
RSC Advances

PAPER
Medium-tempera
aSchool of Mechanical Engineering, Liaoni

China
bZhundong Energy Research Institute, Xin

831100, Changji, China
cCollege of Mining, Liaoning Technical Un

zhijunma0930@126.com; zys_lgd@126.com

4284-7818
dCollege of Materials Science & Engineerin

123000, China

† These authors contributed equally.

Cite this: RSC Adv., 2024, 14, 11266

Received 28th December 2023
Accepted 20th March 2024

DOI: 10.1039/d3ra08901k

rsc.li/rsc-advances

11266 | RSC Adv., 2024, 14, 11266–112
ture calcination and acid pressure
leaching extract the Al2O3 from coal gangue:
activation mechanism and kinetic analysis

Zhiyong Yang,†ab Yunsheng Zheng, †*c Zhijun Ma, *cd Liang Cheng,c

Guangming Wangc and Ying Qinc

Bauxite is an important strategic resource, and it is facing with the problem of balance between high

demand of bauxite ore and low resource of bauxite reserves in China. This research takes the Fuxin coal

gangue as the object and extracts Al2O3 by medium-temperature calcination and acid pressure leaching

process. The results show that at a calcination temperature of 650 °C, calcination time of 2 h, acid

pressure leaching temperature of 160 °C and acid pressure leaching time of 6 h, the extraction ratio of

Al2O3 reaches 80.19%. Furthermore, the research finding that the complete activation temperatures of

kaolinite and muscovite are 650 °C and 850 °C, respectively, and the decomposition reactions of active

Si, active Al, and metakaolinite occur above 800 °C, which leads to a low extraction ratio of Al2O3. The

acid pressure leaching process can directly destroy the muscovite structure at a calcination temperature

of 650 °C. The acid pressure leaching kinetic equations are studied by three kinetic models, and the

apparent activation energies of the reactions are calculated by the Arrhenius formula. The results show

that acid pressure leaching is subject to solid residue in-layer diffusion control, and the kinetic equation

is “1� 2
3
x� ð1� xÞ23 ¼ 0:7803e

�
� 13:48
8:314T

�
t”. The apparent activation energy is 13.48 kJ mol−1.
1 Introduction

Bauxite is an important strategic resource, and China is the
world's largest producer of alumina. Bauxite is faced with the
problem of balance between the high demand of bauxite ore
and the low resource of bauxite reserves. The dependence on
foreign bauxite in China exceeded 55% at this stage, the import
ratio is expected to reach 80% by 2030.1,2 China's bauxite import
demand is mainly for higher-quality overseas gibbsite bauxite,
which accounts for 75% of global bauxite imports.3 Therefore,
Seeking alternatives to bauxite is important for the sustainable
development of China's aluminum industry. Coal gangue is
a mixture of carbonaceous, muddy, and sandy shale, which is
a solid waste thrown out by coal through the process of mining
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and washing.4,5 It is considered to be a potential mineral
resource and is elemental composed primarily of SiO2 and
Al2O3, which account for approximately 50–80% elemental
composition of coal gangue.6–8 Coal gangue can be used for the
production of chemical products such as alumina,9 aluminum
sulfate,10 and polymeric aluminum chloride,11 as well as for the
preparation of molecular sieve materials.12 Therefore, coal
gangue can be used as a substitute for bauxite to provide raw
materials for the development of the downstream aluminum
industry. Currently, the amount of coal gangue accumulation
has reached 45–50 Bt.13 Massive long-term accumulation of coal
gangue leads to environmental pollution, landslides, and other
problems, threatening the safety of human life and property.14,15

Fuxin is one of the important energy bases in China and is
known as the “city of coal and electricity”. According to the
statistics, there are 23 coal gangue storage sites, covering an
area of 29 037 acres, with a stockpile of 2 Bt in Fuxin. The
accumulation of large amounts of coal gangue puts great
pressure on land resources and the ecological environment. In
addition, the Al2O3 content of coal gangue is in the range of
13.34–18.74% in Fuxin, and it is of great signicance to carry
out Al2O3 extraction studies.16,17

At present, the commonly used methods for extracting Al2O3

from coal gangue include an acid method and an alkali fusion
© 2024 The Author(s). Published by the Royal Society of Chemistry
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method. The alkali fusionmethod has the shortcomings of high
alkali consumption, complex processing, and a large amount of
waste residue, while the acid method of extracting Al2O3 from
coal gangue has the advantages of high efficiency and
simplicity. Guan et al.,18 extracted Al2O3 directly under a hydro-
chloric acid system by adding sodium uoride, and the extrac-
tion ratio of Al2O3 only reached only 70.40%. The structures of
kaolinite, muscovite, and orthoclase within coal gangue are
stable, and hydrochloric acid is not reactive and cannot effi-
ciently extract Al2O3. Therefore, activation treatment is needed
before the acid method,19–22 with thermal activation being the
most common among these methods. Under the action of
thermal activation, internal and external hydroxyl groups are
removed from kaolinite, generating the more active product
metakaolinite, which is benecial to increase the extraction
ratio of Al2O3. Jia et al.,16 used coal gangue with a high mineral
content of kaolinite and a high chemical element content of Al
as the raw material, and applied a calcination process and
atmospheric pressure “one-step acid dissolution method” to
extract Al2O3, for which the extraction ratio reached 94.09%.
The alumina product index reached the international metal-
lurgical grade standard. In contrast, Li17 subjected coal gangue
from the Fuxin area to the “one-step acid dissolution method”
to extract Al2O3, and the extraction ratio reached only 35%. The
reason is that the Al2O3 extracted by the calcination activation
method and one-step acid dissolution method mainly exist in
the form of kaolinite, and the content of kaolinite in the Fuxin
coal gangue is low. Therefore, the “one-step acid dissolution
method” has strict requirements for the content of Al2O3 and
the mineral composition of coal gangue. However, the
aluminum content of coal gangue in China is low, so the above
research is not universal. In this paper, the acid pressure
leaching process is adopted based on a one-step acid dissolu-
tion method. Compared with the above process, the acid pres-
sure leaching provides pressure to the reaction system, and H+

more easily penetrates within the pores of the coal gangue,
improving the extraction ratio of Al2O3.

This research addresses the problem of a low Al2O3 extrac-
tion ratio when performing a “one-step acid dissolution
method” with coal gangue in Fuxin. The complete activation
temperatures of kaolinite and muscovite are 650 °C and 850 °C
respectively, and the decomposition of active Si, active Al, and
metakaolinite occurs above 800 °C, which leads to a low
extraction ratio of Al2O3. Therefore, the key to improving the
leaching rate of alumina from coal gangue in the Fuxin area is
to solve the problem that kaolinite and muscovite cannot be
activated simultaneously. In this paper, the methods of
medium temperature calcination and acid pressure leaching
were used to extract Al2O3. The structure of kaolinite can be
destroyed directly by a medium-temperature calcination
process at a calcination temperature of 650 °C, and the struc-
ture of muscovite can be destroyed directly by an acid pressure
leaching process. It has solved the problem that kaolinite and
muscovite in coal gangue cannot be activated at the same
temperature, and the extraction ratio of Al2O3 is signicantly
improved. This study provides basic data for the high-value
© 2024 The Author(s). Published by the Royal Society of Chemistry
utilization of coal gangue and sustainable development of the
aluminum industry in China.

2 Materials and methods
2.1 Materials

Coal gangue was taken from the Hengda Coal Processing Plant
of the Liaoning Fuminous Group. The coal gangue was passed
through a 200 mesh sieve (0.074 mm) and called CG. The CG
elemental analysis data are shown in Table 1.

2.2 Methods

2.2.1 Medium temperature calcination and acid pressure
leaching of coal gangue. First, a certain amount of coal gangue
(CG), was placed in a box-type electric furnace for calcination at
600–850 °C for 1–3 h. The sample was removed from the furnace
and naturally cooled to room temperature. Thus, a calcined
sample was obtained, and called CG-T-H, where T represents the
calcination temperature, and H represents the calcination time.
Hydrochloric acid solution (2–10 mol L−1) was added to the
calcined sample at a solid–liquid ratio of 1 : 10. The mixture was
stirred evenly, placed in a high-pressure reactor, immersed in
a drying oven at 120 °C (pressure value 0.11 MPa), 140 °C
(pressure value 0.32 MPa), 160 °C (pressure value 0.55 MPa),
180 °C (pressure value 0.82 MPa) under self-generated pressure
for 2–10 h, and then allowed to naturally cool to room
temperature. The sample was then washed with distilled water
(homemade in the laboratory) to neutralize, and dried in a 100 °
C drying oven for 12 h to obtain acid leaching samples, called
SJZ-T-H, where T represents the calcination temperature, and H
represents the calcination time.

2.2.2 Evaluation of the Al2O3 extraction ratio. The mass
fraction of Al2O3 (w0, we) in the samples before and aer acid
pressure leaching was determined using the uorine salt
substituted EDTA complex titration method described in GB/T
1574-2007, and the extraction ratio of Al2O3 (R, %) was calcu-
lated as follows:

R ¼
�
m0w0 �mewe

m0w0

�
� 100% (A.1)

where “R” is the extraction ratio of Al2O3 aer acid pressure
leaching, %. “m0, me” are the mass of the sample before and
aer acid pressure leaching, g. “w0, we” are the mass fraction of
Al2O3 in the sample before and aer acid pressure leaching, %.

2.3 Sample characterization

An X-ray diffractometer (XRD) (D8 ADVANCE, Bruker, Germany)
was used to determine the phase structure of the samples under
the following test conditions: Cu targeted K a-ray, 1.5406 Å
wavelength, 40 kV working voltage, 40 mA tube current, 0.05 s
step length, and 5–70° scanning range. Fourier transform
infrared spectroscopy (FT-IR) (Tensor II, Bruker, Germany) was
used to analyze the chemical bonds of the samples under the
following test conditions: wave number range of 400–
4000 cm−1; a fully automated volumetric vapor adsorption
instrument (3H-2000PMV, BEST) was used to analyze the
RSC Adv., 2024, 14, 11266–11275 | 11267



Table 1 Elemental composition of coal gangue

Component SiO2 Al2O3 Fe2O3 K2O MgO CaO TiO2 P2O5 Loss on ignition

Contents (wt%) 46.19 12.60 7.13 2.19 1.34 2.06 0.74 0.17 25.19
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specic surface area, pore size distribution, and pore volume of
the samples under the following test conditions: degassing
temperature of 573.15 K and degassing time of 4 h. Additionally,
the inuence of medium temperature calcination and acid
pressure leaching on the pore structure of coal gangue was
studied; TG-DSC (STA 449F3, Netzsch, Germany) was used to
study phase changes during sample warming. The test condi-
tions were as follows: temperature increase rate of 10° per min,
temperature range of 0 to 1200 °C, and atmosphere of air; SEM
(Sigma, ZEISS, Germany) was used to analyze the surface
morphology of the samples.
3 Results and discussion
3.1. Effect of calcination temperature on the extraction ratio
of Al2O3

The effect of calcination temperature on the extraction ratio of
Al2O3 was studied. The analysis in Fig. 1 shows that the
extraction ratio of Al2O3 tends to increase and then decrease
with increasing calcination temperature. The extraction ratio of
Al2O3 was highest at a calcination temperature of 650 °C, under
which it reached 80.19%. When the calcination temperature
reached 800 °C, the extraction ratio of Al2O3 decreased signi-
cantly. When the calcination temperature was 850 °C, the
extraction ratio of Al2O3 decreased to its lowest value. This was
due to the metakaolin further decomposing to form amorphous
SiO2, g-Al2O3, and sillimanite (Al2O3$SiO2) at 800 °C, which is
not reactive with hydrochloric acid, resulting in the extraction
ratio of Al2O3 decreased.23
3.2. Effect of calcination time on the extraction ratio of Al2O3

The effect of calcination time on the extraction ratio of Al2O3

was also investigated. The analysis in Fig. 2 shows that the
extraction ratio of Al2O3 tends to increase rst and then stabilize
with increasing calcination time. This is because the calcination
Fig. 1 Effect of calcination temperature on the extraction ratio of
Al2O3.
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time is short, and the calcination process is not sufficient, thus
leading to a low extraction ratio of Al2O3. When the calcination
time reached 2 h, the extraction ratio of Al2O3 was stable and
reached 80.19%. The acid pressure leaching process is accom-
panied by the leaching of Fe, the extraction ratio is 98.11%, so
the iron removal problem should be fully considered in indus-
trial production.
3.3 Activation mechanism

3.3.1 XRD and FT-IR of the samples. The extraction ratio of
Al2O3 is inuenced by the phase structure within the coal
gangue. Changes in the phase structure of the coal gangue,
calcined samples, and acid pressure leaching samples were
analyzed via XRD and FT-IR. Due to the complex mineral
composition of the samples, the FT-IR absorption peaks are
close to each other, and adjacent peaks can easily overlap. The
second-order derivative method was used to analyze over-
lapping absorption peaks in the FT-IR spectra.24 The XRD and
FT-IR results are shown in Fig. 3.

The XRD and FT-IR analyses in Fig. 3a show that the main
phase components of coal gangue are 38.1% quartz, 16.1%
kaolinite, 21.4% orthoclase, 10.3% muscovite, 13.7% chlorite,
and 0.3% iron-bearing minerals (magnetite, hematite, and
pyrite). Based on elemental analysis, the main elemental
components of coal gangue are SiO2, Al2O3, and Fe2O3, which
means that Si exists primarily in the form of quartz. Al and
a portion of Si exist in the form of aluminosilicate minerals. And
Fe exists in the form of chlorite.25,26

The analysis in Fig. 3b shows that the kaolinite diffraction
peak completely disappears at 2q = 8.89° in the XRD pattern,
and the metakaolinite absorption peaks appear at
1065.80 cm−1, 562.91 cm−1, and 481.20 cm−1 in the FT-IR
pattern, under calcination temperature at 650 °C. These
results indicate that the phase structure of kaolinite is trans-
formed to generate more active metakaolinite at a calcination
Fig. 2 Effect of calcination time on the extraction ratio of Al2O3.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 XRD and FT-IR of the samples ((a) CG. (b) CG-T-H. (c) SJZ-T-H).
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temperature of 650 °C.27 When the calcination temperature
reaches 800 °C, these three absorption peaks of metakaolinite
weaken in the FT-IR pattern. These results indicate that the
metakaolinite further decomposes to form amorphous SiO2, g-
Al2O3, and sillimanite (Al2O3$SiO2) at a calcination temperature
of 800 °C. Moreover, hematite diffraction peaks appear at 2q =

33.12° and 35.64°, indicating that the phase structure of the
iron-bearingminerals transforms to hematite. On the one hand,
this is due to the oxidation of Fe2+ to Fe3+ in iron-bearing
minerals;28 on the other hand, the dehydroxylation of iron-
bearing minerals transforms into hematite under calcination
conditions. When the calcination temperature is 850 °C, the
muscovite diffraction peak completely disappears at 2q= 19.88°
in the XRD pattern, and the muscovite absorption peaks
disappear at 827.10 cm−1, 468.81 cm−1, and 423.08 cm−1 in the
FT-IR pattern. These results indicate that the phase structure of
muscovite is transformed at 850 °C. To summarize, it can be
found that kaolinite and muscovite cannot be activated at the
same time by calcination alone, so the “one-step acid
© 2024 The Author(s). Published by the Royal Society of Chemistry
dissolution method” has a low extraction ratio of Al2O3 for coal
gangue in Fuxin.

The analysis in Fig. 3c shows that the method of acid
pressure leaching is further adopted at a calcination temper-
ature of 650 °C, at which point only quartz and orthoclase
diffraction peaks remain, and hematite and muscovite
diffraction peaks disappear in the XRD and FT-IR patterns.
These results indicate that acid pressure leaching can destroy
the muscovite structure within coal gangue. The reason is that
acid pressure leaching provides pressure to the reaction
system, and H+ more easily penetrates within the pores of the
coal gangue, improving the extraction ratio of Al2O3. With an
increase in calcination temperature to 800 °C, further decom-
position of metakaolinite sillimanite (Al2O3–SiO2), which is not
easily leached by acid pressure leaching due to their lower
activity. These changes reduced the extraction ratio of Al2O3

and increased the residual amount of Al2O3,29 resulting in
a reduced diffraction peak intensity for quartz and orthoclase
in the XRD pattern.
RSC Adv., 2024, 14, 11266–11275 | 11269
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In summary, phase structure transformation during the
process of medium-temperature calcination and acid pressure
leaching of coal gangue was analyzed. The phase structure of
kaolinite could be transformed into metakaolinite at a calcina-
tion temperature of 650 °C, and the phase structure of musco-
vite was destroyed by acid pressure leaching, which could
increase the extraction ratio of Al2O3. The problem that the
phase structure of kaolinite and muscovite cannot be activated
at the same time in the “one-step acid dissolution method” is
solved.

3.3.2 Thermogravimetric analysis of coal gangue. Further-
more, thermogravimetric analysis was used to observe the
weight change in coal gangue during the heating process and
research the phase structure change of coal gangue. The TG-
DTA curve analysis in Fig. 4 shows that the weight loss within
the range of 30 to 200 °C is mainly related to the external water
bound to the coal gangue in a mechanical manner and the
internal water bound to the coal gangue in a physicochemical
manner. The temperature reached the maximum rate of weight
loss at 83.8 °C. The overall mass loss was 2.24%, which was
lower than that of coal gangue (Mad = 3.47%). These results
indicate that the water does not disappear completely when the
temperature increases at a rate of 10° per min. The weight loss
in the latter is accompanied by the evaporation of water, so
there is no obvious oxygen uptake weight gain in the weight loss
curve. The weight loss curve produced a signicant weight loss
state at 290.0 °C, and the weight loss rate reached its maximum
at 439.7 °C. These results are due to the oxidative decomposi-
tion and combustion of carbonaceous components within the
coal gangue.30 The rate of weight loss briey increased at 585.5 °
C due to the removal of internal and external hydroxyl groups
from kaolinite within the coal gangue.31 The weight loss from
290.0 °C to 871.5 °C was 21.95%, and the theoretical burn loss
was 24.19%. The observed partial weight loss aer 871.5 °C, was
mainly due to the decomposition of metakaolinite and the
generation of new crystalline phases, leading to a weight loss of
0.81%. The analysis of the DTG curves in Fig. 4 shows that the
processes of coal gangue oxide decomposition, carbonaceous
component combustion, and kaolinite conversion are
exothermic. Therefore, the calcination temperature needed for
the extraction of Al2O3 is higher than the activation temperature
of kaolinite and lower than the temperature at which the
decomposition reaction of metakaolinite occurs.
Fig. 4 TG-DTG-DTA curve of coal gangue.
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3.3.3 Pore structure of samples. Fig. 5 shows the pore
structure of the samples aer coal gangue extraction, calcina-
tion, and acid pressure leaching. The N2 adsorption–desorption
isotherms of all the samples conformed to the type III isotherm
curve. The adsorption capacity approaches 0 in relative pressure
P/P0 < 0.1 partial pressure section, indicating that the samples
contain a small number of micropores. In the relative pressure
0.1 < P/P0 < 0.4 partial pressure section, the adsorption capacity
is low, and there is no inection point, indicating that the
relative force between the samples and nitrogen molecules is
weak. With increasing relative pressure P/P0, the adsorption
capacity also gradually increases, indicating that pores ll the
sample. In the relative pressure 0.8 < P/P0 < 1 partial pressure
section, the adsorption capacity increases sharply, and the
typical capillary coalescence phenomenon occurs; these results
indicate the presence of a certain amount of mesopores within
the samples.32 Calcination has a certain effect on the internal
pore structure of coal gangue. Comparing the coal gangue
(Fig. 5a) with the acid pressure leaching sample (Fig. 5b), the
BET-specic surface area of the samples decreased from
20.5090 m2 g−1 to 10.9940 m2 g−1, the mean pore size increased
from 12.31 nm to 19.08 nm, the pore volume increased from
0.0733 cm3 g−1 to 0.0842 cm3 g−1. The reason is that hydroxyl
group removal from kaolinite within coal gangue and the
chemical bond breakage of mineral components during the
calcination process at 650 °C result in internal defects, collapse,
and hollowing of coal gangue, which will increase the pore size
of coal gangue and reduce the BET specic surface area. Aer
medium temperature calcination and acid pressure leaching of
the coal gangue, the adsorption capacity in the high-pressure
zone of the sample increased, the mean pore size increased to
22.38 nm, and the pore volume increased to 0.1683 cm3 g−1, as
shown in Fig. 5c. The reason is that aer the active aluminum
components, metakaolinite, and muscovite blocked in the
samples are leached by acid pressure leaching, the pore chan-
nels are dredged to increase the specic surface area and the
pore size.

In summary, under medium calcination conditions, the
dehydroxylation of kaolinite and the decomposition of organic
matter lead to the collapse of the skeleton structure and the
production of defects, which increase the pore volume and pore
size. Under pressure acid leaching, the active components,
metakaolinite, and muscovite are leached, leading to channel
dredging and a large number of pores while increasing the pore
volume and specic surface area.

3.3.4 Samples morphology and particle size. Fig. 6a shows
that the presence of the clay minerals of chlorite and kaolinite
causes the coal gangue particles to stick to each other,
agglomerate, and have uneven size distribution of the lumpy
particles. Fig. 6b shows that the coal gangue has a lamellar
morphology and that there are slit holes with lamellar accu-
mulations, which is consistent with the pore structure analysis
in Fig. 5a. From the particle point of view in Fig. 6c and e, Aer
acid pressure leaching of coal gangue samples, the particle size
of the samples did not change signicantly. The carbon
component of coal gangue is removed aer medium-
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Pore structure of the samples.
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temperature calcination, and the surface is smooth in Fig. 6d.
There are obvious cavities and defects in the acid pressure
leaching samples in Fig. 6f, the reason is that active compo-
nents such as metakaolinite were selectively leached from acid
pressure leaching samples, while quartz and orthoclase are not
reactive with hydrochloric acid and will form many voids and
defects on the surface. This is consistent with the increase in
the specic surface area of the SJZ-650-2 sample (Fig. 5c). Laser
particle size analysis was performed on the samples before and
aer acid pressure leaching (Fig. 6g and f), calcination sample
D50 = 13.25 mm, and acid pressure sample D50 = 14.07 mm.
Therefore, it can be considered that the particle size of the
sample did not change basically aer acid pressure leaching,
which is consistent with the analysis results in Fig. 6c and e.
Fig. 7 Unreacted shrinking core model.
3.4 Kinetic analysis of acid pressure leaching

The macrokinetic research method is used to study the kinetic
model and kinetic control type of the coal gangue pressurized
acid leaching process. The coal gangue pressurized acid leach-
ing reaction is a typical liquid–solid noncatalytic reaction.
Quartz and feldspar are not reactive when mixed with
Fig. 6 SEM morphology analysis: ((a and b) – coal gangue; (c and d) –
calcination sample size analysis, (h) – acid pressure leaching sample size

© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrochloric acid, and only active substances are selectively
leached. Therefore, there will be a certain amount of solid
residual products in the acid pressure leaching process. This
result is in line with the kinetic principle of hydrometallurgy33

of the “unreacted shrinking core model” (Fig. 7).
Solid–liquid leaching reaction based on steady state, and

according to Fick's rst law, the total reaction rate of hydro-
chloric acid solution through the boundary layer can be
expressed by the amount of Al2O3 leached per unit time (see
eqn (A.2)).
calcination sample (e and f) – acid pressure leaching sample, (g) –
analysis).

RSC Adv., 2024, 14, 11266–11275 | 11271
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�dN
dt

¼ �SD dC

dr
(A.2)

where “N” is the amount of substance for Al2O3 at reaction time
t, mol; “S” is the reactant particle surface area, m2; “D” is the
diffusion coefficient, m2 s−1; and “dC/dr” is the concentration
gradient, mol m−4.

It is assumed that the density of coal gangue is r, the radius
is r, the surface area is S, and the relative molecular weight of
the material involved in the leaching reaction isM. The amount
of substance at time t of reaction between surface area and
alumina is expressed by eqn (A.3) and (A.4).

S = 4pr2 (A.3)

N ¼
4

3
pr2

M
(A.4)

Because the radius of the coal gangue particle is not easy to
obtain during the reaction process, the relationship between
the extraction ratio X of Al2O3 and reaction time is chosen to
express the kinetic equation. N0 was set as the amount of initial
substance in the reaction, and the Al2O3 extraction ratio is
shown in eqn (A.5).

X ¼ N0 �N

N0

¼ 1� r3

r03
(A.5)

where “X” is the extraction ratio of Al2O3, %; “r” is the particle
radius of coal gangue at reaction time t, mm; and “r0” is the
initial reaction particle radius, mm.

When the acid pressure leaching process is controlled by the
diffusion boundary layer, C1 z 0, then the amount of substance
leached Al2O3 per unit time is shown in eqn (A.6).

�dN
dt

¼ C0DS

d1
(A.6)

where “S” is the surface area of the coal gangue particles in the
solid residual layer, m2 g−1.

It is assumed that the reaction particle size during the
process of Al2O3 acid pressure leaching does not change with
the reaction and that S is a constant. The kinetic equation of
external diffusion control is shown in eqn (A.7).

X = k1t (A.7)

where “k1” is the rate constant of the external diffusion process.
When the acid pressure leaching process is controlled by

internal diffusion of the solid residual layer, then the amount of
substance leached Al2O3 per unit time is shown in eqn (A.8).

�dN
dt

¼ SD2

dC

dr
(A.8)

where “D2” is the diffusion coefficient of the hydrochloric acid
solution in the solid residual layer, m2 s−1.

It is assumed that the volume of the residual layer is equal to
the volume of coal gangue particles and that r0 remains
unchanged; then, C1 z C0 and C2 z 0. Eqn (A.3) can be
substituted into eqn (A.8) and integrated to obtain eqn (A.9).
11272 | RSC Adv., 2024, 14, 11266–11275
�dN
dt

¼ 4pD2 r0r

r0 � r
C0 ¼ 4p

r

M
r2
dr

dt
(A.9)

To construct eqn (A.9), r is represented by X to obtain the
internal diffusion equation of the solid residual layer, which is
shown in eqn (A.10).

1� 2

3
X � ð1� XÞ23 ¼ k2t (A.10)

where “k2” is the internal diffusion reaction rate constant.
When the acid pressure leaching process is controlled by

a chemical reaction, the chemical reaction is a rst-order
reaction, and the amount of substance leached Al2O3 per unit
time is shown in eqn (A.11).

�dN
dt

¼ kSC0 (A.11)

Eqn (A.3) and (A. 5) are substituted into eqn (A.11) and the
integral result is shown in eqn (A.12).

r0 � r0ð1� XÞ
1
3 ¼ kC0M

r
t (A.12)

The equation for chemical reaction control is shown in eqn
(A.13).

1� ð1� X Þ
1
3 ¼ k3t (A.13)

where “k3” is the rate constant of the chemical reaction
process.

The results of tting the temperature and time of the acid
pressure leaching process on the Al2O3 extraction ratio and
kinetic analysis are shown in Fig. 8.

Aer 6 h of acid pressure leaching of coal gangue, the
extraction ratio of Al2O3 no longer increased, so the kinetic
equation was tted to the data of the Al2O3 extraction ratio from
0–6 h. The results of the boundary layer diffusion control, solid
residue in-layer diffusion control, and chemical reaction control
t are shown in Fig. 8. The data were tted to give the reaction
rate constant k and the correlation coefficient R2. Among them,
the internal diffusion reaction control equation ts the best, the
linear correlation coefficient R2 > 0.93, and the tted straight
line tends to be close to the origin. Therefore, it can be judged
that the process of acid pressure leaching Al2O3 from coal
gangue is likely controlled by solid residue in-layer diffusion
control.

The activation energy of the acid pressure process was
calculated according to the “Arrhenius” formula (A.14) and
(A.15):

k ¼ Ae
�Ea

RT (A.14)

ln k ¼ ln A� Ea

RT
(A.15)

where “k” is the apparent reaction rate constant, “Ea” is the
apparent activation energy, kJ mol−1, “R” is the molar gas
constant, 8.314 J (mol−1 K−1), and “A” is a constant. The tting
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 Acid pressure leaching data and kinetic fitting results ((a) – acid pressure leaching temperature and time relationship, (b) – ccid pressure
leaching kinetics fitting results).

Fig. 9 Arrhenius fitting results for acid pressure leaching reactions.

Paper RSC Advances
curves of “ln k− 1/T” for Al2O3 are shown in Fig. 9. The apparent
activation energies can be calculated from the slope of the
tting equations based on the Arrhenius formula, where the
slope is “−Ea/RT” and the intercept is “ln A”.

The tted linear equation in Fig. 9, ln k = −0.24808 −
1.62122× 1/T, the activation energy Ea= 13.48 kJ mol−1 and A=

0.7803. Therefore, the kinetic equation of the coal gangue acid
pressure leaching process is:
© 2024 The Author(s). Published by the Royal Society of Chemistry
1� 2

3
x� ð1� xÞ23 ¼ 0:7803e

�
� 13:48
8:314T

�
t (A.16)

Based on the “one-step acid dissolution method”, the
extraction ratio of Al2O3 reached 80.19% by the acid pressure
leaching process, which has certain advantages compared with
the alkali method and atmospheric pressure acid leaching
method (Table 2). First of all, the alkali method has a higher
extraction ratio of Al2O3, but the sintering temperature is much
higher than that of the acid pressure leaching process, and
a higher energy consumption is required. In addition, the
alkaline process produces a large amount of calcium silicate
waste residue in the production process, resulting in low envi-
ronmental benets. Although the submolten salt method and
supercritical water method reduces the activation energy
consumption, it needs to consume a lot of strong alkali and
cannot be recycled, resulting in high cost and difficult to ach-
ieve large-scale production. In addition, supercritical water
method uses strong alkali for extraction at high temperature
and pressure, resulting in simultaneous leaching of Si and Al,
resulting in difficult separation in later stage. The acid pressure
leaching provides pressure to the reaction system, and H+ more
easily penetrates within the pores of the coal gangue and
RSC Adv., 2024, 14, 11266–11275 | 11273



Table 2 Comparison of Al2O3 extraction process data

Number Technology Method
Origin of raw
materials

Calcination/sintering
temperature (°C)

Alumina extraction
ratio (%) Reference source

1 Alkali process Limestone sintering method Datong 1260 85.6 35
2 — 1340–1360 80 36
3 Submolten salt method Pingshuo 280 87.47 37

Supercritical water method Shanyin 400 78.9 38
4 Acid process Acid atmospheric leaching Luan 800 62.4 39
5 Fuxin 700 35 17
6 Acid pressure leaching Fuxin 750 80.19 This work

RSC Advances Paper
extracts the Al2O3 inside the muscovite and other minerals that
are not fully activated. The extraction ratio of Al2O3 from Fuxin
coal gangue is increased from 35% to 80.19%. The problem of
simultaneous activation of muscovite and kaolinite was solved
without increasing the complexity of the process, and the
extraction ratio of Al2O3 was improved. It has been calculated
that 84.56 kg of Al2O3 can be extracted for every 1000 kg of coal
gangue consumed, and at the same time, high silica waste
residue will be le, which can prepare molecular sieve mate-
rials.34 In addition, acid pressure leaching is self-generated
pressure in the heating process, without external pressure
treatment, which can adapt to industrial scale production.
China's bauxite imports more than 60 million tons, to achieve
the industrial production of coal gangue extraction Al2O3, can
reduce the import pressure of bauxite, with high economic
value and environmental benets. However, the extraction
process will produce HCl gas, which has a certain impact on the
environment. The HCl can be condensation recovered and then
recycled. At the same time, hydrochloric acid is corrosive, easy
to cause the erosion of pipelines and equipment, the produc-
tion of pipelines and equipment materials have higher
requirements.
4 Conclusions

(1) Medium-temperature calcination and acid pressure leaching
effectively improved the extraction ratio of Al2O3 from the Fuxin
coal gangue. At a calcination temperature of 650 °C, calcination
time of 2 h, HCl concentration of 8 mol L−1, acid pressure
leaching temperature of 160 °C, and acid pressure leaching time
of 6 h, the dissolution ratio of Al2O3 reached 80.19%.

(2) The complete activation temperatures of kaolinite and
muscovite are 650 °C and 850 °C, respectively. The decompo-
sition reaction of active Si, active Al, and metakaolinite occurs
above 800 °C, and these minerals decompose to form amor-
phous SiO2, g-Al2O3, and sillimanite (Al2O3–SiO2), which leads
to a low extraction ratio of Al2O3. The research used medium
temperature calcination and acid pressure leaching process, the
phase structure of kaolinite could be transformed into meta-
kaolinite at a calcination temperature of 650 °C, and the phase
structure of muscovite was destroyed by acid pressure leaching,
which could achieve the purpose of increasing the extraction
ratio of Al2O3. The problem that the phase structure of kaolinite
andmuscovite cannot be activated at the same time in the “one-
step acid dissolution method” is solved.
11274 | RSC Adv., 2024, 14, 11266–11275
(3) The acid pressure leaching process of Al2O3 can be
described by the “unreacted shrinking core model”, and its reac-
tion rate is controlled by solid residue in-layer diffusion control.
The apparent activation energy of the acid pressure leaching Ea =
13.48 kJ mol−1, and the kinetic rate equation of the acid pressure

leaching is “1� 2
3
x� ð1� xÞ23 ¼ 0:7803e

�
� 13:48
8:314T

�
t”.
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