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Abstract

:

In order to determine the structural characterization of aluminosilicates in two types of fly ashes, two samples from Shanxi Province, China were selected for study. One was from a pulverized coal boiler (FA-1), and the other from a circulating fluidized bed boiler (FA-2). FA-1 had a much higher content of silicon dioxide (SiO2) (70.30%) than FA-2(42.19%), but aluminum oxide (Al2O3) was higher in FA-2 (25.41%) than in FA-1 (17.04%). The characterizations were investigated using various methods including X-ray diffraction (XRD), Fourier transform infrared spectrometry (FTIR), magic angle spinning nuclear magnetic resonance (MAS–NMR) spectrometry, and X-ray photoelectron spectroscopy (XPS). The XRD analysis showed that FA-1 contained aluminosilicate glass, quartz and mullite, while FA-2 contained significant amounts of amorphous aluminosilicate, quartz and gypsum. The FTIR results showed an increased substitution of Al3+ for Si4+ as the band of asymmetric stretching vibrations Si–O(Si) (1100 cm−1) moved to 1090 cm−1 for FA-2, much lower than for FA-1(1097 cm−1). Moreover, the sharpness of the bands in the 1250–1000 cm−1 region for FA-2 indicates that the silicate structure of FA-2 was more ordered than for FA-1. It can be understood from the 29Si MAS–NMR results that Q4(mAl) (Q4 are connected via 4 bridging O atoms to mAl) is the main structural type in FA-1 and FA-2, and that FA-2 contains more Al, which substitutes for Si in the Q4 structure. 27Al MAS–NMR demonstrated that a combination of tetrahedral, pentahedral, and octahedral Al existed in FA-1 and FA-2. The Si 2p XPS spectra suggested that there were three forms of Si, including bridging Si (Si–O2), non–bridging Si (Si–O), and SiO2 gel. The content of Si–O2 for FA-1 was 37.48% higher than Si–O (28.57%), while the content of Si–O2 was 30.21% lower than Si–O (40.15%) for FA-2. The Al 2p XPS spectra showed that octahedral Al was the dominant form for FA-1 with a content of 40.25%, while the main phase was tetrahedral Al for FA-2 with a proportion of 37.36%, which corresponds well with the 27Al MAS–NMR results.
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1. Introduction


Globally, coal is the main primary energy source [1], and in 2018, coal combustion supplied 41% of the electricity generated in the world [2]. The most widely used combustors are the conventional pulverized coal (PC) combustor and the circulating fluidized bed (CFB) combustor. Compared with the conventional PC boiler, the CFB combustor suspends coal in upward–blowing jets of air during the combustion process, which can efficiently reduce emissions of NOX and improve the in–situ desulfurization ability [3,4]. Moreover, the temperatures of the CFB combustor and PC combustor are 850–900 °C and 1400–1500 °C, respectively, resulting in the formation of two types of fly ash samples with different characteristics [3]. The CFB fly ash has a higher content of unburned carbon, calcium sulfate and lime, does not contain mullite, and shows irregular lumps, but no glass balls [5]. Unburned carbon also exists in both types of fly ash (indicating an inefficient combustion), such as isotropic char formed from low–rank huminite/vitrinite and bituminous vitrinite, anisotropic cokes generated from bituminous vitrinite, and some partially combusted vitrinite obtained from anthracite vitrinite [6].



Fly ash can be considered as the world’s fifth largest raw material resource [7]. Currently, one possible utilization of fly ash is in the synthesis of alkali–activated materials named geopolymers [8,9]. PC fly ash can successfully be used for the manufacturing of cement, building materials concrete, and concrete–admixed products [10], as it is categorized as a pozzolan, while CFB fly ash with a higher carbon content is broadly used as an insulator and adsorbent [6,11]. Another way to use fly ashes focuses on the critical elements contained within them [2,12,13]. Rare earth elements (REE; or expressed as REY when yttrium is included, as it has very similar geochemical characteristics to the REE) are strongly retained in the ash fraction and regarded as important potential resources [14,15,16,17,18,19]. Wang et al. [20] reported that HCl leaching of desilicated Luzhou fly ash achieved 88.15% of REY extraction efficiency. Dai et al. [21] conducted research on the fly ashes derived from three coal-hosted germanium (Ge) deposits and found that most of the Ge occurred in the form of Ge oxides (e.g., GeO2). Lithium(Li)-bearing coal seams have also been regarded as potential economic ore deposits by Sun et al. [22]. The concentration of Li from the combustion of such coals was found to be up to 408 μg/g in the coal ash of the Jungar Power Plant [12]. Hu et al. [23] found that 79–94% of this Li was contained within glass particles and was strongly correlated with Al and Si. A number of other studies have shown that the critical elements, such as Ga, Al, U, Se, Nb, and Zr, can also be potentially extracted from coal fly ashes [24,25,26,27,28,29]. Compared with CFB fly ash, PC fly ash is more problematic for element extraction because abundant stable amorphous glass and mullite exist within it [30]. For these fly ashes, additives such as acid activation are used to break up the stable Al–O–Si bonds in the mullite [30].



In the process of utilization, the structural characteristics of fly ash have been studied to various degrees. Mozgawa et al. [31] used the middle infrared spectrum to describe the structure of the phases present in fly ash and found that the aluminosilicates induced a shift in the T–O stretching band at 950–1100 cm−1. Gao et al. [32] applied 29Si and 27Al magic angle spinning nuclear magnetic resonance (MAS–NMR) to determine the extent of the reaction within alkali–activated slag–fly ash and found that the increase in the activator modulus could lead to a reduction in the slag reactivity, together with significantly increased Q3(1Al) and reduced Q2(1Al) groups. Kanuchova et al. [8,33] used X-ray photoelectron spectroscopy (XPS) to monitor the changes in chemical bonds (such as for the Si–O–Al–O bond) in the creation of geopolymers and also investigated the mechanical activation of fly ash. Hu [23] used 29Si MAS–NMR and energy calculations to predict that Li occurrence within the Q3(0Al) and Q3(1Al) structures through the reaction with Q4(0Al) and Q4(1Al).



Previous studies on the properties of the two types of fly ash have mostly focused on their mineral composition, morphology [5], chemical, physical, and optical properties [34,35]. Structural studies of fly ashes have been limited to the structural changes that occur in the utilization of fly ash for current applications, such as alkali activation, mechanical activation, and the interactions between the elements present and the silicon framework. In general, the maximum limit of unburned carbon in fly ash is 3 wt% for many applications [6]. In order to meet this requirement, a better understanding of the structural characterization between the two types of fly ash is beneficial for their subsequent utilization, whether they are to be used in the production of geopolymers or for the extraction of contained elements of economic interest such as Li. However, current research related to this is greatly lacking. Therefore, in this paper, the structure of aluminosilicates in two types of fly ash samples have been well-characterized using XRD, FTIR, MAS–NMR, and XPS techniques, with the aim of providing a basic data set and greater understanding of fly ash for use in geopolymers or element extraction.




2. Samples and Methods


2.1. Samples


Shanxi is a major coal–producing province in northern China and a major region for coal–fired power generation. Taiyuan City, as the capital city of Shanxi Province, has attracted attention regarding its solid waste, such as fly ash. The Xishan Coalfield Group is the largest base of coking coal production in China and is part of the “coal–electricity–building materials” industrial chain. Thus, two coal–fired power plants in this group were selected for this study. One sample was collected from the Gujiao Power Plant (FA-1) and the other was collected from the Xishan Thermal Power Plant (FA-2). The Gujiao Power Plant is the largest coal middlings–fired pithead power plant in China, and also the largest power plant in Taiyuan City. The Xishan Thermal Power Plant was independently set-up by a coal mine and the generated electricity is used by this group. It was recognized as belonging to the “comprehensive utilization of power plants” by the National Development and Reform Commission in 2008. The samples were collected from the electrostatic precipitator hopper of the power plants over a five–day period. The feed coal for the Gujiao Power Plant comprises run–of–mine coal, middlings and slime from the Tunlan, Malan, Dongqu, Xiqu, and Zhengchengdi mines. The feed coal for the Xishan Thermal Power Plant is run–of–mine coal, gangue and slime from the Baijiazhuang and Guandi mines. Further details are shown below in Table 1.




2.2. Major and Trace Element Chemistry


The samples were crushed and ground to less than 200 mesh. A preliminary ashing was not conducted on the samples, and the pre-treatment for the geochemical analysis used the method of Qi et al. [36]. Trace elements were determined using a PE ELAN DRC-e inductively coupled plasma - mass spectrometry (ICP–MS). Certified standard references included OU-6 (slate), AMH-1 (andesite) and GBPG-1 (plagiogneiss). The accuracies of the ICP–MS analyses were estimated to be better than ± 5–10% (relative) for most elements. The major elements were measured by ICP–OES (Agilent 720) with GSR-3, GSD-4, GSD-6, OU-6, GSR-12, and GSR-13 being the standards used for the major elements. The analytical accuracies were estimated to be ± 2% (relative) for the major oxides present in concentrations greater than 1 wt%. SiO2 was measured using the traditional gravimetric method following GB/T 14506.3-2010 [37]. Although instrumental analysis has become the main analytical method, a chemical analysis has unique advantages, such as the accuracy and scope of application [38,39], and the gravimetric method is still used in research [40,41].




2.3. XRD


An X-ray diffraction (XRD) analysis was carried-out using a Rigaku MiniFlex600 type X-ray diffractometer (Rigaku Corporation, located in Taiyuan University of Technology) with an accelerating voltage of 40 kV and current of 15 mA. The samples were scanned over the 2θ range of 5 to 85° using Cu–Kα radiation with a step-size of 0.02°. The crystalline phases were identified using the International Centre for Diffraction Data powder diffraction database.




2.4. FTIR


The Fourier transform infrared (FTIR) spectra were measured on a Bruker VERTEX 70v vacuum spectrometer (Swiss Bruker, located in Taiyuan University of Technology). They were collected in the mid region of 4000–400 cm−1 after 256 scans at a 4 cm−1 resolution. The samples were prepared using the standard KBr pellet method. FTIR belongs to the field of molecular vibrational spectroscopy and is known as the “fingerprint” technology for the identification of functional groups. It has also been used to conduct a great deal of research into the molecular structure of coal and minerals in sedimentary rocks according to the unique absorption pattern of minerals based on their composition [42,43,44].




2.5. MAS–NMR


Solid–state magic angle spinning nuclear magnetic resonance (MAS–NMR) spectra were acquired using a Bruker Avance III 600 MHz Wide Bore spectrometer (14.1T) (Swiss Bruker, ThermoFisher Scientific, located in Shanxi Institute of Coal Chemistry, Chinese Academy of Sciences). the resonance frequencies used were 79.5 and 104.3 MHz. The 29Si NMR spectra were collected on a 4 mm probe, with a spinning rate at 10 kHz, and the chemical shifts were referenced to tetramethylsilane (TMS) at 0 ppm. The 27Al MAS–NMR spectra were obtained by using a 4 mm probe with ZrO2 rotor 8996, with a spinning rate at 13 kHz and a pulse length of 2.8 μs; the chemical shifts were referenced to 1 M Al(NO3)3 solution at 0 ppm. Previous to the NMR spectra recordings, we used a strong magnetic field to remove the magnetic materials from the samples [45].




2.6. XPS


The X-ray photoelectron spectroscopy (XPS) experiments were performed using a thermo escalab 250 electron spectrometer (ThermoFisher Scientific, located in Shanxi Institute of Coal Chemistry, Chinese Academy of Sciences) with A1Ka (1486.6 eV). The measurements were conducted with a pass energy of 20 eV, and the energy resolution was 0.05 eV. The sample chamber was evacuated to 10−7 Pa during the experiments. All the absolute binding energies were calibrated by C1s (284.6 eV).





3. Results and Discussion


3.1. Properties of the FA


3.1.1. Major and Trace Element Chemistry


Compared to the average values of major-element oxides for Chinese coals, the contents of SiO2 and Al2O3 are much higher in the feed coals for FA-1 and FA-2 (Table 2), while CaO and Fe2O3 are lower. The remaining major element oxides are either slightly higher than or close to the average values for Chines coals. Moreover, the chemical composition of FA-1 and FA-2 varies significantly due to the differing feed coal properties and the type of combustion boiler used. Compared to the feed coal for FA-1, the feed coal for FA-2 contains more gangue and slime; therefore, it has higher SiO2 and Al2O3 contents and lower LOI (Table 2). As for the trace elements shown in Figure 1, compared to the average values for world hard coals, Li is enriched in both feed coals, with concentration coefficients of 5.06 and 6.91. Zr and Th are also enriched in the feed coal for FA-1 and the feed coal for FA-2, respectively. The feed coal for FA-1 is slightly enriched in Ga, Y, Nb, La, Ce, Hf, Ta, Pb, Th and U. The remaining trace elements are either depleted or similar to average world coal concentrations in the feed coal for FA-1. A greater number of trace elements are enriched in the feed coal for FA-2, with concentration coefficients between 2 and 5 for Sc, V, Cr, Ga, Y, Zr, Nb, Mo, Cs, La, Ce, Pr, Nd, Sm, Eu, Tb, Er, Yb, Hf, Ta, Pb, and U.



After combustion, SiO2 and Al2O3 are the dominant oxides in the two ash samples (Table 3). Because of the lower combustion temperature of the circulating fluidized bed (800–850 °C), FA-2 combusted incompletely and thus has a high LOI value. FA-1 has significantly more SiO2 (70.30%) than FA-2 (42.19%), but both Al2O3 (25.41 wt% compared to 17.04 wt%) and Fe2O3 (6.50 wt% compared to 3.23 wt%) are higher in FA-2 than in FA-1 (17.04%). The remaining major-element oxides for the two fly ashes are close to each other. As for the trace elements (Figure 2), most trace elements in both FA-1 and FA-2 are either lower than or close to the average values for world hard coal ashes. However, the concentration of Li in FA-1 is 211.81 μg/g, 2.58 times higher than in average world hard coal ashes (82 μg/g) [47]. Also, Zr and Th are slightly enriched in FA-1 with concentration coefficients of 2.29 and 1.35. Pb is greatly enriched in FA-2 with a concentration of 80.6 μg/g, higher than that of the average value for world hard coal ashes of 12 μg/g.




3.1.2. Mineralogy


FA-1 is a pulverized coal–fired fly ash. In this type of boiler, powdered coal was sprayed into the boiler [48,49,50] and was burned at temperatures above 1200 °C. The XRD pattern for this fly ash has an amorphous hump between 15° and 30° 2θ and also contains crystalline quartz (SiO2) and mullite (Al6Si2O13) (Figure 3a). During coal combustion in power plants, mullite is typically found in fly ashes formed using this process. The high content of mullite in FA-1 (Figure 3a) is related to the kaolinite in the feed coal (Figure 3b), which is consistent with results reported in the literature [12,51]. Needle-like mullite crystals on glass spheres (Figure 4) indicate that the mullite crystallized from the amorphous aluminosilicate melt during the combustion but did not transform directly from kaolinite [12]. The various spherical shapes of many fly ash particles suggest that they were solidified from a viscous fluid state [52].



FA-2 is a circulating fluidized bed fly ash. The circulating fluidized bed boiler can use washed coal, tail coal, and gangue. The feed coal for FA-2 contained illite, bilinite, anatase and maghemite (Figure 5b). In the fly ash sample for FA-2, the amorphous phase is dominant, but it also contained less quartz and gypsum (Figure 5a). Clay minerals, such as illite, did not melt to form mullite, which is related to the lower temperature of the boiler (800–850 °C) [48,49,50]. Quartz was the remaining phase from the feed coal, and gypsum formed in the desulfurization process through absorption and oxidation.





3.2. FTIR


FTIR spectra contain information on the mineralogical composition because each mineral has a unique absorption pattern in the mid–IR range [44]. Infrared spectroscopy is a widely used method for the study of aluminosilicates in fly ash [53,54], especially in the presence of amorphous phases [31]. The second derivative spectrum for the samples was determined according to the methods in the literature [55,56], and the position of the trough reflects the peak wave number of the initial FTIR spectrum.



As shown in Figure 6, at first, the vibration bands present in the two samples were analyzed (Figure 6). The bands appearing at around 3400 cm−1 and 1625 cm−1 are attributed to the stretching vibration and bending vibration of OH in H2O molecules, respectively, indicating that a small amount of molecular water is present [31,57]. The most intense band observed for both FA-1 and FA-2 is at approximately 1100 cm−1, and is attributed to the asymmetric stretching vibrations of Si–O(Si) [31]. At the same time, the position at around 1100 cm−1 is indicative of the “pure” silica structure, and the Al/Si ratio increases with the decreasing values of wavenumbers due to the substitution of aluminum atoms for Si at the tetrahedral position [31,58]. It can be seen from the spectra (Figure 6b) that this band for FA-2 moves to 1090 cm−1, much lower than that of FA-1 (1097 cm−1), indicating that there was more Al in FA-2 to replace Si in the tetrahedron. Moreover, the bands in the 1250–1000 cm−1 region of FA-2 are sharper than the bands for FA-1, which is attributed to the increased order of the silicate structure [54].



Second, some common bands for FA-1 and FA-2 were observed (Figure 6b). The bands at 557 cm−1 are attributed to Si–O–Al vibrations in the coal ash samples, which formed from the structural rearrangement of the Si–O–Al vibrations in coal [54], and the intense band at 557 cm−1 present in FA-1 can be explained by the substitution of Al for Si in the mullite structure [59]. The bands at around 466 cm−1 for FA-1 and FA-2 are connected with the bending vibrations of O–Si–O present in the silicate tetrahedron [31].



There are also some different vibration bands between the two samples (Figure 6a). FA-1 shows a shoulder peak at about 915 cm−1 associated with the presence of aluminum in the octahedral position, confirming the existence of mullite [59]. The doublet bands at 778 cm−1 and 792 cm−1 in FA-2 are associated with the symmetric stretching vibrations of the Si–O–Si bridges [31,44].




3.3. MAS–NMR


3.3.1. 29Si MAS–NMR


In addition to XRD and FTIR, MAS–NMR spectroscopy provides a new perspective to analyze the chemical properties of the sample, and this analytical method has gradually become more widely used [60,61,62,63]. The deconvolution quantitative analysis of the obtained spectra can provide further information, such as changes in the structure and chain length. Meanwhile, information on Qn(mAl) sites can also be obtained, where Qn are connected via bridging O to mAl atoms, including Q0(monomers), Q1(dimers), and Q2(bridging groups) [60,64,65,66], Q3 and Q4. Fly ash typically exhibits overlapping resonance peaks at −80 ppm to −120 ppm [60,61], indicating the presence of different structure types of Qn(mAl). Q4(mAl) is the dominant structure type in fly ash, and there are generally nine sites, identified as Q4(mAl, m = 0–4) (−86, −90, −94, −98, −101, −104, −108, −112, −116 ppm) [45,67,68].The 29Si MAS–NMR spectra for FA-1 and FA-2 are shown in Figure 7, and the results of the deconvolution are listed in Table 4 and are shown in Figure 8. For FA-1, as shown in Table 4, there are seven sites which were identified as being Q4(mAl, m = 0–4); furthermore, the sites at −82 ppm are assigned to Q2(1Al) [32]; these resonance sites are contributed by the amorphous glass, mullite, and quartz. As for FA-2, there are nine sites which were identified after the peak fitting, and these are present due to the amorphous phase and quartz. It can be seen from Figure 8 that Q4(mAl) is the main structure type in FA-1 and FA-2, with a small amount of Q2(1Al) [67,69,70,71]. For both FA-1 and FA-2, the percentage of Q4(mAl) decreases as the m value increases. Compared with FA-1, FA-2 has a lower percentage of Q4(0Al), Q4(1Al), and Q4(2Al), and a higher content of Q4(3Al) and Q4(4Al). Furthermore, the greater substitution of Al for Si in the Q4 structure reflects the higher reactivity of FA-2 [32].




3.3.2. 27Al MAS–NMR


27Al MAS–NMR can provide information regarding the 4–6 coordination environment of aluminium and the corresponding chemical shift in fly ash. The aluminium can be generally identified as three types from the resonance spectrum: 50–100 ppm for tetrahedral aluminium, 30–40 ppm for pentahedral aluminium and −10–20 ppm for octahedral aluminium [32].



The 29Al MAS–NMR spectra for FA-1 and FA-2 are shown in Figure 9, and the results of the deconvolution are listed in Table 5 and are shown in Figure 10. As shown in Figure 9, the wide resonance range for FA-1 and FA-2 at –50 ppm to 100 ppm indicates a combination of Al(IV), Al(V), and Al(VI) instead of a single Al. This can be attributed to the structure of the glass and the amorphous phase present in both samples [32,70,72]. Under high temperature conditions, Al(IV) can undergo an isomorphous substitution with Si to form an aluminosilicate [73]. In terms of FA-1, a narrow octahedral Al peak is observed at around 2 ppm, and it has been reported that the resonance at this site is attributed to the Al components from mullite with a negligible reactivity [32]. Compared to FA-1, FA-2 has a higher content of tetrahedral Al (Figure 10). This tetrahedral Al and tetrahedral Si can combine with oxygen to form Qn(mAl); FA-2 has a higher Al content in Qn(mAl) than FA-1 due to the higher content of tetrahedral Al, consistent with the results of the 29Si MAS–NMR analysis.





3.4. XPS


XPS is generally used to identify chemical bond changes for by-product fly ash in the synthesis of geopolymers. It is a highly sensitive technique, which is well-suited for examining the composition and chemical state of a surface [33]. Different from bulk–oriented solid–state NMR, XPS is a surface–oriented technique.



The Si 2p XPS spectra for FA-1 and FA-2 are shown in Figure 11. The fitting data are extracted from the spectra via peak fitting using XPS PEAK and are listed in Table 6. The increasing isomorphic substitution of Al3+ for Si4+ leads to a decrease in the binding energy due to the delocalization of the electrons over the silicate anion, as well as an increase in the negative charge and an increased shielding of the silicon nuclei [74]. The peak position of Si 2p at around 103 eV indicates the presence of SiO2. The main forms of Si in fly ash are non–bridging Si (Si–O) and bridging Si (Si–O2), with binding energies of (102.4 ± 0.3) eV and (103 ± 0.4) eV [75]. As shown in Table 6, the content of Si–O2 for FA-1 is 37.48% higher than Si–O (28.57%), while the content of Si–O2 is 30.21% lower than Si–O (40.15%) for FA-2 because more substitution of Al3+ for Si4+ leads to a decrease in the number of Si–O–Si linkages and the formation of Si–O–Al, which is consistent with the FTIR and 29MAS–NMR results. In addition to Si–O and Si–O2, there remains a peak at a high binding energy for FA-1 and FA-2. According to the standard binding energy spectrum, it was found that this peak can be assigned to SiO2 gel, which was also reported by Kanuchova [8,33].



The Al 2p spectra clearly show that, as the Si content increases, the Al 2p binding energy also increases. This is because the ionic Al–O bonds increase as the tetrahedral Si content increases. As shown in Figure 12, the binding energy of three peaks for FA-1 are higher than for FA-2, which is due to the higher SiO2 content for FA-1 compared to FA-2 [76], as shown by the chemical analysis. XPS is also capable of differentiating between tetrahedral Al and octahedral Al. In general, the binding energy of octahedral Al is higher than tetrahedral Al, at 74.1–75.0 eV and 73.4–74.55 eV, respectively [76]. Octahedral Al is the dominant form for FA-1 with a content of 40.25% (Table 7), while the main form is tetrahedral Al for FA-2 with a proportion of 37.36%. In addition, both FA-1 and FA-2 have a peak with a binding energy exceeding 75 eV, which may be assigned to the native oxide of Al according to the standard energy spectrum, including pentahedral Al or octahedral Al in montmorillonite [76] or other oxides. The exact nature of this phase needs to be further investigated.





4. Conclusions


Compared to FA-1, there is a much greater amount of isomorphic substitution of Al3+ for Si4+ in FA-2, as verified by the FT-IR, MAS–NMR, and XPS results. Three explanations for this are that the band of asymmetric stretching vibrations Si–O(Si) (1100 cm−1) moves to 1090 cm−1 for FA-2, which is much lower than that for FA-1(1097 cm−1), that the relative contents of Q4(3Al) and Q4(4Al) of FA-2 are higher than in FA-1, and that there is a lower content of Si–O2 for FA-2.



There are three forms of Si, bridging Si (Si–O2), non–bridging Si (Si–O), and SiO2 gel. FA-1 has a higher content of Si–O2, while the proportion of Si–O is much higher in FA-2. A combination of tetrahedral, pentahedral, and octahedral Al exists in both FA-1 and FA-2. Octahedral Al is the dominant form for FA-1, while the main phase is tetrahedral Al for FA-2. The slightly different contents of coordinated aluminum obtained by 27Al MAS–NMR and XPS were caused by the use of different analytical methods and the inhomogeneous properties of the fly ash samples. One is a bulk-oriented method and the other one is a surface-oriented technique. The two types of fly ash were characterized by XRD, FTIR, MAS–NMR, and XPS. The detailed characterization of both types of fly ash is important for their current use as geopolymers and their potential future use for the extraction of elements of economic interest such as lithium.
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Figure 1. Concentration coefficients (CC) for trace elements in the feed coals for FA-1 and FA-2, normalized to average trace-element concentrations in world hard coals from Ketris and Yudovich, 2009 [47]. 
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Figure 2. Concentration coefficients (CC) for trace elements in FA-1 and FA-2, normalized to average trace-element concentrations in world hard coal ashes from Ketris and Yudovich, 2009 [47]. 
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Figure 3. X-ray diffraction (XRD) patterns for FA-1(a) and the feed coal for FA-1(b). 
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Figure 4. Scanning electron microscope (SEM) image of the glass sphere containing mullite in FA-1. 
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Figure 5. XRD patterns for FA-2 (a) and the feed coal for FA-2 (b). 






Figure 5. XRD patterns for FA-2 (a) and the feed coal for FA-2 (b).



[image: Minerals 09 00358 g005]







[image: Minerals 09 00358 g006 550]





Figure 6. Original (a) and second derivative (b) Fourier transform infrared (FTIR). spectra for FA-1 and FA-2. 
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Figure 7. The 29Si magic angle spinning nuclear magnetic resonance (MAS–NMR) spectra for FA-1 and FA-2. 
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Figure 8. Comparison of the silicate compositions for FA-1 and FA-2. 
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Figure 9. The 27Al MAS–NMR spectra for FA-1 and FA-2. 
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Figure 10. Comparison of the aluminium compositions for FA–1 and FA–2. 
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Figure 11. Si 2p X-ray photoelectron spectra (XPS) for FA-1 and FA-2. 
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Figure 12. Al 2p XPS spectra for FA-1 and FA-2. 
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Table 1. Information on the two power plants sampled in this study.
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	Samples
	Power Plant
	Style
	Capacity
	Utilization





	FA-1
	Gujiao Power Plant
	Four-corner tangential
	2 × 300 MW + 2 × 600 MW + 2 × 660 MW
	Gujiao cement plant



	FA-2
	Xishan Thermal Power Plant
	Fluidization
	3 × 50 MW
	Huatong brick company
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Table 2. Chemical composition of the feed coals for FA–1 and FA-2.
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	Chemical Composition (%)
	SiO2
	Al2O3
	Na2O
	K2O
	CaO
	MgO
	P2O5
	TiO2
	MnO
	Fe2O3
	LOI





	Feed coal of FA-1
	17.49
	9.09
	0.11
	0.28
	0.82
	0.12
	0.25
	0.40
	0.01
	1.64
	69.37



	Feed coal of FA-2
	34.76
	18.05
	0.16
	0.81
	0.74
	0.28
	0.07
	0.72
	0.02
	3.82
	40.66



	Chinese coal *
	8.47
	5.98
	0.16
	0.19
	1.23
	0.22
	0.092
	0.33
	0.015
	4.85
	-







* Average values for major-element oxides for Chinese coals from Dai et al., 2012 [46].
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