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a b s t r a c t

Waste selective catalytic reduction (SCR) catalyst as a hazardous waste has a significant impact on the
environment and human health. In present study, a novel technology for thermal treatment of waste
SCR catalyst was proposed by adding it to sinter mix for iron ore sintering. The influences of coke rate
on the flame front propagation, sinter microstructure, and sinter quality during sintering co-processing
the waste SCR catalyst process were studied. In situ tests results indicated the maximum sintering bed
temperature increased at higher coke rate, indicating more liquid phase generated and higher airflow
resistance. The sintering time was longer and the calculated flame front speed dropped at higher coke
rate. Sinter microstructure results found the coalescence and reshaping of bubbles were more fully with
increasing coke rate. The porosity dropped from 35.28% to 25.66%, the pore average diameter of large
pores decreased from 383.76 lm to 311.43 lm. With increasing coke rate, the sinter indexes of tumbler
index, productivity, and yield, increased from 33.2%, 9.2 t�m�2�d�1, 28.9% to 58.0%, 36.0 t�m�2�d�1, 68.9%,
respectively. Finally, a comprehensive index was introduced to systematically assess the influence of coke
rate on sinter quality, which rose from 100 to 200 when coke rate was increased from 3.5% (mass) to 5.5%
(mass).
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction

In recent years, the rapid increase in NOx emissions has caused
great concern. Selective catalytic reduction (SCR) technology is
considered to be one of the most effective methods to reduce
NOx emissions, which has been widely used in power plants and
other stationary emitting sources for selective catalytic reduction
of NOx by NH3 [1]. The most commonly used SCR catalyst is
TiO2-WO3/MoO3-V2O5 system owing to the wide temperature win-
dow, high efficiency and durability. In the components of SCR cat-
alyst, TiO2 is the supporting oxide, V2O5 is the active component
and WO3/MoO3 is the promoter [2,3]. The SCR catalyst can suffer
deactivation in the bad operating environment and its lifespan is
known to be about 3 years. The specific causes of deactivation
can be divided into six categories: (1) poisoning, (2) fouling, (3)
thermal degradation, (4) vapor compound formation and/or leach-
ing accompanied by transport from the catalyst surface or particle,
(5) vapor–solid and/or solid–solid reactions, and (6) attrition/
crushing [4]. With the increasingly strict environmental protection
requirements, a large amount of catalyst is used in SCR systems.
After a long period of operation, a lot of coal-fired fly ash has been
deposited on the surface of the waste SCR catalyst. The toxic sub-
stances contained in the waste SCR catalyst will contaminate the
soil and groundwater, thereby affecting human health. At the same
time, the V2O5 contained in the waste SCR catalyst is a toxic sub-
stance, and many countries define the waste SCR catalyst as haz-
ardous waste. It is estimated that 150,000 m3 of waste SCR
catalyst will be produced annually in China [5]. Addressing the
waste SCR catalyst has been an increasingly hot issue.

The main waste SCR catalyst treatment methods can be divided
into the following types: (1) landfill [3,6,7]; (2) regeneration [8–
10]; (3) recovery valuable metals [6,11–13]; (4) high temperature
melting and solidification heavy metals [14]; (5) co-combustion
with coal [15]. Landfill is the most common method among the
treatment methods mentioned above. However, landfill will cause
great damage to the environment. Although the lifespan of the
waste SCR catalyst can be extended by regeneration, it will always
be abandoned in the end and needs to be treated. In the process of
recovering precious metals, the researchers only focus on the
extraction rate of valuable metals such as V, W, Ti. The remaining
part of the waste SCR catalyst which can cause secondary pollution
to the environment is often neglected. High temperature melting
and solidification heavy metals is a feasible method, but the energy
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Table 3
Ore blend proportion, sinter conditions and experimental schemes

Ore blend proportion/% (mass)

AUS1 ores 16.67
AUS2 ores 16.67
AUS3 ores 33.33
BRA1 ores 16.67
BRA2 ores 16.67

Sinter conditions/% (mass)

Moisture 6.0
Return fines 25
Basicity (CaO/SiO2) 1.9
MgO 1.7
Waste catalyst 2

Scheme Coke rate/% (mass)

1 3.5
2 4.0
3 4.5
4 5.0
5 5.5
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consumption is too high. A more appropriate approach is to use the
existing high-temperature processes in the industry. The most
common high-temperature processes in the industry are mainly
pulverized coal combustion process of coal-fired power plant and
iron ore sintering process in ironmaking. Wang [15] reported a
method of co-combustion of waste SCR catalyst with coal. How-
ever, iron ore sintering process has not been reported to treat
waste SCR catalyst. Up to 2017, there are about 900 sintering
machines with an area of 116 thousand m2 and annual sinter pro-
duction is 850 million tons in China [16]. It is a potential way to
treat waste SCR catalyst.

In iron ore sintering process, the fine-grained iron ore needs to
be granulated into large particles and agglomerated to form iron
ore sinter which are then sent to the blast furnace. As the main
component of waste catalyst, TiO2 can protect the hearth of blast
furnace [17]. And the waste SCR catalyst contains SiO2, Al2O3,
Fe2O3, CaO, MgO, which is similar to the sintering raw materials.
Moreover, most of the organic compounds generated by adding
waste SCR catalyst can be decomposed during the sintering. There-
fore, it is reasonable to dispose of waste SCR catalyst during iron
ore sintering.

In iron ore sintering process, 4% (mass) coke supplies about 80%
heat for melting rawmaterials and converting the green bed to sin-
tered bed [18]. The coke combustion changes the structure of the
sintering bed and affects the formation of mineral phase compo-
nents, which has a great influence on sinter quality. Therefore, it
is not surprised that a minor change in coke level would have a sig-
nificant influence on combustion behavior, flame front propaga-
tion, and sintering performance.

In present study, the influence of coke rate on thermal treat-
ment of waste SCR catalyst in iron ore sintering is investigated.
The effects of coke rate on the flame front propagation, sinter
microstructure, sinter indexes are studied. Then, a comprehensive
index is introduced to assess the influence of coke rate on thermal
treatment of waste SCR catalyst in iron ore sintering.

2. Material and Methods

2.1. Material

In this investigation, all the raw materials were divided by a
rotary divider to ensure the uniformity. Table 1 gives the chemical
compositions of sintering raw materials, including five iron ores,
limestone and dolomite, and coke.
Table 1
Chemical compositions of sintering raw materials (% (mass)) [19]

Item TFe Al2O3 SiO2 MgO

AUS1 ores 60.62 2.25 4.45 0.08
AUS2 ores 62.39 2.23 4.28 0.13
AUS3 ores 58.07 1.26 5.09 0.07
BRA1 ores 64.98 1.26 2.36 0.07
BRA2 ores 64.31 0.79 5.42 0.17
Limestone 2.91 0.79 2.16 0.36
Dolomite 0.35 0.58 2.26 19.4
Coke 1.07 4.32 6.11 0.04

① LOI1000: Loss on ignition at 1000 �C in air.

Table 2
Chemical composition of waste SCR catalyst/% (mass) [20]

TiO2 SiO2 Al2O3 V2O5 MoO3 Fe2O3

70.06 7.17 5.79 3.75 1.58 0.76

① LOI1000: Loss on ignition at 1000 �C in air.
The waste SCR catalyst comes from a power plant in eastern
China. The chemical component of waste SCR catalyst is shown
in Table 2. In the waste SCR catalyst, TiO2 is the main component,
accounting for 70% of the total mass of the waste SCR catalyst. TiO2

can protect the hearth layer of the blast furnace. In addition, there
are a considerable amount of SiO2 and Al2O3 in waste SCR catalyst
owing to a large amount of fly ash absorbed during operation.

Five schemes are designed to investigate the influence of coke
rate on thermal treatment of waste SCR catalyst in iron ore sinter-
ing. Table 3 gives the detailed ore blend proportion, sinter condi-
tion, and experimental schemes. The basicity and the mass
fraction of MgO are adjusted to 1.9 and 1.7% (mass) to meet the flu-
idity requirements of blast furnace slag. The granulation moisture
is set to ~6.0% (mass) and return fines is 25% (mass). According to
our previous research [20], when the level of waste SCR catalyst
added was 2% (mass), the sinter indexes including TI, productivity,
yield, and FFS all decreased slightly, but it is comparable to that of
0% waste SCR catalyst added. When the level of waste SCR catalyst
was further increased, the sintering index decreased significantly.
Therefore, adding 2% (mass) waste SCR catalyst is feasible during
iron ore sintering process. The mass fraction of coke changes from
3.5% (mass) to 5.5% (mass).
CaO P S LOI1000①

0.05 0.07 0.03 5.91
0.15 0.08 0.02 3.51
0.08 0.04 0.02 10.20
0.06 0.02 0.01 2.03
0.09 0.03 0.01 1.09
51.32 0.01 0.07 40.80

5 31.45 0.01 0.03 45.50
0.62 0.03 0.01 86.85

CaO MgO K2O Na2O LOI1000①

0.34 0.80 0.53 0.79 11.48



P. Ma et al. / Chinese Journal of Chemical Engineering 42 (2022) 415–423 417
2.2. Methods

2.2.1. Sinter pot test
As shown in Fig. 1, a laboratory scale sinter pot was conducted

to simulate the industrial sintering process. The diameter and
height of the sinter pot are 120 mm and 650 mm, respectively.
The weighted and mixed raw materials were subjected to a two-
stage granulating drum first, that is, dry mixing for 1 min followed
by wet mixing for 10 min. Then, ~17 kg granules were charged into
the sinter pot to create a packed bed on a 1 kg hearth layer of 6.3–
8 mm sinter particles placed on the bottom of sinter pot in
advance. The top layer of the packed bed was ignited for 90 s by
a natural gas burner at the temperature of ~1200 �C and negative
pressure of 6 kPa. After the flame front was established, the natural
gas igniter was removed and a hood was placed on the sinter pot.
The negative pressure was raised to 16 kPa during sintering. The
flame front propagated down the bed under the suction of the
draught fan. The inlet airflow rate was measured by a hot wire
anemometer installed in the middle of the hood, the accuracy of
which is 0.01 m�s�1. Five pressure transmitters were installed at
100 mm, 200 mm, 400 mm, 500 mm, 600 mm heights from the
top of the sinter pot to record the pressure fields of the sintering
bed. An S-type thermocouple located at 300 mm height was used
to measure the sintering bed temperature. The windbox tempera-
ture was monitored by an R-type thermocouple. The sintering pro-
cess was considered to be finished when the windbox temperature
reached its maximum value.

The typical sintering indexes, including tumbler index (TI),
flame front speed (FFS), yield, and productivity were tested. Yield
is the mass fraction of the sinter particles larger than 5 mm after
sieving, with the mass of hearth layer subtracted, %. Productivity
is the amount of sinter product per unit area and per unit time,
t�m�2�d�1. Tumbler index is a measurement of sinter strength,
which indicates the mass fraction of sinter particles above
6.3 mm after drum test, %.

2.2.2. Microstructure characterization
In iron ore sintering process, the structural transformation of

the sinter bed is caused by the coalescence of gas channels at the
flame front, which also determines the microstructure of the sinter.
In the present study, the representative sinters were broken into
Fig. 1. Schematic diagram o
6.3–8 mm and inlaid in epoxy resin for more than 12 hours. The
solidify samples are shown in Fig. 2(a). The surface containing pore
structure information of the sinter was cut and polished by a
Struers cutting machine and then polished using a Struers
Tegrapo-35. After that, the sinter was placed under a Zeiss Axios-
kop reflective metallographic microscope shown in Fig. 2(b) to
analyze the pore structure information of the sinter. An Axiocam
MRc 5 CCD camera was used to take photos of the samples. The
2.5 � objective lens and 10 � eyepiece are used to observe the pore
structure of the samples. The captured about 30 images were ana-
lyzed by Axiovisio software according to different gray values
setting.

Fig. 3(a) and (b) shows the microstructure of the sinter and
image background denoising. And three important parameters of
the pore structure were measured and analyzed, namely area,
diameter and circle factor of pores.
3. Results and Discussion

3.1. Influence of coke rate on flame front propagation

Fig. 4(a) and (b) shows the in situ sintering bed temperature at
300 mm height and negative pressures at different bed heights,
inlet airflow rate, windbox temperature and pressure at 3.5%
(mass) and 5.5% (mass) coke rate conditions of sinter pot tests.
The successive rapid drop in the negative pressure of sintering
bed indicates the propagation of the flame front in a self-
sustaining manner. The sintering bed temperature is maintained
at 60 �C before the flame front arrives, which corresponds to the
water evaporation temperature near the flame front. The evapo-
rated water condenses in the lower bed owing to the lower tem-
perature than dew point. When the flame front is approaching,
the material layer is heated from water evaporation temperature
to maximum temperature at 500–700 �C�min�1. However, a rapid
drop of sintering bed temperature could be observed after the
maximum sintering bed temperature, indicating that the flame
front is very thin. Both the maximum sintering bed temperature
and windbox temperature increase at higher coke rate. The sinter-
ing time, namely the interval from the start of ignition until the
windbox temperature reaches the maximum, is longer and the cal-
f the sinter pot system.



Fig. 2. (a) Sintered samples mounted in epoxy resin. (b) Metallographic microscope equipped with a CCD camera.

Fig. 3. (a) Sinter microstructure. (b) Pore extraction and denoising.

418 P. Ma et al. / Chinese Journal of Chemical Engineering 42 (2022) 415–423
culated flame front speed drops at higher coke rate. The sintering
bed can be simplified into sintered zone, high temperature zone
and over-wetted zone [21]. The resistance of high temperature
zone is the largest, followed by over-wetted zone and the sintered
zone is the smallest. As the flame front propagates downward,
there is a one-to-one replacement between the over-wetted zone
and the sintered zone. The thickness of sintered zone gradually
increases while the thickness of over-wetted zone gradually
decreases. The thickness of high temperature zone increases grad-
ually due to the heat accumulation effect of the bed, and the
increase of resistance in high temperature zone almost counteracts
the decrease of resistance caused by the one-to-one replacement
between the over-wetted zone and the sintered zone. Therefore,
the airflow rate through the sintering bed remains relatively con-
stant [22]. The inlet airflow rate increases rapidly once the flame
front burns through the sintering bed, which indicates that the
flame front has a dominant influence on the inlet airflow rate.

The sintering bed negative pressures drop slowly before the
flame front arrives. And the decline rate is faster at higher coke
rate. The bed negative pressures drop rapidly when the flame front
travels away. For the 100 mm height of sintering bed at 5.5%
(mass) coke rate, the negative pressure is zero, i.e. ambient pres-
sure due to the greater shrinkage at higher coke rate. When the
flame front breaks through the sintering bed, the negative pres-
sures increase rapidly. The flame front has a controlling effect on
the resistance of the whole sintering bed during iron ore sintering
process [23]. When the flame front burns through the bed, the
thickness of the flame front decreases gradually, resulting in the
decrease of the resistance in the bed. For a certain position in the
bed, the pressure loss drops due to the decrease of bed resistance,
so the negative pressure value increases.

Fig. 5 shows the derivatives of negative pressure value versus
time at different bed height locations assuming the flame front
speed is constant, which denote the transient pressure drop along
the sintering bed. As the flame front travels down the bed, the
accumulated heat and maximum sintering bed temperature
become greater, indicating more liquid phase generated and higher
airflow resistance [24]. The corresponding absolute value of the
pressure drop is larger at lower sintering bed.

3.2. Influence of coke rate on sinter microstructure properties

In general, a granulated green bed characterizes a porosity of
30%�40% [25]. When the flame front arrives, a certain proportion
of voids will be trapped in molten liquid phase as bubbles. Since
the melt-gas system is always moving towards a minimum energy



Fig. 4. In situ sintering bed negative pressures and temperature, windbox negative pressure and temperature, and inlet airflow rate at (a) 3.5% (mass) coke rate and (b) 5.5%
(mass) coke rate.

P. Ma et al. / Chinese Journal of Chemical Engineering 42 (2022) 415–423 419
state, the bubbles will reshape and coalesce to reduce the surface
area meanwhile lower the energy of the system [26]. The coales-
cence and reshaping of bubbles and melts in flame front result in
the structure transformation of the sintering bed. As the flame
front travels away, the bubbles gradually cool down and become
pores. The tumbler index and yield of the sinters are largely
affected by the inherent strength and structure of the bonding
phase. However, it is hard to continuously track the structural



Fig. 5. Derivatives of negative pressure value versus time at different bed height
locations (Scheme 5: 5.5% (mass) coke rate). Fig. 7. Effect of coke rate on pore average diameter of sinter.
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changes of sintering bed in iron ore sintering process. Studying the
product sinter particles is an easier method to assess the coales-
cence and reshaping degree of the melt and bubbles. Since coales-
cence and reshaping result in changes of the properties of bubbles
in molten liquid phase, pore parameters could reflect the coales-
cence degree of sinter materials in the flame front.

Fig. 6 illustrates the porosity of the sinter varying coke rate. The
porosity decreases from 35.28% to 25.66% when coke rate increases
from 3.5% (mass) to 5.5% (mass). Generally, higher coke rate means
more heat is input into the sintering bed. The sintering bed maxi-
mum temperature and residence time above 1100 �C increase as
higher coke rate is applied, resulting in more melts formation,
lower apparent viscosity, and higher fluidity of molten liquid phase
[27]. The coalescence of bubbles is easier to achieve, therefore,
more completely. When the bubbles coalesce to a certain size, they
will be expelled from the melts, resulting in the formation of a den-
ser sinter. In addition, flame front speed decreases and sintering
time lengthens with more coke added, there are more time for
bubbles to undergo coalescence and densification.

The pore properties were found to depend on pore size (d) and
the measurement results are divided into 4 categories: fine
(d�50 lm), small (50 lm<d�100 lm), medium
(100 lm<d�200 lm), large (d>200 lm). Fig. 7 shows the pore
average diameter of the sinter particles, which reflects the melts
Fig. 6. Effect of coke rate on porosity of sinter.
properties supporting bubbles coalescence. It can be observed that
the average diameter of large pores has a descending trend with
increasing coke rate. The pore average diameter decreases from
383.76 lm for 3.5% (mass) coke level to 311.43 lm for 5.5% (mass)
coke level. With higher sintering bed temperature, the coalescence
of bubbles will be more fully. The bubbles would be expelled from
the melts owing to buoyancy forces. The larger bubbles leave the
liquid phase more easily because of greater buoyancy forces.
Besides, the decrease of apparent viscosity also provides an advan-
tage for bubbles to coalesce and leave the liquid phase.

The bubbles in the melts will reshape to more spherical shape
so that reduce the system energy level. In present investigation,
the circle factor represents how close the bubble is to a spherical
shape. And it can indicate the influences of two opposing forces,
one is the surface tension that makes the bubble more spherical,
and the other is the viscous force that prevents this transition.
Fig. 8 indicates that the circle factor of smaller pores is greater.
The driving force of bubbles reshaping is a function of 2c/r, where
c is surface tension and r is radius of bubbles. It is obvious that
small bubbles will reshape more easily than large bubbles. The cir-
Fig. 8. Effect of coke rate on pore circle factor of sinter.
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cle factor of the pores with a diameter greater than 50 lm
increases with increasing coke rate. The longer sintering time pro-
vides more opportunities for bubble to reshape.
Fig. 9. Effect of coke rate on size distribution of sinters.

Fig. 10. Effect of coke rate on sinter indexes.

Fig. 11. Effect of coke rate on sinter microstructure. (a
3.3. Influence of coke rate on sinter quality and further application

The sinter quality is affected by coke rate. Fig. 9 gives the size
distribution of sinter particles. It can be found that +10 mm sinter
particles show an increasing trend with increasing coke rate. The
sauter mean diameter of sinter particles increases from 9.1 mm
for 3.5% (mass) coke level to 11.2 mm for 5.5% (mass) coke level.
Generally, more bonding phase will be formed in high temperature
zone with increasing coke rate, which is conducive to the improve-
ment of sintering strength [22]. Therefore, the proportion of sinter
with lager particle size is higher. Fig. 10 shows the sinter indexes at
different coke rate. All the sinter indexes increase as more coke is
applied in iron ore sintering process. Sinter indexes of tumbler
index, productivity, yield increase from 33.2%, 9.2 t�m�2�d�1,
28.9% to 58.0%, 36.0 t�m�2�d�1, 68.9% when the coke level increases
from 3.5% (mass) to 5.5% (mass). As can be seen in Fig. 4, the max-
imum sintering bed temperature increases with greater coke rate,
resulting in more liquid phase formation. In addition, Fig. 6 also
indicates that a denser sinter is obtained as more coke is applied.
The more melts and denser sinter product are both conducive to
improving the sinter strength.

Fig. 11 gives the sinter microstructure at different coke rate.
Compared with the condition of 3.5% (mass) coke rate, more acic-
ular calcium ferrite is formed while less primary hematite exists at
5.5% (mass) coke rate. In addition, excessive porosity at low coke
rate can deteriorate sinter strength. The more calcium ferrite and
denser sinter product are both conducive to improving the sinter
strength.

In this work, a comprehensive index [28] is introduced to sys-
tematically evaluate the influence of coke rate on sinter quality.
The first group of comprehensive index is quantized to 100 to make
comparative analysis more easily. The comprehensive index is con-
ducted by:

Ri ¼ ri � r1 þ 100 ð1Þ

R1 ¼ 100 ð2Þ
where Ri is the comprehensive index, ri is the composite index and
can be expressed as:

ri ¼
Xm

j¼1

ajxij i ¼ 1;2; � � �;n; j ¼ 1;2; � � �;mð Þ ð3Þ

ri P 0 i ¼ 1;2; � � �;nð Þ ð4Þ
where aj is the unit range coefficient and could be calculated by:
) 3.5% (mass) coke rate, (b) 5.5% (mass) coke rate.
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aj ¼ Sj
Dj

ð5Þ

where Sj is the weight coefficient of sinter indexes

X

j

Sj ¼ 100 j ¼ 1;2; � � �;mð Þ ð6Þ

S1 ¼ 40, S2 ¼ 30, S3 ¼ 30 are given by Panzhihua Iron and Steel
Company of China based on years of experience.Dj is the range

Dj ¼ xij
� �

max � xij
� �

min ð7Þ

where xi1, xi2, xi3 are productivity, yield, and tumbler index,
respectively.

The calculation results are given in Fig. 12. The comprehensive
index rises from 100 to 200 when coke rate increases from 3.5%
(mass) to 5.5% (mass). More coke applied into iron ore sintering
process is conducive to sinter quality. However, the balance
Fig. 12. Effect of coke rate on comprehensive index.

Fig. 13. Practical application of sintering c
between sinter quality and fuel consumption should be considered
in practical industrial applications.

Fig. 13 illustrates the schematic diagram of practical application
of sintering co-processing the waste SCR catalyst. The waste SCR
catalyst is directly added to sinter raw materials without any pre-
processing steps. This technology is easy to realize without any
additional equipment. The sintering co-processing the waste SCR
catalyst could promote the coordinated development of steel plant
and local city.
4. Conclusions

This study aims at revealing the influence of coke rate on ther-
mal treatment of waste SCR catalyst in iron ore sintering. The influ-
ences of coke rate on the flame front propagation, sinter
microstructure, sinter indexes are studied. The following conclu-
sions can be obtained from this study:

(1) Both the maximum sintering bed temperature and windbox
temperature increase at higher coke rate, indicating more
liquid phase generated and higher airflow resistance. The
absolute value of the pressure drop is larger at lower sinter-
ing bed. The sintering time is longer and the flame front
speed drops at higher coke rate.

(2) With increasing coke rate, the coalescence and reshaping of
bubbles will be more fully. The porosity decreases from
35.28% to 25.66% when coke rate increases from 3.5% (mass)
to 5.5% (mass). And the pore average diameter decreases
from 383.76 lm for 3.5% (mass) coke level to 311.43 lm
for 5.5% (mass) coke level. The circle factor of the pores with
the diameter greater than 50 lm increases with increasing
coke rate. All these result in a denser sinter.

(3) The sauter mean diameter of sinter particles increases from
9.1 mm for 3.5% (mass) coke level to 11.2 mm for 5.5%
(mass) coke level. Sinter indexes of tumbler index, produc-
tivity, yield increase from 33.2%, 9.2 t�m�2�d�1, 28.9% to
58.0%, 36.0 t�m�2�d�1, 68.9% when the coke level increases
from 3.5% (mass) to 5.5% (mass). The comprehensive index
rises from 100 to 200 when coke rate increases from 3.5%
(mass) to 5.5% (mass).
o-processing the waste SCR catalyst.
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