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Abstract: Calcium sulphoaluminate (3CaO·3Al2O3·CaSO4, abbreviated as C4A3S) was synthesized by sintering at 1375 °C for 2 h 
with analytically pure carbonate calcium, alumina and dihydrate calcium sulfate. The crystal structure of C4A3S was characterized by 
XRD, SEM and TEM. Alumina leaching properties in Na2CO3 solution were studied, and the leaching mechanism was investigated 
by means of Raman spectrum and XRD. The results show that C4A3S has porous morphology. The polycrystallines and single 
crystals coexist in C4A3S and grow along different directions. The alumina leaching rate of C4A3S is 98.41%, which is higher than 
that of 12CaO·7Al2O3 under the optimal condition. The aluminum and sulfur elements exist in the leaching solution in the form of 

4Al(OH)  and 2
4SO  , respectively, and the calcium exists as CaCO3 in the leaching residues. 
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1 Introduction 
 

With the continuous improvement of the global 
industrial production, alumina industry has been rapidly 
developed [1]. The alumina production of China 
increased to 5125 million tons in 2014 from 700 million 
tons in 2004 [2]. The ore grade decreases because of the 
sharp and increasing demand of bauxite. It’s meaningful 
to study the use of non bauxite resources (such as red 
mud, fly ash, and iron-bearing bauxite) in the production 
of alumina [3]. So, the comprehensive utilization of the 
low grade ore, fly ash and solid waste has become 
research hotpots [4−7]. 

At present, for low grade ore, red mud and fly ash 
whose A/S (Al2O3/SiO2, mass rate) is less than or equal 
to 3, the lime sintering method has many advantages, 
such as high alumina leaching rate, low level of 
secondary reaction, dry sintering process without   
alkali [8,9]. The main aluminum phase of lime sinter 
process is 12CaO·7Al2O3 whose alumina leaching 
property is excellent [10]. However, it also owns a lot of 
shortcomings, such as large consumption of calcium 

oxide, large material flow, considerable amount of slag, 
and small burning temperature range. Based on our 
previous study, the alumina leaching rate can reach 95% 
in the process of treating fly ash with lime sintering 
process, but the main phase of the clinker is C4A3S but 
not 12CaO·7Al2O3, which is consistent with the research 
of GOODBOY [11]. He found that C4A3S clinker has a 
good alumina leaching property. It substitutes 
12CaO·7Al2O3 as the main phase while the C/A (molar 
rate between CaO and Al2O3) decreases from 1.71 to 
1.33, and a high alumina leaching property is achieved 
under the condition of low calcium and aluminum. The 
source of sulfur of the process is calcium sulfate, which 
is the desulfurization residue obtained during the burning 
of pulverized coal. Therefore, it is very important to 
study the synthesis and the alumina leaching of C4A3S. 
At present, the researches on C4A3S are mainly focused 
on the cement, because C4A3S is the main component of 
the sulfate cement clinker and it has a fast hydration and 
good sulfur retention characteristics [12−14]. The 
formation of C4A3S is hindered with the increase of the 
concentration of additives, such as P2O5 and Cr2O3 [15]. 
The use of phosphorus gypsum can significantly reduce 
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the temperature and time of the formation of C4A3S 
compared with the use of gypsum [16]. LI et al [17] 
found that the optimal temperature range of formation of 
C4A3S with C3S and CaSO4 was 1150−1350 °C, and the 
corresponding optimum holding time was 1−6 h. It was 
also found that the holding time decreased with the 
increase of the sintering temperature. The reaction 
equation is 
 
3Ca3Al2O6+CaSO4→Ca4Al6O12(SO4)+6CaO      (1) 
 

The formation mechanism [18] and the 
thermodynamics [19] and kinetics of C4A3S [20] were 
researched, and the formation reaction of C4A3S was 
determined as  
 
CaSO4+3CaO+3Al2O3→3CaO·3Al2O3·CaSO4        (2) 
 

Therefore, the researches on the formation and 
hydration of C4A3S are widely reported, but the alumina 
leaching properties and mechanism are rarely reported. 
In order to eliminate the influence of other impurities, 
the pure C4A3S was synthesized by adding calcium 
sulfate as the source of sulfur in this work. The structure 
of C4A3S was characterized, and the alumina leaching 
behavior and mechanism were studied to provide a 
theoretical basis for the treatment of low sulfur grade raw 
materials with lime sintering process. 
 
2 Experimental 
 
2.1 Materials 

The synthesis experiment of C4A3S was carried out 
with the analytically-pure reagents of carbonate calcium, 
alumina and dihydrate calcium sulfate. 

The alumina leaching solution was prepared by 
analytically pure reagents of sodium carbonate and 
sodium hydroxide solution. 
 
2.2 Experimental apparatus 

Experimental apparatus: KSL-1700X-A2 box type 
high temperature sintering furnace, thermostatic water 
bath, SFM-1 planetary ball mill, planet type mixer. 

Analytical apparatus: D/MAX-2500 X-ray 
diffraction analyzer of Rigaku made in Japan, S-4800-I 
scanning electron microscopy (SEM) of HITACHI made 
in Japan, JEM-2100 transmission electron microscopy 
(TEM) of JEOL made in Japan and Nicolet 6700 
FT-Raman modules of Thermo Fisher made in America. 
 
2.3 Synthesis of C4A3S 

According to the formula of C4A3S, analytically 
pure carbonate calcium, alumina and dihydrate calcium 
sulfate were weighed at the rate of 3:3:1. They were 
mixed in the planetary mixer at the speed of 130 r/min 
for 2 h. The mixed material was sintered for 2 h at 
1375 °C and then was taken out when the temperature 

below 200 °C. After sintering process, a portion of the 
sintered clinker was ground to less than 200 meshes  
(≤74 μm) for the use of XRD analysis and alumina 
leaching in the SFM-1 planetary ball mill at the speed of 
250 r/min for 1 h. The scanning angle of XRD ranged 
from 10° to 80°, and the scanning speed was 2 (°)/min. 
Another part of the sintered sample was polished, 
corroded, sprayed with gold, and scanned by the SEM. 
 
2.4 Alumina leaching of C4A3S 

The leaching experiments of clinker were carried 
out in the constant temperature water bath, using flask as 
leaching container which was connected with the 
circulating cooling water. The experiments were 
performed under the following conditions: carbon alkali 
concentration (NC) was 80 g/L, caustic concentration (NK) 
was 10 g/L, leaching temperature ranged from 60 to 
90 °C, leaching time ranged from 5 to 30 min, liquid to 
solid rate (L/S) was 10, and stirring speed was 400 r/min. 
The content of Al2O3 in the filtrate was analyzed by 
EDTA titration, and the content of 2

4SO   was analyzed 
by Barium sulfate gravimetric method. The alumina 
leaching rate was calculated according to 
 

ls ls cl cl
AO

C V C V

m w

  



                         (3) 

 
where Cls is the alumina content in leaching solution, g/L; 
Ccl is the alumina content in correction liquor, g/L; Vls is 
the volume of leaching solution, L; Vcl is the volume of 
correction liquor, L; m is the mass of C4A3S, g; w is the 
alumina mass fraction of C4A3S. 
 
3 Results and discussion 
 
3.1 Synthesis of C4A3S 

A part of the sintered sample was analyzed by XRD. 
The XRD pattern is shown in Fig. 1. Another part of the 
sintered sample was scanned by the SEM. The result is 
shown in Fig. 2. 
 

 

Fig. 1 XRD pattern of sintering clinker at 1375 °C for 2 h 
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Fig. 2 SEM image of C4A3S 

 
The result of X-ray analysis shows that single phase 

C4A3S (PDF card number 85-2210) is obtained under the 
sintering conditions, and there is no impurity phase. The 
intensity and half height width of the strongest peak are 
15499 and 0.146, so the crystallinity of C4A3S is high. 
The SEM image shows that its micro-morphology is 
porous, and there are some big gaps, as illustrated in  
Fig. 2. These pores can increase the contact area of the 
solid reaction and increase the reaction rate in the 
process of leaching. 

A part of the sample was milled to below 100 nm, 
and then the ultrasonic dispersion was carried out for  

TEM analysis. The selected area electron diffraction 
(SAED) and lattice fringe image of C4A3S are shown in 
Fig. 3. 

Because the electron diffraction pattern of Fig. 3(b) 
is a series of different radii of the concentric rings, there 
are some polycrystallines in C4A3S. But the diffraction 
pattern (Fig. 3(c)) indicates a single crystal, so the C4A3S 
is a coexisting phase of polycrystallines. Figures 3(c) and 
(d) show that C4A3S mainly has two growth directions, 
and their interplanar spacings are 0.3635 and 0.2936 nm. 
And combined with XRD results, the preferred 
orientations of C4A3S are (022) and (103), respectively, 
which are the strongest and the second strongest peaks of 
C4A3S. 

The results of XRD, SEM and TEM analysis show 
that the microstructure of the C4A3S synthesized at 
1375 °C for 2 h is porous and it grows in different 
directions. 

 
3.2 Leaching mechanism of C4A3S 
3.2.1 Alumina leaching of C4A3S 

The effect of temperature on the leaching 
performance of C4A3S was studied under the leaching 
conditions (NC=80 g/L, NK=10 g/L, leaching time:    
30 min, stirring speed: 400 r/min, and L/S=10). The 
results are shown in Fig. 4. 

 

 
Fig. 3 TEM image of C4A3S (a), selected area electron diffraction patterns of C4A3S (b) and (c), and HRTEM image of C4A3S (d) 
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As shown in Fig. 4, the leaching rate of C4A3S 
increases obviously with the increase of temperature 
from 60 to 80 °C. After that, the effect of temperature on 
leaching rate decreases. And the leaching rate remains up 
to 98%. Therefore, C4A3S can be easily leached out and 
its optimal leaching temperature is 80 °C. 
 

 

Fig. 4 Effect of leaching temperature on alumina leaching rate 

of C4A3S 

 

The effect of leaching time on the leaching 
performance of C4A3S was investigated under the 
leaching conditions (NC=80 g/L, NK=10 g/L, leaching 
temperature: 80 °C, stirring speed: 400 r/min, and 
L/S=10). The results are shown in Fig. 5. 
 

 
Fig. 5 Effect of leaching time on alumina leaching rate of 

C4A3S 

 
As can be seen in Fig. 5, C4A3S can be leached in a 

short period of time, and the leaching rate is high. After 
10 min leaching, the leaching rate changes little. As 
illustrated in Fig. 2, the micro-morphology of C4A3S is 
porous, which increases the contact area of the liquid and 
solid, accelerates the reaction rate and makes the reaction 
more adequate. 

Based on the leaching experiments, the optimum 
leaching conditions (NC=80 g/L, NK=10 g/L, leaching 

temperature: 80 °C, leaching time: 10 min, stirring speed: 
400 r/min, and L/S=10) are confirmed. Under those 
conditions, the alumina leaching rate of C4A3S is 98.41%. 
However, the alumina leaching rate of 12CaO·7Al2O3 is 
93.30% under the conditions of NC=80 g/L, leaching 
temperature: 80 °C, and leaching time: 30 min [21]. This 
indicates that the leaching performance of C4A3S is 
better than those of 12CaO·7Al2O3. And also, the 
leaching time and C/A of C4A3S are shorter and lower 
than that of 12CaO·7Al2O3. Therefore, this process can 
save the lime consumption and energy during the 
leaching process. 
3.2.2 Leaching mechanism analysis 

The alumina leaching experiment of the C4A3S was 
carried out under the optimum leaching conditions of the 
section 3.2.1. Raman spectrum analyses of the correction 
liquor and the leaching solution were also carried out. 
The results are shown in Figs. 6 and 7. 
 

 

Fig. 6 Raman spectrum of correction liquor before leaching 

 

 

Fig. 7 Raman spectrum of C4A3S leaching solution 

 
The concentration of 2

4SO   ion in the solution was 
0.047 mol/L determined by gravimetric method. It’s 
closed to the theoretical value of 0.048 mol/L. And, the 
characteristic peak of 2

4SO   is found at 982.2 cm−1 in 
Fig. 7 [22]. Therefore, the sulfur element in the clinker 
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basically exists in the leaching solution in the form of 
2
4SO   ion. The result shows that the characteristic peak 

of Al —OH stretching vibration band of 4Al(OH)  
structure is at 622 cm−1 in Fig. 7 [23]. Namely, 

4Al(OH)  is generated after leaching. The characteristic 
peaks of 2

3CO   are found at 1315.7 cm−1 (Fig. 6) and 
1066 cm−1 (Fig. 7) [24]. It can be seen from Fig. 7 that 
there is no sharp peak at 1315.7 cm−1, because a part of 
Na2CO3 solution is consumed in the reaction process. By 
comparing Figs. 6 and 7, there is still 2

3CO   in the 
leaching solution at 1066 cm−1 (Fig. 7), and the peak is 
still sharp, but the peak intensity decreases. There is   
O—H for different structures at 3200−3463.1 cm−1 [25]. 
According to the comparison of the Raman spectra  
(Figs. 6 and 7), the peak shape of O—H before leaching 
(Fig. 6) converts to the shoulder peak after leaching and 
the peak width increases (Fig. 7), mainly due to the 
change of expansion of O—H by the free stretching to  
O—H bond stretching vibration. 

The X-ray diffraction pattern of the leaching residue 
was carried out, and the result is shown in Fig. 8. 
 

 

Fig. 8 XRD pattern of leaching residue 

 
Figure 8 shows that C4A3S has been completely 

leached, and there is no aluminiferous compound phase. 
The main phase of leaching residue is CaCO3. In 
addition, CaSO4 is also not found in the slag. Therefore, 
the equation of the alumina leaching of C4A3S reaction 
can be determined as 
 
4CaO·3Al2O3·SO3+4Na2CO3+2H2O→ 

6NaAl(OH)4+4CaCO3+Na2SO4                     (4) 
 

This is consistent with the results of the study of 
GOODBOY [11]. In addition, according to the reaction 
equation, the molecular proportion (αk, mole ratio 
between Na2O and Al2O3 in solution) of the solution is 
equal to 1 when alkali is not added into the solution 
before leaching. The solution was unstable and easy to 
decomposition (Fig. 9), and the leaching rate is reduced 

by about 20% in the experiment. However, the molecular 
proportion αk equals 1.26 when the leaching reagent 
contains alkali (10 g/L). The solution was stable and not 
easy to decomposition (Fig. 8). 
 

 

Fig. 9 XRD pattern of leaching residue of C4A3S without alkali 

in correction liquor 

 
From the above analysis, it can be seen that the 

structure which is Al—OH stretching vibration band of 

4Al(OH)  is generated by the reaction of C4A3S and 
sodium carbonate solution. And NaAl(OH)4 is easy to 
break down: 
 
NaAl(OH)4→Al(OH)3+NaOH                  (5) 
 

On the principle of the movement of chemical 
equilibrium, the decomposition can be restrained by 
adding sodium hydroxide solution into the correction 
liquor. 
 
4 Conclusions 
 

1) Pure C4A3S is obtained at 1375 °C for 2 h by 
analytically pure carbonate calcium, alumina and 
dihydrate calcium sulfate. The crystalline integrity is 
better, and it has preferred orientations (022) and (103). 
It has excellent reaction performance in Na2CO3 and 
NaOH solution because its microstructure is porous, 
which results in the leaching rate increasing and the 
leaching time shortening obviously. 

2) The alumina leaching rate of C4A3S can reach 
98.70% which is better than that of 12CaO·7Al2O3 of 
93.30% under the optimal conditions (NC=80 g/L, NK= 
10 g/L, leaching temperature: 80 °C, leaching time:   
30 min and L/S=10). 

3) The aluminum and sulfur elements exist in the 
leaching solution in the form of 4Al(OH)  and 2

4SO  , 
and the calcium element exists as CaCO3 in the leaching 
residues. Adding alkali can inhibit the decomposition of 

4Al(OH)  in leaching solution. 
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硫铝酸钙的合成及其氧化铝浸出机理 
 

王 波 1,2，楚维钦 1，郝圆亮 1，荣 朔 1，孙会兰 1,2 
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2. 河北科技大学 河北省材料近净成形技术重点实验室，石家庄 050018 
 

摘  要：使用分析纯 CaCO3、Al2O3 和 CaSO4·2H2O 在 1375 °C 保温 2 h 合成纯硫铝酸钙(简写为 C4A3S)，通过   

XRD、SEM、TEM 对其晶体结构进行表征。在 Na2CO3溶液体系下研究其氧化铝浸出性能，并通过 XRD、Raman

等分析手段对其浸出机理进行分析。结果表明：在该条件下合成的 C4A3S 具有疏松孔洞状微观形貌，并存在沿着

不同方向生长的多晶与单晶共存结构；在最佳浸出条件下，浸出率高达 98.41%，优于同条件下 12CaO·7Al2O3的

浸出率；浸出后 Al 和 S 元素分别以 4Al(OH)与 2
4SO 的形式存在于浸出液中，Ca 以 CaCO3的形式存在于浸出渣

中。 

关键词：硫铝酸钙；合成；氧化铝；浸出 
 (Edited by Bing YANG)  


