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Abstract

:

Dyes are a significant group of organic contaminants known to negatively affect both humans and aquatic environments. In the textile industry, interest in agricultural-based adsorbents has increased, particularly around adsorption. In this study, methylene blue was eliminated from an aqueous solution using a walnut (Juglans regia) shell. These materials are widely available and inexpensive, and its cost can be a major factor in wastewater treatment batch experiments. Response surface methodology (RSM) is based on a face-centred central composite design, used to identify the independent variable. With the use of RSM, the biomass of J. regia shells was assessed for its capacity to absorb dyes from aqueous solutions, including methylene blue. Maximum methylene blue dye removal percentages (97.70%) were obtained with a 30 mg/L concentration of methylene blue dye, 1.5 gm of biomass, an initial pH of 6, and a contact duration of 60 min at 25 °C. Additionally, particles were absorbed onto the J. regia shell’s surface throughout the biosorption process, according to scan electron microscopy. Functional groups were discovered in the Fourier Transform Infrared Spectroscopy spectra, which are crucial for binding during the biosorption of methylene blue. It has been demonstrated that J. regia shell biomass performs well as a biosorbent in the removal of methylene blue from wastewater effluents. It is also a promising, biodegradable, environmentally friendly, economical, and cost-effective biosorbent.
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1. Introduction


Dye discharge from the textile industry is a serious issue that has surfaced recently and has an effect on both humans and the environment [1]. Life depends on water, yet freshwater resources are scarce on Earth. According to estimates, half of the world’s population will reside in water-stressed regions by 2025 [2,3]. Production from the textile and dye industries, of which around 5% ends up in effluents, making up roughly 637.3 million cubic meters per year, is a significant contributor to the contamination of aquatic systems [4]. Numerous sectors utilize artificial dyes to provide colour to their products, which requires large amounts of water. These colours are used in cosmetics, paper, textiles, foods, leather, rubber, and plastics [5]. Methylene blue (MB) is an azo dye (Table 1). Azo dyes are characterized by having an N = N-6,7 bond. Typically, throughout the dying process, 10–15% of the textile dye content is released as colour into the environment, posing a major bioaccumulation risk and toxicological problem for the environment [6,7]. Dye-containing effluents are regarded as hazardous wastewater because they contain poisonous substances, suspended particles, and other pollutants [8]. Azo dyes can cause a range of health problems, including irreversible blindness, skin rashes, contact dermatitis, allergy, bladder cancer, and more [9,10].



RSM is essentially a combination of statistical and mathematical techniques that can be used for process optimization, constructing models that take parameter interactions into account, and conducting tests. The primary goal of RSM is to acquire the system’s ideal operational conditions or an area that meets the operating requirements [11,12]. RSM involves six sequential steps for the simulation and optimization of physicochemical processes: (1) screening independent variables and selecting desired responses, (2) selecting an experimental design strategy, (3) conducting the experiments and obtaining the results, (4) fitting the mathematical model obtained to experimental data, (5) validating the model using graphs and analysis of variance, and (6) determining the optimal conditions. Increased dye concentrations in aquatic habitats have the potential to significantly harm the environment’s essential elements, restrict light’s ability to reach the water’s depths, and decrease the concentration of dissolved oxygen. Textile azo dyes thrown indiscriminately into aquatic habitats by textile manufacturers and their lack of biodegradability have negative effects on aquatic life, the food chain, and humans [13].



Heavy metals (HMs) are naturally occurring components of the environment, and to a lesser extent, they enter the body system through food, air, and water and are bioaccumulated [14]. The most prevalent inorganic environmental pollutants are HMs [15]. Traditional biological, chemical, and physical techniques such as flocculation, sedimentation, aerobic, and aerobic treatments have been employed to remove dyes with greater upfront costs. Numerous different traditional adsorption techniques have been devised to eliminate HM and dye contamination from water effluents and to reduce the toxicity of HMs [16]. Reverse osmosis, ion exchange, precipitation reverse osmosis, and biosorption are the most widely used techniques for decolorizing effluents.



Biosorption, an environmental technique, is crucial in decreasing the amount of HM contamination in the aqueous phase [17]. Due to its technical originality and possible industrial application, biosorption-based bioremediation has emerged as a viable alternative to the current methods for removing metals. Wheat husk, maize cob, sugarcane bagasse, groundnut shells, and walnut (Juglans regia) shells have been used as less expensive biosorbent alternatives for removing HMs [18]. Due to their low energy consumption, effectiveness, and environmental friendliness, biosorption techniques have generated significant interest and shown promising outcomes. As a result of their abundance and ability to reduce waste, biosorbents are more advantageous and help to enhance the environment. Different cost-effective biosorbents have been utilized in the biosorption process to treat contaminated wastewater [19,20].



For statistical analyses, the response surface methodology (RSM) is an effective way of optimizing techniques because it involves less time and fewer tests. It is suitable for trials involving multiple variables and provides a better understanding of the potential interactions between the ideal conditions and factors for maximum response.



Face-centred central composite design (FCCCD), which offers a quick, affordable, and highly accurate response compared to conventional techniques, was utilized to calculate the importance of the various parameters in the biosorption of MB from a solution using J. regia shell biomass as the biosorbent.



According to a prior study, the effects of a plant-based biosorbent on various water-quality dye wastewater are diverse. Therefore, it is necessary to determine how the coexistence of these variable parameters would affect the adsorption. However, more systematic data are still needed to fully comprehend the adsorption behaviour of cationic MB dyes. Therefore, the two objectives of the current study were as follows:




	
To use a locally available J. regia shell as a precursor to creating a nano-biomass product with a high biosorption capacity and a cheap cost;



	
To use experimental design methodologies to optimize the selected parameters to thus explore the possible removal of biomass adsorption for MB.








Despite the fact that industrial effluents contain high levels of metals and dyes, there have been numerous investigations into single-pollutant adsorption. Because of this, the simultaneous removal of MB dye using dry J. regia shell biomass as a practical biosorbent attracted a lot of attention in this work. Statistical optimization has also been applied to simultaneous MB dye biosorption.




2. Materials and Methods


2.1. Chemicals


The aqueous dye solution was created using methylene blue (C16H18ClN3S). To change the acidity–basicity of the solution, nitric acid and sodium hydroxide were utilized. Each solution was made with distilled water. All chemicals were purchased from Central Drug House Pvt. Ltd., New Delhi, India. All the reagents were of analytical grade and were used properly.




2.2. Collection and Preparation of Adsorbent


Juglans regia shells were collected as a by-product from a local store in New Delhi, India, which was used as a biosorbent in this study. Their shells were properly peeled and cleaned with demineralized water to effectively remove dirt. The peel was then cut into small pieces and dried for 24 h at 70 °C in a laboratory hot oven.



The biomass of dried walnut shells was ground into a powder and sieved through a pore size sieve shaker in a standard lab test sieve shaker. The resultant powder was saved for the MB dye biosorption method. The mean chemical composition revealed that J. regia shells contain a large quantity of holocellulose and lignin (35%) (Table 2), which comprises just over half of the chemical substances, 24.9% from hemicellulose and 30.4% from cellulose. Water extractives (4.6%) and ethanol (2.7%) account for many of the extractives (10.2%) [21].




2.3. Preparation of the Adsorbate (MB Dye)


In this work, analytical grade MB (methylene Blue)(C16H18ClN3S xH2O) was used for experimental biosorption. The necessary quantity of MB dye powder was dissolved in demineralized water to create a stock solution of MB (500 mg/L). Various concentration levels were prepared using the MB stock solution.




2.4. Characterization


Fourier transform infrared spectroscopy was used to assess the functional groups on the biosorbents’ surfaces. The PerkinElmer FTIR device acquired a wavelength between 400 and 4000 cm−1. SEM-coupled spectroscopy was used to examine the materials’ shape and structure after and before MB adsorption, as well as to gather data on the samples’ elemental composition.




2.5. Optimization of Biosorption Experiments for MB Removal by Face-Centred Central Composite Design (FCCCD)


This study used Design Expert Software (version 13.0) to construct four variables for the face-centred central composite design (FCCCD) with thirty runs. The experiments were carried out in batches to examine the adsorption capabilities of J. regia shells towards MB dye. FCCCD was used to find the ideal amount of each variable for the bioremoval of MB from an aqueous solution. It also aided in the evaluation of the quadratic, linear, and interaction impacts of the chosen process variables that have a significant impact on MB removal. Biosorbent dose, initial dye solution pH, temperature, and concentration were the four variables used. Each experiment was carried out in an incubator shaker at 120 rpm for 60 min with 100 mL Erlenmeyer flasks containing MB dye solutions. A pH meter was used to modify the pH of the solution using either 1 mole NaOH or 1 mole HCL solutions. Using 0.45 µ filter paper, the biosorbent was removed from the solution after samples were taken at various points during stirring. The residual dye concentrations before and after treatment were calculated using a double-beam UV/Vis spectrophotometer by measuring the absorbance of the filtered solution at the maximum wavelength (max) of 664 nm. The biosorption study was carried out at varying temperatures, and the amounts of biosorption (qt) at time t (mg/g) were calculated utilizing


qt = (C0 − Ct) V/(W)



(1)




where V is the solution volume (L), Ct (mg/L) is the dye concentration at any time, C0 (mg/L) is the dye concentration at the initial time, and W is the dry biosorbent mass (g). The equilibrium amount of biosorption, qe (mg/g), was calculated using


qe = (C0 − Ce) V/(W)



(2)




where Ce is the dye concentration at equilibrium (mg/L) and C0 is the dye concentration initially (mg/L). The percentage of MB was determined as follows:


Removal efficiency (%) = (C0 − Ce)/(C0) × 100



(3)








2.6. RSM-Based Experimental Design


Optimization is a research area in operational analysis that has observed a rise in the number of methods available [23]. Because a single factor can be varied while the other components are constant, a researcher avoids the synergistic effect between the variables by performing experiments with one variable at a time [24]. When several operational variables and their interactions have an impact on the removal efficiency, RSM is a key tool for enhancing the adsorption process [25]. The quadrilateral model is present because CCD produces schemes with acceptable statistical features and only includes a portion of the experiments required for the five-step factorial [26]. The variables for the CCD of biosorption designed using RSM in this work include biosorbent dose (0.5–2.5 g/L); specified pH (4–8); temperature (15–35 °C); and initial dye concentration (10–50 mg/L) (Table 3). Each variable was coded at five levels: −α, −1, 0, +1, and +α, where α = ±2 was chosen as the axial level. The number of experiments required in a CCD design can be calculated by


N = 2n + 2n + NC



(4)







N is the total number of experiments, Nc is the number of replicates at the centre, and n is the total number of numerical components. Using the CCD feature of the Design Expert Software, an experimental adsorption design, regression, and graphical analysis was created [27]. According to Equation (4), a total of 30 trials were proposed, including 6 replicates of the centre point, 8 axial points, and 16 cubical points. Regression equations were used to determine the variable’s ideal conditions. The F-value, adjusted R2, correlation coefficient R2, and p-value (probability) of the regression parameters were calculated using ANOVA, and these results were then used to evaluate the applicability and relevance of the anticipated model. The proposed model’s 95% confidence level was used as the foundation for evaluating the significance of independent factors on the MB adsorption process.





3. Result and Discussion


Various types of studies have been conducted on the adsorption of a single pollutant, even though dyes are present in significant amounts of industrial wastewater [29,30,31]. Therefore, significant importance is given to the removal of dyes in wastewater treatment processes [32]. The biosorption of dyes is a challenging process that depends on numerous variables, including the biosorbent, initial dye concentrations, initial pH value, temperature, and incubation periods [33,34,35].



3.1. Statistical Optimization of MB Using RSM


Optimizing the operational process factors is especially important for the biosorption process. The process has been optimized using the traditional single-variable optimization method; however, this approach not only is time-consuming, labour-intensive, and expensive but also does not account for the effects of interactions between the independent process factors [36]. A statistical and mathematical method called “response surface methodology” (RSM) has been used for years to improve different processing variables [14,35,37,38]. RSM is an important tool for determining the ideal quantity of each variable and for investigating the interactions between numerous factors for the best possible response [39]. The FCCCD had six centre points, eight axial points, and sixteen cubical points, resulting in thirty experimental trials used to optimize the selected variables. These experiments were completed in 60 min with various ratios for the initial pH, biosorbent dose, MB dye concentration, and temperature. The different coded and real amounts of the four independent parameters and the percentage of each run’s MB dye elimination are shown in Table 4.



In addition to determining the evaluated independent components and optimal levels to raise the bioremoval percentages, a response surface approach employing a face-centred central composite design was used to clarify the relationships between them. The maximum removal percentage for MB was 97.80%, with a pH level of 6, biosorbent dose of 1.5 gm, MB concentration of 30 mg/L, and temperature of 25 °C (Table 4). The minimum MB (92.88%) removal percentage was achieved with pH level 7, algal biomass concentration 1 gm, MB concentration 40 mg/L, and temperature 30 °C.



However, a statistical analysis of the experimental data is required to determine the best circumstances of dye biosorption within the range of the analysed parameters. RSM is used to express the regression equations that describe the link between the biosorption of the MB dye and independent factors. For this experiment, the regression equation in terms of the coded values is represented as


Dye removal (%) = 97.30 + 0.7190 × A − 0.0096 × B + 0.2102 × C − 0.5232 × D + 0.4567 × AB − 0.1390 × AC + 0.1763 × AD + 0.0163 × BC + 0.0972 × BD − 0.4649 × CD − 0.4841 × A^2 − 0.6708 × B^2 − 0.5268 × C^2 − 0.4475 × D^2



(5)







Equation (5) can be applied to coded factors to predict reactions for different amounts of each factor. The default coding for the components’ high levels is +1, whereas the default representation for their low levels is -1. By comparing their factor coefficients, the element’ relative importance can be determined using the coded equation. The majority of equation terms with a positive sign have a synergistic effect, indicating that the factors’ combined influence on the outcome was significant. The RSM-optimized condition for MB biosorption on walnut shells is listed in Table 5. The optimal predicted MB removal (97.3%) was close to the actual MB removal (97.74%), and it was obtained with a 31.71 mg/L concentration of methylene blue dye, 1.824 gm of biomass, an initial pH of 6.4, and a contact duration of 60 min at 21.7 °C.



Adequacy of the Model


In Table 4, the percentage of actual and predicted values of MB removal are presented. The fundamental purpose of using regression models is to determine the model’s ability to predict the response variable. Figure 1 illustrates that the predicted value of MB adsorption is plotted against the actual value from data, yielding an R2 value of 0.9334 (Table 7), which validates the models’ accuracy and can be used in the experiment.





3.2. ANOVA and Regression Analysis


The quadratic model’s applicability and importance are demonstrated by the useful technique known as an analysis of variance (ANOVA). The ANOVA analysis is shown in Table 6. The F and p-values define the significance of the coefficient terms. A p-value of 0.05 is regarded as statistically important [40]. Prior research has also shown that a p-value of 0.00 is equally important [41]. In addition, a lack-of-fit test is used to assess how well the model fits the data [42]. The model’s lack of fit was not statistically significant (p-value = 0.08, >0.05), suggesting that noise could be the cause of an 8% lack of fit [43,44]. As per the ANOVA result, the terms A (biosorbent dose), B (initial dye concentration), C (initial pH level), D (temperature), A2, B2, C2, D2, AB, AC, AD, BC, BD, and CD are designated as significant. The summarized model data also identify the model with the highest adjusted and predicted R2 and the smallest standard deviation. For the MB-removal quadratic, the maximum R2 and adjusted R2 were 0.9334 and 0.8713, respectively, with a standard deviation of 0.48. The MB dye regression model has an R2 value of 0.9334 (Table 7), which shows that the independent variables account for 93.34% of the variation in the MB dye removal. The difference between observed values and anticipated values can be explained by a regression model with a significant R2 value of greater than 0.9, which is seen to have the strongest, positive association [45].



Residuals’ Normal Probability Plot (NPP)


The NPP of the residuals is a crucial statistical metric for assessing the appropriateness of the model [46]. Figure 2A illustrates the NPP of the residuals for the elimination of MB%, and a data analysis shows that the residuals are scattered around the diagonal line of the normal distribution. This implies that the model is acceptable. Figure 2B depicts a graph of residual vs. predicted MB removal percentage data. This graph demonstrates that the point clustered around the diagonal line represents a good fit for the model.





3.3. Three-Dimensional Surface Plots


The associations between the dependent variables (MB dye removal) and the interaction between the four selected independent variables were represented using three-dimensional surface plots to assess the variation in the response values and to select the ideal level of process parameters for the most effective MB dye removal from aqueous solutions. The effect of dye solution temperature with three other independent variables is illustrated in Figure 3A,E,F. Dye removal remained unaffected by temperature, as shown in Figure 3A,F. However, at a higher value of pH, a slight decrease in dye removal was seen with increasing temperature from 20 to 30 °C (Figure 3E).



3.3.1. Effects on pH


The primary factor influencing the pollutant biosorption process has been found to be the initial pH level. The activity of the functional groups of biomasses, the chemistry of the dye solution, and the net charge on the biosorbent cell surface are all affected by pH level [47]. Figure 3B,D,E show how the initial dye pH affects three other independent variables. According to Figure 3B, dye removal increases as pH rises from 5 to 7 at a lower range of biosorbent doses. However, pH had no impact on dye removal at lower biosorbent doses (Figure 3B) or at every range of initial dye concentration (Figure 3D). Additionally, it has been noted that dye removal was reduced when pH was raised at a higher range of temperature values but unaffected at a lower range of temperature values (Figure 3E). According to the results of this study, increasing the pH improves the biosorption of MB dye by J. regia shell biomass, with the highest biosorption occurring at around pH 7 (Figure 4). The protonation and deprotonation of the MB dye as well as the surface of the J. regia shell working as a biosorbent may have contributed to the observed outcome. Dye adsorption on the surface of biomass is regulated by ionic attraction [48]. The electrostatic forces between the MB dyes and the surface charge of J. regia shell particles can adequately explain the differences in adsorption behaviour under different pH values.




3.3.2. Effect of Biosorbent Dose


The primary justification for using biomass in industrial applications is its availability and low cost [49]. Agricultural waste is frequently recognized as a promising biosorbent. To get rid of MB, dried J. regia shell biomass was employed as a biosorbent. Figure 3A–C show how the effect of the biosorbent dose interacts with three other independent factors. It has been noted that as the amount of biosorbent is increased from 10 to 20 mg, dye removal increases at every range of temperature, pH, and concentration values (Figure 3A–C, respectively). The biosorption of MB dye was limited at the lowest biomass content. The concentration of J. regia shell biomass increases the biosorption of MB dye from an aqueous solution [50]. The biosorption of MB dye by J. regia shell was reduced after obtaining the optimal biomass content. More biosorption sites are available due to the J. regia shell biomass’s increased surface area, which leads to effective biosorption [51]. When the biomass levels are low, the active regions are more effectively utilized. El Hassouni et al. assume that the decrease in biosorption process efficiency with increased biomass concentration is caused by an increase in the number of unsaturated active adsorption sites on the biosorbent surface as well as a lack of readily available metal ions in the solution to bind with all the available binding sites [52].




3.3.3. Effect of Initial Concentration and Contact Time


The effect of initial dye concentration with three other independent variables is demonstrated in Figure 3C,D,F. As can be seen in Figure 3C, at a higher biosorbent dose, dye removal marginally rises when the initial dye concentration is increased from 20 to 40 mg/L, but it remains unaltered at a lower biosorbent dose. Additionally, with increasing dye concentration, a modest increase in dye removal was seen at all pH and temperature values (Figure 3D,F). Furthermore, Figure 5 illustrates the effect of concentration and contact time on the biosorption capacity of J. regia shell for the removal of MB. Each dye concentration showed a rapid rise in biosorption capability during the initial stage. The increasing availability of J. regia shell active sites contributed to the initial high biosorption rate.



Due to the increased possibility of MB molecules interacting with active sites on the J. regia shell surface and subsequently occupying all remaining unoccupied sites, the equilibrium biosorption capacity increased as the concentration increased. The biosorption process’ effectiveness is influenced by the length of contact. The elimination percentage rises as contact duration increases. The rise in removal rate could be explained by the existence of unoccupied functional groups on the surface of the biosorbent. A state of equilibrium is reached, and no more adsorption occurs because of the increased contact length, which causes the occupation of active sites and cell surface saturation.





3.4. Desirability Function (DF)


The best-predicted possibility for the highest response was estimated using the desirability function [53]. For the optimization procedure, the desirability function was used. The desirability function values varied from 0 (undesirable) to 1 (desirable). The numerical optimization method finds the points that maximize the desired function. The best-predicted values for the maximum removal percentage of MB and the desirability function are shown in the optimization plot in Figure 6. The optimal projected condition for the optimal removal percentage of MB using the desirability function was a biosorbent dose of 18.2 gm, a dye pH of 6.4, a dye concentration of 31.7 mg/L, a temperature of 21.7 °C, and a dye removal of 97.74%.




3.5. Surface Morphology of Adsorbent


The surface properties and morphological aspects of J. regia shell biomass both before and after the biosorption processes were examined using a scanning electron microscope (SEM).



The surface morphology of raw J. regia shells reveals an entirely circular layer of pores in a uniform arrangement. Figure 7A exhibits a graph of the surface of J. regia shell biomass prior to biosorption, showing a J. regia shell surface that is highly porous and hard. Figure 7B depicts the morphology of the WNS post-MB adsorption. Figure 7B depicts the accumulation of MB molecules in the J. regia shell porosity structure as well as the formation of a thick-built MB attachment to the J. regia shell surface. This demonstrates that MB can be effectively adsorbed by J. regia shells.




3.6. Fourier Transform Infrared (FTIR) Scan Analysis


The J. regia shell surface was examined before and after MB dye biosorption to detect any changes in the surface features using FTIR spectroscopy, which was also used to improve the chemical’s properties and to determine the presence of functional groups. The frequency of vibration in a J. regia shell was monitored using FTIR spectroscopy often [54]. Each spectrum was collected between wavenumbers 4000 and 400 cm−1. The significant peaks of raw J. regia shells in the functional group area, as seen in Figure 8A, occurred at 3353, 2900, and 1606 cm−1. The band at 1729 cm−1 is created by the carbonyl group being stretched in the C = O direction, whilst the band at 1633 cm−1 may be generated by either the C = C stretching of an alkene or the N-H bending of an amine.



A large peak at 3353 cm−1 is attributable to an O-H stretching vibration, whereas one at 2900 cm−1 is attributed to an alkane [55]. Figure 8B clearly shows that the position of these bands shifts during MB adsorption, showing that the allocated functional groups are actively involved. A high peak at 1630 cm−1 in dye-loaded J. regia shell indicates that MB has been absorbed. This peak is related to the vibrational band of the functional group =N+(CH3)2, which is essential for the formation of H-bonds [56]. Numerous aliphatic, aromatic, and nitro chemicals are present, as indicated by the presence of the major peaks associated with raw J. regia shells at 1227 and 1025 cm-1. The peaks are caused by ring C-C stretching, N-O stretching of nitro compounds, and C-N stretching of aliphatic/aromatic amines [57]. The carbohydrate content in J. regia shell is responsible for the steep and broad peak at 1034 cm−1 [58]. The minor displacement of the usual peaks in the FTIR spectra of MB-adsorbed J. regia shell indicates that MB was successfully absorbed by J. regia shells. FTIR measurements reveal chemical adsorption between MB and the WNS functional groups.





4. Conclusions


One large class of organic pollutants called dyes is recognized to have harmful effects on both people and aquatic habitats. Agriculture-based adsorbents have gained popularity in the textile sector, especially in the area of adsorption. In this work, J. regia shell biomass was employed as a biosorbent to remove methylene blue (MB) dye from an aqueous solution. The biosorbent effectively eliminated the MB from the solution. MB biosorption was investigated as a function of temperature, biomass dosage, initial pH, and dye concentration. The ideal condition for maximal MB removal percentage was a found at a biomass concentration of 18.24 gm, an initial pH level of 6.40, a dye concentration of 31.71 mg/L, and a temperature of 21.7 °C with maximum 97.74% MB dye removal. To maximize the effectiveness of the experiments, the face-centred central composite design matrix was successfully applied. The statistical model’s actual and anticipated response values yielded satisfactory results that showed that the elements under study had a positive impact on the biosorption of MB by the J. regia shell. The adsorbent removed a specific dye well, and its application to other dyes was possible. The current study investigated a sustainable approach to using potential waste biomass for dye industry wastewater treatments. Further advances in the present biosorption phenomena serve as the foundation for a new technology intended to remove various pollutants from aqueous environments.
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Figure 1. Fitting qualities between the predicted and actual values. 
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Figure 2. (A) Plot of the internally studentized residual with normal probability, (B) plot of the predicted value against the internally studentized residuals of the MB biosorption by the biomass of J. regia shells. 
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Figure 3. 3D surface plots illustrating the impact of four factors on the biosorption of MB by Juglans regia shell biomass (A–F). 






Figure 3. 3D surface plots illustrating the impact of four factors on the biosorption of MB by Juglans regia shell biomass (A–F).



[image: Water 14 03651 g003a][image: Water 14 03651 g003b]







[image: Water 14 03651 g004 550] 





Figure 4. The effect of pH and biosorbent dose on the percentage of MB biosorption onto J. regia shell. 
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Figure 5. MB biosorption is impacted by the initial concentration and contact time. 
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Figure 6. The graph of optimization displays the best-predicted values for the maximum elimination of MB (%) and desirability function. 
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Figure 7. SEM graph of Juglans regia shell biomass: (A) before and (B) after MB biosorption. 
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Figure 8. FTIR analysis of Juglans regia shell biomass: (A) before (raw) and (B) after (MB absorbed) biosorption of MB dye. 
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Table 1. Properties of methylene blue dye.
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	Particulars
	Methylene Blue (MB)





	Molecular Structure
	 [image: Water 14 03651 i001]



	Chemical Formula
	C16H18ClN3S



	Molecular Weight
	319.85 (g/mol)



	Class
	Cationic thiazine dye



	λ max (nm)
	664



	Colour index name
	Basic Blue 9 (BG9)



	CAS number
	61-73-4
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Table 2. Chemical composition of Juglans regia shells [22].
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Parameters

	
Content (%)






	
Ashes

	

	
1.32 ± 0.06




	
Extractive

	
Dichloromethane

	
2.94 ± 0.41




	
Ethanol

	
2.71 ± 0.08




	
Water

	
4.56 ± 0.50




	
α -Cellulose

	

	
30.36 ± 0.68




	
Klason Lignin

	

	
34.98 ± 0.14




	
Hemicelluloses

	

	
24.85 ± 0.53
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Table 3. The independent parameters ranges and levels used in the RSM model [28].
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Code

	
Factors

	
Ranges and Levels




	
−α

	
−1

	
0

	
+1

	
+α






	
A

	
Biosorbent dose (gm)

	
0.5

	
1

	
1.5

	
2

	
2.5




	
B

	
Dye concentration (mg/L)

	
10

	
20

	
30

	
40

	
50




	
C

	
Dye solution pH

	
4

	
5

	
6

	
7

	
8




	
D

	
Temperature (°C)

	
15

	
20

	
25

	
30

	
35
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Table 4. CCD matrix with the actual and predicted responses of biosorption of MB.
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Run

	
A

Biosorbent Dose (gm)

	
B

Initial Dye Conc. (mg/L)

	
C

Initial pH

	
D

Temperature (°C)

	
Dye Removal (%)




	
Actual

	
Predicted






	
1

	
1.5

	
50

	
6

	
25

	
95.1

	
94.6




	
2

	
2

	
20

	
7

	
30

	
94.16

	
94.59




	
3

	
1.5

	
30

	
6

	
35

	
94.93

	
94.46




	
4

	
1

	
40

	
5

	
20

	
93.52

	
93.76




	
5

	
1.5

	
30

	
6

	
25

	
97.8

	
97.3




	
6

	
1.5

	
30

	
6

	
25

	
97.27

	
97.3




	
7

	
1

	
20

	
5

	
30

	
93.7

	
94.25




	
8

	
5

	
30

	
6

	
25

	
94.17

	
93.92




	
9

	
1.5

	
30

	
8

	
25

	
95.68

	
95.61




	
10

	
1

	
40

	
7

	
30

	
92.88

	
93.28




	
11

	
2

	
20

	
5

	
30

	
96.03

	
95.41




	
12

	
2

	
40

	
7

	
20

	
97.03

	
97.14




	
13

	
1.5

	
30

	
6

	
15

	
96.19

	
96.56




	
14

	
1

	
20

	
7

	
30

	
94.27

	
93.99




	
15

	
1

	
20

	
5

	
20

	
95.48

	
94.92




	
16

	
2

	
40

	
5

	
20

	
96.31

	
96.03




	
17

	
1.5

	
30

	
6

	
25

	
97.32

	
97.3




	
18

	
1.5

	
30

	
6

	
25

	
97.1

	
97.3




	
19

	
1.5

	
30

	
6

	
25

	
96.92

	
97.3




	
20

	
2

	
20

	
7

	
20

	
97.01

	
96.41




	
21

	
1

	
40

	
7

	
20

	
95.36

	
95.42




	
22

	
1

	
40

	
5

	
30

	
93.43

	
93.48




	
23

	
1

	
20

	
7

	
20

	
96.37

	
96.51




	
24

	
1.5

	
30

	
6

	
25

	
97.39

	
97.3




	
25

	
2

	
40

	
5

	
30

	
95.94

	
96.46




	
26

	
2

	
20

	
5

	
20

	
95.1

	
95.37




	
27

	
1.5

	
30

	
4

	
25

	
94.8

	
94.77




	
28

	
2.5

	
30

	
6

	
25

	
96.66

	
96.8




	
29

	
2

	
40

	
7

	
30

	
95.71

	
95.71




	
30

	
1.5

	
10

	
6

	
25

	
94.24

	
94.64
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Table 5. RSM-optimized condition of MB biosorption on Juglans regia shell.
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A (gm)

	
B (mg/L)

	
C

	
D (°C)

	
Dye Removal (%)




	
Actual

	
Predicted






	
18.24

	
31.71

	
6.4

	
21.7

	
97.74

	
97.3
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Table 6. ANOVA for MB biosorption by FCCCD-obtained Juglans regia shell biomass.
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	Source
	Degree of Freedom
	Mean Square
	Sum of Squares
	F-Value
	p-Value





	Model
	14
	3.61
	50.48
	15.03
	<0.0001



	A
	1
	12.41
	12.41
	51.71
	



	B
	1
	0.0022
	0.0022
	0.0093
	



	C
	1
	1.06
	1.06
	4.42
	



	D
	1
	6.57
	6.57
	27.38
	



	AB
	1
	3.34
	3.34
	13.91
	



	AC
	1
	0.3093
	0.3093
	1.29
	



	AD
	1
	0.4973
	0.4973
	2.07
	



	BC
	1
	0.0042
	0.0042
	0.0177
	



	BD
	1
	0.1512
	0.1512
	0.6299
	



	CD
	1
	3.46
	3.46
	14.41
	



	A²
	1
	6.43
	6.43
	26.79
	



	B²
	1
	12.34
	12.34
	51.44
	



	C²
	1
	7.61
	7.61
	31.73
	



	D²
	1
	5.49
	5.49
	22.89
	



	Residual
	15
	0.2399
	3.6
	
	



	Lack of Fit
	10
	0.3157
	3.16
	3.57
	0.0863



	Pure error
	5
	0.0884
	0.4421
	
	



	Total
	29
	
	54.08
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Table 7. Summary of model statistics for FCCCD for adsorption of MB dye.
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	Source
	Std. Dev.
	R²
	Adjusted R²
	Predicted R²
	PRESS





	Linear
	1.17
	0.3706
	0.2699
	0.179
	44.39



	2FI
	1.18
	0.514
	0.2582
	−0.0049
	54.34



	Quadratic
	0.4898
	0.9334
	0.8713
	0.6519
	18.82



	Cubic
	0.5303
	0.9636
	0.8492
	−3.0769
	220.46
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