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Abstract Temperature programmed combustions (TPC)
of Yang-Quan anthracite, Liao-Cheng lean coal and Li-Yan
bituminous coal in oxy-fuel atmosphere were conducted in a
thermogravimetric analyzer and characteristic parameters
were deduced from the TG-DTG curves. The results showed
that combustion got harder to progress as the coalification
degree increasing. Within range of 40%, effect of height-
ening O, concentration favored the combustion process, but
beyond this zone, the effect leveled off. The model-fitting
mathematical approach was used to evaluated the kinetic
triplet (f (), E, A) through Coats—Redfern method. The
calculation showed that Ds-Jander was the proper reaction
model and the evaluations of E and A validated the experi-
mental results.

Keywords Thermogravimetric analysis -
Oxy-fuel combustion - Characteristic parameters -
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Introduction

The greenhouse effect generated by carbon dioxide has
gained considerable attentions recently, and as a major
source of CO,, coal-fired power plants should take mea-
sures to abate CO, emission compulsorily. Normally, the
CO, concentration in conventional coal-air combustion
flue gas is just 14-16% and the direct sequestration is not
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feasible economically for this low value concentration.
Aimed at this intractable matter, the oxy-fuel combustion
technology [1-3] was developed for the capture of CO,
expelled from power plants. This technology is also called
0,/CO, combustion technology with coal combustion
proceeding in mixture of oxygen and recycled flue gases
(RFG) to tackle CO, emission. During the process, as the
oxidant required for combustion, O, is separated from air
and then mixed with RFG. Subsequently, a highly con-
centrated CO,, achieving 95%, flue gas is produced, which
is economically used for deep sea CO, storage and
enhanced oil recovery toward the low carbon economy.
Also, this technology possesses advantages of suppressing
thermal NO, formation for its reduction or completely
elimination nitrogen from air for pure O,. At the same
time, net combustion gas volume falls down at higher O,
feed concentration contributing to a higher boiler thermal
efficiency with lower sensible heat loss in flue gas and a
lower oxy-fuel plant investment by reducing the corre-
sponding flue gas cleaning equipment.

It is expected that coal combustion proceeding in O,/
CO, mixtures is different from the one in conventional air
and investigations were conducted on coal ignition, mass
loss rate, flame stability and heat transfer behavior [4-7].
Liu [4] found that, for a larger specific heat of CO,, an
initial O, concentration of 30% or higher in oxy-fuel
combustion was required to produce the same temperature
profiles as those in air combustion. Tan et al. [5] found that
the O,/RFG flames were much less brighter and more
compact than conventional flames which was not even
possible to maintain stable flames and in their investiga-
tions, the O, concentration was valued as 35% in the
combustion feed gas for the same heat flux and temperature
profiles as the air atmosphere. Kiqga et al. [6] investigated
the flame propagation speed of pulverized-coal cloud in a
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microgravity combustion chamber and the results showed
that the flame propagation speed in O,/CO, atmosphere
was markedly lower compared with that in O,/N, and
O,/Ar and it could be improved by increasing the O,
concentration. Borrego [7] conducted the drop tube
experiments and revealed that a higher amount of O, in
CO, than in N, was needed to achieve similar burnout
levels but char reactivity and micropore surface area were
analogical in air and O,/RFG atmospheres. Previous stud-
ies [4-7], as mentioned above, were mainly focused on the
O,/RFG coal combustion rules of mass loss rate, flame
stability and furnace temperature profile, and they vali-
dated the feasibility of this technology to some extent. But
investigation of the reaction mechanism and kinetic
parameters during coal combustion in oxy-fuel atmosphere
were not substantive referred which was an important
aspect for a profound understanding of the O,/RFG com-
bustion technology.

Thermogravimetric (TG) was traditionally performed by
measuring a change in the extensive property, mass,
through analysis method. This method has been widely
used for the assessment of the combustion behavior of
fossil fuel and sewage sludge [8—15]. Some studies were
conducted in isothermal settings, but this method required
some time to reach the experimental temperature. It would
be inconvenient if a solid-state process reached its maxi-
mum reaction rate at the beginning of the transformation.
So, more accurate researches should be done in non-iso-
thermal settings to determine the kinetic parameters of coal
combustion during which sample was heated at a constant
rate [9]. Characteristic parameters during combustion like
ignition temperature, peak of mass loss rate and its tem-
perature, burn out efficiency and its temperature, could be
achieved from TG-DTG curves. Further, the Kkinetic
parameters, namely, the reaction model, f («), the pre-
exponential factor, A, and the activation energy, E (the
so-called kinetic triplet) could be deduced.

Among the mathematical approaches performed for the
kinetics parameters in TPC, two kind methods could be
taken into consideration: modeling-fitting and isoconver-
sional (free model) [12]. The anterior one was conducted
under only one heating rate and the latter one was per-
formed under at least three different heating rates. This
study was to investigate coal combustion characteristic
with different O, concentrations in oxy-fuel TPC and the
change of reaction atmosphere was the principal part. So,
the modeling-fitting approach with single heating rate was
applied to analysis the kinetics parameters. Traditionally,
two defections existed in the modeling-fitting approach.
The first was that the reaction model f («) was pre-assumed
and the k (T) and f (x) were evaluated together. Thus, the
data derived from this approach varied much with different
f (o) chosen but could be fit the corresponding f () well
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under the “kinetic compensation effect” [12]. The second
problem was that the pre-assumed f («) made the solid-state
reaction one-step process which factually was consisted of
series of parallel and sequential reactions. For the accurate
evaluation of the kinetic triplet in different oxy-fuel
atmospheres under only one heating rate, some remediation
was taken in this study. One was that relationship between
A and E was established based on the Arrhenius equation
for compensating the error of the pre-assumed reaction
model departing from the right but unknown kinetic model.
The other was taking the different reaction models into
consideration for the model-fitting approach and the one
whose correlative coefficient the most equaling to 1 would
be the proper model. The detailed description would be
mentioned in the kinetic parameters evaluation section.

The objective of this study was to investigate the com-
bustion proceedings of three kinds of coals in O,/CO,
mixtures and gain the corresponding characteristic param-
eters from the TG-DTG curves. Further, kinetic triplet
(f (w), E, A) were deduced from thermogravimetric analysis
through Coats—Redfern method to validate the experi-
mental results. Also, the relationship between the evalu-
ated values of A and E were established through linearity
regression.

Experimental
Materials used

Three kinds of representative coal abundant in China were
emphasized in this study and denominated according to
their locations: YQ (Yang-Quan anthracite), LC (Liao-
Cheng lean coal) and LY (Li-Yan bituminous coal).
Proximate and ultimate analysis of these tested coals was
conducted in accordance with GB/T212-2001 and GB/
T476-2001(National Standard of China) and the data were
listed in Table 1. After crushed and sieved to 74 x 107° m
size, the coal samples were pretreated in the oven for 12 h
under 378 K to eliminate the outer water. Then coal sam-
ples were then stored in sealed desiccator at room tem-
perature for use.

Table 1 Proximate and elementary analysis of tested coal samples

Coal types Proximate analysis/% Elementary analysis/%

My Awg Vaa  FCia Cag Hag Oug Nag Saa

YQ 1.92 2893 8.94 63.21 61.56 2.38 2.61 0.76 3.76
LC 1.59 31.65 14.06 52.40 61.30 2.81 3.21 1.20 0.83
LY 2.50 16.36 31.69 49.45 70.31 4.32 5.84 1.17 2.00

ad air-dried basis
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Temperature programmed combustion

The experiments were performed in a TGA/SDTAS851e
thermogravimetric analyzer with the sample mass loss
percentage (TG signal) and mass loss rate (DTG signal) as
functions of time or temperature recorded continuously
under the temperature programmed combustion (TPC).
During the experiments, the temperature increased from
298 to 1273 K at a linear heating rate of 0.33 K/s. Reaction
atmosphere required in chamber was fulfilled by mixing O,
(99.97% purity) with CO; (99.90% purity) and the gas flux
was kept 1.67 x 107° m¥/s at the gauge pressure of 1 atm
(101 kPa) constantly to suppress the mass-transfer effect at
a minimum. The O, concentration in mixtures was valued
10-60% through adjusting the valve to supply the required
oxygen atmosphere for coal combustion. At the same time,
the chamber blowing gas, N, (99.99% purity), was fixed at
aflux of 5 x 1077 m*s. Sample was quantified as (10 & 0.02)
x 107 kg in a crucible at the beginning of every experi-
ment. When data derived from TG-DTG curves were
analyzed, they would be dealt with taking the original
sample mass into consideration to eliminate the effect of
mass different on the process. To ascertain the stability of
the experimental system, some measurements were brought
up twice at the beginning period of the whole experimental
process, which were under conditions of 20% O, concen-
tration for the three tested samples. The detailed TG-DTG
curves and educed data are shown in corresponding section
which validates the stability of the experimental system.

Results and discussion
Characteristic of coal combustion proceeding
The TG and DTG curves for YQ, LC and LY in repeated

TPC were shown in Fig. 1a and b, respectively. From these
figures, some characteristic parameters [10, 11] were

Fig. 1 a TG and b DTG curves (a)

obtained in order to evaluate the combustibility of the
tested coal samples. Ty, the volatile matter initiation tem-
perature where the rate of mass loss reached 5 x 107> after
the loss of moisture and oxygen chemisorption. T, the
burnout temperature where the mass loss rate achieved
5 x 107 after peak of the mass loss rate. 7, the burnout
efficiency corresponding to the Ty,. DTG,x, the maximum
of mass loss rate (referred to the bigger one if multiple
peaks appeared) and the corresponding temperature 7,,y.
AT, the half peak width which is the temperature dif-
ference between two temperatures at the mass loss rate
value equaling 0.5 times of DTG .. Integration combus-
tion parameter [16], Hg = Tpax X In[AT) /DTG 5] X
10_3, described the whole process of coal combustion and
it represented the rate and intensity of this proceeding.
Also, this parameter reflected the flame stability after
ignition. With Hg decreasing, the combustion characteristic
got better.

Coals were highly heterogeneous in their chemical
composition and physical properties and their combustion
proceedings consisted of complex reaction occurring par-
allel and sequential, basically including, evolution the outer
and inner water, release primary volatile and oxidation of
residual volatile and the principal carbon [17]. Before the
onset of combustion, all three coals were observed a net
weight gain in TG-DTG curves due to the physisorption
and chemisorption [18]. In following stages, different coals
presented distinct laws depending on their coalification
degree.

The deeper coalification coal, YQ, containing high
fixed-carbon and low volatile owned the tight particle
surface and long loops in molecular structure [19] which
made the DTG curves show two peaks. In low temperature,
releasing and combusting of the volatile shaped the first
mass loss peak at 822 K (YQ-1). But intensity of com-
bustion at this temperature was not enough to ignite the
residual volatile and carbon and reaction trailed off tran-
sitorily. As temperature increasing, the residual volatile

for YQ, LC and LY (oxy-fuel
atmosphere, 20% O,
concentration) (Note: YQ-1 and
YQ-2 were the twice
experimental results under the
same condition and LC and LY
were the same as YQ)
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and the principal carbon were ignited intensely under the
heat transfer effect to form the second mass loss peak at
968 K. This peak was dominant compared with the anterior
one and most of combustible constituent was accomplished
during this stage. As for the lower coalification coals, LC
and LY, they presented similar combustion laws in TPC
which could be seen in Fig. 1b. Both of them shaped only
one prominent peak in DTG curves and there was no
obvious boundary for the combustion of volatile and car-
bon. Also, it was educed that the lower coalification degree,
the bigger peak value of the mass loss rate and the lower
temperature it achieving the peak. The peak temperature for
LY-1 was 748 K and the corresponding value for LC-1 was
shifted toward higher temperature by 65 K. It was notice-
able that there was a fluctuation with a very narrow shoulder
in LC-1 DTG curve at low temperature range 499-550 K
which accompanied a feeble mass loss of 1.88% for the
combustible constituent, but the factuality needed further
investigation.

The characteristic parameters deduced from TG-DTG
curves were shown in Table 2 which represented the com-
bustion laws for YQ, LC and LY directly in the view of
statistical consideration. It was seen that, as the coalification
degree increasing, the Hg value got increment accordingly.
Namely, the combustion characteristic was not good for the
deeper coalification coals compared with the lower ones.
And the burnout efficiency for LY-1 was 3.22% higher than
the one for YQ-1. Also the current for the parameters of T,
Ty, Trax and DTG, validated the above description. An
exception was the ATy, for LC-1 and LY-1, but this dif-
ference was small compared with effect of T},,,x and DTG .«
which did not impact the orderliness of Hg. In conclusion, as
the integration combustion parameter, Hg presented the
combustion law more exactly.

At the same time, it was seen from Fig. 1 that the
TG-DTG curves of the repeated experiments overlapped
each other mainly. Also, the corresponding values of
characteristic parameters, shown in Table 2, for the repe-
ated experiments varied little. All of these validated the
stability of the experimental system and the experiments
with different O, concentrations in oxy-fuel atmosphere
would be conducted based on these in the next section.

Coal combustion in oxy-fuel atmosphere with different
O, concentrations

Figure 2 showed the DTG curves for LC in TPC with
different O, concentrations and the corresponding charac-
teristic parameters were listed in Table 3. It was seen that
LC in TPC presented similar law with different O, con-
centrations but the values of parameters varied (It was in
expectation that YQ and LY gained the similar currents,
but were not exhibited here). Obviously, 10% O, concen-
tration was inadequate for LC combustion progress grew to
the maximum rate and made the combustion occur in a
longer zone, labeling a bigger value of half peak width,
195 K. It was also educed that the peak of mass loss rate
was much smaller than the ones derived from thicker O,
concentrations and the corresponding temperature was
shifted to a higher value. It maybe resulted from the
insufficient O, supplement in high temperature zone where
oxidation reaction was very intensive and the course was in
a oxygen diffusion controlling stage [20]. As O, concen-
tration increasing, Hg values decreased and combustion
characteristic got better gradually, for the volatile initiation
temperature, burnout temperature and the mass loss peak
temperature moved toward low temperature zone as a
whole. Also, the half peak width got narrower and maxi-
mum mass loss rate become intensive. All of these proved
that O, strengthened the combustion course in a certain
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Fig. 2 DTG curves for LC with different O, concentrations

Table 2 Characteristic

parameters of YQ, LC and LY Coal types TJK  TJ/K 0% Twax/K DTGy x 104871 AT\ /K Hp x 1073
in TPCt Wti,th 20% O YQ-1 661 1116 9535 968 9.32 267 12.163
concentration
YQ-2 670 1112 9492 965 9.42 270 12.132
LC-1 633 942 9556 813 14.66 130 9.262
LC-2 629 953 9609 818 14.82 132 9.325
LY-1 557 921 9857 748 15.6 162 8.639
LY-2 552 932 98.08 743 15.9 160 8.564
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Table 3 Characteristic

parameters of LC in TPC with O, concentration T,/K TyK n/% Thmax/K DTG pax ATy /K Hp x 1073
s 4/q—1
different O, concentrations (%) x 1078

10 650 1041 95.48 886 10.11 195 10.782

20 633 942 95.56 813 14.66 130 9.262

30 619 928 95.68 792 15.70 124 8.931

40 612 902 95.99 766 16.06 120 8.596

50 611 898 96.51 748 15.45 134 8.505

60 611 896 96.17 743 15.65 129 8.411

degree. In high O, concentration situations, abundant of O,
penetrating to the particle surface made the combustion a
dynamic controlling stage. So, when O, concentration got
beyond 40%, its effect would become feeble. Either the
DTG curves or the deduced parameters leveled off for O,
concentration in range 40-60%. In another aspect, exces-
sive oxygen in mixtures of O,/CO, depressed the RFG
ratio and made the oxy-fuel technology meaningless.
Taking the burnout efficiency into consideration which
varied less in rang 10-60% of O, concentration shown in
Table 3, it was concluded that O, concentration in oxy-fuel
combustion atmosphere should not exceed 40% and this
answered the results of previous studies [1-5].

Kinetics parameters in oxy-fuel TPC

The kinetic equation of heterogeneous solid-state thermal
transformation in TPC could be generally described as [8,
9, 12]:

do

dr

O R - LA

where « is the degree of reaction, o = (Mo — M)/(My — My)
(M, is the mass of the sample at time t/temperature 7, M, and
M;are the mass of the sample at the beginning and at the end of
the mass loss reaction, respectively), ¢ is the time, k (T) is the
rate constant described by the Arrhenius equation, namely,
k(T) = A - exp(—E/RT) (A is the pre-exponential Arrhenius
factor, E'is the activation energy and R is the gas constant), f{o)
is the reaction model, T'is the temperature and f is the heating
rate(ff = dT/dt = constant).

The starting temperature can be set as 7 = 0 K for the
reaction rate at the starting temperature is negligible. The
variables can then be separated and Eq. 1 can be integrated
as:

Of‘(f;‘) Glo) =% - 0/( 2 ). )

Among the model-fitting methods considering single
thermoanalytical curve for evaluating kinetic triplet (f(o),
A, E), the Coats—Redfern [21] method was the most

employed one in previous studies. Therefore, the Eq. 2 was

transformed into:
2RT E
|- (3)
E RT

In G(a) ' [AR(
T2 PE
For the normal reaction temperature zone and most E
values evaluated previously, especially the coal combustion
process, the RT/E << 1 in Eq. 3 and then the (1 — 2RT/
E) ~ 1 with an approximative hypothesis. Subsequently,
the integrated kinetic equation was finally presented as:

In GT(Z ) _in (2;) - %. (4)

At certain temperatures, the plot In[G(x)/T*] vs. /T
obtained from a series of experiments should be a straight
line, and thus the activation energy is obtained with slope
—E/R. Subsequently, the pre-exponential factor is obtained
from the intercept. In this analysis, the kinetic parameters
were evaluated with the corresponding DTG curve divided
into low temperature section and high temperature section
by the peak of the mass loss rate. In each section, four «
values were selected, either heightened by 0.1 toward high
temperature or reduced by 0.1 toward low temperature.
Thus, the activation energy and pre-exponential factor were
average ones in an appointed temperature section.

The normal heterogeneous solid-state reaction models
[22], mainly including Ay, Ay, Ry, Ry, D1, D>, D3, D4, were
mentioned in this study for the proper model-fitting
method. Compared with each other, the D3-Jander model
equation, which was expressed as flo) = 3(1 — oc)2/ 3
Q21 = (1 — ") with G) =1 — (1 — 0)'?)?, was
the better one considering the deduced —R (shown in
Figs. 3a and b, LC combustion with different O, concen-
trations in oxy-fuel atmosphere) in this study. It was seen
that, in high temperature zone, the evaluated values of
ln[G(oc)/TZ] and 1/T presented better correlative character-
istic, but in low temperature zone, especially for O, con-
centrations of 50 and 60% this characteristic got worse.
Maybe, some distinct reaction mechanism dominated in
this high O, concentration section and hoped to get answer
in further investigation.

It was seen in Table 4 that, the values of A for YQ were
much smaller than LC and LY, but with a similar E values
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for the three coals. Although the E value for LC in low
temperature was some bigger, its corresponding A was
markedly increased in magnitude. At the same time, the
corresponding low and high temperature zones for the
principle mass loss of YQ were also shifted to higher
temperature sections compared with LC and LY. The
change current of A and E in Table 4 matched the data
presented in Fig. 1 and Table 2 validating the forepart
analysis.

Also, the calculated values of kinetic parameters for
repeated experiments were shown in Table 4. It was con-
cluded that values of activation energy deduced from the
twice experiments changed little for a certain kind coal
sample in either low or high temperature, though the
referred temperature zone was not overlapped absolutely.
And the corresponding values of standard deviations were
small as a result. For YQ, LC and LY, the standard devi-
ations were 4.242, 8.556, 3.394 kJ mol ™! in low tempera-
ture zone and 3.748, 8.272, 6.435kJ mol~' in high
temperature zone, respectively.

The kinetic parameters of LC in oxy-fuel combustion
with different O, concentrations were listed in Table 5.
Based on the curves in Fig. 2 and data in Table 3, it was
seen that the combustion in 10% O, concentration was hard
to progress for the pre-exponential factor was evidently
less compared with other O, concentrations. Another
aspect for 10% O, concentration was that the reaction zone
was broadened and shifted toward high temperature zone.
Increasing the O, concentration, the A values got incre-
ment, accordingly, and also the increased E values. But on
the whole, the increment of A values dominated and the
combustion characteristic improved with the reaction zone
moving toward low temperature. As for 40-60% concen-
tration, the effects of heightening O, concentration further
become invalid. So, O, concentration in oxy-fuel com-
bustion should vary between 20-40%, for combustion
process got hard in low O, concentration and the effect of
heightening O, concentration was not obvious if concen-
tration exceeding 40%.

Table 4 Kinetic parameters of YQ, LC and LY in TPC with 20% O,
concentration

Coal types Temperature/K  E/kJ mol™'  A/S™! —R
YQ-1 884-968 110.7 6.00E + 02 0.97381
968-1074 114.0 6.17E 4+ 02 0.99679
YQ-2 883-965 116.7 6.38E + 02 0.98096
965-1074 108.7 2.16E + 02 0.99782
LC-1 775-813 248.2 4.82E + 12 0.99978
813-855 177.3 1.56E 4 08  0.99870
LC-2 782-818 236.1 1.69E + 12 0.99958
818-865 161 1.92E 4 07  0.99915
LY-1 699-748 171.2 4.11E + 08 0.99472
748-799 125.1 2.74E 4+ 05 0.99917
LY-2 693-743 176.0 1.15E + 09  0.99887
743-796 116.0 3.43E + 04 0.99977

At the same time, the changes of A and E values with
different O, concentrations were not out-of-order for the
determination of Arrhenius law, k = A - exp (—E/RT). In
other words, changes obeyed certain rule, and basically
they were in the same current which could be explained by
the “kinetic compensation effect” [12]. The linearity
regression was made for the evaluated kinetic parameters
of A and E in the model-fitting method (shown in Table 5)
and expressed as:

InA = 0.1919F — 16.733
InA = 0.1465E — 6.957

(low temperature zone)

(high temperature zone).

It is seen from Table 6 that, different values of
activation energy were achieved from previous studies of
other workers. Mainly, two aspects induced this result. One
was that the experiments were not conducted under
identical conditions and this included the different tested
objects, heating rates, reaction atmospheres, etc. The other
was the way in which the experimental data were dealt
with. All of these factors resulted in the different values of
activation energy.

Fig. 3 The correlative (a) (b)
coefficients of different reaction 1.00 | 1,000
models. a Low temperature ’
zone and b high temperature 0.98 -
zone = 5
2096 g 09%
2 o=
S ool 3 “mAl
o < oo | —0-A2
2 0o = -A-RI
Z 0. =
= ks -¥-R2
£ 090 é 0.988 - —<4-DlI
© —»-D2
0.88 --D3
0.984 - -@-D4
086 1 1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 10 20 30 40 50 60

O, concentration/%
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Egbil:: ,iplén\;elttf cﬁ?;:;gitteg:f O, concentration (%) Temperature/K E/kJ mol ! A/IS™! —R

concentrations 10 822-887 161.7 2.61E + 06 0.97868

887-951 136.5 4.04E + 04 0.99958

20 775-813 248.2 4.82E + 12 0.99978

813-855 177.3 1.56E + 08 0.99870

30 756-792 249.2 3.58E + 13 0.99979

792-834 167.7 5.44E + 07 0.99816

40 739-766 312.2 2.68E + 18 0.98972

766-809 154.4 1.84E + 07 0.99743

50 720-748 290.3 3.38E + 17 0.92307

748-797 127.5 2.79E + 05 0.99990

60 719-743 316.5 2.01E + 19 0.89841

743-797 115.1 3.41E + 04 0.99849

Table 6 Comparison of activation energy values in this study with
results of other workers

Reference E/KJ mol ™! Reference E/kJ mol ™!
Present study 110.7-316.5 [12] 132-150
[8] 222.9-254.2 [14] 27.4-46.7
[9] 50-130 [23] 80-120

Conclusions

This paper studied the combustion characteristics and
kinetic parameters of pulverized coals in oxy-fuel atmo-
sphere by using the thermogravimetric analysis and the
following conclusions were obtained:

1.

Acknowledgements

In oxy-fuel atmosphere, the deeper coalification sam-
ple got harder combustion progress compared with
lower degree ones.

To get a better combustion process, sufficient oxygen
must be provided and 10% O, concentration was inade-
quate for a favorable process. But, once the concentration
exceeded 40%, O, prompted effect become feeble. So, O,
concentration should vary in range of 40% for flexibility
of the oxy-fuel combustion.

The model-fitting mathematical approach was well
fitted for the evaluation of kinetic parameters and the
Coats—Redfern method was applied in this study.
The calculation showed that the Ds-Jander was the
proper equation for the reaction model. The change
current of A and E with different O, concentrations
could be presented as the “kinetic compensation effect”
which could made linearity regression inherent in the
Arrhenius law.

This work was supported by Natural Science

Foundation of Shandong Province (Z2006F04) and Science &
Technology Program for Environment Protection of Shandong
Province (2006046).

10.

11

12.

14.

15.

References

. Andersson K, Normann F, Johnsson F, Leckner B. NO emission

during oxy-fuel combustion of lignite. Ind Eng Chem Res.
2008;47:1835-45.

. Tan Y, Douglas MA, Thambimuthu KV. CO, capture using

oxygen enhanced combustion strategies for natural gas power
plants. Fuel. 2002;81:1007-16.

. Croiset E, Thambimutheu KV. NO, and SO, emissions from O,/

CO, recycle coal combustion. Fuel. 2001;80:2117-21.

. Liu H, Zailani R, Gibbs BM. Comparisons of pulverized coal

combustion in air an in mixtures of O,/CO,. Fuel. 2005;84:833-40.

. Tan Y, Croiset E, Douglas MA, Thambimuthu KV. Combustion

characteristics of coal in a mixture of oxygen and recycled flue
gas. Fuel. 2006;85:507-12.

. Kiga T, Takano S, Kimura N, Omata K, Okawa M, Mori T, et al.

Characteristics of pulverized-coal combustion in the system of
oxygen/recycled flue gas combustion. Energ Convers Mgmt.
1997;38(Suppl 19):129-34.

. Borrego AG, Alvarez D. Comparison of chars obtained under

oxy-fuel and conventional pulverized coal combustion atmo-
spheres. Energy Fuels. 2007;21:3171-9.

. Mianowski A, Siudyga T. Influence of sample preparation on

thermal decomposition of wasted polyolefins-oil mixtures. J
Therm Anal Calorim. 2008;92:543-52.

. Otero M, Gémez X, Garcia Al, Mordn A. Non-isothermal ther-

mogravimetric analysis of the combustion of two carbonaceous
materials coal and sewage sludge. J Therm Anal Calorim.
2008;93:619-26.

Cuesta MJ, Rubiera F, Arenillas A, Iglesias MJ, Suarez I, Pis JJ.
Evaluation of the combustion behavior of perhydrous coals by
thermal analysis. J Them Anal Calorim. 2005;81:333-7.

. Jiang XM, Cui ZG, Han XX, Yu HL. Thermogravimetric

investigation on combustion characteristics of oil shale and high
sulphur coal mixture. J Them Anal Calorim. 2006;85:761-4.
Lépez-Fonseca R, Landa I, Gutiérrez-Ortiz MA, Gonzalez-Ve-
lasco JR. Non-isothermal analysis of the kinetics of the com-
bustion of carbonaceous materials. J Them Anal Calorim.
2005;80:65-9.

. K6k MV. Recent development in the application of thermal

analysis techniques in fossil fuels. J Them Anal Calorim.
2008;91:763-73.

Ozbas KE. Effect of particle size on pyrolysis characteristics of
Elbistan lignite. ] Them Anal Calorim. 2008;93:641-9.

Buryan P, Staff M. Pyrolysis of the waste biomass. J Them Anal
Calorim. 2008;93:637-40.

@ Springer



274

S. L. Niu et al.

16. Gao ZY, Fang LJ, Zhou J, Yan WP. Research on the combustion
performance of blended coal in thermal-balance. J Power Eng.
2002;22:1764-7 (in Chinese).

17. Ndaji FE, Ellyatt WAT, Malik AA, Thomas KM. Temperature
programmed combustion studies of the co-processing of coal and
waste material. Fuel. 1999;78:301-7.

18. Huda M, Korai Y, Mochida I. Reactivities of Blair Athol and
Nang Tong coals in relation to their behavior in PFBC boiler.
Fuel. 2004;83:2151-6.

19. Sensoqut C, Ozsen H, Demirbas A. Combustion characteristics of
24 lignite samples. Energy Sources A. 2008;30:420-8.

20. Gilot P, Bonnefoy F, Marcuccilli F, Prado G. Determination of
kinetic data for soot oxidation. Modeling of competition between

@ Springer

21.

22.

23.

oxygen diffusion and reaction during thermogravimetric analysis.
Combust Flame. 1993;95:87-100.

Tonbul Y. Pyrolysis of pistachio shell as a biomass. J Them Anal
Calorim. 2008;91:641-7.

Koga N, Malek J. Accommodation of the actual solid-state pro-
cess in the kinetic model function. Part 2. Applicability of the
empirical kinetic model function to diffusion-controlled reac-
tions. Thermochim Acta. 1996;282(283):69-80.

Simon P, Thomas PS, Okuliar J, Ray AS. An incremental integral
isoconversional method: determination of activation parameters.
J Them Anal Calorim. 2003;72:867-74.



	Thermogravimetric analysis of combustion characteristics �and kinetic parameters of pulverized coals in oxy-fuel atmosphere
	Abstract
	Introduction
	Experimental
	Materials used
	Temperature programmed combustion

	Results and discussion
	Characteristic of coal combustion proceeding
	Coal combustion in oxy-fuel atmosphere with different O2 concentrations
	Kinetics parameters in oxy-fuel TPC

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


