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Abstract

:

The presence of dyes in waterbodies poses severe problems in human and aquatic creatures, and the development of treatment methods for the removal of these pollutants is of utmost importance. This research study investigates the elimination of methylene blue (MB) from an aqueous solution using zero-valent iron nanoparticles synthesized from sweet lime pulp waste (nZVISLP). The purity, chemical composition, and crystalline size of nZVISLP were investigated using microscopic and spectroscopic studies. A maximum MB removal efficiency of 98.9% was obtained at the following optimal conditions: C0: 10 mg/L, dosage: 1.2 g/L, and temperature: 25 °C. To understand the adsorptive removal characteristics of nZVISLP, the investigational adsorption data were tested with conventional kinetic and isotherm models. Furthermore, a differential evolution optimization (DEO) technique was used to estimate the optimal intrinsic parameters in the isotherm and kinetic models. For the various evaluated isotherms, the correlation coefficient (R2) values for the Freundlich and Sips isotherm models were ~0.98, thus confirming the aptness of these isotherms to represent MB adsorption onto nZVISLP. The robustness of non-linear models was verified by statistical metrics, thus validating the performance of the optimization technique. The results derived from this study affirm the potential of an ecofriendly biogenic nanomaterial, nZVISLP, for MB adsorptive removal.
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1. Introduction


Dyes and pigments are found to be major water pollutants that contaminate surface and groundwater severely, and several of these synthetic dyes show mutagenic and toxic effects on human health. Dyes have a complex molecular structure that makes it difficult for them to degrade naturally; hence, they tend to remain in water bodies for long periods [1,2,3]. Many dyes are categorized as carcinogenic, which makes them harmful to the environment. Among the various classes of dyes, cationic dyes are a matter of concern, as most of them pose a severe threat to aquatic life, as well as to humans [4,5]. Different types of artificial dyes are present in the effluent released from several process industries, particularly the textile, leather, and paper industries. These industries produce many kinds of dyes worldwide, with approximately 700,000 tons produced per annum [6,7]. The discharge of colored wastewater into aquatic bodies not only degrades their aesthetic nature but it also hinders the transmission of light from the sun into water bodies [8]. Methylene blue (MB) is a well-known cationic dye that is widely used in the coloration of cotton, silk, and wool, and it may cause health problems such as nausea, vomiting, increased heart rate, tissue necrosis, eye burn, and difficulty in breathing [9,10]. Therefore, it is essential to identify efficient methods to resolve dye pollution issues that are less expensive in terms of operation. To treat the wastewater before releasing it into water bodies, various treatment methods such as photodegradation techniques, activated sludge, and chemical coagulation are applied [11]. However, most dyes are non-oxidizable through traditional wastewater treatment. Nevertheless, dyes can adsorb onto adsorbents; therefore, adsorbents were found to be more efficient and, hence, attracted the attention of many researchers worldwide [12,13].



Recently, the application of nanotechnology flourished due to its immense benefits, attracting researchers to implement nanomaterials for water purification. This approach resulted in the high adsorption removal of pollutants in a cost-effective manner [14,15]. Nanomaterials are appreciated for their high reactivity strength, low mass, and highly active surfaces [16]. Iron nanoparticles were successfully used for the adsorption of dyes such as methylene blue [17], crystal violet [18], phenol red [19], acid red 88 [20], and methyl orange [21]. There are various physicochemical methods used for the synthesis of zero-valent iron (ZVI); however, biogenic and green syntheses using plants attracted the attention of researchers due to their non-toxicity and reusability. Furthermore, plant extracts are able to stabilize ZVI and cap it. Several plant extracts were used for the green synthesis of ZVI and for the treatment of water, such as Rosa damascene and Thymus vulgaris extract applied for the removal of chromium(VI) [22], tea polyphenols applied for the removal of cationic dyes [23], and black tea extract for the adsorption of a second-generation herbicide ametryn [24].



Hence, the aim of the present research study was to characterize and evaluate the surface adsorptive performance of zero-valent iron nanoparticles synthesized from sweet lime pulp waste (nZVISLP) to adsorb MB from wastewater. The process parameters affecting the process were studied scientifically. The optimal parameters of the isotherm/kinetic models that best represent the adsorption process were estimated using a hybrid evolutionary optimization technique. The novelty of this study is the application of nZVISLP for the removal of MB dye, as well as the application of a differential evolution optimization technique, which is a first in this field.




2. Materials and Methods


2.1. Adsorbate


MB dye with the chemical formula C16H18ClN3S·xH2O was procured from “LOBA Chemie Pvt Ltd., India. Then, 1 g/L MB stock solutions were prepared by diluting the desired amount of MB with distilled water. Various testing samples with initial concentrations of 10–40 mg/L were generated by further dilution of the stock solution.




2.2. Synthesis of nZVISLP


To minimize the operational cost of the adsorption process, the adsorbent was prepared from agricultural waste. As a source of low-cost agricultural waste, the pulp of sweet lime waste was obtained from a local juice center. This pulp was initially oven-dried for 24 h, followed by grinding and sieving through 45–100 mesh. Then, 15 g of dried powder of sweet lime pulp was added to 250 mL of pure distilled water. This solution was thoroughly mixed in an orbital shaker at 100 rpm and heated at 80 °C for 1 h. Then, the solution was cooled to room temperature and vacuum-filtered to obtain the extract. Citrus fruits extracts are reported to contain several biomolecules such as flavonoids, alkaloids, antioxidants, and other phenolic compounds [25]. These compounds are also reported to be good reducing agents [26], which reduce metal ions. nZVISLP synthesis was done using the method described by Gautam et al. [19], through the addition of FeSO4 solution (5.8 mol/L) to the sweet lime pulp extract in a ratio of 1:3 (v/v). Upon the addition of sweet lime extract to the iron solution, the solution color changed from brown to black. The pH of the solution was then adjusted by adding NaOH. During this procedure, all metal ions were rapidly transformed into nano-metallic particles due to the addition of NaOH, and the mixture became black. These particles were separated by centrifugation. Then, the black particles were vacuum-dried for 24 h at 50 °C, and stored in a vacuum desiccator before further use for MB adsorption. The various stages of nZVISLP synthesis from sweet lime waste pulp to iron particles are shown in Figure 1.




2.3. Characterization of MB-Adsorbed nZVISLP


Fourier-transform infrared (FT-IR) analysis of the nZVISLP and MB-adsorbed nZVISLP was conducted using infrared spectroscopy (Model Number-NicoletTM6700, Thermo Scientific, Waltham, MA, USA) to evaluate the functional groups in nZVISLP before and after the adsorption process for each sample. FT-IR spectra were scrutinized within the range of 500–6000 cm−1. The morphology of the synthesized nZVISLP and the elemental analysis were carried out using SEM (Model Number-JSM-6490LV, Make-JEOL, Tokyo, Japan). For SEM analysis, dried powder of nZVISLP was dispersed in ethanol and sonicated, and then a thin film of sample was prepared on glass and coated with platinum before analysis using SEM. A very small amount of dried nZVISLP was spread over carbon tape and coated with platinum for energy-dispersive X-ray spectroscopy (EDX) analysis. The X-ray diffraction (XRD) analysis of the nZVISLP was carried out using a powder X-ray diffractometer (PW 3040/60 PanAlytical, EA Almelo, the Netherlands), and the scanning of the sample was done in the range of 10° to 80° at a rate of 2 min, with Cu Kα (λ = 1.5406 Å) radiation.




2.4. Adsorption Process


To investigate the underlying mechanisms involved in MB adsorption and to identify the inherent batch adsorption kinetics, experimental studies were conducted. The removal of MB depends on various process parameters such as initial MB concentration, residence time, pH, adsorbent dosage, and process temperature; hence, their individual and interactive effects were studied systematically. The impact of pH on the MB removal was studied within the pH range of 2–10. Various adsorbent dosages (0.4, 0.8, 1.0, and 1.2 g/L) were added to 100 mL of a dye solution with various initial concentrations (10–40 mg/L) in a 250-mL conical flask. These mixtures were stirred at 100 rpm and 25 °C in an orbital shaker. Samples were collected from each conical flask at different time intervals. The amount of MB removed at each time interval was measured using an ultraviolet–visible light (UV–Vis) spectrophotometer at λmax = 664 nm. All adsorption experiments were done in triplicate, and the average values were used for further analysis.




2.5. Isotherm and Kinetic Model Parameter Evaluation


2.5.1. Equilibrium Isotherm Models


To understand the inherent mechanisms in the MB adsorption process, the equilibrium data obtained from the experiments were fitted to different isotherm models. The conventional solid–liquid adsorption isotherm models (single component) that were evaluated in this study are presented in Table S1 (Supplementary Materials). This table presents both linear and non-linear (conventional) forms of isotherm models. It is common practice by most researchers to linearize non-linear model expressions, as it is not straightforward to calculate constants in the non-linear models. Even though the linearized model equation adequately fits the equilibrium data, providing higher R2, the predicted values give inferior values, while successive constants are substituted in the non-linear model form. Karri et al. [27,28] in their study concluded that the inherent mechanisms of the adsorption process could be underestimated using the non-linear model expression. Thus, when using the non-linearity of the model and when estimating the parameters (constants) in the non-linear isotherm model, we need an appropriate optimization approach or technique, which estimates the optimal set of parameters that best represent the isotherm model based on an excellent statistical error function. Therefore, in this study, root-mean-squared error (RMSE) was used as the error function, as it is the most frequently used statistical measure. RMSE is an excellent error function for measuring the accuracy and aggregating the magnitude of errors; it is computed as follows:


  RMSE =    1  n − 1     ∑  i = 1  n      (   q  e , p r e d  i  −  q  e , e x p  i   )   2       



(1)




where i is the number of samples (experimental runs), and qe,exp (mg/g) and qe,pred (mg/g) are the experimental and theoretically predicted equilibrium values, respectively. Another statistically significant metric is Pearson’s chi-square (χ2) metric, which measures the goodness of fit between the model-predicted values and the experimental data. The mathematical expression is expressed as follows:


   χ 2  =   ∑  i = 1  n        (   q  e , e x p  i  −  q  e ,   p r e d  i   )   2     q  e , p r e d  i      .  



(2)







This metric gives a smaller value when the model-predicted values are in close agreement with the experimental values, whereas it produces a higher value if they vary distinctly.




2.5.2. Optimization Technique


Most traditional optimization methods involve a trial-and-error approach, which is not only tedious but also makes the process cumbersome. Therefore, hybrid evolutionary methods can be a suitable replacement for conventional methods. Thus, in this research, differential evolution optimization (DEO), which is a hybrid evolutionary technique, was implemented. The benefits, algorithm, and methodology for implementing DEO are presented in the Supplementary Materials.




2.5.3. Equilibrium Kinetic Models


In this research study, four kinetic models, shown in Table S2 (Supplementary Materials), were evaluated. Most researchers estimated the parameters in kinetic models by linearizing them and applying traditional least square regression methods. As explained in the previous section, equilibrium values predicted from these models give inferior values. Therefore, to overcome the undervaluation and retain the non-linearity associated with the process, the abovementioned DEO technique was also implemented to evaluate the intrinsic parameters; thus, the most suitable kinetic model could be identified.






3. Results and Discussion


3.1. Characterization of nZVISLP


3.1.1. FT-IR


The FT-IR spectra of synthesized nZVISLP and MB-loaded nZVISLP are presented in Figure 2. Figure 2 reveals many absorption peaks, suggesting the complex structure of the nanomaterial. The broad peak at 3431.3 cm−1 was due to the stretching vibration of the bond for the existence of –OH functional groups on the nZVISLP surface. The sharp adsorption peaks at 2855.6 and 2917.7 cm−1 were attributed to the symmetrical vibration of –CH2 and asymmetrical vibration of –CH3, respectively. The symmetric and asymmetric bending vibrations of –CH3 and –CH2 were further confirmed by the presence of peaks at 1417.2 and 1337 cm−1, respectively. The influential band at 1642.7 cm−1 was due to the vibration of –C=O from a carboxylic acid. The peak observed at 1548.9 cm−1 was due to the existence of aromatic rings. The sharp tiny peaks observed at 1012.5 cm−1 were attributed to the bending vibration of –OH and stretching vibration of –C–O–C– in the lignin structure of the material. As presented in Figure 2, for the MB-loaded nZVISLP, the peak of the stretching vibration of –OH groups at 3431.3 cm−1 shifted to 3419 cm−1, whereas the peak representing the –C=O stretching vibration of carboxylic acid with intermolecular hydrogen bonds also shifted from 1642.7 to 1646 cm−1. The symmetric and asymmetric vibration peaks of –CH2 and –CH3 also shifted to higher wavelengths after MB loading. These results indicate that the active sites including –OH and –C=O groups existing on the surface of the material may lead to the potential removal of a cationic dye, such as MB [29], along with iron particles.




3.1.2. SEM and EDX


SEM analysis revealed the morphological characteristics and surface features of nZVISLP. As shown in Figure 3a,b, before adsorption, the surface of the material possessed a rough structure and exhibited a different micromorphology. It was also observed that nZVISLP exhibited different sizes in the range of 86–113 nm, and the particles were clumped in aggregates. EDX analysis (Figure 3c and Table 1) indicated the presence of Fe, C, O2, and Ca in nZVISLP. C and O could have been due to the carbonaceous and oxygenated phytochemicals of sweet lime pulp extract. The small O2 peak observed in Figure 3c may also signify the occurrence of oxidized Fe particles [30].




3.1.3. Zero-Point Charge


The zero-point charge (pHZPC) is an essential characteristic of any adsorbent, and it represents the particular pH value at which the surface charge of that adsorbent is neutral. The determination of pHZPC of the synthesized adsorbent was done using a 0.01 M solution of NaCl, the pH of which was adjusted in the range of 2 to 10 by adding 0.1 M HCl and 0.1 M NaOH. For this, 0.20 g of the prepared nZVISLP was added to 50 mL of NaCl (0.01 M) in a conical flask, and then the solution pH was adjusted in the range of 2 to 10, stirring for 48 h [31]. Then, the final pH of the solution was determined. The point at which both pH curves crossed was specified as the pHZPC of the adsorbent. The pHZPC of the synthesized nZVISLP was determined at different pH (2–10) (see Figure S1, Supplementary Materials). The pHZPC of nZVISLP was found to be 4.5, representing that the surface charge of the material is neutral at this pH, whereas it is positive below this pH.




3.1.4. Particle Size and Zeta Potential Analysis


The particle size of the sweet lime synthesized adsorbent was determined using a Zeta nanosizer (Nano-ZS90, Malvern, UK), after homogenization in C2H5OH at room temperature. The results obtained are presented in Figure 4a. This profile indicates a broad peak between 200 and 500 nm. The zeta potential of nZVISLP was also determined using the same equipment. The result of the zeta potential analysis is shown in Figure 4b. The magnitude of the zeta potential defines the stability of the adsorbent in a dispersion medium. It signifies the electrostatic repulsion between the adsorbent and the dispersion medium [32]. The result indicates that the magnitude of zeta potential increased at higher pH, depicting that the synthesized adsorbent was stable at higher pH.




3.1.5. Determination of Porosity and Internal Structure


nZVISLP was analyzed by determining its Brunauer–Emmett–Teller (BET) surface area at 77 K for the determination of its porosity and internal structure (see Figure S2, Supplementary Materials). The adsorption–desorption of MB (Figure S2a, Supplementary Materials) showed an increase in the adsorption of condensed nitrogen onto the pores with an increase in pressure, and vice versa for desorption at the same temperature. Figure S2b (Supplementary Materials) shows the variation of pore radius (rp) with respect to pore volume/pore radius (dVp/drp). It can be observed that dVp/drp decreased with an increase in pore radius. The values of pore volume, mean pore radius, and surface area of the synthesized adsorbent were 0.061 cm3/g, 12.20 Å, and 40.87 m2/g, respectively. Konicki et al. [33] also prepared an iron graphite nano-composite with a surface area of 47 m2/g for the removal of methylene blue. Figure S2c (Supplementary Materials) shows the BET plot where p/V (p − p0) against p/p0, which shows a linear relationship. The surface area of nZVISLP was also calculated using the size determined from dynamic light scattering (DLS), which was very small (0.2 m2/g), and that determined from BET, which was 47 m2/g. The high difference between both values represents the porous nature of the adsorbent, which enhanced the adsorption of N2 in the BET analysis.




3.1.6. X-Ray Diffraction (XRD)


The synthesized adsorbent was analyzed through XRD to determine its crystallinity, and the pattern is shown in Figure S3 (Supplementary Materials). The absence of any distinct peak confirmed that the green-synthesized iron nanoparticles were amorphous in nature. This result indicates the amorphous nature of nZVI, and the XRD results were very similar to experimental studies reported by Machado et al. [34] and Wang et al. [15], who also reported the amorphous nature of iron nanoparticles synthesized through a green route. The peak at 2θ 34.8° was attributed to iron oxide, and the peaks at 2θ 45.3° and 64.3° represented the zero-valent iron; these values are in close agreement with the reported XRD spectrum for zero-valent iron by Krzisnik et al. [35].





3.2. Adsorption Study


The influence of process parameters (equilibrium time, pH, initial concentration of MB, adsorbent dosage, and process temperature) on MB removal using nZVISLP was investigated systematically. In this regard, the experiments were conducted with each variable in different ranges as follow: C0 (5–40 mg/L), contact time (0–300 min), pH (4–10), temperature (25–45 °C), and adsorbent dosage (0.4–1.2 g/L). The analyses of these experiments are described below.



3.2.1. Impact of MB Initial Concentration (C0) and Equilibrium Time


The impact of C0 (varied from 5–40 mg/L) on percentage removal was investigated at 25 °C, with a pH of 8 and an nZVISLP dosage of 1.2 g/L. The effect of different C0 values of MB uptake obeyed an inverse exponential form (see Figure 5a), i.e., rapid in the initial stages and steady in the later stages. This signifies the possibility of monolayer adsorption taking place on the surface of nZVISLP. The increasing trend in MB removal continued until it reached an equilibrium state (~180 min). This may have been due to the fact that the vacant sites on the surface of nZVISLP were only available in the early stages of the adsorption process. Typically, 80% of the adsorbate (with C0 = 10 mg/L) was removed within 30 min of the adsorption process (see Figure 5a), and the process then proceeded at a slow pace, reaching a maximum removal of 91% in 300 min. However, an increase in C0 resulted in a decrease in removal concentration. Upon increasing dye concentration, the adsorption site became saturated, which limited the removal of MB [36]. As a result, qt increased from 8.20 ± 0.01 to 32.6 ± 0.02 mg/g with a rise in C0 from 10 mg/L to 40 mg/L. The decrease in qt with the increase in C0 potentially occurred as a result of the initial concentration providing the driving force to overcome the mass transfer resistance [37].




3.2.2. Impact of Solution pH


The impact of pH on MB adsorption by nZVISLP was investigated by varying the solution pH within the range of 4–10 for a dosage of 1.2 g/L and C0 of 10 mg/L, conducted at 25 °C. A 0.1 N HCl/NaOH mixture was added to maintain the pH at the required value. As seen in Figure 5b, the MB removal (%) was enhanced with a rise in solution pH. The pH of the solution was also checked after the adsorption process at different time intervals, whereby it was found that the solution pH changed slowly with time within the initial 60 min and then became constant, resulting in the adsorption changing in the initial 60 min and then becoming almost constant (Figure 5b). The pH of the solution changed to approximately its pHZPC value. At acidic pH, a lower removal was observed due to the competitive interactions of H+ and catatonic MB, as well as the repulsive force interaction between the dye cations and the positively charged sites. This was confirmed by the stable zeta potential magnitude between pH 4.0 and 8.0 (Figure 4b). Upon increasing pH (8.0 to 10.0), the MB adsorptive removal increased, due to the increase in the number of negatively charged sites, which led to the existence of an electrostatic force of attraction between the cationic MB and nZVISLP [38]. These results also confirmed the results reported in earlier studies [38,39,40], which showed an increase in cationic dye adsorption with a rise in pH. MB adsorption was almost constant at alkaline pH values (8–10).




3.2.3. Impact of nZVISLP Dosage


The effect of nZVISLP dosage on MB adsorption was also systematically investigated by varying the amount of nZVISLP from 0.4 to 1.2 g/L, keeping other process parameters at fixed values (pH: 8, C0: 10 mg/L, and temperature: 25 °C). Figure 5c shows that the adsorptive removal of MB increased from 71–86% with the increase in nZVISLP dosage from 0.4 to 1.0 g/L, as evidenced by the C0 value changing from 3.4 ± 0.2 to 1.6 ± 0.1 mg/L,. With a further increase in dosage (up to 1.2 g/L), there was no substantial increase observed in MB removal. Upon increasing nZVISLP dosage from 0.4 to 1.2 g/L, qmax values increased from 6.5 ± 0.2 to 8.2 ± 0.01 mg/g. Upon increasing adsorbent dosage, the surface area available for adsorption increases, which then enhances the adsorption [41]. Li et al. [39] also reported a similar trend for MB adsorption. However, a further increase in dosage did not influence the removal rate, due to the unavailability of adsorption sites [38].




3.2.4. Impact of Process Temperature


The impact of temperature on MB removal efficiency was also investigated at different temperatures (25, 35, and 45 °C). As shown in Figure 5d, the removal of MB increased from 86.4 ± 0.05% to 97.0 ± 0.05% as the temperature was increased from 25 to 45 °C. On the other hand, a state of equilibrium was reached within 60 min at 45 °C as compared to the adsorption process conducted at 25 °C (240 min). In this research study, maximum MB removal was obtained at the highest temperature of 45 °C, which was consistent with the result of previously reported studies [42]. The diffusion rate of MB molecules through the internal pores of nZVISLP and the external boundary layer may be slightly increased by increasing the temperature.





3.3. Identification of Equilibrium Isotherm Models


The removal of MB from the aqueous solution may depend on various mechanisms such as reduction or oxidation, or degradation in the presence of OH∙ radicals. In the presence of a reducing agent, MB is reduced to leuco methylene blue (LMB), which is a colorless compound; upon oxidation by agitation, LMB is transformed back to its colored state, MB [43]. However, in this study, after removal of the particles, the colorless MB solution was not re-colored upon constant agitation, which confirms no participation of reduction in MB removal. The removal of MB was mainly governed by adsorption.



To get insight into the adsorption mechanisms of nZVISLP for MB removal and to verify the performance of the adsorbent, various isotherms, as indicated in Table S1 (Supplementary Materials), were validated. The isotherm parameters were evaluated using DEO with an objective function to minimize statistical metrics including χ2 and RMSE. The performance of the optimal isotherm parameters is presented in Figure 6. These results indicate that linearizing the non-linear equation underestimated the features of the actual isotherm. It can be observed that the values predicted by DEO using optimized parameters were pretty close to the experimental values. To further confirm the performance and verify the statistical significance, the previously discussed prominent statistical metrics were evaluated and compared for both linear and non-linear model forms, as shown in Table 2. Again, these results further indicated that the parameters estimated using the non-linear model provided a higher R2. For all the evaluated isotherm models, R2 was higher than 0.94, and the R2 values for the Freundlich and Sips isotherm models were close to 0.98, thus validating their better description of nZVISLP adsorption characteristics for MB removal. Another essential statistical metric, χ2, indicated that the values were ≥0.98, thus confirming the suitability of these isotherms. All other significant statistical measurements that were evaluated showed a similar trend. As a result, the optimal isotherm parameters estimated by implementing DEO better captured the adsorption process of MB onto the surface of nZVISLP.




3.4. Evaluation of Intrinsic Parameters in Kinetic Models


The parameters of the four kinetic models were assessed using their non-linear forms (see Table S3, Supplementary Materials), and the DEO method was implemented for the models. The efficacy of the optimal characteristic parameters of the four kinetic models is presented in Figure 7. Again, it can be observed that linearization undervalued the kinetic parameters. For all the kinetic models, the DEO using optimized kinetic parameters better predicted the experimentally obtained values. These scatter plots validated the non-linearity of the adsorption process; hence, the DEO-based non-linear model predictions better correlated with the experimental values. To further confirm the model predictions, non-linear statistical metrics were evaluated. The prominent statistical metrics were evaluated and compared for both linear and non-linear kinetic model expressions, as shown in Table 3 for C0 of 10 mg/L. The linear plots of the pseudo first-order (PFO), pseudo second-order (PSO), and Weber–Morris kinetic models C0 of 20, 30, and 40 mg/L are shown in Figures S4 and S5 (Supplementary Materials). For all the evaluated kinetic models, R2 was higher for non-linear models, thus confirming that these kinetic models better describe the MB adsorption onto nZVISLP. The R2 values were ≥0.98 for the pseudo second-order kinetic model, thus confirming that this model better explains the MB adsorption process. Also, all other prominent statistical metrics resulted in a similar trend. It can be observed from Table 3 that the optimal parameters derived from DEO not only provided lower values of RMSE and χ2, but also provided improved values for other statistical metrics. Therefore, the optimal kinetic parameters estimated by DEO suitably captured the dynamics of MB adsorption onto the surface of nZVISLP.




3.5. Thermodynamic Studies


Thermodynamic studies can present insight into the nature of the adsorption process. These are evaluated from the concepts of enthalpy (∆H°), Gibbs free energy (∆G°), and entropy (∆S°). The procedure for calculating these parameters is given in Table S4 (Supplementary Materials). The values of ∆G° (kJ/mol) were found to be −20.5, −21.1, and −21.8, at 25, 35, and 45 °C, respectively (from the plot of ln Kc versus 1/T, shown in Figure S6, Supplementary Materials), which confirmed the spontaneity of the adsorption process. The values of ∆H° (J/mol) and ∆S° (J/mol K) were found to be 18.7 and 68.67, respectively. The positive values of ∆H° reconfirmed that the adsorptive removal of MB onto nZVISLP is an endothermic adsorption process. A positive value of ∆S° indicates the presence of high randomness at the interface of adsorbent/adsorbate while at the adsorption equilibrium.





4. Conclusions


The nano-bioadsorbent prepared from sweet lime pulp waste (nZVISLP) showed exciting results in MB removal from an aqueous solution. This nano-bioadsorbent was most effective at alkaline pH (10), whereas the acidic conditions were not favorable. The equilibrium values predicted using the DEO-based optimized isotherm parameters were in close agreement with the experimental values. The R2 values were >0.95 for all studied isotherms, and the R2 values for the Freundlich and Sips isotherm models were ~0.98, thus validating that these isotherms best depict MB adsorption onto nZVISLP. The higher χ2 values (≥0.98) also confirmed the suitability of these isotherms. Similarly, the kinetic model parameters evaluated by DEO were able to capture the kinetics of MB adsorption, thus resulting in higher R2 and lower RMSE. The endothermic and spontaneous nature of the adsorptive removal of MB onto nZVISLP was confirmed by the results of the thermodynamic study. The treatment of wastewater and the application of prepared nZVISLP may reduce pollution loads in surface water. The prepared iron particles are highly active for the adsorptive treatment of MB-contaminated water.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-3417/9/23/5112/s1: Table S1. Various forms of isotherm models for single component expressed in linear and non-linear forms. Table S2. Summary of different conventional type of kinetics both in linear and non-linear forms generally used to estimate the adsorption rate along with corresponding plot to estimate the parameters. Table S3. Pseudo first order and second order kinetics for the removal of MB by nZVISLP. Table S4: Thermodynamic parameters of MB adsorption onto the nZVISLP. Figure S1. pHzpc of synthesized SLP-IPs. Figure S2. (a) Pressure variation on adsorption/desorption of N2 (b) variation in dVp/drp (c) BET plot. Figure S3. XRD pattern of prepared nZVISLP to identify crystallinity of particles and confirmation of zero valent iron. Figure S4. The pseudo 1st order and pseudo 2nd order kinetics study for the adsorption of MB onto nZVISLP at different initial dye concentrations (C0 = 10, 20, 30 and 40 mg/L; T = 293 K; adsorbent concentration=1.2g/L; initial pH 8.0). Figure S5. Intraparticle diffusion model for the adsorption of MB on to nZVISLP with different initial dye concentrations (C0 = 10, 20, 30 and 40 mg/L; T = 293 K; adsorbent concentration=1.2g/L; initial pH 8.0). Figure S6: Plots of lnKC versus 1/T of the adsorption of MB onto the nZVISLP.
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Figure 1. Different steps for the synthesis of zero-valent iron nanoparticles synthesized from sweet lime pulp waste (nZVISLP). 
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Figure 2. Infrared spectra of nZVISLP before and after adsorption of methylene blue (MB). 
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Figure 3. (a,b) SEM images of nZVISLP; (c) SEM energy-dispersive X-ray spectroscopy (EDX) analysis. 
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Figure 4. (a) Particle size and (b) zeta potential of nZVISLP. 
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Figure 5. Influence of various parameters on MB removal: (a) C0; (b) pH; (c) adsorbent dosage; (d) process temperature. 
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Figure 6. Scatter plots depicting the performance of differential evolution optimization (DEO) in terms of linear transformation for various isotherm models. 
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Figure 7. Scatter plots comparing the performance of DEO in terms of linear transformation for various kinetic models. 
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Table 1. Elemental composition of zero-valent iron nanoparticles synthesized from sweet lime pulp waste (nZVISLP).
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	Element
	Weight (%)





	C (K)
	54.31



	O (K)
	15.03



	Si (K)
	1.71



	Ca (K)
	3.10



	Fe (K)
	11.98



	Zr (L)
	13.86



	Total
	100.00
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Table 2. Comparison of prominent statistical metrics using linear (L) and non-linear (NL) approaches for evaluating the optimal isotherm model parameters.
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NL

	
L

	
NL

	
L