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Abstract In the process of pyrolysis and combustion of
coal particles, coal structure evolution will be affected by
the ash behavior, which will further affect the char
reactivity, especially in the ash melting temperature zone.
Lu’an bituminous char and ash samples were prepared at
the N2 and air atmospheres respectively across ash melting
temperature. A scanning electron microscope (SEM) was
used to observe the morphology of char and ash. The
specific surface area (SSA) analyzer and thermogravi-
metric analyzer were respectively adopted to obtain the
pore structure characteristics of the coal chars and
combustion parameters. Besides, an X-ray diffractometer
(XRD) was applied to investigate the graphitization degree
of coal chars prepared at different pyrolysis temperatures.
The SEM results indicated that the number density and
physical dimension of ash spheres exuded from the char
particles both gradually increased with the increasing
temperature, thus the coalescence of ash spheres could be
observed obviously above 1100°C. Some flocculent
materials appeared on the surface of the char particles at
1300°C, and it could be speculated that β-Si3N4 was
generated in the pyrolysis process under N2. The SSA of
the chars decreased with the increasing pyrolysis tempera-
ture. Inside the char particles, the micropore area and its
proportion in the SSA also declined as the pyrolysis
temperature increased. Furthermore, the constantly
increasing pyrolysis temperature also caused the reactivity
of char decrease, which is consistent with the results
obtained by XRD. The higher combustion temperature
resulted in the lower porosity and more fragments of the
ash.

Keywords bituminous char, pyrolysis, ash, structure
evolution, reactivity

1 Introduction

Coal, as one of the major fossil energies, greatly supports
the global economy development. In the Asian-Pacific
region, coal is especially the most reserve-abundant and
widely-used fossil energy. According to the data of “BP
Statistical Review of World Energy,” the coal consumption
of Asian-Pacific region in 2018 accounted for 75.3% of its
total energy consumption [1]. For a long time to come,
coal-fired power generation will still be one of the most
mature and effective ways to generate electricity. However,
slagging and fouling problems exist in most of coal-fired
power plants to varying degrees [2–4]. In detail, slagging is
resulted from the deposition of the molten ash on the boiler
furnace which is exposed to the flame radiation while
fouling is caused by the deposition of the non-molten ash
on the lower-temperature convection heating surface [5].
Furthermore, for some slag tapping boilers, whether the
char particles could have a stable wall-adherent combus-
tion also relies on the characteristics of the slag [6,7]. The
smooth operation and long-term running of the boiler
strongly depend on the steady and reliable removal of the
slag [8]. In a word, all these issues could be classified as
“ash-related problems” [9–13] whose solution greatly
depends on the clear cognition of ash fusion behaviors.
In the char-ash/slag transition process, the ash fusion

behaviors play an important role. On the one hand, some
minerals in the ash can catalyze the conversion of coal
char. On the other hand, the molten ash will block some
pores and hinder the reaction of carbon. However, it is very
difficult to directly obtain the effect of ash fusion behaviors
on char characteristics. Therefore, most researchers [14–
18] chose the reaction temperature as the index of ash
fusion extent and studied the variation of microscopic
morphology, specific surface area (SSA) and porosity,
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gasification or combustion characteristic indexes, crystal-
line structure, functional groups etc. with the increase of
reaction temperature by scanning electron microscope
(SEM), thermogravimetric analyzer (TGA), SSA, X-ray
diffractometer (XRD) and Fourier transform infrared
spectrometer (FTIR) etc., respectively. Lin et al. [19]
proposed that temperature affected char characteristics
mainly in the decrease of micropore surface area,
incomplete diffusion, ash fusion, and carbon-ash reactions,
of which “ash fusion” is the most important. They found
that the SSA of the micropores and mesopores of coal char
decreased with the increased char-making temperature,
because the molten ash could easily cover the micropores
and mesopores, while the SSA of macropores hardly
varied for the fact that the whole volume of ash is far less
than that of the macropores, thus ash fusion had little effect
on the SSA of macropores. Ding et al. [20] also agreed
with the fact that ash fusion temperature was a very
important parameter during the gasification process, and
they obtained the threshold value of gasification conver-
sion (x = 0.9) for Yunnan lignite and Shenfu bituminous
when the gasification temperature was higher than the ash
fusion temperature. Wu et al. [21] studied the effect of ash
fusion on the gasification reactivity and found that the
molten ash would adhere to the surface of the char, which
restricted the further gasification reaction. Liu et al. [22]
found that the SSA of char particles with a lower ash fusion
point decreased with the pyrolysis temperature increasing
and ash accumulation was observed, but this variation was
opposite and no accumulation significance existed for char
particles with a higher ash fusion point. However, the
variation of ash behaviors in char across ash melting
temperature zone, the effect of different ash fusion extent
on the porosity structure, and the reactivity of char are still
not clear. Thus, further experimental research should be
conducted with the help of SEM-energy dispersive
spectrometer (SEM-EDS) to clearly observe the exudation
and accumulation of ash spheres, by which the results of
SSA and TGA of char with char-making temperature
increasing could be deeply understood.
Variable ash fusion behaviors of the char prepared in

different pyrolysis temperatures give rise to the difference
of the char micro structure, accordingly the combustion
reactivity of coal chars are different [23]. Tang et al. [24]
found that the rising pyrolysis temperature would lead to
the increase of ignition temperature (IT) and t0.5 which
referred to the corresponding temperature of 50% weight
loss of the fixed carbon, meanwhile the char reactivity
declined in this process. Wang et al. [25] studied the

pyrolysis characteristics of rice straw, coke and coal,
whose results showed that both the ignition and burn-out
points would be delayed with the pyrolysis temperature
rising, and the combustion reactivity would decline as
well, while the pyrolysis temperature had no obvious effect
on the char reactivity of rice straw. Most researchers
mainly focus on the interaction between preparing
temperatures and reactivity of the coal char; however, the
char structure characteristics including the SSA and their
effects on char reactivity are also the key issues of the
reaction kinetics.
Bituminous coal, as the most important, widespread, and

abundant coal in the world [26], is often used primarily as
fuel in steam-electric power generation [27]. In this paper,
Lu’an bituminous coal was studied and the char particles
were prepared on a fixed bed reactor in N2 atmosphere at
different temperatures across the ash melting temperature
zone, and the SEM, SSA analyzer, TGA and XRD were
used to obtain the micro morphology, SSA, combustion
characteristic parameters and graphitization degree.
Besides, the ash prepared under air atmosphere at different
temperatures was also observed by SEM to get the effect of
combustion temperature on ash particles. With those
analyses, the ash fusion behaviors on coal char character-
istics in the pyrolysis and combustion process could be
further understood, which provides a theoretical basis for
the solution of ash-related problems in the operation of
coal fired power plants.

2 Experiment

2.1 Coal sample

Lu’an bituminous coal was used in the present study due to
its huge reserves in Shanxi Province, China. Lu’an coal
was air-dried at 105°C, milled and sieved to a size of 91–
125 μm. Table 1 shows the proximate analysis, ultimate
analysis (5E-MAG6600 analyzer, China), and ash fusion
characteristics (HR-8 ash fusion point meter, China) of
Lu’an bituminous coal and ash. The ash composition as
shown in Table 2 was analyzed by using the semi micro
chemical analysis method and the atomic absorption
method according to Chinese Standard GB/T1547-2007.

2.2 Experimental device and procedure

Char and ash samples were prepared on the experimental
device as shown in Fig. 1. The furnace was heated by

Table 1 Analyses of Lu’an bituminous coal and ash (air-dried basis)

Proximate analysis/wt% Ultimate analysis/wt% Ash fusion temperature t/°C

Mad Aad Vad FCad Cad Had Nad Sad Oad* DT ST HT FT

6.83 10.92 31.78 50.47 61.35 2.97 0.57 0.14 17.22 1140 1180 1190 1200

Notes: M—moisture; A—ash; V—volatile; FC—fixed carbon; ad—air-dried; DT—deformation temperature; ST—softening temperature; HT—hemispherical
temperature; FT—flow temperature. *Calculated by difference.
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electric heating components and controlled by a tempera-
ture-programmed controller. Two mass flow controllers
were used to regulate the flowrate of N2 and O2. First, the
empty furnace was pre-heated to a preset temperature and
the specified gas was injected beforehand to expel the air in
the reaction tube with a total flow rate of 1 L/min. About
1.5 g of parent Lu’an coal was paved uniformly at the
bottom of the corundum boat with a thickness of 1 mm.
The corundum boat was put into the preparing section for
preheating, and then moved to the heating section which
was preheated to the reaction temperature at the set heating
rate, and finally pushed to the cooling section after
pyrolysis and combustion. The heating temperature was
in the range of 900°C to 1300°C at the interval of 100°C,
according to the ash fusion temperature. The residence
time was 1 h in pure N2 for char preparing and 40 min in
79%N2/21%O2 for ash preparing.

2.3 Analysis methods

The coal char and ash samples prepared were analyzed by
the SEM-EDS and SSA analyzer, while the varieties of
combustion reactivity and the graphitization degree of coal
chars with pyrolysis temperature were respectively studied
by TGA and XRD.

2.3.1 SEM-EDS analysis

A field emission SEM (SEM JSM-6390A, Japan) equipped
with an EDS manufactured by JEOL Ltd. was used to
observe the surface morphology of char/ash samples by

operating SEM at an accelerating voltage of 15 kV, beam
spot size of 40 nm, and working distance of 10 mm in Z
direction. EDS was used for the qualitative element
identification and semiquantitative elemental analysis at
the selected local area of char/ash samples surface.

2.3.2 SSA analysis

A Rise-1010 automatic SSA analyzer was used to measure
the SSA and micropore area of samples through the low
temperature nitrogen physical adsorption. The Rise-1010
had a high precision for the porous sample whose SSA is
larger than 0.001 m2/g.

2.3.3 Thermogravimetric analysis

A SETARAM Labsys Evo simultaneous thermogravi-
metric analyzer made in France was used to characterize
the reactivity of char samples. A thermogravimetric
analysis was performed under non-isothermal conditions
with a heating rate of 10°C /min from ambient temperature
to 1200°C. The char sample (10.0�0.1 mg) was used in
each run in 15%O2/85%N2 flow of 60 mL/min. The
combustion characteristics parameters of char were
obtained by TG/DTG curves to reveal the change of char
reactivity.

2.3.4 X-ray diffraction analysis

The XRD was occupied to give the carbon crystalline
structure of coal char prepared at different temperatures.

Fig. 1 Experimental setup of fixed bed for bituminous char/ash preparing.

Table 2 Ash composition analysis of Lu’an bituminous coal

Ash composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3

Content/wt% 36.75 16.32 6.46 27.54 2.74 2.90 0.24 0.94 3.70
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X-ray diffraction patterns was recorded on an X’pert Pro
XRD operating at 40 kV and 40 mAwith Cu Kα radiation
over 10°–90° with a wavelength of 1.5406 Angstrom. The
scanning speed and step size are 4°/min and 0.02°,
respectively.

3 Results and discussion

3.1 Effect of pyrolysis temperature on char structure
evolution

3.1.1 Effect of pyrolysis temperature on micro-morphology
of bituminous char

Temperature is one of the controlling factors for coal
conversion, which influences the variation of crystallite
structure and the evolution process of the structure, such as
the sintering and ash melting process of char. Figure 2
demonstrates the char yield of Lu’an bituminous coal at
different pyrolysis temperatures. The char yield decreases
gradually with the increasing pyrolysis temperature, but
decreases sharply in the range of 1200°C–1300°C, which
may be related to the decomposition reaction of sulfate
minerals in char [15]. To investigate the exudation and
coalescence of ash in char evolution process across ash
melting temperature zone, the char prepared at different
temperatures were observed by the SEM. The micro-
morphology of parent coal and chars prepared in N2 are
depicted in Fig. 3.

The sizes of the chars produced are almost the same as
that of parent coal in Fig. 3, which suggests that Lu’an
bituminous coal has a high thermal stability and the
fragmentation does not occur in the heating process of the
particles. However, the brightness of char particles
increases significantly compared to that of parent coal.
To understand this phenomenon, the char was observed

with the SEM under high magnification, whose results are
exhibited in Fig. 4.
The highlight areas marked with squares in Fig. 4 exist

in all the char particles prepared at different pyrolysis
temperatures. The dense arrangement of the highlight areas
results in higher brightness of the char than that of the coal
particles in the SEM horizon. Taking the char prepared at
900°C for example, qualitative analysis was performed on
the element composition of none-highlight area (hexagon
area 001) and highlight area (square area 002) by the EDS,
whose results are given in Table 3, in which the errors of
mineral element measurement meet the Chinese Standard
of GB/T17359-1998. The content of mineral elements,
such as Mg, Ca, Fe etc., are apparently higher than that of
the none-highlight area. The elements above mentioned
mainly exist in the mineral of the char, which would
transform into ash under high-temperature thermal treat-
ment. Both the higher hardness and larger average atomic
number lead to the higher brightness of the secondary
electron image than that of the organic macerals [28].
Thus, the higher content of ash on the surface of the coal
char results in the emergence of the highlight area in Fig. 4.
In the heating process of coal char across the ash melting

temperature, the ash with different fusion points succes-
sively exudes on the surface of the char through the pore
channel and forms ash spheres one after the other. As
displayed in Fig. 4, when the pyrolysis temperature is
900°C, fixed carbon account for a huge share on the
surface of coal char while the content of highlighted ash is
much less. The shape of the ash is still irregular. When the
pyrolysis temperature rises to 1000°C, some ash spheres
appear on the surface of the coal char. Compared with the
ash at 900°C, the number density of the ash spheres in char
is obviously higher while the enlargement of the physical
dimension is not evident. When the pyrolysis temperature
increases to 1100°C, a large number of ash spheres with
larger particle sizes could be observed by the SEM. As the
pyrolysis temperature further increases, both the density
and physical dimension of the ash spheres exuded from the
char gradually increase. Meanwhile, the difference of
physical dimension between different ash spheres is
gradually growing. When the pyrolysis temperature rises
to 1300°C, the fusion phenomenon of the ash exuded from
the coal char appears and the adjacent ash spheres coalesce
to form larger ash pellets.
Besides, it can be seen from Fig. 3(f) that some

flocculent substance emerged on the surface of coal char
in the SEM horizon. To clearly observe these flocculent
substances, the magnification times of 200, 2000, and 5000
of SEM were employed and the results are presented in
Fig. 5.
As can be observed in Fig. 5, the needle-like materials

form a dense net structure in the way of crossover and
conglutination. To find out the specific components of the
needle-like materials, the EDS was employed on the
needle-like materials abundant zone (003) and needle-like

Fig. 2 Char yield of Lu’an bituminous coal at different pyrolysis
temperatures.
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materials non-abundant zones (004 and 005), and the
results are listed in Table 4.
Table 4 shows that the mass percentage of N and Si

elements in needle-like materials abundant zone (003) in
Fig. 4 are as high as 17.13% and 54.77%, respectively,
while the mass percentage of C element is only 23.74%.
However, the mass percentages of C element in the non-
abundant zones (004 and 005) of needle-like materials are
both higher than 70%, while the content of N and Si
elements are much lower than that in the abundant zone
(003) of needle-like materials, especially for N element,
which is rarely subsistent according to the EDS results.

Therefore, the elements of N and Si should be responsible
for the emergence of needle-like materials.
As previously mentioned, the element content of Nad in

Lu’an bituminous char is only 0.58%. Therefore, it can be
speculated that such a huge N content must be derived
from the inert pyrolysis N2 atmosphere. For this reason, the
C and SiO2 of coal char might react with the N2 of
pyrolysis atmosphere under certain high temperature
conditions. The reaction equation might be

3SiO2 þ 6Cþ 2N2↕ ↓Si3N4 þ 6CO (1)

Fig. 3 Micro-morphology of parent coal and char.
(a) Raw coal; (b) char prepared at 900°C; (c) char prepared at 1000°C; (d) char prepared at 1100°C; (e) char prepared at 1200°C; (f) char prepared at
1300°C.

Fig. 4 Effect of pyrolysis temperature on char behavior.
(a) Char prepared at 900°C; (b) char prepared at 1000°C; (c) char prepared at 1100°C; (d) char prepared at 1200°C; (e) char prepared at 1300°C.

18 Front. Energy 2021, 15(1): 14–25



There are two types of Si3N4 crystals [29], one type
being α-Si3N4 and the other being β-Si3N4, which are

granular and needle-like in microcosmic view, respec-
tively. According to the characteristics of the Si3N4 crystal
in the experiment, this needle-like material should be β-
Si3N4. To verify this speculation, the thermodynamic
equilibrium software—FactSage was employed to calcu-
late the results of 6 mol C and 3 mol SiO2 in 2 mol N2

atmosphere, whose results are shown in Fig. 6.
The results of FactSage indicated that Si3N4 and CO

were generated in this reaction. As the pyrolysis
temperature rose, the Gibbs free energy (ΔG) decreased
linearly, which was consistent with the result that the
chemical equilibrium gradually shifted toward the genera-
tion of Si3N4. When the pyrolysis temperature was
1200°C, the quantity of Si3N4 produced from the above
reaction was merely 0.0296 mol. However, when the
pyrolysis temperature increased to 1300°C, the quantity of

Table 3 EDS analysis of non-highlighted area (001) and highlighted
area (002)

Elements
Mass percentage of element/%

Non-highlighted area (001) Highlighted area (002)

C 64.96�2.53 28.85�0.81

O 10.31�1.85 32.37�0.69

Mg 0 1.04�0.08

Al 1.79�0.36 1.56�0.09

Si 12.53�1 11.56�0.24

Ca 8.99�1.14 23.34�0.42

Fe 0 1.01�0.23

Fig. 5 SEM analysis of flocculent substance.
(a) � 200; (b) � 2000; (c) � 5000.

Table 4 EDS analyses on needle-like materials abundant zone (003) and needle-like materials non-abundant zones (004 and 005)

Elements
Mass percentage of element/%

Needle-like materials abundant zone (003) Needle-like materials non-abundant zone (004) Needle-like materials non-abundant zone (005)

C 23.74�0.28 75.52�0.23 83.65�0.25

N 17.13�0.82 0 0

O 1.66�0.38 3.29�0.98 4.35�1.69

Al 0.99�0.12 0.74�0.29 0.49�0.49

Si 54.77�0.14 18.19�0.32 10.18�0.54

Ca 1.24�0.36 1.54�0.77 0.98�1.26

Fig. 6 Reaction of C and SiO2 in N2 atmosphere at different temperatures.
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Si3N4 rapidly rose to 0.114 mol, nearly three times higher
than that of 1200°C. The results could well explain the
reason for the emergence of plenty of needle-like materials
in 1300°C in N2 atmosphere.
To further verify whether the formation of needle-like

substance was caused by the N2 of the pyrolysis
atmosphere, the Ar atmosphere was used to replace the
N2 atmosphere on original fixed bed experimental setup to
obtain the coal char in 1300°C. Figure 7 exhibits the SEM
images of the coal char prepared in Ar atmosphere at
1300°C.
As shown in Fig. 7, when the pyrolysis temperature was

1300°C, the surface morphology of coal char prepared in
N2 and Ar atmosphere was basically similar, except the
fact that none needle-like materials were generated on the
surface of the char particles prepared in Ar atmosphere.
Therefore, the needle-like materials are further verified to
be Si3N4 crystal.

3.1.2 Effect of pyrolysis temperature on SSA of bituminous
char

The SSA and pore diameter are two important parameters
of coal char in its structure evolution process. Under-
standing the variation mechanism of the two parameters
abovementioned has a great significance in describing the
reactivity of char and obtaining the combustion rate [30].
Many researchers [31–34] have studied the pore size
classification for many years. Based on the physical
adsorption capability and capillary condensation theory
[35], the International Union of Pure and Applied
Chemistry (IUPAC) divided the pores into three categories:
micropores (d< 2 nm), mesopores (d = 2–50 nm), and
macropores (d> 50 nm) [36].
The Rise-1010 SSA analyzer was used to measure the

SSA and micropore area (MIA) of the coal char prepared in
the pyrolysis process at different temperatures across the
ash melting temperature zone. Then, by using Eqs. (2)–(4),
the percentage of the micropore area (PMIA), the sum of
the mesopore area and the macropore area (MEA&MAA),
and the sum percentage of the mesopore area and the
macropore area (PMEA&PMAA) of the coal char are
respectively figured out to clarify the variation mechanism
of SSA and the pore structure of coal char with pyrolysis

temperature increasing. Figure 8 gives the effect of
pyrolysis temperature on SSA of char particles in N2

atmosphere while Figs. 9 and 10 respectively show the
variation of MIA, MEA&MAA, and their percentage
accounting for the SSA as pyrolysis temperature increas-
ing.

PMIA ¼ MIA

SSA
� 100%, (2)

MEAþMAA ¼ SSA –MIA, (3)

PEMAþ PMAA ¼ MEAþMAA

SSA
� 100%

¼ 1 – PMIA:
(4)

The SSA of coal char decreases with pyrolysis
temperature increasing across ash melting temperature
zone in Fig. 8. When the pyrolysis temperature is 900°C,
the SSA of coal char is 188.25 m2/g; but when the
pyrolysis temperature rises to 1300°C, the SSA of coal
char decreases to 42.44 m2/g. The SSA variation of coal
char could mainly be caused by the transformation of pore
structure, especially for micropores, which are very
difficult to be directly observed by the SEM, thus the gas
adsorption method is a feasible and accurate way to
measure the micropores of the char to speculate the pore
structure evolution in the pyrolysis process. Seen from
Fig. 9, both the MIA and MEA&MAA decrease with the
pyrolysis temperature increasing, which collectively leads
to the decline of the SSA of coal char, just as Fig. 8 shown.
Besides, the variation range of MIA is much larger than
that of MEA&MAA, which demonstrates that in the
pyrolysis process of coal char across the ash melting
temperature zone, the sharp decline of the micropore area
is the dominant factor for the decrease of the SSA of coal
char. Meanwhile, combining with the results of Fig. 10, it
is easy to see that with the pyrolysis temperature rising,
PMIA is gradually decreasing while the tendency of

Fig. 7 SEM images of coal char prepared in Ar atmosphere.
(a) � 100; (b) � 2000.

Fig. 8 Effect of pyrolysis temperature on SSA of coal char.
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PMEA&PMAA is just opposite. Connecting with the SEM
images in Section 3.1.1, it is reasonable to infer the
evolution of the pore structure in the pyrolysis process:
with the increase of pyrolysis temperature, the micropores
of coal char continuously collapse or coalesce. As a result,
numerous micropores on the one hand might be filled or
covered by the molten ash; on the other hand, some of the
micropores transform into mesopore or macropore, which
leads to the increase in the average pore diameter. All
abovementioned factors contribute to the variation of the
SSA and pore structure evolution of coal char in the
pyrolysis process.

3.1.3 Effect of pyrolysis temperature on combustion
reactivity of bituminous char

Both the SSA and pore structure of char at a high
temperature influence the reactivity and combustion rate of
char [30]. To obtain the combustion reactivity of coal char

with the pyrolysis temperatures across ash melting
temperature, a thermogravimetric analysis was performed
on a LabsysEvo simultaneous thermal analyzer. Figure 11
shows the TG and DTG curves. The tangential line method
[37,38] was used to obtain the IT and the burnout
temperature (BT) of char. The ignition temperatures (ITs)
and burnout temperatures (BTs) of coal char prepared at
different pyrolysis temperatures are exhibited in Fig. 12.
As can be noticed in Fig. 12, the ITs and BTs of char

increase with pyrolysis temperature increasing. The
ignition and burnout of char postpone for high temperature
pyrolysis. One reason for this is that as the pyrolysis
temperature increases, the ordering of the char crystallinity
increases. The other reason is that SSA is also an important
factor; the char with a higher SSA has a lower IT. This IT
trend is consistent with the SSA results in Fig. 8.
Many scholars [39–41] applied XRD to analyze the

microcrystalline structure characteristics of coal char and
correlated the reactivity of coal char with the crystallite
structure parameters. The interplanar spacing d002 and the
graphitization degree G of the carbon crystallites are
calculated according to the Bragg equation [40] and the
Mering-Maire formula [42], and are defined as Eqs. (5) and
(6), respectively.

d002 ¼
l

2sin  �002
, (5)

G ¼ 0:3440 – d002
0:3440 – 0:3354

� 100%, (6)

where d002 is the interplanar distance of the carbon (002)
plane, q002 is the half angle of the diffraction angle of the
corresponding 002 peak on XRD, l is the X-ray diffraction
wavelength, G is the graphitization degree, 0.3440 is the
completely non-graphitized interplanar distance of carbon,
and 0.3354 is the interplanar distance of the ideal graphite
crystal. The larger capitalized G means the higher degree
of graphitization of the coal char, which then leads to the
decreasing of the reactivity. Table 5 listed the interplanar
distance d002 and graphitization degreeG of chars prepared
at different pyrolysis temperatures.
As can be noticed in Table 5, with the increasing of

pyrolysis temperature, the interplanar distance d002 of coal
char crystallites decreases, the coal microcrystal structure
steadily develops orderly, the graphitization degree G
gradually increases, and the combustion reactivity of coal
char decreases. This is consistent with the change of the IT
and BT of coal char particles with the pyrolysis
temperature. Considering the pore structure evolution
abovementioned, it can be concluded that part of the
micropore will collapse, coalescence, or be blocked by the
exuded molten ash inside or at the entrance of pore at high
pyrolysis temperature, which will result in the decrease of

Fig. 9 Effect of pyrolysis temperature on MIA and MEA&MAA
of coal char.

Fig. 10 Effect of pyrolysis temperature on PMIA and PMEA&
PMAA of coal char.
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micropore area and the decrease of total surface area of
char particle. Therefore, the reactivity of char varies with
the pyrolysis temperature.

3.2 Effect of combustion temperature on micro-morphol-
ogy of bituminous char

Coal particles undergo a series of complex processes
including devolatilization, carbon polycondensation, and
ash sintering and melting when entering the furnace in the
air atmosphere (79% N2/21% O2). The combustion
temperature is an important factor affecting the ash
morphology. To obtain the effect of combustion tempera-

ture on coal char structure evolution across ash melting
point, the ash samples were prepared on the fixed bed
under 79% N2/21% O2 at different temperatures and
observed by the SEM. From Table 1, it can be seen that the
FT of the ash of Lu’an coal is 1200°C. The coal ash sticks
to the bottom of the corundum crucible due to the ash
fusion. Therefore, the microstructure of the ash cannot be
observed by the SEM when combustion temperature is
over 1200°C. The microscopic images of the samples of
coal ash prepared at 900°C–1100°C for 40 min in air
atmosphere are given in Fig. 13.
The SEM images with the magnification of 100 times in

Fig. 13 show that the average size of coal ash particles

Fig. 11 TG/DTG curves of char prepared at different temperatures.
(a) 900°C; (b) 1000°C; (c) 1100°C; (d) 1200°C; (e) 1300°C.
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shrinks as the combustion temperature increases. The
shrinkage in rice straw char was also observed by Ding
et al. in the in situ heating stage [43]. With the intention of
getting a more detailed morphology, the ash particles were
observed by the SEM at a magnitude of 2000 times. The
pore structure was well developed when combustion
temperature rose to 900°C. When combustion temperature
increased to 1000°C, the initial softening and deformation
of coal ashes could be observed under the SEM, with the
gradually rounding of ash sharp edge or tip and the

decrease of porosity. Thus, it is reasonable to speculate that
the collapse and combination of ash pores occur. When the
combustion temperature rose to 1100°C, the particles
began melting obviously, less pores were observed at a
magnitude of 2000 times SEM and the particle tended to be
round and dense, which may account for the fact that the
size of ash particle decreases with increasing combustion
temperature.

4 Conclusions

In this paper, the effect of temperature on Lu’an
bituminous coal in pyrolysis and combustion was
investigated. Limited by the experimental conditions,
only Lu’an bituminous coal was selected, while different
ash compositions and changes in coal quality might also
affect the structure evolution behavior of bituminous coal
char. Therefore, it is necessary to expand the experimental
coal and conduct further research. The morphology of char
prepared in N2 and ash prepared in air atmosphere across
ash melting temperature were observed by using the SEM-
EDS. The SSA and TGAwere used to obtain the porosity
and combustion kinetics of char combustion. XRD was
performed to get the graphitization degree of char. The
conclusions are drawn as follows:
The number density and physical dimension of ash

spheres exuded on the surface of char particles increase

Fig. 12 ITs and BTs of coal char at different pyrolysis
temperatures.

Fig. 13 Morphology of coal ash at various combustion temperatures.
(a) Char prepared at 900°C ( � 100); (b) char prepared at 1000°C ( � 100); (c) char prepared at 1100°C ( � 100); (d) char prepared at 900°C ( � 2000);
(e) char prepared at 1000°C ( � 2000); (f) char prepared at 1100°C ( � 2000).

Table 5 Comparison of combustion reactivity of coal chars prepared at different pyrolysis temperatures

Pyrolysis temperature/°C 900 1000 1100 1200 1300

d002/nm 0.34205 0.3411 0.34048 0.33968 0.33899

G/% 22.67 33.72 40.93 50.23 58.26
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gradually, and the coalescence behavior of the ash spheres
can be observed more frequently and obviously with the
increase of pyrolysis temperature. The flocculent materials
on the surface of the char are formed by the mutual
adhesion of the needle-like materials at the pyrolysis
temperature of 1300°C. It is speculated that the coal
particles formed β-Si3N4 in N2 atmosphere.
The increase of pyrolysis temperature directly leads to

the SSA decrease of coal char, meanwhile the micropore
area and its proportion in SSA of coal char also
continuously declines. The sum area of mesopore and
macropore also decreases, while their proportion appears
to have the opposite tendency compared with the
micropores. The collapse or coalescence of the micropores
in coal char might occur, resulting in the fact that plenty of
micropores in char transform into mesopores or even
macropores.
The increasing pyrolysis temperature results in the

increase of the ITs and BTs of the char combustion
reaction, with the apparent activation energy and the
graphitization degree G rising, both of which represent the
reactivity decline of char.
With the increase of combustion temperature, the

particles tend to be compact, which can be obviously
reflect from the decrease of the particle size and the
porosity of the coal ash particles.
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