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Abstract: To utilize CFBC Al-rich fly ash, a mild hydrochemical extraction process was investigated for recovery of alumina. An 
alumina extraction efficiency of 92.31% was attained using a 45% NaOH solution, an original caustic ratio (molar ratio of Na2O to 
Al2O3 in the sodium aluminate solution) of 25, a molar ratio of CaO to SiO2 in the fly ash of 1.1, a liquid volume to solid mass ratio 
of 9, a reaction temperature of 280 °C, and a residence time of 1 h when treating fly ash with an alumina to silica mass ratio (A/S) of 
0.78 and an alumina content of 32.43%. Additionally, the alumina leaching mechanism was explored via structural and chemical 
analysis, which revealed that after alkaline digestion, the main solid phase containing silica was NaCaHSiO4 with a theoretical A/S of 
zero. 
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1 Introduction 
 

Fly ash is a powdery residue generated mainly by 
coal-fired power plants. Since coal is still the major 
energy resource in China, the output of fly ash has 
increased continuously over the past several years, 
reaching 480 million tons in 2010 [1]. Presently, fly ash 
is consumed on a large scale in cement and concrete 
fillers as well as roadway and pavement utilization [2−5]. 
However, due to its rapid production, the fly ash is not 
completely consumed and is utilized at a rate of 
66%−68%. There are huge quantities of fly ash stored in 
ash dams, making it the largest single source of solid 
waste in China and posing serious environmental and 
social problems [6,7]. Additionally, the current 
utilizations of fly ash primarily focus on low-value 
applications, such as the auxiliary construction materials 
mentioned above. 

To achieve high-value utilization of fly ash, many 
studies on the extraction of alumina from fly ash have 
been performed using acid or base as the leaching agent 
[8−11]. In the 1950s, scientists from Poland explored a 

fly ash treatment using a limestone sintering process to 
recover the alumina [12]. In this scheme, fly ash was 
mixed with limestone and heated to 1300 °C, converting 
the alumina in the fly ash to calcium aluminate and the 
silica to dicalcium silicate. Based on the difference in 
solubility in sodium carbonate solution, calcium 
aluminate was separated from dicalcium silicate. 
However, this process is not compatible with large-scale 
industrialization due to high energy consumption and a 
large output of highly alkaline waste. 

Several decades later, another process was 
successfully developed by a national laboratory in US 
using chloride acid to dissolve alumina in the fly ash, 
leaving the silica. However, mullite, the main type of fly 
ash generated by pulverized coal combustion  (PCC) 
boilers, is stable under acidic conditions [9−13], 
necessitating a pre-sintering step in the acid leaching 
process to ensure complete mullite decomposition. 
Otherwise, only the amorphous alumina is leachable, 
limiting the total extraction ratio. Moreover, this kind of 
acidic process causes serious corrosion of the equipment, 
and impurities, such as iron, calcium, and titanium   
that were co-leached into the acid solution, are hard to 
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remove. Ultimately, acid leaching rarely produces high 
quality alumina but causes secondary pollution via the 
decomposition of aluminum chloride or sulfate.  

Recently, a particular kind of fly ash has been found 
in Inner Mongolia and Shanxi Province, China. The mass 
content of alumina in the fly ash in these regions is over 
30%, sometimes higher than 50%, with an annual output 
of about 50 million tons. It was found that apart from 
kaolinite, the major mineral component of conventional 
coal [14], the coal in these regions also contains 
boehmite as high as 7.2% (mineral matter basis) [12,15]. 
Accordingly, the fly ash generated from this coal is high 
in alumina, containing nearly the same amount as some 
forms of low-grade bauxite. Simultaneously, a cleaner 
and more advanced combustion technology, circulating 
fluidized bed combustion (CFBC), has become widely 
popular since 2004 in China[16]. The operating 
temperature of CFBC boilers is 800−950 °C, lower than 
that of conventional PCC, 1200−1400 °C[17]. The 
expansion of CFBC capacity has led to significant 
discharge rates of CFBC alumina-rich fly ash in the 
regions noted above. CFBC alumina-rich fly ash is 
characterized by amorphous alumina, irregular particle 
shape, and high sulfur and calcium contents.  

1) Amorphous alumina. The amorphous phases in 
CFBC alumina-rich fly ash originate from the thermal 
decomposition of kaolinite and boehmite, and the former 
had been thoroughly characterized [18−20]. It is known 
that the amorphous phases are mainly amorphous silica 
and alumina formed by the decomposition of kaolinite at 
the combustion temperature. Additionally, boehmite 
decomposes at 800−950 °C into poor crystalline γ-Al2O3, 
which leads to a large quantity of amorphous alumina in 
CFBC alumina-rich fly ash.  

2) Irregular particle shape. In general, CFBC 
alumina-rich fly ash significantly differs from that 
generated by PCC in terms of particle shape due to the 
different combustion temperatures. At 1200−1400 °C, 
the PCC boiler operational temperature range, some 
minerals enter a liquid state. When cooled, these 
minerals form spherical and semispherical grains with 
different sizes [21]. Conversely, the minerals in 
alumina-rich fly ash do not enter the liquid state at the 
lower temperature range used for CFBC, 800−950 °C, 
giving rise to irregular particle shapes. 

3) Sulfur and calcium content. In the CFBC process, 
limestone is added to the boiler to absorb sulfur, which 
leads to relatively high sulfur and calcium contents in the 
fly ash. Because the limestone causes a dilution effect, 
the alumina content in CFBC alumina-rich fly ash, at 
30%−40%, is not as high as that produced by PCC.  

The output of CFBC alumina-rich fly ash has 
increased dramatically in recent years. The high alumina 

content makes it an attractive potential source of  
alumina, particularly for China because of its shortage of 
bauxite. Exploring new extraction processes for alumina 
from high-alumina fly ash is therefore of great 
significance. 

Hydrochemical processes, first developed by a 
group of scientists from the former Soviet Union, can 
separate alumina from silica by generating NaCaHSiO4, 
an insoluble alumina-free compound. This alkaline 
process has been successfully implemented for treating 
low-grade bauxite and nephelite [22,23]. The main focus 
of this study was to investigate the recovery of alumina 
from fly ash using the hydrochemical process and to 
elucidate the behavior of Al2O3 and SiO2 during the 
reaction. Furthermore, the phase transformation of fly 
ash under alkali conditions was also examined. 
 
2 Experimental 
 
2.1 Raw materials and apparatus  

Feed coal and CFBC Al-rich fly ash were obtained 
from a coal fired power plant in Shanxi Province, China. 
Samples of feed coal and fly ash were placed in an oven 
at 105 °C for 24 h. Representative samples were 
collected using the cone and quartering method.  

All chemicals used, including sodium hydroxide 
and aluminum hydroxide, were of analytical grade and 
manufactured by China Xilong Chemical Co., Ltd. 
High-purity Milli-Q water, with a resistivity of below 
18.2 MΩ·cm at ambient temperature, was used for all 
experiments.  

A custom-made 500 mL stainless steel autoclave 
used to extract alumina from the fly ash was equipped 
with a mechanical agitator, a temperature control system 
with a precision of 0.2 °C, and a water cooling system. 
To protect the autoclave from corrosion from the high 
alkaline solution, it was lined with pure nickel. 

Inductively coupled plasma optical emission 
spectrometer (ICP-OES, PE Optima 5300DV, 
Perkin-Elmer) was used to analyze the liquid and solid 
chemical composition of the samples. The phase of the 
equilibrium solid was identified by X-ray diffraction 
(XRD, Philips PW226/30 with Cu Kα radiation, 40 kV, 
and 100 mA). Morphology and mineralogical analyses 
were conducted using scanning electron microscope 
(SEM, JEOL 5800SV). Particle size distribution  
analyses were carried out using a Mastersizer 2000 
(Malvern). 

 
2.2 Experimental methods 

To extract alumina from the fly ash, experiments 
were carried out in the 500 mL stainless steel autoclave. 
Each experiment was performed by mixing 25 g of fly 
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ash with a predetermined volume of sodium aluminate 
solution with a high caustic ratio and high molar ratio of 
calcium oxide. The mixture was stirred at constant speed 
and heated to the desired reaction temperature. Once the 
reaction completed, the products were quickly cooled to 
90 °C using cold water. The factors influencing the 
extraction rate of alumina from the fly ash, including the 
sodium hydroxide solution concentration, reaction 
temperature, liquid volume to solid mass ratio (L/S), and 
molar ratio of CaO to SiO2 (C/S, controlled through the 
amount of CaO added), were assessed independently. 
After the reaction, the slurry was filtered to obtain a 
solution and a solid residue. The residue was washed 
twice with deionized water at 80 °C then dried in an 
oven at 105 °C for 12 h. The dried sample was ground 
into a powder for characterization. 
 
3 Results and discussion 
 
3.1 Characterization of raw materials 

The results of the feed coal phase analysis are 
shown in Fig. 1. The mineral phases identified were 
quartz (SiO2), kaolinite (Al2O3·2SiO2·2H2O), pyrite 
(FeS2), and calcite (CaCO3). Phase analysis results also 
revealed that the feed coal contained relatively high 
amounts of kaolinite, which may be the largest 
contributor to the high alumina content in fly ash. Its loss 
on ignition was found to be 77.42%. 
 

 

Fig. 1 XRD pattern of unburned coal 
 

The results of the chemical analysis of the fly ash 
are shown in Table 1. They revealed that Al2O3, SiO2, 
Fe2O3, CaO, and TiO2 were the principle components of 
the fly ash, and that the mass ratio of alumina to silica 
(A/S) was 0.78, slightly lower than the theoretical value 
for kaolinite due to the presence of quartz. The contents 
of Al2O3 and SiO2, the two key components, were found 
to be 32.43% and 41.77%, respectively, with a combined 

content of nearly 75%. Figure 2 shows the particle size 
distribution (from 0.3 to 500 μm) of the fly ash, with a 
volume average particle diameter of 42.91 μm. The 
mineralogy phases of the fly ash were also examined, as 
shown in Fig. 3. The identified crystalline phases 
included quartz (SiO2), magnetite (Fe3O4), portlandite 
(Ca(OH)2), gypsum (CaSO4·2H2O), and ettringite 
(Ca6All2(SO4)3(OH)1232H2O). The broad diffraction 
peaks at 20°−30° in the XRD pattern indicated the 
presence of considerable amorphous matter in the fly  
ash. No alumina-bearing crystalline phase was observed 
in the sample, indicating that Al in the fly ash was 
dominant in the amorphous glass phase. SEM images of 
the fly ash are shown in Fig. 4, revealing a smooth 
surface and irregular shapes. 
 
Table 1 Chemical composition of fly ash 
w(Al2O3)/

% 
w(SiO2)/

% 
w(Fe2O3)/

% 
w(CaO)/ 

% 
w(TiO2)/ 

% 
w(Na2O)/

% 
A/S

32.43 41.77 3.18 9.41 1.12 0.17 0.78
A/S: mass ratio of Al2O3 to SiO2 
 

 

Fig. 2 Particle size distribution of fly ash 
 

 

Fig. 3 XRD pattern of fly ash 
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Fig. 4 SEM images of fly ash 
 
3.2 Factors affecting extraction rate of alumina from 

fly ash 
3.2.1 Effect of NaOH concentration 

To determine the effect of NaOH concentration on 
the extraction rate of alumina, experiments were 
performed using an initial caustic ratio of 25, reaction 
temperature of 280 °C, C/S of 1:1, L/S of 9, and 
residence time of 2 h. NaOH concentrations 35%−60% 
were tested. The results are shown in Table 2, Figs. 5 and 
6.  

Table 2 shows that Na2O content of the leached 
residue first increased and then decreased with the 
growing of NaOH concentration, and it reached a 
maximum at NaOH concentration of 45%. As the 
leached residue contains a relatively high content of 
Na2O, it needs subsequent treatment to recover Na2O.   

From Fig. 5, it is clear that the extraction rate of 
Al2O3 from fly ash increased sharply as the NaOH 
concentration increased from 35% to 45%, then 
decreased when the NaOH concentration exceeded 45%. 
Conversely, the A/S of the leaching residue decreased in 
35%−45% NaOH, and then increased at higher NaOH 
concentrations.  

Figure 6 shows the XRD patterns for samples   
with NaOH concentrations of 35%, 45%, and 55%. At a  

Table 2 Na2O content of leached residue at various NaOH 
concentrations in mass fraction 

NaOH 
concentration/%

35 40 45 50 55 60 

Na2O 
content/% 

13.92 17.36 19.13 17.97 17.85 17.45

 

 
Fig. 5 Effect of NaOH concentration on alumina extraction rate 
and A/S of leaching residue (reaction temperature of 280 °C, 
C/S of 1:1, L/S of 9, and residence time of 2 h) 
 

 

Fig. 6 XRD patterns of residues obtained under different alkali 
concentrations 
 
NaOH concentration of 35%, the crystal phases were 
mainly Na8Al6Si6O24(OH)2(H2O)2, Ca3Al2(SiO4)3, and 
Ca(OH)2, as well as NaCaHSiO4, which exhibited weak 
peaks. The presence of Na8Al6Si6O24(OH)2(H2O)2 and 
Ca3Al2(SiO4)3 led to a low alumina extraction rate and a 
high A/S of the leaching residue. At a NaOH 
concentration of 45%, the Na8Al6Si6O24(OH)2(H2O)2 
peaks completely disappeared and strong NaCaHSiO4 
peaks emerged, indicating that a high alumina extraction 
rate was obtained. As the concentration of NaOH 
continued to increase, the NaCaHSiO4 peaks weakened 
and 1.2Na2O·0.8CaO·Al2O3·2SiO2·H2O peaks emerged, 
which provides an explanation for the lower alumina 
extraction rate at NaOH concentrations >45%. The 
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results of XRD analyses further prove high content of 
Na2O in leached residue mainly due to the presence of 
sodium-containing phase Na8Al6Si6O24(OH)2(H2O)2, 
NaCaHSiO4 and 1.2Na2O·0.8CaO·Al2O3·2SiO2·H2O. 
Phase analyses make it clear that the variations of A/S 
and Na2O content are essentially caused by crystal phase 
transformation, and when the phase of NaCaHSiO4 
becomes dominant, the contents of Na2O and Al2O3 
reach their extreme values respectively. 
3.2.2 Effect of L/S 

The experiments investigating the effect of the L/S 
were carried out at a caustic ratio of 25, a temperature of 
280 °C, a C/S of 1:1, a NaOH concentration of 45%, and 
a residence time of 2 h. The L/S was varied within the 
range of 7−13. Figures 7 and 8 show the fluctuation in 
the alumina extraction rate and the A/S of the leaching 
residue as the L/S increased.  
 

 

Fig. 7 Effect of L/S on alumina extraction rate and A/S of 
leaching residue (reaction temperature of 280 °C, C/S of 1:1, 
NaOH concentration of 45%, and residence time of 2 h) 
 

As shown in Fig. 7, the extraction rate of Al2O3 
increased linearly with increasing L/S while the A/S of 
the leaching residue decreased, revealing an inverse 
relationship between these parameters. However, when 
the L/S was higher than 9, the extraction rates were 
relatively constant. Hence, an L/S of 9 was selected as 
the optimal value. 

Figure 8 shows the XRD patterns of residues after 
leaching at various L/S values. At a L/S of 7, the crystal 
phases were mainly NaCaHSiO4 and Ca3Al2(SiO4)3; as 
the ratio increased, however, the Ca3Al2(SiO4)3 peaks 
weakened and the NaCaHSiO4 peaks enhanced. The 
changes in crystal phase explain the increased alumina 
extraction rate well with the increase in L/S. 
3.2.3 Effect of reaction temperature 

To study the effect of reaction temperature, 
experiments were performed using a NaOH 
concentration of 45%, C/S of 1:1, caustic ratio of 25, L/S 

of 9, and residence time of 2 h. The temperature was 
tested within the range of 230−300 °C. The results are 
shown in Figs. 9 and 10. 
 

 
Fig. 8 XRD patterns of residues obtained at different L/S 
values 
 

 
Fig. 9 Effect of digestion temperature on alumina    
extraction rate and A/S of leaching residue (NaOH 
concentration of 45%, L/S of 9, C/S of 1:1, and residence time 
of 2 h) 
 

 

Fig. 10 XRD patterns of residues after leaching at different 
temperatures 
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As seen in Fig. 9, the extraction rate of Al2O3 
increased with increasing reaction temperature from 230 
°C to 300 °C and the A/S of the leaching residue 
decreased, with high temperature significantly improving 
the extraction of alumina. Figure 10 shows the phase 
transformations that occurred with increasing 
temperature. The trends in the extraction rate of Al2O3 
and the A/S of the leaching residue are indicated by the 
XRD patterns, revealing that the low level of alumina 
extraction and high A/S of the leaching residue were due 
to the presence of Na8Al6Si6O24(OH)2(H2O)2 and 
Ca3Al2(SiO4)3 at relatively low temperatures. The 
Na8Al6Si6O24(OH)2(H2O)2 peaks disappeared and 
transformed into NaCaHSiO4 and Ca3Al2(SiO4)3 peaks 
when the reaction temperature reached 260 °C. As the 
temperature continued to increase, the Ca3Al2(SiO4)3 
peaks weakened while those of NaCaHSiO4 enhanced. 
When the temperature reached 280 °C, the main phase of 
the residue turned almost completely to NaCaHSiO4, and 
the alumina in the fly ash was largely extracted. 
3.2.4 Effect of C/S 

The experiments elucidating the effects of varying 
the C/S ratios were conducted at a caustic ratio of 25, a 
temperature of 280 °C, an L/S of 9, a NaOH 
concentration of 45%, and a residence time of 2 h at 
various C/S values. Figures 11 and 12 show the trends in 
the alumina extraction rate and the A/S of the leaching 
residue as the C/S increased, which was accomplished by 
varying the amount of CaO added to the reaction 
mixture.  

Figure 12 shows the XRD patterns for samples with 
C/S values ranging from 0.9 to 1.3. At C/S values of 0.9 
and 1.0, the crystal phases detected were mainly 
Ca(OH)2, NaCaHSiO4, and Na8Al6Si6O24(OH)2(H2O)2. 
As the ratio approached 1.1, the Na8Al6Si6O24(OH)2-  
 

 

Fig. 11 Effects of C/S on alumina extraction rate and A/S of 
leaching residue (reaction temperature of 280 °C, NaOH 
concentration of 45%, L/S of 9, and residence time of 2 h) 

 

 

Fig. 12 XRD patterns of residues obtained with different C/S 
values: (a) C/S=0.9; (b) C/S=1.0; (c) C/S=1.1; (d) C/S=1.2; (e) 
C/S=1.3 
 
(H2O)2 peaks disappeared while the principal phase 
converted to Ca(OH)2 and NaCaHSiO4. At C/S of 1.2, a 
Ca3Al2(SiO4)3 phase formed. These results indicate that 
establishing an improper C/S leads to low alumina 
extraction efficiency due to the formation of an 
alumina-bearing phase (Na8Al6Si6O24(OH)2(H2O)2 and 
Ca3Al2(SiO4)3.) 
3.2.5 Impact of residence time 

Residence time is not only an important process 
parameter in extracting alumina from fly ash, but is also 
an important consideration in designing leaching  
reactors. Experiments elucidating the effects of varying 
residence times were performed at a caustic ratio of 25, a 
reaction temperature of 280 °C, an L/S of 9, a NaOH 
concentration of 45%, and a C/S of 1.1:1. The residence 
time was varied from 30 min to 120 min. The results are 
shown in Fig. 13.  

From Fig. 13, it is clear that the extraction rate of 
 

 

Fig. 13 Effects of digestion time on alumina extraction rate and 
A/S of leaching residue (reaction temperature of 280 °C, NaOH 
concentration of 45%, L/S of 9, and C/S of 1.1) 
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Al2O3 increased rapidly as residence time increased from 
30 to 60 min, while the A/S of the leaching residue 
decreased. However, when the residence time exceeded 
60 min, the extraction ratios stabilized. Therefore, the 
optimal residence time for extracting alumina was 
identified as 60 min.  
3.2.6 Optimum conditions 

From the experiments described above, we 
determined the optimum conditions for recovering 
alumina from fly ash generated by a circulating fluidized 
bed boiler as follows: NaOH concentration 45%, C/S 
1.1:1, L/S 9, temperature 280 °C, and residence time 60 
min. Under these conditions, the extraction rate of 
alumina was as high as 92.31%. 
 
3.3 Characteristics of leached residue 

 The XRD patterns of leached residue under 
optimum conditions are shown in Fig. 14, indicating that 
the main phase of the leached residue was NaCaHSiO4 
with a theoretical A/S at the ideal value of zero. Phase 
analysis confirmed that the separation of Al and Si in fly 
ash was accomplished via hydrochemical treatment, and 
that the alumina in the fly ash was extracted efficiently 
through the formation of NaCaHSiO4.  
 

 
Fig. 14 XRD pattern of fly ash residue obtained under optimum 
conditions 

 
The composition of the leached residue using the 

optimum conditions is listed in Table 3. Compared with 
the corresponding values in raw fly ash, the Al2O3 
content and A/S in the leached residue decreased 
significantly after the leaching process, falling to 1.89% 
and 0.06, respectively. Meanwhile, the calcium and 
 
Table 3 Composition of leached residue obtained under 
optimum conditions 
w(Al2O3)/ 

% 
w(SiO2)/ 

% 
w(Fe2O3)/ 

% 
w(CaO)/ 

% 
w(TiO2)/ 

% 
w(Na2O)/

% 
A/S

1.89 30.67 1.03 34.91 0.86 19.22 0.06

sodium contents increased significantly compared with 
untreated fly ash due to the formation of the NaCaHSiO4 
dominant phase. So, in order to realize circulation of 
alkaline liquor, recovery of sodium from leached residue 
becomes an important step. 
 
3.4 Recovery of sodium oxide  

As the main phase of leached residue is  
NaCaHSiO4, the decomposition of NacaHSiO4 is the key 
step for recovery of sodium from leached residue. 
Previous studies have demonstrated that NaCaHSiO4 can 
be broken down easily in dilute alkali solution [24]. The 
experiment results also demonstrates that the Na2O 
content of the final residue can reduce to 0.86%, as 
shown in Table 4, under conditions of Na2O 
concentration of 30 g/L, temperature of 170 °C. Figure 
15 shows that the phase of the final residue transformed 
into Ca5(OH)2Si6O16·4H2O (tobermorite), which 
theoretically contains no sodium oxide. 
 
Table 4 Composition of final residue after sequential 
extractions of alumina and sodium oxide 
w(Al2O3)/

% 
w(SiO2)/

% 
w(Fe2O3)/ 

% 
w(CaO)/ 

% 
w(TiO2)/

% 
w(Na2O)/

% 
2.89 32.77 1.64 35.91 1.00 0.86 

 

 
Fig. 15 XRD pattern of final residue after sequential 
extractions of alumina and sodium oxide 
 
4 Alumina leaching mechanism  
 
4.1 Temperature-dependence of phase transformation 

In order to explore the temperature dependence of 
phase transformation, experiments were conducted with 
a caustic ratio of the initial sodium aluminate solution of 
25, an L/S of 9, a NaOH concentration of 45%, and a C/S 
of 1.1:1. The mixture was heated from 120 °C to the 
desired temperature. During the heating program, the 
reaction slurry was sampled at 170, 200, 230, 260, and 
280°C, and the heating power of the autoclave was kept 
at a constant value. 
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The XRD patterns of leached residues at different 
reaction temperatures are shown in Fig. 16. Once the 
reaction temperature reached 170 °C, the phases of the 
leached residue had clearly transformed. The main 
characteristic peaks present in the XRD patterns of the 
fly ash disappeared, and characteristic peaks of 
Na8(Al6Si6O24)(OH)2(H2O)2 emerged. At 200 °C, the 
Na8(Al6Si6O24)(OH)2(H2O)2 peaks were still present, but 
weak peaks indicating the presence of Ca3Al2(SiO4)3 
emerged. At 230 °C, the peak intensities of 
Na8(Al6Si6O24)(OH)2(H2O)2 and Ca3Al2(SiO4)3 increased, 
and new peaks indicating the presence of NaCaHSiO4 
appeared at 31.35°. At 260 °C, the peak intensities of 
Na8(Al6Si6O24)(OH)2(H2O)2 and Ca3Al2(SiO4)3 began to 
decrease and those of NaCaHSiO4 began to increase. At 
280 °C, the Na8(Al6Si6O24)(OH)2(H2O)2 and 
Ca3Al2(SiO4)3 peaks had nearly completely disappeared 
and the NaCaHSiO4 peaks were significantly stronger. 
Thus, increasing the temperature from 120 °C to 280 °C 
caused the fly ash to experience a series of phase 
transformations, ultimately into NaCaHSiO4. The 
production of NaCaHSiO4, which contains no alumina, 
enables the efficient extraction of alumina from fly ash. 
 

 

Fig. 16 XRD patterns of fly ash residues obtained at different 
temperatures: (a) 170 °C; (b) 200 °C; (c) 230 °C; (d) 260 °C; (e) 
280 °C 
 
4.2 Analysis of reaction principle 

It is well known that the reaction principle of 
extracting alumina from bauxite by the Bayer method is 
based on chemical reaction equations (1) and (2). SiO2 in 
bauxite can be converted into a sodium alumino−silicate 
hydrate precipitate, while Al2O3 in bauxite can be 
converted into soluble sodium aluminate. Thus, the 
separation of Al and Si in bauxite can be realized. 
However, constrained by the equilibrium solid phase of 
the leached residue, the Bayer method is applicable only 
to high grade bauxite. Fly ash, as a lower grade 
aluminum-containing resource with A/S ratios ranging 

from 0.7 to 1.0, is not compatible by the Bayer method. 
Al2O3+2NaOH+3H2O→2NaAl(OH)4             (1) 

 
2SiO2+2NaAl(OH)4→ 

Na2O·Al2O3·2SiO2·nH2O+(4−n)H2O          (2) 
 
Considering the hydrochemical process, we 

conclude from our experimental results that the 
principles of alumina extraction from fly ash are quite 
different from those concerning bauxite. Al2O3 in fly ash 
may be converted into sodalite/grossularite and soluble 
sodium aluminate depending on reaction conditions, 
while SiO2 can be converted into sodalite/grossularite 
and insoluble NaCaHSiO4. In order to extract alumina 
from fly ash, the desired phase is NaCaHSiO4, which is 
created through reaction equation (3) under the optimum 
conditions. However, undesired phases consisting 
predominantly of sodalite and grossularite can emerge 
via reaction equations (4) and (5) under some conditions, 
such as low alkaline concentration, L/S, reaction 
temperature, C/S, and residence time.  

 
SiO2+NaOH+Ca(OH)2→H2O+NaCaHSiO4        (3) 

 
8NaOH+6SiO2+3Al2O3+H2O→ 

Na8Al6Si6O24(OH)2(H2O)2                  (4) 
 

6SiO2+3Al2O3+Ca(OH)2→3H2O+Ca3Al2(SiO4)3    (5) 
 
For the reasons explained above, the hydrochemical 

process is useful for realizing efficient alumina 
extraction from fly ash through a range of phase 
transformations. 
 
5 Conclusions 
 

The process of leaching alumina from fly ash via 
the hydrothermal process was investigated in detail. The 
results showed that the highly effective decomposition of 
fly ash was obtained using this process, meaning that it 
has excellent potential for large-scale applications. 
Factors influencing the alumina extraction from the fly 
ash were explored, including the reaction temperature, 
NaOH concentration, L/S, residence time, and C/S. The 
optimum conditions were identified as: NaOH 
concentration, 45%; temperature, 280 °C; C/S, 1.1; L/S 9; 
and residence time, 1 h. Under these conditions, the A/S 
of the leaching residue and the alumina extraction rate 
were found to be 0.06 and 92.31%, respectively. By 
recovering Na2O, the Na2O content of the final residue 
can be controlled within 1.0% and total alkali 
consumption of the process is obviously less than that of 
Bayer process. The mechanism of alumina extraction 
from fly ash was also studied, which contributes to the 
formation of NaCaHSiO4 with a theoretical A/S of zero, 
for materials containing alumina and silica. 
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温和水热法从循环流化床粉煤灰中回收氧化铝 
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摘  要：开发一种温和水热法从电厂排放的粉煤灰中提取氧化铝。当处理氧化铝和二氧化硅的质量比(A/S)为 0.78、

氧化铝含量为 32.43%的粉煤灰时，在 NaOH 浓度 45%、初始苛性比(铝酸钠溶液中氧化钠和氧化铝的摩尔比)25、

氧化钙和粉煤灰中二氧化硅的摩尔比 1.1、液固体积质量比 9、反应温度 280 °C、停留时间 1 h 的条件下，氧化铝

的提取率可达到 92.31%。此外，通过结构和化学分析，对氧化铝的浸出机理进行了研究。结果表明，经过碱浸后，

含硅的主要物相为理论铝硅比为 0 的 NaCaHSiO4。 

关键词：回收氧化铝；粉煤灰；物相变化；循环流化床 
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