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The pyrolysis of a suite of brown coal samples and bituminous coal maceral concentrates 
is investigated by non-isothermal thermogravimetry. The TG data for these coals reveal a 
two.stage pyrolysis process. The activation energy for the primary pyrolysis stage is consider- 
ably higher than that for the secondary pyrolysis stage. It is evident that a particular coal may 
be characterised by the weighted mean apparent pyrolysis activation energy which correlates 
with the corresponding specific energy of the coal. 

Pyrolysis  is a fundamenta l  p rocess  in the combust ion,  carbonizat ion and 
gasif icat ion of coal.  The  s tudy of  pyrolysis kinetics is essential for  the under-  
s tanding of  the mechanism and mathemat ica l  model l ing of the pyrolysis 
p rocess  which may lead to improved techniques  for coal conversion. In addi- 
tion, as pyrolysis is d i rect ly  r e l a t ed  to the chemical  composi t ion  of coal, the 
re la ted  kinet ic  pa ramete r s  der ived f rom thermal  analysis can also be  used 
for coal character iza t ion.  

Both  the rmograv ime t ry  and dif ferent ia l  thermal  analysis have been  ap- 
pl ied to de t e rmine  the kinetics of coal  decomposi t ion [1]. Generally,  T G  is 
the p r e f e r r e d  me thod  for  such de te rmina t ions  since the relevant  mass chan- 
ges are easier  to measure  than the associated heat  effects [2]. 
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1162 MA et al.: A KINETIC ANALYSIS OF THE PYROLYSIS 

The kinetics of coal pyrolysis may be investigated by either isothermal or 
non-isothermal thermogravimetry. The non-isothermal method has some ad- 
vantages over the traditional isothermal analysis [3-10]. 

In the present study, the non-isothermal TG data, obtained for the 
pyrolysis of three brown coals and four bituminous coals from Australia are 
used to derive the corresponding pyrolysis kinetic parameters, via incor- 
poration into a computer program (KNIS) [11], which systematically at- 
tempts to match such data with several well-known, solid-state 
decomposition kinetic models. Further, the relationship between mean 
pyrolysis activation energy and coal specific energy is investigated. 

Experimental 

The samples investigated included three brown coal samples from Mor- 
well, Loy Yang and Gelliondale coal fields in Victoria and four bituminous 
coal maceral concentrates of Bulli vitrinite, Bulli inertinite, Liddell vitrinite, 
and Liddell inertinite from New South Wales. The bituminous coal maceral 
concentrates were hand picked from 'run-of-mine' lump coal samples. The 
chemical analysis data for all samples investigated are shown in Table 1. 
Simultaneous TG and DTG curves were obtained using a Rigaku-Denki, 
Type 8085 (Thermoflex) TG-DTA Thermal Analysis System using the 
following experimental conditions: atmosphere: nitrogen; flow rate: 
0.1 dm3.min-1; sample size: 15 mg; heating rate: 10 deg.min-1; temperature 
range: 20 to 950~ crucible: platinum; TG range: 10 rag; DTG range: 
5 rag-rain -1. All samples were air dried and pulverized to pass an 80 mesh 
sieve. 

Results and discussion 

The TG and DTG curves for the MorweU brown coal samples are shown 
in Fig. 1. The mass loss below 200 ~ is related to the removal of moisture. The 
subsequent pyrolysis process includes two stages [12], the primary and 
secondary pyrolysis stages, as revealed by a corresponding DTG peak 
around 400 ~ and a poorly resolved shoulder to the right side of this main 
peak. The TG curves of all the coal samples investigated in the present study 
are shown in Fig. 2. The DTG curves of Victorian brown coal samples, Bulli 
bituminous coal maeeral concentrates and Liddell bituminous coal maeeral 

I.. Therraal AnaL, 37, 1991 
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concentrates are shown in Figs 3 to 5 respectively. Some characteristics of 
pyrolysis are listed in Table 2. The initial pyrolysis temperature Ti is taken as 
the onset temperature of the corresponding initial mass loss. 7"= is the 
temperature at which the maximum rate Rm of volatilization occurs. The 
moisture content M is the mass loss below 200 ~ and the final volatile matter 
released corresponds to the mass loss between 200 and 950 ~ . 
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Fig. 1 TG and DTG curves for MorweU coal pyrolysis (10~ -1) 
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Fig. 2 TG curves for the pyrolysis of Australian coal samples 
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Table 2 Pyrolysis characteristics of coal samples 

Sample Moisture,,  Volatile matter Ti, Tin, Rm, 

%(ad) a %(db) b ~ o C % .rain -1 

Morwell 10.4 45.4 324 425 1.73 

Gelliondale 10.9 46.8 315 405 1.82 

Loy Yang 10.7 50.3 316 417 2.05 

Bulli vitrinite 1.5 22.7 435 496 1.71 

Bulli inertinite 0.2 18.1 424 497 1.07 

Liddell vitrinite 2.7 40.2 401 454 3.46 

Liddell inertinite 2.1 34.3 401 455 2.52 

a b 
(air dried), (dry basis) 

The moisture content and volatile matter of low rank brown coal samples 
used in this study are higher those that of the bituminous coal samples. The 
pyrolysis of low rank coal commences at a lower temperature compared to 
bituminous coal. The Bulli and Liddell coals show significantly different 
thermal properties with the Bulli coal associated with higher Ti and T,, 
values and a lower Rm than Liddell coal. There is no significant difference in 
the Ti and Tm parameters between the vitrinite and inertinite maeerals for 
both Bulli and Liddell coals. However, the Liddell vitrinite and inertinite 
have higher volatile matter contents than the corresponding Bulli vitrinite 
and inertinite concentrates. For both the Bulli and Liddell coals, the iner- 
tinite maeeral has a lower volatile matter content and a lower maximum 
volatilization rate Rm than the vitrinite maceral. The maximum rates of 
volatilization for the Liddell Coal samples are substantially higher than 
those of brown coals. 

Prior to a discussion of the kinetic data obtained, as related to the 
pyrolysis of these coal samples, it is necessary to review the theoretical 
premise on which the analysis procedure is based. For the thermal decom- 
position of a solid, the relevant kinetic Eq. [13] is 

da 
= k . f  ( ) (1) 

where a is the degree of conversion, k is the temperature dependent  rate 
constant, a n d f  ( a ) depends on the particular decomposition mechanism. At 
a constant heating rate fl, fl = dT/dt, and according to Arrhenius, 

Z Thermal AnaL, 37, 1991 
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k =A exp(-E/RT) (2) 

where A is pre-exponential  factor, and E is the activation energy. Thus 
Eq. (1) becomes 

, d  
= ~ ' f ( a  ) .  exp( - E / R T )  

dt I :  
(3) 

An integrated form of Eq. (3) may be approximately expressed by [6]: 

l og [ - ' ~ ]  =log[fl "~ E ( E ' ~ 2 R T ) ]  (4) 2.303RT 

If it is assumed that (E + 2RT) is a constant, which is valid for a high ac- 
tivation energy and a moderate temperature [6], a plot of log[F(a)/T z] 
against 1/T should result in a straight line with a slope of -E/2.303R for the 
correct form of F(a). Several kinetic models have been proposed and these 
are listed in Table 3, together with the form of f(a) and F(a) used. The 
KNIS program [11] incorporates all of these models and attempts to match a 
given set of TG data with each model systematically. The model associated 
with the 'best fit' of such data with Eq. (4), hence specifies the mechanism 
and yields the relevant kinetic parameters. 

In terms of coal pyrolysis, it is necessary to provide some preliminary in- 
terpretat ion of the activation energies obtained from such a data analysis 
procedure. Coal pyrolysis is a complex process and involves a range of 
chemical and physical processes including the breaking of chemical bonds 
and associated molecular rearrangements, heat transfer between atmo- 
sphere and sample and the transport of volatile matter from the interior of 
the coal to the surface. All these concurrent processes contribute to the 
overall empirical mass loss. Thus, the kinetic parameters derived from the 
relevant TG curve should be considered as apparent values which are not 
precisely related to any one particular mechanistic step. 

Cumming [14] ranked the reaetivities of coals by utilizing the concept of 
a weighted mean apparent activation energy (Era), as defined in the equa- 
tion: 

E m =  F1E1 + F2Ez + ... + F,,E,, (5) 

J.. Thermal Anal., 37, 1991 
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where F1 to Fn are the weighted fractions, and E1 to En are the individual 
apparent activation energies, as related to corresponding regions of Ar- 
rhenius linearity for the pyrolysis processes. This procedure for expressing 
activation energies for coal pyrolysis processes, has been adopted in the 
present work. 

For the various coals studied, the relevant kinetic parameters, obtained 
via application of the TG data analysis procedures previously described, are 
given in Table 4. These parameters are calculated in terms of the 3-dimen- 
sional diffusion model D3, as expressed by the Jander equation [15, 16]. For 
each sample, the apparent activation energy E= and pre-exponential factor 
A, as related to the pyrolysis process, relate to a corresponding a factor in 
the range 0.03 to 0.95. The 'best fit' criterion with model D3 is consistent 
with a correlation coefficient R I >0.99. 

Fundamentally, these coals exhibit two pyrolysis stages and two regions 
of linearity with respect to Arrhenius kinetic plots. Such behaviour has been 
found previously by Smith et al. [17] for several coals. 

In the primary pyrolysis stage below 500 ~ , the volatile matter evolved is 
mainly methane and corresponding homologues, unsaturated hydrocarbons, 
and CO, CO2, H20 due to the decomposition of the substituted groups and 
the inherent aliphatie (or hydroaromatic) structures. [12, 18, 19] The maxi- 
mum rate of mass loss occurs in this stage and the corresponding activation 
energy is also greater than that for the secondary pyrolysis stage. In the 
primary pyrolysis stage, brown coal has a comparatively low activation ener- 
gy, as compared with the bituminous coals. This is probably related to the 
high oxygen content of brown coal, since oxygen containing functional 
groups, such as carboxylic acid and carboxylate are liable to decompose at 
low temperatures. The three brown coal samples used in this study have 
similar kinetic parameters, with Loy Yang coal having the highest activation 
energy. 

For the bituminous coal maeerals, the vitrinite concentrates have a 
higher activation energy in the primary stage than the inertinite con- 
centrates. This is associated with the higher maximum rate of volatilization 
for the vitrinite macerals. Similar results are obtained for the pyrolysis of 
some Chinese coal macerals as published by Pang and Dai. [9] From their 
results, the order of activation energy is established as vitrinite>iner- 
tinite > fusinite. 

For the same maceral concentrates, the samples from the Liddell coal 
field have a lower activation energy and frequency factor than the cor- 
responding Bulli maceral samples. 

/. Thama/AnaL, 37, 1991 
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In the secondary pyrolysis stage, which occurs at higher temperatures, 
bond breaking and structural rearrangements occur [19]. In this process, the 
release of hydrogen dominates [12, 18, 19] and some CO, CS2 and HCN are 
also released. The activation energy in this stage is lower than that of the 
primary stage and appears to be independent  of the coal rank. Generally, 
the mass transfer process has a low activation energy [17, 20] and hence, the 
secondary stage at higher temperature is mainly a diffusion process. 

�9 T 8 . 0  
C 

E 

6.0 
!  10.0mo 

u 

4 .0  

z.o 

I D- 
00 200 400 600 800 1000 

Temperature,'C 

Fig. 6 D T G  curves o f  Morwell coal samples at different heating rates 

It is well known that heating rate has an effect on coal pyrolysis. The 
pyrolysis of Morwell brown coal was investigated using different heating 
rates, ranging from 5 to 40 deg.min -z. The DTG profiles obtained are shown 
in Fig. 6 and the pyrolysis characteristics are listed in Table 5. The initial 
pyrolysis temperature T~ and the temperature of maximum pyrolysis rate Tm 
are found to increase with increasing heating rate. The maximum rate of 
volatile matter  release increases linearly with increasing heating rate (Fig. 7) 
while the moisture content and volatile matter released appear to be inde- 
pendent of heating rate. 

The kinetic parameters of Morwell coal at different heating rates are 
shown in Table 6. The average Em is 46.8---2.8 ld .mo1-1 irrespective of heat- 
ing rate. It appears that the weighted mean apparent activation energy in- 
creases slightly with increasing heating rate. 

.L Thermal AnaL, 37, 1991 



1172 MA et al.: A KINETIC ANALYSIS OF THE PYROLYSIS 

The activation energies for the first pyrolysis stage, as reported in Table 4 
arein the range 80-84 kJ.moF 1 for the brown coal samples and 111- 
168 kJ'mo1-1 for bituminous coals, and the weighted mean apparent activa- 
tion energies Era are in the range 46-84 kJ-mol -~. These values are 
comparable with some literature data. From thermogravimetrie data of a 
sub-bituminous coal decomposition over the temperature range 523-923 K, 
Serageldin et al. [1] obtained an activation energy of 50 kJ-roof t by the Ar- 
rhenius method. Ko et al. [21] applied a first-order single-reaction model 
for coal devolatilization over a wide range of heating rates (0.1-104 ~ s -t) 
and obtained E = 27-44 kJ.mol -~. Guo et al. [22] investigated the pyrolysis 
of ten Chinese lignites and these yielded E = 55-160 kJ.mol -~ by the Coats- 
Redfern method. 

Table 5 Pyrolysis characterestics of Morwell brown coal at different heating rates 

Heating rate Moitare Volatile matter Ti, Tra, Rm, 

~ % (ad) % (db) ~ ~ %'min -1 

5 10.0 45.2 316 412 0.97 

10 10.4 45.4 324 425 1.73 

20 10.2 44.4 334 440 3.72 

40 9.9 43.4 360 451 7.47 

Table 6 The kinetic parameters for MorweU coal pyrolysis at different heating rates 

Heating rates Temp. range, E, A, r, Era, 

~ rain -I ~ kJ" moV 1 s-1 kJ. mol -I 

5 240--443 78.02 2.74.101 0.9972 44.00 

457-875 23.21 1.23.10 -3 0.9969 

10 278--474 79.67 6.80.101 0.9992 46.41 

474--830 21.06 2.08.10 -3 0.9988 

20 259--488 78.18 8.93.10 t 0.9990 48.03 

488-837 22.34 5.19-10-3 0.9976 

40 287--498 80.15 1.72-102 0.9977 48.73 

498-856 25.73 1.41" 10 -2 0.9925 
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It should be noted that the Kissinger analysis procedure [23], based on 
the maximum rate temperature, is also used in the analysis of coal pyrolysis 
data [24-26]. The Kissinger analysis can be expressed as: 

_ E ,n(&) R,... (6) 

A 

~c 8 .0 -  

- 6 . 0  
E 

4.0 

2.0 

I 1 n. .  
-(3 10 20 30 40 SO 

Heating rate, deg. min4 

Fig. 7 The maximum rate of pyrolysis of Mot'well coal at different heating rates 
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Fig. $ The kinetic analysis of TG data for Morwell brown coal by the Kissinger procedure 
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The relevant f ( , z ) =  ( l - a )  n. This method is only valid for a narrow 
temperature range around the maximum temperature (0.9-1.1Tin) [27]. 

The Kissinger analysis procedure is applied here for Morwell coal and 
the corresponding kinetic plot is shown in Fig. 8. The relevant kinetic 
parameters are E = 203.94 kJ- tool -1 and A = 1.628.1013 s -1. These values are 
close to the literature values derived from the Kissinger equation [25, 28]. 
Elder et al. I25] investigated the thermal characteristics of six Kentucky 
bituminous coals undergoing pyrolysis in an inert atmosphere, and obtained 
E = 198-220 kJ.mo1-1 and A =2-85-1012 s -1 for the major mass loss region 
by using a modified Kissinger equation and the T,, parameter.  Brown [28] 
employed the Kissinger equation to calculate kinetic parameters for some 
Australian coals and obtained E = 186.2 kJ. roof  1. 
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O 8 -  

0 6 -  

0.4~- 

ooo o ooo o 
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~ 1 7 6  I D,. 
300 400 500 600 700 800 900 

Temperoture, "C 

Fig,. 9 Comparison of Arrhenius, Kissinger and Experimental ( l - a )  functions for the pyrolysis 
of Morwell brown coal 

However, a comparison of the experimental data for the Morwell coal at 
10 deg 'min -1 and that calculated by Arrhenius and Kissinger analyses shows 
(Fig. 9) that the kinetic parameters derived from an Arrhenius analysis yield 
a good curve fit over the entire temperature range, whereas the kinetic 
parameters derived from a Kissinger analysis curve fit only within a very nar- 
row range around the maximum rate temperature. This is also demonstrated 
by the study of Eider [26, 29] on the thermal degradation of West Kentucky 
bituminous coals. In general, the Kissinger analysis produces higher values 
of kinetic parameters than the Arrhenius analysis procedure. Gadalla [27] 
has applied various methods, including the Arrhenius and Kissinger analysis 
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procedures,  to the kinetics of  the dissociation of hydrated calcium and mag- 
nesium oxalates. Their results show that the Kissinger method is not suitable 
for application to reactions occurring over wide temperature ranges or when 
the activation energy and pre-exponential factor vary over a wide range. 

it 
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w ~ 80 - 

70 - o 
60- 

5O 

, f , L 40 t I I I I I { I I I t I I ~ 1 ~ "  

24 26 28 30 32 34 36 

Og, kd.kg -~ 

Fig. lO Relationship between E,, and Qg for various coal samples 

Figure 10 shows the relationship between the  E,,, and specific energy of  
the coal samples investigated. The correlation can be expressed as a straight 
line: 

Em (kJ. moF 1) = 4.03Qs (MJ. kg-1) - 57.48 (7) 

with a correlation coefficient r = 0.992. Thus, the higher the reactivity, the 
lower is the specific energy. It is also apparent from Table 4 that the values 
of Em for brown coals are much lower than those for bituminous coals. In 
the ASTM system, the specific energy is used in the classification of coals of 
rank lower than medium volatile bituminous [30]. Based on this work, it is 
suggested that the E m  value is an indicator of reactivity, not only in the case 
of the burning process [14], but also in the pyrolysis process of coals. 

In summary, from the results obtained for a suite of brown coals and 
bituminous coat maceral concentrates, the three-dimensional diffusion in- 
tegral kinetics model is valid for the overall coal pyrolysis process. The 
kinetic plot clearly shows the two stages of pyrolysis. The activation energy 
obtained for brown coal is in the range of 80 to 84 kJ .moF 1 for the primary 
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pyrolysis, and 19 to 21 kJ. mo1-1 for the secondary pyrolysis. The bituminous 
coals have lower volatile matter content, higher initial pyrolysis tempera- 
ture, higher activation energies and frequency factors than the correspond- 
ing parameters for brown coals. The activation energies of the bituminous 
coals are 111-168 and 18-35 kJ.mol -t far the primary stage and the secon- 
dary stage respectively. For all the coal samples investigated, the secondary 
pyrolysis has a much lower activation energy than the primary pyrolysis, 
which suggests that the primary pyrolysis is dominated by chemical decom- 
position processes, whereas the secondary pyrolysis process is dominated by 
mass and heat transfer processes. The behavior of coals may be charac- 
terised by the weighted mean apparent activation energy Era. A correlation 
between E,, and specific energy of coals was also found. 
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Z u s s m m e n f a s s u n g  ~ Mittels  n ich t i so thermer  Thermogravimctr ie  wurde die Pyrolyse einer  
Rcihe yon Braunkoh lenp robcn  und Mazera lkonzent ra te  aus bi tumin6sen Kohlen untersucht.  
Die T G - D a t c n  dieser  Kohlen weiscn einen zweischrit t igen Pyrelyseproze$ auf. Die Ak- 
t iv ierungsenergie  fiir den ers ten  Pyrolyseschritt ist erheblich hSher  als die des zweiten 
Pyrolyscschrittes. Es ist offensichtlich, dab eine gegebene Kohle dutch den gcwichteten Mit- 
telwert  der  scheinbaren  Akt ivierungsenergie  der  Pyrolyse charakter is ier t  werden kann, wen 
chef  mit der  en tsprechenden  spezifischen Energie der  Kohle korreliert .  
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