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ABSTRACT: Various characterization methods are used to
investigate the physical and chemical properties of steel plant flying
dust and waste oil sludge, and the combustion characteristics of the
mixtures with pulverized coal are studied via thermogravimetric
analysis; the catalytic combustion mechanism is also explored. The
results show that two types of metallurgical by-products with small
particle sizes and developed pores are evenly dispersed in the
pulverized coal and are stably combined with it. The additives
reduce the ignition temperature and the temperature corresponding
to the maximum combustion rate of pulverized coal; simulta-
neously, they increase the heat released during pulverized coal
combustion. During the pyrolysis stage of pulverized coal, the heat
generated via organic component combustion in waste oil sludge
promotes a cracking reaction and improves the development of the
char’s micropore. During the char combustion stage, no catalyst deactivation phenomenon occurs under the ratios of inorganic
components in the two types of metallurgical dust and sludge. Two additives markedly reduce the activation energy of the
combustion reaction.

1. INTRODUCTION

Being one of the most primary solid waste emissions in the steel
production process, metallurgical dust and sludge (MDS) are
primarily produced in dry or wet dust collection and
metallurgical wastewater treatment systems.1 In 2020, the
output of MDS in China reached ∼110 million tons, and most
of this output has currently been returned to the iron ore
agglomeration process. Owing to the characteristics of fine
powder, complex composition, and large differences in the
components of MDS, they negatively impact the metallurgical
properties of sinter and pellet.2

In the pulverized coal injection (PCI) process of a blast
furnace (BF), intensifying the combustion of pulverized coal in
the raceway and tuyere is the key to increasing the injection
ratio.3,4 In addition to widely used technologies that cooperate
with PCI, such as oxygen enrichment and high temperature of
hot blast air,5,6 the catalytic combustion technology for PCI coal
has attracted the attention of metallurgical researchers in recent
years.7 From the perspective of chemical reactions, adding a
suitable quantity of appropriate additives to the PCI coal can
reduce the combustion reaction’s activation energy, increase the
combustion rate, and improve its combustion efficiency.
However, there are many constraints on the selection of
additives; for example, some materials with an excellent catalytic
effect are expensive to use and some will corrode the BF or
pollute its products.

Recently, based on the characteristics of MDS, which contain
a relatively high ratio of Fe and Ca compounds with catalytic
combustion activity, some researchers have proposed the use of
MDS as a catalytic additive for PCI.8−15 This not only realizes
closed-loop absorption of dust and sludge in the metallurgical
process but also improves the combustion performance of PCI.9

Senk et al.10 verified the feasibility of injecting such metallurgical
dust into the BF by simulating the process of dust and pulverized
coal being injected into the blast furnace raceway. Ökvist et al.11

found that adding converter slag or BF dust to coal could
improve combustion efficiency. Our research shows that among
several types of common MDS, converter dust, i.e., steel plant
flying dust (SFD), has relatively high catalytic combustion
enhancement activity as it contains transitionmetals and alkaline
earth metal compounds.12−14 The source of dust, the adding
ways, and the ratio of addition significantly affect catalytic
activity.15
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In the steel production process, there is a special and difficult-
to-handle type ofMDS, called waste oil sludge (WOS).WOS is a
three-phase mixture formed by the combination of waste
machine oil generated during the operation of metallurgical
process equipment, water, and iron-containing dust. It is a gray-
black oil sludge with a pungent odor, designated as a hazardous
waste in the Resource Conservation and Recovery Act
(RCRT).16−18 For every ton of steel produced, 0.86 kg of
WOS is estimated to be generated,19 and the annual output of oil
sludge in numerous large steel plants reaches tens of thousands
of tons. The current methods of processing oil sludge are mainly
as follows: chemical extraction,20 incineration,21,22 biodegrada-
tion,23,24 and pyrolysis.25,26 However, most of these methods
have problems such as high investment cost, difficult equipment
maintenance, low utilization efficiency, and environmental
pollution.20,27,28 Therefore, a large quantity of WOS has
accumulated in steel enterprises over a long period, and this
quantity is increasing; such accumulatedWOS not only occupies
land and pollutes the environment but also wastes resources.29

Similar to SFD, the WOS contains a high ratio of Fe and Ca
compounds that possibly generate a catalytic combustion effect;
in addition, the organic matter in WOS exhibits good
combustion reactivity.23 Therefore, present work also explores
the feasibility of using WOS as a combustion additive of PCI
coal.
The composition of MDS is complex and can be treated as a

composite additive. Numerous studies30−33 have shown that the
various components in the composite additive have different
effects and mechanisms of action on coal devolatilization and
char combustion during the coal combustion process. However,
our previous studies have shown that there is a sintering catalytic
deactivation phenomenon between the calcium oxide and iron
oxide in the dust at a specific ratio and temperature conditions.
When the ratio of Fe to Ca is 8:2, Fe2O3 and CaO react to form
CaO·Fe2O3 at temperatures of 700−1000 °C, which gives rise to
sintering and reduces the specific surface area of the catalyst.
When the ratio of Fe to Ca is 2:8, the formation of 2CaO·Fe2O3
at 800−900 °C decreases the rate and efficiency of
combustion.32 Avoiding these disadvantages can significantly
improve the catalytic effect of the dust.34 To date, the carbon−
oxygen reaction mechanism of the catalytic reaction mainly
includes the electron transfer theory,35 oxygen transfer theory,36

the spillover mechanism,37 the carbon dissolution mechanism,37

and the bulk diffusion mechanism.38 Of these theories, the bulk
diffusion mechanism has received considerable attention as it
can explain some phenomena (“channels” and isotope experi-
ment) that cannot be explained by other theories.39,40 In this
theory, carbon atoms can dissolve at the carbon−catalyst
interface and enter its interior, then diffuse in the catalyst, and
finally reach the gas−catalyst surface and contact with oxygen
molecules adsorbed on the catalyst surface to accelerate the
carbon−oxygen reaction.
To improve the combustion performance of PCI coal in the

raceway and recycle MDS resources, the effects and mechanism
of SFD and WOS on the combustion characteristics of
anthracite are studied. First, various characterization methods
are adopted to study the basic composition and physical as well
as chemical properties of SFD and WOS, focusing on the
analysis of the organic composition and thermal decomposition
characteristics of WOS; second, the thermogravimetric (TG)-
differential scanning calorimetry (DSC) method is used to
investigate the influence of MDS in different ratios on the
combustion characteristic parameters of pulverized coal; finally,

the influence of additives on the char structure and the
interaction between the catalytic components during devolati-
lization are analyzed, and the changes in the activation energy of
pulverized coal combustion before and after adding the additives
are compared. Based on the above results, a catalytic combustion
mechanism is proposed.

2. EXPERIMENTAL SECTION
2.1. Samples. The fuel sample, anthracite, used herein

comes from the PCI workshop of an ironmaking enterprise. The
proximate analysis of the coal sample is summarized in Table 1.

The pulverized coal is ground to less than 74 μm particle size.
SFD and WOS are from the dust collection system and the
sewage treatment in the converter steelmaking workshop,
respectively. The chemical composition is shown in Table 2.

The three samples are placed in a drying oven at 120 °C for 2 h.
Because WOS is agglomerated post drying, it becomes a fine
powder after being gently ground with a mortar for 10 min. All
samples of WOS are stored in a drying vessel for later use.
Dissimilarly, WOS used in thermal characteristics investigation
did not undergo drying treatment with the purpose of
understanding the water release behavior.
The additives and pulverized coal are mechanically mixed by a

drummixer, and the ratios of additives in pulverized coal are 1.0,
1.4, 1.8, 2.2, 2.6, and 3% for various samples. The mixing time is
30 min, and the rotation speed is 270 r/min. The pulverized coal
without any added substance is used as a blank sample, and the
same mixing procedure is performed. To observe the additives
and pulverized coal along with mixing uniformity under
scanning electron microscopy (SEM), the graphite powder
whose properties are similar to pulverized coal (the average
particle size is close to pulverized coal) is adopted as the base
mixing substance, and the additives and adding method are the
same as above.
Aiming at analyzing the influence of additives on the structure

of char, a horizontal tube furnace (BYT, TL1200-I, China) is

Table 1. Proximate Analysis of Anthracite (wt %)

Mad Aad Vad FCad

0.82 13.20 10.62 75.36

Table 2. Composition of SFD and WOS (wt %)

components WOS SFD

organic matter 19.00%
Fe2O3 30.56% 46.84%
CaO 11.03% 23.4%
Na2O 0.54% 1.30%
MgO 2.43% 4.86%
Al2O3 13.74% 1.55%
SiO2 14.18% 6.51%
P2O5 0.44% 0.21%
SO3 3.89% 1.35%
K2O 0.20% 1.52%
MnO 0.63% 7.35%
TiO2 0.28% 0.24%
ZnO 0.09% 3.30%
BaO 0.00% 0.35%
total 98.02% 98.78%
calorific value 13,581 J/g
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adopted to prepare char samples. The raw coal sample after the
above treatment and the samples added with a 10% SFD and
WOSmixture weigh 5± 0.01 g and are placed in a 30 × 100 mm
Al2O3 crucible. The resulting sample is heated from room
temperature to 200 °C at a rate of 10 °C/min under the
condition of a nitrogen flow rate of 500 mL/min, held for 10
min, and then heated to 700 °C at a rate of 10 °C/min, held for
30 min, and cooled to room temperature with the furnace.
2.2. Characterization Methods. The particle size dis-

tribution of the additive is measured using the wetmethodwith a
laser particle size analyzer (Retsch, Camsizer P4, Germany); the
dispersant is deionized water. The element composition of the
additive is measured using an X-ray fluorescence spectrometer
(Rigaku, ZSX PrimusII, Japan) and converted to the percentage
content of oxide. The calorific value of WOS is measured using
an automatic touch control microcomputer calorimeter
(TianKe, ZDHW-8E, China). The specific surface area and
pore distribution of the additives are measured using a physical
adsorption analyzer (JWGB Sci. & Tech., Beijing, China). The
sample weight is 1.5 g, the degassing temperature is 120 °C, and
the degassing time is 2 h. The surface morphology is observed
via SEM-electron backscatter diffraction (EBSD) (Oberkochen,
Supra55, 168Zeiss, Germany). Samples are dispersed on a
conductive stage using the conductive double-sided tape,
imaged using the EBSD probe at a working voltage of 20.00
kV and at a working distance of 4.8 mm. The functional group
structures of the organic compounds are detected by a Fourier
transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific, Nicolet iS5, USA), and the sample preparation is
performed via the KBr pellet method with a scanning range of
400−4000 cm−1. The change in the carbon chemical structure
during the pyrolysis of the sample is measured using a laser
Raman spectrum microscope (Horiba, LabRAM HR Evolution,
France) with a wavelength of 514 nm and a range of 800−2000
cm−1.
The effect of additives on the combustion characteristics of

pulverized coal is tested on a TG-DSC integrated thermal
analyzer (SETARM, Setsys evolution, France); the sample
weight is 10 ± 0.1 mg, the carrier gas is pure oxygen (99.99%),
the flow rate is 100 mL/min, the heating rate is 15 °C/min, and
the heating temperature is 50 °C−1000 °C. The thermal
decomposition characteristics of WOS are also measured
through the thermal analysis method.
2.3. Evaluation of Combustion Behavior. The following

parameters are adopted to compare the combustion behavior of
coal before and after adding additives.

(1) Ignition temperature Ti: ignition temperature is an
important characteristic parameter used to measure the
difficulty of fuel ignition, which is obtained by the TG-
DTG method.41

(2) The temperature corresponding to the maximum
combustion rate Tm: It characterizes the temperature
when the fuel is combusted intensively. If this temperature
is low, the combustion process occurs in advance and the
reactivity is better.

(3) Burnout index Df: A larger Df value implies a higher
burnout degree of the fuel. It is defined as follows:42

=
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where tm and tf are the times corresponding to Tm and Tf,
respectively, Δt1/2 is the time corresponding to the temperature

interval when (dw/dt)/(dw/dt)max = 1/2, and Tf is the burnout
temperature (temperature at the burnout rate of 98%).

(4) The heat quantity ΔQ in the reaction process represents
the heat release of the entire combustion process. When
this value is higher, the heat release of the entire
combustion process is higher and the corresponding
catalytic effect is better:

Δ =
∫

−
=

−
Q

h t t
m x

ks
m x

( )d
(1 ) (1 )0 0 (2)

whereΔQ is the enthalpy (kJ·g−1), k is a constant,m0 is the initial
mass of the sample (mg), x is the ratio of the catalyst added (wt
%), and S is the peak area enclosed by the DSC curve and the
baseline.

2.4. Kinetic Analysis Method. In this study, the Coats−
Redfern integration method43 is applied to calculate the kinetic
parameters of the combustion reaction. The conversion rate
equation is generally described as follows:

α α=
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Here, α is the conversion rate, t is the reaction time (min),
k(T) is the rate constant, T is the reaction temperature (K), f(α)
is the reaction mechanism function, which can be written as f(α)
= (1− α)n, n is the reaction order, A is the pre-exponential factor
(s−1), E is the activation energy (kJ/mol), and R is the molar gas
constant (8.314 J/(mol k)).
The equation for the conversion rate α is as follows:

α =
−
−

m m
m m

t

f

0

0 (5)

Here, m0 is the initial mass (mg) of the sample, mf is the final
mass (mg) of the sample, and mt is the mass (mg) of the sample
at time t.
The constant heating rate β of the nonisothermal combustion

experiment can be expressed as dT/dt. Equations 4 and 5 can be
combined into the following equations:
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After obtaining the integrated eq 6, eq 7 can be obtained:44
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For the high temperature range of the combustion process
and most E values, E/RT≥ 1 and 1− 2RT/E≈ 1. Thus, eq 7 can
be further simplified as:
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From the slope and intercept of the straight line, the activation
energy E and the pre-exponential factor A are obtained.

3. RESULTS AND DISCUSSION
3.1. Properties of MDS. The XRD results of the two types

of MDS are shown in Figure 1. Both SFD and WOS contain a

magnetite phase (Fe3O4), a hematite phase (Fe2O3), a calcite
phase (CaCO3), and a quicklime phase (CaO). The iron oxides
in the MDSmay be produced by the oxidation of the evaporated
molten steel discharged from the converter exhaust system. The
calcium compounds in the MDS may originate from slagging
elements that regulate the alkalinity of slag. In addition, the two
types of dust and sludge also contain Mn, Al, Mg, Si, and other
oxide minerals, which may originate from additives that adjust
the composition of molten steel.
The particle size distribution of SFD and WOS is shown in

Figure 2. The particle size of SFD is in the range of 0.1−1.2 μm,
and the average particle size D50 is 0.37 μm; the particle size of
WOS is in the range of 0.4−7 μm, and the average particle size
D50 is 1.12 μm. The particle sizes of the two types of MDS are

smaller than those of the dust and sludge from the common iron
and steel metallurgical process.45 This indicates that SFD and
WOS aremore conducive tomixing with coal and there aremore
contact points after mixing with pulverized coal, which is
beneficial for improving the catalytic effect.
The pore volume and pore specific surface area distributions

of the two additives are shown in Table 3 and Figure 3. The

specific surface area of SFD is 4.654 m2/g and the average pore
size is 9.737 nm, whereas the specific surface area of WOS is
0.773 m2/g and the average pore size is 5.365 nm. Figure 3a
shows that the pore size range of SFD is 3−68 nm and the pore
size range of WOS is 3−60 nm, both of which are mainly
mesoporous; in contrast, SFD has a larger pore size range. Figure
3b demonstrates that pores below 30 nm in SFD contribute
more to the specific surface area, and pores below 28 nm inWOS
contribute more to the specific surface area. In contrast, SFD has
more developed pores and a larger specific surface area. The
pore structure of the catalyst has a greater impact on the catalytic
effect. A higher specific surface area will increase the contact area
between pulverized coal and the catalyst, thereby promoting the
combustion of pulverized coal.41

As WOS contains about 20% organic compounds, IR analysis
is conducted. The obtained results are shown in Figure 4. The
three points with wavenumbers of 871.97, 1011.06, and 1635.26
cm−1 are the benzene 5 substitution (1H), hydroxy benzene, and
hydroxy benzene CC functional groups. These functional
groups will form cycloalkanes and aromatic hydrocarbons. The
wavenumber of 1379.22 cm−1 is the−CH2 andCO functional
groups. The wavenumber of 1460 cm−1 is the −CH3 and −CH2
functional groups. These functional groups are the main
components of alkanes. The two functional groups with
wavenumbers of 2854.25 and 2924.02 cm−1 are the symmetry
R2CH2 and antisymmetry R2CH2 functional groups, respec-
tively; the wavenumber of 3412.26 cm−1 is the self-associated
hydroxyl. These functional groups are more consistent with
those of base oils in lubricating oil, grease, hydraulic oil, and gear
oil, including alkanes (straight chain, branched chain, and
multibranched chain), cycloalkanes (monocyclic, bicyclic, and
polycyclic), aromatics (monocyclic aromatic hydrocarbons and
polycyclic aromatic hydrocarbons), cycloalkyl aromatic hydro-
carbons, and oxygen-containing, nitrogen-containing, and
sulfur-containing organic compounds and non-hydrocarbon
compounds such as colloids and asphaltenes.46 Therefore, the
organic composition of WOS is a common type of machine oil
added in some metallurgical equipment.
The TG-DSC curves of the thermal decomposition ofWOS in

argon and oxygen atmospheres are shown in Figure 5. The
thermal decomposition of WOS in an argon atmosphere in
Figure 5a can be divided into three stages: water volatilization
(below 140 °C), volatile oil volatilization (140−600 °C), and
inorganic matter decomposition (above 600 °C). The weight
losses of the three processes are 16.24, 20.6, and 6.91%,
respectively, and it can be concluded that the water and oil
content of the WOS is ∼37%. The volatilization and

Figure 1. Phase composition of SFD and WOS.

Figure 2. Particle size distribution of SFD and WOS.

Table 3. Pore Structure Parameters of the SFD and WOS
Using the N2 Adsorption Method

sample
specific surface area

(m2/g)
total pore volume

(cm3/g)
average pore size

(nm)

SFD 4.654 0.016 9.737
WOS 0.773 0.002 5.365
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decomposition of oils will absorb heat. There are obvious
endothermic peaks corresponding to the three temperatures of
220, 350, and 430 °C, which means that the volatilization and
decomposition temperatures of different components of oils are
different. Two DSC endothermic peaks appear around 720 and
900 °C, which may be the high-temperature decomposition
process of some inorganic compounds such as CaCO3.

47 Figure
5b shows that the weight loss process of WOS in an oxygen
atmosphere can also be divided into three stages, wherein the

evaporation of water and the decomposition of inorganic
compounds are basically the same as those in an inert
atmosphere; in the second stage, the sample rapidly loses
weight at 220−320 °C and is accompanied by violent heat
release. According to Table 2, the calorific value of WOS is
13,581 J/g, which is caused by the combustion reaction between
organic matter and oxygen. In the co-heating process of WOS
and coal, the heat released by the combustion of organic matter
will compensate for the heat required for heating the inorganic
matter in the additive and the heat required for coal pyrolysis.
Therefore, the volatile matter is released earlier, promoting
homogeneous and heterogeneous ignition of coal. This is an
advantage that other ordinary inorganic additives do not
possess.48

The pulverized coal particles injected into the tuyere will be
dispersed. At this time, the binding performance of additives and
pulverized coal will affect the catalytic effect. Therefore, the
dispersion of additives and pulverized coal is analyzed using the
back-scattered electron of SEM. Because the complex mineral
composition of pulverized coal will affect the identification of
dispersed materials through the back-scattered electron signal,
graphite powder with similar properties is used instead of
pulverized coal as the matrix material. The SEM photographs of
SFD and WOS mixed with graphite powder are presented in
Figure 6. The darker and large irregular contours are graphite
flakes, and the bright spots of freely distributed small particles

Figure 3. Pore structure distribution of SFD and WOS: (a) total pore volume and (b) the specific surface area.

Figure 4. Infrared spectrogram of WOS.

Figure 5. TG-DSC curves of WOS during heating under an (a) argon atmosphere and (b) an oxygen atmosphere.
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are MDS. Figure 6a shows that after SFD is mixed with graphite
powder, part of SFD adheres to the graphite; after mixing, the
SFD is more uniformly distributed on the graphite powder.
Compared with SFD, WOS adhered to the graphite powder in
Figure 6b is equally uniform but with a relatively small quantity.
This is due to the adhesion of organic matter in WOS, which
renders the inorganic components in WOS less dispersed than
SFD. The two types of MDS are mixed with pulverized coal and
then injected into the BF under a high gas flow rate in the
raceway of the tuyere;49 this stable combination makes the

catalytic components in the MDS contact more closely with
pulverized coal, which is more beneficial to the combustion and
catalysis of pulverized coal.

3.2. Catalytic Effects of MDS on Pulverized Coal
Combustion. The TG-DTG-DSC curves of the pulverized
coal combustion process of two types of MDS with different
ratios are demonstrated in Figure 7. According to the peak shape
of the DTG and DSC curves, the combustion process of
pulverized coal can be divided into two stages: (1) The volatile
escaping and homogeneous combustion stage (260−410 °C);

Figure 6. SEM images of SFD and WOS: (a) 10% SFD + graphite and (b) 10% WOS + graphite.

Figure 7. TG-DTG-DSC curves of pulverized coal and blend combustion: (a) SFD-mixed pulverized coal and (b) WOS-mixed pulverized coal.
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the organic components in coal undergo a small amount of easy-
to-break small molecular side-chain pyrolysis at about 320 °C,
perform a fast thermal decomposition process at 350−410 °C,
and react with oxygen in the atmosphere with rapid heat release.
The weight loss of pulverized coal in this stage is about 10%,
which is basically consistent with the volatile matter content of
the coal in industrial analysis. (2) The second stage is the char
combustion stage (410−600 °C). As the temperature rises, the
char reaches the ignition temperature and burns rapidly. The
combustion rate reaches the maximum near 520, then the
combustion rate gradually decreases, and the char burns out near
600 °C.
Figure 7a shows that during the pyrolysis stage, the DSC curve

of pulverized coal added with SFD hardly changes, and only
fluctuates near the original curve of pulverized coal, indicating
that SFD has no obvious catalytic effect on the pyrolysis stage of
pulverized coal. In the char combustion stage, after adding SFD,
the entire thermal analysis curve shifts toward the low-
temperature area. From the DTG curve, it is found that the
effect of additives on the reaction rate is mainly reflected in the
reduction of temperature corresponding to the maximum
combustion rate, but it does not increase the maximum
combustion rate value; however, the DSC curve reveals that
both the heat flow rate and its corresponding temperature are
affected by additives and the combustion efficiency is improved.
According to Figure 7b, when WOS is added, the DSC curve

of pulverized coal at the same temperature in the pyrolysis stage
rises, and as the ratio of addition increases, the increment of heat
flow also becomes larger. Notably, before 320 °C, additives have
little effect on TG and DTG curves but have a greater effect on
DSC. This is because at this stage, the rapid combustion of
organic matter in WOS (see Figure 5b) increases heat release
but has little effect on the breakage of chemical bonds of the
pulverized coal itself. The difference is that the heat release rate
and weight loss rate of pulverized coal in the rapid pyrolysis stage
(350−410 °C) simultaneously increase, but the organic matter
combustion inWOS almost ends. Thus, this change is due to the

variation in the pulverized coal’s own organic matter thermal
decomposition and the combustion behavior under the action of
additives. In the char combustion stage, after adding WOS, the
curve is similar to the curve of adding SFD at this stage. The
entire DTG curve moves toward the lower temperature, and the
DSC curve is obviously lifted. Compared to the results of
samples with SFD, the DTG and DSC curves of samples with
added WOS have a more obvious moving trend. The influence
of the two types of MDS on the reaction rate is reflected in the
decrease of the temperature corresponding to the maximum
combustion rate and the increase in the heat flow rate.
The characteristic parameters of the pulverized coal

combustion process with the added MDS are presented in
Figure 8. Figure 8a shows that the ignition temperature of
pulverized coal with SFD added decreases. When the ratio is
greater than 1.8%, the degree of ignition temperature reduction
is small. The ignition temperature of pulverized coal also drops
with the increase in the ratio after adding WOS. With the
increase in the ratio of addition, the degree of reduction of the
ignition temperature increases. On the whole, the ignition
temperature of pulverized coal with SFD is reduced to a greater
extent, and the improvement in the ignition performance of SFD
on pulverized coal is superior to that of WOS.
Figure 8b exhibits the temperature change corresponding to

the maximum combustion rate of pulverized coal with two types
of singular MDS. After adding SFD, the temperature
corresponding to the maximum combustion rate of pulverized
coal demonstrates a decreasing trend. As the ratio of addition
increases, there is little difference in the decreasing trend. The
temperature corresponding to the maximum combustion rate of
pulverized coal with WOS also drops with the increase in the
ratio. The sample with 3% SFD decreases by 11.47 °C compared
with pulverized coal; moreover, compared with pulverized coal,
the sample with 3% WOS experiences the largest reduction of
39.57 °C, indicating that both types of MDS make the time
corresponding to the fast combustion stage advance. When the
ratio is 3%, WOS has a greater impact on pulverized coal.

Figure 8. Combustion characteristic parameters of pulverized coal and blend combustion: (a) ignition temperature, (b)Tm, (c) Df, and (d) ΔQ.
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Figure 8c reveals that the burnout index Df of pulverized coal
increases after adding SFD or WOS. Because the catalytic
components in the two types of MDS make pulverized coal
come in closer contact with the surrounding oxygen,50 the
residue of unburned pulverized coal is reduced such that the
combustion of pulverized coal is more complete. When the ratio
of addition is less than 3%, the increasing trend of burnout index
is not evident. When the ratio of addition is 3%, Df significantly
increases, and the improvement effect of WOS on the burnout
index of pulverized coal is greater than that of the sample with
SFD.
According to the DSC curve and eq 1, the calorific value (ΔQ)

of the samples during the combustion process is calculated as
shown in Figure 8d. After adding SFD, the calorific value of
pulverized coal becomes larger with the increase in the ratio of
addition. After adding WOS, the heat release of pulverized coal
also grows with the increasing ratio. Overall, the heat release of
the sample with the same ratio of WOS is more evident, and the
heat release of pulverized coal with 3% WOS increases by
23.77%. This is because the self-combustion of organic matter in
WOS during the pyrolysis stage will increase the heat release,
and the organic matter in WOS plays a dominant role in the
pyrolysis stage; thus, the heat released by pulverized coal after
adding WOS is greater than that when SFD is added.
In summary, the enhanced combustion effect of SFD on

pulverized coal is mainly manifested in the reduction of the
ignition temperature of pulverized coal and the temperature
corresponding to the maximum combustion rate. Only when the
amount of addition in the two types of MDS is large will it
significantly impact the burnout index of pulverized coal.
3.3. Analysis of the Enhanced Combustion Mecha-

nism. The influence of additives on pulverized coal combustion
can be divided into the devolatilization stage and char
combustion stage. To explore the effect of adding MDS on
the pyrolysis and combustion process of pulverized coal, the
pulverized coal and the mixed samples with SFD and WOS,
respectively, added are pyrolyzed in a tube furnace to prepare
char and test the specific surface area and carbon chemical
structure. The pore structure parameter values of char and their
distribution with pore size are presented in Table 4 and Figure 9,

respectively. Compared with the value of the specific surface area
of the char-non additive, the value increases by 13.33% after
adding SFD, whereas the value increases by 62.57% after adding
WOS. The addition of MDS significantly enlarges the specific
surface area of the char and increases the total pore volume.
Figure 9a shows that the pore diameters of the three types of

char are similar, all in the range of 3−70 nm, and most of them
are mesoporous. Figure 9b shows that the pores below a 30 nm
size of the three types of char all contribute to a large specific
surface area. When the pore size is below 3 nm, compared with
the char-non additive, the samples with two types of MDS have
larger specific surface areas. The trend of change after adding

WOS is the most obvious. When the pore size is in the range of
3−10 nm, the specific surface area of the char is larger; as a
whole, the specific surface area of the samples after adding MDS
increases, and the smaller pore size contributes more to the
specific surface area. It is concluded that the MDS develops the
micropores and smaller mesopores of the char, and the specific
surface area increases. This is because the organic matter
combustion in WOS in the early pyrolysis stage releases
substantial heat, thereby promoting the escape of volatile
matters. Pulverized coal absorbs part of the heat to increase its
own internal energy, enhancing the char performance and
accelerating the achievement of the volatile matter combustion
temperature; furthermore, the calorific value needed to reach the
ignition temperature is guaranteed.51 In the pyrolysis stage,
WOS has a dominant effect on pulverized coal; thus, the specific
surface area of the sample withWOS is greater than that of SFD.
Moreover, the Fe2O3 in the MDS may combine with the
functional groups of the pulverized coal structure to form
various new and more reactive chemical bonds, such as C−O−
Fe and C−O−O−Fe, which pyrolyzes again and results in the
release of more CO2, CO, and CH4 gases. During the release of
the gases, the pores on the surface of the char are more
developed, thereby enlarging the specific surface area of the
samples and making the inorganic catalytic components inMDS
make closer contact with pulverized coal,50 which prepares a
good gas−solid reaction interface for subsequent char
combustion.52

Figure 10 shows the Raman analysis results of three types of
char. The characteristic peaks obtained by the peak fitting of the
Raman spectrum are shown in Figure 13a. There are D1 band
(1350 cm−1), D2 band (1620 cm−1), D3 band (1350 cm−1), D4
band (1150 cm−1), and G band (1580 cm−1). The D1 band
belongs to a relatively large aromatic ring structure, the D2 band
represents the irregular arrangement of the carbon structure, the
D3 band is an amorphous carbon structure, the D4 peak is the
aliphatic or polyene-like structure, and the G band represents an
ideal graphite structure.53 AG/AAll is used to characterize the
graphitization degree of char. The higher value implies a greater
graphitization degree of char.54 AD1/AG characterizes the degree
of disorder of char. The larger value represents a higher ratio of
the defect structure of semicoke and better reactivity of the
char.55,56 According to Figure 10b, theAG/AAll of pulverized coal
decreases after adding MDS. This value of char-10%SFD
decreases by 14.63% and that of char-10%WOS decreases by
20.28%, indicating that the addition of two types of MDS
reduces the graphitization structure of char-non additive,
rendering the char structure disordered. The ratio of AD1/AG
of the sample increases after adding MDS, and the value
increases more evidently with the addition of WOS, which
reflects that MDS can make pulverized coal disordered or
increase the defective structure during pyrolysis. This is because
the inorganic components Fe2O3 and CaO in MDS catalyze the
pyrolysis of pulverized coal, increasing disorder and the defect
structure of the obtained char.50 Thus, the addition of MDS
renders the carbon chemical structure of char more disordered
and defective, and the regular graphitization of the structure is
reduced, increasing the reactivity of char in the subsequent
combustion stage.
According to the bulk diffusion theory, in the char combustion

stage, the catalytic components (Fe2O3 and CaO) in SFD and
WOS promote the dissolution of carbon atoms at the catalyst−
carbon interface, enter the catalyst, and gradually diffuse and
form a concentration gradient.When the carbon atoms reach the

Table 4. Pore Structure Values of the Char Using the N2
Adsorption Method

sample
specific surface area

(m2/g)
total pore volume

(cm3/g)
average pore size

(nm)

char-non
additive

13.424 0.017 4.930

char-10%SFD 15.206 0.018 4.663
char-10%
WOS

21.824 0.024 4.184
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catalyst−gas interface, they react with the oxygen adhered to the
catalyst surface.57,58 The addition of MDS in the pyrolysis stage
increases disorder and defects of the char’s carbon chemical
structure, which increases reaction active points on char, making
the carbon−oxygen reaction at the catalyst−gas interface more
likely to react and the reaction more complete. Additionally, the
inorganic component Fe3O4 in MDS oxidizes and releases heat,
which promotes the complete combustion of pulverized coal
and increases the heat release of the sample. Therefore, the
addition of MDS will reduce the temperature corresponding to
the maximum combustion rate of pulverized coal and increase
the heat release of the combustion reaction.
Our previous research presents that Fe2O3 and CaO, the main

catalytic components usually contained in MDS, may sinter at a
certain temperature, causing catalyst deactivation. Figure 1134

combines the effect of catalytic components on graphite
combustion with the Fe2O3−CaO binary phase diagram; using
this diagram, the occurrence of sintering catalytic deactivation
between calcium oxide and iron oxide in the MDS can be
determined. Combining the Fe2O3−CaO ratio and burnout
index of the test sample, the result is marked in the red dashed
box in the figure. The samples except the char-non additive are
inside the 2CaO·Fe2O3 + CaO zone. In this zone, all catalysts
demonstrate satisfied catalytic activity for the combustion of

graphite; hence, the catalytic activities of two types of MDS,
SFD, and WOS, on the combustion of pulverized coal are
favorable.
When the catalyst is added, there is an optimal adding ratio.

When the addition amount of the catalyst is less than the optimal
ratio, the catalyst cannot provide enough catalytic active points.
There is a catalytic effect but not the best. When the addition
amount of the catalyst is larger than the optimal ratio, because
the catalyst covers the surface of fuel particles, it blocks
numerous pores and reduces the carbon−oxygen contact area,
intensifying gas diffusion resistance during the combustion
process, which is not conducive to the combustion reaction.59

The ignition temperature of pulverized coal and the temperature
corresponding to the maximum combustion rate decrease with
the increase in the ratio of MDS, and the burnout index and heat
release increase with the increase in the ratio of MDS. This is
because the addition ratio of the two types of MDS does not
reach the optimal addition ratio of the catalyst.60

To further explore the effect of adding MDS on the
combustion kinetics, the combustion process of the pulverized
coal and the mixed samples with SFD and WOS, respectively,
added according to eq 8 is calculated and fitted, as shown in
Figure 12. The kinetic parameters obtained are listed in Table 5.
The activation energy of the samples added with MDS has

Figure 9. Pore structure distribution of chars: (a) pore volume and (b) specific surface area.

Figure 10. Raman analysis of chars: (a) peak fitting of the Raman spectrum and (b) the variation of characteristic parameters.
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reduced. After adding SFD, the activation energy of pulverized
coal reduces by 7.14%, and after adding WOS, the activation

energy of pulverized coal combustion reduces by 8.12%. On the
one hand, the addition of WOS and SFD accelerates the

Figure 11.Catalytic effects of the investigated samples overlaid on the Fe2O3−CaO binary phase diagram (dotted line represents the burnout index of
coal, and the red-shaded area represents the Fe−Ca sintering and inhibition ratio).

Figure 12. Linear fitting diagram of combustion kinetics of blend combination.
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pyrolysis of pulverized coal to form char with developed porosity
and a disordered carbon structure, reducing the energy required
for the combustion of char. On the other hand, the inorganic
catalytic components (Fe2O3 and CaO) inMDS have numerous
lattice defects and molecular holes, which can accelerate the
adsorption of oxygen on the surface of the catalyst and the
diffusion of carbon atoms in the catalyst under the oxygen
environment. Therefore, the activation energy was decreased
and the combustion reaction rate was accelerated. It is easier for
the combustion reaction to occur in this scenario than before
adding MDS.
In summary, the strengthened mechanism of pulverized coal

combustion by MDS can be described in Figure 13. (1)
Devolatilization stage: the organic components in WOS burn
out to release heat to promote the escape of volatiles in
pulverized coal. Simultaneously, the inorganic catalytic
components in MDS catalyze the pyrolysis of pulverized coal
such that the pores on the surface of char are more developed
and the specific surface area increases. Owing to the addition of
MDS, the carbon chemical structure of char becomes more
disordered during the pyrolysis of pulverized coal, and the defect
structure of char increases. (2) Char combustion stage: the
disordered structure of char resulting from the addition of MDS
provides more active points; further, the more developed pore
structure of char provides more specific surface area, both of
which enhance oxygen adsorption. The catalytic effect of the
catalyst on the combustion of char is further improved, and the
activation energy of the combustion reaction is reduced.
Moreover, the inorganic component Fe3O4 and organic matter
in MDS oxidize and release heat, accelerating the diffusion rate
of carbon atoms in the catalyst and promoting the carbon−
oxygen reaction.

4. CONCLUSIONS

(1) The particle sizes of the two types of MDS are extremely
small, and the pores are developed. They are evenly
dispersed after being mixed with pulverized coal and are
stably combined with it. The heat released by organic
matter combustion will compensate for the heat required
for the heating of inorganic matters in the additive and the
pyrolysis of the pulverized coal, thereby advancing escape
of volatile in pulverized coal and promoting homogeneous
ignition.

(2) The catalytic effect of SFD on pulverized coal is mainly
reflected in reducing the ignition temperature of
pulverized coal and the temperature corresponding to
the maximum combustion rate.

(3) The combustion of organic components in MDS
promotes the escape of volatile matters of pulverized
coal. The inorganic catalytic components will catalyze the
pyrolysis of pulverized coal, making pores on the surface
of char more developed, the specific surface area larger,
the carbonization structure more disordered, and the
defective structure of char increase, which provide a larger
specific surface area, enhancing the catalytic effect of the
catalyst on the combustion of char.

(4) There is no sintering catalyst deactivation phenomenon
under the ratio of inorganic compounds in SFD and
WOS. The inorganic catalytic components in MDS will
accelerate the rate of the combustion reaction and reduce
the activation energy of the reaction.
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