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1. Introduction
Coal has an important role in electricity production in 
Turkey as well as in the rest of the world. Although the 
fuel rankings vary over the years, coal is always in the top 
three in terms of electricity generation (EÜAŞ, 2021) in 
Turkey. The energy demand for Turkey has doubled in the 
last two decades, and this trend looks set to continue in the 
future with an average increase of 4% per year (Tanriverdi 
et al., 2021). In electricity generation, mainly lignite and 
bituminous coal, which are indigenous energy resources, 
are widely used in Turkey (EÜAŞ, 2021). 

Turkey’s only economic hard coal reserve of 1.3 Gt is 
located in the Zonguldak province in the western Black 
Sea Region; however, Turkey also has rich lignite reserves 
of 16 Gt with low calorific values scattered almost all over 
the country.1 The calorific values of these reserves vary 
between 1000 and 5000 kcal/kg, and most (68%) have a low 
calorific value (<2000 kcal/kg). It is also defined as a fossil 
fuel with high ash, high moisture, high volatile matter, and 
high sulfur contents (Çapik et al., 2012; Tanriverdi et al., 
2021). These low-calorific-value lignites can only be used 
for electricity generation in thermal power plants (Ediger 
et al., 2014; Oskay et al., 2013). Therefore, large volumes of 
fly ash are stored in dumping sites every year.
1 EURACOAL (2022). Turkey/the voice coal of Europe [online]. Website https://euracoal.eu/library/archive/turkey/[accessed 19 01 2023].

The properties of fly ash derived from coal depend on the 
characteristics of the feed coal, the combustion process, and 
the ash collection system (Jankowski et al., 2006, Medina et 
al., 2010; Akar et al., 2012). Fly ash becomes richer than coal 
in terms of its ash content (Vassilev et al., 2005; Goodarzi, 
2006). Class F fly ashes have three major components which 
are silica, alumina, and ferrous compounds. Additionally, 
fly ash also contains minor oxides such as TiO2, K2O, Na2O, 
CaO, and MgO and phosphorous oxides, as well as traces of 
Cu, Cr, Zn, Ni, and Mo oxides. Moreover, fly ash contains 
various toxic heavy metals such as Ni, Co, Cr, Cd, Zn, Mo, 
As, and Hg (Yadav and Fulekar, 2020). Besides these, rare 
earth elements and yttrium (REY) are enriched in both fly 
ash and bottom ash (Wang et al., 2019). So, fly ash obtained 
by burning coal is also an economically promising resource 
for the extraction of certain critical metals including Ge, 
Ga, REY, Nb, Zr, V, Re, Au, Ag, and base metals such as Al 
(Dai et al., 2016; Dai and Finkelman, 2018). 

Fly ash poses a potential threat to developing countries, 
but it is not a serious concern for developed countries. This 
is because the fly ash utilization rate in some developed 
countries is higher than 90% (Yadav and Fulekar, 2020). 
In general, coal-derived fly ashes are used as raw material 
in some industries (e.g., cement and ceramic industries, 
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building bricks) (Akar, 2001, Lee et al., 2008; Erol et al., 
2008; Kizgut et al., 2010; Yildirim et al., 2011; Acar and 
Atalay, 2013; Tanriverdi et al., 2021; Roy et al., 2022), zeolite 
synthesis (Querol et al., 2001, 2002; Moreno et al., 2002; 
El-Naggar et al., 2008; Font et al., 2009; Akar et al., 2010; 
Panitchakarn et al., 2014; Top and Vapur, 2020), alumina 
and silica extraction (Moreno et al., 2002; El-Naggar et al., 
2008; Font et al., 2009; Yilmaz and Karamahmut Mermer, 
2016; Yadav and Fulekar, 2020), geopolymer production 
(Alvarez-Ayuso et al., 2008; Dwivedi and Jain, 2014; 
Atabey et al., 2020) and fly ash/sludge blend production 
for soil amendment (Wong, 1995; Veeresh et al., 2003; 
Seyrek, 2018). 

Recently, there has been more and more research 
to utilize fly ash as an important raw material for REY 
recovery (Seredin and Dai, 2012; Hower et al., 2013, 2017, 
2020, 2021; Franus et al., 2015; Kolker et al., 2017; Lin et 
al., 2017; Stuckman et al., 2018; Bielowicz et al., 2018; Dai 
and Finkelman, 2018; Huang et al., 2018, 2020; Wang et al., 
2019; Żelazny et al., 2020; Rybak and Rybak, 2021; Hower 
and Groppo, 2021; Strzałkowska, 2022). There are also 
many studies about the possibilities of using some of the 
most valuable components of ash, i.e. microspheres, clay/
shale, magnetic fractions, and nonmagnetic fractions of 
fly ash (Kolay and Singh, 2001; Vassilev et al., 2004; Lu et 
al., 2009; Kolay and Bhusal 2014; Żyrkowski et al., 2016; 
Strzałkowska and Adamczyk, 2019; Strzałkowska, 2021). 
As a result, pollution from fly ash can be a negative aspect, 
but the higher composition of valuable minerals such 
as silica, alumina, and iron and the recoverable rates of 
critical elements are some of the positive aspects of fly ash. 

A comprehensive characterization of coal-derived fly 
ash is required to make the most of the positive aspects of fly 
ash. For this purpose, many characterization studies have 
been carried out on wastes produced by thermal power 
plants operating in Turkey (Egemen and Yurteri, 1996; 
Bayat, 1998; Akar, 2001; Baba and Kaya, 2004; Ugurlu, 
2004; Karayigit et al., 2005; Erol et al., 2008; Akar et al., 
2010; Baba et al., 2010; Haykiri-Acma et al., 2011; Yildirim 
et al., 2011; Acar, 2013; Karayiğit et al., 2019a, 2019b). 
In addition to the physical, chemical, mineralogical, and 
morphological properties of fly ash, its dissolution behavior 
is also extremely important (Liu et al., 2005; Jankowski et 
al., 2006; Jegadeesan et al., 2008; Akar et al., 2013; Yılmaz, 
2015). The mobility of elements under different dissolution 
conditions, rather than their concentrations, is important 
in terms of their environmental risk assessments (Egemen 
and Yurteri, 1996).

The Çatalağzı power plant is the only power plant in 
Turkey that burns domestic hard coal. The coal that is 
burned in this plant consists of low-calorific-value residues 
of the beneficiation process of Upper Carboniferous hard 
coal from the Zonguldak Region. The mineralogical 

suite of the feeding coal consists mainly of clay minerals 
(kaolinite/chlorite and illite), secondary quartz, and minor 
amounts of calcite, dolomite, feldspar, and pyrite (Karayigit 
et al., 2000; Karayiğit et al., 2018). According to the 
chemical composition of the feeding coal, Si and Al are the 
main elements, while the contents of Fe, K, Na, Ca and Mg 
are at the levels of 0.05%–5%. Si is associated with quartz, 
clay minerals, and feldspar, and Al is associated with clay 
minerals and feldspar. Iron is associated with pyrite, and 
Ca and Mg are associated with carbonate minerals (calcite 
and dolomite) (Karayigit et al., 2000). The Çatalağzı power 
plant produces 300 MW (2 × 150) of electricity by burning 
1.8 Mt/year of this coal, which has a calorific value of 13.79 
MJ/kg (Kopac and Hilalci, 2007). The mineral content of 
56% in the burned coal produces 0.65 Mt of ash per year, 
including bottom ash (20%) and fly ash (80%) (Kizgut et 
al., 2010). 

Some studies have been carried out on the 
characterization and leaching behavior of fly ash of 
Çatalağzı power plant (Egemen and Yurteri,1996; Bayat, 
1998; Acar, 2013; Acar and Atalay, 2013). However, in 
these studies, there have been some limitations in terms 
of the number of elements and method diversity. In this 
study, physical, chemical, thermal, mineralogical, and 
morphological characteristics of the Çatalağzı power plant 
fly ash (CFA) were determined. The results were evaluated 
in comparison to class F fly ashes of different countries 
and a standard class F fly ash (NBS 1633b certified). The 
dissolution behaviors of some selected elements (Al, Ag, 
As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Sb, Se, 
Sr, Ti, and Zn) in the CFA were examined by using two 
different standard extraction methods (ASTM D-3987 and 
TCLP 1311). The obtained results were compared to the 
EUWAC (EU Council Decision 2003/33/EC) limits.

2. Materials and methods 
2.1. Materials
The studied fly ash samples were collected every eight 
h for a week from the ESP discharge of the Çatalağzı 
power plant. The fly ash was divided by using a rotating 
sample splitter into approximately 100 g fractions and 
sealed in airtight bags for analyses and leaching tests. A 
representative sample was ground to minus 100 μm for 
chemical and mineralogical characterization.
2.2. Characterization methods 
Bulk density and specific gravity were determined using a 
Micromeritics AccuPyc II 1340 gas Helium pycnometer. 
Particle size analyses were carried out using a Horiba 
LA-950 laser diffraction analyzer. Specific surface areas 
were determined using Quantachrome NovaWin2 
equipment with multi-point BET measurements based 
on nitrogen adsorption. The thermal behaviors of the 
samples were determined by thermal treatment at three 
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different temperatures (750 °C, 1000 °C, and 1200 °C). 
Major element analyses were performed using an Analytic 
Jena NovAA 300 atomic absorption spectrometer (AAS) 
in fused lithium tetraborate (Li2B4O7) solutions (Perkin 
Elmer, 1976) by using solid rock matrix reference 
materials (CRM). Trace element and leach solutions 
were analyzed using a Varian 710-ES inductively coupled 
plasma-optic emission spectrometer (ICP-OES) by using 
liquid pure 1000 ppm standard solutions (CRM) after 
the metal digestion and leaching processes, respectively. 
Qualitative and semiquantitative mineralogical analyses 
were performed using a Rigaku MiniFlex II XRD device by 
utilizing Cu Ka radiation filtered by a C monochromator. 
XRD patterns were obtained at 30 kV and 15 mA in a 2θ 
range of 3°–70°. XRD pattern analyses were performed 
by comparing the peak positions and intensities of the 
samples to the International Centre for Diffraction Data 
(ICDD) package program files. Morphological structural 
analyses and semiquantitative EDS analyses of the CFA fly 
ash and its leach residues were conducted using the SEM-
EDS technique with a JEOL JXA-733 Superprobe.
2.3. Dissolution experiments
In this study, the USEPA-TCLP 1311 (1992) and ASTM 
D-3987 (2004) standard leaching procedures were applied. 
The ASTM D-3987 method is based on distilled water, 
while the TCLP method requires the determination of the 
appropriate solution depending on the natural pH value 
of the studied material. Therefore, the TCLP protocol was 
applied to determine the natural pH value of the CFA. 
First, 5.00 g of the dried sample was transferred to a 500 
mL beaker, and 96.5 mL of distilled water was added. The 
beaker was covered with a watch glass and stirred vigorously 
using a magnetic stirrer for 5 min. The solution’s pH was 
then measured. The pH was found to be higher than 5.0, 3.5 
mL 1N HCl was added to the solution and stirred briefly, 
the mixture was covered with a watch glass and heated to 
50 °C, and it was kept at 50 °C for 10 min. Then, the pH of 
the solution, which was cooled to room temperature, was 
measured as 5.0. According to the protocol, if the natural 
pH of the solution is below 5.0, TCLP extraction fluid #1 
(acetic acid-NaOH buffer solution, pH: 4.98 ± 0.05) is used 
for the TCLP dissolution process; otherwise, for values 
over 5.0, TCLP extraction fluid #2 (unbuffered solution, 
pH: 2.88 ± 0.02) is used for the process. Since the natural 
pH of the CFA was determined as 5.0, the TCLP tests were 

performed with extraction fluid #1 (pH: 4.98 ± 0.05). The 
TCLP test simulates the acidic condition, while the ASTM 
test simulates the normal aquatic condition. In both 
tests, the solid-to-liquid ratio was selected as 1: 20. After 
this, 50 g of the fly ash sample and 1 L of the appropriate 
leaching solution, as illustrated in standard methods, were 
added in 2-L polyurethane bottles and shaken for 18h. 
Leaching tests were performed on duplicate samples. After 
the leaching test suspensions were left to wait for 5 min, 
the final pH values of the solutions were measured. The 
leach solutions filtered with a 0.45-µm filter holder were 
acidified with HNO3 to pH<2. These solutions were stored 
at 4 °C to prevent volumetric changes. The leach solutions 
were analyzed by ICP-OES for Al, Ag, As, Ba, Ca, Cd, Co, 
Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Sb, Se, Sr, Ti, and Zn. All 
measurements were made in duplicates, and the mean 
values were used.

3. Results 
3.1. Characterization
3.1.1. Physical characterization
The physical and chemical properties of the CFA are given 
in Table 1. The CFA had a low specific gravity (2.18 g/cm3) 
and a high specific surface area (2.41 m2/g). The particle 
size distribution of the CFA was bimodal, with the first 
peak between 3 and 35 µm and a secondary peak between 
35 and 450 µm (Figure 1). On average, 10% of the particles 
had a size smaller than 10 µm, and 10% of the material 
had a size greater than 147 µm, with a 50% particle size 
of 33 µm. Although a low specific gravity, a small particle 
size, and a high specific surface area are advantageous for 
industrial processes and chemical reactions (Sultana et al., 
2011), they are disadvantageous for the mobility of trace 
elements, as well as the storage, conditioning, and disposal 
of fly ash. 
3.1.2. Chemical characterization
The major and trace element concentrations of the CFA 
are given in Table 2. These results showed that the CFA 
had an aluminosilicate composition due to its high SiO2 
and Al2O3 contents. Its alkaline and alkaline-earth oxide 
contents (6.65%) were also very close to its Fe2O3 (6.37%) 
contents. Additionally, it contained TiO2 (1.20 %) and SO3 
(0.72%), and its low loss on ignition (2.2% LOI) at high 
temperatures was probably due to the decomposition of 
carbonates and the combustion of unburned carbon.

Table 1. Some physical and chemical properties of the original CFA.

Mean size
(µm)

Average particle 
size (µm)

Bulk density
(g/cm3)

Specific gravity 
(g/cm3)

Specific surface 
area (m2/g) Initial pH Final pH

TCLP
Final pH
ASTM LOI

68 33 0.81 2.18 2.41 9.05 5.13 10.04 2.23
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The trace element concentrations of fly ashes are 
important in terms of their environmental impact, and 
their usage as raw materials. In the CFA that was analyzed 
in this study, Sr, Mn, Cr, Zn, and Ba concentrations were 
above 100 mg/kg, while those of Cu, Ni, As, and Cd were 
under 100 mg/kg (Table 2). The silver, Co, Mo, Pb, Sb, and 
Se concentrations in CFA were below the detection limits 
of the ICP-OES. Therefore, the CFA contained siderophile 
(Ni, Cr, and Mn), lithophile (Ba and Sr), and chalcophile 
(As, Cd, Cu, and Zn) trace elements. 
3.1.3. Mineralogy
It is not sufficient to characterize fly ashes based on chemical 
analysis alone, and this may even lead to erroneous results 
(Manz, 1999). Therefore, mineralogical analyses should 
be performed by considering the chemical compositions 
of fly ashes. The XRD pattern showing the mineralogical 

composition of the CFA is illustrated in Figure 2. In 
this pattern, the low- intensity peaks indicate the low 
concentration of crystalline phases, while the high hump 
between 10° and 40° 2q indicates the abundant presence 
of an amorphous phase. The amorphous phase consisted 
mainly of aluminosilicate glass (due to the abundance of 
silicon and aluminum) while the crystalline phases were 
composed mainly of mullite (Al6Si2O13) and quartz (SiO2), 
as well as minor amounts of calcite (CaCO3), hematite 
(Fe2O3), and dolomite (CaMg(CO3)2). These results 
coincided with the conclusion that the mineralogical 
composition of the Çatalağzı power plant feeding coal 
(Karayigit et al., 2000; Karayiğit et al., 2018) consisted 
of illite, kaolinite/chlorite, quartz, feldspar, dolomite, 
calcite, and pyrite. Mullite crystallizes from the melting 
of aluminum silicate-based kaolinite and illite during 

Figure 1. Particle size distribution of the original CFA.

Table 2. Chemical composition of the original CFA (the results are reported according to the whole-fly ash 
basis dried at 105 °C in an oven).

Major
Element (%) CFA Trace element 

(mg/kg) CFA Trace element 
(mg/kg) CFA

SiO2 58.70
Al2O3 23.95 Ag <0.05* Mo <0.05*
Fe2O3 6.37 As 32 Ni 73
CaO 0.80 Ba 150 Pb <0.05*
MgO 2.18 Cd 2 Sb <0.05*
Na2O 0.39 Co <0.05* Se <0.5*
K2O 3.28 Cr 144 Sr 282
TiO2 1.20 Cu 90 Zn 138
SO3 0.72 Mn 588
LOI 2.20 * below detection limit of the ICP-OES
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coal combustion (Spears, 2000; Dai et al., 2010). Similarly, 
hematite in the CFA was clearly formed mainly out of the 
oxidation of pyrite (Hu et al., 2006). Even though calcite 
is supposed to be decomposed during coal combustion, 
its presence in the studied fly ash sample could be related 
to partly reacted carbonate minerals or the carbonation of 
lime during the cooling of the fly ash (Fernandez-Turiel et 
al., 2004; Ji et al., 2019).
3.1.4. Thermal characterization
The DSC-TGA results of the CFA are illustrated in Figure 3. 
There are four weight loss regions in the TGA pattern. The 
initial weight loss (about 0.8%) was due to the removal of 
hygroscopic moisture between room temperature and 165 
°C. The removal of the water of hydration at temperatures 

between 165 °C and 540 °C was accompanied by a weight 
loss of about 1.5%. A significant weight loss of about 0.5% 
was observed in the temperature range between 540 °C and 
630 °C, mainly due to the decomposition of CaCO3 and 
the combustion of the unburned coal contained in the fly 
ash. Finally, there was a weight loss of 1.7% at temperatures 
between 630 °C and 1000 °C. Thus, there was a total weight 
loss of 4.5%, including hygroscopic moisture, from room 
temperature to 1000 °C. The DSC pattern exhibits the 
presence of regular endothermic reactions up to 1000 °C, 
but no clear phase transformations.

Hence, three different temperatures (750 °C, 1000 °C, 
and 1200 °C) were applied to the CFA to further investigate 
the effects of thermal treatment on devitrification. The 

Figure 2. XRD pattern of the original CFA sample.

Figure 3. DSC-TGA curves of the original CFA.
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CFA sample lost 1.91% mass at 750 °C, 2.2% mass at 
1000 °C, and 2.26% mass at 1200 °C, and it was sintered 
at 1200 °C. Then the mineralogical compositions of the 
treated CFA samples were examined and compared to the 
original CFA. Figure 4 shows the mineralogical changes 
of the CFA according to the thermal process. It is clear as 
seen in Figure 4 that the relative amounts of the crystalline 
phases of the CFA were changed by the thermal treatments 
that were applied. While the mullite and hematite contents 
increased along with the increasing temperature, the 
amounts of quartz decreased. Additionally, the calcite 
peak disappeared at 750 °C, and at 1000 °C, in addition to 
the calcite peak, the dolomite peak disappeared (Figure 4). 
The hercynite (FeAl2O4) phase appeared at 750 °C, and its 
relative concentrations increased along with the increasing 
temperature.
3.1.5. SEM and EDS analyses
Figure 5 shows the SEM images of the CFA sample at 
different magnification rates, and Table 3 exhibits the results 
of the semiquantitative SEM-EDS analyses of the selected 
grains in Figure 5. The SEM-BSE images reveal that the 
CFA sample was composed mainly of individual spherical 
particles (cenosphere) and minor partly agglomerated 
spherical and irregularly shaped particles at different 
sizes (Figures 5b–5f). Figure 5a shows free particles at 
a maximum size of 100 µm, while Figure 5f shows free 
particles at a minimum size of 0.1 µm. These results were 
in agreement with the particle size distributions (3–450 

mm) in Figure 1. The SEM-EDS analyses showed that 
the spherical particles were composed of amorphous 
silica and/or different amorphous alkali aluminosilicate 
compositions. These results supported the XRD results 
in which a high hump pointed out a high amorphous 
phase. Figure 5b–2 shows a Ca-, K-, Al-, and Si-bearing 
amorphous cenosphere. Most of the spherical particles were 
composed of Mg-, Na-, and K-aluminosilicate (Figures 
5b-1, 5d-3, and 5e-2), while lesser amounts of spherical 
particles were alkaline and alkaline-earth (Ca, Mg, Na, 
K) aluminosilicate (Figure 5d-2) in their compositions. 
Furthermore, unburned chars in fragmented particles 
were rarely observed (Figure 5c bottom right corner). The 
presence of crystalline phases such as lime (CaO) (Figure 
5d-4), anhydrite (CaSO4) (Figure 5d-1), and magnetite 
(Fe3O4) (Figure 5e-1), which could not be detected by the 
XRD method due to their low amounts, was also detected 
by SEM-EDS analysis as accessory phases. In the studied 
sample, lime, anhydrite, and magnetite were observed 
with characteristic cubic, orthorhombic, and octahedral 
structures, respectively. In particular, ferrospheres with 
dendritic magnetite crystallization are seen in Figures 5e-1 
and 5f. Dendritic magnetite was formed as an incrustation 
on the surface of the amorphous silica and/or Ca-, Mg-, 
Na-, K-aluminosilicate spheres. 
3.2. Dissolution behavior of CFA
The dissolution behavior of the CFA was investigated by 
two standard methods, namely ASTM and TCLP. While 

Figure 4. XRD patterns of the thermally treated samples and the original CFA.
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Figure 5. Scanning electron microscopy (SEM) images of the original CFA. (5a–5e): SEM images at different magnification rates and 
EDS analysis positions of the CFA. (5f): Dendritic magnetite ferrosphere formed as an incrustation on the surface of the amorphous 
sphere. 
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distilled water was used as the dissolution medium in the 
ASTM method, the adjusted solution (pH: 4.98 ± 0.05) was 
used in the TCLP method. The initial pH value was 9.05 
at the beginning of the ASTM method after the addition 
of distilled water, whereas the natural pH was 5.13 at the 
beginning of the TCLP method after the addition of the 
adjusted extraction fluid #1. The pH values of the ASTM 
and TCLP dissolution medium were constantly monitored 
and measured during the process. These values changed 
throughout the dissolution process and reached equilibria. 
The final pH values of the ASTM and TCLP test solutions 
were approximately 10.4 and 5.13, respectively, after 18 h 
of the dissolution process. Compared to the ASTM test 
medium, the TCLP test medium was highly acidic. 
3.2.1. Dissolution of selected elements 
At the end of the dissolution tests, the final pH was 
substantially lower for the TCLP method and a little 
higher for the ASTM method in comparison to the initial 
pH of 9.05. The increment in the pH value indicated the 
presence of soluble phases such as free Ca, soluble metal 
salts, oxides, hydroxides, and carbonates in the CFA. 

Figure 6 shows the dissolution ratios of some 
selected elements, which were investigated in the CFA. 
Most of the elements, except As, leached at higher rates 
under the TCLP test conditions than under the ASTM 
test conditions. Arsenic is an oxyanionic element, and 
its leaching behavior is mainly dependent on pH. The 
solubility of As shows a maximum plateau around pH 7 
to 11 (Izquierdo and Querol, 2012). Consequently, the 
leaching ratio of As was higher in ASTM (final pH ~ 10) 
than in TCLP (final pH ~ 5.1). Just like As, Cr is a cationic 
element, and its dissolution behavior is expected to be 
similar to that of As; however, its leaching behavior is quite 
different. In general, the lowest ratio of extraction occurs 
in neutral conditions for Cr. Nevertheless, its extraction is 

enhanced with increasing pH, and it forms a maximum 
plateau between pH 8 and 12. Additionally, the extraction 
ratio of Cr is high at pH values lower than 5.0 (Ecke et 
al., 2002; Zandi and Russell, 2007; Izquierdo and Querol, 
2012). Consequently, the Cr extraction ratio in this study 
was slightly higher in the TCLP test conditions (pH 5.1) 
than in the ASTM (pH 10) test conditions. 

Although Ca, Sr, K, and Ba had different extraction 
ratios, they showed similar leaching behaviors in both 
test conditions due to their high solubility. Magnesium 
displayed high solubility under the TCLP test conditions 
and low solubility under the ASTM test conditions. The 
solubility of Mg appears to be poor under acidic pH 
conditions, whereas it is insoluble in aquatic and alkaline 
conditions (Kim et al., 2003). This element has relatively 
low solubility, probably because it is enriched in the 
glassy phase of fly ash (Izquierdo and Querol, 2012). 
The dissolution ratios of the Mg in the CFA were 0.28% 
and 4.5% for the ASTM and the TCLP tests, respectively. 
The dissolution of Ca is also highly dependent on pH. 
Therefore, in this study, the dissolution ratio of Ca was 
7.13% in the ASTM test, where the final pH was 10.04, 
while it was 44.51% in the TCLP test, where the final pH 
was 5.1. Potassium dissolved to almost equal extents under 
both the ASTM and the TCLP test conditions because 
soluble K in fly ash is in the form of Al-K-sulphate coatings 
that dissolve easily in aqueous environments (Izquierdo 
and Querol, 2012). 

The dissolution of metallic ions (Mn, Ni, and Zn) only 
took place under acidic TCLP test conditions, and their 
extraction ratios were in the range of 0.5%–2%. However, 
these elements were insoluble in the case of the ASTM 
test conditions. This was because their leaching ratios are 
maximal in acidic conditions, whereas these ratios are 
minimal in the range of pH 8-10 and increase slightly over 

Table 3. The results of semiquantitative SEM-EDS analyses on different particles of the original CFA whose 
positions are marked in Figure 5. 

Figure 5b Figure 5d Figure 5e

Element 1 2 1 2 3 4 1 2

Si 30.42 25.47 3.67 18.84 29.65 10.28 18.17 27.14
Al 8.83 14.05 0.83 10.96 13.03 5.85 8.97 15.13
Fe - - - - - - 25.35 -
Ca - 7.21 53.1 9.23 - 29.20 4.94 -
Mg 2.67 - 2.54 3.84 0.80 3.15 1.67 1.67
Na 3.29 - - 4.53 2.34 7.24 1.95 3.18
K 7.3 7.25 3.87 10.87 4.1 6.92 5.25 3.54
S 2.05 1.64 8.22 2.70 3.36 4.17 1.27 2.75
O 45.42 44.38 27.78 39.01 46.71 33.17 32.46 46.58
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pH 10, except for Ni, whose leaching ratio increases rapidly 
(Ecke et al., 2002; Zandi and Russell, 2007; Izquierdo and 
Querol, 2012). Cadmium and Cu are also metallic ions. 
However, their dissolution ratios were below the detection 
limits of the ICP-OES (<0.05 mg/kg) under both the ASTM 
and the TCLP test conditions. This situation can be explained 
by the very low concentration of Cd in the CFA (2 mg/kg) 
for Cd. Although copper had a high concentration in the 
CFA (90 mg/kg), its solubility was below the detection limit 
of the ICP-OES (<0.05 mg/kg) under both test conditions. 
Karayigit et al. (2018) revealed that chalcopyrite (CuFeS2), a 
source of copper found in the coal burned in the Çatalağzı 
power plant, was related to illite. Since the glassy phase in 
fly ash is also formed by clay minerals in the feeding coal 
(Spears, 2004), copper in clay minerals accumulates in the 
glassy phase during the combustion process and cannot 
be easily dissolved from the glassy phase (Izquierdo and 
Querol, 2012). Similarly, Cu in the CFA was not readily 
dissolved under the ASTM and TCLP dissolution test 
conditions since it was in the glassy phase. 

Titanium and Fe were not leached under both the 
ASTM and the TCLP test conditions. In the CFA, Fe was 
in the form of hematite and accessory magnetite which 
are extremely stable structures. They are not affected by 
acidic or basic environments; thus, Fe and other elements 
in these structures are not easy to dissolve. On the other 
hand, the source of Ti in fly ash is clay minerals and/or 
Ti-oxides in feeding coals (Karayigit et al., 2000; Karayiğit 
et al., 2018), which accumulate in the glassy phase during 
combustion. Therefore, the extraction behavior of Ti would 
be expected to be similar to that of Si, while in fact, Ti is an 
inert element and is insoluble at all pH values (Izquierdo 
and Querol, 2012).

3.2.2. Mineralogical characterization of the dissolution 
residues 
Figure 7 comparatively exhibits the XRD patterns of the 
original CFA and its solid residues in the ASTM and TCLP 
dissolution tests. Mullite, quartz, calcite, dolomite, and 
hematite characteristic peaks are present on the original 
CFA pattern (Figure 2). These characteristic peaks were 
preserved in the pattern of the ASTM dissolution residue, 
whereas it is seen that all other peaks were in place, except 
for the calcite peak, in the pattern of the TCLP dissolution 
residue. As a result, only calcite was affected by the 
minerals in the CFA under the acidic TCLP test conditions, 
while no minerals were affected by the alkali ASTM test 
conditions. This was because all minerals except calcite are 
stable in an acidic environment; on the contrary, calcite 
can dissolve even in a weakly acidic environment. This also 
explains why Ca had a higher extraction ratio in the TCLP 
test (44.51%) than in the ASTM test (7.13%).
3.2.3. Morphological characterization of the dissolution 
residues
Figure 8 exhibits the morphological structures of the 
original CFA (Figures 8a and 8d) and its dissolution 
residues (Figures 8b, 8c, 8e, and 8f). The results show that 
there were some visual differences in some particles which 
were more pronounced in the TCLP test than in the ASTM 
test, and they are shown with yellow arrows in Figures 8e 
and 8f. It is observed that in the original CFA sample, there 
were intergranular linkages (indicated by yellow arrows 
in Figures 8a and 8d), while these linkages were largely 
absent in the TCLP residue (Figures 8b and 8c). This 
can be explained by the dissolution of the binding calcite 
under the acidic TCLP test conditions, which supported 
the finding that the element with the highest dissolution 

Figure 7. XRD patterns of ASTM and TCLP dissolution residue and the 
original CFA.
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ratio in the TCLP test was Ca. The XRD examination of 
the solid residue of the TCLP test also revealed that the 
calcite peak was absent (Figure 7), while on the other 
hand, these linkages were observed in the ASTM residue 
(indicated by the yellow arrow in Figures 8e and 8f). This 
was also consistent with the fact that the binder calcite did 
not dissolve under the alkaline ASTM test conditions, and 
the dissolution ratio of Ca in the ASTM test was lower in 
comparison to that in the TCLP test (Figure 6). As a result, 
the calcite peak remained in place on the XRD pattern of 
the ASTM test solid residue (Figure 7).

The presence of linkages in the ASTM dissolution 
residue can also be explained by the normal distribution 
curves. So, the particle size distributions of the raw CFA, 
ASTM, and TCLP test solid residues were compared 
(Figure 9a). The plateau in the normal size distribution of 
the CFA (blue one) between 40 and 80 µm indicates that 
the proportions of the particles in this size range were 
almost equal. The plateau in the same region is slightly 
humped in the ASTM residue (red one), that is, there were 
some changes in the sizes of the particles. The same region 
also turned into a sharp peak in the TCLP residue. This 
can be explained by the dissolution of the binder calcite, 

which held the grains together, the grains became free, and 
they formed a normal distribution. For the same reason, 
the normal distribution of the particles in the range of 10–
40 µm shifted to smaller particle sizes. In total, the normal 
distribution curves for the small particles (<15 µm) shifted 
to smaller particle sizes for the TCLP residue compared 
to the ASTM residue (Figure 9b). This situation can be 
explained by the chemical dissolution of the calcite in the 
TCLP residue, as well as the mechanical effect influential 
in both samples at the end of the 18-h test periods.

4. Discussion
4.1. Chemical and mineralogical compositions
The chemical composition of the CFA is given in 
comparison to some class F fly ashes which were previously 
studied, such as European (23 fly ashes from pulverized 
coal-fired power plants of different European countries: 
Spain, Netherlands, Greece, and Italy), fly ashes from Spain 
(Moreno et al., 2005), Mexican fly ash (MFA) (Medina et al., 
2010), Puertollano (Spain) fly ash, in particular (Moreno et 
al., 2005), Shubra El-Kheima (Egypt) fly ash (El-Naggar et 
al., 2008), and a certified fly ash NBS 1633b (international 
reference material) in Table 4. The CFA contained more than 

Figure 8. SEM images of the general view of the CFA and its dissolution residues. (a and d): Original CFA images, (b and c): TCLP 
residue images, and (e and f): ASTM residue images.
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70% SiO2 +Al2O3 +Fe2O3 (total: 89.02%), and it had a high 
pozzolanic activity with low CaO (0.80%) and SO3 (0.72%) 
contents. Additionally, the SiO2/Al2O3 ratio (2.45%) of the 
CFA was also quite high.  According to the ASTM C618 
(1994) classification, the CFA can be classified as a class F 
fly ash. The pozzolanic activity of the CFA was almost equal 

to that of other fly ashes except for the Puertollano fly ash. 
Besides, the SiO2/Al2O3 ratio of the CFA was higher than 
those of other fly ashes (except for MFA).

The XRD analyses (Figure 2) showed that the CFA had 
a highly amorphous structure and contained low amounts 
of crystalline phases consisting predominantly of mullite 

Figure 9. Normal distribution curves of the CFA, ASTM test residue, and TCLP test residue.

Table 4. The major element concentrations of the CFA and comparison to other fly ashes.

Elements (%) CFA NBS 1633b 
certifieda MFAa Europeanb Puertollano 

Spainb 
Shubra
El-Kheimac

SiO2 58.70 49.2 59.6 41.1–59.6 58.6 43.81
Al2O3 23.95 28.4 22.82 17.6–35.6 27.4 23.18
Fe2O3 6.37 11.1 5.57 2.6–16.0 7.3 0.01
CaO 0.80 2.1 3.11 0.5–11.8 0.8 6.10
MgO 2.18 0.8 0.87 0.8–3.8 1.0 0.80
Na2O 0.39 0.3 0.45 0.1–1.2 0.3 0.87
K2O 3.28 2.3 1.28 0.4–4.0 2.4 2.72
TiO2 1.20 1.3 0.94 0.5–2.6 0.7 2.31
SO3 0.72 0.5 0.4 0.1–8.6 0.2 15.68
Carbon 1.49 ND 5 0.6–7.6 0.7 -
SiO2/Al2O3 2.45 1.73 2.61 1.2–2.8 2.1 1.88
Pozzolanic 
reactivity 89.02 88.8 88.00 74.5–93.3 93.3 67.00

TA-AE 6.65 5.5 5.71 1.8-20.8 4.5 14.99

a From Medina et al., (2010)
b From Moreno et al., (2005)
c From El-Naggar et al., (2008)
TA-AE: Total alkaline and alkaline Earth (Na2O+K2O+CaO+MgO)
ND: Nondetermined
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and quartz, as well as minute amounts of calcite, hematite, 
and dolomite. Furthermore, the SEM-EDS analyses 
(Figure 5 and Table 3) showed that the amorphous glassy 
phase of the CFA was mainly alkaline and alkaline-earth 
aluminosilicates in the form of cenospheres, irregularly 
shaped particles, and agglomerates with complex 
structures. 

The total alkaline and alkaline-earth (TA-AE) content 
of the CFA (6.65%) was low (Table 4), and some of them 
were used in the formation of crystalline phases (calcite, 
dolomite). In particular, K2O was not used in the formation 
of any crystal phase, and not all of the MgO was consumed 
in the formation of dolomite. If it were, a more pronounced 
dolomite peak should have been observed. Therefore, all 
the K2O and a significant part of the MgO would be in the 
amorphous glassy phase. Although mullite and quartz were 
the main crystalline phases in the CFA, their proportions 
would also consume a limited part of the Al2O3 and SiO2 
in the CFA, and the remainder would form the abundant 
aluminosilicate glassy phase. In addition, some of the 
Fe2O3 content (6.37%) was consumed to form hematite 
and magnetite. The residual Fe2O3 would take place in 
the glassy phase which would be lower than the alkaline 
and alkaline-earth ratio. Therefore, the glassy phase would 
have an iron-containing but predominantly alkaline and 
alkaline-earth aluminosilicate nature. This interpretation 
was also confirmed by the SEM-EDS analysis of the CFA. 
The results of the EDS analyses on the selected grains 
in Figures 5b–5f showed that the amorphous spheres in 
Figures 5b–1, 5d–3, and 5e–2 were in an Mg-, Na-, and 
K-aluminosilicate structure. The ferrospheres in Figures 
5e–1 and 5f with a dendritic magnetite structure formed on 
the surface of the amorphous silica and/or Ca-, Mg-, Na-, 
and K-aluminosilicate spheres as incrustations. Similar 
structures were also identified by Zhao et al. (2006) and 
Strzałkowska (2022) in the magnetic fractions of different 
fly ashes. Strzałkowska (2022) classified the microstructures 
of ferrospheres based on the decreasing Fe2O3 content, 
which was massive, skeletal, skeletal-dendritic, octahedral, 
dendritic, and porous. The ferrosphere in Figure 5e–1 had 
a Fe2O3 content of 36.2% (25.35% Fe) according to the 
results of the semiquantitative SEM-EDS analysis (Table 
3), indicating the dendritic structure according to the 
Strzałkowska (2022) classification. The cluster structure 
in Figure 5d–2 is composed of Ca-, Mg-, Na-, and 
K-aluminosilicates. As a result, the presence of iron could 
not be detected in the semiquantitative SEM-EDS analysis 
(Table 3) on the amorphous aluminosilicate spheres that 
were examined. This can be interpreted as Fe being more 
present in a crystalline form (such as hematite, magnetite). 

Thermal treatments (750 °C, 1000 °C, and 1200 °C) 
applied to the CFA to study the devitrification behavior of 
the amorphous phase showed that the CFA was sintered at 

1200 °C. The sintering temperature of a material depends 
on its chemical and mineralogical compositions, and some 
physical properties such as particle size, surface area, and 
specific gravity. The CFA had small particle sizes and a 
large surface area, both of which had a positive effect on the 
sintering process. It also had high SiO2 and Al2O3 contents. 
These contents formed a high amorphous matrix in 
which mullite, and quartz crystalline phases were present. 
Additionally, high SiO2+Al2O3 contents caused extra mullite 
formation from the amorphous matrix of the CFA in the 
sintering process, which increased the sintering quality 
(Erol et al., 2008; Acar and Atalay, 2013). In the sintering 
process, the mullite and hematite contents increased while 
the quartz content decreased as the sintering temperature 
was rising. Additionally, the calcite phase and the dolomite 
phase disappeared at 750 °C and 1000 °C, respectively 
(Figure 4). The hercynite (FeAl2O4) phase was also formed at 
750 °C, and its relative concentrations increased along with 
the increasing temperature during the sintering process. 
4.2. Elemental mobility
According to the results of the comparisons of the trace 
element concentrations of the studied CFA to those of the 
MFA, European, Puertollano, and NBS 1633b (certified) 
fly ashes (Table 5), almost all trace element concentrations 
in the CFA were lower than those in the other fly ashes. 

The major and trace element concentrations of fly ashes 
are important with respect to their environmental effect 
and their usage as raw materials. However, the mobility of 
these elements under different aquatic conditions, rather 
than their concentrations, is important in terms of their 
environmental risk. The obtained results in two different 
bench dissolution tests (ASTM and TCLP methods) 
applied on the CFA showed that pH was the most 
significantly effective parameter in the dissolution process 
(Figure 6). Figure 6 clearly shows that high pH values 
(under ASTM test conditions, pH: 10.04) significantly 
reduced the dissolution ratios, whereas low pH values 
(TCLP test conditions, pH: 5.13) significantly increased 
the dissolution ratios. As a result, the pH value decreased 
in turn, and the dissolution potential of the metals 
increased. On the contrary, the dissolution potential of 
the metals decreased with an increase in the pH values 
(under ASTM test conditions, pH: 10.04). In particular, 
the dissolution ratios of certain elements (e.g., Zn, Cd) in 
ash landfills increase significantly if the ambient pH drops 
below 7.0 (Egemen and Yurteri, 1996). Therefore, the pH 
of the environment should be kept under control in case of 
the storage of waste. 

The concentrations of the solutions which were 
extracted from the CFA by two dissolution methods were 
found to be considerably below the limits set for inert 
materials in the EU waste acceptance criteria (WAC) for 
the analyzed elements (Table 6). Within this context, the 
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Table 5. Trace element concentrations (mg/kg) of the CFA and comparisons to other fly 
ashes.

Elements CFA NBS 1633b
certifieda MFAa Europeanb Puertollano

Spainb

Ag <0.05* - - - -
As 32 136 40 22–162 140
Ba 150 709 589 311–3134 460
Cd 2 0.8 0.9 1–6 5
Co <0.05* 50 13 20–112 31
Cr 144 198 44 47–281 108
Cu 90 113 46 39–254 75
Mn 588 - 153 - 511
Mo <0.05* - 11 5–22 11
Ni 73 121 22 49–377 96
Pb <0.05* 68 46 40–175 1075
Sb <0.05* 6 4 1–120 120
Se <0.5* 10 6 3–30 7
Sr 282 1041 302 131–4406 131
Zn 138 210 94 70–924 924

-: no data
*: below detection limit of the ICP-OES
a From Medina et al., (2010)
b From Moreno et al., (2005)

Table 6. ASTM and TCLP dissolution test results for the CFA (mg/kg). Results compared to 
EU waste acceptance criteria (EUWAC; Council Decision 2003/33/EC) limits for inert, for 
(stabilized nonreactive hazardous waste) SNRHW, and for hazardous wastes.

Elements ASTM
(mg/kg)

TCLP 
(mg/kg)

EUWAC Council Decision (2003/33/EC)
(mg/kg)

Inert SNRHW Hazardous

As 0.06 0.02 0.5 2 25
Ba 0.06 0.4 20 100 300
Cd <0.05* <0.05* 0.04 1 5
Cr 0.05 0.07 0.5 10 70
Cu <0.05* <0.05* 2 50 100
Mo <0.05* <0.05* 0.5 10 30
Ni <0.01* 0.02 0.4 10 40
Pb <0.05* <0.05* 0.5 10 50
Sb <0.05* <0.05* 0.06 0.7 5
Hg NA NA 0.01 0.2 2
Se <0.5* <0.5* 0.1 0.5 7
Zn <0.01* 0.03 4 50 200

*: below detection limit of the ICP-OES
NA: not analyzed
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CFA can be classified as inert waste. Due to instrumental 
difficulties, it was not possible to analyze the presence 
of Hg. However, since the concentrations of other listed 
elements were well below the maximum allowable 
concentrations, this deficiency was not considered to 
change the evaluation of the CFA as inert waste. 

5. Conclusion 
In this study, fly ash from the Çatalağzı thermal power 
plant (CFA), which is the only local bituminous coal-
fired power plant in Turkey, was studied. As a result of 
the physical, chemical, mineralogical, morphological, and 
thermal characterizations of the CFA, it was concluded 
that the CFA, a class F fly ash, could be used in many 
areas such as zeolite synthesis, geomembrane and sinter 
material production, silica extraction, cement additives, 
and cenosphere recovery. However, to use it safely, the 
TCLP test, which is used as a reference method in the use 

and disposal of industrial waste, and the ASTM test, were 
applied to the CFA. The dissolution ratios of the elements 
were considerably higher in the TCLP test performed 
under acidic (pH: 5.13) conditions compared to the 
ASTM test performed in alkaline (pH: 10.04) conditions. 
The compositions of the TCLP and ASTM solutions of the 
CFA were far below the limits set for inert materials in the 
EUWAC. Therefore, the CFA could be classified as inert 
waste. 

Based on the results of both dissolution tests, 
the most significant parameter that determined the 
dissolution ratios of the elements was the pH value of the 
surrounding environment. For this reason, the pH value 
of the environment should be kept under control in case 
of the storage of waste. Particularly, the acceptable limits 
of EUWAC elements should be carefully monitored in 
landfills.
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