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Abstract

:

Fly ash (FA) is produced from coal power plants’ combustion. FA is used in the concrete industry, as an ingredient in the brick and paving. Knowledge of the chemical composition and toxic metal content in FA is essential for evaluating its environmental risks. This study aimed to assess FA purification effect on its antibacterial activity against Escherichia coli and Bacillus cereus, by calculating percent bacterial reduction. Moreover, centrifugation time effect on the purification process was evaluated. Chemical composition and properties of purified FA were determined and compared with raw FA, using Fourier transform Infrared (FTIR); X-ray diffraction (XRD); X-ray photoelectron spectroscopy (XPS); energy-dispersive X-ray (EDXA); carbon, hydrogen, nitrogen, and sulfur (CHNS) elemental analysis; moisture content; and loss-of-ignition. Particle size was predicted by using dynamic laser scattering, BET and scanning electron microscopy (SEM). The CHNS results showed that purified FA contains the highest carbon content (88.9%), as compared to raw FA (82.1%). The particle size distribution (PSD) of FA microspheres ranges from 48.53 ± 17.9 to 52.98 ± 19.4 µm by using SEM. PSD, using dynamic laser scattering, showed polydispersed and non-uniform size in raw FA, ranging in size from 107.1 to 1027 nm, while purified FA manifests a monodispersed size from 103.3 to 127.3 nm. FA showed the least bacterial growth reduction %, while the purified fly ash (FA2) showed the highest bacterial growth reduction %, as compared to the control bacterial broth culture without fly ash.
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1. Introduction


Fly ash (FA), the main waste product arising from the combustion of solid fuels, is a powdery, black, solid and fine material that flies up from the combustion chamber; it is then captured and removed by emission-control methods, such as scrubbers, and baghouse [1,2,3]. According to the American Coal Ash Association (ACAA), FA total amount produced in 2018 was 38 million tons, with only 20 million tons for utilization. Therefore, only 52.63% was consumed and the rest was plunked in landfills, provoking severe financial and environmental problems. Besides, discharging fly ash into the atmosphere with the flue gas is avoided due to environmental concerns [4,5] According to the GlobeNewswire report on August 2019, the global FA market was valued at $4.13 billion in 2018 and is expected to reach up to $6.86 billion by 2026 [6]. FA is near enough in its composition as pozzolanic to volcanic ash. It is mainly consisting of metal oxides, non-combustible inorganic materials, and unburned carbon (UC) [7,8,9,10,11]. UC content indicates inefficiency in combustion and may represent a barrier to the beneficial use of FA or ash products in a variety of applications [2]. FA with high UC content represents a significant loss in the power production energy. The characteristics of the coal-derived UC are functions for the rank, type of the coal, size of the feed coal, and combustion conditions. However, UC is a valuable source of inexpensive activated carbon that can be employed in the manufacture of cokes and graphite in the metallurgical industry. Additionally, UC is utilized to seize trace elements from flue gas and to adsorb organic compounds, such as petroleum constituents, polychlorinated biphenyls, dyes, phenols, and herbicides [2,12,13]. Potential areas for the fly ash utilization range from plastic high-temperature ceramics and fillers, to activated carbon and cement production, soil microbial activities, and crop yield enhancement, and in the synthesis of zeolites [14,15,16]. Various approaches benefits emerge from the use of FA in cement, including ameliorated resistance to alkali-aggregate reduction, lower creep and shrinkage, gas and water tightness, and favorable pore size distribution. Fly ash may pose grave risks to the surrounding environment when landfilled in nature due to the presence of heavy metals. Thus, the removal of metals is substantial for the rescue of aquatic life and soil. In this regard, several purification techniques were employed as the biological, chemical, and physical leaching technique; thermal treatment; and electrochemical methods. Sometimes, the combination of two or more processes could be done to get better extraction yield and accordingly detoxification of fly ash [17]. Hence, the main objectives of the present study are (a) the removal of the non-environmentally safe metals from FA, using a simple laboratory density gradient centrifugation to increase the black carbon percentage; (b) the effect of rising the time of centrifugation, from 1 to 6 h, on the FA purification process; and (c) evaluating the antibacterial activity of FA against Gram-positive and Gram-negative bacterial strains, Bacillus cereus and Escherichia coli, respectively, before and after purification.




2. Materials and Methods


2.1. FA Purification Using Density Gradient Centrifugation (DGC)


Fly ash was collected in off-gas treatment system of power plants in Saudi Arabia using heavy fuel oils. Two samples (FA1 and FA2) of 10 g each were dispersed in a 10% solution of sodium tungstate dihydrate (Na2WO4∙2H2O) Sigma-Aldrich Darmstadt, German. FA1, and FA2 were centrifuged at 15,000 rpm, for 1 and 6 h, respectively, at room temperature. The supernatant was discarded and the resulted pellet was re-suspended in distilled water and centrifuged at 15,000 rpm for 10 min. The latter step was repeated 6 times. The resulted pellet was dried overnight, at 50 °C. The samples were denoted as FA (raw fly ash) used as control, FA1 (fly ash centrifuged for 1 h), and FA2 (fly ash centrifuged for 6 h).




2.2. Physicochemical Characterization


2.2.1. The Moisture Content of Fly Ash


The moisture content (MC) of FA, FA1, and FA2 was determined. A sample of 1 g of each was weighed and added individually in a crucible. The samples were heated to 110 °C for 1 h, using a Thermo Scientific Precision 658 oven. The heated samples were cooled to room temperature, in a desiccator, for 30 min, and then reweighted. The moisture content was calculated according to Equation (1).


   MC %  =   W 1 − W 2   W 1     ×   100  



(1)




where, W1 and W2 are the weight before and after heating, respectively [18].




2.2.2. Loss-of-Ignition (LOI) Determination


The loss-of-ignition (LOI) of FA, FA1, and FA2 was calculated to determine the amount of unburned fuel in fly ash. From each sample, 1 g was heated at 110 °C, for 1 h, and dried to room temperature. The dried samples were heated to 650 °C, in a Nabertherm Muffle Furnace L 3/12, for 3 h, and then cooled to room temperature. The LOI was calculated according to Equation (2).


   LOI %  =   W 1 − W 2   W 1     ×   100  



(2)




where W1 and W2 are the weight of the dried samples after heating at 110 and 650 °C, respectively [18].




2.2.3. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR spectra of FA, FA1, and FA2 were recorded with a Nicolet FTIR Avatar 360 spectrophotometer (Thermo Scientific™, Waltham, MA, USA). The spectral region between 4000 and 400 cm−1 was scanned. Specimens were prepared as KBr pellets. Samples were mixed thoroughly with KBr and then pressed, to form a thin disc with 0.5 mm thickness. The samples were 2% concentration to KBr.




2.2.4. X-Ray Diffraction (XRD)


X-ray diffraction patterns for FA, FA1, and FA2 were obtained by using a Bruker D5005 diffractometer (Bruker™, Billerica, MA, USA), at CuKα radiation (λ = 1.5418 A°). During the X-ray, the voltage was 35 kV, and the current was 25 mA.




2.2.5. X-Ray Photoelectron Spectroscopy (XPS)


XPS (X-Ray Photoelectron Spectroscopy) analysis for the surface chemistry for FA, FA1, and FA2 was carried out with a K-alpha™ X-ray Photoelectron Spectrometer (XPS) (Thermo Scientific™, Waltham, MA, USA), using the MgKα radiation of twin anode in the constant analyzer energy mode with a pass energy of 50 eV. Survey scan investigations were carried out with a pass energy of 30 eV, and a spot size of 400 μm2 area. The energy step size for the narrow scan analysis was 0.01 eV. The final high-resolution scan spectrum was obtained with at least four times of scan for each element [19,20].




2.2.6. Particle Size Distribution and Zeta Potential


The particle size distribution of the FA, FA1, and FA2 was performed by dynamic light scattering, using a Malvern Mastersizer 2000 equipment (Malvern Panalytical, Malvern, UK), where the samples were subjected to a focused laser beam. This allows for the detection of particles ranging from 0.02 to 2000 µm. Samples were diluted with 0.1 KCl, and the potential of the electrophoretic cell was adjusted to ± 150 mV. Each sample was performed in triplicate, and the results were expressed as average arithmetic mean [21,22].




2.2.7. BET Surface-Area Analysis


The BET method was employed to measure the surface area and porosity of FA, FA1, and FA2, with a Micromeritics Gemini 2360 surface area analyzer (Micromeritics, Norcross, GA, USA). Nitrogen gas molecules were adsorbed onto a solid surface, allowing the measurement of the surface area and porosity of the samples.




2.2.8. Carbon, Hydrogen, Nitrogen, and Sulfur (CHNS) Elemental Analysis


Elemental analysis is a rapid quantitative method in which the weight % of carbon, hydrogen, nitrogen, and sulfur is determined. The FA, FA1, and FA2 were analyzed and compared accordingly, using FlashEA® 1112, CHN Analyzer, (Thermo Scientific™, Waltham, MA, USA).




2.2.9. Morphological Examination Using a Scanning Electron microscope (SEM)


The effect of centrifugation time on FA, FA1, and FA2 particle size microstructure, morphology, and composition difference were carried out by using a scanning electron microscope (SEM) and energy-dispersive X-ray analyzer (EDXA). Samples were gold-sputtered before the examination. The electron microphotographs were recorded, using a JEOL JSM-6300 SEM with EDX (SEMTech Solutions Inc., Billerica, MA, USA). The electron beam was with 25 kV energy and magnifications of 10 and 100 µm. The samples’ amorphous particle size distribution was measured, using ImageJ©.





2.3. Antibacterial Activity Testing


The antibacterial activity of FA, FA1, and FA2 against Gram-positive and Gram-negative bacterial strains, Bacillus cereus and Escherichia coli, respectively, was evaluated, using 100 mg from each sample. Each bacterial strain was added to Mueller Hinton broth (Sigma-Aldrich) and kept overnight in a MaxQ™ 4000 Benchtop Orbital Shakers Thermo Scientific™, at 37 °C. the optical density (OD) was adjusted to 0.1 at λ = 625 nm, using a UV spectrophotometer Thermo Scientific™ Orion AquaMate 8000. Samples were sterilized under UV, for 1 h, prior to the addition to bacteria, and then incubated with the bacterial strains, in the shaking incubator, overnight, at 37 °C [23]. The experiment was performed in triplicates and results were expressed as average arithmetic mean of the UV absorbance at 630 nm, using Biochrom Libra S22 UV/VIS spectrophotometer (Biochrom, Cambridge, UK).




2.4. Statistical Analysis


All the samples were performed in triplicates. Results were expressed as average arithmetic mean ± standard deviation where n ≥ 3. For all experiments, average values were reported from three independently prepared samples. Particle size was measured from the SEM, using the ImageJ© program.





3. Results and Discussion


Fly ash is a complex mixed material, mainly composed of a mineral phase of glassy materials with minor minerals and amorphous phase due to the presence of the unburned carbon [24]. Furthermore, diverse environmental problems were caused by the landfill of fly ash such as leaching of heavy metals, pollution of the soil with organic compounds, and secondary dust generation. Thus, the treatment of fly ash is a crucial process preceding to its storage [25]. In this work, FA obtained from power plant combustion in Saudi Arabia was purified by removing metals and other minerals, to increase carbon content, which is an expensive source for activated carbon, using a simple density gradient centrifugation. The effect of centrifugation time was studied, and, accordingly, samples were divided into FA (raw fly ash), FA1 (fly ash after 1 h of centrifugation), and FA2 (fly ash after 6 h of centrifugation). The antibacterial activity of fly ash samples was determined against Gram-negative and Gram-positive bacterial strains, Bacillus cereus and Escherichia coli, respectively. Samples were physiochemically characterized and compared.



3.1. Moisture Content and Loss-of-Ignition Determination (LOI) of Fly Ash


Moisture content and LOI are one of the most important physical properties of fly ash that depend on the nature of the coal and its mineralogical content [26]. The moisture content of FA, FA1, and FA2 was found to be 0.009%, 0.339%, and 0.005%, respectively (Figure 1D). These results indicate that all moisture was evacuated at 110 °C. The low moisture content of the samples suggests that they can be used in industry [27]. The FA1 had the highest moisture content, as compared to FA and FA2. This could be explained by the presence of the sodium remaining from the used sodium tungstate during the separation process, as the sodium tungstate is an inorganic compound that is water-soluble in the form of the sodium salt of tungstic acid [28]. Loss-on-ignition (LOI) is used as a standard method to measure both unburned carbon content and fineness in fly ash, but the combustion of carbon is the major provider component for the LOI. LOI also constitutes the availability of carbonates and combined water in clay minerals [29]. The LOI % of our samples decreased with increasing the time of centrifugation from 2.68% in the raw fly ash to 1.92% in the FA2 (Figure 1E). These results indicate that our FA samples are of high quality. LOI may be high with low-quality fly ash with low fineness, due to the presence of coarser carbon particles, leading to a decrease in the pozzolanic reactions of fly ash [30].




3.2. Fourier Transform Infrared (FTIR) Spectroscopy


FTIR spectra of FA, FA1, and FA2 were performed to evaluate the mineralogical composition because each mineral possesses its absorption pattern in the IR range (Figure 2) [31]. The bands appearing at around 3400 and 1620 cm−1 are attributed to the stretching and bending vibrations of OH in the H2O molecule, respectively indicating the presence of molecular water [32]. In the FA spectrum, a band at around 1080 cm−1 was identified due to Si-O-Si or Si-O-Al asymmetric stretching vibration [33]. Bands that appear at around 2900 and 1625 cm−1 in all the samples represent the C-H stretching vibration of the organic carbon [34] and the stretching vibration of the C=O carboxylate group of organic matter [35,36,37]. A band at around 1090 cm−1 that appeared in the FA was Si-O-Si asymmetric stretching vibration for quartz [38]. Moreover, the band at 598 cm−1 in the raw FA indicates Si-O-Al vibration that was formed due to structural rearrangements of Si-O-Al in fly ash.




3.3. X-Ray Photoelectron Spectroscopy (XPS) and X-Ray Diffraction (XRD)


XPS provides information on the elemental composition and the oxidation state of the elements. XPS spectra of FA, FA1, and FA2 were shown in Figure 3. From this spectrum, the primary components of the near-surface region of FA, FA1, and FA2 were carbon, oxygen, and sulfur. In addition to vanadium in the FA, and sodium in the FA1, and FA2. Other elements were present in smaller quantities in FA as the calcium and magnesium. The atomic % of the elements is displayed in Table 1. The carbon % was increased by extending the time of centrifugation, indicating a purified carbon compared to the raw fly ash. Therefore, O1s and S2p were decreased by augmenting the centrifugation time. The Ca2p and Mg1s were present in a minuscule amount in the FA and disappeared in the FA1 and FA2. Moreover, the V2p disappeared in the FA1 and FA2. The Na1s was present in the FA1 by 8.04%, due to its usage during the separation and its amount was cramped in FA2 to 2.26% [34]. The XRD pattern for the FA, FA1, and FA2 were presented in Figure 4. The XRD data revealed that the samples were having both crystalline and amorphous phases. Where the amorphous phase was represented with 2 specific broad peaks at around 43° and 79°, and the crystalline phase by a peak at around 23° at the 2θ position representing the fingerprint of the activated black carbon present in the FA [39,40].




3.4. CHNS Elemental Analysis


Carbon, sulfur, nitrogen, and hydrogen (CHNS) were determined quantitatively in FA, FA1, and FA2 by using elemental analysis (Table 1). The results showed that the C weight % was the highest in the FA2 followed by the FA1, 88.9%, and 83.5%, respectively when compared to FA which was only 82.1%. This serves as a confirmation that increasing centrifugation time ameliorated the separation by reaching high carbon content [41]. However, H% was the highest in the FA1 by 3.8%, while in the FA and FA2 was almost the same. N and S % was almost the same in all three samples [19].




3.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Analyzer (EDXA)


The composition of the amorphous phases of FA, FA1, and FA2 was analyzed with a scanning electron microscope (SEM). An energy-dispersive X-ray analyzer (EDXA) was used to point count amorphous particles. These amorphous particles were identified by measuring circular particles with a built-in measuring tool. These particles were quantitatively investigated for eight elements: calcium, aluminum, iron, sodium, potassium, silicon, oxygen, and carbon (which are visualized in Figure 5. The carbon weight % was found to be the highest in the FA2 (87.11%), followed by FA1 (86.08%), and the least C weight % was that of FA. This asserts the results obtained by the CHNS analysis, emphasizing the success of our separation method. Oxygen weight % started to diminish after increasing the time of centrifugation, by 6.74%, 2.86%, and 2.61% for the FA, FA1, and FA2, respectively. Vanadium was present in the raw FA and die out when the separation started. The Na appearing after 1 h of centrifugation in the FA1 sample may have resulted from remaining traces of the sodium tungstate that have been used for the separation. Thus, the Na vanished by increasing the separation time. The presence of Na confirmed our moisture content results that decreased by increasing the centrifugation time. The SEM micrographs were used to study the morphology and particle size of the FA, FA1, and FA2. A majority of FA particles were various types of microspheres. Two different types were visible (Figure 6): Hollow spheres (cenospheres) and thin-walled hollow microspheres with smaller ones encompassed or minerals within these spheres called plerospheres can be seen. Close examination of the non-spherical oversized particles also revealed the presence of finer particles on their crystalline surfaces. In addition, it was clear that as much as the time of centrifugation increase, the more the smoothness of the microsphere and the clearer surfaces (Figure 6B,C), confirming the removal of the minerals that were detected in the FA sample (Figure 6A) [33,42]. The particle size distribution of the microspheres was measured manually from the SEM micrographs, using ImageJ© to determine the particle diameters where n ≥ 50. The results were expressed as average arithmetic means and plotted (Figure 7) where the microspheres’ sizes range from 48.53 ± 17.90 µm to 52.98 ± 19.4 µm.




3.6. Particle Size Distribution and Zeta Potential


The particle size distribution of FA, FA1, and FA2 resulted from SEM was confirmed using a dynamic laser scattering (DLS) technique. The results were presented in Figure 8. FA was found to be polydispersed and not uniform exhibiting broad and multiple peaks that vary in size from 107.1 to 1027 nm. FA1 and FA2 showed a monodispersed particle size distribution with a size 103.3, and 127.3 nm, respectively. The augmentation of centrifugation time from FA1 to FA2 displays an increase in the particle size from 103.3 to 127.3 nm that may be due to aggregation of the particles back together. However, the zeta potential results (Figure 9) indicate that the FA2 was more stable than the FA.




3.7. BET Analysis


The comparison between the surface areas, pore volume, and pore sizes of FA, FA1, and FA2 revealed that FA before separation had the highest surface area and pore volume (Table 1). This could be attributed to the presence of many elements that were not yet separated [43]. The pore size of the FA and FA2 was almost the same, but their pore volume was different, at 0.042, and 0.024 cc/g, respectively. The FA1 had the least surface area and lowest pore volume, but it had the greatest pore size.




3.8. Antibacterial Activity Testing


FA2 was found to be very potent against both Gram-positive (B. cereus) and Gram-negative (E. coli) bacteria, showing 59.89% and 8.72% bacterial growth reduction, respectively with only 100 mg concentration. FA2 was followed by FA1. The latter showed 46.42% and 5.22% bacterial growth reduction against B. cereus and E. coli bacteria, respectively. FA showed the least bacterial growth reduction compared to the control (bacteria without any sample), by 4.95% and 3.48% against B. cereus and E. coli bacteria, respectively (Figure 10). Results could be explained by the increase of carbon weight %, as explained in the CHNS elemental analysis, in the samples from FA, FA1, and FA2, at 83.73%, 86.08%, and 81.11%, respectively. These findings are in agreement with previous studies. Veranitisagul et al. reports that the nano-silver-coated carbon black, where the coating with carbon provides potential enhancement against E. coli and C. albicans [44]. Additionally, another research suggests that ZnS enwrapped fly ash exhibits promising antibacterial applications, and as photocatalyst for dye degradation in wastewater treatment when compared with the ZnS or fly ash alone [45]. These results offer the possibility to be an option for antimicrobial applications such as extending life time of textiles, coatings, and stain production [46,47]. The mechanism of inhibiting the bacterial growth by fly ash is not fully understood and need more investigations and research.





4. Conclusions


Fly ash particles are known to be inert and have thermal insulation characteristics, as well as good extender properties. In this work, fly ash was purified, using density gradient centrifugation to obtain high carbon weight %. The effect of centrifugation time was studied after 1 and 6 h of centrifugation, in terms of physicochemical characteristics. The results showed that carbon weight % increased from 83.73% in raw fly ash to 87.11% in fly ash after 6 h of centrifugation. The particles size distribution according to the SEM micrographs showed an increase in size from 48.53 to 52.98 µm, in FA and FA2, respectively. However, size decreased again after 6 h of centrifugation, to 49.44 µm. Moreover, the particles size distribution, using dynamic laser scattering, was polydispersed in FA, but, in FA1 and FA2, it turned to monodispersed. The zeta potential results explained the instability of particle size, showing a decrease from 13.5 mV in FA to −26.2 mV in FA2. Additionally, the antibacterial activity of FA, FA1, and FA2 was evaluated against E. coli and B. cereus. The results revealed that extending the centrifugation time to 6 h in the FA2 sample was potent to both bacterial cells, by reducing bacterial growth to 59.89% in B. cereus and 8.72% in E. coli, as compared to the raw fly ash. However, the specific mechanism that governs the antibacterial activity of fly ash particles and their purification needs to be investigated more and better understood.
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Figure 1. (A–C) The appearance of fly ash after determining the moisture content (left) and ash content (right), where (A) FA, (B) FA1, and (C) FA2; (D) % moisture content, and (E) loss-of-ignition %. Results were expressed as average arithmetic mean. Error bars represent ±SD where n ≥ 3. 






Figure 1. (A–C) The appearance of fly ash after determining the moisture content (left) and ash content (right), where (A) FA, (B) FA1, and (C) FA2; (D) % moisture content, and (E) loss-of-ignition %. Results were expressed as average arithmetic mean. Error bars represent ±SD where n ≥ 3.



[image: Minerals 10 01002 g001]







[image: Minerals 10 01002 g002 550] 





Figure 2. Fourier transform infrared spectroscopy (FTIR) analysis for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). 
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Figure 3. X-ray photoelectron spectroscopy (XPS) for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). 
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Figure 4. X-ray diffraction (XRD) pattern for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). 
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Figure 5. Energy-dispersive X-ray analyzer (EDXA), showing the compositions of the samples for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). Results were expressed as average arithmetic mean. Error bars represent ±SD where n ≥ 3. 






Figure 5. Energy-dispersive X-ray analyzer (EDXA), showing the compositions of the samples for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). Results were expressed as average arithmetic mean. Error bars represent ±SD where n ≥ 3.
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Figure 6. Scanning electron microscope (SEM) morphological examination for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). Left images’ magnification is 100 µm and the two small images on the right have a magnification of 10 µm. 
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Figure 7. The particle size distribution difference between the three fly ash samples in µm, using ImageJ©, where (FA) raw fly ash, (FA1) fly ash after 1-h centrifugation, and (FA2) fly ash after 6-h centrifugation. Results were expressed as average arithmetic mean. Error bars represent ±SD where n ≥ 50. 
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Figure 8. Particle size distribution for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). 
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Figure 9. Zeta potential for (A) FA (raw fly ash), (B) FA1 (fly ash purification after 1 h of centrifugation), and (C) FA2 (fly ash purification after 6 h of centrifugation). 
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Figure 10. Bacterial growth % of FA, FA1, and FA2 against Gram-positive and Gram-negative bacterial strains. Results were expressed in average arithmetic mean. Error bars represent ±SD where n ≥ 6. 
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Table 1. Physicochemical characterization: carbon, hydrogen, nitrogen, and sulfur (CHNS) elemental analysis, BET analysis, and the atomic % of the elements by XPS analysis for fly ash samples (FA, FA1, and FA2).
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Physicochemical Characterization

	
FA

	
FA1

	
FA2






	
CHNS

	
% Carbon

	
82.1

	
83.5

	
88.9




	
% Hydrogen

	
3.2

	
3.8

	
3.1




	
% Nitrogen

	
0.8

	
0.9

	
0.6




	
% Sulfur

	
7.1

	
6.9

	
6.9




	
BET

	
BET Surface area (m2/g)

	
35.6

	
8.75

	
20.73




	
Pore Volume (cc/g)

	
0.042

	
0.012

	
0.024




	
Pore Size (A°)

	
46.99

	
70.10

	
46.59




	
XPS(Atomic % of the elements)

	
C1s

	
60.66

	
66.81

	
84.36




	
O1s

	
21.22

	
18.46

	
12.03




	
S2p

	
5.66

	
1.64

	
1.34




	
V2p

	
8

	
0

	
0




	
Na1s

	
0

	
8.04

	
2.26




	
Ca2p

	
0.41

	
0

	
0




	
Mg1s

	
0.83

	
0

	
0
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