22.6%) occurs at temperatures ranging from
184.2 to 403.7 °C and is ascribed todehydroxylation and denitration [51,52], corresponding to an
exothermic peak observed at 212.5 °C. The final region (41.8%), observed above 403 °C, is
likely attributed to continuous dehydroxylation [53], as indicated by an exothermic peak at
558.9 °C.

In comparison, PANI@Nd-Co/LDH exhibited a weight loss of 11.4% until reaching 231.5 °C,
as seen in Fig.5b, signifying the release of H.O molecules that were held through physical
adsorption. The thermal breakdown of PANI@Nd-Co/LDH occurs within temperature ranges
spanning from 231.5 to 444.3 °C (7.4%). This can be linked to the breakdown of polymer chains,
removal of hydroxyl groups, the liberation of co-intercalated hydrochloric acid, and the
formation of metal oxide materials. Additionally, there is a temperature range between 444.3 and
approximately 800 °C (5.1%), which corresponds to the degradation of PANI within
PANI@Nd-Co/LDH [54]. The DTA examination of PANI@Nd-Co/LDH (Fig.5b) shows an
endothermic peak at 72.9 °C and exothermic peaks at 366.6 and 512.3 °C. The cumulative weight

reduction for PANI@Nd-Co/LDH was (23.9%), which proved to be less than that of Nd-
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Co/LDH (73.3%). Overall, PANI played a role in augmenting the increased ability of

PANI@Nd-Co/LDH to withstand higher temperatures when contrasted with Nd-Co/LDH.
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Fig.5. TGA/DTA curve of (a) Nd-Co/LDH and (b) PANI@Nd-Co/LDH

3.2. Description of the fluorescence measurements of PANI@Nd-Co/LDH:

3.2.1. Reaction condition optimization

800

30

DTA (nV)

F-20

The FL spectra of PANI@Nd-Co/LDH were analyzed to explore its potential for detecting

AI(I1T) and Pb(I1), as well as to comprehend the primary mechanism of interaction. The impact

of PANI@Nd-Co/LDH concentration and pH on the flourescnce spectra was also examined.

Prior to conducting the fluorescence analysis, Pb(Il) and AIl(IIl) were separately prepared in

deionised water at varying concentrations. PANI@Nd-Co/LDH was extensively ground and

subjected to ultrasonication after being dissolved in deionised water for 20 min and then allowed

to age for 24 h to achieve a uniform mixture. The intensity of the FL rises with an increase in the

quantity of PANI@Nd-Co/LDH, which reaches its maximum value at a concentration of 0.3 mg

mL?! as detected by the fluorescence detector.
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Fig. 6. (a) Excitation and emission spectra of PANI@Nd-Co/LDH and (b) Influence of pH on FL spectra
of pure PANI@Nd-Co/LDH (0.3 mg/mL)

As displayed in Fig. 6a, the fluorescence spectra of PANI@Nd-Co/LDH show distinct peaks for
both excitation and emission, with values of 284 and 330 nm, respectively. The FL intensity of
pure PANI@Nd-Co/LDH reaches its highest point at a neutral pH of 7.0, whereas it decreases

under both acidic and alkaline pH conditions (Fig. 6b).

The impact of ionic strength was examined using various NaCl concentrations, and no noticeable
influence on the fluorescence intensity of PANI@Nd-Co/LDH was detected, as depicted in
Fig.S1. In various sensing applications, response time is a crucial factor; therefore, an
exploration into its influence between PANI@Nd-Co/LDH and Pb(Il) was undertaken. Fig. S2 a
& b display the emission bands of PANI@Nd-Co/LDH after adding 25 ppb Pb(11) and 200 ppb Al(lI1)

with varying response times. The intensity diminished as Pb(ll) concentration increased, whereas it

17



heightened in the presence of AIl(IIl) as the incubation time progressed. Nevertheless, the intensity

exhibited minimal alteration after 1 min for Pb(11) and 2 min for Al(11I).
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Fig. 7. Emission spectra of Nd-Co/LDH and PANI@Nd-Co/LDH in deionised water (pH = 7.0),
(0.3mg/mL), Aex = 284 nm.

Fig. 7 illustrates the spectra of fluorescence of Nd-Co/LDH and PANI@Nd-Co/LDH. Notably,
Nd-Co/LDH exhibits the least fluorescence, whereas PANI@Nd-Co/LDH displays the most
prominent fluorescence, peaking at 1804. This observation suggests that PANI played a role in
enhancing the properties of Nd-Co/LDH and exerting control over them. Fig. S3 illustrates the
influence of the pH of the Pb(ll) solution on the fluorescence behavior of PANI@Nd-Co/LDH. The
observed trend indicates that the FL intensity reached its peak reduction at a neutral pH for the Pb(Il)

solution.

3.2.2. Fluorescence "Turn-Off" Sensing of Pb (1)

The fluorescent reaction of PANI@Nd-Co/LDH towards specific metal ions [Cr*®, Fe?*, Mn'*,

Ni2*, Zn?*, Cd?*, Hg?*, AI**, and Pb*?] was evaluated by separately adding solutions containing

18



different metal ions to the dispersed PANI@Nd-Co/LDH solution in deionised water at ambient
temperature. As seen in Fig.8, Fig.10, Fig.13 and Fig. S4 the introduction of such metal ions

exhibited a lesser impact on luminescence in comparison to Pb (1), and Al(I1I).
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Fig. 8. Change in the fluorescence spectrum of PANI@Nd-Co/LDH (0.3 mg/mL) in presence of various

metal ions in deionised water (with pH value 7.0)

Moreover, the impact of different positively charged metal ions [Cr*®, Fe?*, Mn’*, Ni?*, Zn?* and
Cd?*] was explored to study PANI@Nd-Co/LDH selectivity for Pb(ll) detection. Conversely,
the luminescence intensities of the PANI@Nd-Co/LDH suspension were evaluated to investigate
its ability to distinguish between mixtures containing the specified cations, both with and without
Pb(I1). As depicted in Fig. 9, the intensities exhibited minimal changes due to the presence of
additional cations, but they experienced a substantial reduction when Pb(Il) was added, which
demonstrated that PANI@Nd-Co/LDH has remarkable selectivity for Pb(Il) over other prevalent

cations frequently encountered in aqueous media. In this study, the PANI@Nd-Co/LDH-based
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Fig. 9. Impact of different metal cations on the selectivity of PANI@Nd-Co/LDH for Pb(ll) detection

In order to more thoroughly evaluate PANI@Nd-Co/LDH’s sensitivity to Pb(ll) ion sensing,
fluorescence titration tests were conducted using water as the medium. This sensitivity study
encompassed a range of Pb(ll) concentrations, spanning from 25 to 225 ppb. As illustrated in
Fig. 10, there is a gradual and steady decrease in the FL intensity at 330 nm as the Pb(ll)
concentration increases. This decline in fluorescence intensity could be linked to the inner filter

(IFE) effect caused by the higher Pb(11) concentration.
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Fig. 10. Fluorescence titration spectra of PANI@Nd-Co/LDH (Lex =284 nm) in deionised water (0.3 mg/
mL), (pH = 7.0), upon gradual addition of Pb(ll), Fe(ll), Zn(1l), and Ni(ll)

In the context of the IFE, it is crucial for the quencher’s absorption band to align and coincide

with either the excitation, emission, or both bands of the fluorescent agent. Pb(ll) displays a

notable absorption band at 301 nm, as demonstrated in Fig. 11 [55-57].
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Fig. 11. UV-Vis absorption spectrum of Pb(ll) in water-based solution and the spectra depicting
excitation and emission of PANI/LDH@CNT

The effectiveness of fluorescence quenching has been investigated using the Stern-Volmer (SV)

equation (eq.2):

(lo/l) = Ksv [Q]+1 ()

Here, lo and | represent the FL intensity prior to and subsequent to the introduction of the
analyte, respectively. Simultaneously, [Q] stands for the concentration of the analyte in terms of
moles, and Ksy denotes the quenching constant (expressed in M) [58]. The SV plots for Cr(V1)
and other metal ions were nearly linear with correlation coefficients of 0.992 for Pb(ll), 0.985 for
Ni(ll), 0.956 for Cr(\V1), 0.947 for Zn(I1), 0.889 for Cd(Il) and 0.872 for Fe(lll) (Fig. S5). The
quenching constants for Pb(ll), Fe(lll), Zn(11), Ni(ll), Cd(ll), Cr(VI), and Mn(VI1I) were 1.1 x

108, 8.2x10%, 6.6x10%, 5.7x10% 5.5x10% 3.9x10* and 3.2x10* M1, respectively.
The limit of detection (LOD) for PANI@Nd-Co/LDH was determined by (eq.3):

3o0/m 3)
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In this equation, o represents the standard deviation, and m signifies the slope) (Fig. 12 & Fig.

S6 and Table S1 & Table S2). The PANI@Nd-Co/LDH exhibited a promising LOD values of 9.6

x 107 for Pb(ll), 1.5 x 107 for Cd(I1), 1.9 x 107 for zZn(I1), 2.0 x 107 for Fe(ll1), 2.7 x 107 for Ni(ll),

4.2 x 107 for Cr(VI) and 4.9 x 10’ M for Mn(V11).
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Fig. 12. LOD values of PANI@Nd-Co/LDH for (a) Pb(ll), (b) Cd(ll), (c) Zn(ll) and (d) Fe(ll)

LOD value is lower compared to the Pb(Il) sensors reported earlier, as presented in Table 1;

therefore, one can deduce that PANI@Nd-Co/LDH exhibits good sensing behaviour toward

Pb(Il) ions.
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Table 1. The comparisons of different fluorometric sensors for Ph(ll).

LOD values Linear range
Target Materials (nM) (nM) References
GQDs-AuNPs 0.016 05-4 [59]
TQ1 0.836 1.6 -10 [60]
Bi/Nafion/PANI-
0.05 0.10-30 [61]
Pb(I1) MES/GCE
Fes04s@PDA@MNO; 0.03 0.1-150 [62]
G/PANI 0.1 1-300 [63]
PANI@Nd-Co/LDH 0.0096 0.12-1.2 Present work

When exposed to a mixture of anions (HPOs*, SOs*, COz*, NOs*), the selectivity and

sensitivity of PANI@Nd-Co/LDH towards detecting Pb(Il) were investigated. The findings

indicated that the fluorescence intensity of PANI@Nd-Co/LDH decreased by as much as 11% in

the absence of added Pb(ll) (Fig. 13a). This marginal decrease is owed to the surplus anionic

species within the solution, which are interacting with the surface functional groups of

PANI@Nd-Co/LDH, thus diminishing the intensity to certain level. However, the decline in the

fluorescence intensity observed with the anion mixture is not equivalent to that caused by Pb(ll)

ions. Additionally, the independent influence of anions ((HPO.>", SO4*, COs*", NOz*) on

Pb(Il) sensing was also investigated, as shown in Fig. 13b. In contrast to these concurrent

species, the fluorescence intensity of PANI@Nd-Co/LDH at 2 ppm Pb(ll) is distinctly more

pronounced.
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Fig. 13. (a) Influence of Pb(ll) on the fluorescence emission spectra of PANI@Nd-Co/LDH in the
presence of a combination of anionic species (HPO4>", SO,>", COs*", NO3s*), (b) FL emission spectra of
PANI@Nd-Co/LDH in the presence of varying anions (each at a concentration of 2ppm), with and
without Pb(l1)

3.2.3. Fluorescence "Turn-On" Sensing of Al(111)

The titration process of fluorescence for the coupling of PANI@Nd-Co/LDH with AI(I1l) was
carried out in water. As depicted in Fig. 14a & b, the introduction of Al(I11) and Hg(ll) into the
PANI@Nd-Co/LDH solution resulted in a notable and a gradual intensification of the emission
signal, primarily centered around 330 nm, which could be a consequence of the chelation-

enhanced fluorescence effect.
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Fig. 14. Fluorescence titration spectra of PANI@Nd-Co/LDH (Aex = 284) in deionised water (0.3 mg/

mL), (pH = 7.0), upon the gradual addition of Al(I1l) and Hg(Il)

The PANI@Nd-Co/LDH-AI(I) complex’s CHEF phenomenon relies on the photo-induced

electron transfer mechanism, also referred to as the PET mechanism. In this mechanism, the

incident photons excite electrons within the unbound PANI@Nd-Co/LDH. These electrons then

transition out of the unshared pairs located in oxygen and nitrogen atoms within the

fluorophores, resulting in the subsequent fluorescence quenching. The presence of the associated

AIl(II) ions within the PANI@Nd-Co/LDH sensor weakens the strength of the ion pair,

suppressing the PET-induced quenching activity and giving rise to the CHEF phenomenon. As a

result, the FL intensity of the PANI@Nd-Co/LDH becomes responsive to variations in Al(I11

concentration. Fig. 15 illustrates the proposed binding mechanism [64,65].
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Fig. 15. Mechanism underlying the fluorescence enhancement of the complex PANI@Nd-Co/LDH-
AI(I)

The LOD value for PANI@Nd-Co/LDH as a fluorescent chemosensor for analyzing Al(I11) was
as low as 5.7 x 0% M (Fig. 16 a &b and Table S2), which is substantially below the

recommended concentration thresholds set for the drinking water by the US EPA (0.05-0.2 mg L

1y and WHO (0.2 mg L), respectively. [66].
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Fig. 16. Compute the LOD values of PANI@Nd-Co/LDH for (a) Al(111) and (b) Hg(ll)
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3.4. Recycling and Stability

The reusability of PANI@Nd-Co/LDH in Pb(ll) aqueous solution was also investigated.
Fortunately, the PANI@Nd-Co/LDH can be regenerated by conducting centrifugation on the
suspensions post Pb(ll) sensing, followed by vigorous rinsing using water. The effectiveness of
quenching observed over three cycles demonstrated a decrease from 55.5 to 50.1% for Pb(Il)) as
shown in Fig. 17. Notably, the highly efficient levels were retained, underscoring the substantial

recyclability and stability of PANI@Nd-Co/LDH

60 - S5.1% 52.6%

50.1%

Quenching efficiency (%)

Run 1 Run 2 Run 3

Fig. 17. Fluorescence quenching efficiency during three recycling trials for Pb(ll)



5. Conclusions

In conclusion, the hybrid material (PANI@Nd-Co/LDH) was synthesized through ex-situ
oxidative polymerization, combining PANI and Nd-Co/LDH materials. This resulting
nanomaterial possesses a substantial amount of oxygen as well as nitrogen within its structure.
Remarkably, PANI@Nd-Co/LDH operates as an exceptional sensor with distinct “turn-on” and
“turn-off” responses for sensing Pb(Il) and AI(IIl) ions, respectively, both of which have
potential health implications for humans. Within this framework, the FL intensity of the
PANI@Nd-Co/LDH is suppressed when Pb(ll) is present, owing to the IFE. On the other hand,
the fluorescence intensity is activated when encountering Al(I1), operating through the CHEF
mechanism. Thus, the present study demonstrates that PANI@Nd-Co/LDH could serve as a

promising contender for detecting trace amounts of Pb(11) and Al(111) ions.
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