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Abstract
A novel technology of hematite involved roasting-alkaline leaching-Bayer digestion process was proposed to extract alumina 
from high-alumina coal gangue (HACG), however the resource utilization of silica was not yet resolved. In this work, the 
alkaline leaching behavior of silica solid solutions in the product obtained by roasting the mixture of HACG and hematite 
was systematically studied in sodium hydroxide solution and sodium silicate solution, meanwhile the phase transformation 
was investigated by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electronic microscope 
(SEM), and energy dispersive spectrometer (EDS). The results show that kaolinite, which is the main mineral in HACG, 
was converted into silica solid solutions (i.e., quartz solid solution and cristobalite solid solution) and alumina (i.e., θ-Al2O3 
and α-Al2O3) through reductively roasting with hematite followed by oxidation during cooling process. Elevated oxidation 
temperature promotes the conversion of θ-Al2O3 into α-Al2O3. The silica solid solutions were readily soluble in sodium 
hydroxide solution and sodium silicate solution while α-Al2O3 was stable, hence, efficient separation of silica and alumina. 
Through leaching in sodium silicate solution with a modulus of ~ 1.0 followed by sodium hydroxide solution, a sodium 
silicate solution with a modulus of ~ 2.5 was obtained together with an alumina concentrate with a mass ratio of alumina to 
silica of > 18.0. The alumina concentrate is a decent raw material for alumina extraction by Bayer digestion, and the sodium 
silicate solution with a modulus of ~ 2.5 can be used in the chemical industry.
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Introduction

At present, bauxite is used as the main material for alu-
mina production on a commercial scale. However, about 
90% of the bauxite distributes in the Equator and Southern 
Hemisphere [1]. The bauxite reserve in the main aluminum-
producing countries, such as China, the USA, and Russia, 
only accounts for 5% of bauxite in the world. Therefore, 
these countries must find alternatives to bauxite for alumina 
production. Fortunately, the coal reserve is rich in China, 
the USA, and Russia, and accounts for 13.2%, 23.70%, and 
15.20% of that in the world, respectively [2]. During the coal 
mining and washing, about 10–15% of the coal is abandoned 
in the form of coal gangue, in which there are 25–45% of 
alumina [3, 4]. The high-alumina coal gangue (HACG) with 
an alumina content of > 35% in ash is regarded as a potential 
alternative to bauxite [5].

Much work had focused on alumina extraction from 
HACG with a mass ratio of alumina to silica (A/S) of ~ 1.0, 
including alkaline methods (i.e., sintering process and hydro-
thermal process) and acid methods (i.e., direct leaching pro-
cess and roasting-leaching process) [6–8]. A huge amount 
of residue (red mud), with characteristics of large specific 
surface area, complex composition, and strong alkalinity, 
are generated given the formation of Si–Ca compounds and 
are difficult to dispose of on land for the alkaline methods. 
Although the residue generation of acid methods decreases 
compared with that of alkaline methods, however, its dis-
advantages are poor solution purification, a requirement for 
acid-resistant and pressure equipment, and acidic wastewater 
treatment. In addition, the above mentioned methods can-
not economically compete with the current Bayer process. 
However, the Bayer process is unsuitable to extract alumina 
from minerals with A/S < 6.25 because of the formation of 
sodium aluminosilicate hydrates during digestion [9].

The alumina in leaching residue with A/S > 10 can be 
extracted by the Bayer process if more than 90% of silica 
in HACG will be removed. Therefore, a novel technology 
of hematite  (Fe2O3) involved roasting-alkaline leaching-
Bayer digestion process is proposed to extract the silica 
and alumina in HACG [10, 11]. Kaolinite, the main min-
eral in HACG, is converted to hercynite  (FeAl2O4) and 
silica solid solutions (i.e., quartz solid solution and cris-
tobalite solid solution) through reduction roasting with 
hematite, then the hercynite is oxidized into hematite and 
alumina during the cooling process. Through leaching with 
sodium hydroxide solution at ~ 110 °C, more than 90% of 

silica is leached to solution. The alumina in residue with 
A/S > 10 was extracted by Bayer digestion at ~ 260 °C, 
and the hematite in red mud was recycled by physical 
separation. However, the disposal of alkali-silicate solu-
tion faces the following problems: (1) the circulation of 
sodium hydroxide solution is huge because the solution 
has low silica content; (2) large amounts of calcium hydro-
metasilicate is generated, however, difficult to use when 
treating the alkali-silicate solution by adding lime. Thus, 
new attempts are suggested for the high-value application 
of silica in HACG.

Sodium silicate solution is an aqueous solution of 
sodium silicate  (Na2O·nSiO2, n denotes modulus) and is 
widely used as a binder in building materials preparation, 
dispersing agent in flotation, decoloring agent in the sugar 
industry and functional silicon material [12–14]. Currently, 
by roasting the mixture of sodium carbonate and quartz at 
1200–1400 °C and then dissolving it in water, a sodium sili-
cate solution with a modulus of > 2.5 is obtained, whereas 
a sodium silicate solution with a modulus of ≤ 2.5 can be 
directly prepared by dissolving quartz into sodium hydroxide 
solution at ~ 170 °C [12]. In this work, to obtain the sodium 
silicate solution with a modulus of ~ 2.5 and alumina concen-
trate with A/S > 10, the alkaline leaching behavior of silica 
solid solutions is systematically studied in sodium hydroxide 
solution and sodium silicate solution. The phase transforma-
tion was investigated by X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), scanning electronic micro-
scope (SEM), and energy dispersive spectrometer (EDS).

Experimental

Materials

In this work, the HACG used is obtained from Jungar Ban-
ner, Inner Mongolia, China, and the hematite with analyti-
cally pure  (Fe2O3 ≥ 99.0%) is purchased from Sinopharm 
Chemical Reagent Co., Ltd. The proximate analysis of the 
HACG indicated that there were 77.59% of ash, 15.87% of 
volatile matters, 5.32% of fixed carbon and 1.22% of mois-
ture. The chemical compositions of the HACG ash were 
52.44% of  SiO2, 45.21% of  Al2O3, 0.48% of  Fe2O3, 0.43% of 
CaO, 0.41% of  TiO2, and 0.25% of  Na2O. The XRD pattern 
indicated that kaolinite was the main mineral in the HACG 
and hematite had good crystallinity, as shown in Fig. 1.
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Procedures

The hematite and HACG with  Fe2O3/Al2O3 molar ratio of 
1.2:2.0 were well mixed in RK/XZM-100 vibrating mill 
for 2 min [15]. The roasting experiments were conducted 
in SK-G06123K controlled atmosphere resistance furnace. 
The furnace was heated to 1100 °C, and then injected with 
 N2 to exhale  O2. Afterward, a 50 mL boat-type corundum 
crucible with 20 g of hematite and HACG mixture was 
put in the furnace and roasted for 60 min. The obtained 
reductively roasted product was called clinker. When the 
reduction roasting time was reached, the clinker was oxi-
dize by injecting the air with a velocity of 500 mL/min 
into the furnace for 20 min, and the obtained product was 
oxidized clinker-1100 °C. It should be noted that, after 
roasting at 1100 °C for 60 min, the furnace temperature 
was initially reduced to 1000 °C, then the air was injected 

into the furnace to oxidize the clinker for 20 min, and the 
obtained product was oxidized clinker-1000 °C.

The alkaline leaching of silica solid solutions were per-
formed in a GS-0.10 high-pressure reactor (Weihai Dingda 
Chemical Machinery Co., Ltd, China). A certain amount 
of oxidized clinker was added into the high-pressure reac-
tor together with 100 mL of sodium hydroxide solution or 
sodium silicate solution, then the high-pressure reactor 
was sealed and heated to a preset temperature. The high-
pressure reactor was immediately cooled down using tap 
water when the reaction time was reached. Eventually, the 
lixivium and leaching residue were obtained by solid–liq-
uid separation. The two-stage alkaline leaching was also 
conducted in the high-pressure reactor. A 10 g of leach-
ing residue from oxidized clinker and 50 mL of sodium 
hydroxide solution or sodium silicate solution were added 
into the high-pressure reactor and reacted at 110 °C for 
120  min. In addition, the sample of leaching residue 
(alumina concentrate) was also obtained by solid–liquid 
separation.

Analyses

MAX-RB diffractometer (Rigaku Co., Japan) recorded the 
XRD patterns of clinker, oxidized clinkers, and leaching 
residues with Cu-Kα radiation in the 2θ range 5–80°. The 
XPS analysis of oxidized clinkers was performed using 
ESCALAB 250XI XPS (Thermo Fisher Scientific, USA). 
Using JXA-8230 SEM (Rigaku Co., Japan) and X-Act 
EDS (INCA, UK) performed the surface microscopic mor-
phology and elemental analysis of the clinker, oxidized 
clinkers, leaching residues, and alumina concentrates. 
The  Na2Ok, which denotes the caustic soda, in solution 
was measured by volumetric analysis [16]. Meanwhile, a 
flame photometer (AP1302, AOPU, China) measured the 
 Na2O content in the leaching residue. Volumetric analysis 
and molybdenum blue colorimetry with a visible spectro-
photometer (L2, INESA, China) measured the  Al2O3 and 
 SiO2 contents, respectively. The silica leaching ratio was 
calculated using Eq. (1).

where η is the silica leaching ratio, %; c is the silica content, 
wt%; m is the mass, g; 1 and 2 represent the raw material and 
leaching residue, respectively.

(1)� =
c1m1 − c2m2

c1m1

× 100,

Fig. 1  XRD patterns of HACG (a) and hematite (b)
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Results and Discussion

Reaction Behavior of HACG and Hematite During 
Roasting

The XRD patterns of clinker and oxidized clinkers are 
shown in Fig. 2. As shown in Fig. 2a, hercynite, cristo-
balite solid solution, and quartz solid solution are the main 
minerals in the clinker, which indicates that kaolinite can 
efficiently react with hematite during the reduction roasting 
according to Eq. (2) [15]. Compared with Fig. 2a, the XRD 
peaks of cristobalite solid solution and quartz solid solu-
tion had no significant change after the oxidation, however, 
the XRD peaks of hercynite vanished and those of hematite 

and alumina (i.e., θ-Al2O3 and α-Al2O3) appeared in Fig. 2b. 
Therefore, hercynite was oxidized into hematite and alu-
mina according to Eq. (3) [17]. In addition, θ-Al2O3 could be 
further converted into α-Al2O3 with oxidation temperature 
increasing from 1000 to 1100 °C. Notably, no Al-Si com-
pounds were found in the oxidized clinkers.

The Si2p XPS spectra of the clinker and oxidized 
clinker-1100 °C are shown in Fig. 3. Notably, the character-
istic spectra of cristobalite and quartz were found in Fig. 3, 

(2)
2
(

Al2O3 ⋅ 2SiO2 ⋅ 2H2O
)

+ Fe2O3 + CO(g)

= 2FeAl2O4 + 4SiO2 + CO2(g) + 4H2O(g)

(3)4FeAl2O4 + O2(g) = 2Fe2O3 + 4Al2O3

Fig. 2  XRD patterns of clinker (a) and oxidized clinkers (b). Sym-
bols: ▲—Hercynite, ●—Quartz solid solution; ◆—Cristobalite 
solid solution; ▽—Hematite; ☆—θ-Al2O3; ◇—α-Al2O3

Fig. 3  Si2p XPS spectra of clinker (a) and oxidized clinker-1100 °C 
(b)
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however the Si-bearing minerals in clinker and oxidized 
clinkers were cristobalite solid solution and quartz solid 
solution as shown in Fig. 2. Therefore, cristobalite solid 
solution has the same characteristic spectrum as cristobalite, 
and quartz solid solution had the same characteristic spec-
trum as quartz. Figure 3a indicated that cristobalite solid 
solution and quartz solid solution were the main Si-bearing 
minerals in the clinker, which was consistent with those in 
Fig. 2a. In the oxidized clinker-1100 °C (Fig. 2b), cristo-
balite solid solution and quartz solid solution were still the 
main Si-bearing minerals and no change was observed with 
a comparison of those in Fig. 2a, which means that, Al–Si 
compounds could not be formed during the oxidation pro-
cess of the clinker even at 1100 °C for 30 min.

The SEM–EDS images of the clinker and oxidized 
clinker-1100 °C are shown in Fig. 4. As shown in Fig. 4a, 
the kaolinite could be fully converted into hercynite and sil-
ica solid solutions during reduction roasting with hematite 

because the Fe, Al, and Si elements are uniformly dispersed 
in the clinker. An iron oxide layer could be found in the 
particle surface of oxidized clinker-1100 °C, whereas, the 
Fe, Al, and Si elements in the particle interior were still uni-
formly dispersed. Therefore, the iron in hercynite migrated 
to the particle surface during oxidation roasting, thus, avoid-
ing further reaction between alumina and silica solid solu-
tions [17].

Leaching Behavior of Silica Solid Solutions 
in Sodium Hydroxide Solution

The reaction behavior of silica solid solutions in oxidized 
clinker-1000 °C was investigated by leaching in the recy-
cled solution with a NaOH concentration of 160 g/L under 
the conditions of 110 °C, 120 min, and solid–liquid ratio of 
10 g/100 mL [18]. Results listed in Table 1 show that the 
content of  Na2Ok, which denotes the caustic soda in solution, 

Fig. 4  SEM–EDS of clinker (a) and oxidized clinker-1100 °C (b)
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in lixivium decreased with the sodium hydroxide solution’s 
cycle number increase, from 123.91 g/L in sodium hydrox-
ide solution to 99.31 g/L in lixivium with a cycle number 
of 6. This decreasing trend might be due to sodium ions 
tend to create a binding layer surrounding the silica poly-
meric species [19]. The  SiO2 content in lixivium showed 
an increasing trend, from 75.71 g/L in lixivium with a cycle 
number of 1–284.29 g/L in lixivium with a cycle number of 
6. Whereas, the  Al2O3 content in lixivium was ≤ 0.50 g/L. 
Therefore, only silica solid solutions were readily soluble 
in sodium hydroxide solution during leaching, hence, the 
modulus in lixivium was increased as shown in Table.1.

The silica leaching ratio at different cycle numbers of 
NaOH solution are shown in Fig. 5. The silica leaching 
ratio was stable at ≥ 95% with the first two cycle numbers of 
NaOH solution, then decreased with increasing cycle num-
bers. Therefore, the silica solid solutions were soluble in 
sodium silicate solution.

As shown in Fig. 6, the XRD patterns of leaching resi-
dues indicated that the XRD peaks of cristobalite solid 
solution and quartz solid solution vanished after leaching 
with the first two cycles of NaOH solution compared with 
those in Fig. 2a, however, the XRD peaks of α-Fe2O3 and 

θ-Al2O3 remained the same. Therefore, the silica solid solu-
tions were dissolved into the alkaline solution, meanwhile, 
α-Fe2O3 and θ-Al2O3 were stable and enriched in the leach-
ing residue, thus, efficient separation of silica and alumina. 
The cristobalite solid solution was more readily soluble in 
the alkaline solution than the quartz solid solution because 
the XRD peaks of the quartz solid solution were detected in 
the leaching residues with third and fourth cycle of NaOH 
solution. In addition, XRD peaks of cristobalite solid solu-
tion were found in the leaching residues with fifth and sixth 
cycle of NaOH solution, and their intensity increased with 
the cycle number of NaOH solution. These results indicated 
that dissolving the silica solid solutions into liquid solution 
was difficult with the increase of modulus in the lixivium, 
which was consistent with the leaching results in Table 1. No 
new Al-bearing minerals were found in the leaching residues 
apart from the θ-Al2O3, which means that, θ-Al2O3 was sta-
ble in NaOH solution at 110 °C.

The SEM–EDS images of leaching residues with 
different cycle numbers of NaOH solution are shown 
in Fig.  7. Fe element was uniformly distributed with 
the Al element, whereas, the Si element become more 

Table 1  Chemical compositions 
of lixivium (g/L)

Leaching conditions: 110 °C, 120 min, solid/liquid of 10 g/50 mL, 50 mL

Cycle number of NaOH solution

0 1 2 3 4 5 6

Na2Ok 123.91 117.53 110.24 108.42 105.69 101.13 99.31
SiO2 – 75.71 150.00 207.14 250.00 278.57 284.29
Al2O3 – 0.27 0.44 0.50 – – 0.47
Modulus – 0.67 1.41 1.97 2.44 2.85 2.96

Fig. 5  Silica leaching ratio at different cycle number of NaOH solu-
tion Fig. 6  XRD patterns of leaching residues. ●—Quartz solid solution; 

◆—Cristobalite solid solution; ▽—α-Fe2O3; ☆—θ-Al2O3
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and more obvious with the increasing cycle number of 
NaOH solution. The silica solid solutions can be effi-
ciently leached out into the sodium silicate solution with 
a modulus of < 1.0, in which the silicate mainly existed 
in the forms of ion or oligomer [13]. When the modulus 
in sodium silicate solution exceeded 2.0, polymerized 
silicate was the major form of silicate, thus, increasing 
viscosity and decreasing hydroxyl ion [20, 21]. There-
fore, the higher the modulus in sodium silicate solution 
is, the more difficult the dissolution of silica solid solu-
tions is. The specific surface and pore size distributions 
of the samples were analyzed, and the results are shown 
in Fig. 7d. As expected, few pores (2–50 nm) are observed 
in the oxidized clinker, which has a low specific surface 
area of 1.1036  m2/g at models of BET surface area. The 
pore (2–50 nm) content increased drastically as Si was 
extracted during alkaline leaching, and meantime the 
result is a sharp increase in the specific surface area.

Leaching Behavior of Silica Solid Solutions 
in Sodium Silicate Solution

The above mentioned studies indicated that the silica 
solid solutions were readily soluble in the NaOH solu-
tion, and the sodium silicate solution with a modulus 
of ~ 2.5 could be obtained through the cycle of the NaOH 
solution. Furthermore, the sodium silicate solution with 
a modulus of ~ 2.5 might be directly prepared by leaching 
the silica solid solutions in sodium silicate solution with 

a modulus of 1.0 by adjusting the target modulus during 
leaching.

Oxidized Clinker‑1000 °C

The oxidized clinker-1000 °C and a sodium silicate solu-
tion, in which the modulus was 1.0 and  Na2Ok concentra-
tion was 100 g/L, was mixed with a target modulus of 2.0, 
and then leached at 110–140 °C for 1–5 h. The leaching 
results are presented in Fig. 8. The silica leaching ratio 
in Fig. 8a increased at 110 °C and 120 °C within 4 h and 
then decreased. The silica leaching ratio shown an increas-
ing trend within 2 h when leaching temperature reached 
at 130 °C and 140 °C, and then a significant decreasing 
trend was observed at 2–5  h. The alumina in oxidized 
clinker-1000 °C might be leached out under the leaching 
conditions of silica solid solutions and the solid sodium alu-
minosilicate hydrates were formed. Thus, the silica leaching 
ratio shown a decreasing trend with leaching temperature 
and time, which could be verified through the variation trend 
of  Na2O content in residue as shown in Fig. 8b. The  Na2O 
content in leaching residues increased with leaching temper-
ature and time. When leaching the oxidized clinker-1000 °C 
at 110 °C within 4 h, the  Na2O content in the residue was 
below 0.50%, and with a leaching time of 5 h, it increased 
to 0.76%. In addition, with leaching time of 1 h, the  Na2O 
content in leaching residues continuously increased from 
0.15% at 110 °C to 0.88% at 140 °C.

The XRD patterns of leaching residues shown in Fig. 9 
indicated that analcime  (Na2O·Al2O3·4SiO2·2H2O) was 
formed and its peak intensity increased with leaching 

Fig. 7  SEM–EDS images of leaching residues. a Cycle number of 2; b Cycle number of 4; c Cycle number of 6 and d Pore diameter distribution 
of oxidized clinker and residues



1860 Journal of Sustainable Metallurgy (2022) 8:1853–1865

1 3

temperature, whereas, the peak intensity of quartz solid solu-
tion decreased with leaching temperature and ultimately van-
ished. Therefore, the alumina in oxidized clinker-1000 °C 
was not stable enough during the alkaline leaching of the 
silica and could react with sodium silicate solution to form 
analcime as shown in Eqs. (4) and (5) [22].

(4)Al2O3 + 2OH−
+ 3H2O = 2Al(OH)−

4

(5)
2Al(OH)−4 + 4H2SiO

2−
4 + 2Na+

= Na2O ⋅ Al2O3 ⋅ 4SiO2 ⋅ 2H2O
+ 8OH− + 2H2O

Considering that analcime was a new product obtained 
during alkaline leaching, the silica in analcime could be 
calculated based on the  Na2O content in Fig. 8b. There-
fore, as shown in Fig. 10, the silica reaction ratio was cal-
culated by adding the silica in the solution in Fig. 8a and 
silica in analcime. The silica reaction ratio increased with 
leaching time and temperature. When leached at ≤ 120 °C, 
the maximum silica reaction ratio was < 95% even with a 
leaching time of 5 h. In addition, the silica solid solutions 
could efficiently react with sodium silica solution with 

Fig. 8  Leaching results of oxidized clinker-1000 °C in sodium silicate 
solution, (a) silica leaching ratio and (b)  Na2O content in leaching 
residue. Leaching conditions: initial modulus of 1.0 and  Na2Ok con-
centration of 100 g/L, target modulus of 2.0

Fig. 9  XRD patterns of leaching residues. ●—Quartz solid solution; 
▽—α-Fe2O3; ☆—θ-Al2O3; ★—Analcime

Fig. 10  Silica reaction ratio at different leaching temperatures. Leach-
ing conditions: initial modulus of 1.0 and  Na2Ok concentration of 
100 g/L, target modulus of 2.0
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modulus of 1.0 at ≥ 130 °C for ≥ 3 h, and the correspond-
ing silica reaction ratio reached the maximum of ~ 95%.

Oxidized Clinker‑1100 °C

The digestion of alumina should be avoided to increase the 
leaching ratio of silica in the solution. Figure 2b shows the 
elevated oxidation roasting temperature promoted the con-
version of θ-Al2O3 into a more stable α-Al2O3 [23]. Thus, in 
this section, the leaching behavior of silica solid solutions 
from oxidized clinker-1100 °C was investigated in sodium 
silicate solution, and the results are presented in Fig. 11.

When leaching the oxidized clinker-1100 °C under the 
conditions: leaching temperature of 130 °C, sodium silicate 
solution with an initial modulus of 1.0,  Na2Ok concentra-
tion of 50 g/L and a target modulus of 3.0, the silica leach-
ing ratio significantly increased from 61.66% for 1 h to 
79.66% for 3 h, then a slowly increasing trend with time 
was observed as shown in Fig. 11a. When the leaching time 
was prolonged from 1 to 3 h, the corresponding modulus 
in the solution increased from 2.23 to 2.60 and the silica 
content in the residue decreased from 16.33 to 9.06%. In 
addition, α-Al2O3 was stable in the leaching conditions of 
silica solid solutions as indicated in the leaching results. The 
polymerized silicates in sodium silicate solution increased 
with modulus, therefore, there was a decrease of silicates in 
the forms of ion or oligomer [24]. Therefore, if the modulus 
reached a certain value, the sodium silicate solution would 
lose the silica’s dissolving capacity. Relevant studies indi-
cated that sodium silicate solution had a maximum modulus 
of ~ 2.5 through alkaline leaching of quartz [12].

The silica leaching ratio and modulus in solution had a 
steadily increasing trend, whereas the silica content in the 
residue had a continually decreasing trend, if leached in 
sodium silicate solution with an initial modulus of 1.3 and 
a target modulus of 3.0 as shown in Fig. 11b. However, for 
5 h, the silica leaching ratio only reached 73.24%, and the 
corresponding modulus in the solution and silica content in 
the residue were 2.25 and 11.98%, respectively. The reaction 
between silica and hydroxyl ion was the dissolution mecha-
nism of silica into the sodium silicate solution [25]. The 
hydroxyl ion concentration in the solution decreased with 
the increase of modulus in sodium silicate solution, thus, the 
silica leaching ratio decreased with an initial modulus of 1.3.

To increase the silica leaching ratio, the target modulus 
was changed to 2.7 and the initial modulus was 1.0. The 
maximum silica leaching ratio reached 81.74% for 3 h, 
whereas the modulus in obtained solution was 2.40 as shown 
in Fig. 11c. In comparison with the results in Fig. 11a, the 
silica leaching ratio slightly increased, however, the modulus 
in the solution slightly decreased by decreasing the target 
modulus. Therefore, to obtain the sodium silicate solution 

with a modulus of ~ 2.5, the target modulus should be con-
trolled at 3.0.

The main phases such as cristobalite solid solution, 
α-Fe2O3, and α-Al2O3 were indicated by XRD patterns of 
the leaching residues (Fig. 12). The XRD peak intensity of 
the cristobalite solid solution decreased with time, hence, 

Fig. 11  Effect of the initial modulus and target modulus of sodium 
silicate solution on leaching results. a Initial modulus of 1.0, target 
modulus of 3.0; b Initial modulus of 1.3, target modulus of 3.0; c 
Initial modulus of 1.0, target modulus of 2.7. Leaching conditions: 
 Na2Ok concentration of 50 g/L, temperature of 130 °C
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there was dissolution during leaching. In addition, given 
that no new Al-bearing minerals were found in the leaching 
residues, the α-Al2O3 was stable in sodium silicate solution 
at 130 °C.

Two‑Stage Alkaline Leaching of Silica Solid 
Solutions

A sodium silicate solution with modulus of ~ 2.5 was 
obtained through leaching the oxidized clinker-1100 °C in 
sodium silicate solution, in which the modulus was 1.0 and 

 Na2Ok concentration was 50 g/L, at 130 °C for 3 h with 
the target modulus of 3.0. The A/S increased from 0.86 
in HACG to 4.39 in leaching residue with the removal of 
79.66% silica. However, the alumina in leaching residue 
was difficult to be extracted by the Bayer process because 
of the low A/S [9]. Therefore, to further increase the A/S, a 
two-stage alkaline leaching was conducted by removing the 
silica, and the results are shown in Fig. 13.

When leaching the residue in the solution with a NaOH 
concentration of 160 g/L, the silica leaching ratio reached 
75.76% and the A/S increased to 18.12 with 2.53% silica 
in alumina concentrate. The A/S in alumina concentrate 
increased to 11.08 with the removal of 60.34% silica under 
the same leaching conditions, and the silica content in alu-
mina concentrate was 3.96% by leaching in sodium silicate 
solution with a modulus of 1.0. Thus, sodium hydroxide 
solution was more suitable for removing the silica in the 
residue because of the higher silica leaching ratio. In addi-
tion, the cristobalite solid solution was further leached out 
with a two-stage alkaline leaching as indicated by XRD pat-
terns of alumina concentrate (Fig. 14). Moreover, α-Fe2O3 
and α-Al2O3 were the main minerals in alumina concentrate.

Figure 15 shows the SEM–EDS images of leaching resi-
due and alumina concentrate. From Fig. 15a, the particles 
had porous structures because of the alkaline leaching of 
silica, and the remaining silica mainly existed in the par-
ticle interior. After leaching in sodium hydroxide solution, 
the silica in the residue was completely removed as shown 
in Fig. 15b, meanwhile, a small amount of silica could 
be found in the alumina concentrate from sodium silicate 
solution as shown in Fig. 15c. Given that, the migration of 

Fig. 12  XRD patterns of leaching residues. Symbols:◆—Cristo-
balite solid solution; ▽—α-Fe2O3; ◇—α-Al2O3. Leaching condi-
tions:  Na2Ok concentration of 50 g/L, temperature of 130 °C, initial 
modulus of 1.0, target modulus of 3.0

Fig. 13  Effect of leaching agents on silica leaching results. Leach-
ing conditions: temperature of 110  °C, 120  min, solid/liquid of 
10 g/50 mL

Fig. 14  XRD patterns of alumina concentrates. Symbols: 
▽—α-Fe2O3; ◇—α-Al2O3. Leaching conditions: temperature of 
110 °C, 120 min, solid/liquid of 10 g/50 mL
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Fig. 15  SEM–EDS images of leaching residue (a), alumina concentrate from sodium hydroxide solution (b), and alumina concentrate from 
sodium silicate solution (c)
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sodium silicate solution with a modulus of > 1.0 into sodium 
hydroxide solution was faster than that into sodium silicate 
solution with a modulus of 1.0, which was formed in the 
silica interface during leaching,

Therefore, the full conversion of kaolinite into silica 
solid solutions (i.e., quartz solid solution and cristobalite 
solid solution) and alumina (i.e., θ-Al2O3 and α-Al2O3) 
could be obtained by roasting with hematite, and a more 
stable α-Al2O3 was formed in the oxidized clinker-1100 °C. 
During alkaline leaching, the sodium silicate solution with 
a modulus of ~ 2.5 was obtained by leaching the oxidized 
clinker-1100 °C in sodium silicate solution with a modulus 
of 1.0, then the alumina concentrate with A/S > 18.0 was 
prepared through leaching the residue in sodium hydroxide 
solution. Thus, the principle flow sheet of alkaline leaching 
of silica solid solutions from roasting the mixture of HACG 
and hematite was proposed and drawn in Fig. 16. The alu-
mina concentrate with A/S > 18.0 was a decent raw material 
for alumina extraction by the Bayer process, and the sodium 
silicate solution with a modulus of ~ 2.5 could be used in the 
chemical industry.

Conclusions

In this work, the alkaline leaching behavior of silica solid 
solutions in the product obtained by roasting the mixture of 
HACG and hematite was systematically studied in sodium 
hydroxide solution and sodium silicate solution, and the 
main conclusions are listed below.

(1) Through the reduction roasting with hematite at 
1100 °C for 60 min, kaolinite, which was the main min-
eral in HACG, could be fully converted into hercynite 
and silica solid solutions (i.e., quartz solid solution and 
cristobalite solid solution). In addition, the hercynite 
was oxidized into hematite and alumina (i.e., θ-Al2O3 
and α-Al2O3) during the cooling process, elevating the 
oxidation temperature, hence, promoting the conver-
sion of θ-Al2O3 into more stable α-Al2O3.

(2) The quartz solid solution and cristobalite solid solution 
could be completely dissolved into sodium hydroxide 
solution, meanwhile alumina and hematite remained 
stable. Therefore, the silica in oxidized clinker was 

selectively removed by alkaline leaching, and the 
sodium silicate solution with modulus of ~ 2.5 was 
obtained through the cycle of sodium hydroxide solu-
tion.

(3) The sodium silicate solution with a modulus of ~ 2.5 
and alumina concentrate with A/S > 18.0 were obtained 
by leaching the oxidized clinker-1100 °C in sodium 
silicate solution with a modulus of 1.0 as a one-stage 
leaching agent followed in sodium hydroxide solution 
as two-stage leaching agent. The alumina concentrate 
was a decent raw material for alumina extraction by the 
Bayer process.
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