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Abstract

:

Due to growing environmental awareness and demands, many efforts were implemented for the transformation of waste materials into highly efficient adsorption capacity materials. In this work, efforts were made to convert the Sindh clay and quartz into an efficient composite for dye removal from polluted water. The synthesized composites were characterized using FT-IR, BET, SEM, and XRD. The synthesized composite showed a crystalline structure with specific characteristics, including a specific surface area of 7.20 m2/g and a pore diameter of 3.27 nm. The formation of iron cyanide hydrate (2030 cm−1) and iron oxides (418 cm−1) were depicted through Fourier transform infrared spectroscopy analysis. The micrographs obtained show that the unmodified quartz sample has a flattened and elongated shape compared to the modified quartz sample, which has aggregated and coarse morphology. The effects of several factors, such as temperature, contact time, and initial dye concentration, were studied. Kinetic models were also applied to determine the probable route of the adsorption process. For adsorption equilibrium analysis, the Dubinin–Radushkevich, Langmuir, Freundlich, Temkin, and Harkin–Juraisotherm models were employed. The Freundlich isotherm model and pseudo-first-order model best described the adsorption of dyes onto the clay composites. R2 values were close to 1 or more than 0.9, showing which equation fits the experimental data. The produced composite demonstrated good reusability, maintaining over 90% of the adsorption capacity after five reaction cycles without the need for reactivation.
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1. Introduction


Over the last few decades, the globe has seen the negative results of unrestrained development of many human activities, such as manufacturing, agriculture, transportation, and urbanization. Increased quality of life and higher consumer demand have exacerbated pollution of the atmosphere and soil due to toxic waste disposal [1,2,3,4]. Emerging pollutants include a broad range of man-made products (such as pesticides, beauty products, personal and domestic care products, and medications, among others) that are used globally and are essential for modern society. It has been demonstrated that between 1930 and 2020, global anthropogenic chemical output rose from 1 to 500 million tons per year. The global outflow of wastewater into rivers, lakes, and oceans exceeds 500 billion m3/year, contaminating 5500 billion m3 of water every year. The water quality is suffering balanced corrosion due to countless heavy metals (generally cations) and dyes produced in the atmosphere from industrial fabrication activities, which have been established to be extremely poisonous [5]. Although synthetic dyes are carcinogenic and toxic, their discharge without adequate treatment might have a negative impact on soil, wildlife, and receiving water sources [4,6,7,8,9]. As per the World Bank, industrial wastewater comprises around 17–20% of sewage contamination. Minerals of clay are hydrous aluminum silicates with different concentrations of Mg, Fe, alkali, and alkaline metals. Clay minerals are used in animal feeds, pharmaceuticals, wastewater treatments, paints, and food preparations. Quartz is a hard and crystalline mineral with the highest percentage purity of 99.9% and is composed of chains of silica. In quartz, the atoms are cross-linked in a bed of tetrahedrons of silicon and oxygen, giving an overall formula of SiO2.



There are several types of dyes developed for the dyeing of acrylics, wool, nylon, leather dyeing paper, food, cosmetics, and silk. Some sustainable chemical and physical techniques that comprise photolysis and photocatalytic processes have been developed for the treatment of wastewater. Wastewater treatment is a practice used to eliminate contaminants from wastewater or liquid waste and transform it into sewage that can be resumed to the water cycle with adequate influence on the surroundings or recycled for numerous purposes. Contaminants in wastewater are separated, transformed, or shattered down throughout the handling process. Wastewater from fabric staining industries is a substantial source of environmental pollution [10].



A variety of approaches, including flocculation and coagulation, ozonation or oxidation, photocatalytic degradation, micellar-enhanced ultrafiltration, membrane separation, electrochemical degradation, and adsorption, have been used for water treatment [11,12]. Among all techniques, adsorption has popularity over traditional techniques because of less investment, flexibility of design, insensitivity to lethal pollutants, and ease of operation. Earlier studies have reported a variety of adsorbents, such as ion-exchange resins, clays, activated carbon, and zeolites. The adsorption using activated carbon is known as an effective approach, but natural minerals are cheap and easily available, e.g., quartz; however, very few studies have been conducted to test its efficiency. Adsorption is a common industrial separation process used to purify effluent media. It is a liquid phase process that allows a solid substance to selectively transmit mass by removing dissolved components from an aqueous solution, bringing the dissolved solute to the surface. Adsorption is particularly useful in the textile, leather, dyeing, plastics, food, cosmetics, and paper sectors, where water recovery is critical [13]. Clays are hydrous inorganic materials that are widely characterized as “minerals that constitute the colloid portion of soils, fossils, rocks, and water and may be made of combinations of fine-grained clay particles and clay-sized grains of other minerals in the rock, carbonate, and metal oxides”. Typically, these clay materials are used in their original state without being chemically altered [14].



Recently, multi-layered hydroxides, metal–organic frameworks (MOFs), and nanomaterials have gained attention owing to their applications for the removal of pollutants from wastewater [15,16,17,18]. MOFs can be used as an efficient adsorbent for the adsorption of toxic dyes from water due to favorable surface area and porosity, which allows for the distribution of active components on the framework [16]. For example, ZIF-8@ZIF-67 was produced as an adsorbent for the adsorption of organic dyes that successfully absorbed the maximum adsorption efficiency of 143.26 mg/g and was reusable for up to four renewal cycles [15].



A tri-metallic layered double hydroxide (NiZnAl-LDHs) adsorbent was derived for the removal of rhodamine B (Rh-B) and methyl orange (MO). The NiZnAl-LDH showed the removal of Rh-B and MO at 210 min contact time with an adsorption efficiency of 38.03 mg/g for Rh-B and 32.67 mg/g for that of MO [16].



Bentonite–cobalt doped bismuth ferrite nanoparticles (BFO NPs) were derived using a cost-effective solvothermal process for the removal of methyl orange (MO) [17]. The results showed that the synthesized BFO NPs depicted up to 92% MO were degraded in 60 min under solar irradiation [17]. In another example, titanium-doped calcium bismuth ferrites were successfully synthesized using the co-precipitation method and used as photocatalysts to degrade the moxifloxacin antibiotic [18]. The titanium-doped calcium bismuth ferrites nanoparticles showed 89.16% moxifloxacin degradation after irradiation using a catalyst dosage of 1.5 g/L for 60 min. In addition, the synthesized adsorbent was able to remove the moxifloxacin antibiotic for up to four cycles in yields greater than 70% [18].



Several environmental parameters, such as the types and quantities of ions, ionic strength, solution pH, temperature, and dye class, all influence the adsorption process. Temperature affects the dynamic adsorption of metal ions, the stability, and the alteration of surface complexation structures of diverse metal precipitates. Natural raw and modified clays have demonstrated promising results as adsorbents for the removal of different metals, chemical compounds, and coloring agents [14]. Unfortunately, a significant portion of this waste is discarded, causing air, water, or soil pollution that threatens ecological balance. There is a lack of research addressing waste utilization of silica and clay for adsorption studies. Therefore, the primary purpose of this research was to investigate the composite formation of silica and clay for the effective utilization of detailed adsorption mechanisms and processes. The synthesized composite was characterized using FT-IR, BET, SEM, and XRD. Langmuir, Freundlich, Dubinin–Radushkevich, Temkin, and Harkin–Juraisotherm models were employed for the detailed adsorption equilibrium analysis. Pseudo-first and second-order models were applied to evaluate the adsorption of dyes using the produced composites.




2. Materials and Methods


2.1. Materials


Acteray Golden 741 dye (shade) was purchased from the Local Dye Market, Faisalabad, Pakistan and structure of the dye has been presented in Figure 1. It was used without any modification. Sindh clay (500 g) and quartz (500 g) were also collected from the local industry of Faisalabad city. Sindh clay contained SiO2 (44.22%), Al2O3 (32.11%), Fe2O3 (0.39%) and TiO2 (0.91%). All chemical substances used in this work were of analytical quality (Sigma Aldrich, St. Louis, MI, USA), comprising 0.1 M dil. HCl solutions, Nitric acid, 0.1 M NaOH, and a pH 7 buffer solution. To produce the necessary solutions, deionized water was utilized.




2.2. Preparation of Sample and Composite Materials


Sindh clay and quartz were used as starting materials to form composites. Quartz and clay stones were both crushed and then sieved to obtain the desired particle size, further prepared by performing a filtration mechanism. Filtration assisted in the purification of the clay by eliminating non-clay elements, such as minerals, insoluble salts, and non-suspended clay particles. After filtering, the refined clay filtrates were dried at room temperature in the form of pastes. Dried mixed powder of clay and quartz was utilized in the synthesis of composite material. It was prepared by mixing sodium metasilicate and potassium ferricyanide with mixed clay and quartz samples to obtain a thick and fine paste. Pastes of both samples were dried at 70 °C in the oven, and later, the dried sample was calcined at 400 °C for 3 h. The details are presented in the flow chart in Figure 2 for better understanding.




2.3. Adsorption Study


The adsorption process was performed by agitating the composites with the dye solution by using an orbital shaker at 120 rpm speed for 3 h. Dye solution of Acteray Golden 741 with a molar concentration of 25 ppm and at a certain pH of the dye solutions (maintained using 0.1 M HCl and 0.1 M NaOH solutions). The selected composite dose was added to every dye solution.



The adsorption capacity (qe) of synthesized composite as presented in Figure 2, its adsorption capacity at time t (qt), and linear equations of different kinetic models like Langmuir, Freundlich, Dubinin–Radushkevich, Temkin, and Harkin–Jura kinetic models were appraised. The kinetic models (pseudo-first-order and pseudo-second order) were applied to determine R2.




2.4. Optimization Experiments


2.4.1. Optimization of Initial Dye Concentration


The effect of initial dye concentration was examined by varying the concentration of relevant dye from 5 to 50 mg/L by maintaining the adsorbent dose, contact time, and temperature constant. While using the orbital shaking mechanism, the shaking speed should be 120 rpm, and the contact time should be 3 h at least. To investigate the relationship between dye concentration and adsorbent, different types of isotherm models were applied.




2.4.2. Optimization of Contact Time


Solution of 741 golden acteray dye with adsorbent doses were agitated for diverse time intervals (15, 30, 60, 120, 240 min). The adsorbent doses were kept constant (0.005 g) in all dye solutions. Kinetic data was inspected by means of pseudo first and second-order kinetic models [19].




2.4.3. Optimization of Concentration


The solution of dye, namely acteray dye, was prepared at the concentration of 500 ppm, and then dilutions of 5, 10, 15, 25, 50, 75, and 100 ppm were prepared from the stock solution. Test tubes containing 0.01 gm of adsorbent were filled with dye solution up to 10 mL and then placed on an orbital shaker with 120 rpm for at least 2 h. After that, all solutions were filtered with the help of a syringe filter, and their absorptions were filtered on a UV-visible spectrophotometer.





2.5. Estimation of Absorbance and Spectrophotometric Analysis


To determine the wavelength of Acteray dye, a 25 ppm solution of dye was prepared. Then, this dye solution was run on a 721 D UV Visible spectrophotometer and scanned over a wavelength range of 335 nm to 1000 nm to determine the wavelength at which the dye shows maximum absorption.



The absorbance of the dye was measured using a 721 D UV-visible spectrophotometer. All these values were measured before and after shaking to observe the effect of adsorbents on the dye. The dye solution was filtered using a syringe filter to remove the adsorbent contained in the solutions. Dye solutions are put in cuvettes and scanned with a spectrophotometer to determine their absorbance reading at their λ max.




2.6. Characterization of Adsorbents


Fourier transform infrared spectroscopy (FTIR) was used to determine the functional group management alongside a resolution of 4 cm−1 and operating in the 400–4000 cm−1 range using the Perkin–Elmer Spectrum. A scanning electron microscope (SEM) was used to study the surface morphology of nanocomposites. In SEM, a focused beam of electrons is used to demonstrate the images of clay or marble time. X-ray diffraction (XRD) was used to evaluate the crystallite size and structure on a Shimadzu-6000 machine (Shimadzu Corporation, Tokyo, Japan), with a scanning range and rate of 4 min−1 of theta (θ) of 20 to 80. The Brunauer–Emmett–Teller (BET) technique was used to measure the specific surface area using Thermo Fisher Scientific (Sorptomatic 1990 series). The pore size distribution was estimated using the Barrette–Joyner–Halenda (BJH) method.





3. Results and Discussion


3.1. Characterization of SC + Quartz and SC + Quartz + Potassium Ferricyanide + Sodium Metasilicate


The FTIR patterns of nanocomposites of clay and quartz depicted numerous characteristic bands in Figure 3a. The adsorption spectrum of pure quartz showed IR peaks at 643 and 579 cm−1 (Si–O vibrations of quartz impurities) and 717, 767, and 419 cm−1 corresponding to the vibration band of Si–O–Si [20]. The vibration peaks allied to the SiO2 groups are allocated to the asymmetric and symmetric stretching modes (detected at 1016 cm−1) and the bending mode (at 537 cm−1) as a weak band [21]. These results provide evidence that it is a composite spectrum of quartz and clay.



The FTIR spectrum of the prepared SC + quartz + potassium ferricyanide + sodium metasilicate (modified quartz) is presented in Figure 3b. The absorption at the 2030 cm−1 peak of the FTIR spectrum confirms the development of the iron cyanide hydrate after the pyrolysis [22]. The prominent peak at 646 cm−1 and 438 cm−1 may be allocated to Fe–CN–Fe banding mode. FT-IR absorbance peaks from 725 to 1440 cm−1 (Figure 3b), such as Si=O bending, Si–O–Na, and Si–O–Si stretching vibrations [23]. In addition, the absorbances at 765 and 745 cm−1 were attributed to the symmetric stretching and bending vibrations of the Si–O–Si bond [24]. The medium peak appeared at 418 cm−1, and this is an indicative peak of the Fe–O stretching vibration in iron oxide [22]. Low-intensity peaks can be seen between 3700 and 3600 cm−1, which indicates the presence of a quartz-type compound mixed with potassium ferricyanide and sodium metasilicate having oxygen and hydrogen bonds (Figure 3b).



Scanning electron microscopy analysis was used to study the surface morphology of modified and unmodified quartz composites (Figure 4). The micrographs obtained show that the unmodified quartz sample has a flattened and elongated shape as compared to the modified quartz sample, which has aggregated and coarse morphology. The adsorption process is made easier by its higher contact area and easy pores diffusion. The surface area and the porosity of the adsorbent are crucial factors in determining its adsorption capacity and performance.



The crystallinity patterns of SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate are depicted in Figure 5. These patterns provide insights into the structural characteristics of the synthesized composites. The crystalline structure of the SC + quartz and impregnated SC + quartz + potassium ferricyanide + Sodium metasilicate were evaluated by XRD diffracted at a range of 2θ = 5 to 80°. The crystalline phases of the prepared samples were determined to be quartz, silicon dioxide, and tridymite, as shown in Figure 5. Diffraction patterns corresponding to quartz (SiO2, Card No. 5000035) were observed 2 θ = 20.8° (100), 26.7° (101), 36.6° (110), 39.5° (102), 50.1° (112), 54.9° (202), 60.1° (211), 64.0° (113) and 68.3° (301). In addition, the diffraction peaks at 27.5 (2–21) and 28.1 (502) were determined as silicon dioxide (Card No. 4124076) and tridymite (Card No. 9013493). The intensity of the modified sample was significantly decreased upon the impregnation of potassium ferricyanide and sodium silicate, showing that the crystallinity of quartz was reduced concurrently.



The Brunauer–Emmett–Teller (BET) analysis was performed to evaluate the surface area, pole volume, and average pore size characteristics of SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate, and the results are depicted in Figure 6 and Table 1. Figure 6 appraises that SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate exhibited type-III isotherm patterns, indicative of mesoporous pore structures. The mesoporous structures were further confirmed by the presence of H3 hysteresis loops at P/P° = 0.99, according to the IUPAC classification [25]. Based on the BET method, the surface areas of SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate were determined to be 4.02 m2/g and 7.02 m2/g. The activation of higher temperatures led to an increase in the average pore volume and specific surface area of SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate. Further analysis of the pore size distribution revealed that SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate exhibited average pore size from 3.27 to 3.34 nm using the Barrett, Joyner, and Halenda (BJH) methods as presented in Table 1 These findings provide further evidence of the synthesized composite surface composition and its potential for efficient of pollutants from the wastewater.




3.2. Determination of Maximum Wavelength (λmax)


To determine the wavelength of the dye, namely Acteray dye, a 25 ppm solution of dye was prepared by dissolving 0.001 g of dye in 40 mL distilled water. Then, this dye solution was run on a UV-visible spectrophotometer and scanned over a wavelength range of 335 nm to 1000 nm to determine the maximum absorption wavelength (434 nm).




3.3. Effect of Initial Dye Concentration


The pH plays a significant role in the adsorption process because it significantly impacts dye's adsorptive and dissociative ability on the adsorbent surface [26]. The effect of change in pH for the adsorption of dye has been depicted in Figure 7. It has been found that dye adsorption increased by increasing pH, and maximum adsorption was recorded at pH 9. The pH was used in the range of 5, 6, 7, 8, 9, 10. A rapid increase in dye removal efficiency (q value) was observed with an increase in pH from 5 to 9. In acidic pH, dye adsorption was decreased due to repulsive forces between positive ions present on the surface of the adsorbent and cations of dye. The maximum q value for all materials was observed at pH 9 in the basic range because there are no positive ions on the adsorbent surface, and cations of dye easily bind with the adsorbent; more adsorptions occur, which results in an increase in dye removal efficiency. The increase in dye uptake by increasing pH can be explained based on absorbent zero-point charge. When pH increases above this point, the adsorbent surface is occupied by negative charges, which lead to an increase in the adsorption of cations through electrostatic attractive force [27].



The initial concentration is an important parameter for the evaluation of dye adsorption. The increase in initial Rhodamine B dye concentration increases the dye adsorption, as shown in Figure 8. The initial concentration of dye was used in the range of 5 to 50 mg/L. A sharp increase in dye removal efficiency was observed at maximum concentration (50 mg/L). The reason is that at higher dye concentrations, a greater number of cations of dye are available to adsorb on the surface of the adsorbent [28]. The modified composite material gives greater dye removal efficiency than the unmodified composite material. This supports the fact that modification of composite material with potassium ferricyanide provides better results in dye removal.



Langmuir isotherm illustrates how adsorbate reacts with adsorbent and is important in optimizing adsorbent utilization. Adsorption isotherm studies are designed to correlate adsorbate concentrations (Ce, mg/L) with adsorption capacity (Qe, mg/g) in a liquid state. To comprehend a complicated adsorption process in a liquid state, many isotherm models are used. Langmuir adsorption isotherm was developed to characterize gas–solid phase adsorption and is often used to measure and compare the adsorptive ability of different adsorbent materials. By regulating the relative rates of desorption and adsorption, the Langmuir isotherm compensates for physical adsorption [29], as Equation (1).


    C e   Q e   =   1   Q ° k t   +   1   Q   °  C e  



(1)







Here, Ce (mg/g) defines the concentration of adsorbate molecule and Qe (mg/g) for extreme adsorption capability at equilibrium. Kl and Q° are Langmuir coefficients interrelated to adsorbents' monolayer adsorption capability (mg/g). The plot of Ce/qe against Ce stretches a straight line.



The Freundlich isotherm applies to adsorption systems on heterogonous substances. This isotherm yields an equation that characterizes surface heterogeneity and the exponential function of active sites and their energy [30]. The linear form of the Freundlich isotherm is as follows in Equation (2):


  L n q e = L n k f +   1   n    L n C e  



(2)




where Kf is the adsorption capacity (L/mg), and 1/n is the adsorption intensity; it also specifies the relative dispersal of the energy and the heterogeneity of the adsorbate positions.



The Dubinin–Radushkevich adsorption isotherm is an observational adsorption model used to represent adsorption mechanisms with Gaussian energy distribution onto heterogeneous planes [31], as presented in Equation (3). Because the Dubinin–Radushkevich isotherm is sensitive to temperature, all appropriate data may be generated by plotting adsorption data at various temperatures as a proportion of the logarithm of quantity adsorbed versus the square of potential energy.


    L n q  e  =   L n q  °  − β   ε   2     



(3)




where β (mol2/J2) represents the coefficient that suggests the mean adsorption energy, and Qe is adsorption capability at equilibrium, ε displays the Polanyi potential and is intended using this Equation.


  ε = R T L n ( 1 +   1   C e   )  








where R (8.314 Jmol−1 k−1) signifies gas constant, T for absolute temperature in K. Ce is associated with the concentration of adsorbate (mg/L) at equilibrium. Mean free-energy (E) of adsorption is that free-energy change occurs when 1 mole of ion is distributed from solution to the adsorbent molecule. This free energy could be calculated by using the β value.


  E =   1    2 β     











The Temkin isotherm model considers the impacts of adsorbate or adsorbate interactions upon that adsorption mechanism. It is also supposed that as coating thickness increases, the adsorption rate of all particles in the stack decays exponentially [32]. The Temkin isotherm is only meaningful for a narrow range of ion concentrations. The linear version of the Temkin isotherm model is given in Equation (4).


   q e  = B L n A t + B l n  C e   



(4)







Temkin isotherm was fitted to tentative data using the above equation, where At is the equilibrium binding constant (L/mg). R2 values are revealed via a plot of qe versus lnCe.



The Harkin–Jura model predicts multi-layered adsorption on the top of absorbents with heterogeneous porous distribution [33]. The following is how this concept is expressed in Equation (5):


    1      q   2   e    =   B   A   −     1   A     l o g C e  



(5)







Here, A and B are Harkin–Jura constants that can be attained from plotting logCe versus 1/qe2.



Isotherm models like Langmuir, Freundlich, Dubinin–Radushkevich, Temkin, and Harkin–Jura were used to examine the adsorption of dyes on the surface of clay-based composites. These adsorption studies illustrate the adsorbent capacity by using the adsorption isotherm constants as their values depict the affinity of adsorbents and their surface properties. Data obtained from the adsorption isotherm parameters is listed in Table 2. Freundlich isotherm model best described the adsorption of dyes onto the clay composites. R2 values were close to 1 or more than 0.9, showing that the equation supports the experimental data. The comparison shows that the Harkin–Juraand Langmuir isotherms represented poor fits on the experimental conditions for all concentrations. Kf is the Freundlich constant, which specifies the adsorption capacity of every single absorbent; as greater the value of Kf, the greater the adsorption capacity of adsorbent. The degree of n indicates the extent of favorability for adsorption; when it is equal to unity, adsorption will be linear. Likewise, n greater than unity depicts physical adsorption more favorably. Adsorption energy determined by the Dubinin model was found to be between the range of 0.71 and 0.25 kJ/mol for clay compounds, revealing the impact of physisorption in dye adsorption.




3.4. Effect of Contact Time


The dye solution of 50 ppm was prepared by dissolving 0.025 gm of dye in 500 mL of distilled water. The dye solution was treated with all 12 adsorbents. The solution was filled in test tubes up to 15 mL containing 0.01 gm of adsorbent. Drying was performed in an oven at 30 °C, and after the intervals of 15, 30, 60, 120, and 240 min, all solutions were filtered with the help of a syringe filter, and their absorptions were recorded with the help of a spectrophotometer at the λ max of dye. The same procedure was repeated at other temperatures like 40, 50, 60 and 70 °C [34].



The kinetics equation of Lagergren or pseudo-first-order Equation (6) elucidates liquid-centered adsorption onto the solid capacity. Kinetic models describe that the rate of change of the solute uptake versus time is directly related to the change in concentration and solid uptake with time.


    log  ⁡    q e − q t     = l o g q e −    k 1  t   2.303    



(6)




where t is the time (min), k1 is the pseudo-first-order rate constant of the adsorption, qe (mg/g) signifies the equilibrium capability of the adsorption, and qt is for concentration (mg/g) at every time t.



This model was applied to determine the adsorption kinetics. The pseudo-second-order kinetic model shows its linear form as described in Equation (7).


    t   q   =   1    k 2  q e 2   +   t   q t    



(7)







Here, q (mg/g) signifies the quantity of the dye absorbed at the equilibrium state, qt (mg/g) is the quantity of dye adsorbed at time t (min), k2 pseudo-second-order rate constant of adsorption.



Both kinetic models (pseudo-first-order and pseudo-second-order) have been applied in order to determine the experimental data (Table 3) and to examine the chemical reactions, mass transfer, adsorption mechanism, potential rates, and kinetics of dye adsorption onto the clay composites [35]. The experimental data can be studied by correlation coefficients (R2) whose values are nearer to or equal to one. The higher the value of R2, the more the effectiveness of models on adsorption kinetics, as depicted in Table 2 and Table 3 [36]. The data obtained shows that the pseudo-first-order kinetic model was best fitted to acteray golden dye compared to pseudo-second-order as its R2 values are close to 1 (R2 > 0.9). The pseudo-second-order kinetic model failed to illustrate the qe and the rate constant of the model. Meanwhile, experimental values may differ from the estimated values, and the lower values of the regression coefficient (R2) demonstrate that the adsorbate molecules were attached to one binding site. Acteray golden dye shows maximum adsorption values after 240 min of shaking. The results depict that in the beginning, there is an increase in adsorption capacity, then it slows down with time because there are a large number of empty binding sites of dye anions at the start of adsorption, and later, with time, the adsorption process decelerates with the coverage of vacant sites. Calcinated composites show the applicability of the pseudo-second-order kinetic model, inferring that the adsorption happens on the heterogeneous surface of composite constituents.



A comparison of composite (SC + quartz + potassium ferricyanide + sodium metasilicate) used in the present study with previous studies is provided in Table 4. The composite used in the present study exhibited comparatively better dye removal capacity.




3.5. Plausible Mechanism of Adsorption


Figure 9 illustrates that adsorption mechanisms can occur in various ways involving weak electrostatic interactions, hydrogen bonding, or Pi–pi interactions, depending on which groups interact. Surface or multilayer adsorption is only possible when matched with various adsorption isotherms and the adsorption process. The driving force behind this adsorption is the difference in concentration between the adsorbent and bulk solution [46]. Chemisorption plays an important role in the adsorption of various molecules [47]. In the proposed adsorption process mechanism, absorbent molecules adsorb to the adsorbent surface in the form of a monolayer, or they may adsorb as multilayer from the bulk solution, which can also be evidenced from adsorption isotherm equations.




3.6. Reusability of SC + Quartz + Potassium Ferricyanide + Sodium Metasilicate Composite Study


In this context, commercial application of absorbent, the reusability study of the absorbent was conducted. The adsorbed dye was removed from the adsorbent using solvent extraction with the use of CH3OH as an eluent for up to five consecutive cycles (Figure 10). The amount of dye removed from the adsorbent was determined spectrophotometrically, and the removal efficiency was determined after each cycle. The results obtained clearly show that there was a very small decrease in the dye uptake capacity of adsorbent after each cycle, which suggests that adsorbent can be effectively used again.





4. Conclusions


The simple technique has been effectively used to prepare SC + quartz + Potassium ferricyanide + Sodium metasilicate, nanocrystallites composite. The crystal structure, structural change, and morphology of nanocrystallites were monitored by FT-IR, XRD, BET, and SEM. The micrographs obtained show that the unmodified quartz sample has a flattened and elongated shape as compared to the modified quartz sample, which has aggregated and coarse morphology. The adsorption spectrum of pure quartz showed adsorption at 1016 cm−1, which indicates SiO2 stretching and bending mode, as a weak peak can be seen at 537 cm−1, which indicates the presence of quartz and clay composite. The nanocomposites of clay and quartz have shown a very high uptake capacity for dye. Freundlich isotherm model best described the adsorption of dyes onto the clay composites. R2 values were close to 1 or more than 0.9, showing that the equation fits the experimental data well. The data obtained shows that the pseudo-first-order kinetic model was best fitted to acteray golden dye compared to pseudo-second-order as its R2 values are close to 1 (R2 > 0.9). The synthesized adsorbent demonstrates exceptional reusability, retaining over 90% of the adsorption capacity even after five cycles.
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Figure 1. Structure of Acteray Golden 741 dye. 
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Figure 2. Flow chart for the preparation of composite materials. 
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Figure 3. FTIR spectra of (a) SC + quartz (unmodified) (b) SC + quartz + potassium ferricyanide + sodium metasilicate (modified quartz). 
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Figure 4. SEM micrograph of unmodified (a–c) and modified (d–f) quartz at various resolutions, 200 nm, 500 nm, 1 µm. 
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Figure 5. XRD analysis of (a) SC + quartz (unmodified) and (b) SC + quartz + potassium ferricyanide + sodium metasilicate (modified quartz). 
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Figure 6. (a) BET adsorption–desorption isotherms and (b) the pore size distribution of (a) SC + quartz (unmodified) (b) SC + quartz + potassium ferricyanide + sodium metasilicate (modified quartz). 
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Figure 7. Effect of pH on dye removal using various composites. 
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Figure 8. The effect of initial dye concentration on dye removal using various composites. 
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Figure 9. Adsorption process and mechanism for dye removal. 
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Figure 10. Reusability of SC + quartz + potassium ferricyanide + sodium metasilicate composite study. 
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Table 1. BET analysis of SC + quartz and SC + quartz + potassium ferricyanide + sodium metasilicate.
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	Materials
	BET Specific Surface Area (m2/g)
	Pore Volume (cm3/g)
	Average Pore Size (nm)





	SC + Quartz
	4.02
	0.019
	3.34



	SC + quartz + potassium ferricyanide + sodium metasilicate
	7.20
	0.025
	3.27










 





Table 2. Adsorption isotherms fitted to dye concentration data.
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Models

	
Adsorbents

	
R2

	
Qe

	
Qo

	
K

	
n

	
β

	
E

	
A

	
B






	
Langmuir Isotherm

	
Sindh Clay

	
0.1564

	
8.293964

	
909.0

	
0.011

	

	

	

	

	




	
SC + K

	
0.1195

	
7.816123

	
1250

	
147.87

	

	

	

	

	




	
SC + Na

	
0.0329

	
10.85383

	
5000

	
0.002

	

	

	

	

	




	
SC + Mix

	
0.1217

	
16.96338

	
1000

	
0.0085

	

	

	

	

	




	
Quartz

	
0.3516

	
22.35616

	
1111.1

	
0.073

	

	

	

	

	




	
Quartz + K

	
0.9935

	
42.25485

	
833.3

	
0.235

	

	

	

	

	




	
Quartz + Na

	
0.9812

	
48.50092

	
1666.6

	
0.187

	

	

	

	

	




	
Quartz + Mix

	
0.2991

	
19.83042

	
3333.3

	
0.0256

	

	

	

	

	




	
SC + Q

	
0.9886

	
41.70874

	
769.2

	
0.236

	

	

	

	

	




	
SC + Q + K

	
0.9325

	
44.91711

	
1666.6

	
0.115

	

	

	

	

	




	
SC + Q + Na

	
0.9111

	
19.83042

	
2000

	
0.111

	

	

	

	

	




	
SC + Q + Mix

	
0.964

	
36.04291

	
1428

	
0.166

	

	

	

	

	




	
Freundlich Isotherm

	
Sindh Clay

	
0.8184

	
8.293964

	
96.82

	
0.917

	
1.089

	

	

	

	




	
SC + K

	
0.9089

	
7.816123

	
9.783

	
0.246

	
1.0319

	

	

	

	




	
SC + Na

	
0.9651

	
10.85383

	
11.83

	
0.292

	
1.006

	

	

	

	




	
SC + Mix

	
0.8285

	
16.96338

	
11.50

	
0.3019

	
0.98

	

	

	

	




	
Quartz

	
0.9956

	
22.35616

	
22.93

	
4.162

	
1.876

	

	

	

	




	
Quartz + K

	
0.959

	
42.25485

	
22.02

	
11.12

	
0.1735

	

	

	

	




	
Quartz + Na

	
0.6528

	
48.50092

	
43.28

	
17.30

	
0.246

	

	

	

	




	
Quartz + Mix

	
0.5672

	
19.83042

	
43.16

	
5.84

	
1.750

	

	

	

	




	
SC + Q

	
0.6682

	
41.70874

	
22.96

	
6.429

	
2.994

	

	

	

	




	
SC + Q + K

	
0.5958

	
44.91711

	
42.86

	
11.06

	
2.64

	

	

	

	




	
SC + Q + Na

	
0.5562

	
19.83042

	
44.66

	
13.18

	
2.90

	

	

	

	




	
SC + Q + Mix

	
0.6054

	
36.04291

	
39.76

	
10.19

	
2.812

	

	

	

	




	
Dubinin Isotherm

	
Sindh Clay

	
0.9828

	
8.293964

	
7.314

	

	

	
9 × 10−6

	
238.09

	

	




	
SC + K

	
0.9444

	
7.816123

	
6.025

	

	

	
9 × 10−6

	
238.09

	

	




	
SC + Na

	
0.853

	
10.85383

	
6.855

	

	

	
7 × 10−6

	
267.37

	

	




	
SC + Mix

	
0.4022

	
16.96338

	
6.269

	

	

	
5 × 10−6

	
316.45

	

	




	
Quartz

	
0.3029

	
22.35616

	
20.32

	

	

	
3 ×10−6

	
409.83

	

	




	
Quartz + K

	
0.7136

	
42.25485

	
19.51

	

	

	
1 × 10−6

	
709.21

	

	




	
Quartz + Na

	
0.4137

	
48.50092

	
37.22

	

	

	
2 × 10−6

	
500

	

	




	
Quartz + Mix

	
0.3579

	
19.83042

	
37.95

	

	

	
9 × 10−6

	
238.09

	

	




	
SC + Q

	
0.9407

	
41.70874

	
20.05

	

	

	
2 × 10−6

	
500

	

	




	
SC + Q + K

	
0.5248

	
44.91711

	
38.47

	

	

	
4 × 10−6

	
354.60

	

	




	
SC + Q + Na

	
0.413

	
19.83042

	
39.30

	

	

	
3 × 10−6

	
413.223

	

	




	
SC + Q + Mix

	
0.7582

	
36.04291

	
37.49

	

	

	
3 × 10−6

	
409.83

	

	




	
Temkin Isotherm

	
Sindh Clay

	
0.9844

	
8.293964

	

	

	

	

	

	
3.1855

	
0.384




	
SC + K

	
0.9891

	
7.816123

	

	

	

	

	

	
3.0841

	
0.268




	
SC + Na

	
0.9267

	
10.85383

	

	

	

	

	

	
4.1606

	
0.252




	
SC + Mix

	
0.6611

	
16.96338

	

	

	

	

	

	
6.2149

	
0.199




	
Quartz

	
0.3413

	
22.35616

	

	

	

	

	

	
11.05

	
0.443




	
Quartz + K

	
0.9507

	
42.25485

	

	

	

	

	

	
3.084

	
22.78




	
Quartz + Na

	
0.7107

	
48.50092

	

	

	

	

	

	
10.84

	
1.708




	
Quartz + Mix

	
0.2931

	
19.83042

	

	

	

	

	

	
9.516

	
1.110




	
SC + Q

	
0.7739

	
41.70874

	

	

	

	

	

	
4.204

	
3.485




	
SC + Q + K

	
0.694

	
44.91711

	

	

	

	

	

	
10.802

	
1.329




	
SC + Q + Na

	
0.6778

	
19.83042

	

	

	

	

	

	
10.846

	
1.708




	
SC + Q + Mix

	
0.7072

	
36.04291

	

	

	

	

	

	
8.7758

	
2.011




	
Herkin–Jura Isotherm

	
Sindh Clay

	
0.5243

	
8.293964

	

	

	

	

	

	
−0.876

	
−1.411




	
SC + K

	
0.5856

	
7.816123

	

	

	

	

	

	
−0.688

	
−1.384




	
SC + Na

	
0.6404

	
10.85383

	

	

	

	

	

	
−1.177

	
−1.401




	
SC + Mix

	
0.9513

	
16.96338

	

	

	

	

	

	
−2.878

	
−1.505




	
Quartz

	
0.8391

	
22.35616

	

	

	

	

	

	
−104.16

	
−1.666




	
Quartz + K

	
0.9396

	
42.25485

	

	

	

	

	

	
−370.3

	
−2.407




	
Quartz + Na

	
0.5115

	
48.50092

	

	

	

	

	

	
−833.3

	
−2




	
Quartz + Mix

	
0.276

	
19.83042

	

	

	

	

	

	
−277.7

	
−1.66




	
SC + Q

	
0.4635

	
41.70874

	

	

	

	

	

	
−75.18

	
−1.593




	
SC + Q + K

	
0.417

	
44.91711

	

	

	

	

	

	
−0.0026

	
−1.629




	
SC + Q + Na

	
0.3289

	
19.83042

	

	

	

	

	

	
−526.3

	
−1.789




	
SC + Q + Mix

	
0.4175

	
36.04291

	

	

	

	

	

	
−0.0034

	
−1.617











 





Table 3. The pseudo-first-order kinetic model fitted to dye removal data.






Table 3. The pseudo-first-order kinetic model fitted to dye removal data.





	
Temperature

	
Adsorbents

	
R2

	
Qe

	
QO

	
K






	
30 °C

	
Sindh Clay

	
0.9132

	
47.37458

	
51.70

	
0.0156




	
SC + K

	
0.6434

	
32.62975

	
17.98

	
0.0092




	
SC + Na

	
0.9227

	
33.92675

	
22.94

	
0.0131




	
SC + Mix

	
0.6068

	
39.11474

	
29.88

	
0.011




	
Quartz

	
0.8335

	
64.98645

	
89.92

	
0.0165




	
Quartz + K

	
0.2439

	
66.96608

	
16.83

	
0.0096




	
Quartz + Na

	
0.9447

	
55.77094

	
46.53

	
0.015




	
Quartz + Mix

	
0.8362

	
42.66442

	
30.98

	
0.0126




	
SC + Q

	
0.8656

	
38.56864

	
35.05

	
0.0133




	
SC + Q + K

	
0.8961

	
47.71589

	
36.46

	
0.0138




	
SC + Q + Na

	
0.7554

	
40.13869

	
26.28

	
0.0156




	
SC + Q + Mix

	
0.8192

	
37.06685

	
23.78

	
0.0117




	
40 °C

	
Sindh Clay

	
0.9559

	
48.67158

	
49.78

	
0.0163




	
SC + K

	
0.9065

	
50.71947

	
76.45

	
0.0165




	
SC + Na

	
0.9158

	
40.34348

	
46.31

	
0.0147




	
SC + Mix

	
0.8813

	
42.80095

	
54.50

	
0.0151




	
Quartz

	
0.9081

	
53.79131

	
67.76

	
0.00016




	
Quartz + K

	
0.912

	
57.27272

	
92.00

	
0.0172




	
Quartz + Na

	
0.8696

	
64.78166

	
111.17

	
0.0175




	
Quartz + Mix

	
0.9251

	
53.65478

	
65.32

	
0.0161




	
SC + Q

	
0.8748

	
53.31346

	
80.35

	
0.163




	
SC + Q + K

	
0.9562

	
35.70159

	
38.12

	
0.0142




	
SC + Q + Na

	
0.8473

	
48.12547

	
52.50

	
0.0147




	
SC + Q + Mix

	
0.8551

	
51.33384

	
61.84

	
0.0154




	
50 °C

	
Sindh Clay

	
0.9521

	
48.19373

	
38.77

	
0.0142




	
SC + K

	
0.9407

	
40.00216

	
31.85

	
0.0135




	
SC + Na

	
0.9116

	
41.98179

	
37.11

	
0.0138




	
SC + Mix

	
0.9189

	
45.1219

	
54.52

	
0.015




	
Quartz

	
0.8451

	
46.965

	
55.11

	
0.014




	
Quartz + K

	
0.9249

	
49.90031

	
37.32

	
0.0138




	
Quartz + Na

	
0.8523

	
54.26915

	
60.10

	
0.0151




	
Quartz + Mix

	
0.8716

	
43.8249

	
35.39

	
0.0133




	
SC + Q

	
0.8694

	
45.80453

	
35.90

	
0.0133




	
SC + Q + K

	
0.8759

	
44.02969

	
35.25

	
0.0135




	
SC + Q + Na

	
0.8595

	
48.60331

	
41.83

	
0.013




	
SC + Q + Mix

	
0.9051

	
55.0883

	
64.61

	
0.0158




	
60 °C

	
Sindh Clay

	
0.9646

	
67.78524

	
90.24

	
0.0165




	
SC + K

	
0.8231

	
41.36743

	
35.90

	
0.013




	
SC + Na

	
0.8319

	
41.29916

	
38.55

	
0.013




	
SC + Mix

	
0.8816

	
44.43926

	
48.71

	
0.014




	
Quartz

	
0.7746

	
36.86206

	
28.99

	
0.012




	
Quartz + K

	
0.855

	
62.59724

	
71.26

	
0.015




	
Quartz + Na

	
0.8334

	
40.41174

	
38.66

	
0.013




	
Quartz + Mix

	
0.7571

	
38.02254

	
21.03

	
0.010




	
SC + Q

	
0.8127

	
38.6369

	
29.84

	
0.0124




	
SC + Q + K

	
0.8055

	
43.89316

	
37.71

	
0.0131




	
SC + Q + Na

	
0.8111

	
38.0908

	
21.38

	
0.0115




	
SC + Q + Mix

	
0.7497

	
38.43211

	
28.75

	
0.012




	
70 °C

	
Sindh Clay

	
0.2085

	
29.08007

	
2.955

	
−0.0014




	
SC + K

	
0.1164

	
20.47892

	
2.293

	
−0.0034




	
SC + Na

	
0.2867

	
26.96392

	
7.48

	
0.0055




	
SC + Mix

	
0.915

	
25.80344

	
12.72

	
0.010




	
Quartz

	
0.9214

	
33.03933

	
27.46

	
0.0126




	
Quartz + K

	
0.7976

	
51.12905

	
42.83

	
0.013




	
Quartz + Na

	
0.1689

	
31.0597

	
3.21

	
−0.003




	
Quartz + Mix

	
0.7758

	
28.53397

	
8.02

	
0.0089




	
SC + Q

	
0.7493

	
33.24412

	
14.34

	
0.0096




	
SC + Q + K

	
0.9337

	
26.00823

	
7.70

	
0.0080




	
SC + Q + Na

	
0.7341

	
35.15549

	
17.33

	
0.010




	
SC + Q + Mix

	
0.8143

	
31.87886

	
19.15

	
0.010











 





Table 4. A comparison of various materials for acid yellow dye removal.
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	Material
	Dye
	% Removed
	References





	SC + Quartz + Potassium ferricyanide + Sodium metasilicate
	Acetary Golden
	96.26
	The present study



	Activated bone char
	Acid Yellow-17
	91.43
	[37]



	Neodymium(III) Oxide Nanoadsorbents
	Acid Blue 92
	90.70
	[38]



	Moringa peregrina seeds
	Acid Yellow
	80.00
	[39]



	Typha angustata L.
	Acid Yellow-17
	89.98
	[40]



	Activated water hyacinth
	Acid Yellow-17
	92.26
	[41]



	Lemon peel beads-doped iron(III) oxide-hydroxide (LBF)
	Reactive Blue 4
	83.55
	[42]



	Lemon peel beads-doped zinc oxide (LBZ)
	Reactive Blue 4
	66.64
	[42]



	H2O2/Fe2+
	Acid Yellow-17
	89.00
	[43]



	Fly ash mixtures with a sandy clay loam soil
	Acid Yellow-7
	53.00
	[44]



	Fly ash mixtures with a sandy clay loam soil
	Acid Yellow-23
	44.90
	[44]



	Fish scales
	Acid Yellow-127
	93.00
	[45]
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