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Abstract: A novel method of extracting valuable metals from Ti-bearing blast furnace slag (TBBF slag) via pressure 
pyrolysis of recyclable ammonium sulfate (AS)−acid leaching process was proposed. The results show that when 
pressurized roasting at an AS-to-slag mass ratio 3:1 and 370 °C for 90 min, the extraction rates of titanium, aluminum 
and magnesium reached 94.5%, 91.9% and 97.4%, respectively. The acid leaching solution was subjected to 
re-crystallization in a boiling state to obtain a titanium product having a TiO2 content of 94.1%. The above 
crystallization mother liquor was adjusted to pH=6 and pH≥12.2, respectively, and then qualified Al2O3 and MgO 
products were obtained. The analysis through XRD and SEM−EDS proves that the main phases in roasted samples were 
NH4AlSO4, CaSO4 and TiOSO4. The thermodynamic analysis presents that the main minerals of perovskite, spinel and 
diopside in raw ore could spontaneously react with the intermediate produced by AS under optimal conditions. 
Key words: Ti-bearing blast furnace slag; ammonium sulfate; pressurized pyrolysis; high value products 
                                                                                                             

 

 

1 Introduction 
 

In China, about 90% of the titanium reserves 
in the western Panxi regions exist in the form of the 
vanadium-bearing titanomagnetite, which is known 
for the most titanium resources in the world [1,2]. 
Ti-bearing blast furnace (TBBF) slag is formed by 
natural cooling or water quenching of slag with 
high melting temperature after blast furnace 
smelting [3]. The content of TiO2 in TBBF slag is 
generally above 20% [4]. Meanwhile, TBBF slag 
contains abundant aluminum and magnesium, 
which is widely used in coated steel [5], 
nanocomposite [6] and catalysts [7]. Nevertheless, 
titanium, magnesium and aluminum in TBBF slag 

have complex inlay relationship and very fine 
particle size, which makes it difficult to separate 
and recover them by conventional flotation or 
magnetic separation techniques. At present, TBBF 
slag has already accumulated 60 million tons, and it 
is still increasing at a rate of 3 million tons per year. 
Most of TBBF slag is simply stacked under outdoor 
condition, resulting in waste of resources and 
environment pollution [8]. Hence, it is urgent for 
TBBF slag to develop an efficient and feasible 
process of recover titanium, aluminum and 
magnesium. 

To recover valuable metals in TBBF slag, the 
technology of high temperature carbonization−low 
temperature chlorination is widely applied to 
extracting titanium in pyrometallurgy. It is reported  
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that the carbonization rate and chlorination rate of 
titanium are both above 85% [9]. The titanium 
mineral in TBBF slag is firstly reduced to TiC 
under high temperature, and then recovering 
titanium by chlorination to form TiCl4 which can be 
reduced by magnesium metal to obtain sponge 
titanium [10,11]. Owing to the chlorination reaction 
rate of TiC is much higher than the rate of other 
oxide impurities, the technology mainly achieves 
the purpose of selectively allowing the TiC to be 
chlorinated and the other impurities to remain    
in the slag [12−14]. However, the carbonization 
temperature is usually controlled between 1600 and 
1800 °C in a closed electric furnace which requires 
higher refractory materials [15,16]. Meanwhile, this 
process has deficiencies involving Cl2 and HCl 
gases which can corrode the equipment and the 
titanium tailings contain a large amount of chloride 
causing secondary pollution [17]. 

Up to now, process routes that use ammonium 
sulfate ((NH4)2SO4, AS) or ammonium bisulfate 
(NH4HSO4, ABS) as reagents for the extraction step 
are gaining more research attention [18]. The 
thermodynamic decomposition of AS was reported 
earlier [18−23], as shown in Fig. 1. It can be seen 
that ABS and aminosulfonic acid (NH2SO3H, ASA) 
will form upon heating of AS above 100 °C. 
Triammonium hydrogen disulfate ((NH4)3H(SO4)2, 
AHS) and ammonium pyrosulphate ((NH4)2S2O7, 
APS) will be synthesized as the third intermediate 
with these two decomposition reactions, which 
means that several substances have no strict 
boundaries between their production and 
transformation and can coexist. 

AS roasting is a potential cleaner production 

process with low energy consumption and high 
selectivity [24]. ZHANG [25] reported the 
ammonium sulphate and potassium sulphate 
melting method to recover titanium from TBBF 
slag with 94.7% of recovery efficiency. WANG   
et al [26] also reported a novel route for indirect 
mineral carbonation of TBBF slag through the 
recyclable AS roasting, showing the sulfation ratios 
of calcium, magnesium, titanium and aluminium 
were 83%, 92.6%, 87% and 84.4%, respectively. In 
this roasting process, the metal oxides and their 
sulfides can be converted into water-soluble metal 
sulfates to achieve the extraction and separation  
of various valuable metals. Nevertheless, 
decomposition reaction of ASA occurs at above 
205 °C, releasing N2, NH3, SO3, H2O and H2SO4, 
which is unfavorable to the roasting process and 
will lead to a low selective conversion of valuable 
metal titanium, aluminum and magnesium in 
minerals into soluble salts. 

Here, considering the superior activation 
during ammonium sulfate roasting to treat TBBF 
slag and its potential application as an efficient 
additive, this study focused on: (1) evaluating the 
technical feasibility of simultaneous extraction of 
titanium, aluminum and magnesium by AS 
pressurized pyrolysis-acid leaching processes and 
probing the influence of closed environment on the 
extraction rate of titanium, aluminum and 
magnesium; (2) investigating stepwise recovery  
of titanium, aluminum and magnesium high   
value products and identifying the process of    
AS efficient recycling; (3) proposing the 
mechanism for thermal decomposition of TBBF 
slag with AS. 

 

 

Fig. 1 Thermal decomposition mechanism of AS 
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2 Experimental 
 
2.1 Materials 

The TBBF slag used in this research was 
received from Panzhihua Iron and Steel Co., Ltd., 
(Sichuan, China). The chemical composition 
analyzed using multiphase X-ray fluorescence 
(XRF) is shown in Table 1. The contents of TiO2, 
Al2O3 and MgO reach 27.2%, 11.4% and 7.15%, 
respectively, indicating high recycling value. The 
mineral composition was revealed by X-ray powder 
diffraction (XRD) (Fig. 2), showing that dominant 
minerals were perovskite (CaTiO3), diopside 
(CaMg(SiO3)2) and magnesium aluminium spinel 
(MgAl2O4). All the reagents used in the work were 
of analytical grade and purchased from Sinopharm 
Chemical Reagent Co., Ltd. 
 
Table 1 Main chemical composition of TBBF slag 

(wt.%) 

SiO2 TiO2 MgO Al2O3 CaO Fe2O3 K2O Na2O MnO

22.1 27.2 7.15 11.4 27.5 1.79 0.37 0.49 0.81

 

 
Fig. 2 XRD pattern of TBBF slag 

 

2.2 Experimental procedure 
2.2.1 AS roasting 

The TBBF slags were firstly ground by the rod 
mill to the fineness of <0.074 mm passing 74.6% 
and dried overnight at 90 °C. 20 g TBBF slags were 
thoroughly mixed with AS in a designated dosage. 
The mixture was placed in a reaction kettle 
(TGYFA, Zhengzhou Yuda Instrument Co., Ltd., 
Zhengzhou, China) equipped with 0.3 L titanium 
alloy lining, heated at a rate of 6 °C/min to the 
required temperature (290−450 °C), and then 
roasted for 0.5−4 h at the stirring speed of      

360 r/min. Meanwhile, controlling the sampling 
port valve of the reaction kettle and collecting 
evaporated ammonia into the distilled water which 
will be used in a later step of the process. Once the 
portable Fourier transform infrared gas 
spectrometer (Matrix-MG, Bruker Co., Ltd. 
Karlsruhe, Germany) detected that the pH of the 
outlet gas was acidic, which suggested that there 
was SO2 and/or SO3 gas overflow, the valve of the 
sampling port was immediately closed to realize the 
secondary sulfation of valuable metals in a closed 
environment. After that, the reaction kettle was 
naturally cooled to room temperature and the 
residual ammonia was collected. Finally, the roasted 
sample was ground to the fineness of <0.074 mm 
passing 83.6%. 
2.2.2 Sulfuric acid leaching and high-value product 

The recovery process is shown in Fig. 3. 30 g 
roasted samples were added in 150 mL of H2SO4 

solution (2−14 wt.%). Due to the competitive 
exchange process of Si, Ca and Mg at low 
temperature [27], the acid leaching was carried out 
at 90 °C, 450 r/min for 3 h in a thermostatically- 
controlled water bath (HJ−6B, Xinrui Instrument 
Co., Ltd., Jiangsu, China) equipped with a Teflon 
coated magnetic stirrer. After the acid leaching, the 
leaching slurry was filtered and yielded a leaching 
solution rich in metal sulfate and residue, 
respectively. The effect of the pressurized pyrolysis 
of AS was measured by the extraction rates of the 
titanium, magnesium and aluminum. Herein, the 
extraction rate (η) was calculated by Eq. (1): 
 

1 1

0 0

C aV

m w
                                (1) 

 
where C1, a and V1 were the concentrations of 
valuable metal in acid leaching solution, the 
dilution factor and the acid leaching liquid volume, 
respectively, m0 was the mass of TBBF slag used in 
this experiment (g), and w0 was the content of 
titanium, magnesium or aluminum in TBBF slag 
(mass fraction, %). 

The above acid leaching solution was 
hydrolyzed for 30 min in a boiling state until the 
steel gray appeared in the solution, and then cooled 
to room temperature to make the TiO2 crystal 
nucleus grow up (Eq. (2)). The above precipitate 
was mixed with 100 mL of distilled water, and 
subjected to secondary hydrolysis in a boiling state 
until steel gray appeared again for recrystallization.  
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Fig. 3 Flow chart of titanium, aluminum and magnesium separation and extraction from Ti-bearing blast furnace slag 

 

The precipitate was filtered and rinsed with distilled 
water and 2 wt.%, 40 °C H2SO4 solution. Finally, 
the titanium-rich product was dried overnight at 
90 °C, mixed with 0.5 wt.% K2CO3 and calcined at 
650 °C for 2 h (Eq. (3)). In terms of TiO2 crystal 
synthesis, K2CO3 was one of the important 
parameters to reduce the sintering and 
agglomeration of TiO2 at high temperature and 
control the size of grain growth, thereby improving 
the whiteness and decolorization of TiO2 product. 
 

TiOSO4+nH2O→ 
    TiO2ꞏ(n−1)H2O↓+H2SO4 (n≥2)            (2)  
TiO2ꞏSO3ꞏyH2O→TiO2+xSO2↑+yH2O↑        (3) 
 

Before recovering magnesium and aluminum, 
the main impurity iron must be removed. The above 
crystallization mother liquor was first adjusted to 
pH 4 by ammonia at 25 °C, and all Fe3+ ions were 
precipitated as hydroxides. Then, high value added 
Al- and Mg-rich products can be obtained through 
stepwise hydrolysis of the leaching solution. The 
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above crystallization mother liquor reacted with 
ammonia to increase its pH to be 6, hydrolyzed to 
fully form Al(OH)3 precipitate and the precipitate 
was filtered and roasted at 700 °C for 2.5 h to 
obtain the alumina product. Thus, a completely Fe- 
and Al-depleted leaching solution was obtained. 
The crystallization mother liquor further reacted 
with ammonia to increase its pH≥12.2 for the 
three-step hydrolysis to obtain Mg(OH)2 precipitate, 
washing and roasting at 380 °C for 2 h to obtain the 
magnesium oxide product. AS crystals could be 
reused through absorbing the residual ammonia and 
evaporating crystallization. 
 
2.3 Analysis and characterization 

The contents of titanium, aluminum and 
magnesium were measured using inductively 
coupled plasma optical emission spectroscopy 
(ICP−OES, Optima 7000DV, PerkinElmer 
Instrument Co., Ltd., Boston, MA, America) at 
radio frequency (RF) power of 1.35 kW, air flow 
rate of 12 mL/min, and argon auxiliary flow rate of 
0.45 L/min. The phase compositions of TBBF slag 
and roasted products were analyzed by XRD 
(Smartlab, Rigaku Corporation, Tokyo, Japan) 
operated with a Cu Kα radiation source at a 
wavelength (λ) of 1.5 Å. Main chemical 
composition of TBBF slag and high-value products 
were investigated by XRF (Axios, PANalytical  
B.V., Almelo, Netherlands) under the conditions of 
non-attenuating X-ray tube 4 kW, solid state 
generator power 60 kW, and current 160 mA. The 
surface morphology of roasted products was 
performed with scanning electron microscope 
(SEM, JSM−7001F, JEOL, Tokyo, Japan) at an 
accelerating voltage of 0.5−30 kV. The relative 
elemental content of roasted products was analyzed 
with a combined energy-dispersive X-ray 
spectrometer (EDS, INCAX-MAX, Oxford, Tokyo, 
Japan). Thermodynamic calculation of the reaction 
between TBBF slag and AS was obtained using 
software HSC (Version 6.0, Outotec Corporation, 
Outokumpu, Finland). 
 
3 Results and discussion 
 
3.1 Roasting extraction and sulfuric acid 

leaching 
3.1.1 Effect of roasting temperature 

Figure 4(a) shows the effect of the roasting 

 

 

Fig. 4 Extraction rates of titanium, aluminum and 

magnesium (a), control experiment at different 

atmospheres (b) and XRD patterns of roasted slags at 

different temperatures (c) 

 
temperature on extraction of titanium, aluminum 
and magnesium in the TBBF slag. The extraction 
rates of titanium, aluminum and magnesium were 
significantly increased from 62.2% to 94.5%, from 
53.5% to 91.9% and from 67.9% to 97.4%, 
respectively, as the temperature was raised from 
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290 to 370 °C, suggesting that the soluble sulfates 
of titanium, aluminum and magnesium remarkably 
increased under the closed conditions. However, the 
extraction rates of titanium, aluminum and 
magnesium at a temperature of 450 °C showed a 
slightly decline and reached 92.2%, 89.1% and 
93.9%, respectively. It might be because the 
presence of water-insoluble and high-viscosity 
substances (such as CaSO4 and SiO2) in the reaction 
system adversely affected the transformation of 
TBBF slag, hindering the melting of metal and 
lowering the reaction rate at high temperatures [28]. 
Therefore, 370 °C was considered optimum. 

As a comparison, a control experiment was 
conducted in the muffle furnace under the air 
atmosphere with an AS-to-slag mass ratio of 3:1 at 
370 °C for 90 min, which was the same as the 
specific conditions of the sealed environment, and 
the only difference was whether it was sealed. 
Leaching conditions were fixed: dilute H2SO4 
concentration of 10 wt.%, liquid-to-solid ratio of 5, 
leaching temperature of 90 °C, leaching time of 3 h 
and stirring rate of 450 r/min. The results are 
summarized in Fig. 4(b). Figure 4(b) presents that 
the extraction rates of titanium, aluminum and 
magnesium were measured to be 75.3%, 61.4% and 
79.6%, respectively. Clearly, these results indicated 
that the secondary sulfation of SO2 and/or SO3 
could significantly promote the sulfation of 
titanium, aluminum and magnesium in the sealed 
environment. Meanwhile, it is worth noting that the 
pressure generated by the internal gas on the 
autoclave showed a maximum pressure of     
0.21 MPa, which was only about twice of the 
atmospheric pressure. It revealed that the secondary 
sulfation of SO2 and/or SO3 was dominant and the 
low pressure had little effect on the phase 
transformation of mineral during pressurized 
pyrolysis process. However, the pressure also led to 
a larger surface area on the surface of the roasted 
product, potentially, facilitating the likelihood of 
stable attachment and product trapping [29]. Thus, 
the synergistic effect of secondary sulfation and low 
pressure could significantly promote the sulfation 
of valuable metals. 

Figure 4(c) presents that XRD patterns of the 
roasted slag at different temperatures. The main 
phases were CaSO4 and the compounded sulfates of 
aluminum and iron. The diffraction peaks at 2θ of 
33.06° and 47.53° were attributed to CaTiO3 at 290 

and 330 °C, respectively. When the temperature 
reached 370 °C, the diffraction peak of CaTiO3 
disappeared, indicating that CaTiO3 had completely 
transformed into its sulfate. The elevating 
conversion of CaTiO3 from 290 to 370 °C was also 
consistent with the high extraction rate of titanium 
in Fig. 4(a). Meanwhile, when the temperature was 
below 370 °C, the diffraction peaks of (NH4)2SO4 

and NH4HSO4 occurred at 2θ of 20.86° and 55.74°, 
respectively, suggesting that the low temperature 
could not completely realize the pressure pyrolysis 
of ammonium sulfate and convert the valuable 
metals into the corresponding sulfate. The 
diffraction peaks of the sulphates containing 
titanium and magnesium were not observed, which 
may be due to their low crystallinity [30]. 
3.1.2 Effect of mass ratio of AS to slag 

Figure 5(a) shows that the mass ratio of AS to 
slag had a great influence on the extraction rate of 
titanium, aluminum and magnesium from the TBBF 
slag. When the mass ratio of AS to slag was 
increased from 0.5:1 to 3:1, the extraction rates of 
 

 

Fig. 5 Extraction rates of titanium, aluminum and 

magnesium (a) and XRD patterns of roasted slags (b) at 

different mass ratios of AS to slag  
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titanium, aluminum and magnesium were rapidly 
increased from 53.9% to 94.5%, from 45.5% to 
91.9% and from 60.5% to 97.4%, respectively, 
indicating that valuable metals had fully reacted to 
form their sulfates. When the mass ratio was further 
raised, the extraction rates of titanium, aluminum 
and magnesium were almost leveled off with their 
equilibrium values. Thus, taking the cost of AS and 
the extraction efficiency into consideration, the 
optimum mass ratio of AS to slag was 3:1. 

Figure 5(b) shows the XRD patterns of the 
roasted slags at different mass ratios of As to slag. 
As shown in Fig. 5(b), only the presence of little 
AS in TBBF slag could significantly promote the 
sulfation of valuable metals. Obviously, the phase 
constituents of roasted products became more 
complicated with the mass ratio of AS to slag 
increasing. The diffraction peaks at 2θ of 33.12° 
and 47.56° were assigned to CaTiO3 from the mass 
ratio of AS to slag of 0.5:1 to 2:1, respectively, 
indicating that CaTiO3 was not completely 
converted at a low mass ratio of AS to slag. Iron 
and aluminum in the roasting process were well 
converted into the corresponding phases of 
NH4Fe(SO4)2, (NH4)3Fe(SO4)3 and NH4Al(SO4)2. 
When the mass ratio of AS to slag was larger than 
3:1, (NH4)2SO4, NH4HSO4 and (NH4)3H(SO4)2 
appeared in the roasted sample, suggesting that 
(NH4)2SO4 was surplus. The analysis also revealed 
that a suitable mass ratio could significantly 
promote to recover titanium, aluminum and 
magnesium from the TBBF slag. 
3.1.3 Effect of roasting time 

Figure 6 presents that the effects of roasting 
time on the extraction rates of titanium, aluminum 
and magnesium in TBBF slag. With the increase of 
roasting time, the extraction rates of titanium, 
aluminum and magnesium rapidly rose and reached 
a plateau within 90 min, i.e., 94.5%, 91.9% and 
97.4%, respectively, which were much higher than 
the corresponding industrial extraction rate [31]. 
Further increasing the time, the extraction rates of 
titanium and magnesium slowly decreased to 92.8% 
and 95.4%, respectively, while the extraction rate of 
aluminum sharply dropped to 87.8%, which might 
be due to the more rapid reaction of diopside and 
perovskite minerals with AS than the reaction of 
magnesium−aluminium spinel in the early stage. In 
addition, in terms of thermodynamics, titanyl 
sulfate (TiOSO4) is unstable to heat [32,33]. Thus, 

with the increase of time, the water-soluble 
substance TiOSO4 began to decompose into TiO2 
and re-encapsulate by gangue minerals, making it 
difficult to increase the extraction rate of titanium. 
Hence, the roasting time of 90 min was chosen to 
be the optimal parameter. 

 

 
Fig. 6 Extraction rates of titanium, aluminum and 

magnesium at different roasting time 

 
3.2 Roasted product phase analysis and 

exploration of leaching conditions 
The morphology and component of the roasted 

product under the optimum conditions were 
presented in Fig. 7. Figure 7 shows that the roasted 
sample under optimal conditions was composed of 
a large amount of porous needle-like crystals which 
were very irregular. Combined with the EDS 
analysis, it could be determined that the needle-like 
particles were NH4Al(SO4)2, CaSO4, TiOSO4 
(Points 1 and 3) and a trace of (NH4)3Fe(SO4)3, 
NH4Fe(SO4)2 and SiO2 (Point 2), indicating that AS 
greatly promoted the conversion of valuable metals 
titanium, aluminum and magnesium in TBBF slag 
to form metal sulfates, which was consistent with 
the XRD patterns of the roasted sample in Fig. 4(c). 

Figure 8 shows that the dosage of H2SO4 was 
the main parameter affecting the extraction of the 
titanium, aluminum and magnesium. As shown in 
Fig. 8, when the dosage of H2SO4 was increased 
from 2 to 10 wt.%, the extraction rates of titanium, 
aluminum and magnesium were rapidly increased 
to 94.5%, 91.9% and 97.4%, respectively, which 
would greatly dissolve the soluble sulfate inside the 
mineral by dilute H2SO4 solution. However, when 
the dosage of H2SO4 was further raised up to     
14 wt.%, the extraction rates of titanium, aluminum 
and magnesium only slightly increased to 95.3%, 
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Fig. 7 SEM−EDS analysis results of roasted product 

 

 

Fig. 8 Extraction rates of titanium, aluminum and 
magnesium at different dosages of H2SO4 

92.8% and 98.6%, respectively, suggesting that the 
titanium, aluminum and magnesium in the raw ore 
were almost fully dissolved into the leaching 
solution. Additionally, with the increase of SO2− 

4  
concentration, the number of coordination sites with 
Ti4+ increased, which would reduce the active sites 
of dehydration oxygen bond on Ti4+ and thus 
inhibited the hydrolysis process [34]. Therefore, 
considering the cost of materials and the corrosion 
of equipment by concentrated H2SO4, the dosage of 
10 wt.% H2SO4 was optimum. 
 

3.3 Preparation of high-value products from 
leaching solution 
Owing to the large difference in hydrolysis pH 
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values of Ti, Mg and Al, selective precipitation for 
the recovery of Ti, Mg and Al was possible. The 
formation of titanium-rich product could be 
achieved by recrystallizing of acid leaching solution 
in the boiling state (pH≤1), which could remove 
most of impurities with similar solubility to 
titanium (such as Fe and Mg). The precipitate was 
washed alternately with 2 wt.%, 40 °C H2SO4 

solution and distilled water to obtain titanium-rich 
product. Table 2 displays that the chemical 
compositions of the three products rich in titanium, 
magnesium and aluminum. The mass fractions of 
TiO2 and volatile matter were 94.13% and 0.75%, 
and the whiteness was 95.14, which accorded with 
the national standard of A2 type TiO2 pigment 
(Chinese standard, GB 1706—2006). 

Subsequently, high value added Mg and 
Al-rich products could be obtained through 
adjusting pH and stepwise precipitation of the 
leaching solution, as described in Section 2.2.2. The 
concentrations of Mn2+, Fe3+, Al3+, Mg2+ ions were 
fitted when forming hydroxides at different pH, as 
shown in Fig. 9 [35]. Figure 9 shows that 
lg[Me]−pH diagram of Me(OH)n solubility (Me and 
n stands for metal species and valence, respectively). 
It can be clearly seen that the above crystallization 
mother liquor was adjusted to pH 4 by ammonia, 
and all of Fe3+ ions were precipitated in the form of 
hydroxide. Then, the Fe(OH)3 precipitate was 
filtered and separated. When the solution was 
further adjusted to pH 6, the Al(OH)3 precipitate 
could be filtered, washed and roasted to obtain 
alumina products. Table 2 shows that the product 
contained large quantities of Al2O3 (98.5 wt.%) and 
a trace of impurities (such as Mg, Ti and Fe), which 
accorded with the national standard of AO-2 type 
alumina (Chinese standard, GB 24487—2009). 

The completely Ti- and Al-depleted mother 
liquor further reacted with ammonia to increase its 
pH≥12.2 for the three-step hydrolysis to obtain 
Mg(OH)2 precipitate, washing and roasting at 
380 °C for 2 h to obtain the magnesium oxide  

 

 
Fig. 9 lg[Me]−pH diagram of Me(OH)n solubility at 

25 °C 
 
product. It is noted from Fig. 9 that manganese also 
enters the Mg(OH)2 precipitate in the form of its 
hydroxide. However, Table 2 shows that the content 
of MnO is only 0.93% and the content of MgO is 
93.6%, which has reached the national standard of a 
first-class magnesium oxide (Chinese standard, GB 
2573—2012). 

 
3.4 Proposed mechanism for thermal 

decomposition of TBBF slag with AS 
The thermal decomposition mechanism of 

ammonium sulfate in Fig. 1 shows that AS can 
produce NH4HSO4, (NH4)3H(SO4)2, NH2SO3H and 
(NH4)2S2O7 at 370 °C, suggesting that the above 
sulfates can simultaneously exist. The reactions of 
the above five sulfates with CaTiO3 and 
thermodynamic diagrams are shown in Eqs. (4)−(8) 
(see Table 3) and Fig. 10(a), respectively. Obviously, 
the Gibbs free energies of the intermediate 
NH4HSO4, NH2SO3H and (NH4)2S2O7 with 
perovskite were far below zero, indicating that the 
reactions could be carried out spontaneously at a 
normal pressure. For the reaction of (NH4)2SO4 and 
(NH4)3H(SO4)2 with perovskites, the temperatures 
corresponding to the Gibbs free energy of zero   
are 402 and 95 °C, respectively, suggesting that the 

 
Table 2 Chemical compositions of obtained products (wt.%) 

Product TiO2 MgO Al2O3 Fe2O3 SiO2 K2O MnO CaO VM at 105 °C 

TiO2 94.13 0.47 0.61 0.08 1.96 1.08 0.03 0.92 0.75 

Alumina 0.36 0.23 98.5 0.04 0.08 0.6 0.09 0.1 1.0 

Magnesia 0.48 93.60 0.36 0.09 1.42 0.36 0.93 0.79 4.25 

VM represents volatile matter 
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intermediate (NH4)3H(SO4)2 from thermal 
decomposition of AS can spontaneously proceed 
with perovskite under optimal conditions. Thus, the 
sulfation of metals was not only in favor of the 
precipitation and growth of the sulfate crystal phase, 
but also reduce the viscosity of slag [36,37]. 

The reactions of the above five sulfates with 
MgAl2O4 and thermodynamic diagrams are shown 
in Eqs. (9)−(13) and Fig. 10(b), respectively. It 
could be seen from Fig. 9(b) that the reaction of AS 
with MgAl2O4 was not spontaneous. However, the 
other four intermediates produced by AS could 
spontaneously digest the TBBF slag at 370 °C, 
which would be accelerated to sulfate under the 

 
Table 3 Reaction equations of ammonium sulfate and its 

intermediate products with perovskite, spinel and 

diopside 

No. Reaction equation 

4 
2(NH4)2SO4 + CaTiO3 →  

TiOSO4 + CaSO4 + 4NH3 + 2H2O 

5 
4NH4HSO4 + CaTiO3 → 

 2(NH4)2SO4+CaSO4 + TiOSO4 + 2H2O 

6 
(NH4)3H(SO4)2 + CaTiO3 →  

TiOSO4 + CaSO4 + 3NH3 + 2H2O 

7 
2NH2SO3H + CaTiO3 →  
TiOSO4 + CaSO4+ 2NH3 

8 
(NH4)2S2O7 + CaTiO3 → 

 TiOSO4 + CaSO4+ 2NH3+ H2O 

9 
5(NH4)2SO4 + MgAl2O4 → 

 2NH4Al(SO4)2 + MgSO4 +8NH3 +4H2O 

10 
5NH4HSO4 + MgAl2O4 →  

2NH4Al(SO4)2 + MgSO4 + 3NH3 +4H2O 

11 
5(NH4)3H(SO4)2 + 2MgAl2O4 →  

4NH4Al(SO4)2 + 2MgSO4 + 11NH3 +8H2O 

12 
4NH2SO3H+ MgAl2O4 → 

 2NH4Al(SO4)2 + MgSO4 + NH4HSO4 + NH3 

13 
4(NH4)2S2O7 + MgAl2O4 →  

2NH4Al(SO4)2 + MgSO4 + 3NH4HSO4 + 3NH3

14 
2(NH4)2SO4 + CaMg(SiO3)2 → 

 CaSO4 + MgSO4 + 2SiO2 +4NH3 + 2H2O 

15 
2NH4HSO4 + CaMg(SiO3)2 → 

 CaSO4 + MgSO4 + 2SiO2 +2NH3 + 2H2O 

16 
(NH4)3H(SO4)2 + CaMg(SiO3)2 → 

 CaSO4 + MgSO4 + 2SiO2 +3NH3 + 2H2O 

17 
2NH2SO3H+ CaMg(SiO3)2 → 

 CaSO4 + MgSO4 + 2SiO2 +2NH3 

18 
(NH4)2S2O7 + CaMg(SiO3)2 →  

CaSO4 + MgSO4 + 2SiO2 +2NH3 + H2O 

 

 

Fig. 10 Relationship between Gibbs free energy changes 

of perovskite reactions (4)−(8) (a), magnesium 

aluminium spinel reactions (9)−(13) (b) and diopside 

reactions (14)−(18) (c) and temperature  

 

influence of SO2 and SO3. For the reaction of 
CaMg(SiO3)2 (Eqs. (14)−(18)) and Fig. 10(c), the 
five sulfates could react spontaneously under 
optimal roasting temperatures. In addition, 
thermodynamic calculation with HSC 6.0 software 
indicates that Reaction (15) (ΔG=−60.57 kJ/mol) is 
easier than Reaction (5) (ΔG=−22.91 kJ/mol) and 
Reaction (11) (ΔG=−52.36 kJ/mol) at 370 °C, 
which explains why the extraction rate of 
magnesium is always higher than that of titanium 
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and aluminum, as shown in Figs. 4(a), 5(a) and 6, 
respectively. 
 

4 Conclusions 
 

(1) When the TBBF slag was roasted with 
recyclable AS with a mass ratio 3:1 of AS to TBBF 
slag at 370 °C for 90 min followed by leaching in a 
10 wt.% H2SO4 at 90 °C and 450 r/min for 3 h, the 
extraction rates of titanium, aluminum and 
magnesium reached 94.5%, 91.9% and 97.4%, 
respectively. Meanwhile, the result of a control 
experiment indicated that the secondary sulfation of 
SO2 and/or SO3 could significantly promote the 
sulfation of titanium, aluminum and magnesium in 
the sealed environment. 

(2) The acid leaching solution was subjected to 
twice hydrolysis in a boiling state to make the 
content of TiO2 in the titanium product reach 94.1%. 
The crystallization mother liquor further reacted 
with ammonia to increase its pH to 6 and ≥12.2, 
respectively, and the contents of alumina and 
magnesia obtained reached 98.5% and 93.6%, 
respectively. 

(3) The XRD and EDS analysis proved that 
main phases of the roasted sample under optimal 
conditions were NH4Al(SO4)2, CaSO4 and TiOSO4, 
indicating that AS greatly promoted the conversion 
of valuable metals in TBBF slag to form 
corresponding metal sulfate. The thermodynamic 
analysis showed that the main mineral of perovskite, 
spinel and diopside in raw ore could spontaneously 
proceed with the intermediate produced by AS 
under optimal conditions. 
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硫酸铵加压热解−酸浸工艺提取含钛高炉渣中有价金属 
 

边振忠 1，冯雅丽 1，李浩然 2 

 
1. 北京科技大学 土木与资源工程学院，北京 100083； 

2. 中国科学院 过程工程研究所 生化工程国家重点实验室，北京 100190 
 

摘  要：提出一种硫酸铵（AS）加压热解−酸浸新工艺，从含钛高炉渣中(TBBF)分段回收有价金属。结果表明，

当在铵矿比 3:1、370 °C 的条件下热解 90 min 时，钛、铝和镁的提取率分别为 94.5%、91.9%和 97.4%。酸浸液在

沸腾状态下重结晶除杂可获得 TiO2含量为 94.1%的钛产品。上述结晶母液分别调节 pH=6 和 pH≥12.2，可获得合

格的氧化铝和氧化镁产品。XRD 和 SEM−EDS 分析表明，焙烧样品中主要物相为 NH4AlSO4、CaSO4 和 TiOSO4。

热力学分析显示，在最优条件下，原矿中钙钛矿、镁铝尖晶石和透辉石能与 AS 产生的中间产物自发反应。 

关键词：含钛高炉渣；硫酸铵；加压热解；高值化产品 
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