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Abstract

:

This study evaluated the potential of using raw Maclura pomifera and wild carob for the treatment of methylene blue (MB) and crystal violet (CV) as part of the search for new, abundant, and cost-effective natural materials applicable for wastewater treatment. Additionally, it explored the impact of washing water temperature on the adsorption performance of these raw organic materials. The physicochemical properties of the materials were characterized using BET, SEM/EDS, and FTIR analyses. The effects of various experimental parameters were investigated through batch adsorption experiments. The results demonstrated that the influence of washing water temperature was material-dependent. For Maclura pomifera, the maximum adsorption capacity of methylene blue and crystal violet decreased from 134.4 and 136.6 mg g−1 for MPC to 67.1 and 90.5 mg g−1 for MPH. In contrast, the adsorption capacities of wild carob biosorbents remained consistent, with the maximum amounts adsorbed for methylene blue and crystal violet by CC, CW, and CH being close, around 78.8 and 98.9 mg g−1, respectively, indicating a minimal effect of washing temperature on this material. The adsorption of both dyes onto the adsorbents was positively affected by increasing the pH, contact time, and initial dye concentration and was negatively affected by increasing adsorbent dose or ionic strength. Adsorption isotherms and kinetics were modeled using various mathematical approaches. The kinetic data were accurately described by a pseudo-second-order model, with a significant contribution from intraparticle diffusion. The Sips and Redlich–Peterson models provided the best fit for the adsorption isotherms of both dyes on the biosorbents. These findings confirm that the selected biomaterials are excellent adsorbents for the removal of cationic dyes.
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1. Introduction


Water is essential for the survival of humanity, as well as for all animal and plant species on Earth, and it is vital for the overall health of the environment. Indeed, all biological processes in the biosphere depend on the availability of water, and no other liquid can fulfill its role [1]. The rapid growth in population, along with increased urbanization, industrialization, and intensified agricultural practices, has led to a substantial rise in water consumption. This trend has also been accompanied by a corresponding increase in agricultural, industrial, and household waste, which contains detergents, cleaning agents, and other contaminants, leading to the infiltration of harmful substances into groundwater reserves [2].



Dyes are among the pollutants that can pose serious problems. Most of dyes are synthetic, and they now represent a large group of chemical compounds [3]. The global production of synthetic dyes is estimated at 800,000 tonnes per year. Approximately 120,000 tonnes of these dyes are released annually during the fabric manufacturing and dyeing stages [4]. These compounds are known to be toxic, mainly due to their complex structures, non-biodegradability, and high molecular weight, which make them resistant to destruction by certain physico-chemical treatment methods [5,6,7,8,9]. Dyes cause short-term hazards such as eutrophication, under-oxygenation, color, turbidity, and odor, as well as long-term hazards including persistence, bioaccumulation, and diseases [2,10,11].



The treatment of water polluted by dyes has, therefore, become a priority in our modern world. Developing methods and optimizing existing processes to be both effective and inexpensive have been the focus of many studies [12]. Among the pollution control processes, adsorption remains a relatively common technique that is highly effective and easy to implement [13,14,15]. Commercial activated carbon is the most widely used adsorbent due to its high adsorption capacity, but it is expensive and requires regeneration [16,17,18]. Recently, significant research has been conducted to test adsorption on alternative natural materials, known as replacement materials. These natural materials are advantageous due to their biodegradability, low commercial value, non-toxic nature, and renewable origin [19,20,21].



Previous work has examined the feasibility of pollutant removal using a variety of biosorbents in their raw state, such as orange peels [22], pine cones [10], cockle shells [20,23], artichoke leaves [24], Huai Flos chrysanthemum [25], sago waste [26], and cones of Pinus brutia [27]. Other research has aimed to improve the retention capacity of these biosorbents through chemical treatments, for example, coconut shells [28] and cupressus sempervirens treated with sulfuric acid [16]; Maclura pomifera [2] and durian leaves [29] treated with sodium hydroxide; bamboo treated with sodium carbonate [30]; and Sargassum sp. treated with hydrochloric acid [31]. Additionally, some research has focused on the synthesis of activated carbon from economic precursors, such as chitosan-based carbons [32], olive-stone-based activated carbon [33], wild-carob-based activated carbon [6], and activated carbon prepared from date stones.



However, none of the previous studies have examined the impact of the wash water temperature on biosorbents used in their raw state—a parameter that could influence their performance. The washing conditions vary from one study to another without clear justification: some researchers have used hot water [34,35,36], while others have preferred water at room temperature [22,25,26].



In this study, we focused on valorizing two abundant solid wastes, wild carob and Maclura pomifera, by simultaneously examining the effect of washing water temperature (cold, warm, or hot) on the adsorption performance of these raw biosorbents for the removal of two cationic dyes, methylene blue and crystal violet, from aqueous solutions.



The physico-chemical properties of the biosorbents were characterized using a variety of techniques, including BET, SEM/EDS, FTIR, ATG, pH at zero charge, and surface function analysis using the Boehm method [37,38]. The impact of experimental parameters such as pH, contact time, initial dye concentration, adsorbent mass, ionic strength, and temperature was studied using a batch adsorption technique. Adsorption mechanisms were analyzed using three kinetic models (pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion models), and four theoretical isotherm models (Langmuir, Freundlich, Sips, and Redlich–Peterson) were tested to determine the most appropriate model for dye adsorption.




2. Materials and Methods


2.1. Preparation of the Biosorbents


To conduct various characterization and adsorption experiments, substantial quantities of wild carob (Ceratonia siliqua) and Maclura pomifera (Osage orange) were collected in Setif. The raw materials were washed with tap water to remove impurities, particularly soil sludge. They were then dried using solar energy in an oven at temperatures between 70 and 80 °C to prevent any alteration in the physico-chemical properties of the materials. After cooling, the materials were ground.



To demonstrate the effect of wash water temperature on the adsorption capacity of raw organic materials, wild carob and Maclura pomifera were washed under agitation with either cold distilled water at a room temperature of 60 °C or brought to boiling (100 °C). This washing process was repeated several times until the residual water was as clear as possible. The biomasses were then dried in an oven at 60 °C, ground, and sieved to retain the fraction between 250 and 500 µm. The powdered biomaterials were stored in hermetically sealed plastic containers and were used for analysis as well as for adsorption experiments.



Names of Materials Prepared


The materials prepared were as follows:




	
CC: Carob washed in cold water;



	
CW: Carob washed with warm water (60 °C);



	
CH: Carob washed in hot water (100 °C);



	
MPC: Maclura pomifera washed in cold water;



	
MPW: Maclura pomifera washed in warm water;



	
MPH: Maclura pomifera washed in hot water.










2.2. Characterization of the Biosorbents


The specific surface area and the various parameters of the porous structure were determined using a Micromeritics ASAP 2020 instrument (Micromertics Inc., Norcross, GA, USA). The measurement was based on the physical adsorption of nitrogen on 100 mg of each material sample to be characterized, previously degassed under vacuum at 170 °C for 14 h, as well as on the thermodynamic characteristics of this phenomenon. The specific surface area (SBET) was calculated using the BET equation, while the pore size distribution was determined using the density functional theory (DFT) method. The total pore volume (Vtot) was estimated as the liquid volume of nitrogen adsorbed at a relative pressure of 0.95. The micropore volume (Vmic), micropore surface area (Smic), and external surface area (Sext) were estimated using the t-plot method. The mean pore diameter (Dp) and adsorption energy (E0) were determined by applying the Dubinin–Radushkevich model to the adsorption isotherm. Morphological and elemental analyses of the samples were carried out using an FEI Nova Nano SEM 450 SEM (Nova Nano SEM 450-FEG—source: FEI–Thermo Fisher Scientific, Hillsboro, OR, USA) equipped with an EDX detector (Quantax-200 system with X Flash 6/10 Si-drift detector: Bruker Corp., Billerica, MA, USA), by dispersing the adsorbent powder on a carbon adhesive pellet placed on a sample support. The surface functional groups of the samples were analyzed using a FTIR spectrometer (Cary 600; Agilent Technologies, Santa Clara, CA, USA) in a scanning range from 4000 to 400 cm−1. Determination of total surface acidity and total surface basicity was performed using the Boehm method, which corresponds to the acid–base titration of surface functional groups. To determine the pHpzc of the materials studied, distilled water was adjusted with HCl (0.1 M) or NaOH (0.1 M) to successive initial values between 2 and 11. The other parameters were kept constant (1 g L−1 of biosorbent, a stirring speed of 250 rpm, at room temperature (23 ± 2 °C) for 24 h).




2.3. Experimental Adsorption Protocol


The adsorption of the dyes, methylene blue (MB) and crystal violet (CV), on the different studied biosorbents was carried out in a batch process. A mass of 25 mg of each adsorbent sample was suspended in 25 mL solutions of MB or CV at a well-defined initial concentration (25, 50, 100, 150, and 200 mg L−1). The series of closed Erlenmeyer flasks (Jenway, Camlab, Cambridge, UK) was placed on a multi-stage stirring plate at room temperature at a speed of 250 rpm. The influence of initial pH on the adsorption of both dyes was studied by varying the pH between 2 and 11, with all other process parameters kept constant. The pH adjustments were made by adding small amounts of NaOH or HCl (0.1 M). The effect of the adsorbent dosage was investigated by varying the adsorbent-to-sorbate ratio between 0.25 and 2 g L−1. Additionally, the impact of ionic strength on dye adsorption was assessed using NaCl solutions with concentrations ranging from 0 to 0.50 M. For the kinetic experiments, adsorption measurements were taken at specified time intervals (5, 10, 15, 20 min, etc.). In all other cases, a contact time of 24 h was applied to ensure that equilibrium was reached. After each adsorption experiment, the adsorbent was separated by centrifugation.



The initial and residual dye concentrations were analyzed using spectrophotometry at 665 nm for MB and 590 nm for CV. The quantity adsorbed was calculated using the following formula:


    Q   t   =    V (   C   0   −   C   t   )   m     



(1)







    Q   t     is the quantity adsorbed at time t (mg/g),     C   0     is the initial concentration of the dye solution (mg/L),     C   t     is the concentration of the dye solution at time t (mg/L), V is the volume of the solution (L), and m is the mass of the adsorbent (g)



The quantity adsorbed can also be quantified by the removal yield (R). The dye removal yield is defined by


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



(2)








2.4. Kinetic and Isotherm Studies


Several kinetic models were employed to interpret the experimental data, providing essential information for the use of different materials in the field of adsorption. Our results were analyzed using three widely used models: pseudo-first-order [39], pseudo-second-order [40], and intraparticle diffusion [41] models. The main equations for these models are


    Q   t   =   Q   e     1 −   e   −   K   1   t      



(3)






    Q   t   =      K   2     Q   e   2   t   1 +   K   2     Q   e   t     



(4)






    Q   t   =   K   i n t     t   0.5   + C  



(5)







Qe is the equilibrium adsorption capacity (mg g−1); K1 (min−1), K2 (g mg−1 min−1), and Kint (mg g−1 min−0.5) are the rate constants of the pseudo-first order, pseudo-second order, and intraparticle diffusion models, respectively. The value of C gives an idea of the thickness of the boundary layer.



To elucidate the retention mechanism and identify the isotherm that best represents the adsorption of MB and CV on different biosorbents, four theoretical models were tested on the experimental results: Langmuir [42], Freundlich [43], Sips [44], and Redlich–Peterson [45]. The equilibrium equations for these models are as follows:


    Q   e   =      Q   m     K   L     C   e     1 +   K   L     C   e       



(6)






    Q   e   =   K   F     C   e      1   n       



(7)






    Q   e   =      Q   m   (     K   s     C   e   )     m   s       1 + (     K   s     C   e   )     m   s         



(8)






    Q   e   =      K   R     C   e     1 +   α   R     C   e   β       



(9)







Qm (mg g−1) represents the maximum adsorbable quantity, KL (L mg−1) is the Langmuir equilibrium constant, and KF (L g−1) and n denote the adsorption capacity and intensity according to the Freundlich isotherm, respectively. KS (L mg−1) is the Sips constant; and KR (L g−1), αR (L mg−1), and β are the parameters of the Redlich–Peterson model.




2.5. Thermodynamic Analysis Methods


The calculation of certain thermodynamic parameters, such as the variation in the standard enthalpy of adsorption (ΔH°) (J mol−1), the variation in entropy (ΔS°) (J mol−1 K−1), and the variation in the standard free enthalpy (ΔG°) (J mol−1), is essential in determining the nature of the elimination process. These parameters can be calculated using the following equations [16]:


  ∆ G ° = − R T l n     ρ K   C      



(10)






  l n     ρ K   C     =    − ∆ H °   R T    +    ∆ S °   R     



(11)






    K   C   =      Q   e       C   e       



(12)







R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K), KC is the thermodynamic equilibrium constant (L g−1), and ρ is the water density (g L−1).





3. Results and Discussion


3.1. Characterization of Materials


3.1.1. Physical Characterization


Characterization by Gas Adsorption–Desorption


The nitrogen adsorption isotherms at 77 K for different biomasses (CC, CW, CH, MPC, MPW, and MPH) are shown in Figure 1, and the pore properties are detailed in Table 1. The adsorption and desorption isotherms for the various raw biosorbents changed gradually as the temperature of the wash water decreased for both materials. All biomasses exhibited type V isotherms, according to the IUPAC classification [46,47], which are characteristic of mesoporous adsorbents. These isotherms indicate low adsorbate/adsorbent interaction and the formation of multilayers at low pressure. For Maclura pomifera, the adsorption curves show that the volume of nitrogen adsorbed was significantly greater than that of wild carob, suggesting that Maclura pomifera has a more developed structure. This is confirmed by the results presented in Table 1, which show the significant differences in the textural properties of the two biosorbents.



The results in Table 1 reveal considerable variability in the specific surface areas and associated pore volumes of the samples examined. The adsorbents derived from Maclura pomifera (MPC, MPW, and MPH) were more porous than those from carob (CC, CW, and CH). Notably, the temperature of the wash water negatively impacted the porosity of the biosorbents. This was likely due to structural degradation at higher temperatures. The data also confirmed the presence of highly developed mesoporosity in the different studied materials. The adsorption energy (E0) was comparable across the different examined samples.



The BET specific surface area of our materials is significantly higher than that of many other biosorbents. Examples include pine cones [10], cockle shells [20], pine bark [48], and crab shell [49], which have specific surface areas of 55.8, 50.95, 26, and 13.4 m2 g−1, respectively.




Characterization by Scanning Electron Microscopy (SEM)


The microscopic scans of MPC, MPH, CC, and CH are shown in Figure 2, Figure 3, Figure 4, and Figure 5, respectively. Figure 4 and Figure 5 show that, at different magnifications, wild carob possesses a conductive vessel structure perfectly wound into a cylindrical spring. Conversely, the SEM images of MPC and MPH display a smoother morphology, a relatively heterogeneous surface, and the presence of cavities. Observation of the pore structure indicated that washing with hot water affected the structure of the biosorbents. However, it should be noted that the obtained images show merely the surface cavities and the external openings of the macropores.





3.1.2. Chemical Characterization


Elemental Analysis of the Materials


Table 2 presents the elemental composition of Maclura pomifera and wild carob washed with cold and hot water. These results show that the elemental composition of the adsorbents is typical of lignocellulosic material and is consistent with the findings often cited by other authors [50,51,52]. However, it should be noted that MPH and CH contain a higher proportion of carbon and a lower content of heteroatoms. This can be explained by the elimination of soluble impurities at high temperatures. Various consequences may result from this change in the elemental composition of biosorbents, particularly in relation to their behavior in aqueous solution, such as the drop in the acidity of MPH and CH resulting from the reduction in oxygen content [53].




pH at Zero Charge Point


The obtained pHpzc values (Table 3) allowed for determining the acidic or basic nature of an adsorbent and, depending on the pH of the solution, its net surface charge [54,55,56].



Figure 6 shows a family of curves, indicating that all the supports had an acidic surface that decreased as the temperature of the wash water increased. These results are consistent with the previous findings from the elemental analysis.




Analysis of Surface Functions by the Boehm Method


The Boehm titration results (Table 4) revealed that all the materials had fewer basic groups compared to acidic groups, confirming their acidic nature. The surface chemistry of both materials was influenced by the temperature of the wash water. Specifically, there was decreases in both total acidity and total basicity, resulting in a reduction in the surface functional groups. The data indicate that the wild carob variety was acidic, though to a lesser extent than Maclura pomifera, with more acidic sites, suggesting a higher presence of oxygenated groups. These groups enhance the adsorption of cationic dyes. The findings are consistent with those reported in the literature [57].




Analysis of Surface Functions by Fourier Transform Infrared Spectroscopy (FTIR)


To achieve a more comprehensive identification of the surface functions of the raw biosorbents and to highlight the impact of the wash water temperature on their surface chemistry, infrared spectroscopy was employed. The spectra for the materials washed with cold, warm, and hot water are presented in Figure 7 and Figure 8. Table 5 summarizes the characteristic functional groups on the surfaces of the raw materials, including their nature and wavelength. From Figure 7 and Figure 8, the following can be observed:




	
The infrared spectra exhibit a similar peak distribution for both Maclura pomifera (MP) and wild carob (C) varieties.



	
The spectra indicate that the active surface functional groups for both types of biosorbents are primarily -OH bonds from polymers and polysaccharides, as well as -CH2 and -COOH bonds, which are known to play a significant role in dye adsorption.



	
The spectra for each variety are nearly identical, with the primary difference being the relative intensity of the peaks.



	
The intensities of the bands corresponding to O-H hydroxyl group vibrations (~3428 cm−1) and C=O elongation vibrations (1740, 1649, and 1628 cm−1) decrease with increasing wash water temperature for both materials. This trend aligns with the reduction in the acidity observed in the pHpzc measurements and Boehm titrations. This decrease may be attributed to the breaking of certain chemical bonds at higher temperatures or to structural damage, which can limit the accessibility of specific surface chemical functions.










[image: Applsci 14 10365 g007] 





Figure 7. FTIR spectra of MPC, MPW, and MPH. 






Figure 7. FTIR spectra of MPC, MPW, and MPH.
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Figure 8. FTIR spectra of CC, CW, and CH. 






Figure 8. FTIR spectra of CC, CW, and CH.
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Table 5. Surface functions of raw materials identified by infrared spectroscopy.






Table 5. Surface functions of raw materials identified by infrared spectroscopy.





	
Wave Number (cm−1)

	

	

	
FTIR Interpretation

	




	

	

	
In This Study

	

	

	
In the

Bibliography

	
Type of Vibration

	
References




	
MPC

	
MPW

	
MPH

	
CC

	
CW

	
CH






	
3450

	
3450

	
3450

	
3428

	
3428

	
3428

	
3600–3300

	
Elongation vibrations of O-H hydroxyl groups (carboxylic acids, alcohols, phenols, cellulose, pectin, absorbed water, and lignin)

	
[58,59,60]




	
2924

2855

	
2924

2855

	
2924

2855

	
2924

2855

	
2924

2855

	
2924

2855

	
2920

2850

	
Asymmetrical and symmetrical C-haliphatic elongation vibration

	
[61]




	
2370

	
2370

	
2370

	
2370

2345

	
2370

2345

	
2370

2345

	
2350

2339

	
Elongation vibrations of the C≡C bond of the alkyne group

	
[62,63]




	
40

	
1740

	
1740

	
1740

	
1740

	
-

	
1743.5

	
C=O elongation vibrations (ketones, aldehydes, lactones, or carboxyl groups)

	
[64]




	
1649

	
1649

	
1649

	
-

	
-

	
-

	
1637

	
C=O elongation vibrations in cyclic amides

	
[65]




	
-

	
-

	
-

	
1628

	
1628

	
1628

	
1637–1606

	
Symmetric and asymmetric C=O elongation vibration in ionic carboxylic groups (COO-)

	
[51]




	
1520

	
1520

	
1520

	
1520

	
1520

	
1520

	
1600–1500

	
Elongation vibrations of C=C bonds in condensed aromatic rings

	
[66]




	
1449

	
1449

	
1449

	
1458

	
1458

	
1458

	
1458

	
Elongation vibrations of C=O in ether

	
[67]




	
-

	
-

	
-

	
1384

	
1384

	
1384

	
1384

	
Deformation vibrations of CH3 bond

	
[68]




	
1259,

1116, 1076

	
1259

	
1259

	
1259,

1113, 1042

	
1259,

1113, 1042

	
1113

1042

	
1350–900

	
C-O bond elongation vibrations in alcohols, phenols, acids, ethers, or esters

	
[59,60]




	
832,674

	
702

	
702

	
-

	
669

	
669

	
858–615

	
Deformation vibrations of C harmonics

	
[69]




	
538

	
-

	
-

	
569,515

	
-

	
-

	
500–600

	
Vibration of aromatic rings

	
[69]












3.2. Results of Methylene Blue and Crystal Violet Adsorption on Raw Materials


3.2.1. The Effect of Various Physico-Chemical Parameters


The Effect of pH


pH is an important factor in adsorption studies, as it can affect the structures of both the adsorbent and the adsorbate, as well as the adsorption mechanism. Therefore, it is crucial to know the adsorption efficiency at different pH values. The variation in the adsorption capacity of methylene blue (MB) and crystal violet (CV) by Maclura pomifera and wild carob is shown in Figure 9 and Figure 10, respectively. The data presented in these figures indicate that the evolution of MB and CV adsorption with pH for the two varieties (MP and C) is very similar. The change in the surface charge was the main factor controlling the adsorption of MB and CV. It is noted that, for all six materials, there was a clear improvement in the adsorption capacity of the dyes with increasing pH, which then became substantially constant. Similar behavior has been observed in numerous studies [70,71,72]. This can be explained by the fact that when the pH is higher than the pHpzc, the surface of the biosorbents is negatively charged, and the molecules of cationic dyes (MB and CV) are positively charged [73]. Adsorption can be envisaged by the electrostatic interactions between the different charges of the adsorbents and dyes. At low pH, the sorbent surface is surrounded by H+ ions, which reduce the interaction of the dye cations with the adsorbent sites. Conversely, at high pH, the H+ concentration decreases, resulting in good interaction between the dye ions and the surface sites. Furthermore, the interaction of surface functional groups at varying pH values can be more complex than mere electrostatic attraction. This involves surface complexation, where pH influences adsorption through complexation reactions, shifting their equilibrium and altering adsorption efficiency. Additionally, variations in pH can modify the biosorbent’s structure, affecting its porosity, surface area, and the accessibility of adsorption sites, thereby influencing adsorption mechanisms beyond electrostatic attraction.




Effect of Contact Time and Initial Dye Concentration


To compare the performance of the raw adsorbents and highlight the effect of the wash water temperature on the adsorption capacity of the biosorbents, the results of the kinetic study of MB and CV adsorption on the raw materials are shown in Figure 11. The kinetic study revealed that the two varieties (MP and C) exhibited similar behavior, although the adsorption kinetics of Maclura pomifera were faster than those of wild carob. The equilibrium time was reached after 60 min of contact for MB adsorption on MP, after 120 min for CV adsorption on MP, and after 240 min for both MB and CV adsorption on C. These differences can be attributed to the structural and chemical properties of the adsorbents. For example, Maclura pomifera (MPC) has a larger specific surface area (237.3 m2 g−1) than wild carob (CC) at 79.4 m2 g−1. A larger specific surface area, along with more developed porosity, means that there are more active sites available, which increase the rate of adsorption. Additionally, MPC contains more acidic surface functional groups (6.45 mmol g−1) than CC (3.02 mmol g−1), further contributing to the faster adsorption of cationic dyes. The quantities adsorbed by MPC were slightly higher than those by CC, specifically 80.1 mg/g and 72.1 mg/g for MB and 84.9 mg/g and 81.2 mg/g for CV. The adsorption capacities of MP and C were negatively affected by the increase in wash water temperature. These results are consistent with the predictions based on the physical and chemical properties of the materials.



Figure 12 and Figure 13 show a study of the adsorption kinetics of the raw materials washed with cold water as a function of the initial concentrations of MB and CV. Theses adsorption kinetics show a commonly observed behavior for the adsorption of cationic dyes. All the curves show a rapid increase in the quantity adsorbed during the initial phase of the contact time, which then slows down, with each curve approaching an asymptote parallel to the time axis. The slope at the origin is almost infinite, indicating a very high affinity between the adsorbent and the adsorbate [71]. This behavior can be explained by the abundance of available sites on the adsorbent surface at the beginning of adsorption. Most of these sites are quickly occupied, and the remaining sites become increasingly difficult to access due to the repulsive forces between the molecules adsorbed on the biosorbent surface and those in the solution. Similar observations have been reported by other researchers [70,74]. The figures also show that the adsorbed amount increased with the initial concentration of MB and CV. This common result is generally explained by the fact that a higher initial concentration increases the driving force due to the concentration gradient, thereby enhancing retention. Additionally, a high initial concentration generates a large number of collisions between the dye ions and the adsorbent surface, improving the adsorption process [75]. Similar findings have also been reported by other researchers [76]. We also noted that the equilibrium time was more quickly reached for low concentrations, as concentrated dye solutions required more contact time to reach equilibrium due to the higher number of molecules to be adsorbed.




Effect of Adsorbent Mass


To study the influence of adsorbent mass, the solid/liquid ratio was varied, and the results are shown in Figure 14. The data indicated that the removal efficiency of MB by MPC and CC increased as the solid/liquid ratio increased. This is understandable, as increasing the biosorbent dose enhances the specific surface area and thus the number of adsorption sites [77,78], which consequently increases the amount of dye adsorbed. While the percentage of discoloration increases with a higher solid/liquid ratio, the amount adsorbed per unit mass (mg g−1) decreases. Many researchers have attempted to explain this phenomenon. Vadivelan and Vasanth Kumar suggested that this decrease in Qe is due to a split in the concentration gradient between the core of the solution and the surface of the adsorbent [79]. Ertas et al., on the other hand, attributed the decrease in the quantity adsorbed to the fact that an adsorbate particle at the same initial concentration (C0) is shared by more adsorbent particles when the solid/liquid ratio increases. Each solid particle has fewer chances of binding the pollutant, thus reducing the adsorption capacity [80]. Another possible explanation for this phenomenon was provided by Ofomaja and Ho, who suggested that with an increase in the solid/liquid ratio, there is a possibility of particle agglomeration. This agglomeration results in a reduction in the specific surface area of the adsorbent and the lengthening of the diffusion paths, which negatively impact the adsorption process [81].




Effect of Ionic Strength


Textile industry waste contains numerous chemicals, including salts used in the stages preceding dyeing. The presence of these salts can significantly affect the adsorption of dyes during the treatment of such waste products. The curves in Figure 15 illustrate the impact of NaCl on the adsorption of MB by the raw materials. These curves show that for all raw materials, any increase in the quantity of dissolved salt led to a decrease in the quantity of dyes adsorbed. Newcombe and Drikas interpreted this decrease as a shielding effect caused by the salt ions against the electrostatic attraction between the negative surface of the adsorbent and the dye cations [82]. Janos et al. and Han et al. attributed this effect to competition between the dye cations and the salt cations [83,84]. Wang et al. added that the compression of the electrical double layer, caused by the increase in ionic strength, contributes to this phenomenon [85]. However, Chen et al. suggested an expansion of the electrical double layer when the ionic strength increased to explain the decrease in MB adsorption [86].




Effect of Temperature on the Adsorption Isotherm


The results of the adsorption isotherms for MB and CV on the raw materials are shown in Figure 16. For all the studied materials, the adsorption isotherms initially show a steeper inclination at lower concentrations, indicating the presence of many easily accessible sites [87]. Each curve eventually reaches a plateau, indicating that the sorbent is saturated at this level. This plateau can be influenced by the concentration of the biosorbent. By altering the amount of the utilized biosorbent, the number of active sites available for adsorption changes, which can affect the saturation point. According to Brunauer’s classification of adsorption isotherms [46], these isotherms are of type I, demonstrating a high affinity between the dyes and the biosorbents. The maximum adsorption capacity of MB and CV varied depending on the nature of the biosorbents, being significantly higher for MPC than for CC (twice as high). The high adsorption capacity of Maclura pomifera (MPC) is logically linked to its developed structure and high content of basic functional groups compared to those of wild carob (CC). These characteristics enhance its ability to retain cationic dyes. Furthermore, the temperature of the wash water significantly affected the adsorption capacity of MP. The maximum adsorbed quantity of MB and CV decreased, respectively, from 133.4 and 136.6 mg g−1 for MPC to 117.2 and 117.7 mg g−1 for MPW and 67.1 and 90.5 mg g−1 for MPH. This reduction could be attributed to the destruction of the structure or the breaking of certain chemical bonds at high temperatures. These findings are consistent with the textural and chemical properties of the materials. In contrast, the temperature of the wash water had no significant effect on the performance of the wild carob biosorbents. The maximum values of the equilibrium adsorption capacity for CC, CW, and CH were very close, indicating that the effect of wash water temperature depended on the nature of the used material.



Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22 show the influence of temperature on the adsorption isotherms of MB and CV on raw MP and C. From these figures, we can see that for all the materials and for low initial concentrations, temperature had no influence on the quantity of MB and CV adsorbed. However, it did have a significant effect at high initial concentrations. Figure 17, Figure 18 and Figure 19 show that MB and CV behaved differently. We observed that the quantity of MB adsorbed on MPC, MPW, and MPH decreased with increasing temperature, reflecting the exothermic nature of the adsorption. For CV, on the other hand, it increased with increasing temperature, in agreement with an endothermic process. Figure 20, Figure 21 and Figure 22 show that temperature had a positive effect on the adsorption of both dyes by CC, CW, and CH. This indicated an endothermic nature of adsorption. The influence of temperature on the adsorption of cationic dyes has been examined in numerous studies, most of which noted a positive effect of temperature on adsorption capacity [71,88,89]. This is due to the fact that increasing temperature facilitates the diffusion of adsorbate molecules through the outer boundary layer and into the pores of the adsorbent particles by reducing the viscosity of the solution [90].





3.2.2. Thermodynamic Analysis


Calculating certain thermodynamic parameters is essential for determining the nature of the retention process. The values of these parameters for the adsorption of MB and CV on raw biosorbents are presented in Table 6. The results show that the values of the variation in free enthalpy (ΔG°) were negative in all cases, indicating that the adsorption of MB and CV on the raw MP and C was spontaneous and favorable at any temperature [91].



The positive values of the standard entropy variation (ΔS°) suggest that the MB and CV molecules become less ordered at the solid/solution interface during the adsorption process [92,93]. The negative values of the standard enthalpy (ΔH°) for the adsorption of MB on MPC, MPW, and MPH confirmed that the adsorption process was exothermic and that lower temperatures favor adsorption. In contrast, for the other cases, ΔH° was positive, indicating that the adsorption process was endothermic and more favorable at higher temperatures [71]. The low absolute values of ΔH° for the different materials confirmed that the adsorbent–adsorbate interactions are physical in nature (|ΔH° ≤ 40 kJ mol−1) [2].




3.2.3. Modeling Adsorption Kinetics


The nonlinear plots of the pseudo-first-order (PFO) and pseudo-second-order (PSO) models for the adsorption kinetics of MB and CV on MPC and CC are shown in Figure 23 and Figure 24. The kinetic parameters obtained from these models are presented in Table 7. The most suitable model was evaluated based on the correlation coefficient (R2) and the comparison of the maximum quantity obtained from these models with the experimentally obtained values. Table 7 reveals that both adsorption kinetics models provided good fits across different concentrations, indicated by correlation coefficients (R2) close to unity and minimal differences between the experimental equilibrium adsorption quantities (Qe,exp) and those calculated using both models. However, the PSO model was more suitable for determining the adsorption kinetics of MB and CV on MPC and CC across the entire range of concentrations studied, as its R2 correlation coefficients were higher than those of the PFO model.



The intraparticle diffusion model is commonly used to identify the mechanisms involved in adsorption. Generally, for this model to be applicable in describing adsorbate fixation phenomena, the plot of Qt versus t0.5 should be linear. Moreover, if this line passes through the origin, it indicates that intraparticle diffusion is solely responsible for the adsorption process, and the rate of intraparticle diffusion is the limiting step in the interaction [94]. However, in some cases, the model may exhibit a multilinear form, suggesting that the adsorption process is controlled by multiple steps [95,96]. For the adsorption of MB and CV by MPC and CC (Figure 25 and Figure 26, respectively), two linear sections were observed, indicating that the adsorption of these dyes by the raw biosorbents is governed by two steps: the diffusion of the dyes into the solid phase, followed by an adsorption equilibrium where the actual binding occurs.



The diffusion coefficients for the adsorption of MB and CV by the raw materials (Table 8) decreased significantly over time. This can be attributed to the fact that, in the initial phase, the high diffusion of these dyes within the adsorbent structure leads to a substantial reduction in the number of pores available for further diffusion. As a result, the movement of molecules within the pores, and subsequently solute diffusion, is hindered [97].




3.2.4. Modeling the Adsorption Isotherms


The parameters obtained from isotherm modeling provide valuable insights into adsorption mechanisms, surface properties, and adsorbent–adsorbate affinities. The two most commonly used two-parameter models are the Langmuir and Freundlich models. However, for a more in-depth understanding of adsorption mechanisms, three-parameter models can also be implemented. Among these, the Sips model (Langmuir–Freundlich) and the Redlich–Peterson model are particularly notable. The applicability of these models can be evaluated based on the value of the R2 correlation coefficient.



The graphical representation of each isotherm (Figure 27 and Figure 28) and Table 9, which summarizes the correlation factors and constants for each model, show that all four models adequately represent the adsorption isotherms of MB and CV on MPC and CC, with R2 > 0.9. However, the Sips and Redlich–Peterson models, overall, provide the most accurate description of our experimental results across the entire studied temperature range.



Table 10 shows the maximum adsorption capacities of MB and CV on some raw biosorbents, including our MPC and CC samples. The comparison demonstrates that our biomaterials have a higher adsorption capacity for MB and CV than several other reported adsorbents. Thus, the selected materials are excellent adsorbents for the removal of cationic dyes.






4. Conclusions


This study investigated the adsorption of methylene blue (MB) and crystal violet (CV) onto raw Maclura pomifera and wild carob washed with cold, warm, or hot water. The physicochemical characterization of the raw biomass revealed that the temperature of the washing water negatively impacts the texture of the biosorbents, reduced their acidic nature, and diminishes the intensity of active functional groups on the surface of both materials. The results show that the maximum adsorption capacity for MB and CV is dependent on the type of biosorbent, with Maclura pomifera exhibiting a higher capacity than wild carob. The wash water temperature adversely affects the adsorption performance of Maclura pomifera, while it has no significant effect on the adsorption capacity of wild carob, indicating that the impact of washing water temperature is material-specific.



The adsorption of MB and CV on raw biosorbents is positively influenced by increasing pH, contact time, or initial dye concentration and is negatively affected by increasing adsorbent dose or ionic strength. The thermodynamic analysis revealed that the biosorption process of MB and CV on raw biosorbents is physical, favorable, and spontaneous. It is exothermic in the case of MB adsorption on Maclura pomifera washed with cold, warm, and hot water, while it is endothermic in other cases. The dye adsorption kinetics for wild carob are slower compared to those of Maclura pomifera. Equilibrium was achieved after 240 min of contact for both MB and CV adsorption on wild carob, after 120 min for CV adsorption on Maclura pomifera, and after 60 min for MB adsorption on Maclura pomifera. The analysis of the kinetic data indicated that intraparticle diffusion is not the rate-limiting step in the adsorption of MB and CV on MPC and CC; it occurs concurrently with second-order kinetics. The Sips and Redlich–Peterson models were found to be the most reliable in describing the adsorption isotherms for MB and CV on MPC and CC across the different studied temperatures.
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Figure 1. N2 physisorption isotherms of raw biosorbants. 
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Figure 2. SEM image of MPC. 
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Figure 3. SEM image of the MPH. 
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Figure 4. SEM image of CC. 
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Figure 5. SEM image of CH. 
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Figure 6. Isoelectric points of raw adsorbents (m = 25 mg, V = 25 mL, stirring speed = 250 rpm, and t = 24 h). 
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Figure 9. The effect of initial pH on the adsorption capacity of MB on Maclura pomifera and wild carob. C0 = 100 mg L−1, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1. 
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Figure 10. The effect of initial pH on the adsorption capacity of CV on Maclura pomifera and wild carob. C0 = 100 mg L−1, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1. 
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Figure 11. Adsorption kinetics of MB and CV on raw materials (C0 = 100 mg L−1, natural pH, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1). 
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Figure 12. The effect of initial concentration on the elimination of MB and CV by MPC (natural pH, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1). 
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Figure 13. The effect of initial concentration on the elimination of MB and CV by CC (natural pH, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1). 
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Figure 14. Effect of MPC and CC mass on MB adsorption (C0 = 100 mg L−1, natural pH, T = 23 ± 2 °C, V = 250 rpm). 
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Figure 15. Effect of ionic strength on the adsorption of MB by raw materials (C0 = 100 mg L−1, natural pH, T = 23 ± 2 °C, V = 250 rpm, r = 1 g L−1). 
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Figure 16. Adsorption isotherms for MB and CV on raw materials (natural pH, T = 20 °C, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 17. Adsorption isotherms for MB and CV on MPC (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 






Figure 17. Adsorption isotherms for MB and CV on MPC (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1).



[image: Applsci 14 10365 g017]







[image: Applsci 14 10365 g018] 





Figure 18. Adsorption isotherms for MB and CV on MPW (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 19. Adsorption isotherms for MB and CV on MPH (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 20. Adsorption isotherms for MB and CV on CC (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 21. Adsorption isotherms for MB and CV on CW (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 22. Adsorption isotherms for MB and CV on CH (natural pH, V = 250 rpm, r = 1 g L−1, 10 ≤ C0 ≤ 300 mg L−1). 
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Figure 23. Nonlinear fit of the PFO and PSO models of MB and CV adsorption on MPC. 
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Figure 24. Nonlinear fit of the PFO and PSO models of MB and CV adsorption on CC. 
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Figure 25. Intraparticle diffusion models for the adsorption of MB and CV on MPC. 
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Figure 26. Intraparticle diffusion models for the adsorption of MB and CV on CC. 
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Figure 27. Non-linear modeling of the MB and CV isotherms on MPC. 
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Figure 28. Non-linear modeling of the MB and CV isotherms on CC. 
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Table 1. Textural characteristics of raw biosorbents by nitrogen gas adsorption.
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	Biomass
	SBET

(m2 g−1)
	SMic

(m2 g−1)
	SExt

(m2 g−1)
	Vtot

(ccg−1)
	Vmic

(ccg−1)
	Vmic/Vtot

(%)
	Dp (nm)
	E0

(kJ mol−1)





	MPC
	237.3
	166.2
	71.1
	0.347
	0.089
	24.42
	6.13
	4.25



	MPW
	234.0
	157.0
	77
	0.332
	0.081
	34.37
	6.35
	4.10



	MPH
	182.4
	129.8
	52.6
	0.215
	0.074
	28.60
	6.34
	4.10



	CC
	79.4
	61.2
	18.2
	0.103
	0.029
	28.15
	5.95
	4.37



	CW
	46.2
	32.6
	13.6
	0.069
	0.018
	26.12
	6.19
	4.20



	CH
	38.0
	26.7
	11.3
	0.061
	0.017
	28.07
	5.31
	4.90










 





Table 2. Elemental composition of raw biosorbents.
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Sample

	
Elemental Analysis (% by Mass)




	
C

	
O

	
Ca

	
S

	
Si

	
K

	
Al

	
N

	
Mg

	
P






	
MPC

	
45.4

	
40.2

	
1.5

	
1.0

	
-

	
0.9

	
4.1

	
5.2

	
0.7

	
1.0




	
MPH

	
62.4

	
36.1

	
0.6

	
0.4

	
-

	
-

	
0.5

	
-

	
-

	
-




	
CC

	
40.4

	
48.1

	
8.9

	
0.5

	
0.4

	
0.8

	
0.9

	
-

	
-

	
-




	
CH

	
52.6

	
47.2

	
-

	
0.2

	
-

	
-

	
-

	
-

	
-

	
-











 





Table 3. Isoelectric points of raw adsorbents.
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	Adsorbent
	MPC
	MPW
	MPH
	CC
	CW
	CH





	pHPZC
	4.78
	5.55
	6.05
	5.20
	5.51
	5.85










 





Table 4. Surface function content of raw samples.
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	Sample
	MPC
	MPW
	MPH
	CC
	CW
	CH





	Total acidity (mmol g−1)
	6.45
	6.12
	5.37
	3.02
	2.97
	2.71



	Total basicity (mmol g−1)
	2.21
	2.12
	2.08
	2.62
	2.54
	2.57










 





Table 6. Thermodynamic parameters of MB and CV adsorption on raw materials.






Table 6. Thermodynamic parameters of MB and CV adsorption on raw materials.





	
Dye

	
Adsorbent

	
∆H0

(kJmol−1)

	
∆S0

(Jmol−1 K−1)

	

	
∆G0 (kJ mol−1)

	




	
283K

	
293K

	
303K

	
313K






	

	
MPC

	
−7.43

	
36.52

	
−17.76

	
−18.14

	
−18.48

	
−18.86




	

	
MPW

	
−6.44

	
37.48

	
−17.02

	
−17.46

	
−17.80

	
−18.15




	
MB

	
MPH

	
−5.91

	
31.60

	
−14.86

	
−15.16

	
−15.49

	
−15.80




	
CC

	
5.74

	
73.23

	
−14.97

	
−15.75

	
−16.45

	
−17.17




	

	
CW

	
2.86

	
62.99

	
−14.95

	
−15.63

	
−16.25

	
−16.84




	

	
CH

	
3.59

	
64.70

	
−14.71

	
−15.39

	
−16.02

	
−16.65




	

	
MPC

	
9.60

	
95.44

	
−17.36

	
−18.42

	
−19.37

	
−20.22




	

	
MPW

	
5.21

	
77.22

	
−16.64

	
−17.42

	
−18.18

	
−18.96




	
CV

	
MPH

	
4.76

	
71.77

	
−15.56

	
−16.25

	
−16.95

	
−17.73




	
CC

	
6.04

	
77.32

	
−15.86

	
−16.60

	
−17.38

	
−18.18




	

	
CW

	
7.61

	
82.55

	
−15.74

	
−16.59

	
−17.38

	
−18.23




	

	
CH

	
4.64

	
72.08

	
−15.78

	
−16.46

	
−17.16

	
−17.95











 





Table 7. Adsorption kinetics of MB and CV on MPC and CC.
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Pseudo-First-Order Model

	
Pseudo-Second-Order Model




	
Material

	
Dye

	
C0

(mg L−1)

	
Qe.exp

(mg g−1)

	
Qe

(mg g−1)

	
K1

(min−1)

	
R2

	
Qe

(mg g−1)

	
K2

(g mg−1 min−1)

	
R2






	
MPC

	

	
25

	
22.24

	
21.77

	
0.169

	
0.998

	
23.11

	
0.013

	
0.991




	

	
50

	
44.58

	
42.94

	
0.157

	
0.981

	
45.94

	
0.006

	
0.999




	
MB

	
100

	
80.09

	
78.65

	
0.119

	
0.962

	
84.65

	
0.002

	
0.989




	

	
150

	
109.37

	
106.85

	
0.137

	
0.983

	
114.45

	
0.002

	
0.995




	

	
200

	
126.91

	
123.83

	
0.200

	
0.972

	
130.83

	
0.003

	
0.995




	

	
25

	
23.25

	
22.89

	
0.098

	
0.975

	
24.20

	
0.007

	
0.992




	

	
50

	
45.11

	
43.34

	
0.153

	
0.967

	
45.50

	
0.006

	
0.999




	
CV

	
100

	
84.92

	
81.59

	
0.059

	
0.940

	
88.16

	
0.001

	
0.982




	

	
150

	
113.69

	
113.41

	
0.019

	
0.998

	
135.16

	
0.0002

	
0.993




	

	
200

	
130.17

	
128.37

	
0.023

	
0.997

	
150.12

	
0.0002

	
0.995




	
CC

	

	
25

	
24.40

	
23.50

	
0.145

	
0.957

	
24.68

	
0.011

	
0.995




	

	
50

	
45.61

	
42.99

	
0.107

	
0.939

	
45.63

	
0.004

	
0.991




	
MB

	
100

	
72.13

	
67.27

	
0.083

	
0.958

	
72.06

	
0.002

	
0.996




	

	
150

	
78.84

	
75.09

	
0.040

	
0.984

	
83.74

	
0.001

	
0.999




	

	
200

	
79.08

	
74.01

	
0.046

	
0.976

	
81.89

	
0.001

	
0.999




	

	
25

	
24.16

	
22.47

	
0.115

	
0.927

	
23.87

	
0.008

	
0.986




	

	
50

	
47.69

	
44.31

	
0.135

	
0.910

	
46.91

	
0.005

	
0.978




	
CV

	
100

	
81.22

	
74.53

	
0.080

	
0.890

	
80.02

	
0.002

	
0.968




	

	
150

	
91.48

	
86.64

	
0.094

	
0.960

	
92.30

	
0.002

	
0.997




	

	
200

	
95.20

	
90.12

	
0.175

	
0.959

	
94.35

	
0.003

	
0.996











 





Table 8. Parameters of the intraparticle diffusion models of MB and CV adsorption on MPC and CC.






Table 8. Parameters of the intraparticle diffusion models of MB and CV adsorption on MPC and CC.





	
Material

	
Dye

	
C0

(mg L−1)

	
Step 1

	
Step 2




	
K1

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R2

	
K2

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R2






	
MPC

	
MB

	
25

	
3.555

	
5.498

	
0.928

	
0.146

	
20.458

	
0.806




	
50

	
5.653

	
14.375

	
0.942

	
0.630

	
37.424

	
0.708




	
100

	
7.721

	
29.675

	
0.986

	
0.048

	
79.806

	
0.760




	
150

	
13.191

	
34.679

	
0.969

	
0.665

	
101.472

	
0.785




	
200

	
11.008

	
64.737

	
0.993

	
0.224

	
124.440

	
0.796




	
CV

	
25

	
2.410

	
6.929

	
0.967

	
0.058

	
22.345

	
0.758




	
50

	
3.148

	
22.544

	
0.887

	
0.233

	
41.236

	
0.789




	
100

	
7.226

	
20.046

	
0.998

	
0.760

	
72.296

	
0.726




	
150

	
11.042

	
−13.304

	
0.982

	
1.597

	
85.738

	
0.770




	
200

	
12.282

	
−8.082

	
0.960

	
1.882

	
97.591

	
0.783




	
CC

	
MB

	
25

	
1.537

	
12.586

	
0.943

	
0.068

	
23.230

	
0.873




	
50

	
3.106

	
19.169

	
0.966

	
0.322

	
39.929

	
0.939




	
100

	
6.706

	
18.965

	
0.958

	
0.824

	
57.204

	
0.953




	
150

	
9.726

	
−2.987

	
0.964

	
1.578

	
51.992

	
0.877




	
200

	
8.000

	
6.171

	
0.950

	
1.305

	
55.848

	
0.950




	
CV

	
25

	
1.395

	
11.208

	
0.920

	
0.213

	
20.397

	
0.782




	
50

	
2.221

	
25.544

	
0.972

	
0.203

	
43.793

	
0.848




	
100

	
3.960

	
34.510

	
0.964

	
0.768

	
67.434

	
0.806




	
150

	
7.035

	
32.812

	
0.928

	
0.610

	
80.357

	
0.882




	
200

	
4.751

	
55.871

	
0.865

	
0.551

	
85.354

	
0.959











 





Table 9. Results of MB and CV isotherm modeling on MPC and CC.
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Materials

	
Dye

	
Temperature (°C)

	
Qe.exp

(mg g−1)

	
Langmuir

	

	
Freundlich

	

	

	
Sips

	

	

	
Redlich-Peterson

	




	
Qm

(mg g−1)

	
KL

(L mg−1)

	
R2

	
KF

(mg g−1) (L mg−1)1/n

	
n

	
R2

	
Qm

(mg g−1)

	
KS

(L mg−1)

	
ms

	
R2

	
KR (L g−1)

	
αR

(L mg−1)

	
β

	
R2






	

	

	
10

	
137.61

	
153.01

	
0.085

	
0.999

	
27.21

	
2.74

	
0.938

	
149.05

	
0.091

	
1.07

	
0.999

	
12.19

	
0.067

	
1.04

	
0.999




	

	
MB

	
20

	
134.43

	
146.92

	
0.079

	
0.998

	
25.79

	
2.79

	
0.961

	
153.01

	
0.070

	
0.91

	
0.998

	
13.19

	
0.120

	
0.94

	
0.999




	
30

	
125.87

	
138.50

	
0.079

	
0.999

	
24.46

	
2.78

	
0.949

	
140.66

	
0.076

	
0.97

	
0.999

	
11.58

	
0.095

	
0.97

	
0.999




	
MPC

	

	
40

	
120.41

	
131.31

	
0.084

	
0.997

	
24.96

	
2.91

	
0.949

	
133.47

	
0.080

	
0.96

	
0.997

	
11.57

	
0.098

	
0.98

	
0.997




	

	
10

	
124.65

	
137.62

	
0.087

	
0.994

	
29.66

	
3.30

	
0.905

	
132.07

	
0.096

	
1.17

	
0.996

	
9.65

	
0.040

	
1.11

	
0.998




	

	
CV

	
20

	
136.59

	
147.46

	
0.094

	
0.999

	
31.46

	
3.22

	
0.926

	
146.04

	
0.097

	
1.03

	
0.999

	
13.20

	
0.080

	
1.02

	
0.999




	
30

	
142.88

	
153.78

	
0.099

	
0.998

	
33.06

	
3.20

	
0.932

	
155.42

	
0.096

	
0.97

	
0.998

	
15.45

	
0.103

	
1.00

	
0.998




	

	

	
40

	
149.16

	
159.56

	
0.110

	
0.998

	
35.42

	
3.22

	
0.936

	
163.62

	
0.102

	
0.93

	
0.998

	
18.62

	
0.131

	
0.98

	
0.998




	

	

	
10

	
73.43

	
74.46

	
0.371

	
0.998

	
30.66

	
5.21

	
0.884

	
75.31

	
0.362

	
0.94

	
0.998

	
29.69

	
0.428

	
0.98

	
0.998




	

	
MB

	
20

	
78.79

	
79.19

	
0.354

	
0.993

	
31.49

	
4.98

	
0.901

	
82.35

	
0.321

	
0.83

	
0.997

	
34.99

	
0.536

	
0.96

	
0.996




	
30

	
80.93

	
81.48

	
0.358

	
0.989

	
32.50

	
4.96

	
0.913

	
86.70

	
0.307

	
0.76

	
0.997

	
41.74

	
0.674

	
0.94

	
0.995




	
CC

	

	
40

	
84.14

	
84.87

	
0.362

	
0.990

	
33.60

	
4.91

	
0.910

	
89.96

	
0.312

	
0.77

	
0.997

	
42.55

	
0.649

	
0.94

	
0.995




	

	
10

	
93.01

	
93.17

	
0.308

	
0.994

	
35.53

	
5.00

	
0.896

	
94.59

	
0.295

	
0.92

	
0.994

	
33.03

	
0.409

	
0.97

	
0.995




	

	
CV

	
20

	
98.88

	
96.76

	
0.363

	
0.990

	
37.59

	
5.03

	
0.901

	
99.08

	
0.335

	
0.88

	
0.990

	
42.85

	
0.540

	
0.96

	
0.993




	

	
30

	
104.80

	
100.99

	
0.419

	
0.965

	
42.40

	
5.35

	
0.956

	
119.12

	
0.254

	
0.53

	
0.998

	
154.52

	
2.662

	
0.88

	
0.993




	

	

	
40

	
108.73

	
103.85

	
0.524

	
0.950

	
45.81

	
5.55

	
0.963

	
130.18

	
0.229

	
0.46

	
0.995

	
218.24

	
3.655

	
0.88

	
0.988











 





Table 10. The maximum adsorption capacities of MB and CV on some raw biosorbents, including our MPC and CC samples.






Table 10. The maximum adsorption capacities of MB and CV on some raw biosorbents, including our MPC and CC samples.





	Adsorbent
	Adsorbat
	Adsorption Capacity

(mg g−1)
	Reference





	Waste ash
	MB
	13.5
	[98]



	Macauba palm
	MB
	27.8
	[99]



	Solanum elaeagnifolium Cavanilles
	MB
	50.6
	[100]



	Watermelon seed hulls
	MB
	57.1
	[101]



	Peanut husk
	MB
	72.1
	[102]



	Gelidium elegans
	MB
	76.7
	[100]



	Sago waste
	MB
	83.5
	[26]



	Wild carob
	MB
	84.1
	This study



	Wood apple shell
	MB
	95.2
	[103]



	Cucumber peels
	MB
	111.1
	[101]



	Maclura pomifera
	MB
	137.6
	This study



	Waste coir pith
	CV
	2.56
	[104]



	Sugarcane dust
	CV
	13.9
	[105]



	Coniferous pinus bark
	CV
	32.8
	[106]



	Kaolinite clay
	CV
	44.2
	[107]



	Almond skin waste
	CV
	85.5
	[108]



	Coffee waste
	CV
	125.0
	[109]



	Wild carob
	CV
	108.7
	This study



	Wood apple shell
	CV
	129.9
	[103]



	Maclura pomifera
	CV
	149.2
	This study



	Royal palm leaf sheath
	CV
	344.8
	[110]
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