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Research of the Enrichment of Ash and Slag Waste
from Coal Combustion at Thermal Power Plants
Using the Flotation Enrichment Method

A. G. Bakirov?, A. K. Zhunusov?, M. Z. Bulenbayev?, R. A. Ramazanova!

Abstract —When burning coal, a significant amount of unburned or partially burned coal particles,
called ““underburning™, turns out to be in the ash. The extracted underburning is a valuable
component and can be used as a secondary fuel mixed with the main one, in the manufacture of fuel
briquettes, as a rubber filler instead of graphite and a filler of electrically conductive concretes used
in the construction of some elements of a nuclear power plant. Flotation is an effective method of
extracting unburned coal particles. In this work, a flotation enrichment method has been proposed
for the extraction of carbon concentrate from ash and slag waste from thermal power plants. The
influence of the reagent regime, the size of the material, as well as the use of pre-activated ash and
slag waste after the chemical activation process on the efficiency of flotation enrichment have been
comprehensively studied. The phase composition and the morphology of ash and slag waste have
been analyzed by using X-ray diffraction and scanning electron microscopy. Compared with the
traditional method of flotation enrichment of ash and slag waste, the use of pre-activated ash and
slag waste under optimal conditions has showed the efficiency of carbon extraction into carbon
concentrate from 26.6 to 65%. The results of the experiments conducted by using the reagent mode
of the kerosene collector 1500 g/t and the MIBK 50 g/t foamer are as follows: a carbon concentrate
with a carbon content of 65% has been obtained, carbon extraction into the concentrate has been
37.6%, the yield has been 4.14% when using activated ash and slag waste. Copyright © 2024 Praise

Worthy Prize S.r.I. - All rights reserved.

Keywords: Ash, Chemical Activation, Coal, Flotation, Carbon Concentrate

Nomenclature

MIBK Methyl Isobutyl Carbinol
SBX Butyl Sodium Xanthogenate
ASW Ash Slag and Waste

l. Introduction

Currently, there is an urgent issue in the world of
processing ash and slag waste from coal combustion in
thermal power plants. Coal rocks and ash and slag waste
generated during coal mining and processing are the main
industrial aluminosilicate wastes that cause concern to
countries around the world due to their low level of use
and negative environmental impact [1]. The annual output
of ash-cinder from thermal power plants, from only
burning of Ekibastuz coal, which is characterized by a
high ash content (40-45%), is averaged 30 million tons [2].

The average content of Al2Os in the ASW is from 25 to
30%, making it a potential alternative source of alumina
and other valuable components [3] after bauxite,
nepheline, alunite. The share of reserves of high-quality
bauxite in Kazakhstan is limited [4], which affects the
industrial production of alumina. However, for the same
purposes it is possible to use non-toxic raw materials, for
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example ash and slag waste from the burning of Ekibastuz
coal thermal power plants. Thus, the possibility of using
ASW as a substitute or increasing the import of bauxite as
a raw material in the production of aluminum seems
feasible. The study of the possibility of using ASW as a
substitute for mineral raw materials, especially with the
complex use of useful components accompanying
alumina, is of great interest. Recently, significant
researches have been conducted on the processing of ash
and slag waste in order to obtain valuable products [5]-
[15]. Ash and slag wastes are used in the production of
rare earth elements [16], the extraction of aluminum and
scandium [17], in the production of bricks [18], in the
production of zeolites [19], for the extraction of aluminum
from activated ash [20], for the extraction of alumina by
firing-electrolysis [21], for the extraction of lithium [22],
for the preparation of sodium silicate solutions to obtain
silicon nanoparticles [23], in the method of mechanical
activation [24], in the synthesis of mesoporous silica
nanoparticles [25]. Ash and slag waste is also used as
granular filters for refining primary aluminum from
impurities of vanadium and other non-ferrous metals [26],
[27]. In [28], a resource-saving technology for processing
ash and slag waste for sale as raw materials has been
proposed. In [29], the authors have used ash and slag waste
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for preliminary chemical activation in a solution of sodium
bicarbonate. The results of the authors' research have
showed that after the application of the chemical
activation process, the mineral and crystal structure of ash
and slag waste changes. The positive results of the work
have shown the effectiveness of complex processing of
ash and slag waste in the processes of enrichment,
leaching, sintering [30], [31]. In addition, [32] has
developed a method of chemical activation of mineral raw
materials. In the proposed method, due to the use of
chemical activation, the phase composition of the raw
material has changed. Chemical activation has been
carried out with a solution of sodium bicarbonate
(NaHCO3) containing 120 g/dm® NaHCOs at a
temperature of 120-150 °C. In [32, p. 314], studies have
been conducted on the processing of difficult-to-process
raw materials and waste from metallurgical production
(ash and slag waste, slags, slimes). In [33], a new
technology for processing low-quality gibbsite-kaolinite
bauxites with preliminary two-stage enrichment has been
proposed. The technology has consisted of using the
process of chemical activation with sodium bicarbonate,
which has made it possible to transform the phase
composition of bauxites. As a result, raw materials
suitable for the production of alumina by the Bayer
method have been obtained. In [34], a technology has been
developed for the enrichment of kaolinite clay from the
Alekseevsky deposit using preliminary chemical
activation. The results of [34, p. 135] have showed that the
maximum yield of 79.36% Al2O3 has been obtained at a
temperature of 150 °C with an increase in the duration of
chemical activation. An analytical review on the
technology of processing low-quality aluminum
containing raw materials, concerning the study of the
process of chemical activation of aluminum containing
raw materials in a solution of sodium bicarbonate
(NaHCOsg) in the works of the authors [32, p. 315; 33, p.
94; 34, p. 135] has showed the effectiveness of using this
process for low-quality aluminum containing raw
materials, including for ash and slag waste from thermal
power plants with the transformation of phase
compositions and a change in the mineral structure before
desilinization of aluminum-containing raw materials. As a
result of the conducted research [32, p. 315], [33, p. 94],
[34, p. 135], positive results have been obtained on the
extraction of silica into solution after the chemical
activation process, as well as improved technological
indicators of desilinization, enrichment, and sintering
processes. When burning coal, a significant amount of
coal residue, so-called underburning, remains in the ash
and slag waste. The extracted underburning is a valuable
component in the production of coal briquettes, which can
then be used as a secondary fuel in thermal power plants.

One of the most effective methods of extracting
underburning (coal residue) is flotation. The development
of new types of cheap fuels, the creation of a technology
for the integrated processing of man-made waste, along
with a reduction in the specific consumption of materials
(respectively, COz emissions into the atmosphere), are
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urgent problems that need to be solved [35]. The purpose
of this article is to study the method of flotation
enrichment of ash and slag waste from thermal power
plants, followed by the separation of enrichment tailings
suitable for the production of alumina concentrate and
commercial alumina, tailings for the production of
building materials (ceramics) and carbon concentrate
(underburning) suitable for further use in the production
of coal briquettes. The possibility of using activated ash
and slag waste in flotation enrichment is being considered.

The use of activated ash and slag waste during flotation
enrichment will increase the efficiency of carbon
concentrate extraction (underburning) by almost 2.5
times. A technological scheme of flotation enrichment
using activated ash and slag waste has been developed,
including chemical activation of ash and slag waste,
grinding, sieve analysis, basic flotation, control flotation
with re-purification of concentrate. As a result, carbon
concentrate (underburning), enrichment tails, and re-
cleaning tails are extracted. The optimal reagent regime
for flotation enrichment of ash and slag waste is the
kerosene collector — 1500 g/t; the MIBK foamer — 50 g /t;
Carbon extraction (underburning) remained at the level of
65%.

Il. Materials and Methods

The phase and chemical composition of the objects has
been studied by using physicochemical methods of
analysis. The following equipment has been used for this:
mass spectrometer with inductively coupled plasma
ICP-MS 7500cx from Agilent technologies (USA), in
order to determine the content of chemical elements in
the studied raw materials by the spectral method;
X’Pert PRO X-ray diffractometer manufactured by
PANalitical has been used to study qualitative, semi-
guantitative phase analysis;
Scanning  electron  microscope  JSM-6390LV
manufactured by JEOL Ltd. (Japan) with an energy-
dispersive microanalysis system INCA Energy Penta
FET X3 from OXFORD Instruments Analytical
Limited (UK) has been used to study the topography
and the microstructure of the surface of samples and
specimens, qualitative and quantitative elemental
microanalysis in a point area, constructing profiles of
the distribution of elements along a given line,
constructing maps of the distribution of elements in a
selected area;
In order to study the morphology of the surface of
materials, a BX-51 microscope (Olympus, Japan) has
been used;
For photo visualization of the research objects during
the experiment, a CANON EOS 80D device has been
used;
In order to solve the problems posed in this research,
the following methods have been used. When studying the
effectiveness of the method of flotation enrichment of ash
and slag waste from thermal power plants, the possibility
of extracting carbon concentrate and aluminosilicate
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microspheres from ash and slag waste of the Eurasian
Energy Corporation has been investigated. Flotation
enrichment has been carried out on laboratory flotation
machines of the Mekhanobr Tekhnika type with a chamber
volume of 3.0 dm®[29]. Enrichment has been carried out
at the initial size of ash and slag waste, with a chamber
volume of 1 dm?® and a sample weight of 150 g (T:L = 1/3)
with pulp aeration of 10 dm®/min, impeller rotation speed
was 2500 rpm [29]. For research, samples have been taken
from the ash dumps of the Euro-Asian Energy Company
(EEC JSC) from the combustion of Ekibastuz coal. The
chemical composition of the initial averaged ash sample,
wt. %: is presented in Table I.

I1l. Results and Discussion

Sieve analysis has been used to determine the particle
size distribution of ash and slag waste. Sifting has been
carried out on a mechanical analyzer. The results of the
sieve analysis of the sludge sample are given in Table II.

From the results of the sieve analysis of ash and slag
waste it follows that the bulk is represented by the class -
0.25 + 0.1 mm, whose amount is about 60.0%. The size
distribution of unburned carbon makes it obvious that
approximately 65.7% of the total is in the -0.25+0 fraction.

By taking into account all the known technologies for
recycling ash and slag waste from thermal power plants, a
technological scheme for processing has been proposed,
including the operations of grinding and subsequent
flotation of ash and slag waste. The study has confirmed
that the most optimal grinding time can be considered 15
minutes. At the same time, the bulk of crushed ASW
(96.67%) falls on a size of -0.25+0 mm, which makes
them possible for processing by flotation.

In order to determine the possibility of extracting
underburning (carbonaceous concentrate) from ash and
slag waste using the main flotation method, staged
experiments have been carried out.

Fig. 1. Flotation machine “Mekhanobr Technika”

The amount of kerosene supplied to flotation
enrichment has been selected based on literature data on
coal flotation in industry [36]. Reagent mode of
experiments performed:

- Mass of initial ash — 150 grams;

- Collector — kerosene — 1500 g/t;

- Foaming agent — pine oil — 50 g/t;
- Feed size — (-0.25+0.1 mm);

- Pulp density — 300 g/l;

- Flotation time — 5 min.

The results of the experiments on the separation of
carbon concentrate from ashes are presented in Tables IV,
V. The experiments carried out have showed the
possibility of extracting underburned carbon dioxide
(carbon concentrate) by using the flotation method. In
order to achieve high rates of carbon concentrate recovery,
cleaning operations and optimal reagent conditions are
required. The analysis of the literature data shows that the
most suitable particle size for flotation should be more
than 71 pm [37]. In [38], particles of the non-magnetic
fraction with a size of 71-100 um have been used for
flotation tests of ash. Kerosene has been chosen as the
flotation collector due to its high efficiency and low cost
[38]. MIBK has been used in flotation tests to prevent the
coalescence of air bubbles [38, p. 8]. The use of the 40-71
pum fraction has ensured the extraction of unburned carbon
by about 99%, while when using larger particles of 71—
100 um, the carbon extraction has not exceeded 83% [38,
p. 9]. In order to increase flotation efficiency, pre-
activated ashes have been used after chemical activation.

TABLE |
CHEMICAL COMPOSITION OF THE INITIAL AVERAGED ASH SAMPLE, %
Mass fraction of elements, %

SiO; AlO3 Fe:03 CaO MgO TiO: K20 SOs Na0
550 20,04 230 136 04 0,71 0,50 0,62 0,70
ash waste
v
grinding

v

sieve analysis

v

flotation enrichment

A 4
tailings
enrichment

carbon
concentrate

Fig. 2. Technological scheme for processing ash and slag waste from
thermal power plants using the flotation enrichment method

TABLE Il
SIEVE ANALYSIS OF AsH AND SLAG WASTE

Fraction class, mm  Class Outcome, %

Contents of elements, %

Distribution of

i i i 0,
Element distribution, % unburned carbon, %

SiO2 Fe:03  AlOs TiO; SiO2  Fex03 Al203 TiO; Cunburned
+1,0 11,7 4459 12,22 16,92 0,96 11,77 13,6 9,88 11,4 2,0
-1,0 +0,25 10,4 43,79 8,36 20,56 0,92 10,26 8,3 10,67 10,0 7,38
-0,25 +0,1 57,5 44,24 8,98 20,65 0,98 58,0 49,0 59,2 58,3 24,92
-0,1 +0,056 13,6 43,14 14,63 20,23 0,92 13,21 18,9 13,72 13,0 36,91
-0,056 +0 6,8 4435 1568 19,31 1,11 6,76 10,2 6,53 73 28,79
Total 100 100 100 100 100 100
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TABLE IlI
CHANGE IN PARTICLE SIZE DISTRIBUTION OF ASH AND SLAG WASTE
FROM THERMAL POWER PLANTS DEPENDING ON GRINDING TIME
Output of a certain size class, %
Time for grinding ash and slag waste from thermal
power plants, min

Size class, mm

0 5 10 15 20
+1,0 31,51 9,41 6,57 1,12 0,33
-1,0 +0,25 6,16 10,48 7,12 2,21 0,75
-0,25+0,1 17,67 2531 25,04 23,03 17,67
-0,1 +0,056 32,89 3548 36,73 40,37 24,15
-0,056 +0 11,77 19,32 24,54 33,27 57,43
Raw material 100,0  100,0 100,0 100,0 100,0
TABLE IV
CHEMICAL COMPOSITION
OF ENRICHMENT PRODUCTS (CARBON CONCENTRATE)
No SiO2, % Fe,0s, % Al,Os, % C,%
1 42,26 8,02 13,18 215
2 42,28 10,02 18,35 10,8
TABLEV
CHEMICAL COMPOSITION
OF ENRICHMENT PRODUCTS (ENRICHMENT TAILINGS)
. Fe:0s, Al:0s3, Na;O, MgO, TiO:
o 0 0 ) ) , ) ) 0
Ne CaO, % SiO2, % % % % % % K20, %
1 2477 5052 4,01 2352 0435 0,792 11 0,54
2 2,417 5421 998 2378 043 0847 11 0,58
original ‘ lacﬁvated " Gt ‘
ash* ash** o '
h 4 h §
‘ grinding ‘
Y
i e *I main flotation }_ ::K";:u;f'
\ 4 Y
1st cleaning of rough .‘ii"l!s! ‘
Y Y

carbon

concentrate [cleaning tailings)

| 13t middiing product ‘

Fig. 3. Technological diagram of flotation enrichment of ASW

Four staged experiments have been carried out with
different reagent regimes. When extracting the
underburned material (carbonaceous concentrate), a main
flotation scheme with concentrate re-cleaning has been
used. As a comparative study, two samples have been
taken on the original ash (without ash activation), as well
as two samples of pre-activated ash [29]. Reagent mode
for staged experiments:

- Mass of initial ash — 150 grams;
- Collector — Kerosene — 1500 g/t;
- Foaming agent - MIBK - 50 g/t;
- Collector - SBX — 1500 g/t;

- Foaming agent - MIBK - 50 g/t;
- Feed size — (0.1 +0.056 mm);

- Pulp density — 300 g/l;

- Flotation time — 5 min;

- Cleaning time — 2.5 minutes.

As a result of the experiments using the reagent mode
of a kerosene collector of 1500 g/t and a MIBK foaming
agent of 50 g/t, a carbon concentrate with a carbon content
of 65% has been obtained. The extraction of carbon into
the concentrate has been 37.6%, the yield has been 4.14%
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at application of activated ash and slag waste. As a result
of a series of staged experiments, qualitative and
quantitative schemes for flotation enrichment of the ASW
have been calculated and are shown in Figures 4, Figure 5
(where v is the yield of the concentrate, 3 is the carbon
content, ¢ is the extraction of carbon into the concentrate).

The resulting flotation enrichment products have been
analyzed for the content of oxides of aluminum, silicon,
sulfur, calcium, titanium, iron, sodium, phosphorus, and
carbon, presented in Table VI. Micrographs have been
obtained in backscattered electron mode at magnifications
from X100 to X2500 [31]. The range of sizes of observed
particles is from 1 to 150 microns. The samples represent
various structures and irregular shapes of globules with a
variety of morphological characteristics: ideal spheres
with an intact smooth or perforated surface, hollow
cenospheres, plerospheres (sample 46), aggregates of
small spheres on the surface or in cavities and depressions
of large globules. According to COMPO data, the particle
size is on average 1-150 microns. The smaller the particle
size is, the more spherical they are (Figure 6). According
to COMRO data, the size of microspheres averages 0.5-5
um. All the samples except sample No. 46 contain a large
number of irregularly shaped particles with macroporous
walls, perforated and relief surface. Sample No. 46 has a
large number of globules of irregular spherical shape with
a foam shell or a relief surface. When taking pictures of
the mode of backscattered electrons in the sample No. 46,
it is possible to see globules of a network structure.

Ash slag wastes

+
regrinding
ya=100 %
Pu=4.26 %
=100 %
v
main flotation
¥:=29,83 % ¥s=70,17 %
fs=10,8 % Po=1,48 %
v  £~75,63% ¥ e=24.37 %
1st cleaning Tailings
¥ v
carbon concentrate Cleaning tails
¥r=5.45 % y«=24.38%
[=26.6 % Ps=7.27 %
y=34.03 % £=41,6 %
@)
Ash slag wastes
¥
regrinding
Ya=100 %
B=6.4 %
=100 %
v
main flotation
¥+=36,7 % Ye=63.3 %
Bs=13.17 % [e=2.48 %
¥ £5=73.5 % ¥ =245 %
1st cleaning Tailings
v M
carbon concentrate Cleaning tails
¥=20,26 % yi=1644%
p=14,2% =119 %

£:=44,95 %
(b)

Figs. 4. Qualitative-quantitative scheme for flotation enrichment of
ASW using various reagent modes (a) kerosene and MIBK,
(b) SBX and MIBK

30,55 %
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NaHOO,

um:ulr\.
Fe=l00%
fa=7,26%
=100 %
Main flotation
yeILI6% Fet 34
Be=19.37% Pe=1,32%
*e=858% ve=l42%
it tallings snrichment
carbon concentrate tailings cleaning
;—:.SI;:. {{.-I{‘l.‘la:"-
=659 % 25
er3lb% =482 %
@
Ash slag wastes NaHCO;
* P!
chamical activation
'
activated ash and slag waste
v
regrinding
=100 %
B2 %
=100%
"
Main flatation
10,20 % A2 %
v o=R6 14 % v =13 86%
13t cleaning tailings enrichment
carbon concentrate tailings cleaning
yeRo2t% P2 8%
Be23% BelT%
e=26,68 % 5=3946%

Figs. 5. Qualitative and quantitative scheme of flotation enrichment of
activated ASW using various reagent modes (a) kerosene and MIBK,
(b) SBX and MIBK

TABLE VI
CHEMICAL COMPOSITION OF PRODUCTS OF FLOTATION ENRICHMENT
OF AsH AND SLAG WASTE FROM THERMAL POWER PLANTS, %

Enrichment Contents of the main elements, %
products  AlO3 SiO2 S CaO TiO; Fe,03Na,0 P.Os  C
Carbon 13 18 49 26 0,0832,134 1,103 5,02 0,456 0,332 26,6
concentrate-1
Carbon - 45 19037,5690,347 2,204 0,986 4,959 0,360 0,224 14,2
concentrate-2
Carbon
concontate.3 11:20832:8470,0072,1600,927 2,785 0,331 0,132 65,9
Carbon 10 35 49 28 0,0702,105 1,041 6,086 0,324 0,221 21,3
concentrate-4
Enrichment 3 57741 3610,0722,6931,237 7,47 0,5330,341 1,48
tailings-1
Tailings ) 19145 1020,1452,800 1,163 8,541 0,342 0,436 2,48
enrichment-2 =" ' ' ! ! ! ' ' !
Tailings o5 36041 0860,066 2,692 1,100 9,045 0,496 0,367 1,52
enrichment-3
Tailings o5 47042 3790,087 2,924 1,143 8,231 0,538 0,376 1,62
enrichment-4
Cleaning tails

(microspheres)-23,43842,6000,293 2,122 1,210 5,697 0,263 0,357 7,27
1

Cleaning tails
(microspheres)-23,29646,3550,396 2,471 1,191 6,470 0,458 0,292 11,29
2

Cleaning tails
(microspheres)-22,91047,4250,381 2,496 1,105 4,795 0,326 0,392 12,5
3

Cleaning tails
(microspheres)-22,44247,1060,422 3,200 1,149 5,731 0,548 0,238 14,7
4
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Valt 2500 kW
Mag 500
Date 202001720
Prxel 1280 x 960

Acquitsiian Cendiion

Instrument  : 8230
Walt Z5.00 ky
Currgnt 10,00 nad,
Frocess Time T3
Live time: B0.00 sec
Real Tima 665.52 sac
DeadTime 9.00 %
Count Rate 1424 00 CPS
) ! 1 T T
[ 00 300 ADD 400 &S00 600 700 AD0 00 1000

Elemeants ma% mol% Sgﬂ'l! Neat K ratio Line
] 2024 55.51 022 54658  0.0042507 K
Al 4688 549 ] 85150 0.0007646 [
s 583 631 008 0.0011858 K
(= 244 2681 007 65266 0.0015362 K

T 1332 B.45 0.09 20550 0.0051282 K
Fe 1653 B95 014 167635 0.0087244 K
Cu 1564 748 027 9237 0.0088363 K
Zn 1112 517 033 60876 00042506 K
Tatal 10000 100,00

Fig. 7. EDS analysis of sample No. 40

Fig. 8. Sample No. 44, x500
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According to EDS analysis, the average elemental
composition of the microspheres is given in Table VII. It
should be noted that the composition of microspheres is
very heterogeneous for all samples, and this heterogeneity
is also manifested for particles of the same sample with
the same morphological characteristics. Figure 18 shows
the EDS spectrum of the same morphology of microsphere
. particles of sample No. 42. Globules with shells can also
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metal. Figure 19 shows the chemical composition of
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Then the resulting products will be used in the
production of ceramics, in the production of coal
briguettes, in construction, and the resulting enrichment
tailings will be directed to the production of alumina
concentrate by hydrometallurgical method with further
extraction of alumina and other valuable components.

IVV. Conclusion

Based on the results of the conducted research, the
following conclusions can be made:

1. Experiments on the separation of carbon concentrate
(underburning) from ash and slag waste by flotation
enrichment have shown that the most optimal
separation of carbon concentrate (underburning) is

Copyright © 2024 Praise Worthy Prize S.r.l. - All rights reserved

achieved with the use of activated ash and slag waste;

2. As a result of the experiments conducted by using the

reagent mode of the kerosene collector 1500 g/t and

the MIBK 50 g/t foamer, a carbon concentrate with a

carbon content of 65% has been obtained; carbon

extraction into the concentrate has been 37.6%, the
yield has been 4.14% when using activated ash and
slag waste;

3. Electron microscopy of ash and slag waste after
flotation enrichment has showed that the samples
represent various structures and irregular shapes of
globules with a variety of morphological features:
ideal spheres with an intact smooth or perforated
surface, hollow cenospheres, plerospheres (sample
46), aggregates of small spheres on the surface or in
cavities and depressions of large globules. According
to SOMRO, the particle size averages 1-150 microns.
The smaller the particle size is, the more spherical they
are. Moreover, energy dispersion analysis of the
sample spectrum (EDS analysis) from the surface of
microspheres has showed that the main elements of the
shells of microspheres are Al, Si, Ca, Fe, K, S, Ti, Mg,
Mn, Si, Zn and O.

Energy dispersion analysis has revealed that the
composition of microspheres is very heterogeneous for all
the samples, and this heterogeneity is also manifested for
particles of the same sample with the same morphological
characteristics.

Based on the experiments conducted on flotation
enrichment, the application of the obtained products has
been determined. The cleaning tails will be used in the
production of ceramics and construction. The enrichment
tails will be used in the production of alumina concentrate
and commercial alumina, and the resulting carbon
concentrate (underburning) will be used in the production
of coal briquettes.
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