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A B S T R A C T   

Coal fly ash (CFA) is a potential mineral resource from which to recover Al and other valuable metals. In this 
study, a new processing technology for the recovery of Al and Ti from CFA has been developed and compre-
hensively investigated. The baking process applied in previous work has been improved by using microwave 
heating and a mixture of H2SO4 + NH4HSO4 as the extractant. This method enhanced the Al and Ti extraction 
efficiencies, while decreasing energy consumption and gas emissions relative to other acidic baking processes. 
When employing the optimized baking and leaching parameters (baking conditions: 280 ◦C, 1.2 times the 
theoretical amount of reagents, 60 min; leaching conditions: 60 ◦C, L/S: 5 g water to 1 g baked ash, 30 min) 
82.4% Al and 55.6% Ti could be extracted. Scanning electron microscopy images and X-ray diffraction analysis 
indicated that most of the mullite (3Al2O3.2SiO2) in the CFA was transformed into godovikovite (NH4Al(SO4)2) 
and quartz (SiO2) after microwave-assisted baking. The soluble salts were then leached into solution, while the 
quartz remained in the residue. Precipitation allowed for the recovery and separation of Al and Ti from the leach 
solution. Al was selectively recovered via NH4Al(SO4)2⋅12H2O precipitation after maintaining the solution at 
0 ◦C for 10 h. A high-quality product of alumina was obtained from the NH4Al(SO4)2⋅12H2O. After reducing the 
iron in the solution from Fe3+ to Fe2+, Ti was recovered via hydrolysis after increasing the pH to 3.1. The Ti 
precipitate contained 44.2% Ti with a small amount of impurity. The developed approach was cleaner and more 
efficient than those reported to date for the recovery of Al and Ti from stable CFA.   

1. Introduction 

Coal fly ash (CFA) consists of fine particles output from a coal-fired 
furnace at a power station (Lekgoba, Ntuli, and Falayi, 2020). Large 
amounts of CFA are produced by coal-fired power stations every year, 
especially in countries where fossil fuel-derived energy is prevalent (Guo 
et al., 2017; Matjie et al., 2005; Yadav and Fulekar, 2020; Yao et al., 
2014). Eskom is the largest supplier of electricity in South Africa, and it 
produced 34.4 million tons of ash while generating electricity in 2015 
(Eskom, 2017). Very little of this CFA is currently recycled for use as 
building materials, construction fillers, and road bases (Cavusoglu et al., 
2020; Shemi et al., 2012; Wei et al., 2018; Yao et al., 2015). Conse-
quently, CFA disposal is becoming a significant concern because it poses 
a critical threat to the environment (Gupta et al., 2020; Shi, 2020). The 

extraction of valuable metals from CFA using hydrometallurgical 
treatments has garnered recent attention because CFA also represents a 
potential mineral resource (Rampou et al., 2017; Sahoo et al., 2016; 
Yakaboylu et al., 2019). Importantly, CFA contains a large quantity of 
aluminum and silica compounds, and small concentrations of critical 
metals such as Ti and rare earth elements (European Commission, 2020; 
Matjie et al., 2005; Sahoo et al., 2016; Taggart et al., 2018). 

The alumina content in CFA always exceeds 30%, so methods for Al 
extraction from CFA have been studied extensively (Ding et al., 2017; Li 
et al., 2014; Shemi et al., 2012; Xue et al., 2019; Yao et al., 2014). 
Another valuable metal present in relatively high content (>1%) in CFA 
is Ti, which could easily follow Al during the treatment (Matjie et al., 
2005; Rampou et al., 2017). Extraction of other metals depends on their 
content levels in CFA (Ding et al., 2017; Shemi et al., 2012; Shemi et al., 
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2015; Taggart et al., 2018). In general, such metal extractions depend 
highly on the decomposition of aluminosilicates, which are the main 
phases in CFA and commonly contain embedded phases of other metals. 
Direct acid leaching at ambient temperature and pressure is not a viable 
method for decomposing CFA to extract metals because aluminosilicates 
tend to be very stable under such conditions (Taggart et al., 2018). 
Therefore, before leaching, the CFA is typically first digested using acid 
or alkali media at high temperatures and activated with additives to 
complete the decomposition. Alkali-assisted digestion involves the use 
of CaO, NaOH, or Na2CO3 sintering at high temperature (>700 ◦C) (Guo 
et al., 2017; Padilla and Sohn, 1985; Rahaman et al., 2013). Recently, 
Wei et al. (Wei et al., 2018) studied the acid digestion of Chinese CFA at 
300 ◦C with 98% H2SO4 and found that the aluminum extraction effi-
ciency was greater than 80%, but acidic fumes (SO3) were produced 
despite the relatively lower temperature. Researchers from South Africa 
studied the decomposition of CFA using ammonium salts (e.g., NH4HSO4 
and (NH4)2SO4) and baking the CFA at 400–500 ◦C to extract Al (Doucet 
et al., 2016; van der Merwe et al., 2017). However, it was determined 
that the Al extraction efficiency was still lower than 50%, only about 
20% of the Ti was extracted, and the mullite (3Al2O3⋅2SiO2) component 
of CFA was barely decomposed. Moreover, NH3 emission was ignored in 
this method, and excess extractant was required because NH4HSO4 and 
(NH4)2SO4 decomposed at 400–500 ◦C to produce NH3 (Zhou et al., 
2017). To achieve cleaner production, it is crucial to reduce energy 
consumption and control the emission of harmful gases. 

The principle of microwave heating is converting electromagnetic 
energy into thermal energy within materials that can absorb microwave 
energy (Mishra and Sharma, 2016). Microwave radiation has been 
employed widely in extractive metallurgy because it allows for selective, 
rapid heating of the mineral components (Haque, 1999; Lovás et al., 
2011; Wang et al., 2015). It has also been found that the activation 
energy of a reaction is often reduced by microwave heating (Wang et al., 
2018). As CFA is suitable for microwave absorption (Yakaboylu et al., 
2019; Zhang et al., 2015), microwave-assisted baking is another method 
that can be applied to decompose CFA. It is clear that certain CFA 
treatment methods employing lower temperature baking lead to lower 
SO3 and NH3 emissions (van der Merwe et al., 2017; Wei et al., 2018). 

This paper describes a clean strategy for reducing energy consump-
tion and gas emissions by employing microwave-assisted baking with 
H2SO4 + NH4HSO4, and water leaching to extract Al and Ti from CFA. 
The thermodynamics of the primary reactions among reagents (H2SO4, 
NH4HSO4, and their mixture) indicated that H2SO4 and NH4HSO4 had 
synergistic effects. Experiments involving the low-temperature 
(<300 ◦C) baking of CFA with microwave heating and water leaching 
allowed for evaluations of the effects of the various parameters on the Al 
and Ti recovery. The phase changes were studied to confirm the mech-
anism, and the practical recovery (selective precipitation) of Al and Ti 
from the resulting leach liquor was investigated. The results of this study 
provide insights relevant for developing an efficient process to decom-
pose CFA for metal recovery. 

2. Experimental 

2.1. Materials and analysis 

The coal fly ash (CFA) used in this study was obtained from one of 
Eskom’s thermal power stations in Mpumalanga, South Africa. The CFA 
composition was determined by X-ray Fluorescence (XRF) spectrometry, 
and the concentration of Al, Ti, and Fe in solid samples was determined 
after a total dissolution in aqua regia. Inductively coupled plasma-mass 
spectrometry (ICP-MS; Peculiarity Optima 5300DV, Perkin Elmer) was 
used to measure the concentration of the elements present in the solu-
tions. Phase analysis of solid samples was conducted using a powder X- 
ray diffractometer (XRPD; PANalytical X’PERT-PRO). The mineral 
composition was determined by quantitative evaluation of the materials 
using scanning electron microscopy (SEM; QEMSCAN) analysis. The 

principle and procedures for QEMSCAN analysis have been reported 
previously by our group (Ma et al., 2018). 

H2SO4 (96 wt%), NH4HSO4, iron powder, and Na2CO3 used in the 
experiments were of analytical grade. Distilled water was used in the 
leaching step. 

2.2. Recovery procedure and thermodynamic analysis 

Fig. 1 shows the proposed flowchart describing the process of 
recovering Al and Ti from CFA in this study. Microwave-assisted baking 
followed by water leaching promoted the transfer of Al and Ti to the 
aqueous solution in the first stage. In the baking step, a mixture of H2SO4 
and NH4HSO4 was selected to digest the CFA. Next, Al3+ preferentially 
precipitated from the leach liquor via alum (NH4Al(SO4)2⋅12H2O) pre-
cipitation after cooling at low pH. After reducing the iron in solution 
from Fe3+ to Fe2+ using iron powder, TiO2+ was selectively precipitated 
(over iron) by neutralization. The associated thermodynamic analyses 
are described in the following sections. 

2.2.1. Microwave-assisted baking and leaching 
It is well known that mullite is the main aluminosilicate component 

of CFA; however, its chemical stability poses a challenge in terms of Al 
extraction from CFA. The reactions describing the decomposition of 
mullite during the digestion of CFA with different reagents (H2SO4, 
NH4HSO4, and their mixture) are expressed by Eqs. (1)–(3). Ti exists in 
CFA mainly in the form of TiO2, and Eq. (4) shows its reactivity during 
sulfation baking. The relationship between the standard Gibbs free en-
ergy change of the reactions (ΔrGθ) and the temperature is shown in 
Fig. 2. These thermodynamic data were obtained from Dean, 1985. 
3Al2O3⋅2SiO2 + 9H2SO4→3Al2(SO4)3 + 2SiO2 + 9H2O(g) (1)  

3Al2O3⋅2SiO2 + 12NH4HSO4→6NH4Al(SO4)2 + 6NH3(g)+ 2SiO2 + 9H2O(g)

(2)  

3Al2O3⋅2SiO2 + 6H2SO4 + 6NH4HSO4→6NH4Al(SO4)2 + 2SiO2 + 9H2O(g)

(3)  

TiO2 +H2SO4→TiOSO4 +H2O(g) (4) 
It is clear that the ΔrGθ values of all the reactions are negative when 

the temperature is less than 300 ◦C. For the decomposition of mullite, 
Eq. (2) shows that significant quantities of NH3 are produced if 
NH4HSO4 alone is used in the reaction, which is not acceptable for 
practical CFA digestion. In contrast, if H2SO4 is used to digest CFA, no 
NH3 is produced, and the molar ratio of the reagent to mullite (3:1) is 
lower than that (4:1) in Eq. (2). It is interesting to note that between 100 
and 300 ◦C, the ΔrGθ of Eq. (3), which employs a mixture of H2SO4 and 
NH4HSO4, is lower than those of Eq. (1) and (2), and the reaction 
product is NH4Al(SO4)2, thus avoiding emission of NH3. Another issue in 
the reactions involving H2SO4 is that the decomposition of H2SO4 at high 
temperature produces SO3 (boiling point of H2SO4 = 338 ◦C). Therefore, 
baking below 300 ◦C with a mixture of NH4HSO4 and H2SO4 was the best 
strategy for decomposing mullite. 

A laboratory microwave oven (NAI-SYS-WBL microvave oven, Naai 
Instrument Co. Ltd., Shanghai, China) with a frequency of 2.45 GHz was 
used for low-temperature baking of the reaction mixtures. The heating 
rate and temperature could be controlled by adjusting the microwave 
oven’s output power; alternatively, it was possible to bake the mixture 
using a constant output power. A schematic drawing of the experi-
mental apparatus is shown in Fig. 3. The temperatures of the reactants 
and the microwave chamber were monitored using thermocouples 
(Thermocouples 1 and 2 in Fig. 3). The mass of the CFA used in each 
experiment was 50 g. After adding all the reagents, the mixture was 
heated using microwaves with a constant output power of 100 W. 
Considering the exothermic reactions during CFA digestion, the output 
power was reduced to 0 W when the temperature of the mixture reached 
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~20 ◦C below the specified baking temperature. After the specified 
temperature was reached, the mixture was then maintained automati-
cally for a designated amount of time by intermittent heating (100 W 
output). 

It was expected that Al2(SO4)3, NH4Al(SO4)2, and TiOSO4 would 
form after sulfation baking. The baked CFA was subsequently dissolved 
in distilled water, which allowed for the leaching of Al and Ti. A leachate 
was obtained after vacuum filtering and washing the filter cake. The 
filtrate was collected and analyzed to determine the extraction effi-
ciency. The extraction efficiency was calculated by element quality in 
leachate versus element quality in the CFA used: 

Extraction efficiency =
C(considered metal in solution)∙V(filtrate)

m(CFA)∙ω(considered metal in CFA)

where C = concentration, V = volume, m = mass and ω = mass fraction. 

2.2.2. Selective precipitation of Al and Ti 
The resulting leach solution contained Al3+, TiO2+, and some im-

purities, such as Na+, Ca2+, and Fe3+. The Al3+ could be recovered from 
the leach liquor via NH4Al(SO4)2 alum precipitation after cooling at low 
pH, because the water solubility of NH4Al(SO4)2⋅12H2O is highly 
dependent on the temperature. As shown in Table 1, the solubility of 
NH4Al(SO4)2⋅12H2O is only 2.4 g per 100 g water at 0 ◦C. As a result, 
most of the Al can precipitate as crystals at 0 ◦C, thereby avoiding co- 
precipitation with other metal ions. This method is favored over Al 
(OH)3 precipitation because it proceeds without neutralization, and the 
crystalline NH4Al(SO4)2⋅12H2O is easier to filter than the gelatinous Al 
(OH)3. In this study, the CFA leach solution was maintained at 0 ◦C for 
10 h to obtain alum crystals. 

Metal hydroxide precipitation is a common method for preliminary 
separation and enrichment of metal from aqueous solution in hydro-

Fig. 1. Proposed flowchart for recovering Al and Ti from CFA.  

Fig. 2. Relationship between the standard Gibbs free energy of the reactions 
(ΔrGθ) and the temperature. 

Fig. 3. Schematic drawing of the baking apparatus.  

Table 1 
Solubility of NH4Al(SO4)2⋅12H2O (Poling et al., 2008).  

Temperature (◦C) 0 20 40 60 80 100 
Solubility (g/100 g H2O) 2.4 7.4 14.6 26.7 53.9 121  

Y. Ma et al.                                                                                                                                                                                                                                      



Hydrometallurgy 206 (2021) 105754

4

metallurgy. The log[Mn+]-pH diagram based on the solubility product 
constants of metal hydroxides at 298.15 K is shown in Fig. 4. The pH 
ranges for Ti3+, TiO2+, and Fe3+ hydrolysis are quite close, so direct 
neutralization cannot achieve Ti precipitation over Fe3+ precipitation. 
However, the pH range for Fe2+ hydrolysis is much higher than that for 
TiO2+ and Ti3+, so reducing the iron from Fe3+ to Fe2+ prior to 
neutralization could prevent co-precipitation. Fig. 5 presents the 
potential-pH diagram of the Ti-H2O system at 298.15 K and low pH (the 
electrode potentials of Eθ(Fe3+/Fe2+) = 0.77 V, Eθ(Fe2+/Fe) = −0.46 V) 
(Dean, 1985). Based on this diagram, TiO2+ and Fe2+ can co-exist if the 
pH and potential are controlled in the red hashed area in Fig. 5, but Ti3+
and Fe3+ cannot co-exist at low pH because there is no overlap in their 
respective predominant areas in the diagram. The addition of iron 
powder to the solution would reduce Fe3+ to Fe2+, and TiO2+ is color-
less, but Ti3+ is purple in an aqueous solution. Therefore, a slight excess 
of iron powder was added to react with the solution until the solution 
appeared purple, indicating that all iron was reduced to Fe2+, and a little 
Ti3+ was produced. The small amount of Ti3+ produced could be 
transformed back into TiO2+ after adding the initial solution slowly until 
the purple color disappeared. In this way, the Ti-bearing solution was 
controlled in the red hashed area of Fig. 5. Next, TiO2+ was precipitated 
(over Fe2+) from the solution by adjusting the pH to around 3.0. The 
relevant reactions are represented by Eq. (5) and Eq. (6). 
Fe+ Fe3+→2Fe2+ (5)  

TiO2+ + 2OH−→TiO(OH)2 (s) (6)  

3. Results and discussion 

3.1. Characterization of coal fly ash 

The chemical composition of the CFA used in this work is listed in 
Table 2, which revealed 32.1 wt% Al2O3 and 1.68 wt% TiO2. Fig. 6 
shows the phase distribution determined based on QEMSCAN analysis, 
and the proportion of phases are summarized in Table 3. The major 
phases in the CFA were mullite, quartz, and other aluminosilicate pha-
ses. Two SEM images of the CFA are shown in Fig. 7. The CFA, which 
consisted of various spheres with smooth surfaces, embodied the typical 
microstructure of a vitreous body. Fig. 6 also shows that mullite and 
rutile were embedded heterogeneously within these spheres. 

3.2. Sulfation baking via microwave heating and leaching 

3.2.1. Comparative results 
To confirm the advantages of the proposed strategy, some pre-

liminary tests were performed to compare the heating rates of the ma-
terials and the performances of different reagents. Fig. 8 shows the 
comparative heating curves (mass of CFA used in the heating experi-
ments = 50 g). It is clear that microwave radiation was sufficient to 
rapidly heat the CFA (or the mixture of CFA and reagents), while the 
temperature of the microwave chamber (T2) was kept very low. There-
fore, selective microwave heating contributed to efficient energy use 
during the baking process. On the other hand, the temperature of the 
reactants increased continuously even though the microwave oven’s 
output was reduced to 0 W output once it reached 260 ◦C (Fig. 8). This 
was because of the heat generated by the exothermic reactions occurring 
during CFA digestion; the microwave-assisted baking technique took full 
advantage of the exothermic effect of the reactions, which is not possible 
in conventional heating. 

The comparative results from microwave heating versus conven-
tional heating, and the performance of different reagents are summa-
rized in Fig. 9. The conventional heating experiment was conducted in a 
muffle furnace (Nabertherm™ L-051H1RN1T, Nabertherm LLC., Lil-
ienthal, Germany), and all other experimental parameters were un-
changed. The amount of each reagent added to the mixture was 1.2 
times the theoretical values calculated considering the Al2O3 and TiO2 
content in the CFA and the stoichiometry of Eqs. (1)–(4). The theoretical 
values of these three kinds of extraction reagents per 100 g CFA are 98.5 
g H2SO4 (96 wt%) per 100 g CFA, 144.8 g NH4HSO4 per 100 g CFA, and 
66.4 g H2SO4 (96 wt%) + 72.4 g NH4HSO4, respectively. The baking 
temperature and time were 280 ◦C and 60 min, respectively. Water 
leaching proceeded for 30 min at 60 ◦C with a liquid to solid ratio of 5 g 
water to 1 g baked ash. It is clear from Fig. 9 that the application of 
microwave heating enhanced the CFA digestion in terms of Al and Ti Fig. 4. log[Men+]-pH diagram based on the solubility product constants (Ksp) 

of metal hydroxides at 298.15 K (Ksp values obtained from Dean, 1985). 

Fig. 5. E-pH diagram of the Ti-H2O and Fe-H2O systems at 298.15 K and low 
pH (Activities: titanium 0.001, iron 0.01). 

Table 2 
Chemical composition of the raw CFA and the residue after leaching in this 
studya.  

Sample Oxide composition (% w/w) 
Al2O3 SiO2 CaO Fe2O3 MgO TiO2 L.O.I.b 

Raw CFA 32.1 55.2 3.44 6.04 1.07 1.68 1.40 
Leach residue 7.15 71.87 4.34 2.89 1.33 0.91 8.40  
a On dry base. 
b Loss on ignition. 
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extraction compared with conventional heating. The extraction effi-
ciency was the highest when the mixture of H2SO4 and NH4HSO4 was 
used as the extractant; the extraction efficiency was much lower after 
baking with only NH4HSO4. These results indicated that the solid-solid 
reaction performance was inferior to the solid-liquid reaction. Overall, 
the comparative results were consistent with the thermodynamic anal-
ysis presented in Fig. 2, and it was concluded that baking with the 
mixture of NH4HSO4 and H2SO4 was the optimal choice for CFA 
digestion. 

3.2.2. Effect of baking temperature on Al and Ti extraction 
The effect of the baking temperature on Al and Ti extraction was 

tested using 1.2 times the theoretical amount of H2SO4 + NH4HSO4 
calculated from Eqs. (1)–(4). The baking time was set constant at 60 min. 
As shown in Fig. 10, the Al extraction efficiency increased from 67.4% to 
82.4% as the temperature increased from 220 to 280 ◦C, but no addi-
tional enhancement was observed upon increasing the temperature 
further to 300 ◦C. The Ti extraction efficiency increased from 43.1% to 
55.6% as the temperature increased from 220 to 280 ◦C; however, upon 
further increasing to 300 ◦C, the Ti extraction efficiency decreased 
slightly. These results were consistent with a published report that Ti 
extraction efficiency was lower at a higher temperature (van der Merwe 
et al., 2017). Finally, the optimal baking temperature was determined to 
be 280 ◦C. 

3.2.3. Effect of reagent quantities on Al and Ti extraction 
During the baking process, all phases except mullite and rutile in the 

CFA could consume reagents; therefore, it was necessary to add more 
than the stoichiometrically-required amounts of reagents (H2SO4 +
NH4HSO4) calculated based on the Al2O3 and TiO2 content in the CFA. 
The effect of reagent quantities on Al and Ti extraction is illustrated in 
Fig. 11, which indicates that aluminum extraction increased upon 
increasing the excess ratio of reagents. For example, the Al extraction 
efficiency was 73.8% using the theoretically-determined reagent quan-
tities, and increased to 82.4% when the excess ratio increased to 1.2 (no 
further increase in efficiency was observed with a further increase in the 
excess ratio to 1.4). The results also showed that the amounts of reagents 
had little effect on the Ti extraction efficiency; the addition of excess 
reagents was not necessary. Therefore, the optimal excess ratio was 1.2, 

Fig. 6. QEMSCAN analysis of the CFA by false color imaging.  

Table 3 
Phase distribution of the CFA.  

Mineral Proportion (%) 
Unclassified 3.53 
Quartz 13.3 
Plagioclase Feldspar 4.59 
Chamosite 7.71 
Illite 1.67 
Amphibole 1.52 
Mullite 51.6 
Rutile 0.78 
Fe Oxides 1.29 
Apatite 0.51 
Other Alumosilcate 13  

Fig. 7. SEM images of the CFA.  
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which enabled maximal Al and Ti extraction while saving reagents. 

3.2.4. Effect of baking time on Al and Ti extraction 
The effect of the baking time on Al and Ti extraction from the CFA 

was evaluated experimentally, and the results are shown in Fig. 12. 
When using H2SO4 + NH4HSO4 to digest the CFA, both the Al and Ti 
extraction efficiencies increased with prolonged baking time. The 
digestion performance did not increase further with baking times longer 
than 60 min, so this baking time was the most logical for Al and Ti 
extraction using microwave heating. 

3.2.5. Effect of leaching conditions on Al and Ti extraction 
It has been demonstrated that leaching conditions are typically not 

critical variables for the extraction of metals from CFA after acid 
digestion (Wei et al., 2018). In this investigation, 60 ◦C was the optimal 

temperature for the leaching process, which was nearly completed in 30 
min. Liquid-solid ratios ranging from 1 to 10 g of water to 1 g baked ash 
were tested. There was no significant change in Al or Ti extraction when 
the water used was over 5 times the amount of baked ash. The high 
concentration of Al in the leach solution promoted the subsequent 
crystallization of NH4Al(SO4)2⋅12H2O. The optimal liquid-solid ratio 
was ultimately set to 5 g water to 1 g baked ash. Under these leaching 
conditions, and after filtering and washing the filter cake, the Al and Ti 
extraction efficiencies reached 83.4% and 55.6%, respectively. The 
leach residue contained a large proportion of silica (71.9%), but the 
content of alumina decreased to 7.2% (Table 2). It could be used as a 
secondary source of e.g. nano-silica, or as an additive in the cement 
industry. 

Fig. 8. Heating curves for CFA and the mixture of CFA with reagents (T1: the temperature of the reactants, T2: the temperature of the microwave chamber).  

Fig. 9. Comparative results, baking conditions: 280 ◦C, 1.2 times the theoretical amount of reagents, 60 min, leaching conditions: 60 ◦C, L/S: 5 g water to 1 g baked 
ash, 30 min. 
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3.3. Morphological evidence and phase changes 

The microstructures of the baked CFA and the residue after leaching 
were characterized by SEM (Fig. 13) to observe changes in their mor-
phologies. After microwave-assisted sulfation baking, many of the 
spherical particles in the CFA were replaced by significant amounts of 
polygonal and square pellets, and some spheres shrank in size. This 
change in morphology indicated mullite decomposition and the forma-
tion of new sulfate salts. Fig. 14 shows the XRD patterns of the raw CFA, 
baked CFA, and leach residue. The major phase components of the raw 
CFA were quartz, mullite, hematite, and amorphous glass. This result 
was in good agreement with the QEMSCAN results, although the small 
amount of rutile was hard to identify by XRD analysis. After baking, the 
newly formed pellets existed mainly as crystalline godovikovite (NH4Al 
(SO4)2), millosevichite (Al2(SO4)3), anhydrite (CaSO4), and quartz 
(SiO2). The peak intensity of the remaining mullite in the baked CFA was 
much lower than that of other phases. It was also inferred that there was 
a small amount of TiOSO4 in the baked CFA. These newly formed phases 
interlocked around the spheres to form clusters visible in the SEM im-
ages, and some covered some of the initial spheres, which may have 

hampered acid diffusion, thus explaining the incomplete extraction of Al 
and Ti. 

After leaching, the soluble godovikovite was dissolved into the so-
lution, and the corresponding peaks in the XRD pattern disappeared. The 
leach residue’s XRD pattern (Fig. 14) indicated that a small amount of 
mullite and hematite remained in the residue. The sizes of the remaining 
spheres were smaller than those in raw CFA, which confirmed the sphere 
shrinkage; some spheres also collapsed. The scratches marked with red 
circles on the surface of the CFA particles represent clear indications of 
mullite removal. These SEM images were consistent with previous work 
applying acid baking and leaching (Bai et al., 2011). 

3.4. Selective precipitation of Al and Ti from the leach solution 

After leaching, precipitation methods were used to recover and 
isolate Al and Ti from the leach solution. The chemical composition of 
the experimental solutions is listed in Table 4. Al was precipitated 
selectively (92.2%) at 0 ◦C after 10 h. The phase of the alum crystals was 
determined by XRD analysis (Fig. 15); these crystals were calcined at 
800 ◦C for 3 h and analyzed further using XRF. The composition of the 
calcined alumina is presented in Table 5, and the Al2O3 content was 
99.6%, which meets the requirements of industrial alumina. After 
reducing the Fe3+, the pH was adjusted to 3.11 by adding Na2CO3 to 
precipitate Ti4+ in a 97.9% yield. Table 6 shows the composition of the 
resulting precipitate; the content of Ti was 44.2%, and the content of 
other impurities was low, but further purification was necessary to 
obtain the desired Ti product. In this way, the gelatinous Fe(OH)3 was 
prevented from getting into the Ti-rich precipitate, which was beneficial 
to the subsequent Ti recovery and purification. 

4. Conclusions 

In this paper, we described a clean and energy-efficient process for 
recovering Al and Ti from CFA. Microwave heating and using a mixture 
of H2SO4 + NH4HSO4 as the extraction agent reduced the energy con-
sumption and gas emissions associated with the conventional process, 
and this method also enhanced the Al and Ti extraction efficiencies 
compared with other acidic baking strategies. The optimal microwave- 
assisted baking conditions were: 280 ◦C, 1.2 times the theoretical 
amount of reagents, 60 min. The primary phase formed after microwave- 
assisted baking was godovikovite (NH4Al(SO4)2). After water leaching, 
82.4% Al and 55.6% Ti could be extracted when applying the optimal 
baking and leaching parameters. 

Fig. 10. Effect of baking temperature on Al and Ti extraction efficiencies, 
baking conditions: 1.2 times the theoretical amount of reagents, 60 min, 
leaching conditions: 60 ◦C, L/S: 5 g water to 1 g baked ash, 30 min. 

Fig. 11. Effect of reagent quantities on Al and Ti extraction efficiencies, baking 
conditions: 280 ◦C, 60 min, leaching conditions: 60 ◦C, L/S: 5 g water to 1 g 
baked ash, 30 min. 

Fig. 12. Effect of baking time on Al and Ti extraction, baking conditions: 
280 ◦C, 1.2 times the theoretical amount of reagents, leaching conditions: 
60 ◦C, L/S: 5 g water to 1 g baked ash, 30 min. 
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Fig. 13. SEM images of solid samples: (a,b) baked CFA; (c,d) residue after water leaching. Note: the scratches on the surface of the CFA particles are marked with red 
circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. XRD patterns of the raw CFA (bottom), microwave-assisted baked CFA (middle), and leach residue (top).  

Table 4 
Chemical composition of experimental solutions.  

Element Elemental analysis (g/L) 
Al Fe(II) Fe(III) Ti Ca Mg S pH 

CFA leach solution 10.7 0.12 2.51 0.44 <0.005 <0.005 38.5 0.64 
After precipitation of Al 0.84 0.13 2.72 0.48 <0.005 <0.005 15.1 0.63 
After reduction of Fe(III) 0.84 4.22 <0.001 0.48 <0.005 <0.005 15.1 0.74 
After precipitation of Ti 0.80 4.10 <0.001 0.01 <0.005 <0.005 15.1 3.11  
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Taking advantage of the NH4+ in the resulting leach solution, Al was 
selectively recovered via NH4Al(SO4)2⋅12H2O precipitation after main-
taining the solution at 0 ◦C for some time. A high-quality alumina 
product could then be obtained from the NH4Al(SO4)2⋅12H2O. After 
reducing the iron in the solution from Fe3+ to Fe2+, Ti was recovered via 
hydrolysis after increasing the pH. The Ti precipitate contained 44.2% 
Ti, which required further treatment to obtain the final pure product. 

In conclusion, the developed technology was highly beneficial in 
terms of enhancing the efficient recovery of Al and Ti from CFA, while 
also reducing the processing costs and harmful gas emissions. 
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