
INTRODUCTION

Combustion is fundamental process to our industrial

society. A high proportion of the electricity produced indeed

in the world is based on pulverized coal fired utility boilers and

a considerable amount of this is from the combustion of coal.

Coal is set to grow in importance and become the predominant

fuel for the industry, transport and domestic requirements for

at least the next 50 years or more1. It is important for energy

producer to buy and burn low cost fuel depending on the market

opportunities and minimize their cost to remain competitive

while respecting to environmental constrains.

When lignite is stored under ordinary conditions, progre-

ssive change take place in its chemical and physical properties2.

These changes are largely caused by the reaction of atmos-

pheric oxygen with lignite3. Oxidation is responsible for the

major compositional and structural changes and causes deterio-

ration in the technological properties of coal4. Wang et al.5

argued that coal oxidation at low temperatures (i.e. below

100 °C) is a complicated process and involves four phenomena:

oxygen transport to the surfaces of coal particles, chemical

interaction between coal and O2, release of heat and emission

of gaseous products. The diversity of chemical composition,

physical properties (such as heat capacity and thermal conduc-

tivity) and porous structure of coal enhances the complexity

of this phenomenon. Coal oxidation affects the molecular

structure of coal and alters the mass and elemental composition

of coal5, coal may lose up to 15 % of the calorific value and

the coking properties of gas-making coal may be destroyed5-8.
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The characteristic of coal oxidation in low temperature

have been extensively reported by a number of workers. Wang

et al.9 studied the coal oxidation by IR in different low tempe-

rature, The intensity of peaks about carbonyl groups increased.

Wang et al.10 showed that carboxyl and ether groups are the

main oxygen containing moieties in oxidized coal. Nugroho

et al.11 found that the low rank coals dependence weakly on

the particle size of the coals compared with the high rank coals.

Various functional groups existing on the surface of coal serve

as adsorption sites for oxygen and moisture in the air. In parti-

cular, since low rank coal, with its low carbonization degree,

has many functional groups on its surface by nature. It more

easily oxidizes even at low temperatures compared to high

rank coal.

During storage and transportation of lignite, it will undergo

oxidation and moisture evaporation and readsorption. Although

both the physical desorption and the experimental procedure

affected the rates at the early stage of these experiments, the

rates of production of carbon oxides in the leveling-off region

are evidently higher for an unoxidized coal12. The liability of

oxidation of the lignite was increased with decreasing particle

size, increasing moisture content of the coal and decreasing

humidity of the air13.

With the development of low cost of oxygen making tech-

nology, oxygen-enriched combustion technology is gradually

developing. There exit a considerable number of studies carried

out for the investigation of combustion behavior of fresh coals

in oxygen-enriched environment by TGA14-16. This concluded

that oxygen-enriched atmosphere can substract burning time
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and improve combustion activity of the coal. However, an

investigation of oxygen-enriched combustion characteristic of

storage lignite is not available to date.

Lignite-coal regions of Inner Mongolia Province in China

constitute 75 % of the whole province17. Now the lignite mainly

used in electric power stations near coal-mines for its oxidiza-

bility when were stored a period of time or long distance trans-

portation. It is necessary to discuss the combustion property

of the long-term storage lignite to expand its use.

We report here on the effects of oxygen concentration on

combustion characteristics of long-term storage lignite. The

aim is to gather comprehensive data to overcome the disadvan-

tage for combustion of lignite in storage and transportation.

EXPERIMENTAL

Lignite was supplied from Huolinhe (HL) opencast coal

mine, the northeast of Inner Mongolia in China. The sample

was divided into two parts, One part was tested once, the other

was stored in air for one month. The sample was dried, ground

and sieved to make the particle size is less than 180 µm and

then placed in a desiccator in reserve.

A 5E-CHN2000 and 5E-MAG6700 element analyzer and

a 5E-IRS3000 sulfur analyzer were used in proximate and

ultimate analyses. Calorific value of the sample determined

by using a 5E-KCIV. Results are presented in Table-1.

The equipment used in this study was a Thermal Analyzer

(Netzsch-STA 409pc) which has the capable of simultaneous

determination of the differential scanning calorimetry (DTA)

and thermogravimetry (TG) profiles of samples. The TG/DTA

curves were obtained using the following experimental

conditions: Flow rate: 80 mL min-1; sample size: 10 mg; heating

rate: 10 °C min-1; temperature range: 30-1000 °C. Combustion

tests were performed in N2/O2 mixtures (the volume fraction

of O2 is 21 %, 30 %, 40 %, 60 % and 80 %).

RESULTS AND DISCUSSION

FTIR profiles of storage lignite and fresh lignite: Many

workers18,19 investigated the coal oxidized in low temperature

by FTIR spectrum technology which can observe the change

of functional groups on the coal surface. FTIR spectrum of

the lignite sample is given in Fig. 1. The absorptions at 3730

and 3620 cm-1 are due to intermolecular and weakly H bonded

OH because of water of crystallization in lignite. The two

absorptions are not appear in the storage lignite. Fresh lignite

shows the presence of free hydroxyl group, intermolecular H

bonded OH, phenolic hydroxyl group, alcoholic hydroxyl

group with several absorption peaks, but the absorption peak

of hydroxyl groups disappeared or only one leaved of storage

lignite. Literature19 revealed that the free hydroxyl group and

intermolecular H bonded OH disappeared for the oxidation of
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Fig. 1. FTIR spectrum of Huolinhe fresh lignite and Huolinhe storage

lignite

lignite. 1380 cm-1 and flexible hydroxyl absorbance at 3690

cm-1 and 3616 cm-1. The carbonyl absorbance at 1700 cm-1

formed and then disappeared and, as well, the ether absorbance

at 1110-1330 cm-1 gradually reduced. Acid amides, a problem

for oxidation, were formed at 1660-1650 cm-1 in the anthracite.

Low-rank coal such as lignite has many active side chains and

functional groups easily fall off and are therefore easy to

oxidize. The FTIR comparation of fresh lignite and storage

lignite in Fig. 1 indicate that the surface of the storage lignite

has been oxidized during storage.

TG profiles of storage lignite and fresh lignite: Com-

bustion tests of fresh lignite and storage lignite were carried

out in O2/N2 mixture environment with six conditions. Fig. 2

displays the TG profiles of the fresh lignite and the storage

lignite in oxygen-enriched combustion condition. Both fresh

lignite TG curves and storage lignite curves show three com-

bustion stages, the initial weight loss take place due to moisture

release between 30 and 150 °C for all fuel samples and

combustion environment. The initiation of the combustion

process is not affected by oxygen concentration level. But at

higher temperature, in the second stage between 150 to 500 °C,

elevated oxygen levels in combustion environment shifts the

weight loss curves to lower temperature zone. Which is

associated with devolatilization and char burning within the

temperature range. Over 500 °C is the third temperature region,

it is the burning out region with no weight loss of the curves

and is not affected by the oxygen level.

Both the TG curve shift to the low temperature area with

the content of oxygen increase. Fig. 2 (a) shows that the mass

of combustion residual solid different in each atmosphere and

become decreased with the content of oxygen increasing. The

mass of combustion residual solid are summarized in Table-2.

TABLE-1 
PROXIMATE AND ULTIMATE ANALYSES OF FRESH HUOLINHE LIGNITE AND STORAGE HUOLINHE LIGNITE 

Proximate [wt. %] Ultimate [wt. %, DAF] 
 

Mad Vd FCd Ad C H O N St 
CV [kJ kg-1] 

8.32 42.18 43.42 14.40 73.06 4.83 19.15 1.35 1.61 23.64 Fresh 
Storage 12.38 46.46 38.22 16.80 69.82 5.12 22.61 2.03 1.72 20.18 

 

1028  Chen et al. Asian J. Chem.



 

0 200 400 600 800 1000
0

20

40

60

80

100

 

 O221%,N279%

 O230%,N270%

 O240%,N260%

 O260%,N240%

 O280%,N220%

Temperature (°C)

M
a

s
s

 l
o

s
s

 (
%

)

(a) storage HL lignite

 

0 200 400 600 800 1000
0

20

40

60

80

100

Temperature (°C)

M
a
s
s
 l

o
s

s
 (

%
)

 O2 21%,N2 79%

 O2 30%,N2 70%

 O2 40%,N2 60%

 O2 60%,N2 40%

 O2 80%,N2 20%

(b) fresh HL lignite

 

Fig. 2. TG profiles of Huolinhe lignite and Huolinhe fresh lignite in oxygen-

enriched atmosphere

TABLE-2  
MASS OF RESIDUAL SOLID IN DIFFERENT ATMOSPHERE  

OF STORAGE LIGNITE 

 O2:N2 

21:79 30:70 40:60 60:40 80:20 residual solid 
[wt. %] 66.94 28.14 21.32 14.93 15.53 

 
It is evident from Table-2, that the mass of combustion

residual solid is 66.94 % in 21% O2/79 % N2 atmosphere higher

about 51 % of the incombustible composition in the sample.

when the content of oxygen over 40 %, the mass of combustion

residual solid near the proportion of incombustible composition

in the sample which is according with Table-1. At the same

time, the black solid is found in the combustion residues when

the content of oxygen below 40 %. It is suggested that the

combustible composition of samples are not burned out.

The mass of combustion residual solid are essentially

equal in each atmosphere showed in Fig. 2 (b). The values

near to the ash content showed in Table-1 and can observe the

yellowish white solid of the combustion residue. which indicate

that the fresh lignite is burned out in each atmosphere.

The comparation the TG profiles of fresh lignite and

storage lignite in each atmosphere are shown in Fig. 3 a-e.

The rate of mass loss is closed to the fresh lignite until the

storage lignite burn stop in 30 %, 60 % and 80 % O2 atmos-

phere. The fresh lignite burn faster than the storage one in

40 % O2 atmosphere. It shows that particle pressure of O2 plays

a major role in storage lignite combustion. 40 % O2 is the

point of division for storage lignite. The storage lignite only

burned a part when the particle pressure of O2 below 40 %

and the combustion rate similar with the fresh lignite in the

combustion area. The curve of storage lignite is coincide with

the curve of fresh lignite and the storage lignite react comp-

letely when the particle pressure of O2 over 40 %.

Fig. 3(a) is an exception curve in which the content of

oxygen is 21 %, the lowest content of all the condition. There

is no overlap curve of the storage lignite with the fresh lignite

320 °C later, the sample loss its mass slowly and the reaction

mass just attach 31 %, under the content of moisture volatile

matter in the sample. which indicate that the storage sample

combustion weakly in the low oxygen level.

It is argued that only particular sites at internal surface

coal pores can attract the oxygen molecules when combusting.

During stored process, oxygen chemisorptions accompanied

with coal surface oxidation and formation of surface oxygen

containing less or more stable species. Which reduce the

reactive sites of coal in combustion reaction. On the other hand,

the internal surface area of coal pores is much larger than the

external surface, low temperature oxidation of coal is consider

to be a phenomenon occurring predominantly at the internal

surface of coal pores20-23. Owing to coal oxidation, the internal

surface area of coal particle is reduced20,21. To prove the result,

the specific surface area of storage lignite and fresh lignite is

tested by BET method. The result showed that the BET specific

surface area of storage lignite is 2.1563 m2 g-1 while the fresh

lignite is 12.6467 m2 g-1, six times of storage lignite. which

indicate that the reaction surface between coal and oxygen is

higher than the storage one.

Another explanations of the phenomena is the existence

of the pulverized coal in the crucible. The storage lignite had

passed through the fragmentation of loss moisture, so the fresh

lignite can fragment in the smaller particle in combustion pro-

cess. The storage lignite packed intense and steadily. The oxy-

gen with low particle pressure difficulty diffuse into the inte-

rior of the pile and there are no enough oxygen to make the

coal ignite.

DTA profiles of storage lignite and fresh lignite: It is

known that the exothermic reactions attribute to the oxidation

reaction of heterogeneous organic matter in the coal samples.

The differential thermal analysis (DTA) profile are shown in

Fig. 4(a-b), The peak of the exothermic reaction region shifts

to lower temperatures and gets sharper.

As can be seen from Fig. 4(a) that the exotherm curves

are not smooth and the amplitude fluctuate strongly,which

demonstrate that the reactive process is not stable. the endot-

hermic reaction happened after 700 °C in 21% O2 and 80 %

O2 atmosphere.

Fig. 4(b) shows the DTA curves of fresh lignite which are

smoothly, then demonstrate that the reactive process is stable.

The curve shows two exothermic peak in all atmosphere, the
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Fig. 3. Comparation of TG profiles of Huolinhe storage lignite and Huolinhe fresh lignite in each O2 particle pressure
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Fig. 4. DTA profiles of Huolinhe storage lignite and Huolinhe fresh lignite in oxygen-enriched atmosphere
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first attribute to pyrolysis while the second exothermic peak

depend on the combustion23.

Fig. 5(a-e) compared the DTA curves of fresh lignite with

the curve of storage lignite, Fig. 5(b) and 5(c) appeared that

the storage sample exothermic incomplete in comparison with

the fresh lignite. Fig. 5(d) and 5(e) showed that the curve of

storage lignite curve is almost coincided with that of the curve

of fresh lignite, which indicate that the storage sample exother-

mic completely compared with the fresh lignite. A particular

phenomena is that endothermic reaction happened after 700 °C

in 80 % O2 and 21 % O2 conditions, the phenomena produced by

minute quantity humic acid degradation endothermic process.
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Fig. 5(a) is an exception curve in which the oxygen con-

centration is 21 %, the curve of the storage lignite and the

fresh lignite are not overlap after 300 °C, which is the ignition

temperature of the fresh sample. Then the exothermic peak of

storage lignite shift to high temperature zone in proportion to

fresh lignite. In addition, endothermic reaction appear after

700 °C. The storage lignite ignition until 400 °C, then burn

slowly and weakly.

It was observed that a oxidized coal consumes oxygen at

a rate far lower than a freshly coal in low temperature oxidation

of coal, generating unstable solid intermediate carbon-oxygen

complexes, which then decompose into gaseous products (CO,

CO2) and stable solid complexes. At the accelerated oxidation

stage, the stable complexes begin to decompose in large amounts

and provided new active sites for further oxidation17. Combined

with the results of functional group testing and BET testing

can ensured that the storage lignite was oxygenated in low

temperature because of long-term storage. From TG profiles

and DTA profiles, put forward ideas that the ability of oxyge-

nated lignite combination with oxygen decreased on the shallow

surface of lignite, it is difficult for persistent reaction. During

improve the oxygen particle pressure, oxygen diffused widely

and deeply in the surface of lignite and combination with the

unoxidized active site. Then increase chances of combination

with oxygen, the combustion reaction goes easily.

Conclusion

In the present study, TG/DTA method were adopted to

investigate the combustion property of long-term storage

lignite in enriched oxygen atmosphere. The concentration of

oxygen in the range of 21 % to 80 %. The general conclusion

draw from the results of this work were as follows:

The long term storage make the lignite oxidized that cause

the absorption peak of hydroxyl groups in functional groups

disappeared or decrease. And surface area reduced. The

combustion ability of long-term storage lignite weaken in air

atmosphere, sometimes can't combustion completely. Oxygen-

enriched method can improve the combustion ability of storage

lignite. The combustion residual solid reduced by 38.8 % in

30 % O2 atmosphere compared with air atmosphere. When

the concentration of oxygen above 40 %, the sample combustion

completely.
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