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ARTICLE INFO ABSTRACT

Non-isothermal method was used to study gasification characteristics of three coal chars and one biomass
char. Four chars were made from anthracite coal (A), bituminous coal (B), lignite coal (L), and wood
refuse (W), respectively. The gasification process was studied by random pore model (RPM), unreacted
core model (URCM) and volumetric model (VM). With an increase in metamorphic grade, the gasifica-
tion reactivity of coal char decreased, and the gasification reactivity of biomass char was close to that of
low metamorphic coal char. With an increase in heating rate, the gasification of all samples moved towards
high temperature zone, and the whole gasification time decreased. It was concluded from kinetics analysis
that the above-mentioned three models could be used to describe the gasification process of coal char, and
the RPM fitted the best among the three models. In the RPM, the activation energies of gasification were
193.9, 225. 3 and 202. 8 kJ/mol for anthracite coal char, bituminous coal char and lignite coal char, re-
spectively. The gasification process of biomass char could be described by the URCM and VM, while the
URCM performed better. The activation energy of gasification of wood refuse char calculated by the URCM
was 282. 0 kJ/mol.
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Symbol List
C—Concentration of reaction gas; S, —Specific surface area;
E— Apparent activation energy; t—Reaction time;
k— Apparent reaction rate constant; T—Temperature;
k—Pre-exponential factor; T,—Reaction starting temperature;
L,—Hole length;

mo—Initial mass of sample;

a—Char gasification conversion rate;
f(a)—Function of mechanism of reaction kinetics;
B— Heating rate;

d—Relative error;

m..—Final mass of sample;

m,—Mass of sample at time ¢
n—Reaction order; eo,—Solid porosity;
R—1Universal gas constant; ¢—Parameter of particle structure.

R?*—Correlation coefficient;

version and the utilization of coal. And the gasifica-

1. Introduction . i . . .
tion reaction of CO, with char is the most important

With the improvement of environmental protec-
tion and the development of clean coal technology,
coal gasification technology has received great atten-
tion through the world-**-, At the same time, bio-
mass is regarded as a carbon-neutral fuel when it is
burned. Thus, biomass is considered as an effective
alternative fuel to fossil fuel for reducing the green-
house gas emission' . The gasification kinetics of
coal is an important factor that affects the clean con-
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in the whole process of gasification reaction of coal.
Scholars have done a lot of research on the kinetic
process of gasification reaction-*'%, The gasification
behavior of biomass has been widely investigated.
Wang et al. -*- studied the CO, gasification proper-
ties and kinetics of biomass chars including four
kinds of herbaceous residues and two kinds of wood-
en residues, and found that gasification reactivity of
char was mostly determined by its carbonaceous
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structure. Okumura et al. -** studied the influence
of pyrolysis conditions on woody biomass char reac-
tivity. The relationship between the biomass char
characteristics and the gasification rates was found.

Thermogravimetric analysis is widely used in the
gasification reaction, which can determine the kinet-
ic parameters of chemical reactions, as well as the
transition temperatures of chemical reaction control
and air diffusion control. The usual methods used in
the thermogravimetric analysis are isothermal meth-
od and non-isothermal method. The former de-
scribes the overall reactivity of char at specific tem-
perature and the latter reflects the variation regular-
ity of the gasification reaction in the whole process
of coal char with increasing temperature. Compared
with isothermal method, non-isothermal method
has the characteristics of a small amount of experi-
ments, a short operating period, and more informa-
tion, etc. . In the practical production process,
the reaction temperature is affected by multiple fac-
tors so that it hardly remains stable.

Thus, the CO, gasification reaction characteris-
tics were analyzed by non-isothermal thermogravim-
etry and the effects of coal quality and heating rate
on gasification reaction of coal char and biomass
char were investigated. Finally, the random pore
model (RPM )1 = ynreacted core model (UR-
CM)* and volumetric model (VM) *%°] were used
to calculate the kinetic parameters of the gasification
reaction.

2. Experimental

2. 1. Raw material

Anthracite coal, bituminous coal, lignite coal and wood
refuse (labeled as A, B, L, and W) were obtained
from an enterprise. The results of proximate analy-
sis and elemental analysis of samples are shown in
Table 1. Before the experiment, the samples were
dried in an oven at 105 °C for 4 h, and then broken.
The coal samples were ground to 0. 074 mm for car-
bonization. The waste wood was sawed into 10 mm X
10 mm X 10 mm block for carbonization. The sam-
ples were carbonized at 1000 °C for 60 min in N, gas

Table 1
Proximate and ultimate analysis of different samples (wt. %)

Proximate analysis Ultimate analysis

Sample
FCq Ay Va Ca Ha Ouq Nu Sd
A 70.43 14.69 14.88 75.23 2.50 1.61 0.93 0.85
B 50.42 16.85 32.73 61.21 5.91 11.80 3.03 0.86

@}

35.37 8.87 55.76 60.76 2.76 13.87 0.64 0.19
D 16.39 0.45 83.16 48.04 5.06 39.77 0.37 0.06

Note: 1) FC, A, and V refer to fixed carbon, ash and volatile
matter, respectively, and subscript d means in dry basis;

2) FC and O are calculated by difference.

atmosphere using a tube furnace, and then cooled to
room temperature. Biomass char was ground under
0. 074 mm. Four kinds of chars made by anthracite
coal, bituminous coal, lignite coal and wood refuse

were labeled as AC, BC, LC and WC, respectively.
2.2. Experimental process

The gasification reaction of coal char and biomass
chars was measured by using a thermogravimetric
analyzer (HCT-3 Henven Scientific Instrument Fac-
tory, Beijing). (5.0+0.1) mg of sample was put
into an alumina crucible ($3. 0 mmX1.5 mm). The
flow rate of 99. 9% carbon dioxide was 60 mL/min.
The heating rate was set to be 2.5, 5 and 10 °C/min
by non-isothermal method to study the characteris-
tics of the chars. The gasification conversion rates of
coal char and biomass char were calculated by the
computer automatically recorded curves of mass
loss, as shown in Eq. (1).
o (mo —m, )

(1)

T me—ma)

3. Dynamic Model

In the process of non-catalytic gas-solid reaction,
the oxidative decomposition reaction kinetics equa-
tion can be expressed as:

S k(P T)f () )
where, £ includes the effects of reaction tempera-
ture and partial pressure in the gas phase P,.

It is assumed that gaseous pressure of the sam-
ples in the process remains constant and the appar-
ent reaction rate constant of the samples is mainly
influenced by the reaction temperature, and the
form can be expressed by the Arrhenius formula;

k=Fk,e /D (3)

In this paper, three kinds of gas-solid reaction ki-
netic models, RPM, URCM and VM, were used to
study the chemical reaction kinetics of coal char and
biomass char in CO, atmosphere. The expressions
of reaction rate can be expressed as:

& (1 =)W= gIn(T—a) (1)

i—j:kmmuw)“ (5)

j—‘;:kwuw) (6)
where,

:WS;” (M)

Erems kurem and kyy are the reaction rate constants
of three kinds of gasification reaction models, re-
spectively.

Under the non-isothermal or temperature-pro-
grammed conditions, there was a relationship among



T. Xu et al./Journal of Iron and Steel Research , International 24 (2017) 985— 990 987

the reaction temperature, the heating rate and the
reaction time:

T=T,+p (8)
By combining Eqs. (4) and (8),
a=1—ex %7]3RPMC"SO . (T*To) .
P 1—¢, B
Al ok gemC”
s et )
4 B

By combining Eqgs. (3) and (9),

a=1exp§[Ao - (T’fn) : exp(__EH .

(T*To) —F
ALY — 10
{I—Q—Al i exp(RTj | (10)
k,C"S Lok, C"
where, AOZM, IZKL'
1750 So

Similarly, Egs. (5) and (6) can be transformed into:

V1 {1W : exp(_EHS (11)

a=1—exp{koT'exp(%j:| (12)

According to the relation of @ and T from Egs. (10),
(11) and (12), the kinetic parameters £, and E can
be calculated by nonlinear fitting method.

Based on the description of coal char and biomass
char gasification kinetics under different assumptions by
the three models, the errors between the calculated
value and the actual value are inevitable. In order to
accurately determine the description of the coal char
and biomass char gasification kinetics with different
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kinetic models, Eq. (13) can be used to calculate the
relative error of the results of different models.

N
[ Z (aexp,i T Qeule,i )Z/NJI/Z
i=1

i=

8=100% (13)

max(a ) e
where, ... and aq.; are the experimental data and
calculated value, respectively; max (@ )., is the
maximum conversion rate of experiment; and N is
the number of experimental points.

4. Results and Discussion

4. 1. Gasification characteristics of coal char and
biomass char

The conversion rate curves and mass loss rate
curves of four kinds of chars in the CO, atmosphere
are shown in Fig. 1. Obviously, the mass loss curves of
these four kinds of chars after gasification reaction
process were similar. The gasification reaction process
consisted of three stages, which were the heating-up
stage, the gasification stage, and the complete gasi-
fication stage. It was similar to the process of deter-
mining coal combustion characteristic parameter by
using conversion rate curve and mass loss rate curve
to get initial gasification temperature (T;), total
gasification temperature (T;), maximum gasifica-
tion rate (R, ), temperature of maximum gasifica-
tion rate (T, ), and gasification time ¢,, etc.'?'!,
which can determine the performance of char gasifi-
cation. Gasification reaction characteristic parame-
ters of four kinds of chars are shown in Table 2.
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Fig. 1.

Conversion and reaction rate curves of coal chars and biomass char at different heating rates.
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Table 2
Characteristic gasification parameters of coal char and
biomass char at different heating rates

Char B/ T/ Tw/ T/ R/ tg/
(C+min"!) T C C  (mg-min"!) min

AC 2.5 829.7 954.1 1018.9 0. 086 75.7
5.0 846.2 990.6 1054.1 0.148 41. 6

10 862.7 1034.51092.5 0. 318 23.0

LC 2.5 751.9 862.0 917.9 0. 099 66. 4
5.0 779.0 892.9 950.0 0.182 34.2

10 798.0 918.9 982.9 0. 330 18.5

BC 2.5 796.0 903.9 962.0 0. 083 66. 4
5.0 815.9 935.9 992.9 0.145 35.4

10 837.0 971.0 1025.9 0. 282 19.0

wC 2.5 779.1 884.0 899.2 0.170 48.0
5.0 795.9 899.2 927.2 0. 290 26.2

10 816.7 928.0 954.4 0.477 13.8

With the increase of coal rank, T; and T increased
gradually when heating at 10 °C/min for the three
kinds of coal samples. Thus, it could be concluded
that the gasification reactivity of three kinds of coal
chars can be ranked as; LC>BC>AC. The gasifica-
tion reactivity of coal char reduced with the increase
of coal rank reported in literatures 2%, At 10 °C/min,
T, and T; were 816.7 and 954.4 °C for biomass
char, respectively. The gasification reactivity of bio-
mass char was analogous to that of LC, while better
than that of AC.

Comparing the effects of different heating rates on
the mass loss curve of four kinds of samples, with
the increase of heating rate, the conversion rate
curve and the mass loss rate curve moved towards
high temperature region and the peak value of mass
loss rate increased gradually. Moreover, the thermal
hysteresis effect of the sample became more remark-
able, which caused the char gasification process to
move into higher temperature region. Taking AC as
an example, as the heating rate increased from 2.5
to 10 °C/min, T, ranged from 829.7 to 862.7 °C, R,
increased from 0. 086 to 0. 318 mg/min, and the gasifi-
cation reaction time decreased from 75. 7 to 23. 0 min.

4. 2. Kinetic analysis

According to Chapter 3, gasification kinetic pa-
rameters (E, k,, ¢ and R”) were calculated using

RPM, URCM and VM, as listed in Table 3. Using
three models for AC, BC and LC, it showed a good
correlation between calculated and experimental val-
ues (R%2>>0.999). R? of the RPM was 0. 9997, which
was higher than that of URCM and VM. Among the
three models, the URCM was best fitted for the WC
reaction whose fitting error R* was 0.9991. Con-
versely, VM and RPM could not describe the rela-
tionship between experimental data and calculated
value of WC well. The value of ¢ has a significant
impact on the calculation results. With the decrease
of ¢, the sample particle porosity became bigger and
sample gasification reaction process was closer to the
physical assumption by the RPM. With the increase
of ¢, the sample particle porosity became smaller,
resulting in a greater resistance of gas through the
particle surface into the particle interior. Thus, the
URCM was suitable to simulate the sample gasifica-
tion reaction process. The space structure of biomass
char was well developed because of the special struc-
ture of plant cell walls. The typical structure of bio-
mass char was honeycomb thin-walled tube where
tube section generally showed a regular hexagon .
Meanwhile, thin-walled tube surface was smooth,
with less micro gap. After crushed, the thin-walled
structure was broken, leading to the decrease of the
porosity of biomass char. The structure was closer
to the physical assumption of the URCM.
According to Table 3, the order of three gasifica-
tion models to calculate the activation energy was
consistent for different samples (except RPM calcu-
lation of activation energy of biomass char). The or-
der of activation energy could be ranked as WC>BC>
LC> AC. Tt indicated that under the experimental
conditions, temperature had an important effect on
the biomass char WC, while had the least influence
on anthracite char. Under the same condition, £k,
(including kgpm, Rurem, and kyy ) based on three
different models had the same order, 1. e. WC>BC>
LC>AC. The results suggested that all these three
dynamic models could reflect the coal and biomass
gasification characteristics,
could be applied to calculate the kinetic parameters.
It should be pointed out that the higher the gasifica-
tion reactivity, the higher was the activity energy,
as shown in Table 3. The main reason for this pheno-

reaction kinetic and

Table 3
Kinetic parameters of chars at three heating rates for RPM, URCM and VM
RPM URCM VM
Char E/ krov/ ) E/ kuren/ ) E/ kvm/ )
(k] » mol ™ 1) min ! ¢ R (kJ * mol 1) min ! R (kJ * mol™ 1) min ! R

AC 193.9 2.76X10% 1. 83 0.9999 185. 4 4.93X103 0.9994 219.3 4. 70X 107 0.9990
BC 225.3 1.56X10°¢ 0. 56 0.9998 214.2 1.62X10° 0.9995 242.1 9.53X10° 0.9996
LC 202. 8 3. 70X 10° 0. 80 0.9997 197.1 6. 74X 10* 0.9996 223.1 3.57X10° 0.9994
wC 205.2 2.07X10% 3.20X10° 0.9918 285.0 6. 08X 108 0.9991 315.3 4.99X101° 0.9969
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menon was that the gasification reactivity was affect-
ed both by the activity energies and by the pre-expo-
nential factors. Comparing the activation energy and
the pre-exponential factors of different samples, the
pre-exponential factors increased with the activity
energies, which was the so-called kinetic compensa-
tion effect, as reported previously'”**1. In order to
screen out the most fitted kinetics calculation model,
the relative error between the calculated value and
the experimental value was used to evaluate these
three models.

Fig. 2 shows the relationship between the calculat-
ed and experimental values of different samples at
three heating rates. For AC, BC and LC chars, cal-
culated values were essentially coincident with the
experimental curve using three kinds of models.
However, the differences of calculated and experi-
mental values for biomass char WC varied greatly.
Eq. (12) was used to calculate the relative error be-
tween the experimental and calculated values. The
calculated results based on Eq. (12) for all samples
are listed in Table 4. The error value based on the RPM
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Fig. 2.

Table 4
Relative error between experimental and calculated
conversion (%)

Char RPM URCM VM
AC 0.61 1.35 1.82
BC 0.73 1.01 1. 24
LC 0. 89 1.28 1.17
wC 3.79 1. 14 2.12

for AC, BC and LC chars was small, less than 1%,
while for WC char, it was large, up to 3. 79%. The
minimum relative error calculated by the URCM
was 1. 14%. Therefore, the RPM was the most suit-
able for characterization of three kinds of coal chars
in CO, gasification process and gasification activa-
tion energy for the AC, BC and LC char was 193. 9,

Experimental conversion curves and calculation curves with gasification model at different heating rates.

225.3 and 202. 8 kJ/mol, respectively; URCM was
best fitted for biomass char in CQO, gasification
process, whose gasification activation energy was

285. 0 kJ/mol.
5. Conclusions

(1) Char gasification reactivity was affected by
the metamorphic degree of coal. The gasification re-
activities for three kinds of coal chars decreased with
increasing the metamorphic degree. The gasification
reactivity of biomass char was close to that of the
low metamorphic coal chars. The gasification reac-
tion time was affected by heating rate because the
reaction time was shortened owing to the increase of
heating rate.

(2) The kinetics results suggested that RPM,
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UCRM and VM could be used to describe the gasifi-
cation reaction process, while the simulation results
of RPM for coal chars was the optimal. VM and
URCM could be used to describe biomass char gasi-
fication process, while URCM was the optimal.

(3) The kinetic parameter calculation results showed
that the four kinds of chars could be totally affected
by the metamorphic degree. The apparent activation
energy decreased with the increase of the metamor-
phic degree. The CO, gasification activation energies
of AC, BC, LC and WC chars were calculated based
on the optimal model, which were 193.9, 225.3,
202. 8 and 285. 0 k] /mol, respectively.
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