

  ChemEngineering-07-00082




ChemEngineering-07-00082







ChemEngineering 2023, 7(5), 82; doi:10.3390/chemengineering7050082




Article



Chitosan–Resole–Pectin Aerogel in Methylene Blue Removal: Modeling and Optimization Using an Artificial Neuron Network



Jean Flores-Gómez 1, Mario Villegas-Ruvalcaba 2, José Blancas-Flores 2 and Juan Morales-Rivera 1,*





1



Studies on Water and Energy Department, University of Guadalajara, Guadalajara 45425, Mexico






2



Basic and Applied Sciences Department, University of Guadalajara, Guadalajara 45425, Mexico









*



Correspondence: juan.morales9853@academicos.udg.mx







Citation: Flores-Gómez, J.; Villegas-Ruvalcaba, M.; Blancas-Flores, J.; Morales-Rivera, J. Chitosan–Resole–Pectin Aerogel in Methylene Blue Removal: Modeling and Optimization Using an Artificial Neuron Network. ChemEngineering 2023, 7, 82. https://doi.org/10.3390/chemengineering7050082



Academic Editor: Ori Lahav



Received: 27 July 2023 / Revised: 5 September 2023 / Accepted: 5 September 2023 / Published: 11 September 2023



Abstract

:

In this study, a novel chitosan–resole–pectin aerogel (CS–R–P) was created from a sol–gel reaction with a solution of Cs and P with resole by a freeze-drying technique, and this adsorbent was proposed for the removal of methylene blue (MB). In addition, with the use of an artificial intelligence technique known as an artificial neural network (ANN), this material was modeled and optimized. Its physical morphology and chemical composition were also characterized with FTIR and XPS, and its adsorption properties were analyzed. For modeling the adsorption process, three main parameters were used: the chitosan–resole–pectin concentration (45–75%), thermal treatment (6–36 h), and known concentrations of methylene blue (25–50 and 100 mg/L), established on the Box–Behnken design. The ANN was coupled with the improved gray wolf optimization (IWGO) metaheuristic algorithm, achieving a correlation coefficient of R2 = 0.99. The characterization indicates that the surface of the aerogels was micro- and mesoporous, the resole gave physical stability, and the polysaccharide base delivered the functional groups necessary for dye adsorption; the aerogels were successful dye adsorbents with a qe of 12.44 mg/g. Finally, the physical and chemical sorption was ascertainable with an adsorption that followed pseudo-second-order kinetics. The MB adsorption was clearly occurring though cation exchange and hydrogen binding as observed in the chemical composition. The ANN with the gray wolf optimizer was used for the prediction of the best operating parameters for MB removal, applying the following conditions—the CS–R–P aerogel concentration (52/30/18), the thermal treatment (9.12 h), and the initial concentration of methylene blue (37 mg/L)—achieving a 94.6% removal. These conclusions suggest that using artificial intelligence such as an ANN can provide an efficient and practical model for maximizing the removal action of new aerogels based on chitosan.
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1. Introduction


An increasing population, yielding both economic growth and water pollution, requires a commitment to sustainable water management [1]. Dyes are a major class of pollutants; since the discovery of methylene blue (MB) in 1878 as one of the classified cationic dyes [2], its use has become normal in diverse industries, such as textile, paper, and tannery [3]. Its principal use is to modify the color of products, with the result that significant volumes of colorized water are generated by the different industrial processes [3]. The treatment of dye wastewater effluent is important due to its harmful impacts, such as eye burning, intoxication through inhalation, or vomiting caused by low exposures, as well as its potential threat as a human carcinogen [4]. Furthermore, it has been demonstrated in aquatic ecosystems that even with a low discharge, it can increase the chemical oxygen demand (COD) and complicate photosynthesis by decreasing the light penetration [5]. Classified as emerging pollutants that may require specific regulations and limits that are not yet present on most regulations, emerging technologies to depurate this contaminated water are needed [6].



There are known effective techniques for pollutant removal, such as chemical and physical treatment [7] or oxidation reactions [8], etc.; however, it is not easy to degrade dyes, since these molecules are very stable, and adsorption [9,10,11] is a reliable method that has the advantage of high efficiency and easy maintenance. Also, a low-cost adsorbent could be a possible approach with less secondary pollution and reusability of the adsorbents.



To achieve efficient adsorption, the material must possess specific properties such as porosity, physicochemical stability, and a high activity of functional groups on its surface [7,10]. Recently, natural polysaccharides such as chitosan (CS) have been used for their known properties such as biocompatibility, their high abundance in nature, and their abundant amine and hydroxyl groups [9,11]. CS solution is excellent as a substrate for producing 3D aerogels, and compared with other CS modifications or forms, as a powder, it presents higher adsorption and porosity, achieving CS aerogels that are effective for adsorption [12,13,14]. There are different methods to achieve aerogels, with supercritical drying and freeze drying being the most commonly used; furthermore, freeze drying may result in an aerogel with macropores and unique features such as an axial layered structure, and it has more mechanical adaptability and is more easily made compared with supercritical drying [15]. CS aerogels still exhibit low mechanical properties, and their 3D structure tends to collapse or hydrolyze on acidic media. The challenge of obtaining a highly mechanical stability with a porous material has focused on the amount of polymer concentration as the main parameter; this is crucial because it must contain enough polymer to maintain its shape, size, and swollen state during contact with the dye [16]. Diverse strategies such as nano reinforcement [17] with graphene oxide [13], montmorillonite [2], or using physical or chemical crosslinking processes [18] to overcome the instability of CS aerogel [11] have been addressed. Unfortunately, nanomaterials as enhancers are complicated to use due to their low bulk and high costs, and physical and chemical crosslinking would change the chemical disposition of the free species to ionic exchange. Therefore, we envision a cost-conscious approach using a thermosetting enforcer with a phenol/formaldehyde liquid resole reinforcement, as in a previously reported work [19], with the integration of pectin (P) as another polysaccharide chain for a 3D substrate for the sol–gel reaction with physical crosslinking in conjunction with the resole and chemical crosslinking for mechanical stability. We understand the variability of the experimental data required to find the optimal processing parameters, and to overcome this issue, we aim to propose a model. An artificial neural network (ANN) is an excellent tool to predict and model various engineering problems, regardless of the chemical, physical, or biological process under study. The ANN was inspired by the functioning of biological brains, since they consist of interconnected neurons that process and exchange information. They can also learn from relationships between the parameters and responses for nonlinear and linear systems [20,21]. These techniques have been used to model complex processes such as aerogel performance. In the literature, studies have been reported that established their various applications. Tafreshi et al. [22] proposed the application of machine learning based on ANN to model and predict the properties of organic aerogels. Abdusalamov et al. [23] demonstrated the excellent performance of this type of methodology in predicting silica aerogels’ properties, achieving a precision of the model of R2 = 0.973. Likewise, applied studies have been reported that improved the control of the porous structure of carbon aerogels [24] and, obtaining great precision, the adsorption of perfluorooctanoic acid with Cu nanoparticles and a fluorine-modified graphene aerogel [25]. This work aims to model and optimize the adsorption of MB using a chitosan–resole–pectin ANN coupled with a metaheuristic algorithm to find the optimal parameters that maximize the material adsorption capacity.




2. Materials and Methods


2.1. Chemicals and Reagents


Chitosan powder (<75% deacetylated, medium molecular weight), pectin citrus peel (>75% galacturonic acid), and methylene blue were obtained in dried powder form (Sigma Aldrich, St. Louis, MO, USA). Phenol (99%), acetic acid (99%), sodium hydroxide (98%), and formaldehyde (37.0%) were purchased from (Golden Bell, Guadalajara, México) and (Fermont, Monterrey, México). Deionized water (DW) was required for the stock dye solutions and further diluted concentrations.




2.2. Preparation of the Chitosan, Pectin, and Resole Solution for the Sol–Gel Reaction


The CS solution and pectin solution required as the polysaccharide precursors for the sol–gel reaction were prepared with weighed chitosan and pectin powder. The CS solution at 2% w/v was created by dissolving the chitosan with DW and acetic acid, and it was left to sit for three days at room temperature. The P solution at 1% w/v was created by dissolving the pectin with DW, and it was heated at 60 °C and stirred for 1 h until gel formation. The resole (R) solution was made by dissolving phenol–formaldehyde resin (1:3.5) on NaOH at 0.1 M and stirring at 70 °C for 1 h. After that, the pH was adjusted, and the solution was placed in a rotary evaporator for 1.15 h in a water bath at 50 °C. The remaining liquid resole was removed and refrigerated. The synthesis of resole was detailed in our previous work [19].



2.2.1. Fabrication of the Chitosan–Resole–Pectin Aerogel


The CS–R–P aerogel was formulated through a standard procedure. Initially, in a syringe, the required volume percentages of the base polysaccharide solutions were measured and mixed with the amount of R solution. The mixture was then transferred to a mold and stored in an ultra-freezer at −70 °C and Freeze-Dryer (Ilshin Biobase TFD8501, Komachine, Gyeonggi-do, Korea) for 24 h. Ultimately, the dried aerogel for the crosslinking reaction was heated to 60 °C for (6, 24, and 36 h) thermal treatment.




2.2.2. Characterization of the CS–R–P Aerogel


The surface microstructure, chemical state of the surface compositions, and percentage of water retained were determined for the CS–R–P aerogel using a stereoscope (STEMI 508 Zeiss, Lein, Germany). Fourier Transform Infrared Spectroscopy (FTIR) was performed using an IR spectrophotometer (Alpha II Bruker, Billerica, MA, USA), with a spectral range of 4000–400 cm−1. X-ray spectroscopy (XPS) was performed using a monochromatic Al KαX-ray source (1486.7 eV) (SPECS PHOIBOS, Berlin, Germany). Binding energies (BE) were referenced to the main C1s peak at 284.5 eV to compensate for the non-conductive samples. Also, a study of water retention and porosity [12] was conducted. To determine the percentage of water, the samples were weighed wet, then dried for 24 h at 60 °C, and re-weighed, and the result was calculated using Equation (1), with the volume of the empty spaces calculated using Equation (2).


    W %       =     ( W   W   −   W   d   )   100     W   W      



(1)




where     W   W     (g) represents the wet aerogel, and     W   d     (g) corresponds to the dried aerogel.


    P       =     V   e       V   t     × 100  



(2)




where     V   t     (cm3) represents the total volume,     V   e     (cm3) represents the volume of the empty spaces, and P represents the porosity.





2.3. Artificial Neural Network Modeling


To model the removal efficiency of the MB process by applying a chitosan–resole–pectin aerogel, an experimental matrix of the Box–Behnken type with 17 experiments was developed using Design-Expert software 10.0.1 (Stat-Ease Inc., Minneapolis, MN, USA). Three principal parameters, each with three levels, were included, as shown in Table 1. The ANN modeling was accomplished by using the neural network toolbox of Matlab R2021A (Math-Works Inc., Natick, MA, USA).



2.3.1. Adsorption Studies


Sorption experiments (with 25, 50, and 100 mg/L of MB solution in 50 mL on batches) were conducted to study the removal capacity of the MB following the experiments proposed by the experimental matrix to analyze the adsorption performance and then modeling the optimal parameters. A stock solution (1000 mg/L) of MB was prepared by dissolving (1g of MB) on 1L of DW; the stock solution was diluted to obtain the other concentrations. A piece of weighted aerogel made from a mixture of 4 mL volumes of % solution on configurations (main weights CS45/R45/P10 (0.558 g), CS60/R25/P15 (0.387 g), and CS75/R5/P20 (0.169 g)) aerogel with (6, 24, and 36 h of thermal treatment) was placed into a Falcon tube containing 50 mL of aqueous solution with known initial concentrations of MB dye and then shaken (in an orbital shaker at 400 rpm) at a constant temperature of 25 −/+ 2 °C for 3 h, in accordance with the adsorption times reported in the literature [5,7]. The pH of the diluted solutions was not adjusted. After the desired time, the aerogel was removed; these adsorption experiments were performed in triplicate for each experimental run, and the average values were reported.




2.3.2. Kinetic Studies


For the kinetic study, the experiments were performed under the same conditions (25 −/+ 2 °C for 3 h, without pH adjustment) but taking samples at six different intervals up to 24 h in 50 mL falcon tube of a 50 mg/L of MB, using samples representative of the experimental matrix as shown in Table 2.




2.3.3. MB Adsorption


The concentration of the MB after adsorption was determined and analyzed at 665 nm [1,3] using a UV/VIS spectrophotometer (Jasco v770 spectrometer, Tokyo, Japan). The adsorption capacity of the CS–R–P aerogel [11], as the removal percentage (R%) and (qt) (mg/g), was calculated using the following Equations (3) and (4):


    q   t   =     ( C   0   −   C   e   )   V   m    



(3)






  R % =     Y   0   − Y     Y   0     100  



(4)




where m (g) symbolizes the adsorbent mass, V (L) is the volume of the solution, and C0 and Ce (mg/L) are the initial and equilibrium concentrations of the MB, respectively. For the adsorption capacity, R% symbolizes the adsorption efficiency, Y0 indicates the initial value, and Y is the final adsorption measurement.



The adsorption kinetics of the MB was studied on the CS–R–P aerogels, using pseudo-first-order and pseudo-second-order kinetic models, Equations (5) and (6), respectively [11,12].


  l n   ( q   e   −   q   t   ) = l n   q   e   −   K   1   t      



(5)






    t     q   t     =   1     k   2       q   e   2     +   t     q   e        



(6)




where qe and qt (g·mg−1) indicate the adsorption capacities on equilibrium time t (h), k1 (min−1) is the constant rate for the pseudo-first order, and k2 (g·mg−1·min−1) is the constant rate of the pseudo-second order.





2.4. Artificial Neural Network Optimization


ANN architecture and an operating input layer with three neurons was projected (the chitosan–resole–pectin concentration, the thermal treatment time, and the initial concentration of methylene blue in mg/L), as well as an output layer and one neuron (methylene blue removal %), and a hidden layer, as presented in Figure 1. A feedforward multilayer perceptron (MLP) was harnessed employing the Levenberg–Marquardt algorithm (LM).



The mathematical functions were taken from the literature to obtain the activation function and net input, which were (Tensig) and (Purelin). Likewise, the entire dataset was ordered into three sets: the testing group (15%), the validation group (15%), and the training group (70%), as shown in Table 3. Similarly, to find the best architecture for the ANN, a set of neural networks using 4, 6, 8, 10, and 12 hidden neurons was used [26]. The mean square error (MSE) was determined. The complete data were normalized applying Equation (7), and the ANN model was used as the fitness function [27]. The improved gray wolf optimizer (IGWO), a novel algorithm [28], was used to perfect the execution of the ANN; the results are presented later in the manuscript. The IGWO is a nature-inspired algorithm that has improvements over the original (GWO) algorithm, including a new search in three phases of initializing, moving, and selecting, established in the dimension-learning-based hunting (DLH), which sustains the efficacy of the new positions of individuals. Coupling this algorithm with the artificial neuronal network significantly reduces the half-square error of the outputs, managing to find the ideal architecture of the model.


    X   n o r m   = 0.8       x   i   −   x   m i n       x   m a x   −   x   m i n       + 0.1  



(7)




where xi symbolizes the observed value, xmin is the minimum value, and xmax is the highest value for the variables.





3. Results and Discussion


3.1. Characterization


For the study of the chemical structure of the CS–R–P aerogel, the FTIR (Figure 2) and XPS spectra (Figure 3) were used.



In Figure 2a, it can be seen from the aerogel comparison that the complex was successfully crosslinked, with characteristic peaks of CS, P, and R, such as the 3309 cm−1 -OH that overlaps with the -NH of CS [11,29], appearing in all the precursors. Also, from the CS, there were peaks located at 1607 cm−1 caused by amide I, at 1379 cm−1 by amide III [11,16,30], at 1149 cm−1 by stretching of the C-N [31], and a glucosidic stretching at 884 cm−1, characteristic of polysaccharides. The R had a benzene ring at 1634 cm−1 and contributed to 1013 cm−1 with a peak, an aliphatic hydroxyl (R-OH), and ether bridge bands formation [32]. The P characteristic band of the single bond of ester 1195 cm−1 was seen as a characteristic adsorption band corresponding to a carbonyl structure at 1607 cm−1. The spectra of the CS and P shared similarities, but on the CS–R–P aerogel, they still maintained further functional groups of each added precursor [33].



In Figure 2b, the aerogel comparison can be seen after processing and being loaded with the MB dye after adsorption. Here, we can observe the peaks at 3329 cm−1 and 2875 cm−1, an increase attributed to the CH stretching. There were also notable bands corresponding to the amide I and amide III shifting and increase at 1611 cm−1 and 1367 cm−1, as well as the shift of the C-O-C carboxyl group to 1047 cm−1 and a 574 cm−1 peak increase characteristic of MB. These increasing bands could be attributed to a chemical bond formed between the MB molecules on the surface of the CS–R–P aerogel with the -NH2 groups [1,16]. According to this, we can observe that the carboxyl groups were negatively charged, which is beneficial for the adsorption of cationic dyes [11], principally because of the ease of cation exchange through hydrogen binding [11,34]. Also, Wang et al. [7] mentioned the presence of a new peak at 1342 cm−1, which in this case was also present, indicating a successful combination of the dimethyl amino groups with the CS–R–P aerogel for chemisorption.



These results were corroborated by the XPS analysis, which was performed to identify the adsorption mechanisms and the presence of the characteristic binding energies in the aerogel spectrum analysis.



Figure 3a shows the general survey spectra of the resole CS–R–P aerogel loaded with MB at 100 mg/L with concentration % volume of CS/60R/25P/15, which is version 0 or intermediate between the three levels of factors. The principal functional groups and elements were identified and confirmed as C 1s, O 1s, and N 1s, suggesting successful aerogel generation and that the MB was adsorbed with increases in C 1s and O1s. The high-resolution spectra of these main elements were determined. The deconvolution of C 1s, shown in Figure 3b, was indicated by a greater peak at 284.5 eV, assigned to C-C (51%), and two other peaks were assigned at 286.06 eV to C-O (23%) and at 282.3 eV to O-C=O (2.2%). The high-resolution O 1s in Figure 3c was deconvoluted on two peaks corresponding to the 532.9 eV O-C aliphatic (22%) and 531.2 eV O=C carboxyl groups (1.5%), which are in line with the proportion of the chemical bonding between C-O and C=O. Furthermore, these results were consistent with the calculations of the elemental chitosan/quinoa aerogel ratio in Tan et al. [18]. Also, on the high-resolution spectra of N 1s, shown in Figure 3d, representative peaks of MB were found at 400.3 eV, belonging to a C-N aromatic ring (0.4%) and at 399.2 eV (-N(CH3)2) (0.5%). This suggests that the MB molecules were combined with chemical bonding on the CS–R–P aerogel. Also, a last peak was found at 397.2 eV, corresponding to the CS amine NH2 [7].



Figure 4 shows photographs and stereoscope images of the CS–R–P aerogels in which the three-dimensional network structure formed for the polysaccharide base by the gel reaction is visible (Figure 4a,b), which is beneficial for binding with cationic dyes [11,34]. The microstructure morphology obtained by the freeze-drying process shows a highly porous structure as interconnected networks with micro- and mesoporous sizes. From Figure 4c,d, we concluded that increasing the volume of polysaccharide slightly decreased the diameter of the pores, as the precursor polysaccharide base presented a dense porous surface. The comparison of the open pores after the cross section in Figure 4c,d is recognizable in accordance with previous reports; when the amount of R limits the substrate for the structure of the three-dimensional network aerogel, although it strengthens the structure, the pores tend to increase in size [16,19]. From Figure 4d, it can also be seen that the aerogel had a flexible and porous structure with nonuniform axial growths, adjusted and controlled by the volume concentration and the crosslinking interaction between them, which determines the structure. Similar results have been seen with hydrogels [2], and directional growths are also possible with other strategies [35]. Stability after the adsorption process can also be seen, specifically on the second row of Figure 4b. Also, in Figure 4d with the cross section, the structure of the interior network of the CS–R–P aerogel was not destroyed after the adsorption of MB, which indicates the excellent stability of this material. The physical bond with the dye turned the aerogel blue and was also recognizable on the surface. The diffusion of the dye was different in the pieces observed in Figure 4b,d, with patches that probably exist because the chemical crosslinking was stronger, limiting the flexibility of the mass transfer in the aerogel [16,18]. This is in contrast with Figure 4c, which is the piece with less R, and the color transfer looks homogenous.



Table 4 shows the values calculated for the water recovery and indicates that all combinations held a considerable amount of intrinsic water, almost 50% by weight in most cases, while the value of (Ve) reflects the amount of empty space volume. This is similar to the results in El-Kousy et al. [34], who reported values of 98%, 95%, 83.5%, and 86.3% for the use of montmorillonite as a nano reinforcement to increase the water retention of the CS aerogel.




3.2. MB Adsorption Capacity Study


The adsorption of MB was studied on the CS–R–P aerogels to evaluate the adsorbent volume concentration processing, the initial concentration of MB, and the variation in the thermal effect. The influence of these parameters combined with the experimental matrix was described. The dye concentration could be seen to decrease as the aerogel’s stability was reinforced with R, even though the improved performance could largely be due to the polymeric chain of the polysaccharide structure with a highly porous surface and with free vacant sites for chemical adsorption. Another critical parameter limitation of the mass transfer capacity was the initial concentration: the adsorption capacity results increased with the increase in dye, but the quantity and properties of the adsorbent played a crucial role also, as the literature says this tends to influence the adsorption process mechanism [3,17].



Final Thermal Effect on the Kinetic Study


The final thermal treatment, as we expected, was also another critical parameter that could influence the adsorption process due to the lack of sites available on the aerogel surface after the initial adsorption mechanism onto the many vacant sites, allowing flexibility of the adsorbent, such as swelling that increases the available remaining vacant sites and improves the adsorption capabilities. De Luna et al. [16] discussed similar results that demonstrated an increase in the adsorption capacities due to the significance of the CS aerogel processing in the final mechanical properties. Figure 5a illustrates the fitting plots corresponding to the calculated parameters from the pseudo-second-order (PSO) kinetic model with a correlation of (R2 = 0.998) and a qe 12.44 mg/g, which validate the occurrence of sorption and ion exchange. The kinetics of the remaining experiments are listed in Table 5. Also, Figure 5b shows that equilibrium was attained after >300 min, which was a longer time than the mean in previous works [16,18,34]; this explains a typical adsorption mechanism that follows the initial bulk diffusion onto the boundary layer probably due to the enhancement of the active interaction between the MB molecules and the aerogel. A diffusion of adsorbate from this layer onto the surface of the aerogel occurs due to the increase in the force of mass transfer, which is typically the slowest and reinforces the releasing of the remaining active sites on the pores. Apparently, this occurs better on the aerogel with macropores, which maintains the mechanical stability generated for the R, avoiding the loss of the 3D structure [13,35].



The results of the adsorption and the kinetic study show that the adsorption rate depends on the initial concentration of the MB together with the amount of adsorbent; in this case, the amount of polysaccharide influenced the number of free spaces for ionic adsorption, while the amount of resole added influenced the stability of the aerogel. A comparison of the maximum adsorption capacity values was made with other reported works, where we can see that these values were related to the efficiency of the adsorption capacity values, as shown in Table 6. It is worth mentioning that the pH of the original concentrations was between 5.5 and 6. The literature reports [17,18] an increase in the adsorption capacity as the temperature and pH increases (optimal 7); this aerogel’s capacity may improve in actual industry conditions.





3.3. Neural Network Modeling


The ANN was estimated, employing the methodology from [26,27]. The products of these evaluations were for a 4-neuron (MSE = 1.832), a 6-neuron (MSE = 0.111), an 8-neuron (MSE = 2.763), a 10-neuron (MSE = 0.740), and a 12-neuron (MSE = 0.902) network. From these evaluations, a hidden layer of six neurons was employed in this investigation, and 19 wolves were used as search agents for 81 iterations. Figure 6 shows the plot of the regressions (output quantities) versus (experimental) the quantities, whose R was 1 for validation, 0.9924 for testing, 0.9998 for training, and 0.9980 for the entire data group. The IGWO [28] was used to refine the execution of the ANN; these results are presented in comparison with the data generated for the Box-Behnken design in Table 7, which are the experimental runs.




3.4. Evaluation of the Predictive Performance of the ANN-IGWO


In order to estimate the execution of the ANN-IGWO model, statistical equations were used from the literature [27]. The R and R2 values were evaluated to measure the proximity of the model values to the experimental values. To corroborate the proximity of the modeled line, the MSE and RMSE factors were estimated, as represented in Table 8.




3.5. Optimization Process


The ANN-IGWO is a methodology that allows optimal process parameters to be obtained to maximize the removal of methylene blue, using aerogel CS–R–P, giving results for CS–R–P concentrations by vol [%] (52/30/18), thermal treatment [hours] (9.12), and the initial concentration of methylene blue [mg/L] (37), achieving a 94.6% removal. These results were validated in triplicate in the laboratory and, compared with the findings for the 17 experiments demonstrated in Table 5, the optimization process made remarkable progress.





4. Conclusions


The goal of the present study was to highlight the relevance of the modeling and optimization in the experimental design of aerogel processing. Adsorbent technology such as CS aerogels could be a sustainable, practical, and effective option for industry wastewater treatment to improve the processing capabilities of pre-existing pollutants. The results indicate that we obtained a physical crosslinking of precursors. Also, the thermal treatment influenced the final stability of the adsorbent and adsorption capacity. We also concluded that, after adsorption, the hierarchical structure was maintained, as there was chemisorption. The kinetics occurred with the PSO, initial concentration, and adsorbent dosage being crucial for mass transfer. This study demonstrated that ANN, coupled with another artificial intelligence technique such as IGWO, can model complex systems, such as removing dyes using aerogels. Innovation and improvement of the adsorbents are required to make the separation methods convenient in real industry cases as a semicontinuous way to use CS aerogels.
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Figure 1. Architecture for the ANN adsorption model. 
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Figure 2. FTIR spectrum comparison: (a) CS–R–P aerogel and precursors; (b) CS–R–P aerogel after adsorption of MB. CS–R–P (60-25-15) aerogel loaded with 100 mg/L of MB. 
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Figure 3. XPS spectrum comparison: (a) survey spectra of the resole and CS–R–P aerogel + MB; (b) C 1s high resolution regions; (c) O 1s high resolution regions; (d) N 1s high resolution regions. The high resolutions are from the CS–R–P (60-25-15) aerogel loaded with 100 mg/L of MB. 
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Figure 4. Photograph and stereoscope images of the CS–R–P aerogel comparison: (a) CS–R–P aerogel; (b) CS–R–P aerogel material combinations; (c) CS–R–P after adsorption; (d) CS–R–P close up in cross section. 
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Figure 5. Kinetic study of the CS–R–P aerogel. (a) Pseudo-second-order kinetic model of MB adsorption in the 50 mg/L known concentration; (b) adsorption time effect on the MB removal in the 50 mg/L known concentration. 
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Figure 6. Correlation plots of the predicted versus the experimental data for the ANN-IGWO model. 
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Table 1. Independent variables and their levels.






Table 1. Independent variables and their levels.





	
Factor

	
Parameter

	
Coded Variables




	
−1

	
0

	
1






	
A

	
Chitosan/resole/pectin concentration by vol (%)

	
45/45/10

	
60/25/15

	
75/5/20




	
B

	
Thermal treatment (hours)

	
6

	
24

	
36




	
C

	
Initial concentration of methylene blue (mg/L)

	
25

	
50

	
100











 





Table 2. Kinetic experimental runs.
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CS–R–P

	
Thermal Treatment

	
MB Concentration




	
Factor A

	
Factor B

	
Factor C






	

	
6

	




	
45%45%10%

	
24

	
50 mg/L




	
(−1)

	
36

	




	

	
6

	




	
60%25%15%

	
24

	
50 mg/L




	
(0)

	
36

	




	

	
6

	




	
75%5%20%

	
24

	
50 mg/L




	
(1)

	
36

	











 





Table 3. ANN modeling for methylene blue removal.






Table 3. ANN modeling for methylene blue removal.





	
Model

	
Property

	
Value






	
ANN

	
Algorithm

	
IGWO




	

	
Input layer

	
No transfer function




	

	
Hidden layer

	
(tansig)




	
Output layer

	
(purelin)




	
Minimized error function

	
Mean square error (MSE)




	

	
Training iterations

	
Minimum gradient of 0.00015




	

	
Input neurons

	
3 (Chitosan/resole/pectin concentration by vol, thermal treatment time, and initial concentration of methylene blue)




	

	
Hidden neurons

	
(4, 6, 8, 10, and 12)




	

	
Number of output neurons

	
1 (Methylene blue removal)











 





Table 4. Water retention of the processing material.
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	Run
	Weight (g)
	W%
	Ve (cm3)





	1
	0.157
	93.48 +/− 0.119
	0.569



	2
	0.589
	57.83 +/− 0.094
	0.198



	3
	0.614
	63.37 +/− 0.151
	0.271



	4
	0.371
	73.09 +/− 0.060
	0.253



	5
	0.359
	73.28 +/− 0.140
	0.254



	6
	0.575
	62.91 +/− 0.142
	0.247



	7
	0.158
	94.58 +/− 0.334
	0.689



	8
	0.557
	60.20 +/− 0.196
	0.321



	9
	0.585
	66.26 +/− 0.166
	0.244



	10
	0.528
	66.93 +/− 0.120
	0.272



	11
	0.398
	72.06 +/− 0.052
	0.259



	12
	0.179
	93.08 +/− 0.313
	0.602



	13
	0.390
	66.87 +/− 0.017
	0.196



	14
	0.387
	65.88 +/− 0.307
	0.191



	15
	0.183
	92.52 +/− 0.139
	0.566



	16
	0.535
	67.79 +/− 0.115
	0.218



	17
	0.373
	68.92 +/− 0.123
	0.218







Ve = volume of empty space.













 





Table 5. Parameters of the methylene blue kinetics.
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CS–R–P

	
qe, Exp

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
Factor A

	
(mg/g)

	
k1

	
R2

	
k2

	
R2






	
45%45%10%

	
12.44

	
−0.3626

	
0.8642

	
0.5269

	
0.9998




	
−1

	
8.65

	
0.072

	
0.8743

	
0.5115

	
0.9998




	

	
10.27

	
−0.2281

	
0.87

	
0.1753

	
0.9988




	
60%25%15%

	
10.54

	
−0.7343

	
0.8892

	
0.3959

	
0.9997




	
0

	
8.65

	
0.9343

	
0.9005

	
0.8104

	
0.9898




	

	
8.38

	
−1.157

	
0.9389

	
0.2365

	
0.9989




	
75%5%20%

	
9.73

	
0.8409

	
0.9531

	
0.6172

	
0.9992




	
1

	
9.49

	
0.714

	
0.9304

	
0.4624

	
0.9996




	

	
6.76

	
0.806

	
0.9672

	
0.2558

	
0.9995








Known concentration of 50 mg/L.













 





Table 6. Comparison with other adsorbents for MB removal.
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	References
	Adsorbent
	qmax

(mg/g)
	% Remotion
	Observations





	Gong et al. [36]
	Activated carbon
	934.58
	48.9
	



	Almaamar et al. [37]
	Scirpus grossus for phytoremediation
	
	87
	After 72 days of contact



	Varmazyar et al. [38]
	TiO2/montmorillonite–albumin nanocomposite
	18.18
	
	Synthesized by green process



	Han et al. [39]
	Hydrophilic (hydroxyl group) silica aerogel
	47.21
	
	Ambient pressure drying method



	Ibrahim et al. [40]
	3-Allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt-based hydrogel
	81.03
	
	



	Beh et al. [35]
	CNF aerogel from kenaf core
	122.2
	90
	at 20 °C and a pH of 9



	El-Kousy et al. [34]
	CS/montmorillonite hydrogel
	180
	
	



	Tan et al. [18]
	Chitosan/quinoa aerogel
	22.72
	
	



	Ibrahim et al. [41]
	Semi-IPN Acrylamide-co-3-Allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt hydrogel
	194.61
	
	



	Dosa et al. [42]
	Natural zeolite clinoptilolite
	22.2
	96
	



	This work
	CS/P/R aerogel
	12.44
	90
	










 





Table 7. The Box–Behnken design observed and predicted values for methylene blue removal.
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Run

	
Independent Variables




	
A

	
B

	
C

	
Experiment

	
Predicted ANN-IGWO




	
Chitosan/Resole/Pectin Concentration by Vol

	
Thermal Treatment

	
Initial Concentration of

Methylene Blue

	
Methylene Blue Removal [%]

	
Methylene Blue Removal [%]






	
1

	
1

	
1

	
0

	
50.13 +/− 0.96

	
50.08




	
2

	
−1

	
−1

	
0

	
82.01 +/− 2.73

	
82.03




	
3

	
0

	
0

	
0

	
88.26 +/− 1.51

	
88.23




	
4

	
−1

	
0

	
1

	
48.04 +/− 0.12

	
48.17




	
5

	
−1

	
0

	
−1

	
79.52 +/− 1.98

	
79.00




	
6

	
0

	
0

	
0

	
88.26 +/− 0.12

	
88.23




	
7

	
1

	
−1

	
0

	
57.17 +/− 1.91

	
57.80




	
8

	
0

	
0

	
0

	
88.26 +/− 0.02

	
88.23




	
9

	
0

	
0

	
0

	
88.26 +/− 1.66

	
88.23




	
10

	
−1

	
1

	
0

	
75.37 +/− 0.12

	
74.75




	
11

	
0

	
1

	
−1

	
78.5 +/− 0.85

	
78.49




	
12

	
1

	
0

	
−1

	
79.09 +/− 2.08

	
79.60




	
13

	
0

	
−1

	
1

	
80.38 +/− 0.33

	
80.84




	
14

	
0

	
−1

	
−1

	
90.41 +/− 1.46

	
90.01




	
15

	
1

	
0

	
1

	
26.37 +/− 1.02

	
26.65




	
16

	
0

	
0

	
0

	
88.26+/− 2.73

	
88.23




	
17

	
0

	
1

	
1

	
40.19 +/− 0.14

	
40.51











 





Table 8. Statistical indices for the ANN model.






Table 8. Statistical indices for the ANN model.





	Parameter
	ANN-MFO





	R
	0.9999



	R2
	0.9997



	Adjusted R2
	0.9990



	MSE
	0.1111



	RMSE
	0.3333
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