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Abstract

:

Coal fly ash (CFA) is one of the major pollutants around the whole world. At the same time, incense stick ash (ISA) is another waste that is generated in huge amounts in Southeast Asia. Both of these wastes are rich in different types of minerals; for instance, CFA is rich in alumina, silica, and ferrous, while incense sticks ash is rich in calcium and silica. ISA has intermediate to trace amounts of ferrous, alumina, and magnesium. The addition of alkali-rich materials with high Al and Si-containing CFA helps in the formation of zeolites or geopolymers. So, in the current research work, the authors have prepared a CFA: ISA mixture in the ratio of 1:1, followed by mixing them with NaOH, CaOH2, and KOH in a dry state in a crucible. Further, all these mixtures were then calcined at 600 °C for six hours in a muffle furnace. Further, the developed products were analyzed by various sophisticated instruments for detailed information. Finally, the developed material’s potential was assessed for the remediation of malachite green from the aqueous solution by batch adsorption study. The developed adsorbents efficiently removed the dye from the aqueous solutions within one hour. The kinetic study revealed that the dye removal followed a pseudo-second-order reaction. Finally, the developed material was also assessed for its suitability as an adsorbent by observing the effect of leaching of potassium, aluminum, and silica from the adsorbent surface into the water systems. Such approaches will solve the problem of solid waste disposal arising from both the ashes.
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1. Introduction


Solid waste disposal is one of the major problems of the whole world [1]. Every year, a million tonnes of solid waste are generated around the globe, especially from the agricultural domestic industries, hospitals, etc. [2]. These solid wastes are responsible for causing environmental pollution, especially in the form of land and water pollution [3]. Most of this waste is hazardous and may be very harmful to living organisms due to the presence of toxic heavy metals and other elements [4,5]. These hazardous wastes may contaminate water and soil by leaching out heavy metals, leading to bioaccumulation which may cause various diseases [6]. Globally, a huge amount of money is spent every year by the government and non-governmental organizations (NGOs) for solid waste management [7], like coal fly ash, sanitary napkins, and red mud. These solid wastes are mainly dumped in landfills which occupy a huge amount of land area every year [8]. Out of these solid wastes, one is coal fly ash (CFA), and another one is incense stick ash (ISA) [9] which has drawn huge attention. CFA is generally produced during the generation of electricity from pulverized coal in thermal power plants (TPPs) [10,11,12]. CFA is glassy, micron-sized, heterogeneous spherical particles [13,14,15]. CFA has mainly alumina-silica and ferrous, along with several minor and trace elements like potassium, magnesium, phosphorus, sulfur, and titanium. [6,16,17,18,19]. All these elements are mainly present in the form of oxides and carbonates [20]. CFA has numerous heavy metals like arsenic, molybdenum, zinc, cadmium, chromium, nickel, mercury, and many more, which are harmful to living organisms [17,21].



ISA is another waste that is generated after the combustion of incense sticks at houses and Temples [22]. The major problem with these incense sticks is the presence of coal powder in the incense stick paste at the time of manufacturing. This powdered coal is added to the incense paste as a facilitating agent for the smoother burning of incense sticks [23]. Coal powder mixed with incense sticks paste contains all the elements present in CFA but comparatively in smaller amounts than the CFA [24]. So, like CFA, ISA also has mercury, lead, cadmium, chromium, zinc, nickel, cobalt, molybdenum, and arsenic, which are responsible for causing several diseases after bioaccumulation or biomagnification [25,26]. ISA is considered sacred in India, so it is disposed of only in rivers and other water bodies like ponds, lakes, and oceans [9,24,27,28]. These ISA, loaded with several heavy metals, may challenge a potential threat to aquatic life and human beings once they reach the water bodies. To date, very few applications of ISA are known in the scientific community [29]. Recently it has been used as an adsorbent for the removal of dyes from wastewater. Since it is rich in calcium, alumina, silica, and ferrous, several investigators have reported the recovery of all these minerals from ISA [30]. In addition to this, it also has a large amount of unburned carbon in the form of soots, carbon nanotubes, etc.



Dye effluent discharged by industries is also one of the major environmental concerns as it may pollute natural resources (land and water), leading to threats for aquatic and other living organisms, as mentioned by investigators like Yaseen and their groups [31], Maheshwari and team [32], Patel and their groups [33], and a team led by Pare [34]. So, the removal of dyes from environmental water sources is of utmost importance. However, most of the current techniques are not only inefficient but rather expensive too. Most of the adsorbents are developed from chemical precursors, whose application for environmental clean-up, like dye removal, makes it highly expensive [35]. So, the utilization of such waste-based adsorbents for dye removal, like malachite green, could be much more economical as the precursor material is a waste. The malachite green dye is used in the biological laboratory for staining purposes whose discharge into the water systems may cause a threat to aquatic animals [34,36,37,38,39].



Recently an investigation led by Yadav utilized ISA for the recovery of ferrous minerals by solid and wet magnetic separation methods. Morphologically, these ferrous particles were mainly irregular in shape. ISA was rich in carbon and calcium, along with silica, alumina, and ferrous [40]. Another investigation led by Yadav reported the synthesis of amorphous iron oxide nanoparticles (AIONPs) from the ISA-extracted ferrous particles and utilized them for the removal of dye from wastewater [25]. One more study carried out by Yadav and their team reported the recovery of ferrous, alumina, and silica from ISA with a high priority which suggested that the ISA could be used as a potential candidate in hydrometallurgy [41]. A team led by Yadav reported the synthesis of micron-sized calcium oxides and calcium carbonates in the vaterite phase. Here the synthesized vaterite phase calcium oxide was used for the remediation of methyl red dyes from the aqueous solutions with a removal percentage of up to 48% [27].



Yadav et al., 2021 reported the morphological and elemental similarities and differences between CFA and ISA. Numerous investigators reported that both the ashes have silica, alumina, and ferrous in an appreciable amount [29,42]. In addition to this, there is carbon which is also present in high quantities [43]. The only major difference between them is CFA burns at high temperatures (1200–1800 °C) while incense stick burns at low temperatures (100–150 °C), due to which most of the carbons remain unburnt. It was found that ISA has 48 to 55% calcium and magnesium oxides, whereas CFA has 5 to 15% only, silica was about 40 to 60% in CFA depending on the source and type of coal, and ISA has 5 to 20%. In CFA, alumina is about 20 to 40% based on the type or class of fly ash, i.e., class F or class C [44], whereas, in ISA, it is about 5–8% [40]. The ferrous content was about 5 to 15% in CFA, while it was about only 2 to 5% in ISA, as reported in the previous work by Yadav and their team [45]. Based on these properties of both types of ashes, it is possible to amend them, which could act as new material as an adsorbent for environmental clean-up and composite development. Moreover, the amended product could be used as a fertilizer in agriculture as a source of nutrients for plants or as a lightweight material for brick or tiles construction [46,47,48].



There are several reports where the surface reactivity of the waste materials like CFA, red mud, rice husk and ash [49,50], and sugarcane bagasse [51,52] were activated or increased by treatment with a strong alkali like sodium hydroxide, potassium hydroxides, and calcium hydroxides [53,54,55,56]. The alkali treatment activates the solid waste and makes them an efficient adsorbent [57] by increasing the surface reactivity. In one such attempt, Yadav et al., 2021 developed an ISA waste-derived material by mixing ISA and NaOH in a 1:1 ratio followed by calcination at 600 °C for six hours [58]. The investigator reported that the developed material from such waste was highly porous due to the presence of unbound carbon. The developed economical and ecofriendly composite material was used to remove methylene blue dye from the aqueous solutions with an efficiency rate of 70% within one hour only [58].



The main purpose for performing this research study was to develop an economical, novel composite material from waste. One further objective of this study was to develop a process for the utilization of solid waste as a value-added material. Another objective was to characterize the developed composite materials by the analytical instruments. Another objective was to remove the malachite green and other similar cationic dyes from the aqueous solutions. Assessing the leaching of elements from the surface of the adsorbents was also one of the objectives taken into consideration here. Minimization of the solid waste arising from the dumping and disposal of CFA and ISA into the fly ash ponds and water bodies was also one of the objectives. The remediation of malachite green-like cationic dye by such economical and waste material-based adsorbents could be adopted by the dye effluent industries.



In the current research work, investigators have mixed the CFA and ISA into a 1:1 ratio. These mixtures were mixed in solid form with different types of hydroxides, i.e., sodium hydroxide, potassium hydroxide, and calcium hydroxide, separately under optimized conditions. The mixtures were then sintered at 600 °C for six hours in a muffle furnace. The developed sintered composite material was analyzed by sophisticated instruments for detailed morphological elemental properties. Finally, the developed sintered products along with a mixture of ISA:CFA were used to remove malachite green dye from the aqueous solution by batch adsorption studies. The leaching behavior of Al, Si, and several other elements were also assessed for the developed adsorbent for its stability as an adsorbent.




2. Materials and Methods


2.1. Materials


Incense stick (local market), coal fly ash (collected from Gandhinagar, thermal power plant), sieves of different screen sizes (ASTM), 100 mL beaker (2–3), 100 mL round bottom flask (2–3), Double distilled water, Magnetic retriever rod (Axiva Sichem Biotech, New Delhi, India), a Neodymium magnet (cylindrical shape procured from A-Z Magnet, Delhi, India), Sodium hydroxide pellets (Hi-media, Gujarat, India), KOH pellets (SRL, New Delhi, India), calcium hydroxides (SRL, New Delhi, India), sodium bicarbonates (Hi-media, Gujarat, India), Potassium bromide (IR, grade) (Sigma-Aldrich, Darmstadt, Germany). All the procured reagents were of analytical grade.




2.2. Methods


2.2.1. Collection and Processing of Incense Sticks Ash


Incense sticks of different brands (Moksh Agarbatti, Cycle Agarbatti, Zed Black, Nag Champa, New Delhi, India) were procured from the Uttam Nagar market area in New Delhi (India). All the packets of incense sticks were unpacked. All the incense sticks were kept on a ceramic electric coil cooking heater (ALFALITE CS-1500H 1500 WATT). These incense sticks were burned completely to obtain the ash. Once the combustion was over, the ash was collected. The collected ISA was then passed through a sieve to eliminate the unburned and large particles. The sieving was also done to eliminate the unburned bamboo sticks. The sieved ISA was stored in an air-tight glass bottle for further application.




2.2.2. Fly Ash Collection


Coal fly ash was collected from the Gandhinagar thermal power plants (located in Sector 30, Gandhinagar, Gujarat, India) in plastic silos. Fly ash was then placed in a Petri Plate and kept in a hot air oven at 70–80 °C to remove the moisture. The moisture-free fly ash was then transferred into an air-tight glass bottle for future application.




2.2.3. Preparation of ISA-CFA Alkali-Activated Sintered Product


About 8 g of CFA-ISA solid mixture was prepared in a beaker. Further, it was divided equally into three separate nickel crucibles by keeping at least two grams of sample. Further, about 2 g of NaOH, Ca(OH)2, and KOH were added to each crucible separately. All the mixtures were mixed with the help of a separate glass rod thoroughly. Finally, the developed mixture was kept in a muffle furnace for calcination at 600 °C for six hours, where the temperature was raised gradually, i.e., 10 °C per 5 min. Finally, the samples were taken out, cooled, and converted into fine powder by using a mortar pestle. The fine powder was stored for analysis by X-ray diffraction (XRD), Fourier transforms infrared (FTIR), field emission scanning electron microscopy (FESEM), and electron diffraction spectroscopy (EDS).



A team led by Parvaiz reported the surface modification of CFA by using calcium hydroxides where a 10% wt. solution of calcium hydroxide was continuously stirred at 80–85 °C. To this solution, about 100 g of CFA was added along with stirring at 80 °C. Similarly, investigators have also prepared surface-functionalized CFA with 20 and 30% calcium hydroxide [59].




2.2.4. Dye Removal Study by Batch Adsorption Method


About one litre of 200 ppm aqueous solution of malachite green dye was prepared by dissolving the granules with the help of a magnetic stirrer. Further, about 50 mL of dye solution was taken in four separate beakers. To one of the beakers, about 0.2 mg mixture of ISA:CFA was added; to another beaker, 0.2 g of incense sticks and CFA treated with NaOH (ICNa) was added; to the third beaker, about 0.2 g of incense sticks and CFA treated with Ca(OH)2 (IC-Ca) was added; and in the fourth beaker, about 0.2 g of incense sticks and CFA treated with KOH (ICK) was added. All these four beakers were kept individually on a magnetic stirring at 250 rpm at room temperature (RT). After an interval of 10 min, an aliquot of sample was collected from each beaker and was analyzed by UV-Vis spectroscopy for the measurement of malachite green dye concentration. The spectroscopic measurement of the sample was done by using a UV-Vis spectrophotometer Cary 60 UV-Vis (Agilent Technologies, Santa Clara, CA, USA).




2.2.5. Leaching of Al, Si, Mg, and Na from ICCa Adsorbent in Aqueous Solution


About 1 g of ICCa was added to 100 mL of ddw in a 250 mL beaker. The mixture was vigorously stirred on a magnetic stirrer at 250 rpm for 120 min at RT. After the completion of two hours, the mixture was centrifuged at 6000 rpm for 5 min to obtain the solid residue. The obtained residue was then transferred to a Petri Plate and dried in a hot air oven at 50 °C overnight. Finally, the dried ICCa were analyzed by FESEM for morphological changes and EDS for elemental changes.






3. Characterization of ISA and Alkali-Activated ISA Samples


3.1. FTIR Measurement


The FTIR measurement of CFA, ISA, and all the alkali-activated sintered samples was done by using Bruker Tensor 37 Bruker Corporation, (Billerica, MA, USA). The measurement was conducted in the range of 400 to 4000 cm−1 at a resolution of 1 nm. For the measurement, all the samples were about 2 mg of samples, and 98 mg of KBr was taken and mixed thoroughly in a mortar pestle. Further, by using a mechanical press, a solid KBr pellet was prepared. Firstly, a blank KBr pellet was prepared, and background analysis was conducted; thereafter, all the powder samples were analyzed.




3.2. XRD Analysis


ISA, CFA, ISA:CFA, and all the alkali-activated sintered samples were analyzed by a Bruker D8 Focus instrument equipped with a 0-D detector as well as a 1-D detector. The scanning of all the samples was performed in the range of 15–60° two Theta. During this measurement, the step size was fixed at 0.02 and a time of 5 s per step at 40 kV voltage and a current of 30 mA. It was performed to find out all the mineral phases formed and dissociated after the alkali activation.




3.3. FESEM


FESEM analysis was conducted to find the morphological changes in the various alkali-activated sintered samples. For morphological analysis of the samples, both ISA and alkali-activated samples were loaded on a double-sided carbon tape, which in turn adhered to an aluminum stub. The aluminum stub, along with samples, was placed in a gold sputtering unit, and sputtering was performed for 15 min. Finally, the samples were taken out when a glow was noticed in the sputtering chamber. The samples were then placed inside the vacuum chamber of FESEM for sample analysis. The gold-coated samples were analyzed by NOVA, NanoSEM, and FEI-450 FESEM. The images of ISA:CFA and all the alkali-activated samples were taken at different magnifications to obtain detailed surface structures.




3.4. Electron Dispersive X-ray (EDX)/(EDS)


An electron beam was focused on the samples to obtain the elemental information of all the samples, and elemental data were obtained using a Bruker SDD-EDS detector attached to the FESEM.





4. Results and Discussion


4.1. FTIR for Microstructure Analysis


To explore the conformational and structural changes on the surface of the ISA, CFA, and ISA:CFA mixture and various alkali-activated sintered samples. A typical FTIR spectrum of CFA is shown in Figure 1, where there are two major bands, i.e., one at 1100 cm−1, which is attributed to the v3 SiO4 stretching vibrations (Si-O-Si), while another one is at 540 cm−1 which is due to Al-O, Fe-O, or Si-O-Al. Previously Yadav et al., 2022 reported a band near 565 cm−1 in ISA due to the vibrational stretch mode of Fe-O [60]. The Si-O-Si indicates the presence of aluminosilicates or silicates in the CFA. The silica is mainly present in the form of a crystalline phase in the CFA. In addition to this, there is no other band in the CFA. The band at 1000 cm−1 is due to the presence of a large number of silicates in CFA, while the band near 540 cm−1 is due to the metal oxides of Fe, Al, and other alkali metals. Most of the bands in the range of 500–1200 cm−1 are attributed to the quartz and mullite in the CFA. Similar results were also obtained by various investigators led by Yadav et al., 2022, and Yadav and Fulekar, 2018 [5,61,62,63]. Kuncoro and Fahami, 2013, used CFA for the removal of lead and mercury ions from the aqueous solutions. The investigators also obtained the band in the range of 450–700 cm−1, which is attributed to Al-O-Si/Al-O-Al. Investigator also obtained a band in the range of 1100–1200 cm−1 attributed to the Si-O-Si (silicates).



In the case of ISA, there are four major bands at add 1400, 1038, 836, and 723 cm−1. The band at 1400 cm−1 is attributed to the carbonates [64] present in the ISA, while the band at 1038 cm−1 is attributed to the v3 SiO4 stretching vibrations. This band is due to the presence of silica in the ISA, which comes from charcoal or coal powder. A similar type of band was also reported by investigators led by Gupta [40] and Yadav [45,65], which was attributed to the asymmetric stretching vibration of silica [40]. The band at 836 cm−1 and 723 cm−1 is due to the bending vibration of carbonate, which was earlier reported by a group led by Yadav 2021 [45]. Sometimes this band is also attributed to the Fe-O bond or Al-O bond in the sample since ISA has both ferrous oxides and alumina in appreciable amounts [66,67,68]. The results obtained here are in agreement with the results obtained by investigators led by Yadav (2001), Yadav (2022), and Jain (2020) [23,29,30,41]. The spectra show the absorption band in the range of 400–600 cm−1, which is attributed to the Al-O, Al-O-Al, and Al-O-Si vibration bands of ISA [69,70,71].



The band near 1380 cm−1 in ICK is attributed to the carbonates. Keifer et al., 2018 also reported the presence of carbonate bonds at 1388 cm−1 in the water sediments [64]. In addition to this, a new band has formed at 1360 cm−1, which was initially not present in the ISA sample. It also has a band at 1020 cm−1, which is attributed to the v3 SiO4 stretching vibrations bond, i.e., silicates. In addition to this, it also has a band at 723 and 547 cm−1 which are attributed to the bending vibration of carbonate/metal oxide bond mainly from Fe, Al with oxygen [4]. In the case of ICNa, there is a major band at 1440, 845 and 836, and 538 cm−1. The band at 1440 cm−1 is attributed to the C=O of carbonates that were present in the initial sample of ISA. In addition to this, it is also attributed to the carbon bonds present in the sample as it has a large amount of organic and inorganic carbon. A small new band has formed near 845 cm−1, which was neither present in CFA nor in ISA. A new band in ICNa has formed near 538 cm−1, which is attributed to the metal oxide bonds of Fe-O and Al-O [72,73].



In the case of ICCa, the prominent bands are obtained at 1440, 1038, 836, and 548 cm−1. In addition to this, a new band has formed at 520 cm−1, which was neither present in CFA nor ISA initially. The ICCa retained the majority of the band of ISA.



A minor sharp band is obtained at 1600 cm−1 in all the samples except CFA, which is attributed to the –OH group present in the water samples or from the hydroxides. Further, a small band is also noticed near 2600 cm−1 in all the samples except in CFA, which is attributed to the carbonates. Minor broadband is observed near 3400–3600 cm−1 in all the samples except CFA, which is attributed to the OH group from the water molecules or hydroxides. Out of all the alkali-activated sintered samples, there is a prominent band at 3500 cm−1 in ICK [15,19,45,74].




4.2. XRD Analysis of Samples for Phase Identification


To identify the various minerals and their phases in the CFA, ISA, ISA:CFA, and various alkali-activated sintered samples, XRD analysis was carried out. The X-ray diffractogram is shown below in Figure 2 for all the above-mentioned samples. A sharp peak at 25–30° in ISA was attributed to silicates, mullites, and quartz structures. The silicates are mainly amorphous in nature as the incense sticks combustion is carried out at low temperatures, so the required temperature for crystallization is not achieved. A small peak at 33° is attributed to the magnetite phase present in the sample in ISA. Similar results were also reported by a group of two separate investigators led by Yadav and Jain [29,73]. Both the investigators have obtained peaks in the range of 25–28° and 33–35°, which were attributed to quartz, silicates, and iron oxides, respectively. At the same time, the CFA has major peaks near 25 to 28° which is due to the quartz, as the majority of minerals are silica along in the form of aluminosilicates and mullites. It has a small peak near 33 to 35° which is due to magnetite and maghemite. Both CFA and ISA have a small peak from 37–42°, which is attributed to the carbonates. While the mixture of ISA:CFA has retained all the major peaks revealed by CFA and ISA individually. These peaks are due to quartz and mullite near 25–28° and silicates and in ISA near 28°. At the same time, it also has iron oxide peaks and carbonates [4,26,27,29,30,40,58].



The sharp and prominent peak near 28° disappeared from ICK. Moreover, the peak near 25–28° also disappears from the sample after KOH treatment and sintering. Only a small peak was present near 30 and 32–35°, which could be due to iron oxides. While ICCa retained the sharp peak of ISA, which is shown at 28° even after Ca(OH)2 treatment. It has also retained the peak near 25–27° from CFA, but its intensity gets reduced. In addition to this, it has a small intensity peak at 37, 40, 42, and 47°, which are attributed to carbonates. The sharp peak from ISA near 28° completely disappeared from the ICNa sample. It also does not have a peak near 25–27° from CFA. In addition to this, there was the formation of several large-intensity sharp peaks from 32–37°, which are attributed to the iron oxides and carbonates. In addition to this, it also shows the zeolitic nature, especially Na-based zeolites, after NaOH treatment [30,75,76].




4.3. FESEM Analysis for Morphological Properties


CFA-ISA


A typical FESEM micrograph of ISA is shown in Figure 3A. The particles are mainly irregular in shape due to the high amount of carbon. In addition to this, it has a few spheroid particles, which are calcium-ferro-alumino-silicates [45]. The irregular particles are highly dominant in the ISA sample. The size of the particles varied from 1 to several microns. Similar results were also reported by the team of investigators led by Yadav and Jain. At the same time, Figure 3B shows a typical FESEM image of a CFA. The CFA particle is spherically shaped in size, varying from 1–7 microns. It has well-organized spherical-shaped particles, which have mainly ferrous, alumina, and silica along with carbon. CFA have mainly ferrous-rich ferrospheres [77,78,79,80,81], carbon-rich cenospheres [77,82,83,84,85,86,87], and encapsulated particles plerospheres [77]. Similar results were also obtained by teams led by Yadav in 2018 and 2021, and the size of the particles in their case was also in microns along spherical shape [88].



Figure 3D shows irregular ISA particles along with a high amount of carbon. These particles are micron-sized and appear as short rods. Similar results were also reported by Yadav et al., where ISA particles were also irregularly shaped and agglomerated, whose sizes were in the range of 100 nm to 9 microns. Moreover, the investigator reported the dominant carbon-rich particles in the samples. Figure 3E shows spherical-shaped particles where a few smaller particles get fused due to calcination temperature [58]. At the same time, Figure 3F shows ISA particles at a higher resolution where there are irregular rod-type particles along with unburned carbon particles. The EDX analysis of several ISA:CFA spots have clearly shown the presence of mainly Al, Si, Fe, Ca, C, O, Na, Mg, K, and S in Figure 3G,H. the different spots have variable compositions due to the heterogeneous nature of the mixture obtained from ISA:CFA. Carbon was present in the highest concentration in all the EDS spots, followed by oxygen. It was followed by Si, alumina, and calcium, respectively. At the same time, elements like Mg, Na, and K were also present in trace amounts.



Figure 4A–B shows FESEM micrographs at 10 and 2 microns, where several large spherical-shaped particles whose sizes vary in the range of 1–7 microns. These particles are mainly fly ash spherical particles. Some of the particles are intact, while a few have small grooves on their surface. These grooves are formed due to treatment with calcium hydroxide. In addition to this, there are small irregular-shaped particles that come from ISA, which are mainly unburned carbon and other particles. These ISA particles might not have reacted with the CFA during the reaction. From Figure 4B, it is also evident that most of the particles have white depositions, which are carbon. Figure 4C and Figure 5D, at 1-micron resolution images, show the presence of pits on the surface of spherical particles after the Ca(OH)2 treatment. This treatment is formed as Si reacts with Ca(OH)2 and forms calcium silicate. In addition to this, in Figure 4D, there are a few rod-shaped particles that could be zeolites formed after Ca(OH)2 treatment with the mixtures of ISA:CFA. Figure 4E shows the EDS spot of the sample, while Figure 4F shows the EDS spectra and elemental table of the selected EDS spot area. Here oxygen was present in the highest concentration, followed by calcium and carbon, and others, like Si and Al, were present in traces. K and Mg were present in very small trace amounts.



In the previous sample, i.e., ISA:CFA, where carbon, Al, and Si were more, but after Ca(OH)2 treatment, the concentration of all other elements decreased, and the concentration of Ca increased drastically. The percentage of carbon reduced several-fold while the concentration of Ca increased many-fold.



FESEM micrographs of NaOH-treated sintered particles (ICNa) are shown in Figure 4G–J. Figure 4G shows aggregates of both CFA and ISA particles. There is a complete fusion of both particles during treatment with NaOH. Figure 4H shows fused particles micron-sized having several spherical particles embedded in them. A micron-sized floral-shaped particle in Figure 4H clearly shows the formation of zeolites after treatment. In Figure 4D,I, at 100 and 200 nm, there is the presence of several small floral-shaped particles whose size is in microns. This indicates the formation of zeolites. There is the complete dissolution of the original particles which were present initially; this is so because NaOH is strong alkali. There was maximum leaching of Si and Al from the surface of particles. There are several works reported where investigators have reported the formation of zeolites from NaOH treatment by CFA and ISA separately. A team led by Yadav reported the synthesis of Ca-rich zeolites of micron-sized from ISA and sodalites [89] and faujasites [54,57,90,91] from CFA after treatment with NaOH. A group led by Yadav in 2022 developed a highly porous adsorbent by adding ISA and NaOH together in a crucible, followed by its sintering at 600 °C for 6 h in a muffle furnace. The investigators have obtained micron-sized floral-shaped particles after sintering, as shown in Figure 4M,N [92,93,94]. The results obtained by FESEM are also supported by the XRD data, which shows new peaks in the ICNa.



Figure 4K shows the EDS spot of the sample, while Figure 4L is the EDS spectra and elemental table of the selected area. EDS spectra show peaks for C, O, Na, Mg, Al, Si, Ca, and K. Out of these, O was present in the highest quantity, followed by Na and carbon. The Ca and Si have almost the same concentration, i.e., 6.35 and 6.29 %, respectively. The percentage of Al was 2.93%, while Na and Mg were present in the trace amount. The concentration of carbon reduced drastically after NaOH treatment. While conc of Al, also were reduced slightly. But the conc. of all other elements increased in the sample after NaOH treatment. The concentration of Ca and Na increased drastically after the NaOH treatment; this could be because of NaOH addition and the formation of Na or Ca-based zeolites after the alkali treatment. The investigation carried out by Yadav et al. also reported the drastic increase in the Na content in the floral-shaped ISA-NaOH sintered product. The drastic increase in the Na was due to the replacement of Ca by Na ions from NaOH due to higher reactivity [58].



Figure 5A–D shows FESEM micrographs of KOH-treated CFA: ISA particles. Figure 5A–C clearly shows images of micron-sized fused particles. These are aggregates of CFA:ISA particles that got transformed after KOH treatment. Figure 5D shows an aggregate of cuboidal-shaped particles whose size varies in the range of 80 nm to 300 nm in length and 10–40 nm in width. The image clearly indicates the transformation of the ISA:CFA particles into the zeolite. The morphology of the obtained particles is similar to the previous work reported by Yadav and their groups, where ISA was made ferrous-free and treated with dilute sulphuric acid followed by NaOH treatment. Here the final developed particles were cuboidal to rhombohedral in shape, whose size was 100–700 nm. The EDS revealed the formation of calcium-rich zeolite, i.e., gismondine [76]. There are previously several articles that clearly reported the formation of zeolites from CFA particles by using KOH.



Figure 5E shows the EDS spot of the sample, while Figure 5F shows the EDS spectra and elemental table of the sample. The EDS spectra show peaks for C, O, Al, Si, and K. Out of these elements, K is present at about 37.36% by mass, O (41.8%), C (12.12%), Si (6.3%), and Al 3.13%. In comparison to the original sample, there is a drastic decrease in the carbon content while the conc of K increased several-fold in the ICK sample. This could be due to the treatment of the sample with KOH, due to which the ISA:CFA particles were transformed into K-based zeolite particles.






5. Dye Remediation Study by the Adsorbents


About 100 ppm of an aqueous solution of malachite green dye was prepared and used for the dye removal study by the ISA:CFA and various adsorbents. The removal study was carried out at room temperature on a magnetic stirring at 350 rpm. The dose of the adsorbents, stirring speed, the temperaweree were the same for all the adsorbents. About 100 mL MG dye solution was taken in four Erlenmeyer flasks, adding about 1 mg adsorbents. An aliquot of samples was taken after every regular interval of 10 min to 60 min, and dye concentration in the samples was measured by using UV-Vis analysis (Carry 60 Agilent Technologies, Santa Clara, CA, USA).



MG Removal by ISA:CFA as an Adsorbent


The maximum absorbance peak of MG dye is mainly at 615 nm. It has been observed that the peak intensity continuously decreased till 60 min by using ISA:CFA (1:1) as an adsorbent, as shown in Figure 6a. Several investigators have used ISA and CFA separately as economical adsorbents for the remediation of various dyes from aqueous wastewater solutions. For instance, an investigation team led by Jain [29] used ISA for the removal of Victoria blue dye from wastewater. The investigators have found that the maximum uptake of Victoria dye is about 105.57 mg g−1 of ISA [29]. A team led by Astuti has used CFA for the removal of methyl red dye from the aqueous solutions as a dual-site adsorbent [95].



From Figure 6b, it is clear that the concentration of the dye is continuously decreasing with respect to time by using ICNa as an adsorbent. Initially, the concentration of MGD at 0 min was the highest, and it was continuously decreasing till 60 min. After 10 to 60 min, the intensity of the dye decreased gradually and finally became colorless. Yadav and their group also reported the removal of methylene blue dye from the aqueous solutions by using an economical adsorbent developed from ISA:NaOH (1:1), followed by sintered at 600 °C. The percentage removal of MB dye was about 70% within one hour only from the aqueous solutions [73].



When ICCa was used as an adsorbent for the remediation of MGD, within 10 min, only the concentration of dye was reduced several-fold (Figure 6). After that, the concentration of dye in the solution decreased continuously till 60 min, which became colorless. A team led by Peterson showed the reactivity of coal fly ash by treating them with calcium hydroxides [72].



From the UV spectra shown in Figure 6, it is clear that the concentration of MGD is continuously decreasing from 0 min to 60 min. The concentration of dye was highest at 0 min and became colorless after 40 min only.





6. Kinetic Study of Malachite Green Removal by the Adsorbents


From the above UV-absorbance data of MGD dye removal by various adsorbents kinetic study was carried out to find the order of reaction followed during the dye removal.



Adsorption efficiency refers to the nanoadsorbent’s propensity to absorb the most adsorbate possible up until equilibrium is reached; kinetics determines how long equilibrium takes to occur. To depict the phenomenon of adsorption onto adsorbent, various kinetic models can be employed. Distinctive characteristics of sorption were studied by calculating the pseudo-first order, pseudo-second order, and intraparticle diffusion models to examine the process of adsorption. A discussion was held regarding the impact of contact time on decolorization. Experimental kinetic values were applied to the pseudo-first and second-order models along with the intra-particle diffusion model to describe the process of MGD dye adsorption onto ISA:CFA, ICNa, ICCa, and ICK. The kinetic model, which is typically accurate during the initial stages of an adsorption process, indicates that the rate of change of ISA:CFA, ICNa, ICCa, and ICK uptake has a direct relationship to the change in saturation point and the quantity of solid uptake with time. According to the pseudo-second kinetic model, chemisorption will be the rate-limiting process throughout the whole adsorption range.



Figure 7a–d shows the kinetic study of MGD removal from the aqueous solution by ISA:CFA (1:1) mixture. For the first-order reaction, Qe was 25.76, K1 was 0.159 × 10−7, and R2 was 0.437. While for second order reaction, Qe was 5.69, K2 was 0.2314, and R2 was 0.998. The Intra Particle diffusion was kid (mg/g·min3/2) 0.6594, C (mg/g) was 1.4836, and R2 was 0.7094. the values of the kinetic study are shown in Table 1 for ISA:CFA.



Figure 7e–h shows the kinetic study of MGD removal from the aqueous solution by ICNa. For the first-order reaction, Qe was 26.78, K1 was 6.94 × 10−7, and R2 was 0.285. While for second order reaction, Qe was 5.68, K2 was 0.125, and R2 was 0.9994. The Intra Particle diffusion was kid (mg/g·min3/2) 0.4512, C (mg/g) was 2.1496, and R2 was 0.592.



Figure 7i–l Time study (b) Pseudo-first order (c) Pseudo-second order (d) Intra particle diffusion study of malachite green by ICNa. Figure 7m–p shows the kinetic study of MGD removal from the aqueous solution by ICCa. For the first-order reaction, Qe was 26.71, K1 was 0.625 × 106, and R2 was 0.2449. While for second order reaction, Qe was 5.56, K2 was 0.194, and R2 was 0.9997. The Intra Particle diffusion was kid (mg/g·min3/2) 0.4306, C (mg/g) was 2.2714, and R2 was 0.544. Table 1 shows all the kinetic parameters of the MGD dye by using ICCa.



Different kinds of the kinetic model were used for all samples to investigate the kinetic rate of the used sample toward the removal of malachite green dye from the water. The investigators have examined pseudo-first order and pseudo-second order kinetic models along with the intraparticle diffuse for the appropriate kinetic fits (Figure 7). The slopes and intercepts of the plots were used to compute the corresponding kinetic parameters such as K1, K2, and qe. It is clearly observed that the pseudo-second-order reactions followed, and the value of the correlation coefficient (R2) was ≈0.9 values (Table 1), while the identical trend was not perceived for the pseudo-first-order intraparticle diffusion studies.




7. Effect on the Development as an Adsorbent for Wastewater Treatment


Figure 8A–F shows FESEM micrographs of the composite particles (ICCa) after treatment with ddw on a magnetic stirrer for 90 min. Most of the particles remained intact even after treatment which indicates that the developed composite could act as a potential candidate as an adsorbent for the remediation dyes, pesticides, and heavy metals from the wastewater or from the aqueous solutions.



The intact spherical shape of the developed composite confirms that the material does not get affected by water treatment at RT. The EDS spot and EDS spectra of (ICK) developed particles after treatment with water are shown in Figure 8G,H EDS analysis was done to find the changes in the various element concentrations during treatment with water as an adsorbent. A better adsorbent is one that does not leach out elements from them into the water systems during the adsorption process. The silica content decreased significantly in the final residual samples, as evidenced by EDS. EDS spectra show peaks for C, O, Si, Al, K, Ca, and K. All these were present in the adsorbent before being treated with water. While the EDS table shows the concentration of elements, i.e., C is present in the highest amount followed by O. Except these two rests are present in trace amounts in the material. In comparison to the ISK and ISK after treatment with water, it was observed that the percentage of carbon increased drastically in the water-treated samples. The increase in the C was almost six-fold. In addition to this, after treatment with water, the percentage of Si and Al decreased many-fold. In the initial adsorbent sample, the percentage of Al was 3.13 wt.%, while in the water-treated adsorbent, Al was 0.8 wt.%. So, the decrease in the Al was about four-fold. Similarly, Si was initially 6.2 wt.% whereas, after water treatment, it reduced to 1.47 wt.%, i.e., the reduction was more than four-fold. Similarly, O concentration also decreased after treatment with water. The reduction in O was about 1.3-fold. Initially, calcium was not detected, but in the water-treated sample, it was present on the surface of ICK. Similarly, in the initial sample, K was about 37.36 wt.%, while in the water-treated sample, it was only 0.69 wt.%. This indicates the drastic reduction of K after water treatment. Moreover, the water-treated ICK EDS profile (Figure 8G,H) reveals that there is leaching of Si, Al, and K from the ICK in the water sample at room temperature. Silica is generally acid-insoluble but easily dissolves in strong bases. At the same time, aluminum is amphoteric in nature, i.e., both acid as well as base soluble. At the same time, potassium is water soluble in normal water at room temperature. So, there is the possibility that there was a leaching of K+ ions from the ICK, which might have formed KOH along with the OH group of water. Further, the basic condition in the aqueous system might have dissolved Si and Al from the surface of the ICK. So, both of these elements might be present in the leachate obtained after treatment. Moreover, the leachate could have potential in the metallurgy for the recovery of Si and Al metals. Moreover, it was found that ISK, when used as an adsorbent in the water systems, even at room temperature, might be leaching a few elements, so it could not be a suitable candidate as an adsorbent.



Adsorption Mechanism of Malachite Green by Adsorbents


Figure 9 shows a possible mechanism for the uptake of MG dye on the surface of the adsorbent based on the results of modeling studies. Various studies have shown that the dyes are being taken up from the aqueous solution by the adsorbents due to chemisorption and physisorption processes. The presence of various functional groups on the surface of the adsorbents has been revealed by the FTIR. Moreover, the porous nature was also evident from the FESEM micrographs of the adsorbents. The presence of functional groups on these adsorbents could vary based on the pH, temperature, etc., of the reaction conditions. MG is a cationic dye whose pKa value is 6.9. The pH of the reaction medium was near neutrality (6.7). At high pH, the MG remains unionized in the solutions. Most of the adsorbents have –OH groups on their surface due to the presence of hydrates in the structure, so this cationic dye is attracted to the surface of the adsorbents due to –OH groups. Being cationic in nature, MG dye interacts with the negatively charged adsorbents via electrostatic attraction. In addition to this, there are several forces, for instance, pi–pi interactions between the functional groups of the adsorbents and the MG dye molecule. In addition to this, there are electrostatic interactions like London dispersion interactions, Vander wall forces, and dipole-induced dipole bonds. Several investigators have also reported similar uptake of dyes, including MG, from the aqueous solutions. For instance, Igwegbe, 2021 and Balrack 2021 predicated similar types of possible adsorption mechanism dyes like Congo red, malachite green, acid orange 7, and AB92 [96,97]. A more recent attempt by a team led by Igwegbe 2021 reported the remediation of Congo red and malachite green dye from the aqueous solutions. In this approach, Igwegbe et al. showed that the biosorbents developed from rubber seed shells (Hevea brasiliensis) have the potential for the efficient removal of MG dye by similar adsorption mechanisms. The investigators also reported the uptake of MG on the adsorbent surface due to electrostatic interaction (London dispersion interactions, Vander wall forces, and dipole-induced dipole bonds), intraparticle pore diffusion, and pi–pi interactions [39].





8. Conclusions


Both CFA and incense stick ash are waste but rich in several value-added elements, which could prove to be valuable in metallurgy. The CFA rich in aluminosilicates and ISA rich in calcium oxides could together act as a new resource material in material science. The treatment of CFA and incense stick ash by alkali and their subsequent analysis showed the potential application of the developed material in metallurgy and environmental clean-up. Ca(OH)2, being a weak alkali, could not transform the fly ash and incense sticks ash particles into zeolites rather only leached Si and other elements from the surface and showed small grooves on the external surface. While NaOH, being a strong alkali, reacted with the ash particles and transformed them into Na-based floral-shaped zeolites. While the KOH also transformed the ash particles into Ca-rich cuboidal-shaped zeolites. The developed composites were micron-sized, irregular to floral shaped, as shown by FESEM. The XRD and FTIR show that the developed composite materials’ features are close to zeolites. All the developed adsorbents from the fusion of the two wastes showed efficient removal of malachite green within 40–120 min. Moreover, the dye was completely decolorized with the dew of the adsorbents within a very short period of time. The kinetic study of malachite green removal from the aqueous solutions revealed the pseudo-second-order reaction. The synthesis of such economical value-added material from waste particles minimizes solid waste, which generally pollutes the water bodies. There is also a possibility of utilization of such waste in material science and metallurgy.
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Figure 1. FTIR spectra of CFA, ISA, ICNa, ICCa, and ICK. 
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Figure 2. X-ray diffractogram of CFA, ISA, CFA: ISA, ICNa, ICCa, and ICK. 
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Figure 3. FESEM images of an ISA: CFA mixture sample (A–F) and EDS spot (G,H). 
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Figure 4. FESEM images of ICCa product (A–D), EDS spot (E), and EDS spectra and elemental table (F), (G–J), FESEM images of ICNa product, EDS spot (K), and EDS spectra and elemental table (L). Figure 4 (M,N) is FESEM image of the ISA-NaOH sintered product adopted from [58]. 
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Figure 5. FESEM images of ICK product (A–D), EDS spot (E), and EDS spectra and elemental table (F). 
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Figure 6. Effect of time on the concentration of malachite green dye by (a) ISA:CFA, (b) ICNa, (c) ICCa, and (d) ICK. 
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Figure 7. Time study (a,e,i,m) of CFA:ISA, ICNa, ICCa, and ICK, (b,f,j,n) Pseudo-first order of CFA:ISA, ICNa, ICCa, and ICK, (c,g,k,o) Pseudo second order of CFA:ISA, ICNa, ICCa, and ICK (d,h,l,p) Intra particle diffusion study of CFA:ISA, ICNa, ICCa, and ICK of Malachite green dye. 
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Figure 8. FESEM images of ICCa residual product after treatment with distilled water (A–F), EDS spot, and elemental table (G,H) water treated residual sample. 
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Figure 9. Summary of possible adsorption mechanism of malachite green dye by the adsorbents. 
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Table 1. Kinetics Parameters of all the samples used as an adsorbent.
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Kinetic

	
Parameter

	
Values




	

	

	
ISA:CFA

	
ICNa

	
ICCa

	
ICK






	
Pseudo-First order

	
Qe (mg/g)

	
27.56

	
26.78

	
26.71

	
28.1




	
k1 (min−1)

	
0.159 × 10−7

	
6.94 × 10−7

	
0.625 × 106

	
1.80 × 10−6




	
R2

	
0.437

	
0.285

	
0.2449

	
0.5791




	
Pseudo-Second order

	
Qe (mg/g)

	
5.69

	
5.68

	
5.56

	
5.64




	
k2 (g/mg·min)

	
0.2314

	
0.125

	
0.194

	
0.0965




	
R2

	
0.998

	
0.994

	
0.9997

	
0.9969




	
Intra Particle diffusion

	
kid (mg/g·min3/2)

	
0.6594

	
0.4512

	
0.4306

	
0.6905




	
C (mg/g)

	
1.4836

	
2.1496

	
2.2714

	
1.028




	
R2

	
0.7094

	
0.592

	
0.5444

	
0.832
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