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Abstract

:

Every year a large amount of coal fly ash (CFA) is generated and dumped in fly ash ponds. Fly ash has numerous toxic heavy metals, which leads to water pollution due to the percolation of these heavy metals. Heavy metal toxicity has become a major issue for the whole globe. Moreover, CFA has several value-added minerals, such as silica, alumina, and ferrous in large amounts. Therefore, the synthesis of silica nanoparticles from CFA and their application for the removal of toxic heavy metals from fly ash aqueous solution will prove to be an economical and efficient approach. Here, in the present research work, investigators synthesized nanosilica from CFA by alkali dissolution and sol-gel methods and applied them for heavy metal removal. Firstly, CFA was treated with high molar NaOH, along with stirring and heating. Further, the sodium silicate leachate from CFA was treated with dilute HCl till the formation of a white gel at neutral pH. Purification of the nanosilica was achieved by treating with 1M HCl along with stirring followed by calcination at 400 °C for 4 h. The synthesized nanosilica was characterized by UV-Vis, Fourier transform infrared (FTIR), particle size analyzer (PSA), X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), electron diffraction spectroscopy (EDS), and high-resolution transmission electron microscope (HR-TEM). The sizes of the floral-shaped nanosilica particles were 20–70 nm, and the purity was 90–95%, as confirmed by microscopy and EDS, respectively. The XRD and FTIR revealed the amorphous nature of nanosilica. Finally, the potential of the nanosilica was assessed for the removal of heavy metals from 20% CFA aqueous solutions in batch experiments. The nanosilica showed about 40–90% removal of heavy metals (Al, Pb, Cd, Cu, Cr, Ni, Co, Zn, Mn) from the fly ash aqueous solution.
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1. Introduction


Water pollution and heavy metal toxicity are of major concern for the whole world, and have increased in recent years due to industrialization [1]. Heavy metals are not only toxic to living organisms but may also create a potential threat to the environment due to their non-biodegradable nature [2]. Among various sources of heavy metals, coal fly ash (CFA) pollutes the surface and groundwater [3]. CFA is a by-product of thermal power plants (TPPs) that are produced from the burning of pulverized coal during the generation of electricity [4]. Currently, the majority of the CFA are dumped off in fly ash ponds in the vicinity of the TPPs. From the literature, it is evident that CFA has traces of numerous toxic heavy metals, which may leach out or percolate after coming into contact with water or rain from these fly ash ponds into the surrounding water bodies and groundwater. The presence of heavy metals in water bodies may lead to several side effects in aquatic organisms, such as heavy metal accumulation and diseases [5]. Therefore, there is an immediate requirement to remove these toxic heavy metals before they enter the ecosystem. The removal of heavy metals is possible through adsorption, electroplating, precipitation, coagulation, flocculation, etc. [6]. The adsorption process is arguably one of the most popular methods of heavy metal removal and has attracted greater interest because of its simplicity and efficiency [7,8]. Among all the available techniques for the removal of heavy metals from wastewater, adsorption is the most preferable due to its simplicity. Moreover, if an adsorbent is nanosized then there is more efficient adsorption due to its large surface area to volume ratio (SVR) [9]. Moreover, if the nano adsorbents are derived or synthesized from waste material such as CFA, then the synthesis process not only becomes a greener approach but also lowers the whole expenditure involved in remediation [10]. The utilization of nano adsorbents derived from CFA for the removal of heavy metals makes the whole process very economical.



CFA is a rich source of silica that can be used as a precursor for the synthesis of nanosilica adsorbents. Silica is present in CFA in the form of sillimanites, quartz, and glass amorphous phase [11], which can be extracted by the alkali-treatment method. Silica is a polymer of silicic acid that consists of interlinked SiO4 units in a tetrahedron fashion with a general formula of SiO2 [12]. In nature, silica is present in the crystalline form, while synthesized silica is present in the amorphous form. Bulk silica is a conventional adsorbent that has been used for a very long time to remove odors, etc. Silica is commercially produced from quartz rock and sodium silicates in the industries. The sodium silicates are produced from tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS), which are metal alkoxides-alkyl silicates for silica synthesis. Both of these alkyl silicates are expensive inorganic salts that utilize a high temperature of 1300 °C for the smelting of quartz. The use of costly precursors and high temperature makes this an energy-intensive and expensive process [13]. Silica gels have been used since ancient times as traditional adsorbents. Nanosilica could act as a potential adsorbent because of its high SVR, which increases its capacity for the adsorption and desorption of molecular and ionic species [14].



Nanosilica has always been in demand in research, industries, and medicine due to its innumerable technological and biomedical applications. Due to its unique and remarkable properties, nanosilica is used for electronics, storage media, solar devices, medicine, healthcare, drug-delivery medicine, cancer therapy i.e., cancer cell imaging, DNA and microarray detection, barcoding tags separation, purification of biological molecules and cells, agriculture, wastewater treatment, and in chemistry for catalysis and molecular sieves, resins, catalysts, molecular sieves, and other chemical reactions [15,16]. In addition to this, they are also used in building construction, ceramics, and glass industries. Until now, they have been most exploited in biology and medicine as drug carriers.



Several investigators have reported the synthesis of silica nanoparticles (SiNPs) from CFA; for instance, Yadav and Fulekar, 2018, synthesized nanosilica from CFA. The authors also reported the biosynthesis of nanosilica from CFA using bacteria and fungi. In addition to this, Yadav et al., 2019, reported the synthesis of nanosilica from the fly ash tiles. In addition to this, the most recent attempt by Imoisili and Jen (2022) reported microwave-assisted sol-gel template-free production of nanosilica 48–87 nm in size with an average diameter of 67 nm from South African CFA. In another experiment, Imoisili and their colleagues tried to synthesize spherical nanosilica particles averaging 60 nm in size. The nanosilica was synthesized by sol-gel hydrothermal approach using CFA as a precursor from one of the South African TPPs [17]. A team led by Liang synthesized spherical nanosilica particles 20–40 nm in size from CFA collected from one of the TPPs in China [18]. Further, investigators have used synthesized nanosilica for the remediation of Pb2+ ions from aqueous solutions [19]. In addition to these authors, Uda and their team also reported the synthesis of nanosilica from RHA. Previously, several authors tried to remediate the heavy metals from CFA aqueous solutions. In one approach Yadav and Fulekar (2018) remediated Pb and Cd ions from 20% CFA aqueous solutions by using maghemite nanoparticles of size 20–40 nm [20]. Another approach by Yadav et al., 2020, used 20% CFA aqueous solution as a source of heavy metals and tried to remediate Pb and Cd by using sonochemically synthesized iron oxide nanoparticles [21].



In the present work, CFA was firstly collected from TTP and treated with 8 M NaOH at 95 °C for 90 min at 400–500 rpm in a round bottom flask under a reflux system. The sodium silicate (Na2SiO3) rich leachate was titrated with the dilute 2 M HCl to obtain a white silica gel. The gel was converted into powders by calcination at 400 °C for 4 h. The synthesized SiNPs were analyzed by a series of characterization techniques for detailed morphological and elemental properties. Finally, the SiNP applicability was assessed for the removal of heavy metals from 20% aqueous solutions of CFA against contact time and dosage in batch experiments in an incubator shaker. Considering this, the current study, where the CFA was procured free of cost from TPPs and which demonstrated the potential utilization of waste for the synthesis of SiNPs showed the method to be an economical and green approach.




2. Materials and methods


2.1. Materials


Fly ash from Gandhinagar thermal power plants (GTPPs), NaOH Pellets (RENKEM, Gurugram, India), 100 mL round bottom flask, Ethanol (Shenzhen, China), Conc. HCl (RENKEM, Gurugram, India)




2.2. Method


2.2.1. Chemical Synthesis of Silica Nanoparticles from Fly Ash


About 10 g of CFA was mixed with 8 M NaOH by keeping the solid-to-liquid ratio at 1:5 at 95 °C for 90 min, stirring at 400–500 rpm in a 100 mL round-bottom flask with a reflux condenser. After the completion of the reaction, the leachate was allowed to cool at room temperature. The residue was separated from the leachate by centrifugation at 5000 rpm for 5 min and then filtration by Whatman filter paper no. 42. A transparent solution of sodium silicate (Na2SiO3) was obtained and was used for the synthesis of silica, whose pH was ~13–14. The diluted 1–2 M HCl was prepared for the neutralization of the extracted sodium silicate. The dilute HCl was added to the burette and the sodium silicate was taken in a beaker. The HCl was added continuously to the solution, and at around pH 10, a white gel started to form. Further addition of HCl was stopped and the gel was allowed to mature for up to 24 h and left undisturbed after covering it with aluminum foil. After maturation, it was centrifuged at 5000× g rpm for 5–10 min. The precipitated white solid part was collected while the liquid fractions were discarded [22,23]. The precipitate was washed 2–3 times again with deionized water and then with ethanol. Further, the obtained powder was treated with 1M HCl at 110–120 °C for three hours along with stirring at 200–300 rpm, keeping a solid-to-liquid ratio of 1:10, in a round-bottom flask with a reflux condenser. After the completion of the reaction, the particles were obtained by centrifugation at 5000× g rpm for 5 min [24]. Finally, collected particles were dried in an oven at 40–60 °C, and further calcination was conducted at 400 °C for two hours. Figure 1a–d shows the steps involved in the synthesis of nanosilica from CFA [25]. Figure 1a shows a mixture of CFA and NaOH with heating, while Figure 1b shows the formation of gel after titration with HCl, Figure 1c shows the partially dried nanosilica after washing, and Figure 1d shows all the steps involved in the nanosilica formation.




2.2.2. Preparation of 20% Fly Ash Solution


For making a 20% aqueous solution of CFA, 200 g of CFA was added to one liter of distilled water. The containers containing the fly ash and distilled water were sealed and shaken in a horizontal shaker at 150 rpm at room temperature (25–26 °C). The duration of mixing was 24 h, after which the samples were allowed to stand for 12 h before the leachates were collected [14]. The collected leachate was immediately acidified using 10 drops of analytical-grade nitric acid, before major and trace element determination. After acidification, the containers were kept in a refrigerator at 4 °C to prevent any additional chemical reactions. Previously, Yadav and Fulekar (2018) and Yadav et al. (2019) used similar types of CFA aqueous solutions as sources of heavy metals.




2.2.3. Remediation of CFA Heavy Metals Using SiNPs


The remediation of heavy metals by the adsorption process in a multi-component system (Cd, Mn, Zn, Pb, Al, Cu, Co, Cr, Mo, and Ni) was performed using the shake-flask batch process. In a typical batch, 50 mg of SiNPs was dispersed in 150 mL of 20% CFA solution w/v in a 250 mL Erlenmeyer flask. The sample was shaken thoroughly on a rotary shaker at 150 rpm under specified conditions at 30 °C. After selective incubation times, i.e., 0, 10, 30, 60, 90, and 120, minutes, the supernatant samples were analyzed for the residual (Mn, Zn, Pb, Al, Co, Cr, and Ni) concentrations in the final medium. Further, the effect of the dosage was also seen by just doubling the concentration of silica nanoparticles, i.e., 100 mg dispersed in 150 mL of 20% CFA solution. The collected samples were analyzed by ICP-OES for the detection of heavy metals. The operating conditions for the 100 mg SiNPs dose were similar to the 50 mg. The adsorption of CFA heavy metals by CFA-synthesized SiNPs was studied by batch adsorption at room temperature. The batch mode study was selected due to its simplicity.






3. Characterization of the SiNPs


UV-Vis spectroscopy measurement was carried out by dispersing the final purified silica nanoparticles in the distilled water, and analysis was performed using a Shimadzu, UV-1800 double Beam spectrophotometer (Columbia, MD, USA). Fourier transform infrared spectroscopy (FTIR) analysis was performed using a Spectrum SP 65 (Perkin Elmer, Rodgau, Germany) instrument with a solid pellet of nanosilica and KBr formed using a mechanical press. The transmission measurement of the nanosilica and residues was performed from the mid-IR region 400–4000 cm−1 at a resolution of 2 cm−1. A field emission scanning electron microscope (FESEM) was used for the morphological features and shape of SiNPs and residue, by using Nova NanoSEM, FEI 450 (Eindhoven, The Netherlands). The elemental composition of the SiNPs and residue was analyzed using Oxford-made, electron diffraction spectroscopy (EDS) attached to the FESEM. The XRD pattern was measured by using a D-8 Advance Bruker (Bremen, Germany) instrument in powder form. The XRD patterns were recorded in the 2-theta range of 5–70°, with a step size of 0.02 and a time of 2 s per step at 30 kV and a current of 30 mA. Transmission electron microscope (TEM) was used for the internal morphology of the synthesized SiNPs. Moreover, high-resolution TEM (HRTEM) was used to obtain the d-spacing of the SiNPs, while the scattering area electron diffraction (SAED) pattern was used for the identification of the crystalline or amorphous nature of the NPs. SiNPs dispersed in distilled water under sonication for 10 min (from the UV-Vis analysis) were loaded on carbon-coated copper grids by drop cast techniques. The sample was dried in an oven prior to imaging under different resolutions using FEI Model Technai G2 S Twin (200 kV, FEI, Lexington, KY, USA).




4. Results and Discussion


4.1. Mechanism of Silica Nanoparticle Extraction Process


The silica content in CFA was about 40–60%, followed by alumina, ferrous and traces of rutile phases, and Mn, Ca, K, P, etc. Silica is acid-insoluble and could react easily with strong hydroxides (NaOH) at 90–95 °C for 90 min along with stirring by the alkali–dissolution method. Such an approach has three basic steps; firstly, extraction of silicates from the source, i.e., CFA; secondly, condensation, followed by drying to obtain powdered silica. The obtained alkaline sodium silicate was filtered and when titrated with dilute HCl (1 M) as a precipitating agent. A transparent gel was formed at the top of the beaker. The silicate was extracted from the CFA in the form of crude sodium silicate, then the silicon hydroxides formed in the presence of HCl, and finally, after condensation and drying, nanosilica was obtained, as shown in the Reactions (1–3):


   SiO 2      CFA   + 2  NaOH    →  Na 2   SiO 3       Sodium   silicate    +  H 2  O  



(1)






       Na 2   SiO 3       Sodium   silicate    + 2 H 2 O + 2 HCl →  Si      OH   4    Silicon   hydroxides    + 2 NaCl       = Si − OH + = Si − OH → = Si − O − Si     Silica   nanoparticle   +  H 2  O      



(2)







Reactions (1) and (2) show that the silicate from CFA reacts with NaOH and forms crude sodium silicate, which on acidic treatment or acidification with dilute HCl leads to the formation of gel at a pH of around 7–8, which is a most important factor for silica synthesis using sol-gel technique. During this step, the silicon hydroxide species condenses to form a siloxane bond (Si-O-Si). A team led by Zhang [26] and Zulkifli independently reported a similar observation during silica production from rice husk ash [27]. Zhang showed the formation of nanosilica by titrating sodium silicate with sulphuric acid at a pH of around 7–9. In another approach, Liang and their team showed a similar scheme for the synthesis of nanosilica from CFA from one of the TPPs located in China in Reactions (3) and (4). Figure 2a shows the hypothetical molecular structure of hydroxylated silica, while Figure 2b shows H-bonds between silanols.


   SiO 2     S  + 2  NaOH      aq   →  Na 2   SiO 3      aq   +  H 2  O  



(3)






   Na 2   SiO 3      aq   + 2  H 2  O + 2  HCl      aq   →  SiO 2   s  + 2  NaCl      aq   +  H 2  O  



(4)








4.2. UV-Vis and PSA Measurements


The as-synthesized SiNPs were dispersed in deionized water, and after 10 min of sonication at 40 kHz (Sonar, 40 kHz), the sample was divided into two parts; one part was used for the UV–Vis measurement in the range of 200–600 nm, while the second part was used for the PSA analysis at room temperature. The UV–Vis absorbance peak at 360 nm indicated the synthesis of SiNPs from the CFA in Figure 3a. The particle size distribution of the SiNPs, shown in the PSA graph in Figure 3b, reveals that the average size of the particle was 202.5 nm, and the polydispersity index (PDI) was 0.192.




4.3. Mineralogy of SiNPs: FTIR and XRD


A typical FTIR spectrum of SiNPs in Figure 4 shows the three characteristic bands at 487 cm−1, 608 cm−1, 808 cm−1, and 1088 cm−1. The sharp band at 487 cm−1 is attributed to the bending vibrations of Si-O-Si, while the band at 808 cm−1 is due to the symmetric vibrations of Si-O-Si, and a broad band at 1088 cm−1 is attributed to the asymmetric vibrations of Si-O-Si of silica [27,28]. Several investigators have obtained similar results with nanosilica synthesized from RHA, CFA, or other agricultural waste. For instance, Zhang and their team showed bands at 480, 800, 1087 1426, 1631, and 3425 cm−1 for the obtained nanosilica from RHA [26]. Yadav and Fulekar (2019) also obtained nanosilica from CFA and obtained bands in the same regions [25]. Imoisili and Jen (2022) also obtained bands at 471.4, 580.2, 805.4, 1070.4, 1429.2, 1650.3, and 2920.4 cm−1 for nanosilica from CFA obtained from one of the South African TPPs [19]. Liang et al. also obtained bands for nanosilica from fly ash at 466, 789, 1085, 1635, and 3440 cm−1, which is in agreement with the result obtained by the current and previous authors [18].



The XRD pattern in Figure 5 shows the amorphous nature of synthesized SiNPs with a peak at 22.4°. A peak starts near 20° and ends at 24.5°, which confirms the amorphous nature of SiNPs. Besides this, it also has small peaks at 36.1°, which could be due to the quartz. In addition to this, it has also two small intensity peaks at 28.6° and 31.6°. Zhang and their team also obtained similar peaks for the crystalline nanosilica obtained from RHA. The investigators obtained peaks at 29, 32, 38, 50, 55, 60, and 74°, while in our case a peak was obtained at 29 and 36°, which confirms that it was due to silica. The only difference is that Zhang and the team obtained crystalline nanosilica, while in our case, it was amorphous nanosilica. Imoisili and Jen (2022) also obtained a broad peak at 2Θ = 19–25°, which confirms the amorphous nature of the synthesized nanosilica, which is consistent with the ICDD database PDF# 01-089-8935 [19,25]. Liang and their team also obtained a broad hump (20–30 two theta degree) for the amorphous nanosilica and reported the absence of any crystalline phase in the nanosilica [18].



The synthesized SiNPs were amorphous and free from impurities, a result further supported by the XRD and EDS.




4.4. Morphology of Silica Nanoparticles: FESEM, TEM, and AFM


The TEM images in Figure 6a,c (at 100 nm scale) reveal the aggregated, network-like structure whose size varies from 28–70 nm. While Figure 6d,e show nanosilica at a resolution of 50 nm that is mesoporous in structure, spherically shape, and fused together to form a large structure. Imoisili and Jen (2022) reported the synthesis of spherical nanosilica that was highly aggregated and attained a size of about <200 nm [19]. Yadav and Fulekar (2019) also reported the synthesis of nanosilica of similar dimensions, along with aggregation from CFA [25]. Liang et al. also reported spherical nanosilica particles 20–40 nm in size from the fly ash from China province [18]. Figure 6b shows histograms of nanosilica with sizes varying in the range 30–90 nm, with the average size and majority of the particles in the range of 60–70 nm. The SAED pattern in Figure 6f shows its mesoporous and amorphous nature, which was also evidenced by the FESEM and XRD data.



The FESEM micrographs of the synthesized SiNPs in Figure 7a at 1 micron and Figure 7b at 200 nm scale reveals spherical particles aggregated together to form a network with a final floral shape. The sizes of the individual particles varied in the range 10–60 nm. Figure 7c shows FESEM images of spherical and floral-shaped nanosilica at 200 nm scale. The spherical and floral shapes and the fusion forming a network-like structure is clearly evident from Figure 7d at 100 nm scale. Even after calcination and purification, the morphology and size of the synthesized nanosilica remained more or less the same, i.e., spherical. The floral shape and aggregation of the SiNPs remained intact even after the purification. Imoisili and Jen (2022) obtained spherical, aggregated nanosilica of sizes varying in the range 48–87 nm with an average diameter of 67 nm. Thus, the obtained result was consistent with the reported work. However, the EDS showed the presence of only Si and O in the sample in the case of Imoisili and Jen (2022). The only difference was that the nanosilica synthesized by Imoisili and Jen (2022) was larger than that in the present study [19]. The obtained result was also consistent with the result shown by Yadav and Fulekar 2019 [25]. Uda et al. also obtained similar morphology for the nanosilica synthesized from RHA [29].





5. Remediation of Heavy Metals by Batch Adsorption Study


An aliquot of about 5 mL was taken after every regular interval and analyzed by the ICP-OES. The per cent removal of heavy metals was calculated by the following formula:


   R e m o v a l     e f f i c i e n c y     %  =     C   o   −   C   t       C   o     × 100  



(5)




where



Co = initial concentration



Ct = concentration at a particular time



Unit of the value is (mg L−1)



	(i)

	
Removal of Al ions







The percent removal of Al with both 50 mg and 100 mg increased at 10 min, then decreased at 30 min; after that, at 60 min, a slight decrease occurred with 50 mg and an increase occurred with 100 mg; the percent removal reached the same level at 90 min, after which there was an increase in the value at 120 min with both the dosages. The maximum removal of Al reached 50 mg at 30 min, as shown in Figure 8.



	(ii)

	
Removal of Cr ions







The percent removal of Cr in both doses increased at 10 min and then decreased at 30 min after which the % increased at 60 min with 100 mg silica, but decreased gradually at 90 and 120 min. With 50 mg, the removal percentage decreased at 60 min and then increased gradually at 90 and 120 min, where it reached the highest removal percentage of Cr at 120 min. Cr removal by silica nanoparticles or silica nanocomposites was performed by a team led by Choi [30].



	(iii)

	
Removal of Co ions







The percentage removal of Co increased at 10 min with both the dosages, and then decreased at 30 min and kept on decreasing with 50 mg until 90 min, and finally an increase was noticed at 120 min. With 100 mg, a slight increase at 60 min remained constant at 90 min, and finally, an increase at 120 min. The highest removal percentage of Co was at 30 min with 50 mg of silica.



	(iv)

	
Removal of Mn ions







The percentage removal of Mn increased with both at 10 min but increased at 30 min in both, after which the value gradually decreased at 60 and 90 min with 50 mg, and increased slightly at 120 min. With 100 mg, there was an increase in the concentration of Mn at 60 min, with a slight decrease at 90 min and finally an increase at 120 min. The highest removal percentage of Mn reached 50 mg at 30 min.



	(v)

	
Removal of Ni ions







The percentage removal of Ni with both the dosages increased at 10 min, after which it decreased at 30 min in both. After this, the value continuously decreased at 60 and 90 min with 50 mg, and finally there was a minor increase at 120 min. With 100 mg, an increase was seen at 60 min and a decrease at 90 min, and finally a minor increase at 120 min. The highest removal percentage of Ni was reached at 30 min with 50 mg of silica.



	(vi)

	
Removal of Pb ions







The percentage removal of Pb continuously increased with both the dosages at 10 and 30 min, and then there was a gradual decrease in both at 60, 90, and 120 min. The highest percentage removal of Pb was reached at 60 min with 50 mg of silica. pH level has an effect on the remediation of heavy metals in the multi-component system; certain heavy metals, such as lead (Pb2+), precipitate from pH 5, and therefore the study of adsorption was masked by the phenomena of precipitation.



	(vii)

	
Removal of Zn ions







The percentage removal of Zn with both 50 mg and 100 mg increased at 10 min, then there was a gradual decrease at 30 and 60 min, after which there was a gradual increase at 90 and 120 min in both. The highest removal percentage of Zn was reached with reached 50 mg of silica at 30 and 120 min. Initially, there was an increase in the percent removal of heavy metals by the SiNPs, because initially, all the adsorption sites were vacant and were gradually occupied by the metal ions. After that, once the adsorption reached the equilibrium, there was desorption of metal ions from the SiNP surface, and consequently, there was an increase in the concentration of the heavy metals in the solution. Therefore, due to this phenomenon, there was a fluctuation in the concentrations of the metal ions.



Previously Yadav and Fulekar (2020) used 20% CFA aqueous solutions for the removal of Pb2+ ions and Cd2+ ions in batch experiments. Here the investigators used maghemite NPs synthesized by sonochemical method using ferrous precursors and Tridax plant extract as a reducing agent. The maghemite NPs were 20–40 nm, spherical to rod-shaped, and highly aggregated. The synthesized maghemite NPs had Fe, O, and C as the elements, whereas carbon was from the Tridax plant extract. Here, about 0.3 mg/100 mL nano adsorbent was used for the remediation of Pb2+ ions and Cd2+ ions under similar experimental conditions (pH = 7, rpm = 150). The authors achieved up to 90.85% removal efficiency with Pb and 67.8% with Cd [20].



Another approach by Yadav et al. remediated the Pb2+ and Cr ions from the 20% CFA aqueous solutions under similar experimental conditions in batch experiments. Here the nano adsorbent was sonochemically synthesized IONPs of size 9–70 nm with an average size of 38.9 nm which was spherical to cuboidal in shape. The dosage of the IONPs was 0.6mg/100 mL of 20% CFA aqueous solutions. The authors found that the removal efficiency was 97.96% (Pb2+) and 82.8% (Cr4+) for Pb2+ and Cr4+ ions [21]. A team led by Chen demonstrated approaches for the remediation of disinfection byproduct precursors and chlorinated and chloraminated water by applying ozonation and up-flow biologically active carbon [31].



In the current approach and in previously reported work, there was adsorption as well as desorption of heavy metals after reaching equilibrium. Previously, authors have aimed to remove only two heavy metals, i.e., Pb, Cd, or Cr from the 20% aqueous solutions, whereas here, the authors targeted the remediation of 6–7 heavy metals. Thus, the current approach was efficient and economical.




6. Morphological and Elemental Changes in Nanosilica after Adsorption


6.1. XRD for Mineralogy Identification


The XRD pattern in Figure 3 of the as-synthesized and residue SiNPs after heavy metal removal did not have any significant changes. The prominent peaks remained the same before and after use, and there was only a change in the intensity of the peaks. There were a few small-intensity peaks at 37.8° and 43.6°, which could have been due to the depositions of elements from the fly ash aqueous solution on the surface of SiNP residue.




6.2. FTIR Analysis of the Residue


The bands of SiNPs remained as such in all the samples, i.e., the as-synthesized, 50 mg, and 100 mg residues, as shown in Figure 4. All these three samples have the characteristic bands of nanosilica, as mentioned above [29]. The only difference was a minor shift in the position of wavelength and the intensity of the peaks. The minor shifts in the peaks of SiNP spectra could also be due to the adsorption of heavy metals during the reaction. These peaks might be due to the resultants of the adsorbed heavy metals on the surfaces of SiNPs. These shifts may also indicate that there were strong binding processes taking place on the surfaces of SiNPs. The FTIR spectra and 50 mg residual SiNPs revealed the presence of water molecules on their surfaces, which was confirmed from the band around 3447 cm−1. The sharp peak at 1648 cm−1 may be assigned to the bending vibration of water molecules (H–O–H) [32], and the peak around 1407 cm−1 is attributed to the carbon molecules or carbonates. These bands were not there in the as-synthesized SiNPs, which indicates that carbon molecules or carbonates was adsorbed on the surface during the remediation of heavy metals. This is also further supported by the FESEM-EDS data. The other bands remained more or less the same, with minor changes in the intensity of the peaks. In the FTIR spectra of 100 mg SiNP residue, there were no significant changes in the bands and peaks except a slight increase and decrease in the intensity of the peaks, as shown in Table 1. Therefore, it is possible that 100 mg nanosilica was not effective as an adsorbent, as there was no positive response of higher doses on the adsorption rates or efficiency of heavy metal removal.




6.3. Change in Elemental Composition


The EDS spectra (Figure 9a) of as-synthesized SiNPs show peaks for Si, O, C, and Na. The presence of Si and O confirmed the synthesis of silica nanoparticles from the fly ash with high purity. However, the presence of Na was due to the impurities associated with it due to improper washing, and C was due to the fly ash carbon and adhesive tape. The purity of SiNPs was ~94–97%, which was due to purification and calcination. The 1 M HCl treatment removed the alkali metal impurities, such as Na, Mg, and Al. As silica is insoluble in acids, it remained unaffected, while these alkali metals were easily soluble in the diluted HCl. Moreover, in the final step, calcination removed the carbon content of the synthesized silica. Figure 9b,c shows the EDS spectra of the 50 mg and 100 mg residue silica nanoparticles after remediation of heavy metals. Both the samples have peaks for Al, Na, and F, which were initially not there in the as-synthesized SiNPs. This indicates the adsorption of these three elements along with the heavy metals from the CFA solution. The adsorption of these elements was in a higher amount than the heavy metals. It also indicates that SiNPs are better adsorbents for Al, Na, and F. Between both, the 50 mg residue SiNPs had slightly higher adsorption of these three elements on the surface.



The FESEM micrographs shown above in Figure 7e,f reveal that there were no significant morphological changes in the silica nanoparticles before and after use. The shapes of the nanosilica particles remained intact after the adsorption.




6.4. Elemental Analysis on the Used Adsorbent by ICP-OES


For the detection of elements adsorbed on the surface of 100 mg nanosilica, about 3 mg of nanosilica was digested with 10 mL of aqua regia at 220 °C. About 10 mL of deionized water was added as a make-up volume that was filtered by Whatman 42. The sample was analyzed by inductively coupled plasma-optical emission spectroscopy ICP-OES (Optima 2500, Perlin Elmer, Waltham, MA, USA), and the following elements were detected: Al, Fe, Na, F, P, K, Mg, Ca, Cd, Cr, Co, Pb, Ni, Zn, Mn, and Cu in Table 2.



Not all of these were present initially in the original sample, i.e., SiNPs, which indicates that the source of these elements was the aqueous solutions of fly ash. All these elements were adsorbed on the surface of the nanosilica after the completion of the reaction. The maximum adsorption occurred with Al, Mg, Ca, Na, etc., as all these elements were present in the maximum concentration in the fly ash.



Earlier, Wang also highlighted the adverse effects of coal fly ash, such as the leaching of heavy metals, the effects of CFA on the human body, its magnetic properties, and its disposal problems [36].





7. Conclusions


	
Being a class F coal fly ash, it has a high percentage of silica and is a potential precursor material for the synthesis of nanosilica.



	
Sol-gel is the most reliable and widely applied technique for nanosilica synthesis. The synthesis of nanosilica from CFA was carried out in four steps; alkali dissolution of CFA; neutralization with dilute mineral acid; dilution of mineral; acid-based purification and calcination.



	
The characterization of the nanosilica revealed that it was spherical, floral-shaped and 20–70 nm in size with high purity.



	
For the remediation of heavy metals along with alkali metals, a lower dose of nano silica was more efficient.



	
The 50 mg nanosilica was more effective for the removal of all the heavy metals except for Co and Cr.



	
The synthesized nanosilica showed the potential for the remediation of toxic heavy metals from 20% CFA aqueous solutions to be performed much more efficiently than with other methods.



	
The utilization of such industrial waste for the synthesis of value-added material such as nanosilica will lower the burden on the current commercial industries for silica production.
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Figure 1. (a–d) Steps involved in the synthesis of nanosilica from coal fly ash. 
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Figure 2. Hypothetical molecular structure of hydroxylated silica (a) and hydrogen bonds between silanols (b) adopted from with permission [18]. 
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Figure 3. UV–Vis spectrum (a) and particle size distribution (b) of SiNPs. 
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Figure 4. FTIR spectra of as-synthesized silica nanoparticles and silica residue after remediation of heavy metals. 
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Figure 5. XRD spectra of as-synthesized nanosilica and nanosilica residue after remediation of heavy metals. 
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Figure 6. TEM images ((a,c) at 100 nm scale), (b) histogram, TEM images at 50 nm scale (d,e), and (f)SAED pattern of SiNPs. 
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Figure 7. FESEM micrographs of as-synthesized nanosilica at 1 µ scale (a), 200 nm scale (b,c), at 100 nm scale (d) and nanosilica residue (e,f). 
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Figure 8. Effect of contact time on the adsorption of Al, Cr, Co, Mn, Ni, Pb, and Zn by (a) 50 mg (b) 100 mg silica nanoparticles. 
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Figure 9. EDS spectra of as-synthesized (a) 50 mg (b) and 100 mg (c) residue SiNPs. 
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Table 1. FTIR assignments peaks of as-synthesized and residual silica nanoparticles.
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	Samples
	Si-O-Si
	Symmetric
	
	Si-O/Bending

Vibrations
	C=O/C-H
	O-H
	References





	As-synthesized
	1088
	808 cm−1
	608
	487 cm−1
	
	
	[33]



	50 mg residue
	1088
	808 cm−1
	608
	487 cm−1
	1407 cm−1
	1648, 3447 cm−1
	[34]



	100 mg residue
	1088
	808 cm−1
	608
	487 cm−1
	
	
	[35]
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Table 2. Elemental analysis of 100 mg silica nanoparticles residue by ICP-OES.
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	Elements
	mg/L





	Be
	0.10



	Ca
	0.226



	Cr
	0.032



	Cd
	0.002



	Co
	0.150



	Cu
	0.164



	Fe
	0.076



	Li
	1.029



	Mg
	32.54



	Mn
	10.06



	Mo
	0.075



	Ni
	0.469



	Pb
	0.156



	Sb
	0.050



	Se
	0.014



	Sr
	0.250



	Tl
	0.122



	V
	0.115
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