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Abstract: This study aimed to study unburned carbon recovery from thermal power plant slag using heavy-medium separation and
flotation methods. In this context, firstly, the chemical, physical, and mineralogical properties of the slag sample were determined.
Based on the data obtained from the chemical, physical, and mineralogical properties of the slag, heavy-medium separation and
flotation experiments were carried out. Extensive mineralogical, physical, and microscopic characterization revealed that the slag
contains quartz, cristobalite, mullite, hematite, and graphite, and had a porous structure rich in cenospheres and partially unburned
coal fragments. The heavy medium separation process showed limited selectivity due to the presence of hollow spherical particles and
mineral intergrowth. Thus, the lowest ash content was obtained from the -0.5+0.074 mm fraction with a density of 1.3 g/cm?® in heavy
medium separation experiments. Flotation experiments showed that increasing collector dosage improved combustible recovery and
reduced ash content, while decreasing pH increased the recovery but also increased the ash levels. The best flotation performance was
obtained with 55.0% ash content and 14.4% combustible recovery using 600 g/t of montanol at natural pH (10.1). Overall, the complex
mineralogical structure of the slag, particularly the abundance of cenospheres and the intimate association of carbon with inorganic
phases, had significantly limited the efficiency of physical separation methods. In conclusion, the combined mineral processing and
beneficiation processes, particularly the combination of fine-sized separation methods, are necessary for recovering unburned carbon
with higher purity.
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generation, coal that is crushed and ground so that 80%
passes through a 75 um sieve is mixed with preheated air
for drying and blown into a thermal power plant boiler to
be burned (Williams et al, 2016). As a result of the

1. Introduction

As a result of 70-80% of the energy demand is supplied
by fossil sources, coal consumption was reached to 8.85
billion tonnes in several major markets, and millions of

tons of slag, bottom ash, and fly ash are produced as solid
byproducts in thermal power plants around the world
(IEA, 2025). Since these byproducts were initially
considered waste and stocked without being used, the
problem of space for the stocking of these waste
materials began to arise, and the necessity to evaluate
such materials appeared due to environmental effects
(EPA, 2020). Studies have shown that due to their
pozzolanic properties, these types of materials are used
in the cement industry, as a filler material in mines, and
as aggregates in road construction, and are beginning to
be valued as by-products rather than waste (Kumar et al.,
2010; Behera etal,, 2021; Mohsen et al., 2023).

Low-calorie coals such as lignite, which cannot be used
for heating purposes, are mostly burned in pulverized
form to heat the boilers that generate steam in thermal
power plants (Deniz et al, 2021). For electricity

combustion process, depending on the type of coal,
various gases and solid wastes (such as coal ash and
unburned residues) in the form of slag, ash, and gas are
released into the atmosphere, soil, and water as
pollutants (Oktay, 2009; Guttikunda and Jawahar, 2014).
Due to energy demand, there is a strong effort to increase
energy production by establishing large-capacity thermal
power plants around low-quality lignite deposits that are
found in other parts of the industry. However, the
increase in thermal power plants leads to an increase in
waste production as a by-product of energy production,
creating technical, economic, and environmental
problems (Kravchenko, 2018; EPA, 2020). Coal contains
toxic trace elements with the potential to cause pollution,
such as arsenic (As), cadmium (Cd), lead (Pb), antimony
(Sb), selenium (Se), tin (Sn), and zinc (Zn) (Unver and
Terzi, 2018). These elements mix with soil, surface water,
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and groundwater as waste is washed away by rainwater
and carried underground (Egemen and Yurteri, 1996;
Wang et al,, 2022), and can reach threatening levels for
living organisms by creating various environmental, land
use, and health problems.

10-70% of slag obtained from burning coal is a granular
material with a particle size of d9o=5.0 mm and a smooth
surface (Sidek et al, 2021; Yatsenko et al, 2023).
However, if gas becomes trapped within the material
during the melting of slags, a rougher and more porous
structure is formed. Burning lignite and semi-bituminous
coals produces more porous slag compared to burning
bituminous coal (Wang, 2016). Fly ash and bottom ash
are widely used in the cement industry. The main
reasons for choosing fly ash in cement production are its
fine-size structure, which reduces grinding and raw
material costs, its pozzollanic properties, and its high CaO
content (Pan et al,, 2008; Nanda and Rout, 2021). Due to
their physico-chemical properties, thermal power plant
ash is also used as a raw material in the production of
building materials with active components (Kosivtsov et
al,, 2021). Another crucial issue is the utilization of the
unburned carbon (5-25%) remaining in the slag (Ryabov
etal,, 2019). Due to the type of materials contained in the
coal fed to thermal power plants, some materials are not
properly washed in coal washing facilities and efficiently
burned, resulting in unburned carbon.

In the literature, wet and dry medium based-separation
methods have been applied to separate unburned carbon
from thermal power plant ash. In heavy-medium
separation-based sink-float methods, density differences
are used to separate unburned carbon from the ash
content in heavy medium, which was made up from
organic liquids, soluble salts, and high-density solids
(Kiilaots et al., 2004; Kurama and Kaya, 2008). It is
important to adjust proper density so that light unburned
carbon particles float and the heavier ash particles settle
to the bottom (Hwang et al,, 2002; Vassilev et al., 2003).
Furhtermore, soluble salts are preferred over organic
liquids for environmental and economic reasons (Maroto
et al,, 1999). It is possible to recover unburned carbon
with high density from slag with low density using heavy
medium separation methods (Ozdemir and Celik, 2002).
Light materials in slag can be recovered using jigs and
spirals (Xing et al., 2019). Spirals can be used to separate
heavy materials in slag and bottom ash from light
components. The material fed into the spirals from above
descends under the effect of centrifugal and gravitational
forces. Low-density material, such as unburned carbon,
moves outward, while high-density components remain
inside the spiral and separated by being collected
separately from the bottom of the spiral. On the other
hand, jigging is used to separate unburned carbon and
heavy minerals thermal power plant wastes by
stratification according to density difference (Groppo et
al, 2004).

Flotation is a physico-chemical method based on the
separation of fine-grained hydrophobic materials from

hydrophilic ones using various reagents (Sahbaz et al,,
2024). Since the unburned carbon in thermal power
plant wastes is in a fine particle size, flotation is the most
commonly used method for a beneficial separation.
Besides, parameters such as the dosage of chemicals, pH
of the environment, and particle size distribution are
effective in the separation process (Liu et al., 2024). Such
parameters involved enhancing the hydrophobic nature
of fine unburned carbon particles via collector addition
and raising the chances of collision/attachment by
minimizing bubble size and increasing the effective
particle size (Sobhy et al., 2013; Yoon et al,, 1989). In the
literature, hydrocarbon oils as collectors, methyl isobutyl
carbinol or pine oil as frother, sodium meta silicate as
suppressant, and butanol to increase the floatability of
carbonaceous particles have been studied in ash flotation
(Demir et al, 2008, Yamik et al, 2008). The biggest
problem in separating unburned carbon by flotation is
the oxidized surfaces and porous structure of
carbonaceous particles due to combustion; this results in
their low hydrophobic properties, thus making the
floating process more difficult. Collectors such as diesel,
kerosene, and methanol are preferred in the flotation of
thermal power plant wastes. The surface area of such
wastes reduced to a fine size by grinding increases, while
the pores formed on the surface after combustion also
increase the surface area, and therefore the amount of
collectors used in the flotation of such materials
increases (Huang et al, 2003; Sahbaz et al, 2008).
Therefore, high dosages of collector are used to float
coal-based thermal power plant ashes (Ugurum et al,
2011; Yang et al, 2020).
investigated electrostatic and leaching methods for the
beneficiation of unburned carbon and rare earth metals

Previous studies also

from ash (Cangialosi et al., 2008; Izquierdo and Querol,
2011).

Since not much work has been done on the unburned
carbon remaining in the slag, a significant amount of
material is used in various industries without being
properly utilized, resulting in the loss of unburned
carbon. In this context, this study aims to investigate
heavy-medium separation and flotation methods for
recovering unburned carbon from the slag of Can
Thermal Power Plant.

2. Materials and Methods

2.1. Materials

The slag sample taken from Can Thermal Power Plant in
Canakkale was subjected to characterization studies
consisting of mineralogical, microscopic, and physical
analyses. Subsequently, heavy-medium separation and
flotation experiments were carried out as part of the
physical and physico-chemical studies.

To determine the mineralogical composition of the slag
sample, the X-Ray Diffraction (XRF) analytical technique
was applied using the PANalytical brand Empyrean
model instrument. Mineralogical analysis revealed that
the dominant phases in the slag sample were quartz,
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cristobalite, mullite, and hematite, while the unburned
carbon content appeared as a graphite peak in the XRD
graph (Figure 1).

A JEOL brand JSM-7100-F model Scanning Electron
Microscope (SEM) was used to determine the
microstructure and morphology of the slag sample in
detail. Gold-palladium (80-20%) plating process was
applied in a vacuum environment of 8.10-1 mbar/Pa with
a current intensity of 10 mA. SEM images revealed that
the slag sample generally had a spongy and irregular
morphology with a rough structure containing unburned
lamellar coal fragments and cenospheres in different
sizes. The spongy structure of the slag was due to the gas
release that occurred in its composition as a result of
thermal processing during coal combustion. Additionally,
the spherical morphology of cenospheres was likely
attributable to the elevated temperatures to which slag
particles typically exposed; this
developed due to the contraction of the liquid phase
during cooling (Figure 2).
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Figure 1. XRD diagram of slag sample.

Figure 2. SEM image of slag sample.

The slag to be used in the experimental studies was first
passed through a jaw crusher with an aperture of 2 mm
for primary particle size reduction, and wet sieve

analysis was performed to determine the size

distribution of the sample. It was seen that the material
was found to be -2 mm in particle size, additionally dso
and dso values were 0.90 and 0.55 mm, respectively
(Figure 3).

Undersize by weigght (%)

001 0.1 1 10
Sieve aperture (mm)

Figure 3. The particle size distribution of the sample

The ash content of the slag sample was examined as a
function of size, and the results are shown in Figure 4.
According to these results, the lowest and the highest ash
contents of the size fractions were found to be 63.4% and
77.9% for -0.074 mm and -0.500+0.300 mm, respectively.
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Figure 4. Ash contents of the slag according to particle
size fractions by quantity.

2.2. Methods

Heavy medium separation experiments were carried out
in 20-liter transparent plastic containers by the float-sink
method at densities of 1.3, 1.45, 1.60, 1.75, and 1.90
g/cm3. ZnCl2 (98% pure) was used to make heavy liquid
solutions. 3 kg of slag samples in -2+0.5 mm and -
0.5+0.074 mm size groups were used for each float-sink
experiments, separately. The experiments
conducted starting with a lower density, and the floating

were

products were separated, and the sinking products were
fed into the liquid with a higher density. Figure 5 shows
the basic experimental flowsheet for heavy medium
separation.
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To separate fine-sized unburned carbon as a physico-
separation  method,
experiments were applied to ground slag that had been
-74 pm particle size. In the flotation
experiments, NazSiO3 as a silicate depressant; kerosene,
diesel, and montanol as collectors; and iso-octanol as a
frother were used (Chen et al, 2019). 5 min. of
conditioning time and 3 min of flotation time was
applied, and the impeller speed was 1300 rpm at
different pH values using a 0.1 M HCI solution. The

chemical mineral flotation

sieved to

experimental procedure of the flotation experiments is
shown in Figure 6. The samples obtained from
experimental studies were dried in an oven at 105°C.
After the drying process, the samples were heated at
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Figure 5. Heavy medium separation experimental flowsheet.
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850°C for 2 hours to evaluate the unburned carbon in the
samples, and the ash content was determined and
calculated according to equation 1.

The weight of residual ash after heat treatment

0/ «
Ash content, % The weight of feed slag

x100 (1)

The concentrates obtained from the experimental studies
were compared in terms of combustible recovery as
given in equation 2.

Cx(100-c)

F x (100-f) (2)
F= weight of feed material (g), C= weight of concentrate

Combustible recovery, % = 100 x

(g), f= ash content of feed material (%), c= ash content of
concentrate (%).

SLAG
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Flotation Conditions

« Conditioning time for chemicals: 5 min.

*  Depressant: Na.SiO,

« Collectors: Kerosene, Diesel, Montanol
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*  pH:10.1(natural pH) - 8.0 - 6.0

Figure 6. Flowsheet for flotation experiments.
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3. Results and Discussion

3.1. Heavy Medium Separation Experiments

Zinc chloride (ZnCl2) was used to adjust the density in the
heavy medium separation experiments performed with
samples divided into -2+0.5 mm and -0.5+0.0.074 mm
size fractions. The results of the heavy medium
separation experiment and the floating curves are shown
in Figure 7.

It was seen that material quantity and ash content
increased for both -2+0.5 mm and -0.5+0.074 mm size
fractions with increasing density. This tendency to
increase showed a different trend at -1.45+1.30 g/cm3,
which was explained by the inorganic particles, which

had a spherical shape after the burning process (Li et al,,
2024). These spherical-shaped materials resulted in the
concentration of inorganic materials at lower densities
(Ma et al, 2023). In heavy medium experiments, only
56.1% and 41.0% of ash content floated products were
obtained at 1.3 g/cm3 for -2+1 mm and -0.5+0.074 mm of
size fractions, respectively. At densities higher than 1.9
g/cm3, the ash content exceeded 76%. This feature arises
from the mineralogical properties of the sample. The fact
that some particles in the sample had a hollow spherical
structure reduced their true specific gravity. Additionally,
the presence of micron-sized inorganic substances
increased the ash content of unburned carbon particles.
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Figure 7. Results for heavy medium separation -2+0.5 mm and -0.5+0.1 mm size fractions according to density.

3.2. Flotation Tests

In the flotation tests applied to the slag sample, the
experiments were conducted by varying the collector
type and pH. Triplicate experiments were realized for
flotation experiments and standard deviations were
given for ash contents and combustible recovery. It was
aimed to obtain a concentrate with the lowest ash
content using a Denver-type flotation cell with a 1 L
capacity, and the conditions are presented in Table 1.

The flotation experiments were initiated to investigate
the effect of collector dosage at natural pH (10.1). The
collector dosages were explained as 1st, 2nd. and 3rd in
Figure 8 and already given in Table 2. The ash content
and combustible recovery results of flotation
concentrates, according to different collector types and

dosages, are shown in Figure 7.

Table 1. Flotation conditions

Collectors Kerosene, Diesel, Montanol

pH 10.1-8.0-6.0

Particle size -74 um

Solids ratio 20%

Depressant 1000 g/t of NazSiO3

Frother 600 g/t of Iso-octanol

Conditioning time 5 min. for eac.h flotation
reactive

Impeller speed 1300 rpm

Flotation time 3 min.
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Figure 8. (a) Ash content and (b) Combustible recovery results according to different collector types and dosage

Table 2. Flotation experiments and collector dosages

Experiment / Collector 1st 2nd 3rd
Kerosene 2000 4000 6000
Diesel 1000 2000 3000
Montanol 200 400 600

Flotation tests were carried out at natural pH (10.1) by
increasing the collector dosage and obtaining a
concentrate. As a result of the flotation tests conducted
based on the collector amount, it was determined that as
the dosage increased for each collector type, the ash
content decreased and the combustible recovery
increased. In flotation experiments where kerosene was
increased from 2000 g/t to 6000 g/t, diesel from 1000
g/t to 3000 g/t, and methanol from 200 g/t to 600 g/t,
the ash contents of the concentrates decreased from
64+2.3% to 56.2+2.0%, from 65.2+2.5% to 57.8+2.1%,
and from 62.8+2.2% to 55.0+2.0%, while combustible
recovery increased from 7.4+0.2% to 12.3+0.3%; from
6.7£0.2% to 11.2+0.3%; and from 9.0+0.2% to
14.4+0.4%, respectively (Figure 8).

To investigate the effects of different pH environments
on flotation, the experiments were conducted by
reducing the natural pH (10.1) to pH 8 and pH 6 and
keeping the collector dosages constant at 6000 g/t for
kerosene, 3000 g/t for diesel, and 600 g/t for methanol.
The concentrates were obtained from the flotation
experiments realized at different pH levels, and changes

in ash content and combustible recovery were examined
pH. The pH-dependent
experiments revealed that ash content and combustible
recovery increased as pH decreased. As the pH value
decreased from 10.1 to 6, the ash content/combustible
recovery values of the concentrates for kerosene, diesel,
and  montanol 56.2£2.1/12.3+0.3% to
63.4£2.3/15.9£0.4%, from 57.8+2.2/11.2%0.3% to
62.1/15.3£0.4%, and from 55.0+2.1/14.4+0.4% to
61.9+2.3/17.9+0.5%, respectively (Figure 9).

SEM/EDX analyses were performed to examine the
content and structure of the concentrates obtained from

in relation to flotation

were

heavy medium separation (Float for particle size: -
0.5+0.074 mm; Density: -1.3 g/cm3) and flotation (pH:
10.1; Montanol: 600 g/t) experiments. Figure 10a shows
the cenospheres bound to the structure of the sample
floating as a result of heavy medium separation, and it
was understood that the particle release size of
cenospheres was below 5 pum. Cenospheres, filled with
air, reduced the specific gravity and therefore caused
them to float together with unburned carbon, which had
a relatively lower specific gravity. Therefore, the
recovery of unburned carbon in the sample was limited,
and the ash content increased (Bennehalli, 2025).
Similarly, the bound cenospheres in the flotation
concentrate came with the froth due to the lighter
structure, limiting the selective recovery of unburned
carbon depending on surface properties, and therefore,
high ash contents were obtained (Figure 10b).
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Figure 9. (a) Ash content and (b) Combustible recovery results according to pH.
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Figure 10. SEM/EDX analysis of (a) Heavy medium separation and (b) Flotation concentrate.

4. Conclusion

In this study, it was investigated to obtain unburned
carbon from the slags of the Can Thermal Power Plant
using heavy-medium separation and flotation methods.
And, the results obtained from the experimental studies
are given below: Chemical, structural, and physical
analyses were performed to determine the properties of
the slag. As a result of the size analysis, dso = 0.90 mm
and dso size was found to be 0.55 mm. The ash content of
the slag was determined according to the particle size,
and it was found to be 74.7%.

Mineralogical analysis of the slag revealed quartz and
cristobalite, originated form silicates, mullite originating
from clay minerals, hematite as an iron mineral, and
graphite as unburned carbon was detected.

In the enrichment experiments carried out by heavy
medium separation, the lowest ash product was obtained
in the -0.5+0.074 mm size group, and the floating product
with a density of 1.3, with an ash content of 41.0%.

A concentrate with 55.0% ash content and 14.4%
combustible recovery was obtained in the flotation
experiments using 600 g/t montanol at natural pH (10.1).
The mineralogical structure took the greatest share in the
non-enrichment of unburned carbon from slag. Just as
there were micron-sized ash-forming elements in the
unburned carbon, the excessive amounts of cenospheres
in the slag played a negative role, especially in
enrichment by flotation.

Since the presence of unburned carbon and mineral
substances in the slag limited the possibilities of
enrichment by physical methods, a combination of
mineral processing and enrichment methods must be
attempted to obtain high-purity unburned carbon at
In this applying physical
enrichment methods following selective dissolution will
play a significant role in increasing the degree of purity.
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