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Abstract
This article presents the results of slag property studies, for characterization of unburned carbon separated. Size composi-
tion and loss-on-ignition distribution as a function of particle size were studied. The density analyses were performed for 
the selected size fractions. The successful tests on carbon particle separation using: the magnetic separation, separation in 
heavy liquids with magnetic separation of light ends and separation in a rising water stream with magnetic separation of the 
overflow methods, were performed. At laboratory scale and with using similarly rising water stream with magnetic separation 
methods, concentrates with 71–85% loss-on-ignition were obtained. Using gravitational separation method and magnetic 
separation, concentrates with 57–86.5% loss-on-ignition were obtained.
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Introduction

The side effect of fossil fuel combustion in power plants is 
the high amounts of combustion waste, known as coal com-
bustion by-products (CCB). In many countries, searches are 
underway for various effective ways of the recovery of coal 
combustion by-products (CCP), such as fly ash, bottom ash, 
boiler slag, gypsum from desulfurization, and fluidized bed 
combustion spent bed material (Anghelescu et al. 2017a). 
A total of 21.9 million tons of power industrial waste was 
generated in 2015 in Poland (GUS 2016). Most of the waste 
from the power industry consists of ash and slag mixtures 
originating from the wet disposal of combustion waste, con-
stituting 12.0 million tons. The great majority of ash and slag 
mixtures is kept in storage, while only 0.1 million tons are 
subjected to recycling processes (GUS 2016). Ash and slag 
mixtures are most often utilized as construction materials 
for terrain levelling as well as for road foundations and high-
way embankments (Groppo 2011; Jayaranjan et al. 2014). 
There are also cases where selected components, separated 
from ash and slag mixtures, are used as aggregates in civil 

engineering and as pozzolans for cement production (Che-
riaf et al. 1999; Jayaranjan et al. 2014). Each use of CCB 
for industrial purposes must be preceded by precise studies 
of their physical and chemical properties, their suitability 
for the given purpose and their potential influence on the 
broadly understood natural environment. One of the factors 
limiting the industrial utilization of ash and slag mixtures 
is unburned carbon residues (EN 197-1:2011; Argiz et al. 
2017). On average, the residual coal content of the ash is 
3–5%, which at current consumption represents millions of 
tons of unburned coal per year worldwide, which is easy to 
compare with the annual production level of a carbonate 
pool (Bartoňová 2015; Anghelescu et al. 2017b). A num-
ber of methods are known for the separation of unburned 
carbon from CCB. The electrostatic separation method of 
unburned carbon from specifically prepared fly ash has the 
greatest practical significance (Bittner et al. 2010; Ban et al. 
1997; Soong et al. 2002; Baltrus et al. 2002; Koca and Koca 
2009). Work conducted thus far concerning the separation of 
unburned carbon from slag or ash and slag mixtures have not 
yet found a practical application (Gray et al. 2002; Sahbaz 
et al. 2008; Kruger 2010; Ucurum et al. 2011).

Characteristics of the size composition were done, and 
the content of unburned coal in the separated size fractions 
was determined. The aim of this article was to analyse the 
possibility of separating unburned carbon particles from 
slag, and the following separation methods were used for 
the realization of this purpose:
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• magnetic separation,
• separation in heavy liquids and magnetic separation of 

light ends,
• separation in a rising water stream and magnetic separa-

tion of the overflow.

It must be stressed that the unburned carbon particles 
defined as char may constitute a substitute for natural graph-
ite-bearing resources or be utilized for repeated combustion 
(Badenhorst et al. 2019a, b; Santos et al. 2019).

The structure and chemistry of graphitic carbon that can 
form during the graphitization process have been studied 
extensively in material science, because of the potential 
industrial applications of graphitic carbon (Yao 2015).

Graphite is obtained by the process of recrystallization/
structural organization of some forms of carbon at high pres-
sure and high temperature. Unburned carbon from ash is a 
potential precursor for graphitized carbon, which has suit-
able structural characteristics for employment in industrial 
applications (European Commission 2017; Calus Moszko 
et al. 2017).

The aim of the research was to choose technically sim-
ple technologies of slag treatment that enable to obtain the 
products which could be utilized in other industrial areas, 
such as carbon electrode production.

Materials and methods

Figure 1 presents the research methodology. One of the by-
products of combustion—furnace slag—was used for the 
tests. This material was obtained in the combustion of hard 
coal in the pulverized coal boilers (300 and 250 MW) of the 

Power Plant Siersza. The slag falls, due to gravity, from the 
combustion chamber and is discharged hydraulically through 
the deslagging system into settling chambers, from where 
it is then moved to storage areas. Samples of the slag used 
for testing were taken directly from the settling chambers.

The slag size composition was determined using the wet 
screening method as per the standard (ISO 1953:1999). 
Loss-on-ignition (LOI) was determined according to the 
procedure described in (EN 196-2:2013) at a temperature 
of 900 °C. Size composition determinations results complete 
with a loss-on-ignition are presented in Table 1.

The density composition analysis was performed accord-
ing to the methodology of standard (ISO 7936: 1992). From 
organic liquids: tribromometan, dimethylobenzene (xylene), 
and tetrachloroethylene, organic liquids with densities 1.4 
and 1.8 g/cm3 were made and used for experiments. Three 
products were obtained in each experiment. The products 
from each experiment were dried and then weighed and 
determined for LOI. The density composition analysis 
results for individual size fractions are presented in Table 3.

Magnetic separation was performed via the dry method 
using a neodymium magnet. Moving the magnet over the 
surface of the scattered particles from the studied slag sam-
ple led to the separation of fractions with magnetic and non-
magnetic characteristics. Afterwards, the separated fractions 
were weighed and examined for LOI values.

Separation in the rising water stream was carried out at 
a test stand depicted in Fig. 2. The water flow intensity was 
selected experimentally, so as to obtain the most optimal 
separation possible. The water flow intensity was within the 
range of 1–3 dm3/min.

LOI (LOI value) was used to determine the carbon 
content. Although LOI is a rough estimate of unburned 

Fig. 1  Research methodology 
(*LOI—loss-on-ignition)
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carbon, it is a fast and simple process compared with other 
carbon determination techniques such as total carbon, 
carbon speciation, and a microscopic count (Brown and 
Dykstra 1995; Fan and Brown 2001; Mohebbi et al. 2015; 
Badenhorst et al. 2019a). Unburned carbon recovery is an 
indication of how much of the initial carbon mass ends 
up in the carbon product. Unburned carbon recovery was 
calculated using the following formula:

(ISO 1213: 1993) where ε—unburned carbon recovery, β—
LOI value in the product; α—LOI value in the enrichment 
feed; γ—product weight yield.

� =
�

�
× �

Sample yield is an indication of how much of the ini-
tial sample mass ends up in the carbon-rich product. Each 
experiment was conducted three times, and the result given 
is an average value.

The microscopic characterization of the selected samples 
was performed using a scanning electron microscope (SEM). 
The SEM/EDS analysis was carried out using a Hitachi 
SU3500 scanning microscope with variable pressure oper-
ating in cooperation with a Thermo Scientific NORAN Sys-
tem 7 UltraDry X-ray spectrometer with energy dispersion 
(EDS). The X-ray microanalysis encompassed the determi-
nation of particle size and morphology as well as an elemen-
tal composition based on particle surface observations.

Results and discussion

The slag sample size composition (Table 1) is typical for 
bottom slags originating from coal combustion in utility 
power plants (Brown and Dykstra 1995; Serre and Silcox 
2000; Wilczyńska-Michalik et al. 2014; Bartoňová 2015; 
Anghelescu et al. 2017b). The average LOI values, con-
stituting a measurement of unburned carbon content are 
15.8% and relatively high. Unburned carbon content which 
is this high significantly limits the possibility of slag indus-
trial utilization. The highest LOI, exceeding 26%, occurs in 
2–1 mm and 1–0.5 mm size fractions. LOI in the size frac-
tions: + 2 mm and − 0.2 mm is smaller than in others. Due 
to these findings, further work was focused primarily on the 
aforementioned size fractions.

Figure 3 presents a photomicrograph of 1–0.5 mm size 
fraction slag particles at 30× magnification. Two kinds of 
particles can be clearly observed in the picture. The first kind 
is the dark particles with relatively regular shapes, while 
the second kind is much lighter particles with multiple sur-
face irregularities. Chemical composition analysis of the 
micro-areas marked on selected particles exhibited signifi-
cant differences in carbon, aluminium, silicon, calcium, and 
magnesium content. The above variation was reflected in 
the forecast carbon content in the analysed micro-areas. In 

Table 1  Slag sample size 
composition and LOI

Size fraction (mm) Yield γ (%) Yield sum (%) LOI (%) Unburned carbon 
recovery mean 
(%)

+ 4 20.3 ± 0.3 20.3 4.38 ± 0.07 4.4 ± 0.3
4–2 10.0 ± 0.4 30.3 14.59 ± 0.09 7.7 ± 0.4
2–1 9.6 ± 0.3 39.9 26.77 ± 0.08 12.3 ± 0.3
1–0.5 9.6 ± 0.4 49.4 26.44 ± 0.09 15.1 ± 0.4
0.5–0.2 23.2 ± 0.4 72.7 22.89 ± 0.07 17.6 ± 0.4
− 0.2 27.3 ± 0.3 100.0 11.00 ± 0.08 15.8 ± 0.3
Total 100.0 15.8

Fig. 2  Test stand diagram for separation in a rising water stream 1—
feeder, 2—separator, 3—sediment (bottom product), 4—overflow 
(top product), 5—pump, 6—three-part valve
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terms of oxides, it amounts to approx. 91.2% for micro-area 
1 and approx. 69.7% and 49.3% for areas 2 and 3, respec-
tively. Considering the above, it can be concluded that the 
micro-area 1 particle contains mostly unburned carbon, the 
micro-area 2 particle is a partially unburned particle, while 
the micro-area 3 particle is a substantially burned particle.

It is widely known (Jayaranjan et al. 2014; Argiz et al. 
2017) that slag typically contains relatively large amounts of 
iron oxides. Therefore, magnetic part separation tests were 
performed for three size fractions.

The tests show (Table 2) that the separation of magnetic 
fractions is possible for each size fraction. LOI values in 
the separated magnetic fractions were less than 3%. Mag-
netic fraction yields ranged within 11.9–32.4% and exhib-
ited a growing tendency following the increase in slag size 
reduction. LOI values in the non-magnetic fractions were 
18.1–35.9%. Unburned carbon recovery in the non-magnetic 
fractions was very high and exceeded 96%. The above results 
show that slag can be enriched with unburned carbon con-
tent through the separation of non-magnetic fractions.

A photomicrograph of the magnetic fraction particles, 
together with the chemical analysis results of selected micro-
areas, is presented in Fig. 4a, while the non-magnetic frac-
tion is presented in Fig. 4b.

Grey-coloured particles with visible edges predominate 
in Fig. 4a. The analysis of micro-areas marked on three 

particles shows the predominance of silicon, aluminium, cal-
cium, and iron in their composition. In terms of oxides, car-
bon content is approx. 57.3% for micro-area 1 and approx. 
30.9% and 23.0% for areas 2 and 3, respectively. The micro-
area 3 particle is most likely a pyrite particle, because sul-
phur and iron peaks are prevalent in the spectrum, while 

Fig. 3  1–0.5 mm size fraction slag particle photomicrograph at ×30 magnification as well as elemental analysis of selected micro-areas of three 
different particles

Table 2  Magnetic separation for selected size fractions

Size fraction 
mm

Fraction Yield, γ (%) LOI (%) Unburned 
carbon recov-
ery (%)

4–2 Non-mag-
netic

88.1 ± 0.6 18.1 ± 0.7 98.6 ± 0.9

Magnetic 11.9 ± 0.7 1.9 ± 0.5 1.4 ± 0.8
Total, on 

average
100.0 16.2 100.0

2–1 Non-mag-
netic

73.5 ± 0.6 35.9 ± 0.7 98.5 ± 0.9

Magnetic 26.5 ± 0.7 1.5 ± 0.4 1.5 ± 0.8
Total, on 

average
100.0 26.8 100.0

1–0.5 Non-mag-
netic

67.6 ± 0.5 34.2 ± 0.7 96.1 ± 0.9

Magnetic 32.4 ± 0.7 2.9 ± 0.7 3.9 ± 0.8
Total, on 

average
100.0 24.1 100.0
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carbon content is less. Dark-coloured particles with round 
shapes predominate in Fig. 4b. The micro-area chemical 
composition analysis shows carbon with impurities, mostly 

of aluminium and silicon, to be the main component. The 
above is confirmed by the results of the forecast carbon con-
tent in the analysed micro-areas; carbon content was approx. 

Fig. 4  Photomicrograph of a the magnetic fraction, b non-magnetic fraction separated using the magnetic separation method, at ×1500 magnifi-
cation as well as elemental analysis of selected micro-areas of three different particles
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96.5% for micro-area 1 and approx. 78.8% and 91.0% for 
areas 2 and 3, respectively (in terms of oxides).

In order to determine the possibility of separating the 
unburned carbon particles using gravitational methods, short 
density analyses of slag for selected size fractions were per-
formed. The results (Table 3) show that slag separation using 
gravitational methods is possible (Osborne 1988; ISO 7936: 
1992; Badenhorst et al. 2019b).

The most favourable results were obtained during the 
separation of the 2–1 mm size fraction. The − 1.4 g/cm3 frac-
tion yield was 30.7%, while its LOI was 76.3%. The rest of 
the sample included: the 1.4–1.8 g/cm3 fraction with 14.5% 
LOI and an almost clear mineral fraction with a density 

above 1.8 g/cm3 and 0.7% LOI. Unburned carbon recovery 
for this size fraction was very high and amounted 89.4%. A 
decrease in unburned carbon recovery was observed follow-
ing a decrease in particle size. Lower yields of the lightest 
fractions and lower LOI values were obtained in the remain-
ing size fractions.

The use of density analysis together with magnetic sepa-
ration gave better results than density analysis alone (for the 
− 1.4 g/cm3 fraction) (Table 4).

Using a magnet, 14–34% magnetic parts with 7.3–25.3% 
LOI values were separated from an individual − 1.4 g/cm3 
fraction size fractions. After removing the magnetic parts, 
the highest LOI was obtained for the 2–1 mm size fraction, 

Table 3  Density analysis for 
selected size fractions

Size fraction (mm) Density fraction 
g/cm3

Yield, γ (%) Loss-on-ignition (%) Unburned car-
bon recovery 
(%)

4–2 − 1.4 22.0 ± 0.6 67.1 ± 0.6 89.4 ± 0.9
1.4–1.8 23.6 ± 0.5 6.6 ± 0.7 9.3 ± 0.9
+ 1.8 54.4 ± 0.7 0.4 ± 0.4 1.3 ± 0.8

Total, on average 100.0 16.5 100.0
2–1 − 1.4 30.7 ± 0.7 76.3 ± 0.6 86.4 ± 0.9

1.4–1.8 23.4 ± 0.6 14.5 ± 0.7 12.5 ± 0.9
+ 1.8 45.9 ± 0.5 0.7 ± 0.5 1.1 ± 0.7

Total, on average 100.0 27.1 100.0
1–0.5 − 1.4 21.6 ± 0.6 70.5 ± 0.6 57.5 ± 0.8

1.4–1.8 21.5 ± 0.7 46.2 ± 0.6 37.5 ± 0.9
+ 1.8 56.9 ± 0.6 2.4 ± 0.6 5.0 ± 0.8

Total, on average 100.0 26.5 100.0
0.5–0.2 − 1.4 5.2 ± 0.7 42.0 ± 0.6 10.1 ± 0.9

1.4–1.8 13.6 ± 0.6 50.5 ± 0.6 31.9 ± 0.9
+ 1.8 81.2 ± 0.7 15.4 ± 0.5 58.0 ± 0.9

Total, on average 100.0 21.6 100.0

Table 4  Magnetic separation of 
− 1.4 g/cm3 fractions separated 
using density analysis

Size fraction (mm) Fraction Yield, γ (%) LOI (%) Unburned car-
bon recovery 
(%)

4–2 Non-magnetic 80.3 ± 0.8 81.8 ± 0.5 97.9 ± 0.9
Magnetic 19.7 ± 0.7 7.3 ± 0.6 2.1 ± 0.9

Total, on average 100.0 67.1 100.0
2–1 Non-magnetic 85.7 ± 0.7 86.5 ± 0.6 97.2 ± 1.0

Magnetic 14.3 ± 0.7 15.0 ± 0.7 2.8 ± 1.0
Total, on average 100.0 76.3 100.0
1–0.5 Non-magnetic 80.8 ± 0.7 81.3 ± 0.6 93.1 ± 0.9

Magnetic 19.2 ± 0.6 25.3 ± 0.7 6.9 ± 0.9
Total, on average 100.0 70.5 100.0
0.5–0.2 Non-magnetic 66.0 ± 0.6 57.0 ± 0.7 89.4 ± 0.9

Magnetic 34.0 ± 0.6 13.1 ± 0.7 10.6 ± 0.9
Total, on average 100.0 42.1 100.0



2505International Journal of Environmental Science and Technology (2020) 17:2499–2510 

1 3

which was equal to 86.5%. LOI for the remaining size frac-
tions was between 57.0 and 81.8%.

Figure 5a presents a picture of the magnetic particles 
separated from the − 1.4 g/cm3 density fraction, while 

Fig. 5b presents a picture of the non-magnetic particles, 
together with chemical analysis results of selected particle 
micro-areas.

Fig. 5  Photomicrograph of a the magnetic fraction, b the non-magnetic fraction separated from the − 1.4 g/cm3 fraction using the magnetic sepa-
ration method at ×1500 magnification as well as elemental analysis of selected micro-areas of three different particles



2506 International Journal of Environmental Science and Technology (2020) 17:2499–2510

1 3

Three micro-areas from each picture were selected for 
chemical composition analysis. These are the micro-areas 
with increasing brightness in Fig.  5a and diminishing 
brightness in Fig. 5b. In the micro-areas in Fig. 5a, the car-
bon content decreases from 83.1% (in terms of oxides) in 
micro-area 1 and to 19.1% and 15.7% in micro-areas 2 and 
3, respectively. In the micro-areas in Fig. 5b, the carbon 
content increases from 42.9 to approx. 96% for micro-areas 
2 and 3. The above is reflected in the carbon peak heights 
in Fig. 5a, b.

One method of fine particle gravity separation is a sepa-
ration in a rising water stream. Separation of selected nar-
row slag size fractions using this method made it possible 
to separate overflow (concentrates) with 68.5–79.3% LOI 

values. The overflow yield was within 15.1–27.1%. Under-
flow LOI was within 4.2–12.9% (Table 5).

The results of separation using this method are compa-
rable to the results obtained following the density analy-
sis. Unburned carbon recovery in the overflow was within 
77.0–55.5% and exhibited a falling tendency following 
the increase in size reduction. Separation results can be 
controlled, to some degree, through the selection of water 
flow velocity in the column.

Separating magnetic parts from the overflow made it 
possible to increase LOI to a maximum of 85.7% for the 
4–2 mm size fraction (Table 6).

For the remaining three size fractions, the LOI values 
after magnetic separation were within 71.1–77.5%. LOI 

Table 5  Separation of selected 
slag size fractions in a rising 
water stream

Size fraction mm Product Yield, γ (%) LOI (%) Unburned 
carbon recov-
ery (%)

4–2 Overflow 15.1 ± 0.6 79.3 ± 0.5 77.0 ± 0.8
Underflow 84.9 ± 0.7 4.2 ± 0.4 23.0 ± 0.8

Total, on average 100.0 15.5 100.0
2–1 Overflow 27.1 ± 0.6 70.1 ± 0.5 66.9 ± 0.8

Underflow 72.9 ± 0.7 12.9 ± 0.3 33.1 ± 0.8
Total, on average 100.0 28.4 100.0
1–0.5 Overflow 21.7 ± 0.7 68.5 ± 0.5 55.5 ± 0.9

Underflow 78.3 ± 0.7 15.2 ± 0.5 44.5 ± 0.9
Total, on average 100.0 26.8 100.0
0.5–0.2 Overflow 19.2 ± 0.8 74.5 ± 0.4 61.7 ± 0.9

Underflow 80.8 ± 0.8 11.0 ± 0.3 38.3 ± 0.9
Total on average 100.0 23.2 100.0

Table 6  Magnetic part removal 
from the separation overflow

Size fraction (mm) Fraction Yield, γ (%) LOI (%) Unburned car-
bon recovery 
(%)

4–2 Non-magnetic 89.4 ± 0.6 85.7 ± 0.5 97.1 ± 0.8
Magnetic 10.6 ± 0.7 21.8 ± 0.4 2.9 ± 0.8

Total, on average 100.0 78.9 100.0
2–1 Non-magnetic 86.9 ± 0.7 75.4 ± 0.5 93.5 ± 0.9

Magnetic 13.1 ± 0.7 35.1 ± 0.4 6.5 ± 0.8
Total, on average 100.0 70.1 100.0
1–0.5 Non-magnetic 91.7 ± 0.6 71.1 ± 0.6 95.3 ± 0.9

Magnetic 8.3 ± 0.5 38.8 ± 0.6 4.7 ± 0.8
Total, on average 100.0 68.4 ± 0.6 100.0
0.5–0.2 Non-magnetic 88.7 ± 0.6 77.5 92.4 ± 0.9

Magnetic 11.3 ± 0.7 50.2 ± 0.5 7.6 ± 0.9
Total, on average 100.0 74.4 100.0
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Fig. 6  Photomicrograph of a the magnetic fraction b the non-magnetic fraction separated from the overflow using the magnetic separation 
method at ×1500 magnification as well as elemental analysis of selected micro-areas of three different particles
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of the separated magnetic fraction was within 21.8–50.2% 
and exhibited a growing tendency following the increas-
ing size reduction in the particles subjected to separation. 
Unburned carbon recovery in the non-magnetic fractions 
was high and exceeded 92.4%.

Figure 6a presents a picture of the magnetic particles 
separated from the overflow, while Fig. 6b presents a pic-
ture of the non-magnetic particles, together with chemi-
cal analysis results of selected particle micro-area. As 
before, three micro-areas from each picture were selected 
for chemical composition analysis. Carbon content deter-
mination results for the micro-areas in Fig. 6a expressed 
as oxides are as follows: 90.1%, 35.2%, and 42.3%. The 
respective carbon contents for Fig. 6b micro-areas are: 
97.7%, 80.3%, and 80.1%. High carbon content is repre-
sented by the dark-coloured micro-areas in both pictures.

Conclusion

The goal of the study was to verify the possibility of separat-
ing unburned carbon from slag using magnetic and gravi-
tational separation processes. Laboratory test results enable 
the formulation of the following conclusions:

The average unburned carbon content in slag, measured 
using LOI, is 15.8% and is too big to be utilized for indus-
trial purposes. The results of the size composition showed 
that the content of unburned carbon depends on the slag 
grain size. The greatest unburned carbon particle content is 
present in 2–1 mm and 1–0.5 mm size fractions and exceeds 
26%. In the grain grades + 2 mm and less than 0.5 mm, 
the content of unburned coal is smaller and is in range of 
4.4–16.6%.

Density analysis has shown that gravitational separation 
of unburned carbon particles from narrow slag size fractions 
is possible. LOI values of the separated − 1.4 g/cm3 fractions 
were 42–76.3%. LOI values of the separated + 1.8 g/cm3 
fractions were 0.4–15.4%. It was found that LOI depends 
on the grain size. The smaller the grain, the greater the LOI.

One of the methods of gravitational separation is the sep-
aration in a rising water stream. The separation of narrow 
slag size fractions in a rising water stream made it possible 
to obtain overflow (concentrates) containing 68.5–79.3% of 
unburned carbon, while its yield was within 15.1–27.1%. 
Unburned carbon recovery was 61.7–77.0%.

One of the simplest methods for slags beneficiation is 
magnetic separation. Application of this method in various 

technological combinations of unburned coal separation 
from slags was tested. In each case, its usefulness was found. 
The most beneficial effects were obtained by using magnetic 
separation of grains enriched initially with gravitational 
methods. LOI concentrates above 71% were obtained in the 
examined cases. Unburned carbon recovery was higher than 
92%.
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