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THERMAL ANALYSIS STUDY OF THE EFFECT OF COAL-BURNING
ADDITIVES ON THE COMBUSTION OF COALS

. * . .
L. Fangxian , L. Shizong and C. Youzhi
College of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, The People ’s Republic of China

Thermal analysis is widely used in combustion research for both fundamental and practical investigations. Efficient combustion of
coals in cement industry is very important and necessary. In this research, the effects of three coal-burning additives on burning
behaviour of bituminous coal and anthracite were studied with the help of thermogravimetry (TG) and differential scanning
calorimetric (DSC) analysis. The kinetic study was carried out and the results were presented. The results showed that the coal-burning
additives especially LSZ can reduce the ignition temperature, increase the ignition index D;, combustion ending index Dy and affect the
activation energy of the coal samples studied. The coal-burning additives especially LSZ can improve coal combustion effectiveness.
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Introduction

Coal is our major source of energy, and its utilization
will proceed with further developments of more sus-
tainable and energy efficient technologies. It is a
physically heterogeneous and chemically complex
mixture of organic and inorganic species, which un-
dergoes appreciable physico-chemical changes when
heat-treated [1]. Coal conversion comprises of com-
bustion, gasification, pyrolysis and liquefaction,
which essentially require thermal treatment under
controlled process conditions, such as pressure, ambi-
ent atmosphere, coal type and heating rate [2, 3]. Py-
rolysis is a fundamental process in the combustion,
carbonization and gasification of coal. Volatile matter
and the corresponding release profile, including the
initial temperature, maximum rate of devolatilization
and other factors which affect the release of volatiles,
are very important properties which relate to the effi-
ciency of these processes [4]. Thermoanalytical tech-
niques such as TG, DTG, DTA, DSC, EGA and TMA
cover a wide range of applications in research, devel-
opment and economic assessment of coal combustion
and have been used in a wide variety of areas related
to proximate analysis, coal reactivity, and heat effect
associated with coal pyrolysis, combustion and heat
of hydrogenation [5, 6]. Thermal analysis data can be
applied not only to the characterization of different
coals, but also to the evaluation of combustion perfor-
mance at high temperatures and heating rates [7].
Production and consumption of coal are very
great and most of the raw coal mined every year is di-
rectly used as fuels in China [8], it is very important
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and necessary to improve the burning efficiency of
the coals so as to save energy and to limit environ-
mental pollution. Generally, high efficiency and low
pollution are required for the coal burning. In order to
achieve the above purposes, using coal-burning addi-
tives in the process of coal burning is an effective
method. In recent years, the application of coal-burn-
ing additives has been quickly developed; the coals
doped with the coal-burning additive have been used
as fuels in power stations, cement industry and some
other civil utilization in China. So the fundamental re-
search work on the burning characteristics of coals
doped with the coal-burning additives should be car-
ried out so as to give theoretical guides to the applica-
tion of the coal-burning additives. Yanhua et al. stud-
ied the effect of compounds in coal combustion char-
acteristics. The experimental results show that iron
compounds can intensify coal combustion reactions
in the relatively low temperature zone. The prevailing
mechanism is that ferric and ferrous chlorides behave
like catalysts to change the chemical reaction kinetics
for promoting the combustion process [9]. Li et al. in-
vestigated the kinetic study of the accelerating effect
of coal-burning additives on the combustion of graph-
ite. In their work, the catalytic and accelerating ef-
fects of three coal-burning additives on the burning of
graphite were studied with the help of thermogravi-
metry (TG) analysis. The results show that the addi-
tives can change the carbon oxidation combustion
course by catalytic action and change the activation
energy, thus improving the combustion efficiency
[10]. Catalyzed combustion of coals used in cement
industry was studied by Junlin et al., Fe,O3;, MnO,
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CuO, BaCQO;s as the catalyst were selected, and a study
on combustion of different kinds of coals was made
by analyzing burn-out degree of coal, ignition index,
burn-out index, the coal’s volatility of volatimatter
and so on. Through these experimental, both influ-
ences of different kinds of catalysts and their content
on characteristics of combustion were discussed [11].
Shudong et al. studied the effects of coal combustion
additives on coal combustibility. Four commercial
additives and one prepared in their laboratory had
been studied. The results show that all of the additives
can enhance the combustion and increase the combus-
tion rate of graphite and coal, while coal gangue is
different from those of graphite and coal [12].

In this paper, the accelerating effects of three
coal-burning additives on the burning of bituminous
coal and anthracite are investigated with thermogravi-
metry (TG) and differential scanning calorime-
try (DSC). The coal-burning additive of LSZ was pre-
pared in our laboratory. At the same time a kinetic
study is performed on the combustion mechanism of
bituminous coal and anthracite by the three coal-burn-
ing additives. This would be of interest and use for the
Chinese coal industry and for the related environ-
mental considerations.

The effects of experimental conditions on the TG
and DTG curves were initially investigated using sam-
ples, in order to establish optimum sample size, air flow
rate and heating rate for the present investigation. Due
to the high reactivity of coal with oxygen, sample size
must be small. With a large sample size, the heat re-
leased during the combustion process causes the tem-
perature of the sample to increase in excess of the pro-
grammed temperature increase. However, the accuracy
of TG decreases with decreasing sample size. Based on
the results obtained, a sample mass of 6 mg was chosen
for the present investigation. The air flow rate was
found to have little effect on the burning profile, except
that in static air, due to the lack of oxygen, the burning
profile was broad and the intensity was very low. The
optimum flow rate was determined to be 30 cm® min™".
From these preliminary results, 10°C min~' was deter-
mined as the optimum heating rate in terms of peak
sharpness and reproducibility.

Overall, the experimental conditions used were:
sample size, 6 mg; reference, A1,0;; heating rate,
10°C min'; atmosphere, air; flow rate, 30 cm’ min';
crucibles, platinum.

The design of experiment is listed in Table 3.

Table 3 The design of experiment

Experimental Sample Coal-burning Content/%  Coals
additive
The coal samples studied in this research was prepared 1# Undoped 0.0 bituminous coal
according to ASTM Standards (ASTM D 2013-72) and # LSZ 03 bituminous coal
was ezilrhdrledhanéio(g)roun(}i1 into ﬁnle .p%wl(.ier i;nc}l1 thfen 34 LS7 04 bituminous coal
passed through a 200-mesh screen. It is believed that for ” 157 0.5 bituminous coal
such a small particle size the effect of temperature distri- o
bution within the sample particle is eliminated. The bi- 5# NaNO; i bituminous coal
tuminous coal and anthracite selected for this study is 6# KCIO; 0.3 bituminous coal
from the Hua Xin Cement Co., Ltd. Table 1 presents the TH Undoped 0.0 anthracite
proximate analysis of the two coal samples, and Table 2 ’# LSZ 0.3 anthracite
presents their ash composition. o LSZ 04 anthracite
Slmultanqous thermograwmetry (TG) and dif- L0# 1S7 0.5 anthracite
ferential scanning calorimetry (DSC) of the coal sam- i
ples was performed using a Netzsch STA 449C Ther- 1 NaNO; 03 anthracite
Table 1 Proximate analysis of the bituminous coal and anthracite
Samples Moisture/ Volatile matter/ Ash/ Fixed carb./ Calorific value/
p % % % % K kg
Bituminous coal 1.10 25.03 26.20 47.67 24616
Anthracite 0.67 10.12 23.16 66.05 25585
Table 2 Ash compositions analysis of bituminous coal and anthracite (mass%)
Samples SiO, Al O, Fe,04 CaO MgO
Bituminous coal 49.80 20.11 11.43 3.26 1.25
Anthracite 42.67 28.53 17.05 4.44 1.23

634

J. Therm. Anal. Cal., 95, 2009



COAL-BURNING ADDITIVES

Results and discussion
TG-DTG analysis procedures

The TG and DTG curves show the relative mass loss
during heating in air and the rate of mass loss re-
spectively. There are many methods to determine the
ignition temperature in the coal combustion tests. In
our research, the TG-DTG method was used. A vertical
line is drawn from the peak of the DTG curve and
intersects with the TG curves, and then from the cross-
point a tangent of the TG curve is drawn. The cross-
point between the tangent and the parallel lines of the
beginning mass loss is defined ignition temperature.
Figure 1 showed the process of fixing ignition
temperature. The combustion characteristic parame-
ters of TG and DTG curves include: the initial tem-
perature 7; and the corresponding time #;,, maximum
combustion rate (dm/df)nm.x and the corresponding
time t#,,, the final temperature of the burning 7% and the
corresponding time ¢ and Aty, which is the tempera-
ture difference between two temperatures at (dm/df)/
(dm/df)max=1/2. Aty is named as half peak width,
which represents concentrated degree of combustion

product releasing. According these parameters the ig-
nition index D; and combustion ending index Dy
which are presented by Junlin [13] of Wuhan Univer-
sity of Technology can be calculated. The definition
of D; and Dxis as follow:

L) 0
ZLO Zm
dm/dt
D, :ﬂ ()
At1/2tm tf

The larger value of index D; and Ds which com-
bined with the characteristic of ignition and burn-
ing-out of coals, the better combustibility.

The combustion characteristic parameters of TG
and DTG curves were showed in Tables 4 and 5.

It can be observed that for samples doped with
coal-burning additives the ignition temperature of the
bituminous coal and the anthracite were all reduced.
For example the ignition temperature reduced from
413-386, 384-397 and 451-388°C, 427 and 445°C
for LSZ, NaNO; and KCIO;, respectively, with re-
spect to the bituminous coal and the anthracite when

Table 4 The combustion characteristic parameters of bituminous coal

Sample 1# 24 4# 5# 6t
T/°C 413 386 405 409 384 397
T,/°C 479 484 509 508 484 501
T#°C 545 556 583 588 561 572
(dm/df)pan/mg s~ —4.85 -5.038 ~5.40 —4.58 -5.12 434
tofs 2419 2217 2407 2465 2310 2401
t/s 2823 2803 3020 3050 2921 3000
ts 3230 3228 3464 3545 3400 3435
Aty /s 923 966 882 1014 945 1079
D(107)/mg s 7.09 8.11 7.42 6.09 7.59 6.02
Dy(10"%)/mg s™* 5.76 5.76 5.85 4.80 5.46 3.90

Table 5 The combustion characteristic parameters of anthracite
Sample TH 8# 9# 10# 11# 12#
Ty/°C 451 388 450 445 427 445
T,/°C 543 485 526 535 516 535
T#°C 617 559 585 603 586 607
(dm/df)pan/mg s ™! —4.74 —4.95 —4.90 -4.90 -5.09 -5.38
tols 2717 2315 2685 2710 2515 2650
t/s 3260 2880 3130 3250 3066 3190
ts 3695 3340 3490 3633 3495 3620
Atyfs 972 899 903 901 946 856
Dy(10y/mg s 5.35 7.43 5.83 5.56 6.60 6.36
Dy(10™"%)/mg s™* 4.05 5.73 4.97 4.61 5.02 5.44
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Fig 1 TG-DTG curve of sample 1#

the 0.3%-doped of coal-burning additives was added.
The 0.3%-LSZ-doped was the best obviously reduce
the ignition temperature for the two kind’s coals. In
general, those coals with low ignition temperature
and high mass loss in the lower temperature range can
be considered as easy to ignite and burn out.

Above all the combustion characteristic parame-
ters the D; and Dy is the most important in the cement
industry. The Table 4 showed the effect of coal-burn-
ing additives on the bituminous coal. The D; and Dy
were 7.09 and 5.76 without the coal-burning addi-
tives. When adding the same content of coal-burning
additives the D; were 8.11, 7.59, 6.02 and the D; were
5.76, 5.46, 3.90 for LSZ, NaNO; and KClO;, respec-
tively. So the LSZ can best improve the combustibil-
ity of the three coal-burning additives. At the same
time it can be observed that adding different content
of LSZ from 0.3 to 0.4%, 0.5%, the D; reduced from
8.11 to 7.42, 6.09 and the Dt changed from 5.76 to
5.95, 4.80. So the 0.3%-LSZ-doped was the most
proper. The same change can be seen from Table 5 for
the anthracite.

DSC analysis procedures

DSC measurements were carried out simultaneously
with TG and were used to estimate the heat of change
during the thermal treatment.

Figure 2 showed the DSC curve of the bitumi-
nous coal with coal-burning additives. It can be ob-
served that the shape of curve changed after adding
coal-burning additives. The temperature which the
maximum combustion rate corresponded to reduced
542.83-538.24, 538.79 and 533.64°C for LSZ,
NaNO;, and KCI10O;. Figure 3 showed the DSC curve
of the anthracite with coal-burning additives. The
shoulder became narrow after adding coal-burning
additives. The temperature which the maximum com-
bustion rate corresponded to reduced 576.26—559.55,
562.06 and 573.76°C for LSZ, NaNO; and KCI1Os.
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Fig. 3 DSC curve of the anthracite

The kinetics of combustion with coal-burning
additives

Combustion parameters describe the combustion pro-
cess simply and intuitively, but it does not reveal the
mechanism. The kinetic study will help us understand
the action mechanism of coal-burning additives on
the burning of coals. In the process of the kinetic
study, the combustion process is approximately re-
garded as a simple reaction, and no diffuse obstacle
exists under the conditions of this experiment. The
Arrhenius equation is used to describe the apparent
reaction rate (Eq. (3)).

k=Ae ERT (3)

The differential method of Freeman and Carroll
is used to obtain the kinetic parameters with the
thermogravimetry data.

doa A grr

e ) 4)
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where £ is the apparent reaction rate, 4 the pre-expo-
nential factor, £ the activation energy, R the gas con-
stant, T the temperature, o the remainder percentage,
¢ the linear heating rate and n the reaction order.
Based on experience, n=1, and by itegral

1n[-1n(l‘“)}=1n{’m£1—mﬂ—E 5)
T? oE E RT

According to Eq. (5)

T* oF E R T

In this experimental condition a can be consid-
ered as a constant, so the Eq. (5) can be expressed
y=a+bx. By using Eq. (5) to deal with the thermo-
gravimetry  data, a  straightline chart of
In[—(In(1-a))/T*] vs. 1/T can be obtained (shown in
Fig. 4), in which —F/R is the slope of the line and « is
the intercept [14, 15]. The pre-exponential factor A4
can be calculated from E. The obtained kinetic param-
eters of combustion were listed in Table 6.

The activation energy values obtained by Free-
man and Carroll and Arrhenius models in the main
combustion reaction region are given in Table 6. It
can be seen that the coal-burning additives LSZ and
NaNO; reduce the apparent activation energy of com-
bustion of bituminous coal and anthracite obviously,
only KClO; makes it little change. Lower activation
energies were the indication of easy combustibility of
coal samples. It was concluded that adding the
coal-burning additives affected the activation energy
of the coal samples studied. The coal-burning addi-
tives can change the combustion process by the cata-
lytic action, resulting in an increase of the overall
combustion rate. The above results indicate that the
coal-burning additives especially LSZ can improve
coal combustion effectiveness.

|
%]

In[-In(1-a)/ T3

y=—20.95915+4077.493x
R=0.9889

T T T
0.0021 0.0023 0.0025
T
In(1-a)
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T T
0.0017 0.0019

Fig. 4 Chart of ln{— } VS. %of sample 1#
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Table 6 The kinetic parameters of combustion

Sample Tempera:)ture Activation . Correl'ation
range/°C energy/kJ mol coefficient/%
1# Ti~T;¢ 33.90 98.89
24 Ti~T;¢ 30.56 99.06
3# T~T¢ 31.05 99.64
4# Ti~T; 32.27 99.11
St Ti~T; 30.91 99.33
6t T~T; 33.90 99.79
T# Ti~T;¢ 39.31 99.67
8 Ti~T;¢ 29.27 99.24
ot T~T¢ 38.53 99.79
10# Ti~T; 37.07 99.78
11# Ti~T; 34.00 99.71
12# Ti~T; 38.51 99.69
Conclusions

» Thermal analysis techniques can be successfully
applied to the study of coal combustion. The ther-
mal analysis parameter can be used to characterize
and compare the reactivity with coal-burning addi-
tives of different coals.

+ The coal samples with different coal-burning addi-
tives have different combustibility. The ignition
temperature of the bituminous coal and the anthra-
cite were all reduced and the D; and Dy were in-
creased after adding coal-burning additives. The
0.3%-LSZ-doped was the best in reducing ignition
temperature and improving the D; and Dy.

 The kinetic of the effect of coal-burning additives
on the combustion of the bituminous coal and the
anthracite was studied. Adding the coal-burning
additives affected the activation energy of the coal
samples studied. The coal-burning additives can
change the combustion process by the catalytic ac-
tion, resulting in an increase of the overall combus-
tion rate.
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