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Abstract

:

Heavy metal pollution is a global problem that necessitates the development of innovative and environmentally friendly water treatment technologies. Polyoxazoline polymers, known for their biocompatibility, are explored for lead ion removal in water treatment. Poly 2-Methoxycarbonylpropyl-2-oxazoline is integrated into activated carbon via in situ polymer growth, optimizing loading through live polymerization. This study investigates intricate interactions between lead ions and functional groups, such as amide moieties and ester functionalities, in the resulting polyoxazoline-modified activated carbon composite (POZ-AC). This pioneering research opens avenues for the application of polyoxazoline polymers in water treatment, leveraging their established success in biomedical fields. The removal of lead ions by POZ-ACs followed the Langmuir isotherm and pseudo-second-order kinetic model. The results showed that POZ-AC-20 had excellent adsorption capacity of 365 mg/g, achieved in a relatively short time of 37 min. Furthermore, the adsorbent maintained its performance for seven cycles, demonstrating its high reusability potential. However, the adsorption performance of POZ-ACs after seven adsorption–desorption cycles was gradually decreased due to polymer release into the water media because of the high degree of solubility of polyoxazoline polymers in water. This study provides critical insight into the potential use of polyoxazoline polymers, demonstrating their superior potential in water treatment applications, particularly since it is the first time these polymers have been explored for this purpose. Future research should focus on developing polyoxazoline polymers with less solubility in water while maintaining a high removal performance.
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1. Introduction


An uncontaminated environment is essential for the survival of all living organisms and for the preservation of the equilibrium and stability of our ecosystems [1,2,3]. However, the accumulation of diverse pollutants in industrial waste disposal has resulted in a scarcity of clean water [4,5]. As a consequence, environmental regulations have become increasingly stringent, and researchers have shifted their focus to developing effective treatments for liquid effluents, safeguarding public health [6,7,8]. Among these pollutants, heavy metals are a significant concern due to their potent toxicity and profound impact on human well-being [9,10,11]. Heavy metals are not susceptible to degradation and are refractory, hence necessitating the establishment of permissible limits for their discharge into nature [12].



Heavy metals, including mercury, chromium, cadmium, lead, copper, and cobalt, have been associated with extreme environmental issues [13,14]. Of all the heavy metals, lead (Pb (II)) is of significant importance because of its pronounced toxicity and ability to dissolve in water, which negatively affects the quality of drinking water [15]. The toxic effects of Pb (II) are well documented, causing harm to the human liver, brain, reproductive system and kidneys [16,17,18]. To address this issue, strict regulations have been put in place, with the European Union countries limiting Pb (II) concentration to 0.01 mg/L and the US Environmental Protection Agency limiting it to 0.05 mg/L [19,20]. Therefore, it is crucial to urgently and effectively eliminate Pb (II) from water bodies to protect human health.



Numerous techniques have been utilized to address heavy-metal-containing waste water, including membrane separation, adsorption, coagulation, flocculation, electrolysis and more [21,22,23,24]. Adsorption technologies have been widely adopted owing to their convenient handling of subsequent processes and their acceptable cost range [25,26]. Studies have confirmed that the performance of remediation is predominantly determined by the properties of the adsorbent materials. Recently, a multitude of researchers have devised various adsorbents for the adsorption of heavy metals from water-based environments, incorporating activated carbon, zeolites, metal-organic frameworks (MOFs), and more [27,28,29]. For example, Mohammadi et al. synthesized amine-modified Cu-MOFs to selectively capture lead ions from real river water. The MOF’s porous matrix with high surface area and amine functionalization provided an ideal template for lead removal [30]. In another study, Zheng and colleagues developed ionic liquid-modified polyethersulfone nanofibrous membranes for heavy metal removal, demonstrating the complexation between nitrogen atoms in the imidazolium ring and cadmium ions [31]. Ragheb and colleagues fabricated a magnetic MOF with glutathione attached to its surface, exhibiting excellent heavy metal adsorption facilitated by diverse functional groups, including amine, carboxylate, and sulfur, provided by the glutathione attachment. The dispersion of active sites on the surface of a template material has been widely utilized as an effective approach to the use of the surface area and porous matrix of the template material to capture and host pollutants while utilizing the active sites to their full performance [32].



Polyoxazoline (POZ) is a synthetic polymer with a highly branched, amorphous structure that provides it with unique physicochemical properties [33]. The polymerization of polyoxazoline monomers involves the live cationic ring-opening polymerization of 2-oxazoline monomers [34]. The resulting polymer has a linear chain structure with pendant hydroxyl groups, which can be altered to improve its characteristics and functionality. Due to its excellent hydrophilicity and biocompatibility, it has been extensively explored in biomedical applications, including tissue engineering and drug delivery [35,36]. POZ has a high degree of flexibility and can be easily modified to enhance its affinity for certain purposes. Additionally, the size and shape of POZ particles can be easily controlled through the live polymerization process, making it possible to optimize their performance for specific applications. As an example, researchers have synthesized POZ-modified graphene oxides to enhance the dispersibility of graphene oxide particles in both water and resin [37]. Additionally, polyoxazoline has been effectively incorporated into a silicone matrix to produce amphiphilic coatings [38].



Upon comprehensive examination of the existing literature, it is evident that the potential of polyoxazoline for water treatment applications remains an underexplored domain. Despite acknowledgment of their promise, the full extent of their applicability in this field has yet to be thoroughly investigated. Our study addresses this gap by presenting pioneering work that delves into the utilization of polyoxazoline for water treatment. Specifically, this research focuses on the incorporation of poly 2-Methoxycarbonylpropyl-2-oxazoline polymers for effective adsorption of lead ions from water into an activated carbon matrix. The live cationic polymerization process of polyoxazolines provides precise control over the polymer loading on the activated carbon by altering the reaction time, as the polymer chain growth is exactly correlated with the quantity of functional groups on the adsorbent. This allows for the incorporation of a range of polymers with varying chain lengths into the activated carbon framework to optimize the polymer loading. This study further investigated the process variables of lead removal and the real-time application of the adsorbents. The synthesized products were characterized using various methods including FTIR, TGA, BET, and SEM.




2. Materials and Methods


2.1. Materials


The following is the list of chemicals utilized in this study as received: lead nitrate, activated carbon, acetonitrile, piperidine, diethyl ether, methyl p-toluenesolfunate, barium oxide, sodium carbonate, glutaric anhydride, triflic acid, methanol, 2-chloroethyle-amine hydrochloride, and thionyl chloride. The chemicals were purchased from Sigma–Aldrich company (Burlington, MA, USA) and used without further purification, as they were of analytical grade.




2.2. Synthesis Procedure of Poly 2-methoxycarbonylpropyl-2-oxazoline-activated Carbon Composite


The synthesis procedure for 2-Methoxycarbonylpropyl-2-oxazoline monomers was conducted in accordance with a previously reported approach [39]. Typically, the synthesis of monomers involves four steps. Firstly, methanol and glutaric anhydride were reacted to produce monomethyl glutarate. Next, thionyl chloride was used to convert monomethyl glutarate to glutaric acid monomethyl ester chloride. Then, the addition of 2-chloroethylamine hydrochloride led to the formation of C3MestOx amide. The final step was ring-closure of the precursor using anhydrous sodium carbonate. C3MestOx was vacuum-distilled over barium oxide prior to polymerization. The polymerization process was carried out in the presence of triflic acid under nitrogen purging and termination with ethylenediamine. Then, the purification steps included evaporation of the solvent, washing with water, dehydration using Na2SO4, and washing with methanol. The product was named POZ. A schematic illustration of the synthesis procedure is presented in Figure 1.



To produce POZ-activated carbon composites, firstly, the activated carbons were oven-dried for 4 h at 120 °C. Then, 10 g of dehydrated activated carbon were mixed with 0.7 g of C3MestOx monomers and kept under nitrogen purging for 24 h to ensure that all the monomers were adsorbed within the pore network of the activated carbons. Next, 5 mL of chlorobenzene was introduced into the mixture under nitrogen purging, followed by the introduction of 12 μL of triflic acid as an initiator. After 10 min of purging with nitrogen under stirring conditions, the mixture was made hot until 90 °C. To optimize the polymer loading, three reaction times were tested: 10, 20, and 30 min. To stop the reaction, ethylenediamine was added to the mixture, which was kept under stirring and a nitrogen atmosphere for 24 h. Finally, the purification process involved the evaporation of the solvent, washing with water, dehydration using Na2SO4, and washing with methanol. The solvent was then vacuum-evaporated for 12 h. The final products were named POZ-AC-10, POZ-AC-20, and POZ-AC-30, corresponding to the 10 min, 20 min, and 30 min reaction times, respectively.




2.3. Instruments


Examining the thermal resilience of adsorbents involved TGA analysis, where temperatures varied between 25 and 950 °C, and the heating rate maintained a constant 10 °C/min. Carried out in an inert atmosphere, the experiment utilized the PerkinElmer Pyris Diamond model as the thermogravimetric analyzer. The nitrogen gas adsorption–desorption patterns were generated using the Micromeritics TriStar II Plus gas adsorption apparatus (Micrometrics, Norcross, GA, USA). Preceding the test, the materials underwent a degassing process at 210 °C for 5 h before being introduced to the adsorption cell, which was maintained at −196 °C for the entire duration of the experiment. FTIR analysis was conducted using the PerkinElmer Spectrum Two spectrometer (PerkinElmer, Buckinghamshire, UK), capturing spectra in the 4000–400 cm⁻1 range. The adsorbent pellets, blended with KBr, were employed for this analysis. The Hitachi S-4800 field-emission scanning electron microscope (Hitachi, Tokyo, Japan) was employed for SEM examination. To achieve optimal image resolution, the accelerating voltage was set at 20 kV. Before SEM investigation, a thin conductive layer of gold/palladium alloy was applied to the specimens using a sputter coater (Leica EM ACE600, Wetzlar, Germany). The measurement of lead ions’ concentration was performed using a 230 ATS Atomic Absorption Spectrometer (Buck Scientific, East Norwalk, CT, USA). The pH of the solutions was adjusted using an MP511 benchtop pH meter (Apera Instruments, Columbus, OH, USA). Centrifugation was carried out using a benchtop 5810 R Centrifuge model (Eppendorf, Hamburg, Germany). The stirrers used in this study were Stuart digital stirrers (Merck, Rahway, NJ, USA).




2.4. Pb (II) Ions’ Removal Procedure


A stock solution was formulated through the dissolution of lead nitrate in distilled water to achieve a lead content of 100 mg/L. The effect of lead content was investigated by introducing 250 mg/L of each adsorbent into 50 mL of different solutions containing lead concentrations of 5, 10, 20, 50, 80 and 100 mg/L. These solutions were made by diluting the stock solution. All experiments were carried out in batch mode at 25 °C with a stirring rate of 600 rpm, and the duration of each experiment was set to 24 h to ensure equilibrium.



To study the impact of pH on the lead elimination process, 250 mg/L adsorbent was added to each lead solution, which was then adjusted to the desired pH level (pH range of 2–8 and lead content of 50 mg/L) by adding either HCl or NaOH. The contact time between adsorbent and adsorbate particles was also examined by measuring lead removal over specific time intervals. For this purpose, 250 mg/L adsorbent was combined with a lead solution with a lead content of 100 mg/L, and small samples were collected within a time range of 1–180 min.



Following each adsorption process, the adsorbent was extracted via centrifugation from the mixture, and the supernatant was analyzed further. The final concentration of lead in each supernatant was determined by using an atomic absorption spectroscopy device. The percentage of lead removal was then calculated for each condition, and the optimal conditions (highest lead removal percentage) were identified.



To recover the adsorbent, it was rinsed with distilled water and then eluted with a solution of 1M NaOH to remove the adsorbed lead ions. The adsorbent was washed and eluted multiple times until the eluent no longer contained lead ions. Finally, the adsorbent was dried for reuse.



The lead elimination capacity onto POZ-ACs was measured by the following equations:


   Q e    m g / g   =      C i  −  C e    × v  m   



(1)






         Lead   removal   percentage    =      C i  −  C e    × 100    C i     



(2)







Here, m indicates the mass (in grams) of POZ-ACs utilized for the lead elimination process, v denotes the volume of the samples (L), and Ci (mg L−1) denotes the initial lead content, while Ce (mg L−1) represents the lead content after the elimination process.





3. Results and Discussion


3.1. Synthesis and Characterization of Adsorbents


The FTIR spectra for both polyoxazoline polymer and POZ-ACs are shown in Figure 2. In the FTIR spectra of POZ polymer, the absorption band at 2938 cm−1 corresponds to the bending vibration of the C−H bond [40,41]. The absorption band at 3280 cm−1 corresponds to the bending vibration of the N−H [42,43]. However, the band at 1720 cm−1 can be attributed to the bending vibration of the C=O bond in the ester group and band at 1620 cm−1 can be corresponded to the bending vibration of the C=O in the pendant group of the polymer [44]. The high level of intensity observed in the 1620 cm−1 band indicates the existence of a high concentration of carbonyl groups in the polymer structure. The absorption band is attributed to the bending vibration of the N−H bond at 1552 cm−1, while the band at 1422 cm−1 is attributed to the bending vibration of the C−H bond [44]. The band at 1252 cm−1 can be corresponded to the bending vibration of the C−N bond. When activated carbon was loaded with polyoxazoline polymer, changes in the FTIR spectrum were observed (Figure 2). For the C=O bending vibration of the carbonyl group at 1620 cm1, the peak in the polymer backbone remains relatively unchanged, indicating that the improvement did not significantly alter the polymer structure. However, novel peaks emerge in the spectral analysis of the POZ-ACs. A broad peak at 3420 cm−1 can be corresponded to O−H bending vibrations. The peak at 1635 cm−1 can be corresponded to the C=C bending vibration of the aromatic ring in the activated carbon. Finally, at around 1200 cm−1, the weak peak corresponds to the C−O stretching vibration of carboxylic acid groups [45]. Other peaks related to the polymer structure also remained relatively unchanged and are visible in the spectrum of AC-POZs. These peaks imply the successful loading of activated carbon with polyoxazoline polymers.



The isotherms captured from the N2 adsorption–desorption experiments carried out over POZ, AC, and POZ-AC samples are depicted in Figure 3. It is noteworthy that all AC and POZ-AC samples exhibit a type IV isotherm hysteresis loop with an H1, signifying the existence of mesoporous and cylindrical or slit-like pores. The specific surface area (SSA) and total pore volume (TPV) was determined using the BET and BJH techniques. As anticipated, pure POZ displays a meager SSA and TPV owing to its inherent polymer nature, with a surface area of only 0.33 m2/g and a TPV of 0.002 cm3/g. A comparison of SSA and TPV values for AC and POZ-ACs is presented in Table 1. Notably, polymer modification reduces the SSA and TPV values for AC. Since the polymerization process mainly occurs inside the pores, the polymer covers the pore walls and leads to a reduction in SSA and TPV. Furthermore, an increase in polymer loading reduces these parameters. Upon comparative analysis of POZ-AC-30 and AC, a substantial decrease in SSA and TPV was detected for POZ-AC-30, with values declining from 443.8 to 311.2 m2/g and from 0.97 to 0.34 cm3/g, respectively. This observation can be corresponded to the growth of polymer chains during the 30 min reaction period, which led to the occupation of the majority of the pore spaces. The BJH method was also utilized to assess the pore size distribution (PSD) of the samples. The results show that the activated carbon has a bimodal PSD with pore sizes centered at approximately 5 nm and 20 nm. In contrast, the POZ-AC samples exhibit a bimodal PSD centered around 16 nm and 4 nm after polymer loading. It is observed that increasing polymer loading results in a reduction in the pore volume of larger pores. Given the confined space of small pores, polymerization mainly occurs inside larger pores or on the outer surface of AC.



The TGA analysis of both activated carbon and POZ-ACs is presented in Figure 4. The thermal degradation behavior of AC was observed in two distinct stages. The initial weight loss of approximately 3% was ascribed to the removal of adsorbed moisture at temperatures below 200 °C. Subsequently, a major weight loss of around 60% between 400 and 700 °C occurred, indicating the decomposition and volatilization of the AC structure. On the other hand, the POZ-ACs exhibited a different two-stage weight loss profile. The first stage, observed at around 320 °C, can be ascribed to the breakdown of oxygen-containing functional groups and the breakdown of the polymer structure, releasing carbon dioxide, carbon monoxide, and steam [37]. The second weight loss step, observed at temperatures above 400 °C, was associated with the degradation of the AC structure. These results suggest that the modification of activated carbon with polymers alters the thermal degradation behavior of AC.



Figure 5 shows the SEM images of the activated carbon and POZ-ACs samples. The SEM image of the activated carbon revealed a slit-like pore network, which was consistent with the N2 adsorption–desorption isotherms. The image also showed a uniform pore network. Similarly, the SEM images of the POZ-ACs displayed uniform pore networks, indicating that the polymer loading did not significantly alter the porous framework of the activated carbon. However, it was evident that the polymer coverage of the pore walls increased with the length of polymer chains in POZ-AC-10, POZ-AC-20 and POZ-AC-30, respectively. These observations are consistent with the results of the BET analysis, which showed a reduction in surface area and pore volume as the polymer loading increased. The increase in polymer coverage on the pore walls of the POZ-ACs likely contributed to this reduction. These findings highlight the impact of polymer modification on the morphology and porosity of the POZ-ACs, which affects their performance in lead removal application.




3.2. Investigation of the Adsorbent Dosage on Lead Ions’ Removal Performance


From an economic standpoint, the quantity of adsorbent utilized in the process holds significant importance. In large-scale applications, the primary determinant of the economic feasibility of the entire process is often the cost of the adsorbent. Consequently, optimizing the dosage of adsorbent plays a crucial role in cost reduction. To achieve this goal, various amounts of adsorbent were introduced to a 50 mL solution containing 5 mg/L lead, maintaining a contact time of 24 h to reach equilibrium. The results depicting the impact of adsorbent dosage are presented in Figure 6. The increase in adsorbent quantity led to an improved lead uptake, attributed to the heightened availability of adsorption sites. However, it was noted that beyond a certain threshold, there was only a marginal increase in lead uptake with larger adsorbent amounts. As a result, an adsorbent dose of 250 mg/L was identified as the optimal amount. This optimum adsorbent dose was subsequently employed for the remainder of this study.




3.3. Investigation of Lead Ions’ Removal Using Isotherm Analysis


This section investigates the adsorption of lead ions onto POZ-AC adsorbents using isothermal analysis over metal concentration range of 5 mg/L to 100 mg/L. To this end, the experimental data underwent analysis through the Langmuir and Freundlich isotherm models. The equations for isothermal models are as follows:


   1   q e    =  1     C e  ×  q m  ×  K l      +  1   q m     



(3)






  L o g  q e  = L o g  K f  +  1 n  × L o g  C e     



(4)







Here, Kl, Kf, Ce, and qe represent Langmuir and Freundlich equilibrium constants, equilibrium concentration of lead ions, and lead ions’ removal capacity after achieving equilibrium, respectively. qm and n denote the largest theoretical lead ions’ adsorption capacity and Freundlich adsorption coefficient, respectively. The high R2 values obtained from the Langmuir isotherm imply that the adsorption of lead ions onto POZ-ACs was accurately described by this model. Specifically, the corresponding R2 values for lead removal using POZ-AC-10, POZ-AC-20, and POZ-AC-30 were 0.989, 0.997, and 0.994, respectively. The Langmuir isotherm describes the adsorption on a surface characterized by a limited number of adsorption sites, which are equally available for adsorption. This model generally exhibits less affinity than the Freundlich isotherm, indicating that less energy is required to transfer the particles of the adsorbate originating from the bulk solution to the adsorption sites. The participation of different functional groups in the adsorption process of lead ions as active sites onto POZ-ACs, as illustrated in the FTIR analysis, confirms the provision of an additional pathway for the adsorbate to be adsorbed onto the surface of the POZ-ACs, thus reducing the amount of energy required to overcome the barriers. As shown in Figure 7 and Table 2, the Langmuir model yielded the largest lead removal capacities of 240.7, 365.5, and 112.3 mg/g for POZ-AC-10, POZ-AC-20, and POZ-AC-30, respectively. Figure 8 compares the impact of initial metal concentration on the adsorption performance of POZ-AC-10, POZ-AC-20, and POZ-AC-30. According to this figure, the adsorption capacities of POZ-ACs obtained from experimental data closely match those of theoretical values obtained from isotherm models. A comparison between POZ-AC-10 and POZ-AC-20 indicates that the rise in adsorption capacity can be attributed to the enlargement of polymer chains in POZ-AC-20, which provides additional active adsorption sites. However, when comparing POZ-AC-20 and POZ-AC-30, the reduction in adsorption capacity is attributed to the steric hindrance of the long polymer chains in POZ-AC-30, which cover the majority of pore volumes and pore walls. Table 3 presents an overview of recently developed adsorbents for lead ions’ removal from aqueous environments. In comparison to previously developed adsorbents, POZ-AC-20 showcased remarkable efficiency in eliminating lead ions from water. For example, NH2-SiO2@Cu-MOF, despite possessing a specific surface area of 1111 m2/g and a highly porous structure, only exhibited a lead ion adsorption capacity of 166.67 mg/g [30]. Similarly, Ni0.6Fe2.4O4-UiO-66-PEI had a lead adsorption capacity of 273.2 mg/g, which was lower than that of POZ-AC-20 [46]. The application of poly 2-Methoxycarbonylpropyl-2-oxazoline polymers as adsorption sites for heavy metal removal is a promising avenue for future research. It is anticipated that a better dispersion of these polymers in porous media could significantly enhance their adsorption capacity.




3.4. Investigation of the Kinetic Behavior


In order to confirm the enhancement in the efficiency of lead ion adsorption onto POZ-ACs, a set of adsorption experiments were conducted at specific intervals. The obtained data were subsequently analyzed through the application of both pseudo-first- and pseudo-second-order kinetic models to determine the most effective approach. The corresponding equations for these models are as follows:


  L n    q m  −  q t    = L n  q m  −  K 1  × t  



(5)






   t   q t    =  1   K 2  ×  q m 2    +  t   q m     



(6)







The parameters in these equations are qt, qm, K1, and K2, which represent lead ion adsorption capacity after time t, theoretical adsorption capacity, and constant kinetic model parameters, respectively. This study revealed that the attainment of adsorption equilibrium occurred in a significantly short duration across all adsorbents. According to Figure 9 and Figure 10, and Table 4, which show the effect of equilibrium time on the adsorption capacities of POZ-ACs, the sequence of lead ion adsorption rates was recorded as 25 min, 32 min, and 47 min for POZ-AC-30, POZ-AC-20, and POZ-AC-10, respectively. The increased number of active sites from long polymer chains in POZ-AC-30 facilitated faster lead ions’ adsorption. The kinetics of lead ions’ adsorption by POZ-ACs were suitably described by the pseudo-second-order model, implying that the rate-controlling factor was chemical adsorption. This observation provides further evidence of the strong affinity between POZ-ACs and lead ions, which could be corresponded on the surface of the adsorbent to the abundance of active sites. In addition, the intra-particle diffusion model was employed for the analysis of the kinetic data, as illustrated in Figure 11. In accordance with the intra-particle kinetic model, a linear graph intersecting the origin signifies that the exclusive limiting factor is intra-particle diffusion. Conversely, a deviation from the origin in the graph suggests the involvement of supplementary processes affecting the process rate, indicating that intra-particle diffusion alone is not responsible for the rate [54,55]. Figure 11 visually represents this departure from the origin.




3.5. Investigation of the pH Impact on Lead Ions’ Removal Performance


The speciation of lead ions in different pH values was analyzed, as illustrated in Figure 12. The results demonstrated that the prevalent species of lead ions within the pH range of 2 to 6 was Pb2+ ion. At pH 2, the percentage of Pb2+ ion was 99.99%, decreasing to 98.31% at pH 6. At higher pH values (7 to 12), the dominant species changed to Pb(OH)+, Pb(OH)2, and Pb(OH)3−. The percentage of Pb2+ ion decreased significantly to 65.26% at pH 7, further decreasing to 0.26% at pH 12. To study the impact of pH on the removal of lead onto POZ-ACs, each adsorbent (250 mg/L) was added to a lead solution, which was then adjusted to the desired pH level (pH range of 2–8) by adding either HCl or NaOH. This investigation was only viable in the pH range of 2–8 due lead ions precipitate at pH values higher than 8, preventing experimental monitoring. The research revealed that pH exerted a substantial impact on the uptake of lead ions by POZ-ACs, with the highest removal efficiency being observed at pH 6. According to the point of zero charge calculations of the adsorbents, the surface charge of POZ-ACs at pH 6 was near zero, and the majority of the lead ions were in the adsorbable form of Pb2+ ion, resulting in optimal attraction between the positively charged lead ions and the negatively charged adsorption sites. The removal efficiency decreased at lower pH values due to the competitive interaction between hydrogen ions and lead ions for the available adsorption sites. Conversely, at alkaline pH, the surface of POZ-ACs became negatively charged, and the dominant lead species changed from Pb2+ to Pb(OH)+, Pb(OH)2, and Pb(OH)3−, which reduced the attraction between the lead ions and the adsorption sites. These findings suggest that the adsorption of lead ions onto POZ-ACs is significantly influenced by the pH level of the solution.




3.6. Adsorption Mechanism


The FTIR spectra after the metal ion adsorption process is provided in Figure 2 (c) to study the mechanism of lead ion removal by POZ-ACs and the involved moieties. Our analysis revealed that the peaks at 1620 and 1552 cm−1, which correspond to the bending vibration of the carbonyl group and the bending vibration of N–H group, slightly decreased, indicating the interaction between the amide group and the lead ions. Additionally, the peak in the ester group at 1720 cm−1 attributed to the stretching vibration of the C=O bond decreased and shifted slightly, demonstrating the involvement of ester groups in the adsorption process. Furthermore, the peak at approximately 500 cm−1, which is attributed to the bending vibration of the metal–ligand bond, appeared after the removal of lead ions, indicating the formation of lead–polymer coordination bonds. We also observed that the peak at 1635 cm−1, which corresponds to the C=C bending vibration of the aromatic moiety in the activated carbon, slightly changed, suggesting possible weak electrostatic interactions between the aromatic moieties of activated carbon and lead ions. Overall, the removal process of lead ions by POZ-ACs involves complex interactions of lead ions and specific functional groups. A schematic illustration of the adsorption mechanism is presented in Figure 13.




3.7. Investigation of Adsorbent Reusability


The reusability of an adsorbent is a critical consideration when evaluating its potential for practical applications. In this study, the reusability of POZ-AC adsorbents was examined through multiple adsorption–desorption cycles. The results showed that even after seven repeated uses, the POZ-ACs maintained a high level of adsorption capacity, albeit with a gradual decline. This decline in performance can be attributed to the high degree of solubility of polyoxazoline polymers, which are released into the liquid during the adsorption–desorption process, thereby reducing the quantity of active sites accessible for lead adsorption. It was observed that the performance decrease followed the sequence of POZ-AC-10 > POZ-AC-20 > POZ-AC-30, consistent with the degree of solubility of polyoxazoline polymers (Figure 14). Shorter polyoxazoline polymer chains have a greater solubility in water, leading to a more significant reduction in polymer release and adsorption performance. While polyoxazoline polymers are considered safe for use in water treatment due to their biocompatibility and non-toxic nature, it is crucial to prevent their leaching into water media to maintain the cost effectiveness of the treatment process. Therefore, future research efforts could focus on developing polyoxazoline polymers with reduced solubility in water while maintaining a high lead removal performance. Such research would be valuable in expanding the practical applications of POZ-ACs as efficient and sustainable adsorbents for heavy metal removal.





4. Conclusions


In conclusion, the current study explored the potential of polyoxazoline polymers in water treatment for the first time. The live polymerization mechanism of poly 2-Methoxycarbonylpropyl-2-oxazoline enabled the optimization of polymer loading by changing only the polymerization time. The adsorption process of lead ions onto POZ-ACs involves complex interactions of lead ions and specific functional groups such as amide moieties in the polymer backbone, ester functionalities of the pendant groups, and electrostatic interactions originated from the aromatic groups that exist on the surface of activated carbon. The Langmuir isotherm and pseudo-second-order kinetic model described the adsorption of lead ions onto the resulting POZ-ACs. This study demonstrated that the adsorbent had a high adsorption capacity of 365 mg/g achieved in a relatively short time of 37 min, with excellent reusability potential for up to seven cycles. However, this study showed that the high solubility of polyoxazoline polymers in water could lead to a decrease in adsorption performance after seven adsorption–desorption cycles due to polymer release into the water media. Despite this limitation, this study highlights the potential of using polyoxazoline polymers in water treatment applications and suggests future research should focus on developing polyoxazoline polymers with less solubility in water while maintaining a high removal performance.
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Figure 1. Schematic illustration of the synthesis procedure of poly 2-Methoxycarbonylpropyl-2-oxazoline. 
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Figure 2. FTIR spectra of (a) 2-Methoxycarbonylpropyl-2-oxazoline, (b) POZ-AC-20, (c) POZ-AC-20 after adsorption. 
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Figure 3. (left) N2 adsorption–desorption isotherms, (right) pore size distribution of (a) activated carbon, (b) POZ-AC-10, (c) POZ-AC-20, and (d) POZ-AC-30. 
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Figure 4. TGA analysis of (a) activated carbon, (b) POZ-AC-10, (c) POZ-AC-20, and (d) POZ-AC-30. 
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Figure 5. SEM images of (a) activated carbon, (b) POZ-AC-10, (c) POZ-AC-20, (d) POZ-AC-30. 
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Figure 6. The effect of POZ-ACs dosage on lead adsorption. 
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Figure 7. (A) Langmuir isotherm of POZ-AC-10, (B) Freundlich isotherm of POZ-AC-10, (C) Langmuir isotherm of POZ-AC-20, (D) Freundlich isotherm of POZ-AC-20, (E) Langmuir isotherm of POZ-AC-30, (F) Freundlich isotherm of POZ-AC-30. 






Figure 7. (A) Langmuir isotherm of POZ-AC-10, (B) Freundlich isotherm of POZ-AC-10, (C) Langmuir isotherm of POZ-AC-20, (D) Freundlich isotherm of POZ-AC-20, (E) Langmuir isotherm of POZ-AC-30, (F) Freundlich isotherm of POZ-AC-30.



[image: Water 16 00466 g007]







[image: Water 16 00466 g008] 





Figure 8. Effect of initial metal ion concentration on adsorption capacities of adsorbents. 
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Figure 9. (A) Pseudo-first-order model of POZ-AC-10, (B) pseudo-second-order model of POZ-AC-10, (C) pseudo-first-order model of POZ-AC-20, (D) pseudo-second-order model of POZ-AC-20, (E) pseudo-first-order model of POZ-AC-30, (F) pseudo-second-order model of POZ-AC-30. 
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Figure 10. Effect of equilibrium time on adsorption performance of POZ-ACs. 






Figure 10. Effect of equilibrium time on adsorption performance of POZ-ACs.



[image: Water 16 00466 g010]







[image: Water 16 00466 g011] 





Figure 11. Intra-particle diffusion model for kinetic data of lead adsorption onto POZ-ACs. 
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Figure 12. (left) pH effect on the lead ions’ adsorption performance, (right) lead ions’ speciation at different pH values (a) Pb2+, (b) PbOH+, (c) Pb3(OH)42+, (d) Pb(OH)2, (e) Pb(OH3)−. 
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Figure 13. Mechanism of lead ions’ adsorption via POZ-ACs. 
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Figure 14. Recovery study of POZ-ACs for lead ions’ adsorption process. 
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Table 1. Textural properties of activated carbon and POZ-ACs.
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	Material
	SBET (m2/g)
	Total Pore Volume (cm3/g)





	Activated carbon
	443.80
	0.970



	POZ-AC-10
	420.90
	0.811



	POZ-AC-20
	378.40
	0.652



	POZ-AC-30
	311.20
	0.341










 





Table 2. Parameters fitted for the Langmuir and Freundlich isotherms.






Table 2. Parameters fitted for the Langmuir and Freundlich isotherms.





	

	
Langmuir

	
Freundlich




	

	
    q m     (mg g−1)

	
    K l     (L mg−1)

	
     R 2     

	
   n   

	
    K f       (mg g−1)

	
     R 2     






	
POZ-AC-10

	
240.7

	
0.7

	
0.989

	
2.44

	
67.17

	
0.901




	
POZ-AC-20

	
365.5

	
2.5

	
0.997

	
2.1

	
173.38

	
0.913




	
POZ-AC-30

	
112.3

	
0.35

	
0.994

	
4.77

	
53.32

	
0.829











 





Table 3. Comparison of different MOFs for lead ion removal.






Table 3. Comparison of different MOFs for lead ion removal.





	Adsorbents
	Lead Ion Adsorption Capacity (mg/g)
	References





	NH2-SiO2@Cu-MOF
	166.7
	[30]



	thiol-functionalized [Cu4O(BDC)]n
	38.7
	[47]



	UiO-66-NHC(S)NHMe
	49
	[48]



	Ni0.6Fe2.4O4-UiO-66-PEI
	273.2
	[49]



	MIL-101
	15.8
	[50]



	UiO-66-NDC/GO
	254.45
	[51]



	Co-Al-LDH@CS/Fe3O4
	558.84
	[52]



	LDH/MOF NC
	301.4
	[53]



	POZ-AC-20
	365
	Present study










 





Table 4. Parameters fitted for the pseudo-first-order and pseudo-second-order kinetic models.
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Materials

	

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
Experimental

     q   m      (mg g−1)

	
Theoretical

     q   m      (mg g−1)

	
K1

(1/min)

	
R2

	
Theoretical

     q   m     ( mg    g  − 1   )   

	
K2

(g/mg·min)

	
R2






	
POZ-AC-10

	
233.1

	
102.15

	
0.0155

	
0.7589

	
238.09

	
0.0009

	
0.9995




	
POZ-AC-20

	
357.19

	
83

	
0.0166

	
0.592

	
357.14

	
0.0015

	
0.9999




	
POZ-AC-30

	
111.9

	
33.11

	
0.0164

	
0.6759

	
111.11

	
0.0034

	
0.9999
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