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ABSTRACT

To study the effect of coal particle size on the activation energy of coal oxidation reaction in different
oxidation stages, the experimental equipment of temperature-programmed tests was adopted. To
determine the relationship between oxygen consumption rate and gas products, the temperature was
explored in the low-temperature oxidation stage of coal samples with different particle sizes. The critical
temperature point for coal samples of different particle sizes was obtained by analyzing the change rule of
gas product and oxygen consumption rate with temperature, and dynamic analysis was carried out on this
basis. Establishing an Arrhenius formula between the oxygen consumption rate and the coal temperature,
the apparent activation energy equation was obtained from the logarithmic treatment method. The linear
regression on straight line gradient of the equation was analyzed and the apparent activation energy for
the low temperature oxidized coal sample was calculated. The results showed that the particle sizes
affected the apparent activation energy, and the larger the particle size was, the larger the activation
energy was. However, the coal samples with a particle size of 5-7 mm had the maximum apparent
activation energy before the critical temperature. Compared with other particle sizes, the coal sample of
this particle size did spontaneously combust easily.

KEYWORDS: Coal oxidation, oxygen consumption, critical temperature, dynamic analysis,
spontaneous combustion.

NOMENCLATURE

A Pre-exponential factor s o Air supply volumetric flow rate mL/s

A,s  Ash content air-dried basis % R Universal gas constant 8.314 J mol™ K!
E Apparent activation energy kJ mol’' S Test tube sectional area cm®

FC,, Fixed carbon content air-dried basis % T Temperature °C

L Height of coal sample cm V. Volatile matter content air-dried basis %
M,, Moisture content air-dried basis % Vo Volume of the experimental coal sample
n Reaction order dimensionless cm’

INTRODUCTION

As an economical and low-cost energy source, coal accounts for the largest share of global
electricity production. However, spontaneous combustion of coal has been, and continues to be, a
major threat associated with the extraction and storage of coal. Once this happens, it can cause
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major problems, such as huge losses of coal resources, environmental damage, and death [1-3]. In
underground coal mining, spontaneous combustion usually occurs in concealed areas, such as
inaccessible gobs. Research on the characteristics of spontaneous combustion is useful for
monitoring and assessing the severity of coal fires, as well as preventing and controlling them.

The low-temperature oxidation reaction is complex and varies with the temperature [4-6]. The
spontaneous combustion tendency of coal reflects the easy degree of coal spontaneous combustion
and the low-temperature oxidation characteristics [7, 8]. Coal oxidation is an irreversible
exothermic process, and the reaction rate increases with increasing temperature [9-12]. To predict
this critical temperature, numerous methods have been established, such as adiabatic oxidation,
temperature programmed and exponential gas growth rates. In recent years, the influence of particle
size on combustion reactions has received increasing attention. Some scholars have studied this
effect in the study of coal spontaneous combustion. The effects of coal particle size on kinetic
parameters (apparent activation energy, reaction rate), exothermic intensity and oxygen
consumption rate in coal oxidation and pyrolysis have been studied [13-16].

At present, many scholars are carrying out kinetic analysis of coal samples with different degrees of
metamorphism by using thermal analysis experiments, and testing the effects of various influencing
factors such as oxygen concentration, particle size and heating rate on activation energy [17-23].
Gao conducted a simultaneous thermal analyzer (STA) experiment to explore the relationship
between the apparent activation energy of coal and heating rate and oxygen concentration. The
bituminous coal samples were analyzed using a simultaneous thermal analyzer [24]. Wang studied
the mass gain of coal oxidation observed by thermogravimetric analysis. Thermogravimetric
infrared and thermogravimetric in-situ infrared experiments were carried out on a typical Jurassic
coal in western China, and the kinetics and mechanism of coal oxidation were determined [25, 26].
The scholars mentioned that the above used fewer coal samples, and the critical temperature was
used as a key temperature point for coal in the low-temperature oxidation stage; there were few
macroscopic experiments near this temperature point. Therefore, it is meaningful to perform a
segmentation calculation of the activation energy of the low-temperature oxidation process of coal
with the critical temperature as the segmentation point.

In this paper, the critical temperature of coal spontaneous combustion was measured by the
temperature-programmed experimental system. The gas products of different particle sizes were
obtained, and the apparent activation energy was calculated. The relationship between particle size
and coal spontaneous combustion tendency was obtained, and the spontaneous combustion tendency
of coal in different coal seams was studied.

EXPERIMENTAL

Coal sample preparation

The coal samples of the 2°™* and 3" coal seams in Wantugou coal mine were selected as long-

flame coal samples. The samples were divided into two groups. Each group was pulverized in the
air, and the coal was screened according to the five particle sizes of 0-0.9, 0.9-3, 3-5, 5-7, 7-10
mm. Each of the five particle sizes was screened at 1.2 kg, and each particle size was used to
complete the experiment with 1.0 kg; the remaining 200 g was composed of the mixed coal sample.
Coal quality was established by proximate and ultimate analyses, the results (Table 1) are presented
on an air-dried basis.

Experimental apparatus

A self-designed temperature-programmed experimental system was employed to investigate the
characteristics of coal spontaneous combustion during the decaying process. The experimental
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system consisted of three parts: gas supply system, temperature-programmed system, and gas
sample analysis system. The gas supply system can provide a variety of oxygen content of the
carrier gas for the oxidation of coal. The temperature-programmed system consists of an oven, a
sample reactor and a thermocouple sensor inserted into the center of the reactor. The inner surface
of the oven is insulated with asbestos and stainless material. The sample reactor is a cylindrical
body with a diameter of 9.5 cm and a length of 25 cm. Before entering the sample reactor, the
carrier is preheated by a long curved copper tube. Gas sample analysis systems include gas
chromatograph and computer. Figures 1 (a) and (b) show the schematic of the reactor.
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Fig. 1. Temperature-programmed experimental system: (a) overall picture and (b) reactor enlargement.

At the beginning of the experiment, the coal sample was first put into the reactor, and then into the
heating box to connect the gas path which was open to the air pump, the flow rate to 120 mL/min,
ventilation started to pick up an hour later, the heating rate 0.3 °C/min. Since 30 °C, using gas
chromatograph analysis of gas composition, every 10 °C temperature interval of half an hour to
receive gas analysis, the end of the experiment temperature was 170 °C. A total of 15.0 gas
extraction analyses were conducted. Then the heating was stopped. Finally, the gas source was
closed, and the experiment was finished.

Table 1. Analysis of coal quality of experimental coal samples

Sample M,q (%) Agg (%) Vaa (%) FCyq (%)
2-2mid 6.44 6.45 29.60 57.51
3! 8.73 7.23 4743 42.61
RESULTS AND DISCUSSION

CO gas analysis

CO gas was selected as the index gas for different stages of the low-temperature oxidation process
of coal. It can be seen from Fig. 2(a) that the CO emission of coal samples with different particle
sizes in the 2™ coal seam at normal temperature was almost the same. With the increase in
temperature, the release amount of CO gas had a large change, and the gas release amount was
measured at 170 °C. The gap was exceptionally obvious, and the law was that as the particle size
increased, the amount of CO gas released decreased, while the amount of CO gas released from the
sample was moderate. The CO gas generated by different particle sizes on coal samples showed two
mutations during the heating process. The first abrupt temperature changed with the particle size, O—
0.9 mm particle size, 0.9-3 mm particle size. The temperature point of the mixed sample was 60 °C,

1146



Part 6. Material Behavior in Fires

the temperature point of the particle diameter of 3-5 mm was 70 °C, and the temperature point of
the particle diameter of 5 to 7 mm and 7-10 mm was 80 °C, which indicated that the larger the
particle size, the first abrupt temperature. The later the hysteresis, the temperature of the abrupt was
the critical temperature of the coal sample. After the critical temperature, the growth rate of CO gas
was significantly higher than the critical temperature, and the second abrupt temperature occurred.
120 °C, which indicated that the temperature was the dry cracking temperature of the coal sample;
the gas growth rate was close to exponential growth after this temperature point.
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Fig. 2. CO gas and temperature curve of coal sample: (a) different particle sizes and (b) different coal seams.

C,H, gas analysis

C,H, gas was selected as the index gas to assist in the different stages of low-temperature oxidation
of coal. It can be seen from Fig. 3(a) that the C,H, gas produced by the coal samples with different
particle sizes of the same coal seam increased with the increase of temperature. At the same
temperature point, as the particle size increased, the amount of gas released was less, and the
mixture was mixed. The amount of gas released was at a moderate level. The gas appears at a
temperature point of 80 to 100 °C; the law is that the temperature point lags with the increase of the
particle size, while the mixed sample is in the centered position. Moreover, the growth rate of the
gas before the cracking temperature was relatively slow; the cracking temperature shows an
exponential growth.

It can be seen from Fig. 3(b) that under the condition that the particle size is the same as the mixed
sample, the amount of C,H, gas released by the 3™ coal sample was larger than that of the coal
sample of 2™, and the temperature at which the gas was generated was also earlier than that of the
coal in 2™ Similarly, the temperature point at which the gas amount was abrupt was also delayed
by 10 °C in the 2™ coal sample.

Analysis of the oxygen consumption rate

The gas source used in this experiment was air, so the oxygen concentration at the inlet of the coal
sample tank was 21 vol.%, and the oxygen concentration at the outlet could be measured by gas
chromatography, so that the oxygen consumption rate of the coal sample can be calculated and the
temperature was obtained by law of change.

The oxygen consumption rate of the coal sample in the sample reactor is expressed by Eq. (1):

0 1
0 _QCOZ_l Co, _

0 0
QCo, .l Co,
Vo, = =—2-In3%

2 2
SL 6, Vm cs,

1)
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where v32 (T) is the average rate of oxygen consumption per unit volume of coal sample in fresh air
current, mol/(cm3 -S) ; ng is the oxygen concentration in fresh airflow, ng =9.375x10°° mol/mL; Q
is the air supply volume, mL/s; S is the test tube sectional area, cm’; L is the height of coal sample,
cm; C (1;2, C5, is the oxygen concentration at the inlet and outlet of the coal sample, C5, = C, =
9.375x10°° mol/mL; V,, indicates the volume of the experimental coal sample, cm’.

60 7

554 —=— 0-0.9 » 457 »
éigf —— 0.9-3 / 540— .
= 40 375 =357 e 2mid coal seam /
S v 57 2301 e 31 coal s/
Z 351 i coal seam ,
g 7-10 £ 254 /
£ 301 i xod 1 =
S 251 mixed sample £ 20
§ 201 g 151 /
_ 151 2 104
im 10 SN 10 o 7

4 &
i R
0 07
80 100 120 140 160 180 80 100 120 140 160 180
Temperature/C Temperature/C
(a) (b)

Fig. 3. C,H, gas and temperature curve of coal sample: (a) different particle sizes (b) different coal seams.

According to Eq. (1), curves of oxygen consumption rates with different particle sizes and coal
types can be obtained.
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Fig. 4. Oxygen consumption rate and temperature curve of coal sample: (a) different particle sizes and
(b) different coal seams.

It can be seen from Fig. 4(a) that the oxygen consumption rate of coal samples with different
particle sizes of the same coal seam increased with the increase of temperature. When at the same
temperature point, the law showed that the oxygen consumption rate was lower as the particle size
increased, and the oxygen consumption rate of the mixed sample was at a higher level. Before the
critical temperature, the oxygen consumption rates of different particle sizes were not much
different. At the critical temperature, the oxygen consumption rate demonstrated the first mutation,
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and after the critical temperature, its growth rate increased significantly. At the cracking
temperature, the second abrupt temperature occurred, and then the rate of oxygen consumption
showed exponential growth.

It can be seen from Fig. 4(b) that when the particle size was mixed, the oxygen consumption rate of
the 3" coal seam was substantially larger than that of the 2™ coal seam, because the dry cracking
temperature of the 3" coal seam was greater than the coal seam of 2™, so at 130 and 140 °C, the
oxygen consumption rate of the 3™ coal seam was less than 2™ coal seam.

By analyzing the change law of CO and C,H, gas and oxygen consumption rate with temperature,
the critical temperature point was obtained, and the dynamic analysis was carried out by dividing
the stage.

Oxidation kinetics analysis

During the spontaneous combustion of coal, the surface of the coal body is chemically adsorbed and
oxidized by oxygen molecules, releasing many gases and a large amount of heat.

Coal + O, — mCO + gCO, + other products
According to the reaction rate calculation method and the Arrhenius equation, the reaction rate
obeys the first-order Arrhenius equation, and Eq. (2) is obtained as follows:
Ea
v,,(T) = ACg, exp (— E) 2)

13

where v,, (T) is the actual oxygen consumption rate, mol/(cm™s); A is the pre-exponential factor; E,
is the activation energy; and R is the gas constant, R=8.314 J/(mol-K), # is the reaction order, taking
n = 1; Cyp, indicates the oxygen content in the reaction gas, mol/cm’.

Combining Eqs. (1) and (2), the formula for calculating the oxygen consumption rate and activation
energy can be determined:

Ea
v3,(T) = ACS,exp (— 2 ) 3
Further, simplifying the formula in Eq. (3), that is, taking the logarithm on both sides:
Lnvy, =InA+1InCp, —% 4)
Finishing up:
1;32 _ Ea
ln@——R—Ti+lnA (&)

It can be seen from the formula that in the Cartesian coordinate system, ln(vg2 / C(?Z) is the ordinate
and 1/T is the abscissa, and the data can be fitted to a straight line. The slope of the line can be used
to calculate the apparent activation energy. By taking the different particle sizes of the same coal
seam and the oxygen consumption rate of different coal seam samples into the above formula, the
apparent activation energy of the coal sample can be obtained. Since the apparent activation energy
of coal samples before and after the critical temperature was quite different, the Arrhenius curves of
different coal seams and different particle sizes before and after the critical temperature are,
respectively, fitted, as shown in Figs. 5 and 6.

According to the above fitting curve, the activation energies corresponding to the critical
temperatures of different coal samples are summarized as given in Table 2.
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Fig. 5. In(v$ /! cd ,) and 1/T relative curves of mixed coal seams: (a) 2-2mid coal sample mixed sample and (b)
3-1 coal sample mixed sample.

Table 2 Apparent activation energy of different coal samples

Coal sample number Critical temperature, °C E1, kJ/mol E,, kJ/mol
0-0.9 60.0 17.06 29.57
0.9-3 60.0 23.25 37.46
3-5 70.0 27.40 41.28
5-7 80.0 34.97 41.75
7-10 80 33.44 44.63
224 mixed sample 60 21.70 35.22
3" mixed sample 70 15.95 30.61

It can be seen from Table 2 that with the increase of the particle size of the coal sample, the
apparent activation energy before the critical temperature basically shows an increasing situation,
which is because the smaller the particle size of the coal sample, the specific surface area of its
reaction with oxygen. The larger, the more active coal molecules were exposed at the same time, so
the easier it was to react with oxygen, which, in turn, generated more heat and accelerated the
reaction. The apparent activation energy after the critical temperature also showed that the apparent
activation energy increased as the particle size increased. That mentioned above was because, after
the critical temperature, the macromolecular structure in the coal body accelerated the fracture,
increasing the number of active groups. In addition, the larger the particle size, the smaller the
specific surface area, and the less likely it was to react with oxygen. The apparent activation energy
after the critical temperature was much larger than before the critical temperature, because the
reaction before the critical temperature consumed a large amount of unstable reactive functional
groups in the coal molecules, and the critical temperature requires a more stable functional group
structure. Therefore, the reaction was more difficult than before. The apparent activation energy
required for the mixed reaction was less because the mixed sample contained all the particle
diameters, and its specific surface area was relatively large, and its reaction with oxygen was
relatively easy to occur. At the same time, under the same coal quality conditions, the particle size
of 5-7 mm in the early stage of the reaction showed a difference: it was the critical particle size.
Accordingly, the apparent activation energy required was the largest.
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Fig. 6. ln(vg2 / ng) and 1/T relative curves of different particle sizes: (a) 0—0.9 mm, (b) 0.9-3 mm, (c) 3-5 mm,
(d) 5-7 mm, (e) 7-10 mm.

CONCLUSIONS

(1) From analyzing the release law of the index gas, the law of CO gas release and the growth
rate of oxygen consumption rate were basically consistent. The critical temperature of different coal
samples was received as the basis for dividing the activation energy.
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(2) After the division stage, the equation for the dynamic analysis fit better, and the equation
can better reflect the relationship between ln(vg2 / ng) and 1/T. Before the critical temperature, the
apparent activation energy increased with the increase of the particle size. Since the particle size of
5-7 mm was the critical particle size, the apparent activation energy required for the particle size
reaction was the most. After the critical temperature, as the particle size increased, the apparent
activation energy also increased. The apparent activation energy differed greatly before and after the
critical temperature. The apparent activation energy of the mixed particle size was small, as between
0-0.9 and 0.9-3 mm particle sizes.

(3) The apparent activation energy of the low-temperature oxidation reaction of 3" coal seam
was less than that of the coal seam in 2™ indicating that the coal spontaneous combustion
tendency of this coal seam was greater than that of the coal seam in 2™, Attention should be paid
to the actual production process of the mine, to avoid harm to personnel and loss of property.
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