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Abstract The pyrolysis characteristics and kinetics of
two Chinese low-rank coal samples have been studied
through thermogravimetric technique and mathematical
modeling. Applicability of three kinetic models, viz. the
Doyle temperature integral model, Achar-Brindley—Sharp—
Wendworth (ABSW) derivative model and Coats—Redfern
integral model, is evaluated. The results showed that Doyle
model and ABSW model cannot describe the pyrolysis
process accurately, while Coats—Redfern integral model
was appropriate to describe pyrolysis reaction of the two
low-rank coals. From the Coats—Redfern integral model,
the reaction order of low-rank coals was of n = 2, and the
pyrolysis process can be divided into four stages; the
activation energy decreased with increasing heating rate
above 20 K min~' and increased continuously with the
coalification degree.

Keywords Low-rank coal - Pyrolysis - Model - Kinetics -
TG
Introduction

Low-rank coal deposit is about 55 % in the total reserves of
coal in China [1], but the low-rank coal utilization is inef-
ficient because of its high content of water, volatile matter
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and oxygen but low calorific value. As the pyrolysis is the
first step in all thermochemical coal conversion processes,
“key technologies and demonstration on clean and efficient
utilization of low-rank coal,” which was put forward by
Chinese Academy of Sciences, aim to make some develop-
ment in low-rank coal pyrolysis in the forerunner of the
comprehensive utilization. Although much work has been
conducted to study coal pyrolysis [2—4], few studies on
pyrolysis mechanism of low-rank coal have been conducted.
Therefore, it is necessary to establish the mechanism func-
tion and kinetic parameters of low-rank coals.

Thermogravimetric analysis (TG) is one of the most
important techniques used to study thermal events. In order
to evaluate the kinetic data and to establish reliable models
for the complex reaction scheme of coal pyrolysis, TG data
were studied which were depended on the temperature at
defined heating rate or on the time at a constant temperature
(static measurement) [5, 6]. Thus, thermal analysis kinetics
is a useful way to study the physical change or chemical
reaction during thermal process, such as judging the fol-
lowed mechanism of reaction [reaction mechanism function,
f(o)] and obtaining kinetic rate parameters (the activation
energy E and pre-exponential factor A) [7]. In early research
on this complex problem, isothermal method models were
used, but it has been shown that they are applicable only
under limited conditions [8]. To simulate the kinetics of coal
during its thermal decomposition, a more complex model is
required, known as the non-isothermal method [9]. Non-
isothermal method can be divided into derivative method
and integral method according to the form of the kinetic
equation [10]. Many works have focused on using single
non-isothermal method kinetics model to study coal thermal
decomposition [11-14], and there is still necessary to com-
pare the two non-isothermal methods to decide which one is
more adaptive for describing the pyrolysis of coal.
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This paper aims to compare the kinetic parameters cal-
culated for the pyrolysis of Chinese low-rank coals by
using three non-isothermal experimental method including
a derivative method and two integral methods, applying the
same data treatment in both cases. In this way, the differ-
ences in results that can be attributed to the experimental
technique will be determined. This aspect is very important
because no comparison has been made before.

Experimental
Coal characteristics

The investigations were performed on two low-rank coals
samples taken from the deposits in Yunnan Province (YN)
and Xinjiang Province (XJ), China, respectively.

Proximate and ultimate analyses

The results of proximate and ultimate analyses of the two
low-rank coals are given in Table 1. All the information
reported in the table was provided by the State Key Lab-
oratory of Coal Conversion, Shanxi Institute of Coal
Chemistry, Chinese Academy of Sciences. For kinetic
studies, the coal samples were dried at 110 °C for 2 h in an
inert atmosphere of nitrogen, and then, the dried samples
were further ground to a size of 90-150 micron.

The lignite YN presented higher content of volatile matter,
higher content of oxygen and lower content of fixed carbon
than those of XJ. Compared with the XJ coal, the higher H/C
and O/C atomic ratios in the YN indicated the higher amount
of aliphatic in the solid residues [15]. The H/C/O atomic ratio
of YN was 0.98:1:0.42, while the number became to
0.59:1:0.21 in XJ indicating that the unsaturated bond num-
ber in the macromolecular structure of low-rank coal
increased with increasing metamorphic degree of coal [16].

FTIR spectroscopy analysis
Fourier transform infrared (FTIR) spectra of the samples
were recorded over the range of 4000-400 cm™' on an

American Bio-Rad FTS165 FTIR Spectrometer 1725X
using the KBr pellet technique. The total numbers of scans

Table 1 Proximate and ultimate analysis of coal samples

were 32 with spectral resolution of 2 cm™'. For the spec-
troscopic study (FTIR analysis), samples were prepared
using the standard KBr pellet procedure for this type of
material (lignite/KBr mixture at a 1:180 ratio). Figure 1
displays the FTIR spectra of the YN and XJ coals.

It can be seen that there was a significant absorption band at
approximately ~ 3490 cm™', which was assigned to OH
groups. The absorption peaks of 3000-2700 cm™' zone
revealed three absorption peaks of the aromatic hydrogen, CH
stretching and aliphatic hydrogen, and Figure 1 shows that the
absorption peaks of YN were slightly more than those of XJ. A
significant absorption peak for the oxygen-containing func-
tional groups and C—O-R structures can also be observed in
the 1800-1100 cm ™" zone and 1100 cm ™' zone, respectively.
The higher absorption peaks of YN in the 1100 cm™' than
those of XJ mean that oxygen-containing functional groups
number in coal decreased with increasing degree of coalifi-
cation. The aromatic hydrogen was in 900700 cm ™' zone
[17]. Furthermore, the significant absorption band at approx-
imately 1700 cm™", and the presence of structures containing
C=0 groups might be in agreement with the low rank of YN
and XJ, which may also reveal that there was some resinite in
the structures of these low-rank coals [18].

TG and DTG

A STA 409C Thermo-Gravimetric Analysis (TGA) appa-
ratus was used to analyze the TG and DTG. About 10 mg
of dried basis sample was used to experiment. The system
was purged firstly with high-purity nitrogen, and then, the
sample was heated up to 850 °C at a constant heating rate
of 10, 20 and 30 °C min~', respectively. The carrier gas

was N, with a flow rate of 60 mL min~ L.

Calculation of kinetic parameters

First, the two low-rank coals pyrolysis process was
assumed as follows:

(a) High-purity nitrogen (99.999 %) was used as pro-
tective gas, and it had no influences to coal
pyrolysis;

(b) It had no temperature gradient in coal sample interior
during the pyrolysis heating process; in infinitesimal

Sample Proximate analysis/mass% Ultimate analysis/mass% (dry basis) Atomic ratio

Moisture (received basis)  Ash Volatile (dry basis) Fixed Carbon C H (0] N S H/C o/C
YN 32.74 29.63  30.10 40.27 42.08 342 2353 096 039 098 042
XJ 12.01 491 29.12 65.97 70.29 344 1986 097 052 059 021
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Fig. 1 FTIR spectra of the low-rank coals

time period, the pyrolysis non-isothermal method
reaction can be seen as a isothermal method and
heterogeneous reaction;

(c) Arrhenius expression was suitable for describing the
two low-rank coals pyrolysis reaction:

do
T =K M)

where « is the pyrolysis conversion of initial material
which derived from TG curves, ¢ is the reaction time
(min), f{a) is the function of unreacted initial sample
and k is the rate constant, and k was typically cor-
related with temperature by an Arrhenius expression:

k=Aexp (— RET) (2)

where A is the pre-exponential factor (min~'), E is
the apparent activation energy (kJ mol™"), R is the
gas constant (8.314 ] mol ™' k™) and T is the
absolute temperature (K).

The temperature dependency of the rate constant in
Eq. (1) results in

o= e[~ ) ()

where A is the pre-exponential factor, E is the acti-
vation energy and f is the heating rate (d77/dr).

Results and discussion
Thermal behavior

To analyze the pyrolysis characteristics, the YN coal and
XJ coal samples were pyrolyzed and analyzed with the TG

system. The mass loss and mass loss rate curves under
different heating rate are presented in Fig. 2.

Figure 2 shows that profiles of the TG and DTG curves
of the two low-rank coals were being quite different.

The TG curves of the two low-rank coals decreased
slowly at the temperature of 200-300 °C, and this was
probably because of the softening and melting of coal at
this temperature stage. The TG curves of YN coal were
always higher than those of XJ under the same heating rate,
and the result was consistent with the findings of some
other study [19-21].

The DTG analysis showed that the slope of the DTG
curve increased before the temperature of maximum rate of
mass loss with the decreasing heating rate, which indicated
that the decomposition process was a fast process; then
DTG curve increased with increasing heating rate after the
temperature of maximum rate of mass loss, indicating that
the decomposition process was faster in higher temperature
region.

The DTG curves went up to their maximum peak about
the temperature of 450 °C, and the maximum peak value of
YN lignite was greater than that of XJ coal; this was mainly
due to the high hydrogen content of YN lignite, which
means there was more aliphatic structure, aromatic alkyl
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Fig. 2 TG and DTG curves of the two low-rank coals at different
heating rate
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side chain, the bridge bond and lower degree of conden-
sation of aromatic hydrocarbon in lignite. When the coal
was heated, some weak bonds such as aliphatic structure
and bridge bond were cleaved into free radical fragments
with large volumes of volatile matter releasing, and during
this stage, it was the mainly depolymerization and
decomposition with gas and tar precipitating, char forma-
tion [22, 23]. Then, TG curves and DTG curves decreased
slightly with increasing temperature, and polycondensation
became the main pyrolysis reaction. At this stage, the coal
changed into char; meanwhile, methane and hydrogen were
being the main composition of gas.

From Fig. 2, some characteristic parameters were
obtained, including the following parameters: temperature
of onset mass loss (7,s), temperature at the end of the
reaction (7%), the maximum mass loss rates (R,.,x) and the
corresponding peak temperatures (T,.x); the Ty is defined
as temperature at oo =35 % and T; is calculated at
o = 85 %. The thermogravimetric properties of the two
low-rank coals are given in Table 2.

It can be seen that the total mass loss was increased with
increasing coalification degree. The pyrolysis characteristic
parameters such as Ty, Ty and Ty, of XJ coal were about
15 °C higher than those of YN coal, which indicated that
the pyrolysis was more difficult in high-rank coal with
increasing thermal stability than that in lower-rank coal
[24-26]. The R,.x of YN coal presented higher values than
that of XJ coal under the same heating rate, this may be
related to large content of oxygen in lignite, and the oxy-
gen-containing functional groups was easily broken
because of its low bond energy.

For the same coal, the characteristic temperatures of
Tmax presented higher values with increasing heating rate.
This effect indicates that the pyrolysis process may exist a
temperature delay with the higher heating rate because it
takes period of time to transmit heat quantity from surface
to sample interior; there was not enough time for volatile
releasing completely under high heating rate; the reaction

Kinetics analysis
Doyle temperature integral model

Because of the complexity of coal pyrolysis, there are a
variety of models to describe the pyrolysis process. Most
researchers [27] described the coal pyrolysis by using the
first-order reaction kinetic model, and kinetic parameters
were obtained by using Doyle integral method. It is
assumed that the decomposition rate of coal is equivalent to
the volatizing rate [28], and the relationship between
devolatilization rate and concentration was suitable for the
Arrhenius expression equation of (3).

If G(x) = kz, when integrating both sides of Eq. (3)
between 0 ~ « and Ty ~ T, respectively, Eq. (3) can be
expressed as follows:

a}%: G(a) :%/Texp(—%>dT 4)
0 Ty

Considering the reaction rate can be negligible under
low temperature of T} at the beginning of reaction, the both
sides of Eq. (4) can be integrated between 0 ~ o and
0 ~ T as follows:

o yfel e o

In order to obtain the approximate solution of the tem-

perature integral, just assumed that u = RT, then T = = and
E

Then, Eq. (5) can be converted into equation as follows:

ool

—u
temperature would move to a higher temperature too = ’E e_du = AE - P(u) (7)
. . . . BR 2 BR

rapidly under high heating rate, but volatile matter could J
not release totally in such a short time. K
Table 2 Thermogravimetric properties of YN and XJ coals
Sample Heating rate/°C min~" T./°C Tomax!/°C Ti/°C Rupax/% °C™!
YN 10 2133 453.9 633.2 0.107

20 222.5 466.0 643.0 0.118

30 243.7 472.6 668.1 0.120
XJ 10 227.5 471.0 677.0 0.075

20 236.7 483.1 686.8 0.082

30 257.9 489.8 711.4 0.084
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where E/R is a constant, temperature integral of Eq. (7) is

just become the problem of finding the function of
Pu)= [ ’u—iudu; subsection integrated the above equation:

o0
—de™
u2 /
o0
|

et 21 31 4
2(1 ;W‘W“') ®
Then, it can be used Doyle model to approximately

calculating Eq. (8). Calculating the logarithm of the first
two items in parentheses:

InP(u) = —u+In(u—2) —3Inu 9)
Because the range of u is 20 < u < 60,
u—40
—-1< <1 10
<t S (10)
Assuming v = “53% and then
u=20v +40 (11)

Substituting Eq. (11) into Eq. (9) and deriving the first-
order approximation for the logarithmic expansion terms:

10
InP(u) = —u—3ln40—|—ln38+ln<1 +Ev>
3In| 1+ !
2V
~ —5.3308 — 1.0516u (12)

Assuming the pyrolysis is an first-order reaction, integrat-

ing the above equation with Eq.(3) and
g"(ldfa) —In(1 — o), then

In(—In(1 — a)) :1n<1£) —5.384—0.1278E (13)
PR T

Making linear regression to the plot of In(—In(1 — «))
versus 1/T, —E/R can be determined from the slope,
A from the intercept. The pyrolysis kinetics parameters of
YN and XJ coals at different heating rates are given in
Table 3.

It can be seen from Table 3 that due to Doyle model, the
pyrolysis process can be divided into four stages; the acti-
vation energy of each stage of XJ is larger than that of YN,
which indicates that the activation energy is increased with
the degree of coalification; for the same coal, the activation
energy is decreased with increasing heating rate. The acti-
vation energy of first stage was the lowest; activation energy
of second stage was increased rapidly, indicating that the
phase was the active pyrolysis stage, the activation energy

decreased slightly at the third stage, while the activation
energy was the largest at the fourth stage.

Although some meaningful conclusions are obtained
from Doyle model on describing pyrolysis of YN and XJ
coals, the correlation coefficient of the dynamics curve is
poor during the calculating of activation energy, which
means it is not quite suitable to using Doyle model to
describe the pyrolysis of the two low-rank coals.

Achar—Brindley—Sharp—Wendworth (ABSW) derivative
model

According to ABSW derivative model [8], it needs to
separate variables for Eq. (3) and calculate the logarithm
on both sides, and then, Eq. (3) can be converted as

follows:
do A E ([d«
In|—= In —
e =i (5= i)
Combining with d7 = pdt, Eq. (2) can be converted as
follows:

m|—% | —pa_ £
(a)dT RT

If the pyrolysis reaction order is of n =1 and
f(o) =1 — o, assuming that the pyrolysis process can be
described by the single-reaction model of ABSW differ-
ential model, and the reaction order is of n = 1, and then

/AT Gersus L
1—a i

(14)

(15)

plotting ln{ using the least square method to

fit the experimental data, where E can be determined from
the slope of straight line A from the intercept
simultaneously.

Because the drift of pyrolysis data under different
heating rates is basically the same, Fig. 3 shows the rela-

tionship curve of In [d“/ ‘ﬂ versus L at heating rate of

T
10 K min~" only.

Figure 3 shows that when the temperature is within a
certain range of 724-833 K, the slope of the curve is
positive, which means the corresponding activation energy
of pyrolysis reaction is negative. The same thing has been
happened on the pyrolysis data of other heating rate such as
20 and 30 K min~'. So, the single-reaction model of
ABSW derivative model cannot able to describe the
pyrolysis process reasonably and give some theoretical
explanation. The result was consistent with other research
conclusion with some of other study [29].

Coats—Redfern integral model [30]
Calculation of kinetic parameters The pre-exponential

factor, A, is assumed to be constant and independent of
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Table 3 Kinetics of low-rank coals pyrolysis at different heating rates
Heating rate/°C min~" Temperature/°C Activation energy/kJ mol ™' Pre-exponential factor/min~" R?
YN 10 300-350 76.9 530 x 10’ 0.959
350-500 101.01 1.37 x 10° 0.952
500-710 278.9 0.17 x 107 0.947
710-850 103.7 0.52 x 10° 0.934
20 300-350 78.8 2.94 x 10° 0.909
350-500 100.1 8.67 x 10° 0.936
500-660 71.8 0.59 x 10° 0.915
660-850 102.6 1.60 x 10° 0.929
30 300-350 78.4 2.94 x 10" 0.949
350-520 99.6 1.42 x 10* 0.952
520-660 71.8 0.83 x 107 0.947
660-850 105.5 2.95 x 10° 0.901
XJ 10 300-390 100.3 213 x 10° 0.944
390-490 129.9 1.58 x 10° 0.953
490-710 108.6 4.16 x 10* 0.957
710-850 243.5 1.06 x 10* 0.931
20 300400 83.7 1.63 x 10° 0912
400-490 118.7 7.98 x 10* 0.925
490-700 100.0 0.77 x 10° 0.908
700-850 164.4 4.54 x 10° 0.919
30 300-410 73.9 2.61 x 10° 0.934
410-510 117.2 8.36 x 10* 0.9867
510-700 101.1 2.13 x 10° 0.950
700-850 162.8 433 x 10° 0.889
_ Momwe_ Aw (16)
ol Wo — Weo  Awg
where W,, W, and W, are the original mass (g) of the test
_r sample, the mass (g) at time ¢ or T and the final mass (g) at
s the end of pyrolysis, respectively.
:l, -2 If the sample is heated at a constant heating rate § = %,
§ then Eq. (2) can be expressed as follows:
s o
< | £ Lo () 1)
Integrating Eq. (17):
-5t o T T
0.0010  0.0012 0.01014 0.0016  0.0018 ﬂ:é/exp <_£> dT%é/exp<—£> aT (18
1/TIK ) f(o) ﬁTD RT B ) RT

Fig. 3 Kinetic curves derived from ABSW model at heating rate of
10 K min~!

temperature in this model, and this approach is advanta-
geous and can be easily applied to study the kinetics of a
temperature-programmed pyrolysis [31].

If the mass of sample was changed from wy (g) to w, (g)
with the reaction time ¢, then Eq. (2) can be expressed as
follows:

@ Springer
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I’l7é1, f(O():(l—OC)n7
1-(1-o)'"  [AR 2RT E (20)
I“l (1= n) 1““[/3_15(1‘7)}‘ﬁ

when % > 1, (1 — %) ~ 1, the first term of the right side
in Egs. (19) and (20) was almost a constant, and then the

plot of In [d;{ ;ﬂ versus % gives a straight line, where E can

be determined from the slope, while A can be determined
from the intercept, and the YN and XJ pyrolysis reaction
may be obtained with reaction order of n. Thus, n can be
checked by a linear correlation and the E and A can be
acquired simultaneously.

Based on the above-mentioned method of “calculation
of kinetic parameters” at different heating rates of 10, 20

and 30 Kminfl, curves between In [#} (n=1),

In [%} (n # 1) versus % were concluded and are

shown in Fig. 4 at different orders of n = 1, n = 2 and
n = 3, respectively.

Figure 4 shows that the kinetic curves had four different
ranges, and this was probably in accord with four different
stages of the continuous chemical reaction in the lignite
pyrolysis process. The kinetic curves gave a better corre-
lation with the reaction orders of n = 2 than of n = 1 and
n = 3; the heating rate had important influence on the
kinetic curves probably because it can change the ther-
mochemical reaction route and reaction mechanism in a
degree.

The activation energy (£) and pre-exponential factor
(A) were calculated and are given in Table 4 with reaction
order of n = 2.

Table 4 shows that the activation energy of YN and XJ
coals increased with increasing heating rate and then the
activation energy decreased with increasing heating rate
when it became above 20 K min~!, and this result is just
consistent with Chen’s study [32]. The temperature of each
pyrolysis stage also increased with increasing heating rate.
The activation energy of low temperature decreased with
increasing heating rate, while it just has a contrary
changing trend with the heating rate during high-tempera-
ture period. The result of pyrolysis kinetics parameters at
different heating rates can just indicate that there is some
thermal hysteresis phenomenon during the pyrolysis at high
heating rate [24, 25].

The activation energy of XJ coal was always higher than
that of YN; this indicates that pyrolysis reaction process
(mechanism) was quite different with coals themselves.
That means there is a striking difference of molecular
structure between coals which have different coal rank. In
fact, the pyrolysis of coal is fundamentally a process of
rupturing old bond and forming new bond, so the reaction

process can partly reflect some characteristics of coal
structure [33].

Table 4 shows that the pyrolysis process of the two low-
rank coals can be divided into four stages. The activation
energy of first stage of was the lowest, while that of second
stage was increased rapidly, indicating that the phase was
the active pyrolysis stage, the activation energy decreased
slightly at the third stage, while the activation energy was
the largest at the fourth stage.

In the first stage, the activation energy is relatively lower
because it is just a releasing process of some gases with
small molecules or some light molecules coming from
rupturing of some weak bond.

In the second stage, the activation energy increases
dramatically. Accompanied by the development of
molecular bond breaking and hydrogen bond formation, a
mass of macromolecular substance (such as tar and
hydrocarbons) released [33]. The reactions of coal pyrol-
ysis, depolymerization, formation of colloid and semi-char
are occurred either in sequence or simultaneously which
probably needs more energy, so the activation energy is
larger than that of the first stage.

With the change in semi-char to char during the tem-
perature of 500-600 °C, the physical framework of coal
such as density, reflectance, diffraction peak intensity of
characteristic X-ray diffraction and aromatic nucleus size
increased slightly. But these indexes increased obviously
at about 700 °C and then increased continuously with
increasing temperature, which indicates that the degree of
polycondensation reaction was enhanced rapidly [16].
This may be the reason why the activation energy
increases dramatically during the temperature of
700-850 °C. Some people [34, 35] think that this is
because of the low-rank coal’s weak structure and poor
thermal stability; it is still need to provide high energy for
the releasing of massive volatile matter when the tem-
perature is above 700 °C.

Verification of kinetic model In order to verify the accu-
racy of the kinetic model, the predictions using Coats—
Redfern integral model for YN and XJ coals are compared
with the experimental fractions.

Taking the second stage of pyrolysis and heating rate is
of 20 K min~" for an example, the temperature ranges of
YN and XJ coals are 350-500 and 420-570 °C, respec-
tively. Substituting the activation energy and the pre-ex-
ponential factor from Coats—Redfern integral model into
Arrhenius Eq. (2):

k:Aexp(—R—ET) (21)

Due to Coats—Redfern integral model, when n = 2,
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Fig. 4 Kinetic curves of the two low-rank coals derived from Coats—Redfern model at different heating rates
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Table 4 Pyrolysis kinetics parameters of YN and XJ coals at different heating rates
Heating rate/°C min~" Temperature/°C Activation energy/k] mol ™ Pre-exponential factor/min ™" R?
YN 10 300-350 75.2 2.56 0.999
350-500 96.3 0.29 x 107 0.998
500-710 73.9 0.34 0.980
710-850 130.9 6.74 x 10° 0912
20 300-350 78.1 9.33 0.992
350-500 99.2 7.82 x 107 0.995
500-660 78.4 0.19 x 10 0.993
660-850 197.1 9.63 x 10° 0.966
30 300-350 77.3 9.94 0.985
350-550 101.0 1.34 x 10° 0.995
550-660 76.2 0.17 x 107 0.993
660-850 213.4 242 x 10* 0.904
XJ 10 320-390 99.4 1.03 x 10% 0.975
390490 128.9 3.39 x 10 0.999
490-700 108.3 8.53 x 107 0.993
700-850 146.5 1.38 x 10° 0.925
20 300-400 82.3 5.16 0.993
400-490 118.4 7.24 x 10° 0.999
490-700 99.3 2.51 x 107 0.998
700-850 218.3 2.73 x 10° 0.959
30 300410 71.8 0.88 0.975
410-510 117.0 791 x 10° 0.997
510-700 100.3 445 x 10* 0.995
700-850 227.0 3.55 x 10° 0.954
0.09

Coats—Redfern

0.08 -

0.07 -

0.06 30

da/dt/ %

0.05

0.04

0.03

330 360 390 420 450 480 510 540
Temperature/°C

Fig. 5 Comparison of Coats—Redfern model predictions with exper-
imental values of mass loss at the heating rate of 20 K min~!

flo) = (1 —a)? (22)

Substituting Egs. (21) and (22) into Eq. (1) is solved for
da/ds.

The predictions using Coats—Redfern integral model for
YN and XJ coals are compared with the experimental
fractions of the second pyrolysis stage as shown in Fig. 5.

Figure 5 shows that the predictions of Coats—Redfern
model are almost similar to the experimental fractions,
which indicates that the model is able to explain the results
satisfactorily.

Conclusions

Major conclusions from the test results can be summarized
as follows:

(1) Doyle temperature integral model cannot describe
the pyrolysis of the two Chinese low-rank coals
accurately because of its poor correlation coefficient
of the activation energy dynamics curve.

(2) The single-reaction model of ABSW derivative
model was not able to describe the pyrolysis process
reasonably and give some theoretical explanation for
the negative activation energy during the tempera-
ture range of 724-833 K.

(3) The Coats—Redfern integral model was suitable to
describe the pyrolysis process. Coats—Redfern inte-
gral model determined that the reaction order of low-
rank coals was of n = 2 and the pyrolysis process

@ Springer



984

Y. Xu et al.

“

Acknowledgements

can be divided into four stages, while the activation
energy of second stage was increased rapidly,
indicating that the phase was the active pyrolysis
stage in the low-temperature period.

The pyrolysis activation energy of the two low-rank
coals decreased with increasing heating rate above
20 K min~!, while the activation energy always
increased with the coalification degree.
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