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Abstract

:

In recent years, the removal of dyes has emerged as a significant problem that attracted several researchers. The search for green and eco-friendly adsorbents has been a never-ending task in environmental protection to overcome this issue. Herein, almond shells (AS) were used as an adsorbent to remove methyl orange (MO) from aqueous solutions. The AS was characterized using several techniques such as X-ray diffraction (XRD), scanning electron microscope (SEM), and Fourier transform infrared spectroscopy (FTIR). Adsorption experiments were carried out under different pH, temperature, and AS particle size conditions. Kinetic and isothermal studies revealed that MO adsorption on the AS reached equilibrium at 90 min, following the pseudo-second-order (PSO) kinetic model. The Langmuir adsorption isotherm was found the suitable adsorption model for MO adsorption on AS, showing a maximum adsorption capacity of 15.63 mg/g. Thermodynamic parameters such as the change in standard enthalpy (ΔH°), the change in standard entropy (ΔS°), and the change in standard free energy (ΔG°) indicated that the MO dye adsorption process is non-spontaneous, endothermic, and physical, which was further confirmed from FTIR analysis of AS samples after adsorption. The contaminated sludge was converted into biochar by slow pyrolysis at a temperature of 400 °C for 2 h. Biochar has been exploited for the manufacture of combustible briquettes.
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1. Introduction


Organic and mineral pollutants such as aromatic compounds, concentrated detergents, dyes, metals, etc., are the primary discharged wastes into the environment by several industries [1,2,3]. The treatment of water contaminated by organic pollutants such as dyes generally necessitates costly techniques. Azo dyes are an important class of pollutants discharged from various industries such as textile, paper, leather, and plastic without treatment each year [4]. The discharge of wastewater containing azo dyes is harmful to the ecosystem and can cause poisoning, cancer, and deformity [5]. Methyl orange (MO) is a typical anionic dye for industrial products and laboratory research [5]. Therefore, the successful removal of MO from wastewater would be of significant importance in treating anionic-containing wastewater.



To meet both low cost and effectiveness, adsorption is one of the most chosen techniques to treat polluted water [6,7,8]. It is an easy execution and low-cost technique that can successfully be applied to eliminate dyes, especially if the selected adsorbent is made from a natural resource. According to previous research, several types of natural materials have been tested for the adsorption removal of different pollutants [9,10,11,12]. To only cite few, date pits activated carbon [13], bagasse, oil palm shell and pericarp of rubber fruit [14], Pinus pinaster bark [15], pistachio shells [16], activated sludge biomass [17], biopolymers (chitosan, cellulose and chitin) [18,19,20], polymethyl methacrylate (PMMA) [21], acrylic ester [22], bentonite [23], clinoptilolite [24], silica/hydrotalcite [25], biochar [26], waste acorns [27], hematite and alumina [28], solid waste from the leather industry [29], biomass of fungi [30], montmorillonite [31], and poly(4-vinylpyridines) [32], etc.



Almond shells are agricultural residues produced abundantly in a Mediterranean climate, including Morocco, where tons of almond shells are incinerated or dumped. It is reported that almond shells account for more than 35% of the total fruit weight [33]. Therefore, millions of tons of shells are discharged globally every year [33]. This large quantity of almond shells requires extra attention for its valorization and implementation into the economic cycle. Almond shells composition includes a higher amount of cellulose, hemicellulose, and lignin, making it an excellent option for adsorbing different kinds of chemical pollutants [34,35,36,37,38,39,40,41,42,43].



Encouraged by the above successful applications, the present study reports the application of almond shells for adsorption removal of methyl orange from aqueous solutions. The pH, adsorbent mass, the MO initial concentration, adsorbent particle size, and the temperature, along with pHPZC were all taken into consideration. Thermodynamic and kinetic studies were carried out to investigate the adsorption mechanism of MO on almond shells, which is further analyzed by FTIR analysis of AS after adsorption. Moreover, to prevent another type of pollution, the sludge generated from the treatment processes was dried and pyrolyzed to prepare combustible briquettes.




2. Materials and Methods


2.1. Materials


The almond represents the second fruit species cultivated in Morocco after the olive tree. Meknes and Fez regions are distinguished by high productivity at the national level, with nearly 30% of national production in 2012. This important production of almonds generates a high quantity of wastes that are discharged without recycling. Herein, the studied biomass samples were collected from different regions of Meknes. The selected pollutant model is methyl orange, a water-soluble anionic azo dye used as a colored indicator in acid-base titrations.




2.2. Adsorption Experiments


For adsorption experiments, MO solutions introduced into Erlenmeyer flasks with constant amounts of the adsorbent were stirred at different periods of time. The temperature and pH were maintained at 25 °C and pH = 6, respectively. After a determined contact time, samples were filtered, and the final MO concentrations were measured via a UV spectrophotometer (U–2800, Hitachi, Japan) at the maximum absorption peak of MO (λmax = 464 nm). The following experimental conditions were maintained: A mass m = 100 mg of material and 25 mL of a solution of MO with concentration C = 10−4 mol/L. The effect of initial MO concentration was investigated for the isothermal study.



The removal rate R (%) and equilibrium adsorption capacity Qe (mg/g) were calculated using the following Equations (1) and (2), respectively:


  R  ( % )  =    C 0  −  C e     C 0    × 100  



(1)






   Q e   (    mg  g   )  =    C 0  −  C e   m  × V  



(2)




where C0 is the initial MO concentration (in mg/L), and Ce is the MO concentration at equilibrium (in mg/L).



Kinetic and isotherm models analyzed in the present study are listed in Table 1, along with their equations and fitting parameters.




2.3. Biochar Production from Pyrolysis of Biomass


For slow pyrolysis of biomass samples, experiments were carried out under an inert atmosphere (N2) at a heating rate of 20 °C/min ranging from 40 to 900 °C.




2.4. Densification of Biomass into Briquettes


Briquettes were fabricated from the biochar obtained by the pyrolysis of almond shells using molasses as a binder (30%). Compaction forces are 4T. The compaction of the mixture (the biochar + the binder) was carried out using the STENHOJ hydraulic press and cylindrical steel die with a well-defined operating model.




2.5. Characterization Methods


Fourier transform infrared spectroscopy is based on the analyzed material’s absorption of infrared radiation (400–4000 cm−1). Via the detection of characteristic vibrations, it allows chemical functional groups to be identified. The FTIR spectra were collected using a Shimadzu spectrometer (JASCO 4100, Kyoto, Japan). The structural analysis by X-ray diffraction (XRD) was carried out on a diffractometer type X-RD-6100-Shimadzu (λCu = 1.54 Å). The diffraction spectrum was produced for 2Ө value between 2° and 80°, at a scanning speed of 1°/min. The morphology of the biomass samples was studied using the Hitachi S-3400N scanning electron microscope (Tokyo, Japan), equipped with an energy dispersion spectroscopy (SEM–EDS) probe.





3. Results and Discussion


3.1. Characterization of AS


3.1.1. FTIR Analysis


FTIR spectra of AS are represented in Figure 1. It shows two C-Cl elongations of alkyl chlorides and acids at 539 and 613 cm−1, respectively. The band located at 898 cm−1 corresponds to the deformation of the >N-H function of amines I and II. Intense CO-stretching for secondary alcohols >CH-OH at 1121–1244 cm−1 is due to CO stretching (1046 cm−1), and then the bond strain of OH phenols at 1381 cm−1. The tertiobutyl (–C(CH3)3) group appears at 1381 cm−1, while the deformation bond of -CH2 is located at 1430–1455 cm−1. A band at 1504 cm−1 indicates an elongation of the >C=C< aromatic group. In addition, a very intense elongation of the carboxylic acids occurs at 1739 cm−1, while the aromatic derivatives are shown between 2024 and 2371 cm−1. Asymmetric stretching of aliphatic CHs is apparent at 2923 cm−1, followed by OH phenols stretching with a broad and intense band due to hydrogen bonding at 3386 cm−1 (shell and water structure). These bands correspond to the main compositions of almond shells, which are cellulose, hemicellulose, and lignin [44].




3.1.2. XRD Analysis


The XRD diffractogram of the almond shell is given in Figure 2. The two prominent peaks that are located at 2θ = 16.67° and 21.45° correspond to reflection plans in [121] and [113], which agree with previously published data [45]. The XRD analysis for agricultural waste also revealed two slightly narrow peaks detected at 2θ values around 16° and 22°, which is due to the semi-crystalline structure of the cellulose contained in the biomass [45]. In fact, according to a study by Amaury, cellulose has a semi-crystalline structure characterized by both disordered (amorphous) and very ordered (crystalline areas) areas [46]. The results of the XRD analysis showed that the crystallization index of the AS is 37.5%.




3.1.3. SEM Analysis


SEM analysis was carried out to investigate the morphology of the studied almond shell. Almond shell samples with 0.3–0.7 mm were considered for taking SEM images. By inspecting the SEM image in Figure 3a, one can notice that the AS is a naturally porous material. This indicates that it has natural bioabsorption abilities without further chemical or thermal activation.



On the other hand, the EDS elemental analysis was conducted, the results of which are represented in Figure 3b. Peaks located between 0 and 1 keV are attributed to O, C, and N atoms, while those located above 1 keV indicate the presence of trace amounts of Cl, Ca, K, Al, and Mg. Results are in good agreement with those obtained from FTIR analysis, according to which a significant proportion of carbon and oxygen atoms characterize the biomass.




3.1.4. The pH at the Zero-Charge Point


The pH at the zero-charge point indicates the pH at which the surface of a solid reaches a zero charge [47,48]. According to Figure 4, the intersection point corresponds to a pHpzc = 6.2. Therefore, at pH values lower than this point, the global charge of the surface is positive and negative at pH values higher than pH = 6.2.





3.2. Adsorption Experiments


3.2.1. Effect of Adsorbent Mass


The influence of the AS mass on the adsorption capacity was examined for a fixed MO initial concentration. The obtained results are shown in Figure 5a. Results show that the adsorbed quantity of the methyl orange increases with the increase in the adsorbent mass up to 100 mg (considered optimal). This can be explained by the increase in the contact surface and the availability of active sites; then, the adsorbed quantity decreases slightly before reaching an equilibrium state. This variation is probably due to the competition between fibers retaining fractions of dye molecule and the free fibers of AS that attract it, making it return into the solution, or by the desorption of molecules because of the increase in the collisions inter-particle [49]. On the other hand, the stabilization may be due to the difficulty of reaching active sites by molecules of methyl orange because of the presence of adsorbent molecules in excess amount.




3.2.2. Effect of Temperature


Temperature is one of the significant factors affecting the adsorption of adsorbates on adsorbents. Therefore, it is crucial to investigate its effect on the adsorption of MO on AS. Adsorption experiments were performed under the same conditions at temperatures of 30 °C, 50 °C, 70 °C, and 80 °C.



The obtained results are shown in Figure 5b. It can be observed that the amount of adsorbed MO increases slightly with the adsorption temperature, suggesting that the adsorption process is endothermic. Indeed, the increase in temperature would promote the mobility of dye molecules, resulting in a swelling effect on the internal structure of the adsorbent [50]. It would also allow dye molecules to easily penetrate into the adsorbent by favoring their diffusion through the external layer and the internal pores, consequently increasing the adsorption capacity.




3.2.3. Effect of Solution pH


Adjusting the solution pH is a critical step toward effective adsorption of dyes on different types of adsorbents. The analysis of results represented in Figure 5c shows a low adsorption rate at pH values between 2 and 6. In contrast, the adsorbed quantity of MO increases when the solution pH is at basic values. There should be a competition between MO molecules and H+ ions for the adsorbent’s active sites at low pH values, which occurs through ion exchange. Such effect is diminished when H+ concentration becomes low at near-neutral and basic solutions. These remarks reveal that the adsorption depends on phenomena other than electrostatic attractions. Similar results were found for the adsorption of a basic dye on sawdust [51].




3.2.4. Effect of AS Particle Diameter


The adsorbent particle size is an important factor that can influence the adsorption capacity. The adsorbed quantity was calculated for different grain sizes of the AS powder, ranging from 63 µm to 160 µm. Figure 5d shows a decrease in the adsorption capacity with an increase in AS diameter. This can be explained by reducing the specific surface (adsorbent–adsorbate contact surface). The reactivity depends, in general, on the solid–liquid contact surface, which is inversely proportional to the size of the particles [52].




3.2.5. Kinetic Study


To determine the adsorption equilibrium time, adsorption experiments were performed at various stirring times, ranging from 20 min to 120 min. The obtained results are shown in Figure 6. It can be seen from this figure that the adsorbed quantity of methyl orange by the used adsorbent increases with time, up to a saturation level at 90 min, where the amount adsorbed is practically constant. However, one can notice that there is no significant difference between adsorption capacity after 20 min and adsorption capacity after 90 min, signifying the high affinity of MO to AS. In the first stage, there are many accessible adsorption sites; then, the adsorbate starts diffusing into less accessible adsorption sites before reaching an equilibrium state.



Different kinetic models were developed to model the adsorption of adsorbate onto a solid surface. These models help explain the mechanism by which the adsorbate is adsorbed on the adsorbent surface.



The plot of ln(qe–qt) as a function of (t), given in Figure 7a, represents the pseudo-first-order kinetic model. It shows a non-straight line with a low correlation coefficient, which signifies that the kinetics of adsorption of MO on AS does not follow the kinetics of the pseudo-first-order model.



The pseudo-second-order kinetic model has been successfully used to describe the kinetics of pollutants’ adsorption on a given adsorbent [53]. It is one of the most suitable adsorption kinetic models because it depends on one second or two primary reactants in the solution [54]. The plot t/qt = f(t) representing the PSO kinetic model is shown in Figure 7b. A fitting of the plot gives a linear regression coefficient (R2) of 0.986. The parameters K2 and qe, determined from the same plot, are 0.072 g/mg min and 1.05 mg/g, respectively. The calculated qe value is in perfect agreement with the experimental value (0.95 mg/g), which indicates that the adsorption of MO on AS obeys the pseudo-second-order kinetic model.




3.2.6. Adsorption Isotherm


The adsorption isotherm study of MO on AS was carried out under the same experimental conditions used for the kinetic analysis, except that the adsorption time was fixed at 120 min, which is mainly a sufficient time to obtain the adsorbate–adsorbent equilibrium. The modeling of the MO adsorption on the AS was carried out using Langmuir and Freundlich isotherm models.



The Langmuir adsorption isotherm plot is represented in Figure 8a, in which a straight line is observed. In addition, the theoretical fitted line obtained by linear regression of the experimental points gives a correlation coefficient R2 equaling 0.958. The constants qm and KL are 15.63 mg/g and 0.0028 L mg−1, respectively.



On the other hand, the Langmuir separation factor (RL) is a dimensionless parameter that can be used to estimate the adsorption preference of the adsorbate on the AS. RL is defined by the following equation:


   R L  =  1  1 +   bC  0     



(3)




where C0 is the initial dye concentration. It has been demonstrated that the adsorption can be classified into linear, unfavorable, favorable, or irreversible when RL value equals 1, greater than 1, between 0 and 1, or equals 0, respectively [55].



Taking this into consideration, the obtained RL value for C0 = 32.7 mg/L was found to be 0.916, which is within the interval of favorable adsorption. This finding further suggests the suitability of the Langmuir isotherm in describing the adsorption process of MO on the AS.



Freundlich adsorption isotherm is another model that can be suitable for describing multilayer adsorption with the possibility of interaction between the adsorbed molecules [56]. It is based on the hypothesis of heterogeneity of the adsorption sites of the solid. Its linear form makes it possible to determine its KF and n parameters and, therefore, the model’s validity for the adsorption process under study.



From Figure 8b, which represents the Freundlich isotherm model with its fitting, it is clear that the model cannot be applied to describe the adsorption of MO on the AS since the theoretical straight line has a regression coefficient R2 that is very far from 1.



Adsorption isotherm parameters derived from Langmuir and Freundlich models are represented in Table 2. Comparing all parameters, it is evident that the Langmuir isotherm is the model that better describes the experimental results. This suggests that MO molecules are adsorbed on the material’s surface on energetically homogeneous sites and probably form a monolayer.



Thermodynamic parameters such as the change in standard enthalpy (  Δ  H  ads  °   ), change in standard entropy (  Δ  S  ads  °   ), and change in standard free energy (  Δ  G  ads  °   ) can be determined from the following equations:


  Δ  G  ads  °  = −  RT   ln   (   K d   )   



(4)






  ln  (   K d   )  =   Δ  S  ads  °   R  −   Δ  H  ads  °    RT    



(5)




where T, Kd, and R denote the temperature, the adsorption equilibrium constant, and the universal gas constant.



The standard enthalpy and entropy values were determined from the linear fitting of experimental data, which are represented in Figure 8c. Calculated thermodynamic parameters are listed in Table 3. The positive values of free Gibbs energy changes (  Δ  G  ads  °   ) indicate that the MO adsorption onto the AS is not spontaneous at these temperatures [57]. Furthermore,   Δ  G  ads  °    values decrease with increasing temperatures, suggesting improved adsorption at higher temperatures [57]. The analysis of the listed results shows that the change in standard enthalpy is positive, indicating an endothermic adsorption process of MO on the AS [58]. In addition, its value is less than 40 KJ/mol, signifying that the physisorption process occurs [59]. In addition, the positive value of the entropy indicates that the adsorption is accompanied by an increase in the disorder of MO molecules; that is, MO molecules have many possibilities to find an adsorption site to be adsorbed.




3.2.7. Adsorption Mechanism


The almond shell is found to be effective in capturing MO molecules. However, further analysis is needed to figure out the adsorption mechanism. To this end, FTIR analysis was carried out for AS samples before and after the adsorption experiment. Results are shown in Figure 9.



A careful analysis of the results shows FTIR spectra with similar profiles for both AS samples but with different band intensities, especially the broadband at about 3420 cm−1, which corresponds to the stretching of the O-H groups. The position of the other bands remains unchanged after the adsorption process. On the other hand, the FTIR spectrum recorded for MO shows the same vibration bands as those reported by Parshetti et al. [60]. The most characteristic absorption bands for MO are located at 1605, 1520, 1411, 1381, 1357, 1200, 1115, 1002, 815, 691, and 620 cm−1. The band at 1605 cm−1 is associated with the C=C stretching vibration in the heterocycle [61,62,63], while that observed at 1381 cm−1 is associated with the -C stretching vibration –N of the dimethylamino terminal group [61,62,63,64]. The band at 1411 cm−1 can be assigned to the stretching vibration of -N=N- in azobenzene compounds [60]. The bands at 1357 and 1200 cm−1 can be attributed to asymmetric and symmetric stretching vibrations of S(=O)2 in the group -SO32−, respectively [64]. The other peaks appearing at 1002, 815, 691, and 620 cm−1 are characteristic of the benzene ring [12,64].



The absence of new peaks in the AS + MO FTIR spectrum suggests that the adsorption process is taken effect through physical interactions without charge transfer or bond formation. The mechanism controlling the adsorption of MO on AS is mostly a combination of (1) non-dominant electrostatic interactions between MO molecules functional groups of the adsorbent, (2) π–π interactions between the aromatic rings of the dye molecules and those of the lignin, (3) the intermolecular hydrogen bonds between the surface hydroxyl groups and the nitrogen atoms of the dye, and (4) dye–hydrogen ion exchange process.



For comparison with some previously studied adsorbents, adsorption capacity and experimental conditions for adsorption of MO by different adsorbents are reported in Table 4. It can be deduced that there is a noticeable difference in the MO adsorption ability of reported adsorbents. Such difference is mainly attributed to the adsorbent’s surface area, functional groups, and experimental conditions, especially pH and equilibrium time. The chemical composition of an adsorbent is a critical factor in its adsorption performance. However, given the synthesis cost, the application of agro-wastes seems more beneficial than materials that require high resources.





3.3. Preparation of Combustible Briquettes by Recycling AS Sludge


The energetic conversion of waste is a favorable alternative way to meet our energy needs and ensure good waste management. The biomass is neutral in terms of pollution compared with other fossil fuels. However, it contains much less carbon and more oxygen and has a low calorific value and energy density, which can cause undesirable problems related to the direct use of biomass as an energy source. Slow pyrolysis has been proposed as a biomass pretreatment process to overcome these gaps. It increases carbon content, removes oxygen, and increases energy density [69]. The manufactured biochar is very difficult to handle, transport, store and use in its original form. Thus, its densification into energetic briquettes in various forms is one of the attractive solutions. Densification increases the apparent density [70], ensures uniform combustion, and reduces dust generation, hence reducing transport, handling, and storage costs.



The fabricated combustible briquettes (Figure 10) require a drying time before characterization, which differs according to the nature of the binder. For molasses, the optimal value is 72 h at room temperature [71].



The energy content of the biomass samples and their biochar is determined using the bomb calorimeter. The calorific values are 18.17 and 29.96 kJ/kg before and after pyrolysis. From the immediate analysis, as listed in Table 5, A400 has a volatile matter/fixed carbon ratio <1, much like fossil coal [72], and low ash content. Therefore, it can be a good option for cooking and raw material for existing coal-fired power plants.





4. Conclusions


In the present paper, we presented an investigation of the MO adsorption on almond shells and the recycling of AS sludge into combustible briquettes. The AS was characterized using a variety of techniques such as XRD, FTIR, SEM, etc. The maximum adsorption of MO dye occurred at an optimal adsorbent mass of 100 mg and PH > pHPZC, confirming that its adsorption depends on phenomena other than electrostatic attractions. Results showed that MO adsorption on the AS reached an equilibrium state after 90 min. The kinetic study indicated that the adsorption process of methyl orange on almond shells followed a pseudo-second-order kinetic model. The Langmuir adsorption isotherm was found suitable in describing the adsorption process of MO on AS, showing an adsorption capacity of 15.63 mg/g. Moreover, the temperature and adsorbent particle size had a favorable effect on the MO adsorption capacity. Thermodynamic parameters indicated that the MO adsorption process is non-spontaneous, endothermic, and physical. The physical nature of adsorption was confirmed by FTIR analysis of AS after adsorption experiments. Furthermore, the biochar obtained by slow pyrolysis at a temperature of 400 °C for 2 h was used to manufacture combustible briquettes. Together, the present study revealed that almond shells could be used effectively as a low-cost adsorbent to remove real liquid effluent containing methyl orange and biofuels.
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Figure 1. FTIR analysis of AS. 
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Figure 2. XRD analysis of AS. 
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Figure 3. SEM (a) and EDS (b) analyses of AS. 
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Figure 4. pHpzc determination of AS. 
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Figure 5. The effect of different parameters on the adsorption capacity of AS: (a) adsorbent mass, (b) temperature, (c) pH, and (d) AS particle diameter. Experimental conditions: C0 = 32.7 mg/g, m = 100 mg, V = 25 mL, T = 25 °C, pH = 6. 
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Figure 6. Influence of contact time on MO adsorption on AS. Experimental conditions: C0 = 32.7 mg/g, m = 100 mg, V = 25 mL, T = 25 °C, pH = 6. 
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Figure 7. Kinetic models relating to adsorption of MO on AS: (a) pseudo-first order and (b) pseudo-second order. Experimental conditions: C0 = 32.7 mg/g, m = 100 mg, V = 25 mL, T = 25 °C, pH = 6. 
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Figure 8. (a) Langmuir and (b) Freundlich isotherm models, and (c) K vs. 1/T for MO adsorption on AS. Experimental conditions: C0 = Variable, m = 100 mg, V = 25 mL, T = 25 °C, pH = 6. 
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Figure 9. FTIR analysis of AS before and after adsorption experiments. 
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Figure 10. Fabricated combustible briquettes. 
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Table 1. Equation of adsorption kinetic, isotherm models, and fitting parameters.
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	Model
	Equation





	Pseudo-first order
	    q t  =  q e  ( 1 −  e  −  k 1  t   )   



	Pseudo-second order
	    q e  =    q    e   2   k 2  t    q e   k 2  t + 1     



	Langmuir
	    q e  =    q m   K L   C e    1 +  K L   C e      



	Freundlich
	    q e  =  K F   C e  1 / n     



	Coefficient of determination, R2
	    R 2  =     ∑  i = 1  n     (  q  c a l   −    q ¯    e x p   )  2        ∑  i = 1  n     (  q  c a l   −    q ¯    e x p   )  2    +   ∑  i = 1  n     (  q  c a l   −  q  exp   )  2        
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Table 2. Fitting parameters of adsorption isotherm models for MO adsorption on AS.
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	Langmuir Parameters
	Value
	Freundlich Parameters
	Value





	Qmax (mg/g)
	15.6
	nf
	1.07



	KL
	0.0028
	Kf
	0.051



	R2
	0.95
	R2
	0.85
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Table 3. Thermodynamic parameters for MO adsorption on AS.
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T (K)

	
ΔG°

(J mol−1)

	
ΔS°

(kJ mol−1 K−1)

	
ΔH°

(kJ mol−1)

	
R2






	
303.13

	
5161.27

	
0.094

	
24.792

	
0.995




	
323.13

	
4104.59




	
343.13

	
2678.90




	
353.13

	
1931.19
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Table 4. MO adsorption capacity by different adsorbents in comparison with AS.
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Adsorbent

	
pH and Temperature

	
Kinetic Model

	
Equilibrium Time (min)

	
Isotherm Model

	
Adsorption Capacity (qm)(mg/g)

	
Reference




	
pH

	
T (°C)






	
Mango seed kernels

	
6.8

	
25

	
PSO

	
40

	
Freundlich

	
5.71

	
[65]




	
Banana peel

	
5.7

	
30

	
The intraparticle diffusion

	
24 h

	
Freundlich

	
21

	
[66]




	
Orange peel

	
5.7

	
25

	
The intraparticle diffusion

	
24 h

	
Langmuir

	
20.5

	
[66]




	
De-oiled soya

	
3

	
25

	
PSO

	
150

	
Langmuir

	
16.7

	
[67]




	
Bottom ash

	
3

	
25

	
PSO

	
4 h

	
Langmuir

	
3.6

	
[67]




	
Chitosan

	
4

	
27

	
PSO

	
40

	
Langmuir

	
28.41

	
[68]




	
AS

	
6

	
90

	
PSO

	
40

	
Langmuir

	
15.63

	
This study
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Table 5. Immediate analysis of the sludge generated in the treatment of the AS.
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	Sample
	Humidity (%)
	Volatile Matter (%)
	Fixed Carbon (%)
	VM/FC





	A400
	3.26
	28.42
	63.16
	0.44
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