
INTRODUCTION

Spontaneous combustion of coal is a main disaster in coal

industry , which universal occurs in underground coal

mining1. For centuries, people try to study the mechanism of

spontaneous combustion of coal2-4. The traditional method for

elaborating spontaneous combustion of coal always focus on

the change of thermodynamic parameters and mathematical

model in low-temperature oxidation of coal5,6. At present, with

the development of analytical chemistry, researchers increasing

pay attention to study spontaneous combustion of coal by

chemical view7-10. Those research mentalities rely on detection

of variation with coal molecular structure before and after the

low-temperature to reveal the mechanism of spontaneous

combustion of coal comprehensively. Infrared spectroscopy

was employed as a measure for providing reference on the

transform of functional groups in coal after self-heating of

coal11,12. But it is difficult to assure the accuracy of these results

due to the fact that the coal molecular structure is extremely

complex and erratic.

For simplifying the complex molecular structure of coal,

we selected mode compounds to research some special struc-

ture in coal on the low-temperature oxidation13. The main struc-

tural units of the coal are condensation aromatic and hetero-

cyclic aromatic and these structural units are connected by

several active groups and bridge bonds14. Chemical properties

of condensation aromatic and heterocyclic aromatic compound

are relatively stable. Therefore, the active side-chains are

considered to be the main target for studying spontaneous
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combustion of coal15. As a common functional group in coal,

the carboxyl mainly exists in the peat, lignite and weathered

coal, but the carboxyl group disappears while the carbon

content of coal is greater than 78 %16. As a result, the aromatic

compound which includes single active group (carboxyl) was

selected as the model compound.

EXPERIMENTAL

The detailed parameters of selected model compounds

can be seen is Table-1.

TABLE-1 

MODEL COMPOUND FOR SPONTANEOUS 
COMBUSTION OF COAL 

Model compound Coal functional group Molecular formula 

Benzoic acid -COOH O

OH

 

 
The schematic diagram of experimental apparatus was

shown in Fig. 1. In experimental system, 0.02 L/min dry air

uniformly passes through the pipeline. The temperature

control system assures that the sample can enable to be conduc-

ted by temperature programming and stabilized at setting

temperature. The experiment was divided into two parts. The

sample can is a cylindrical container made of brass which has

a diameter of 48 mm and a height of 105 mm. The bottom and
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Fig. 1. Experimental set-up

top sample can are equipped with gas inlet and gas outlet,

respectively. The pore in the central sample can be installed

by temperature sensor contact whose top is exactly located in

the geometric center.

Procedure: In order to simulate coal particles and create

"gas-solid reaction" condition similar with self-heating oxida-

tion of coal from the physical perspective, using a kind of

solid particle to simulate particle state of coal under normal

state was proposed in this paper. Besides, this kind of solid

particle is out of circulation with experimental reaction which

can avoid disturbing the study of oxidation reaction charac-

teristics of model compound. Through comparing and

contrasting, algae soil supporters with the particle size of 0.180-

0.250 mm were employed to simulate the particle state of coal.

First, take 2.5 g benzoic acid and 10 g acetone with electronic

balance and then uniformly mix them. Next, pour into 40 g

supporter and stir it with glass rod so as to make acetone and

model compound evenly attached to supporter surface. Then,

pour supporter with attached model compound into an enamel

tray and evenly lay it flat on the tray. The vacuum drying is

subjected for 24 h to make acetone volatilize. After acetone

fully volatilizes, model compound would be attached to the

supporter evenly. After that, place it into the sample can and

make the experiment. Besides, heating furnace needs to be set

to conduct temperature programming from 293 to 423 K. At

each setting temperature, gaseous products of reaction need

to be collected. In addition, concentration variation of reaction

products would be analyzed qualitatively and quantitatively

by making use of gas chromatograph.

RESULTS AND DISCUSSION

Effects of temperature: By testing gaseous products of

model compound generated by oxidation under different

temperatures, it can be found that concentration of CO and

CO2 after reaction was shown in Fig. 2. In the process of oxi-

dation, oxidative activity of benzoic acid was always weak

until the temperature reached to 353 K. Also, the concentration

of CO remained at zero level. Once the temperature reached

to 353 K, the CO was generated in reaction (7.36 ppm). The

production of CO started to increase substantially. From 353

to 423 K, concentration of CO increased from 7.36 to 37.20

ppm. Meanwhile, concentration of CO2 also increased mode-

rately from 0 to 0.124 % between 293-423 K. In particular,

based on these data, the oxidation reaction of benzoic acid

was relatively slow in low-temperature phase, especially during

stage below 353 K.

Effects of reaction time: It can be seen from Fig. 3 that

the reaction time play a critical role on the response intensity

with low-temperature oxidation of benzoic acid. After 10 min

(a) Carbon dioxide

(b) Carbon monoxide

Fig. 2. Gas concentration from the outlet of reaction apparatus

Fig. 3. Oxygen concentration under different reaction times

oxidation, the oxygen concentration was slightly declined from

293 to 423 K. Through 0.5 h low-temperature oxidation, this

data decreased more quickly. At 423 K, the oxygen concen-

tration under reaction time of 10, 20 and 30 min is 20.48,

20.37 and 20.24 %, respectively. The response intensity of

benzoic acid grew with the increasing reaction time.

Reaction pathway: The oxidation products of benzoic

acid were qualitatively analyzed via coupling of GC-MS. It

can be clearly shown in Fig. 4 that acetic acid and 1-hydroxy-

2-propanone was generated by oxidation of benzoic acid.

Through low-temperature oxidation, the carboxyl group

attached to the benzene ring was dropped off and formed

acetic acid and 1-hydroxy-2-propanone. Then CO and CO2

Vol. 25, No. 15 (2013) Low-Temperature Oxidation Properties of Carboxyl in Coal  8661

280 300 320 340 360 380 400

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0C
o

n
c
e

n
tr

a
ti
o

n
 o

f 
c
a

rb
o

n
 d

io
x
id

e
 (

%
)

280 300 320 340 360 380 400

Temperature (K)

40

35

30

25

20

15

10

5

0

-5C
o

n
c
e

n
tr

a
ti
o

n
 o

f 
c
a

rb
o

n
 m

o
n

o
x
id

e
 (

p
p

m
)

280 300 320 340 360 380 400

Temperature (K)

21.0

20.9

20.8

20.7

20.6

20.5

20.4

20.3

20.0

O
x
y
g
e
n
 c

o
n
c
e
n
tr

a
ti
o
n
 (
%

)

10min
20min
30min



2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Time

2600000

24

22

20

18

16

14

12

10

8

6

4

2

00000

00000

00000

00000

00000

00000

00000

00000

00000

00000

00000

00000

A
b

u
n

d
a
n

c
e

Fig. 4. Chromatograms for composition of oxidation products from benzoic

acid, 373 K

were produced by the further oxidation of acetic acid and 1-

hydroxy-2-propanone. Obviously, the benzene ring did not

damage in low-temperature oxidation of benzoic acid and

decarboxylation was occurred in the process of oxidation.

Combined with oxidation products detected by experiment, it

can be inferred that the reaction course of benzoic acid and O2

is as follows (Fig. 5).

O

OH

O
OH

HO O

CO/CO2
CO/CO2

Fig. 5. Simple reaction path

Conclusion

The oxidation reaction process of benzoic acid is much

more complicated polystep reaction ranging from the initial

chemisorptions, final polystep decomposition reaction to even-

tual generation of various products. Based on the analysis

result of oxidation course of benzoic acid and its oxidation

products in each stage, it can be deduced that carboxyl group

present in benzoic acid can make composite oxidation with

oxygen under normal temperature. But, its oxidative activity

is weaker under normal temperature. And it would constantly

improve along with the temperature rise. After the temperature

reaches 353 K, its oxidative activity would increase gradually.

Furthermore, reaction time exerts the certain impact on activity

structure oxidation in benzoic acid. But the impact of reaction

temperature is much larger. As long as the temperature rises

to a certain value, reaction efficiency would rise greatly. In

this paper, the oxidation course of benzoic acid in surface

molecular structure of coal was expounded. As the foundation

of a series of researches, monocyclic aromatic hydrocarbon

was employed as model compound in this paper. Having taken

polycyclic aromatic hydrocarbon as the main component of

macromolecular structure of coal into account, we would adopt

more representative polycyclic aromatic hydrocarbon series

as model compound in the further study. In this way, the active

group surroundings and bonds in the model compound can be

more unanimous with macromolecular structure of solid-state

coal, thus revealing coal spontaneous combustion mechanism

in a more comprehensive and detailed way.
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