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ABSTRACT: Investigating the difference in the combustion performance
and microcharacteristics of oxidized and raw pulverized coal (PC) can
contribute to effectively prevent and control the spontaneous combustion of
deposited coal dust in high-temperature environment and further help
guarantee the safe operation of coal-fired boiler. In this study, the
combustion performance and thermokinetic and microcharacteristics of
three raw coal samples and their preoxidized forms were explored by a
thermogravimetric analyzer (TGA) and Fourier transform infrared spec-
troscopy (FTIR). According to the characteristic temperatures and
variations of the mass loss rate during heating, the entire combustion
process of PC was divided into four periods. For each type of coal, the
preoxidized PC had relatively lower characteristic temperatures than the
corresponding raw PC. The preoxidized samples had larger values of ignition
index (Cig) and comprehensive combustibility index (S), but lower values of
burnout index (C,) than raw samples. The values of apparent activation energy (E) for the preoxidized PC were below that of the
corresponding raw PC at the same conversion rate (), which suggested the preoxidized PC required relatively less energy to react
and was more prone to spontaneous combustion. In addition, although parts of —OH, C=0, and aliphatic hydrocarbon groups
were consumed after the preoxidation treatment, the increase in C—O and —COO— bonds compensated for the adverse effect of the
reduction of the aforementioned groups on coal combustion.
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1. INTRODUCTION The research of Deng et al. suggested that the secondary
oxidation PC had a larger reactivity than raw PC.'” Thus, the
possibility of self-ignition and even explosion of piled PC
increases dramatically, which poses a severe threat for
equipment-safe operation. Furthermore, the coal dust piled in
the coal warehouse for a long time can also be oxidized, and the
self-ignition hazard increases if these oxidized PCs are directly
utilized. Hence, it is necessary to understand the self-ignition
characteristics for preoxidized pulverized coal.

There are various flammable and explosive gases (CO,, CH,,
C,H,, C,Hg, etc.) generated during PC spontaneous combus-
tion accompanied by heat release, which can cause the wastage
of resources and a threat to the environment.'”'> They even
trigger a PC blast accident and further result in equipment
damage and casualties. Therefore, understanding the combus-

As one of the fundamental fossil fuels, coal resource accounts for
more than 50% of the primary energy consumption in China."”
To reach the purposes of cleanliness and high efliciency, coal is
extensively utilized in thermal power, metallurgy and chemical
industries, etc. in the form of a powder.” The pulverized coal
(PC) is more prone to react with oxygen and generate heat
contrasting with lump coal, which is because the PC has a lesser
particle size and larger specific surface area.”” Thus, PC also has
relatively greater self-ignition hazard than lump coal. In general,
coal needs to be milled into PC and dried before entering the
industrial boiler for achieving maximum combustion perform-
ance.”” However, such precrushing and predrying treatment can
remarkably change the physicochemical property of coal, further
enhancing its thermal reactivity.®

The undesired PC accumulation frequently occurs in the
milling system of the coal-fired boiler, such as the outlet of the
coal mill and the coarse powder separator. Generally, to boost
the thermal efliciency of the boiler and prevent sticking of PC in
the air powder pipeline, the outlet temperature of the coal mill is
often increased to 80 °C or even about 100 °C.” This coal dust
will be further oxidized after contact with hot air for a long time.
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tion behavior and self-ignition hazard of PC, especially oxidized
PC, is perfectly imperative for guaranteeing security production.
Zhang et al."” contrasted the self-ignition limiting parameters of
primary and secondary oxidation for three types of coals and
found that the secondary oxidation has a lower minimum
floating coal thickness and limiting oxygen concentration, as well
as a greater maximum air leakage intensity than primary
oxidation, indicating that the self—ignition risk increased after
secondary oxidation. Deng et al.'* investigated the thermal
properties of four types of coal after reoxidation and found that
the hazard of spontaneous combustion of reoxidation was
greater than that of primary oxidation. Tang et al."” studied the
characteristics of secondary oxidation for two types of lignite
coals and suggested that the secondary oxidation caused
microstructural variations in coal and increased the self-ignition
hazard, whereas the preoxidation treatment at an excessively
high temperature (>175 °C) might overconsume the organic
components, declining the liability of spontaneous combustion.
All of these investigations focused on the reoxidation character-
istics of coal, whereas the combustion performance, thermoki-
netic, and main functional group variation related to PC self-
ignition of raw and preoxidized coal have not been completely
explained. Therefore, further research is still essential.

In this study, combustion behaviors and microstructures of
three types of coal were investigated using a thermogravimetric
analyzer (TGA) and Fourier transform infrared spectroscopy
(FTIR), respectively. Several characteristic parameters were
utilized to contrast the combustion performances of raw and
preoxidized PC. In addition, the distributed activation energy
model (DAEM) method was adopted to study the thermoki-
netic behaviors of raw and preoxidized samples during pyrolysis
and combustion. The abovementioned researches can further
facilitate the understanding for the difference in self-ignition
evolution between oxidized and raw PC and also provide limited
theoretical guidance for the safe operation of coal-fired boiler.

2. EXPERIMENTS AND METHODS

2.1.Sample Preparation. Three coal samples with different
ranks were collected from Changzhi coal mine in Shanxi
province (C1), Yanzhou coal mine in Shandong province (C2),
and Zhangjiamao coal mine in Shaanxi province (C3). These
samples were crushed by a coal mill in N, ambience, and sieved
into dust with a diameter of less than 200-mesh (<74 ym) for
being consistent with the on-site situation. Furthermore, these
three samples were oxidized by a temperature-controlled hot
oven (Figure 1) at 100 °C for S h under air atmosphere and
utilized as preoxidized samples. These preoxidized samples were
named OC1, OC2, and OC3, respectively (i.e., the correspond-
ing preoxidized sample of C1 is OC1, and so on). Both raw and
preoxidized PC were kept sealed before experiments.

2.2. Proximate and Ultimate Tests. The moisture, ash,
volatile, and fixed carbon contents of raw PC were defined by a
SE-MAG6700 proximate analyzer (Kaiyuan, China) according
to GB/T212-2008. The C, H, N, §, and O contents of samples
were determined using a vario EL cube element analyzer
(Elementar, Germany) according to GB/T214-2007. In
addition, the heating value was determined by an oxygen
bomb calorimeter (IKA-C200, Germany) following the Chinese
National Standard GB/T 213-2008. Notably, FC 4 was
determined using the subtraction method and compared with
the contents of A4, M4, and V4. The O content was defined by
the subtraction method and compared with the contents of C, H,
N, S, M,y and A;.
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Figure 1. Schematic diagram of hot oven apparatus.

2.3. Thermogravimetric Test. In the thermal analysis tests,
a Pyris 1 TGA thermal analyzer (PerkinElmer) with a sensitivity
of 1077 g was utilized to measure the characteristic parameters
(e.g., mass loss, mass loss rate, and characteristic temperature)
during the oxidation process of PC. According to the
requirements of experimental apparatus, the initial mass of PC
sample transferred into the reaction bed was roughly 6 mg. The
samples were heated from 30 to 800 °C at various heating rates
(5, 10, 15, and 20 °C min™"). These samples were tested in air
atmosphere and the flow rate was 40 mL min™".

2.4. Fourier Transform Infrared Spectroscopy (FTIR)
Test. In this work, a Bruker VERTEX 70 FTIR spectrometer
(Bruker, Germany) was adopted to measure the forms and
intensities of active functional groups of both raw and
preoxidized PC. The KBr tableting method was utilized, and
first the PC sample and dry KBr powder were ground with a
mass ratio of 1:180. After the grinding process was completed,
the mixture-doped KBr powder and PC were transferred in a
hollow cylinder mold, and then this mold was placed on a tablet
press with 20 MPa for 10 min immediately. Lastly, these tablet
samples were tested by the FTIR spectrometer under air
atmosphere. In addition, the wavenumber range in this
experiment was 4000—400 cm™', with a resolution of 4.0
cm™), and the total number of scans was 32.

2.5. Determination of Combustion Performance
Parameters. In this study, the ignition index (Cig, % min~>)
and burnout index (Cy, % min~*) were applied to evaluate the
ignition and burnout performance of PC, respectively. Both the
parameters are described in eqs 1 and 2 as follows,
respectively' '’

DTG,
Co =
tigtmax (1)
c DTG,
b =
Aty oty ()

where DTG,y is the maximum mass loss rate (% min™"); t;, and
tmax are the corresponding times of T;; and DTG,,,,, respectively
(min); #, is the burnout time (min); and At, 5, is the time zone of
DTG/DTG,,,, = 1/2 (min).

In addition, the comprehensive combustibility index (S, %”
°C™® min™?) can represent the combustion performance of
PC."® Generally, a higher S value suggests more satisfactory
combustion performance. S value can be calculated by eq 3

https://doi.org/10.1021/acsomega.1c05694
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Table 1. Proximate and Ultimate Analyses of raw PC

proximate analysis (wt %)

ultimate analysis (wt %)

sample My Ay Vi FC,q FC,a/Va
Cl 1.92 11.52 27.22 59.34 2.14
C2 2.06 8.75 38.28 5091 1.33
C3 2.86 9.78 41.56 45.80 1.10

C H 0 N S HHV (MJ kg™")
79.31 322 2.58 0.83 0.62 30.41
77.89 493 4.03 1.82 0.52 26.38
74.11 4.61 6.70 1.78 0.16 25.74

Note: ad, air dry basis; M, moisture; A, ash; V, volatile matter; FC, fixed carbon; HHV, higher heating value.

120
120 (Stage 1 Stage 2 Stage 3 Stage 4 P
L % T, (357.31)
90 - ) i 3 0
T.(112.41) T, (261.60) 1, (b) T G480
L | 60 - h
“I @ £ se ~¢
412 8 " =
@ Wr T,, (496.59) E =301 " g
T 7 2 3 | S
I R R L L KU ‘§ B Opuem—e=e e EE Ty (485.58) , o==mrmmm m e - e 0 ¥
e [ Tl 1 5¢ S s
230 F 1, & = 30 1 ‘t:‘ £ NT,. (496.59) 1, =
' a N 2R/
-60 ) : 60 L — 3 |"" ::_>
% Sample C3 vl 1 — 0C3 w 1
=T =5°C min~! o) 90 F |p_zo . '.'-','
- VT, (447.66) 4-6 ooCmin ] o oo ¥ n, e 16
-120 _n 1 n 1 1 1 n 1 n 1 n 1 n 1 _120 1 1 1 1 ¥ 1 1 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
Figure 2. TG/DTG curves during oxidation combustion at a heating rate of 5 °C min™": (a) C3 and (b) C3 vs OC3.
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where DTG,,, is the average mass loss rate (% min~") and T,
and T, are the ignition temperature and burnout temperature,
respectively (°C).

2.6. Thermokinetic Analysis Method. To analyze
intricate reactions such as pyrolysis of fossil fuels, sludge,
biomass and their mixtures, etc., the DAEM method has been
widely adopted based on the assumption that the entire reaction
process is constituted of a series of irreversible independent and
parallel first-order decomposition reactions.'”*° The model is
described as follows when it is utilized to represent the change in
the total evolved volatiles (V) against time (t) during
nonisothermal pyrolysis of solid fuels

1- % = /Oloo exp[—A /Oltexp(—RiT)dt}/(E)d_E @

where V and V* represent the total volatiles evolved by time ¢
and the effective volatiles of the sample, respectively; A is the
preexponential factor (s™'); E is the apparent activation energy
(kJ mol™"); t is the reaction time (min); and f(E) is the
normalized distribution curve of the apparent activation energy,
which can be obtained through graphically differentiating V/V*
by E.

Considering that the PC combustion has a similar mass loss
curve to PC pyrolysis on the basis of TG, the DAEM method is
further utilized to analyze the entire combustion process of PC
in this work. Equation 4 can be rewritten as follows, assuming
the combustion process of PC is constituted of a variety of first-

1 .21
order oxidation reactions
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where a is the conversion rate of PC by time t (0 < @ < 1). Then,
an isoconversional method is applied to calculate the
thermokinetic parameters during PC combustion referencing
to Miura—Maki, based on different groups of TG data at
multiple heating rates.”” This method can directly obtain the
thermokinetic parameters simultaneously without assuming
specific A and f(E), and is described as follows

} E AR
In| izl -—= + ln( = } + 0.6075
T2, RT, E, ©
where f; is the heating rate (°C min~'); T,; is the PC

temperature at conversion rate “a” and heating rate “i” (K); and
R is the gas constant (whose value is 8.314 J mol™' K™%).

3. RESULTS AND DISCUSSION

3.1. Proximate and Ultimate Analyses. The results of
proximate and ultimate analyses of raw samples are listed in
Table 1. It was clear that the moisture contents of the PC were all
relatively low, and the detailed values of samples C1, C2, and C3
were 1.92,2.06, and 2.86 wt %, respectively. Generally, fuel ratio
(i.e., FC,4/V,q) is an effective index to define the maturity of the
coal sample, and a higher value represents a high coal rank.
Therefore, the rank of these three PCs is as follows: C1 > C2 >
C3. The ash contents of samples C1, C2, and C3 were 11.52,
8.75, and 9.78 wt %, respectively. Both volatile and O contents
can remarkably affect the combustion characteristics of PC, and
their values all decreased gradually with the increase of coal rank.
Notably, prominent differences were determined between the
fixed carbon contents of PC samples, which were $9.34 (C1),
5091 (C2), and 45.80 (C3) wt %. In addition, the higher

https://doi.org/10.1021/acsomega.1c05694
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Table 2. Characteristic Parameters of PC at a Heating Rate of § °C min~!

characteristic parameters Cl1 OC1

T, (°C) 177.12 168.31
T,, (°C) 337.52 328.15
T, (°C) 423.06 410.50
T, (°C) 490.71 478.39
T, (°C) 543.14 538.15
stage 1 mass loss (wt %) 0.54 0.34
stage 2 mass gain (wt %) 4.38 2.51
stage 3 mass loss (wt %) 88.22 87.24
stage 4 mass loss (wt %) 4.93 3.95
total mass loss (wt %) 89.31 89.02

sample

C2 0ocC2 C3 0C3
130.65 124.35 112.41 105.96
273.03 261.24 261.60 257.38
389.24 376.21 357.31 347.81
450.11 439.51 447.66 440.63
510.44 502.36 496.59 485.58
1.35 1.05 1.39 3.01
2.69 1.26 2.58 1.08
90.48 88.34 86.37 85.48
2.82 2.06 6.35 341
91.96 90.19 91.53 90.82

heating values of coal samples C1, C2, and C3 were 30.41, 26.38,
and 25.74 MJ kg™!, respectively, i.e., increasing gradually with
the increase of coal rank.

3.2. TG/DTG Analysis. Figure 2a describes TG/DTG curves
of sample C3 during oxidation combustion at a heating rate of §
°C min~!, and these curves are utilized to identify the
characteristic temperatures during the oxidation combustion
of PC. Five characteristic temperature points (i.e., Ty Ty, Tip
T,..o and T) were observed in the TG and DTG curves, which
were consistent with the results obtained by Deng et al® T, T,
and T, represented the corresponding temperatures of the
maximum water evaporation and gas desorption, maximum
oxidization mass gain, and maximum mass loss rate, respectively.
Meanwhile, T;, and T, indicated the temperatures of ignition
and burnout, and their detailed values were defined as the
temperature where the mass loss rate is 1 wt % min~" at the
initial phase of combustion and at the final phase of the
combustion, respectively.”* According to these characteristic
temperatures and variation of TG/DTG curves, the entire
combustion process of the PC sample was separated into four
periods: water evaporation and gas desorption (stage 1), oxygen
absorption mass gain (stage 2), pyrolysis and combustion (stage
3), and burnout (stage 4).

Figure 2b contrasts the differences of TG/DTG plots between
C3 and its preoxidized sample OC3 during oxidation
combustion with a heating rate of 5 °C min™". Both TG and
DTG curves of these two PCs had a fully similar variation when
the temperature was approximately below 200 °C, which
ascribed mainly the relatively low coal temperature and oxygen
reaction intensity. Both Tyand T, values of sample OC3 (105.96
and 257.38 °C) were all less than those of C3 (112.41 and
261.60 °C). However, the differences were relatively lower,
which represented the preoxidation treatment had a mild effect
on the initial stage of PC combustion. Subsequently, the
oxidation reaction rate increased gradually as the temperature
increased steadily, which resulted in a tiny decrease in mass from
TG curves. Meanwhile, devolatilization and PC pyrolysis were
also pivotal routes that caused the decrease in mass. The mass of
these two samples decreased steeply when the coal temperature
surpassed T'g, which indicated that the PC samples entered into
the rapid combustion stage. At this period, the mass loss rate
attained the maximum through a tiny time. The T, values of
samples C3 and OC3 were 357.31 and 347.81 °C, respectively,
differing by about 9.50 °C. In addition, the T, value of OC3
(440.63 °C) was less than that of C3 (447.66 °C). Generally, the
moisture content can influence the heat transfer efficiency of PC,
and the evaporation of moisture can also consume some heat.
Therefore, sample OC3 reached the Tj; and T, earlier than
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sample C3. In addition, a portion of steady groups existing in the
PC can also be activated as activation molecules that reacted
easily with oxygen upon the preoxidation treatment, which
suggested that sample OC3 can be ignited more readily than C3.

Table 2 presents the detailed data regarding characteristic
temperatures of raw and preoxidized PC based on TG/DTG
curves at a heating rate of 5 °C min™". Sample C1 displayed the
largest characteristic temperatures (including Ty Th, Tig Tinaw
and T,) in these three raw samples, followed by sample C2, and
the values of sample C3 were the minimum. That is, these
characteristic temperatures increased with the increase in coal
rank. A higher thermal maturity of coal suggested the stronger
aromatized structures and more stable functional groups.”
Thus, the whole TG curve of sample C1 moved to a high-
temperature area. In addition, the volatile matter in coal is the
easiest substance to ignite and the combustion of the volatile
matter is the first step during the whole oxidation combustion.
Therefore, the characteristic temperatures were fundamentally
related to the volatile matter of coal, i.e., with the decrease in
volatile matter, the characteristic temperatures were larger.
Table 1 indicates that the volatile matter of sample C1 is the least
and consequently marked by highest characteristic temper-
atures. The T, values of these six samples ranged from 257.38 to
337.52 °C, and the T,, values of samples OC1—OC3 (328.15,
261.24, and 257.38 °C) were all mildly lower than those of their
corresponding raw samples (337.52, 273.03, and 261.60 °C).
After the preoxidation treatment, a portion of the adsorption
sites in coal was occupied by oxygen molecules; thus, the
preoxidation samples attained the peak values of oxidization
mass gain earlier than their raw samples. For the three coal
samples, the differences of T;, values between raw and
preoxidized samples were 12.56 °C (C1 vs OC1), 13.03 °C
(C2vs OC2),and 9.50 °C (C3 vs OC3), which represented that
the preoxidation treatment had a high influence on Tj,. T, is a
remarkable index mirroring the difficulty degree of PC
combustion, and its low value suggests that PC is easier to be
ignited. Therefore, the preoxidized samples were more prone to
be ignited than the raw samples. The T,,,, values of samples C1,
OCl1, C2, OC2, C3, and OC3 were 490.71, 478.39, 450.11,
439.51, 447.66, and 440.63 °C, respectively; meanwhile, the T,
values were 543.14, 538.15, 510.44, 502.36, 496.59, and 485.58
°C, respectively. It is transparent that the Ty, and T}, values of
preoxidized coal were all lower than those of raw coal.

Table 2 also displays the mass variation at each stage in the
process of PC oxidation combustion. The values of mass loss in
stages 1,2, 3, and 4 ranged from 0.34 to 3.01, 1.08 to 4.38, 85.48
to 90.48, and 2.06 to 6.35 wt %, respectively. For both samples
OC1 and OC2, their mass loss values at stage 1 were mildly
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Figure 3. TG/DTG curves of PC during oxidation combustion at various heating rates, (a) C1, (b) C2, and (c) C3.

Table 3. Combustion Performance Parameters of PC at 5§ °C min~

sample DTG, (Wt % min™") DTG,,, (wt % min™")
C1 6.35 0.58
0OC1 6.05 0.56
C2 5.19 0.60
ocC2 4.97 0.59
C3 6.39 0.59
0C3 6.13 0.58

Cy X 10* (wt % min™)

1

C, X 10° (wt % min~*) S % 10® (wt %2 °C~> min~2)

7.65 5.23 3.79
7.70 4.68 3.84
7.41 391 4.03
7.51 3.69 4.12
9.89 7.39 5.95
10.02 6.80 6.05

below those of the corresponding raw samples due to the
decrease in moisture content. However, sample OC3 had a
larger mass loss at stage 1 than that of sample C3, which might be
related to the instability of the TG test at a lower temperature.
Moreover, due to the decrease in oxygen adsorption sites of coal
after the preoxidation treatment, the mass gain at stage 2 of the
preoxidized samples was also lower than that of their raw
samples. For all PC samples, maximum mass losses were
observed at stage 3, illustrating that vigorous ignition occurred at
this phase. Thus, a thermokinetic analysis method was adopted
in this work to evaluate the thermokinetic behavior of stage 3, as
shown in Section 3.4. Notably, a tiny mass loss was observed at
stage 4 because of the high-temperature pyrolysis of coke and
ash.?® The total mass losses of samples C1, OC1, C2, OC2, C3,
and OC3 were 89.31, 89.02, 91.96, 90.19, 91.53, and 90.82 wt %

1125

respectively, which were mainly consistent with the fixed carbon
and volatile contents. Nevertheless, the PC weight utilized in the
TG test was relatively low (about 6 mg) and cannot absolutely
denote the actual state. Therefore, conducting a larger-scale
simulation experiment or a field industrial test was essential for
acquiring the precise results regarding the combustion process
of PC.

To explore the influence of the heating rate on the
combustion process of PC, TG/DTG curves of three raw PC
samples at various heating rates were analyzed, as described in
Figure 3. TG/DTG plots of the three samples moved to a high-
temperature area gradually as the heating rate increased. DTG
curves of PC at various heating rates displayed highly similar
tendencies when the temperature was below T,; however,
remarkable differences between these DTG curves were
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observed after combustion. When the heating rate increased
from § to 20 °C min~), the increase of maximum mass loss rate
and corresponding temperature of samples C1, C2, and C3 were
12.52 wt % and 37.98 °C, 11.48 wt % and 31.18 °C, and 12.64 wt
% and 27.40 °C, respectively. On the one hand, the increase in
heating rate can shorten the contact time of PC and oxygen and
cause incomplete reaction between the active structure in coal
and oxygen, and eventually resulted in the delay of the
combustion process of PC. On the other hand, the number
and types of complexes generated on the surface of PC at
different heating rates were also different. At the condition of
higher heating rate, the functional groups that did not oxidize in
time at the previous phase participated in PC combustion,
causing a hetero_;eneous ignition, which delayed the combustion
process of PC.>

3.3. Analysis of Combustion Performance Parameters.
Three parameters (Cig, Cy, and S) were calculated according to
eqs 1—3 for evaluating the combustion performance of PC, and
the detailed values are presented in Table 3. The DTG,,,, values
of samples OC1, OC2, and OC3 (i.e., 6.05, 4.97, and 6.13 wt %
min~!, respectively) were all lower than those of their raw
samples (6.3S, 5.19, and 6.39 wt % min ™' respectively), which
suggested that the preoxidized samples had relatively lower
volatile release and combustion mass loss at T, than raw
samples because a part of combustibles were consumed during
the preoxidation treatment.”® Meanwhile, DTG,,, values of
preoxidized samples were also observed to be lower than those
of raw PC. The C;, and § values of preoxidized PC were all
greater than those of their corresponding raw PC. However, the
values of Cy, for preoxidized PC were observed to be lower than
those of the corresponding raw samples. Generally, a high C;,
represents that the PC is readily ignited and a high C, can result
in a lengthened combustion process.”” Thus, the preoxidation
samples were more prone to self-ignition but had a shorter
combustion stage. In addition, the higher S of OC1, OC2, and
OC3 also suggested that the preoxidized samples can be ignited
and burnt-out at lower temperatures compared with raw
samples.

3.4. Thermokinetic Analysis. The thermokinetic param-
eters of the pyrolysis and combustion region (stage 3) from T,
to Ty, were investigated using the DAEM method in this work.
The plots of conversion rate a vs PC temperature were
described from TG data, and the temperature at the selected o
could be gained for each heating rate. Moreover, the linear
correlations of In(3/T*) vs 1/ T were established according to eq
6. The apparent activation energy (E) and preexponential factor
(A) were reckoned according to the linearization process at four
different heating rates, and the results of a vs E are depicted in
Figure 4. The E values of these six samples increased gradually
and then decreased with the increase in &, the maximum was
observed at a = 0.45 (i.e., nearby T,,,,), which was different from
PC pyrolysis. At the initial stage (a < 0.45), PC pyrolysis and
combustion mainly depended on the external heat; thus, the
required heat kept increasing with the increase in reaction
intensity of combustion, ie., E increased as @ increased.
Nevertheless, the PC burned violently and released a lot of
heat when the a value was greater than 0.45, which resulted in
the decrease of required external heat, i.e., E decreased as a
increased. Interestingly, E values of the three preoxidized PC
were all lower than their corresponding raw samples at the same
a, which suggested that the preoxidized sample can be ignited by
absorbing lower heat than the raw sample. In other words, the
preoxidized PC had a relatively higher self-ignition hazard than
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Figure 4. Relationship between « and E determined from the Miura—
Maki method for the pyrolysis and combustion process of raw and
preoxidized PC.

raw PC. Notably, the thermokinetic analysis should be utilized
only as a reference because of the low sample mass (about 6 mg)
and the different temperature areas at stage 3 between raw and
preoxidized samples in the TG test; further research was
essential for obtaining more details regarding the combustion
behavior of raw and preoxidized PC, such as the self-ignition test
of accumulated PC at a thermostatic condition, etc.

Graphically differentiating @ from E, we can gain E
distribution f(E) as described in Figure S. For each PC sample,
the pyrolysis and combustion process described an approximate
Gaussian distribution with the increase of . The peak value of
f(E) was more centralized around @ = 0.45 (i.e., nearby T,,.,),
indicating that there was highest reaction intensity near T,,,,.
Further observation demonstrated that the corresponding E of
the maximum f(E) of OC1, OC2, and OC3 (122.60, 126.50, and
142.36 kJ mol ") were all lower than those of corresponding raw
samples (142.46, 145.96, and 185.91 kJ mol™"), respectively,
which further proved the preoxidized PC was more prone to be
ignited than raw PC. As for samples C2, OC2, C3, and OC3,
both distinct abundance distributions of E might represent two
partial reactions during pyrolysis and combustion. In partial
reaction 1, the burning of numerous volatile matter and fixed
carbon released a large amount of heat and various gaseous
products, meanwhile accompanied by the burning of char at a
higher temperature, whereas partial reaction 2 was mainly
related to the combustion of small amounts of char and pyrolysis
of mineral components, which led to a further tiny mass loss (as
shown in Table 2).*°

Generally, thermokinetic parameters A and E have a strong
correlation with each other, which is called a kinetic
compensation effect (KCE), i.e., the change in one parameter
inevitably requires a compensatory variation in the other.”’ The
KCE is a forceful tool for defining the reaction mechanisms and
theoretical implications, which is underestimated and inad-
equately utilized.>* Thus, it is worth trying to conduct a KCE
analysis of PC combustion for further understanding the
difference between raw and preoxidized samples. The KCE
can emerge as a linear relationship between InA and E, which is
described in eq 7

InA=a+ bE (7)

where both constants a and b are the compensation parameters.
Figure 6 describes the plots of InA and E evaluated by the
Miura—Maki method. The high linear correlation coefficients
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(>0.96) strongly suggested the existence of the kinetic
compensation effect during pyrolysis and combustion of PC.
The compensation parameters a and b of these samples are also
depicted in Figure 6. For the three raw PC, the maximum b was
observed in sample C3 (0.2228), followed by sample C2
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(0.2139), and sample C1 (0.2132) had the minimum value of b.
Meanwhile, the constants b of samples OC1, OC2, and OC3
(0.1178, 0.1298, and 0.2001) were all below those of their
corresponding raw samples. Some studies suggested the KCF
parameters calculated from A and E can establish correlation
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with the characteristic properties of PC. Yip et al.”” suggested
that the proportionality constant b could be treated as an index
of the carbon structural evolution. Thus, it could be deduced
that the preoxidation treatment could change the carbon
structural form and the types of functional groups (discussed
in detail in Section 3.5) and further affect the combustion
behavior of PC. In addition, compared to the corresponding raw
samples, the intercept constants a of preoxidized samples OC1,
OC2, and OC3 decreased by 71, 61, and 27%. The constant a
usually denoted the initial surface properties; therefore, the
variation of constant a demonstrated that the preoxidation
treatment might change the surface properties of PC (e.g., pore
size, pore volume, surface area, etc.). To obtain more details of
the difference between raw and preoxidized PC, further
exploration regarding microcharacteristics of PC was essential.

3.5. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis. The band assignments of the main functional groups
of FTIR spectra in PC have been determined from researches on
coal microstructures.” The peak positions in the infrared
spectrum and related details of the main functional groups of PC
samples are listed in Table 4. FTIR spectrograms of raw and

Table 4. Band Assignments of the FTIR Spectra of Coal’”

functional location
type groups (cm_l) assignment
oxygen- —-OH 3700—3625  free —OH
containing 624-3610 —OH bond in hyd d
functional 36243 o ond in hydroxy an
groups )

3550—3200 —OH in alcohol/phenol/
carboxylic acid or
hydrogen bond

C=0 1880—1785  stretching vibration of C
=0

1780—1630  stretching vibration of C
=0

Cc-0 1330—900 stretching vibration of
Cc-0
—COO- 2780—2350  stretching vibration of
—-COO0-
aliphatic —CH; 2975-2945  asymmetric stretching
hydrocarbons vibration of —CHj
2875+ S symmetrical stretching
vibration of —CHj
—CH, 2930—2880  asymmetric stretching
vibration of —CH,

2855 %S symmetrical stretching
vibration of —CH,

1470 £ S variable angle vibration of
—CH,

aromatic arene 3100—3000  stretching vibration of
hydrocarbons C-H
1910—1900 C—C, C—H in benzene
aromatic ring ~ 1620—1430  stretching vibration of C
=C
substituted 900—675 external deformation

benzene vibration of C—H

preoxidized samples are presented in Figure 7. Remarkable
variations in the spectrograms represented the differences of
active functional groups of raw and preoxidized PC. According
to the investigations by Ibarra et al,,”° the infrared spectrum of
PC could be divided into four areas: hydroxyl in 3600—3000
cm™!, aliphatic hydrocarbons in 3000—2700 cm™', oxygen-
containing functional groups in 1800—1000 cm ™', and aromatic
hydrocarbons in 900—700 cm™'. Generally, defining the
boundaries and locations of the absorption peaks is essential
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for obtaining the relative content of each functional group in PC.
Previous studies have suggested that the Gaussian peak fitting
method could gain comparatively accurate results, and this
method has frequently been utilized for handling the raw data.””
Thus, the peak fitting analysis was carried out by the PeakFit
software in the selected region to semiquantitatively research the
variation of main functional groups. The relative content of each
functional group in PC was represented semiquantitatively using
the integrated area of the peaks gained by the peak fitting
process. Figure 8 describes the peak fitting results of the four
spectrum parts of sample C1 using the PeakFit software.

The relative contents of the main functional groups in all the
PC samples are listed in Table 5. It is transparent that the —OH,
C=O0, and aliphatic hydrocarbon groups of preoxidized PC
were below that of the corresponding raw PC, whereas the C—O
and —COO-— bands increased after oxidation treatment. In
addition, the tiny variation of aromatic hydrocarbons was
observed between raw and preoxidized PC. The functional
groups of the coal structure mainly consist of oxygen-containing
functional groups, aromatic and aliphatic hydrocarbons. Oxy-
gen-containing functional groups are the crucial components in
coal, which primarily contain the hydroxyl (—OH), carbonyl
(C=0), ether (C—0), and carboxyl (—COO-) groups.
Aromatic hydrocarbons in coal mainly contain arene (C—H,
C—C), aromatic ring (C=C), and substituted benzene (C—H).
Aliphatic hydrocarbons in coal mainly contain the methyl
(—CH,) and methylene (—CH,).*®

The —OH bonds mainly include hydroxyl in phenol, alcohol,
and water clusters, and the amounts of these groups of
preoxidized samples were much less than those of the
corresponding raw samples, which was primarily attributed to
the loss of moisture in voids and pores of the coal according to
the research from Niu et al.”” The C=0 groups and aliphatic
hydrocarbons have higher reactivity and could react with oxygen
and generate CO,, CO, and H,O at a low temperature; thus, the
amounts of C=0 and aliphatic hydrocarbon groups decreased
markedly after oxidation treatment. The C—O bonds primarily
exist in phenol, alcohol, ether, and ester. During low-temper-
ature oxidation, active —OH bonds can replace the hydrogen
atoms of aromatic or aliphatic hydrocarbon side chains to
generate alcohol, or hydroxyl groups are directly connected to
the benzene ring to form phenol, which results in the increase of
C—O0 groups. Furthermore, C—O bonds in alkyl ether can be
oxidized to —COO— groups. Differences in the strength of both
reactions mentioned above caused the increase in C—O groups
after oxidation treatment. The change in —COO— groups was
also complicated. On the one hand, the side chain of the ether
can be oxidized to form a carboxyl group, which is the primary
reaction. On the other hand, the —COO— groups can be
oxidized into CO and CO, emissions. The generation rate of
—COO- was higher than its consumption rate, resulting in the
fact that the —COO— contents of the preoxidized samples were
all larger than those of the corresponding raw samples. The
polymerization degree of aromatic hydrocarbons has a
remarkable influence on coal maturity, and they consist of
arene, aromatic ring, and substituted benzene.*® The arene and
substituted benzene contents decreased slightly through the
oxidation treatment, indicating that these two aromatic
hydrocarbons participate in the oxidation reaction. Notably,
the decrease of substituted benzene amount was primarily
caused by the substitution reaction of side chains. The aromatic
ring is the core structure of coal, and it is not prone to be
oxidized at a low temperature (<120 °C)."*" Thus, the amount of
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Figure 7. FTIR spectra of raw and preoxidized PC samples: (a) raw samples and (b) preoxidized samples.
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aromatic ring was constant before and after the preoxidation —OH, C=0, and —CHj; groups, etc.), but the increase of C—O
treatment. In short, the functional group amounts of preoxidized and —~COO~— structures compensated the negative influence
PC were remarkably different from that of raw PC, further
resulting in the difference in combustion characteristic and

thermokinetic behavior. The preoxidation treatment consumed
some functional groups in coal to a certain degree (such as effect of the increase in C—O and —COO— contents on coal

from the decrease of abovementioned functional groups on coal

combustion. Current research results suggest that the promotive
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Table S. Relative Contents of Major Functional Groups in PC Samples

oxygen-containing functional group

aromatic hydrocarbon

sample —OH C=0 c-0 —COO- arene
Cl 32.16 2.28 1.85 1.59 0.51
OCl1 1.16 0.17 7.82 5.53 0.39
C2 13.20 2.93 1.90 2.35 0.92
oC2 1.06 0.78 6.78 3.09 0.74
C3 31.38 3.71 1.96 1.65 0.57
OC3 4.36 0.57 6.86 2.58 0.45

aromatic ring substituted benzene aliphatic hydrocarbon
7.24 2.63 1.53
7.31 2.35 0.55
6.19 3.06 1.69
5.95 2.71 0.61
5.81 2.64 1.55
5.72 2.31 0.36

combustion was larger than the inhibition effect of the decrease
in —OH, C=0, and aliphatic hydrocarbon contents.

3.6. Summary. The deposited coal dust that has been in a
high-temperature circumstance for a long time will gradually be
oxidized, and the oxidized coal dust has a relatively lower T;; and
T, compared with the raw coal dust. Furthermore, the
combustion performance of these oxidized PC is also better
than that of raw PC. At the same a, the E value of oxidized PC is
below that of raw PC, which indicates that the oxidized PC has a
higher reactivity. In short, the oxidized PC has a higher self-
ignition and explosion risk than the raw PC. Therefore, the
undesired deposition of coal dust should be avoided during the
operation of the milling system in coal-fired boiler, and the
positions prone to coal dust deposition should be regularly
inspected and timely cleaned up, such as coal mill, coarse
powder separator, PC transportation pipeline, etc. In addition,
reducing the oxygen concentration in the surrounding is also an
excellent method for preventing the ignition and explosion of
the deposited PC."

4. CONCLUSIONS

To investigate whether the self-ignition risk of the deposited coal
dust is increased under high-temperature airflow, TG and FTIR
tests were carried out for contrasting the combustion properties
and thermokinetic and microcharacteristics of raw and
preoxidized PC samples. Conclusions drawn are as follows:

(1) For each coal sample, the five characteristic temperatures
(Tp Ty Tigy Tina and Ty,) of preoxidized PC were all lower
than those of raw PC, which suggested that the
preoxidized PC samples were more prone to self-ignition.
Both TG and DTG curves moved gradually to the high-

temperature zone with the increase of heating rate.

(2) The preoxidized PC had relatively higher values of Cgand
S but lower values of C, than raw PC, which represented
that the preoxidized samples could be ignited at a
relatively lower temperature but had shorter combustion
stage compared with raw PC.

(3) The thermokinetic analysis based on the DAEM method
suggested that the E values increased first and then
decreased with the increase of @ (i.e., coal temperature),
and the maximum E value was observed at @ = 0.45
(nearby T,,,.). The E values of preoxidized PC were all
below those of raw PC at the same @, which indicated that
the preoxidized PC required relatively less energy to react
and more readily undergoes spontaneous combustion.
For each sample, the main abundance distributions of E

were more centralized around « = 0.45 (nearby T,,,.).

(4) The preoxidized PC had lower relative amounts of —OH,
C=0, and aliphatic hydrocarbon groups and higher C—
O and —COO- bonds than raw PC. The partial —OH,
C=0, and aliphatic hydrocarbon groups were consumed
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after the preoxidation treatment, but the increase of C—O
and —COO— amounts compensated for the negative
influence from the decrease of abovementioned groups on
coal combustion.
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