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ABSTRACT 

	The rapid growth of the global population has increased the consumption of chicken eggs, leading to the generation of significant quantities of eggshell waste. The sustainable valorization of this biowaste represents an important environmental and resource management challenge. In this study, CaO was synthesized from waste chicken eggshells via calcination at 800 °C and evaluated as a green precipitating agent for the removal of toxic Pb(II) from aqueous solutions. The effects of key precipitation parameters, including initial pH, stirring speed, contact time, and CaO dosage, were systematically investigated. The results showed that the removal efficiency increased with increasing pH, mixing intensity, contact time, and CaO dosage, reaching a maximum Pb(II) removal of 90% under investigated conditions of initial pH 9, stirring speed of 500 rpm, contact time of 15 min, and CaO dosage of 500 mg. In the presence of the competing ion Fe(III), the removal efficiency further increased to 99.99%, indicating a potential synergistic effect in the precipitation process. FT-IR analysis confirmed the successful formation of CaO and revealed significant spectral changes after Pb(II) precipitation, including shifts and disappearance of characteristic absorption bands, indicating the formation of insoluble hydroxide and carbonate phases. These findings demonstrate that eggshell-derived CaO is an effective and environmentally sustainable material for Pb(II) removal from aqueous media and represents a promising approach for the valorization of eggshell waste.
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1. INTRODUCTION

[bookmark: _Hlk222162658]The progressive deterioration of water quality is primarily attributed to intensified urbanization, accelerated industrial development, and the unsustainable exploitation and management of water resources (Bisht et al., 2026). In particular, industrial expansion has significantly contributed to the widespread dissemination of heavy metals, which are recognized as some of the most critical environmental pollutants due to their persistence, resistance to natural degradation, and potential for bioaccumulation and biomagnification along trophic levels, ultimately posing serious risks to human health (Matuszewska et al., 2025). Heavy metals are highly toxic to biotic systems and persist in the environment because they resist degradation and tend to accumulate in living organisms (Chakraborty et al., 2026). Consequently, water contamination with these metals has become a major environmental concern, impacting human health, fauna, and flora, as even trace concentrations can exert toxic effects due to their persistence and resistance to biodegradation (Auied et al., 2025). In aquatic environments, heavy metals exhibit a strong affinity for suspended particulates, such as soil fractions, silt, and organic detritus, which facilitates their accumulation in bottom sediments. Through physicochemical and hydrodynamic processes at the sediment–water interface, these contaminants can be remobilized into the overlying water column, serving as a secondary source of pollution and posing significant ecotoxicological risks to aquatic ecosystems (Chames et al., 2025). Among the heavy metals most commonly detected in industrial effluents are cadmium, chromium, lead, nickel, copper, and zinc (Nasim et al., 2026).  As a widely distributed heavy metal, lead (Pb) is predominantly released into the environment through metallurgical activities, fossil fuel combustion, and industrial effluents from the production and disposal of batteries, paints, and other anthropogenic sources (Yang et al., 2025). Lead, a highly toxic metal, can be ingested by humans via contaminated water; hence, the effective reduction of Pb levels in wastewater is crucial to mitigate its detrimental impacts on human health (Elkhatib et al., 2025). Lead exposure exerts age-dependent toxicity, manifesting in children as neurodevelopmental deficits, behavioral abnormalities, and decreased IQ, while in adults it contributes to cardiovascular disorders, nephrotoxicity, reproductive impairments, and hematological disturbances (Rahman, 2026; Abbas et al., 2024). In order to protect human health, the Environmental Protection Agency (EPA) has set the allowable limit for lead in potable water at 0.05 mg/L (Metwally et al., 2025). A wide range of treatment strategies has been explored for the removal of metal ions from wastewater, encompassing coagulation/flocculation, ion exchange, flotation, electro-remediation, adsorption (Farise et al., 2021), chemical precipitation (Reda et al., 2025) among others. Furthermore, precipitation represents a chemical treatment process that generates insoluble particles, which can subsequently be removed through secondary separation techniques such as sedimentation, air flotation, and filtration, as well as membrane-based processes including microfiltration (MF) and ultrafiltration (UF), when required. Consequently, precipitation may be integrated with complementary processes, such as coagulation and flocculation, to enhance the removal efficiency of metal ions and achieve a higher degree of pollutant elimination (Nemeș et al., 2026). While these methods can be effective, each exhibit specific benefits and associated drawbacks that must be considered in practical applications (Diaconu et al., 2023). Hydroxide precipitation is extensively applied due to its low cost, ease of operation, and tunable pH conditions. It is carried out by introducing a hydroxide source into agitated wastewater, facilitating the formation and subsequent removal of insoluble metal hydroxide precipitates (Qasem et al., 2021). The solubility of the formed precipitates, and consequently the efficiency of heavy metal removal from wastewater, depends on the pH value, the initial concentration of metal ions in the solution, the type of precipitating agent, as well as the nature and concentration of other chemical species present in the solution (Junuzović et al., 2019). Common inorganic precipitant agents used for heavy metal precipitation are slaked lime (Ca(OH)2), caustic soda (NaOH), soda ash  (Na2CO3), sodium bicarbonate (Na(HCO3)2), sodium sulﬁde  (Na2S), quicklime (CaO) and sodium hydro-sulﬁde (NaHS) (Benalia et al., 2021). Quicklime is a preferred precipitant for the removal of heavy metals from industrial wastewater due to its relatively low cost (Chen et al., 2009). Among these, the neutralization of acidic wastewater using quicklime is particularly effective, as the elevated pH reduces the solubility of heavy metals, leading to the formation of insoluble metal hydroxide precipitates. This process begins with the dissolution of lime, where calcium oxide reacts with water to form calcium hydroxide, thereby increasing the solution pH, as illustrated by the following reactions:

CaO(s)+H2​O(l)→Ca(OH)2​(aq)

Ca(OH)2​(aq)⇌Ca2+(aq)+2OH−(aq)

Once the pH rises, hydroxide ions facilitate the precipitation of metal ions. For instance, lead precipitates according to the following reaction:

M2+(aq)+2OH−(aq)→M(OH)2(s) (Jarnerud et al., 2021)

Numerous studies have investigated the removal of lead ions via adsorption, employing both synthetic materials—such as polymers, metal oxides, and organic–inorganic hybrids—and natural adsorbents, including lignin, biomass, cotton, chitosan, clays, agricultural waste and zeolites. Worldwide production of eggs from domesticated chickens (Gallus gallus domesticus) was reported at 62 million tonnes in 2008, rising to 76.7 million metric tonnes over the subsequent decade in 2018 (Aina et al., 2022). Transforming waste materials into functional products is recognized as an effective strategy for environmental sustainability. Eggshells, in particular, are produced in vast quantities worldwide, representing a significant waste stream with potential for resource recovery (Nassar et al., 2021). One of the simple ways to reuse waste eggshells is by utilizing them as a bioadsorbent for various environmental pollutants, as demonstrated by numerous scientific studies (Manyatshe & Sibali, 2025; Hosny et al., 2025; Babalola et al., 2024; Shafin et al., 2025). However, relatively few studies have explored the use of sustainable precipitation agents, such as CaO obtained from waste eggshells, for the removal of lead (Mainani et al., 2019). There are numerous studies employing laboratory-grade CaO for the removal of heavy metal ions via chemical precipitation, among which is the work by Lee et al., 2024, who used high-purity CaO (96%) for the removal of Cd(II) ions (Lee et al., 2024). CaO commonly referred to as quicklime or burnt lime, plays a critical role in a variety of industrial sectors, including petroleum refining, biodiesel production, and water treatment. Typically obtained by calcining calcium carbonate (CaCO3) sources such as limestone or seashells at temperatures exceeding 825°C, CaO serves as a fundamental component in numerous industrial processes (Hemmami et al., 2024). However, one of the alternative green sources of CaO is eggshells, whose main component is CaCO3. This calcium carbonate can be readily converted into CaO and utilized in various industrial applications (Adaikalam et al., 2024). CaO is an alkaline, white, and crystalline material produced from waste eggshells, predominantly composed of calcium carbonate (CaCO3), representing a sustainable source of a green precipitation agent (Ng Mei Shan et al., 2024). An example of the application of CaO as a precipitant was demonstrated in a study in which Pb(II) and Cd(II) were successfully removed from wastewater through carbonation of Ca(OH)2 derived from eggshells. The process achieved over 99% removal efficiency under optimized conditions, highlighting the potential of eggshell‑derived lime precipitates for heavy metal remediation (Habte et al., 2020). Aim of this study is to address two globally significant challenges in a manner consistent with the principles of the circular economy. The first challenge involves valorizing a waste material by converting it into a sustainable precipitant through high‑temperature calcination. The second challenge focuses on the application of this precipitant for the removal of Pb(II), one of the most toxic heavy metal ions, from aqueous solutions via precipitation. By integrating waste valorization with Pb(II) remediation, this approach exemplifies a circular and resource‑efficient strategy for environmental protection. To investigate this, the precipitation of Pb(II) ions was conducted using a batch method, with several operational parameters systematically examined, including the initial pH and metal ion concentration, stirring speed and contact time, the dose of the added precipitant, as well as the effect of selected competative ions. 







2. material and methods

2.1. Chemical reagents

[bookmark: _Hlk216876281]The following chemicals were used in this study: Pb(NO3)2, min. 98,5%, VWR, Chemicals, Ni(NO3)2 · 6H2O, min 98%, Thermo Scientific, Fe(NO3)3 · 9H2O, min. 99,95%, Sigma Aldrich, NaOH, p.a. Centrohem, HCl, min. 36%, Lach:ner.

2.2. Instruments

The following instruments were used in this study: ICP-OES (Optical Emission Spectrometer, Perkin Elmer preciesly, Optima 2100 DV), FT-IR (Nicolet Apex spectrophotometer, IR spectra were processed and analyzed using the Omnic Paradigm software platform), pH meter (Boeco Germany, BT-675), stirrer (Tehtnica, MM-520), analytical balance (Kern ADB, max. 220 g, d=0,0001 g). 

2.3. Preparation of CaO derived from eggshell waste

CaO used as a precipitation agent was prepared from waste eggshells as follows: Commercial chicken eggs employed in this study were purchased from a local store and originated from cage-based farm production. The eggshells were manually cleaned of the inner membrane and allowed to air-dry at room temperature for 15 days. The dried shells were then crushed and further dried at 105 °C until a constant weight was reached (approximately 90 minutes). Subsequently, the eggshells were subjected to high-temperature calcination, yielding CaO in the form of a white powder. Calcination was performed at 800 °C for 7 hours (Benalia, 2024). After calcination, the resulting samples were stored in a desiccator until used in the precipitation process.

General procedure

The precipitation procedure was carried out in a 250 mL glass beaker, to which 100 mL of Pb(II) ion solution of known concentration was added. The pH of the metal solution was adjusted using 0.1 M or 1 M NaOH/HCl solutions and monitored with a pH meter. Once the desired pH was reached, the appropriate amount of the precipitation agent was added. The mixture was stirred for a predetermined contact time, after which the stirrer was turned off and the metal solution was filtered. The residual metal concentration was determined using an ICP-OES instrument, and the Pb(II) removal efficiency (Er) was calculated using the following equation: 

Er = Ci – Cf / Ci · 100% (Junuzović et al., 2019)

where Ci and Cf represent the initial and final (residual) concentrations of Pb(II) ions, respectively.

3. results and discussion

3.1. FT-IR analyses of functional groups of presipitant 

FT-IR analysis was performed to identify functional groups and to verify the chemical modifications occurring befrore and after the treatment of a Pb(II) solution with CaO derived from waste eggshells. In general, the identification of chemical compounds by FT-IR spectroscopy can be divided into two principal spectral regions associated with the absorption of inorganic and organic species. The characteristic absorption bands of inorganic compounds are typically observed in the wavenumber range of 400–600 cm-1, whereas organic compounds exhibit absorption bands predominantly at wavenumbers above 1000 cm-1 (Mohadi et al., 2016).


[image: ]
Fig. 1. FT-IR spectrum of CaO derived from eggshell waste before precipitation of Pb(II) ions

The FT-IR spectrum of CaO derived from eggshell waste before the precipitation of Pb(II) ions is presented in Figure 1. The spectrum exhibits characteristic bands at 3640.010, 1416.455, 1091.529, 1060.744, and 875.307 cm-1. A sharp peak observed at 3639 cm-1 can be attributed to the stretching vibration of OH⁻ in Ca(OH)2, formed due to the adsorption of atmospheric moisture on the CaO surface. This observation highlights the hygroscopic nature of CaO, which readily absorbs water from the environment (Bhuvaneshwari et al., 2024). Dewi et al., 2023 investigated the effect of calcination temperature (600 and 800 °C) on the synthesis of CaO from waste chicken eggshells and reported that, in samples calcined at 800 °C—as in the present study—the OH band appears at 3647.02 cm-1. Additionally, the sample calcined at 800 °C exhibited enhanced CaO formation, indicated by the broadening of the corresponding peak (Dewi et al., 2023). Carvalho et al., 2011 demonstrated that the most intense peak of eggshell particles occurs at 1417 cm-1, which is strongly associated with the presence of carbonate minerals within the eggshell matrix (Carvalho et al., 2011). Furthermore, the absorption band observed at 875.307 cm-1 was assigned to the stretching vibration of the C–O bond on the surface of the precipitate (Lani et al., 2019).
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Fig. 2. FT-IR spectrum of CaO derived from eggshell waste after precipitation of Pb(II) ions

The FT-IR spectrum of CaO derived from eggshell waste after the precipitation of Pb(II) ions is presented in Figure 2. Characteristic absorption bands were observed at 3641.393, 1410.645, 1060.541, and 872.770 cm-1. Compared with the precursor sample (Figure 1), the spectrum shows several significant changes indicative of chemical transformations. The O–H stretching band at 3641 cm-1 remains present but with slightly reduced intensity, reflecting partial consumption of surface hydroxyl groups during Pb(II) precipitation. The carbonate-related band at 1410 cm-1 exhibits a slight shift, suggesting the formation of lead carbonate (PbCO3) as a secondary solid phase. The disappearance of the band at 1091 cm-1, previously present in sample before precipitation, indicates the involvement of C–O functionalities in the precipitation process. Bands at 1060.541 and 872.770 cm-1 remain with minor shifts, consistent with the formation of solid precipitate phases. These spectral changes confirm the transformation of Pb(II) from soluble ions into insoluble hydroxide and carbonate phases, demonstrating the efficiency of eggshell-derived CaO in Pb(II) removal.



Fig. 3. Influence of initial pH on the removal efficiency of Pb(II) ions using CaO derived from eggshell waste

Figure 3 presents the effect of the initial pH value on the removal efficiency of Pb(II) ions from aqueous solutions using CaO as a precipitating agent. The experiments were conducted within a pH range of 3–10 in order to determine the optimal pH value for achieving maximum removal efficiency. The obtained results indicate that the removal efficiency of Pb(II) ions increases with increasing pH in the range from 3 to 9. A nearly linear increase in efficiency was observed, from 49.76% at pH 3 to 57.78% at pH 8. The maximum removal efficiency was achieved at pH 9, reaching 63.19%. Further increase of pH to 10 resulted in a significant decrease in removal efficiency to 49.92%. The improvement in removal efficiency at higher pH values can be attributed to the enhanced formation of poorly soluble lead hydroxide species, primarily Pb(OH)2, due to the increased concentration of OH⁻ ions in the solution. However, at very high pH values, the formation of soluble hydroxo-complexes may occur, leading to a decrease in the overall removal efficiency. Based on these findings, pH 9 was selected as the optimal value and was used in all subsequent experimental investigations for the removal of Pb(II) ions from aqueous solutions. Balintova and Petrilakova, 2011 investigated the effect of pH in the range of 3.5–8.2 on the removal efficiency of Cu(II), Zn(II), Fe(III), Al(III), and Mn(II) ions from acid mine drainage wastewater using NaOH. They found that metal ions precipitate more effectively at higher pH values. Their results showed that all tested metal ions reached maximum removal efficiency at pH 8.2, with removal percentages ranging from 15.9% to 99.99 % (Balintova & Petrilakova, 2011). Park et al. 2014 found that the optimal pH for hydroxide precipitation is in the range of 9–10, with removal efficiencies greater than 99% (Park et al., 2014). Loughlaimi et al., 2024 reported that CaO is highly effective for the removal of heavy metals, achieving removal efficiencies greater than 90%. The efficiency of chemical precipitation was found to be strongly dependent on pH, with the removal of zinc, iron, cadmium, and arsenic reaching approximately 99.9% over a broad pH range of 6–11. The optimal pH range for the removal of most elements was identified as 8–11, where the removal efficiency of heavy metal ions reached up to 99% (Loughlaimi et al., 2024).


Fig. 4. Influence of stirring speed on the removal efficiency of Pb(II) ions using CaO derived from eggshell waste

The effect of stirring speed on the removal efficiency of Pb(II) ions using CaO derived from waste eggshells is presented in Figure 4. The experiments were conducted within a stirring speed range of 100–800 rpm in order to determine the optimal hydrodynamic conditions for the precipitation process. The results indicate that the removal efficiency of Pb(II) ions strongly depends on the stirring speed. Increasing the stirring speed from 100 to 500 rpm resulted in an increase in removal efficiency, with the maximum value of 61.42% achieved at 500 rpm. The improved efficiency at moderate stirring speeds can be attributed to enhanced contact between the precipitating agent and Pb(II) ions, leading to improved mass transfer and a more uniform dispersion of CaO particles in the solution. At lower stirring speeds, insufficient contact between the solid and liquid phases results in reduced removal efficiency. Conversely, at higher stirring speeds (above 500 rpm), a decrease in efficiency was observed, which may be attributed to the destabilization and partial dissolution of the formed precipitate, as well as possible particle redispersion and the subsequent release of metal ions back into the solution. Based on these findings, a stirring speed of 500 rpm was selected as optimal and applied in all subsequent experimental investigations. The obtained results confirm that optimization of stirring speed represents a critical parameter in the precipitation-based removal of Pb(II) ions. Junuzović et al., 2025 examined the influence of stirring speed on the removal efficiency of Pb(II) ions using hydrated lime as the precipitating agent, over a range of 100–600 rpm. The study demonstrated that increasing the stirring speed from 100 to 300 rpm resulted in the highest precipitation efficiency (99.827 %), whereas further increases in speed led to a decline in efficiency. This decrease is attributed to the disintegration of newly formed precipitates under excessive mixing forces (Junuzović et al., 2025).



Fig. 5. Influence of contact time on the removal efficiency of Pb(II) ions using CaO derived from eggshell waste

At pH 9 and a stirring speed of 500 rpm, the effect of contact time on the removal efficiency of Pb(II) ions from aqueous solutions using CaO derived from waste eggshells was investigated. The contact time was examined within the range of 15–45 minutes. The results showed that the maximum removal efficiency (57.78%) was achieved after 15 minutes of stirring. Prolonged contact time led to a decrease in removal efficiency. This reduction may be attributed to the destabilization and partial dissolution of the formed precipitate, as well as possible particle redispersion and the subsequent release of metal ions back into the solution. Based on the obtained results, it can be concluded that shorter contact times favor more efficient removal of Pb(II) ions under the investigated experimental conditions. Junuzović et al., 2025 reported that the maximum precipitation efficiency of Pb(II) ions (77.925 %) was achieved after 15 minutes of mixing. The experiments were conducted at three times intervals: without mixing (0 min), after 15 minutes, and after 30 minutes of mixing the precipitating agent with the metal ions. The results indicate that the optimal mixing time required to achieve maximum precipitation efficiency is 15 minutes (Junuzović et al.,2025). 



Fig. 6. Influence of initial concentration on the removal efficiency of Pb(II) ions using CaO derived from eggshell waste

In addition to pH, the initial metal ion concentration represents one of the key precipitation parameters significantly affecting removal efficiency. The results of the investigation of the effect of initial Pb(II) concentration are presented in Figure 6. The influence of the initial Pb(II) concentration on removal efficiency was examined under previously optimized conditions: pH 9, stirring speed of 500 rpm, and a metal–precipitating agent contact time of 15 minutes, with a fixed dosage of CaO applied as the precipitating agent. The experiments were conducted within an initial concentration range of 100–500 mg/L. A concentration of around 100 mg/L is commonly used in studies on heavy metal removal by chemical precipitation (Chen et al., 2018). All investigated concentrations were significantly higher than the maximum permissible limits for lead discharge into natural water bodies, thereby simulating contamination levels typical of highly polluted industrial wastewater. The results indicate that removal efficiency decreases with increasing initial Pb(II) concentration. At lower initial concentrations, the precipitating agent exhibits higher efficiency, which can be attributed to a more favorable ratio between the available active sites for precipitation and the Pb(II) concentration in the solution. As the initial concentration increases, gradual system saturation occurs, resulting in reduced relative removal efficiency due to the limited number of active sites on the precipitating agent. The maximum removal efficiency (63.19%) was achieved at the lowest investigated initial concentration of 100 mg/L. Based on these findings, an initial concentration of 100 mg/L was selected for further experimental investigations in this study. Selimović et al. 2026 examined the influence of the initial concentration on the precipitation efficiency of Cd(II) ions within the range of 10–1000 mg/L, employing hydrated lime as the precipitating agent. Their findings demonstrated that increasing the initial concentration resulted in a reduction of Cd(II) removal efficiency under controlled experimental conditions, including constant pH and a fixed dosage of the precipitating agent (Selimović et al., 2026).


Fig. 7. Influence of added dose of CaO derived from eggshell waste on the removal efficiency of Pb(II) ions

In the range of 100 to 500 mg of added precipitating agent, the effect of CaO dose on the efficiency of Pb(II) ion removal from aqueous solutions was investigated, and the results are shown in Figure 7. As can be seen from the figure, increasing the dose of the added precipitating agent led to an increase in the efficiency of Pb(II) ion removal. The lowest removal efficiency was 75% at 100 mg of added CaO, while the maximum efficiency was achieved at 500 mg, reaching 90%. The increased efficiency with higher doses of the precipitating agent can be explained by the greater number of available active sites for Pb(II) ion binding and the formation of insoluble precipitates. Based on the obtained results, a dose of 500 mg of CaO was selected for further studies on Pb(II) ion removal, including testing in the presence of competitive ions, ensuring high precipitation efficiency in more complex systems. Zhang & Duan, 2020 found that increasing the dose of the precipitation agent also increased the removal efficiency of Cr(III) and Fe(III) ions to >99.9%, which is consistent with the results of this study  (Zhang & Duan, 2020).



Fig. 8. Influence of competative ions on the removal efficiency of Pb(II) ions using CaO derived from eggshell waste

Under the previously defined parameters for a monocomponent Pb(II) solution, the effect of competitive ions (Ni(II), Cd(II), and Fe(III)) on the removal efficiency of Pb(II) ions using CaO derived from waste eggshells as a precipitating agent was investigated, as shown in Figure 8. For Pb(II) ions in the monocomponent system, the maximum removal efficiency reached 90% under optimized conditions. However, in the presence of Cd(II) and Fe(III) ions, the removal efficiency of Pb(II) ions increased significantly. Specifically, in the presence of Cd(II) ions, the removal efficiency reached 92.49%, while in the presence of Fe(III) ions it was nearly complete at 99.99%. Zapién Serrano et al., 2021 investigated the effect of pH on the precipitation efficiency of Fe(III), Cd(II), and Zn(II) ions and found that it was >99% at pH 9 for Fe(III) and Zn(II), while it was lower for Cd(II) ions (Zapién Serrano et al., 2021). In contrast, the presence of Ni(II) ions slightly reduced the removal efficiency of Pb(II) ions to 88.88%. These results indicate that certain competitive ions, such as Cd(II) and Fe(III), may enhance the precipitation of Pb(II) ions, possibly due to synergistic interactions or co-precipitation mechanisms, whereas other ions, like Ni(II), can slightly inhibit the process. This demonstrates the importance of evaluating heavy metal removal in multicomponent systems, as the presence of other ions can significantly influence the efficiency of Pb(II) ion removal. 

4. Conclusion

In this study, CaO was successfully synthesized from waste chicken eggshells through calcination at 800 °C, demonstrating the potential for valorizing biowaste into a functional material for water treatment applications. The obtained CaO was evaluated as a green precipitating agent for the removal of Pb(II) ions from aqueous solutions.

A systematic investigation of the key process parameters identified the optimal conditions for Pb(II) removal, namely an initial pH of 9, a stirring speed of 500 rpm, a contact time of 15 minutes, and a CaO dosage of 500 mg, under which the highest removal efficiencies were achieved. Particularly noteworthy is the nearly complete removal of Pb(II) ions (99.99%) in the presence of Fe(III), indicating complex precipitation mechanisms and possible synergistic effects in systems containing competing ions. FT-IR analysis confirmed the successful transformation of CaCO3 from eggshells into CaO after calcination, as well as the formation of insoluble hydroxide and carbonate phases following Pb(II) treatment, evidenced by the shifts and disappearance of characteristic absorption bands. 
Overall, the results demonstrate that eggshell-derived CaO is an effective, low-cost, and environmentally sustainable material for Pb(II) removal from aqueous media. This approach contributes to the principles of the circular economy by simultaneously addressing biowaste management and water pollution, and it shows strong potential for further development and practical application in wastewater treatment.
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