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mina and silica from high-silica
bauxite by sintering with sodium carbonate
followed by two-step leaching with water and
sulfuric acid

Yue Sun, a Aifang Pan, *ab Yuzhao Ma*c and Jie Changc

Efficient utilization of high-silica bauxite andminimization of bauxite residue are of great significance for the

sustainable development of the alumina industry. In this paper, a novel process is proposed to extract Al2O3

and SiO2 from high-silica bauxite without residue discharge, that is, sintering bauxite with Na2CO3 followed

by two-step leaching with water and sulfuric acid. The effects of the sintering parameters on the process

were investigated, and the phase transformations during sintering and leaching were revealed by using

phase diagram, thermogravimetric analysis (TGA) and differential scanning calorimetric (DSC), X-ray

diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS)

methods. When the mixture of the high-silica bauxite and Na2CO3 with mole ratio of Na2O/(Al2O3 +

SiO2) of 1 was sintered at 950 °C for 30 min, diaspore and kaolinite were primarily converted into

Na1.95Al1.95Si0.05O4 and an amorphous phase, respectively. In the water leaching process,

Na1.95Al1.95Si0.05O4 was dissolved while the amorphous phase underwent some transformations to form

the water leaching residue, resulting in ∼84% of Al2O3 being extracted for alumina production. In the

sulfuric acid leaching process, the amorphous phase in the water leaching residue dissolved, resulting in

∼13% of Al2O3 and ∼86% of SiO2 being extracted for the production of polyaluminium ferric sulfate

(PAFS) and silica gel, respectively. The silica gel had a high purity, containing more than 88% of SiO2 after

drying.
1 Introduction

Silica is a major impurity in bauxite ores, which is commonly
present as quartz (SiO2) and phyllosilicate minerals such as
kaolinite (Al4[Si4O10](OH)8), illite (KxAl4Si8−xAlxO20(OH)2) and
pyrophyllite (Al2[Si4O10](OH)2).1,2 When producing alumina
from bauxite using the Bayer process, the reactive silica is
transformed into insoluble sodium aluminosilicate hydrate
known as desilication product (DSP), resulting in a severe loss
of alumina and caustic soda.3–5 As a result, high-silica bauxite,
in which reactive silica is above ∼8%, cannot be economically
processed by the conventional Bayer process.2 With the increase
of alumina production, high-grade bauxite is rapidly consumed,
leading to an increase in the proportion of high-silica bauxite.
Efficient development and utilization of high-silica bauxite has
become an urgent and signicant challenge for the alumina
industry.
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Many methods have been developed to extract alumina
from high-silica bauxite, which can be broadly classied into
four main categories, as shown in Table 1. Among these
methods, most are at the experimental stage and only a few
have been applied industrially. The otation-Bayer process has
been widely applied in the alumina reneries, but it intro-
duces large amounts of hazardous organic reagents and
produces tailings totaling of about 25% of the initial bauxite
ores in weight.25,26 The lime Bayer process has been also
employed to process a portion of high-silica bauxite, but it
cannot economically process the bauxite with a mass ratio of
alumina to silica (A/S) lower than 5.7 For processing high-silica
bauxites with A/S < 5, the lime-soda sintering process and its
various combinations with the Bayer process are the preferred
choice.27 However, they are barely economically viable due to
the high operating costs. In addition, the extraction of silica is
rarely considered by the methods listed in Table 1. Only in the
chemical beneciation of high-silica bauxite, silica is extracted
into alkali solutions and is used to produce silicate products
such as 4A zeolite.28,29 In other methods, silica is le in the
bauxite residue.

Bauxite residue is a solid waste le over aer extracting
alumina from bauxite. When high-silica bauxite is used as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Classification of methods for processing high-silica bauxite

Category Description Limitation Method Development stage

Pre-desilication of high-
silica bauxite followed by the
Bayer process

Improving the A/S of high-
silica bauxite by physical,
chemical and biological
beneciation methods to
meet the requirement of the
Bayer process

Physical beneciation
discharges a lot of tailings,
wasting serious resources.
Chemical beneciation is
difficult in recycling
desilication solutions and
high in production costs.
Biological beneciation has
a long processing period and
an unstable desilication
efficiency

Flotation6 Industrial application
Alkali leaching7 Experimental stage
Roasting-alkali leaching8 Experimental stage
Reduction roasting-alkali
leaching9

Experimental stage

Biological desilication10 Experimental stage

The Bayer process variations Converting the reactive
silica into hydrogarnet or
calcium silicate by adding
lime and adjusting digestion
conditions, resulting in
a lower loss of caustic soda

Adding large amount of lime
increases the burden of
solid–liquid separation and
the sodium carbonate
content in sodium
aluminate solution.
Increasing alkali
concentration leads to
a difficult solid–liquid
separation and a greater
evaporation energy
consumption

The lime Bayer process11 Industrial application
The calcication–
carbonization process12

Experimental stage

The hydro-chemical
process13

Experimental stage

The sub-molten salt
process14

Experimental stage

Sintering processes Converting silica into
insoluble dicalcium silicate
during sintering and
separating it with soluble
sodium (or calcium)
aluminate during leaching

Sintering processes are high
in energy consumption and
poor in economic efficiency

The lime-soda sintering
process15

Industrial application

The lime-soda sintering
process variations16,17

Experimental stage

The lime sintering process18 Stop production aer
application

Acid methods Processing bauxite with acid
or ammonium salt to get
aluminum salt solution and
leaving silica in the residue

Acid has a serious corrosion
on equipment, while
ammonium salt has
a potential ammonia leak. In
addition, impurities in
aluminum salt solutions are
difficult and costly to
remove

Ammonium sulfate
roasting-water leaching19,20

Experimental stage

Acid leaching21–23 Experimental stage
Thermal or mechanical
activation-acid leaching24

Experimental stage
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View Article Online
a feedstock for alumina production, more bauxite residue is
discharged compared to processing high-grade bauxite.30 At
present, most bauxite residues are sent to dams for storage,
taking up large amounts of land and incurring signicant costs
for the construction and maintenance of the dams.31,32 In
addition, long-time storage of bauxite residue poses a potential
threat to the surrounding environment and may cause safety
accidents such as leakage and dam failure.33 Therefore, mini-
mization and recycling of bauxite residue should be considered
in the production of alumina. However, the alkali methods
listed in Table 1 rarely take this aspect into account. Only the
calcication–carbonization process proposed to recycle bauxite
residue for preparing cement.34 Compared with the alkali
methods, the acid methods produce less residue which is highly
enriched in silica and can be used as a raw material for inor-
ganic silica products.19,23

Alkali methods are well established in the production of
alumina, while acid methods have advantages in the mini-
mization and recycling of bauxite residue. Therefore, an
attempt can be made to combine the alkali and acid methods.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In our previous studies, a novel combined alkali-acid process
was proposed to extract aluminum, silicon and iron from silver
tailings.35,36 In the present study, the process was adapted to
realize the extraction of Al2O3 and SiO2 from high-silica
bauxite without residue discharge, as shown in Fig. 1. First,
high-silica bauxite is activated by sintering with Na2CO3.
Second, water leaching is conducted at atmospheric pressure
to extract most of Al2O3 from the sintered sample into the
sodium aluminate solution, which can be used to produce
alumina by desilication, carbonation decomposition and
calcination. Third, sulfuric acid leaching is conducted at
atmospheric pressure to extract SiO2 and the remaining Al2O3

from the water leaching residue into the acid leaching solu-
tion, which can be used to produce silica gel and poly-
aluminium ferric sulfate (PAFS) by aging, separation,
concentration and polymerization. This study aims to inves-
tigate the effects of sintering temperature (850–1050 °C), sin-
tering time (10–50 min) and the mole ratio of Na2O/(Al2O3 +
SiO2) (0.6–1.4) on the extraction of Al2O3 and SiO2, and to
reveal the process mechanism using phase diagram,
RSC Adv., 2023, 13, 23254–23266 | 23255
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Fig. 1 Flowsheet for extraction of alumina and silica from high-silica
bauxite.
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View Article Online
thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC), X-ray diffraction (XRD), scanning electron
microscope (SEM) and energy dispersive spectrometer (EDS)
techniques.
Fig. 2 Characterizations of the high-silica bauxite: (a) XRD pattern; (b) p

23256 | RSC Adv., 2023, 13, 23254–23266
2 Experimental
2.1 Raw materials

The high-silica bauxite sample used in this study had been
described in our previous study, which has a high Al2O3 content
of 62.92%, a high SiO2 content of 16.72%, a low A/S of 3.76, and
a mineral composition (Fig. 2(a)) dominated by diaspore
(63.4%) and kaolinite (31.2%).37 The particle size distribution
(Fig. 2(b)) of the high-silica bauxite indicates that 80% of the
particles are distributed in the range of 3.15–21.74 mm with
a D50 value of 9.48 mm. The SEM images (Fig. 2(c) and (d)) and
EDS results (Table 2) of the high-silica bauxite indicate that
diaspore particles are primarily in massive and slaty structure,
while kaolinite particles are primarily in layer structure. The
particle distribution and morphological characteristics of the
high-silica bauxite favor its sintering reaction with Na2CO3.

All the chemical reagents used in the study are analytically
pure. The concentration of concentrated sulfuric acid is
18 mol L−1, which was diluted with distilled water to the spec-
ied concentration.
2.2 Methods and processes

The high-silica bauxite was mixed evenly with various amounts
of Na2CO3 in a ceramicmortar. Themixtures were transferred to
a muffle furnace and sintered for a certain time aer the
temperature is raised to a specied level. The sintered samples
were cooled to room temperature and then ground to below 74
mm in particle size for leaching. The experimental ranges of
Na2CO3 dosage, sintering temperature and sintering time were
article size distribution; (c and d) SEM images.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elemental compositions of bauxite particles from EDS anal-
ysis (wt%)

Element O Al Si Ca Ti Fe

Spot 1 54.27 25.20 17.86 — 1.56 1.11
Spot 2 51.06 27.13 19.55 — 0.71 1.55
Spot 3 53.36 41.46 3.38 — 0.66 1.24
Spot 4 46.03 43.19 4.86 3.37 1.22 1.33
Average 51.18 34.25 11.41 0.84 1.04 1.31
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View Article Online
determined by phase diagram calculation, simultaneous
thermal analysis and previous experience, respectively.

The sintered samples were leached in distilled water at 75 °C
for 15 min with a solid/liquid ratio of 1 g/15 mL. Water leaching
residues were separated from the slurries, washed ve times
with hot distilled water, and then dried at 105 °C for 2 h. The dry
residues were leached in a 2 mol L−1 sulfuric acid solution at
room temperature for 10 min with a solid/liquid ratio of 1 g/10
mL. Aer acid leaching, no solid–liquid separation was per-
formed. The acid leaching solutions were aged at 85 °C for 1.5 h
to precipitate silica gel, which was subsequently separated and
washed with hot distilled water until neutral. The silica gels
were dried at 110 °C for 12 h to obtained silica powders.

The contents of Al2O3 and SiO2 in solid samples were
analyzed by complexometric titration and spectrophotometry
(or hydrouoric acid gravimetry), respectively. The recovery
efficiencies of Al2O3 and SiO2 were calculated according to the
following equations.
Fig. 3 Calculated phase diagram of the Na2O–Al2O3–SiO2 system (A – A
N2S – Na4SiO4, N5S – Na10SiO7, NAS6 – NaAlSi3O8, Mul – mullite, Nph

© 2023 The Author(s). Published by the Royal Society of Chemistry
hA1 = [1 − (cA2/cS2)/(cA1/cS1)] × 100% (1)

hA2 = (m2 × cA2 − m3 × cA3)/(m1 × cA1) × 100% (2)

hAT = hA1 + hA2 (3)

hS = m3 × cS3/(m1 × cS1) × 100% (4)

where hA1, hA2 and hAT represent the recovery efficiencies of
Al2O3 in water leaching, acid leaching and total process,
respectively, hS represent the recovery efficiency of SiO2, m1, m2

and m3 are the masses of sintered sample, water leaching
residue and silica powder, respectively (g), cA1, cA2 and cA3 are
the contents of Al2O3 in sintered sample, water leaching residue
and silica powder, respectively (%), and cS1, cS2 and cS3 are the
contents of SiO2 in sintered sample, water leaching residue and
silica powder, respectively (%).
2.3 Characterizations of solid samples

Particle size distribution was analyzed by a Bettersize 2000 laser
particle size analyzer. Chemical compositions were determined
by a Shimadzu 1800 X-ray uorescence (XRF) spectrometer. X-
ray diffraction (XRD) patterns were recorded on a Rigaku D/
MAX 2000 X-ray diffractometer and the mineral compositions
were identied using the Jade soware. Thermo-gravimetric
analysis (TGA) and differential scanning calorimetric (DSC)
were performed using a Mettler Toledo 1/1600 simultaneous
thermal analyzer at a heating rate of 10 °C min−1 in a nitrogen
atmosphere. The micromorphology and element distribution
were conducted by a scanning electron microscopy equipped
l2O3, N –Na2O, S – SiO2, NA – NaAlO2, NA9 – NaAl9O14, NS – Na2SiO3,
– nepheline, Sl – slag, s – solid, l – liquid, s.s. – solid solution).

RSC Adv., 2023, 13, 23254–23266 | 23257
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Fig. 4 TG and DSC curves of the mixture of bauxite and Na2CO3 with N/(A + S) = 1 under nitrogen (a) and air (b)37 atmospheres.
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with energy disperse X-ray spectrometry (MLA650F, F.E.I.).
Specic surface area was analyzed by a Brunauer–Emmett–
Teller (BET) surface area analyzer (Nova Station A,
Quantachrome).
3 Results and discussion
3.1 Setting of experimental parameters

In the sintering process, Na2CO3 dosage, sintering temperature
and sintering time are the key parameters affecting the
Fig. 5 Effects of sintering temperature (a), sintering time (b), and N/(A +

23258 | RSC Adv., 2023, 13, 23254–23266
extraction of Al2O3 and SiO2. A theoretical analysis must be
performed to rationalize the experimental range of these
parameters.

The dosages of sintering additives are usually determined by
the contents of the major components in bauxite. In the tradi-
tional lime-soda sintering process, the dosages of Na2CO3 and
CaO are controlled by the molar ratios of Na2O/Al2O3 z 1 and
CaO/SiO2 z 2 to ensure the formations of NaAlO2 and Ca2SiO4,
respectively.16,38 In this study, both Al2O3 and SiO2 would react
with Na2CO3 due to the absence of CaO. Therefore, the molar
S) (c) on the recovery efficiencies of Al2O3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effects of sintering temperature (a), sintering time (b), and N/(A + S) (c) on the recovery efficiency of SiO2 and the purity of silica powder.
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ratio of Na2O/(Al2O3 + SiO2) (N/(A + S)) should be used as the
indicator for controlling Na2CO3 dosage.

Phase diagram calculations are generally used to model the
equilibrium behavior of multi-component systems at various
compositions and temperatures.39 The experimental range of
N/(A + S) could be determined by analyzing the equilibrium
phase changes in the Na2O–Al2O3–SiO2 system. The phase
diagram of the Na2O–Al2O3–SiO2 system was calculated using
the phase diagram module of FactSage soware based on the
FACT oxide compounds and solutions (FToxid) databases, as
shown in Fig. 3. When the mole fraction of Na2O is less than
0.41, Al2O3, SiO2 or NaAl9O14 appear as stable phases, indi-
cating that Na2O is insufficient to fully react with Al2O3 and
SiO2. When the mole fraction of Na2O is above 0.57, Na2O is
present as one of the stable phases, indicating its excess in the
system. As the mole fraction of Na2O is in the range of 0.41–
0.57, the stable phases are NaAlO2 solid solution coupled with
Na2SiO3, Na4SiO4 or a liquid slag. Among them, NaAlO2 solid
solution is the effective phase for alumina extraction. There-
fore, it is more appropriate for the mole fraction of Na2O
between 0.41–0.57, which is converted to N/(A + S) of 0.69–1.33.
Considering that minor amounts of Fe2O3, TiO2 and other
components in bauxite would have a certain inuence on
Na2CO3 dosage, the experimental range of N/(A + S) was
extended to 0.6–1.4 in this study.

In order to determine the experimental range of sintering
temperature, the thermal behavior of the mixture of bauxite
and Na2CO3 with N/(A + S) = 1 during heating was analyzed by
TGA/DSC under a nitrogen atmosphere, as shown in Fig. 4(a).
Table 3 Chemical composition of the solid samples obtained at optima

Component Al2O3 SiO2 Fe2O3

Sintered sample 42.3 � 1.0 11.4 � 0.4 2.7 � 0
Water leaching residue 20.0 � 0.6 34.4 � 0.9 9.5 � 0
Silica powder 1.1 � 0.2 88.2 � 1.7 0.6 � 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
There were three endothermic peaks at 89 °C, 508 °C and
849 °C, and one exothermic peak at 1068 °C on the DSC curve.
The endothermic peaks at 89 °C and 508 °C were primarily
attributed to the removal of adsorbed water and structural
water, respectively. Accordingly, signicant weight losses
were observed around 89 °C and 508 °C on the TG curves.
Aer removing the structural water, diaspore (a-Al2O3$H2O)
and kaolinite (Al2O3$2SiO2$2H2O) were transformed into
alpha-alumina (a-Al2O3) and metakaolinite (Al2O3$2SiO2),
respectively, which can further react with Na2CO3 to form
NaAlO2 solid solutions (Na2−xAl2−xSixO4, x # 0.55) eventu-
ally.37 Therefore, the weight loss in the TG curve above 600 °C
was primarily attributed to the release of CO2 from the reac-
tion between bauxite and Na2CO3. The third endothermic
peak was located at about 849 °C, where the melting of
Na2CO3 signicantly increased the reaction rate between
bauxite and Na2CO3,40 resulting in a signicant increase in
the weight loss rate of the TG curve. Thus, the sintering
temperature should be set above 849 °C to improve the sin-
tering efficiency and shorten the sintering time. The TG curve
was no longer signicantly losing weight upon reaching
a temperature of about 1050 °C, indicating that Na2CO3 was
fully involved in the reaction with bauxite. Therefore, the
experimental upper limit of the sintering temperature could
be set at 1050 °C. In summary, the range of sintering
temperature investigated in this study was set as 850–1050 °C.
According to Fig. 3, the stable phases at 850–1050 °C were
primarily NaAlO2 solid solution and a liquid slag. The
exothermic peak at 1068 °C indicated that some exothermic
l sintering parameters (wt%)

CaO Na2O TiO2 LOI

.2 0.6 � 0.1 39.2 � 0.8 1.6 � 0.1 1.7 � 0.3

.3 2.3 � 0.1 9.2 � 0.5 5.5 � 0.3 16.2 � 1.9

.2 0.5 � 0.1 0.6 � 0.1 2.6 � 0.3 6.5 � 1.5

RSC Adv., 2023, 13, 23254–23266 | 23259
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Fig. 7 XRD patterns of sintered samples (a, c and e) and water leaching residues (b, d and f).
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reactions occurred in the temperature range of 1000–1100 °C.
In addition, the TGA/DSC results under nitrogen atmosphere
are highly similar to those under air atmosphere (Fig. 4(b))
that we studied previously,37 indicating that different
23260 | RSC Adv., 2023, 13, 23254–23266
atmospheres and variable oxygen exposure have no obvious
impact on the sintering process.

The sintering time depends on the reaction rate, which in turn
depends on the sintering temperature. In our previous studies, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XRD pattern (a) and SEM images (b–d) of the sintered sample obtained at optimal sintering parameters.

Table 4 Elemental compositions of the sintered sample particles from
EDS analysis (wt%)

Element O Na Al Si Ca Ti Fe

Spot 5 33.82 31.52 27.02 5.68 0 0.64 1.32
Spot 6 22.81 32.3 31.2 6.42 0 3.53 3.74
Spot 7 32.39 36.3 18.09 3.82 0.38 0.48 1.21
Average (5–7) 29.67 33.37 25.44 5.31 0.13 1.55 2.09
Standard deviation 5.99 2.56 6.70 1.34 0.22 1.72 1.43
Spot 8 33.83 26.88 16.52 5.32 0.36 1.31 3.71
Spot 9 34.11 29.02 14.93 4.94 0.78 1.63 3.44
Spot 10 33.36 32.71 15.04 5.45 1 3.99 8.45
Average (8–10) 33.77 29.54 15.50 5.24 0.71 2.31 5.20
Standard deviation 0.38 2.95 0.89 0.27 0.33 1.46 2.82
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sintering time was usually set to 30 min.36,37 In this study, the
experimental range of sintering time was set to 10–50 min.
3.2 Effects of sintering parameters on the extraction of
alumina and silica

The effects of sintering temperature, sintering time, and N/(A +
S) on the extraction of Al2O3 and SiO2 were investigated
sequentially according to the set experimental ranges, and the
results were shown in Fig. 5 and 6.

As shown in Fig. 5, the sintering parameters have
a signicant impact on the recovery efficiencies of Al2O3.
Under the conditions of N/(A + S) = 1 and a sintering time of
30 min, the recovery efficiency of Al2O3 in water leaching
process (hA1) was rst increased and then decreased when the
sintering temperature was increased from 850 °C to 1050 °C
© 2023 The Author(s). Published by the Royal Society of Chemistry
and reached a maximum value of 84.2% at 950 °C. Under the
conditions of N/(A + S) = 1 and a sintering temperature of
950 °C, hA1 increased signicantly when the sintering time
was prolonged from 10 min to 30 min. Upon further pro-
longing the sintering time to 50 min, hA1 was stabilized at
about 84%. Under the conditions of a sintering temperature
of 950 °C and a sintering time of 30 min, hA1 continued to
increase from 37.3% to 87.1% when N/(A + S) was increased
from 0.6 to 1.4, and the increase became gradually lower. The
recovery efficiency of Al2O3 in acid leaching process (hA2)
showed an opposite trend to that of hA1, while the total
recovery efficiency of Al2O3 (hAT) showed a similar trend to
that of hA1 with lower rangeability. hAT was maintained above
90%, up to 98.3%.

As shown in Fig. 6, the sintering parameters had little effect
on the recovery efficiency of SiO2 (hS), but had a signicant
effect on the purity of silica powder (PS). hS was mainly
distributed in the range of 85–89% with slight variations. Silica
powder had a high purity of 87–90% under the conditions of
sintering temperature of 950–1050 °C, sintering time of 30–
50 min or N/(A + S) = 1–1.4. But under other conditions, the
purity of silica powder was lower.

According to the above experimental results, the optimal
sintering parameters were selected as sintering temperature of
950 °C, sintering time of 30 min and N/(A + S) = 1. Under these
conditions, hA1, hA2, hAT, and hS were 84.2%, 13.5%, 97.7% and
86.4%, respectively. The silica powder obtained at optimal
sintering parameters had a purity of 88.2%. The chemical
compositions of the corresponding solid samples are shown in
Table 3.
RSC Adv., 2023, 13, 23254–23266 | 23261
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Fig. 9 XRD pattern (a) and SEM images (b–d) of the water leaching residue obtained at optimal sintering parameters.

Table 5 Elemental compositions of the water leaching residue parti-
cles from EDS analysis (wt%)

Element O Na Al Si Ca Ti Fe

Spot 11 44.16 9.37 11.06 18.09 2.16 3 5.87
Spot 12 40.75 10.52 12.34 19.06 2.2 3.99 11.14
Spot 13 41.64 8.75 11.06 16.9 2.55 2.89 6.95
Average (11–13) 42.18 9.55 11.49 18.02 2.30 3.29 7.99
Standard deviation 1.77 0.90 0.74 1.08 0.21 0.61 2.78
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3.3 Phase transformations

The phase transformations in the sintered samples and water
leaching residues obtained at various sintering parameters were
analyzed by XRD, and the results are shown in Fig. 7.

Fig. 7(a) shows the XRD patterns of the sintered samples
obtained at different sintering temperatures. At 850 °C, the
crystallographic phases in the sintered sample were primarily
Na1.95Al1.95Si0.05O4 and Na1.75Al1.75Si0.25O4. In addition, trace
amounts of a-Al2O3 and Na2CO3 were also present in the sin-
tered sample, indicating that the reaction between bauxite and
Na2CO3 had not yet fully occurred. As the sintering temperature
increased to 950 °C, the diffraction peaks of Na1.75Al1.75Si0.25O4,
a-Al2O3 and Na2CO3 weakened, while those of Na1.95Al1.95-
Si0.05O4 increased in intensity, indicating that Na1.75Al1.75-
Si0.25O4, a-Al2O3 and Na2CO3 reacted to form
Na1.95Al1.95Si0.05O4. At 950 °C and above, only Na1.95Al1.95Si0.05-
O4 and Na1.75Al1.75Si0.25O4 were detected in the sintered
samples, and the former was gradually converted into the latter
with increasing temperature. According to the TGA/DSC
23262 | RSC Adv., 2023, 13, 23254–23266
analysis (Fig. 4), the transformation of Na1.95Al1.95Si0.05O4 into
Na1.75Al1.75Si0.25O4 was exothermic. Fig. 7(b) shows the XRD
patterns of the water leaching residues corresponding to the
sintered samples in Fig. 7(a). At 850 °C, only a-Al2O3 was
detected in the water leaching residue. As the sintering
temperature increased to 1050 °C, the diffraction peaks of a-
Al2O3 weakened and disappeared, while those of Na1.75Al1.75-
Si0.25O4 arose and increased in intensity. At 950 °C and above,
only Na1.75Al1.75Si0.25O4 were detected in the water leaching
residues. In addition, an amorphous peak was present in where
2q is in the range of 20–40°, indicating the presence of amor-
phous phase in the water leaching residues.

The XRD patterns of the sintered samples and water leaching
residues obtained at different sintering times were shown in
Fig. 7(c) and (d), respectively. The changes in the XRD patterns
at 10–30 min presented similar trends to those at 850–950 °C in
Fig. 7(a) and (b). When the sintering time prolonged from
30 min to 50 min, the XRD patterns had no obvious changes
anymore.

The XRD patterns of the sintered samples obtained at
different N/(A + S) were shown in Fig. 7(e). When N/(A + S) was
0.6, Na1.75Al1.75Si0.25O4, a-Al2O3 and Na1.95Al1.95Si0.05O4 were
detected in the sintered sample, in which Na1.75Al1.75Si0.25O4

played a dominant role. As N/(A + S) increased from 0.6 to 1.4,
Na1.75Al1.75Si0.25O4 and a-Al2O3 transformed into Na1.95Al1.95-
Si0.05O4 entirely. In addition, the diffraction peaks of Na2CO3

and NaAlO2 arose at N/(A + S) of 1.2 and 1.4, respectively. The
presence of Na2CO3 in the sintered samples suggested an over-
dosing of it. The XRD patterns of the water leaching residues
corresponding to the sintered samples in Fig. 7(e) were shown
in Fig. 7(f). When N/(A + S) was 0.6, Na1.75Al1.75Si0.25O4 and a-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagram of the process mechanism at optimal sintering parameters.
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Al2O3 were detected in the water leaching residue. As N/(A + S)
increased from 0.6 to 1.4, the diffraction peaks of Na1.75Al1.75-
Si0.25O4 and a-Al2O3 weakened and disappeared, leaving only
those of amorphous phases.

Comparing the major phases in the sintered samples
(Fig. 7(a), (c) and (e)) with those in the corresponding water
leaching residues (Fig. 7(b), (d) and (f)), it can be known that
Na2CO3, Na1.95Al1.95Si0.05O4 and NaAlO2 were entirely dissolved
during water leaching, while Na1.75Al1.75Si0.25O4 was partially
dissolved, and a-Al2O3 was not dissolved. Therefore, the
extraction of Al2O3 in water leaching process was primarily
related to the formation and transformation of Na2−xAl2−xSixO4

(x = 0, 0.05 and 0.25) in the sintered samples. According to
Fig. 5, hA1 was relatively low when Na1.75Al1.75Si0.25O4 was
dominant in the sintered samples, and signicantly increased
with the transformation of Na1.75Al1.75Si0.25O4 into
Fig. 11 Diagram of the formation mechanism of silica gel.43

© 2023 The Author(s). Published by the Royal Society of Chemistry
Na1.95Al1.95Si0.05O4. When Na1.95Al1.95Si0.05O4 was further con-
verted into NaAlO2, hA1 increased only slightly. In the water
leaching process, few SiO2 in the sintered sample was leached
out with the dissolution of Na1.75Al1.75Si0.25O4 and Na1.95Al1.95-
Si0.05O4, while most of SiO2 was le in the water leaching
residue. Aer water leaching, a-Al2O3, Na1.75Al1.75Si0.25O4, and
an amorphous phase were retained in the water leaching resi-
dues, where one of the latter two phases dominated. According
to the experimental phenomena, the water leaching residues
without a-Al2O3 was almost completely dissolved during acid
leaching, indicating that Na1.75Al1.75Si0.25O4 and the amorphous
phase have excellent acid solubility. As a result, almost all the
remaining Al2O3 and SiO2 in the water leaching residue were
extracted, leading to high levels of hAT, hS and the purity of silica
powder. In contrast, hAT was lower when a-Al2O3 was present in
the water leaching residue, indicating that a-Al2O3 was difficult
RSC Adv., 2023, 13, 23254–23266 | 23263
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Fig. 12 Photographs of silica gel (a) and silica powder (b); XRD pattern (c) and SEM images (d and e) of silica powder.
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to dissolve during acid leaching. As a result, the purity of silica
powder was also lower.

The optimal sintering parameters (950 °C, 30 min and N/(A +
S) = 1) were selected to compare the identied phases in Fig. 7
with the thermodynamic predictions of Fig. 3. The identied
phases in the sintered sample were primarily Na2−xAl2−xSixO4 (x
= 0.05 and 0.25), which are NaAlO2 solid solutions predicted by
thermodynamics. In addition to the NaAlO2 solid solutions,
a liquid slag was also predicted by thermodynamics, which
contained most of the SiO2 in the Na2O–Al2O3–SiO2 system. The
crystallinity of the sintered sample was calculated to be 80.3%,
indicating the presence of an amorphous phase, which is the
main Si-bearing phase in the sintered sample and corresponds
to the liquid slag predicted by thermodynamics.

3.4 Micromorphology

In order to further reveal the process mechanism, the micro-
morphology of the sintered sample and water leaching residue
obtained at optimal sintering parameters were observed and
analyzed.
Table 6 Comparison between the novel process and the lime-soda sin

Process Sintering parameters

Recovery effi

Al2O3

The lime-soda sintering process 1250–1350 °C 88–92%
C/S = 2, N/A = 1

The novel process 950 °C 97.7% (84.2
PAFS)N/(A + S) = 1

23264 | RSC Adv., 2023, 13, 23254–23266
Fig. 8 shows the XRD pattern and SEM images results for the
sintered sample. According to Fig. 8(b), the particles in the
sintered sample could be divided into two groups. As shown in
Fig. 8(c), the rst kind of particles were loose and porous
aggregates of ne lamellar crystals, which is favorable for water
leaching. According to Fig. 8(a), the crystalline phase in the
sintered sample was primarily Na2−xAl2−xSixO4 (x = 0.05 and
0.25). Combined with the EDS results of spot 5–7 (Table 4), it
could be concluded that the rst kind of particles mostly con-
sisted of Na2−xAl2−xSixO4 (x = 0.05 and 0.25). As shown in
Fig. 8(d), the second kind of particles were in the form of dense
blocks with smooth surfaces and numerous microscopic pores
inside. The micromorphology indicated that the second kind of
particles were amorphous, which veries the presence of an
amorphous phase in the sintered sample. According to Table 4,
the second kind of particles (spot 8–10) contained less Na, Al
and more Ca, Ti, Fe compared to the rst kind of particles (spot
5–7). The average A/S of these two kinds of particles were 4.23
and 2.61, respectively, while that of the sintered sample was
3.71. Based on the difference in A/S, the proportion of the rst
tering process

ciency
Emission of
residueSiO2 Fe2O3

— — >1.5 t per t-Al2O3

% for alumina, 13.5% for 86.4% 95.9% 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and second kinds of particles was calculated to be about 68%
and 32%, respectively.

Fig. 9 shows the XRD pattern and SEM images of the water
leaching residue obtained at optimal sintering parameters.
According to Fig. 9(a), the water leaching residue was primarily
composed of amorphous phases. As shown in Fig. 9(b)–(d), the
amorphous particles were primarily massive, with rough
surfaces and numerous dissolution pores, which was inferred to
be the result of partial dissolution and secondary reactions of
the amorphous phase particles in the sintered sample during
water leaching. The EDS results of the amorphous particles in
the sintered sample (Table 4) and water leaching residue (Table
5) show that the contents of Na and Al decreased aer water
leaching, while those of Si, Ca, Ti and Fe increased relatively,
further conrming the above inference. As a result, the A/S of
the amorphous particles decreased to 0.56, which was similar to
that of the water leaching residue (0.58). In addition, the
particles in the water leaching residue have a size of less than
100 mm and a porous structure, which favors acid leaching.
3.5 Discussion of the mechanism and advantages of the
novel process

Based on the above analysis results, the phase transformations
of the Al- and Si-bearing minerals during sintering and leaching
were revealed. In addition, the formation mechanism and
application of silica gel were discussed.

In this study, diaspore and kaolinite are the main Al- and Si-
bearing minerals in the high-silica bauxite, respectively. In the
sintering process, diaspore and kaolinite were primarily con-
verted into Na2−xAl2−xSixO4 (x = 0, 0.05 and 0.25) and an
amorphous phase by fully reacting with sufficient Na2CO3. In
the water leaching process, Na2−xAl2−xSixO4 (x = 0, 0.05 and
0.25) dissolves completely or partially depending on the x value,
while the amorphous phase partially dissolves and undergoes
some secondary reactions. The residual amorphous phase and
Na2−xAl2−xSixO4 (x = 0.25) formed the main body of the water
leaching residue and were almost completely dissolved in the
subsequent acid leaching process. If the dosage of Na2CO3 is
insufficient or the sintering reaction does not fully occur, a part
of diaspore would be dehydroxylated to form a-Al2O3, which is
insoluble in both the water leaching and acid leaching
processes. Fig. 10 shows the proposed mechanism at optimal
sintering parameters.

According to Table 3, the chemical composition of the water
leaching residue was dominated by SiO2, Al2O3 and Fe2O3,
which underwent the following reactions during acid
leaching.41,42

M2SiO4(s) + 2H2SO4(aq) / H4SiO4(aq) + 2MSO4(aq) (5)

Al2O3(s) + 3H2SO4(aq) / Al2(SO4)3(aq) + 3H2O (6)

Fe2O3(s) + H2SO4(aq) / Fe2(SO4)3(aq) + 3H2O (7)

Accordingly, the compositions of the acid leaching solu-
tion were dominated by H4SiO4, Al2(SO4)3, and Fe2(SO4)3.
H4SiO4 will gradually polymerize in the acid leachate,
© 2023 The Author(s). Published by the Royal Society of Chemistry
forming dimers, trimers, cyclic oligomers and up to silica
gels,43,44 as shown in Fig. 11. Pure silica gel was obtained
using the method described in Section 2.2, as shown in
Fig. 12(a). The silica gel has excellent water absorbing prop-
erties, containing 90–95% water, which can be processed as
a water retention agent, desiccant, or absorbent. The silica
powder (Fig. 12(b)) obtained by drying silica gel has a high
purity of 87–90%, which is primarily amorphous according to
Fig. 12(c). As shown in Fig. 12(d) and (e), the amorphous
silica particles are primarily layered and thus have a specic
surface area of up to ∼406 m2 g−1. Therefore, the silica gel
can also be used as a raw material for the production of silica-
based products. Aer separating out silica gel, the remaining
solution had Al2(SO4)3 and Fe2(SO4)3 as the main compo-
nents, which can be used to produce PAFS.35

The above process realizes the comprehensive utilization of
high silica bauxite and has obvious advantages compared with
the traditional lime-soda sintering process, as shown in Table 6.
First, lime is not introduced into the sintering process, reducing
the material ow and improving the production efficiency.
Second, the sintering temperature is reduced from 1250–1350 °
C to 950 °C, resulting in lower sintering energy consumption.
Third, SiO2 and Fe2O3 are also extracted and utilized with high
levels of recovery in addition to Al2O3. Fourth, residue is fully
utilized without discharge.
4 Conclusions

The extraction of Al2O3 and SiO2 from high-silica bauxite was
realized by sintering with N2CO3 followed by two-step leaching
with water and acid. During the sintering of bauxite with N2CO3,
diaspore and kaolinite were transformed into a-Al2O3, Na2−x-
Al2−xSixO4 (x = 0, 0.05 and 0.25) and an amorphous phase. In
the subsequent two-step leaching processes, a-Al2O3 was
insoluble, while the other two phases were almost completely
dissolved. The formation of a-Al2O3 could be avoided by
adjusting sintering parameters. The optimal sintering param-
eters were determined experimentally to be sintering tempera-
ture of 950 °C, sintering time of 30 min, and N/(A + S) of 1.
Under these conditions, ∼97% of Al2O3 and ∼86% of SiO2 were
extracted for the production of alumina, PAFS and silica gel.
The purity of silica gel was positively correlated with the total
recovery efficiency of Al2O3. The dried silica gel reached a purity
of ∼88% at optimal sintering parameters. These ndings
suggest an idea for the comprehensive utilization of high-silica
bauxite and the minimization of residue.
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