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HIGHLIGHTS

« Five characteristic temperatures and mass losses of CG were investigated.
« Properties of the spontaneous combustion of CG were revealed through TG.

« Functional groups variation of CG was examining by FTIR under air atmosphere.
e Sn, D;, and Dy, values were calculated based on combustion performance method.

« S, value increased with an increase in the V,q + FC,4/Aaq Value.
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This study investigated the combustion properties of coal gangue (CG) from the Gongwusu coal mine in
northern China. Three CG samples collected from various parts of the spontaneous combustion gangue
dump were evaluated using a proximate analyzer, thermogravimetry, and Fourier transform infrared
spectroscopy. The results revealed that the total mass losses of the three samples were 15.5%, 30.3%,
and 19.42%, which were consistent with the volatile and fixed carbon contents (V,q + FCaq). The calculated
combustion performance indices (S,) of CG for the three samples were 6.01 x 1071°,29.42 x 1071°, and
15.65 x 1071%%2/(min® K3). The S, values increased with an augment of V,q + FC,q/Aaq. Sample 2 had a
higher de-volatilization rate, burnout performance, and total mass loss, and it was easier to ignite during
the spontaneous combustion process. The combustion performance of CG was more favorable when
Vaa + FCaq was high and the ash content was low. In addition, the CG samples from the same mine area

contained analogous hydroxyl, aliphatic, and oxygen functional groups, and aromatic compounds.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Coal gangue (CG) is a mixture of organic and inorganic com-
pounds and mineral materials [ 1], that are fused together with coal
deposits during the coal formation process [2]. CG is a complex
industrial solid waste generated from the coal mining and washing
process [3]. Because of long-term stacking, spontaneous combus-
tion frequently occurs in coal and carbonaceous materials [4]; this
phenomenon has been reported worldwide [1,2,4-6].

Spontaneous ignition of gangue hills has generated numerous
environmental and ecological hazards, such as toxic and harmful
gas emissions that pollute the air [7] and heavy metal ions that
contaminate the soil and water [8]. Moreover, toxic substances
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generated from CG hills, such as mercury, have threatened the
health of people residing around and working in the mining indus-
try zone [9]. In addition, the waste dump may lead to fire or explo-
sion and cause casualties [6,10].

Coal production in China was 3.68 billion tons in 2015 [11],
accounting for 47% of the global share. The discharge rate of CG
reached approximately 10-15% of raw coal production [9], equiva-
lent to 368-552 million tons. The total inventory of CG in China is
estimated to be approximately 4.5-5.0 Gt [12], with an annual
increase of 0.37-0.55 Gt [13]. Large amounts of waste are stacked
to form a huge waste dump, which occupy large areas and are
potentially hazardous [14-16]. More than 1600 CG hills are present
in China, and over 300 of these hills have exhibited spontaneous
combustion with smoke produced during the day and night. The
western and northern regions of China are major coal-producing
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Nomenclature

DTGnax Maximum combustion rates (%/min)

tp corresponding time of DTG« (min)

t ignition time (min)

Aty time range of DTG/DTGhax = 0.5 (min)

th burnout time (min)

(dw/dt)max maximum rate of oxidation reaction at the peak
(%/min)

(dw/dt)ve average rate of CG obtained by DTG area integration
(%/min)

D; ignition index

Dy, burnout index

Sn comprehensive combustion performance index

T characteristic temperature of maximum evaporation of
water and desorption of gases (°C)

T, characteristic temperature of maximum oxidization
mass gain (°C)

T3 characteristic temperature of ignition point (°C)

T4 characteristic temperature of maximum mass loss rate
(0

Ts characteristic temperature of burnout point (°C)

areas, and the spontaneous ignition of CG hills in these areas has
caused severe pollution [7,9].

Because of the growing public appeals for environmental pro-
tection, local governments and mining companies have made con-
certed efforts to govern spontaneous combustion of the CG hills.
For example, in Wuhai, a city located in western Inner Mongolia,
China and famous for its Wuda coalfield, which is a global hot spot
for coal fire research, 80 of the total 196 ignition points in refuse
discharge fields were extinguished by June 2016. Furthermore, of
the entire fire area of 1.25 million m? the fire management project
processing reached 539,200 m?. Although the fire control project
was extremely expensive and time consuming, considerable efforts
were made to extinguish 53 ignition points in the 199,300 m? area
[17].

Several investigations have been conducted to elucidate the
mechanisms underlying the spontaneous combustion of CG. Zhang
et al. investigated the combustion behaviors and thermokinetic
parameters of 11 CGs using thermogravimetry (TG) to evaluate
the effects of feedstock properties [18]. Furthermore, Urbaiski
and Walker have reported that the self-ignition spot is 1.5-2.0 m
below the surface [19,20]. The phenomenon of spontaneous com-
bustion during the initial stage occurs at 60-80 °C with organic
and oxidized mineral materials [21]. Zhou et al. investigated ther-
mal and trace-element partitioning behaviors during the cocom-
bustion of biomass with CG [8,15]. In addition, Wang et al.
reported five characteristic temperatures of six types of coal ranks
at different oxidation stages [22]. Niu et al. examined the changes
of the functional groups of Xundian coal using in-situ Fourier
transform infrared (FTIR) spectroscopy [23]. Ran et al. examined
the combustion and pyrolysis kinetic characteristics of CG under
different conditions [24]. The coal-oxygen recombination theory
has been accepted by numerous researchers [2]. According to this
theory, a CG hill consists of a discontinuous porous medium. The
oxygen penetrates into surface cracks, resulting in oxidation reac-
tion with some active groups of gangue, and the heat generated in
the oxidation process causes spontaneous combustion. However,
ignition of a CG hill is a complex combustion system driven by
internal and external factors. A uniform viewpoint on the mecha-
nism underlying the spontaneous combustion of CG is not yet
available.

In this study, we used simultaneous TG-FTIR spectroscopy to
investigate TG, derivative thermogravimetry (DTG), FTIR, charac-
teristic temperatures, and functional groups during the oxidation
process of CG under air atmosphere. The study of CG and its oxida-
tion characteristics is crucial for evaluating the relationship
between the macroscopic properties of spontaneous combustion
and the microstructure characterization of CG. Simultaneously,
this study also provided an appropriate method for revealing the
spontaneous chemical reaction and mechanism of CG in its sponta-

neous combustion process. Finally, this study offers evidence that
can be applicable in the control engineering of self-heated colliery
spoil heaps in China.

2. Experimental and methods
2.1. Sample preparation

CG samples were collected from the Gongwusu coal mine,
located in Wuhai City, Inner Mongolia, China (Fig. 1). Fresh test
samples were packed in bags and taken to the laboratory. Particles
with a size between 80 and 120 mesh (0.125-0.180 mm) were
sieved after pulverization. The selected gangue particles were then
transferred into the reaction bed for testing under air atmosphere.

2.2. Proximate analysis

We determined the moisture, ash, volatile, and fixed carbon
contents using the 5E-MAG6700 proximate analyzer (Qiulong
Instruments, Changsha City, Hunan Province, China) according to
the National Standards of China GB/T212-2008, which is equiva-
lent to the American Standards of ASTM-D5142-2009.

2.3. TG-FTIR spectroscopy

The characteristic parameters of distinct oxidation stages of CG,
such as the mass loss, mass loss rate, and characteristic tempera-
ture, were screened and tested through TG (Pyris 1 TG, PerkinEl-
mer, Fremont, California, USA). Moreover, the related data of the
functional groups of released gases in the heating process were
scanned through FTIR spectroscopy (Spectrum 100, PerkinElmer,
Fremont, California, USA), with a scanning range was from 4000
to 650 cm™ . In addition, IR spectral peaks were analyzed using
PeakFit® (Version 4.12). The method of second derivative minima
was then used to detect hidden peaks in the spectra, and the peak
type was reconstructed using the Lorentz-Gauss (amplitude) equa-
tion. The air flow rate was 20 mL/min and the heating rate was
20 °C/min from 30 to 900 °C.

2.4. Combustion performance method

The ignition index (D;) and burnout index (Dy,) are described in
Egs. (1) and (2), respectively [17]. In view of the applications, D;
and Dy, can indicate the ignition and burnout performance of CG,
respectively:

p,  DTGmax
tp -t

(1)
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WuHai City

Fig. 1. Geographical localization of the Gongwusu coal mine in Wuhai City, Inner Mongolia, China.

DTGrax

Dy = ———max
At oty - th

(2)

where DTGpax is the maximum combustion rate, t, represents the
corresponding time of DTGpax, t; is the ignition time, Aty); is the
time range of DTG/DTG,.x = 0.5, and t;, is the burnout time.

The comprehensive combustion performance index (S,) can be
used to evaluate the ignition, combustion, and burnout properties
of CG [18,24]. Generally, samples with a high S, value have a more
satisfactory combustion performance [25]. On the basis of the TG
and DTG profiles, S, is described in Eq. (3) as follows:
dw/df)max ) (dW/dT)

(
S, =
! T2 . Ts

ave (3)

where (dw/dt)pax is the maximum rate of oxidation reaction at the
peak (%/min), and (dw/dt).y. is the average rate of CG obtained
through integration of the DTG area (%/min).

3. Results and discussion
3.1. Proximate analysis

The results of the proximate analysis of CG are listed in Table 1.
Generally, moisture in CG is present as free and combined water,
and high amounts can affect the stability and thermal conductivity
of spontaneous combustion [24]. The moisture contents of Samples
1-3 were 2.90%, 2.08%, and 1.22%, respectively. Notably, the ash is
the main component of CG, and the highest ash content was found
in Sample 1 (83.03%). The volatile contents of the samples were
12.38%, 15.61%, and 11.08%. In addition, substantial differences
were identified between the fixed carbon contents of the samples,
which were 1.70%, 13.76%, and 8.69%. The main mineral phases of
CG include quartz, kaolinite, illite, calcite, and pyrite [18].

3.2. TG/DTG results

The TG and DTG curves of the samples during the oxidation pro-
cess are presented in Figs. 2-4. On the basis of previous studies
[22,26], five characteristic temperatures were defined in the oxida-
tion reaction process of CG. Ty, T, Ts, T4, and Ts represented the
temperatures of the maximum evaporation of water and desorp-
tion of gases, maximum oxidization mass gain, ignition point, max-
imum mass loss rate, and burnout point, respectively. Detailed
information regarding the oxidation and combustion characteristic
parameters of the samples is listed in Table 2.

The T, values of the three samples ranged from 267.6 to
244.3 °C. Notably, the T, value of Sample 1 was higher than those
of Samples 2 and 3, and the T, value was consistent with the ash
content. An high ash content can affect oxygen diffusion and heat
transfer [28], and it may have inhibited the oxidation rate of Sam-
ple 1. Thus, this sample reached its T, quite late. The T3 values of
the Samples 1-3 were 457.5, 454.4, and 444.3 °C, respectively;
similarly, the T4 values were 520.4, 518.8, and 511.7 °C, respec-
tively. Thus, both the T; and T, values indicated a declining trend.
In addition, the Ts values ranged from 710.4 to 742.4 °C. Wang
et al. indicated that a high volatile content may increase the oxida-
tion rate, and the characteristic temperatures may be reached early
[22]. Nevertheless, the characteristic temperatures of CG did not
always change in accordance with the volatile and ash contents.
Other factors, such as the fixed carbon content and oxygen adsorp-
tion, can also affect the characteristic temperature point and oxida-
tion process of CG [18]. We calculated the ignition and burnout
performance in this study to analyze the combustion performance
of CG.

According to the variation of TG curves, the spontaneous com-
bustion process of CG was divided into four phases [26]: Water
evaporation and gas desorption, oxygen-absorption mass gain,
decomposition and combustion mass loss, and residue. These
phases were marked as [, II, III, and IV, respectively. The mass losses

Table 1

Proximate analysis of the CG collected from the Haibowan coalfield.
Sample Maq (%) Aaq (%) Vaa (%) FCaa (%) S (%)
No. 1 2.90 83.03 12.38 1.70 2.94
No. 2 2.08 68.88 15.61 13.76 4.90
No. 3 1.22 79.15 11.08 8.69 2.67

Notes: ad, air dry basis; M, moisture; A, ash yield; V, volatile matters; FC, fixed carbon; S, total sulfur.
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Fig. 2. TG and DTG curves of Sample 1 in the oxidized process at a heating rate of
20 °C/min.
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Fig. 3. TG and DTG curves of Sample 2 in the oxidized process at a heating rate of
20 °C/min.
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Fig. 4. TG and DTG curves of Sample 3 in the oxidized process at a heating rate of
20 °C/min.

that occurred in each phase are listed in Table 2. With an increase
in temperature, the samples each had a low mass loss in the initial
stage and then high mass loss until burnout. The mass loss in the
phases [, II, IIl, and IV ranged from 0.72% to 2.45%, 0.20% to
1.61%, 9.35% to 25.75%, and 0.80% to 2.13%, respectively. In all
the samples, the highest mass loss occurred during phase III, which
may be related to volatile and fixed carbon contents [27]. Gener-

Table 2

Spontaneous combustion characteristic parameters of the CG.
Sample No. 1 No. 2 No. 3
T; (°C) 429 52.8 31.7
T, (°C) 267.6 2443 2545
T; (°C) 4575 454.4 4443
T4 (°C) 520.4 518.8 511.7
Ts (°C) 710.4 742.4 715.2
I mass loss (%) 245 1.62 0.72
II mass loss (%) 1.61 1.10 0.23
Il mass loss (%) 9.35 25.75 17.67
IV mass loss (%) 2.10 1.83 0.80
Total mass loss (%) 15.50 30.30 19.42

ally, the higher the volatile content of CG, the higher the
devolatilization rate of volatile pyrolysis and total mass loss at
the end of the oxidation process [29]. The total mass loss of the
three samples was 15.50%, 30.30%, and 19.42%, respectively, a find-
ing that is consistent with those reported in previous studies
[22,24].

3.3. Calculation of combustion characteristic parameters of CG

We calculated S, D;, and D;, to delve into the oxidation charac-
teristics of the samples; the index values are listed in Table 3. The
low calorific value of CG [30] is based on low volatile and fixed car-
bon contents, and the high ash contents. Therefore, CG is unsuit-
able for use as a fuel. As summarized in Table 3, the maximum
oxidation reaction rates of Samples 1-3 at their peaks were
—0.86, —2.18, and —1.77 °C/min, respectively. Thus, Sample 2 had
the highest oxidation reaction rate at its peak. Moreover, the vola-
tile and fixed carbon contents of Sample 2 were higher than those
of Samples 1 and 3 (Table 1), indicating that Sample 2 had the max-
imum volatile release rate at its peak temperature of 518.8 °C.

The relationships between the combustion characteristic
parameters (D;, Dy, and S,) and V,q + FCyq/Aaq are illustrated in
Figs. 5 and 6. Fig. 5 revealed that the calculated index S, had a high
linearity fitting performance with V,q + FC,q/A.q4 (correlation coeffi-
cient, R = 0.975), which indicated the feasibility and validity of this
method. S, increased with an increase in V,q + FC,4/Aaq. The S,
value of Sample 2 (29.42 x 10~1°%?/min? K®) was higher than those
of Samples 1 and 3 were, indicating that the combustion character-
istics of Sample 2 were more favorable than those of Samples 1 and
3 were.

The results of the ignition index D; and burnout index Dy, were
also in accordance with the results for S, (Fig. 6). The D; and Dy, val-
ues indicated that Sample 2 had more satisfactory ignition and
burnout characteristics than the other samples did. Additionally,
the combustion characteristic parameters indicated that, com-
pared with Samples 1 and 3. Sample 2 had a higher devolatilization
rate, burnout performance, and total mass loss, and was easier to
ignite. The volatile, fixed carbon, and ash contents of CG have cru-
cial roles in the oxidation process. Herein, the combustion perfor-
mance of CG was more satisfactory when the volatile and fixed
carbon contents were high and the ash content was low, which is
consistent with the results reported in previous studies on coal
[18,24,30].

3.4. FTIR spectroscopy

To further investigate the reaction mechanism of CG during its
spontaneous combustion, in-situ FTIR was used to examine the
functional group variation of CG with various temperatures under
air atmosphere. Studies have reported that aromatic, aliphatic, and
oxygen functional groups are the three main organic compounds
involved in CG decomposition [31]. Moreover, peaks appearing in
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Table 3
Combustion parameters of the different samples.
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Sample (dw/dT)max (%/min) (dw/d1)ave (%/min) D; x 10* Dy x 10% Sn x 10'° (%2/(min? K3))
No. 1 -0.86 -0.36 -15.07 -0.44 6.01
No. 2 -2.18 -0.70 —40.54 -2.14 29.42
No. 3 -1.77 —0.45 -30.16 -1.89 15.65
o sx10"
30 Fitting line
1 | Equation y=a+bx
Weight No Weighting
Residual Sum 3.45495
25 — |of Squares
Pearson's r 0.99374
4 | Adj. R-Square 0.97505
= Value Standard Error
mx Intercept -8.06622 3.01738
S 20 |50 Slope 89.00208 10.00331
R
X Sample 2
o 15
K=}
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o
10
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Fig. 5. Relationship between S, and (V.q + FCaq)/Aaqa.
J 5 According to the FTIR spectra in Fig. 8 and Table 4, the spectrum
404 O Dx10* ——Fitting line of D, o number and waveform morphology of the three samples were con-
35_' A Dx10° ——Fitting line of D, sistent at a temperature of 50 °C, indicating that these samples
| 4 contained analogous hydroxyl, aliphatic, and functional groups,
30 ~ as well as aromatic compounds. This finding could be attributable
05 ] Sample 1 5 to the collection of the samples from the same colliery region; thus,
é | o) the geological environment and coal age of the samples were
% 204 A x_ similar.
15 ] o -2 Q According to previous studies [34-36], the FTIR spectra ranging
| from 4000 to 3500 cm~! have an O—H stretching vibration under
10 ~ Sample 2 ] dissociated conditions [22]; the wave number ranging from 1900
5 Sample 3 i to 1300 cm™" verified the O—H stretching vibration of an in-of-
I A plane ring bend. The absorbance bands of water in the three sam-
0 T T T T ples might be attributable to the dehydration of crystalline miner-
015 020 025 030 035 040 045 als (Al,05-2Si0,-2H,0) in CG by losing both free water
(V+FC)A (approximately 1654 cm~') and chemically bonded water (approx-

Fig. 6. Relationships between D, Dy, and (V,q + FCag)/Aaq-

the ranges from 3600 to 3000, 3000 to 2700, 1800 to 1000, and 900
to 700 cm~! were the critical spectral ranges in the investigation of
organic compounds in CG [32]. The FTIR spectra of the CG in this
study at diverse temperatures are illustrated in Fig. 7.

Fig. 7 shows that the spectrum structure of each sample was
similar at various heating stages. However, a difference was
observed in their peak heights and areas. The number of functional
CG groups changed with an increase in heating. The professional
software PeakFit® was used to reconstruct and analyze the spectral
data with correlation coefficient R? > 0.99. The functional groups of
CG obtained at a temperature of 50 °C are depicted in Fig. 8 and
outlined in Table 4.

imately 3740 cm™!) [35].

The wave number ranging from 3100 to 3000 cm ' belongs to
an adjacent double bond or aromatic ring, indicating C—H stretch-
ing [33]. Furthermore, the peaks in the range from 2240 to
2060 cm ! were considered to have C—O stretching [22]. The inte-
gral areas of CO and CO, stretching vibrations at 400-500 °C were
more evident than those at other heating stages, indicating that the
gas production was very high in this stage. The regular integral
areas of CO and CO, stretching vibrations were consistent with
the fastest reaction stage in DTG curves (Figs. 2-4).

The main oxidation products of CG at 50 °C were broad-peak
transalkanes (—CHs3) that were widely distributed at approxi-
mately 2945 cm~!, C—C bonds in aromatics rings in the region
between 1500 and 1400 cm !, and C—O stretching vibrations in
the region between 1320 and 1000 cm™~! that corresponded to
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Fig. 8. FTIR spectra of the samples in the oxidized process at 50 °C. (a) Sample 1; (b) Sample 2; and (c) Sample 3.
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Table 4
Analysis of the absorption peaks of Samples 1-3 at 50 °C.
Group and class Band stretch (cm™') Wavenumber
peak (cm™')

Hydroxy 4000-3700, O—H stretch, Free OH 3878, 3844,
groups [37] 3740
3700-3200, O—H stretch, H-bonded, 3662, 3608,
alcohols, phenols, crystalliferous 3502, 3438
water of crystalline minerals
3100-3000, C—H stretch, aromatics, 3050
adjacent to a double bond or
aromatic ring [33]

Aliphatic 3000-2850, C—H stretch, alkanes, 2945
—CH;s
2650-2200, CO, stretching vibration 2361
[22]
2200-1900, CO stretching vibration 2051, 2058
[22]

Functional groups 1800-1600, C=0 stretching 1654, 1549

and aromatic vibration

1500-1400, C—C stretch (in-ring), 1500, 1497,
aromatics 1476
1420-1300, S=O0 stretching 1380, 1345
vibration, sulfur-oxygen compounds,
sulfones, sulfoxides, etc. [33]
1320-1000, C—O stretching 1294, 1281,
vibration, alcohols, carboxylic acids, 1294, 1159,
esters, ethers 1106
1037, Si—0—Si stretch, Si—O in
quartz [34]

Aromatics in low C—H stretching vibration 875, 870, 746,

wave region and 735

ash matter

alcohols, carboxylic acids, esters, and ethers [34]. The C—O stretch-
ing vibrations at approximately 1106 cm~! were evident at tem-
peratures between 300 and 400 °C, indicating that the oxidation
activity of CG started to strengthen from this stage.

The peaks of aromatic compounds in the low wave region and
ash matter C—H stretching vibrations were observed at approxi-
mately 870 cm ™', whereas aromatic rings and unsaturated alipha-
tic hydrocarbons were observed at approximately 746 cm™!
Concurrently, the mineral peak of crystalliferous water for the
crystalline minerals quartz and kaolinite appeared in the CG spec-
tra. S=0 stretching vibrations were observed between 1420 and
1300 cm™!; these vibrations corresponded to sulfur-oxygen com-
pounds, sulfones, and sulphoxides [34,36]. Furthermore, SO, was
detected at approximately 1380cm™! in Sample 1 and at
1345 cm™! in Sample 2. In the course of the CG oxidation process,
the peak amplitude of the S=0 of Sample 2 was evidently higher
than those of Samples 1 and 3 were at the same temperature.
Therefore, Sample 2 had relatively stronger S=0 stretching vibra-
tions, and its sulfur content (Table 1) may have released more
SO, products.

3.5. Implications for preventing the spontaneous combustion of CG

Understanding the spontaneous combustion characteristics of
CG is the foundation for the selection of an appropriate fire control
method. This study revealed the following regarding the CG fire
hazard control project of Haibowan coalfield, Wuhai.

Basic information about CG was obtained through proximate
and elemental analyses. Generally, heating spots were artificially
divided into three areas according to their temperature or depth:
The cooling zone, oxidation zone, and suffocation zone [38]. The
high-temperature region (oxidation zone) ranged from 2 to 4 m
[39], and the depth of the burning layer of CG (oxidation zone)

was between 1.5 and 2.5 m [1]. The five characteristic tempera-
tures determined using TG curves were significant, and they pre-
dicted the high-temperature areas. Taking economic and
technical feasibility into consideration, an appropriate treatment
method could be selected for various CG partition areas, such as
the digging method, firefighting gel injection [40], or CO, injection
[41] for the burning area (temperature > 450 °C). Conversely, the
water sprinkler method, and cooling by heat pipe [42] can be used
for the oxidation area (temperature 100-450 °C). Furthermore, a
noncombustible material can cover the remaining areas
(temperature < 100 °C).

The performances of the ignition, burnout, and comprehensive
combustion for Haibowan CG are indicated by the combustion
characteristic parameters, which also provided basic information
for determining the treatment process. For example, locating CG
with a high volatile content, fixed carbon content, and comprehen-
sive index should be a priority, whereas the location of CG with low
performance characteristics can be conducted relatively late
because of its high ignition point and longer ignition time. The
functional group confirmed by the FTIR spectra of Haibowan CG
can be used to select a relevant inhibitor or a blocking agent. How-
ever, to prevent the spontaneous combustion of CG, the selected
paralyzant can be used to increase the apparent activation energy
by spraying it on the surface of colliery waste piles, or ionic liquids
can be used to fracture the chemical bonds of CG [43].

The spontaneous combustion characteristics of CG hills play a
crucial role in the selection of a suitable treatment method that
can efficiently improve the accuracy and economy of a fire extin-
guishing project.

4. Conclusions

(a) According to the TG/DTG curves, mass loss occurred during
the heating process in the four phases, and the total mass
loss of the Samples 1-3 were 15.5%, 30.3%, and 19.42%,
respectively. The five characteristic temperatures ranged
from 31.7 to 52.8 °C, 244.3 to 267.6 °C, 444.3 to 457.5 °C,
511.7 to 520.4 °C, and 710.4 to 742.4 °C, respectively.

(b) The comparison of the combustion characteristic parameters
of the samples collected from different parts revealed that
compared with Samples 1 and 3, Sample 2 had satisfactory
ignition and burnout performance and a higher de-
volatilization rate. The combustion performance of CG was
improved when the volatile and fixed carbon contents were
high and the ash contents was low.

(c) Scanning the spectra revealed that the samples contained
analogous hydroxyl, aliphatic, and functional groups, as well
as aromatic compounds. The characteristic peaks identified
in the current study were CH, (approximately 2944 cm™1),
CO, (approximately 2361cm™'), CO (approximately
2051cm™!), and H,O (approximately 3740 and
1654 cm™'). The spectra data also indicated that the C—O
stretching vibration was evident at temperatures between
300 and 400 °C, and CO and CO, vibrations increased at tem-
peratures between 400 and 500 °C.
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