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Alkali-activated municipal waste incineration fly ash (MWFA)-based geopolymers (GPA, GPB, and GPC) were synthesized under different sodium silicate to sodium hydroxide (SS/SH) ratios. The geopolymers were applied in the removal of endosulfan, a persistent and toxic chemical, from water. The adsorbents were characterized by XRD, SEM-EDX, and FTIR. Variation of SS/SH ratios resulted in morphologically distinguishable geopolymers with different compositions. The adsorption equilibrium data were best described by the Langmuir isotherm. The maximum adsorption capacities increased with an increase in SS/SH ratios in the order 1.87, 15.89, 16.97, and 20.01 mg/g for MWFA, GPA, GPB, and GPC, respectively. The kinetic data were best described by the pseudo-first-order model wherein the adsorption rate ([image: image]) was independent of the SS/SH ratios and the geopolymer composition. The thermodynamic parameters, that is, enthalpy (∆H > 0), Gibbs free energy (∆G < 0), entropy (∆S > 0), and activation energy (Ea > 0), show that the processes were endothermic, spontaneous, physical (Ea and ∆H < 40 kJ/mol), and entropy-driven. Alkalination was beneficial since the geopolymers had a higher adsorption capacity (∼8–10 times) and affinity for endosulfan (∼30 times) than the precursor material (MWFA). The adsorption mechanism entailed electrostatic interactions and hydrogen bonding. The MWFA-based geopolymers are, therefore, potential alternative low-cost adsorbents for the removal of endosulfan from water and a strategy for the valorization of MWFA.
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1 INTRODUCTION
Insecticides are pesticides formulated to kill, harm, repel, or mitigate one or more species of insects through different mechanisms such as disrupting the nervous system, damaging their exoskeletons, repelling them, or controlling them by interfering with their genetics and reproduction (Kegley et al., 2010). Insecticides include ovicides and larvicides applied against target insect eggs and larvae. The application of insecticides in plantations leads to increased yields (Kughur, 2012). However, extensive and uncontrolled use of such agrochemicals leads to water pollution (Al-Samarai et al., 2018).
Endosulfan (6,9-methano-2,4,3-benzodioxathiepin,6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-3,3-dioxide) is a broad-spectrum organochlorine insecticide of the cyclodiene subgroup which acts as a contact poison in a wide variety of insects. Most organochlorides act on neurons by causing a sodium/potassium imbalance preventing normal transmission of nerve impulses. Some act on the gamma-aminobutyric acid (GABA) receptor preventing chloride ions from entering the neurons, causing a hyperexcitable state characterized by tremors and convulsions. Endosulfan, for example, is a GABA-gated chloride channel antagonist (Sipes et al., 2013). For this reason, endosulfan and most other broad-spectrum insecticides have been eliminated (Lubick, 2010). Like most agrochemicals, endosulfan finds its way to water sources either through leaching, uncontrolled dumping of used endosulfan containers, the release of untreated industrial effluents, surface run-off, and farmyard deposition (Hwang et al., 2018).
Endosulfan is known to cause teratogenic malformations in fish and amphibians by disrupting hormones in frogs, cause ecological disturbance in freshwater ecosystems through alteration in the composition of planktonic algae species, and lead to death of aquatic animals (Lubick, 2010; Patocka et al., 2016). According to Roberts et al. (2007), maternal exposure to endosulfan during the first and second trimesters can lead to autism disorders. Due to its toxicity, the environmental fate of endosulfan is of great concern.
Conventionally, the activated carbon method has been used to remove water pollutants from contaminated water. For example, carbon slurry as a novel adsorbent material for the removal of endosulfan from contaminated water has been reported (Gupta and Imran, 2008; Kakoi et al., 2015). Hengpraprom et al. (2006) and Polati et al. (2006) reported the adsorption of a-endosulfan onto kaolinite particles and to a mixture of kaolinite and montmorillonite particles from aqueous suspension, respectively.
Similarly, studies on endosulfan adsorption onto hydrophobic HBEA zeolites (Yonli et al., 2012) and high-silica zeolites (Jiang et al., 2018) have been documented. These studies provide evidence of the suitability of aluminosilicate-based materials as adsorbents for endosulfan removal. Recently, geopolymers have shown to be emerging low-cost and efficient aluminosilicate adsorbents for the removal of various contaminants such as heavy metals and dyes from water, owing to a plethora of precursor materials available for geopolymer development (Shikuku et al., 2019). The materials evaluated for geopolymer development for water purification include metakaolin (Shikuku et al., 2022), volcanic ash (Tome et al., 2021), pozzolan and biochar composites (Dzoujo et al., 2022), and municipal solid waste incineration fly ash (Al-Ghouti et al., 2020) among others. For example, Craig et al. (2015) reported the application of biochar/geopolymer composites in the remediation of pesticides (such as atrazine, dieldrin, picloram, metolachlor, tebuthiuron, and hexazinone) from contaminated water. Albeit little research work has been carried out on the interactions of geopolymers with pesticides in water, no research work has reported the use of municipal waste incineration fly ash (MWFA)-based geopolymers as adsorbents for endosulfan removal from contaminated water. MWFA-based geopolymers are of great interest in pesticide remediation due to the dual advantage of valorization of waste materials and water treatment with the possibility of using the spent geopolymers for construction purposes (Tome et al., 2018).
During geopolymer formation, an aluminosilicate source with sufficient aluminum and silicon percentage composition is allowed to react with an alkaline activator solution (Siyal et al., 2018). The type of aluminosilicate source, the concentration and type of the alkaline activator solution, and the curing temperature affect the properties of the geopolymer formed (Tome et al., 2018; Tome et al., 2021). The disposal of MWFA is an unresolved environmental problem that causes secondary pollution. Since MWFA is reported to have sufficient aluminum and silicon content, it can be applied as an aluminosilicate precursor during geopolymer formation (Fabricius et al., 2020). Al-Ghouti et al. (2020) reported the use of MWFA-based geopolymers for the removal of dyes from water. However, the effect of synthesis conditions for optimization of the adsorption properties of MWFA-based geopolymers has not been reported as well. This leaves a gap in our understanding of the optimum conditions for maximization of the adsorptive potential of MWFA-based geopolymers. In this study, the precursor material (MWFA) is reacted with alkaline activator solutions of varied sodium silicate to sodium hydroxide (SS/SH) ratios to obtain various morphologically different MWFA-based geopolymers. The effect of the SS/SH ratios on the textural and adsorption properties of the MWFA-based geopolymers was investigated, with endosulfan introduced in water as a model pesticide and is herein reported.
2 MATERIALS AND METHODS
2.1 Materials and reagents
The municipal waste fly ash (MWFA) was collected from Environmental Combustions and Consultancy Limited, Migori, Kenya. An amount of 90 g of MWFA was crushed, sieved using a 100-μm pore size sieve, and stored in a vacuum desiccator. Analytical reagent (AR) grade sodium hydroxide (NaOH), sodium silicate [image: image], endosulfan (6,9-methano-2,4,3-benzodioxathiepin,6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-3,3-dioxide), hydrochloric acid (HCl), and sodium chloride (NaCl) were purchased from Kobian Scientific Limited, Kenya.
2.2 Methodology
2.2.1 Synthesis of the geopolymer adsorbents
For the synthesis, 50 mL solution of 8 M NaOH was prepared in a polypropylene beaker using a magnetic stirrer. Then, the solutions were covered and left to cool to room temperature. Then, three 15 mL portions of the 8 M NaOH solution were transferred into three different polypropylene beakers labeled A, B, and C, and to them, 5.81, 6.98, and 8.14 g of sodium silicate (SS) were added, respectively. The activator solutions were stirred at 800 rpm and at a temperature of 40°C for 30 min to obtain homogeneous mixtures. The activator solutions were kept covered with a parafilm to prevent carbonation and allow for complete de-polymerization of sodium silicate for 24 h.
Activator solutions were mixed with the municipal waste fly ash (MWFA) at a solid-to-liquid (S/L) ratio of 2 and shaken for 5 min at 150 rpm to form pastes. The fly ash-based geopolymer pastes were transferred into cylindrical containers and then cured at 25°C for 24 h. The three cured geopolymers, that is, MWFA-based geopolymer A (GPA), MWFA-based geopolymer B (GPB), and MWFA-based geopolymer C (GPC), were then crushed and sieved to pass a 100-µm sieve, and stored in a desiccator before use.
2.3 Characterization of the geopolymer adsorbents
Morphology, microstructure, and percentage elemental composition of the geopolymers and MWFA were obtained by scanning electron microscopy–energy dispersive spectroscopy, SEM-EDS (JSM-IT500). Sample crystallinity was acquired using a Bruker D8 Advance X-ray diffractometer with copper Kα wavelength, Kα = 1.5406 Å. Functional groups of the MWFA-based geopolymers and MWFA were examined using an FTIR spectrophotometer (NICOLET iS50 FT-IR) at 400–4000 cm-1 wavenumbers. The point of zero charge is the pH at which the net charge on the adsorbent surface is zero. The pH point of the zero charge of MWFA and the synthesized geopolymers (pHpzc) was determined using the pH drift method (Dzoujo et al., 2022; Hermann et al., 2022).
2.4 Batch adsorption experiments
The initial endosulfan concentrations used in the adsorption experiments were 0, 4, 8, 12, 16, and 20 mg/L. Contact time, pH, temperature, and adsorbent dosage were kept constant at 90 min, 5,303 K, and 0.1 g/50 mL endosulfan solution, respectively. The mixtures were filtered after equilibration, and the residual endosulfan concentration in the filtrate was determined spectrophotometrically at [image: image] = 212 [image: image].
The amount of endosulfan adsorbed at equilibrium, mg/g, was calculated as
[image: image]
where Ci and Ce are the initial and equilibrium endosulfan concentrations (mg/L), respectively. V is the volume, L, of the solution, and m is the mass, g, of the adsorbent.
The amount of endosulfan adsorbed (qt) onto the geopolymers at any given time, (t), was given by
[image: image]
where Ct is the adsorbate concentration (mg/L) at any given time. Adsorption removal efficiency (ղ) at equilibrium time was calculated as
[image: image]
where Ci and Cf were the initial and final concentrations, respectively.
Additionally, the effect of pH was investigated in the pH range of 2.0–10.0. The adsorbent dosage, contact time, initial endosulfan concentration, and temperature were kept constant at 0.1 g/50 mL solution, 90 min, 8 mg/L, and 303 K, respectively. Then, 0.1 M HCl and 0.1 M NaOH were used to adjust the pH of the solution accordingly.
The effect of contact time was studied at predetermined intervals of 0, 10, 20, 30, 40, 50, 60, 90, 120, and 150 min. The adsorbent dosage, pH, initial endosulfan concentration, and temperature were kept constant at 0.1 g/50 mL solution, 5, 8 mg/L, and 303 K, respectively. An aliquot of the supernatant was then extracted to determine residual endosulfan.
To investigate the effects of temperature, the adsorption processes were studied to establish its thermodynamic characteristics in the temperature range of 303–353 K in a temperature-controlled shaker at 150 rpm (Shaking Incubator, Model: SSI10R-2, Orbital-Shaking) for a stipulated fixed duration. The contact time, pH, initial endosulfan concentration, and geopolymer dosage were kept constant at 90 min, 5, 8 mg/L, and 0.1 g/50 mL solution, respectively.
Adsorbent dosage was also investigated when different amounts of the adsorbent, from 0.05 to 0.3 g, were used in 50 mL of the endosulfan solution. The contact time, pH, initial endosulfan concentration, and temperature were kept constant at 90 min, 5, 8 mg/L, and 303 K, respectively.
2.5 Data analysis
The statistical difference was tested using one-way analysis of variance, and data were presented using linear regression in graphical format by OriginPro 9.0 software.
3 RESULTS AND DISCUSSION
3.1 Characterization studies
3.1.1 Functional group identification
FTIR plots (Figure 1) present the functional groups present in MWFA and MWFA-based geopolymers. For MWFA, there are strong absorption bands at 3,400 and 1,435 cm-1, and a pre-eminent band at 989 cm-1. Other important bands are centered between 400 and 800 cm-1 wavenumbers.
[image: Figure 1]FIGURE 1 | FTIR spectra of MWFA and MWFA-based geopolymers GPA, GPB, and GPC.
A comparison of MWFA-based geopolymers with MWFA shows some changes in the bands. The presence of quartz in MWFA avails Si-O-T (T-tetrahedral Al or Si) bonds responsible for the band at 989 cm-1 (Siyal et al., 2019). The shift in this band to lower wavenumbers (968, 965, and 970 cm-1) in the MWFA-based geopolymers GPA, GPB, and GPC shows that some quantity of metasilicate participated in the geopolymerization reaction.
The bands at 989 and 673 cm-1 correspond to the asymmetric and symmetric stretch vibrations of aluminosilicate tetrahedral, Si-O-T (T-tetrahedral Al or Si) bonds in MWFA. The asymmetric stretch vibration bands reduced to lower wavenumbers (968, 965, and 970 cm-1), increased in intensity, and narrowed with the synthesis of GPA, GPB, and GPC, respectively. According to Daud et al. (2021), Si-O-T gives the main band used as evidence of geopolymer synthesis. During geopolymerization, there is bond breaking and bond formation is responsible for the variations in the main band (Siyal et al., 2016). The shift in these main bands to lower wavenumbers was evidence that changes occurred in the angle and length of the Si-O-Si bonds, indicating that the SS/SH ratios contribute significantly to the structure of the prepared geopolymers (Innocenzi et al., 2003).
The bands at 3,400 and 1,616 in MWFA are due to stretching and deformation vibrations of H-O-H and -OH bonds (Zhang et al., 2012). The stretching vibrations of H-O-H and –OH bands appear at 2,968, 2,972, and 3,025 cm-1 for GPA, GPB, and GPC, respectively. The deformation vibrations of –OH bands appear at 1,627, 1,637, and 1,637 cm-1 for GPA, GPB, and GPC, respectively. The H-O-H and -OH bond bands indicate the presence of water and silanol groups (Tome et al., 2018). The silanol group and water molecules trapped in the geopolymer hollows are responsible for the shifts in the deformation vibrations of –OH bands to higher wavenumbers (Zhang et al., 2012; Liu et al., 2016). Previous related geopolymer studies also reported similar trends in FTIR analysis, confirming the successful synthesis of geopolymers GPA, GPB, and GPC (Nath and Sarker, 2017; Sarkar et al., 2017).
3.1.2 Morphological and composition analyses
The morphological and structural analyses of MWFA, GPA, GPB, and GPC obtained from SEM-EDX images are shown in Figure 2. MWFA appears to have different morphological features and agrees with the findings of El Alouani et al. (2018), which reported loosely packed structures with high porosity. One clear observation is the uniform granular, tiny, spherical, and loosely packed structures in the geopolymers, which provides evidence that geopolymerization occurred (El Alouani et al., 2018; Maleki et al., 2019). The absence of tiny spherical structures in GPA, GPB, and GPC indicates almost complete geopolymerization of the precursor materials into crystalline geopolymers. Comparatively, the spongy and gel-like morphology is more elaborate in GPC and GPB than in GPA (Al-Ghouti et al., 2020). The presence of pores and cavities on the surfaces of the adsorbents is the key factor for endosulfan removal from wastewater by adsorption (Shokrollahi et al., 2011; Ghani et al., 2020).
[image: Figure 2]FIGURE 2 | SEM images of MWFA (×750), GPA (×550), GPB (×850), and GPC (×1,200).
The percentage elemental composition of MWFA and the prepared geopolymers are shown in Table 1. The Si/Al ratios in MWFA and the geopolymers were found to be different. The changes in elemental composition arose from the alkaline activator solutions used. The MWFA-based geopolymers had Si/Al ratios lower than 2.4, indicating that they had polysialate-siloxo (-Si-O-Al-O-Si-O-) structure (El Alouani et al., 2018). The amount of heavy metals in MWFA and the MWFA-based geopolymers was undetectable, indicating the unlikely possibility of secondary pollution from the adsorbents (Ghani et al., 2020).
TABLE 1 | EDX elemental composition.
[image: Table 1]3.1.3 Crystallinity and mineralogical studies
The diffractograms of the three studied geopolymers GPA, GPB, and GPC, and the aluminosilicate source (MWFA) used for the synthesis are shown in Figure 3. Sharp peaks indicate a crystalline phase, while a hump shows the presence of an amorphous phase. The crystalline phases, degree of crystallinity (DOC), and amorphous contents were determined using the Rietveld method on Match XRD software. The DOC is calculated by dividing the total area of the crystalline peaks by the total area under the diffraction curve. On the other hand, the amorphous content is calculated by dividing the total area of amorphous peaks by the total area under the diffraction curve. The raw data on the diffraction patterns were analyzed using Match XRD software. For a selected phase, the total area of matched peaks divided by the total area of the crystalline phase peaks gives the phase quantification.
[image: Figure 3]FIGURE 3 | XRD spectra for MWFA, GPA, GPB, and GPC.
MWFA had a DOC of 17.40%, and the amorphous content was 82.60% by weight. The following four crystalline phases were identified in MWFA: 37.3% grossular ([image: image]) (cubic crystal system) [PDF# 96-900-0442], 34.4% cristobalite ([image: image]) (tetragonal) [PDF# 96-900-1581], 21.2% quartz ([image: image]) (trigonal–hexagonal axes) [PDF# 96-901-1495], and 7.2% kalsilite ([image: image]) (hexagonal) [PDF# 96-900-9729]. The unidentified peak area was 13.3%.
The GPA had a DOC of 20.45%, and the amorphous content was 79.55% by weight. The following four crystalline phases were identified in GPA: 47.3% lisetite [image: image]) (orthorhombic) [PDF# 96-900-1030], 23.2% albite [image: image] [triclinic (anorthic)], [PDF# 96-900-3701], 19.3% jadeite ([image: image]) (monoclinic) [PDF# 96-900-0344], and 10.1% barroisite [image: image] (monoclinic) [PDF# 96-901-6521]. The unidentified peak area was 15.0%.
The GPB had a DOC of 14.88%, and the amorphous content was 85.12% by weight. The following three crystalline phases were identified in GPB: 52.4% kumdykolite [image: image] (orthorhombic), [PDF# 96-154-4371], 25.1% melilite [image: image] (tetragonal), [96-900-8196], and 22.5% albite [image: image] (triclinic (anorthic)), [PDF# 96-900-3702]. The unidentified peak area was 11.4%.
The GPC had a DOC of 21.26%, and the amorphous content was 78.74% by weight. The following two crystalline phases were identified in GPC: 53.2% albite [image: image] (triclinic (anorthic)), [PDF# 96-900-0586] and 46.8% lisetite [image: image]) (orthorhombic), [PDF# 96-900-1030]. The unidentified peak area was 17.4%. The changes in SS/SH ratios favored the formation of new mineral phases, resulting in geopolymers with varied chemical compositions (El Alouani et al., 2018).
3.1.4 Point of zero charge (pHpzc) studies
Designing adsorption-based separation techniques between a solid and liquid phase depend on the surface chemistry of the adsorbent described by its point of zero charge (pHpzc). pHpzc is the average pH value of the adsorbent in the NaCl electrolyte. pHpzc was found to be at pH 8.1, 6.8, 6.7, and 6.8 for MWFA, GPA, GPB, and GPC, respectively (Figure 4). For instance, GPB becomes positively charged below pH 6.7, neutral at pH 6.7, and negatively charged above pH 6.7. pHpzc is observed to be independent of the SS/SH ratios of the alkaline activator solution. Values comparable to those in this study and similar findings have been reported by Sarkar et al. (2019) and Hermann et al. (2022).
[image: Figure 4]FIGURE 4 | pH point of zero charge of MWFA, GPA, GPB, and GPC.
3.2 Adsorption experiments
3.2.1 Effect of pH and the adsorption mechanism
There was a decrease in geopolymer adsorption capacities as the pH increased (Figure 5) (Zió lkowska et al., 2009). At lower pH conditions (below pHpzc 6.8), the Si and Al centers of the geopolymer and water molecules become protonated due to a high concentration of H+ ions. As a result, the adsorbent surface becomes positively charged (GP+) and the negatively charged endosulfan moieties (pKa = −5.5) are electrostatically attracted to the geopolymer surface (Rauf et al., 2012; Kakoi et al., 2015). At higher pH, the Si-OH and Al-OH bonds of the geopolymer become deprotonated to acquire a negative charge. Consequently, Coulombic repulsion forces between the adsorbent surface and adsorbate molecules become significant, resulting in decreased adsorption. The decrease in adsorption at high pH is also attributed to competition between the hydroxide ions (OH−) and negatively charged endosulfan for the same adsorption sites. Very low pH ranges are unsuitable for practical application. The optimum pH was found to be 5.0, as shown in Figure 5. In addition to electrostatic interactions, hydrogen bonding between hydrogen in the hydroxyl (–OH) groups on the adsorbent surface and the lone pairs of electrons of the electronegative O and Cl atoms of endosulfan is proposed.
[image: Figure 5]FIGURE 5 | Graph of pH against the adsorption capacity and removal efficiency.
3.2.2 Effect of the initial concentration
The adsorption capacity was found to increase with an increase in the initial concentration (Figure 6). At low concentrations, the majority of the adsorption sites remained unoccupied due to low adsorbate/adsorbent interactions. An increase in the initial concentration led to increased adsorbate/adsorbent interactions and mass gradient between the solid phase and the bulk solution until the maximum adsorption capacity was reached (Maingi et al., 2017).
[image: Figure 6]FIGURE 6 | Effect of the initial concentration on the adsorption capacity and removal efficiency.
3.2.3 Effect of contact time
The time-dependent evolution of the geopolymer sorption capacity for endosulfan depicted fast sorption kinetics, leading to saturation within 90 min (Figure 7), followed by an equilibrium phase. It is worth noting that the geopolymers exhibited higher removal efficiencies for endosulfan (>83%) than MWFA (20.58%). Geopolymerization improved the removal efficiency of the raw material by approximately four orders of magnitude (Gupta et al., 2021).
[image: Figure 7]FIGURE 7 | Evolution of the sorption capacity of MWFA-based geopolymers (GPA, GPB, GPC, and MWFA) for endosulfan with time (m = 0.1 g/50 mL, Ci = 8 mg/L, and pH = 5).
3.2.4 Kinetics studies
The adsorption kinetics for endosulfan onto geopolymers were analyzed using linearized Lagergren pseudo-first-order (PFO) (Eq. 4) (Yuh-Shan, 2004) and pseudo-second-order (PSO) (Eq. 7) (Ho and McKay, 1999; Revellame et al., 2020) kinetic models.
[image: image]
where [image: image] is the PFO rate constant ([image: image]), [image: image] (mg/g) is the adsorption capacity at equilibrium, and [image: image] (mg/g) is the adsorbed amount of adsorbate at any given time (minutes). Assuming PFO kinetics, the initial adsorption rate and adsorption half-life were calculated using Eqs 5, 6, respectively.
[image: image]
[image: image]
The pseudo-second-order kinetic model is given as
[image: image]
where [image: image] is the PSO rate constant (g/mg/min).
The initial sorption rate ([image: image]) and the adsorption half-life ([image: image]) for PSO were obtained from Eqs 8, 9, respectively, (Ho and McKay, 1999). The computed values are presented in Table 2:
[image: image]
[image: image]
TABLE 2 | Lagergren pseudo-first-order (PFO) and pseudo-second-order (PSO) data.
[image: Table 2]From Table 2, since the coefficients of determination (R2) values for the PFO were closest to unity than PSO, the adsorption kinetics were best accounted for and predicted by the PFO kinetic model. The plots are in the supplementary document. The initial adsorption rates (Srate) decreased in the order 0.102 > 0.093 > 0.088 > 0.027 for GPC, GPB, GPA, and MWFA, respectively, with a decrease in SS/SH ratios. The rate constant (k1) showed minute variation across the geopolymer adsorbents. The adsorption rate (k1) was, therefore, weakly influenced by the chemical composition of the materials (El Alouani et al., 2018; Gupta et al., 2021). At the onset, when all adsorption sites are vacant, the GPC had the highest initial adsorption rate (Srate), indicating that it had the highest number of energetically favorable and accessible adsorption sites, thus controlling the adsorption half-life (t1/2). The SS/SH ratios of the activator solution had a bearing on the accessibility of the favored adsorption sites. Conformity to PFO suggests a physisorption-mediated rate-determining step (El Alouani et al., 2018; Revellame et al., 2020; Gupta et al., 2021).
3.2.5 Effect of temperature on adsorption of endosulfan
Temperature rise led to an increase in the amount of endosulfan adsorbed, indicating an endothermic reaction. As the temperature increased, the kinetic energy of endosulfan molecules increased, increasing the number of interactions with active sites. An increase in temperature also decreased the boundary layer, and this led to an increase in adsorption.
3.2.6 Thermodynamics
The effect of temperature changes on the sorption was studied in the range 303–353 K. The thermodynamic parameters, namely, change in Gibb’s free energy (ΔG), enthalpy (ΔH), and entropy (ΔS), which indicate the practical feasibility of the process, post-adsorption structural changes of the adsorbent, and the adsorption mechanism, were derived from the Van’t Hoff Eq. 13 (Figure 8).
[image: image]
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where Kc is the dimensionless equilibrium constant, T is the temperature (Kelvin), and R is the universal gas constant (8.314 J/mol. K). Ce is the equilibrium endosulfan concentration in the solution (mg/L), and Cads represents the equilibrium endosulfan concentration in the solid phase (mg/g). Kd is the distribution coefficient (L/g), and the density of water is 1,000 g/L (Hermann et al., 2022).
[image: Figure 8]FIGURE 8 | Van’t Hoff plots.
The positive ∆H values for all the geopolymers indicated an endothermic process. All the enthalpy values were very low (≤40 kJ/mol), which corresponds to physisorption processes (Jemutai-Kimosop et al., 2022).
The positive ∆S value indicated that, at the liquid–solid interface, there was an increased disorderliness and an affinity of the adsorbent for the adsorbate (Shikuku et al., 2018a).
The negative ∆G values (Table 3) indicated that the adsorption processes were spontaneous and favorable. The relatively low magnitudes of ∆G values support the aforementioned physical adsorption mechanism (Dzoujo et al., 2022; Hermann et al., 2022). The thermodynamics data show that the adsorption of endosulfan by the geopolymers is an entropy-driven process.
TABLE 3 | Obtained thermodynamic parameters of GPA, GPB, GPC, and MWFA.
[image: Table 3]The sticking probability, S*, and adsorption activation energy (Ea) were computed from experimental data using the modified Arrhenius-type equation (Eq. 14) related to surface coverage (θ) by the relation (Shikuku et al., 2018a):
[image: image]
The value of θ was determined using the following equation:
[image: image]
The activation energies (in kJ/mol) for the adsorption processes were found to be 28.57, 31.49, 36.78, and 3.25 for GPA, GPB, GPC, and MWFA, respectively (Figure 9). The Ea values and ∆H values are all lower than 40 kJ/mol, and this consistency confirmed physical adsorption processes.
[image: Figure 9]FIGURE 9 | Arrhenius-type equation plots.
S* depends on the adsorbate/adsorbent system under study and temperature. The S* value lies in the range 0 < S* < 1. The S* values were found to be 2.6676 × 10−6, 9.5622 × 10−7, 1.1482 × 10−7, and 2.2630 × 10−1 for GPA, GPB, GPC, and MWFA, respectively. The sticking probability (S*) was found to be very low, indicating a low probability for the endosulfan molecules to stick on the adsorbent surface upon collision, a testament to a physisorption mechanism with no exchange of electrons (Shikuku et al., 2018a).
3.2.7 Adsorption isotherms
Eq. 16 describes the Langmuir isotherm (Langmuir, 1918):
[image: image]
[image: image] represents the equilibrium concentration of the endosulfan adsorbate (mg/L), while qe is the amount of endosulfan adsorbed at equilibrium (mg/g). [image: image] represents the monolayer maximum adsorption capacity (mg/g), and the Langmuir adsorption constant, [image: image] (L/mg), is related to the free energy of adsorption.
According to the Langmuir isotherm model, there occurs single-layer adsorption of adsorbate molecules onto a fixed number of active sites and there was no lateral interaction between adsorbed molecules on a morphologically homogeneous surface. The adsorption sites are, in this case, considered to be identical (Peydayesh et al., 2015; Karaer and Kaya, 2016; Karaer and Kaya, 2016; Zulkifly et al., 2019).
Eq. 17 describes the Freundlich isotherm expressed using a dimensionless parameter called the separation factor ([image: image]), as follows:
[image: image]
The following equation expresses the Freundlich isotherm:
[image: image]
where [image: image] (mg/g) is the adsorbed amount of adsorbate at equilibrium. Freundlich constant, [image: image], ((mg/g) × (L/mg)1/n)) indicates the relative adsorption capacity of the adsorbent (mg/g); “n” is the Freundlich exponent, and [image: image] is the Freundlich intensity parameter, a constant that shows the intensity of the adsorption. The [image: image] (mg/L) value was the equilibrium concentration of the adsorbate.
The Freundlich equation has two constants [image: image] and [image: image] for a given adsorbent and adsorbate, respectively, at a particular temperature. The high KF and low values of [image: image] indicate high adsorption throughout the concentration range studied; whereas high values of [image: image] and low KF values indicate low adsorption (Treybal, 1980). The Freundlich intensity parameter also shows surface heterogeneity, where it becomes more heterogeneous as its value gets closer to zero.
The Freundlich equation is exponential; therefore, the amount of adsorbate on the adsorbent surfaces rises with an increase in the solute concentration. Using Eq. 19, Halsey determined the assumed Freundlich maximum adsorption capacity (Halsey, 1948):
[image: image]
where [image: image] is the initial solute concentration (mg/L) and [image: image] is the Freundlich maximum adsorption capacity (mg/g).
The equilibrium data were tested against the two classical non-linear adsorption models. The non-linear regression was performed by minimization of the values of the regression sum of squares (RSS) expressed as Shikuku et al. (2018b)
[image: image]
The best-fitting model was determined using the coefficient of determination (R2) values. The relatively high coefficient of determination (R2) values (Table 4) indicate that the adsorption of endosulfan onto the geopolymers was best predicted by the Langmuir isotherm. The [image: image] values were between 0 and 1 for all the adsorbents, indicating that the adsorption processes are favorable (Meroufel et al., 2013).
TABLE 4 | Langmuir and Freundlich isotherm model data.
[image: Table 4]The monolayer maximum adsorption capacities ([image: image]) are 15.89, 16.97, 20.01, and 1.87 mg/g for GPA, GPB, GPC, and MWFA, respectively. It is worth noting that the adsorption capacities of the geopolymers were substantially higher (∼8–10 times) than that of MWFA, attesting that geopolymerization was a beneficial step. Additionally, the adsorption capacity of the geopolymers increased with increasing SS/SH ratios. The apparent equilibrium constant (Ka), a product of Qmax and KL, derived from the Langmuir isotherm, is a measure of the relative affinity of the adsorbent toward the endosulfan molecules (Mishra and Tiwari, 2006). The apparent equilibrium constant values (Table 4) indicate that the affinity of the geopolymers for endosulfan is much higher (∼30 times) than that of MWFA. Additionally, the geopolymers had a similar affinity toward endosulfan. This shows that the difference in chemical compositions of the geopolymers, from the XRD data, could not account for the trends in their adsorption capacities. This is further supported by the FTIR data that showed no new functional groups that would induce increased affinity. The increase in adsorption capacity with an increase in SS/SH ratios is attributed to increased accessibility to the energetically favored binding sites. The adsorption capacity of geopolymers is, therefore, neither necessarily nor solely controlled by their composition. A trade-off between composition and textural properties is inferred.
On the other hand, the Freundlich model (Freundlich, 1906) proposes multilayer adsorption. This kind of adsorption has differing dispersion of adsorption affinities onto the heterogeneous surface of the adsorbent without any lateral interaction. In line with this postulate, the adsorption sites which are energetically favored are occupied first, followed by those having diminishing binding energies with increasing rates of site occupancy.
KF and 1/n for the geopolymers were higher than MWFA, indicating that geopolymerization improved the affinity for endosulfan. However, the KF values for the geopolymers were invariable (Table 4), indicating that the affinity of the geopolymers for endosulfan was independent of the composition. This is consistent with the apparent equilibrium constants (Ka) from the Langmuir isotherm. The Freundlich factor (1/n) values less than unity correspond to heterogeneous adsorbent surfaces. Additionally, the magnitudes of 1/n suggest weak adsorbent–adsorbate interactions corresponding to the physisorption mechanism (Shikuku and Kimosop, 2020). This is supported by the thermodynamics data.
The adsorption capacities of the geopolymers in this study were compared to those of adsorbents reported in the literature for the removal of endosulfan from water (Table 5). It is observed that the adsorption capacity of geopolymers, especially GPC, was higher than that of most of the adsorbents. MWFA-based geopolymers are, therefore, promising adsorbents for the sequestration of endosulfan from water.
TABLE 5 | Comparison of adsorption capacities of MWFA-based geopolymers with other adsorbents for endosulfan.
[image: Table 5]CONCLUSION
A total of three MWFA-based geopolymers GPA, GPB, and GPC were synthesized via alkaline activation with increasing SS/SH ratios, and the products were used to adsorb endosulfan from water. SEM/EDS detected a highly inhomogeneous glass-like matrix, constituted mainly of Na-Si-Al phases in a bulk region, together with unreacted spheres of MWFA particles. The geopolymerization reaction is evidenced by the shift in the Si–O–T (T = Si or Al) asymmetric stretching vibrations toward lower wavenumbers 968, 965, and 970 cm-1 for GPA, GPB, and GPC, respectively, in relation to the band at 989 cm-1 in MWFA and the formation of new crystalline phases. The pH effect showed electrostatic interactions as a significant adsorption mechanism. The Langmuir maximum adsorption capacities increased in the order 1.872, 15.899, 16.970, and 20.010 mg/g with increasing SS/SH mole ratios for MWFA, GPA (0.17), GPB (0.21), and GPC (0.24), respectively. The SS/SH of 0.24 produced an MWFA-based geopolymer with the highest adsorption capacity and performance. Alkalination of MWFA is shown to be a beneficial pre-treatment step both for the adsorption capacity and adsorption rate. The adsorbent–adsorbate affinity and adsorption rates were independent of the composition of the geopolymer. The sorption kinetics of endosulfan onto the geopolymers followed the pseudo-first-order kinetics, while the equilibrium data were best described by the Langmuir isotherm model. Thermodynamically, the adsorption processes were endothermic (∆H > 0), spontaneous (∆G < 0), physical, and entropy-driven.
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