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Abstract: Infrared spectroscopy and Raman spectroscopy were used to characterize mullite ceramics
prepared from fly ash and kaolin by annealing at 1000 ◦C, 1100 ◦C, 1200 ◦C, and 1300 ◦C. IR
spectroscopy confirmed the presence of SiO4 tetrahedra and AlO6 octahedra in samples. The presence
of mullite has been confirmed at all temperatures. The presence of quartz has been confirmed up
to a temperature of 1100 ◦C, and the presence of an amorphous form of SiO2 has been confirmed at
temperatures of 1200 ◦C and 1300 ◦C. The transformation of quartz into the amorphous form of SiO2

at temperatures above 1100 ◦C is assumed. Transformation was performed on the percentage intensity
decrease of the bending vibration of Si-O-Si (at about 450 cm−1) and Al-O-Si (at about 550 cm−1).
Raman spectroscopy confirmed the presence of mullite at different stages of structural ordering (a
well-ordered structure at a temperature of 1100 ◦C and a disordered structure at a temperature of
1300 ◦C).

Keywords: fly ash; kaolin; IR spectroscopy; Raman spectroscopy

1. Introduction

Fly ash (FA) is one of the byproducts obtained from burning coal at power plants;
other byproducts include, for example, bottom ash and boiler slag. Fly ash is a well-defined
inorganic dust composed of spherical glassy particles [1], which are formed as oxidic
products of coal combustion from minerals present in coal [2].

Fly ash has a similar chemical and mineralogical composition as traditional ceramic
raw materials and is a frequently used ingredient in ceramics [3]. Typical architectural
ceramics contain three main components: filler (e.g., quartz), binder (e.g., clay), and fluxing
agent (e.g., feldspars) [4]. Fly ash (as a high-temperature product) does not have the
plasticity of a clay binder [5]; therefore, a mixture of fly ash and kaolin is used. Kaolins
generally contain kaolinite (about 75% w/w) and accompanying minerals from original
rocks (as quartz, muscovite, illite, or feldspar) [6]. During thermal treatment, kaolinite
transforms directly into mullite at temperatures below 900 ◦C [7].

From a mineralogical point of view, fly ash contains crystalline and amorphous (glassy)
components. The main oxide components of FA are SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O,
and K2O, and the crystalline phases are mullite (3Al2O3·2SiO2) and quartz (SiO2) [8]. The
glassy phases have been characterized as high-silica glass and calcium aluminate glass [1].
Both the chemical and mineralogical composition depend on many factors, of which the
type of coal burned and the combustion process used are the most significant [9].

The phase composition of ceramic materials is generally studied using X-ray diffrac-
tion (XRD) analysis, scanning electron microscopy (SEM), infrared (IR) spectroscopy, and
so on. IR spectroscopy is particularly useful for the analysis of amorphous materials and
is also very often used for the analysis of aluminosilicates [10,11] and the mineral com-
position of coal and coal ash [12–19]. The use of Raman spectroscopy for the analysis of
aluminosilicates can be complicated by the possible occurrence of fluorescence, which can
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overlap most of the Raman spectral information [20]. Despite this, Raman spectroscopy
has been used in some studies for the description of fly ash or mullite ceramics [2,21–23].

The present study deals with analyses of the structural properties of FA and FA-
kaolin (FA-K) ceramics using IR and Raman spectroscopy. The objective of the study is
characterization of the component changes in the spectra of FA and FA-K ceramics annealed
from 1000 to 1300 ◦C by combined use of IR and Raman spectroscopy techniques, which
are still insufficiently represented in the literature.

2. Materials and Methods
2.1. Materials and Sample Preparation

FA and kaolins for this study were identical with those in the previous study [24].
FA comes from the combustion of black coal in a coal power station (Dětmarovice Power
Station, Dětmarovice, Czech Republic); FA was collected from an electrostatic precipitator.

The three kaolin samples (K1, K2, and K3) from the Czech kaolin deposits were
purchased from the company LB Minerals, Ltd. (Horní Bříza, Czech Republic). Two
samples (K1 and K2) originate from the kaolin Pilsen Basin, and one sample (K3) originates
from the Karlovy Vary region. The elemental composition of the used kaolins and fly ash
(in oxide form) is given in Table 1. All three used kaolins contain kaolinite in an average
amount of 75% by mass [6] and also some other minerals, in particular quartz, muscovite,
and orthoclase [24].

Table 1. The elemental composition (mass %) of fly ash (FA) and kaolin samples (K) [24].

Sample SiO2 TiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 P2O5

FA 44.83 1.26 23.93 7.16 2.83 1.81 3.03 0.68 0.72 0.69
K1 49.52 1.01 30.57 0.76 0.23 0.23 1.48 3.76 <0.1 <0.1
K2 49.63 0.75 29.70 0.71 0.26 0.28 2.36 3.96 <0.1 <0.1
K3 48.51 0.87 34.03 0.80 0.30 0.35 2.74 <0.1 <0.1 <0.1

Sample preparation was also identical to that in [24]. The kaolin samples K1, K2, and
K3 and FA were prepared in an FA:K mass ratio of 9:1 for the mixtures (designated FA-K1,
FA-K2, and FA-K3). Each mixture was homogenized for 1 h in a bottle at a rotation speed
of 40 r·min−1 (Heidolph Reax overhead shaker, REAX 20/4, Merck KGaA, Darmstadt,
Germany) and then mixed in an agate planetary ball mill (FRITSCH-Pulverisette 6) for
15 min at a rotation speed of 300 r·min−1. Samples were next prepared in a slurry with
the addition of 20% by mass of distilled water. The slurry was manually pressed into the
cubic voids (20 mm × 20 mm × 20 mm) of metal molds. The samples in molds were left
for 24 h at room temperature and then dried at 110 ◦C for 5 h in an oven. Dry samples
were taken out of the molds and sintered in an electrical laboratory furnace LH15/13 at
a heating ramp 12 ◦C/min to the desired temperature (of 1000 ◦C, 1100 ◦C, 1200 ◦C, or
1300 ◦C) and maintained at this temperature for 2 h. The samples were then powdered in
an agate mortar with pestle. The list of samples is given in Table 2.

2.2. Method (IR and Raman Spectroscopy)

IR spectra of all samples were collected by the potassium bromide pellets technique.
Exactly 2.0 mg of sample was ground with 200 mg of dried potassium bromide. This
mixture was used to prepare the potassium bromide pellet (diameter: 1 cm). The pellet was
pressed by 8 tons for 30 s under vacuum. The infrared spectra were collected using FT-IR
spectrometer Nicolet iS50 (Thermo Scientific, Madison, WI, USA) with DTGS detector. The
following parameters were used for measurement: spectral region, 4000–400 cm−1; spectral
resolution, 4 cm−1; 64 scans; Happ–Genzel apodization. Regarding the treatment of spectra,
a polynomial (second-order) baseline was used, with subtraction of the spectrum of pure
potassium bromide.
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Table 2. List of samples.

Description of Sample Annealing Temperature Sample Name

Fly ash - FA
1000 ◦C FA_1000
1100 ◦C FA_1100
1200 ◦C FA_1200
1300 ◦C FA_1300

Fly ash with kaolin K1 - FA-K1
1000 ◦C FA-K1_1000
1100 ◦C FA-K1_1100
1200 ◦C FA-K1_1200
1300 ◦C FA-K1_1300

Fly ash with kaolin K2 - FA-K2
1000 ◦C FA-K2_1000
1100 ◦C FA-K2_1100
1200 ◦C FA-K2_1200
1300 ◦C FA-K2_1300

Fly ash with kaolin K3 - FA-K3
1000 ◦C FA-K3_1000
1100 ◦C FA-K3_1100
1200 ◦C FA-K3_1200
1300 ◦C FA-K3_1300

The Raman spectra were measured on the dispersive Raman spectrometer DXR Smar-
tRaman (ThermoScientific, Madison, WI, USA) with CCD detector using a backscattering
configuration. The wavelength of the excitation laser was 780 nm, the grating 400 lines/mm,
the aperture 25 µm, the exposure time 1 s, and the number of exposures 100. An empty
sample compartment was used for background measurement. The spectra were corrected
for fluorescence by spectral software OMNIC (v.9.2; Thermo Scientific, Madison, WI, USA).

3. Results and Discussion
3.1. IR Spectroscopy

IR spectra of all prepared samples contain spectral bands that are particularly con-
centrated in the spectral region below 1500 cm−1, where positions of the spectral bands of
stretching and deformation vibration of Si-O and Al-O bonds are located.

IR spectra of sample of fly ash (without thermal treatment) and fly ash samples
annealed at 1000, 1100, 1200, and 1300 ◦C (FA, FA_1000, FA_1100, FA_1200, and FA_1300)
are shown in Figure 1.
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The spectra of all FA samples are very similar and exhibit spectral bands characteristic
for the vibration of the Si-O bond in SiO4 tetrahedra and the Al-O bond (both in AlO4
tetrahedra and AlO6 octahedra) [1,23,25–35].

The most intensive band at 1070 cm–1 has two spectral shoulders observed on the side
of higher wavenumbers (at 1160 cm−1) and on the side of lower wavenumbers (at 910 cm−1).
The bands at 1070 cm−1 and 1160 cm−1 are due to asymmetrical stretching vibration of the
Si-O-Si bond in SiO4 tetrahedra (transverse and longitudinal mode, respectively). The band
at 910 cm−1 is assigned to the deformation vibration of the Al-O bond in AlO6 octahedra.
The bands at 1070 cm−1 and 1160 cm−1 are generally typical for different forms of SiO2.
The band at 910 cm−1 is characteristic for aluminosilicates or for mullite [32].

The weak doublet at 800 cm−1 and 780 cm−1 and the weak band at 815 cm−1 are
associated with the symmetric stretching vibration of Si-O-Si bridges in SiO4 tetrahedra.
The doublet at 800 cm−1 and 780 cm−1 is significantly characteristic for quartz [32]; the
band at 815 cm−1 is significant for the amorphous form of SiO2 [31]. The bands confirm
the presence of quartz in samples up to a temperature of 1100 ◦C and its subsequent
transformation to the amorphous form of SiO2.

Other weak bands are seen at 730 cm−1 and 690 cm−1. The band at 730 cm−1 is due
to deformation vibration of the Al-O in tetrahedra and confirms the substitution of Al for
Si in the SiO4 tetrahedra of mullite [32]. The band at 690 cm−1 is due to perpendicular
deformation vibration of the Si-O in SiO4 tetrahedra and is very typical for quartz [33]. The
band at 730 cm−1 is presented in all spectra; the band 690 cm−1 is presented only in the
spectra up to temperature 1100 ◦C. This fact also confirms the previously mentioned trend
that quartz is present in samples only up to a temperature of 1100 ◦C, and then it changes
to the amorphous form of SiO2.

The medium intensive bands at about 550 cm−1 and 460 cm−1 are assigned to the
bending vibration of Al-O-Si and Si-O-Si, respectively. The vibration at about 550 cm−1

is characteristic for AlO6 octahedra and is very typical (among others) for aluminosili-
cates [11] or for mullite [28]. The spectral shift (of approx. 10 cm−1) of both bands (at about
550 cm−1 and 460 cm−1) to the lower wavenumbers occurs with increasing temperature of
sample treatment. The spectral shift of other bands in the spectra of fly ash samples was
not observed.

IR spectra of samples of FA with kaolin K1 (without thermal treatment and annealed
at different temperatures) are shown in Figure 2. The IR spectra of samples prepared from
FA and the other kaolin (K2 and K3) are almost identical.
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Compared to the spectra in Figure 1, the spectrum of sample FA-K1 (as well as the
spectra of FA-K2 and FA-K3, which are not presented in Figure 2) contains some spectral
bands that are not presented in the spectra of annealed samples. The wavenumbers of these
spectral bands are labeled by underlined italics font in Figure 2. The following literature
sources were used for assignment of the spectral bands: [11,36,37]. The most intensive band
at 1035 cm−1 has two spectral shoulders: one on the side of higher wavenumbers (at 1110
cm−1) and one on the side of lower wavenumbers (at 1010 cm−1). The band at 1035 cm−1

is due to asymmetrical in-plane stretching vibration of the Si-O in SiO4 tetrahedra, whereas
the shoulder at 1010 cm−1 is associated with a symmetrical mode of the same type of
vibration. The shoulder at 1110 cm−1 belongs to the longitudinal mode of stretching
vibration of the Si-O in SiO4 tetrahedra. The weak bands at 940 cm−1 and at 915 cm−1 are
both assigned to deformation vibration of O-H in the inner hydroxyl groups, and the very
weak bands at 755 cm−1 and at 690 cm−1 are due to a perpendicular mode of deformation
vibration of the Si-O in SiO4 tetrahedra. The medium band at 540 cm−1 is associated with
bending of the Al-O-Si bond, where Al is octahedrally coordinated with oxygen, whereas
Si is tetrahedrally coordinated with oxygen [11]. The medium band at 470 cm−1 is due to
bending of the Si-O-Si bond of coordinated Si in SiO4 tetrahedra. The weak shoulder at
430 cm−1 belongs to deformation vibration of the Si-O in SiO4 tetrahedra. All the above-
mentioned spectral bands are generally typical for aluminosilicates (especially for clay
minerals) [11,36]. Moreover, the bands at 940 cm−1 and at 915 cm−1 are very characteristic
for kaolinite [11,36].

The rest of the bands in the spectrum of sample FA-K1 were characterized in more
detail in the assignment of the spectral bands of FA samples (see Figure 1 description).
The spectra of annealed samples FA-K1_1000, FA-K1_1100, FA-K1_1200, and FA-K1_1300
exhibit the same spectral characteristics and spectral trends as the spectra of annealed
FA samples. The assignment of all bands presented in the spectra of annealed samples is
described above (see the description of spectra of samples containing only FA).

The spectra are presented in so-called “full range” mode in Figures 1 and 2. This
mode allows a detailed view of each band in each spectrum but does not consider their
real intensity. The intensity of the bands changes depending on the annealing temperature
used in the sample preparation. The band intensities dramatically decrease with increasing
temperature of the sample treatment. The band at about 450 cm−1 and the band at about
550 cm−1 were used to demonstrate the decrease of intensity of spectral bands in samples
annealed at different temperatures. The band at about 450 cm−1 was used as an example
for the demonstration of trends in the bands of SiO4 tetrahedra; the band at about 550 cm−1

was used as example for the demonstration of trends in the bands of AlO6 octahedra. The
percentage decrease (related to the band intensity of selected bands in the sample without
thermal treatment) is given in Table 3.

The trend of the percentage decrease of bands’ intensities is graphically represented in
Figure 3.

The significant decrease of selected band intensities with increasing sample treatment
temperature is evident for all samples. The intensity decrease is about 90% at the highest
annealing temperature in all samples and in both selected bands. A relatively big difference
is visible between the intensity decrease of SiO4 tetrahedra and that of AlO6 octahedra
in the FA samples. The intensity decrease of the AlO6 band is bigger than SiO4 for all
annealing temperatures. The decrease of spectral band intensities is relatively similar for
both selected bands in the FA-K samples. The decrease of intensity of the SiO4 tetrahedron
band is bigger (than the decrease of intensity of the AlO6 octahedron band) for samples
annealed at a temperature of 1000 ◦C. At temperatures above 1000 ◦C, a bigger decrease of
bands’ intensity is observed for the AlO6 octahedron band.
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Table 3. Absorbances and intensity decrease percentage of the selected bands.

Sample Name
Band at about 550 cm−1 Band at about 450 cm−1

Absorbance % Decrease Absorbance % Decrease

FA 0.180 - 0.581 -
FA_1000 0.066 63% 0.180 69%
FA_1100 0.041 77% 0.079 86%
FA_1200 0.034 81% 0.056 90%
FA_1300 0.029 84% 0.056 90%

FA-K1 0.337 - 0.624 -
FA-K1_1000 0.094 72% 0.213 66%
FA-K1_1100 0.065 81% 0.115 82%
FA-K1_1200 0.041 88% 0.067 89%
FA-K1_1300 0.032 91% 0.052 92%

FA-K2 0.240 - 0.509 -
FA-K2_1000 0.105 56% 0.240 53%
FA-K2_1100 0.059 75% 0.111 78%
FA-K2_1200 0.040 83% 0.068 87%
FA-K2_1300 0.029 88% 0.057 89%

FA-K3 0.218 - 0.474 -
FA-K3_1000 0.106 51% 0.242 49%
FA-K3_1100 0.065 70% 0.111 77%
FA-K3_1200 0.041 81% 0.075 84%
FA-K3_1300 0.029 87% 0.061 87%
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The decrease of bands’ intensities is caused by a transformation of the crystalline state
of compounds into an amorphous state. The transformation manifested by decreasing of
bands’ intensities accompanied by increasing of their width in IR spectra was described
in [31,32,35]. Due to the weak intensities of selected bands of SiO4 tetrahedra and AlO6
octahedra, the increase of spectral width can be much more difficult to express by numerical
value (for example, by full width at half height (FWHH)). IR spectra clearly evidence
the increase of spectral band width with increasing temperature of sample treatment in
Figures 1 and 2.

Based on the above observations, it can be assumed that during thermal sample
treatment, a part of the aluminosilicates present in the samples was transformed from the
crystalline phase to the amorphous phase. It is also evident that the amount of amorphous
phase in samples increased with increasing annealing temperature.

3.2. Raman Spectroscopy

Raman spectra (measured in the spectral region 1000–50 cm−1) contain higher or lower
levels of fluorescence, and therefore software fluorescence correction of the measured spec-
tra was applied. The highest level of fluorescence contains spectra of no annealed samples;
Raman spectral bands was completely overlapped by fluorescence in these spectra. The
lowest level of fluorescence was in the spectra of samples annealed in 1300 ◦C. Fluorescence
in Raman spectra of aluminosilicates is a common (but very complicated and complex)
phenomenon [20]. The origin of the fluorescence of aluminosilicates is rarely discussed in
the literature, and there is not unified opinion on what causes the fluorescence [20]. Never-
theless, several Raman studies of mullite ceramics have been carried out previously [38–42].
Uncorrected Raman spectra of all annealed samples (FA, FA-K1, FA-K2, and FA-K3) are
given in the Supplementary Materials Figures S1–S4.

The Raman spectra of the FA and FA-K samples were very similar. Therefore, Ra-
man spectra of FA-K3_1000, FA-K3_1100, FA-K3_1200, and FA-K3_1300 are presented as
examples in Figure 4.
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The intensities of Raman bands change with the annealing temperature of the sample.
The bands’ intensities increase up to a temperature of 1100 ◦C, and then they dramatically
decrease. No spectral bands are seen in the spectra of the sample annealed at 1300 ◦C.
All spectral bands presented in Figure 4 are due to the lattice vibration of the Si-O and
Al-O bonds of mullite. The band at 615 cm−1 is due to the lattice vibration of the Al-O
in mullite tetrahedra, in which Si was substituted by Al [38]. The strongest band at 415
cm−1 is assigned to the vibration of SiO4 tetrahedra in crystalline mullite [38,40–42], similar
to the band at 300 cm−1. The presence of an amorphous (glassy) form of mullite can be
assumed by the band at 365 cm−1, which is due to vibration of SiO4 tetrahedra [38]. The
band at 230 cm−1 belongs to the lattice vibration of the Al-O in the AlO6 octahedra of
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mullite [38,41]. All samples show spectral bands confirming the presence of mullite. The
variable intensities of the spectral bands in particular spectra are most likely related to the
structural order of mullite. Raman spectroscopy is very sensitive to symmetric or well-
ordered structures but less so to low-ordered (or disordered) structures. Therefore, spectral
bands of disordered structures tend to be less intense, noisy, and broad [43]. Based on the
above-mentioned facts, the well-ordered structure can be expected in samples annealed
at a temperature of 1100 ◦C (Figure 4); on the contrary, a strongly disordered structure is
formed at a temperature of 1300 ◦C.

All spectra of samples annealed in 1100 ◦C (Figure 5) are almost identical, and the
assignment of all the spectral bands is the same as the bands’ assignment in Figure 4. The
only spectral difference can be observed in the spectrum of sample FA_1100. The band of
vibration of SiO4 tetrahedra in glassy mullite (at 365 cm−1) is weak and is almost completely
overlapped by the band of SiO4 tetrahedron vibration in crystalline mullite (at 400 cm−1).
Therefore, it can be assumed that FA-K samples contain significantly more amorphous
(glassy) mullite than FA samples. All spectra are very noisy and broad, which suggests the
probability of disordered structure in the samples [43].
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Spectral comparison of samples FA_1300, kaolin K3_1300, and FA-K3_1300 annealed
at a temperature of 1300 ◦C is also very interesting, as shown in Figure 6.
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The spectrum of kaolin (K3_1300) contains a strong and very broad band at 385 cm−1,
which is assigned to the vibration of SiO4 tetrahedra in glassy mullite [38], and a very
weak band at 230 cm−1 (lattice vibration of Al-O in AlO6 octahedra of mullite [38,41]). The
spectrum of fly ash (FA-1300) contains only a very weak band at 675 cm−1, which is due
to the vibration of AlO6 octahedra in mullite, sillimanite, or andalousite [38]. No spectral
bands are seen in the spectrum of FA-K3_1300. All spectra are very noisy, and spectral
bands in the spectra of K3_1300 and FA_1300 are relatively broad, as seen in Figure 6. All
these mentioned spectral features again point to a very disordered structure, where the
most significant disordered structure can be assumed in the FA-K3_1300 samples.

4. Conclusions

This study (by vibrational spectroscopy) follows a detailed XRD study of the same
samples [24]. The results of both studies are very similar and complement each other.

All the spectral bands in the IR spectra of FA and FA-K samples confirmed the presence
of compounds containing SiO4 tetrahedra and AlO6 octahedra in samples. The spectral
bands at 940 cm−1 and at 915 cm−1 confirmed the presence of kaolinite in the samples
without thermal treatment. The double-band at 800 cm−1 and 780 cm−1 and the band at
690 cm−1 confirmed the presence of quartz in the samples annealed up to a temperature
of 1100 ◦C. The bands at 910 cm−1 and at 730 cm−1 confirmed the presence of mullite in
all samples. The intensity of IR spectral bands dramatically decreased with the increase of
annealing temperature, which is most likely related to the presence of amorphous phase.
The formation of amorphous phases was graphically demonstrated by the decrease of
intensities of selected bending vibration of AlO6 octahedra at about 550 cm−1 and bending
vibration of SiO4 tetrahedra at about 450 cm−1.

Raman spectra (due to the presence of fluorescence) did not offer such significant
informative values as IR spectra. Raman spectra of the samples annealed at different
temperatures confirmed the presence of mullite at different stage of structure ordering. The
well-ordered structure of mullite was predicted in FA-K samples annealed at a temperature
of 1100 ◦C, while disordered structure was predicted in FA-K samples annealed at a
temperature of 1300 ◦C.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13070864/s1, Figure S1. Uncorrected Raman spectra of
annealed FA samples; Figure S2. Uncorrected Raman spectra of annealed FA-K1 samples; Figure S3.
Uncorrected Raman spectra of annealed FA-K2 samples; Figure S4. Uncorrected Raman spectra of
annealed FA-K3 samples.
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Conflicts of Interest: The authors declare no conflict of interest.

References
1. Panda, L.; Dash, S. Characterization and utilization of coal fly ash: A review. Emerg. Mater. Res. 2020, w9, 921–934. [CrossRef]
2. Potgiered-Vermaak, S.S.; Potgieter, J.H.; Belleil, M.; DeWeerdt, F.; Van Grieken, R. The application of Raman spectrometry to the

investigation of cement Part II: A micro-Raman study of OPC, slag and fly ash. Cem. Concr. Res. 2006, 26, 663–670. [CrossRef]
3. Hossain, S.S.; Roy, P. Sustainable ceramics derived from solid wastes: A review. J. Asian Ceram. Soc. 2020, 8, 984–1009. [CrossRef]
4. Kamseu, E.; Leonelli, C.; Boccaccini, D.N.; Veronesi, P.; Miselli, P.; Pellacani, G.; Melo, U.C. Characterization of porcelain

composition using two China clays from Cameroon. Ceram. Int. 2007, 33, 851–857. [CrossRef]
5. Luo, Y.; Zheng, S.; Ma, S.; Liu, C.; Wang, X. Ceramics tiles derived from coal fly ash: Preparation and mechanical characterization.

Ceram. Int. 2017, 43, 11935–11966. [CrossRef]
6. Valášková, M.; Klika, Z.; Novosad, B.; Smetana, B. Crystallization and quantification of crystalline and non-crystalline phases in

kaolin-based cordierites. Materials 2019, 12, 3104. [CrossRef]
7. Schneider, H.; Komarneni, S. (Eds.) Mullite; Wiley VCH: Weinheim, Germany, 2005.
8. Zacco, A.; Borgese, L.; Giaconcelli, A.; Struis, R.P.W.J.; Depero, L.E.; Bontempi, E. Review of fly ash inertisation treatments and

recycling. Environ. Chem. Lett. 2014, 12, 153–175. [CrossRef]
9. Vassilev, S.V.; Vassileva, C.G. A new approach for the classification of coal fly ashes based on their orogin, composition, properties,

and behavior. Fuel 2007, 86, 1490–1512. [CrossRef]

https://www.mdpi.com/article/10.3390/min13070864/s1
https://www.mdpi.com/article/10.3390/min13070864/s1
https://doi.org/10.1680/jemmr.18.00097
https://doi.org/10.1016/j.cemconres.2005.09.010
https://doi.org/10.1080/21870764.2020.1815348
https://doi.org/10.1016/j.ceramint.2006.01.025
https://doi.org/10.1016/j.ceramint.2017.06.045
https://doi.org/10.3390/ma12193104
https://doi.org/10.1007/s10311-014-0454-6
https://doi.org/10.1016/j.fuel.2006.11.020


Minerals 2023, 13, 864 10 of 11

10. Painter, P.C.; Coleman, M.M.; Jenkins, R.G.; Walker, P.L. Fourier transform infrared study of acid-demineralization coal. Fuel 1978,
57, 125–126. [CrossRef]

11. Madejová, J.; Komadel, P. Baseline study of the clay minerals society source clays: Infrared methods. Clays Clay Miner. 2001, 49,
410–432. [CrossRef]

12. Mukherjee, S.; Srivastava, S. Minerals transformations in northeastern region coals of India on heat treatment. Energy Fuels 2006,
20, 1089–1096. [CrossRef]

13. Bai, J.; Li, W.; Li, B. Characterization of low-temperature coal ash behaviors at high temperatures under reducing atmosphere.
Fuel 2008, 87, 583–591. [CrossRef]

14. D’Alessio, A.; Vergamini, P.; Benedetti, E. FT-IR investigation of the structural changes of Sulcis and South Africa coals under
progressive heating in vacuum. Fuel 2000, 79, 1215–1220. [CrossRef]

15. Cooke, N.E.; Fuller, O.M.; Gaikwad, R.P. FI-IR spectroscopic analysis of coals and coal extracts. Fuel 1986, 65, 1254–1260.
[CrossRef]

16. Fysil, S.A.; Swinkels, D.A.J.; Fredericks, P.M. Near-Infrared diffuse reflectance spectroscopy of coal. Appl. Spectrosc. 1985, 39,
354–357.

17. Fredericks, P.M.; Le, J.B.; Osborn, P.R.; Swinkels, D.A.J. Materials characterization using factor analysis of FT-IR spectra. Patr 1:
Results. Appl. Spectrosc. 1985, 39, 303–310. [CrossRef]

18. Alciaturi, C.E.; Escobar, M.E.; Vallejo, R. Predisction of coal properties by derivate DRIFT spectroscopy. Fuel 1996, 74, 491–499.
[CrossRef]

19. Cloke, M.; Gilfillan, A.; Lester, E. The characterization of coals and density separated coal fractions using FTIR and manual and
automated petrographic analysis. Fuel 1997, 76, 1289–1296. [CrossRef]
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