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The adiabatic oxidation test indicates that the self-heating rate of candle coal (YM) is higher than that of
non-coking coal (DFS) in the initial stage, whereas it is lower than that of DFS coal in the later stage.
These differences were analyzed based on the *H NMR spectra of the THF extracts, obtained under
ultrasonic irradiation. Some active groups were found in these two coals, and some structural models
were designed according to the 'H NMR spectra of the THF extracts. The activation energies (E) and the
enthalpy changes (AH) of the typical groups were calculated (by Gaussian 09W) to explain the
differences in the oxidation characters for the two coals in this study. The results showed that the
activation energy (E) for the reaction of 1" , of which the YM coal contained more, and ArCH,Ar and
~#, of which the DFS coal contained more, was 4.33 kJ mol™?, 37.53 kJ mol %, and 81.54 kJ mol™*

Received 2nd November 2016 and the change in the enthalpy values was 48.03 kJ mol™, 272.76 kJ mol™, and 78.01 kJ mol™%,
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Introduction

Self-heating and spontaneous combustion of coal are quite
common during its exploitation, storage, and transportation.?
This phenomenon is directly linked to the nature of the coal as
an active organic material. Recently, the increased use of coal
has led to a requirement for the development of a technology to
prevent its spontaneous combustion during storage and trans-
portation. Thus, it is important to understand the mechanism
of the spontaneous combustion process.

It is well-known that oxidation of coal involves a reaction
sequence that consists of a series of steps®* including chemi-
sorption of oxygen on the pore surfaces, formation of carbon-
oxygen complexes, decomposition of unstable solid oxygenated
intermediates into gaseous products and stable solid complexes,
generation of new active sites for oxidation, etc. It has been re-
ported that a number of parameters including mass change,
heat evolution, temperature increase characteristics, oxygen
consumption, and nature of the gaseous products were studied
by investigators to elucidate the oxidation process.>”*°® Winmill
reported an exponential decrease in the rate of oxygen
consumption with time during coal oxidation.'* Carpenter and
Giddings reported that the rate of oxygen consumption is limited
by the rate of oxygen transport within the coal pores,** and Akgiin
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temperature stage. In conclusion,

the differences in the oxidation of these two coals in the low-
the differences in the self-heating rate are attributed to the different

chemical structures and reactivity of the compounds present in the coals.

F. analyzed the influence of particle size on the oxidation rate in
greater depth.*® It has also been reported that water contained in
coal may promote or inhibit its oxidation."*** Wang H. investi-
gated the characteristics of the gaseous products formed by coal
oxidation using an isothermal flow reactor and proposed to apply
the molar ratio of produced CO to consumed O, as an index for
ranking the coal propensity to self-heating and for determining
the onset of spontaneous combustion.?* However, there is little
research on the differences in reaction rates for coal spontaneous
combustion based on the chemical structure of the compounds
contained in the coal.

In recent years, many researchers have studied solvent
extraction of brown coal using solvents such as supercritical
solvents, binary solvents, alkali aqueous solutions, and water
for the analysis of the coal structure, and tetrahydrofuran (THF)
was known as the best solution to dissolve aliphatic groups.**¢
However, solvent extraction has not been applied to date for the
study of the spontaneous combustion of coal. Therefore, herein,
we studied the differences in the self-heating process of two
Chinese coals by the adiabatic self-heating test and endeav-
oured to explain the differences in the temperature increase
according to the chemical structure and reactivity of the
compounds extracted by ultrasonic irradiation from the coals.

Experimental
Coal samples

A candle coal sample was obtained from the Yima mine (YM) in
Western Henan and a non-coking coal sample was obtained

This journal is © The Royal Society of Chemistry 2017
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Table 1 Proximate and ultimate analyses of the coal used in this study

Proximate analysis (dry ash free basis) Ultimate analysis
Coal Mg (%) Aaq (%) Vad (%) Cyar (%) Hgat (%) Naat (%) Ogar (%)
™M 7.28 6.95 40.36 74.99 4.66 0.96 19.10
DFS 4.74 5.77 28.70 82.44 4.04 0.70 12.72

from the Dafosi mine (DFS) in the Bin County, Shanxi, China.
The coal samples were ground to a particle size of 0.18-0.38 mm
and then dried overnight in vacuum at 313 K prior to the
experiments. The proximate and ultimate analyses of the coals
are listed in Table 1.

The adiabatic oxidation study of the coal samples usually
requires the samples to have a particle size of 0.18-0.38 mm;
however, there is little research on the surface area of the samples.
Thus, to ensure that the size range was small enough to overcome
mass transfer limitation, surface area analysis of the coal samples
was performed using the Quantachrome Autosorb-iQ analyzer by
the N, Brunauer-Emmett-Teller (BET) adsorption method over
a partial pressure range of 0.05-0.3. The results are shown in
Table 2. The results indicate that the average pore sizes of these
two samples were small enough to avoid mass transfer resistance
and therefore a particle size of 0.18-0.38 mm was suitable.

Adiabatic oxidation of the coal samples

Each coal sample (80 g) was charged in an adiabatic oven to
ensure that there was a well air tightness of airflow within the
sample. A 100 mL min~" oxygen-free nitrogen gas flow was
allowed to pass through the sample for at least 24 h to stabilize it
at a predetermined initial temperature for the test and to prevent
the partial oxidation of the sample. After drying, the coal sample
was placed inside the adiabatic oven at 40 °C and was allowed to
equilibrate. When the sample temperature had stabilized, the
oven was switched to remote-monitoring mode (enabling the
oven to track the temperature increase in the coal sample due to
its oxidation) and the gas selection switch was turned to high-
purity oxygen at the constant flow rate of 20 mL min~". If the
flow rate of oxygen is too high, the gas flow can reduce the heat
and thus the coal sample is unable to efficiently retain heat. After
repeated experiments, it was found that a gas flow of 20 mL
min " was ideal. The temperature change in the coal sample with
time was obtained by a data logging system for later analysis.

Ultrasonic extraction of the coal samples

Typically, 5 g dried coal and 20 mL THF were mixed and charged
in a flask to be extracted for 8 h under ultrasonic (40 Hz)

Table 2 Surface area analysis of the coal samples

Surface area Average pore

Coal (m*g™) size (nm)
YM 1.1724 1.5916
DFS 3.4329 8.6702

This journal is © The Royal Society of Chemistry 2017

irradiation at room temperature. The mixtures were kept over-
night and then filtered. The filtrates were then concentrated.
The obtained samples were then concentrated for analysis by "H
NMR (400 M, UNITY INOVA 400, Varian) in CDCl;. Chemical
shifts () were given in parts per million relative to TMS as the
internal standard. The extracts were also characterized using
a Nicolet 6700 FTIR spectrometer.

Results and discussion
Adiabatic oxidation of the coal samples

In this study, we investigated the adiabatic oxidation of YM and
DFS coal samples via a self-developed adiabatic oxidation
experimental system. The self-heating curves of the two coal
samples are shown in Fig. 1.

Moreover, repeated adiabatic experiments were conducted
and the average self-heating rate for the process of coal spon-
taneous combustion was calculated for every 10 °C interval and
can be expressed as the following formula:

Vies = 10/(tis10 — ) 1)
where v and © represent the temperature increase rate (°C
min ') and the time (min), respectively, and the temperature i
ranges from 40 °C in 5 intervals. Finally, »;.5 represents the
average self-heating rate can be obtained using the tempera-
ture interval (10 °C) divided by the time (t) for each 10 °C
interval.

The self-heating rates of these two coals were calculated by
eqn (1), and the results are shown in Fig. 2.
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Fig. 1 Self-heating curve for the adiabatic oxidation of YM and DFS
coal samples.
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Fig. 2 Self-heating rates of YM and DFS coals.

From the adiabatic self-heating curves, we found that the
temperature of YM coal can reach 160 °C in a short time,
whereas that of the DFS coal took longer to reach the same
temperature. Moreover, after analyzing the self-heating rate of
these two coals, we found that YM coal is more active in the
initial stage, whereas the opposite applies for the DFS coal.

As observed from Fig. 2, there are two stages in the self-
heating process: a slow process at temperatures lower than
100 °C and a fast process at temperatures higher than 100 °C.
The proximate and ultimate analysis results of the two coal
samples showed that YM coal had a higher content of volatiles,
whereas DFS coal contained low content of volatiles. As it is
known, volatiles are usually released at high temperatures and
thus the self-heating rate of YM coal is higher than that of DFS
coal in the initial stage. When the temperature is high enough,
the volatile content is released, and the YM coal, as it contains
more volatiles, needs more time to oxidize. This could explain
the different heating rates between the two coal samples. Next,
we studied the reaction rate during the coal spontaneous
combustion based on the chemical structures of the
compounds extracted from the coal.

Ultrasonic extraction of the coal samples

It is well-documented that coal is an organic macromolecular
mixture, and the oxidation of coal involves a reaction sequence.
Although the detailed structure is still under debate, it was
considered that the structure of the coal plays an important role
in the oxidation. However, IR spectra cannot fully detail the
structure, as it only provides the characteristic group vibrations.
To further study the differences between the two coals, "H NMR
was used. In this study, we tried to understand the differences
in the self-heating rates of YM and DFS coals from the "H NMR
and FTIR spectra of the compounds extracted by ultrasonic
irradiation in THF.

It has been reported by some previous investigators that
aromatic nuclei barely participate in the oxidation reactions
during the process of coal low temperature oxidation,*”>°

18376 | RSC Adv., 2017, 7, 18374-18378
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whereas some active groups play an important role in it.*
Moreover, it is well-known that tetrahydrofuran (THF) can
dissolve aliphatic groups well; therefore, THF was selected as
the extracting solvent in this study. The obtained samples were
then concentrated and analyzed by "H NMR in CDCl;, with
chemical shifts (¢) given in parts per million relative to TMS as
the internal standard. The spectra for the YM and DFS
compounds are shown in Fig. 3 and 4, respectively. In addition,
the extracted samples were also analyzed by FTIR (spectra
available in the ESIY).

After observing the spectra, we found that there are some
differences between the components of YM coal and DFS coal
extracted in THF.

The "H NMR spectrum of the extracted component of DFS
coal showed extra peaks at § 5.55-5.75 ppm and 3.68-3.98 ppm,
corresponding to the protons of ArCH,Ar and 5~ respec-
tively. However, in the spectrum of the extracted component of
YM coal in THF, there are unit peaks at ¢ 4.35-4.39 ppm and
2.24-2.77 ppm corresponding to the protons of , ¥ or alkyl
groups connected with an aromatic ring. Although there are
also unit peaks at ¢ 4.34-4.38 ppm, the content of these protons
is very low. Moreover, the "H NMR spectrum of the extracted
component of DFS coal and YM coal samples also display peaks
at 6 1.26-2.07 ppm and 1.26-1.40 ppm, corresponding to the
protons of fatty hydrocarbons.

According to literature reports, some of the compounds
in the 'H NMR spectra contain reactive groups in oxidation
reactions. In the early spontaneous combustion of coal, the
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Fig.3 H NMR spectra of the extracted component of YM coal in THF.

mown 1o
BER 383
o

/

1.21

o ol
LR

1.82
—1.26
—0.00

®
3

2.00 =
7
7
3

75 70 65 60 55 50 45 40 35 30
(op

»
o
N
5
&
5
o
G

00

Fig. 4 'H NMR spectra of the extracted component of DFS coal in
THF.
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oxidation of reactive groups on the coal surface dominates;
however, according to chemical laws, for oxidation to occur, an
activation energy must be overcome. To study the differences
between these two coals well, some structure models were
designed according to the "H NMR and FTIR spectra of the
extracted components in THF. Some structural models were
based on the active groups. First, we studied the model 1
(diphenyl carbinol), of which the YM coal may contain more.
The structure of model 1 and the theoretical value of chemical
shifts of the active sites are shown in Fig. 5.

Many researchers have proposed that hydroperoxide
undergoes thermal decomposition to directly form carbonyl-
containing species.**> Therefore, we proposed the following
steps for the oxidation of compound 1 to product 4: first,
a hydroperoxide 2 was formed and then converted into diradical
3, which is unstable and can rapidly evolve into the carbonyl-
containing product 4 (Scheme 1).

With the use of discrete fourier transform (DFT) and the
B3LYP/6-31G computer programme, a geometrical optimization
of the reactants, transition states, and products was obtained.
After calculating the vibration frequency of each stagnation point
and carrying out a vibration analysis, the zero-point energy (ZPE)
was obtained. The results are shown in Table 3. All calculations
were carried out using the Gaussian 09w program package.

Second, we studied models 2 and 3, of which DFS coal may
contain more. The structures of model 2 and 3, and the

3.16;2.91

Fig. 5 Structure of model 1, of which the YM coal contained more.

Scheme 1 Oxidation process for compound 1.

Table 3 Thermodynamic data for model 1
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theoretical values of chemical shifts of the active sites are shown
in Fig. 6.

In the same way, the thermodynamic data for the oxidation
of model 2 and 3, illustrated in Scheme 2 and 3, respectively,
were calculated, and the results are shown in Table 4 and 5,
respectively. First, methylene connected to the benzene ring
and the vinyl group is very reactive and can be easily oxidized.
After reacting with oxygen, the C-C bond splits to produce
ethylene. Similarly, methylene connected with two benzene
rings is also very reactive and can evolve to a radical that reacts
with oxygen to produce a superoxide radical and the hydro-
peroxide 9, and finally converts to benzophenone 11 and water.

5.00
H
3.21 P 3.96
- gC
H
592
model 2 model 3

Fig. 6 Structures of models 2 and 3, of which DFS coal contained
more.

H H H Q
WH o ©/TY%H ©)*OH
" — OH, —_— +CyHy
5 6 7
Scheme 2 Oxidation process for compound 2.
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Scheme 3 Oxidation process for compound 3.

Table 4 Thermodynamic data for model 2

Substance H (Hartree) G (Hartree) E (Hartree) Substance H (Hartree) G (Hartree) E (Hartree)
MI —767.035249 —767.094043 —767.036193 MI —499.073762 —499.120980 —499.074706
TS —767.045985 —767.096108 —767.034544 TS —499.042706 —499.090279 —499.043650
Products (3) —767.053545 —767.106277 —767.044489  Products (7) —499.103414 —499.157324 —499.104359
AH (k] mol™) —48.03 AH (k] mol™) —78.01

E, (k] mol ™) 4.33 E, (k] mol ™) 81.54

This journal is © The Royal Society of Chemistry 2017
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Table 5 Thermodynamic data for model 3

Substance H (Hartree) G (Hartree) E (Hartree)
MI —652.559577 —652.614725 —652.789158
TS —652.552802 —652.606888 —652.774864
Products —652.663468 —652.719897 —652.664412
AH (k] mol™) —272.76

E, (k] mol™) 37.53

From the abovementioned results, we found that the
enthalpy changes of the reactions depicted above are negative,
which means that the reactions are exothermic. The activation
energies of the reactions are 4.33 k] mol *, 81.54 k] mol ™", and
37.53 kJ mol . It is well-known that once the reaction system
exceeds the activation energy and there are enough collisions
between activated groups, the chemical reaction takes place.
Thus, if activated groups are less, the effective collisions are
less, and the chemical reaction rate is lower. Therefore, in the
initial stage, the YM coal, which contains more activated groups
such as ' is more active than the DFS coal, which contains
more ArCH,Ar or 5~~, and the self-heating rate of YM coal
is higher than that of DFS coal. With the increase in the
temperature, the heat increases, and most of the active groups
in the YM coal complete the reaction. However, by now, the
activation energy for the oxidation of ~~.# and methylene
ether linkage is achieved; thus, the oxidation of DFS coal is
accelerated, leading to a rapid increase in the temperature rate
for the DFS coal. In summary, the YM coal, which contains
active groups (such as 1" ), whose activation energy is low,
reacted well in the initial stage and the self-heating rate was
high, whereas for the DFS coal, the opposite applies.

Conclusions

The adiabatic self-heating of YM and DFS coals was studied.
Upon comparing these two coals, we found that the self-heating
rate of the DFS coal is lower than that of the YM coal in the
initial stage, but is higher in the later stage. The differences
between these two coals can be well explained from the chem-
ical structures of their compounds and the activation energy
(E.) and enthalpy changes (AH) corresponding to the reactions
of these compounds. The YM coal contains more 3, whose
activation energy (E,) is low; thus, its oxidation can easily take
place and produce heat (AH) in the initial stage. However, as the
reaction progresses, active groups such as ' complete the
oxidation reaction, less heat is released, and the temperature
rate decreases. On the other hand, the active groups in the DFS
coal such as the olefinic bond and methylene ether linkage have
higher activation energies and do not react in the early stage;
thus, its initial temperature rate is low. However, as energy
accumulates, the activation energies (E,) required for DFS coal
are reached and thus oxidation takes place and temperature
increases. In conclusion, the differences between the chemical
structures of the compounds present in the coals are considered
as the main cause for the differences in the oxidation characters
of these two different coals.
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