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Abstract: The compositions of the leaching residue obtained by chlorination method to extract valuable elements (Ti, 
Cr, Fe, Mn and V) from vanadium slag were mainly Al2O3 and SiO2 with a small amount of hazardous elements Cr and 
V. In order to reduce the pollution of V and Cr to the environment, a novel method for nontoxic and efficient recycling 
of leaching residue was proposed. Mullite with high compressive strength of 133.345 MPa and bulk density of 
3.20 g/cm3 was successfully synthesized by using leaching residue as raw material, adding appropriate SiO2 and 
roasting at 1600 ℃ for 5 h. The trace element Ti and hazardous elements V and Cr in leaching residue entered the 
mullite lattice in the high temperature reaction process to form a solid solution, which were stabilized in the mullite 
phase. The synthesized samples were tested by toxicity characteristic leaching procedure (TCLP) and GB5085.3—2007. 
The results showed that mullite met the toxic leaching standard and was a nontoxic product. 
Key words: leaching residue; vanadium slag; comprehensive utilization; highly toxic hexavalent chromium; mullite; 
toxicity characteristic leaching procedure 
                                                                                                             

 
 
1 Introduction 
 

Vanadium slag containing valuable elements 
Fe, V, Cr, Ti, Mn and Si is an important resource. 
The content of SiO2 in vanadium slag can reach 
20.88 wt.% [1]. The extraction of Cr and V from 
vanadium slag is realized by the traditional salt 
(Na2CO3, NaOH and CaO) roasting method [2,3] 
and acid leaching process [4,5]. However, about 
1.2×106 t of tailing containing a large amount of 
valuable elements (Si, Fe, Mn and Ti) and a small 
amount of hazardous elements (V and Cr) is yearly 
abandoned as solid waste [6], which waste 
resources and pollute environment. LIU et al [7] 
reported sodium removal of residue-blast furnace 
ironmaking and high-value utilization including 

vanadium−titanium black porcelain and solar 
collector plate. The blast furnace smelting process 
could use the iron in the residue, and Si entered the 
slag. This process had high temperature, high 
energy consumption and low element utilization. Ti 
and Fe in residue were extracted by ammonium 
sulfate leaching and were used to synthesize 
LiFePO4 [8]. ZHANG et al [9] proposed that Fe, Cr, 
V and Ti in residue were recycled by reduction− 
separation−leaching−solvent extraction. LI et al [10] 
pointed out that Fe in residue was extracted by 
sulfuric acid roasting and Al and Si were used    
to synthesize petroleum proppants, such as 
(α-Al2O3·3Al2O3⋅2SiO2). In order to effectively 
utilize vanadium slag, LIU et al [11] extracted Fe, 
Mn, Ti, Cr and V from vanadium slag by 
chlorination of vanadium slag in molten salt system 
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with AlCl3 as chlorination agent. In the previous 
work, the efficient extraction of valuable elements 
(Cr, V, Mn, Ti and Fe) was achieved. Meanwhile, 
Fe−Mn alloy, V−Cr alloy and TiO2, were obtained 
by high-value utilization of valuable elements (Fe, 
V, Ti, Mn and Cr). However, the residue has not 
been effectively used. The compositions of leaching 
residue are mainly Al2O3 and SiO2 with a small 
amount of hazardous elements Cr and V. 

Al2O3 and SiO2 are the main components of 
mullite [12]. As a ceramic material, mullite has the 
following excellent properties: good chemical and 
thermal stability, low thermal expansion, good 
catalytic adsorption performance, good compressive 
strength and high temperature creep resistance,   
etc [12−18]. Due to the above advantages, mullite is 
considered as an advanced material with 
development prospects in the application fields of 
refractories and structural ceramics [18]. The 
chemical expression of mullite is Al2(Al2+2xSi2−2x)O10−x 
(x is the atomic number of Al3+ replacing Si4+;  
0.18 < x < 0.88). It has a highly open space 
structure and can accommodate metals such as Ti, V, 
Cr, Mn and Fe into its lattice to form solid solutions, 
which makes mullite form different crystal 
structures and micro-morphology characteristics 
according to its chemical composition and 
preparation methods, such as needle-like, whisker- 
like and columnar structure [19−21]. Various 
methods have been used to prepare highly reactive 
mullite powders, which mainly include solid−state 
reaction, hydro- thermal treatment, chemical vapor 
deposition, alcohol−salt solution, precipitation and 
sol−gel methods [13,16,19,22]. 

Natural mullite minerals are rare, and the 
preparation of commercial mullite using industrial 
Al2O3 and SiO2 as raw materials has high cost and 
is difficult to obtain good economic benefits. A 
large amount of silicon-containing vanadium slag is 
produced every year. The current process cannot 
effectively utilize the silicon in the vanadium slag. 
As the raw material of mullite, the silicon in the 
vanadium slag can greatly reduce the cost of mullite 
and realize the effective utilization of the silicon in 
the vanadium slag. Since there are parts of 
hazardous vanadium and chromium in silicon- 
containing slag, it will pollute the environment 
when it is not treated. 

In this work, a novel method to stabilize the 
harmful elements V and Cr in chlorinated tailings 

produced from vanadium slag with mullite phase 
was proposed. The influences of temperature, time 
and the mass ratio of Al2O3 to SiO2 were 
investigated to synthesize pure mullite. This process 
realized comprehensive utilization of vanadium slag 
and at the same time solidified the hazardous 
elements V and Cr in the residue into the mullite 
phase, which realized the harmless and high-value 
utilization of the residue. 
 
2 Experimental 
 

The vanadium slag used in the experiment was 
from Panzhihua, Sichuan Province, China. After the 
vanadium slag was crushed and sieved, the particle 
size was between 49 and 74 μm. All the 
experimental materials such as NaCl, KCl, AlCl3, 
Al2O3 and SiO2 are reagent-grade powders. 
 
2.1 Pretreatment of vanadium slag 

The mixture of 36.14 g AlCl3, 24.1 g vanadium 
slag, 26.66 g NaCl and 33.33 g KCl was heated at 
900 °C for 8 h. During the experiment, argon was 
used as the protective gas, and the flow rate was 
400 mL/min. The product was washed with 
deionized water after molten salt electrolysis to 
remove chloride from the sample. After filtration, 
the residue was dried at 105 °C for 12 h. The 
composition of the residue is shown in Table 1. The 
phase of the residue is shown in Fig. 1, which shows 
that the main components of the leaching residue 
are Al2O3 and SiO2, and the main phases of the 
leaching residue are mullite, Al2O3 and SiO2. 
 
Table 1 Composition of leaching residue (wt.%) 
Al2O3 SiO2 Cl TiO2 V2O3 Cr2O3 MnO Fe2O3 

69.90 24.20 0.54 2.75 1.56 0.12 0.017 0.16 
 

 
Fig. 1 XRD pattern of leaching residue 
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2.2 Synthesis of mullite by high temperature 
roasting 
The leaching residue was mixed with different 

proportions of SiO2 and put into the ball mill for 
12 h to make them mixed. The mass ratio of Al2O3 
to SiO2 reached 2.80, 2.55 and 2.10, respectively. 
The material was pressed into a cylinder with a 
height of 2 cm and a diameter of 2 cm under the 
pressure of 20 MPa. The sample was put into the 
furnace at room temperature and roasted at 1400, 
1500 and 1600 °C for 3, 5 and 7 h, respectively. 
 
2.3 Characterization and toxicity test of mullite 

The phases of products were detected by X-ray 
diffraction (XRD; TTR III, Rigaku Corporation, 
Japan) in 2θ range of 10°−90° to analyze the phase 
composition. The samples were observed by 
scanning electron microscopy (SEM with EDS) 
(Zeiss Ultra 55) to analyze the microstructure and 
the distribution of elements in the products. 
Morphology and diffraction of samples were 
analyzed by TEM (Tecnai G2 F30 S-TWIN). The 
valence of elements of products was analyzed by 
XPS (Thermo Scientific K-Alpha+). 

Compressive strength and other mechanical 
properties of the samples were tested by tensile 
compression equipment. The density of the product 
was analyzed by gas volume density tester. 
The content of migrating hazardous substances in 
the product was tested by the toxicity characteristic 
leaching procedure (TCLP) standard and  
GB5085.3—2007 standard. The content of each 
element in the leaching solution was determined by 
inductively coupled plasma optical emission 
spectroscopy (ICP-AES, SPECTRO ARCOS EOP, 
SPECTRO Analytical Instruments GmbH). 
 
3 Results and discussion 
 
3.1 Synthesis of mullite from leaching residue 
3.1.1 Thermodynamic analysis of synthetic mullite 

Figure 2(a) shows the partial phase diagram of 
Al2O3 and SiO2 binary system calculated by 
FactSage 8.1. The composition and temperature 
have a great influence on the phase composition of 
binary system. According to the difference of 
phases, there are five regions in the Fig. 2(a) when 
the mass ratio of Al2O3 to SiO2 increases from 2 to 
3 and temperature increases from 1400 to 1650 °C. 
Only mullite phase is obtained in one of the areas. 

Thus, in order to prepare pure mullite, the 
temperature and mass ratio of Al2O3 to SiO2 should 
be strictly controlled. The original mass ratio of 
Al2O3 to SiO2 in the leaching residue is 2.8 and pure 
mullite phase will be obtained in the temperature 
range from 1400 to 1650 °C. 
 

 

Fig. 2 Phase diagrams of different oxides calculated by 
FactSage 8.1 under different conditions: (a) Al2O3−SiO2; 
(b) Al2O3−SiO2−TiO2−V2O5 

 
In this work, the raw material contains a 

certain amount of V2O5 and TiO2 in addition to 
Al2O3 and SiO2. According to the mass ratio of V, Ti, 
Al and Si, the phase diagram of Al2O3 and SiO2 

with a certain content of TiO2 and V2O5 is 
calculated by FactSage 8.1. The results are shown 
in Fig. 2(b). According to the difference of phases, 
there are nine regions in Fig. 2(b) when the mass 
ratio of Al2O3 to SiO2 increases from 2 to 3 and 
temperature increases from 1400 to 1650 °C. The 
original mass ratio of Al2O3 to SiO2 in the leaching 
residue is 2.8. According to Fig. 2(b), Al2TiO5, 
mullite and slag-liq are obtained. However, mullite 
and liquid slag without Al2TiO5 can also be 
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obtained by changing the mass ratio of Al2O3 to 
SiO2. When the mass ratio of Al2O3 to SiO2 is 2.1, 
mullite, slag-liq-1 and slag-liq-2 are obtained above 
1500 °C. 

Figure 3 shows that the content of each phase 
changes with temperature from 1400 to 1650 °C  
at Al2O3/SiO2 mass ratio of 2.1 calculated by  
FactSage 8.1. In Fig. 3(a) the content of mullite 
decreases from 90.28 wt.% to 77.98 wt.% and the 
content of slag-liq-1 increases from 2.92 wt.% to 
 

 
Fig. 3 Content of each phase vs temperature (a),     
and contents of slag-liq-1 (b) and slag-liq-2 (c) vs 
temperature at Al2O3/SiO2 mass ratio of 2.1 

20.00 wt.% in the temperature range from 1400 to 
1650 °C. When the temperature exceeds 1500 °C, 
the TiO2 and SiO2 phases disappear. Figures 3(b) 
and (c) indicate the compositions of slag-liq-1 phase 
and slag-liq-2 phase, respectively. Temperature has 
a great influence on the composition of slag-liq-1 
phase. The main compositions of slag-liq-1 phase 
are Al2O3, TiO2 and V2O5 at 1400 and 1450 °C. 
However, the main compositions of slag-liq-1 phase 
are Al2O3, TiO2, and SiO2 above 1500 °C. The 
slag-liq-2 phase does not appear below 1450 °C. 
The main compositions of slag-liq-2 phase are 
Al2O3, TiO2 and V2O5 above 1500 °C. In order to 
synthesize mullite from leaching residue, the 
temperature and Al2O3/SiO2 mass ratio should be 
strictly controlled. 
3.1.2 Effect of Al2O3/SiO2 mass ratio 

In order to explore the effect of different 
proportions of Al2O3 and SiO2, the mass ratios of 
Al2O3 to SiO2 were adjusted to 2.8, 2.55 and 2.1, 
respectively, by adding different amounts of SiO2 
into the leaching residue. The samples were  
roasted at 1600 °C for 5 h. The results are shown in 
Fig. 4. From Fig. 4(a), it can be seen that when  
the mass ratios of Al2O3 to SiO2 were 2.8 and 2.55,  
 

 
Fig. 4 XRD patterns of mullite synthesized at different 
Al2O3/SiO2 mass ratios and 1600 °C (a) and effect of 
Al2O3/SiO2 mass ratio on compressive strength and bulk 
density (b) 
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respectively, the main phases in the product were 
mullite and Al2O3. The diffraction peak of Al2O3 
decreased continuously with the decrease of mass 
ratio of the Al2O3 to SiO2. When the mass ratio of 
Al2O3 to SiO2 was adjusted to 2.1, it could be seen 
that there was no peak of Al2O3, and only mullite 
phase was synthesized. According to the Al2O3− 
SiO2 binary phase diagram in Fig. 2(a), the 
synthesized compounds at Al2O3/SiO2 mass ratio of 
2.1 were corresponding to the mullite and slag-liq. 
There were not only Al2O3 and SiO2, but also some 
TiO2 and V2O5 in the leaching residue. TiO2 and 
V2O5 could be doped into the mullite. Meanwhile, 
according to the Fig. 2(b), the mullite and slag-liq 
were obtained at Al2O3/SiO2 mass ratio of 2.1. In 
the Factsage 8.1, there was no such database in 
which elements such as V, Ti and Cr were doped 
into the mullite phase. However, elements such as V, 
Ti, and Cr could be doped into the mullite lattice in 
the roasting process [23,24]. It was reported that 
Ti4+ and V5+ replaced Al3+ on the octahedra 
coordination of mullite, which resulted in excessive 
Al2O3 in the leaching residue [25,26]. According to 
the binary phase diagram of Al2O3 and SiO2, a pure 
mullite phase could be formed at Al2O3/SiO2   
mass ratio of 2.8. However, according to our 
experimental results, the addition of SiO2 in the 
leaching residue could synthesize a pure phase of 
mullite, which also proved that V and Ti replaced 

Al in mullite. It can be seen from Fig. 4(b) that the 
bulk density and compressive strength of the 
product increased continuously with the decrease of 
the Al2O3/SiO2 mass ratio. When the Al2O3/SiO2 
mass ratio was 2.1, the bulk density (3.20 g/cm3) 
and compressive strength (133.345 MPa) of the 
product reached the maximum. When the phase was 
not pure, the product contained mullite and Al2O3. 
Meanwhile, the thermal expansion coefficient of 
Al2O3 was different from that of mullite, resulting 
in uneven shrinkage and residual stress during 
cooling, which made it difficult to densify. The 
content of mullite in the product increased 
continuously with the decrease of Al2O3/SiO2 mass 
ratio. When the mullite was pure phase, the 
elemental distribution of product was more uniform. 
Meanwhile, the residual stress disappeared in the 
cooling process, and the product was more compact. 
The compressive strength was improved. Therefore, 
the optimal Al2O3/SiO2 mass ratio was 2.1. 

Figure 5 shows the SEM images of samples 
with different mass ratios of Al2O3 to SiO2. As 
shown in Figs. 5(a1, a2), the leaching residue without 
adding SiO2 formed multi-pores morphology on its 
surface. There were many large-sized holes and the 
holes were obviously connected. The average size 
of pore was around 50.5 μm and the grain size was 
small. When the Al2O3/SiO2 mass ratio was 2.1,  
the pore size decreased to 35.4 μm in Figs. 5(c1, c2).  

 

 
Fig. 5 SEM images of mullite synthesized at different Al2O3/SiO2 mass ratios and 1600 °C for 5 h: (a1, a2) 2.8; (b1, b2) 2.55; 
(c1, c2) 2.1 
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This showed that the synthesis of pure mullite  
could effectively improve the density of the 
samples. Figures 5(a2, b2, c2) indicated that the 
mullite containing Al2O3 phase almost presented the 
sintered morphology, which was completely 
inconsistent with the typical grain morphology of 
mullite. The grain morphology of mullite was 
caused by the anisotropic crystallization behavior of 
mullite. 
3.1.3 Effects of temperature and time on mullite 

When the Al2O3/SiO2 mass ratio was adjusted 
to 2.1, the phases of the products obtained at 
different reaction temperatures and time were 
shown in Figs. 6(a, c), respectively. The synthesized 
products at 1400 and 1500 °C were mainly mullite 
and Al2O3, and the diffraction peak of Al2O3 decreased 
with the increase of temperature. When the 
temperature increased to 1600 °C, pure mullite was 
synthesized, and the diffraction peak of Al2O3 was 
not detected in the phase. Since the reaction type 
was mainly solid−solid reaction, the diffusion ratio 
of Si to Al atoms was slow, and the contact and 
reaction needed to be completed at high temperature. 
It could be seen from Fig. 6(a) that the diffraction 
peak of the product obtained at 1600 °C was 
narrower and sharper than that at 1400 and 1500 °C, 
which showed that the crystallinity of product was 
better. When the reaction temperature was 1600 °C, 
the sintering driving force increased. Meanwhile, 
the residual voids were reduced, and the rapid 
growth of mullite grains was promoted. It could be 
seen from Fig. 6(b) that the bulk density and 
compressive strength of the products increased with 
the increase of temperature. When the temperature 
reached 1600 °C, the bulk density and compressive 
strength of the product reached the maximum. High 
temperature is conducive to the progress of 
solid-phase reactions. Meanwhile, the liquid phase 
also gradually increased with the increase of 
temperature, which reduced the residual voids in 
the product, and promoted the rapid growth of 
mullite grains and the densification of the product. 
The pure mullite made the composition of the 
product more uniform and reduced the possibility of 
cracks. The product synthesized at 1600 ℃ was 
pure mullite, and the bulk density and compressive 
strength reached the maximum value. Although the 
temperature was relatively high, it could be seen 
that the product synthesized at low temperature 
with water leaching residue as raw material was  

 

 
Fig. 6 XRD patterns of mullite synthesized at different 
temperatures and Al2O3/SiO2 mass ratio of 2.1 (a), effect 
of temperature on compressive strength and bulk density 
(b), and XRD patterns of mullite synthesized at different 
time, Al2O3/SiO2 mass ratio of 2.1 and 1600 °C (c) 
 
impure and had poor mechanical properties. In 
order to ensure the purity of the product and 
improve the performance of the product, 1600 °C 
was selected as the reaction temperature. The effect 
of time on synthesized mullite was shown in 
Fig. 6(c). Pure mullite could be synthesized when 
the reaction time was 3 h. However, the diffraction 
peak of mullite at 5 h was stronger than that at 3 h, 
which indicated that the crystallinity of mullite 
increased. However, the increase of diffraction peak 
of mullite was not obvious with time from 5 to 7 h. 

Figure 7 shows the SEM images of mullite at 
different time. It was found that the pore size 
decreased from 41.29 to 35.4 μm with the incrase of 
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reaction time from 3 to 5 h. When the reaction time 
increased from 5 to 7 h, and the pore size decreased 
from 35.4 to 34.5 μm. Meanwhile, it was found  
that the grain size was small and the bonding 
phenomenon was serious at 3 h. The grain was 
coarse and the bonding phenomenon was less at 5 h. 
As the reaction time increased from 5 to 7 h, the 
pore size and morphology had little difference. 
Therefore, the optimal reaction time was 5 h. 
3.1.4 Mechanical properties  

The influence of structural factors such as 
pores, main crystalline phase and glass pahse in 
mullite on the mechanical properties of the material 
works by inhibiting or inducing microcracks [27]. 
Table 2 shows the comparison of compressive 

strength and bulk denstiy of mullite in this work 
and Refs. [28−34]. It is found that the pure phase 
mullite synthesized in this work has better 
compressive strength and higher bulk density than 
the mullite in the literature. This is because trace 
amount of elements Ti and V in the leaching residue 
form a partial liquid phase at high temperature and 
enter the cracks to promote the densification of 
mullite. Meanwhile, according to the above analysis, 
the mullite obtained in this work was pure phase 
and the surface was dense. In view of the fact that 
the pressure at which the sample was pressed was 
only 20 MPa, it could be considered that the raw 
material has good binding properties under high 
temperature conditions. 

 

 
Fig. 7 SEM images of mullite synthesized at 1600 °C and different time: (a1, a2) 3 h; (b1, b2) 5 h; (c1, c2) 7 h 
 
Table 2 Comparison of compressive strength and bulk density of mullite synthesized in this work and reported in 
Refs. [28−34] 

Material Temperature/℃ Time/h Compressive strength/MPa Bulk density/(g·cm−3) Source 
Vanadium slag 1600 5 133.35 3.20 Present work 

Commercial grade  
mullite powder 1500 2 108  [28] 

Commercially fused  
mullite powder  1500 5 11.68 0.7 [29] 

Analytical grade  
Al2O3 and SiO2 

1700 6 178 2.77 [30] 

Ammonium  
hexafluoroaluminate  

and kaolinite 
1550 2  3.16 [31] 

High-aluminum fly ash 1600 2  2.85 [32] 
High-aluminum fly ash 1600 2 169 2.78 [33] 

High-iron bauxite 1700 2 105  [34] 
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3.2 Toxicity identification of synthetic mullite 
3.2.1 Stabilization effect of pure mullite on 

impurity ions of Cr, V, and Ti 
Table 3 shows that the synthesized pure phase 

mullite also contains a small amount of impurity 
oxides (V, Cr, Ti, Mn and Fe). Howerver, Cl was 
not detected. Cl− in the leaching residue was 
volatilized during the high-temperature reaction. 
Thus, Cl− in the mullite was removed. As we all 
know, high-valent V and Cr are harmful to the 
environment. Thus, it is necessary to determine the 
valence and distribution of impurity oxides in 
mullite. 

From the EDS spectra in Fig. 8, the elements 
Cr, Mn, V, and Ti are uniformly distributed in the 
mullite phase, which are consistent with the 
distribution of elements Al and Si, indicating that 
the metal ions (V, Ti, Cr, Mn, and Fe) entered the 
mullite lattice to form a solid solution. Valences of  
 
Table 3 Composition of synthetic pure mullite (wt.%) 

Al2O3 SiO2 TiO2 V2O5 Fe2O3 MnO Cr2O3 

63.6 31.3 2.43 1.14 0.255 0.0214 0.163 

 
V and Ti in mullite were analyzed by XPS. 
According to Fig. 9, V and Ti in mullite existed in 
the form of V5+ and Ti4+ phases, respectively. The 
binding energy of 524.38 eV for V 2p2/3 and that of 
516.88 eV for V 2p1/2 are attributed to the V5+. 
Meanwhile, the binding energy of 464.5 eV for 
Ti 2p2/3 and that of 458.8 eV for Ti 2p1/2 are 
attributed to the Ti4+. The ionic radii of Ti4+ 
(60.5 pm) and V5+(59 pm) were larger than that of 
Al3+(53.5 pm), the formation mechanism of the 
solid solution was the uniform and equivalent 
replacement of Al distributed in the octahedron of 
the mullite lattice by elements V and Ti. Thus, V5+ 
and Ti4+ were easy to form octahedral coordination 
of solid solution. It could be proved that the trace 
impurity elements in mullite were stabilized in the 
mullite phase. 

Figure 10 shows the TEM images of pure 
mullite synthesized by doping trace elements. The 
crystal structure of mullite was roughly columnar, 
and the typical orthogonal structure could be seen 
in the selected area electron diffraction (SAED) 
pattern. The growth direction of mullite was (210) 
orientation. By the comparison of SAED, the single  

 

 

Fig. 8 Element distribution maps obtained by EDS scanning of pure mullite 
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Fig. 9 XPS valence analysis results of V (a) and Ti (b) 
 

 
Fig. 10 TEM image (a), and TEM lattice image and SAED pattern (b) of pure mullite synthesized at Al2O3/SiO2 mass 
ratio of 2.1 and 1600 °C for 5 h  
 
crystal mullite with Al/Si molar ratio of 3/1 was 
synthesized. The reason why the crystal structure of 
mullite is not regularly columnar is due to the 
doping of metal elements (Mn, Fe, Cr, Ti, and V) in 
leaching residue. Because the ionic radius of V5+ 
and Ti4+ is higher than that of Al3+, the morphology 
is slightly deformed during the doping process. 

According to the high-resolution transmission 
electron microscopy (HRTEM) image, the crystal 
plane spacing of the sample was 0.34 nm, 
corresponding to (210) crystal plane. However, the 
crystal plane spacing of the sample synthesized 
with pure substance was about 0.531 nm [35]. The 
change of crystal plane spacing indicated that trace 
elements were doped into mullite phase. The 
smaller the crystal spacing is, the greater the 
adjacent crystal face attracts. The crystal will grow 
rapidly in this direction. However, the rapidly 
growing crystals will form more nuclei. Thus, many 
irregular grains will be formed. This is the growth 

behavior of mullite crystals doped with trace 
elements. 
3.2.2 Identification of leaching toxicity of synthetic 

mullite 
According to the above analysis, the hazardous 

element V in the pure mullite exsited in the form 
the V5+. If the hazardous elements V, Cr, and Mn 
cannot be stabilized to enter the mullite phase, they 
will harm to the environment. Thus, in order to 
determine the toxicity of synthesized pure mullite, 
the toxicity of mullite was determined by ICP-AES 
using USEPA 1311 TCLP standard. The results are 
shown in Table 4 and Fig. 11. All the elements 
concentrations contained in the leaching residue 
were far lower than the TCLP standard, and the 
main metal elements such as V, Cr, Fe, Mn and Ti 
remaining in the leaching residue were stabilized in 
mullite.  

The calculation formula of leaching rate is 
shown as follows: 
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Table 4 Toxicity test results of pure mullite measured 
according to TCLP standard (mg/L) 

Item Cr Mn Fe Cu As Cd 
TCLP  

standard 
5   15 5 1 

Leaching 
residue 

0.103 0.450 3.267 0.242 0.168 0.019 

Item Ba Pb Zn Ag V Ti 
TCLP  

standard 
100 5 100 5   

Leaching 
residue 

0.095 0.260 0.45 − 4.759 0.264 

 

 
Fig. 11 Toxicity test results of pure mullite 
 

(V,Ti)
(V,Ti)

(V,Ti)
100%

C V
m

µ = ×
                 

(1) 

 
where μ(V,Ti) is the leaching rate of V and Ti; C(V,Ti) is 
the concentration of V and Ti in the leachate (g/L); 
V is the volume of leachate (L); m(V,Ti) is the mass  
of V and Ti in the product after vanadium slag 
pretreatment (g). 

According to Eq. (1) it is obtained that the 
leaching rate of V is 1.3% and that of Ti is only 
0.03%. 

In order to ensure the generality of the results, 
the toxicity leaching of mullite was determined by 
the GB 5085.3—2007 standard. The results are 
shown in Table 5. According to the standard, pure 
mullite synthesized from vanadium slag is a 
non-toxic product, the content of all elements is far 
below the national standard. The main metal 
elements such as V, Cr, Fe, Mn and Ti remained in 
the leaching residue were stabilized in mullite. 
After calculation, it was found that the leaching 
rates of these elements are less than 1%. The 
leaching rate of V is less than 0.05%, the leaching 

rate of Ti is only 0.002%, and the leaching rate of 
Cr is too low to be detected. 
 
Table 5 Toxicity test results of pure mullite measured 
according to GB 5085.3—2007 standard (mg/L) 

Item V Ti Cr Mn Fe Be Cu 

GB standard   15   0.02 100 
Leaching  
residue 

0.374 0.036 − 0.343 0.928 − 0.232 

Item As Cd Ni Ba Pb Zn Ag 

GB standard 5 1 5 100 5 100 5 
Leaching  
residue 

0.075 − 0.039 0.03 − 0.45 0.017 

 
This result not only confirms that the residual 

hazardous elements V and Cr are stabilized in   
the mullite product, but also guarantees the 
environmental safety of the pure mullite. 

In the process of comprehensive utilization of 
vanadium slag, the molten salt chlorination of 
vanadium slag with AlCl3 under optimal conditions 
can increase the chlorination rate of V, Cr, Fe and 
Mn in vanadium slag to 76.5%, 81.9%, 90.3% and 
97.3%, respectively. The volatilization rate of Ti 
increases to 79.9% [11]. The pure-phase mullite 
synthesized from the water leaching residue after 
removing all chlorinated products was found to be 
able to effectively stabilize the remaining hazardous 
elements according to the GB 5085.3 — 2007 
standard. That is to say, the leaching residue 
containing hazardous elements V, Cr and Mn can be 
converted from hazardous solid waste into safe and 
nontoxic pure mullite produt by this one-step solid 
state reaction. 
 
4 Conclusions 
 

(1) Pure mullite was synthesized by high 
temperature roasting of leaching residue, and high 
value-added utilization of leaching residue was 
realized. Mullite with high compressive strength of 
133.35 MPa and bulk density of 3.20 g/cm3 was 
synthesized by using leaching residue as raw 
material, adding appropriate SiO2 (the Al2O3/SiO2 
mass ratio was 2.1) and roasting at 1600 °C for 5 h. 

(2) Elements such as V, Cr, Fe, Mn and Ti 
were stabilized in the mullite phase in the form of 
solid solution, in which V and Ti exist in the form 
of V5+ and Ti4+ phases, respectively. 
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(3) According to TCLP standard and GB 
5085.3—2007 standard, the toxicity of mullite was 
identified. The mullite was a nontoxic product. This 
novel method has certain reference siginificance for 
the treatment of waste resiues containing hazardous 
elements. 
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高温反应合成莫来石实现钒渣氯化残渣的无毒高效利用 
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摘  要：采用氯化法从钒渣中提取有价元素(Ti、Cr、Fe、Mn 和 V)后得到的浸出渣主要成分为 Al2O3 和 SiO2，还

含有少量有害元素 Cr 和 V。为了减少 Cr 和 V 对环境的污染，提出一种浸出渣无毒和有效利用的新方法。以浸出

渣为原料，加入适量 SiO2，在 1600 ℃下固相烧结 5 h，合成抗压强度为 133.345 MPa、密度为 3.20 g/cm3 的纯莫

来石。浸出渣中的微量元素 Ti 和有害元素 V 和 Cr 在高温反应过程中进入莫来石晶格形成固溶体，稳定在莫来石

相中。合成的样品采用毒性特性浸出程序(TCLP)和 GB5085.3—2007 进行检测。结果表明，莫来石符合毒性浸出

标准，是一种安全无毒产品。 

关键词：浸出残渣；钒渣；综合利用；高毒性六价铬；莫来石；毒性特性浸出程序 
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