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Abstract The reuse of coal gangue for energy recovery is
developing rapidly in China, due to its advantage in
achieving both economic and environmental benefits. Low-
quality coal is often added to elevate the calorific value of
the fuel. In this paper, the combustion characteristics as
well as pollutant emissions (SO, and NO) of coal gangue,
low-quality coal and their blends at different proportions
were investigated by using both thermal analysis and fixed-
bed reactor. Results showed that compared with pure coal
gangue, co-combustion with low-quality coal lowered
ignition and burnout temperature, but only slightly
decreased the activation energy. In regard to pollution
emissions, the coal addition contributed to the tailing peak
of SO, emission during co-combustion, which may influ-
ence the desulfurization process. The co-combustion ele-
vated the NO yield due to high nitrogen content in the coal
used. An increase in char content with increasing coal ratio
in turn promoted a reduction in NO.
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Introduction

Coal gangue is a problematic by-product generated from
the process of mining and beneficiation of coal. It
approximately accounts for 10-15 mass % of coal pro-
duction [1]. Huge quantities of coal gangue has been
stockpiled during decades of coal production and cause
severe environmental impacts, such as acid drainage, heavy
metals leaching as well as atmospheric pollution [2—4].
Since coal gangue usually has certain calorific heating
values, it can be used for energy recovery, which is con-
sidered as an effective way to reduce the disposal cost and
environmental hazards, and to bring economic benefits [5].
As the calorific value of coal gangue is low, it is usually co-
combusted with coal. In China, the utilization of coal
gangue or its blends with coal in energy recovery can
receive subsidies from the government, if the total calorific
value of the fuel is lower than 12.56 MJ kg~ '. The utili-
zation of coal gangue as primary fuel for energy recovery
was up to 140 million tons in 2011 in China [6].

The co-fire of coal with biomass, sewage sludge and
municipal refuse has been attracting great interest recently
[7-11]; however, the studies concerning the co-combustion
of coal/coal gangue are limited. Compared with coal, coal
gangue has high ash content and low carbon content. The
combustion characteristics of coal gangue should be dif-
ferent from that of coal. Besides, the mineral species in
coal and coal gangue may also be of great difference.
These differences may influence the combustion behavior
and efficiency of their blends. It is reported that the syn-
ergistic interactions taking place during the combustion of
different fuels may influence the ignition and burn out
behavior and cannot be estimated from the behavior of the
individual ingredients [12—14]. Therefore, for the better
development of the reuse of coal gangue for energy
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recovery, it is crucial to carry out a systematical investi-
gation on the combustion behavior of coal gangue and coal
blends. Thermo-analytical analysis is one of the most
commonly employed techniques to give a rapid assessment
of the fuel [15]. The thermal behavior and characteristics
parameter of the fuel, such as ignition and burnout tem-
perature, maximum reactivity temperature as well as
kinetics, can be obtained. This information can be used to
predict the combustion behavior of the fuel on larger scale,
allow accurate design of combustion facilities as well as
control the process properly. Hence, a systematic thermal
analysis of coal gangue and coal blend can make an
important contribution for its application in practice.

On the other hand, a growing environmental awareness
has resulted in increasingly stringent regulations on pol-
lution emission. Both coal and coal gangue contain sulfur
and nitrogen, which result in sulfur dioxide (SO,) and nitric
oxides (NO,) emissions [16, 17]. The emission behavior of
the blends of coal gangue and coal has not been reported.
Sulfur in coal and coal gangue can exist in both organic and
inorganic forms [18, 19]. Compared with coal, the content
of organic sulfur in coal gangue is small. Nitrogen in coal/
coal gangue majorly exists in an organic form. The emis-
sion of NOy is greatly influenced by the oxidation of vol-
atile nitrogen and char nitrogen as well as the reduction
reaction on the char surface. The different blending ratios
of coal/coal gangue result in different proportions of vol-
atile and char, which may influence the emission of NO,.
For the sustainable development of coal gangue utilization,
a systematic investigation regarding the pollution emission
of coal gangue/coal blends is also needed.

In response to the booming development of coal gangue
energy recovery coupled with the increasingly stringent
emission regulations, it is important to gain better knowledge
of both the combustion characteristics and pollution emission
behaviors of coal gangue/coal blends. The present study was
therefore motivated. In this work, the combustion behaviors
of coal gangue, low-quality coal and their blends were studied
using a thermogravimetric analysis with differential scanning
calorimetry (TG-DSC) apparatus. The SO, and NO emissions
during combustion of the fuels were investigated on a rela-
tively large-scale tube furnace. The aim of this work was to
give a comprehensive appraisal to the co-combustion of coal
gangue and coal, and the results help to promote the devel-
opment of coal gangue utilization for energy recovery.

Experimental
Materials

The coal gangue (denoted as CG) and coal samples were
both acquired from Pingshuo coal gangue power generation
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plant in Shanxi Province, China. The samples were milled
and sieved to a grain size fraction of 150 um. Proximate
analysis was carried out by a thermogravimetric analyzer
(TGA-701, LECO), and ultimate analysis was performed
by an elemental analyzer (vario Macro CHNS, Elementar).
The chemical compositions of the ash content were deter-
mined by an X-ray fluorescence spectrometer (S4-
Explorer, Bruker). The calorific value was determined by
adiabatic bomb calorimetry (Parr 6400 Calorimeter, Parr).
In this study, coal was blended with coal gangue at mass
ratios of 80:20, 70:30 and 60:40, respectively. To ensure
the homogeneity of each fuel blend, the powder compo-
nents were thoroughly mixed in an agate mortar before
analysis.

Methods
Fourier transform infrared spectroscopy analysis (FTIR)

Fourier transform infrared spectroscopy analysis (VEC-
TOR?22, Bruker) was conducted to investigate the structure
of coal gangue and coal. About 2 mg of sample was co-
grinded with 200 mg KBr in an agate mortar and pressed to
a 13.0-mm-diameter disk for the measurements. The
spectra were recorded in the range of 4,000—400 cm lata
resolution of 2 cm_l, and co-adding of 64 scans was
chosen.

Thermal analysis

The TG, derivative thermogravimetric (DTG) and DSC
analysis of coal gangue, coal and their blends were carried
out using a thermal analyzer (Q600SDT, TA Instruments).
Approximately 10 mg of sample was employed in each
experiment and flatly dispersed in the alumina crucible. A
blank alumina crucible was employed as reference. The
analyses were performed under air atmosphere at constant
flow rate of 100 mL min~". Four linear heating rates of 10,
20, 30 and 40 °C min~! were chosen, and the temperature
ramped from room temperature to 1,000 °C. Repeat
experiments under one testing condition were conducted
three times to examine the reproducibility of the results. In
repeat experiments, 10 mg coal gangue was used and the
thermogravimetric experiments were conducted under a
heating rate of 20 °C min~'. The results of repeat experi-
ments are shown in Fig. SI1 in supporting information. It
can be seen that the TG curves superposed well and the
fluctuation was acceptable.

Pollution emissions experiments

The samples were combusted in a fixed-bed reactor system.
The system majorly consists of a vertical corundum tube
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furnace. The furnace is electrically heated, and the tem-
perature is measured by a thermocouple. The outlet of the
furnace is connected to a flue gas analyzer (Testo pro350,
Testo) by which the release of SO, and NO was measured
simultaneously every 2 s. The furnace was first heated up
and maintained at 850 °C. Then, the samples were quickly
fed into the furnace. For each run, 250 mg of sample was
finely dispersed in a thin layer in corundum crucible which
has a depth of 1 cm and a diameter of 6 cm to improve the
gas—solid contact. The air (purity >99 %, provided by
Qianxi gas company, Beijing, China, Ltd.) supply to the

furnace was kept at a constant flow rate of 1.2 L min™".

X-ray differential analysis (XRD)

The crystalline mineral phases of coal gangue, coal and the
residue ash after combustion tests were identified by means
of a rotary anode X-ray powder diffractometer (D/MAX-
PC 2500, Rigaku). The diffractometer is equipped with a
Cu-target tube, graphite monochromator and Ni filter. The
Cu Ko radiation (A = 0.15406 nm) was generated at a
voltage of 40 kV and current of 100 mA. The continuous
scan mode was used, and the scan range of 26 was over
10-70° with an increment of 0.02°, under the scan speed of
4° min~'. The samples were prepared as random pressed
powder, and the measurements were conducted at room
temperature.

Results and discussions
Characteristics of coal gangue and coal

The proximate and ultimate analyses results of coal gangue
and coal are presented in Table 1.Itcan be seen that compared
with coal, coal gangue yields relatively high ash content, low
volatile and fixed carbon content. The elemental content of
nitrogen in coal gangue is lower than that in coal, while sulfur
in coal gangue is relatively higher than that in coal. The
analyses of the ash composition show that coal gangue and
coal have similar ash compositions. The XRD patterns of coal
gangue and coal are shown in Fig. 1. It can be seen that the
diffraction peaks of coal gangue are more distinctive and
stronger than that of coal. Compared with coal gangue, the
hump on XRD patterns of coal can be clearly observed due to
its high content of amorphous carbon. Despite the structural
difference, the coal gangue and coal samples used in the
present study showed similar mineral components: majorly
kaolinite and quartz. Minor amounts of pyrite and calcite were
also observed in coal gangue and coal, respectively. Since the
coal gangue and coal samples employed were generated from
the same geological origin, it may result in the similarity in ash
compositions. The FTIR spectra of coal gangue and coal
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Table 1 Chemical compositions of coal gangue and coal
CG Coal
Proximate analysis/mass %
Moisture, ad 1.27 3.79
Ash, d 64.96 21.47
Volatile matter, d 16.36 31.61
Fixed carbon, d 18.68 45.93
Ultimate analysis/mass %
C, ad 20.37 60.58
H, ad 2.14 1.41
N, ad 0.60 1.29
S, ad 2.36 1.64
Calorific values/MJ kg ™' 6.47 24.21
Ash composition/mass %
SiO, 49.7 479
Al,O5 43.9 42.8
Fe,03 2.11 4.68
CaO 0.21 2.13
MgO 0.11 0.59
K,O 0.18 0.33
Na,O <0.1 0.14
TiO, 1.50 1.17
—CG

> K —— Coal
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2

C

[

=

i

20/°

Fig. 1 XRD patterns of coal gangue and coal. K-kaolinite (Al,Si,.
0O5(0OH),4), Q-quartz (SiO,), C-calcite (CaCOs), Py-pyrite(FeS,)

(shown in Fig. 2) may help further understanding their dif-
ference in structure. The assignments of the bands are also
labeled in Fig. 2. It can be seen that coal revealed well-
developed carbon-related bands in the range of
3,000-2,600 cm™' as well as 1,800-1,200 cm™'. On the
contrary, coal gangue presented strong ash-related bands at
1,200—400 cm ™! due toits high ash content. The difference in
their structure may lead to the difference of their
combustibility.
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Co-combustion behavior of coal gangue, coal
and the blends

Co-combustion characteristics

The TG, DTG and DSC profiles of coal gangue, coal and
their blends under temperature programmed combustion
obtained at heating rate of 10 °C min~' are shown in
Fig. 3. The influence of heating rates on TG, DTG and
DSC curves is shown in Fig. SI2 in supporting information,
taking sample Coal 30 % as example. It can be seen from
Fig. 3 that the combustion process of coal gangue and coal
can both be divided into four representative regimes for
interpreting. From ambient temperature to 100 °C, corre-
sponds to the evaporation of moisture, i.e., surface water,
bound water and void water [20]. From 100 to 300 °C, the
mass was inconspicuously gained, which was noticeable
for coal, probably due to the oxygen chemisorptions of
carbon and volatile matter [20]. The tiny mass gain indi-
cated the onset of the organic matter combustion. The
combustion process took place at 300-700 °C, which was
manifested by a major mass loss on the TG profiles for coal
and coal gangue. It can be seen from the DTG profiles that
a shoulder slope appears at the beginning of the major
overlapping peak for both coal and coal gangue at
300400 °C. The DSC curves further clearly showed a
peak in the same temperature range. It indicated that the
combustion process was composed of two steps: the
combustion of volatile matter in the interval of 300400 °C
and the combustion of residual char in the interval of
400-700 °C [21].

1
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—OH of kaolinite

Coal
Coal Gangue

Si-Q

4
Si-O streching
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Wavenumber/cm™

Fig. 2 FTIR spectra of coal gangue and coal
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represent exothermic reaction
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The characteristic parameters of the combustion process
of coal, coal gangue and their blends at heating rate of
10 °C min~" are presented in Table 2. As coal has more
content of volatile matter as well as fixed carbon, the mass
loss rate of coal was significantly higher than that of coal
gangue. So was the exothermic peak area. It was also
noticed that both the ignition temperature and burnout
temperature of coal was lower than that of coal gangue.
Therefore, with the co-combustion of coal, the combustion
properties of coal gangue may be elevated in lower ignition
temperature, higher reactivity and better burnout perfor-
mance. The thermal behaviors of the blends in Fig. 3 show
that the combustion properties of blends are more similar to
that of coal gangue. With the increase of coal content in
fuel blends, the ignition temperature and DTG peak tem-
perature become lower and its corresponding mass loss rate
becomes higher. On the other hand, the change in burnout
temperatures of blends with different coal ratio is not sig-
nificant. Compared with other waste materials, coal gangue
and coal show similar thermal behavior in general. It
should be attributed to the similar chemical compositions
of coal gangue and coal. The same geological origin of the
samples used in the present study also contributes to the
similar combustion temperature range. As a consequence,
the furnace problems related to differences between fuels
may be largely reduced.

Kinetics

The reaction rate of heterogeneous solid-state reactions can
be generally described by
do
T = AeE/RT () (1)
dr
where o is the conversion degree, A is the pre-exponential
Arrhenius factor, E is the activation energy, R is the gas
constant, and f () is the reaction model.

For a constant heating rate f§, f = d7T/dt, an integral
form of the reaction model g(a) can be expressed as:

o T

0

The iso-conversional method by Flynn—-Wall-Ozawa is
used for the estimation of the apparent activation energy
(E,). The iso-conversional method allows the calculation of
the activation energy without prior knowledge on mecha-
nism function. Therefore, it provides relatively reliable
insights into the kinetics of complex reaction processes.
The equation of Flynn—Wall-Ozawa method is expressed
as [22-26],

lnﬁzln{ﬂ} —5.331 - 1.052£ (3)
g(0)R RT

The conversion degree o can be derived from TG/DTG
curves of the fuel as follows:

g = mo — Ny (4)
my — Meo

where myg, m; and m,, are the mass of coal gangue at initial,

a time t and after the reaction, respectively. For different o,

the E, was calculated from the slope of lines by plotting In

B versus 1/T.

The plots of In 3 versus 1/T for coal gangue, coal and their
blends at different conversion ratios are shown in Fig. 4. The
activation energy values and the corresponding correlation
coefficient R? for coal gangue, coal and their blends at dif-
ferent conversion ratios are presented in Table 3. It can be
seen that the activation energies for all the fuels had high R
values, which manifested the acceptable accuracy of the
results. The activation energy of coal gangue is significantly
higher than that of coal. As the conversion ratio increases, the
activation energy shows a declining trend in general. The
activation energy of coal decreases more sharply than that of
coal gangue and the blends. The decrease in activation
energy indicates that less energy is required as combustion
proceeds. As the combustion proceeds, the temperature
increases and less carbon matter is left with more porous
structure. Therefore, less energy is needed. Coal has more
carbon structure, as can be seen from FTIR spectra (Fig. 2). It
is easier to ignite and has larger exothermal effect. Therefore,
the activation energy of coal is lower and decreases more
sharply than coal gangue as well as the blends. For samples
Coal 30 % and Coal 40 %, the activation energy slightly
increases at 0.1-0.4 conversion ratio. The slight increase in

Table 2 Characteristic parameters of combustion process of coal, coal gangue and their blends

Sample Ignition 7y/°C DTG peak Tiax/°C DTG ax Rimax/mg oc~! DSC peak Tppax/°C Burn out Ty/°C
CG 457 519 0.37 520 552
Coal 20 % 435 512 0.39 510 545
Coal 30 % 426 493 0.41 490 542
Coal 40 % 424 487 0.46 485 539
Coal 421 482 0.76 480 523
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activation energy should be ascribed to the oxidative pyro-
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Fig. 4 Plots for the determination of activation energy at different conversion ratios corresponding to the combustion of coal gangue (CG), coal

lysis process [27]. It may be due to that the increase in coal

addition results in incomplete combustion of the fuel blends
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at the beginning. However, it seems that the addition of coal

has a limited effect on lowering the activation energy of the
fuel blends.
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Table 3 Activation energy of coal gangue, coal and their blends

Sample o E/KJ mol™! R?

CG 0.1 162 0.98528
0.2 154 0.99919
0.3 151 0.99968
0.4 147 0.99998
0.5 142 0.99971
0.6 138 0.99936
0.7 134 0.99896
0.8 132 0.99808
0.9 137 0.99889

Coal 20 % 0.1 156 0.98579
0.2 146 0.99282
0.3 143 0.9904
04 140 0.98802
0.5 135 0.98864
0.6 130 0.9914
0.7 126 0.99416
0.8 124 0.99587
0.9 123 0.99761

Coal 30 % 0.1 138 0.92705
0.2 145 0.98918
0.3 150 0.99385
04 145 0.99395
0.5 146 0.99504
0.6 139 0.9965
0.7 133 0.99754
0.8 127 0.9971
0.9 122 0.997

Coal 40 % 0.1 151 0.9864
0.2 157 0.99711
0.3 159 0.99662
0.4 155 0.99815
0.5 146 0.99896
0.6 136 0.99904
0.7 130 0.99895
0.8 124 0.99776
0.9 121 0.99752

Coal 0.1 134 0.93405
0.2 130 0.98387
0.3 126 0.98962
0.4 118 0.98325
0.5 106 0.97822
0.6 96 0.97354
0.7 88 0.97249
0.8 83 0.97152
0.9 81 0.96937

SO, and NO emission of coal gangue, coal
and the blends

SO, emission

SO, and NO, emissions are the major environmental
concern associated with the combustion process of fossil
fuel. The SO, emission profiles of coal gangue, coal and
their blends at 850 °C are illustrated in Fig. 5. It can be
seen from Fig. 5 that the SO, emission profiles of coal
gangue and coal are quite different. Sulfur in coal gangue
majorly exists in form of pyrite. Therefore, the formation
of SO, during combustion of coal gangue is mainly gov-
erned by the oxidation of pyrite. As for coal, the situation
may become more complicated. Sulfur in coal may be
present as organic, inorganic and elemental sulfur [28]. It
can be seen that the SO, emission of coal gangue shows a
single sharp peak, while that of coal shows a mild peak
with a shoulder peak at the beginning and a long tailing
peak. It may have resulted from the different occurrence of
sulfur in the fuel. Another possible reason is the different
transformation behavior of the embedded pyrite. The
chemical structure and content of combustible matters are
largely different in coal gangue and coal. It may cause the
difference in local temperature, structure and gas compo-
sitions of the embedded pyrite, which eventually affects its
transformation behavior and SO, emission behavior. In
oxygen-containing atmosphere, the major overall trans-
formation process of pyrite is listed below [29, 30]:

2FCSz(S) +5502(g) — F6203(S) + 4302(g) (5)

In addition, the ferrous sulfate and ferric sulfate may also
form according to the following reactions (majorly Eq. 6):

2500
€
o
<\Cl 2000
9 850 °C
[\ u
"E 1500 CG
Q ——Coal 20 %
S 1000+ ——Coal 30 %
©, —— Coal 40 %
c/O) 500 - —— Coal

0 n T T T T
0 2 4 6 8 10

Time/min

Fig. 5 SO, emission profiles of coal gangue, coal and their blends at
850 °C
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2F652<S) + 702(g) — Fez(SO4)3(S> + SOz(g) (6)
FeSx(s) + 30:(g) — FeSO4(s) + SOz (g) (7)

Compared with coal gangue, coal contains less mineral
content. Therefore, during combustion, the embedded pyrite
is more likely to expose directly to the oxygen, which favors
the formation of ferric sulfate. Due to the large molar vol-
ume of ferric sulfate, it may behave like a shell over the
unreacted pyrite core and partially block the diffusion of
oxygen, which therefore result in the tailing peak on the SO,
emission profile. The SO, emission profiles of the blends are
similar to that of coal gangue, which may be attributed to the
large contribution of sulfur content from coal gangue. With
the increase in coal ratio, the tailing peak can be observed.
The appearance of the tailing peak on SO, emission indi-
cates longer emission time of SO,, which may influence the
desulfurization efficiency in practice.

NO emission

The NO emission profiles of coal gangue, coal and their
blends at 850 °C are illustrated in Fig. 6a. For both coal
gangue and coal, two peaks can be observed on NO
emission profiles. During combustion process, the NO
emission is majorly contributed by the fuel-N conversion
[31]. Since the fuel-N is distributed in both volatile matters
and solid char matrix, the two emission peaks are corre-
sponding to the formation of NO during volatile matter
combustion and residual char combustion, respectively. It
can be seen from Fig. 6a that the NO emission profiles of
coal gangue and coal are largely different. Since coal
contains more volatile matter and fixed carbon than coal
gangue, the volatile NO peak of coal is strong, while that of
coal gangue is weak. It is found that the peak value of char
NO of coal is lower that of coal gangue. According to the
ultimate analyses, the nitrogen content in coal is twice that
of coal gangue. The lower in peak value may be due to the
stronger reduction of NO on the surface of well-developed
char structure of coal.

The total NO yields of coal gangue, coal and their
blends are present in Fig. 6b. The total amount of NO yield
of coal is almost twice that of coal gangue, which is in
accordance with their nitrogen contents. Compared with
pure coal gangue, the co-combustion with coal is found to
elevate in the NO yield, which may pose challenge to its
application. With the increase in coal ratio from 20 to
30 mass %, the generation of NO slightly increases. When
the coal ratio increases to 40 mass %, further increase in
total NO vyield, however, is not observed. The suggested
reason is that the increase in coal ratio provides more char
during combustion process, which in turn promotes the
reduction in NO.
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Characteristics of residue ash

The XRD patterns of residual ash of coal gangue, coal and
their blends after combustion at 850 °C are shown in
Fig. 7. A significant amorphous peak can be observed on
the diffraction patterns for all the residue ash. Since both
coal gangue and coal contain significant amount of kao-
linite, the notable amorphous peak in residual ash belongs
to the semi-crystalline metakaolinite generated after de-
hydroxylation of kaolinite. As the combustion temperature
is relatively low, the further transformation of metakaoli-
nite to mullite is prohibited. As a consequence, the residual
ash would possess sufficient reactivity under appropriate
conditions since it contains the significant amount of non-
crystalline phase. Thus, the residual ash may have good
application in construction materials manufacture, such as
cement, concrete or geopolymer.

Besides, hematite can be found in all the patterns, which
is due to the oxidation of pyrite (Eq. 5). Magnetite is also
observed in the residue ash of coal, which may be ascribed
to the complex transformation behavior of embedded pyrite
[30]. This may also manifest that due to different chemical
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Fig. 7 XRD patterns of the residual ash of coal gangue, coal and the
blends after combustion at 850 °C. A-anatase (TiO,), H-hematite
(Fe;03), Q-quartz (SiO,), Ah-anhydrite (CaSO,) and Ma-magnetite
(Fe304)

compositions of coal gangue and coal, the transformation
behaviors of embedded pyrite would be different. For the
coal has certain content of calcite (shown in Fig. 1), the
lime generated due to decomposition of calcite can react
with sulfur dioxide, which results in the formation of
anhydrite in residue ash of coal. Quartz and anatase, which
are obtained from the raw materials, remain stable. The
involved reactions are shown as follows.

ALO; - 2Si0; - 2H,0 (kaolinite) s Al,O5
- 28i0; (metakaolinite) + 2H,0 (8)

3FeSx(s/1) + (2 + 3x)01(g) — Fe304(s/1) + 3xS0,(g)

2F6304(S) + 0502(g) — 3F6203(S) (
CaCO; — CaO + CO, (11
2Ca0 + 250, + 0, — 2CaS0Oy4 (12

Conclusions

The combustion of coal gangue, coal and their blends at
different proportions was systematically investigated in
regarding to the combustion characteristics and pollution
emission. Compared with coal, coal gangue has low vola-
tile matter, low fixed carbon and high ash content. It was
found that the co-combustion with coal can improve the
combustion performance of coal gangue in lower ignition
temperature and burnout temperature, but can only slightly
decrease the activation energy. In the respect of pollution
emission, compared with pure coal gangue combustion, the

co-fire with coal has limited effect on SO, emission, except
the contribution to the tailing peak. It may influence the
desulfurization process in practice. As coal contains higher
nitrogen content than coal gangue, the co-combustion of
blending fuel elevates the NO yield. Meanwhile, it is
noticed that the increase in char content with increasing
coal ratio in turn promotes the reduction in NO, which
limits the elevation of NO yield with increasing coal
content.
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