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Abstract
NO emissions from coal combustion are receiving significant attention in recent years. As a solid waste generated from 
metallurgical industry, metallurgical dust (MD) contains a large amount of metal oxides, such as  Fe2O3, CaO,  SiO2 and 
 Al2O3, as well as other rare metal oxides. The influence of MD on the NO emissions and the mechanism of the coal com-
bustion systems were analyzed. The results show that the peak values of NO emission decrease with the increase in MD 
mass percent, and the curve of NO emission can be divided into two stages including rapid generation (400−600 °C) and 
slow release (800−900 °C). The reduction of NO is significantly affected by temperature, volatile components,  O2 and CO. 
CO has a significant catalytic action which can deoxidize NO to  N2. The results obtained by X-ray diffraction and scanning 
electron microscopy indicate that multiple components in MD, such as  Fe9TiO15,  Fe2O3 and  TiO2, can react with NO to 
produce TiN. Besides, the alkali metals in MD, such as Na, K and Ca, may catalyze NO precursor to inhibit NO emission. 
These results indicate that MD is cheap and highly efficient in controlling NO emissions during coal combustion processes.
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1 Introduction

Today, coal still serves as a key role in meeting the global 
energy needs, and air pollution caused by coal combustion 
has become an increasingly serious problem [1, 2].  NOx, 
as a series of pollutants produced in coal combustion, has 
brought great harm to human health and ecological environ-
ment, which has caused governments and organizations to 
strictly control the  NOx emission [3].

The nitrogen oxides from coal combustion mainly con-
tain NO and  NO2 (approximately 95% NO and 5%  NO2). 
In addition, there is a small amount of nitrous oxide  (N2O) 
produced in coal combustion. However, low toxic NO emis-
sions into the atmosphere can be oxidized to highly toxic 
 NO2 [4, 5]. The main volatile nitrogen species are hydrogen 
cyanide, HCN, ammonia and  NH3 [6, 7]. In recent years, 

the main methods for controlling  NOx include flue gas  NOx 
removal technologies and low  NOx burning technologies [8]. 
Although flue gas  NOx removal technologies are efficient in 
reducing  NOx emissions, the operating and mounting costs 
are high [9–12]. In addition, pollution emissions of coal 
blended with metals or alkali have been widely investigated 
[13–17]. However, current technologies mainly focus on 
the metal catalysts and catalytic effects of mineral matter in 
the reduction in  NOx emission into the atmosphere [18, 19]. 
Synthetic or natural agents have high costs, so that the use 
of solid wastes instead of synthetic agents during coal com-
bustion to reduce  NOx emissions has become the research 
hotspots. However, influences of the solid wastes from met-
allurgical industry on NO emissions are seldom reported.

As a kind of metallurgical iron-bearing solid waste from 
steel industry, metallurgical dust (MD) contains a large 
amount of Fe, Ca, Mg, Si and a variety of trace transition 
metals (e.g., Mn, Ti, V and Zn), which are the valuable met-
allurgical secondary resources [20]. The traditional MD uti-
lization research is based on the idea of treatment in a large 
quantity, and expected to open up a way for utilizing MD in 
an extensive and low value-added mode. The research and 
practice mainly include the circulation of MD inside and 
outside metallurgical factories [21–23]. If MD is improperly 
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applied, it will not only be a waste of secondary resources 
but also cause serious environmental pollutions.

It has been reported that Fe-based compounds, alkaline 
metal oxides, transition metal oxides and salts have cata-
lytic effect on coal combustion [24]. Therefore, Fe, Na and 
Ca as catalysts are widely applied to examine the influence 
of minerals on NO emission from coal combustion [25]. 
In the present work, the feasibility for using metallurgical 
solid wastes to reduce NO emissions was investigated, and 
NO emission was analyzed by thermogravimetry-mass spec-
trometry (TG-MS), scanning electron microscopy (SEM) 
and X-ray diffraction (XRD) to better understand the effect 
of MD combustion on NO emission characteristics.

2  Experimental

2.1  Samples and instruments

The coal sample was provided by Yulin, Shanxi, China and 
MD came from Ma’anshan Iron and Steel Trade Co., Ltd. 
Table 1 gives the chemical compositions of MD. Table 2 
shows the proximate, ultimate and ash analysis of coal. The 
particle size and characteristic diameters of MD and coal 
are shown in Table 3.

The contents of MgO, CaO,  Al2O3,  SiO2 and Ti were 
obtained from an inductively coupled plasma (ICP) emission 
spectrometer (Thermo Elemental-IRIS Intrepid). The mass 
percent of TFe in MD was measured by titrating dichro-
mate. An X-ray diffractometer (Bruker D8 Advance) was 
used to determine mineral phases of samples, and the pat-
tern was recorded from 20° to 80° (2θ) with a step size of 
0.02° using a counting time of 0.4 s per step. The scanning 
electron microscope (Hitachi S-3400 N II) and laser particle 
size analyzer [LS-C (1), China] were used to analyze the 
morphology and particle size of the samples, respectively.

2.2  Emission characterization system

To investigate the influence of MD content on NO emissions, 
the samples containing 2, 6, 8 and 10% MD were mixed with 
coal by mass percent. The TG-MS system (France Dorset 
RAM) was employed to analyze the NO emissions under 
an air atmosphere with a flow rate of 50 mL/min. The par-
allel experiments were carried out in a 1500-kW tubular 
furnace (GSL-1700X, Hefei Branch Crystal), and the sche-
matic diagram of the combustion system is shown in Fig. 1. 
The samples were placed in the tubular furnace connected 
by a Fourier transform infrared gas analyzer (GASMETTM 
DX4000, Temet Instruments, Finland), and then, the sam-
ples were heated to 150 °C at a heating rate of 15 °C/min. 

Table 1  Chemical composition of MD (mass%)

TFe CaO MgO Al2O3 SiO2 C Zn Ti K Na Others

38.86 8.34 6.57 6.24 6.78 12.26 4.46 4.56 2.25 2.47 7.21

Table 2  Proximate, ultimate and ash analysis of coal

Mt, A, V, FC, subscript td and subscript daf are denoted as the total moisture of coal, ash of coal, volatile matter, fixed carbon, all components 
and dry basis, respectively

Proximate analysis Mt/mass% Atd/mass% Std/mass% Vtd/mass% Vdaf/mass% FCdaf/mass% Caloric value/(MJ kg−1)
6.86 8.11 1.62 34.58 37.58 65.97 38.49

Ultimate analysis Cdaf/mass% Hdaf/mass% Odaf/mass% Ndaf/mass% Std/mass% C/H C/O
86.78 4.12 4.86 1.53 0.27 21.06 17.86

Ash analysis/mass% SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O TiO Others
39.75 24.36 12.14 0.97 5.27 0.46 0.89 8.12 8.04

Table 3  Particle size and characteristic diameters of MD and coals

D10, D25, D50, D75 and D90 are the particle diameters when accumulation reached 10, 25, 50, 75 and 90%, respectively; Dav is average diameter

Sample Particle size/μm Specific 
surface area/
(m2 g−1)D10 D25 D50 D75 D90 Dav

MD 5.34 11.22 16.32 34.58 38.19 25.67 10.28
Coal 24.35 35.46 50.24 55.67 72.63 58.31 16.39
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The same combustion experiments of a 2–10% blend of MD 
and coals are conducted in the combustion system shown 
in Fig. 1. Finally, the microstructure and mineral phase of 
the residues were analyzed by SEM and XRD, respectively.

3  Results and discussion

3.1  TG‑MS analysis of samples

Figure 2 shows that the mass loss rate of the sample blended 
with MD is obviously reduced in combustion process. As 
shown in Fig. 3, the ignition temperature (the beginning 
temperature of combustion reaction) of fixed coal in sam-
ple decreased and the ignition temperature of raw coal was 
452 °C, but the ignition temperature of sample decreased to 
430 °C after adding 6% MD. When the mass percent of MD 

reached 10% in mixed sample, the ignition temperature of 
sample decreased to 420 °C. The components of MD, such 
as K, Ca, Na, Fe, Mg and some trace metal elements (Zn, Ni, 
Cr, Mn, Co, Cu), can be responsible for this phenomenon, 
owing to their catalytic effects on samples combustion [26]. 

MD has a significant effect on the sample combustion 
temperature as shown in Fig. 3. When the combustion reac-
tion is over, the corresponding temperatures of peak values 
in the curve decrease with increasing the mass percent of 
MD. However, with the decrease in fixed carbon and organic 
minerals in mixed samples, organic minerals are difficult 
to decompose at low temperatures and high temperature is 
needed for organic minerals to take part in multiphase reac-
tions that are limited from the inside to the outside, which 
can induce slow burning, prolonging the overall burning 
time and increasing burning temperature. The catalytic 
actions of metal ions in MD can promote the formation 
and strengthening of O–C bonds. The complex CO–M (M 
stands for metal ion) is formed by an O–C bond and a metal 
element, which increases the complex reaction as an active 
center. In addition, a large number of  Fe2O3 particles and a 
few  CaCO3 and  Al2O3 particles as the oxygen carrier in MD 
can easily react with  H2 and CO released from coal pyrolysis 
owing to their high activities in combustion processes [27].

3.2  Effect of MD on NO emission

Figure 4 displays that the NO emission can be divided into 
two stages which are rapid generation and slow release. 
The curves have bimodal structures with peak values of 
400−600 °C and small peak values of 800−900 °C, and 
the latter is caused by the coke combustion. With the help 
of computer image processing, the NO peak of different 

Fig. 1  Schematic diagram for coal combustion and NO emissions

Fig. 2  TG curves for combustion of samples blended with MD

Fig. 3  Differential thermal analysis (DTA) curves of samples blended 
with different amounts of MD in combustion
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samples was calculated, and NO drainage pattern with 0, 2, 
6, 8 and 10% MD is 7185.3 dots, 38,852.4 dots, 29,845 dots, 
22,146.5 dots and 15,756.3 dots, respectively, which indicate 
that the NO emissions decrease gradually.

When 10% MD is added, only one NO peak is generated 
because the Fe content increases with the increase in MD in 
mixed samples. Fe can change the lattice structure of car-
bon, so that the binding force is weakened in structural unit. 
Therefore, when the coal is decomposed by heating, more 
bridge bonds are destroyed, which promotes the coal com-
bustion. After the coal is fully burned, it will be beneficial 
for NO conversion to  NO2, thus reducing the release of NO.

The coke is composed of carbon, minerals and a few O, 
H, S and N, and the nitrogen in coke reacts with  O2 to pro-
duce NO. In addition, the catalytic effect of alkaline oxides 
in the coal ash can promote NO conversion to  N2, and the 
melting of minerals in MD at high temperature leads to the 
closed pores and reduced reactive surface areas owing to 
the reduction in coke and the mixed alkaline oxide catalyst, 
inhibiting NO emissions. Regardless of the form of nitrogen 
in coal, in general, the nitrogen emission is higher in the 
temperature range of 400−600 °C, because the fuel-NOx 
can be produced not only through homogeneous reactions 
but also by multiphase reactions.

In addition, NO formation belongs to fast type at the low-
temperature stage of 400−600 °C, and this type of NO is 
generated in high concentration of fuel in combustion pro-
cess (excess air coefficient a = 0.7−0.8). Fennimore [28] 
suggested that the formation of NO was related to the hydro-
carbon and nitrogen molecules. Firstly, the CH groups from 
the fuel reacted with  N2 molecule to produce CN compound, 
and the reaction equation is as follows:

(1)CH + N2 ↔ HCN + N

Most of nitrogen exists in the coke when the combus-
tion temperature is relatively low, while 70–90% nitrogen is 
released through volatilization as temperature is very high. 
Zhang et al. [29] showed that more than 70% of  NOx came 
from char combustion when the temperature reached 850 °C.

3.2.1  Reduction of NO by temperature

The effect of temperature on NO emission from mixtures is 
obvious in combustion process. With increasing the combus-
tion temperature, the first peak got wider and preceded that 
of raw coal. Meanwhile, with the increase in the dosage of 
MD, the temperature of NO emission increased, but the peak 
value decreased and narrowed, and the distance between the 
first peak and the second peak became smaller, so that the 
NO release time in combustion process became shorter, as 
shown in Fig. 4. On the whole, the amount of NO emission 
reaches a peak value at 700−800 °C. Therefore, NO has the 
formation characteristics at medium temperature, and the 
amount of fuel nitrogen emission is enough large in this 
range. However, a rising temperature has little influence on 
NO emission. According to the TG curves and NO emission 
peak shown in Fig. 4, NO emission peak appeared after the 
maximum mass loss of sample; meanwhile, the temperature 
of NO emission is higher than the ignition temperature of 
the samples. The process of NO emission is over when the 
combustion is complete at 850−900 °C.

3.2.2  Reduction of NO by volatile components

The volatile content of samples influences NO emission 
mainly in two aspects. One is that the first peak value of NO 
increases with the increase in volatile content, reducing the 
peak temperature and shortening total emission time. The 
other is that the first peak area becomes wider and corre-
sponding temperature increases with decreasing the volatile 
content, and the NO emission amounts decrease with the 
increase in mixing proportion of MD. When the high volatile 
sample burns at a high speed and volatile components are 
released from the coal, the surface of coal has more pores 
after the release of volatile. Furthermore, the more volatile 
matter and the more gaps lead to the increasing contact sur-
face (the surface area) of air with coal, and the reductive 
atmosphere around the pulverized coal particles is conducive 
to the nitrogen intermediate product reducing  N2 [30].

3.2.3  Reduction of NO by  O2 concentration

Improving the oxygen concentration has obvious influence 
on emission characteristics in combustion process, which 

(2)2C + N2 ↔ 2CN

(3)CH3 + N2 ↔ HCN + NH2

Fig. 4  NO emission curves of samples blended with different 
amounts of MD in coal combustion (Lon denotes the mass-to-charge 
ratio)
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mainly predicates that with increasing the oxygen concentra-
tion, the first NO peak from raw coal exhibits a large emis-
sion value, and the oxygen concentration has an effect on 
the mixed double peak structure of NO emission from coal 
combustion. Thermal NO evolves from the recombination of 
 N2 and  O2, described by De Soete mechanism [31].

The component in the brackets of reaction (4) represents 
the active position of the sample.

3.3  Effect of CO on NO emission

Figure 5 shows that with the increasing amount of MD, CO 
emissions increase and the CO concentration reached the 
peak value at 500−600 °C. With the increase in combus-
tion temperature, CO emission concentration decreased and 
especially for the 8 and 10% MD addition, CO emissions 
basically ended at 700 °C. Thus, the influence of MD on 
CO emission is obvious. The oxygen functional unity can 
react with  Fe3+ to produce Fe(CO)3 on coal particles surface, 
which is connected with aromatic carbon in coal.  Fe3 + with 
empty orbital can receive solitary electron, whose electronic 
effect can transfer to carbon ring by oxygen, then forming 
 CO2 and CO from carbon ring rupture. A great deal of Fe 
particles in MD changes the carbon lattice structure, which 
weakens the unit structure bridge bond. When the coal is 
heated to decompose, more bridges are destroyed to promote 
coal combustion [32].

(4)
O2 + (−C) + (−CN) → (−CO) + (−CNO)

(−CNO) → NO + (−C)

Comparing Figs. 4 and 5, it can be found that CO emission 
concentration increases with the increase in MD mass percent, 
but the change trend of the concentration of CO and NO is 
opposite at the beginning, and theoretical concentration of NO 
emission is often higher than the actual concentration. The rea-
son is that parts of NO are reduced to  N2 when the nitrogen in 
coal is oxidized to NO. However, CO has a significant catalytic 
reduction of NO, as shown in Eq. (5). With the decrease in CO 
emission concentration, the second peak appears in Fig. 4, and 
the effect of CO on NO is weakened. The reason may be that 
the effect of semi-coke increases and the catalytic effects of 
CO on NO reduction are not significant.

Because of the high concentration of CO and the precursor 
such as HCN,  NH4 and NCO, a part of molecules containing 
nitrogen react with NO to produce  N2, which not only delayed 
the formation of NO, but also reduced the concentration of 
NO emissions. In general, the higher concentration of NO in 
combustion process leads to the higher conversion of NO into 
 N2, which is consistent with the conclusions in the literature 
[33, 34].

3.4  Mineral phase components and microstructures 
of residues

3.4.1  XRD analysis

Figure 6 shows the XRD results of the residues obtained from 
coal combustion at 900 °C. Figure 6a displays that  Fe2O3, 
 CaCO3,  SiO2 and other amorphous phases are the main mineral 
phases. In Fig. 6b,  Fe2O3,  Fe9TiO15,  SiO2 and other amorphous 
phases are the main mineral phases of the residues blended with 
2% MD.  Fe9TiO15 is not detected in the raw coal residue but 
is detected in the residue from sample blended with 2% MD.

The residues obtained from coal with 8% MD included 
 Fe9TiO15,  Fe2O3,  TiO2 and other amorphous phases at 900 °C. 
TiN appears in the residues from coal with 10% MD.  TiO2 is 
the precursor of TiN, and  TiO2 is synthesized by the reaction 
of TiN with carbon thermal reduction reaction. The reaction 
mechanism is as follows [35]:

In the reaction process, C has two sources. One is from 
the free carbon in MD, and the other is from the raw coal. In 
the combustion process, the increase in the ratio of MD can 
promote TiN production and then depress the NO emission. 
Peelamedu [36] studied the transformation process of TiN 
powder using the high activity of  TiO2, and taking C as raw 
materials, a reaction model was proposed, as shown in Fig. 7.

(5)NO + CO →

1

2
N2 + CO2

(6)3TiO2 + C → Ti3O5 + CO

(7)Ti3O5 + 5C + (3/2)N2 → 3TiN + 5CO

Fig. 5  Effect of MD on CO emission from samples in coal combus-
tion
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3.4.2  SEM analysis

Figure 8 displays the SEM images of residues from the 
mixed samples at a reaction temperature of 900 °C.

Figure 8 indicates that when 0, 2 and 6% MD are added 
to the raw coal, the surfaces of residues show loose and 

blocks structures with more microspores, but sintering phe-
nomenon does not occur. However, when 10% MD is added 
to samples, the morphology of the residues changed signifi-
cantly, in which the surface appeared as melting slag. Some 
particles segregation appeared to cause bump and overlap 
with fewer pores. Besides, some small particles are scattered 

Fig. 6  XRD patterns of residues from mixed samples at 900 °C. a 0% MD; b 2% MD; c 6% MD; d 8% MD; e 10% MD

Fig. 7  Reaction model of TiN
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on the surface, which exhibited a flocculent surface with 
microspores, and these particles are uniformly and densely 
covered.

With the increase in MD dosage, the mass percent of 
alkaline metal oxides and free  SiO2 increased. Increasing 
the alkaline oxides percentage is beneficial for reducing 
NO. In addition, CaO·2SiO2·Al2O3 appears, whose reac-
tions are shown in the following reactions [37]:

(8)4FeO + O2 → 2Fe2O3

(9)2Fe2O3 + C → 4FeO + CO2

(10)3Al2O3 + SiO2 → SiO2 ⋅ 3Al2O3

CaO·2SiO2·Al2O3 exhibited a flocculent surface structure; 
meanwhile, TiN appeared as a sphere as shown in Fig. 9. In 
addition,  TiO2 particles have the catalytic effect on the reac-
tion between  SO2/NO and coal fly ash/CaO/CaSO4 sorbents 
[38, 39].

The SEM morphology and EDS spectrum in Fig.  9 
clearly show that the increasing MD percent can change 
the structures of the residues. Moreover, the increasing 
 TiO2 content can promote the reaction of  TiO2 with N to 
generate TiN. However, MD has more significant effect on 
inhibiting NO emission from the residues in combustion.

(11)CaO + Al2O3 + 2SiO2 → CaO ⋅ 2SiO2 ⋅ Al2O3

Fig. 8  SEM images of coal residues from mixed samples at 900 °C. a 0% MD; b 2% MD; c 6% MD; d 8% MD; e 10% MD

Fig. 9  SEM image and EDS spectrum of residues from mixed samples with 10% MD at 900 °C
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3.5  Influence of MD multiple components 
on NO emission

Existing research indicates that alkali metal has a catalytic role 
in the reduction reactions, so that the NO emission is further 
reduced. When coal incorporated with alkali metal and alka-
line earth metal compounds, in the reaction process of metal 
ions in the embedded carbon lattice of internal combustion, 
carbon has microstructure changes whose electron transfers 
and becomes electron donor. Increase in the charge migra-
tion promoting carbon surface edge, angle and the defects 
in the active site can accelerate the speed of oxygen adsorp-
tion, reduce the activation and improve the reaction speed, 
which result in carbon burning fully [40]. Previous study [41] 
showed that the added sodium carbonate had catalytic reduc-
tion actions, whose reaction mechanism was that the prod-
ucts from rapid decomposition of sodium carbonate can react 
with water to produce sodium hydroxide, carbon dioxide and 
sodium atoms. These materials containing sodium can con-
sume some active groups, and the reactions are as follows:

Obviously, the concentration of OH and H decreased after 
the addition of sodium, and the formation of thermal and 
fuel NO was related to the combustion environment. The 
reducing concentration of OH and H inhibited the forma-
tion of NO.

Wu et al. [42] found that several Fe-bearing compounds 
had some effects on coal-fired pollutants emissions, but dif-
ferent kinds of Fe-bearing compounds had different mecha-
nisms of coal-fired pollution characteristics. The catalytic 
effect of  FeCl3 is related to the existence of S in coal. The 
absorption of  FeCl3 promotes  FeCl3 itself to be able to 
participate in the absorption of  SO2 to generate  FeSO4 or 
 Fe2(SO4)3. In addition,  FeCl3 can also affect the emission 
characteristics of CO. The effect of  FeCl2 on the emission 
characteristics of  SO2, NO and CO is similar to that of  FeCl3 
in flue gas, but the effect is slightly worse than that of  FeCl3. 
 Fe2O3 is also able to reduce the volume concentration of  SO2 
and NO in flue gas; however,  Fe2O3 is only absorbent, which 
has no catalytic effect on  SO2 and NO generation process, 
and  Fe2O3 has little effect on CO emission.

Ca is an alkaline earth metal element with high content 
of MD. The NO from coke reduction has obvious cata-
lytic effect [43, 44]. In the  CO2 atmosphere, the calcium-
based absorbent is closely related to the NO emission peak 

(12)NaOH + H → Na + H2O

(13)Na + O2 +M → NaO2 +M

(14)NaO2 + OH → NaOH + O2

(15)H + OH → H2O

value and temperature, and the peak value of NO emission 
decreases when the temperature is high. This is because the 
addition of the calcium-based absorbent is mainly affected 
by the following reaction:

At 700 °C, a large amount of N in raw coal is released 
and converted to  NH3. At the same time,  CaCO3 does not 
decompose in  CO2 atmosphere, and it is a catalyst for reac-
tion (16) to promote NO production.

In the process of thermal chemical conversion of coal, 
one part of alkaline substances in MD is volatilized into 
gas phase, and another part is kept in solid phase in the 
ash. Because volatilization of solid matter depends on its 
melting point, the alkaline substances and aluminosilicate 
compounds in MD have very high melting point, leading 
to eventual existence in ash. Meanwhile, Na, K and Ca are 
likely to appear in the inorganic lattice oxygen functional 
groups as exchanged metal cations. Therefore, in the gasi-
fication conditions, Na and K easily evaporate, and Mg, Ca 
and Al as divalent and trivalent metals in coke or ash have 
high retention rates and evaporate with increasing the gasi-
fication temperature. The basic material can promote NO 
reduction in the surface of coke in some extent. At the same 
time, the oxygen-containing functional groups can directly 
promote the NO reduction. Besides, alkaline substances have 
catalysis on NO precursor to produce NO. It can be seen that 
the NO emission is influenced by many factors.

In view of the catalytic action of alkaline minerals on the 
reduction of NO on the surface of coke, different reaction 
mechanisms have been put forward. For example, the cata-
lytic reactions of CaO proposed by Illan-Gomez et al. [45] 
are shown as follows:

As shown in the above reactions, the catalytic reactions 
of minerals for NO on char surface appear during reduc-
tion reaction. First, in the low-valence metal oxide or metal 
elemental activity, NO adsorption is reduced to produce  N2. 
At the same time, low-valence metal oxide is oxidized to 
high-valence metal oxides, and minerals of oxidation state 
around by coke are reduced to low-valence metal oxide or 
metal elements, then to complete the transmission process 
of oxygen from NO to coke.

(16)NH3 + 5∕4O2 → NO + 3∕2H2O

(17)2NO + 2C
CaO
⟶N2 + 2CO

(18)2NO + 2CO
CaO
⟶N2 + 2CO2

(19)2NO + 2H2

CaO
⟶N2 + 2H2O
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4  Conclusions

1. With increasing the mass percent of MD in coal com-
bustion, the NO emission peak values decreased and 
the corresponding temperature of NO initial emission 
increased, but the time of NO emissions was signifi-
cantly shortened and the peak value of NO emission 
decreased. The total amount of NO emissions decreased 
and the curves of NO emissions can be divided into two 
stages which are rapid generation (400−600 °C) and 
slow release (800–900 °C). The reduction of NO is obvi-
ously affected by temperature, volatile components,  O2 
and CO. CO has a significant catalytic action on the 
reduction of NO to  N2.

2. The multiple components in MD such as  Fe9TiO15, 
 Fe2O3 and  TiO2 can react with NO to produce TiN. SEM 
images displayed that the MD dosage could change the 
structures of the residues. Moreover, with increasing the 
 TiO2 content, a large number of  TiO2 can promote the 
reaction of  TiO2 with N to generate TiN. The alkali met-
als in MD such as Na, K and Ca can catalyze NO precur-
sor to inhibit NO emission. In addition, some minerals 
of MD have the catalytic function for NO on char sur-
face in the low-valence metal oxide or metal elemental 
activity, and then NO adsorption converts to produce 
 N2. At the same time, low-valence metal oxide is oxi-
dized to high-valence metal oxides and minerals in oxi-
dation state around by coke are reduced to low-valence 
metal oxide or metal elements, then to completing the 
transmission process of oxygen from NO to coke. These 
results indicate that MD is cheap and highly efficient in 
controlling NO emissions during coal combustion pro-
cesses.
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