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Abstract

:

The dyeing industry uses many chemicals and dyes. After the dying process is completed, they release a significant amount of dyes in wastewater. The dyes’ color emissions are extremely poisonous and dangerous for aquatic and terrestrial life. Due to the toxic nature of dyes, the current study was carried out to evaluate whether it would be effective to employ an adsorption procedure with leaves from the Adiantum capillus-veneris plant as an adsorbent to remove commonly used textile dyes from an aqueous dye solution and wastewater. The effect of pH, concentration, time and the adsorbent dose on the adsorption process was studied in order to determine the maximum adsorption under ideal conditions. The selected pH was 3; the optimum concentration was 30 ppm with a contact time of 90 min and the optimized adsorbent dose was 60 mg. The absorbent under study showed excellent results when compared with commercial adsorbents i.e., animal charcoal and silica gel. The leaves of the Adiantum capillus-veneris plant revealed a maximum removal of 90.36 percent crystal violet dye (adsorption capacity (Qe) 9.05 mg/g) without any treatment to activate or alter the surface chemistry of the biosorbent. Its effectiveness was also tested with water gathered from several sources, including canal water, tap water, distilled water, and saline water, to determine whether it was practical. In both the canal and the tap water, the adsorbent displayed good removal efficiency. From the results of the current study, it can be inferred that the leaves of the Adiantum capillus-veneris plant are a reasonably priced biosorbent that can be used to remove toxic dyes from wastewater to protect water bodies from toxic pollution and can be used to treat industrial wastewater directly.
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1. Introduction


In the current day, water is one of the most in-demand and scarce resources. The health of people and the sustainability of the environment are now seriously at risk due to water body pollution brought on by discharges from residential, commercial, and industrial wastewater [1]. Food safety, human health, and soil and water pollution are all impacted by industrial and agricultural activities that emit dangerous chemicals into the environment [2]. Organic and inorganic materials are the most prevalent types of contaminants in aquatic environments. Organic compounds, such as volatile solvents, dyes, and other chemicals, make up the majority of industrial effluents [3]. The industries where dyes are most frequently used include textile, paper, plastic, food, leather, and paint [4]. The synthetic dye business produces more than 7∙105 tons worldwide each year, while the textile sector uses more than 10,000 different dyes. Up to 200,000 tons of these dyes are released into effluents each day as a result of improper dyeing methods. Triphenylmethane cationic dyes, the largest family of synthetic dyes, are used only to color proteinaceous fibers [5]. These dye molecules have complicated structures that make them difficult to degrade and refractory, which results in a decreased removal rate during primary and secondary wastewater treatment. Their discharge into the environment leads to severe environmental pollution [6,7]. In addition to harming the aquatic ecosystem, waste dyes that build up in water sources like rivers, lakes, or seas also have a negative impact on human health [8].



Malachite green and crystal violet are two of the triphenylmethane dyes that have been extensively used in the textile, food, aquaculture, and pharmaceutical industries. However, crystal violet and malachite green are exceedingly carcinogenic to a wide variety of organisms due to the existence of an aromatic chromophore group made up of delocalized p electrons, which causes biomagnification. It is very difficult to recycle and reuse industrial wastewater contaminated with such dyes, especially crystal violet dye. Due to its highly toxic nature and stable structure, it is extremely necessary to remove crystal violet from wastewater prior to its discharge to water bodies, and therefore, many researchers are working on the removal of crystal violet from wastewater using proper biosorbents [9,10,11,12,13,14,15,16,17]. For the purpose of removing Crystal Violet (CV) dye, the potential of powdered water hyacinth roots was investigated. At 500 ppm dye, 7.8 pH, and 27 °C, the biosorbent adsorbed 90% of CV at a dosage of 1.5 g L−1 [18]. In batch research, the leaf powder of Clerodendrum fragrans was used as a biosorbent to eliminate CV dye from textile effluent. At 19.44 ppm of CV, 30.9 °C, a solution pH of 5.03, and a biosorbent dosage of 1.27 g, the maximum removal efficiency of 96.72% was achieved [19]. Inactive biomass from Diaporthe schini was an intriguing biosorbent for colored effluents, with an effectiveness of 87% in the decolorization of a CV dye house effluent [14]. Red seaweed treated with citric acid showed a maximum CV biosorption performance of 93.40% from water under pH 7, 1.5 g L−1 of biosorbent, 20 ppm of CV concentration, and 90 min at 20 °C [20]. Crystal Violet Dye (CVD) removal from an artificial aqueous solution was investigated on the marine diatom alga Skeletonema costatum. The greatest adsorption efficiency (98%) was identified at 0.4 g of S. costatum, pH 3, 120 min of contact time, and 25 °C [21]. Modified rice bran (MRB) was investigated for its capacity to remove crystal violet (CV) from industrial wastewater. Chlorosulfonic acid was used for the modification of rice bran. At adsorbent dosage of 2 g L−1, initial CV concentration of 100 ppm, and contact time of 42.75 min, the highest removal effectiveness of 97.4% was achieved [22]. Maximum biosorption was produced by Punica granatum shell (PGS) in 2 h at 25 °C and a pH range of 5 to 10 by using 0.6 g of biosorbent [23].The most popular wastewater treatment techniques include membrane filtration, precipitation, flocculation, coagulation, biosorption, and electrochemical approaches [9,24]. These technologies don’t appear to be particularly effective or advantageous financially.



One of the most effective techniques for removing pollutants from wastewater is the biosorption process. It has been discovered that the design and efficient operation of the biosorption process is efficient and affordable. The biosorption approach, which has great selectivity and is simple to apply at large scales and low concentrations as is the case with textile effluents, appears to be effective at removing a variety of colors [25]. The materials to be employed as adsorbents are typically inexpensive and readily available, and they can be helpful to effluents having a mixture of dyes and have an easy subsequent separation. As a result, it is low-cost effective. Decolorizing textile effluent has been accomplished by using biosorbents made of carbonaceous materials (wood, rice), raw agricultural solid wastes (waste-orange-peels) [26] industrial solid waste (fly ash), wheat straw, apple pomace, natural materials (zeolites, silica), sugarcane bagasse, and biological materials (fungi, bacteria, yeast, and algae). Due to the importance of the topic, in this research work, we used a low-cost biosorbent i.e., powdered dried leaves of Adiantum capillus-veneris plant for the removal of crystal violet dye from aqueous medium without any treatment to activate or modify the surface of the biosorbent. The absorbent also showed good removal efficiency for crystal violet in the river and saline water and the performance is comparable with the commercially available adsorbents which need processing for their preparation and are expensive. Thus, the proposed adsorbent can be used to treat actual wastewater on a large scale without requiring any chemical processing to activate or modify the adsorbent, making the process affordable, straightforward, and efficient. Using the proposed bio-adsorbent also allows for faster wastewater treatment.




2. Materials and Methods


2.1. Materials


2.1.1. Adsorbent


In this study, leaves of Adiantum capillus-veneris plant were used as an adsorbent for the adsorption process to remove crystal violet dye from an aqueous solution (Figure 1a,b). Another part of this plant i.e., stem was also tested as an adsorbent; however, the leaves have shown the most promising results. Thus, the leaves have been chosen for the present study. The Adiantum capillus-veneris plant was collected from Swabi Khyber Pakhtunkhwa province of Pakistan.




2.1.2. Adsorbate


Crystal violet dye (Figure 1c) was used as an adsorbate, which is a cationic dye, a member of the tri-phenyl methane group. It is mainly used in animal and veterinary medicines and as a protein-dye. It is also used in various commercial textile operations. It is a resistant chemical that is both carcinogenic and poorly digested by bacteria. It is also not biodegradable. Therefore, this dye must be removed from wastewater before its discharge for environmental safety.




2.1.3. Chemicals


Crystal violet dye was purchased from Sigma-Aldrich while distilled water was used for the preparation of the solution and ethanol was used for rinsing and cleaning the glass wares. During optimizing pH, HCl (37%) and NaOH pellet DAEJUNG (Gyeonggi-do, Republic of Korea) solutions were used to maintain the pH of the solution. For checking ionic strength, NaCl DEAJUNG (Gyeonggi-do, Republic of Korea) and MnCl2 salts were used. Tap and distilled water was collected from Chemistry Lab at the Women University Swabi, Swabi, Pakistan. However, the canal water was collected from Rashaka Dagai, a village in Swabi.




2.1.4. Instruments


In this study, the instruments used were a digital balance for taking the correct weight of adsorbent and adsorbate, a pH meter for maintaining pH, a UV-Visible spectrophotometer (range 3000, Hamburg, Germany) to find the absorbance, and a digital orbital shaker for shaking the solutions. Fourier transform infrared (FTIR) spectrometer (Affinity-1S FT-IR, Shimadzu, Columbia, MD, USA, 500–4000 cm−1) was used to study the functional groups present while Surface morphologies were investigated with a scanning electron microscope (JSM-5910, JEOL, Tokyo, Japan).





2.2. Methods


2.2.1. Preparation of Adsorbent


The leaves of Adiantum capillus-veneris plant were used as adsorbent. First, we removed leaves from the plant. The leaves were washed several times with tap water and then with distilled water to remove all the dust particles from the leaves. The leaves were dried in sunlight. Then, they were converted into powdered form with the help of mortar and pestle. These powders were sieved through a sieve to remove large particles (Figure 1b).




2.2.2. Determination of Wavelength Maximum of Crystal Violet


In order to determine the wavelength at which crystal violet dye shows maximum absorbance, a 50-ppm stock solution of crystal violet dye was prepared by mixing 50 mg of dye in one liter of distilled water. Then, absorbance was checked at different wavelengths i.e., range from 575 nm to 595 nm. The crystal violet dye shows maximum absorbance at a wavelength of 585 nm. As a result, 585 nm was selected as the wavelength maximum for crystal violet dye (Figure 1d).



According to Beer-Lambert law (Equation (1)), the absorption of light by a substance is directly proportional to its concentration in solution.


A = εCl



(1)




where A (absorbance of the solution), ε (constant), C (concentration of the solution), and l (path length of the cuvette).



Using the formula shown below, the value of Qe (mg/g), which represents the quantity of dye absorbed on the surface of the adsorbent, was determined (Equation (2)).


  Qe =    (  Ci − Ce  )   m  V  



(2)




where Ci is the dye solution’s initial concentration before adsorption in ppm, Ce is the dye solution’s equilibrium concentration in ppm, V is the solution’s volume in L, and m denotes the mass of the adsorbent in g.



Similarly, percent removal was calculated using the following formula (Equation (3)) [27].


   Percent   removal  =   Ci − Ce   Ci   × 100  



(3)










3. Results and Discussion


3.1. SEM and FTIR Spectra of Adiantum capillus-veneris Plant


The SEM images of Adiantum capillus-veneris plant leaves are given in Figure 2a,b. From SEM images it is clear that the porosity was decreased after the deposition of dye, indicating effective adsorption of dye. The FTIR Spectra of Adiantum capillus-veneris plant leaves before and after adsorption are presented in Figure 2c. The major peak at 1024.20 cm−1 is because of C-F stretch, which confirms the presence of aliphatic fluoro compounds in the Adiantum capillus-veneris plant. The peak for aliphatic fluoro compounds ranges from 1000–1400 cm−1. While the small peak at 1205 cm−1 peak shows the presence of C-O, which confirms the alcohols, ethers, carboxylic acid, and esters (the peak range for these compounds is from 1050–1300 cm−1). At 1516.35 cm−1 peak is due to the deprotonated carboxylate group and the small peaks at 1645 cm−1 and 1712 cm−1 are because of H-O-H bending mode. The peak at 1373 cm−1 represents C-H, which confirms the presence of alkanes; however, 2732.87 cm−1 peak is due to the presence of H-O [28]. Alkanes are once again confirmed by a sharp peak at 2920.17 cm−1 representing C-H, while phenols and H-bonded alcohols are also confirmed by a broad peak at 3432.33 cm−1, which may be caused by the presence of O-H. The peak range for these compounds is from 3200 to 3600 cm−1 [29]. The presence of various functional groups such as C-F, -C-O, C=O, -C-N, C=C, OH, C-H can effectively interact with crystal violet dye and can help in its effective removal. A slight shift in peak position and a small change in peak intensity in FTIR spectrum of Adiantum capillus-veneris plant leaves after adsorption of dye indicate effective deposition of dye at the surface of the adsorbent.




3.2. Determination of Adsorption Efficiency of Various Parts of Adiantum capillus-veneris Plant


To check the adsorption efficiency of different parts of Adiantum capillus-veneris plant i.e., leaves and stem for crystal violet dye, a 50-ppm stock solution of crystal violet dye was prepared by mixing 50 mg of dye in 1 L of distilled water. In two 100 mL beakers, 20 mL solution was added using a graduated cylinder. A UV-visible spectrophotometer was then used to measure its absorbance. Following the addition of 0.1 g of adsorbent, both solutions were shaken on a digital orbital shaker for 80 min at 200 rpm. The absorbance of both solutions was then measured again after they had been filtered using filter paper. Finally, the dye solution’s final concentration was estimated. From Figure 3, the percent removal and Qe values of leaves were higher than that for a stem, so leaves were used as adsorbent for further study.




3.3. Determination of Adsorption Efficiency of Adiantum capillus-veneris Plant Leaves Prepared Using Direct Sunlight, Room Temperature, and Oven at 150 °C for Drying


To determine the effect of drying conditions on the adsorption performance, we dried leaves under three different conditions such as at room temperature, under direct sunlight, and oven at 150 °C. After drying, the leaves were ground into a powder with the help of a mortar and pestle. A 20 mL of 30 ppm solutions were added to three 100 mL beakers and then 60 mg of adsorbent was added to each of these solutions. The solutions were placed on a digital orbital shaker for 90 min at 200 rpm. Afterward, following filtration, the absorbance of the filtrate was checked to calculate the final concentration of the dye.



The result shows that absorbent prepared under different conditions showed different performances. From Figure 4, the performance of leaves dried under direct sunlight was the highest, while the lowest performance was shown by the leaves that were dried at room temperature. This might be because the leaves dried in direct sunlight were well dried and yielded uniform powder with small particles size that provide a large surface area, and consequently, the highest removal performance was observed. Thus, for further study, the leaves were dried under direct sunlight.




3.4. Optimization of Initial Dye Concentration


In order to determine the effect of the initial dye concentration of crystal violet on adsorption by Adiantum capillus-veneris plant leaves powder, a 100-ppm stock solution of crystal violet dye was prepared by mixing 100 mg of dye in 1 L of distilled water. This stock solution was then diluted with distilled water to form solutions having a concentration range from 10 to 100 ppm. The absorbance was recorded using UV-visible spectrophotometer and then 100 mg of adsorbent was added to all the solutions (total volume of each solution = 10 mL), which were then placed on a digital orbital shaker at 200 rpm for 80 min. After shaking, all the solutions were filtered using filter paper and again absorbance was recorded to calculate the percent removal of the adsorbate. Figure 5 it is revealed that a maximum percent removal was achieved for 30 ppm dye concentration that was decreased gradually upon a further increase in the initial dye concentration. This may be because of the availability of more binding sites at the surface of the adsorbent when the dye concentration is comparatively low [30]. Therefore, up to 30 ppm the percent removal increased, and then, it decreased with a further increase in the dye concentration. The same dye concentration was also found appropriate by Ilyasse Loulidi using agricultural waste residue for the adsorption of crystal violet dye [31].




3.5. Selection of Adsorbent Dosage


To select the optimum adsorbent dose, a 30-ppm stock solution of crystal violet dye was prepared in 250 mL of distilled water. The absorbance of the stock solution was recorded using a UV-visible spectrophotometer. In 10 (100 mL) beakers, 20 mL volume of the dye was taken using a graduated cylinder and each solution was loaded with a different dose of the adsorbent i.e., 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg. These solutions were then placed on a digital orbital shaker at 200 rpm for 90 min. After shaking, all these solutions were filtered using filter paper. Figure 6 shows a rapid increase in the uptake of crystal violet dye as a function of the adsorbent dose from 10 to 60 mg. Further increase in the adsorbent dose, however, did not result in any appreciable increase in the adsorption capacity; therefore, 60 mg is the optimum adsorbent dose. It might be since at lower adsorbent dosages (less than 60 mg) not enough sites were available for dye molecules. When the adsorbent dose was increased, the percentage removal was also increased which might be because of an increase in the adsorbent surface area. Further increase in adsorbent dose has no significant effect on percent removal. This may be because of numerous interactions, such as aggregation of adsorbent particles at increased dosage [32]. Such aggregation would result in a reduction in the adsorbent’s overall surface area and an increase in the diffusional path length which leads to decreased adsorption capacity [33].




3.6. Determination of Contact Time for Adsorption


Time is one of the most important parameters that can affect the adsorption process. To optimize the contact time, a 30 ppm stock solution of crystal violet was prepared. After then ten 100 mL beakers were filled with 20 mL of 30 ppm dye solution with the help of a graduated cylinder. Each solution was loaded with 60 mg of adsorbent following shaking on a digital orbital shaker (200 rpm) at different contact times. For example, the first solution was shaken for 30 min, the second solution for 60 min, the third one for 90 min, and so on up to 300 min. The absorbance of each solution was monitored following filtration by using filter paper. The maximum percent removal of crystal violet dye was achieved at a contact time of 90 min which is presumed to be the equilibrium time; the amount of dye adsorbed does not show time-dependent change once equilibrated (Figure 7). Thus, within 90 min adsorbent active sites get occupied with dye molecules, and therefore, no further increase in percent removal was observed after 90 min. However, a small decrease in the percent removal of crystal violet might be due to desorption.




3.7. Determination of the Effect of pH on Dye Adsorption


This experiment was performed to check and find the pH at which maximum adsorption will occur. For this, a 30-ppm solution of crystal violet dye was prepared and 10 solutions portions, having 20 mL volume, were taken in ten 100 mL beakers using a graduated cylinder. The pH of the solutions was maintained from 2–11 using 0.2 M HCl and NaOH solutions. Their absorbance was recorded. Each of the solutions was loaded with a 60 mg adsorbent, which was then placed on a digital orbital shaker at 200 rpm for 90 min. Following filtration after shaking for 90 min, the absorbance of the filtrate was recorded. At pH 3, the maximum percent removal was achieved as represented by Figure 8. The structure of the adsorbate, the charge on the adsorbent surface, and the ionization and dissociation of various surface charges on the adsorbent are all controlled by pH, which is crucial for dye adsorption [34]. The pH of the medium affects the strength of the electric interaction between ionized dye molecules. In solutions with varied pH levels, both the adsorbent and the adsorbatefunctional groups that are presentcan be protonated or deprotonated to produce different surface charges, resulting in electrostatic attraction or repulsion between the charged adsorbates and adsorbents [35].




3.8. Comparison of Adsorption Efficiency of Adiantum capillus-veneris Plant Leaves with Animal Charcoal and Silica Gel


A 30 ppm solution of crystal violet dye was divided into three 100 mL beakers with 20 mL of the dye solution in each to compare the adsorption capacity of the leaves powder of the Adiantum capillus-veneris plant with animal charcoal and silica gel. With the help of a UV-visible spectrophotometer, the absorbance was evaluated. Then, 60 mg each of animal charcoal, silica gel, and the powdered leaves of the Adiantum capillus-veneris plant were added to the beakers, which were then shaken on a digital orbital shaker for 90 min at 200 rpm. Following that, the filter paper was used to filter each solution, and absorbance was recorded. Figure 9 shows that the leaf powder of Adiantum capillus-veneris plant exhibits promising results when compared to commercial adsorbents such as animal charcoal and silica gel. The Adiantum capillus-veneris plant leaves are a low-cost adsorbent when compared to animal charcoal and silica gel because these leaves can be directly used for the removal of dye without any treatment.




3.9. Comparison of Adsorption Performance of Adiantum capillus-veneris Plant Leaves in Water Collected from Different Sources


Water can dissolve any substance so the water contains various substances which are different from each other in their behavior towards adsorption. To check the adsorption efficiency of adsorbent in different types of water and its real-world application, experiments were carried out in water collected from various sources such as lab tap water, canal water, and distilled water. For this purpose, a 20 mL stock solution of 30 ppm of crystal violet dye was prepared in all these different types of water, and pH was maintained at 3. A 60 mg of adsorbent was added to all three samples and placed on a digital orbital shaker and shaken for 90 min at 200 rpm. Following shaking, all these solutions were filtered and then the absorbance of the filtrate was noted. The adsorbent showed high adsorption efficiency even in tap water and canal water, 85.46%, and 81.13%, respectively (Figure 10), thus it can be used for the practical removal of toxic dyes from industrial wastewater without any special treatment of Adiantum capillus-veneris plant leaves to convert them into an adsorbent. When the performance of our biosorbent was compared with the reported literature, it has high removal efficiency (Table 1).




3.10. Effect of Ionic Strength on Adsorption Efficiency of the Leaves Powder of Adiantum capillus-veneris


The effect of the presence of salt on the process of adsorption was also checked. A 30-ppm solution of the adsorbate (dye) was divided into eight 100 mL beakers having 20 mL dye solution and 60 mg of Adiantum capillus-veneris plant leaves powder (adsorbent) in each at constant pH 3. The concentration of NaCl was varied in each solution such as from 0.1 M to 0.8 M. Similarly, solutions were prepared for MnCl2 with the same salt concentration i.e., 0.1 M–0.8 M. All the solutions were placed on a digital orbital shaker at 200 rpm for 90 min. After 90 min of shaking, all these solutions were filtered using filter paper and their absorbance was noted. In addition, the absorbance was recorded for the solution without adding adsorbent because wastewater discharged from various industries contains a variety of salts; therefore, this study aimed to examine the impact of the presence of different ions on the process of adsorption [41]. Figure 11 reveals that an increase in salt concentration decreases the percent removal of crystal violet. This might be due to the electrostatic interaction of salt with adsorbate and various functional groups present at the surface of adsorbent as indicated by FTIR analysis, which results in low adsorption of dye molecules at the surface of the adsorbent. However, the adsorption efficiency of adsorbent was comparatively high even at high salt concentrations and thus can be used in saline water and real industrial wastewater.




3.11. Adsorption Isotherms


“Adsorption isotherm” refers to the relation between a substance’s equilibrium concentration and the amount of that substance adsorbed at a particular temperature. The parameters derived from the various models provide important clues about the adsorption mechanism, as well as the surface characteristics and affinities of the adsorbent. The most commonly usedsurface adsorption models for single-solute systems are the Langmuir and Freundlich adsorption models [27,42,43]. Adsorption isotherms are essential for explaining how the adsorbate molecules or ions interact with the adsorbent surface active sites. These isotherms are explained below.



3.11.1. Langmuir Adsorption Isotherm


The Langmuir isotherm is based on homogeneous adsorption, in which the adsorbate can only bind to a fixed number of small, localized sites and cannot move across the plane of the surface. Equation (4) represents the linear form of the Langmuir model.


   1  Qe   =  1   K L  · Qmax   ·  1  Ce   +  1  Qmax    



(4)







Qe is the adsorption capacity (mg/g), Ce (mg/L) is the equilibrium concentration of adsorbate, KL is the Langmuir isotherm constant, and Qmax represents the maximum adsorption capacity of the biosorbent.




3.11.2. Freundlich Adsorption Isotherm


Freundlich isotherm was proposed to explain heterogeneous surface, reversible, multilayer and non-ideal adsorption [44]. The Freundlich isotherm model’s linear form is depicted by Equation (5) [45].


   log   Qe  =   logK  F  +  1 n    logC  e   



(5)




where 1/n (slope) and KF (intercept, log KF) are Freundlich isotherm constants and are related to adsorption capacity, while the adsorption capacity (mg/g) is Qe, and the equilibrium concentration of adsorbate (ppm) is Ce.



Table 2 lists several parameters that were acquired from the Langmuir and Freundlich isotherms after fitting the experimental data (Figure 12a,b) [46,47]. When comparing both of the plots i.e., Langmuir linear plot and Freundlich linear plot, the results reveal the Freundlich isotherm’s regression coefficient/constant (R2) higher than that of the Langmuir isotherm model, indicating non-ideal, reversible, multilayer, and heterogeneous adsorbent surfaces.





3.12. Kinetic Study of the Crystal Violet Adsorption


The kinetics of the adsorption of crystal violet was studied by implementing pseudo-first-order (PFO) [48,49], and pseudo-second-order (PSO) kinetic Equations (6) and (7) [50]. Important details about the chemical route, dye’s adsorption mass transfer mechanism, and diffusion rate can be revealed via kinetic studies [51].



3.12.1. Pseudo-First-Order Kinetic Model


The linear form of the PFO model is mentioned in Equation (6) [46]. Wherein, k1 is the PFO rate constant (min−1), Qt and Qe are the amounts of dye adsorbed (mg/g) at contact time t (min) and equilibrium on the adsorbent, respectively.


  ln  (  Qe − Qt  )  = lnQe −  k 1  t  



(6)







The plot of ln(Qe − Qt) vs. t should give a straight line with a slope of k1 and an intercept of lnQe, allowing for the calculation of the adsorption rate constant, k1 and the equilibrium adsorption capacity [52].




3.12.2. Pseudo-Second-Order Kinetic Model


For PSO model, the equation is given below (Equation (7)).


  t / Qt = 1 /  [   k 2    Qe  2   ]  +    t  / Qe  



(7)







Wherein, k2 is the PSO model’s equilibrium rate constant [27]. The plot of t/Qt vs. t should be linear and should have a slope equal to 1/Qe and an intercept 1/k2Qe.



When we implemented both of the kinetic models on our data, we observed a linear plot for the PSO kinetic model with a linear regression (R2) value of 0.999. However, the linearity was poor in the case of the PFO kinetic model as depicted in Figure 13a. From the results, it can be seen that the adsorption of crystal violet on our selected biosorbent follows PSO kinetics (Figure 13b), wherein the rate-determining phase involves chemisorption, depicting that the electrons are shared or exchanged among cationic dye molecules and Adiantum capillus-veneris plant leaves surface active groups [53]. The parameters determined from both models are mentioned in Table 3.





3.13. Mechanism of Adsorption of Crystal Violet Dye on Leaves Powder of Adiantum capillus-veneris


In the present work, the leaves of Adiantum capillus-veneris plant were used as an adsorbent for the adsorption of crystal violet (CV) dye (Figure 14). FTIR analysis indicated the presence of many functional groups, including C-F, C-O, C=O, -C-N, C=C, and OH, which were actively involved in the adsorption of crystal violet dye. The functional groups at the surface of the adsorbent are all electron-rich, which causes the cationic dye (CV), which carries a positive charge in solution, to have strong electrostatic interaction with the surface of the adsorbent and aid in the dye’s adsorption. The catalytic effect of low pH, such as 3, for the greatest adsorption was revealed by studying the effect of pH on the adsorption process. Compared to very acidic (pH 2) and highly basic (pH 9–11) media, pH 3–8 had a higher percent elimination of the CV dye. The electrostatic repulsive forces between positively charged CV dye and protons, as well as between electron-rich hydroxyl ions and the surface of the adsorbent, accelerated the adsorption of CV dye in the acidic and mildly basic pH range. Meanwhile, the charge neutralization of CV causes a decrease in its percentage removal and, thus, adsorption in a strongly basic media. Similar to this, in a very acidic media, protons compete with the CV dye to electrostatically interact with the electron-rich active sites of the adsorbent, leading to ion exchange and, consequently, a reduction in the percent removal of CV. If we compare the FTIR results before and after adsorption, the leaves of the Adiantum capillus-veneris plant showed a little shift in peak position and a slight change in peak intensity. This change suggests that the dye was effectively deposited at the surface of the adsorbent via strong electrostatic bonding. The results are compatible with the Freundlich isotherm and PSO kinetic model because non-ideal, reversible, multilayer adsorption occurs at heterogeneous sites at the adsorbent. Figure 14 depicts the adsorption mechanism.





4. Conclusions


The leaves of the Adiantum capillus-veneris plant, which are inexpensive and widely accessible, have proven to be an extremely efficient way to remove crystal violet from aqueous solutions. This study unequivocally demonstrates the viability, effectiveness, and affordability of crystal violet removal using Adiantum capillus-veneris plant leaves. The biosorbent under study showed compatible results with commercially available biosorbents and is of low cost. Its performance was also tested in saline water, canal water, and tap water besides distilled water and the removal efficiency achieved in tap water and canal water, were 85.46%, and 81.13%, respectively. Thus, it can be concluded that the Adiantum capillus-veneris plant leaves can be used without any chemical surface treatment and modification to effectively remove dyes from wastewater on a commercial scale.
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Figure 1. (a). Leaves of Adiantum capillus-veneris. (b). The powder form of adsorbent. (c) The structural formula of crystal violet dye. (d) Spectral measurements of absorbance as a function of wavelength of crystal violet dye. 
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Figure 2. SEM images of Adiantum capillus-veneris (a) before (b) after adsorption of dye. (c) FTIR analysis of Adiantum capillus-veneris. 
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Figure 3. Comparison of adsorption performance of different parts of Adiantum capillus-veneris for 50 ppm crystal violet (20 mL) with adsorbent dose 0.1 g, contact time 80 min, and shaker speed 200 rpm. 
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Figure 4. The efficiency of adsorbent dried under different experimental conditions (adsorbent dose 0.06 g, contact time 90 min, concentration 30 ppm, shaker speed 200 rpm, the volume of solution 20 mL). 
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Figure 5. Plot of percent removal of crystal violet as a function of initial dye concentration at 0.1 g of adsorbent dose, 80 min contact time, 200 rpm shaker speed, and the volume of solution, 10 mL. 
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Figure 6. Effect of adsorbent dose on percent removal of crystal violet at 30 ppm dye concentration, contact time 90 min, shaker speed 200 rpm and volume of solution 20 mL. 
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Figure 7. Effect of contact time on percent removal of crystal violet at 0.06 g of adsorbent dose, 30 ppm of crystal violet, shaker speed 200 rpm and the volume of solution 20 mL. 
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Figure 8. Effect of pH of the dye solution on its percent removal when 0.06 g of adsorbent stayed in contact with 30 ppm dye (20 mL) for 90 min at 200 rpm. 
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Figure 9. Comparison of adsorption performance of Adiantum capillus-veneris plant leaves, silica gel, and animal charcoal. 
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Figure 10. Adsorption efficiency of Adiantum capillus-veneris plant leaves in water collected from various sources (adsorbent dose 0.06 g, time 90 min, concentration 30 ppm, pH 3, shaker speed 200 rpm, the volume of solution 20 mL). 
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Figure 11. Removal efficiency of absorbent in the presence of NaCl and MnCl2 at adsorbent dose 0.06 g, contact time 90 min, dye concentration 30 ppm, shaker speed 200 rpm, the volume of the solution 20 mL, and pH 3. 
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Figure 12. (a) Linear plot of Langmuir isotherm. (b) Linear plot of Freundlich isotherm. 
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Figure 13. (a) Pseudo-first order kinetic plot. (b) Pseudo-second order kinetic plot. 
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Figure 14. Mechanism of adsorption of crystal violet dye on leaves powder of Adiantum capillus-veneris as an efficient biosorbent. 
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Table 1. Comparison of our adsorbent with other low-cost biosorbents for removal of Crystal Violet dye.
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	Adsorbent
	Contact Time (min)
	pH
	Initial Concentration (mg/L)
	Adsorbent Dosage (g)
	% Removal
	Reference





	Agriculture wastes residue
	90
	6
	30
	0.2
	82
	[31]



	Lilac leaf powder
	30
	10
	50
	2.5
	90.70
	[36]



	Coconut Husk
	60
	12
	50
	0.6
	81
	[37]



	Cucumis sativus
	90
	7
	50
	0.2
	72.27
	[38]



	Mango stone composite
	30
	8
	400
	0.05
	-----
	[39]



	Coniferous pinus bark powder
	120
	8
	15
	1
	87
	[40]



	Leaves powder of Adiantum capillus-veneris plant
	90
	3
	30
	0.06
	91.26
	Our work
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Table 2. Parameters calculated from adsorption isotherm for the adsorption of crystal violet at the leaves powder of Adiantum capillus-veneris plant.
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Langmuir Isotherm

	
Freundlich Isotherm






	
Qmax (mg/g)

	
KL (L/g)

	

	
R2

	
KF (mg/g)

	
1/n

	
R2




	
18.51

	
0.025

	

	
0.917

	
0.715

	
0.696

	
0.940
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Table 3. The kinetic parameter for the adsorption of crystal violet dye on the leaves powder of Adiantum capillus-veneris plant.
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Pseudo-First Order Kinetic Model

	
Pseudo-Second Order Kinetic Model






	
k1

	
Qe

	
R2

	
k2

	
Qe

	
R2




	
0.01 min−1

	
1.08

	
0.534

	
0.364

	
8.62

	
0.999
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