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Abstract: Coal fly ash (CFA) is a waste that forms via coal combustion in thermal power stations.
CFA consists of numerous components, whose recovery can address environmental and resource
concerns associated with sustainable development. Most of the alumina (Al2O3) and rare-earth
elements (REEs) in CFA are contained in the amorphous glassy mass and in the refractory mullite
phase (3Al2O3·SiO2), which can be dissolved only using high-pressure acid leaching (HPAL). In this
paper, the method of preactivation of CFA by treatment with a highly concentrated NaOH solution
is used to increase the efficiency of Al and Sc extraction during HPAL. This method allows for the
elimination of an inert aluminosilicate layer from the surface of mullite, transferring the REEs into an
acid-soluble form. The Al and Sc extraction can reach 80% after HCl HPAL at T = 170 ◦C and a 90 min
duration. According to the kinetic data, the dissolution of Al follows the surface chemical reaction and
intraparticle diffusion shrinking core models in the initial and later stages of leaching, respectively.
A high activation energy of 52.78 kJ mol−1 was observed at low temperatures, and a change in
the mechanism occurred after 170 ◦C when the activation energy decreased to 26.34 kJ mol–1. The
obtained activation energy value of 33.51 kJ mol−1 for Sc leaching indicates that diffusion has a strong
influence at all studied temperatures. The residue was analysed by SEM-EDX, XRF, BET, and XRD
methods in order to understand the mechanism of DCFA HPAL process.

Keywords: coal fly ash; hydrochloric acid; desilication; kinetics; shrinking core model; Al extraction;
Sc extraction

1. Introduction

Coal ash (CA) is a waste generated via the process of coal combustion in thermal power
plants (TPP). More than a billion tons of CA are produced each year in the world [1,2].
The chemical composition of CA varies based on the coal deposit and the method of coal
combustion [3,4]. Regardless of the combustion method, CA contains a large amount of
aluminum oxide and REEs, which makes it a promising raw material for smelter-grade
alumina and REE concentrate production. The CA also contains up to 65 wt.% of silica,
which prevents effective extraction of Al by alkaline methods. In addition, the CA obtained
in pulverized coal boilers at T > 1100 ◦C transforms the aluminosilicates in coal into mullite,
which can be dissolved in acid using hydrometallurgical methods only in a high-pressure
reactor [5]. CA is also divided into bottom ash and fly ash—a fine fraction of ash, which is
carried away with waste gases [6,7]. CFA yields more than 80%, and its fine composition
eliminates the need for additional milling, so many studies have focused on extracting
alumina from the fly ash [8,9].

In previous investigations, various approaches for CFA treatment for alumina ex-
traction have been proposed, including alkaline [10–12], acidic [13–15], and combined, as

Metals 2023, 13, 1994. https://doi.org/10.3390/met13121994 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13121994
https://doi.org/10.3390/met13121994
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-9684-9628
https://orcid.org/0000-0002-8820-7502
https://doi.org/10.3390/met13121994
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13121994?type=check_update&version=1


Metals 2023, 13, 1994 2 of 13

well as preliminary thermal activation [5,16] or sintering with an additive [17–19]. Acid
methods are considered the most effective for high-silica raw materials treatment [20,21] as
they allow for the silica to remain in the residue after the acid leaching, without the loss of
Al and NaOH with the desilication product [22,23]. But, to recycle CFA from pulverized
boilers, it is necessary to use an HPAL process at T > 200 ◦C [24]. It requires the use of more
expensive equipment and increases energy consumption. It has been suggested to use
mechanical activation [25,26], thermal treatment [27], or conversion of mullite to sodium
aluminate by fusion with sodium compounds [28] to lower the leaching temperature, as
this phase is easily dissolved into inorganic acids.

Our previous investigations have revealed that a novel method of CFA desilication
employing a highly concentrated NaOH solution can eliminate the amorphous aluminosili-
cate layer from CFA particles without a highly alkali desilication formation [29,30]. The
desilication process leads to an increase in the rare earth elements extraction from CFA
by acid leaching, even at atmospheric pressure [31]. However, the Al extraction did not
exceed 40%. This article is devoted to the investigation of Al extraction from desilicated
CFA by the HPAL process at T = 150–190 ◦C using HCl, since it was shown [24] that HCl
can immediately produce coagulants with a high added value compared to other acids.
The effect of technological parameters, such as time and the ratio of liquid to solid (L:S
ratio) on the extraction of Al and Sc, was studied. The experimental data that was obtained
was processed using neural networks and a shrinking core model to examine the leaching
kinetics and establish the mechanism of the HPAL process. The solid residue from CFA
leaching was studied using scanning electron microscopy with energy dispersive analysis
(SEM-EDS), X-ray phase analysis (XRF), laser diffraction (LD), and BET. The temperature of
the HPAL process can be reduced from 210 ◦C to 170 ◦C with the same level of Al extraction
by using preliminary desilication. Furthermore, it is shown that more than 90% of Sc can
be extracted simultaneously.

2. Materials and Methods
2.1. Raw Materials

CFA used in this investigation was taken from the Reftinskaya TPP in Asbest, Russia,
where coal is pulverized into boilers for combustion at a temperature higher than 1300 ◦C.
Table 1 shows the concentration of main components in CFA and CFA after desilication
(DCFA) with NaOH at 110 ◦C, 20 min, an L:S ratio of 10:1, and an NaOH concentration of
400 g L–1. Desilication was carried out with simultaneous magnetic fraction recovery [30].
Table 1 shows that the raw CFA is composed of 62.43 wt.% of SiO2, 24.66 wt.% of Al2O3,
and 3.32 wt.% of Fe2O3. After desilication with magnetic fraction recovery, the Al2O3
content increases to 44.30 wt.%, while the SiO2 and Fe2O3 content reduce to 36.17% and
1.83%, respectively. The Na2O content in DCFA did not exceed 1 wt.%. Prior to conducting
a kinetics investigation, DCFA underwent a sieving process to obtain a narrow particle size
range of 50 µm to 73 µm. The Al2O3 and Sc content of this fraction was almost identical
to DCFA and was 44.45% and 0.0041%, respectively. Figure 1 shows the results of XRD
analysis of CFA and DCFA samples. Particle size distribution of DCFA can be found
elsewhere [29,30].

Table 1. Concentration of main components in the Reftinskaya Thermal Power Plant (TPP) coal fly
ash (CFA) and desilicated CFA (DCFA).

Sample
Components (wt.%)

SiO2 Al2O3 CaO Fe2O3 TiO2 MgO Na2O K2O LOI Sc C

Raw CFA 62.43 24.66 1.60 3.32 1.12 0.43 0.72 0.94 3.70 0.0023 1.60
Desilicated CFA 36.17 44.30 3.40 1.83 1.85 0.86 0.92 0.08 7.30 0.0040 2.67
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of analytical quality (NaOH and HCl) were used. 
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Figure 1. XRD patterns of the Reftinskaya TPP coal fly ash (CFA) and coal fly ash after desilica-
tion (DCFA).

The desilication process appeared to result in the absence of an amorphous glassy
mass in DCFA (galo at 20–50◦ in the raw CFA). The morphology of DCFA particles was
examined using SEM-EDX analysis (Figure 2). Figure 2 shows that DCFA consisted of
spherical agglomerates of needle-shaped mullite particles. In this study, chemical reagents
of analytical quality (NaOH and HCl) were used.

2.2. Experimental Procedure

HPAL experiments were conducted using a DT-50 stainless-steel high-pressure reactor.
A 50 mL beaker of fluoroplastic F4 was inserted into the reactor. The reactor was positioned
in a 500 mL oil bath, which was mounted on a ZNCL-GS130 magnetic stirrer (Lichen
Instrument Technology Co., Ltd., Shaoxing, China). An opening was made in the lid of
the fluoroplastic beaker for the installation of a thermocouple. The thermocouple was
placed 2 cm above the bottom of the beaker so it could accurately measure the temperature
of the slurry during leaching. The slurry was stirred at 300 rpm using a magnet stirrer.
The temperature of the oil was 220 ◦C at the time of heating. When the temperature in
the reaction zone reached 150–190 ◦C, the temperature was fixed. The leaching reagent
used was 30% hydrochloric acid. The L:S ratio was from 4:1 to 6:1. The leaching time
at T = 150–190 ◦C was 30–90 min. In order to conduct kinetic studies, experiments were
carried out with the selection of 7 points in the time interval of 15–90 min of leaching at a
temperature range of 150–190 ◦C, with a step of 10 ◦C at a fixed L:S ratio of 5. Additionally,
experiments were conducted at various L:S ratios ranging from 4 to 6, with a step of 1 at
a fixed temperature of 170 ◦C. After leaching, the reactor was cooled for 15 min in cold
running water until the slurry temperature decreased to 70 ◦C. Then, the reactor was
opened, and the slurry was filtered. After washing, the residue was dried at T = 105 ◦C for
12 h.

A Box–Benken design was made using the software Statistica 13 (TIBCO, Hamburg,
Germany) to minimize the impact of different variables on each other and diminish the
number of tests. This design consisted of three blocks of 15 experiments. The variables
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were adjusted at three distinct levels. The output parameters included the extraction of
Al and Sc. A statistically driven, automated neural network (SANN) was employed to
examine the impact of HCl leaching parameters on Al and Sc extraction from DCFA. The
SANN modeling was executed using Statistica 13 software.
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2.3. Analysis

The concentration of main components in DCFA and the residues obtained after HPAL
were analysed by dissolution of the solid with a mix of concentrated hydrofluoric, sulphuric,
and nitric acids. Then, the residue was fused with boric acid and soda. The fusing product
was leached with 1 N HCl to obtain a solution for an inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis on a Vista Pro spectrometer (Varian Optical
Spectr., Mulgrave, Australia). The metal concentration in the acid solutions after leaching
and slurry filtration was also measured using ICP-OES.

A Difrei-401 diffractometer (JSC Scientific Instruments, Saint Petersburg, Russia) was
used to determine the main phase of DCFA and HPAL residue. The SEM images of the
solid products were studied using SEM-EDX analysis on a Vega III (Tescan, Brno, Czech
Republic). The determination of the specific surface area of the products was carried out by
the BET method, employing NOVA 1200e (Quantachrome Instruments, Boynton Beach, FL,
USA). Prior to BET analysis, all samples were degassed under vacuum for 6–8 h at 200 ◦C.

The amounts of Al and Sc extracted from DCFA (X) were calculated using Equation (1),
as follows:

X = (m1 × X1 − m2 × X2)/(m1 × X1), (1)

where m1 is the original sample amount (g); X1 is the concentration of component in the
original sample (%); m2 is the leaching residue amount (g); and X2 is the concentration of
component in the residue (%).

3. Results and Discussion
3.1. The Effect of Variables on the Al and Sc Extraction from DCFA

Table 2 presents a matrix of experiments displaying the levels of the primary parame-
ters and the extraction of Al and Sc obtained at these parameters. The experimental data
were processed by a neural network. The most suitable network was a multilayer percep-
tron “3-10-2” (R2 = 98.6%), where “3” is the number of parameters, “10” is the number
of hidden neutrons layers and “2” is the number of dependent parameters. The response
surfaces for Al extraction are depicted in Figure 3.

Table 2. Experimental plan matrix.

Time (min) Temperature (◦C) L:S Ratio Al Extraction (%) Sc Extraction (%)

90 170 4 75.7 82.6
60 150 4 64.7 69.7
90 150 5 71.0 70.5
60 170 5 76.2 76.3
60 190 6 85.7 88.4
60 190 4 82.8 86.2
60 170 5 76.7 76.9
90 170 6 80.9 86.7
30 170 4 54.7 69.3
30 190 5 84.3 84.5
60 170 5 76.5 77.7
30 150 5 62.1 78.6
60 150 6 60.4 73.9
30 170 6 59.5 75.5
90 190 5 88.6 87.0

Figure 3 illustrates that the leaching time and temperature exert a significant influence
on the extraction of Al. The increase in leaching time from 30 to 90 min at 170 ◦C results
in an increase in Al extraction from 55% to 79%. The increase in temperature from 150 to
190 ◦C results in an increase in the extraction of Al from 64% to 87% after 90 min of leaching.
The increase in the L:S ratio from 4 to 6 at 170 ◦C results in an increase in Al extraction of
only 11% after 90 min, as depicted in Figure 3b.
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Figure 4 shows the response surfaces obtained by the model for extracting Sc from
DCFA. The process temperature affects Sc extraction the most. Increasing the temperature
from 150 to 190 ◦C increases the Sc extraction from 70% to 89% after 90 min of leaching.
Increasing the time from 30 to 90 min at 170 ◦C increases the Sc extraction from 71% to 81%.
Increasing the L:S ratio from 4 to 6 at the same temperature increases the Sc extraction from
79% to 82% after 90 min of leaching.
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3.2. Leaching Kinetics

The research was continued by studying the kinetics of the Al and Sc extraction from
the DCFA. Various equations of the shrinking core model [32,33] were used to describe the
process. This model is utilized to identify the limiting stage of a heterogeneous chemical
reaction, which prevents the shrinkage of the initial component’s core and yields a porous
reaction product that can impede the diffusion of the leaching agent into the particles. The
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shape of the kinetic curve allows the model to identify the limiting stage. The equations
used to describe the process are as follows:

X = kt (external diffusion), (2)

[1 − (1 − X)1/3] = kt (surface chemical reaction), (3)

[1 − 2/3X − (1 − X)2/3] = kt (internal diffusion). (4)

where X is the share of leaching; k is the rate constant, 1/s; t—time, s. Figure 5 shows the
fitting of the experimental data obtained using Equations (2)–(4).
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(lines): (a) extraction of Al; (b) extraction of Sc.

The results of the fitting in Figure 5 show that the internal diffusion model is the
most suitable for describing the process at the average temperature. Nonetheless, when
describing the initial 30 min of leaching, Equation (3) for the surface chemical reaction
is more appropriate. When the product layer is not large enough at the beginning of
the process, the reaction itself can limit the dissolution of Al from the mullite. When the
core is compressed, the reagent inside the particle or the product outside slows down the
leaching process.

Figure 5b shows that, for Sc extraction, the dissolution proceeds very rapidly during
the initial leaching time, and, eventually, saturation is reached. Fitting becomes difficult,
but the internal diffusion equation still fits better. When describing the initial 30 min of
leaching, the internal diffusion equation also exhibits a highly satisfactory fit.

The results of fitting the data to the internal diffusion equation at different temper-
atures and L:S ratios are shown in Figure 6a,c. It is evident that the model is suitable to
describe the process at all temperatures and L:S ratios. The Arrhenius equation (Equa-
tion (5)) was used to determine the apparent activation energy of the leaching based on the
obtained values of the chemical reaction rate constant.

k = k0 exp (−Ea/RT). (5)

where k—rate constant, s−1; Ea—apparent activation energy, kJ mol−1; R—universal gas
constant, J K−1·mol−1; T—temperature, K.

It can be seen that at low temperatures (150–170 ◦C), the activation energy is
52.78 kJ mol−1. At high temperatures (170–190 ◦C), the mechanism changes, and the
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activation energy decreases to 26.34 kJ mol−1. This is attributable to the rapid leaching
at elevated temperatures, which in turn leads to the rapid expansion of the product’s
inert layer.

By plotting the graph in the coordinates lnk—lnγ (logarithm of the rate constant
versus logarithm of the L:S ratio), the order of the L:S ratio was determined to be 0.882. The
modest effect of the L:S ratio on the rate of the process suggests a small effect of external
diffusion on the process for a given concentration of HCl.
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As demonstrated in previous studies [31,34], the initial desilication of CFA particles
facilitates the conversion of REEs into a readily soluble form after the removal of the
amorphous glassy mass from the surface of CFA particles. Therefore, Sc extraction using
the HPAL process is intensive, especially at T = 190 ◦C (Figure 7). As a result, the equations
of the shrinking core model are poorly suited to describe the leaching process. Therefore,
the data obtained were not used to estimate the activation energy and the L:S ratio order.
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3.3. Solid Residue Characterisation

To discover the solid phase, which may be an inert product that limits diffusion, the
residue from the HCl leaching of DCFA was examined. The XRD patterns of DCFA residues
after the HPAL process at different temperatures and leaching times are shown in Figure 8.
It is evident that the XRD pattern of residue obtained at a temperature of 150 ◦C after a
duration of 5 min of leaching exhibits no significant changes in comparison to the raw
DCFA sample. A significant decrease in the intensity of the mullite peaks is observed after
15 min of leaching at T = 170 ◦C. This is likely to explain the high Al extraction rates at the
initial moment of leaching.
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The exposure of mullite particles after the desilication process and its high surface
area of 40.2 m2 g−1 (Table 3) enhanced the leaching kinetics. After 30 min of leaching at the
same temperature, a small amount of mullite was left. To completely dissolve the mullite
phase, more than 60 min of leaching at 190 ◦C was required. This fact confirms that the
rate-limiting step in the late stages of Al leaching is diffusion.

The data presented in Table 3 demonstrate that the number and size of pores in the
DCFA residue following HCl leaching significantly enhances its specific surface area. The
increase in leaching time from 5 to 60 min and temperature from 150 ◦C to 190 ◦C does not
increase the specific surface area. On the contrary, it exhibits a slight decrease. The residue
remaining after HCl leaching is unlikely to be quartz, as it is represented by separate
particles in the raw CFA [29]. At the same time, an amorphous phase (in the range of
30◦–40◦) appears on the XRD pattern of the residue obtained at T = 170 ◦C and 190 ◦C.
This can be the amorphous silica phase that remains after the Al is extracted from mullite.
Therefore, amorphous silica may be the product that prevents acid diffusion into the core
of the unleached mullite.

Table 3. The physical properties of DCFA and the residue after HPAL process.

Sample Specific Surface
Area (m2 g−1)

Pore Volume
(cm3 g−1) Pore Diameter (nm)

DCFA 14.9 37.0 17.7
Residue at T = 150 ◦C,

τ = 5 min 44.1 130.0 69.3

Residue at T = 170 ◦C,
τ = 15 min 40.2 129.0 69.0

Residue at T = 170 ◦C,
τ = 30 min 41.5 132.0 69.2

Residue at T = 190 ◦C,
τ = 60 min 40.4 128.0 69.2

Table 4 shows the chemical composition of the solid residue obtained after 30 min of
leaching at 170 ◦C. It can be seen that the solid residue is mainly composed of silicon and
can be used to produce silica white [35–37] or silicon carbide ceramics [38–40].

Table 4. Chemical composition of the solid residue after 30 min of leaching at 170 ◦C.

Sample
Components (wt.%)

SiO2 Al2O3 CaO Fe2O3 TiO2 MgO Na2O K2O LOI Sc C

HPAL
solid residue 71.96 13.94 2.27 2.19 3.26 0.28 0.36 0.03 5.30 0.0009 4.70

Figure 9 shows the SEM-EDS images of the product resulting from the HCl leaching at
temperatures of 170 ◦C and 190 ◦C. The residue obtained at 170 ◦C contains, on average,
more Al than the sample obtained at T = 190 ◦C (Figure 9a). Figure 9b shows that on the
mullite surface, there are areas with a minimum Al and maximum Si content. The residue
obtained at 190 ◦C is highly corroded (Figure 9c). The surface of mullite particles exhibits
a greater degree of smoothness in comparison to particles obtained at a temperature of
T = 170 ◦C. This fact could explain a certain decrease in the specific surface area of the
residue sample (Table 3). The limitation of the process is caused by internal diffusion, which
suggests that mechanical activation could be employed to further enhance the process [25].
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4. Conclusions

The kinetics of the HPAL process for preliminary desilicated CFA were investigated in
this study. The main conclusions are as follows:

1. After 90 min of leaching, more than 80% of Al and Sc can be extracted from desilicated
coal fly ash at 170 ◦C. The kinetic results obtained at various temperatures showed
that Al dissolution follows the surface chemical reaction and diffusion-controlled
shrinking core models during the initial and later stages of leaching, respectively.
At low temperatures, a high activation energy of 52.78 kJ mol−1 was observed,
then a change in the mechanism occurred when the activation energy decreased to
26.34 kJ mol−1.

2. The extraction of Sc from desilicated CFA in the high-pressure leaching process is very
intense, especially at high temperatures. As a result, the equations of the shrinking
core model are poorly suited to describe the process. Amorphous silica may be the
product that prevents acid diffusion inside the particles to the core of unleached
mullite, according to the results of SEM-EDS analysis.
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