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Abstract

:

The removal of color from dye wastewater is crucial, since dyes are extremely toxic and can cause cancer in a variety of life forms. Studies must be done to use cost-effective adsorbents for the removal of color from dye effluents to protect the environment. To our knowledge, virtually no research has been done to describe the possibility of using Calotropis gigantea leaf extract zinc hydroxide nanoparticles (CG-Zn(OH)2NPs) as an adsorbent for the decolorization of Coomassie violet (CV) from the aqueous emulsion, either in batch mode or continuously. In the present batch investigation, CV dye is removed from the synthetic aqueous phase using CG-Zn(OH)2NPs as an adsorbent. The synthesized nanoparticles were characterized using various instrumental techniques such as Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDS) and Brunauer–Emmett–Teller (BET) surface area and pore volume, a particle size analyser, and zero-point charge. The decolorization efficacy of CV dye from an aqueous phase by the adsorbent was examined in batch mode by varying process parameters. The consequences of various experimental variables were optimized using response surface methodology (RSM) to achieve the maximum decolorization efficiency (90.74%) and equilibrium dye uptake, qe (35.12 mg g−1). The optimum pH, dye concentration, CG-Zn(OH)2NPs adsorbent dosage, and particle size were found to be 1.8, 225 mg L−1, 5 g L−1, and 78 μm, respectively for CV dye adsorption capacity at equilibrium. The adsorbent zero-point charge was found to be at pH 8.5. The Langmuir isotherm model provided a good representation of the equilibrium data in aqueous solutions, with a maximum monolayer adsorption capability (qmax) of 40.25 mg g−1 at 299 K. The dye adsorption rate follows a pseudo-second-order kinetic model at various dye concentrations, which indicated that the reaction is more chemisorption than physisorption. The negative values of ΔG and positive values of ΔH at different temperatures indicate that the adsorption process is spontaneous and endothermic, respectively. Reusability tests revealed that the prepared nanoparticles may be used for up to three runs, indicating that the novel CG-Zn(OH)2NPs seems to be a very promising adsorbent for the removal of Coomassie violet dye from wastewater.
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1. Introduction


One of the most active areas of modern material science research is nanotechnology. With its applications in science and technology for the creation, enhancement, and utility of nanostructures, nanotechnology is rapidly expanding [1]. The dimensions of nanoparticles range from 1 to 100 nm. Due to the growing demand for nanoparticles in several fields, such as medicine, biosensing, catalysis, antibacterial, antioxidant, etc. green nanoparticle synthesis has received a lot of attention from researchers over the past two decades [2]. In nanobiotechnology, which employs environmentally friendly methods for the synthesis of nanoparticles using algae, fungi, and plants, the principles of green chemistry have played a significant role [3]. The textile dyeing and garment sector have major economic and social significance worldwide, owing to their rapid industrial development over the past decade [4]. This sector is becoming a source of excessive discharge of pollutants into various ecological areas, and immediate attention must be paid to the circumstances of a crucial need for clean water for a growing world population [5]. The synthetic dye Coomassie violet (CV) is a water-soluble anionic dye and is used in textiles, leather, paper, rubber, cosmetics, printing, and the plastics industries to colour products; it is extremely tough to remove from water bodies due to its complex aromatic molecular structure [6]. Without adequate treatment, the industry discharges effluent that contains a significant quantity of dyes, heavy metals, and dissolved organic components, which can raise the effluent’s toxicity and chemical oxygen demand (COD) [7,8]. In addition to posing a significant threat to human and livestock health, industrial effluent contamination of water bodies also causes aquatic organisms to die, and prevents sunlight from reaching them, which in turn affects the dissolved oxygen concentration, reducing their ability to produce photosynthesis and making them immune to photochemical action [9]. The removal of color from dye wastewater is crucial, since dyes are extremely toxic and can cause cancer in a variety of life forms. According to reports, the majority of azo dyes are the major cause of chromosomal abnormalities in mammalian cells, splenic sarcomas, hepatocarcinoma, and bladder cancer in humans. A low concentration of CV (less than 1 mg L−1) can be the reason for skin infection, dermatitis, and allergenic reactions, and can lead to cancer-causing, bio-accumulative, toxic, carcinogenic, and mutagenic effects in aquatic organisms and humans [10]. Before being discharged into the receiving water bodies, the effluents must be treated to reduce their dye concentration to an acceptable and tolerable level [11]. Due to their intricate structure, CV dyes are poisonous, even at low concentrations, and are very challenging to remove. Because of this, their concentrations must be lowered to safe levels before being released into the environment. Therefore, the removal of CV from wastewater is of utmost importance to protect the environment and the aquatic life, before the discharge of the effluents into the environment [12].



Conventional treatment methods such as the Fenton process, electrochemical treatment, photocatalytic degradation, biodegradation, ozonation, coagulation, membrane filtration, and sonication have been proposed for the removal of dyes and hazardous chemicals from effluents [13]. However, these technologies have several drawbacks, including high capital and operating cost, the complexity of the treatment processes, the issue of disposing of sludge, and the requirement of a lot of energy and chemicals which could pollute the water [14]. These procedures are inefficient and expensive, making them unsuitable for India, a developing nation. Amongst the various methods used, adsorption is one of the most effective, economical, and efficient methods for removing hazardous chemicals and dyes from wastewater [15]. This method has several advantages, the most important of which are its adaptability, simplicity of design, ease of operation, insensitivity to toxic pollutants, the ability to recover and reuse adsorbent, and the absence of the production of toxic substances [16]. The principles of green chemistry have played a significant role in nanobiotechnology, as it relies on the participation of green and environmentally friendly routes, using plants for the synthesis of metal nanoparticles [17]. The plant extract-mediated synthesis routes of nanoparticles are easy to use, biocompatible, cost-effective, and non-toxic methods that do not pose a biohazard [18]. They contain terpenoids, flavonoids, and phenol derivatives, as well as plant enzymes such as hydrogenases and reductases, which reduce metal salts and prevent nanoparticle aggregation by acting as reducing and capping agents [19]. Phytochemical analysis of leaves revealed the presence of carbohydrates, tannins, alkaloids, steroids, triterpenoids, flavonoids, saponins, sugars, and protein [20]. There are various metal oxide nanoparticles such as TiO2, CuO, Fe2O3, MgO, and Zn(OH)2, extracted from different plant leaves, that have been studied for the removal of pollutants from aqueous solutions [21]. Of these, zinc hydroxide nanoparticles (Zn(OH)2NPs) have gained more interest because of their ease of production, fewer chemical requirements, and good chemical and electrical properties. The Zn(OH)2NPs are employed in a variety of fields, including those of environmental, pharmacology, chemical sensing, textiles, electronics, catalysis, healthcare, cosmetics, and semiconductors [18,22]. Additionally, these nanoparticles are more eco-friendly, because they do not result in the formation of harmful substances. Modified Zn(OH)2NPs have been reported to have good semiconductor properties, UV filtering, wound healing, and antimicrobial properties. The green synthesized nanoparticles exhibit great medicinal applications in the fields of targeted drug delivery, wound healing, cytotoxicity, bioimaging and analgesics, with anticancer, anti-diarrheal, antipyretic, insecticidal, anti-inflammatory, antibacterial, and antioxidant properties [23,24]. They are also used in the manufacturing of paints and rubber, the degradation of bacterial biofilm, dyes, and the removal of heavy metals, sulfur, and arsenic from wastewater [25].



Many studies have reported the use of plant leaf extracts such as Ocimum sanctum, Pterocladia Capillacea, Nephelium lappaceum, Ligustrum lucidum, Rosmarinus officinalis, and Croton bonplandianum as a reducing agent for the synthesis of green nanoparticles and for the removal of colour from simulated dye effluents [26,27]. These green synthesized Zn(OH)2 nanoparticles provide an attractive alternative for the treatment of dye wastewater, especially if the adsorbent is insensitive to toxic pollutants. Khan et al. [28] investigated preparing zinc oxide nanoparticles (ZnO-NPs) using Passiflora foetida fruit peel following a regulated ultrasound cavitation method, and studied the photocatalytic activity to degrade Methylene blue and Rhodamine. Faizal et al. [29] studied bio-augmented ZnO-NPs prepared from aqueous fruit extracts of Myristica fragrans, and their use as a photocatalytic agent to degrade Methylene blue. Kaliannan et al. [30] studied the synthesis and use of nano silica from Saccharum officinarum leaves as an adsorbent to remove heavy metal ions Pb2+ and Zn2+ from aqueous solutions. Ahodashti et al. [31] synthesized silver nanoparticles using Convolvulus fruticosus leaf extract, and studied their photocatalytic degradation of Basic blue and Eriochrome black contaminants. Manojkumar et al. [32] examined the green synthesis of zinc oxide nanoparticles using Brassica oleracea var. botrytis leaf extract, and their photocatalytic degradation of Thiazine dye. Ahmed et al. [4] utilized an eco-friendly method to synthesize silver nanoparticles from a locally isolated bacterial strain Bacillus marisflavi TEZ7, and employed them as photocatalysts to degrade azo dyes such as Direct blue, Methyl red, and Reactive black. Nonetheless, a literature review revealed that only a few studies on the preparation of Zn(OH)2 have been reported, and no study on the application of Zn(OH)2-based green synthesized nanoparticles on Coomassie violet dye adsorption has been published. The expulsion of CV colour from wastewater utilizing zinc hydroxide nanoparticle adsorbent prepared from Calotropis gigantea leaf extract (CGLE) is an area that has not been investigated a lot. Studies need to be conducted to evaluate the use of Calotropis gigantea leaf extract zinc hydroxide nanoparticles (CG-Zn(OH)2NPs) for the removal of colour from wastewater. The results of different parameters on the elimination of CV from dye wastewater were based on previously published works, but not for the CG-Zn(OH)2NPs adsorbent and CV dye combination. To our knowledge, virtually no research has been done to describe the possibility of using CG-Zn(OH)2NPs as an adsorbent for the decolorization of CV from the aqueous emulsion, either in batch mode or continuously. The use of low-cost adsorbents to remove the color from wastewater requires further research. As a result, an effort has been undertaken to use green synthesized nanoparticles to remove CV dye from wastewater. Utilizing the CG-Zn(OH)2NPs adsorbent, response surface methodology (RSM) studies have not yet been carried out to optimize the process parameters for the decolorization of CV dye. In batch investigations, a kinetics and isotherm model that is appropriate for a decolorizing CV from synthetic dye wastewater using CG-Zn(OH)2NPs adsorbent must be developed. The Calotropis gigantea leaves are economically feasible, widely accessible natural materials in India, as they can easily be cultivated from seeds. The leaves of C. gigantea contain pinoresinol, medioresinol, uzarigenin, calotropin, calactin, calacitnic acid, calacitnic acid methyl ester, etc. which have been used for the production of secondary metabolites [23]. The green synthesized nanoparticles have shown excellent performance at the laboratory scale for the treatment of dye wastewater. The present study aims to synthesize nanoparticles by a simple alkaline precipitation method and investigate the CG-Zn(OH)2NPs’ adsorption capacity on Coomassie violet as a model anionic dye. The effects of different parameters such as initial pH, the dosage of adsorbent, initial adsorbate concentration, size of the adsorbent particle, shaking rate, and ionic strength on the adsorption process were investigated, and the process independent variables were optimized using central composite response surface design. Using the optimal value of various experimental parameters, isotherm, thermodynamic, kinetic, desorption, and reusability studies were carried out.




2. Materials and Methods


2.1. Reagents and Materials Required


An anionic dye, Coomassie violet analytical reagent grade (Molecular formula = C41H44N3NaO6S2, dye content = 50%, molecular weight = 761.92, λmax = 545 nm, purity = 99.8%), supplied by Sigma Aldrich, Bengaluru, India, is used in the study. All other chemicals such as sodium chloride, hydrochloric acid, sodium hydroxide, methanol, ethanol, sodium nitrate, magnesium chloride, and zinc nitrate used are of analytical grade and were collected from Merck, Mumbai, India. Calotropis gigantea plant leaves for the preparation of zinc hydroxide nanoparticles were gathered nearby in Udupi District, Karnataka State, India.




2.2. Preparation of CV Dye Stock Solution


A stock solution of CV dye (1 g L−1) was prepared by dissolving 1 g of CV dye powder in 1000 mL distilled water and the decolorization experiments were performed by adding pH-adjusted distilled water (using 0.1 N HCl or 0.1 N NaOH) to the stock solution to obtain the required concentration range. The dye solution’s final pH was measured as the required range after dilution. Figure S1 depicts the CV dye structure.




2.3. Green Synthesis of Zinc Hydroxide Nanoparticles


Fresh leaves of Calotropis gigantea (CG) were washed thoroughly with distilled water to remove dust and other adhering impurities and dried under sunlight for 24 h (3 days). The dried CG leaves were powdered and stored for further experiments. Around 20 g of CG leaves’ powder was put in a 250 mL beaker containing 150 mL of distilled water, and was stirred using the magnetic stirrer at 373 K for 0.5 h. The contents were cooled and filtered with Whatman No. 1 filter paper (pore size 11 µm, sheet size 125 mm Ø) to obtain a yellowish-green leaf extract and to remove the residues. The filtrate extract was stored in a refrigerator at 277 K for the synthesis of CG-Zn(OH)2NPs [32]. To obtain CG-Zn(OH)2NPs, 100 mL of prepared leaf extract was mixed with 250 mL of 0.05 M zinc nitrate (Zn(NO3)2), and the contents were mixed thoroughly at 500 rpm for 5 min. Then, 100 mL of 1 M NaOH solution was added dropwise to this mixture and placed at 343 K in a water bath until a pale white precipitate was obtained, which indicated the formation of zinc hydroxide nanoparticles, and the supernatant was discarded. The semi-solid (precipitate) was dried in the hot-air oven at 343 K for 24 h, and the final product was ground and screened to obtain particles <100 μm in size [33]. The pale white CG-Zn(OH)2NPs powder was stored in an airtight bottle for further use in adsorption studies. The phytochemicals present in the plant leaf extract can act as reducing agents, converting the metal precursors into metal nanoparticles. Phytochemical materials contain antioxidants and toxic-free compounds; consequently, they are capable of acting as stabilizing as well as reducing agents [32]. Figure 1 depicts the schematic representation CG-Zn(OH)2NP synthesis. The possible reaction mechanisms in the preparation of CG-Zn(OH)2NPs are given below [34].


  Zn (  NO 3   ) 2  + CG   leaf   extract   →  Zn  2 +   +  NO  3 −    










  NaOH →  Na +  +  OH −   










   Zn  2 +   + 2  OH −    →   Zn ( OH  ) 2  ↓  












2.4. Analytical Measurements


A digital pH meter (Systronics 335, Bengaluru, Karnataka State, India) was used to observe the dye solution pH, and a particle size analyzer (Cilas 1064, Orleans, France) was used to determine the CG-Zn(OH)2NPs adsorbent particle size. Using a Brunauer– Emmett–Teller (BET) surface area analyzer (Smart Instruments, Dombivli, Maharashtra State, India), the prepared adsorbent surface area and pore volume were calculated. Field-emission scanning electron microscopy (FESEM) (Carl Zeiss, Oberkochen, Germany) was used to examine the surface morphology of the adsorbent before and after adsorption. Energy-dispersive X-ray spectroscopy (EDS) (Carl Zeiss, Oberkochen, Germany) was used to determine the elemental composition of the adsorbent. The thermal stability of the prepared adsorbent was evaluated using a thermogravimetric analyzer (TGA) (TA Instruments, Newcastle, USA). The crystallinity of the adsorbent was examined using an X-ray diffraction analyzer (XRD) analyzer (Rigaku Ultima IV, Tokyo, Japan). The functional groups in the adsorbent and CV dye molecules loaded on the particle surface were determined using Fourier transform infrared spectroscopy (FT-IR) (Shimadzu 8400S, Kyoto, Japan) analysis. Using a precalibrated double-beam UV/visible spectrophotometer (Shimadzu UV-1800, Kyoto, Japan), the absorbance at the wavelength of 545 nm was measured to determine the unknown residual dye concentration after CV dye adsorption.




2.5. Batch Adsorption Experiments


The adsorption studies were carried out in batch mode to investigate the effectiveness of CG-Zn(OH)2NPs as an adsorbent for the decolorization of CV anionic organic dye from effluent at room temperature. Batch adsorption experiments were conducted in 250 mL Erlenmeyer flasks with 100 mL CV dye solution by changing the degree of one variable and keeping the degree of different factors consistent. The adsorption isotherm studies were performed by changing the initial dye concentration with a constant amount of nanoparticle dosage. The solutions were then put on a mechanical shaker and shaken at 150 rpm for 24 h at 299 K. After the adsorbent reached equilibrium, the feed solution was centrifuged to isolate the adsorbent and the clear fluid was examined for remaining CV dye concentration, utilizing a UV/visible spectrophotometer. Kinetic studies were performed by analyzing the different residual concentrations of CV dye at regular time intervals. The quantity of CV dye that accumulated on the particle surface at equilibrium (qe) and at time t (qt) was computed using Equations (1) and (2), respectively [10,35].


    q   e   =       C   o   −   C   e     V   W    



(1)






    q   t   =       C   o   −   C   t     V   W    



(2)







The percentage of dye removal is calculated by Equation (3) [10]:


  %   C V   d y e   r e m o v a l =       C   o   −   C   t         C   o     × 100  



(3)




where Co and Ce are the starting and saturation concentrations of CV in the solutions (mg L−1), respectively. Ct stands for dye concentration at contact time ‘t’ (mg L−1), V refers to CV dye solution volume (L), and W refers to the dry CG-Zn(OH)2NPs’ adsorbent mass (g).




2.6. Experimental Design and Optimization of Process Parameters


A response surface methodology was used to optimize the process parameters within the limited number of runs and investigate the relationship between decolorization efficiency and operating variables. The experimental design was built using Minitab 16 software; central composite design (CCD) was applied to lead decolorization experiments, and a regression model was proposed. The CCD utilizes a multilevel design with axial points along with a central point to fit the quadratic model [36]. The initial pH (X1), initial concentration of CV dye (X2), adsorbent dosage (X3), and adsorbent particle (X4) are considered important factors to examine the dye removal efficiency and equilibrium dye uptake (qe). Agitation speed and temperature were held constant. The response variables in this study are the decolorization efficiency and equilibrium dye uptake (qe). Various groups of process factors were utilized to analyze the common impact of different parameters utilizing statistically designed runs. The variable levels were coded as −1 (low), 0 (middle), and 1 (high). The number of experiments (N) was calculated as follows [37].


N = k2+ 2k + cp



(4)




where k refers to the factor number and cp is the central point replicate number. The coded values of experimental factors were acquired from Equation (5):


    x   i   =       X   …   −   X   o       δ X     i = 1 , 2 , 3 , ... , k  



(5)




where xi is the non-dimensional value of the experimental factor, Xi refers to the actual value of an independent variable, Xo for the value of Xi at the middle point and   δ X   denotes the step change. A second-order polynomial regression equation, as shown in Equation (9), is used to predict the response by considering the input parameters [10,37].


    Y   p   =   α   o   +   ∑  i = 1   n      α   i     x   i     +   ∑  i = 1   n      α   i i     x   i   2     +   ∑  i , j = 1 , j ≠ i   n      α   i j     x   i     x   j      



(6)




where Yp is the calculated response variable obtained from RSM; αo is the coefficient offset term, and αi, αii, and αij refer to the regression coefficients for the linear, quadratic, and interaction effects, respectively. Each coefficient of sign recommends the direction of the relationship with the response variable. In this study, 31 trials with various groupings and seven repeats at the middle points were performed. An analysis of variance was performed, given the proposed model, to figure out the association between the factors and the response. The nature of fit for the regression model was denoted by the regression coefficient (R2, R2adj, R2pred), which has been calculated by corresponding the trial results with the anticipated response values. The statistical importance was verified by the F-test in a similar program. The probability level, P, has been used to verify the importance of each of the relations between the variables, and t-tests were utilized to assess the significance of the regression coefficient. Model terms were chosen or dismissed based on the probability value, with a 95% certainty level. For linear, square, and interaction effects, smaller p values (less than 0.05) and larger t-test values are more important in the selected model at the corresponding coefficient terms [38,39]. The calculated responses (Yp) are contrasted with the experimental results (Ya) to confirm the predicted results acquired by RSM. The model equation’s acceptable precision is predicted using the absolute average deviation (AAD) and the root mean square error (RMSE). The following Equations (7) and (8) are used to calculate the AAD and RMSE, respectively. Table 1 displays the experimental ranges and levels of various factors for the CV dye decolorization process.


  A A D =   1   N    ∑        Y   p   –   Y   a       Y   a         × 100  



(7)






  R M S E =      1   N    ∑        Y   a   −   Y   p       2         



(8)








2.7. Equilibrium Isotherm Modeling Studies


Adsorption isotherms are crucial in optimizing the usage of adsorbents for the removal of adsorbates from the aqueous phase, because they explain the interaction between adsorbate concentrations and particle surfaces. The pertinent adsorption equilibria are necessary for the study and design of the sorption process. The adsorption isotherm plays an important role in finding the adsorption capacity of the adsorbent [40]. It expresses the equilibrium relationship at a constant temperature between the amount of dye adsorbed on the particle surface (mg g−1) and the concentration of adsorbate that remains in the aqueous phase (mg L−1). The solute uptake capacities of adsorbent for various pollutants in effluent were dependent on the surface properties of the solid particles and the interaction of adsorbent with solute. Various isotherm models were applied to the experimental equilibrium data to predict the homogeneous or heterogeneous nature of the adsorption. The traditional isotherm models used in the study are Langmuir (Equation (9)), Freundlich (Equation (10)), and Temkin (Equation (11)), and are shown below, respectively.



Langmuir isotherm [41]


    1     q   e     =   1     q   m a x     +   1     q   m a x     K   L     C   e      



(9)







Freundlich isotherm [42]


    log   ⁡    q   e     =   log   ⁡    K   F     +   1   n     log  ⁡    C   e      



(10)







Temkin isotherm [42]


    q   e   =   R T     b   T     l n     K   T   +   R T     b   T       ln  ⁡    C   e      



(11)




where KL is the Langmuir isotherm constant expressed as L mg−1, qm refers to the utmost adsorption capacity of the adsorbent, expressed in mg g−1 to form a monolayer, qe is the adsorption capacity at saturation in mg g−1, KF is the Freundlich constant in L g−1, 1/n is the constant of adsorption intensity (heterogeneity factor), KT refers to Temkin isotherm constant in L g−1,     R T     b   T       suggests the heat of adsorption,     b   T     is the adsorption energy in kJ mole−1, and T refers to the absolute temperature in K and R for the universal gas constant, expressed as J mole−1 K−1. The features of the Langmuir isotherm can be explained by the equilibrium parameter, RL, which evaluates whether the adsorption is favourable or not, and the dimensionless separation factor is expressed by the following Equation (12) [41]:


    R   L   =   1   1 +   K   L     C   o      



(12)







The value of RL = 0, RL = 1, 0 < RL< 1, and RL > 1 suggests that the process is irreversible, linear, favourable, and unfavourable, respectively. The correlation coefficients R2, Chi-square error     χ   2    , and adsorption capacity at equilibrium qe, were evaluated to determine the model’s applicability and suitability [7]. An origin software tool was used to perform linear regression, and the least-squares method was extensively utilized to evaluate the isotherm constants. Equation (13) was used to determine the value of     χ   2     [9,10]:


    χ   2   =  ∑  i = 1  n          q   e , e x p t   −   q   e , c a l c       2       q   e , c a l c      



(13)




where qe,expt and qe,calc are the saturation experimental adsorption capacities of CV (mg g−1) and the isotherm model values that correspond to them.




2.8. Thermodynamic Studies


The thermodynamic investigation is essential to explain the nature of the adsorption process. The effect of temperature on the decolorization of CV onto the CG-Zn(OH)2NPs adsorbent was analyzed by carrying out equilibrium experiments at various initial dye solution concentrations at temperatures ranging from 299 K to 323 K. The adsorption equilibrium constant, Ka (L g−1), was calculated from Equation (14) [43]:


    K   a   =   q   m a x     K   L    



(14)







The thermodynamic parameters such as Gibbs free energy change, ΔG (kJ mole−1), enthalpy change, ΔH (kJ mole−1), and entropy change, ΔS (kJ mole−1 K−1) of the adsorption process for the decolorization of CV dye were evaluated via Equations (15) and (16), below [44].


  Δ G = − R T   l n     K   a      



(15)






    ln  ⁡    K   a   =   ∆ S   R   −   ∆ H   R T      



(16)







The activation energy, Ea (kJ mole−1), of the adsorption process can be calculated using the Arrhenius equation (17), which can be expressed as [45]


    l n   K   2   =   ln  ⁡  A −       − E   a     R T        



(17)




where A is the frequency factor of Arrhenius.




2.9. Kinetic Modeling Studies


To design an industrial-scale adsorption column, a study of adsorption kinetics is necessary to identify the rate-limiting step and adsorption mechanism, both of which are crucial for determining the process efficacy. The kinetics of CV dye adsorption at different concentrations on the CG-Zn(OH)2NPs adsorbent were analyzed by fitting the kinetic data using pseudo-first order and pseudo-second order kinetic models, as shown in Equations (18) and (19), respectively, to determine the rate constants [42,46].



Kinetic model of Lagergren’s pseudo-first order:


  l n     q   e   −   q   t     = l n     q   e   −   K   1   t  



(18)







Model of Ho’s pseudo-second-order kinetics:


    t     q   t     =   1       K   2   q   e   2     +   t     q   e      



(19)




where K1 refers to pseudo-first order rate constant (min−1) and K2 to the adsorption equilibrium rate constant of pseudo-second order (g mg−1 min−1). The initial adsorption rate, h (mg g−1 min−1), is expressed by Equation (20) [9]:


h = K2 qe2



(20)







The intra-particle diffusion model explains the adsorption diffusion mechanism, which is described by the Weber and Morris Equation (21) [47]:


    q   t   =   K   i     t   0.5   + C  



(21)




where Ki is the constant for the intra-particle diffusion rate (mg g−1 min−1/2) and C is the constant for the film thickness. The kinetic model is assessed by the normalized standard deviation (NSD), and it is provided by the following Equation (22) [43]:


  N S D   %   =        ∑  i = 1   n              q   e , e x p t   −   q   e , c a l c         q   e , e x p t         2         N   P   − 1      × 100  



(22)




where Np indicates the amount of experimental data. The highest R2 and lowest NSD values were used to select the best-fit model. The rate-limiting step in the adsorption process was predicted using the Bangham and Boyd kinetic models, as shown in Equations (23) and (24), respectively [48].



Bangham kinetic model:


  l o g     log  ⁡        C   O         C   O   −   q   t   m           = l o g       k   o   m   2.303   V     + α    log  ⁡  t    



(23)




where m refers to the mass of CG-Zn(OH)2NPs adsorbent used per volume of solution (g L−1), ko represents the Banghams constant (L2 g−1), and α is the constant.



The Boyd kinetic model is as follows:


Bt = −0.4977 − ln (1 − F)



(24)




where Bt is a mathematical function of F, and F is the ratio of dye uptake on the particle surface at any time ‘t’ to saturation (qt/qe).




2.10. Regeneration and Reusability Studies


The chemical regeneration of the CG-Zn(OH)2NPs adsorbent was tested to assess its potential for practical applications in large-scale industries. The process would be more cost-effective if the spent adsorbent could be reused and had a high regeneration capacity [10]. The recycle evaluation was carried out to assess the adsorbent’s productivity as well as its stability for the uptake of CV dye from wastewater. To desorb the CV dye from the CG-Zn(OH)2NPs adsorbent, various desorbing reagents, such as methanol, ethanol, and NaOH, were used to regenerate the adsorbent accumulated with adsorbate molecules [34]. The initial dye concentration of 200 mg L−1 is used to begin the decolorization of CV with an optimal dose of adsorbent (6 g L−1). After shaking the dye solution with the adsorbent at 150 rpm for 24 h, the adsorption’s effectiveness is evaluated. After reaching saturation, the utilized adsorbent is separated in each Erlenmeyer flask by centrifugation and washed several times with deionized water. The renewed adsorbent is then dried at 335 K and subjected to a variety of desorbing reagent treatments in distinct batches before being reused to examine its reusability for subsequent cycles [43]. Three cycles of adsorption and desorption experiments were carried out altogether. The following Equation (25) was used to determine the efficiency of desorbed dye from the adsorbent particle surface [6]:


  P e r c e n t a g e   d e s o r p t i o n =   C o n c e n t r a t i o n   o f   C V   d y e   d e s o r b e d   f r o m   t h e   a d s o r b e n t   C o n c e n t r a t i o n   o f   C V   d y e   a c c u m u l a t e d   o n   t h e   a d s o r b e n t   × 100  



(25)







All of the experiments were repeated twice to ensure reproducibility, and the average values obtained are reported in Section 3.





3. Results and Discussion


3.1. Selection of Suitable Plant Leaf Extract Zinc Hydroxide Nanoparticles for the Removal of CV Dye from Wastewater


Various plant leaves such as Thunbergia grandiflora, Clitoria ternatea, Peltophorum pterocarpum, and Calotropis gigantea leaves were initially chosen to prepare the zinc hydroxide nanoparticles separately and then to select the best adsorbent among them. The same procedure was followed to prepare other plant leaf extract Zn(OH)2 nanoparticles, and it has been given in Section 2.3. Adsorption experiments were performed using the above plant leaves to extract zinc hydroxide nanoparticles in separate batches at 299 K in order to evaluate the maximum efficacy of CV dye decolorization, and the experimental results are shown in Figure S2 of Supplementary Materials. These results showed that maximum decolorization efficacy (93.84%) of CV was observed utilizing the adsorbent CG-Zn(OH)2NPs with an initial adsorbate concentration of 100 mg L−1 at pH 2 [6]. This might be due to the availability of more binding sites on the CG-Zn(OH)2NPs surface. The CG-Zn(OH)2NPs adsorbent was found to have a greater surface area and pore volume than other adsorbents, with values of 7.36 m2 g−1 and 4.84 mm3 g−1, respectively. As a result, CG-Zn(OH)2NPs fine powder was chosen for further study out of four different adsorbent options because it produced the best results.




3.2. Characterization of the Calotropis gigantea Leaf Extract Zinc Hydroxide Nanoparticles Adsorbent


The BET surface area and pore volume of the CG-Zn(OH)2NPs adsorbent were found to be 7.36 m2 g−1 and 4.84 mm3 g−1, respectively, with an average particle size of 65.38 µm. The powder addition method was used to determine the nanoparticles’ pH point of zero charge (pHpzc) [49]. Figure 2 depicts a plot of the CG-Zn(OH)2NPs adsorbent’s ΔpH (pHinitial – pHfinal) against the initial pH values. The pHzpc was found to be 8.5, which is the initial pH at which the pH becomes 0. If the solution’s pH is lower than the pHzpc, active sites on the surface of the particles will be positively charged. If the solution’s pH is higher than pHzpc, the adsorbent has a negative charge. This may be due to the solution’s OH− ions will deprotonate the binding sites. At pH < pHzpc, anion adsorption on any adsorbent will therefore be advantageous.



FT-IR spectra of the CG-Zn(OH)2NPs adsorbent before and after CV dye removal is shown in Figure 3. Table 2 describes the assigned functional groups. A frequency shift was observed (Figure 3) in the band intensities of hydroxyl (3433 cm−1), carbonyl (1629 cm−1), aromatic ester/anhydride/alcohol/and phenol (1348 cm−1), alcohol and ether (1001 cm−1), the carboxylic acid (744 cm−1), and sulfur (609 cm−1) groups in the FT-IR spectra of CV loaded with nanoparticle surface. This demonstrated that the CG-Zn(OH)2NPs adsorbent’s surface contained the aforementioned functional groups. With the anionic CV dye molecules, these groups may serve as potential binding sites for hydrogen bonding and electrostatic interactions [50]. The probable mechanism of interaction between CV dye with CG-Zn(OH)2NPs is shown in Figure 4. A similar type of mechanism is also reported in the literature [51].



In the XRD pattern of diffraction peaks of the CG-Zn(OH)2NPs, as revealed in Figure 5, the diffraction peaks were observed at angles of 2ϴ = 9.04, 18.42, 25.28, 27.06, 29.51, 33.28, 34.62, and 38.84 corresponding to (002), (111), (101), (111), (220), (211), (020), and (002) the (h k l) planes, respectively. The peaks obtained were in concordance with the standard hexagonal crystalline structure of CG-Zn(OH)2NPs [52]. The size of the crystal was determined by utilizing Debye Scherrer’s Equation (26), given the premise of the full width at half-maximum (FWHM) of the sharp pinnacle [53]:


D = Kλ/βcos θ



(26)




where D refers to the mean size of the crystal (nm), K is a constant value of 0.9, λ for the wavelength of X-ray (1.540562 Å), β represents full width at half maximum intensity, and θ is the Bragg angle. The CG-Zn(OH)2NPs’ mean crystallite size of 26.79 nm confirmed the nano size of the synthesized nanoparticle. Additionally, the absence of additional peaks supported the purity of the products, and the sharp, clear, and extremely intense diffraction peaks confirmed the high crystallinity of the CG-Zn(OH)2NPs [54].



Figure 6a,b depict the CG-Zn(OH)2NPs adsorbent before and after CV dye adsorption, respectively, using FE-SEM. At 10 KX magnification, the adsorbent exhibits a flower-shaped morphology and a rough surface with irregularly spaced small pores, as shown in Figure 6a. This showed that the size of the synthesized nanoparticle was within the nanoscale of nanostructures. A similar type of flower-shaped Zn(OH)2NP was described in the literature [55]. The agglomerations image may be the result of interactions between Zn(OH)2NPs and biomolecules in the CG leaf extract. The adhesion of CV dye molecules onto particle surfaces with irregular pores is facilitated by rough surfaces, which may allow for the diffusion of adsorbate molecules through the adsorbent’s pores [43]. Figure 6b depicts that the dye molecules were loaded onto the nanoparticle surface after adsorption, and it can be observed that the particle surface became smoother.



An EDS analysis of CG-Zn(OH)2NPs before and after CV dye removal is shown in Figure 7a,b, respectively. The sharp peaks in the EDS spectrum (Figure 7a) confirmed the presence of zinc (1 keV, 9 keV, and 9.5 keV) and oxygen (0.5 keV), both of which were comparable with the published report [56]. The elemental composition of the adsorbent was determined using analytical FE-SEM with EDS at 20 keV. The formation of Zn(OH)2NPs was observed when the weight proportions of zinc and oxygen were, respectively 70.18% and 16.46%, as depicted in Figure 7a [57]. The spectrum also revealed trace amounts of carbon (6.18%), nitrogen (3.24%), and sodium (2.36%) in addition to zinc and oxygen. Zn(OH)2NPs formation and capping by biomolecules were confirmed by the presence of carbon [58]. The weight and atomic percentage of elemental carbon, oxygen, nitrogen, sodium, and sulphur enhanced after adsorption, indicating that the surface of the adsorbent particle is loaded with dye anions (Figure 7b).



A TGA of CG-Zn(OH)2NPs adsorbent at various temperatures is shown in Figure 8. It revealed substantial weight losses with rising temperatures from 299 K to 1066 K. In the temperature range of 299 K to 397 K, a rapid weight loss of 14.10% was observed, which may have been caused by the CG-Zn(OH)2NPs’ dehydration of their moisture content [59]. The steep weight reduction noted from 425 K to 606 K (23.03%) might be attributable to the thermo-oxidative deterioration of CG-Zn(OH)2NPs (Zn salt) [60]. The formation of stable CG-Zn(OH)2NPs appears to have been confirmed by the formation of a plateau region at temperatures above 606 K, and the total weight loss after exposure to 1066 K was approximately 45%. The nanoparticles remained as carbonaceous residue, even at 1066.32 K, and showed a thermal stability of 55.12%.




3.3. Analysis of Batch Adsorption Studies for the Removal of CV Dye from Simulated Effluent


As a change in pH causes variation in the degree of ionization of adsorbate and the surface properties of adsorbent, the pH has an important role in the adsorption process, which in turn affects the amount of adsorption [43]. With an initial dye concentration of 200 mg L−1, the effect of initial pH on CV removal was investigated by varying the pH of the dye solution from 2 to 12, and the results are depicted in Figure S3. As can be seen in Figure S3, as the pH of the aqueous phase increased from 2 to 12, the decolorization efficacy of CV decreased from 83.65% to 16.84%. This may be due to the decreased attractive forces between the CV dye molecules and the functional groups on the particle surface. The presence of excess OH− ions will deprotonate the active sites on the surface of the adsorbent, increasing the number of negatively charged sites as the pH of the solution rises [61]. Electrostatic repulsion prevents CV dye anions from adhering to an adsorbent with a negatively charged surface site. At pH 2, the CV decolorization efficiency reached its maximum value (83.65%). The anionic dye molecules and the solid particles’ protonated binding sites interact strongly and electrostatically at pH 2 [7]. The effect of CG-Zn(OH)2NPs’ dosage on the decolorization of CV was examined by differing the particle dosage from 1.5–10.5 g L−1, with an initial adsorbate concentration of 200 mg L−1 at pH 2. Figure 9 shows that when the adsorbent dosage is increased from 1.5 to 10.5 g L−1, the dye concentration in the solution at equilibrium (Ce) drops from 104.27 mg L−1 to 20.12 mg L−1, but the decolorization efficacy rises from 47.86% to 89.94%. This could be because the adsorbent has a larger surface area and there are more binding sites for the adhesion of CV dye [62]. However, as the adsorbent dosage rises, the dye uptake at equilibrium (qe) decreases from 63.82 to 17.98 mg g−1. This is primarily because there is less of a driving force between the adsorbate concentration in the solution and the particle surface [61]. As a result, as the dosage of the nanoparticles increases, there is less competition for the available binding sites for dye adsorption (an increase in the unsaturation of adsorption active sites on the solid surface) [7].



The impact of particle size on the adsorption of CV onto the nanoparticle surface is shown in Figure S4. The ratio of decolorization efficiency to particle size is inverse. Figure S4 demonstrates that as the particle size decreased from 724 to 55 µm, the CV decolorization efficiency gradually increased from 66.18% to 87.55%. The larger surface area of nanoparticles per unit mass of adsorbent that is exposed for surface adsorption may be the reason for the higher decolorization efficiency (87.55%) [63]. Additionally, the diffusion path of the smaller particles will be shorter, allowing the adsorbate molecule to penetrate the surface of the particles deeper and more quickly, achieving the maximum percentage of color removal. The influence of shaking speed on the decolorization efficiency of CV was examined by differing the shaking speed from 0 to 180 rpm. Figure S5 represents the decolorization efficiency of CV rose from 39.85% to 85.19% with a rising shaking speed. The reduction in the thickness of the external boundary layer surrounding the nanoparticle surface may have increased turbulence, which in turn increased external film diffusion and CV dye molecules’ uptake, leading to the increase in percentage decolorization [34]. Increasing the adsorbent–dye solutions’ contact surface and facilitating the diffusion of adsorbate molecules to the particle surface could explain this phenomenon [7]. To investigate the effect of electrolytes on the adsorptive removal of CV, various concentrations of sodium chloride (NaCl), sodium nitrate (NaNO3), and magnesium chloride (MgCl2) were added in separate batches. Figure 10 depicts the results of varying the electrolyte concentration in 200 mg L−1 of CV dye solution from 0 to 1.5% (w/v). It demonstrates that CV adsorption rises in response to an increase in electrolyte concentration. This is because there is more positive charge on the surface of the nanoparticle, which means there is less force to repel the adsorbent and CV dye molecules [64]. To put it another way, this could be because of an increase in ionic strength that causes dye molecules in solution to aggregate (dimerize) more, which in turn makes CV easier to adsorb [65]. This aggregation has been suggested to be explained by several intermolecular forces, including van der Waals forces, ion–dipole forces, and dipole–dipole forces. The addition of salt to the dye solutions may increase the forces that exist between dye molecules [66].




3.4. Analysis of Factorial Experimental Design and Optimization of Process Parameters


The central composite design was used to optimize the process independent variables for batch decolorization of CV using CG-Zn(OH)2NPs adsorbent because it is more effective and only requires a small number of runs. Table 3 presents a comparison of predicted response values to 31 sets of experimental results for batch adsorption. The results for decolorization efficiency and adsorption capacity at equilibrium (qe) were investigated by analysis of variance (ANOVA) and are reported in Table 4 and Table 5, respectively.



From Table 4, the coefficients for the linear effect of various process parameters (X1, X2, X3, and X4) were an important effect on decolorization efficiency (P = 0.000). The coefficients of the quadratic effect of nanoparticle dosage (X3) and particle size (X4) are the first and second significant factors (P = 0.000, P = 0.039), respectively. Both the initial dye concentration (X2) and the initial pH (X1) of the variable have non-significant coefficients of the quadratic effect. The most significant factor, with a significance level of P = 0.015, is the X1X2 interaction effect coefficient, which plays a positive role. However, it did not appear that the coefficients of the other interactive effects (X1X3, X1X4, X2X3, X2X4, X3X4) among the variables were important. The regression model Equation (27) for % decolorization efficiency is


% CV dye removal = 83.91 − 1.5492 X1 − 2.9817 X2 + 2.7758 X3 − 1.7633 X4 + 0.1215 X12 − 0.4185 X22 − 1.7435 X32 − 0.5623 X42 + 0.9062 X1 X2 + 0.1050 X1 X3 + 0.0825 X1X4 + 0.1538 X2X3 − 0.1612 X2X4 − 0.4475 X3X4



(27)







From Table 5, the coefficients for the linear effect of various process parameters (X1, X2, X3, and X4) had an important effect on equilibrium dye uptake (P = 0.000). The coefficient of the quadratic effect of initial dye concentration (X2) is the first important factor (P = 0.000). The coefficients of the quadratic effect of the independent variables X1, X3, and X4 are not important. The first and most significant factor is the coefficient of the interaction effect of X1X2 (P = 0.072). However, it did not appear that the coefficients of the other interactive effects (X1X3, X1X4, X2X3, X2X4, X3X4) among the variables were important. The regression model Equation (28) for the adsorption capacity at equilibrium is


CV dye adsorption capacity at equilibrium = 27.97 − 0.5018 X1 + 2.1644 X2 − 3.6906 X3 − 0.5871 X4 + 0.1111 X12 − 0.5745 X22 + 0.0689 X32 − 0.1168 X42 + 0.2656 X1 X2 + 0.0953 X1 X3 + 0.0471 X1X4 − 0.2401 X2X3 − 0.1466 X2X4 − 0.0461 X3X4



(28)







The calculated values of decolorization efficiency (Equation (25)) and adsorption capacity at equilibrium (Equation (26)) match the experimental values fairly well, with R2 values of 0.9574 and 0.9897, respectively. This suggests that the aforementioned model equations (25,26) could accurately describe more than 95% of the response variations. The high accuracy of the chosen models is demonstrated by the regression models’ adequate precision (>4) and R2 values (95.74% for decolorization efficiency and 98.97% for adsorption capacity at equilibrium) [67]. Additionally, this indicates that the model accounts for at least 4.5% of the variation. The measure of goodness of fit, the adjusted R2 (92.01% for decolorization efficiency and 98.07% for adsorption capacity at equilibrium), is useful for comparing the model to various process-independent variables. By making use of the degrees of freedom in its calculations, it adjusts the R2 value to account for the number of terms in the model and the sample size. The predicted residual sum of squares (PRESS) statistics can be used to calculate the predicted R2 (75.72% for decolorization efficiency and 94.10% for adsorption capacity at equilibrium), which can prevent the model from overfitting. The models have greater predictive potential if the predicted R2 value is higher. This could mean that an overfit model will not be able to predict any new observations nearly as well as it fits the data that are already there. The residual error, which measures the difference between the experimental and calculated response values, is used to determine the model’s suitability. Lower RMSE (0.9612 for decolorization efficiency and 0.3964 for adsorption capacity at equilibrium) and AAD (95% for decolorization efficiency and 1.145% for adsorption capacity at equilibrium) values provide the best-fit model. The response variation and their appearance in a normal distribution cannot be explained by the model [68].



3.4.1. Analysis of Contour and Response Surface Plots


To determine the optimal response level for each factor and to investigate how the variables interact with one another, contour and response surface plots were used. Figure 11a,b depict contour plots of the decolorization efficiency of CV from simulated effluent. Figure 11a depicts the contour plot of adsorption efficiency as a role of initial pH and adsorbate concentration. It exits when the pH is between 1.6 and 1.625 and the initial adsorbate concentration is between 150 and 153 mg L−1, and the effect is important. Figure 11b depicts that the maximum percentage color removal occurs when the CG-Zn(OH)2NPs dosage ranges between 6 and 8 g L−1 and the particle size ranges from 42 to 105 µm, and the effect is important. Figure 12a,b depict contour plots for equilibrium dye uptake. Figure 12a demonstrates that the pH ranges between 1.6 and 2.4, the adsorbate concentration is between 210 and 250 mg L−1, and the effect is important. When the CG-Zn(OH)2NPs size is between 42 and 147 µm and the particle dosage is between 4 and 4.25 g L−1, as shown in Figure 12b, the predicted dye uptake at equilibrium is maximum, and the effect is substantial.



Figure 13a,b depict the surface plots for the decolorization efficiency of CV from synthetic dye wastewater. Figure 13a demonstrates the surface plot of the response variable as a role of initial pH and the dosage of CG-Zn(OH)2NPs. It reveals that an increase in particle dosage and a decrease in pH both result in an increase in CV decolorization efficiency. Color removal from an aqueous phase is significantly influenced by the pH range of 1.6–2.4 and the dosage of the adsorbent, which ranges from 4 to 8 g L−1. Figure 13b depicts that with a decrease in initial dye concentration and particle size, the % color removal improves. The response surface plot of particle size in the range of 42 to 186 μm vs. the initial dye concentration in the range of 150–250 mg L−1 shows a significant effect on decolorization. The response surface plots for the equilibrium dye uptake of CV are shown in Figure 14a,b. Figure 14a suggests that the dye adsorption capacity at equilibrium decreases with an increase in pH and an increase in CG-Zn(OH)2NPs’ dosage. The response plot of nanoparticle dosage ranging between 4 and 8 g L−1 vs. the initial pH of the dye solution in the range of 1.6–2.4 shows a significant effect on equilibrium dye uptake. Similarly, Figure 14b exhibits that with an increase in the dye concentration and a decrease in the particle size, the adsorption capacity (qe) improves. The response surface plot of dye concentration in the range of 150–250 mg L−1 vs. the adsorbent particle size in the range of 42 and 182 μm shows a significant effect on the uptake of CV from aqueous solution. The calculated values of response variables acquired from the regression model equations are closely related to those values found from the experiment and response surface plots under optimum conditions.




3.4.2. Validation of Process Model


Four solutions with varying ideal initial conditions are used to forecast the optimal conditions for CV dye removal and equilibrium dye uptake by CG-Zn(OH)2NPs adsorbent, which is reported in Table 6 and Table 7, respectively. Various experiments were conducted under different levels of the independent variables, and the process outcome was compared with the anticipated responses. From Table 6, the maximum decolorization efficiency (90.74%) was attained in experiment number 3, compared with the other three experiments. Experiment number 4 had the highest equilibrium adsorption capacity (35.12 mg g−1), as shown in Table 7, when compared to the other three trials. Table 8 provides the optimal process parameter values for maximum response. The design of empirical models could also be used to describe the relationship between experimental parameters and the response in CV dye decolorization, as the comparison between the experimental and calculated responses demonstrates a positive relationship between them. The optimization studies made it abundantly clear that the RSM is an appropriate approach for predicting the ideal conditions for maximum colour removal percentage and equilibrium adsorption capacity.





3.5. Adsorption Isotherm Models Inference


The interaction between the CV dye molecules and CG-Zn(OH)2NPs adsorbent at a constant temperature was analyzed, and the empirical results were incorporated into Langmuir, Freundlich, and Temkin isotherm models. Figure 15, Figures S6 and S7 depict linearized plots for the Langmuir, Freundlich, and Temkin isotherm models, respectively, and Table 9 provides the model parameters derived from these plots. The R2 and   χ  2 values of the three models rank in the following order: Langmuir > Temkin > Freundlich isotherms. When compared to the Temkin isotherm (R2 = 0.9884,   χ  2 = 1.403) and Freundlich (R2 = 0.9642,   χ  2 = 2.615) models, it was found that the Langmuir model had a higher regression coefficient (R2 = 0.9994,   χ  2 = 0.045). This indicates that in comparison to other isotherm models, the empirical saturation data for CV dye adsorption with zinc hydroxide nanoparticles fit the Langmuir model very well. The graphical representation of various non-linear isotherm models is shown in Figure 16. It shows that the experimental dye adsorption capacity at equilibrium (qe) for CV dye removal fitted very well with the Langmuir isotherm model. The adsorption was homogeneous; the energy of adsorption is the same in the entire particle surface, and there is no interaction between the adjacent solute molecules on the solid surface, as assumed by the Langmuir isotherm, with the formation of a unimolecular layer at the binding sites [69]. The utmost monolayer capacities of the adsorbent (qmax) and Langmuir constant (KL) at 299 K were estimated as 40.26 mg g−1 and 0.1092 L mg−1, respectively. This demonstrates that 40.26 mg of CV dye could be absorbed by 1 g of the prepared adsorbent. The uniform distribution of active sites on the surface of the particle might be the reason why the data are more consistent with the Langmuir isotherm. Figure S8 depicts the separation factor and RL values obtained with the CG-Zn(OH)2NPs adsorbent at various initial adsorbate concentrations. It exhibits that the values of RL diminished from 0.268 to 0.0296 with a rise in initial dye concentration. In addition, the positive uptake of the adsorption process was confirmed by the fact that the value of RL fell within the range of 0 to 1 at various initial dye concentrations (25 to 300 mg L−1), and the process was found to be more favorable at higher concentrations. The adsorption is advantageous once more, as demonstrated by the value of the Freundlich constant, n (1.8584), which is between 1 and 10 [70].



Comparison of Maximum Adsorption Capacity (qmax) with Reported Adsorbents for the Decolorization of CV Dye


Table 10 shows the various adsorbents’ maximum monolayer adsorption capacities (qmax) for the decolorization of CV dye. The prepared CG-Zn(OH)2NPs adsorbent has a higher adsorption capacity (40.26 mg g−1) for decolorizing CV dye than the reported adsorbents, as shown in the table. The CG-Zn(OH)2NPs adsorbent was found to be an auspicious adsorbent for the removal of CV from simulated effluent, according to the findings.





3.6. Inference from Thermodynamic Studies for the Removal of CV Dye


The process’s favorability is typically indicated by adsorption at a different temperature. Figure S9 depicts the dye concentrations at equilibrium (Ce), the amount of adsorbate loaded onto the CG-Zn(OH)2NPs adsorbent at saturation (qe), and that at various temperatures. It demonstrates that as the temperature rises from 299 to 333 K, the equilibrium dye uptake increased from 40.234 to 49.636 mg g−1. The adsorbent particle’s pore volume increased from 4.84 mm3 g−1 at 299 K to 9.36 mm3 g−1 at 323 K, allowing more dye molecules to rapidly pierce deeper into the surface of the particle [9], resulting in an increase in CV dye’s qmax from 40.26 mg g−1 at 299 K to 52.58 mg g−1 at 323 K. At higher temperatures, the enhancement in adsorption capacity at equilibrium and the percentage colour removal suggest that the adsorption process is rapid and endothermic. This phenomenon might be caused by an increase in the transfer of adsorbate molecules across the external boundary layer and within the internal pores of the nanoparticle leading to a decrease in the swelling of the dye molecules with rising temperature [84]. Adsorbate molecules may gain sufficient energy to interact with active sites on the surface of the particle. The chemical interaction among CV adsorbate molecules and the adsorbent, the creation of new uptake active sites on the particle surface, and the increased rate of CV dye molecules’ intra-particle diffusion into the adsorbent’s pores could be the causes of the increase in dye uptake at higher temperatures [85]. The values of the thermodynamic parameters are reported in Table 11 after being calculated by plotting ln Ka vs. 1/T (Figure 17). They indicate that the adsorption was a spontaneous and attainable process, because the values of free energy change increased with a drop in temperature. Additionally, the negative values of ΔG increase with temperature rise, indicating that higher temperatures encourage the uptake of adsorbate molecules. The adsorption process is endothermic, as evidenced by the positive values of ΔH (42.5364 kJ mole−1) and ΔS (0.1524 kJ mole−1 K−1), with higher randomness of CV adsorbate molecules on the surface of the particle than in the dye effluent, favoring solid–liquid interactions. The adsorption activation energy (Ea) was evaluated from the plot of Arrhenius (Figure 18) and the values fall within the range of 40.09 and 45.92 kJ mole−1 (Table S1), at different adsorbate concentrations ranging from 25 to 300 mg L−1. The chemisorptive process of dye molecules onto the CG-Zn(OH)2NPs adsorbent is supported by the values of Ea (43.02 kJ mole−1 greater than 40 kJ mole−1) and ΔH (42.5364 kJ mole−1 greater than 25 kJ mole−1) [86]. At higher temperatures, these might confirm the strong covalent bond between CV adsorbate molecules and the solid particle’s binding sites.




3.7. Adsorption Kinetic Models Inference


The kinetics for the adhesion of CV onto the CG-Zn(OH)2NPs was quick at the beginning of the operation. Nevertheless, the adsorption rate decreased gradually with time. The binding sites attained equilibrium at about 45 min for 25 mg L−1, 125 min for 65 mg L−1, 200 min for 135 mg L−1, 250 min for 200 mg L−1, and 340 min for 300 mg L−1. Figure S10 demonstrated that the decolorization efficiency of CV gradually diminished from 95.26 to 76.45%; however, the qe value enhanced from 3.97 to 38.22 mg g−1 with the rise in dye concentration from 25 to 300 mg L−1. The adhesion of dye molecules to the binding sites on the particle surface and the enhanced competition among the more dye molecules at the fixed binding sites of the solid adsorbent account for the diminished percentage of color removal with increasing dye concentration. As a result, the percentage of color removed decreases because the adsorbent surface lacks binding sites [85]. With an increase in the initial adsorbate concentration, the initial adsorption rate (h) raised from 0.722 to 6.79 mg g−1 min−1. The driving force between the adsorbate molecules in the solid and liquid phases has increased due to the diffusion of molecules from the feed solution to the surface of the particle, increasing the values of qe and h [9,43]. Figure 19 and Figure S11 depict the pseudo-second order and pseudo-first order kinetic plots at different initial adsorbate concentrations, respectively, and Table 12 lists the experimental results of kinetic parameters. The kinetic plots show that in comparison to the pseudo-first order plots, the pseudo-second order plots are more linear. According to Table 12, it was observed that a higher value of regression coefficient, R2 (0.9999), and a lower value of normalized standard deviation (NSD) (0.647–0.143%) and a close relationship among the calculated and empirical qe data at different initial adsorbate concentrations imply that the examined adhesion process obeys a pseudo-second order model. This further indicates that chemisorption, which involves the sharing of electrons between the adsorbate molecules and the adsorbent as covalent forces, can increase the amount of adsorption [87]. The adsorption experiments were carried out at pH 2. The nanoparticles’ pH point of zero charge was found to be at pH 8.5. Therefore, at pH 2, the surface of the CG-Zn(OH)2NPs adsorbent will be positively charged, which expedites the binding of negatively charged anionic dye. The predicted value of activation energy and enthalpy change in the examined adhesion process once more demonstrate the entanglement of the chemisorption, which is reported in the above Section 3.6. The pseudo-first order kinetic model’s qe values were significantly different from the empirical data; the higher value of NSD and lower value of R2 indicate that this model is invalid for the adhesion of CV. As the dye concentration increased from 25 to 300 mg L−1, the rate constant K2 diminished from 0.0457 to 0.0046 g mg−1 min−1. At lower concentrations, there is less competition for binding sites on the surface of the particles, whereas at higher concentrations, there is more competition for surface sites [42].



Adsorption Rate Mechanism Inference


Figure 20 depicts the plot that results from fitting the intra-particle diffusion model to kinetic experimental data. Table 12 shows the parameters of the model. In Figure 20, the plot of qt vs. t1/2 is made of three straight-line portions. The boundary layer diffusion of dye molecules to the surface of the particle is represented by the first linear portion. The high beginning pace of CV decolorization was because of the accessibility of more binding sites on the surface of the particle during an initial couple of moments [6,9]. Within 15 min, the CG-Zn(OH)2NPs adsorbent was able to adsorb nearly 65% of CV, indicating a strong electrostatic interaction among the adsorbate molecules and the adsorbent’s exterior surface. The progressive adsorption stage, during which pore diffusion controls the rate, accounts for the second linear portion which follows intra-particle diffusion. This suggests that adsorbate molecules have diffused into the solid particle’s pores from the adsorbent surface. The adsorbent’s pore diffusion begins to slow down in the third region as a result of the low concentration of adsorbate in the dye solution and the final saturation of active sites in the adsorbent’s pores. The intercept value C is obtained by extrapolating the second linear portion to the y-axis. A large intercept value indicates a greater film diffusion effect. The process is primarily controlled by pore diffusion, with a small influence from external boundary layer diffusion, as evidenced by the diminished intercept value. Furthermore, the fact that the plots at each concentration did not traverse the origin suggests that the rate-controlling step was not intra-particle diffusion [88]. Hence, external film diffusion controls the overall rate of adsorption, followed by CV dye anions’ pore diffusion to the particle interior surface, which has a small effect. It was observed that the adhesion process can be controlled in the initial phases by external boundary layer diffusion; while the adsorbent surface is accumulated with dye molecules, it might be controlled in later phases by pore diffusion [43]. Moreover, the kinetic expressions of Bangham and Boyd were utilized for the analysis of the experimental data. Both the Boyd plot (Figure 21a) and the Bangham plot (Figure 21b) were found to be non-linear, and did not traverse through the origin. This suggests that the reaction’s overall rate is mostly controlled by the diffusion of the external boundary layer [89].





3.8. Inference from CG-Zn(OH)2NPs Adsorbent Regeneration and Reusability Studies


Desorption experiments were conducted to remove CV from CG-Zn(OH)2NPs adsorbent saturated with adsorbate molecules, and the results are demonstrated in Figure S12. When compared to the other reagents, it was observed that NaOH is a superior desorbing reagent for regenerating a solid particle loaded with CV adsorbate molecules. The CV dye desorption efficiency diminished as the number of runs increased using the alkali NaOH. With different desorbing reagents, the desorption efficacy in all runs was determined to be in the order of ethanol< methanol < NaOH. In the third run, the maximum CV desorption efficacy with NaOH was determined to be 60.24%. This could be due to the insufficient shaking speed or the small volume of the desorbing reagent, both of which might impede the subsequent expulsion of loaded adsorbate molecules from the surface of the particle to the desorbing reagent [34]. Figure S13 depicts the consequence of different runs of reusability studies for the adhesion of CV. It demonstrates that using the reagent NaOH in the desorption process, 75.35% color removal was maintained after 24 h in the second run, compared to 63.49% in the third run. Additionally, as the number of runs increased, the dye adsorption efficacy progressively diminished as well. This could be because there are deficiencies of active sites on the surface of the particle (inadequate desorption of loaded adsorbate molecules on the adsorbent) [90]. Using the desorbing reagent NaOH, the regenerated adsorbent can be efficiently reused for up to three cycles to eliminate CV dye from the aqueous phase, with a substantial loss in adsorption efficacy.





4. Conclusions


This research work reflects the potentiality of Calotropis gigantea leaf extract zinc hydroxide nanoparticles as an efficient and preferential adsorbent for the expulsion of toxic Coomassie violet dye from an aqueous solution. The co-precipitation method was used to synthesize the nanoparticles, and the prepared adsorbent was characterized by particle size, zero-point charge, surface area, surface morphology, functional group, elemental composition, crystalline structure, and thermal stability, using suitable instrumental analysis. The peaks in FT-IR studies showed that the particle surface contains plentiful hydroxyl, carbonyl, carboxylic acid, and ester/anhydride/alcohol/phenol groups. The influence of reaction parameters such as initial pH, adsorbate concentration, the dosage of adsorbent, size of the adsorbent particle, shaking speed, ionic strength concentration, and temperature on dye adsorption was studied. According to the results of the experiments, the percentage colour removal of CV decreased as the initial pH, adsorbate concentration and particle size increased; it also increased when the concentration of adsorbent and electrolyte was increased. It was observed that the equilibrium dye uptake increased with a rise in temperature and initial adsorbate concentration. Using a central composite design, the batch experiments were carried out to optimize important process parameters to achieve the highest percentage of colour removal (90.74%) and equilibrium dye uptake (35.12 mg g−1). The predicted response values fitted well with the experimental values (R2 = 0.9574, RMSE = 0.9612, and AAD = 0.95% for % colour removal, and R2 = 0.9897, RMSE = 0.3964, and AAD = 1.145% for equilibrium dye uptake). An analysis of variance confirmed the accuracy of the model by using a larger value of F, a lower value of P, a non-significant lack of fit, and the maximum value of regression coefficient. The optimum pH, dye concentration, CG-Zn(OH)2NPs adsorbent dosage, and particle size were found to be 1.9, 175 mg L−1, 7 g L−1, and 78 μm, respectively for CV colour removal. Similarly, the optimum pH, dye concentration, CG-Zn(OH)2NPs adsorbent dosage, and particle size were found to be 1.8, 225 mg L−1, 5 g L−1, and 78 μm, respectively for CV dye adsorption capacity at equilibrium. The empirical saturation data were appropriately fitted with the Langmuir isotherm model, with a highest unimolecular layer adsorption capacity (qmax) of 40.26 mg g−1 at 299 K. The CG-Zn(OH)2NPs adsorbent has superior adsorption capacity as compared to the other reported adsorbents. Thermodynamic parameters depicted the negative value of ΔG and the positive values of ΔH, and ΔS confirmed that the adsorption process is spontaneous and endothermic with increases in the randomness of the system; thus, the adsorption is favorable at higher temperatures. This supports the possibility of chemisorption of CV with zinc hydroxide nanoparticles. The adsorption process was described by a pseudo-second order rate equation, as demonstrated by kinetic studies. Intra-particle diffusion, Bangham’s model, and Boyd’s model demonstrated that external film diffusion is the rate-limiting step that mostly controls the overall rate of adsorption. Desorption and reusability studies were performed in various runs, and it was confirmed that the CG-Zn(OH)2NPs adsorbent can be effectively recovered (58.73% in the third run) using the reagent NaOH, and reused up to three runs to adsorb CV dye in aqueous solutions (62.49% in the third run) with a considerable reduction in adsorption efficiency. Desorption studies show that the % desorption decreased with the increase in the number of runs for all various desorbing reagents. The experimental results concluded that CG-Zn(OH)2NPs are an effective and promising adsorbent for the removal of color from synthetic CV dye wastewater with good regeneration efficiency. The better decolorization efficiency of synthetic dye effluent suggests that the Calotropis gigantea leaf extract zinc hydroxide nanoparticles adsorbent may be used effectively to decolorize anionic dyes from industrial effluents.
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Figure 1. Bio-synthesis of Calotropis gigantea leaf extract zinc hydroxide nanoparticles (CG-Zn(OH)2NPs) adsorbent. 
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Figure 2. Zero-point charge (pHzpc) plot of CG-Zn(OH)2NPs. (Sodium chloride concentration: 0.1 M; CG-Zn(OH)2NPs dosage: 10 g L−1; adsorbent particle size: 65.38 µm; shaking speed: 150 rpm: contact time 24 h; temperature: 299 K). 
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Figure 3. Fourier transform infrared spectroscopy (FT-IR) spectrum of CG-Zn(OH)2NPs before and after Coomassie violet (CV) dye removal. 
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Figure 4. Proposed mechanism for CV dye adhesion onto CG-Zn(OH)2NPs adsorbent. 
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Figure 5. CG–Zn(OH)2NPs adsorbent’s X-ray diffraction (XRD) pattern before CV dye adsorption. 
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Figure 6. Field emission scanning electron microscopy (FE-SEM) images of CG-Zn(OH)2NPs (a) before CV dye removal, and (b) after CV dye removal. 
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Figure 7. Energy dispersive X-ray spectroscopy (EDS) analysis of CG-Zn(OH)2NPs (a) before CV dye removal, and (b) after CV dye removal. 
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Figure 8. Thermogravimetric analysis (TGA) of CG-Zn(OH)2NPs before CV dye removal. 
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Figure 9. Effect of CG-Zn(OH)2NPs adsorbent dosage on CV dye decolorization (initial pH: 2; initial dye concentration: 200 mg L−1; Calotropis gigantea leaf extract zinc hydroxide (CG-Zn(OH)2) particle size: 65.38 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K). 
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Figure 10. Effect of electrolytes on the removal of CV dye using CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 200 mg L−1; dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 65.38 μm; shaking speed: 150 rpm; contact time: 8 h; temperature: 299 K). 
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Figure 11. Contour plots for the interaction between (a) initial concentration of the adsorbate and initial pH, and (b) size of the CG-Zn(OH)2 nanoparticle and adsorbent dosage on decolorization of CV dye. 
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Figure 12. Contour plots for the interaction between (a) initial adsorbate concentration and initial pH, and (b) dosage of the CG-Zn(OH)2NPs adsorbent and particle size on equilibrium dye uptake of CV. 
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Figure 13. Response surface plots for the interaction between (a) CG-Zn(OH)2NPs adsorbent dosage and initial pH, and (b) CG-Zn(OH)2 nanoparticle size and initial adsorbate concentration on decolorization of CV dye. 
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Figure 14. Response surface plots for the interaction between (a) initial pH and dosage of CG-Zn(OH)2NPs adsorbent, and (b) initial adsorbate concentration and particle size on adsorption capacity of CV at equilibrium. 
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Figure 15. Langmuir isotherm plot for decolorization of CV dye using CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1; dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K). 
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Figure 16. Non-linear isotherm plot for decolorization of CV dye using CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1 dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K). 
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Figure 17. Van ‘t Hoff plot of CV dye adhesion to the CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1; dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299–323 K). 
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Figure 18. Arrhenius plot for adhesion of CV dye onto CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1; dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299–323 K). 
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Figure 19. Ho’s pseudo-second order kinetic plot for adhesion of CV dye onto CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1; CG-Zn(OH)2NPs adsorbent dosage: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; temperature: 299 K; contact time: 24 h). 
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Figure 20. Intra-particle diffusion plot for decolorization of CV dye using CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial dye concentration: 25–300 mg L−1; CG-Zn(OH)2NPs adsorbent dosage: 6 g L−1; adsorbent particle size: 78 µm; agitation speed: 150 rpm; contact time: 24 h; temperature: 299 K). 






Figure 20. Intra-particle diffusion plot for decolorization of CV dye using CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial dye concentration: 25–300 mg L−1; CG-Zn(OH)2NPs adsorbent dosage: 6 g L−1; adsorbent particle size: 78 µm; agitation speed: 150 rpm; contact time: 24 h; temperature: 299 K).
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Figure 21. (a) Boyd and (b) Bangham plot for adhesion of CV dye onto CG-Zn(OH)2NPs adsorbent. (Initial pH: 2; initial adsorbate concentration: 25–300 mg L−1; dosage of CG-Zn(OH)2NPs adsorbent: 6 g L−1; size of adsorbent particle: 78 µm; shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K). 
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Table 1. Experimental range and levels of various process factors for CV dye decolorization using CG-Zn(OH)2NPs adsorbent.
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Independent Variables

	
Range and Level




	
−2

	
−1

	
0

	
1

	
2






	
Initial pH (X1)

	
1.6

	
1.8

	
2.0

	
2.2

	
2.4




	
Initial dye concentration, mg L−1 (X2)

	
150

	
175

	
200

	
225

	
250




	
CG-Zn(OH)2NPs adsorbent dosage, g L−1 (X3)

	
4.0

	
5.0

	
6.0

	
7.0

	
8.0




	
Adsorbent particle size, µm (X4)

	
42

	
78

	
114

	
150

	
186
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Table 2. FT-IR spectral characteristics functional group assignment to observed frequencies.
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Sl. No.

	
Wavenumber of Absorption

	
Vibrational Mode

	
Functional Group

	
Assigned Species




	
Before Adsorption

	
After Adsorption






	
1

	
3444

	
3433

	
Stretching

	
O-H

	
Hydroxyl groups of Alcohols, phenols, and carboxylic acid (4000–3200 cm−1)




	
2

	
1640

	
1629

	
Stretching

	
C=O

	
Carbonyl groups of aldehyde and ketones (1650–1600 cm−1)




	
3

	
1360

	
1348

	
Stretching

	
C-O

	
Aromatic esters/anhydrides/alcohols and phenols (1300–1100 cm−1)




	
4

	
1012

	
1001

	
Bending

	
C-H

	
Alcohols and ethers (1050–1000 cm−1)




	
5

	
765

	
744

	
Out-of-plane Bending

	
C-H

	
Carboxylic acid

(900–700 cm−1)




	
6

	
620

	
609

	
Stretching

	
S-S

	
Sulfur compounds (700–450 cm−1)
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Table 3. Batch decolorization experiments using the CCD matrix for CV dye removal by CG-Zn(OH)2NPs to test the adsorbent’s ability.
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Run No.

	
X1

	
X2

(mg L−1)

	
X3

(g L−1)

	
X4

(µm)

	
% CV Color Removal

	
Equilibrium Dye Uptake, qe (mg g−1)




	
Experiment

	
Calculated

	
Experiment

	
Calculated






	
1

	
2.2

	
225

	
5

	
78

	
76.38

	
76.04

	
34.37

	
33.86




	
2

	
2.0

	
200

	
4

	
114

	
69.94

	
71.38

	
34.97

	
35.63




	
3

	
2.0

	
200

	
6

	
114

	
83.82

	
83.91

	
27.94

	
27.97




	
4

	
2.2

	
175

	
7

	
78

	
87.24

	
86.53

	
21.81

	
21.61




	
5

	
2.2

	
175

	
5

	
78

	
79.66

	
80.18

	
27.88

	
28.23




	
6

	
2.2

	
175

	
7

	
150

	
82.35

	
82.59

	
20.59

	
20.73




	
7

	
1.8

	
175

	
5

	
150

	
84.26

	
82.99

	
29.49

	
29.17




	
8

	
1.8

	
225

	
7

	
78

	
82.12

	
84.25

	
26.40

	
26.66




	
9

	
2.0

	
200

	
6

	
114

	
83.65

	
83.91

	
27.88

	
27.97




	
10

	
1.8

	
225

	
5

	
150

	
73.54

	
74.58

	
33.09

	
33.15




	
11

	
1.8

	
175

	
7

	
78

	
90.74

	
91.39

	
22.69

	
23.05




	
12

	
1.8

	
175

	
7

	
150

	
86.46

	
87.13

	
21.62

	
21.98




	
13

	
2.0

	
200

	
6

	
114

	
83.74

	
83.91

	
27.91

	
27.97




	
14

	
1.8

	
225

	
7

	
150

	
79.87

	
79.34

	
25.67

	
25.01




	
15

	
2.2

	
225

	
7

	
150

	
78.29

	
78.43

	
25.16

	
24.82




	
16

	
2.2

	
225

	
7

	
78

	
81.75

	
83.01

	
26.28

	
26.28




	
17

	
2.2

	
225

	
5

	
150

	
73.92

	
73.25

	
33.26

	
32.58




	
18

	
1.8

	
225

	
5

	
78

	
77.96

	
77.70

	
35.08

	
34.62




	
19

	
2.0

	
200

	
8

	
114

	
84.25

	
82.49

	
21.06

	
20.86




	
20

	
2.0

	
200

	
6

	
186

	
76.89

	
78.13

	
25.63

	
26.33




	
21

	
2.4

	
200

	
6

	
114

	
80.46

	
81.30

	
26.82

	
27.41




	
22

	
2.0

	
200

	
6

	
114

	
84.38

	
83.91

	
28.13

	
27.97




	
23

	
1.8

	
175

	
5

	
78

	
85.27

	
85.46

	
29.84

	
30.05




	
24

	
2.0

	
200

	
6

	
42

	
86.75

	
85.19

	
28.92

	
28.68




	
25

	
2.2

	
175

	
5

	
150

	
79.83

	
78.03

	
27.94

	
27.53




	
26

	
2.0

	
150

	
6

	
114

	
87.29

	
88.20

	
21.82

	
21.34




	
27

	
2.0

	
200

	
6

	
114

	
84.12

	
83.91

	
28.04

	
27.97




	
28

	
2.0

	
200

	
6

	
114

	
83.87

	
83.91

	
27.96

	
27.97




	
29

	
2.0

	
250

	
6

	
114

	
77.50

	
76.27

	
29.06

	
30.00




	
30

	
2.0

	
200

	
6

	
114

	
83.79

	
83.91

	
27.93

	
27.97




	
31

	
1.6

	
200

	
6

	
114

	
88.65

	
87.49

	
29.55

	
29.42











[image: Table] 





Table 4. Analysis of variance (ANOVA) for decolorization efficiency of CV dye using CG-Zn(OH)2NPs adsorbent from the data of central composite design (CCD) experiments in 24 full factorial designs.
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	Term
	Coefficient
	SE of Coefficient
	Tstatistics
	DF
	Seq SS
	Adj SS
	Adj MS
	Fstatistics
	Probability





	Constant
	83.9100
	0.5057
	165.920
	
	
	
	
	
	0.000



	Regression
	
	
	
	14
	640.930
	640.930
	45.995
	25.69
	0.000



	Linear
	
	
	
	4
	530.516
	530.516
	132.629
	74.08
	0.000



	X1
	−1.5492
	0.2731
	−5.672
	1
	57.598
	57.598
	57.598
	32.17
	0.000



	X2 (mg L−1)
	−2.9817
	0.2731
	−10.917
	1
	213.368
	213.368
	213.368
	119.18
	0.000



	X3 (g L−1)
	2.7758
	0.2731
	−10.163
	1
	184.926
	184.926
	184.926
	103.29
	0.000



	X4 (µm)
	−1.7633
	0.2731
	−6.456
	1
	74.624
	74.624
	74.624
	41.68
	0.000



	Square
	
	
	
	4
	95.989
	95.989
	23.997
	13.40
	0.000



	X1 ∗ X1
	0.1215
	0.2502
	0.485
	1
	3.822
	0.422
	0.422
	0.24
	0.634



	X2 (mg L−1) ∗ X2 (mg L−1)
	−0.4185
	0.2502
	−1.673
	1
	1.131
	5.009
	5.009
	2.80
	0.114



	X3 (g L−1) ∗ X3 (g L−1)
	−1.7435
	0.2502
	−6.968
	1
	81.995
	86.929
	86.929
	48.56
	0.000



	X4 (µm) ∗ X4 (µm)
	0.5623
	0.2502
	−2.247
	1
	9.041
	9.041
	9.041
	5.05
	0.039



	Interaction
	
	
	
	6
	17.424
	17.424
	2.904
	1.62
	0.205



	X1 ∗ X2 (mg L−1)
	−0.9062
	0.3345
	2.709
	1
	13.141
	13.141
	13.141
	7.34
	0.015



	X1 ∗ X3 (g L−1)
	0.1050
	0.3345
	0.314
	1
	0.176
	0.176
	0.176
	0.10
	0.758



	X1 ∗ X4 (µm)
	0.0825
	0.3345
	0.247
	1
	0.109
	0.109
	0.109
	0.06
	0.808



	X2 (mg L−1) ∗ X3 (g L−1)
	0.1538
	0.3345
	0.460
	1
	0.378
	0.378
	0.378
	0.21
	0.652



	X2 (mg L−1) ∗ X4 (µm)
	−0.1612
	0.3345
	−0.482
	1
	0.416
	0.416
	0.416
	0.23
	0.636



	X3 (g L−1) ∗ X4 (µm)
	−0.4475
	0.3345
	−1.338
	1
	3.204
	3.204
	3.204
	1.79
	0.200



	Residual error
	
	
	
	16
	28.645
	28.645
	1.790
	
	



	Lack-of-fit
	
	
	
	10
	28.259
	28.259
	2.826
	43.97
	0.000



	Pure error
	
	
	
	6
	0.386
	0.386
	0.064
	
	



	Total
	
	
	
	30
	672.575
	
	
	
	







Regression coefficient, R2 = 95.74%, R2 (Pred) = 75.62%, R2 (adj) = 92.01%, S = 1.3380, PRESS = 163.299, Adequate precision = 13.6054.
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Table 5. ANOVA for equilibrium dye uptake of CV onto CG-Zn(OH)2NPs adsorbent.






Table 5. ANOVA for equilibrium dye uptake of CV onto CG-Zn(OH)2NPs adsorbent.

















	Term
	Coefficient
	SE of Coefficient
	Tstatistics
	DF
	Seq SS
	Adj SS
	Adj MS
	Fstatistics
	Probability





	Constant
	27.9700
	0.2085
	134.120
	
	
	
	
	
	0.000



	Regression
	
	
	
	14
	467.123
	467.123
	33.366
	109.60
	0.000



	Linear
	
	
	
	4
	453.642
	453.642
	113.410
	372.53
	0.000



	X1
	−0.5018
	0.1126
	−4.455
	1
	6.043
	6.043
	6.043
	19.85
	0.000



	X2 (mg L−1)
	2.1644
	0.1126
	−19.217
	1
	112.429
	112.429
	112.429
	369.31
	0.000



	X3 (g L−1)
	−3.6906
	0.1126
	−32.769
	1
	326.896
	326.896
	326.896
	1073.78
	0.000



	X4 (µm)
	−0.5871
	0.1126
	−5.213
	1
	8.273
	8.273
	8.273
	27.18
	0.000



	Square
	
	
	
	4
	10.871
	10.871
	2.718
	8.93
	0.001



	X1 ∗ X1
	0.1111
	0.1032
	1.077
	1
	0.808
	0.353
	0.353
	1.16
	0.298



	X2 (mg L−1) ∗ X2 (mg L−1)
	−0.5745
	0.1032
	−5.568
	1
	9.482
	9.439
	9.439
	31.00
	0.000



	X3 (g L−1) ∗ X3 (g L−1)
	0.0689
	0.1032
	0.668
	1
	0.191
	0.136
	0.136
	0.45
	0.514



	X4 (µm) ∗ X4 (µm)
	−0.1168
	0.1032
	−1.132
	1
	0.390
	0.390
	0.390
	1.28
	0.274



	Interaction
	
	
	
	6
	2.609
	2.609
	0.435
	1.43
	0.264



	X1 ∗ X2 (mg L−1)
	0.2656
	0.1379
	1.926
	1
	1.129
	1.129
	1.129
	3.71
	0.072



	X1 ∗ X3 (g L−1)
	0.0953
	0.1379
	0.691
	1
	0.145
	0.145
	0.145
	0.48
	0.500



	X1 ∗ X4 (µm)
	0.0471
	0.1379
	0.341
	1
	0.035
	0.035
	0.035
	0.12
	0.737



	X2 (mg L−1) ∗ X3 (g L−1)
	−0.2401
	0.1379
	−1.740
	1
	0.922
	0.922
	0.922
	3.03
	0.101



	X2 (mg L−1) ∗ X4 (µm)
	−0.1466
	0.1379
	−1.062
	1
	0.344
	0.344
	0.344
	1.13
	0.304



	X3 (g L−1) ∗ X4 (µm)
	−0.0461
	0.1379
	−0.334
	1
	0.034
	0.034
	0.034
	0.11
	0.742



	Residual error
	
	
	
	16
	4.871
	4.871
	0.304
	
	



	Lack-of-fit
	
	
	
	10
	4.828
	4.828
	0.483
	67.61
	0.000



	Pure error
	
	
	
	6
	0.043
	0.043
	0.007
	
	



	Total
	
	
	
	30
	471.993
	
	
	
	







Regression coefficient, R2 = 98.97%, R2 (Pred) = 94.10%, R2 (adj) = 98.07%, S = 0.5518, PRESS = 27.868, Adequate precision = 18.3726. where SE, coefficient of standard error; DF, degree of freedom level; Seq SS, a sequential sum of squares; Adj SS, an adjusted sum of squares; Adj MS, adjusted mean squares; PRESS, predicted residual sum of squares; S, the S chart’s value.
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Table 6. Process model validation for % CV dye decolorization using CG-Zn(OH)2NPs adsorbent. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).






Table 6. Process model validation for % CV dye decolorization using CG-Zn(OH)2NPs adsorbent. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).





	
Expt.

	
Parameters of the Process and Operating Conditions

	
% CV Color Removal (%)




	
X1

	
X2 (mg L−1)

	
X3 (g L−1)

	
X4 (µm)

	
Experimental Value

	
Calculated Value






	
1

	
2.2

	
175

	
5

	
78

	
79.56

	
80.64




	
2

	
2.0

	
200

	
6

	
186

	
75.45

	
77.12




	
3

	
1.8

	
175

	
7

	
78

	
90.74

	
91.39




	
4

	
2.4

	
200

	
6

	
114

	
81.06

	
82.45
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Table 7. Process model validation for CV dye adsorption capacity at equilibrium using CG-Zn(OH)2NPs adsorbent. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).






Table 7. Process model validation for CV dye adsorption capacity at equilibrium using CG-Zn(OH)2NPs adsorbent. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).





	
Expt.

	
Parameters of the Process and Operating Conditions

	
CV Dye Adsorption Capacity at Equilibrium, qe (mg g−1)




	
X1

	
X2 (mg L−1)

	
X3 (g L−1)

	
X4 (µm)

	
Experimental Value

	
Calculated Value






	
1

	
2.0

	
200

	
6

	
114

	
27.58

	
28.72




	
2

	
1.8

	
175

	
7

	
150

	
21.65

	
22.18




	
3

	
1.6

	
200

	
6

	
114

	
29.46

	
31.24




	
4

	
1.8

	
225

	
5

	
78

	
35.12

	
36.85
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Table 8. Optimum values of the process parameters for maximum percentage color removal and adsorption capacity of CV dye at equilibrium. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).






Table 8. Optimum values of the process parameters for maximum percentage color removal and adsorption capacity of CV dye at equilibrium. (Shaking speed: 150 rpm; contact time: 24 h; temperature: 299 K).





	
Process Parameters

	
Optimal Value for CV Dye Removal

	
CV Decolorization Efficiency (%)

	
Optimal Value for CV Dye Uptake

	
CV Dye Adsorption Capacity at Equilibrium, qe (mg g−1)






	
X1

	
1.8

	
90.74

	
1.8

	
35.12




	
X2 (mg L−1)

	
175

	
225




	
X3 (g L−1)

	
7.0

	
5.0




	
X4 (µm)

	
78

	
78
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Table 9. Parameters of an equilibrium isotherm model for CV dye adsorption onto CG-Zn(OH)2NPs adsorbent.






Table 9. Parameters of an equilibrium isotherm model for CV dye adsorption onto CG-Zn(OH)2NPs adsorbent.





	
Isotherm

	
Model Parameters

	
Values

	
Model Equation






	
Freundlich

	
n

	
1.8584

	
     q   e   = 4.5752       C   e     0.5381     




	
KF (L g−1)

	
4.5752




	
R2

	
0.9746




	
     χ   2     

	
2.6159




	
Langmuir

	
qmax (mg g−1)

	
40.2576

	
     q   e   =     4.3962   C   e       1 + 0.1092   C   e       




	
KL (L mg−1)

	
0.1092




	
R2

	
0.9994




	
     χ   2     

	
0.0451




	
Temkin

	
KT (L g−1)

	
1.2846

	
     q   e   = 8.1362   l n     1.2846   C   e       




	
bT (kJ mole−1)

	
0.3055




	
R2

	
0.9826




	
     χ   2     

	
1.4035
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Table 10. Comparison of maximum unimolecular layer CV dye adsorption capacity of numerous adsorbents evaluated by the Langmuir isotherm model.






Table 10. Comparison of maximum unimolecular layer CV dye adsorption capacity of numerous adsorbents evaluated by the Langmuir isotherm model.





	Adsorbent
	Maximum Adsorption Capacity qmax (mg g−1)
	References





	Red mud
	1.37
	[71]



	Penicillium sp.
	4.32
	[72]



	Wheat bran
	6.41
	[73]



	Iron-chromium oxide
	6.49
	[74]



	Iron-pillared bentonite
	9.13
	[75]



	Apricot stone-activated carbon
	10.09
	[76]



	Natural agalmatolite
	11.29
	[77]



	Banana pith
	13.10
	[78]



	Orange peel
	19.88
	[79]



	Natural kaolinite
	22.89
	[77]



	Pistachio shell
	26.45
	[80]



	Starch/poly (alginic acid cl-acrylamide)

nano hydrogel
	31.24
	[81]



	Used tea leaf charcoal
	37.72
	[82]



	Cement kiln ash
	38.39
	[82]



	Azadirachta indica (neem) leaf powder
	39.64
	[6]



	Luffa peels
	40.00
	[83]



	Calotropis gigantea leaf-extracted Zn(OH)2 nanoparticles
	40.25
	Present work










[image: Table] 





Table 11. Thermodynamic parameters for the adsorption of CV dye onto CG-Zn(OH)2NPs adsorbent.






Table 11. Thermodynamic parameters for the adsorption of CV dye onto CG-Zn(OH)2NPs adsorbent.





	
Temperature (K)

	
Maximum Capacity for Adsorption, qmax (mg g−1)

	
Thermodynamic Parameters




	
ΔG (kJ mole−1)

	
ΔH (kJ mole−1)

	
ΔS (kJ mole−1 K−1)






	
299

	
40.2576

	
−20.8528

	
42.5364

	
0.1524




	
313

	
45.5864

	
−22.7167




	
323

	
52.5762

	
−24.5517
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Table 12. Parameters of the kinetic model for the CV dye adhesion onto the CG-Zn(OH)2NPs adsorbent.






Table 12. Parameters of the kinetic model for the CV dye adhesion onto the CG-Zn(OH)2NPs adsorbent.





	
Parameters of the Kinetic Model

	
Initial Adsorbate Concentration, Co (mg L−1)




	
25

	
65

	
135

	
200

	
300






	
qe,expt (mg g−1)

	
3.9754

	
10.6226

	
20.7045

	
28.4232

	
38.4200




	
Pseudo-first-order model




	
qe,pred (mg g−1)

	
2.0506

	
4.2772

	
6.0276

	
7.8824

	
9.4796




	
K1 (min−1)

	
0.0929

	
0.0442

	
0.0364

	
0.0218

	
0.0125




	
Normalized standard deviation (%) NSD

	
17.1182

	
18.8898

	
21.3733

	
19.8618

	
20.8917




	
Regression coefficient R2

	
0.9738

	
0.9780

	
0.9522

	
0.9610

	
0.9498




	
Pseudo-second-order model




	
qe,pred (mg g−1)

	
4.0261

	
10.9313

	
20.6612

	
28.4495

	
38.6249




	
K2 (g mg−1 min−1)

	
0.0457

	
0.0264

	
0.0118

	
0.0081

	
0.0046




	
Initial adsorption rate h (mg g−1 min−1)

	
0.7222

	
2.9789

	
5.0583

	
6.5438

	
6.7900




	
Normalized standard deviation (%), NSD

	
0.6473

	
0.8764

	
0.0604

	
0.0257

	
0.1425




	
Regression coefficient R2

	
0.9988

	
0.9999

	
0.9999

	
0.9999

	
0.9999




	
Intra-particle diffusion model




	
Ki (mg g−1 min−1/2)

	
0.2087

	
0.1647

	
0.1812

	
0.2136

	
0.3208




	
C (mg g−1)

	
2.7146

	
8.7954

	
17.7825

	
24.7172

	
32.3548




	
Regression coefficient R2

	
0.9332

	
0.9512

	
0.9861

	
0.9929

	
0.9877
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