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Abstract: Selective catalytic reduction (SCR) catalyst waste is a hazardous solid waste that seriously threatens the environment 
and public health. In this study, a thermal melting technology is proposed for the treatment of waste SCR catalysts. The melting 
characteristics and mineral phase transformation of waste SCR catalysts blended with three different groups of additives were 
explored by heating stage microscopy, thermogravimetric analysis/differential scanning calorimetry (TG/DSC) analysis, ther-
modynamic simulation, and X-ray diffraction (XRD) analysis; heavy metal leaching toxicity was tested by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) analysis. The results indicated that the melting point of waste SCR catalysts can 
be effectively reduced with proper additives. The additive formula of 39.00% Fe2O3 (in weight), 6.50% CaO, 3.30% SiO2, and 
1.20% Al2O3 achieves the optimal fluxing behavior, significantly decreasing the initial melting temperature from 1223 °C to 
1169 °C. Furthermore, the whole heating process of waste SCR catalysts can be divided into three stages: the solid reaction stage, 
the sintering stage, and the primary melting stage. The leaching concentrations of V, As, Pb, and Se are significantly reduced, from 
10.64, 1.054, 0.195, and 0.347 mg/L to 0.178, 0.025, 0.048, and 0.003 mg/L, respectively, much lower than the standard limits 
after melting treatment, showing the strong immobilization capacity of optimal additives for heavy metals in waste SCR catalysts. 
The results demonstrate the feasibility of harmless melting treatments for waste SCR catalysts with relatively low energy con-
sumption, providing theoretical support for a novel method of disposing of hazardous waste SCR catalysts. 
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1  Introduction 

 
Selective catalytic reduction (SCR) is a main-

stream technology for eliminating hazardous NOx 
emissions at coal-fired power plants. As a post- 
combustion NOx control process, it shows high NOx 
reduction efficiency through the reaction between 
ammonia and NOx under the action of SCR catalysts. 

The efficiency of the SCR process strongly depends 
on the activity of the SCR catalyst (You et al., 2012). 
However, owing to the coking of dust, ammonia salt, 
or the deposition, poisoning, and sintering of alkali 
metals, these catalysts have the drawback of deacti-
vation after being used for several years (Zheng et al., 
2005; Peng et al., 2015; Li et al., 2018). According to 
some researchers, the deactivated catalyst can recover 
its activity through regeneration treatment technology 
(Shang et al., 2012; Lee et al., 2013). Nevertheless, 
the number of regeneration times is limited, and so it 
will eventually end up as a waste catalyst. 

Toxic substances such as V, Mo, As, Pd, and Se 
contained in waste SCR catalysts seriously harm 
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human health and the environment. In China, the 
vanadium-titanium-based waste SCR catalyst was 
incorporated into hazardous solid waste in 2014 and 
clearly classified as an HW50 waste catalyst in the 
national hazardous waste list (Chen et al., 2016). In 
addition, with the full implementation of ultra-low 
emission policies in China, the annual yield of waste 
SCR catalysts is sure to be enormous in the coming 
future, and consequently, the harmless treatment of 
waste SCR catalysts is an important issue in SCR 
denitration technology.  

To date, there are two main treatment methods 
for waste SCR catalysts: landfill and metal recovery 
(Zhao et al., 2015; Wu et al., 2016; Choi et al., 2018). 
Unfortunately, the landfill method requires significant 
land resources, and the heavy metals existing in waste 
catalysts may escape into the environment in the long 
term. Valuable metals contained in waste SCR cata-
lysts, such as V and W, can be recycled effectively by 
metal recovery; however, high operating costs limit 
industrial-scale application. As an alternative to the 
two methods described above, there is increasing 
interest in thermal treatment for solid waste. The 
thermal treatment process is now widely applied to 
industrial hazardous waste, in cases such as municipal 
solid waste incinerators (MSWIs), fly ash, or sewage 
sludge (Sakai and Hiraoka, 2000; Rani et al., 2008; 
Lindberg et al., 2015), and is considered a promising 
solution because of its significant advantages in weight 
and volume reduction, the digestion of inorganic pol-
lutants, the solidification of heavy metals, and the 
resource utilization. Co-processing in cement kilns 
has been a well-developed waste treatment technol-
ogy because of the advantages of high temperature, 
long residence times, and surplus oxygen (Kikuchi, 
2001; Pan et al., 2008; Verbinnen et al., 2017). Nu-
merous studies (Liu et al., 2015; Wang et al., 2016; 
Xiao et al., 2018) have proved that solid waste 
co-processing in cement kilns realizes resource utili-
zation during the treatment of hazardous solid waste, 
and controls the emission of heavy metal and dioxin 
contaminants, keeping them within an acceptable 
level by a series of operations, such as accelerated 
carbonation and water-washing pretreatment. Fur-
thermore, co-processing by iron ore sintering is also a 
promising method for the harmless treatment of haz-
ardous waste, which achieves safe disposal and 
maintains the sintering strength and yield (Min et al., 

2017, 2018; Xu et al., 2018). Some applications for 
waste catalysts have been reported—for example, 
applying thermal engineering methods to hazardous 
spent catalysts to produce value-added products such 
as ceramics (Sun et al., 2001; Liang et al., 2011; 
Mymrin et al., 2017; Ramezani et al., 2017), high 
strength bricks (Sun, 2003), and cement (Furimsky, 
1996; Marafi and Stanislaus, 2003). This is considered 
an attractive option from environmental and eco-
nomic points of view.  

Excess energy consumption, however, is an 
important feature for thermal treatment processes, 
which limits its further large-scale application. It is 
well known that waste SCR catalysts contain a large 
amount of refractory TiO2 (more than 70% in weight), 
which requires even more energy. For the purpose of 
reducing the energy required during thermal treat-
ment, lowering the melting point by using proper 
additives is an option. Different oxides play different 
roles in the melting process (Takaoka et al., 1997; 
Cheng et al., 2002; Wang et al., 2017). SiO2 acts as the 
main network forming oxide of silicate structures. 
CaO, Na2O, K2O, and Fe2O3 are commonly used as 
oxides for glass forming, melting, and matrix modi-
fying, which can change glass properties, and the high 
content of basic oxide may lead to matrix stability 
problems. Al2O3 is an intermediate substituted for a 
network former and has the same function as a net-
work modifier. Kuo et al. (2003) pointed out that the 
addition of SiO2 enhances the formation of intercon-
nected glass network structures and helps to improve 
the chemical stability of heavy metals in molten slag. 
Li et al. (2007) and Cheng et al. (2013) found that 
CaO contributes to vitrification and improves the 
heavy metal solidification of slag, thus reducing the 
melting point of fly ash and making the melting 
treatment easier. Yang et al. (2009) added Fe2O3 and 
CaO into MSWI fly ash to form a SiO2-CaO-Al2O3- 
Fe2O3 quaternary phase system, and significantly 
reduced the melting temperature from 1500 °C to 
1200 °C. Shi et al. (2017) showed that Fe2O3 and TiO2 
act as nucleating agents to promote melting and the 
crystallization of CaO-Al2O3-SiO2 glass, thereby 
reducing crystallization temperatures. Li et al. (2016) 
studied the effect of Al2O3 addition on the phase 
transformation of Ti-bearing blast furnace slag with 
different basicities. The results showed that an in-
crease of Al2O3 content prompted crystallization of 
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the slags with basicities of 0.60 and 0.75, whereas it 
suppressed the crystallization with a basicity of 0.95. 

The melting characteristics of solid waste during 
thermal treatment are a significant issue that needs to 
be studied in depth. However, to the best of our 
knowledge, many studies focus on the melting char-
acteristics of MSWI fly ash, but seldom on the waste 
SCR catalyst. Our research group has conducted a 
preliminary exploration of the feasibility of applying 
a thermal melting treatment to a waste SCR catalyst in 
previous work (Zhou et al., 2017), and found that the 
heavy metals in waste SCR catalysts can be effec-
tively immobilized by thermal melting treatment. 
However, the melting characteristics of waste SCR 
catalysts with additives were not described. In this 
study, further research on the harmless treatment of 
waste SCR catalysts was carried out. An in-situ in-
vestigation of the effects of additives on melting 
properties and the mineral phase transformation of 
waste SCR catalysts was carried out through heating 
stage microscopy, thermogravimetric analysis/ 
differential scanning calorimetry (TG/DSC) thermal 
analysis, X-ray diffraction (XRD) analysis, and 
FactSage simulation, and an optimal additive group 
was determined. In addition, the heavy metal leaching 
characteristics of waste SCR catalysts after melting 
treatments were tested by inductively coupled plasma- 
atomic emission spectrometry (ICP-AES) analysis to 
evaluate the immobilization of heavy metals. 
 
 
2  Materials and methods 

2.1  Materials 

The waste SCR catalyst was collected from the 
flue-gas denitration system of a coal-fired power 
plant in China, as shown in Fig. 1. The waste SCR 
catalyst was crushed and sieved within 0.074 mm, and 
then analyzed using a scanning electron microscope- 
energy dispersive spectrometer (SEM-EDS), ICP- 
AES, X-ray fluorescence (XRF), and heavy metal 
leaching tests. The chemical composition and heavy 
metal leaching concentration of the waste SCR cata-
lyst are presented in Tables 1–3. 

The XRF results indicate that the waste SCR 
catalyst can be classified as a vanadium-titanium- 
based catalyst, whose main composition is TiO2 
(72.341% in weight). The presence of SiO2, Al2O3, 
and CaO is mainly caused by the fly ash adhered on 

the surface of the waste SCR catalyst, which is one 
reason for the deactivation of the SCR catalyst. Be-
cause of the relatively low accuracy of XRF for trace 
elements such as As, Se, Zr, Pb, Zn, and Sr, the waste 
SCR catalyst was digested and diluted by deionized 
water to 100 mL. Then, the contents of such elements 
in the digestion solution were determined by ICP- 
AES so that the mass fractions of each in the waste 
SCR catalyst were obtained. The ICP-AES results are 
relatively lower than those from XRF, mainly because 
of the difference between elements and oxides, and 
the accuracies of the different detection methods. The 
leaching concentration of V in the raw sample is 
much higher than the standard limit, and As, Pb, and 
Se have a relatively high level with the potential risk 
of leaching due to the complex environmental condi-
tions of waste SCR catalysts in the long run. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The energy cost for the melting treatment of 

waste SCR catalysts is unfeasibly high because of 
high melting temperatures. In order to promote the 
melting of the waste SCR catalyst, several groups of 
additives were used to investigate whether additives 
contribute to the melting behavior of the catalyst and 
which group of additives shows optimal melting be-
havior. Considering the role that each oxide plays 
during the melting process, four oxides were selected  

Fig. 1  Plate-type (a) and pulverized (b) waste SCR catalysts
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as additives, namely CaO, Fe2O3, SiO2, and Al2O3 (at 
analytical reagent grade). SiO2 can act as a flux and 
form eutectoids with other oxides, lowering the 
melting temperature of the samples. Fe2O3 and CaO 
can be added together to promote crystallization be-
havior and the formation of eutectic low melting 
points. However, the fluxing effect of CaO is related 
to its content and to the SiO2/Al2O3 ratio. Al2O3 is 
added to adjust the SiO2/Al2O3 ratio, though it may 

increase the melting temperature. The samples were 
divided into A, B, and C groups according to different 
additives. The proportions of additives were set based 
on the phase diagrams shown in Fig. 2, which came 
from PhaseDiagram-Web and Phase Equilibria Dia-
gram Database 3.1.0 (Zhou et al., 2017). According to 
the low-melting-point areas in phase diagrams, the 
optimal proportions of additives can be determined so 
that their melting behavior is optimized and, conse-
quently, the overall melting performance of the mix-
ture is improved. The proportions of waste catalyst 
were set as 10%, 50%, and 90% respectively in each 
group in order to highlight the effects of the additives. 
All the samples were weighed (10 g), and homoge-
nously mixed according to Table 4 for subsequent 
experiments. The main chemical compositions of 
samples with additives are listed in Table 5. 

2.2  Heating stage microscope 

The morphology and size change of samples 
during melting were monitored in-situ by heating 
stage microscope. As shown in Fig. 3, the heating 
stage microscope consists primarily of six parts: the 
heating unit, microscope, charge coupled device 
(CCD) camera, cooling water, temperature controller, 
and online computer system. The sample particles 
were placed in the holder of the heating unit at room 
temperature under an air atmosphere, and then first 
heated to 1000 °C at the rate of 40 °C/min, and then to 
the highest temperature of 1400 °C with a lower 
heating rate of 25 °C/min for the purpose of protect-
ing the heating stage from damage under high tem-
perature. The samples were held at 1400 °C for 5 min 
and then cooled down at 40 °C/min to room temper-
ature. The morphology changes of the samples during 
the heating process were observed by light micro-
scope and recorded by an online computer system 
with image analysis software in real time. The mag-
nification used in this study was 100 times. 

The dimensional changes of the samples were 
quantified by the image processing software Image J 
1.52a, and the area shrinkage was calculated by 

 

0

0

Area shrinkage 100%,
A A

A


                (1) 

 

where A0 and A are the initial area of the samples and 
the area of the samples at a specific temperature, 
respectively. 

Table 1  Chemical composition of the waste SCR catalyst 

Composition Mass fraction (%) 
TiO2 72.341 
SiO2 10.882 
Al2O3   7.165 
V2O5   3.902 
SO3   2.012 
MoO3   1.546 
P2O5   1.331 
CaO   0.264 
Nb2O5   0.160 
K2O   0.118 
Na2O   0.085 
MgO   0.071 
As2O3   0.054 
SeO2   0.034 
ZrO2   0.021 
PbO     0.0069 
ZnO     0.0042 
SrO     0.0034 

Table 2  ICP-AES results of the waste SCR catalyst 

Element Mass fraction (%) 

As 0.015194 

Se 0.001237 
Zr 0.000996 

Pb 0.000278 

Zn 0.000186 
Sr 0.011697 

Table 3  Toxicity leaching results of the waste SCR  
catalyst  

Element 
Toxicity leaching (mg/L) 

Raw sample Regulatory standard limit

V 10.648 0.20* 

As   1.054 5 

Pb   0.195 5 

Se   0.347 1 
* Defined by universal treatment standard (UTS) instead of GB 
5085.3-2007 (MEE, 2007a) 
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2.3  TG/DSC test 

The melting characteristics of the nine samples 
and the pure waste SCR catalyst without additives 
were investigated by a TG/DSC test using a simul-
taneous thermal analyzer (4, TG/DSC 3+) with a 

temperature accuracy of ±0.5 °C. About 10 mg of 
sample powders were placed in a Pt crucible and 
heated at 25 °C/min from room temperature to a final 
temperature of 1400 °C under a continuous air flow of 
50 mL/min. The TG and DSC curves, which provided 
quantitative information about the mass variations  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Sample compounds with three groups of 
additives 

Sample
Mass fraction (%) 

Catalyst CaO Fe2O3 SiO2 Al2O3

A1 10.00 18.00 72.00 – – 
A2 50.00 10.00 40.00 – – 
A3 90.00   2.00   8.00 – – 
B1 10.00 24.30 54.00 11.70 – 
B2 50.00 13.50 30.00 6.50 – 
B3 90.00   2.70   6.00 1.30 – 
C1 10.00 11.70 70.20 5.94 2.16 
C2 50.00   6.50 39.00 3.30 1.20 
C3 90.00   1.30   7.80 0.66 0.24 

Fig. 3  Schematic diagram of the heating stage microscope
1: digital camera; 2: microscope lens; 3: heating wire; 4:
sapphire substrate; 5: water inlet; 6: water outlet; 7: gas inlet; 
8: gas outlet; 9: quartz glass; 10: air cylinder; 11: cooling 
water tank; 12: temperature controller; 13: online computer 
system 

Table 5  Chemical composition of the samples with 
additives 

Sample
Mass fraction (%) 

TiO2 CaO Fe2O3 SiO2 Al2O3

A1 7.234 18.026 72.000 1.088 0.717
A2 36.171 10.132 40.000 5.441 3.583
A3 65.107 2.238   8.000 9.794 6.449
B1 7.234 24.326 54.000 12.788 0.717
B2 36.171 13.632 30.000 11.941 3.583
B3 65.107 2.938   6.000 11.094 6.449
C1 7.234 11.726 70.200 7.028 2.877
C2 36.171 6.632 39.000 8.741 4.783
C3 65.107 1.538   7.800 10.454 6.689

Fig. 2  Multicomponent phase diagrams based on the 
additive composition 
(a) CaO-Fe2O3; (b) CaO-Fe2O3-SiO2; (c) CaO-Fe2O3-SiO2-
Al2O3. C2S: 2CaO·SiO2; ss: solid solution 
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and thermal transformation of the sample as a func-
tion of temperature, were recorded in real time for 
thermal property analysis. 

2.4  Thermodynamic equilibrium calculations 

The thermodynamic software package FactSage 
5.2 was used to calculate the mineral phase transition 
and the variation of the liquid phase proportion of the 
waste SCR catalyst with and without additives at high 
temperature. The waste SCR catalyst was simplified 
and normalized to the TiO2-SiO2-Al2O3-V2O5-SO3- 
MoO3-P2O5 multicomponent system based on its 
chemical composition presented in Table 1, and cor-
responding additives were added into the system for 
each sample. The databases used in the calculation 
included the FACT 50 compound database and the 
FToxid solution database. The Norma algorithm in 
the Equilib module was selected. The calculation 
temperature range was from 800 °C to 1600 °C, in 
incremental steps of 20 °C. The calculation was car-
ried out in air atmosphere (21:79 O2-to-N2 volume 
ratio) at 101 325 Pa, with the excess air ratio set at 1, 
which is consistent with the experimental data. The 
calculation results were verified by the XRD analysis 
for the samples after the melting treatment at different 
temperatures. 

2.5  Leaching toxicity test 

In order to evaluate the immobilization of heavy 
metals after the melting treatment, the toxicity 
leaching characteristics of the waste SCR catalyst 
before and after melting were tested according to the 
standard HJ/T 300-2007 (MEE, 2007b) about extrac-
tion procedure for leaching toxicity. The slag used for 
the leaching toxicity test was obtained by heating a 
raw sample at 1400 °C for 60 min under air atmos-
phere in a high-temperature tube furnace. In the 
leaching procedure, a 2-g sample (raw waste catalyst 
or catalyst slag) was first finely ground and mixed 
with 40 mL leachate with a liquid-solid ratio (L/S) of 
 in a sealed polyethylene bottle. Then, the (L/kg) 1׃ 20
bottle was tumbled at 30 r/min using an electric rotary 
extractor for 18 h at room temperature. Following 
this, the leachate was filtered and collected to deter-
mine the heavy metal concentrations by ICP-AES. In 
all leaching tests, the leachate was prepared by di-
luting a 5.7-mL acetic acid and 64.3-mL 1-mol/L 
NaOH mixed solution with 1 L of deionized water. 

3  Results and discussion 

3.1  Effect of additives on area shrinkage 

The area shrinkage of samples with different 
additives as a function of temperature is presented in 
Fig. 4. Adding additives into a waste SCR catalyst can 
significantly increase the area shrinkage at high 
temperature, which verifies that a volume reduction 
of solid waste can be achieved by thermal melting 
treatment. When the additive proportion accounts for 
50% or 90% (in weight), the area shrinkage of sam-
ples for all three groups decreases after reaching the 
maximum value, indicating that an obvious liquid 
phase appears and then spreads around the samples as 
the temperature rises further. This can be explained 
by the surface tension of the liquid phase formed on 
the sample surface at high temperatures, which gives 
the surface a tendency to shrink. Such a phenomenon 
becomes more significant as the temperature rises. 
However, the surface tension of the liquid phase de-
creases with the increase in temperature. When the 
temperature reaches a certain value, the bead formed 
by the molten phase breaks and the liquid diffuses 
around the sample. The slag viscosity also decreases 
with rising temperature, improving the fluidity of the 
slag. However, with 10% or no additives added, the 
area shrinkage of samples increases monotonically 
with increasing temperature, indicating that there is 
no liquid phase formed throughout the heating tem-
perature range. 

The data results summarized from Fig. 4, namely 
the maximum area shrinkage (Shrinkmax), the temper-
ature when the maximum area shrinkage occurs (Tmax), 
and the area shrinkage at the highest temperature of 
1400 °C (Shrink1400°C), are listed in Table 6. For 
groups A and B, the Shrinkmax of samples increases 
with the increase of additives, and the Tmax reverses. 
For group C, the Shrinkmax of samples with 50% ad-
ditives is close to that of 90%, which means that the 
additive composition of group C can achieve high 
shrinkage under a relatively low additive proportion. 
Furthermore, the Tmax of samples in group C is lower 
than that in groups A and B when adding 90% or 50% 
additives. For example, for C2, the Tmax is 1288 °C, 
while it is 1366 °C and 1346 °C for A2 and B2, re-
spectively. The Tmax can be used to characterize the 
melting of samples, and thus the results above  
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indicate that the additive compositions of group C are 
more conducive to achieving melting for waste SCR 
catalysts, meeting the requirements of energy saving  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in practical industrial applications. The Shrink1400°C 
also varies with different additives, associated with 
the molten slag viscosity of samples with different 
oxidant compositions. A high slag viscosity means 
poor liquid phase fluidity, and thus the sample area is 
smaller than that of lower viscosity at 1400 °C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2  Effect of additives on melting temperature 

The DSC curve reflects the physical and chem-
ical changes of samples because of endothermic and 
exothermic reactions during heating. The melting 
process is an endothermic reaction, corresponding to 
an endothermic peak on the DSC curve (Li et al., 
2007; Liu et al., 2012; Zhang et al., 2017). 

Fig. 5 shows the DSC curves of samples in dif-
ferent groups with the same additive level in the 
temperature range of 1000–1400 °C. For samples 
with 90% and 50% (in weight) of additives, there are 
obvious endothermic peaks in DSC curves when 
temperatures are higher than 1100 °C, and some even 
have more than one endothermic peak, which means 
that distinct and continuous melting reactions oc-
curred at high temperatures. However, no significant 
melting occurred in samples with 10% additives be-
cause of the high mass fraction (90%) of waste SCR 
catalysts (mainly TiO2 with a high melting point). 

The temperatures at the endothermic peaks 
(Tpeak) can be used to characterize the melting tem-
peratures of samples, which are listed in Table 7. The 
results show that with 90% additives, the first Tpeak of 
groups A, B, and C are 1166 °C, 1210 °C, and 
1139 °C, while those for 50% additives are 1154 °C, 
1219 °C, and 1139 °C, respectively.  

Table 6  Shrinkmax, Tmax, and Shink1400°C for all samples

Sample Shrinkmax (%) Tmax (°C) Shrink1400°C (%)
A1 76.11 1293 12.95 
A2 67.63 1366 60.62 
A3 47.75 1400 47.75 
B1 80.85 1325 32.06 
B2 66.25 1346 20.48 
B3 44.98 1400 44.98 
C1 72.43 1289 55.60 
C2 70.85 1288 50.39 
C3 50.80 1400 50.80 

Waste SCR 
catalyst 

37.03 1400 37.03 

Fig. 4  Area shrinkage of samples with different additives 
and temperatures 
(a) Samples of group A; (b) Samples of group B; (c) Samples 
of group C 
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The melting temperatures of samples in each 

group follow an ascending sequence of group C< 
group A<group B, which means that the additive 
formula of group C (Fe2O3, CaO, SiO2, and Al2O3) 
achieves the optimal fluxing behavior, followed by 
that of group A (Fe2O3 and CaO), while the additive 
formula of group B (Fe2O3, CaO, and SiO2) shows the 

worst fluxing behavior. This analysis corresponds 
well with the area shrinkage results. 

The melting point is related to the oxide com-
ponents of the samples. Previous studies have shown 
that acidic oxides tend to form polymers, which in-
crease the melting point, while basic oxides inhibit 
the formation of polymers and thus lower the melting 
point (Gupta et al., 1998). Not only is the melting 
point controlled by a certain oxide compound, but the 
interaction between different oxide compounds also 
has effect on it. The A/B ratio is thus defined as an 
indicator of melting characteristics, which is the mass 
ratio of acidic oxides to basic oxides of samples 
(Zhang et al., 2017). 
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According to Table 7, the raw waste SCR cata-

lyst has a highest A/B ratio of 35.45, and after adding 
a certain proportion of additives, A/B ratio decreases 
significantly. It has been shown that the melting point 
of coal ashes decreases as A/B ratio decreases (Zhang 
et al., 2017). Accordingly, the melting point of waste 
SCR catalyst decreases with additives added. For the 
samples in group B, A/B ratio is much higher than in 
groups A and C, which can explain the worse fluxing 
effect of group B. However, the A/B ratio of samples 
in group C is slightly higher than in group A, which is 
inconsistent with the DSC analysis—the results of 
which showed that the Tpeak of group C is lower than 
that of group A, indicating that the melting behavior 

Table 7  Endothermic peak (Tpeak), A/B ratio, and mass 
ratio of SiO2 to Al2O3 (Si/Al) of all samples 

Sample Tpeak (°C) A/B ratio  Si/Al 

A1 1166 0.10 1.52 

A2 1154 0.88 1.52 

A3 – 6.75 1.52 

B1 1210 0.26 3.15 

B2 1219 1.16 2.54 

B3 – 16.55 1.70 

C1 1139 0.21 1.80 

C2 1139 1.06 1.70 

C3 – 7.22 1.56 

Waste SCR 
catalyst 

– 35.45 1.52 

Fig. 5  DSC curves of samples in different additive groups
(a) 90% additives; (b) 50% additives; (c) 10% additives 
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of samples is not only controlled by the A/B ratio, 
which only represents the general trend of the melting 
point. The mass ratio of SiO2 to Al2O3 is another 
important factor affecting the melting behavior of the 
samples, especially when A/B ratios are close to each 
other. At a relatively low level of Si/Al (<1.5), melt-
ing temperature decreases significantly as Si/Al 
grows (Liu et al., 2013; Li et al., 2017), while at a 
higher level of Si/Al, melting temperature increases 
(Song et al., 2010; Li et al., 2017; Yan et al., 2017) or 
remains stable (Liu et al., 2013; Li et al., 2017; Yan et 
al., 2017) with increasing Si/Al. As shown in Table 7, 
the Si/Al of samples in group C is slightly higher than 
that in group A when the Si/Al of samples in these 
two groups are all at a low level, which verifies that 
the melting temperature of samples in group C is 
lower than that of group A. 

Melting temperature is a complex parameter 
controlled by oxide compositions and their interaction 
during the heating process. Moreover, the mineral 
phase formed by the reaction of oxide compositions 
during the melting process will further affect the 
melting behavior, which will be discussed in the next 
section. 

3.3  Mineral phase transformation 

Melting behaviors are mainly controlled by the 
thermodynamics and kinetics of mineral phase tran-
sitions at high temperatures (Jak, 2002). The Equilib 
module of FactSage 5.2 was used to predict the min-
eral phase transformation and liquid phase generation 
of the waste SCR catalysts with 50% (in weight) 
additives between 800 and 1600 °C. The calculation 
results were also verified by an XRD analysis of the 
samples after a melting treatment at 1000, 1200, and 
1400 °C. The FactSage calculation results and XRD 
patterns are depicted in Figs. 6 and 7, respectively. 

For A2, the mineral phases formed at high tem-
perature are mainly pseudobrookite (Fe2TiO5),  
perovskite-b (CaTiO3), anorthite (CaAl2Si2O8), and 
little sphene (CaSiTiO5), of which Fe2TiO5 accounts 
for 60.01% (in weight). In the FactSage calculation, 
the initial melting temperature, TIM, is defined as the 
temperature at which the first liquid forms. As shown 
in Fig. 6a, the TIM of A2 is 1223 °C, and with the 
temperature rising further, the liquid phase proportion 
increases rapidly with the decrease of mineral phase 
compounds. When the temperature reaches 1320 °C, 

the liquid phase proportion is stable at 92%. As de-
scribed before, the temperature at which the maxi-
mum area shrinkage occurs, Tmax, is 1366 °C, which 
deviates significantly from the FactSage results. 
There are two main reasons that can explain this: (1) 
the FactSage simulation is performed based on 
thermodynamic equilibrium rather than on kinetics 
and mass transfer, which is different from the actual 
heating process by the heating stage microscope; (2) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Mineral transformation behavior of waste SCR 
catalyst with 50% additives (FactSage calculation re-
sults): (a) A2; (b) B2; (c) C2 
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the liquid phase was first generated inside the samples 
during the shrinkage process, which confirmed that 
the actual Tmax is higher than that from calculation 
(1320 °C). 

Compared to A2, Fe2TiO5 generated in B2 de-
creases to 45.01%; CaSiTiO5, CaAl2Si2O8, and a 
small amount of CaTiO3 are also formed at high 
temperature. The decrease of Fe2TiO5 is mainly due 
to the lower Fe2O3 content in B2 than that in A2. The 
TIM of B2 calculated by FactSage is also 1223 °C, and 
then the liquid phase proportion increases sharply 
with increasing temperature and is finally stable at 
92% after 1300 °C. 

For C2, there are 58.51% Fe2TiO5, 13.05% 
CaAl2Si2O8, and a little CaSiTiO5, formed at high 
temperature, but no CaTiO3. What is more, the TIM of 
C2 decreases to 1169 °C, and the liquid phase pro-
portion initially rises slowly as the temperature in-
creases, then goes up sharply after 1280 °C and re-
mains stable at 92% when the temperature reaches 
1320 °C. The decrease of TIM can be explained by the 
formation of more anorthite (CaAl2Si2O8) due to 
different additives (increases from 9.78% of A2 and 
B2 to 13.05% of C2), which can easily produce 
low-melting eutectics with other mineral phases and 
thus lower melting temperatures of waste SCR cata-
lysts (Qiu et al., 1999; Liu et al., 2013). 

With different additives, the TIM decreases from 
1223 °C of A2 and B2 to 1169 °C of C2. Therefore, 
the additive formula of C2 can significantly reduce 
the melting point of the waste SCR catalyst compared 
to A2 and B2. Despite the fact that the results ob-
tained by the FactSage calculation deviated from the 
heating stage experiment, the comparison of results 
between different samples is consistent; that is, C2 is 
better than A2 and B2 in terms of lowering the melt-
ing point of the waste SCR catalyst. 

As discussed above, there is no obvious differ-
ence but there are diverse relative proportions be-
tween the mineral phases generated at high tempera-
ture for A2, B2, and C2, which is consistent with the 
results of the XRD analysis where similar patterns are 
obtained for A2, B2, and C2 treated at the same 
temperature. At 1100 °C, the main crystal phases of 
the treated samples are Fe2O3 and TiO2, with little 
SiO2 and CaO. Other phases such as Fe2TiO5, Ca-
SiTiO5, CaAl2Si2O8, and CaTiO3 are also generated, 
though at small amounts. With the temperature in-
creasing to 1200 °C, the peaks of Fe2O3 and TiO2 
decrease gradually, reacting with each other to form 
Fe2TiO5; as does the peak of SiO2, which indicates 
mineral phase transformation or SiO2 melting  

Fig. 7  XRD patterns of the waste SCR catalyst with 50% 
additives: (a) A2; (b) B2; (c) C2 
1: TiO2; 2: Fe2O3; 3: Fe2TiO5; 4: CaAl2Si2O8; 5: CaSiTiO5; 6:
CaTiO3; 7: CaO; 8: SiO2 
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occurred. The resulting dense vitreous silicate plays 
an important role in the fixation of heavy metals. 
Other peaks decline as well because the content of the 
crystal phase decreased with the formation of the 
liquid phase. At the highest temperature of 1400 °C, 
only Fe2TiO5 is detected in the slag, which indicates 
that other crystal phases are melted at high tempera-
tures. With the temperature rising from 1000 °C to 
1400 °C, the peak values of each phase gradually 
decline. The main reason for this is that increasing 
temperature promotes sample melting. The sample 
first forms low-melting eutectics, and such amor-
phous vitreous silicate can encapsulate solid phases 
hard to melt, promoting the overall melting of the 
waste SCR catalyst. 

Based on the mineral phase analysis results, the 
melting mechanism of waste SCR catalysts with ad-
ditives can be described as follows: after adding ad-
ditives, the liquid adhesive phase calcium ferrite 
(CaFe2O4, CF) with a low melting point of 1478 K 
(Yang et al., 2018) and the mineral phases such as 
CaAl2Si2O8, which have the tendency to form low- 
temperature eutectic mixtures, are initially generated. 
The former liquid adhesive phase flows, wets, and 
spreads to the surfaces of TiO2 solid particles, and 
leads to the dissolving of TiO2. According to the 
thermodynamic principle of mineral phase reactions 
(Yang et al., 2018), the reactions occurring with TiO2 
are as follows: CF+TiO2CaTiO3+Fe2O3, Fe2O3+ 
TiO2Fe2TiO5. The later mineral phases, such as 
CaAl2Si2O8, form low-temperature eutectics, which 
then further encapsulate TiO2 and promote the melt-
ing of the waste SCR catalyst. 

3.4  Analysis of melting characteristics 

The optimal sample C2 was used as a repre-
sentative for the analysis of melting characteristics. 
TG/DSC curves, area shrinkage curves, and FactSage 
calculation data are combined to analyze mass loss, 
heat loss, and mineral phase transition during heating, 
thus demonstrating the complex physical and chem-
ical processes, as well as comprehensive melting 
characteristics. 

As shown in Fig. 8, the heating process of the 
sample can be divided into three stages according to 
TG/DSC curves and the area shrinkage of sample 
with temperature, including the solid reaction stage, 
the sintering stage, and the primary melting stage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stage I (from room temperature to 800 °C): No 

obvious shrinkage but continuous weight loss of the 
sample occurs below 800 °C, indicating that there are 
some mineral phase reactions occurring between solid 
particles of the waste catalyst with additives in stage I. 
Thus, it is called the solid reaction stage. As shown in 
Fig. 8a, the maximum weight loss of C2 below 200 °C 
is 1.57%, which is mainly due to the evaporation of 
free water in the sample. Two continuous weight 
losses are observed at the temperature ranges of 
400–500 °C and 600–700 °C, with a maximum 
weight loss of 2.55%, which is mainly caused by the 
removal of crystal water in the sample as well as the 
decomposition of compounds with a low decomposi-
tion temperature such as CaCO3 and Ca(OH)2. 
Meanwhile, there is an endothermic peak for samples 
in 400–500 °C, from which it can be inferred that the 
polycrystalline transformation happens within crys-
tals in the sample, such as the polymorph transfor-
mation between brookite, anatase, and/or rutile (Zhu 
et al., 2005; Kandiel et al., 2013).  

Fig. 8  TG/DSC curves (a), DSC curve (b), and the change 
of area shrinkage with temperature (c) of sample C2 
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Stage II (from 800 °C to the temperature of 
reaching the maximum area shrinkage Tmax): This 
stage is identified as the sintering stage, where the 
preliminary melted phase forms and the area of sam-
ples begins to decrease. It can be explained by solid 
particles congregating with each other and the initial 
melted phase flowing into open pores (Yan et al., 
2016). It is noteworthy that there exists a broad en-
dothermic peak in 800–1000 °C without mass loss, 
which may be caused by the mineral phase transition 
under this broad temperature range. Obvious weight 
loss happens between 1050 and 1200 °C with a 
maximum weight loss of 3.05%. The weight loss is 
mainly caused by the decomposition of mineral 
crystals. Finally, there exists a weak endothermic 
peak in 1100–1200 °C, which indicates that the solid 
phase is no longer stable and melting occurs in stage 
II. This fits well with the TIM of 1169 °C calculated by 
FactSage, and the area shrinkage in stage II increases 
from 23.67% to 36.31% correspondingly.  

Stage III (from Tmax to 1400 °C): The area 
shrinkage of C2 reaches a maximum value of 70.85% 
at the sintering stage—the area minimum. As tem-
perature further increases, the sample area increases 
significantly. The main reason is that the sample 
collapses at higher temperatures, and the liquid phase 
increases rapidly due to severe melting, then the liq-
uid phase flows around and hence contributes to the 
expanding of the sample area (Yan et al., 2016). Most 
minerals of the sample melt in this stage; thus, stage 
III is characterized as the primary melting stage. At 
stage III, the heat flux of the reaction continues to 
increase, and the weight is slightly reduced. This is 
owing to the decomposition of residual mineral phase 
crystals. 

3.5  Leaching characteristics of the waste SCR 
catalyst with additives 

As shown above, the waste SCR catalyst with 
additives of 39.00% (in weight) Fe2O3, 6.50% CaO, 
3.30% SiO2, and 1.20% Al2O3 (C2) achieves the op-
timal fluxing behavior. In order to examine the heavy 
metal immobilization of C2 by melting treatment, 
toxicity leaching experiments were carried out, and the 
results were listed in Table 8. There is no clear standard 
limit for V in the Chinese regulatory standard GB 
5085.3-2007 (MEE, 2007a). However, the UTS 
specifies the hazardous waste landfill entry criteria, 

which stipulate that the leaching concentration limit 
for heavy metal V is 0.20 mg/L. As shown in Table 8, 
the leaching concentration of V in the raw sample was 
much higher than the standard limit of UTS before the 
thermal melting treatment. Although the leaching 
concentrations of other heavy metals, such as As, Pb, 
and Se, met the standard regulation requirement, they 
were still at a relatively high level with the potential 
risk of leaching due to the complex environmental 
conditions of waste SCR catalysts in the long term. 
After the melting treatment at 1400 °C, the leaching 
concentrations of all heavy metals were significantly 
reduced and were far below the standard limits. As 
previously analyzed, the initial melting temperature 
of sample C2 decreased significantly with the addi-
tion of optimal additives. As a result, an intense 
melting reaction occurs at 1400 °C and a dense vitri-
fied matrix structure was formed, which contributes 
to immobilizing the heavy metals into the silicate 
glass framework to replace anterior metal or nonmetal 
ions, and enclosing in the glass slag system via strong 
bond energy (Cheng et al., 2002; Lin et al., 2009; 
Yang et al., 2009; Zhang et al., 2014). 

 
 
 
 
 
 
 
 
 
 
 
 

4  Conclusions 
 
The effects of additives on melting characteris-

tics of waste SCR catalysts were in-situ investigated 
to provide valuable information and an optimal addi-
tive formula for the thermal melting treatment of a 
waste SCR catalyst. The conclusions obtained are as 
follows: 

1. The waste SCR catalyst is a TiO2-based oxide 
mixture with a high melting point which can be ef-
fectively reduced by adding proper additives so that 
the efficiency of the thermal melting treatment can be 
improved. 

Table 8  Toxicity leaching results of raw sample and 
molten slag of C2 

Element
Toxicity leaching (mg/L) 

Raw  
sample 

Molten  
slag 

Regulatory 
standard limit

V 10.648 0.178 0.20* 

As 1.054 0.025 5 

Pb 0.195 0.048 5 

Se 0.347 0.003 1 
* Defined by UTS instead of GB 5085.3-2007 (MEE, 2007a) 
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2. The fluxing behavior of the additives is 
characterized by the melting temperature of the sam-
ples. The additive formula of C2, namely 39.00% (in 
weight) Fe2O3, 6.50% CaO, 3.30% SiO2, and 1.20% 
Al2O3, gives optimal fluxing behavior, decreasing the 
initial melting temperature from 1223 °C to 1169 °C. 

3. The melting process of samples is divided into 
three stages: the solid reaction stage, the sintering 
stage, and the primary melting stage. The reaction 
mechanism can be depicted as follows: the liquid ad-
hesive phase generated from the waste catalyst flows, 
wets, and spreads to the surfaces of TiO2 particles and 
reacts with them to generate CaTiO3 and Fe2TiO5. The 
later mineral phases form low-temperature eutectics, 
encapsulating TiO2 and promoting the melting process. 

4. Leaching concentrations of heavy metals in 
samples with additives added after thermal melting 
treatment were much lower than those of the raw 
waste catalyst, which demonstrated that a melting 
treatment with additives has a strong immobilization 
capacity for heavy metals in waste SCR catalysts. 
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