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Tosyl-carrageenan/alginate composite adsorbent for removal of Pb2+ ions from aqueous solutions
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Abstract
The current study effectively designed novel cross-linked tosyl-carrageenan/alginate (Ts-Car/Alg) beads to remove Pb2+ ions from their aqueous solutions. To confirm the structure of the produced matrix, characterization methods such as XRD, SEM, FTIR, and EDX were used. Batch experiments were employed in order to further evaluate the adsorption efficiency of Pb2+ ions. Additionally, various variables, including contact time, solution pH, adsorbent dosage, and initial concentration of Pb2+ ions were investigated using atomic absorption. The results of this study showed that the adsorption equilibrium increased as Pb2+ ions concentration increased at pH = 5.3 after a contact time of 120 min, with 0.3 g of Ts-Car/Alg that having the best adsorption capacity at 74 mg/g. The adsorption progression was further examined using the kinetic and isothermal models. With a correlation coefficient of 0.975, the Freundlich model was thought to better fit Pb2+ ions adsorption from the isotherm investigation. Also, the adsorption kinetics were investigated using a pseudo-second-order model with 1/n ratio of 0.683. This Ts-Car/Alg adsorbent is regarded as an effective candidate to be used for water treatment because the reusability process of produced beads was successfully completed twice, and the adsorbent maintained its ability to remove Pb2+ ions. The prepared Ts-Car/Alg beads are therefore excellent candidates to be used as potent Pb2+ ions adsorbents from their aqueous solutions. The Ts-Car/Alg beads' regeneration and reusability investigation for the removal of heavy metal ions was completed in at least two successful cycles.
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Introduction
Due to the growing populations and increased economic activity, heavy metal ions water contamination is a significant environmental issue in the modern era. Industrial processes, including mining, electroplating, leather tanning, painting, textile dyeing, and electroplating, discharged such metal ions. Pb2+ ions are one of the types of heavy metal ions that can deposit and accumulate in food, soil, and eventually living things [1–3]. Even at low concentrations, Pb2+ ions are deadly, very persistent, and extremely toxic to organisms, leading to a variety of health issues including disorders of the muscles, kidneys, liver, and brain where the lead level recommended by the Environmental Protection Agency (USEPA, 2009) is 5 μg/L [4, 5]. As a result, the removal of Pb2+ ions from aqueous solutions are turning into a severe problem that needs to be investigated.
Precipitation [6], oxidation [7], chemical reduction [8], ion exchanging [9], filtration [10], reverse osmosis [11], electroplating [12], flocculation [13], coagulation [13], and adsorption [14] are few methods that have been utilized to remove Pb2+ ions from aquatic environments. Adsorption is often regarded as one of the most advantageous techniques for managing effluents containing heavy metal ions due to its uncomplicated design, lack of secondary contamination, cheap cost, efficiency, and ease of handling [15, 16].
Several adsorbents have been used in the adsorption process such as bio-polymeric adsorbents that have received better attention in the adsorption process because they are biodegradable, inherently non-toxic, selective, effective, affordable, and environmentally acceptable [1–6]. Alginate, K-carrageenan, chitosan, and cellulose have attracted attention recently because of how well they work as water treatment materials [17, 18].
An excellent naturally occurring anionic polysaccharide derived from brown algae, sodium alginate (SA) mostly comprises -d-mannurinate (M) and -l-guluronate. It is biodegradable, biocompatible, and non-toxic. These groups are excellent candidates for coordination as they have active sites for chelation and removal of multivalent metal ions from their aqueous solutions due to the polymeric chains predominant (–COOH) and (–OH) groups. Moreover, sodium alginate structure alteration might be conducted to improve its functionality [19, 20].
Carrageenan is a naturally occurring, linear, sulfated, hydrophilic, and negatively charged polysaccharide that is made up of four connected 3,6-anhydrous-d-galactose (D-unit) and three linked-d-galactose (G-unit) units. Diverse types of red algae that are present in marine habitats are used to make carrageenan. Carrageenan can be divided into three major types based on the level of sulfation: kappa-, iota-, and lambda-carrageenan. All forms of carrageenan have anionic half-ester sulphate groups, which are responsible for their chemical reactivity. Iota-carrageenan has two sulphate groups per monomer compared to lambda-single carrageenan’s sulphate group per monomer [21–23]. Kappa-carrageenan only includes one sulphate group per monomeric unit. Carrageenan-based bio-composites were created and utilized for environmental purposes [24–26].
As a result of the functional groups on the carrageenan scaffold, carrageenan has used in water treatment in previous studies, and different matrices of carrageenan with other polymers or nanomaterials gave superior results in removing pollutants from water [21, 25]. The goal of the current study is to create an innovative, priced, and environmentally friendly tosyl-carrageenan/alginate (Ts-Car/Alg) adsorbent for removing Pb2+ ions from its aqueous solutions. Furthermore, FTIR, SEM, XRD, and EDX techniques applied to establish the produced matrix's structural integrity. Also, Pb2+ ions solution batch adsorption under a variety of conditions, including contact time, solution pH, adsorbent dosage, and initial concentration of Pb2+ ions have been conducted. In addition, this adsorbent regeneration was explored, and two kinetics namely, pseudo-first order and pseudo-second order, and two isotherm models namely, Freundlich and Langmuir models were looked at for an explanation of the adsorption mechanism of Pb2+ ions after regeneration.

Materials and methods
Materials
Materials were of analytical grade; Sodium alginate was purchased from Fisher scientific Co. (UK), viscosity 1%at 25 oC: 5–40 cps. p-Toluene sulfonyl chloride, anhydrous lithium chloride (LiCl), N, n-dimethyl acetamide (DMA), triethyl amine (TEA), and carrageenan from Sigma-Aldrich Co. The following products: ethanol (99%), calcium chloride (CaCl2), sodium hydroxide (NaOH), and hydrochloric acid (HCl) from ELNASER Co. (Egypt).

Methods
Adsorbent synthesis
Preparation of Tosyl k-carrageenan (Ts-Car)
Tosyl k-carrageenan (Ts-Car) was prepared using a previously reported approach [27, 28], with a minor modification. Briefly, a mixture of 3.0 g of k-carrageenan in 100 mL DMA was stirred and heated for 10 h at 80 °C under reflux. The carrageenan solution continuously stirred with the addition of a solution of 5 g of anhydrous LiCl in 25 mL DMA, left to cool in room temperature and then agitated for 6 h (partially dissolution). A diluted solution of TEA and DMA (10 mL: 25 mL) was added while stirring at low temperature (0–8 °C). After that, 6 g of p-toluene sulfonyl chloride in 25 mL DMA was added drop-by-drop to the mixture while stirring for 45 min. The reaction mixture was stirred for six hours at 0–8 °C then progressively added to 0.5 L ethanol with stirring for 15 min. Filtration and washing with ethanol followed by drying at 50 °C for 1 h in an oven was used to get precipitation of Ts-Car.

Preparation of Tosyl k-carrageenan/ Alginate (Ts-Car/Alg) beads
According to a previously documented methodology [29, 30], with a slight modification. Tosyl k-carrageenan/Alginate (Ts-Car/Alg) beads was prepared using the calcium-hardening process, in brief, Ts-Car/Alg beads were prepared by combining sodium alginate (1.5%) and Ts-Car (1%) solutions. Dissolve 2 g Ts-Car in 100 mL distilled water for 30 min, stirring continuously. Then, distilled water (100 mL) and Na-alginate (3 g) were added separately then mixed for 30 min at room temperature until mixture became homogenous to get a viscous solution. Also, by adding the viscous solution (through a glass syringe) to a 3% CaCl2 solution while gradually stirring for hardening, spherical Ts-Car/Alg beads were created. The resulting beads were then rinsed by bi-distilled water to get rid of the calcium ions that had not yet reacted (Fig. 1).[image: ]
Fig. 1Schematic diagram of Tosyl-carrageenan/Alginate (Ts-Car/Alg) beads preparation




Characterization
SEM was used at 15 kV beam energy. After surface dehydration in a desiccator for 2  h to evaluate the morphological surface of the synthesized Ts-Car/Alg and alginate hydrogel beads (scanning electron microscopy, Phenom, China). was used. Energy-dispersive X-ray spectroscopy (EDX) was employed to analyze the elemental makeup of the material utilized in the current study. Fourier transform infrared spectroscopy (FT-IR, NEXUS-670, USA) was utilized to analyze and confirm the modification in structure and functional groups of the prepared beads in a dry form after grinding them at room temperature. The powdered samples were measured in the range of 4000–500 cm−1 with resolution of 2 cm−1 at 16 scans per spectrum. A D-MAX 2500/PC (Japan Rigaku) X-ray diffractometer was used to record the X-ray diffraction (XRD) patterns of Ts-Car and Ts-Car/Alg beads to examine the crystalline structure. The instrument was operated in a continuous mode, and scanned over 2θ range of 10 to 90°.

Adsorption experiments
In this study, the Ts-Car/Alg gel beads were utilized to remove Pb2+ ions from their solutions. To evaluate the performance and potency of Ts-Car/Alg beads for adsorbing Pb2+ ions. Various adsorption parameters were investigated, including; (i) contact time effect which was conducted in conical flasks for (5, 15, 30, 60, and 120 min) using adsorbent beads (0.15 g) and100 mL Pb2+ ions solution (50 mg/L) at pH 5.3, (ii) influence of solution pH was examined over range (3–11) using 0.3 g Ts-Car/Alg gel beads and Pb2+ ions (100 mL) of (50 mg/L) for 120 min., where the pH of solution was adjusted by diluted NaOH (0.1N) and HCl (0.1N) solutions. (iii) The adsorbent dose effect was conducted in conical flasks with Ts-Car/Alg gel beads (0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g) and 100 mL of Pb2+ ions (50 mg/L) for 120 min at pH 5.3. (iv) Initial concentrations of Pb2+ ions were evaluated in the solution at different concentrations (10, 25, 50, 100, and 250 mg/L) over the course of 120 min at pH 5.3 and with 0.3 g of Ts-Car/Alg gel beads.
To maintain the ideal conditions for the hydrogels to achieve the best Pb2+ ions removal, all these various parameters that affect the adsorption process have been studied in a continuous agitation shaker at room temperature. Adsorbent beads were removed from the solution when the adsorption reaction was complete, and the amount of Pb2+ ions in the mixture was measured using atomic absorption spectrophotometry (Varian SpectrAA 220). The formula used to calculate the removal effectiveness and adsorption capacity is as follows:
The following formula was used to determine the adsorbent's removal efficiency:[image: $$R \%=\frac{\mathrm{Co }-\mathrm{ Ct }}{{\text{Co}}}\times 100$$]

 (1)



The capacity of adsorption, q (mg/g), was determined from:[image: $$q=\left(Co-Ct\right) \times \frac{V}{M}$$]

 (2)


where C0 and Ct are the initial and final concentrations of Pb2+ ion solutions (mg/L) after time (t), respectively, V is the volume of Pb2+ ions solution (mL) and M is Ts-Car/Alg gel beads (g) mass.

Adsorption kinetics
There exist two distinct models for adsorption kinetics, namely the pseudo-first-order and pseudo-second-order models. The metal adsorption process rate is explained using these models [31, 32].
To express the linear and non-linear pseudo-first-order use the following equations respectively, (3, 4):[image: $$\mathrm{log }\left({q}_{e}-{q}_{t}\right)=log{q}_{e}-\frac{{k}_{1}}{2.303}t$$]

 (3)


[image: $${q}_{t}={q}_{e}-{e}^{-{k}_{t}t}$$]

 (4)



To express the linear and non-linear pseudo-first-order use the following equations respectively, (5, 6):[image: $$\frac{t}{{q}_{t}}=\frac{1}{{K}_{2}{q2}_{e}}+\left(\frac{1}{{q}_{e}}\right)t$$]

 (5)


[image: $${q}_{t}=\frac{{k}_{2}{q}_{e}^{2}t}{1+{k}_{t}{q}_{e}t}$$]

 (6)



where, qe (mg/g) and qt (mg/g) are adsorption capacities of Ts-Car/Alg gel beads at equilibrium at time t (min), respectively, and k1 (1/min) and k2 [g/(mg min)] are the constants of first-order and second-order rate, respectively.
The following expression represented the adsorption rate h (mg/g min):[image: $$h={k}_{2}{q}_{e}^{2}$$]

 (7)




Adsorption isotherms
Adsorption isotherms were applied to show how metal ions interact with the synthesized adsorbents. Freundlich and Langmuir models are also used to examine adsorption processes [33].
Both the linear and non-linear Langmuir isotherms are defined using equations [8, 9], respectively:[image: $$qt/qmax =bCt/ (1+bCt)$$]

 (8)


[image: $${q}_{t}=\frac{b{C}_{t}}{1+{q}_{m}{C}_{t}}$$]

 (9)



Both the linear and non-linear Freundlich isotherms are defined using equations [10, 11], respectively:[image: $$\mathit{ln}{q}_{e}=\mathit{ln}{k}_{f}+\left(\frac{1}{n}\right)\mathit{ln}{C}_{e}$$]

 (10)


where, Ce is the equilibrium concentration of Pb2+ ions (mg/L), qe is the equilibrium sorption capacity (mg/g), qmax is the maximum sorption capacity (mg/g), and b is Langmuir constant (L/mg), which correlates to the adsorption energy and (kf and n) are Freundlich isotherm constants.
The essential features of Langmuir isotherm can be described in terms of separation factor RL which is described as:[image: $$R_{L = } {\raise0.7ex\hbox{$1$} \!\mathord{\left/ {\vphantom {1 {\left( {1 + bC_{O} } \right)}}}\right.\kern-0pt} \!\lower0.7ex\hbox{${\left( {1 + bC_{O} } \right)}$}}$$]

 (11)


where, RL > 1 corresponds to unfavorable adsorption, RL = 1 represents linear adsorption, RL = 0 translates into irreversible, whereas RL values between 0 and 1 indicate favorable adsorption.

Desorption and regeneration studies
An important study for lowering the overall cost of adsorbents is the desorption and regeneration of an absorbent. Adsorption–desorption was used to evaluate whether the produced gel beads for Pb2+ ions adsorption could be reused. 100 mL of pH 5.3 Pb2+ ions (50 mg/L) solution and 0.2 g of Ts-Car/Alg beads were weighed, added, and shaken for 1.5 h at room temperature. The Pb2+-loaded composite beads were taken out of the batch adsorption once the adsorption process was complete.
The remaining concentration of metal ions in the filtrate was then calculated. Afterwards, to desorb Pb2+ ions, 100 mL of 0.25 M HCl (the desorption medium) was added to the beads. The beads were then shaken for 1.5 h at room temperature. After being removed from the desorption medium, the beads were rinsed with distilled water until the pH was neutral, and they were then re-immersed in a solution containing 100 mL of Pb2+ ions (50 mg/L) for 1.5 h to begin the subsequent adsorption cycle. This experiment was repeated twice, and the succeeding adsorption procedure used the previously used adsorbent.



Results and discussion
Characterization
Scanning electron microscopy was used to analyze the surface morphology and porosity development of alginate beads and Ts-Car/Alg beads (SEM). As shown in Fig. 2a, b the alginate beads' surface is smooth and devoid of any grooves, indicating that there is no porosity there. In contrast to the surface of Ts-Car/Alg beads, as shown in Fig. 2c, d, is full of grooves due to crosslinking with Ts-car, which provided a high surface area and large numbers of active sites to accommodate metal ions, enhancing Pb2+ ion adsorption efficiency. Given that their pores can operate as active sites for the adsorption of metal ions, these beads are viable candidates for water treatment, according to the surface morphology.[image: ]
Fig. 2SEM images of alginate beads (a, b) and Ts-Car/Alg beads (c, d)


Figure 3 is the EDX pattern of Ts-Car/Alg gel beads that displayed the distribution of the appropriate elements of the produced matrix. The presence of just C, O, S (belongs to Ts), S, O (belongs to carrageenan), C, O (belongs to Alginate), and Ca (belongs to a cross-linking agent) in the spectrum revealed a highly pure Ts-Car/Alg matrix.[image: ]
Fig. 3EDX patterns of Ts-Car/Alg beads


FTIR spectra analysis was used to elucidate the development of the new matrices. Carrageenan FTIR analysis, as seen in Fig. 4a showed stretching vibration of C4–O–S and a symmetric vibration of O=S=O at 1265 cm−1 and 848 cm−1, respectively. The peaks at 925 cm−1 revealed 3,6-anhydrous-galactose contains C–O–C. Moreover, O–H stretching, C–H stretching, C–O stretching, and C–O stretching, respectively, were associated with bands at 3417 cm−1, 2908 cm−1, 1157 cm−1, and 1072 cm−1. The O–H bending has a characteristic peak at 1643 cm−1. Furthermore, the stretching vibration band of S=O in the (SO4) group is referenced by the peak in the spectrum of Car. at 1261 cm−1 [34–36]. Figure 4b of the FTIR of sodium alginate showed significant bands of the hydroxyl, ether, and carboxylic functional groups. O–H stretching vibrations appeared at 3417 cm−1, while carboxylate O–C–O asymmetric stretching vibrations has two other bands seen at 2931 and 1620 cm−1, respectively. Additionally, the O–C–O symmetric stretching vibration of the carboxylate group contributed to the absorption band at 1419 cm−1, which was related to the C–OH deformation vibration. In addition, the pyranose rings’ C–C–H (and O–C–H) deformation, C–O stretching vibrations, and C–O (and C–C) stretching vibrations, represent the bands at 1388, 1095, and 1033 cm−1, respectively. Furthermore, the peak at 948 cm−1 coincided with the presence of uronic acid as indicated by the C–O stretching vibration. The peaks at 887 and 817 cm−1 were due to the mannuronic acid residues and the l-gulopyranuronic asymmetric ring vibration, respectively [37–39]. By comparing Fig. 4c and d, the FT-IR spectra shows bands that Ts-Car/Alg at 3448 cm−1, OH groups first emerged, and at 2962 cm−1, C–H stretching began. The band for C–O–C was visible at 1072 cm−1, while other bands that are typical for tosylate groups were seen at 1126 cm−1 for SO2, 1381 cm−1 for S–O, 2973 cm−1 for C–H aromatic, and 1635 cm−1 for C–C aromatic, respectively [40, 41].[image: ]
Fig. 4a FTIR spectra of Car., b NaAlg, cTs-Car., d Ts-Car/Alg, and e Ts-Car/Alg (after adsorption) Beads


The FTIR chart of the beads after adsorption (Fig. 4e) supported the adsorption mechanism. The decrease in the intensity of the carboxylate group band of O–C–O symmetric stretching vibration at 1419 cm−1 and the band of OH groups at 3448 cm−1 revealed their contribution in the adsorption of lead ions. The result of the FTIR also highlights the participation of both the carboxylate and hydroxyl groups in bonding with lead ions.
The results of an XRD analysis of Ts-Car and Ts-Car/Alg beads are shown in Fig. 5. The first weak band and the second powerful peak, which are typically detected at 2θ about 20° and 28°, respectively, are attributed to the carrageenan base. While the alginate is thought to be responsible for the typical peaks at 2θ about 40° and 50°. Given that crosslinking has led to lower crystallinity and impair chain mobility, the combination of Ts-Carrageenan and Alginate significantly inhibited the crystallinity of the peaks of Ts-Carrageenan [42].[image: ]
Fig. 5XRD pattern of Ts-Car. & Ts-Car/Alg Beads



Adsorption study
Contact time effect on Pb2+ ions adsorption.
It is known that contact time plays a crucial role in determining how metal ions are eliminated when examining the adsorption kinetics of an adsorbent. The impact of contact duration on Pb2+ ions removal by Ts-Car/Alg beads was examined. By adding 0.15 g of Ts-Car/Alg beads to a solution of 50 mg/L Pb2+ ions and a pH of 5.3, with keeping all other variables constant, the mixture was agitated and samples were taken every 5, 15, 30, 60, and 120 min at room temperature.
At each time, the amount of Pb2+ ions left in the solution was calculated (Fig. 6). According to the results, the amount of Pb2+ ions adsorbed onto Ts-Car/Alg beads noticeably increases from 40.62 to 96.25% with the increase in contact duration till reaching equilibrium after 60 min. This is mostly due to the considerable number of active sites that are present on the adsorbent surface, which were later occupied with metal ions [43]. Pseudo-first order and pseudo-second-order kinetic models have been studied to better understand the kinetics of Pb2+ ions being adsorbed by Ts-Car/Alg beads. The kinetic model's constants and correlation coefficients, which were calculated and listed in Table 1, showed that the adsorption reaction's kinetics follows pseudo-second-order model (Fig. 6), as evidenced by the higher correlation coefficient (R2 = 0.9992) value and the similar value between the calculated and experimental qe, which simulate that the sorption rate is proportionate to the square of the number of unoccupied binding sites [44].[image: ]
Fig. 6Contact time influence on the Pb2+ ions adsorption (A), linear Pseudo-first-order (B), and linear Pseudo-second-order (C) for the adsorption of 50 (mg/L) Pb2+ ions onto 0.15 g Ts-Car/Alg beads

Table 1linear Kinetics constants for Pb2+ ions adsorption by Ts-Car/Alg beads


	Pseudo-first-order
	k1 (min−1)
	qe (exp.) (mg/g)
	qe (cal.) (mg/g)
	R2*
	SSE**

	 	0.093
	20.63
	14.57
	0.9473
	15.4


	Pseudo-second-order
	K2 (g/mg min)
	qe (exp.) (mg/g)
	qe (cal.) (mg/g)
	H (mg/g min)
	R2
	SSE

	 	0.0085
	20.63
	21.6
	3.96
	0.9992
	0.015


*R2: The regression coefficient factor
*SSE: The Sum of Squared Errors




Effect of pH on Pb2+ ions adsorption
In aqueous solutions, the ionization of functional groups that are present onto the surface of the adsorbent (charges of adsorption sites) is significantly influenced by pH, which is a characteristic parameter that impacts the behavior of the adsorption of heavy metal ions [45]. Experiments were conducted with 100 mL Pb2+ ions solution (50 mg/L) containing 0.15 g Ts-Car/Alg beads in varied solution pH range 3–11 at room temperature for 2 h, while other variables were held constant. The results are shown in Fig. 7, which shows that as the pH rises, the effectiveness of removing Pb2+ ions increase from 46 to 94.5%. Hydrogen protons (H+) in the medium and Pb2+ ions competed (via electrostatic repulsion) for the same binding sites at low pH, which reduced adsorption capability. However, the removal percentage rose when the pH of the solution was raised because the competition between the Pb2+ ions and hydrogen protons (H+) for adsorption sites was eliminated. However, when the pH is more than 8, the Pb2+ ions started to precipitate as Pb (OH)2 hydroxides, which is crucial for the elimination of Pb2+ ions [46]. So the optimal pH range for effective Pb2+ ions adsorption lies between 5 and 6 to prevent Pb2+ ions precipitation, as precipitation could potentially undermine the overall efficacy of the adsorption process. The pH points zero charge (pH ZPC) was determined using Zeta potentials (Zetasizer Nano S, Malvern Instruments, UK) at different pH (3–12) and revealed that pH ZPC is 3.2. It is clear from Fig. 7b that a lower pH value than pHZPC leads to a higher density of positive ions on the surface of the beads, which in turn allows less adsorption. When the pH of the solution is higher than pHZPC, a negative charge is present on the surface of the beads, which leads to better adsorption of lead cations through the phenomenon of electrostatic attraction.[image: ]
Fig. 7a pH Effect on the adsorption [0.15 g adsorbent dosage, 100 mL Pb2+ ions; 50 mg/L, and contact time 120 min, room temperature]. b Determination of zero-point charge



Effect of adsorbent dosage on Pb2+ ions adsorption
The dosage of the adsorbent is one of the factors that is known to have the biggest influence on the adsorption process. Using different amounts of Ts-Car/Alg beads (0.05, 0.1, 0.2, 0.3, 0.4, 0.5) on Pb2+ ions uptake (Pb2+ ions solution 50 mg/L, at pH 5.3), while maintaining all other parameters constant, the effect of adsorbent dosage on Pb2+ ions elimination from aqueous solutions was investigated. The prepared solutions were then shaken for 120 min. at room temperature.
Figure 8 revealed that when the Ts-Car/Alg bead dose rose from 0.05 to 0.5 gm/L, the adsorption capacity declined from 54.6 to 6.31 mg/g. This is because more adsorbent sites were added to the solution, which caused them to compete with one another and reduce the adsorption capacity. The removal efficacy rose from (85.3 to 98.6%) as the adsorbent dosage was raised from 0.05 to 0.5 gm/L. This is because the surface of the adsorbent had more active sites available for the adsorption of Pb2+ ions [47, 48]. Therefore, the optimal sorbent dosage is determined to be 0.3 g once equilibrium is attained.[image: ]
Fig. 8Influence of adsorbent dosage on adsorption of Pb2+ ions (C0 = 50 mg/L, pH 5.3, contact time 120 min, and room temperature)



Effect of initial Pb2+ ions concentration
The amount of Pb2+ ions present at the beginning has a significant effect on the adsorption process over time. Therefore, at room temperature, solutions containing 10, 25, 50, 100, and 250 mg/L of Pb2+ ions were shaken with 0.3 g of Ts-Car/Alg beads. From the results displayed in Fig. 9a, it was clear that at lower Pb2+ ion concentrations (50 mg/L), the removal rate rose (R% 95.7%), whereas at higher concentrations (> 50 mg/L), the removal rate was declined (R% 86.2%). The rise in Pb2+ ions removal rate at low initial Pb2+ ions concentration is caused by the adsorbent surface having enough open active sites. As a result of a lack of active sites on the adsorbent, the adsorption rate slowed down with increasing initial Pb2+ ions concentration [49].[image: ]
Fig. 9Influence of initial Pb2+ ions concentration on the removal effectiveness and uptake capacity of 0.15 g Ts-Car/Alg beads (A), linear Langmuir (B), and linear Freundlich (C) adsorption isotherm models of Pb2+ ions adsorption onto Ts-Car/Alg beads


On the other hand, the adsorption capacity rose from 2.2 to 54.6 mg/g with the rise in Pb2+ ions concentration, this was attributed to the ratio between Pb2+ and Ts-Car/Alg beads was enough to afford a driving force to overcome the mass transport resistance between them [50]. To describe the adsorption process more clearly between Ts-Car/Alg beads adsorbent and Pb2+ ions, both Freundlich isotherm and Langmuir models have been examined (Fig. 9b).
The study of the constants and correlation coefficients of the isotherm model is reported in Table 2. The greater correlation coefficient value (R2 = 0.975) indicates that Pb2+ ions were adsorbed onto the Ts-Car/Alg beads’ surface in multiple layers. This finding supports the conclusion that the adsorption process adheres to the Freundlich isotherm (as shown in Fig. 9c), which posits the multilayer adsorption of lead ions onto Ts-Car/Alg beads [47]. Furthermore, since the n value in Freundlich isotherm was higher than one, the process of adsorption was physically accomplished. Langmuir isotherm RL value, which ranges from 0 to 1, was get to be in this range, indicating that the adsorption of Pb2+ ions onto Ts-Car/Alg beads was successfully processed. The results reveal that Ts-Car/Alg beads displayed a remarkable Pb2+ uptake capacity (qmax) of 74 mg/g, surpassing the capacities of previously reported sorbents, as demonstrated in Table 3.Table 2linear Freundlich and linear Langmuir isotherms constants of Pb2+ ions adsorption onto Ts-Car/Alg beads adsorbent


	Freundlich Constants
	Langmuir Constants

	Kf
	n
	R2
	SSE
	qm (mg/g)
	b (L/mg)
	R2
	SSE

	6.2
	1.46
	0.9755
	0.1487
	74
	0.09
	0.9045
	0.0095



Table 3A comparative study of Pb2+ adsorption with similar composite materials


	Sorbents
	Adsorption capacity, (mg/g)
	References

	Modified beech sawdust
	2.46
	[51]

	Activated carbon and
Chemically-modified activated carbon
	30.7
30.6
	[52]

	Melamine- pyridine polyaminal network (MA-Py)
	53.13
	[53]

	Ts-Car/Alg beads
	74 mg/g
	Present work





Regeneration
One crucial step in the process of water treatment is the regeneration of the absorbent [54]. Two cycles of regeneration research were completed. The results showed that the first cycle Pb2+ ion removal effectiveness exceeded 95.3% before dropping to 80% in the second cycle. It is important to note that Ts-Car/Alg beads can be used more than twice to remove heavy metal ions from contaminated water.

Adsorption mechanism
Figure 10 revealed that a contact took place between Pb2+ ions and Ts-Car/Alg beads. The locations where metal ions were attached to Ts-Car/Alg beads that contain available negatively charged functional groups (–COO−, –OSO3−, –SO2−…) that were bonded to positively charged Pb2+ ions through electrostatic attraction and chelation, which were confirmed, in brief, using a variety of characterization methods.[image: ]
Fig. 10Schematic diagram of adsorption mechanism of Tosyl-carrageenan/Alginate (Ts-Car/Alg) beads for Pb2+ ions





Conclusions
The prepared Ts-Car/Alg beads are promising for removing Pb2+ ions from aqueous solutions. Their remarkable adsorption capacity, coupled with their ease of use, positions them as a valuable resource for addressing heavy metal ion pollution. We have diligently confirmed their formation and effectiveness through rigorous material characterization and extensive adsorption studies. Our findings indicate that the adsorption equilibrium increases as the concentration of Pb2+ ions rise, particularly at a pH of 5.3, after a contact time of 120 min, and 0.3 g of Ts-Car/Alg demonstrated the highest adsorption capacity at 74 mg/g. furthermore, its successful regeneration and reusability evaluation for water treatment, make them a noteworthy addition to the field of adsorbent materials.
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