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Abstract

:

Lead poses significant health risks to humans, including neurological and developmental impairments, particularly in children. Additionally, lead pollution in the environment can contaminate soil, water, and air, endangering wildlife and ecosystems. Therefore, this study reports the straightforward fabrication of Na2Ca2Si3O9/Ca8Si5O18 nanostructures (NaCaSilicate) utilizing a sol-gel technique. Additionally, the produced nanostructures underwent further modification with chitosan (CS@NaCaSilicate) and chitosan crosslinked with terephthalaldehyde (CCS@NaCaSilicate), resulting in new nanocomposite materials. These samples were developed to efficiently extract Pb(II) ions from aqueous media through complexation and ion exchange mechanisms. Furthermore, the maximum adsorption capacity for Pb(II) ions by the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples is 185.53, 245.70, and 359.71 mg/g, respectively. The uptake of Pb(II) ions was characterized as spontaneous, exothermic, and chemical, with the best description provided by the Langmuir equilibrium isotherm and the pseudo-second-order kinetic model. Furthermore, a 9 M hydrochloric acid solution effectively eliminated Pb(II) ions from the synthesized samples, attaining a desorption efficacy surpassing 99%. Additionally, the fabricated samples exhibited efficient reusability across five successive cycles of adsorption and desorption for capturing Pb(II) ions.
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1. Introduction


Water contamination with heavy metals is a significant environmental and public health concern worldwide [1,2,3]. Heavy metals are metallic elements that have high atomic weights and can be toxic or harmful to living organisms, even at low concentrations [4]. Mining, metal processing, and manufacturing industries frequently introduce heavy metals into aquatic systems through wastewater discharge or runoff. Also, the use of fertilizers, pesticides, and animal waste contributes to the accumulation of heavy metal ions in soil and water, which can then leach into groundwater or surface water [5]. Exposure to heavy metals through contaminated drinking water or food can have adverse health effects, including neurological disorders, kidney damage, respiratory issues, cardiovascular diseases, and certain types of cancer. Pregnant women, infants, and children are particularly vulnerable to the effects of heavy metal exposure [6,7]. Lead exposure can cause irreversible neurological damage, particularly in children. It can impair cognitive function, decrease IQ, and lead to behavioral problems such as hyperactivity and learning disabilities. Lead exposure during pregnancy can result in miscarriage, stillbirth, premature birth, and developmental delays in the newborn. Lead can interfere with the production of red blood cells, leading to anemia [8,9,10]. Technologies for removing heavy metals from water, such as ion exchange, adsorption, precipitation, and membrane filtration, can be employed to treat contaminated water sources [11,12,13,14]. Adsorption is a widely used method for removing heavy metals from water and wastewater. The importance of the adsorption method lies in its efficiency, versatility, cost-effectiveness, and ease of operation, making it a preferred choice for removing heavy metals from water and wastewater in various applications [15,16]. Chitosan-based compounds have a high affinity for heavy metal ions due to their amino and hydroxyl functional groups. These functional groups can interact with heavy metal ions through complexation, leading to their adsorption onto the chitosan surface [17,18]. To overcome mercury pollution, a mesoporous thioacetamide/chitosan (MTA/CS) sorbent was developed by Eissa et al. using a simple method characterized by various techniques and found to efficiently remove Hg(II) ions from liquid solutions with a capacity of 195 mg/g [19]. A cost-effective and reusable chitosan–vermiculite (CSVT) composite was developed by Salih et al. for the selective removal of Cu(II) and Cd(II) ions from aqueous solutions, demonstrating superior adsorption capacities (116.22 mg/g for Cu(II) ions and 147.64 mg/g for Cd(II) ions) due to its enhanced surface area and mesoporosity [20]. Nano-selenium functionalized chitosan gel beads (nanoSe@CBs) were developed by Shao et al. to address the limitations of traditional adsorbents in removing toxic Hg(II) from apple juice, demonstrating a synergy between chitosan and nanoSe for enhanced adsorption efficiency. The adsorbent showed a high uptake capacity of 376.5 mg/g for Hg(II) ions [21]. Wang et al. synthesized novel materials based on nano-FeS and starch or chitosan loaded on peanut shell biochar (PSB). The products demonstrated superior adsorption for Pb(II) ions and nitrogen compounds in wastewater, with maximum capacities reaching 91.74 mg/g and 98.04 mg/g for Pb(II), 16.89 mg/g and 18.45 mg/g for NO3-N, as well as 15.65 mg/g and 18.28 mg/g for NH4-N, for Starch-FeS@PSB and Chitosan-FeS@PSB, respectively. These materials leverage mechanisms like complexation, electrostatic attraction, redox, and physical adsorption for pollutant removal [22]. Zeolites, which are sodium aluminum silicates and sodium metal silicates, are commonly employed in removing heavy metals from water due to their unique properties and adsorption capabilities. One of the primary mechanisms by which zeolites or sodium metal silicates eliminate heavy metal ions involves the process of ion exchange. Heavy metal ions in water are exchanged with cations (e.g., sodium ions) on the surface of the zeolites or sodium metal silicates [23,24,25]. Novel zeolite adsorbent nanostructures, abbreviated as ED1 and ED2, were developed by Abdelrahman et al. in the absence and presence of novel Gemini cationic surfactants, respectively, for the removal of Pb(II) and Hg(II) ions from water. The maximum removal capacities recorded were 160.77 mg/g and 295.86 mg/g for Pb(II) ions, in addition to 130.89 mg/g and 271.00 mg/g for Hg(II) ions by ED1 and ED2, respectively. These findings indicate that both ED1 and ED2 efficiently remove toxic metals from aqueous solutions with the ion-exchange process [26]. Abdelrahman et al. presented a study on the facile hydrothermal synthesis of sodium manganese silicate hydroxide hydrate/manganese silicate nanocomposite for efficiently removing toxic Pb(II) ions from water by the ion exchange process. They demonstrated that nanocomposites fabricated with and without polyethylene glycol 400, named NF and NP, respectively, showed significant Pb(II) adsorption capacities of 292.39 mg/g for NF and 210.97 mg/g for NP [27].



So, in this study, Na2Ca2Si3O9/Ca8Si5O18 nanostructures (NaCaSilicate) were synthesized and then functionalized via chitosan (CS@NaCaSilicate) and terephthalaldehyde crosslinked chitosan (CCS@NaCaSilicate) as novel nanocomposites for the effective removal of Pb(II) ions. Hence, this research introduces a groundbreaking approach for removing Pb(II) ions from contaminated environments by utilizing nanostructured materials capable of ion exchange processes through sodium ions alongside the natural chelating properties of chitosan or its modified counterparts through complexation with NH2, OH, and C=N groups. Integrating nanostructures that facilitate ion exchange with the complexation abilities of chitosan or its modified counterparts significantly improves the efficiency and specificity of Pb(II) ion capture. This dual-functionality enhances the selectivity towards Pb(II) ions and offers a reusable and environmentally friendly solution to heavy metal pollution. The research underscores the importance of material science innovation in addressing persistent environmental challenges, highlighting the role of nanotechnology and biopolymers in creating more effective and sustainable solutions for heavy metal removal. Additionally, influences of pH, time, temperature, and preliminary concentration of Pb(II) ions were also considered.




2. Results and Discussion


2.1. Identification of the Products


Figure 1A–D displays the XRD analysis of the NaCaSilicate, CS, CS@NaCaSilicate, and CCS@NaCaSilicate samples, respectively. Additionally, the findings revealed that the NaCaSilicate sample is composed of sodium calcium silicate (Na2Ca2Si3O9) and calcium silicate (Ca8Si5O18), as revealed using JCPDS Nos. 00-022-1455 and 00-020-0239, respectively. Additionally, the diffraction peaks at 2Θ values of 8.44°, 10.95°, 15.51°, 18.08°, 26.25°, 27.18°, 29.65°, 33.23°, 34.25°, 41.22°, 46.18°, 50.03°, 51.41°, 52.79°, 54.07°, 55.46°, and 56.64° correspond to the (100), (101), (102), (111), (210), (211), (212), (204), (221), (006), (410), (315), (324), (502), (503), (217), and (108) miller indices for Na2Ca2Si3O9, respectively. In addition, the diffraction peaks at 2Θ values of 19.09°, 21.11°, 23.13°, 24.79°, 31.58°, 36.45°, 37.82°, 38.83°, 43.69°, 45.17°, and 48.39° correspond to the (203), (014), (211), (008), (118), (317), (407), (221), (511), (1 1 13), and (4 1 10) miller indices for Ca8Si5O18, respectively. Also, the mean crystal size, as estimated from XRD data, of the NaCaSilicate sample is 13.64 nm. This measurement closely aligns with the estimation derived from HR-TEM, affirming the existence of spheres and polyhedral shapes, each having a mean diameter of 12.92 nm, as illustrated in Figure 2. Also, XRD serves as a potent method for examining the crystallographic structure of substances, encompassing nanoparticles. Variances become apparent when contrasting the XRD patterns of the NaCaSilicate sample with those of the CS@NaCaSilicate and CCS@NaCaSilicate samples. Peak shifts are evident in the XRD patterns of nanostructures that have undergone modification with either chitosan or chitosan crosslinked with terephthalaldehyde, in contrast to the unmodified nanostructures. Such shifts may suggest alterations in the parameters of the crystal lattice, arising from the connection between the NaCaSilicate sample and chitosan or chitosan crosslinked with terephthalaldehyde, as illustrated in Scheme 1. Furthermore, modifications with chitosan or chitosan crosslinked with terephthalaldehyde lead to changes in the intensity of diffraction peaks, indicating modifications in the orientation of the crystal domains and crystallinity within the NaCaSilicate sample. It is essential to highlight that chitosan is mainly identified as an amorphous organic polymer devoid of a distinct and consistent crystal structure during its entirety. Nevertheless, certain peaks at distinct values suggest the presence of localized areas within the chitosan where the chains have been organized in a more structured and crystal-like way.



Figure 3A–C displays the EDS analysis of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples, respectively. Also, the results obtained from the EDS data of the NaCaSilicate sample are presented in Table 1, both before and after undergoing modification with chitosan and subsequently with terephthalaldehyde. The elemental composition of the NaCaSilicate sample includes calcium (Ca), silicon (Si), sodium (Na), and oxygen (O). The absence of peaks for other elements confirms the high purity of the NaCaSilicate sample. Following the incorporation of the chitosan with the NaCaSilicate sample, the EDS data reveal the existence of carbon (C) and nitrogen (N). The detection of N and C in the CS@NaCaSilicate sample signifies the effective modification of the NaCaSilicate sample by chitosan. Following the modification of the CS@NaCaSilicate sample with terephthalaldehyde, there is a marked rise in the nitrogen and carbon content as a result of the modification with terephthalaldehyde. Terephthalaldehyde, widely used as a bifunctional cross-linker to enhance the stability and biocompatibility of materials based on chitosan, plays a role in this improvement. The increased levels of nitrogen and carbon in the CCS@NaCaSilicate sample indicate that terephthalaldehyde has crosslinked with chitosan and possibly created extra connections between chitosan and the NaCaSilicate sample.



Figure 4A–D displays the FE-SEM analysis of the NaCaSilicate, CS, CS@NaCaSilicate, and CCS@NaCaSilicate samples, respectively. Prior to any modifications, the NaCaSilicate sample exhibits various morphologies, including polyhedral, rod-like, and irregular shapes. The introduction of chitosan or chitosan crosslinked with terephthalaldehyde induces a significant transformation in the morphology of the NaCaSilicate sample. As a biopolymer, chitosan has the capability to create a layer or coating on the nanostructure surfaces, rendering them more uniform and smoother compared to their unmodified counterparts. Following chitosan modification, there is a potential for more uniform dispersion of the nanostructures. Crosslinking with terephthalaldehyde indicates a denser, more compacted formation within the chitosan framework. This structural change may lead to a decrease in the size and the number of voids and pores in the sample, resulting in a denser and more consolidated form in the FE-SEM image.



Figure 5A–C displays the N2 adsorption-desorption isotherms of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate products. The results show that the resulting curves follow the IV type, confirming their mesoporous nature. Their surface textures, that is, their total pore volume, average pore size, and BET surface area were tabulated in Table 2. The CS@NaCaSilicate and CCS@NaCaSilicate products show a decrease in both total pore volume and BET surface area compared to the NaCaSilicate product due to the modification with chitosan and terephthalaldehyde.




2.2. Adsorption of Pb(II) Ions from Aqueous Media


Equation (1) was applied to calculate the elimination percentage of Pb(II) ions (% R), whereas Equation (2) was applied to calculate the adsorption capacity (Q, mg/g) of the fabricated samples [28].


  % R =     X   i   −   X   e       X   i     × 100  



(1)






  Q =     X   i   −   X   e     ×   V   W    



(2)




where Xe (mg/L) and Xi (mg/L) represent the final and preliminary concentrations of Pb(II) ions, respectively. Additionally, V (L) and W (g) denote the volume of the Pb(II) solution and the mass of the adsorbent, respectively.



2.2.1. Influence of pH


In Figure 6A, the graph shows the change in the elimination percentage of Pb(II) ions concerning the initial pH of the Pb(II) solutions. Also, the point of zero charge (pHPZC) for the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples is determined as 5.25, 5.11, and 4.78, respectively (Figure 6B). Higher removal percentages are associated with pH levels exceeding the pHPZC values. At pH 6.50, the elimination percentages for Pb(II) ions using the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples are 35.93%, 47.85%, and 70.67%, respectively. Also, in the case of the NaCaSilicate product, elevated pH values compared to pHPZC result in a reduction in the concentration of hydrogen (H+) ions in the solution. Consequently, fewer H+ ions are available to compete with Pb(II) ions for ion exchange sites on the nanostructures, facilitating increased adsorption of Pb(II) ions. The ion exchange positions within the NaCaSilicate sample primarily stem from substitutions and structural defects in the crystal lattice of the NaCaSilicate sample. Some silicon atoms can be replaced by calcium atoms, introducing a net negative charge due to the valence difference. Sodium ions neutralize this charge and can be exchanged with other cations, such as Pb(II) ions. Also, in the case of the CS@NaCaSilicate and CCS@NaCaSilicate samples, the rise in pH beyond pHPZC enhances the number of negatively charged positions (O− and NH−), resulting from the deprotonation of OH and NH2 groups. This facilitates the elimination of Pb(II) ions through complexation. On the other hand, lower removal efficiencies at pH values below the point of zero charge (pHPZC) can be ascribed to electrostatic repulsion between the positively charged Pb(II) ions and the positively charged sites (Na+, OH2+, and NH3+) arising from the framework of the NaCaSilicate sample, coupled with the protonation of OH and NH2 groups.



Table 1 represents the EDS analysis of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate products before the adsorption of Pb(II) ions. Additionally, Table 3 represents the EDS analysis of the same products after the adsorption of Pb(II) ions. By comparing the two tables with each other, the presence of lead (Pb) with the disappearance of sodium (Na) and the decrease in the percentage of other elements are evidence of the adsorption of Pb(II) ions into the products by ion exchange and complexation processes.




2.2.2. Influence of Contact Time


In Figure 7, the graph depicts the fluctuation in the removal percentage of Pb(II) ions concerning contact time. Also, the efficacy of the fabricated adsorbents is commonly dependent on the contact period of adsorption. A progression in adsorption time from 10 to 60 min correlates with an increase in the removal percentage of adsorbed Pb(II) ions. This augmentation is attributed to the heightened obtainability of free adsorption locations during this duration. On the contrary, the elimination process decelerates with an extension of time from 60 to 100 min as the free adsorption locations become saturated. The elimination percentages of Pb(II) ions using the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples after 60 min are 36.29, 48.66, and 70.86%, respectively.



The pseudo-second-order model for adsorption kinetics provides insight into the rate-determining step of the adsorption process, suggesting it is controlled more by the chemisorption mechanism. This model is based on the assumption that the rate of occupation of adsorption sites is proportional to the square of the number of unoccupied sites. The pseudo-first-order model is often applied to systems where physisorption predominates. In the pseudo-first-order model, the rate of adsorption is assumed to be proportional to the number of available sites and is directly related to the difference in saturation concentration and the amount adsorbed at any time [29,30,31,32,33].



Figure 8A,B displays the application of the pseudo-second-order (Equation (3)) and pseudo-first-order (Equation (4)) kinetic models for evaluating the adsorption mechanism of Pb(II) ions onto the surface of the fabricated adsorbents [34,35].


    t     Q   t     =   1     k   2     Q   e   2     +   1     Q   e     t  



(3)






    log  ⁡      Q   e   −   Q   t     = l o g   Q   e   −     k   1     2.303     t  



(4)







Qe represents the removal capability of the fabricated samples at equilibrium (mg/g), while Qt signifies the removal capability of the fabricated samples at contact time t (mg/g). Additionally, k1 denotes the pseudo-first-order rate constant (1/min), and k2 represents the pseudo-second-order rate constant (g/mg·min). Table 4 provides a summary of the kinetic constants. The findings indicate that the elimination of Pb(II) ions by the fabricated adsorbents is most accurately represented by the pseudo-second-order kinetic model, as evidenced by its high correlation coefficient and the close proximity of its adsorption capacity to the practical capacity (QExp).




2.2.3. Influence of Temperature


In Figure 9A, the graph depicts the change in the removal percentage of Pb(II) ions with respect to the Pb(II) solution temperature. The efficacy of the fabricated adsorbents is commonly affected by the Pb(II) solution temperature. An elevation in Pb(II) solution temperature from 298 to 328 K reduced the elimination percentage of adsorbed Pb(II) ions. As temperature rises, the kinetic energy of Pb(II) ions in solution increases. This heightened movement can reduce interaction time between the Pb(II) ions and the adsorbent surface, as the ions are more likely to bounce off the surface rather than be adsorbed.



In evaluating viability, the assessment encompasses the analysis of thermodynamic constants, including entropy change (∆S), enthalpy change (∆H), and free energy (∆G). These parameters, along with the distribution coefficient (Kd) at four different temperatures, are computed employing Equations (5)–(7) [34,35].


  l n   K   d   =    ∆ S    R   −    ∆ H    R T    



(5)






    K   d   =     Q   e       C   e      



(6)






   ∆ G  =  ∆ H  − T  ∆ S   



(7)







T denotes the absolute temperature (in kelvin), while R stands for the universal gas constant (in kJ/mol kelvin). In Figure 9B, the graph illustrates the plot of lnKd against 1/T for the elimination of Pb(II) ions using the fabricated samples. Also, the thermodynamic constants are compiled in Table 5. The negative values of ΔG for the elimination of Pb(II) ions by the fabricated adsorbents confirm a favorable and spontaneous process. Additionally, the negative values of ∆H indicate exothermic elimination routes. Additionally, the positive values of ∆S indicate a high tendency for Pb(II) ions on the surface of the adsorbent and a larger disorder at the solution/solid boundary. The values of ∆H exceeding 40.00 kJ/mol indicate that the elimination of Pb(II) ions using the fabricated samples occurs through a chemical process.




2.2.4. Influence of Initial Concentration


Figure 10 depicts the change in the removal percentage of Pb(II) ions in relation to the initial concentration of Pb(II) ions. As the initial concentration of Pb(II) ions rises from 50 to 300 mg/L, there is a decline in the removal percentage of adsorbed Pb(II) ions.



The Langmuir adsorption isotherm implies that adsorption occurs on a homogeneous surface via monolayer coverage with no interaction between adsorbed molecules. The Freundlich adsorption isotherm suggests that adsorption occurs on a heterogeneous surface with sites of varying affinities, leading to multilayer adsorption [36].



The elimination mechanism of Pb(II) on the surface of the fabricated samples was evaluated using the Langmuir (Equation (8)) as well as Freundlich (Equation (9)) isotherms, as depicted in Figure 11A,B, respectively [34,35].


      X   e       Q   e     =   1     k   L     Q   m     +     X   e       Q   m      



(8)






  l n   Q   e   = l n   k   F   +   1   n   l n   X   e    



(9)







Qm (mg/g) denotes the maximum quantity of Pb(II) ions adsorbed per unit mass of adsorbent, while kL signifies the Langmuir adsorption constant (mg/g). In addition, kF represents the Freundlich adsorption constant ((mg/g)(L/mg)1/n), whereas 1/n means the heterogeneity constant. Also, Equation (10) was utilized to employ the Freundlich isotherm for determining Qm [34,35].


    Q   m   =   k   F       X   i   1 / n      



(10)







Table 6 provides a summary of the equilibrium constants. The findings indicate that the elimination of Pb(II) ions using the fabricated samples is best described through the Langmuir isotherm, as this applied model’s correlation coefficients (R2) are closer to one compared to those of the Freundlich model. The greatest adsorption capability of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples for Pb(II) ions is 185.53, 245.70, and 359.71 mg/g, respectively.



Table 7 provides a comparative overview of the performance of the synthesized adsorbents with Pb(II) ions in relation to several previous adsorbents [37,38,39,40,41,42,43]. The results of the accomplishment assessment indicate that the fabricated adsorbents displayed exceptional adsorption capacities in comparison to the several adsorbents in the literature.




2.2.5. Influence of Desorption and Reusability


Desorption studies were conducted to assess the regenerative and reuse capabilities of the created adsorbents, using 50 mL of several hydrochloric acid concentrations (3, 6, and 9 M) as an eluting agent for Pb(II) ions, as elucidated in Figure 12. In addition, the desorption percentage (% E) of Pb(II) ions from the fabricated adsorbents was computed employing Equation (11) [34,35].


  % E =   100   X   d     V   d       Q   e   W    



(11)







Vd (L) represents the volume of the HCl eluting agent, while Xd (mg/L) signifies the concentration of Pb(II) ions in the HCl eluting agent. Additionally, the results revealed that a 9 M hydrochloric acid solution efficiently eliminated Pb(II) ions, achieving a desorption efficacy of over 99%.



After the acidic elution process, the regenerated adsorbents underwent rinsing with 250 mL of distilled water to prepare them for subsequent adsorption cycles. Also, the effect of five repeated adsorption/desorption cycles on the elimination of Pb(II) ions was assessed, and the results are shown in Figure 13. The data indicates a slight decrease in the elimination percentage of Pb(II) ions using the fabricated samples with increasing cycle numbers. Therefore, it can be deduced that the fabricated samples demonstrate exceptional reusability activity for the elimination of Pb(II) ions.






3. Experimental


3.1. Materials


Glacial acetic acid (CH3COOH), calcium chloride dihydrate (CaCl2.2H2O), chitosan ((C6H11NO4)n), hydrochloric acid (HCl), sodium metasilicate pentahydrate (Na2SiO3.5H2O), terephthalaldehyde (C8H6O2), sodium hydroxide (NaOH), lead(II) nitrate (Pb(NO3)2), and potassium chloride (KCl) were purchased from Sigma-Aldrich company (St. Louis, MO, USA)) and were not further refined.




3.2. Fabrication of Adsorbents


3.2.1. Fabrication of Na2Ca2Si3O9/Ca8Si5O18 Nanostructures


A silicate solution was prepared by dissolving 15 g of Na2SiO3.5H2O in 100 mL of distilled water. Also, a calcium solution was prepared by dissolving 5 g of CaCl2.2H2O in 100 mL of distilled water. Afterward, the calcium solution was added drop by drop through a pipette into the silicate solution, and then the produced mixture was magnetically stirred for 25 min. The formed nanostructures (NaCaSilicate) were separated, thoroughly washed with distilled water, and dried at 60 °C.




3.2.2. Modification of Na2Ca2Si3O9/Ca8Si5O18 Nanostructures by Chitosan


A total of 2.5 g of chitosan (CS) was dissolved in an acetic acid mixture (8.5 mL of CH3COOH:130 mL of distilled water) while being continuously stirred magnetically at ambient temperature for 6 h. Subsequently, 2.5 g of NaCaSilicate was charged to the previous CS solution under continuous magnetic stirring at room temperature for 6 h. This mixture was gradually incorporated into the NaOH solution (7.50 g of NaOH:300 mL of distilled water), again under continuous magnetic stirring at room temperature for 6 h. The resultant nanocomposite (CS@NaCaSilicate) was isolated, extensively washed several times with distilled water, and left to dry in the air.




3.2.3. Modification of Na2Ca2Si3O9/Ca8Si5O18 Nanostructures via Chitosan Crosslinked with Terephthalaldehyde


2.5 g of chitosan (CS) was dissolved in an acetic acid mixture (8.5 mL of CH3COOH:130 mL of distilled water) while continuously stirred magnetically at ambient temperature for 6 h. Subsequently, 2.5 g of NaCaSilicate was charged to the previous CS solution under continuous magnetic stirring at room temperature for 6 h. A terephthalaldehyde solution (0.5 g of terephthalaldehyde dissolved in 50 mL of methanol) was also charged to the previous solution under continuous magnetic stirring at room temperature for 2 h. Additionally, this mixture was gradually incorporated into the NaOH solution (7.50 g of NaOH: 300 mL of distilled water), again under continuous magnetic stirring at room temperature for 6 h. The resultant nanocomposite (CCS@NaCaSilicate) was isolated, extensively washed several times with distilled water, and left to dry in the air. Scheme 1 shows the modification of nanostructures via chitosan and chitosan crosslinked with terephthalaldehyde. The nanostructures possess OH groups on their surface as a result of the hydrolysis of Ca-OH alongside Si-OH throughout the sol-gel fabrication of these nanostructures.





3.3. Instrumentation


X-ray diffraction (XRD) examination of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples was performed using an XRD instrument (Bruker D8 Advance, Billerica, MA, USA) operating at a scan rate of 2 degrees per minute, utilizing Kα Cu radiation (0.154 nm) at 40 kV. Also, the surface morphologies and elementary composition of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples were obtained by a field emission scanning electron microscope/energy dispersive X-ray spectrometer (FE-SEM/EDS, TESCAN, model Vega 3, Brno, Czech Republic) with an operating voltage of 15 kV. Additionally, a high-resolution transmission electron microscope (HR-TEM, Talos F200iS, Hillsboro, OR, USA) was utilized for obtaining the morphology of the NaCaSilicate sample. The surface textures (total pore volume, average pore size, as well as Brunauer, Emmett, and Teller (BET) surface area) of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples were performed using an N2 gas analyzer (Quantachrome, Nova 2000, Graz, Austria).




3.4. Adsorption of Pb(II) Ions from Aqueous Media


To conduct the batch elimination experiments, 50 mg of the NaCaSilicate, CS@NaCaSilicate, or CCS@NaCaSilicate adsorbent were introduced into 0.1 L of Pb(II) solutions with varying pH levels (3.5–6.5), each having a concentration of 250 mg/L. Afterward, the mixture of adsorbent and adsorbate underwent 180 min of magnetic stirring, followed by filtration utilizing a centrifuge to isolate the adsorbent. The residual concentration of Pb(II) ions in the filtrate was measured using an atomic absorption spectrophotometer (Shimadzu AA-6300, Kyoto, Japan). Furthermore, additional batch elimination experiments were conducted at pH 6.5 to assess the influence of several impacts, including contact time (10–100 min), elimination temperature (298–328 K), and initial Pb(II) ion concentration (50–300 mg/L). All experiments were repeated twice, and the average was taken into account.




3.5. Determination of the Point of Zero Charge (pHPZC) for the Fabricated Adsorbents


The determination of the point of zero charge (pHPZC) for the fabricated adsorbents followed our prior research methodology [34,35]. In this approach, 100 mg of the NaCaSilicate, CS@NaCaSilicate, or CCS@NaCaSilicate adsorbent were introduced into 0.05 L of KCl solutions that had a chemical concentration of 0.03 M and varied in pH from 2.50 to 11.50. Subsequently, the adsorbents were isolated through centrifugation, and the final pH of the resulting filtrates was measured employing a CYBERSCAN 510 pH meter. Also, a relationship was identified between the preliminary values of pH (displayed on the x-axis) and the matching final values of pH (represented on the y-axis). The pH final value (on the y-axis) determines the zero-charge point, where the resulting curve shows near constancy.





4. Conclusions


Na2Ca2Si3O9/Ca8Si5O18 nanostructures (NaCaSilicate) were simply synthesized and then successively functionalized with chitosan (CS@NaCaSilicate) and chitosan crosslinked with terephthalaldehyde (CCS@NaCaSilicate). The maximum adsorption capacity of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples for Pb(II) ions is 185.53, 245.70, and 359.71 mg/g, respectively. Furthermore, the investigation demonstrated that 9 M HCl effectively eliminated Pb(II) ions from the fabricated samples, attaining a desorption efficacy surpassing 99%. The fabricated samples exhibited exceptional reusability across five successive adsorption/desorption cycles in capturing Pb(II) ions.
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Figure 1. XRD analysis of the NaCaSilicate (A), CS (B), CS@NaCaSilicate (C), and CCS@NaCaSilicate (D) samples. 
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Figure 2. HR-TEM analysis of the NaCaSilicate sample. 
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Scheme 1. Modification of Na2Ca2Si3O9/Ca8Si5O18 nanostructures (NaCaSilicate) via chitosan (CS@NaCaSilicate) and chitosan crosslinked with terephthalaldehyde (CCS@NaCaSilicate). 






Scheme 1. Modification of Na2Ca2Si3O9/Ca8Si5O18 nanostructures (NaCaSilicate) via chitosan (CS@NaCaSilicate) and chitosan crosslinked with terephthalaldehyde (CCS@NaCaSilicate).
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Figure 3. EDS analysis of the NaCaSilicate (A), CS@NaCaSilicate (B), and CCS@NaCaSilicate (C) samples. 
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Figure 4. FE-SEM analysis of the NaCaSilicate (A), CS (B), CS@NaCaSilicate (C), and CCS@NaCaSilicate (D) products. 
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Figure 5. N2 adsorption–desorption isotherms of the NaCaSilicate (A), CS@NaCaSilicate (B), and CCS@NaCaSilicate (C) products. 
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Figure 6. Influence of pH on the removal percentage of Pb(II) ions (A). Determination of the point of zero charge (pHPZC) of the fabricated samples (B). 
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Figure 7. Influence of contact time on the removal percentage of Pb(II) ions. 






Figure 7. Influence of contact time on the removal percentage of Pb(II) ions.



[image: Inorganics 12 00113 g007]







[image: Inorganics 12 00113 g008] 





Figure 8. The plot of the pseudo-first-order (A) as well as pseudo-second-order (B) models for the elimination of Pb(II) ions using the fabricated samples. 
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Figure 9. Influence of temperature on the removal percentage of Pb(II) ions (A). The plot of ln Kd versus 1/T (B). 
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Figure 10. Influence of Pb(II) solution temperature on the removal percentage of Pb(II) ions. 
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Figure 11. The plot of the Langmuir (A) as well as Freundlich (B) isotherms for the elimination of Pb(II) ions using the fabricated samples. 
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Figure 12. Influence of desorption of Pb(II) ions from the fabricated samples. 
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Figure 13. Influence of reusability activity of the fabricated samples for the elimination of Pb(II) ions. 
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Table 1. EDS analysis of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate products.
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	Products
	% Si
	% Ca
	% O
	% Na
	% C
	% N





	NaCaSilicate
	19.38
	13.36
	63.25
	4.01
	----
	----



	CS@NaCaSilicate
	13.89
	4.86
	48.39
	3.84
	26.26
	2.76



	CCS@NaCaSilicate
	7.94
	1.05
	50.73
	2.96
	32.54
	4.78










 





Table 2. Surface textures of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate samples.
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	Samples
	Total Pore Volume (cc/g)
	Average Pore Size (nm)
	BET Surface Area (m2/g)





	NaCaSilicate
	0.3680
	48.51
	30.35



	CS@NaCaSilicate
	0.1529
	35.93
	17.02



	CCS@NaCaSilicate
	0.1199
	52.25
	9.18










 





Table 3. EDS analysis of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate products after the adsorption of Pb(II) ions.






Table 3. EDS analysis of the NaCaSilicate, CS@NaCaSilicate, and CCS@NaCaSilicate products after the adsorption of Pb(II) ions.





	Products
	% Si
	% Ca
	% O
	% Na
	% C
	% N
	% Pb





	NaCaSilicate
	17.01
	11.72
	55.48
	----
	----
	----
	15.79



	CS@NaCaSilicate
	11.57
	4.05
	40.31
	----
	21.87
	2.29
	19.91



	CCS@NaCaSilicate
	6.12
	0.80
	38.21
	----
	24.59
	3.61
	26.67










 





Table 4. Kinetic constants for the elimination of Pb(II) ions using the fabricated samples.
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Products

	
QExp

(mg/g)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
Qe

(mg/g)

	
k1

(1/min)

	
R2

	
Qe

(mg/g)

	
k2

(g/mg.min)

	
R2






	
NaCaSilicate

	
181.44

	
124.41

	
0.0234

	
0.9796

	
177.62

	
0.0004

	
0.9994




	
CS@NaCaSilicate

	
243.32

	
98.53

	
0.0279

	
0.9157

	
238.09

	
0.0009

	
0.9999




	
CCS@NaCaSilicate

	
354.32

	
154.81

	
0.0323

	
0.9401

	
357.14

	
0.0005

	
0.9999











 





Table 5. Thermodynamic constants for eliminating Pb(II) ions via the fabricated samples.
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Products

	
∆H

(kJ/mol)

	
∆S

(kJ/mol kelvin)

	
∆G (kJ/mol)




	
298

	
308

	
318

	
328






	
NaCaSilicate

	
−42.99

	
0.1433

	
−85.70

	
−87.13

	
−88.57

	
−89.99




	
CS@NaCaSilicate

	
−43.56

	
0.1399

	
−85.26

	
−86.66

	
−88.06

	
−89.46




	
CCS@NaCaSilicate

	
−48.65

	
0.1498

	
−93.29

	
−94.79

	
−96.29

	
−97.79











 





Table 6. Equilibrium constants for the sorption of Pb(II) ions using the fabricated samples.






Table 6. Equilibrium constants for the sorption of Pb(II) ions using the fabricated samples.





	
Products

	
Langmuir

	
Freundlich




	
Qm

(mg/g)

	
kL

(L/mg)

	
R2

	
Qm

(mg/g)

	
kF

(mg/g) (L/mg)1/n

	
1/n

	
R2






	
NaCaSilicate

	
185.53

	
0.3796

	
0.9998

	
203.18

	
93.22

	
0.1411

	
0.5655




	
CS@NaCaSilicate

	
245.70

	
1.0912

	
0.9999

	
281.29

	
135.49

	
0.1323

	
0.7407




	
CCS@NaCaSilicate

	
359.71

	
1.0146

	
0.9999

	
490.63

	
163.12

	
0.1994

	
0.7989











 





Table 7. Comparison of greatest adsorption capabilities of several adsorbents for the elimination of Pb(II) ions.
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	Adsorbents
	Adsorption Capacity (mg/g)
	Ref.





	Salicylaldehyde/chitosan composite
	123.67
	[37]



	EGTA/chitosan composite
	106
	[38]



	Chitosan
	34.98
	[39]



	Chitosan-iron oxide composite
	214.92
	[40]



	Graphene oxide/MOF nanohybrid
	254.45
	[41]



	Mg-Fe layered double hydroxide
	78.73
	[42]



	Thiol-modified activated carbon
	310.9
	[43]



	NaCaSilicate
	185.53
	This study



	CS@NaCaSilicate
	245.70
	This study



	CCS@NaCaSilicate
	359.71
	This study
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