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This study presents the synthesis of a green polymer-based nanocomposite by incorporating green 
CuO nanoparticles into polyaniline (PANI) for the adsorption of Pb (II) ions from contaminated water. 
The nanocomposite was extensively characterized using FTIR, XRD, BET, SEM-EDX, XPS, and Raman 
spectroscopy, both before and after Pb(II) adsorption. Optimization studies were performed to assess 
the effects of key parameters, including pH, adsorbent dosage, and initial ion concentration on the 
adsorption process. Adsorption isotherms and kinetic models were applied to analyze the experimental 
data, revealing that the Freundlich isotherm provided the best fit, with a high correlation coefficient 
(R²) and a (1/n) value less than 1, indicating favorable adsorption conditions. Furthermore, the Avrami 
and pseudo-first-order kinetic models demonstrated superior fitting compared to other models. 
The green nanocomposite exhibited outstanding adsorption capacity, highlighting its potential as a 
sustainable and efficient adsorbent for Pb(II) removal from wastewater.
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In recent years, environmental pollution by heavy metals has intensified, driven by industrial production, energy 
consumption, mining operations, and the widespread use of pesticides and fertilizers1,2. Lead (Pb), a widely 
prevalent and highly toxic metal, is found in various environmental ecosystems, including urban and residential 
areas. The discharge of lead-contaminated wastewater from multiple sources has surged due to economic 
development and increasing social demands3. Lead is highly toxic element that persisits in the environment 
without undegoing significant degradation. Once introduced into the environment, it can be adsorbed by plants, 
leading to significant accumulation within their tissues. Excessive lead uptake disrupts cellular structures, leading 
to physiological damage, impaired growth and in severe cases plant death4. Furthermore, lead can enter the 
human body through various pathways, inlcuding ingestion of contaminated water, air, food, and skin contact. 
Once absorbed, lead accumulates within the body posing significant health risks5. Therefore, it is essential to 
implement effective wastewater treatment strategies to address these challenges6. The primary techniques for 
remediating lead-contaminated wastewater include chemical precipitation, ion exchange, membrane filtration, 
and adsorption. Among these, adsorption is widely regarded as a highly effective method due to its simplicity and 
efficiency in removing pollutants. However, the high cost of adsorbents limits their use in treating heavy metal-
contaminated wastewater. As a result, current research is largely focused on developing advanced adsorbent 
materials that are not only highly efficient but also cost effective and environmentally sustainable7. 

Polymer-based nanocomposites have attracted significant attention across diverse scientific and technological 
domains due to their superior and tunable properties8. These advanced materials have demonstrated immense 
potential in a broad spectrum of applications, including water purification, photovoltaic systems, wastewater 
remediation, electronic devices, tissue engineering scaffolds, wound dressings, antimicrobial agents, drug 
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delivery platforms, and electromagnetic interference shielding systems9. Among conductive polymers, 
polyaniline (PANI) stands out due to its unique combination of cost-efficiency, high polymerization efficiency, 
exceptional stability, and versatility. Commonly referred to as aniline black, PANI exists in various oxidation 
states, enabling its adaptability for specific applications10.

Copper oxide nanoparticles (CuO NPs) are highly versatile, having applications in electrical sensors, plant 
disease management, field emission, and catalysis. When incorporated into nanocomposite polymers, CuO 
serves as an active site for adsorption due to its high surface area and strong interactions with adsorbates, 
thereby significantly enhancing the overall adsorption capacity. The combination of CuO with polyaniline 
(PANI) generates a synergistic effect that not only improves adsorption performance but also enhances the 
structural stability of the composite, making it more durable and resistant to degradation during adsorption-
desorption cycles. Common methods for synthesizing such nanocomposites include the reduction of metals into 
polymers, in situ polymerization of monomers in the presence of metal nanoparticles, and mechanical blending 
of polymers with nanoparticles.11.

Conventional techniques for synthesizing nanomaterials often pose significant environmental challenges due 
to the generation of toxic by products. Green nanoparticles made from plant extracts have gained interest due to 
their safety and eco-friendliness12. The efficacy of these green nanoparticles in wastewater treatment is attributed 
to the physio-chemical features exhibited by plants13. Green synthesis techniques utilize plant extracts to mitigate 
the harmful effects of conventional methods that release by-products into the environment14. Researchers have 
developed various nanoparticles using techniques such as thermal reduction, microwave irradiation, chemical 
vapor deposition, photochemical, and electrochemical methods. However, these approaches often involve harsh 
chemicals, leading to environmental concerns and increased costs15.

In recent times, various nanocomposite materials derived from polymers, such as PANI-ZnO, Fe3O4-
SBCTA, Fe3O4-PANI-MnO2, PMMA-boehmite, PPy-Fe3O4, PTh–Al2O3, and PVA-ZnO, have been employed 
for the purpose of removing Cr6+, Fe3+, Hg2+, Ar3+, Cu2+, Co2+ and Pb2+ from wastewater. Polymers exhibit a 
favorable surface area-to-volume ratio, enhancing their effectiveness when combined with other materials to 
form composites16–22.

The current research focuses on developing an Pb (II) adsorbent by incorporating green copper oxide 
nanoparticles (CuO NPs) encapsulated in polyaniline (PANI). The g-CuO NPs were obtained from the stem 
extract of Haldinia cordifolia. The resulting composite material was employed for the adsorption of Pb (II) ions 
and characterized using multiple analytical techniques: X-ray diffraction (XRD), scanning electron microscopy 
with energy dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared spectroscopy in attenuated 
total reflectance mode (FTIR-ATR), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and 
Brunauer-Emmett-Teller (BET) analysis. Additionally, the study investigated the influence of various parameters 
on adsorption efficiency, including pH, initial Pb (II) concentration, and CuO/PANI dosage. Optimization of 
these parameters provided insights into the adsorption mechanism and enhanced the Pb(II) removal efficiency 
of the composite material.

Materials and methods
Chemicals
Pb (NO3)2 (> 99%) and CuSO4 (99% purity) were procured from Merck Bangalore Karnataka and used as such 
without any purification. APS (ammonium per sulphate) (99.9% purity) was obtained from SRL, Chemicals Ltd. 
Aniline (≥ 99.5%) and HCl (37%) were purchased from Spectrochem Karnataka, India. 

Synthesis of g-CuO NPs
In this study, g-CuO NPs were synthesized from plants using a reported study in a previous with some 
modifications23. Before extraction, the stem bark of Haldinia cordifolia is typically washed with deionized (DI) 
water. The stem part of the plant is then dried at 30 ± 2 ºC. Subsequently, 5 g of H. cordifolia stem are ground to 
a fine powder, dissolved in 100 mL of DI water, and heated for 30 min at 80 ± 2 ºC on a hot plate. This mixture is 
then filtered using a muslin cloth and filter paper. To synthesize green CuO (g-CuO) nanoparticles, 75 mL of a 
0.01 M CuSO4 solution is added to 5 mL of the H. cordifolia plant extract in 250 mL conical flasks, as illustrated 
in Supplementary Fig. S (1). These solutions are stirred for 60  min at 90 ± 2 ºC at 4000  rpm on a magnetic 
stirrer. The precipitate is then collected by centrifugation at 8000 rpm for 10 minutes and repeatedly washed with 
deionized (DI) water to ensure the removal of residual impurities and obtain a high-purity product..

Synthesis of g-CuO/PANI nanocomposite
The g-CuO/PANI nanocomposite was synthesized by the in-situ composite formation, incorporating some 
modifications from the previous report24. First, 0.2  g of green-synthesized CuO nanoparticles (g-CuO NPs) 
powder was mixed with 30 mL of a 1 M HCl. The mixture was then subjected to ultrasonic waves for 30 min 
to ensure uniform dispersion. Subsequently, 50 µL of distilled aniline was added to the solution and further 
dispersed ultrasonically for another 30  min. In a separate beaker, 0.1675  g of ammonium persulfate (APS) 
was dissolved in 15 mL of 1 M HCl, and this solution was added dropwise to the first mixture, as depicted in 
Supplementary Fig. S (2). The resulting solution was then kept in an ice bath at 5–7 ºC for 6 h with continuous 
stirring, and then washed with DI and ethanol. The final product, the g-CuO/PANI nanocomposite, was dried 
overnight in a vacuum oven at 60 ºC. Pristine polyaniline (PANI) was synthesized following the same procedure 
as for the composite.

Characterization techniques
FTIR measurement were performed using Bruker Tensor II instrument to identify the functional groups present 
in CuONPs, PANI, CuO/PANI, and CuO/PANI after Pb (II) adsorption. The spectra was recorded at a resolution 
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of 4 cm− 1 over the wavenumber number of 4000 –500 cm− 1. XRD anlaysis was performed using a Bruker D8 
Advance, which emitted Cu Kα radiation with a wavelength of 1.541 Å. The chemical composition and electronic 
state of materials were studied using XPS to obtain the characteristic binding energy using Thermo K-alpha, 
Al anode. The morphology of g-CuO NPs, PANI, CuO/PANI, and CuO/PANI after Pb (II) adsorption was 
also studied using SEM-EDS (Zeiss ULTRA 55 Field Emission). For pore size and surface area analysis, the 
BELSORP MAX II instrument was used. This multifunctional tool evaluates vapour adsorption, chemisorption, 
and specific surface area/pore size distribution. Raman spectroscopy (Model-STR-300; Make-Seki Technotron 
Crop, Japan) was utilized to examine molecular information before and after the adsorption.

Adsorption experiments
The adsorption experiments were conducted in batch mode to evaluate the performance of the CuO/PANI 
composite under various conditions. A known amount of CuO/PANI was added to 100 mL Erlenmeyer flasks 
containing Pb(NO₃)₂ solutions, and the mixtures were stirred at 200 rpm to determine optimal parameters 
such as pH, composite dosage, and initial Pb(II) concentration. A stock solution of Pb(II) (1000 mg L⁻¹) was 
prepared, and desired concentrations were obtained by diluting this stock solution with deionized water. For the 
experiments, 100 mL of Pb(II) solutions at varying concentrations were treated with 25 mg of CuO/PANI and 
shaken at 200 rpm. The lead concentrations were measured before and after the adsorption process. The effects 
of key factors, including Pb(II) concentration, CuO/PANI dosage, and solution pH, on adsorption efficiency 
were systematically investigated. The removal efficiency was calculated using Equation1.

	
% Removal =

(
CO − Ct

CO

)
100� (1)

 where Ct and CO  are the final and initial concentrations.

To investigate the adsorption kinetics models, five adsorption models (intraparticle diffusion (IPD), Pseudo-first-
order (PFO), Pseudo-second-order (PSO), mixed first and second order (MFSO), and Avrami) were investigated 
for the adsorption of Pb (II). Adsorption isotherms play a crucial role in investigating the mechanism and 
affinity of adsorption towards Pb (II)25. Different models, namely Langmuir, Freundlich, Langmuir-Freundlich, 
Sips, Toth, Redlich-Peterson, Dubinin–Radushkevich, Khan, Baudu, and Fritz-Schlunder models, were used to 
analyze the experimental data of Pb (II) adsorption onto CuO/PANI composite.

Result and discussion
XRD diffraction studies
Figure 1 illustrates the XRD graph of the g-CuO NPs, PANI, g-CuO/PANI nanocomposite, and after Pb (II) 
adsorption. The XRD graph of pristine PANI shows two broad peaks at about 20º and 25º, as shown in Fig. 1a. 
These peaks associated to the (020) and (200) planes of PANI matched with JCPDS card No 53-189126 suggesting 
that PANI is semi-crystalline in nature27. As shown in Fig. 1b, the XRD pattern of g-CuO nanoparticles has 
sharp peaks, indicating the nanoparticle’s high crystallinity. The g-CuO NPs exhibit two characteristic peaks 
at 35º and 38º with hkl value of the (-111 and 111) planes respectively, along with multiple smaller peaks at 

Fig. 1.  XRD of (a) PANI, (b) g-CuO NPs, (c) g-CuO/PANI, and (d) g-CuO/PANI after adsorption.
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higher 2θ values (32, 49, 53, 58, 61, and 68º) which corresponding to the hkl (110, 202, 020, 202, 022, -202) 
planes respectively, JCPDS: card no. 48-1548 which align with the findings of prior work with chemical synthesis 
routes28,29. The average crystallite size of g-CuO NPs was calculated by Scherer’s formula given by an equation: 
D = 0.9λ /β cosθ , where D is the average crystalline size of the nanoparticle, β  is the FWHM of significant 
peaks, θ  is the Bragg’s angle, and λ  is the wavelength of Cu Kα30. The average crystallite size was observed to 
be of g-CuO NPs to be 17.91 nm. The XRD result of the g-CuO/PANI nanocomposite is also depicted in Fig. 1c. 
The nanocomposite shows a diffraction peak at 32, 35, 38, 41, 45, 50, 53, and 62º, where some peaks in pristine 
g-CuO NPs disappear and shifted to high 2θ value with low intensity31,32. This is due to the interaction between 
PANI and the g-CuO nanoparticles during the formation of the nanocomposite and the semi-crystalline nature 
of PANI. Despite this interaction, all the characteristic CuO peaks were still visible. XRD analysis was also 
performed on the nanocomposite after the adsorption of lead ion. The results indicated no significant shift in 
the 2θ degrees, with the patterns remaining almost identical to those of the nanocomposite before adsorption, 
except for changes in intensity, as shown in Fig. 1d.

FTIR studies for functional groups
Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the functional groups in PANI, 
g-CuO NPs, CuO/PANI, and CuO/PANI after Pb(II) adsorption within the wavenumber range of 500–4000 
cm−1 in Fig 2. For PANI, characteristic absorption bands were observed at 3438, 3280, 1580, 1490, 1346, 1143, 
823, and 759 cm⁻¹ in figure 2 (a). The broad bands at 3438 cm⁻¹ and 3280 cm⁻¹ correspond to O–H and N–H 
stretching vibrations, respectively. The peaks at 1580 cm⁻¹ and 1490 cm⁻¹ are attributed to the C=C stretching 
of the quinoid and benzenoid rings, respectively33. The bands between 1346 cm⁻¹ and 1143 cm⁻¹ are associated 
with C–N bending vibrations of secondary aromatic amines34. Additionally, the benzenoid group exhibited C–H 
sp³ stretching and C=C stretching vibrations at 2998 cm⁻¹ and 1436 cm⁻¹, respectively. The quinonoid ring in 
PANI showed an absorbance band at 1020 cm⁻¹, while the band at 823 cm⁻¹ was attributed to C–H bonds35. For 
g-CuO NPs , as shown in Fig. 2 (b), a broad peak near 3435 cm⁻¹ corresponds to O–H stretching vibrations, and 
a sharp peak at approximately 1637 cm⁻¹ is indicative of C=O stretching vibrations. The characteristic Cu–O 
stretching vibrations were observed at 590 cm⁻¹ and 830 cm⁻¹, confirming the presence of CuO36,37.

The FTIR spectra of the (CuO/PANI) nanocomposite are different from those of pure g-CuO NPs and PANI 
because the peak intensity changed, and the wavenumber shifted. This can be seen in Fig. 2 (c). Absorbance 
peaks at 1484 and 1570 cm-1 are assigned to C = C and C = N stretching mode vibration for benzenoid & quinoid 

Fig. 2.  FTIR of (a) PANI, (b) g-CuO NPs, (c) g-CuO/PANI, and (d) g-CuO/PANI after adsorption.
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of PANI, respectively, which shows some shift in peak position and peak intensity compared to pure PANI38,39. 
The peak that appeared at 1295  cm-1 corresponds to the C-H stretching of the benzenoid ring. The peak at 
586  cm-1 observed in nanocomposite shows some red shift compared to g-CuO NPs, which corresponds to 
Cu-O stretching vibration39. The shift in PANI and g-CuO, characteristic peaks in composites, indicates an 
interaction between them. As illustrated in Fig. 2 (d), the FTIR spectra after Pb (II) adsorption differ from those 
taken before adsorption in terms of peak position and intensity. The absorption peak corresponding to C = C 
and C = N stretching mode vibration for the benzenoid and quinoid rings at 1484 and 1570 cm-1 shifted to 1487 
and 1559 cm-1, a blue and red shift, respectively, and shows a more intense peak. The peak at 586 cm-1, due to the 
Cu-O vibration bond, is shifted to 589 cm-1 and shows little broadness compared to CuO/PANI nanocomposite 
before adsorption. These changes occur because of an interaction between the nanocomposite and Pb (II), which 
forms some complexes.

Surface area and pore analysis
Fig. S (3) shows the BET surface area, pore volume, and pore size of the CuO/PANI nanocomposite before and 
after Pb adsorption. The BET study revealed an overall decrease in surface area from 17.105 to 12.217 m2 g-1 
following the adsorption of Pb, as shown in Table S (1). The fact that the surface area has shrunk further supports 
the idea that Pb ions are adsorbing into the nanocomposite material. The CuO/PANI nanocomposite’s isotherm 
shows that it absorbs less nitrogen at low pressures, then slowly more at higher pressures until it reaches its limit. 
It is possible to make the adsorbent better at absorbing substances by giving it a lot of surface area and making 
pores of different sizes, from small micropores to larger mesopores40.

Morphology and elemental analysis studies
The SEM image for g-CuO NPs, CuO/PANI nanocomposite, and the nanocomposite material after adsorption 
was carried out by Zeiss ULTRA 55 FESEM. From the SEM result of g-CuO NPs in Fig. 3 (a), it is observed that 
the surface morphology of the finely dispersed nanoparticles. The SEM image of the CuO/PANI nanocomposite 
shows a significant effect on morphology after PANI is incorporated into the g-CuO nanoparticle, as shown in 
Fig. 3 (b). Additionally, the morphology of nanocomposite after Pb (II) adsorption is depicted in Fig. 4 (c). An 
energy-dispersive X-ray spectrometer (EDS) was also conducted for the elemental analysis. As shown in Fig. 3 
(a) and (b), there is a significant decrease in the weight (%) of the Cu element after nanocomposite (CuO/PANI) 
is formed; this may be due to the incorporation of PANI during in-situ polymerization. Moreover, the EDS of 
CuO/PANI in Fig. 3 (b) shows C, N, O, and Cu elements, in which the presence of N indicates aniline monomer 
is polymerized to PANI and interacts with g-CuO NPs. After the lead ion adsorbed, the EDS of nanocomposite 
has Pb in addition to the elements present in CuO/PANI nanocomposite, as shown in Fig. 3 (c). 

X-ray photoelectron spectroscopy studies
XPS of CuO/PANI was carried out before and after adsorption, and Fig.  5a, b show the results. The survey 
spectra showed the presence of Cu1s, O1s, C1s, and N1s, which is consistent with the EDX result, as shown 
in Fig. 3a–c. The presence of N1s and C1s suggests the incorporation of PANI into g-CuO NPs during in-situ 
polymerization reactions. Fig. S (4b) shows that after C1s deconvolution, there are three peaks at 282.75, 286.23, 
and 290.15 eV. These correspond to C-Cu, C = C/C-C, and O-C = O, interaction between carbon atoms in the 
polyaniline (PANI) matrix and the copper (Cu) atoms in the CuO nanoparticles in line with previous reports41. 
The base peak at 934.80 eV corresponds to Cu 2p3/2 and 954.44 eV to Cu2p1/2, as shown by the deconvoluted 
peak of Cu 2p in Fig. S (4c)41. As shown in Fig. S (4c), the satellite peak at 943.31  eV indicates that Cu is 
in the Cu (II) form, which is characteristic of CuO and is consistent with previous work42,43. Furthermore, 
Fig. S (4d) illustrates the deconvolution of the O1s into three peaks: 529.41  eV (O-Cu), 531.67  eV (O = N), 
and 532.92 eV (C-O)44. Two peaks are also observed for N1s at 399.83 and 401.32 eV, attributed to –NH and 
positively charged N atoms respectively, as depicted in Fig. S (4a)45. Figure  5 also displays the XPS spectra 
following Pb (II) adsorption. The survey scan spectrum after adsorption confirms the incorporation of a Pb ion 
into our nanocomposite, as depicted in Fig. 5. The characteristic peaks of Pb 4f for Pb (II) are observed at 139.25 
and 144.14 eV, which are belonged to Pb 4f7/2 and Pb 4f5/2, respectively, after deconvolution, as shown in Fig. S 
(4e)46. The XPS result after lead ion adsorption reveals that Pb4+ is responsible for the binding energy peaks at 
141.08 eV and 138.43 eV, while Pb (II) is at 138.69 eV and 143.78 eV47. After adsorption, the survey scan shows 
a peak shift of C1s (284.96 eV to 285.04 eV), N1s (401.60 eV to 399.83 eV), and O1s (532.99 eV to 533.01 eV).

Raman spectroscopy studies
The Raman spectra of CuO/PANI and CuO/PANI after Pb (II) adsorption nanocomposites are depicted in Fig. 
S (5). For CuO/PANI nanocomposite, Fig. S (5a), the peak observed at 421 cm− 1 is attributed to the Ag mode, 
while the peaks appeared at 538 and 787 cm− 1 were B1g and B2g modes of CuO respectively. The Raman peak at 
1590 cm− 1 is the C = C of PANI’s quinonoid ring (Q), while the peak at 1501 cm− 1 is the C-C of the benzenoid 
ring (B) of PANI. The peaks at 1562 and 1412 cm− 1 are PANI’s N-H and C = N stretching, respectively. The peaks 
observed at 1178 and 1268 cm− 1 are also belonged to the C-H and C-N bonds, respectively47–50.The peaks related 
to PANI are visible compared to CuO; this may be due to their composite proportion. After adsorption, some 
peaks are shifted, and their intensities are also changed. CuO/PNI nanocomposite: after Pb (II) adsorption, the 
peak at 1178 cm− 1 (C-H) was shifted to 1166 cm− 1. The quinonoid ring’s C = C peak nearly occupies the same 
Raman shift position. Moreover, the peak that is associated with the C-C of the benzenoid ring at 1501 cm− 1 is 
shifted to 1490 cm− 1, and a more intense peak is observed, as shown in Fig. S (5b). 
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Optimization study
pH variation
The pH is one factors that significantly influence the adsorption51. To check the effect of pH variation, studies 
were carried out with a pH range of 2 to 6, with initial ion concentration of 25 mg/L, and a CuO/PANI dosage 
of 25 mg/L. Figure 6 (a) shows how pH influences the removal of Pb (II). It showed a progressive increase in 
the removal of Pb (II) with removal percentage of 48.16 to 95.25%, when pH was increased from 2 to 6. When 
the pH rises above 6, lead ions precipitate as hydroxides, and removal efficiency decreases52. Consequently, the 

Fig. 3.  SEM image and EDS spectra of (a) CuO NPs, (b) CuO/PANI nanocomposite, and (c) CuO/PANI after 
Pb adsorption.
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adsorption percentage of Pb (II) diminished as pH increased. Following previous studies, the results demonstrate 
that the adsorption efficiency decreases at pH levels greater than 6. The maximum adsorption was achieved at 
pH = 6, decreasing significantly when the pH > 6. This finding aligns with previously reported research, further 
supporting our experimental observations and the point of zero change (PZC) shown in Fig. S(6)53.

Dosage variation
The effect of adsorbent dosage on Pb(II) ion removal was investigated using dosages of 25, 50, 75, 100, and 125 
mg L−1. As the CuO/PANI nanocomposite dosage increased, the Pb(II) removal efficiency improved; however, 
the adsorption efficiency began to decrease at higher dosages54.  This trend can be attributed to the increased 
concentration of the composite, which leads to a higher dosage and a reduced overall surface area available 
for adsorption of Pb(II) removal increased with the adsorbent dosage until a saturation point was reached, as 
depicted in Fig. 6(b)55. This indicates that additional active sites participate in the adsorption process until all 
available sites are fully occupied by the adsorbent.

Initial ion concentration variation
Figure 6(c) depicts the effect of varying initial ion concentration of Pb (II) (from 25 to 125 ppm). As the initial 
ion concentration of Pb (II) increases, the CuO/PANI composite becomes better at adsorbing it, going from 96 
to 295.73 mg g− 1. Many Pb (II) molecules were competing for an available adsorption site on the CuO/PANI, 
making it less able to hold molecules. As the starting concentrations grow, the absorption capacity rises, but the 
adsorption percentage falls due to surface saturation54. 

Adsorption Kinetics
To investigate the adsorption kinetics models, five adsorption models (intraparticle diffusion (IPD), Pseudo-
first-order (PFO), Pseudo-second-order (PSO), mixed first and second order (MFSO), and Avrami) were 
investigated for the adsorption of Pb (II) at five initial concentrations (25, 50, 75, 100 and 125 mg/L) over time at 
pH 2 and dose 25 mg/L. It can be seen the maximum adsorption capacities increase as the initial concentrations 
of Pb (II) also increase. The adsorption of Pb (II) ions at 25, 50, 75, 100, and 125 ppm onto CuO/PANI show 
fast adsorption, with the corresponding removal efficiencies 29.3%, 23.78%, 14.3%, 11.8% and 10.9% in the first 
30 min. This was followed by a lower removal rate of up to 240 min, and finally, the adsorption achieved the 
equilibrium phase at 210 min (Fig. 4a–e). The maximum adsorption capacities are 90.86, 171.04,143.62, 256.39 
and 322.844 mg/g, which are corresponding to removal efficiencies of 96.3%, 72.6%, 66.7%, 62.6%, and 59.1%, 
for the initial Pb (II) concentrations of 25 ppm (Fig. 4a), 50 ppm (Fig. 4b), 75 ppm (Fig. 4c), 100 ppm (Fig. 4d) 
and 125 ppm (Fig. 4e), respectively.

The fitting of the kinetic models for the Pb (II)@CuO/PANI adsorption system is evaluated based on the 
agreement of the calculated and experimental adsorption values and the correlation coefficient values. From 
Fig. 4; Table 1, it can be confirmed that both PFO Avrami models can describe the data at all concentrations 
of Pb (II) with high correction coefficients (0.97 < R2 < 0.99). Although PSO and MFSO models yield high 
correlation coefficients (0.97 < R2 < 0.99), both models can’t be used to describe Pb (II)@ CuO/PANI adsorption 
system since the predicted values of the qmax are higher than the calculated one. For the IPD model, there is no 
agreement between the experimental and the calculated data; in addition, the value of cip is equal to zero for all 

Fig. 4.  Fitting of the experimental data for non-linear IPD, PFO, PSO, MFSO, and Avrami for the arrays results 
at different initial ion concentrations: 25 (a), 50 (b), 75 (c), 100 (d), 125 ppm (e) and linear plot of IPD (f).
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concentrations under study, which means that the non-linear form is converted to the linear form (qt = kip

√
t). 

So, the linear form is further investigated, as shown in Fig (e). The results show that fitting the adsorption data of 
Pb (II) onto CuO/PANI at 25, 50, 75, 100 and 125 mg/L by plotting qt versus t0.5 resulted in lines that don’t pass 
through the origin, which suggests that the IPD is not only the rate-limiting step and the adsorption system may 
be controlled by both porous diffusion and film diffusion.

Where qe and qt (mg g− 1) are the adsorption capacity at equilibrium and time t, respectively. cip (mg g− 1), 
k1 (min− 1), k2 (gmg− 1 min− 1), k (mg g− 1 min− 1), and kav (min− 1) are the IPD, PFO, PSO, MFSO, and Avrami 
models constants, respectively. f2 (-) and kip (mg g− 1 min− 1(1/2)) are the MFSO and IPD coefficients, nav (-) is 
Avrami component.

Adsorption isotherm modeling
Adsorption isotherms play a crucial role in investigating the mechanism and affinity of adsorption towards 
Pb (II)25. Diffferent models, namely Langmuir, Freundlich, Langmuir-Freundlich, Sips, Toth, Redlich-Peterson, 
Dubinin–Radushkevich, Khan, Baudu, and Fritz-Schlunder models, were used to analyze the experimental data 

Fig. 5.  XPS spectra of CuO/PANI nanocomposite (a) before and (b) after Pb (II) adsorption survey scan.
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of Pb (II) adsorption onto CuO/PANI at a temperature of 298 K. The findings obtained from the non-linear 
models are displayed in Fig. 7a–j; Table 2.

Figure 7 shows that the adsorption capacity of CuO/PANI towards Pb (II) strongly depends on Pb’s initial 
concentration (II). The maximum adsorption capacities (qmax) of CuO/PANI to adsorb Pb (II) ions are increased 
(96.30, 145.16, 200.05, 250.33 and 295.74 mg/g) as Co increase (25, 50, 75, 100 and 125 mg Pb (II) /L, respectively) 
as represented in Fig. 7. The correlation coefficients (R2) values of the fitted non-linear models along with the 
model’s parameters are shown in Table 2. Only the Freundlich model can describe the adsorption system well 

Fig. 6.  Optimization studies of (a) pH, (b) dosage, and (c) initial ion concentration.
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with a high R2 value, and the value of (1/n) < 1 suggests that the adsorption process is favourable. Langmuir, 
Dubinin–Radushkevich and Baudu models failed to predict the kinetic of the Pb (II)@CuO/PANI adsorption 
since the calculated qmax are higher than the experimental one in addition to the corresponding low values of R2 
(0.73, 0.62, and 0.73 respectively). Although Langmuir-Freundlich, SiPs, Toth and Redlich-Peterson represent 
high values of R2 Table 2, the calculated qmax according to these models is far from the experimental one. Also, 
both of Fritz-Schlunder and Khan models failed to describe the Pb (II)@CuO/PANI adsorption system since the 
predicted values of qmax are much less than the experimental one, even with the corresponding high values of R2.

Where: qe (mg g− 1) is the amount of Pb(II) adsorption at equilibrium, Ce is the equilibrium concentration 
of Pb(II) in solution, qmax (mg g− 1) is the maximum adsorption capacity, KL (L mg− 1) is Langmuir isotherm 
constant, KLF is the equilibrium constant for heterogeneous solid, KF (L mg−1) and n are the coefficients related 
to adsorption capacity and strength constants of the Freundlich isotherm model, respectively, and KLF is a 
heterogeneous parameter, and it lies between 0 and 1, ks is Sips isotherm constant; ns is the Sips isotherm model 
exponent also known as heterogeneity factor, KR and aR are the Redlich-Peterson constants; βR is the exponent 
that can be lied between 0 and 1, KT (mg g−1) is the constant, aT (mg L−1) is Toth constant, z refers to the degree 
of heterogeneity of the adsorption systems, while m1, m2, K1, and K2, are the Fritz-Schlunder parameters.

Comparison study
The data in Supplementary Table 2 illustrate the Pb (II) Pb (II) adsorption capacity of the g-CuO/PANI 
adsorbent in comparsion to previously reported findings. The adsorption capacity for each adsorbent depends 
on various factors, including the type of pollutant, pH level, adsorption process, time, etc. The green CuO/PANI 
nanocomposite reported in this study exhibits high and effective adsorption capability for Pb (II).

Reusability study
The reusability of the adsorbent is crucial for ensuring a cost-effective and practical adsorption process. 
Sequential batch adsorption-desorption tests to determine the recycling potential of the CuO/PANI composite. 
The experiments involved mixing 15 mg of CuO/PANI with a 10 mg L-1 solution of lead and then stirred this 
mixture for 6 h until equilibrium. This process was repeated a total of seven successive times as shown in Fig. 
S(7). The first cycle showed the highest recovery percentage (98.86%) in NaOH while 88.57% in HCl medium. 
This suggests that the synthesized material have a remarkable regeneration ability to adsorb Pb (II) ions.

Conclusion
This study represents the green extraction of CuO nanoparticles from Haldinia cordifolia stem bark, which were 
subsequently composited with polyanline (PANI) to fabricate an advanced green adsorbent for the removal of 
lead ions . Various characterization techniques, including FTIR, XRD, SEM-EDS, XPS, and Raman spectroscopy, 
validated the synthesis of CuO nanoparticles and the resulting nanocomposites. The synthesized nanocomposite 
exhibits favourable properties, such as a substantial surface area and a high Pb (II) adsorption capacity. Different 
parameters affecting the adsorption process were optimized, and various isothermal and kinetic models were 
applied to determine the interaction between the adsorbent and adsorbate, the maximum adsorption capacity 
(qmax), and the adsorption rate. The qmax for Pb (II) removal was determined to be 295.74 mg g−1 at pH 6. The 
highly adsorptive nature of the g-CuO/PANI nanocomposite demonstrates its effectiveness as a nanomaterial 

Model Parameter

Co [mg/L]

25 50 75 100 125

qexp [mg/g] 96.30 145.16 200.05 250.33 295.74

PFO
qt = qe (1 − exp(− k1t))

K1 [min− 1] 0.0058 0.0094 0.0083 0.0078 0.0078

qe [mg/g] 128.77 166.77 237.24 304.60 352.38

R2 [-] 0.97 0.98 0.99 0.99 0.98

PSO

qt = 
k2q2

et

1+k2qet

K2 [g/mg.min] 3.36E-05 3.16E-05 6.08E-05 1.56E-05 2.11E-05

qe [mg/g] 163.61 236.451 236.45 419.70 419.71

R2 [-] 0.97 0.98 0.90 0.98 0.96

MFSO

qt = qe
1−exp(−kt)

1−f2exp (−kt)

K [mg.g− 1.min− 1] 0.0004 0.0003 0.0003 0.0002 0.0002

qe [mg.g− 1] 185.30 229.62 339.84 444.15 512.00

f2 [-] 0.899 0.960 0.953 0.962 0.967

R2 [-] 0.98 0.98 0.99 0.98 0.98

Avrami
qt = qe [1 - exp(-kavt)nav]

qe [mg/g] 128.67 166.77 237.24 304.57 352.37

kav [min− 1] 0.079 0.100 0.094 0.091 0.091

nav [-] 0.075 0.095 0.088 0.086 0.086

R2 [-] 0.97 0.98 0.99 0.99 0.98

IPD
qt = kip

√
t+cip

kip [mg/g.min1/2] 6.04 9.92 13.28 16.58 19.21

cip [mg/g] 0 0 0 0 0

R2 [-] 0.95 0.96 0.95 0.93 0.93

Table 1.  Different kinetic models for the adsorption of pb (II) onto CuO/PANI.
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for removing Pb (II) from water. However, further research is required to confirm the nanocomposite’s efficacy 
in removing various heavy metals and to manage the associated risks. The CuO/PANI composite exhibits strong 
adsorption performance and potential for reuse, making it a promising material for practical applications. 
However, this study is constrained by certain limitations, including a lack of detailed investigation into the 
underlying adsorption mechanisms and the effect of temperature on adsorption efficiency. Future research 

Fig. 7.  Fitting of the adsorption isotherm modelling of Pb (II) at 298 K using Langmuir (a), Freundlich (b), 
Baudu (c), Dubinin–Radushkevich (d), Fritz-Schlunder (e), Khan (f), Langmuir-Freundlich (g), Redlich-
Peterson (h), Sips (i), and Toth (j) models.
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should focus on addressing these gaps, as well as exploring the nanocomposite’s efficacy in removing a broader 
spectrum of heavy metals. Such efforts will be critical in optimizing the material’s performance under diverse 
environmental conditions and expanding its practical applicability.

Data availability
Data will be made available upon request by the corresponding author.
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