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Abstract Thermal analysis of seven Jurassic coal samples

from North Shaanxi in West China and three permo-carbon-

iferous coal samples from East China was studied to identify

ignition temperatures in the process of the oxidation and

spontaneous combustion. The experiments were carried out

under non-isothermal heating conditions up to 700 �C at the

heating rates of 5, 10, 15, and 20 �C min-1 in an air atmo-

sphere. Through the FTIR spectrometer experiments, the

absorbance peaks of functional groups of coal samples were

analyzed at the ignition temperatures, pre-ignition of the

10 �C, post-ignition of the 10 �C at the heating rate of

10 �C min-1. By the differential spectrum method, the

changes of functional groups were discussed with the aim to

determine characteristics and reactivity of the ignition tem-

perature around. The results showed that ignition tempera-

tures of experimental coal samples increased with the rising

heating rates, and ignition temperatures of Jurassic coals were

lower than that of the permo-carboniferous coal samples at the

same heating rate. Apparent activation energy of experi-

mental Jurassic coals at the ignition temperatures was calcu-

lated by Ozawa method based on the non-isothermal and

differential heating rates, ranging from 80 to 105 kJ mol-1,

which were lower than that of the eastern permo-carbonifer-

ous samples. On the basis of Pearson correlation coefficient

method which can signify the degree of correlations ranging

from -1 to 1, the correlation analyses were conducted

between activation energy and functional groups variation

within 10 �C before and after ignition temperature. It was

concluded that the key functional groups of Jurassic coals in

the oxidation and ignition reaction were methyl and alkyl

ether within 10 �C before ignition temperature, and carboxyl

and carbonyl within 10 �C after ignition temperature.

Keywords Jurassic coal � Coal spontaneous

combustibility � Ignition temperature � Kinetics � Activation

energy � Key functional groups

Introduction

Coal is one of the most important materials in the energy

and chemical industry, the spontaneous combustion prop-

erty of which causes the wasting of coal resources and

pollution of the environment in the process of oxidation

and ignition. The Jurassic coal that lays in north Shaanxi

coal fields of west China which is the major energy base

over half of coal resources in China. Compared with

permo-carboniferous coal from East China, the physics and

chemistry properties and spontaneous combustion charac-

teristic of Jurassic coal are special because of gather and

degeneration rules [1, 2], which needs to be studied deeply.

In recent years, the ignition process of coal was being

researched all around the world. More and more charac-

teristics of ignition temperature were carried out. At pres-

ent, the main determining methods of ignition temperature

include pulse ignition technique [3, 4], laser ignition

technology [5], thermal analysis technology [6–9], etc. In

these methods, thermal analysis experiments could be

conducted to determine the reaction kinetics parameters of
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coal oxidation and spontaneous combustion, which is

applied widely. HU, Kök [10–12] analyzed the academic

achievements of thermal analysis kinetics theory, and the

different applicability of diverse thermal analysis kinetics

methods. Among the kinetics methods, Ozawa [13, 14]

method (also known as the iso-conversional method) was

used widely to identify the reliable value of activation

energy, which was based on the same conversion rate on

several TG curves at different heating rates, involving the

kinetic model function.

Recent researches showed that the coal was composed of

several similar basic three-dimensional molecular structures,

which were connected by the bridge bonds. And the reactivity

of coal was closely related to these structures in the oxidation

and spontaneous combustion process. Based on testing spec-

trum absorption intensity, FTIR spectroscopy could accurately

confirm the variation and variety of functional groups during

the oxidation and spontaneous combustion of coal. Cui, Ge

[15, 16] studied the variation of functional groups and activity

of different rank coal in the oxidation process by the method of

FTIR. Kizgut [17] conducted IR spectroscopy (FTIR), ther-

mogravimetry (TG) ,and elemental analysis experiments to

characterize seven bituminous coal chars and provided suit-

able information to establish differences between coal samples

according to their chemical compositions. Combining thermal

analysis with IR spectroscopy, Kaljuvee [18] carried out TG–

DTA-FTIR/MS experiments to determine thermal and kinetics

characteristics of Bulgaria, Russia, Ukraine ,and other seven

coal samples. He [19] characterized the ignition temperature in

the process of coal oxidation and spontaneous combustion by

TG–DTA-FTIR. Feng [20] studied coal structure by thermal

analysis and FTIR experiments.

In this paper, Jurassic coals from North Shaanxi Coalfield

of West China were studied, compared with the eastern

permo-carboniferous coal samples. Thermal analysis experi-

ments were carried out to determine the ignition temperature

in oxidation and spontaneous combustion process. Based on

Ozawa method at multi-heating rates, the activation energy at

the ignition temperature was calculated. The variation of

some active functional groups before and after ignition tem-

perature in the coal molecular structure was analyzed by

infrared spectroscopy (FTIR). And the key functional groups

of Jurassic coal in North Shaanxi coalfield before and after

ignition temperature were determined, which made the most

contribution on spontaneous combustion.

Experimental

Coal samples

In this paper, Jurassic coal of Ning Tiaota (NTT), Yu Yang

(YY), Zhang Jiamao (ZJM), Jian Zhuang (JZ), An Shan

(AS), Jian Xin (JX), and Huang Ling (HL) samples from

north Shaanxi coalfield, and the permo-carboniferous coal

of Longgu (LG), Dongshan (DS), Bai Yangling (BYL)

samples from East China were selected for the study. The

experimental coal particle was grinded from 0.075 to

0.109 mm, and the proximate and ultimate analysis of coal

samples were carried out, which is shown in Table 1. In the

ultimate analysis experiment, the content of oxygen was

determined by the subtraction method, compared with the

contents of C, H, N, and S element. The experimental data

showed that the characteristics of Jurassic coal were low

ash, high volatile, high oxygen content, etc.

Thermal analysis

The thermal analysis experiments were performed with the

German NETZSCH STA409PC DSC-TGA simultaneous

thermal analyzer up to 700 �C at air atmosphere of

100 mL min-1, at heating rates of 5, 10, 15, 20 �C min-1,

with the experimental sample volume of 5 mg. The TG and

DSC curves with the temperature were obtained, deter-

mining ignition temperature at different heating rates and

activation energy of ten coal samples.

Table 1 Proximate and ultimate analysis of coal samples

Samples Mad/% Aad/% Vad/% C/% H/% O/% N/% S/% Calorific value/J g-1

North Shaanxi Jurassic coal NTT 4.35 4.23 38.45 76.64 4.78 16.71 1.33 0.54 27,126

YY 7.4 4.14 39.05 76.78 5.07 15.4 1.1 1.65 26,182

ZJM 4.54 7.34 35.23 77.23 4.81 15.98 1.45 0.53 27,235

JZ 4.85 10.15 36.39 76.44 4.74 17.37 0.91 0.54 25,980

AS 10.5 6.36 35.22 77.17 4.52 16.85 1.02 0.44 23,881

JX 3.56 9.52 35.06 74.56 4.55 19.31 0.81 0.77 27,463

HL 2.85 9.63 34.68 78.97 4.82 14.63 1.19 0.39 27,712

Permo-carboniferous coal LG 1.12 9.94 29.55 85.71 4.58 7.48 1.54 0.69 28,936

DS 0.92 15.74 16.16 87.73 4.81 5.22 1.46 0.78 28,265

BYL 0.37 12.1 9.55 90 3.59 3.4 1.8 1.21 29,689

418 J. Deng et al.

123



FTIR spectroscopy experiments

The coal samples were placed inside the heating device in

an air atmosphere at a heating rate of 10 �C min-1, heated

to the ignition temperature, before and after ignition tem-

perature of 10 �C, and then rapidly cooled in a vacuum oven

hermetically. Using KBr compression method, coal sample

and dried KBr powder were weighed in the proportion of

1:180, mixed to be grinded and put in the mold with the

pressure of 20 MPa for 10 min to press into tablets. The

German Brook VERTEX70 Fourier transform infrared

spectroscopy was used to test the samples, with the wave

number ranging from 4,000 to 400 cm-1, the resolution of

4.0 cm-1 and the accumulated scans number of 32.

Results and discussion

Determination of ignition temperature

The ignition temperature of coal was the minimum point of

beginning and continuing to burn when heated in an air

atmosphere, which could be used as the capacity index of

coal spontaneous combustion. During the thermal analysis

experiments, the original adsorption equilibrium between

coal samples and the gases was broken by the temperature

programing, with the increasing of physical desorption of

some gas. And the external water started to evaporate,

which led to mass reduction. With the increasing of the

heat absorbed, internal energy of coal increased. When

reaching the activation of part of active structure, chemical

adsorption of oxygen and chemical reaction occurred,

resulting in mass increment. As the temperature continued

to rise, physical desorption quantity decreased, but oxygen

chemisorptions enhanced, and the mass of the experimental

coal samples increased, with the oxidation and pyrolysis

reactions producing CO, CO2, CH4, C2H4, etc. The mass of

experimental coal samples reached to the maximum at the

ignition temperature, and then the samples quickly entered

into the pyrolysis and combustion stage, finally burned and

maintained the same mass. Taking Yu Yang sample as an

example, Fig. 1 showed the TG, DTG, and DSC curves at

the heating rate of 10 �C min-1, and ignition temperature

value of the experimental coal samples at different heating

rates were shown in Fig. 2.

It was found that the ignition temperature of experi-

mental coal samples increased with the rising of heating

rate. High heating rate shortened the time of reaching to

the same temperature, decreased the oxidation extent and

caused heat transfer lag and mass transfer lag of coal,

resulting in the lag of the ignition temperature. Ignition

temperatures of Jurassic coal were lower than other

samples at the same heating rate, indicating that Jurassic

coal was easier to reach ignition temperature, and eas-

ier spontaneous combustion. And more active functional

groups in molecular structures were inferred to exist in

Jurassic coal.

Kinetics analysis

Under the thermal analysis conditions, it was considered

that coal participated in oxidation reaction at air atmo-

sphere. Since the experiment gas products were taken by

airflow, the reaction process could be regarded as irre-

versible reaction. Loss (or gain) mass rate of coal in the

oxidation reaction process could be expressed as integral

form, and the relationship between reaction rate constants

and reaction temperature (absolute temperature) could be

reflected by the Arrhenius equation [10].

da=dt ¼ ðA=bÞf ðaÞ expð�E=RTÞ; ð1Þ
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where a was reacted percent at the time of t; t was time; G

(a) was integral form of oxidation reaction mechanism

functions; A was frequency factor; E was activation energy;

R was universal gas constant; T was temperature (K); b was

heating rate (K min-1).

Through the transformation, Ozawa equation was

expressed as follows [13]:

log b ¼ log
AE

RGðaÞ

� �
� 2:315� 0:4567

E

RT
: ð2Þ

According to the transformed Ozawa equation, since

value of a at the ignition temperature (Ti) of each different

heating rate (b) was equal, the value of E could be deter-

mined by the linear relationship between ‘‘logb’’ and

‘‘1/T’’. Fitting formula and extent of fitting (R2) were

determined by linearly fitting logbi and 1/Ti at the four

heating rates. Once R2 [ 0.98, the linear fitting could be

considered accurately. And compared with other methods,

avoiding choosing the reaction mechanism function,

Ozawa method averted the error of assuming mechanism

function and could obtain E values more directly and

accurately. The fitting formula, the slope ,and activation

energy of each experimental coal samples are shown in

Table 2. Activation energy of Jurassic coal samples in

northern Shaanxi Coalfield varied from 80 to

105 kJ mol-1, lower than that of permo-carboniferous coal

which ranged from 110 to 120 kJ mol-1. And the activa-

tion energy had a positive correlation with the value of

ignition temperature (Fig. 3).

Jurassic coal ignition reactivity

FTIR spectrum features

Compared with the original coal sample, IR spectra at

the ignition temperature could be found that the intensity

of hydroxy vibration at 3300–3500 cm-1, the methylT
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asymmetric stretching vibration at 2920 cm-1, methylene

shear vibration at 1400 cm-1 weakened. It indicated that

hydroxyl, methyl, and methylene had been largely con-

sumpted during the oxidation and spontaneous combustion,

possibly due to the involving in oxidation and pyrolysis

reaction. Parts of oxygen functional groups including car-

bonyl at 1780 cm-1 and carboxyl at 1710 cm-1 increased,

the reason of which was inferred for the absorbtion of

oxygen in the oxidation and pyrolysis process, and the

indication was addition of mass (Figs. 4, 5).

Analysis of key functional groups

By the difference spectra method, the variation intensity of

functional group within 10 �C before and after ignition

temperature was determined. Carbonyl at 1780 cm-1, C=C

double bond at 1600 cm-1 and some oxygen-containing

functional groups of Jurassic coal increased before ignition

temperature and decreased after ignition temperature,

which may be attributed to the ignition of coal samples.

While hydroxyl at 3300–3500 cm-1 decreased before

ignition temperature, and increased after ignition temper-

ature. It was inferred that part of the aromatic ring in coal

macromolecular structure may open gradually, and oxy-

gen-containing functional groups were consumed in the

ignition process to accumulate a large number of active

groups for oxidation and combustion reaction.

Absorption peak intensity value of six functional groups

which changed significantly around ignition temperature

was calculated, including hydroxyl vibration at

3300–3500 cm-1, methyl asymmetric stretching vibration

at 2920 cm-1, carbonyl vibration at 1780 cm-1, carboxyl

vibration at 1710 cm-1, C=C double bond vibration at

1600 cm-1 ,and the alkyl ethers vibration at 1040 cm-1.

Combined with the absorption peak intensity value of six

functional groups, correlation analysis with the activation

energy was conducted to determine the key functional group

of the reaction around the ignition temperature. Figures 6, 7,

8, 9, 10, 11 showed the linear relationship of carbonyl, C=C

double bonds, hydroxyl, methyl, carboxyl, and alkyl ether

functional groups, respectively.
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The product moment correlation coefficient (R) was

used to characterize the extent of Pearson correlation which

was a dimensionless index ranging from -1.0 to 1.0

(including -1.0 and 1.0), could reflect the degree of linear

correlation between two data sets accurately. The compu-

tational formula was as follows:

R ¼ n
P

XY �
P

Xð Þ
P

Yð Þ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

X2 �
P

Xð Þ2
h i

n
P

Y2 �
P

Yð Þ2
h ir : ð3Þ

The calculated Pearson correlation coefficient is shown

in Table 3. The absorption peak intensity of the carbonyl

and carboxyl groups in the Jurassic coal structure

increased, accumulating the material base for oxidation and

ignition before ignition temperature, which lowered the

value of the apparent activation energy of reaction. But

after ignition temperature, the intensity of the carbonyl and

carboxyl groups reduced drastically to participate in oxi-

dation and ignition reaction. Combining the higher corre-

lation coefficients of 0.539 and 0.633, carbonyl and

carboxyl groups could be identified as the key functional

groups in oxidation and ignition reaction of the North

Shaanxi Jurassic coal.

Absorption peak intensity of methyl of Jurassic coal that

was lower at the ignition temperature, decreased in the

stage of pre-ignition, while that of the permo-carboniferous

coal increased. Comparing with the correlation coefficient

of functional groups and activation energy, correlation of

methyl was positive (0.73) before ignition, and negative

(-0.701) after ignition, showing that methyl of Jurassic

coal made more contribution to the oxidation reaction

which was the key functional group. Meanwhile, on the

basis of the correlation analysis, alkyl ether groups could

also be used as a key functional group of Jurassic coal in

ignition reaction, but the contribution was less than that of

methyl.
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Table 3 Pearson correlation coefficient of the activation energy and

functional groups changes before and after ignition temperatures

Prior Later Ignition temperature

Hydroxyl -0.076 0.083 0.358

Methyl 0.730 -0.701 0.639

Carbonyl -0.496 0.539 -0.605

Carboxyl -0.299 0.633 -0.631

C=C 0.500 0.474 -0.038

Alkyl ethers 0.487 -0.207 0.350
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The hydroxyl absorption peak intensity of the Jurassic

coal decreased before ignition temperature, and increased

after ignition temperature. And the hydroxyl which was

little correlation could not be considered as a key func-

tional group of oxidation and spontaneous combustion for

Jurassic coal differing from the eastern permo-carbonifer-

ous coal at the ignition temperature. The correlation of

absorption peak intensity changes of C=C double bond at

1600 cm-1 and the activation energy was positive before

and after the ignition temperature, but less positive at the

ignition temperature, which was related with the molecular

structure fracture, providing a material basis for forming

secondary key functional groups in the process of pyrolysis

and ignition.

Conclusions

The ignition temperature of coal samples determined by

thermal analysis experiment increased with the rising

heating rate. At the same heating rate, spontaneous com-

bustion ignition temperature of Jurassic coal in Northern

Shaanxi coalfield was lower than that of the permo-car-

boniferous coal.

Based on Ozawa method, it was observed that apparent

activation energy of Jurassic coal at ignition temperatures

varied in the range of 80–105 kJ mol-1, below that of the

permo-carboniferous coal samples, showing that the

required achieving ignition energy for spontaneous com-

bustion was lower.

On the basis of difference spectra and Pearson correla-

tion coefficient method, the correlation analysis was con-

ducted between activation energy and functional groups

variation within 10 �C before and after ignition tempera-

ture. It was concluded that the key functional groups of

Jurassic coals in the oxidation reaction were methyl and

alkyl ether within 10 �C before ignition temperature, and

were carboxyl and carbonyl within 10 �C after ignition

temperature.
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