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Abstract

For realizing the coupling pyrolysis of coal and combustion of semi-coke, this paper explored the effect of pyrolysis tem-
perature on the combustion characteristics and NO emission of Pingshuo semi-coke. The main physical and chemical prop-
erties, which might affect the NO emission, were also investigated systematically. As the pyrolysis temperature increased,
the nitrogen content of semi-coke gradually decreased and the proportion of quaternary nitrogen (N-Q) gradually increased.
CaO produced by the decomposition of CaCO; would promote the transformation from HCN to NO. Pore structure was most
developed at 750 °C, which was beneficial to the conversion of HCN and reduction of NO. Combustion experiments were
carried out on a thermogravimetric—mass spectrometry. It was found that increasing the pyrolysis temperature would cause the
combustion reaction to occur at a higher temperature. Evolved gases during the combustion were quantitatively analyzed by
equivalent characteristic spectrum analysis. The yield of HCN during combustion first decreased and then increased and the
yield of NO decreased while the pyrolysis temperature increased. There was an optimum pyrolysis temperature for the mini-
mum conversion rate of fuel-N to NO and HCN. For Pingshuo bituminous, this optimum pyrolysis temperature was 750 °C.
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Introduction

Coal is dominant in China’s energy consumption structure.
Though coal takes up a year-on-year decline in the pro-
portion of China’s total energy consumption, its absolute
consumption is yet at a relatively stable level, and it will
remain in the near future [1]. The cascade utilization of coal
is regarded as a kind of promising technology to use low-
rank coal. The cascade utilization of coal is divided into two
steps. Firstly, the coal pyrolysis, and part of the volatile mat-
ter in the coal will be released in the form of pyrolysis gas
and tar. Next, the semi-coke is combusted in thermal power
plants [2]. NO, is inevitably produced during the combus-
tion of coal. Many studies have proved that the NO emission
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was determined by the generation rate of char-N to NO and
the reduction rate of NO [3, 4]. The NO reduction reactions
mainly contain homogeneous reduction and heterogeneous
reduction [5, 6], which are listed in the following:

catalytic surface |
—

NO +CO §N2 + CO, (1)
NO+C—>%N2+CO 2
2NO +C - N, + CO, 3)

The catalytic surface in a homogeneous surface mainly
refers to the char surface. Therefore, both homogeneous
reduction and heterogeneous reduction depend on the reac-
tivity and structure of char [7-10]. In addition, many schol-
ars have proved that alkali and alkaline earth metals can
influence the generation of NO, precursors during pyrolysis
and release of NO, in combustion [11-17]. Total nitrogen
content is considered the most important factor to influ-
ence the generation of NO during combustion [18]. Pyroly-
sis temperature can significantly affect the above factors,
which affect NO, emission. Therefore, it is crucial to find an
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Table 1 Analysis of PS and its

. Sample Proximate analysis Ultimate analysis
semi-coke/%
Mar Aar Var Fcar Car Har Our Nar Sﬂl’
PS 2.20 54.64 21.02 22.14 29.26 2.51 8.46 1.10 2.44

[TPeKt)

The subscript “ar” meant “As received”

Table 2 Ash composition of

PS/% Items SiO,

ALO;  CaO

SO, Fe,0; TiO, K,0 MgO P05 NaO

PS 47.55

34.39 5.60

5.08 3.97 1.67 0.62 0.59 0.17 0.08

optimum pyrolysis temperature to minimize the emission of
NO and its precursor for semi-coke.

Existing studies focus on the influences of pyrolysis
conditions on NO, precursors [19-22] or the influences of
combustion conditions on NO, formation [23-29]. In this
study, the pyrolysis and the combustion were regarded as a
continuous process to investigate the effect of pyrolysis tem-
perature on semi-coke combustion. Furthermore, the effect
of pyrolysis temperature on the factors affecting NO, emis-
sions, such as nitrogen content, pore structure and mineral
composition, was systematically explored. Combustion char-
acteristics of semi-coke at different pyrolysis temperatures
were investigated on TG-MS. For the quantitative analysis
of the evolved gas during the combustion, equivalent char-
acteristic spectrum analysis (ECSA) was used [30-32]. The
yield of HCN and NO was calculated; hence, the influence
of pyrolysis temperature on the conversion rate of HCN and
NO was obtained.

Experimental
Materials

The test coal Pingshuo bituminous (PS) was produced by the
Antaibao Open-pit Coal Mine in Pingshuo, Shanxi province.
Coal was crushed and then sieved to a particle size between
0 and 0.2 mm. The proximate and ultimate analysis of PS
was performed. The results are shown in Table 1.

An ash composition analysis of PS was performed. The
analysis results are listed in Table 2. It was obvious that the
ash in the samples was dominated by SiO, and Al,O;.

Apparatus

The pyrolysis experiments of Pingshuo bituminous were
performed in a high temperature and high flux horizontal
quartz tube furnace reactor. The model of this reactor was
SK-G08143, as shown in Fig. 1.

Dimensions of the device were
400 mm X 614 mm X 653 mm. The major body of the reactor
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Fig. 1 Horizontal quartz tube furnace reactor. 1 Gas cylinder; 2 pres-
sure-reducing valve; 3 gas flow meter; 4 reactor; 5 support; 6 electric
furnace; 7 thermocouple; 8 corundum boat; 9 temperature controller;
10 putter

system was a corundum tube that exhibited an inner diam-
eter of 70 mm and a length of 1000 mm. The maximum tem-
perature the corundum tube could withstand was 1400 °C.
The electric furnace exhibited a rated power of 5 kW, the
heating element was a carbon-silicon rod, and the constant
temperature zone had a length of 150 mm. Besides, the tem-
perature control system consisted of a thermocouple and
a temperature controller. The carrier gas system was com-
posed of a gas cylinder, a pressure-reducing valve, as well
as a gas flow meter.

To explore the NO emission characteristics of Pingshuo
semi-coke accurately, the combustion experiments were car-
ried out on a TG-MS system. The TG—MS system employed
in this study consisted of the STA449F3 thermogravimetric
analyzer from Germany NETZSCH and the QMS403C Aeo-
losquadrupole mass spectrometer. The system was capable
of monitoring the formation of various gases online.

Experimental methods

Pyrolysis experiment: To better simulate the pyrolysis pro-
cess in the actual production process, the rapid pyrolysis
process rather than the program heating pyrolysis process
was used for this experiment. First, the horizontal tube



Experimental study on the effect of pyrolysis temperature on the NO emission and conversion... 1247

furnace was set to the specified temperature (600, 750,
900 °C). Simultaneously, N, was purging to the reactor at
a flow rate of 5 L/min. When the furnace was in an inert
atmosphere, the coal sample (5+0.1 g) was put into the
isothermal zone of the pyrolysis reactor in a corundum
boat (150*50%20 mm). In order to ensure that the samples
could get devolatilization sufficiently, each condition would
remain for 15 min. Tar and pyrolysis gas were emptied to
the exhaust system. At the end of each condition, the furnace
was turned off, and N, was kept purging to maintain the inert
atmosphere until the semi-coke sample was cooled to ambi-
ent temperature. Then, the sample was taken out and stored.

Combustion experiment: The combustion experiments
were performed on a TG-MS system, in order to explore
the combustion and NO emission characteristics accurately.
Moreover, 30 mg of the sample was put into the thermo-
gravimeter with a crucible for each condition. After purg-
ing and desorption process, the combustion experiments
were carried out with a gas flow of 65 mL min~! Ar and
5 mL min~' O,. The samples were heated from ambient
temperature to 1200 °C at the heating rate of 10 °C min~".
The selection of the above parameters was based on previous
experience [32]. The reason for selecting the above experi-
ment parameters was to control an appropriate combustion
rate. A too high combustion rate could cause inaccurate anal-
ysis. The gas pollutant from the TG entered the MS through
a heated stainless steel capillary. The quantitative analysis of
the evolved gas was calculated by ECSA [30-32].

Results and discussion
Physical and chemical properties of samples
Nitrogen content of samples

During the process of pyrolysis, the organic nitrogen would
release in the form of pyrolysis gas and tar. The content of
nitrogen in coal was one of the most crucial factors, which
would affect the NO emission. Therefore, the element analy-
sis of semi-coke was carried out, and the results are shown
in Fig. 2. For comparison, the elemental analysis results of
Pingshuo bituminous are also shown in Fig. 2.

After pyrolysis, all element contents decreased, except C.
Due to the release of volatile during pyrolysis, the content
of O, H and N decreased. Corresponding, the fixed carbon
content of semi-coke was higher than PS.

With the pyrolysis temperature increasing, the content of
O, H and N decreased. However, the content of S showed an
opposite trend. This was because tar contained more S than
pyrolysis gas. Moreover, the tar was released at a relatively
lower temperature, below 600 °C.
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Fig.2 Element analysis results of samples
Table 3 Binding energy of nitrogen morphology
Nitrogen morphology Symbol Binding energy/eV
Pyridine N-6 398.7+04
Pyrrole N-5 400.5+0.3
Quaternary nitrogen N-Q 401.5+0.3
Oxidized nitrogen N-X 403.5+0.3

Comparing the absolute nitrogen content in PS and its
semi-coke, which is shown in Fig. 2, it was found that the
release of nitrogen in the form of pyrolysis gas mainly
occurred when the pyrolysis temperature was below 600 °C.
The content of nitrogen in different semi-cokes was almost
the same. When the pyrolysis temperature exceeded 600 °C,
the transformation of different nitrogen compounds may
occur mainly.

Therefore, the species of nitrogen morphology in PS and
its semi-cokes were also investigated by XPS (THERMO,
250XI). According to existing studies, there were usually
four species of nitrogen compounds in coal according to
binding energy [33, 34]. Detailed classification is listed in
Table 3.

The results of the curve fitting of XPS-N1s spectra for
PS and its semi-coke are shown in Fig. 3. In Fig. 3, the ordi-
nate and the abscissa represented the signal strength of the
intensity and the binding energy, respectively. Four types of
nitrogen morphology were identified by the binding energy.

Relative content of nitrogen compounds can be obtained
from the area under the curve. Thus, the relative content of
nitrogen morphology in all samples was obtained. The result
is shown in Table 4.

The absolute content of different nitrogen morphology
could be calculated by the absolute content of nitrogen and
relative content of different nitrogen morphology. The cal-
culated results are shown in Fig. 4.

A comparison of PS and PS-600 revealed that there was
a reduction in contents of all nitrogen morphology after
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Table 4 Relative content of nitrogen compounds in samples

Nitrogen mor- PS PS-600 PS-750 PS-900

phology/%

N-6 18.16 25.39 19.57 5.59

N-5 41.03 27.89 27.09 27.28

N-Q 23.62 22.49 29.87 58.67

N-X 17.19 24.23 23.48 8.46
05l NXx EE N

N-6 [IIT] N-5

i

PS PS-600 PS-750 PS-900
Sample
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7

Absolute content of different
nitrogen compoumds/%
o

Fig.4 Absolute content of nitrogen morphology in samples

pyrolysis. Nevertheless, the decline in the content of N-Q
and N-5 was more pronounced. With the pyrolysis tem-
perature increasing, the absolute content of N-Q gradually
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increased. In addition, N-5 was almost unchanged with
the increase of pyrolysis temperature. When the pyrolysis
temperature increased from 600 to 900 °C, N-6 and N-X
decreased with different degrees. Especially, from 750 to
900 °C, there was an obvious drop of N-6 and N-X. With
the rising temperature, the absolute content of N-Q increased
while N-6 and N-X decreased in the semi-coke, indicating
that N-6 and N-X transformed to N-Q. It was because that
N-Q had the best thermal stability at high temperatures.

Mineral compositions in samples

Different mineral compositions in coal had a different influ-
ence on the NO emission characteristics. Some minerals
in coal may become a catalyst in the reduction reaction
between char and NO. Some minerals could promote the
coal combustion process. Besides, the decomposition of
the mineral would affect the result of the TG/DTG analy-
sis. Therefore, the mineral composition of samples must be
investigated. In order to exclude the influence of fixed car-
bon and to ensure that the ash composition was not changed
as much as possible, the low-temperature ashing method was
used. After ashing, the ash compositions of samples were
analyzed by XRF (Shimadzu, XRF-1800). The results are
listed in Table 5. The main ash compositions of all samples
were Si0, and Al,O;. The content of alkali metal was rela-
tively low. Furthermore, there was almost no change in the
content of the alkali metal.
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Table5 Mineral compositions ltems SO, ALO; CaO SO, Fe,0; TiO, K0 MgO PO, Na0
in samples :
PS 47.55 34.39 5.60 5.08 397 1.67 0.62 0.59 0.17 0.08
PS-600 46.77 33.87 577 6.09 4.08 1.61 0.69 0.58 0.17 0.06
PS-750 47.11 33.86 4.98 6.74 3.95 1.67 0.62 0.54 0.20 0.07
PS-900 47.01 33.80 4.93 6.92 3.87 1.65 0.64 0.60 0.20 0.08
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Fig.5 XRD pattern of PS and its semi-coke. a SiO,; b Al,O5; ¢ . . . . .
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The XRF could not analyze the specific compositions
in samples. For this reason, the analysis of crystal phase
composition was carried out on XRD (Rigaku, Smartlab 9).
Figure 5 shows the analysis results of the XRD crystal phase
composition in the samples.

The XRD results indicated that SiO, and Al,O; were
abundant in the samples. The crystal phase compositions of
Ca in samples were worth noting. There were CaCO; and
CaSO, in PS and PS-600. However, CaCO; was not found in
PS-750 and PS-900. A weaker peak of CaO was observed in
PS-750, indicating CaCOj started to decompose at 750 °C.
For PS-900, the intensity of the CaO peak increased, owing
to more thoroughly decomposition reaction of CaCO;. The
HCN and NO emission of PS-750 and PS-900 might be
influenced by the presence of CaO.

Morphological properties of semi-cokes

The structure of the semi-coke was much different with
coal. In addition, the structure of semi-coke was affected
by pyrolysis temperature [35]. As above-mentioned, char
could provide active sites for the NO reduction reaction,

Pore diameter/nm

Fig.6 Pore-size distribution of semi-coke

while the char itself can also act as a type of reducing agent
for the NO reduction reaction. Thus, the morphological
properties of semi-coke were investigated using a surface
area and pore-size distribution analyzer (Micromeritics,
ASAP2010). The results of the BET surface area and total
pore volume are listed in Table 6. BET surface area was a
specific surface area calculated following the well-known
BET theory. Total pore volume was BJH adsorption cumula-
tive volume of pores, whose the pore diameter was between
1.7 and 300 nm.

It was suggested that the specific surface area and pore
volume of the semi-coke increased first and then decreased
while the pyrolysis temperature increased. The change
process of the pore structure during pyrolysis could not be
obtained relying on the above data. In order to explore the
change process of the pore structure, the pore-size distribu-
tions of semi-coke were calculated by the classic BJH model
[36]. In addition, the pore-size distributions are shown in
Fig. 6.
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During the pyrolysis, the moisture and volatile would
release gradually. With the pyrolysis temperature increas-
ing, the precipitation of volatiles and moisture would be
more complete. Thermally unstable components were gradu-
ally lost, and the carbon skeleton was more and more clear.
Hence, PS-750 had more micropores and mesopores than
PS-600. However, when the pyrolysis temperature increased
from 750 to 900 °C, plastic deformation of complex pore
structure and collapse of carbon skeleton happened for the
existence of thermal stress. Besides, some of the minerals
with lower ash melting points began to melt, and the molten
minerals blocked some of the micropores. The micropores
gradually disappeared for the above reasons. This resulted
in a decrease in specific surface area and porosity. Thus,
PS-750 had the most developed pore structure.

TG-MS experiment
Combustion reaction kinetic analysis of samples

The TG/DTG curves of the samples under the combustion
conditions are shown in Fig. 7. In this study, the TG-DTG
method was employed to determine ignition temperature,
maximum mass loss temperature and burnout temperature.
A vertical line was made over the peak point on the DTG
curve. Subsequently, a tangent line was made at the intersec-
tion of the vertical line and the TG curve. The temperature
corresponding to the intersection of the tangent line and the
mass loss starting parallel line was defined as the ignition
temperature (7;). Likewise, the burnout temperature (77,)
was the temperature corresponding to the intersection of
the tangent line and the mass loss ending parallel line. The
temperature corresponding to the peak point of DTG was the
maximum mass loss temperature (T,,,,) [37].

There was no mass loss peak in DTG curves at around
100 °C like other coals, because there was almost no mois-
ture in PS and its semi-cokes. The difference of total mass
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Fig.7 TG/DTG curves of PS and its semi-cokes
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loss between the PS and semi-coke was caused by different
content of ash. It was noteworthy that there were mass loss
peaks at around 700 °C in PS and PS-600, and this sec-
ond mass loss peak did not appear in PS-750 and PS-900.
This mass loss peak must be caused by the decomposition
of CaCOj in ash. The total mass loss of PS was approxi-
mately 55%, whereas the ash composition ratio of PS was
55%, it means that CaCO, decomposed in the course of
combustion.

With the rise in the pyrolysis temperature, T;, T, and
T,,.. of samples, listed in Table 7, increased. There were
three reasons resulting in that high temperature pyroly-
sis semi-coke was difficult to ignite than low tempera-
ture pyrolysis semi-coke. Firstly, the content of volatiles
decreased with the pyrolysis temperature increasing.
Moreover, the degree of graphitization for semi-coke also
increased with increasing temperature. Furthermore, the
proportion of ash became larger when the pyrolysis tem-
perature increased. The presence of minerals hindered
the heat conduction and diffusion of O,. The larger ash
proportion meant the larger resistance of heat and mass
transfer. Hence, the ignite characteristics of semi-coke
gradually worsened with increasing pyrolysis temperature

Table 7 also lists (dm/dt),,,,. Which represents the aver-
age mass change rate during the whole experiment. The
calculation formula is as follows:

(dm) _ 100 — m;

G ; “

The m{/% was the remaining mass ratio after combus-
tion reaction and #/min was the whole reaction time.

It can be seen that the average mass loss rate of PS
was higher than its semi-coke. The (dm/df),,.,, decreased
significantly after pyrolysis. Nevertheless, (dm/d?),,.,,
between three kinds of semi-coke had no obvious dif-
ference. Pyrolysis temperature had little influence on
the average mass loss rate of semi-coke. Increasing the
pyrolysis temperature was more like making the whole
combustion reaction process to high temperature region.
In other words, increasing the pyrolysis temperature only
worsened the ignition characteristics, but almost had no
influence on the burnout of semi-coke. On the one hand, a
well-developed pore structure of semi-coke ensured stable

Table 7 Combustion characteristic parameter of samples

Sample  T/°C  T,,/°C  T,/°C  (dm/df),,,/% min~'
PS 360.1 572 646.8  —0.0394
PS-600 3857 5832 662.5  —0.0308
PS-750  480.1 6187 7141 —0.0295
PS-900 5108  656.3 7383 —0.0318
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combustion after ignition. On the other hand, the high tem-
perature exacerbated combustion reaction.

Release characteristics of gaseous products in samples
combustion

Under combustion conditions of coal, nitrogen-containing
gaseous products include HCN, NH;, NO, NO, and N,O.
The release rates of all gaseous products with a molecular
mass between 0 and 64 could be quantitatively calculated
by ECSA [30-32]. ECSA was a novel method to analyze the
mass spectrum and giving the mass flow rate of all evolved
gases as precise as possible based on the operating principle
of the TG-MS coupling system. As a result, this method
could separate the mass spectrum, eliminated the mass dis-
crimination and temperature-dependent effect, even if there
were some overlaps at the characteristic peak. After calcula-
tion, the release rates of the above-mentioned gaseous pol-
lution were in the same magnitude with interference signal
except HCN and NO. The release curves of main gaseous
products (e.g., CO,, HCN and NO) are shown in Fig. 8.
The release rate of CO, reflected the intensity of the com-
bustion reaction. It was clear that the CO, starting releasing
temperature of PS was lower than semi-cokes. The tempera-
ture at which CO, began to release in semi-cokes increased
with the rise in the pyrolysis temperature. The CO, release
curves of PS and PS-600 had two peaks while there was
only one peak in CO, release curves of PS-750 and PS-900.
The first peak was caused by lots of CO, released from the
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Fig.8 The release curves of main gaseous products

combustion reaction. The second CO, release peak was
caused by the decomposition of CaCO;.

Nitrogen-containing gaseous pollutants were mainly NO
and HCN. Normally, the gaseous precursors of NO were
HCN and NH; [38]. However, the yield of HCN in this study
was much larger than that of NH;, thus NH; could be negli-
gible. The yields of HCN for PS-750 and PS-900 were lower
than PS-600. It was because the presence of CaO promoted
the hydrolysis of HCN by following reaction [39]. That was
the reason why there was less HCN released during the com-
bustion of PS-750 and PS-900.

CaO + 2HCN — Ca(CN), + CO + H, (5)

The smallest maximum release rates of the four samples
were 2.29 x 10~* mg min~! for PS-750 owing to the most
developed pore structure of PS-750. Developed pore struc-
ture prolongs the time for diffusion of HCN from the interior
to the surface of the char particle. Hence, HCN would be
more easily hydrolyzed by the above reaction.

The starting releasing temperature of NO was increased
with the pyrolysis temperature increased. This was because,
during the pyrolysis process, relatively unstable nitrogen
morphology had transformed into pyrolysis gas or more
stable nitrogen morphology with higher combining energy.
During the combustion, the nitrogen binding energy in the
semi-coke was higher, the stability was stronger, and the
release was more difficult.

The maximum NO release rate of PS reached
0.0141 mg min~! when the combustion temperature was
620 °C. Similar to PS, the maximum NO release rate of
PS-600 was 0.0138 mg min~! at 628 °C. However, the
maximum NO release rate of PS-750 and PS-900 was
0.0104 mg min~! and 0.0091 mg min~", respectively, when
the temperature was around 673 °C. On the one hand, the
total nitrogen content was considered the most important
factor affecting the NO emission concentration. Higher
nitrogen content could result in higher NO emission. On
the other hand, the change of ash compounds could not be
ignored. There was no discussion about the effect of alkali
metal due to almost the same content in samples. But the
content of Ca in PS-900 was lower than PS-750, the for-
mation of Ca(CN), preferentially direct the conversion of
fuel-N toward NO during coal combustion [11]. For the
above reasons, the yield of NO decreased with the rise in
the pyrolysis temperature.

In this work, the released HCN would be taken away by
the carrier gas quickly. Therefore, the influence of HCN on
the NO, emission did not reflect. However, there were two
main conversion routes in the actual boiler [38, 40]. One was
the oxidation of HCN via NCO to NO,. Moreover, HCN was
hydrolyzed and converted into NH;. Then, NH; by hydroly-
sis not only led to an additional formation of NO at medium

@ Springer



1252

Y. Xiao et al.

Table 8 The total release amount of main gaseous product

Sample CO,/mg HCN/mg NO/mg /%
PS-600 28.826 0.098 0.169 63.6
PS-750 30.583 0.043 0.123 40.3
PS-900 31.169 0.070 0.118 49.1

temperatures but also to an additional decomposition of NO
at elevated temperatures.

The area under the release curves of gaseous products
represented the total released mass. The total released mass
is obtained by the following formula, and it is exhibited in
Table 8.

= [ (D= Z (G0t 0

M was the total released mass. (dm/df),je.e Was the
release rate of the gas product. The time interval was
0.1 min, and hence, the equation could be changed to the
rightmost form.

Besides, in order to exclude the effect of nitrogen content,
the following formula was used to calculate the conversion
rate of fuel-N to nitrogen-containing gaseous products (NO
and HCN).

_MNo 4 MHCN
M,(NO M,(HCN
W= M XAr(N) 7)
mg X Ny,

The my/g, mycn/g and mg/g represented the total quality
of released NO, HCN and samples, respectively. A, and M,
were the relative atomic mass and relative molecular mass.
N, /% was the content of nitrogen in the sample.

The conversion rate of PS-750 was the lowest due to its
most developed pore structure. On the one hand, a more
developed pore structure meant a longer time for gas diffu-
sion from inferior to surface. The longer residence time was
helpful for the reduction reaction process. On the other hand,
the developed pore structure enhanced the catalysis surface
of the reduction of NO. Therefore, the reduction reaction
of NO was also promoted. Besides, CaO was characterized
by better mobility and higher reactivity, which has a greater
effect on N, formation. Based on the above reasons, the
PS-750 had the lowest conversion rate of fuel-N to nitrogen-
containing gas.

Conclusions
The emission of NO and its precursor, HCN, over semi-coke

with three different pyrolysis temperatures during combus-
tion was investigated in a TG-MS system. The effect of
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pyrolysis temperature on the conversion rates of NO was
also explored in this work. Conclusions can be drawn as
follows:

(1) The nitrogen content in semi-coke gradually decreased
with increasing pyrolysis temperature while the mor-
phology of nitrogen also changed. N-X and X-6 trans-
form to N-Q rapidly when the pyrolysis temperature
exceeded 750 °C owing to the thermal stability of N-Q.

(2) CaO produced by the decomposition of CaCO5 would
appear in PS-750 and PS-900. The presence of CaO
would promote the conversion from HCN to NO.

(3) There was an optimum pyrolysis temperature to maxi-
mize the specific surface area and pore volume of the
semi-coke. Developed pore structure was beneficial to
the conversion of HCN and reduction of NO.

(4) The ignition characteristic of semi-cokes worsened
with the pyrolysis temperature increasing. However,
the burnout of semi-coke was not influenced by the
pyrolysis temperature. Namely, the combustion reac-
tion process moved to a high temperature zone with
increasing pyrolysis temperature.

(5) The yield of HCN during combustion first decreased
and then increased while the pyrolysis temperature
increased. Nevertheless, the yield of NO decreased
with the pyrolysis temperature increasing. Hence, there
was an optimum pyrolysis temperature for the mini-
mum conversion rate of fuel-N to NO and HCN. For
Pingshuo bituminous, the optimum pyrolysis tempera-
ture was 750 °C.
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