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a b s t r a c t

Fly ash landfills that accumulate a by-product of coal combustion and gasification represent a permanent
threat to the surrounding environment due to many factors (air and water pollution, soil contamination,
wildlife poisoning, etc). Moreover, disposed coal fly ash may contain significant amounts of valuable
elements that are not extracted and potentially wasted. To improve the above situation, a combined ash
treatment process was developed for utilisation of the coal fly ash waste from coal-fired power stations.
The ash treatment includes three stages: 1) magnetic separation of an iron-containing fraction, 2) carbon
separation by floatation, and 3) extraction of aluminum by the autoclave hydrochloric acid leaching. The
lab-scale results of the ash treatment applied to the Ekibastuz brown coal fly ash from the Omsk power
stations (Russia) were presented and discussed. The XRD analysis showed that the fly ash consists pri-
marily of quartz, mullite and magnetite. It was found that the magnetic fraction separated at the first
stage is enriched in magnetite (over 20wt %), the carbon content in the concentrate after flotation in-
creases to 27wt %, and 90e95% of aluminum can be extracted during the autoclave acid leaching. The
SEM analysis showed that the magnetite phase is grown on the surface of alumosilicate spheres as ~1 mm
cubic crystals. The effect of the autoclave temperature and exposure time on the Al extraction efficiency
was also investigated and analysed in the present paper. The optimal autoclave temperature and
exposure time were found to achieve the maximum Al extraction efficiency. It was also found by the SEM
microanalysis that further extraction of aluminum is not economically feasible since the remaining Al is
evenly surrounded by SiO2 in the fly ash particles.

© 2019 Published by Elsevier Ltd.
1. Introduction

A lot of power stations world-wide still use coal combustion as a
main process to generate electricity and heat. In the city of Omsk
(second largest city in Siberian region of Russia) thermal power
eev), ecoreagent@yandex.ru
ov), amikhailov@imet.ac.ru
), al.v.kondratiev@gmail.com
stations utilise brown coal from the Ekibastuz coal field
(Kazakhstan), which is characterised by high ash content (up to
40%) (Dikhanbaev et al., 2018). Electricity and heat for the Omsk
city is produced mainly by two coal-fired power stations TPS-4 and
TPS-5 that generate 450 000 and 1150 000 tons of coal fly ash (CFA)
per year, respectively. In total, ash disposal sites near Omsk accu-
mulate more than 75 million tons of CFA up to 2017 (Sirotyuk and
Lunev, 2017).

Ash disposal in landfills is not economically and ecologically
sustainable, because ash contains a lot of valuable as well as
potentially toxic elements. Also, in Siberian region, ash landfills
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should be watered in summers to prevent wind erosion, dammed
from rivers and lakes to avoid high water in springs, and isolated
from groundwater to avoid leaching and infiltration of harmful
elements such as As, Se, Pb, etc (Flues et al., 2013). Noncompliance
of these precautions could result in disastrous consequences: water
and soil contamination (Dandautiya et al., 2018), animals poisoning
and health impact (Ruhl et al., 2009). For example, mechanical
(wind) erosion of dry ash landfills in summers leads to air pollution,
which may cause serious health problems (Schins and Borm, 1999).
It must be mentioned that one of the ash landfills of Omsk TPS-4 is
located near the Irtysh River, a major river andmainwater source in
the region. Its water may be polluted if annual spring flood destroys
the dam, which in turn could result in a huge environmental impact
in the Irtysh itself and adjacent rivers. Therefore, a new method of
CFA recycling or/and utilisation is highly demanded, especially in
this region.

CFA usually contains 20 to 35wt % of Al2O3, which can partially
be extracted by different methods (Ding et al., 2017; Sahoo et al.,
2016). Alkaline treatment of fly ash includes in general two
stages: first, low-concentration alkaline leaching of SiO2 (desilica-
tion); second, leaching of aluminum (Liu et al., 2014; Wang et al.,
2014). The extent of SiO2 extraction can vary from 30 to 65%
(Jiang et al., 2015; Lu et al., 2017). Mixing of fly ash and sodium
carbonate (Na2CO3) with further sintering can be used to intensify
the extraction process (Gong et al., 2016; Guo et al., 2014). Another
method to increase the Al extraction is to add slaked lime (Ca(OH)2)
for bonding SiO2 into sodium calcium hydrosilicate - (NaCaHSiO4),
which does not react with alkali (NaOH) (Li et al., 2014; Sun et al.,
2016). The extent of the Al extraction can reach 95% with the use
of the abovementioned methods (Ding et al., 2016).

There are ash utilization methods that do not require prior
removal of SiO2. Sintering of mullite and Na2CO3 or calcium car-
bonate (CaCO3) occurs on annealing at 700e900 �C (Liu et al., 2018;
Yan et al., 2018). To reduce the annealing temperature and time, it is
possible to use microwave heating of the mixture (Liu et al., 2016;
Tanvar et al., 2018; Zhang et al., 2015). Sintering with ammonia
sulphate ((NH4)2SO4) at 400 �C and subsequent leaching of the
sinters enables to extract up to 95% of aluminum. (Sun et al., 2017;
van der Merwe et al., 2017). However, besides Al, other metals (Ca,
Mg and Ti) can also go into the solution (Doucet et al., 2016).

Sulphuric acid leaching of fly ash is commonly conducted in two
stages: preliminary dissolution of aluminum from fly ash, and
subsequent H2SO4 leaching of the solid residue sintered after
filtration with lime or Na2CO3. This approach can extract up to 95%
of aluminum (Sangita et al., 2017; Wei et al., 2018).

Recent studies (e.g. S. Li et al., 2017) on the Al extraction from
CFA using acid leaching show that hydrochloric acid is the most
reactive in regard to Al compared to sulphuric, nitric and hydro-
fluoric acids. If lithium is present in fly ash, up to 75e80% of it goes
into solution (Hu et al., 2018). However, if leaching is carried out at
atmospheric pressure (e.g. 6М HCl, Т¼107 �C) the extent of Al
extraction does not exceed 70% (Luo et al., 2013; Singh et al., 2015;
Valeev et al., 2018). One of the most perspective methods to
intensify leaching of a high-silica aluminum-containing feedstock
is to use autoclaves (Lin et al., 2018;Wu et al., 2012, 2014; Xiao et al.,
2018). This method allows to exclude preliminary annealing and
two-stage leaching. As silicon dioxide does not react with acids a
Table 1
The average chemical composition [wt. %] of CFA from TPS-4 (Omsk, Russia).

Component SiO2 Al2O3 Fe2O3 TiO2 K2O

Contents 59.66 24.26 5.42 1.15 0.74

a LOI e loss on ignition.
preliminary desilication is not necessary. Besides aluminum iron
will also go into the solution, which makes it necessary first to
remove magnetite by magnetic separation.

Aluminum is mainly present in fly ash as mullite. A reaction
between mullite and hydrochloric acid (6M) at a boiling tempera-
ture results in extraction of maximum 15% of aluminum. Fluorides
of alkali and alkaline earth metals (KF, NaF, CaF2) as well as
ammonium fluoride (NH4F) are usually added to intensify the Al
extraction. A fluoride reacts with SiO2 and destroys the SieAl bond,
forming SiF4, which hydrolyses with formation of H2SiF6 (Li et al.,
2011). This method leads to a substantial increase of the Al
extraction efficiency, up to 90e95% (Tripathy et al., 2015). However,
hydrofluoric acid can form during such treatment, which prevents
aluminum chloride solution to be readily used as a coagulant for
water purification (Cheng et al., 2012; Hu et al., 2017; Yan et al.,
2016).

In the present work a combined treatment of the raw CFA
collected from the Omsk TPS-4 was carried out in three stages: 1)
iron separation by magnetic separation, 2) carbon separation by
flotation, and 3) aluminum extraction by autoclave acid leaching.
During this treatment first the magnetic and non-magnetic frac-
tions were separated from the initial CFA; then the C-containing
fraction was separated from the non-magnetic fraction; and finally
the remaining material was processed to extract Al into the
aluminum chloride solution. The effects of the autoclave temper-
ature and exposure time on the Al extraction efficiency were
investigated and analysed.

2. Materials and methods

2.1. Raw materials

The raw CFA collected from the Omsk TPS-4 ash disposal site
(that contains ~37 million tons of fly ash) was used as an initial
waste material. The CFA is produced from combustion of the Eki-
bastuz brown coal (Kazakhstan) on the Omsk TPS-4. The average
chemical composition of the raw CFA is given in Table 1. The XRD
analysis of the raw CFA is provided in Section 3.1 (see Fig. 3). Also,
the results of microstructure analysis by SEM are reported in Sec-
tions 3.1, 3.2 and 3.4.

Other raw materials used in the present study include: hydro-
chloric acid of the reagent grade (LLC “Component-Reaktiv”,
Russia); kerosene KO-25 (LLC “Componet-Reaktiv”, Russia); meth-
ylisobutylcarbinol (C6H14O), CAS no. 108-11-2, (Merck, Russia).

2.2. Methods

A flow chart of the CFA treatment process is shown in Fig. 1. In
total, it includes the wet magnetic separation, grinding, screening,
flotation, autoclave leaching and filtration. It can be seen that four
different output materials are produced at different stages: the Fe-
enriched magnetic fraction, C-enriched fraction, Al chloride solu-
tion, and solid residue.

2.3. Measurement and characterisation

The X-ray diffraction (XRD) analysis of initial CFA and samples
CaO MgO MnO Na2O P2O5 LOIa

0.88 0.40 0.11 0.44 0.45 6.49



Fig. 1. A flow chart of the combined ash treatment.
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aftermagnetic separationwas carried out in a range of 2q from 9� to
100� with a step of 0.02� using a diffractometer Ultima IV, (Rigaku,
Japan) with a Cu-Ka radiation source. The applied voltage and
current was 40 kV and 30mA, respectively. Silica gel was added
(about 20wt %) in the samples to reduce preferential texture (grain)
orientation. Determination of quantitative and qualitative sample
compositions was done by a software programme PDXL (Rigaku).

The carbon and sulphur contents were determined by a frac-
tional gas analyser СS-600 (LECO Corporation, USA). Samples (~1 g)
were placed in ceramic crucibles and then loaded into an induction
furnace. The C and S concentrations were determined by infrared
absorption of gaseous CO2 and SO2 during sample combustion in
oxygen atmosphere.

Analysis of surface morphology, microstructure and elemental
composition of fly ash was carried out using a scanning electron
microscope Vega II (Tescan, Czech Republic) and light microscope
LEO 1420 (Carl Zeiss, Germany).

The chemical analysis of solid and liquid samples was carried
out using an atomic emission spectrometer with inductively
coupled plasma ICAP 6300 DUO (Thermo Scientific, USA).
Fig. 2. Schematic of the experimental set-up for autoclave acid leaching.
2.4. Magnetic separation

A roll-type magnetic separator MBS 150� 125 (NPO “Erga”,
Russia) was used to separate the magnetic and non-magnetic
fractions of CFA. Initial CFA samples of ~500 g were mixed with
water and loaded into the separator. The magnetic field strength
applied was 110mT.

2.5. Flotation tests

Carbon flotation tests were carried out in a flotation machine
189FL (REC “Mekhanobr-Tekhnika”, Russia) using methyl isobutyl
carbinol (MIBC) as a foamer (frother) and kerosene KO-25 as a
collector. Typical amount of non-magnetic fractions and water
volume were 20 g and 100ml, respectively.

The particle size for flotation was selected to be of 40e71 mm
(see Section 3.2). A planetary mill Pulverisette 7 (Fritsch, Germany)
was used to grind a large-size fly ash fraction.

Preparation of the collector water emulsion was carried out as
follows: 6.4ml of kerosene (r¼ 0.781 g/cm3) was placed in a 50ml
flask, topped up with distilled water, and mixed up thoroughly by
ultrasound for 5min using an ultrasound bath Sonorex Digitec
(Bandelin Electronic, Germany). The kerosene concentration was
100 g/l and the volume of the emulsion added to the pulp was 0.5;
1.0; 1.5; 2.0, 2.5, 5.0, 7.5ml.

Preparation of the frother was carried out as follows: 0.93ml of
MIBC (r¼ 0.806 g/cm3) was placed in a 50ml flask and topped up
with distilled water. The volume of the frother added to the pulp
was 1.8ml, while the MIBC concentration in water during flotation
was 0.33 g/l.

Flotation tests were carried out as follows: non-magnetic
Fig. 3. XRD patterns of the initial CFA and the magnetic & non-magnetic fractions after
the wet magnetic separation.



Table 2
The bulk chemical composition [wt. %] of the magnetic & non-magnetic fractions after the wet magnetic separation of CFA from TPS-4, Omsk, Russia.

Component SiO2 Al2O3 Fe2O3 TiO2 K2O CaO MgO MnO Na2O P2O5 LOIa

Magnetic fraction 55.94 14.73 20.2 0.75 0.4 1.28 0.66 0.67 0.28 0.64 4.45
Non-magnetic fraction 62.89 27.01 0.63 1.33 0.35 0.09 0.14 0.18 0.32 0.42 6.77

a LOI e loss on ignition.

Table 3
The elemental compositions [wt. %] of particles from the magnetic and non-
magnetic fractions (see Fig. 4 for the spectra numbers).
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fractions and water were loaded into a flotation chamber, mixed up
for 3min, then mixed with calcium hydroxide for 2min to obtain
pH¼ 11, then mixed with the collector for 1min, mixed with the
frother for 1min and finally floated until the froth mineralisation
stops (~1.5min).

Flotation tailings and the carbon concentrate were first dried at
T¼ 60 �C for 24 h, then weighed to determine the product output,
and finally the carbon and sulphur content was analysed as
described in Section 2.3.

The following flotation efficiency index commonly used in
mineral processing (Vasilyev and Kuskov, 2018) was employed as
an efficiency criterion:

E¼ [(ε-g) / (100 e a)]� ∙100% (1)

where ε is the percentage of carbon extraction from the non-
magnetic fraction; g is the amount of the carbon concentrate
relative to the initial mass of the non-magnetic fraction; a is the
carbon content in the CFA non-magnetic fraction.

2.6. Extraction of aluminum

Leaching of fly ash by hydrochloric acid to extract aluminumwas
carried out in a laboratory home-made autoclave (Fig. 2) using
stainless steel capsules with 50ml Teflon inserts (Deschem, China).
The autoclave temperature was governed by a PID controller with
±1 �C accuracy. The heating time from room temperature up to a
particular temperature was approximately 1 h. The exposure times
at different temperatures (170, 180, 190, 200 �C) were 1, 2, 3, 4 h,
respectively. The HCl concentration was 345 g/l (30%); the ratio
S:L¼ 1:5. The efficiency of aluminum extraction was calculated by
the following formula:

h¼ [Al1 / Al2]� ∙100% (2)

where Al1,2 are the aluminum concentrations after and before
leaching, respectively.

3. Results and discussion

3.1. Wet magnetic separation

Fig. 3 showed the XRD results for the initial CFA (TPS-4, Omsk,
Russia), and for the magnetic & non-magnetic fractions after the
Fig. 4. Typical SEM images of the (a) magnetic and (b) non-magnetic fractions.
wet magnetic separation. It can be seen that the initial CFA consists
mainly of mullite, quartz and magnetite. In general, the mullite
phase is a non-stoichiometric solid solution between SiO2 and
Al2O3 with an approximate formula Al6Si2O13. The quartz and
magnetite phases have stoichiometric formulae SiO2 and Fe3O4,
respectively; however, while quartz is a SiO2 polymorph, magnetite
generally represents a solid solution between FeO and Fe2O3 with a
spinel-type structure that can accommodate other atoms like Ca,
Mg and Mn.

The wet magnetic separation tests demonstrate that the mag-
netic fraction can consist up to 10% of the initial fly ash mass. The
magnetite content in the magnetic fraction after separation in-
creases from 5 to 20wt %. The non-magnetic fraction contains less
than 1wt % of iron oxide, and the Al2O3 amount increases from 24
to 27wt % (Table 2). It can be seen that Ca, Mg, Mn, P occur mainly
in the magnetic fraction, while Ti and C are present in the non-
magnetic fraction. A possible reason for such element separation
is that Ca, Mg and Mn apparently occur in the magnetite phase,
while Ti may be associatedwith the quartz phase and carbon occurs
mostly in a free form, as demonstrated in Section 3.2. It can also be
seen that significant amounts of SiO2 and Al2O3 are present in the
magnetic fraction, which indicates incomplete separation of
magnetite from quartz or/and mullite (see SEM results below).

Morphology of ash particles from the magnetic and non-
magnetic fractions obtained by SEM is shown in Fig. 4(a and b),
while the corresponding elemental spectra are given in Table 3. The
magnetic fraction consists primarily of spherical particles of
30e60 mm, with small cubic crystals (about 1 mm) of magnetite
grown on their surface (see Fig. 5(a and b)) as reported also by other
researchers (J. Li et al., 2017; Valentim et al., 2018). The amount of
magnetite on the particles surface is not significant compared to
the alumosilicate content, which implies that the magnetite con-
centration in the magnetic fraction cannot be increased to 50e75%.
Li and co-workers showed (G. Li et al., 2014) that reductive roasting
of the magnetic fraction with sulphates or carbonates of alkali
metals can produce iron grains with size up to 50 mm, which can
further be separated from the alumosilicate particles by magnetic
separation. The non-magnetic fraction consists of agglomerates of
irregular shape with a size of 20e80 mm (see Fig. 5(c and d)).

Thus, it was found that the magnetite amount in the magnetic
Spectrum O Na Mg Al Si Ca Ti Fe

Magnetic fraction
1 69.40 e 1.47 1.04 5.72 0.62 e 21.75
2 65.53 e e 0.55 1.17 0.70 e 32.05
3 50.92 e e e 10.29 e e 38.79
4 75.07 e 0.20 3.71 19.8 e e 1.22
5 63.52 e 1.82 1.90 3.80 0.53 e 28.43
Non-magnetic fraction
1 72.99 e e 8.97 15.98 0.57 0.37 1.11
2 63.35 e 1.05 4.34 20.21 2.79 6.30 1.96
3 74.16 e e 5.02 20.82 e e e

4 74.35 0.27 0.43 10.80 13.54 0.35 e 0.27
5 59.77 e e 17.35 22.88 e e e



Fig. 5. The enlarged SEM images of CFA particles from the (aeb) magnetic fraction and (ced) non-magnetic fraction.

Table 4
The carbon and sulphur concentrations in the non-magnetic fraction as a function of the particle size.

Particle size, mm Fraction in CFA, % Carbon content, wt. % Sulphur content, wt. %

315e400 0.28 30.9 0.242
200e315 1.65 25.6 0.179
160e200 1.78 18.5 0.128
100e160 17.88 9.96 0.069
71e100 15.46 7.14 0.053
63e71 19.33 5.57 0.041
40e63 18.59 3.72 0.029
40 < 25.02 2.27 0.023
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fraction after separation increases from 5.3 to 20.2wt %, while the
Al2O3 amount in the non-magnetic fraction increases from 24.5 to
27wt %. Further increase of the magnetite fraction is not possible
due to a small size (~1 mm) of its crystals located on the alumosi-
licate spheres.
Fig. 6. The SEM images of carbon particles from the CFA non-magnetic fraction.
3.2. Carbon flotation

The non-magnetic fraction obtained after the wet magnetic
separation contains about 6.5wt % of carbon and 0.04wt % of
sulphur. It was screened into size fractions from 40 to 400 mm, and
the C and S concentrations was determined for each size fraction
(Table 4).

It can be seen from Table 4 that fly ash particles over 100 mm
contain 10-30wt % of carbon and 0.07e0.24wt % of sulphur. Fly ash
particle size distribution and carbon content agree with the re-
ported data by Barto�nov�a (2015). Fig. 6 shows porous spherical
particles that contain most carbon present in fly ash (Hower et al.,
2017). It can be seen that the average size of those particles is bigger
than 200 mm.

It was found (Yang et al., 2018) that the most suitable particle
size for flotation should lie in a range of 40e71 mm Сarbon flot-
ability depends on the pH index, so that with increasing pH the
carbon output into the concentrate increases (Ryabov et al., 2018);
thereby pH¼ 11 was selected in the present work. The ash fraction



Fig. 7. The effect of the collector volume on the flotation efficiency index E: (aeb) for
CFA particles of 40e71 mm after screening non-magnetic fraction carbon; (ced) for CFA
particles of 100e400 mm after grinding to 40e71 mm.
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that contains particles over 71 mm was subjected to grinding and
was further processed by flotation. Kerosene was chosen as the
collector in flotation due to its effectiveness and cheap price (Han
et al., 2018; Ryabov et al., 2016). The results of flotation tests are
shown in Fig. 7(aed), which represent the efficiency index E
(calculated by Equation (1) for carbon and sulphur) as a function of
the collector volume for (a-b) small particles (40e71 mm) processed
by flotation and (c-d) large particles (100e400 mm) first grinded to
40e71 mm and then processed by flotation. It can be seen that the
efficiency index for carbon increases to ~67.8% as the collector
volume changed from 0.5 to 1.5ml. Further increase of the collector
volume to 2ml decreases the E index to 51% (Fig. 7а). As the large-
size (100e400 mm) ash fraction contains significantly more carbon
than the small-size fraction (<100 mm), the collector volume was
increased; the best efficiency was achieved on adding 5ml of
kerosene (Fig. 7(с)). However, as in the case of small-size fraction,
Fig. 8. The SEM micrographs of unburned carbon particles obtained by flotation of the
CFA non-magnetic fraction (the collector volume is 5ml).
an increase of the collector volume to 7.5ml decreases the flotation
efficiency index to 32%, because the larger the collector volume, the
greater the amount of alumosilicate particles collected in flotation.
It can be seen from Fig. 7(b, d) that similar trends were observed for
sulphur flotation, but poorer flotation efficiency indices can be
achieved than those for carbon (the corresponding values are 54
and 33.8%).

Fig. 8 shows micrographs of the carbons fraction after flotation.
The carbon particles are present as ~50 mm porous spherules
(Fig. 8(a and b)) and as dense elongated structures of 80e100 mm
with rounded holes of 1e5 mm diameter (Fig. 8(c and d)). The
maximum carbon content that can be achieved in the concentrate
after flotation was 18wt % with processing only small particles and
26.9wt % with grinding large particles and processing both large
and small particles.

Thus, it was found that the carbon content in the concentrate
after flotation with kerosene as the collector increases from 6.5 to
27wt %. The flotation efficiency index can reach almost 68% for
carbon and 54% for sulphur.
3.3. Autoclave leaching by hydrochloric acid

The XRD analysis of the non-magnetic fraction showed only the
presence of quartz and mullite (see Fig. 3). Mullite is the only phase
that contains aluminum, so the Al extraction process (leaching by
hydrochloric acid) can roughly be represented by the following
reaction:

3Al2O3$2SiO2(s) þ 18HCl(l)¼ 6AlCl3(aq) þ 2SiO2(s) þ 9H2O(l) (3)

The effect of the autoclave temperature and exposure time on
the Al extraction efficiency is shown in Fig. 9. It can be seen that an
increase of the autoclave temperature leads to an increase of the Al
extraction efficiency. The higher extraction efficiency of 90e95%
was observed at temperatures 190e200 �C after ~3 h of leaching.
The chemical composition of the solution obtained at T¼ 200 �C
and t¼ 3 h is as follows [g/l]: Al e 23.6, Fe e 2.1, K e 0.9, Mg e 0.3,
Nae 0.6, Ti e 0.6, Sc e 0.002. A further increase of the Al extraction
efficiency with increasing temperature is believed to be possible,
but it may lead to rapid chemical corrosion of the equipment due to
much higher aggressiveness of HCl at temperatures above 200 �C.
Fig. 9. The effect of the autoclave temperature and exposure time on the Al extraction
efficiency (the solid lines are drawn for eye guidance).



Table 5
The average chemical composition [wt. %] of the solid residue after autoclave leaching of CFA by hydrochloric acid at Т¼ 200 �C, S:L¼ 1:5, t¼ 3 h.

Component SiO2 Al2O3 Fe2O3 TiO2 K2O CaO MgO MnO Na2O P2O5 LOIa

Contents 92.05 3.61 0.12 1.67 0.4 0.34 0.07 0.03 0.23 0.46 1.02

a LOI e loss on ignition.

Fig. 10. XRD pattern of the solid residue after autoclave leaching of CFA by HCl at
Т¼ 200 �C, S:L¼ 1:5, t¼ 3 h.

Fig. 11. The logarithm of the reaction rate constant as a function of reciprocal tem-
perature during the autoclave leaching process.
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The solid residue that is filtrated after leaching consists mainly
of SiO2 (Table 5) with small amounts of Al2O3 and TiO2. The carbon
content is roughly estimated (as LOI) to be around 1wt %. The XRD
analysis shows the presence of quartz and residual mullite (Fig. 10).

This solid residue can further be utilised in ceramic (SiC)
manufacturing (Li et al., 2018; Ma et al., 2017) or as an addition to
Portland cement to increase its toughness (Reches, 2018; Reches
et al., 2018).

Thus, it was found that, using the autoclave HCl leaching pro-
cess, it is possible to achieve the maximum Al extraction efficiency
of ~95% at temperature 200 �C after approximately 3 h. The
aluminum chloride solution obtained in the process can be used as
awater coagulant, while the solid residue can be utilised in ceramic
or cement industries.
3.4. Analysis of the extraction kinetics

The Al extraction process by acid leaching can be described as a
reaction rate process (e.g. Valeev et al., 2018) with a thermally
activated reaction rate constant. The activation energy for hydro-
chloric acid leaching of mullite can then be determined from the
Arrhenius equation for the reaction rate constant k:

k¼ A$exp(�Ea / RT) (4)

where А is the pre-exponential term; Eа is the activation energy; R
is the universal gas constant.

Fig. 11 shows the logarithm of the reaction rate constant as a
function of reciprocal temperature constructed on the basis of the
experimental data (Fig. 9). The activation energywas determined as
a tangent to a linear curve “lnk vs T�1”. It can be concluded from the
obtained value of Ea (55.5 kJ/mol) that the mullite leaching process
is controlled by the corresponding chemical reaction kinetics, not
by diffusion, because Еа> 20 kJ/mol (Tian et al., 2017).

In order to determine a mechanism of Al extraction by hydro-
chloric acid leaching of mullite, microstructure of fly ash particles
was investigated before and after the autoclave leaching process.
Irregular shape particles of 80e90 mm (see Fig. 12, left) were
selected as characteristic particles for the non-magnetic fraction.
The Al and Si elemental mappings in the particles before and after
leaching are also given (Fig. 12, right). It can be seen that all
aluminum present on the surface reacted almost completely with
hydrochloric acid. The remaining Al is evenly distributed in the bulk
and cannot easily be extracted due to surrounding silicon dioxide,
which results in a 90e95% Al extraction efficiency. For better Al
extraction it might be necessary to reduce the particle size down to
40e50 mm, which is not economically reasonable.
4. Conclusions

1) Combined treatment to utilise the coal fly ash waste collected
from the Omsk TPS-4 (Russia) was developed, lab-scale tested
and analysed. Three-stage treatment includes magnetic sepa-
ration of iron-containing fraction, carbon separation by flotation
and aluminum extraction by autoclave acid leaching.

2) The magnetite amount in the magnetic fraction after separation
increases from 5.3 to 20.2 wt %, while the Al2O3 amount in the
non-magnetic fraction increases from 24.5 to 27wt %. The car-
bon content in the concentrate obtained after flotation using
kerosene as the collector reaches ~27wt %.

3) The effect of the autoclave temperature and exposure time on
the aluminum extraction efficiency was investigated for the
autoclave hydrochloric acid leaching process. The Al extraction
efficiency can reach ~95% at the following optimal process pa-
rameters: Т¼ 200 �C, СHCl¼ 345 g/l, t¼ 3 h, S:L¼ 1:5. The acti-
vation energy of the leaching process determined from the
experimental data was 56.5 kJ/mol, which value means that the
leaching process is controlled by chemical reaction kinetics.

4) The XRD analysis demonstrated that CFA consists mainly of
quartz, mullite and magnetite. The microstructure investigation
by SEM showed that the magnetite crystals are grown primarily
on the surface of alumosilicate spheres. It was also found by SEM
that the remaining aluminum (about 5e10%) is evenly distrib-
uted in the bulk SiO2 and its extraction is not economically
feasible.



Fig. 12. The SEM micrographs (left) with Al & Si elemental mappings (right) of the non-magnetic CFA samples: (a) an initial particle before autoclave leaching; (b) a particle after
autoclave leaching by hydrochloric acid at T¼ 200 �C, CHCl¼ 345 g/l, S:L¼ 1:5 and t¼ 3 h.
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