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Abstract Thermal behavior and kinetics analysis of coal-
gangue sample selected from Inner Mongolia Autonomous
Region in China were investigated by using thermo-
gravimetry—derivative thermogravimetry, X-ray diffraction
(XRD) analysis, and Fourier transform infrared (FT-IR)
spectroscopy. The mineralogy of coal-gangue was mainly
determined as kaolinite, quartz, and boehmite. The XRD and
FT-IR results showed that the structure change in coal-
gangue with the temperature increased. The structure
parameters of the microcrystal carbon in coal-gangue sam-
ple, including interlayer spacing (dy,), average lateral sizes
(L,), stacking heights (L.), and aromaticity (f,), were calcu-
lated based on XRD data. With the increase in temperature,
the values of dyg> and L, decreased from 3.982 and 0.223 to
3.373 and 0.198 nm, respectively; however, the values of L.
andf, increased from0.111 and 0.633t0 0.156 and 0.852 nm,
respectively. The average activation energy of coal-gangue
was 102.66 and 103.73 kJ mol ', respectively, based on the
Coats—Redfern and Flynn—Wall-Ozawa method.

Keywords Coal-gangue - Thermal behavior - Microcrystal
carbon - Kinetic

Introduction

Coal-gangue is generated from the process of mining and

beneficiation of coal, which accounts for approximately
10-15 mass% of coal production [1]. Coal-gangue, as one
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of the largest sources of industrial solid waste in china,
causes damage to environment, including acid drainage,
heavy metals leaching as well as atmospheric pollution
[2, 3]. Coal-gangue usually could be used as an energy
material due to its certain heating values. The combustion
behavior of coal-gangue has been investigated in previous
studies [4, 5]. Many investigations focused on the effect of
various atmospheric conditions on the ignition perfor-
mance, the combustion performance, and the kinetic
parameters of coal-gangue selected from different regions.
Meng et al. found that combustion behavior of coal-gangue
in oxy-fuel condition differed from that in air condition,
which showed that the ignition of coal-gangue in the CO,/
O, conditions is delayed compared to that in the N,/O,
condition [4]. Ren et al. have studied that characteristic
combustion parameters of coal-gangue increased with
decreasing O, concentrations, while the maximum and
average combustion rates presented decreased tendency
[6]. The mass loss decreased, while comprehensive com-
bustion characteristic index increased slightly when CH,
presented in the combustion atmosphere with equivalent O,
concentration. Many studies pointed out that the com-
bustible matter content had a significant effect on ignition
and combustion of coal-gangue. The combustion behavior
of high-ash coal-gangue is affected by both combustion
conditions and structural properties. However, the effect
mechanism of structural properties on coal-gangue com-
bustion behavior is not very clear and need to be investi-
gated. Different instrumental techniques, including X-ray
diffraction (XRD) and Fourier transform infrared (FT-IR)
spectroscopy, have been used to investigate the combustion
behavior and transformation of coal-gangue heated at dif-
ferent conditions [7, 8]. The fraction of aromaticity (f,),
interlayer spacing of the crystalline structure (dyg;), and
crystallite sizes (L,, L.) have been used as structural
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parameters to evaluate the carbon stacking structure in
carbon materials, which can be determined from the
intensities of the characteristic diffraction peaks of coal-
gangue [9].

In this paper, the thermal behavior of coal-gangue
selected from Inner Mongolia Region in China was
investigated by thermogravimetry—derivative thermo-
gravimetry (TG-DTG), X-ray diffraction (XRD) analysis
and Fourier transform infrared (FT-IR) spectroscopy, and
the thermal kinetics parameters of coal-gangue sample
were calculated by the Coats—Redfern and Ozawa—Flynn—
Wall methods.

Experimental
Raw material

The raw coal-gangue sample used in this study was
selected from Inner Mongolia Region in China. The sample
was ground and sieved to particle size below 90 pm (170
mesh), and dried at 105 °C for 10 h. The chemical com-
position of the coal-gangue is SiO,, 34.58 mass%; Al,Os3,
31.95 mass%; Fe,O3;, 1.00 mass%; TiO,, 0.76 mass%;
CaO, 0.3 mass%; Na,O, 0.42 mass%; and K,O,
0.02 mass%. The molar ratio of Si0,/Al,05 with 1.83 is
less than the theoretical value of kaolinite. The ultimate
and proximate data of coal-gangue sample are shown in
Table 1. The 10 mg of raw coal-gangue sample was heated
at different temperatures (100, 200, 300, 400, 500, 600,
700, 800 and 900 °C, respectively) for 2 h at a rate of
10 °C min~" in a muffle furnace under air atmosphere.

Characterization

The TG measurements were taken using a Netzsch-STA
409PC/PG thermogravimetric analyzer under the atmo-
sphere of O,/N, mixed gases (20/80%) with four different
heating rates of 10, 15, 20, and 25 °C minfl, respectively.
The flow rate of mixed gases was 100 mL min™"'.

The XRD patterns of samples were performed by using a
Rigaku D/MAX 2500PC powder X-ray diffractometer with
Cu Ko radiation of 1.5406 nm operating at 40 kV and
150 mA. All the samples were scanned in a step-scan mode

with the rate of 2° min~" over the angular 26 range of 4°—60°.

Table 1 Ultimate and proximate data of coal-gangue sample

Fourier transform infrared spectroscopy (FT-IR) is
undertaken by a Nicolet 6700, Thermo Fisher. The number
of scans accumulated was 32. The samples were prepared
with potassium bromide (KBr) pellets (ca. 2% by mass in
KBr). The FI-IR spectroscopy of prepared samples
between 400 and 4000 cm™' was recorded.

Kinetic modeling

Currently, the interest in determining the rate-dependent
parameters of kinetic analysis of clay minerals using
thermal analysis techniques increased. In this study, the
thermal kinetic parameters of coal-gangue were investi-
gated by the Coats—Redfern model and the Flynn—Wall-
Ozawa method [10-12].

Coats—Redfern model

Coats—Redfern is an integral method, which is given by:
G(a) AR E
=in RT\ R (1)
T2 BE(1 —28T)  RT

where A is the pre-exponential factor (s~'), f is the heating
rate (K-s_l), E is apparent activation energy (kJ mol_l),
R is the gas constant (8.314 J K molfl), o is conversion
rate, and G(«) is conversion function. The G(o) depends on
the mechanism controlling the reaction and the size and
shape of the reacting particles. Since it can be demon-
strated that the expression In[AR/BE (1 — 2RT/E)] is
essentially constant for most values of E and range of
combustion temperature [13], if the correct G(«) is used,
the plot of ln[G(oc)/TQ] against 1/T should result in a straight
line with a slope of —E/R, from which the values of E and
A can be obtained.

Flynn—Wall-Ozawa model

Flynn—Wall-Ozawa model was derived from the integral
method based on the following expression:

AE E
In(f) =In| —— | —5.331 — 1.052—. (2)
RG(x) RT
From this equation, E can be estimated from the slope of
the straight lines obtained by plotting In(f) vs. 1/T at dif-
ferent conversion rates o [4, 14].

Ultimate/mass%

Proximate/mass%

Cdaf Hd Nd sd

Od Mad Aad Vad Fcad

Coal-gangue 58.36 6.69 9.25 2.74

31.28 0.38 71.63 13.60 14.39
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Results and discussion
XRD analysis

The XRD pattern of the raw coal-gangue is shown in
Fig. 1. As presented in Fig. 1, two symmetric diffraction
peaks were observed at 20 = 12° and 20 = 25° with the
values of 0.720 and 0.358 nm, respectively, which were
attributed to the (001) and (002) of kaolinite (Al,Os5.
2Si0,-2H,0). Meanwhile, the other characteristic peaks
with dgozy = 0.229 nm and d(pep) = 0.155 nm for kaolin-
ite were also observed [15—17]. The sharp and strong peaks
with the values of 0.428 nm and 0.336 nm appeared
approximately at 20 = 21° and 20 = 27° and were asso-
ciated with quartz. In addition, the characteristic diffraction
peaks for boehmite (y-AIOOH) were found at 20 = 38°
and 20 = 55°. The result indicated that the mineralogy of
the coal-gangue sample was determined as kaolinite,
quartz, and a small amount of boehmite. Meanwhile, the
presence of boehmite resulted in the decrease in molar ratio
of Si0,/Al,03, which has a good consistency with the
chemical composition.

The XRD patterns of coal-gangue samples heated at
different temperatures are shown in Fig. 2. As shown in
Fig. 2, the characteristic peaks for kaolinite presented no
change before 400 °C. The intensities of characteristic
peaks for quartz gradually increased, which may be asso-
ciated with the combustion and removal of carbon [18].
The characteristic peaks of kaolinite disappeared when the
temperature increased up to 500 °C, which was attributed
to the dehydroxylation of kaolinite in coal-gangue [19].
The disappearance of characteristic peaks for boehmite (y-
AIOOH) and the presence of characteristic peaks for Al,O3
at approximately 20 = 33° and 20 = 54° indicated the
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Fig. 1 XRD pattern of raw coal-gangue sample
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Fig. 2 XRD patterns of coal-gangue samples heated at different
temperatures

dehydration of boehmite (y-AlIOOH) and the formation of
y-Al,O3 [16, 18]. When the temperature increased from
600 to 900 °C, the XRD patterns presented unobvious
change and the mineral composition were mainly deter-
mined as quartz and 7-Al,O3;. The details of these con-
version reactions are as follows [4, 20, 21]:

ALO; - 38i0, - 2H,0° 25 ALO; - 28i0; + 2H,0 (3)
7 — AIDOH 25y — ALO; + H,0 (4)

The XRD patterns of coal-gangue samples heated from
room temperature to 400 °C presented a relatively broad
diffraction region that ranged from 10° to 35°, which
indicated that coal-gangue contained microcrystalline car-
bon and the char structure with short range order. The peak
fitting diagram of raw coal-gangue sample is shown in
Fig. 3. The (002) diffraction peak indicated the space of
aromatic ring layers and the aromatic layer stack structure
of the microcrystal carbon. Yen and Sonibare considered
that the (100) peak approximately at 40° was due to pres-
ence of saturated structure, which is attached to the edge of
coal crystallites [22, 23]. The (1) reflected the packing
distance of saturated structures, which corresponded to the
aromatic layer structure coupled with the aliphatic hydro-
carbon side chain, various functional group, and aliphatic
carbon microcrystalline. This aromaticity is usually used to
describe the ratio of carbon atoms in aromatic rings vs
aliphatic side chains. The y peak was associated with the
aliphatic side chains grafted on the edge of char crystal-
lites. Theoretically, the areas of the y and II-peaks are
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Fig. 3 Peak fitting diagram of raw coal-gangue sample

equal to the number of aromatic carbon atoms (Car) and
aliphatic carbon atoms (Cal), respectively [8, 21]. The f, is
defined as the aromaticity of coal-gangue as in Eq (5)
[24, 25].

C
fa .

Aoo2
= x 100%, 5
Car + Cal ! ( )

x 100% = ————
* T Ao +A,

where A is the area of corresponding peak, and Eq. (3)
shows that aromaticity of coal-gangue increased as y peak
decreased.

The crystalline structure parameters of the carbon in
coal-gangue sample were estimated based on the (002) and
(100) diffraction peaks by using the Bragg equation and
Scherrer equations (Egs. (6)—(8)) [9, 24-26]:

A
dooz = 3sin Oogs (6)
K
L=———; 7
Booa €0s Oooz @
KA
L (8)

a = .
Bioo €0s O100

The 7 is the wavelength of X-ray, which was 1.541 nm.
The 0 is the diffraction angle, 0y, is the angle of the (002)
peak, doo; is the crystalline interplanar spacing, K is the
shape factor of different peak, and f is the peak width at
the half-maximum intensity of the (002) and (100) peaks.
To calculate L. and L,, K values of 0.89 and 1.84 are used,
respectively [27]. The crystallite size perpendicular to the
basal plane represented by average stacking height (L.) is
obtained from the (002) reflection, whereas the crystallite
size paralleling the basal plane, represented by average
diameter (L,), is calculated by using the (100) reflection
corresponding to the a unit cell parameter. The crystalline
parameters include interplanar spacing (dyp,), average
diameter (L,), average stacking height (L.), and aromaticity

@ Springer

(f.) and are shown in Fig. 4. As shown in Fig. 4, the values
of dyop and L, decreased from 3.982 and 0.223 to 3.373 and
0.198 nm as the temperature increased, respectively.
Simultaneously, the values of L. and f, presented an
increased tendency and increased from 0.111 and 0.633 to
0.156 and 0.852 nm, respectively, when the temperature
increased up to 400 °C. The results may be attributed to
saturated structure attached to the aliphatic side chains
slightly grafted on the edges of coal crystallites. The ali-
phatic side chains detach from coal crystallites as the
temperature increased, which reduced the carbon skeleton
in the aromatic plies and increased the value of aromaticity
(fa)- The results indicated that the coal-gangue gradually
increased the degree of graphitic structure as the temper-
ature raised.

TG-DTG analysis

The TG-DTG curves of coal-gangue samples heated with
different heating rates are presented in Fig. 5. As shown in
TG curves, the thermal transition process of raw coal-
gangue can be divided into three stages for interpreting the
thermal mechanism. The first stage was in the range from
30 °C to approximately 320 °C. As the temperature
increased, one widely endothermic peak presented at
approximately 105 °C in the DTG curves, which indicated
the loss of moisture and a small amount of volatile matters
in the coal-gangue. A gradual increase in tendency was
observed between 200 and 320 °C, which may be attrib-
uted to the oxygen physisorption and chemisorption before
the onset of combustion [28-31]. The second stage was in
the range from 320 to 600 °C. One strong endothermic
peak was observed approximately at 500 °C in the DTG
curves, which is attributed to the dehydroxylation [32].
Meanwhile, the intensity of the peak became stronger with
the increase in heating rate. The characteristic tempera-
tures, including the release temperature to volatile (75), the
ignition temperature (7jy), the temperature of maximum
mass 10ss (Thax), and the burnout temperature (7},), are
shown in Table 2. The T, Tig, Tmax and Ty, all gradually
increased with increasing heating rate, and the result may
be attributed to the time lag resulted from the conductive
heat transfer at the high heating rate. The temperature
distribution within the coal-gangue particles is homoge-
neous at a low heating rate, and thus, the reaction can
proceed more sufficiently. The devolatilization, volatiles
combustion, and volatiles—char combustion are partially or
completely overlapped in this stage [18, 33]. The mass loss
of the coal-gangue was very slight in the last stage above
600 °C, which indicated that the volatiles and char have
been burned out. The reaction of combustion mainly occurs
in the second stage, and the loss on ignition amounts to
26.32-28.08%.
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Fig. 5 TG/DTG curves for coal-gangue at different heating rates
Table 2 Combustion characteristic temperatures of coal-gangue FT-IR spectra analysis
sample
Heating rate/°C min~'  T,/°C T;,/°C Tmax/°C  Ty/°C The kaolinite contains inner and inner surface hydroxyls
18, 19, 34, 35]. The FT-IR spectrum of raw coal-gangue is
10 308.13 445.43 491.06 549.24 [ . ] . p . . . gang .
s DLIS 46020 51848 563.57 presented in Fig. 6. As illustrated in Fig. 6, in the high-
20 325'70 465.05 529‘03 577'90 wavenumber region (4000-3000 cm ™), two obvious bands
' ' ’ ’ were observed at 3693 and 3620 cm™', which were
25 335.34 472.71 539.62 599.58

attributed to the stretching vibration modes of inner surface
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Fig. 6 FT-IR patterns of raw coal-gangue

hydroxyl and inner hydroxyl, respectively [16, 36, 37]. The
intensity of the absorption band at 3693 cm ™' was stronger
than that of the absorption band at 3620 cm™'. The band at
3452 cm ™! was associated with the H-O—H vibration mode
of water molecules [38]. However, the other two charac-
teristic bands of kaolinite at 3668 and 3652 cm™' in the
high-wavenumber region do not appear, which indicated
that the bottom surface structure of kaolinite in coal-
gangue is imperfect [39]. The two characteristic vibration
bands at 2925 and 2858 cm™' were assigned to antisym-
metric and symmetric stretching vibration modes of the
CH; group [40]. In the wavenumber regions of
1700-400 cm ™", the band at 1608 cm ™' may be attributed
to the vibration band of aromatic hydrocarbons or car-
boxylate salts. The band at 1442 cm™" was associated with
the methyl or methylene vibration mode. The presence of
the two bands indicates that coal-gangue samples contain
carbonaceous components. The bands at 1109, 1034, and
1011 were attributed to the symmetric stretching vibration
of Si-O-Si. The band at 796 cm™' was attributed to
stretching vibration mode of inner hydroxyl [40, 41]. The
band approximately at 696 cm™' was associated with the
stretching vibration mode of Si—O-Al, and the bands at 540
and 472 cm ™" were ascribed to the bending vibration mode
of Si—O-Al [42-45].

The FT-IR spectra of samples heated at different tem-
peratures are presented in Fig. 7a, b. The band at
3452 cm™' disappeared at 200 °C due to the removal of
adsorption water. With the temperature increasing, the
intensities of two bands at 3693 and 3619 cm ™' decreased
slightly compared to that of raw coal-gangue, which dis-
appeared and combined into a broad absorption band at
600 °C. The results were attributed to the dehydroxylation
and indicated the phase transition of Kkaolinite to
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metakaolin. The intensities of the bands at 912 and
593 cm™! gradually decreased and disappeared at 600 °C,
which was also attributed to the breakage of AI-OH and
Si—O-Al as the temperature increased. The intensities of
the band at 1033 and 1108 cm™ ' also gradually weakened
as the temperature increased, and a wide band was
observed when the temperature reached 600 °C. The
results were associated with the depolymerization and
collapse of silica tetrahedron structure [16].

Thermal Kinetics analysis

The single-heating-rate method and multiple-heating-rate
method were highly reliable techniques for describing the
kinetic analysis of thermal data [4, 6, 16, 46, 47]. The
kinetics analysis of coal-gangue was investigated by using
Coats—Redfern (C-R) method and Flynn—Wall-Ozawa
(FWO) method based on TG-DTG data.

The kinetic curves of coal-gangue based on the FWO
method are shown in Fig. 8, and the activation energy
(E) values at different conversion rates (o) for coal-gangue
sample are presented in Fig. 9. The kinetic parameters of
coal-gangue sample based on Coats—Redfern and FWO
method are presented in Tables 3 and 4. The higher
E indicated that more energy was required in the process of
coal-gangue combustion. As shown in Fig. 9, the E signif-
icantly increased with the increase in «, which reached the
maximum value of 111.57 kJ mol~! at & = 0.3. Then, the
E gradually decreased with the reduction in o. The reason
for this phenomenon could be explained from two aspects.
On the one hand, volatiles played a key role at the early
stage of combustion. The relatively lower activation energy
value at the beginning of the combustion process may be
attributed to the existence of volatiles [4], which are more
active and may more easily take part in the oxidation
process. The significant increase in E when o increased
from 0.1 to 0.3 was mainly attributed to the decrease in the
volatile content in the devolatilization process and the
presence of fixed carbon in the coal-gangue [4]. However,
the decrease in £ when o exceeds 0.3 may be ascribed to
the intense combustion of fixed carbon. On the other hand,
the combustion process of coal-gangue was affected by the
catalysis of minerals presented in coal-gangue. Many
researchers have found that clay minerals and pyrite can
enhance the catalytic cracking and reduce the activation
energy [48]. In this study, coal-gangue sample mainly
contained kaolinite, quartz, and boehmite. Therefore, the
decrease in E may also be attributed to the increase in the
ash content in the process of combustion.

The average activation energy is an important kinetic
parameter [49]. As shown in Tables 3 and 4, the average
activation energies of coal-gangue samples calculated by
the FWO method and the C—R method were 103.73 and
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Table 3 Kinetic parameters of coal-gangue sample based upon

Coats—Redfern method

Heating rate/°C min~" E/KJ mol™! Gla R?

10 98.40 —In(1 — o) 0.97107
15 105.25 0.96943
20 103.03 0.979
25 103.95 0.97925
Average 102.66

Table 4 Kinetic parameters of coal-gangue sample based on FWO

method

o E/KJ mol ™! R

0.1 94.07 0.99884
0.2 105.69 0.9992
0.3 111.57 0.99994
04 111.44 0.99855
0.5 108.44 0.99838
0.6 105.58 0.99799
0.7 102.12 0.9911
0.8 97.89 0.9858
0.9 96.73 0.9734
Average 103.73

|
110+ \. .o
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2
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o

Fig. 9 Activation energy versus the degree of conversion corre-
sponding to coal-gangue samples

102.66 kJ mol ™!, respectively. The average activation
energies obtained by both the methods are close. The
results indicated that single-heating-rate method and mul-
tiple-heating-rate method are useful for analyzing coal-
gangue combustion.
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Conclusions

Thermal behavior and kinetics analysis of coal-gangue
sample selected from Inner Mongolia Autonomous
Region in China were investigated by using thermo-
gravimetry—derivative  thermogravimetry  (TG-DTQG),
X-ray diffraction (XRD), and Fourier transform infrared
(FT-IR) spectroscopy. The mineralogy of coal-gangue
was determined as kaolinite, quartz, and boehmite.
Meanwhile, the coal-gangue sample contains a small
amount of amorphous carbon with turbostratic structure.
The XRD and FT-IR spectra clearly showed the structure
change in coal-gangue with the increase in temperature.
The structure parameters of the microcrystal carbon in
coal-gangue sample, including interlayer spacing (doo»),
average lateral sizes (L,), stacking heights (L.), and aro-
maticity (f,), were calculated based on XRD data. With
the increase in temperature, the values of dgp, and L,
decreased from 3.982 and 0.223 to 3.373 and 0.198 nm,
respectively; however, the values of L. and f, increased
from 0.111 and 0.633 to 0.156 and 0.852 nm, respec-
tively. The average activation energies of coal-gangue
were evaluated based on the Coats—Redfern and Flynn—
Wall-Ozawa methods, which were 102.66 and
103.73 kJ mol ™', respectively.
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