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Abstract

:

The current study examines the feasibility of recycling artificially polluted wastewater that contains crystal violet (CV) organic dye by using Azadirachta indica sawdust (AISD) waste as a highly cost-effective adsorbent. Different analytical techniques, viz., SEM/EDX, TEM/SAED, BET, XRD, TGA-DTG, point of zero charge (pHpzc), and FTIR, were used to characterize the adsorbent. Studies of batch adsorption were performed with varying contact times, starting concentrations of CV, pH levels, doses and particle sizes of AISD, and temperatures. After assessing the results using the Langmuir, Freundlich, and Temkin isotherm models, it was observed that the Langmuir model best fits the data. Various models were employed to analyze the kinetic findings, and it was confirmed that the pseudo-second-order model appears to be the most accurate. The values of ΔH° (50.01 kJ mol−1), ΔG° (−10.254 to −5.043 kJ mol−1), and ΔS° (182.47 J K−1mol−1), obtained in a temperature range of 303–333 K, revealed that the process was spontaneous, endothermic, and accompanied by an increase in entropy. Based on experimental findings and their analyses, it was concluded that the adsorbent made from AISD is one of the most effective among those obtained from domestic, agricultural, and industrial wastes. Thus, the present adsorbent can be effectively exploited to make dye-contaminated water reusable.
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1. Introduction


Water free from contamination and toxicity is necessary for human health and well-being, the maintenance of ecosystems, and the growth of the economy [1,2]. The rapid decline in water quality due to pollutants such as heavy metals, dyes, pesticides, and other undesirable substances and the ongoing reduction in freshwater availability are serious issues that cause significant reasons for worry. Declining water quality is also linked with various illnesses and other adverse effects on human health [2,3,4,5]. Dyes are the only pollutant that can be seen with the naked eye, even at very low concentrations, making them unique among other contaminants. The effects of dyes may be either acute or chronic, based on the nature, concentration, and duration of dye exposure. Dyes are known to induce a variety of adverse health effects, including, but not limited to skin irritation, respiratory ailments, mental disorders, and vomiting. In many instances, they are also known to be carcinogenic and mutagenic [6,7,8]. Numerous sectors, such as the rubber, plastics, cosmetics, textile, food, leather, pharmaceutical, photographic processing, wood preservative chemical, pulp and paper, and petroleum industries, employ dyes in their processes [9,10,11]. The dye market is crowded with a lot of dyes, with over 7 × 105 tonnes of annual production [12]. Most dyes have high photo-stability and thermal stability, and removing them from an aqueous system is difficult because of their stable structure, non-biodegradability, and synthetic origin [13,14]. The dye-based industries release effluents that have not been treated or have only been partially treated, thus posing a significant risk to the local flora and animals [15]. The reduction in the amount of light that can penetrate the water due to dyes is one of the most significant environmental concerns associated with their use. This negatively affects the ability of aquatic life to engage in photosynthesis, which, in turn, leads to oxygen deficiency [16]. Crystal violet (CV) is a synthetic dye with a dark purple color. It is used in manufacturing veterinary medication, paint, printing ink, etc. It has been reported that this dye is harmful and persists in the environment for a very long period [17]. In addition to this, it inhibits the growth of bacteria and fungi.



The removal of toxic pollutants from an aqueous medium has been accomplished using various methods, including membrane filtration [18,19,20,21], ion exchange [22,23], photochemical [24,25], electrodialysis [26,27,28,29], coagulation and flocculation [10,30], photocatalysis [31,32], nanofiltration [33,34], electroflotation [35,36,37], manganese dioxide oxidation [38,39,40], reverse osmosis [41,42,43,44], ozonation [45,46,47], electrochemical [48,49], etc. For the detoxification of dye-loaded effluents, it has been noted that adsorption is the most appealing of these approaches. This technique is simple, effective, environmentally benign, and cost-effective. However, selecting an appropriate adsorbent has always been a complex problem. Typical adsorbents such as activated carbon and silica gel should be the first options. Still, their use is limited owing to the expensive cost of these materials and the difficulties associated with recycling. In this context, the adsorbents from natural materials mainly obtained from agricultural and domestic wastes have received considerable attention [27,50,51,52].



Natural materials, widely available as wastes from agricultural operations, are environmentally friendly and could potentially be used to remove dyes from an aqueous medium. Likewise, the sawdust [53] and leaf powder [54] of the neem tree (species: Azadirachta indica) have successfully been used as adsorbents for the removal of malachite green and methylene blue, respectively. Due to its abundance in India, it could be exploited as a prospective and inexpensive adsorbent for the easy treatment of dye-laden water. The present study deals with the adsorption potential of Azadirachta indica sawdust (AISD) for the removal of CV from aqueous systems.



The present research was planned with a prima facie to utilize AISD adsorbent to purify wastewater effectively. A technique for evaluating complete operational parameters was developed, and AISD was employed for CV dye sequestration. The physicochemical parameters (such as pH, amount of adsorbent, contact time, temperature (T), and various dye concentrations at the starting stage) were optimized. Thermodynamic, isothermal, and kinetic investigations were also carried out along with routine characterizations, namely, SEM/EDXS, TEM/SAED, BET, TGA-DTG, XRD, point of zero charge (pHpzc), and FTIR.




2. Experimental Procedure


2.1. Materials


The CV dye of a biological stain grade procured from Fisher Scientific, Mumbai, India was used as received. In the current experiment, the following analytical reagent-grade chemicals and reagents were utilized: HCl (Fisher Scientific, Mumbai, India), CH3COOH (SD Fine Chem, Mumbai, India), NaOH (Merck, Darmstadt, Germany), and KNO3 (CDH, New Delhi, India). A CV stock solution with a concentration of 1000 mg L−1 was produced by dissolving the required quantity of CV in water obtained through the double distillation of deionized water (DDDW).




2.2. Adsorbent Preparation


AISD obtained from the local timber was thoroughly cleaned with DDDW to eliminate debris, filth, and other surface impurities. The cleaned mass was dried for about 2 days in sunlight, beneath a white cotton sheet (with an air gap of at least 4 cm between the mass and sheet), and then, for 20 h in an oven at 80 °C. The dry mass was ground into a powder using a motor-driven grinder and extensively washed with DDDW before filtering through an 80 BSS mesh standard sieve. This sieved powder (80 BSS mesh) was again dried for about 2 h in the oven at 80 °C. The raw material mass was then ground into a powder using an agate mortar and pestle. The powder was then stored in airtight containers.




2.3. Adsorbent Characterization


The point of zero charge (pHpzc) of AISD was determined using the solid addition technique, in which 25 mL of 0.1 M KNO3 was added to several 250 mL conical flasks. Through the drop-by-drop addition of 0.1 M HCl/NaOH to solutions, the initial pH (pHi) was adjusted from 2 to 13. After adding 0.05 g adsorbent to each beaker, they were adequately covered and left for 48 h in a dark place. After measuring the final pH (pHf) of each reaction mixture, the point of zero charge was determined from ΔpH (pHf–pHi) vs. pHi plot, as the intersection point on pHi axis represents the value of pHpzc [55].



A scanning electron microscopy (SEM)/energy dispersive X-ray (EDXS) analyzer (JSM-6510LV, JEOL, Tokyo, Japan) was utilized to investigate the morphologic and elemental characteristics of AISD. Transmission electron microscopy (JEM 2100, JEOL, Tokyo, Japan) was used to examine the size of the adsorbent particles. A surface area analyzer (Smart Sorb 93) was employed to determine the pore volume and surface area of AISD utilizing the Brunauer, Emmett, and Teller (BET) method. X-ray Powder Diffraction (XRD, SmartLab, Rigaku, Japan) was used to investigate the crystallinity or amorphous nature of the adsorbents. The experiments were carried out in a 5°–80° (2θ) range at a 20° min−1 scan rate with a 0.02° step size. FTIR (Fourier Transform Infrared Spectrometry) (1800 IR spectrophotometer, Perkin-Elmer, Waltham, MA, USA) was used to analyze the functional groups of the adsorbents (AISD) in a spectral range of 4000–400 cm−1 on a KBr pellet. Thermogravimetric analysis (TGA) was performed in a nitrogen environment using a thermogravimetric analyzer (Perkin Elmer, Pyris). A heating rate of 20 °C min−1 was maintained in a temperature range of 24 to 750 °C.




2.4. Study of Operational Parameters


Batch adsorption was utilized to optimize the efficacy of AISD in removing CV from synthetically contaminated water. All experiments were performed in 100 mL beakers containing 25 mL dye solution and 0.01 g AISD unless otherwise specified. The batch experiments were conducted after ensuring the pH of the medium was at 7. The peak wavelength (λmax) on a UV-VIS spectrophotometer was adjusted to 588 nm to evaluate the residual concentration of CV in the supernatant collected after adsorption. The equilibrium adsorption capacity (qe) and the removal efficiency (%R) were determined using the following equations:


   q e  =    C o  −  C e       ×   V M   



(1)






   % R =       C o  −  C t       C o       ×   100   



(2)







In the above equations, Co, Ce, and Ct are the starting, equilibrium, and any time concentration (mg L−1), V is the volume (L) of CV taken, and M (g) is the weight of AISD, respectively. A formula similar to Equation (1) was used to compute the adsorption capacity (qt) at any time (t).




2.5. Regeneration and Desorption Experiment


A desorption study was performed using a range of desorbing agents including HCl, NaOH, CH3COOH, NaCl, and DDDW. CV-loaded AISD was extensively cleaned with DDDW to remove the unadsorbed dye. Afterward, 25 mL of each desorbing agent was used to agitate the CV-loaded AISD for 4 h. After desorption, the concentration of CV was determined spectrophotometrically, and desorption was computed using the following equation:


  %   D e s o r p t i o n =    m d     m a    × 100  



(3)







Here, md and ma represent the amount of CV desorbed and adsorbed in mg L−1.





3. Results and Discussion


3.1. SEM/EDXS Analyses


Figure 1a,b show the SEM micrographs (1500×) of AISD and CV/AISD. Upon CV adsorption, the variations in the exterior of the adsorbent are reflected in Figure 1b. The porosity and uneven surface of AISD, as seen in the SEM micrographs, offer a suitable place for the adsorption of CV molecules. A significant change in the elemental composition, as shown in Figure 1c,d (EDXS), is observed, including the inclusion of Cl, which points out the adsorption of CV (C25N3H30Cl).




3.2. TEM Analysis


The TEM image shown in Figure 2a proves the presence of nano-sized particles of AISD ranging from 12 to 42 nm. The nano-ranged particle offers an appropriate surface area to adsorb dye molecules. The SAED pattern (Figure 2b) points out the amorphous nature of the adsorbent, which is further confirmed by the poor crystallinity observed in the XRD studies, which will be discussed in Section 3.4.




3.3. BET Analysis


Nitrogen adsorption/desorption analysis was performed in liquid nitrogen at 77 K to find the surface area and pore parameters of AISD. Figure 3a describes the type IV isotherm of H3 hysteresis with a monolayer followed by multilayered capillary condensation [56,57], indicating mesopores in AISD. A multipoint BET equation in a relative pressure range (P P0−1) of 0.05 to 0.25 (Figure 3b) confirms the surface area of 2.507 m2 g−1. The Barrett–Joyner–Halenda (BJH) method calculated the corresponding pore size distributions, showing that the material exhibits a 7.78 nm pores size (Figure 3a inset).




3.4. XRD Analysis


The XRD patterns (2θ: 5°–80°) shown in Figure 4 (upper inset) indicate that the present adsorbent is a low-crystalline material. The presence of hemicelluloses and lignin is the leading cause of the amorphous nature, as reflected in the XRD pattern of AISD [58]. However, the available crystalline areas of cellulose in AISD are responsible for three peaks in the 2θ range at 16.48°, 22.36°, and 34.54° for AISD. In this context, it is worth mentioning that other investigators have also reported prominent peaks at around 16° and 22° for similar adsorbents such as rubber wood sawdust [59], pinewood [60], Pinus elliotii (slash pine) [61], and Tectona grandis sawdust [62].




3.5. TGA-DTG Analysis


The TGA thermogram of the present adsorbent, shown in Figure 4, indicates that the thermal properties are comparable to those obtained for similar sawdust-based adsorbents, namely, Terminalia arjuna [63]. The obtained thermogram can be represented by the various stages of thermal degradation [63]. The initial stage is associated with moisture evaporation. The maximum weight loss in the latter stage is due to the thermal degradation of the most unstable component, hemicellulose. This is followed by the pyrolysis of cellulose. The most stable component, lignin, was last to degrade. In fact, in the case of lignin, breakdown began at room temperature and proceeded up to the entire temperature range [64].



The DTG thermogram of the adsorbent shown in Figure 4 (lower inset) clearly shows the maximum occurring at 354.02 °C, indicating the highest degradation at this temperature.




3.6. FTIR Analysis


The FTIR spectra obtained for loaded and unloaded AISD were used to better understand the availability of distinct functional groups present on the surface of AISD, which are responsible for various types of interactions resulting in the adsorption of CV dye onto AISD. Figure 5 represents the overlapping FTIR spectra of AISD before and after CV dye adsorption. The pristine AISD spectra indicate a strong wideband at 3400 cm−1 pertaining to the –OH stretching mode and peaks at 2917 and 2846 cm−1 corresponding to the –CH stretching of the alkyl group. The peaks found at 1732, 1619, and 1421cm−1 represent the carbonyl group (C=O stretching vibration), alkene (C=C stretching), amine (–NH bending), alcohol (O–H bending), and alkyl group (C–H bending). Additionally, weak-to-moderate bands in the region of 1232 to 1019 cm−1 occur because of the vibration of an alkyl group (–CH3) and of aliphatic 2° amines (C–N stretching), while the band at 882 cm−1 is due to the C–H (aromatic) group (Figure 5). The shifting of the band position from 3400, 2917, 2846, 1732, 1619, 1421, 1232, 1136, 1080, 1019, 882, 577, and 428 cm−1 to 3412, 2914, 1600, 1457, 1373, 1325, 1222, 1138, 1023, 886 and 636, and 584 cm−1 after adsorption point out the adsorptive participation of the respective functional groups present in AISD.




3.7. Study of Operational Parameters


3.7.1. Adsorbent Dose


The adsorbent dosage occupies a significant position since it controls adsorption performance, which, in turn, helps to eliminate specific dyes. The effect of the adsorbent dose ranging from 0.4 to 4.0 g L−1 on removal efficiency (%R) and adsorption capacity is shown (Figure 6 inset) under the chosen experimental conditions of Co = 100 mg L−1, contact time = 90 min, pH = 7.0, and temperature = 303 K. At equilibrium, the %R improves from 58.32 to 93.36 %, when the adsorbent dosage is increased from 0.4 to 4.0 g L−1. The rise in %R is due to the increasing availability of binding sites at the higher dose. However, as seen in the figure, an opposite trend in adsorption efficiency, i.e., a decrease in adsorption capacity with increasing dose, is observed. This is attributed to the decline in adsorption sites per unit weight of adsorbents at the higher dose. In fact, at higher doses, adsorbent molecules associate and agglomerate, resulting in a reduction in surface area per unit mass of the adsorbent [55]. Therefore, the optimum dose of 0.4 g L−1 was judiciously chosen for further experiments.




3.7.2. Initial Dye Concentration (Co) and Contact Time


At 303 K, at varied starting dye concentrations of CV of 25, 50, 75, and 100 mg L−1, the impact on CV adsorption ability onto AISD was investigated. The findings are plotted in Figure 6. The data demonstrate that the initial 20 min show a significant rise in the adsorption capacity of CV onto the AISD, followed by steady slowing of the dye removal until it achieves equilibrium in around 90 min. The main reason for its rapid removal from wastewater is the abundance of a significant proportion of unoccupied sites on the pristine sorbent surface at the initial stage of CV adsorption. These numbers of operational sites decrease as the adsorption of CV increases with time. Figure S1 depicts the impact of different initial dye concentrations of CV on the adsorption capacity (qe). The graph shows that as the concentration of CV rises from 25 to 100 mg L−1, the adsorbent increases the adsorption capacity. The greater the Co value (initial concentration), the greater the driving factor required to speed the adsorbate bulk transport from the solution to the interface of the adsorbent.




3.7.3. Effect of pH


The pH of the medium controls the degree of ionization and surface charge of the adsorbent, as well, and is therefore considered to be one of the most important controlling factors affecting the adsorption performance of the adsorbent. The impact of solution pH on CV dye sequestration by AISD was investigated in a wide range (2–13) for a typically chosen Co of 100 mg L−1 (Figure 7). With a change in pH from 2 to 7, the qe of the CV dye rose from 5.37 to 145.27 mg g−1 for AISD. A further increase in pH from 7 to 13 shows slight improvement in the adsorption capacity. The figure indicates that there is higher adsorption at a pH above 7. The increasing negative charge on the AISD surface due to the deprotonation of available functional groups has more potential to bind CV molecules at a higher pH. The adsorbent’s point of zero charge (pHpzc) is a remarkable way to understand the substantial influence of pH on adsorption. With the help of the solid-addition method, the pHpzc of AISD was computed to be 6.3 (Figure 7 inset). Thus, at pH > 6.3, the surface AISD acquires a negative charge due to the deprotonation of the functional groups present on its surface and acts as an attractive site for the cationic CV molecules. In light of this, a pH value of 7.0 was chosen for further experiments.





3.8. Adsorption Kinetics


The time-dependent experiments were conducted and analyzed by employing various models, viz., pseudo-first-order (PFOR), pseudo-second-order (PSOR), Elovich (EVH), intraparticle diffusion (IDN), and liquid film diffusion (LDN). The linearized expressions for these models are listed in Table S1 [55]. The kinetic parameters as calculated for these models in the present case involving the adsorption of CV onto AISD are summarized in Table 1. Based on the R2 values for different models, it may be concluded that PSOR best represents the adsorption of CV onto AISD. Thus the rate-limiting step may be chemical sorption or chemisorption involving valency forces through sharing or exchanging electrons between CV and AISD [65].



The PSOR plot for AISD is given in Figure S2, indicating that the t/qt vs. t plots are uniform and have the best correlation coefficient value (R2). Furthermore, the values of qe computed (qcal) using this approach are more closely associated with the experimental qe (qexp) values for AISD. In reality, the PSOR kinetics were already verified as the most fitting model concerning the elimination of CV by various adsorbent materials, as described in Table 2. The present findings are in a range comparable with previously published reported parameters.



The kinetics model may also assess the likelihood of CV adsorption via IDN onto the AISD. The possibility of IDN being the sole rate-limiting step can be indicated by the linear variation of qt vs. t0.5 plot passing through origin with an intercept of 0 [66]. Because the qt versus t0.5 intercept is non-zero (Table 1), we may assume that IDN is not the only rate-limiting step. To follow the LDN framework, the ln (1−F) vs. t plot should exhibit an intercept of 0. Table 1 shows that the LDN constant (D) values are between −0.3063 and −0.0275 for AISD, implying that the liquid film diffusion model is unsuitable for CV dye adsorption.





[image: Table] 





Table 2. PSOR parameters for adsorption of CV onto different adsorbents.






Table 2. PSOR parameters for adsorption of CV onto different adsorbents.





	Adsorbents
	C₀

(mg L−1)
	M

(g L−1)
	K2

(g min−1 mg−1)
	qe

(mg g−1)
	R2
	Reference





	Sugercane bagasse
	60
	0.05
	0.0172
	59.27
	0.9998
	[67]



	Rubber seed pericarp biomass/sulfuric acid
	50
	0.06
	0.444
	87.60
	0.9400
	[68]



	Charred rice husk (CRH)
	50
	0.025
	0.00054
	57.803
	0.9974
	[69]



	Xanthated rice husk (XRH)
	50
	0.025
	0.00060
	71.428
	0.9981
	[69]



	Bio-nanocomposite (Alg-Cst/Kal)
	20
	0.01
	0.0204
	29.24
	0.9999
	[70]



	Tea waste/Fe3O4 magnetic composite
	100
	1.0
	0.0023
	111.11
	0.9970
	[71]



	Coconut husk powder
	100
	0.1
	0.000015
	909.09
	0.9948
	[72]



	Activated Chromolaena odorata biomass
	50
	15.0
	0.000614
	3.223
	0.9999
	[73]



	Olive leaf powder
	50
	0.1
	0.63
	12.32
	1.0000
	[74]



	Activated carbon of lemon wood (ACL)
	10
	1.25
	0.009
	8.545
	0.9664
	[75]



	Magnetized activated carbon of lemon wood (ACL/Fe3O4)
	10
	1.25
	0.0138
	8.648
	0.9730
	[75]



	Eucalyptus camdulensis biochar
	20
	0.5
	0.011
	38.55
	0.8300
	[76]



	Rubber granulate and scrap polyurethane foam composite
	50
	0.1
	0.0734
	14.73
	0.9984
	[77]



	Tectona grandis sawdust
	50
	2
	0.0565
	23.74
	1.0000
	[62]



	Orange peel waste
	50
	2
	0.007
	22.730
	0.9960
	[78]



	Magnetized orange peel waste
	50
	1
	0.004
	46.940
	0.9870
	[78]



	Magnetized polypyrrole/chitosan
	50
	2
	0.0024
	23.732
	0.995
	[79]



	Polyaniline/Tectona grandis sawdust
	50
	0.8
	0.0128
	59.64
	1.0000
	[80]



	Cucumis sativus peels
	50
	5
	0.20
	9.71
	0.9999
	[81]



	AISD
	50
	0.4
	0.00125
	90.909
	0.9970
	Present work









3.9. Adsorption Isotherm


The process governing the elimination of CV by AISD can also be better understood with the help of an adsorption isotherm as it helps us to establish a relationship within an adsorbate–adsorbent system. This relationship of the adsorbate–adsorbent system has been described using various isotherms frameworks. The Langmuir (LR), Freundlich (FH), and Temkin (TN) isotherm models are among them, and have been commonly used for the isotherm investigation. The LR model has relied on the idea that every unoccupied space can be singly adsorbed, having little connection between adsorbed molecules; it focuses on single-layer adsorption. Adsorption happens in a multilayered way with a complex composition of adsorption sites, which is explained under the FH isotherm model. The TN model states that adsorption is associated with the linear reduction in the heat of adsorption with the coverage of the adsorbent surface. The linear isotherm equations for all three models are listed in Table S1 [55].



The LR, FH, and TN isotherms were used to analyze the experimental results for isothermal studies of CV adsorption over AISD. Table 3 lists the variables obtained for various isotherm models at different temperatures as obtained in the present adsorbate–adsorbent system. The LR model was found to be the most suitable, indicating the monolayer adsorption of CV onto AISD, as shown in Figure S3. The maximum single-layer adsorption capacity (qm) was determined to be 270.27 mg g−1 after achieving the equilibrium time (90 min) at 303 K.



Furthermore, there is a non-dimensional factor RL   =  (   1  1 +  K L   C o     ), whose magnitude specifies whether the operation is irreversible (0), linear (1), unfavorable (>1), or favorable (0–1). At 303 K, the determined RL values for CV adsorption onto the AISD are 0.5967, 0.4253, 0.3303, and 0.2700 at Co values of 25, 50, 75, and 100 mg L−1, respectively. The fact that these numbers are in the 0–1 range verifies the favorability of an adsorption process. According to the relevant literature survey (Table 4), one can conclude that the Langmuir isotherm accurately represents the adsorption of CV by a wide range of adsorbents.




3.10. Adsorption Thermodynamics


This study helps us understand the feasibility of the adsorption process under the given set of conditions. Thermodynamic investigations accompanying the adsorption of CV onto AISD were carried out at different temperatures (303, 313, 323, and 333 K). The parameters, namely, enthalpy (ΔH°), entropy (ΔS°), and Gibb’s free energy (ΔG°) changes, were determined by employing the following mathematical formulae:


  Δ  G ° =  −   RTlnK  c   



(4)






    lnK  c   =    − Δ  G °    RT   =   − Δ  H °    RT   +   Δ  S °   R   



(5)







The distribution coefficient is represented by Kc, whereas the other variables have their conventional definitions. Table 5 lists the thermodynamic parameters as calculated from the slope and intercept of the ln Kc vs. T−1 plot (figure not shown). The adsorption process is associated with heat absorption and increased ΔS° at the adsorbent/adsorbate contact point. The increase in negative values of free energy changes with temperature suggests that the feasibility of adsorption increases with the temperature. Consequently, entropy plays a significant role in the adsorption process. Accordingly, the feasibility of adsorption is solitary due to the rise in entropy at the CV/AISD interface. Ultimately, the feasibility of the adsorption increases with an increase in temperature. An increase in entropy accompanying the adsorptive removal of CV by different adsorbents—namely, Terminalia arjuna sawdust [63], sugarcane bagasse [67], alginate/cysteine/kaolinite nanocomposite [70], rubber granulate/polyurethane foam composite [77], magnetized orange peel [78], polyaniline/Tectona grandis sawdust [80], Punica granatum seed [82], etc.—was also reported.




3.11. Adsorption Mechanism


The scheme behind the adsorption pathway must be comprehended to understand the process better. However, before understanding the mechanism of adsorption, two key factors—the geometry and type of the adsorbate, and the adsorbent facet qualities, must be considered. The components present in AISD biomass are cellulose, hemicellulose, and lignin, along with smaller quantities of ash, moisture, volatile matter, etc. The former, as major constituents, contain –OH and –C=O groups, whereas the latter works as a gluing substrate to hold the cellulosic and hemicellulosic units together [83]. SEM/EDXS, TEM/SAED, and BET tests simply illustrated the highly porous surface morphology, small particle size on nano-scale, and good surface area. Since dye molecules in the nanometer scale range could readily permeate into the pores of AISD, this likely increased the binding of CV dye with AISD, and enhanced binding results in the effective removal of CV dye [83,84].



In AISD, the presence and participation of –OH, –C=O, and –NR2 groups in binding CV molecules have been highlighted based on FTIR investigations. The increased adsorption of AISD suggests that dye adsorption is related to hydrogen bonding involving CV’s hydroxyl groups and nitrogen atoms. A similar process was described on a NaOH-treated rice husk surface for the adsorption of CV [85]. Furthermore, the Coulomb force between negatively charged surface functional groups and the CV dye’s positive charge core may significantly influence CV dye adsorption onto AISD. These interactions have been shown in a graphical format in Figure 8. Furthermore, at pH > pHpzc, due to deprotonation of surface functional groups of adsorbents, it becomes strongly negatively charge, which with the positive core of CV shows enhanced binding, resulting in maximal CV dye absorption. When pH < pHpzc, adsorption is much worse because of protonation of the adsorbent surface, which causes electrostatic repulsion. These forecasts are in line with those that have been made previously [86,87,88,89].




3.12. Desorption


Desorption tests with five desorbing agents, namely, NaOH, HCl, CH3COOH, NaCl (0.1 M each), and DDDW, were performed to examine the better utility of the used adsorbent, and the resulting outcome is provided in Table S2. The best desorption was observed with 0.1M HCl.



The adsorbent should be reusable for several repeated adsorption-desorption cycles due to its better utility. In order to access the potential of the present adsorbent, four adsorption-desorption cycles were carried out with 0.1 M HCl solution, and the findings are illustrated in Figure S4. This figure points out that AISD can be effectively utilized for at least four repeated cycles to eliminate CV dye from an aqueous solution. A comparable finding was found when testing the NaOH-modified Luffa aegyptica peel in the adsorption of malachite green dye [55].





4. Conclusions


The current study evaluates the adsorptive performance of AISD in removing CV dye from wastewater. Different batch parameters altered the adsorption capacity of AISD, and it was found that equilibrium was reached in 90 min. The LR isotherm was observed to be best isotherm model with a maximal monolayer adsorption capacity of 270.27 mg g−1. According to the kinetics research, the best model to represent the CV adsorption process onto AISD is the PSOR model, which represents the chemisorption type of adsorption, resulting in strong binding between CV and AISD. The thermodynamic analysis shows that CV adsorptions onto AISD is feasible, endothermic, and has positive ΔS° values. The maximal desorption of CV from AISD-CV for recycling AISD is exhibited by HCl (0.1M). The current study claims that this adsorbent is unique, effective, requires a minimal dose, has a high removal capacity, is economically cheap, and is likely recyclable for up to four cycles of adsorption/desorption for the sequestration of CV dye from wastewater. AISD has strong potential to be modified (chemically and magnetically) for further improvement of its adsorption capacity, separability, and recyclability. The AISD-based adsorbent must be exploited for persistent research on wastewater treatment containing a variety of contaminants, including dyes.
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Figure 1. SEM micrographs (1500×) and EDXS outcomes of AISD adsorbent: before adsorption (a,c) and after adsorption (b,d). 
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Figure 2. (a) TEM image and (b) SAED image of AISD. 
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Figure 3. (a) BET nitrogen adsorption-desorption isotherm (inset—BJH pore size distribution vs. pore diameter plot) for AISD and (b) multipoint BET plot for AISD. 
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Figure 4. TGA plot of AISD (upper inset—XRD pattern, and lower inset—DTG plot). 
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Figure 5. FTIR spectra of AISD and AISD–CV. 
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Figure 6. Effect of CV/AISD contact time on adsorption capacity for different initial dye concentrations at 303 K (inset—effect of adsorbent dose on adsorption capacity and percentage removal). 
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Figure 7. Effect of pH on the adsorption efficiency of CV dye (inset—pHpzc of AISD). 
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Figure 8. Proposed mechanism of adsorption of CV dye on AISD. 
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Table 1. Kinetic parameters for the adsorption of CV onto AISD (experimental conditions: adsorbent dose = 0.4 g L−1, T = 303 K, pH = 7.0, and contact time = 90 min).
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Kinetic Parameters

	
Initial Dye Concentration (Co) in mg L−1




	
25

	
50

	
75

	
100






	
Pseudo-first-order (PFOR)




	
K1 (min−1)

	
0.0417

	
0.0434

	
0.0818

	
0.0509




	
qcal (mg g−1)

	
32.593

	
102.9249

	
95.8035

	
145.5034




	
qexp (mg g−1)

	
44.273

	
84.811

	
114.388

	
144.745




	
R2

	
0.8984

	
0.9689

	
0.9817

	
0.9660




	
Pseudo-second-order (PSOR)




	
K2 (g min−1 mg−1)

	
0.00248

	
0.00125

	
0.00063

	
0.00049




	
qcal (mg g−1)

	
46.948

	
90.909

	
125.000

	
158.730




	
qexp (mg g−1)

	
44.273

	
84.811

	
114.388

	
144.745




	
R2

	
0.9969

	
0.9970

	
0.9979

	
0.9956




	
Interparticle diffusion model (IDN)




	
Kid (mg min−½ g−1)

	
2.63536

	
5.7814

	
8.3504

	
10.645




	
C (constant)

	
16.103

	
26.513

	
26.476

	
32.861




	
R2

	
0.8507

	
0.7603

	
0.8645

	
0.8728




	
Elovich (EVH)




	
β (g mg−1)

	
0.1302

	
0.0572

	
0.0415

	
0.0330




	
α (mg g−1 min−1)

	
21.031

	
24.432

	
24.559

	
31.374




	
R2

	
0.9684

	
0.9426

	
0.9762

	
0.9594




	
Liquid film diffusion (LDN)




	
Kfd (min−1)

	
0.0417

	
0.0998

	
0.0434

	
0.0618




	
D (constant)

	
−0.3063

	
−0.0275

	
−0.1056

	
−0.0914




	
R2

	
0.8984

	
0.9929

	
0.9689

	
0.9710
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Table 3. Isotherm parameters for the adsorption of CV onto AISD (experimental conditions: adsorbent dose = 0.4 g L−1, T = 303 K, pH = 7.0, and contact time = 90 min).
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Isotherm Parameters

	
Temperature in K




	
303

	
313

	
323

	
333






	
Langmuir (LR)




	
qm (mg g−1)

	
270.27

	
285.72

	
322.58

	
370.37




	
KL (L mg−1)

	
0.0270

	
0.0175

	
0.0170

	
0.0168




	
R2

	
0.9978

	
0.9906

	
0.9930

	
0.9933




	
Freundlich (FH)




	
N(constant)

	
1.502

	
1.122

	
1.1189

	
1.109




	
KF (mg1−1/n L1/n g−1)

	
12.3073

	
2.5528

	
5.9097

	
6.60548




	
R2

	
0.9882

	
0.9849

	
0.9888

	
0.9895




	
Temkin (TN)




	
B (= RT b−1; b (J mol−1))

	
55.636

	
18.746

	
21.514

	
21.973




	
KT (L g−1)

	
0.2936

	
0.3330

	
0.7382

	
0.8267




	
R2

	
0.9897

	
0.9654

	
0.9694

	
0.9698
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Table 4. LR isotherm parameters for adsorption of CV onto different adsorbents.






Table 4. LR isotherm parameters for adsorption of CV onto different adsorbents.





	Adsorbents
	M (g L−1)
	KL (L mg−1)
	qm (mg g−1)
	R2
	References





	Sugarcane bagasse
	0.05
	0.349
	107.526
	0.9900
	[67]



	Rubber seed pericarp biomass treated with sulfuric acid
	0.025
	0.510
	567.600
	0.9700
	[68]



	Tea waste/Fe3O4 magnetic composite
	1.0
	0.065
	333.33
	0.9890
	[71]



	Coconut husk powder
	0.1
	-
	454.54
	0.9980
	[72]



	Activated Chromolaena odorata biomass
	15.0
	40.0
	142.85
	0.9960
	[73]



	Olive leaf powder
	0.1
	0.042
	133.33
	0.9640
	[74]



	Activated carbon of lemon wood (ACL)
	1.25
	1.469
	23.64
	0.9704
	[75]



	Magnetized activated carbon of lemon wood (ACL/Fe3O4)
	1.25
	1.366
	35.31
	0.9826
	[75]



	Eucalyptus camdulensis biochar
	0.5
	26.14
	54.64
	0.9700
	[76]



	Rubber granulate (RG) and scrap polyurethane foam (PUF) composite
	0.1
	0.2284
	20.92
	0.9949
	[77]



	Tectona grandis sawdust
	2
	0.038
	131.58
	0.9980
	[62]



	Orange peel waste
	2
	0.210
	138.88
	0.9954
	[78]



	Magnetized orange peel waste
	1
	0.010
	555.55
	0.9912
	[78]



	Magnetized polypyrrole/chitosan
	2
	0.171
	62.893
	0.978
	[79]



	Polyaniline/Tectona grandis sawdust
	0.8
	0.148
	263.2
	0.9890
	[80]



	Cucumis sativus peels
	5
	0.03
	149.25
	0.9944
	[81]



	AISD
	0.4
	0.0270
	270.27
	0.9978
	Present work
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Table 5. Thermodynamics parameters for adsorption of CV onto AISD (experimental conditions: adsorbent dose = 0.4 g L−1, T = 303 K, pH = 7.0, and contact time = 90 min).






Table 5. Thermodynamics parameters for adsorption of CV onto AISD (experimental conditions: adsorbent dose = 0.4 g L−1, T = 303 K, pH = 7.0, and contact time = 90 min).





	
Temperature (°C)

	
30

	
40

	
50

	
60






	
 − ∆G° (kJ mol−1)

	
5.043

	
7.155

	
9.592

	
10.254




	
∆H° (kJ mol−1)

	
50.0128




	
∆S° (J K−1 mol−1)

	
182.467
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