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Reaction kinetics of mixed coal and calcium carbonate under rapid heating rates
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Abstract: A high—temperature vertical tube furnace experimental system capable of real—time monitoring the sample quality was built in
this study. The combustion reactions of pulverized coal and the decomposition reactions of calcium carbonate( CaCO,) can be performed
simultaneously and the mixed reaction characteristics can reflect the real situation in the precalciner. During the operating temperature
range of 900—1 000 °C the variations in temperature had little effect on the combustion reactions of pulverized coal but the temperature
became an important factor affecting the CaCO, decomposition at lower temperature. With the mass ratio of CaCO, in the mixture increas—
ing the reaction rate was more sensitive to temperature. The BET( Brunauer Emmett and Teller) specific surface area of decomposition
product was largest when the mass ratio of coal to CaCO, was approximately 1 @ 9. The kinetic analysis of the experimental data shows that
the reaction kinetics model of the mixture was different in different mass ratios. The activation energy value decreased with the increase in
the mass ratio of coal to CaCO, and so did Arrhenius constant. To ensure the high decomposition ratio of CaCO; and the high combustion
efficiency of coal in the cement precalciner it is necessary to control the mass ratio of coal to CaCO, being higher than 1 : 9. The activation
energy data obtained from this study can provide support for the later simulation calculation of the precalciner.
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] and the rotary kiln in the production line. The cement
0 Introduction . - . :
raw material consisting mainly of limestone and fuel

The cement industry is a supporting industry in
the construction field. With the rapid economy develop—
ment the demand for cement product as an important
basic material is being more huge and stable ' . How—
ever as a high energy consumption and a high pollutant
emission industry the cement industry accounts for a
higher proportion of air pollutant emissions especially
the nitrogen oxide( NO_) emissions from the cement in—
dustry are second only to the power industry and trans—
portation industry > . In order to save energy and
achieve low —NO,_ emissions in the cement production
process the new cement production lines in dry process
are mainly adopted in the cement production indus—
tries . The new cement production lines in dry
process are also known as the pre—decomposition kiln
production process * . Tt refers to that an external pre—

calciner is arranged between the suspension preheater

Recieved date: 2020—-08—17; Responsible editor: BAI Yana

( approximately 60% of total fuel consumption) flowing
out of the suspension preheater are reacted in advance
in the precalciner and the chemical heat released by
fuel combustion is used to decompose the cement
raw material which further improve the apparent de—
composition rate of cement raw material entering the ro—
tary kiln ° . At the same time the heat carried by the
high—temperature flue gas flowing out of the rotary kiln
is also used to decompose the cement raw material so
the enthalpy of the exhaust gas from the rotary kiln is
reused © .

The main reactant in the precalciner is a mixture
of high — concentration limestone and pulverized coal
and the main ingredient of the limestone is calcium car—
bonate ( CaCO,) .

CaCOj; and the combustion reactions of pulverized coal

The decomposition reactions of

affect the overall combustion and heat transfer charac—

DOI: 10.13226/j.issn.1006—6772.1F20081701

Foundation item: The project was supported by the National Key Research and Development Program of China( 2016 YFB0601503)

Author: ZHU Shujun Doctor mainly study the clean and efficient combustion of solid fuels. E —mail: zhushujun @
iet. cn. Corresponding author: ZHU Jianguo Doctor Associate Professor mainly study the clean and effi—

cient combustion of solid fuels. E-mail: zhujianguo@ iet.cn

136

e LE
Ok et A

Citation format: ZHU Shujun ZHU Jianguo LI Jiarong et al. Reaction kinetics of mixed coal and calcium carbonate under rapid [LHE 2 P 8
heating rates J .Clean Coal Technology 2020 26( 5) : 136-146.

Mobile reading



ZHU Shujun et al: Reaction kinetics of mixed coal and calcium carbonate under rapid heating rates 2020 5

teristics in the precalciner ' . However the large—scale
experimental research is difficult to obtain the complex
reaction  characteristics in  the  precalciner * .
Therefore the complicated flow field distribution the
reaction situation and the heat balance in the
precalciner are usually studied by means of numerical
simulations and theoretical ~calculations *'° . The
premise of numerical simulation is the exact
experimental data and mathematical models that are
suitable for the actual operating conditions and they
are based on the basic data of reaction kinetics. There—
fore the basic decomposition kinetic parameters of
CaCO, especially the mixed kinetic parameters of
high—concentration CaCO, and coal are also needed to
acknowledge the heat transfer characteristics and the
related heat calculation in the cement precalciner.
Ingraham et al. "' conducted a CaCO, decomposi—
tion experiment at 750 to 900 C on a
thermogravimetric analyzer. The results show that the
reaction rate of the CaCO; decomposition was controlled
by the diffusion rate of carbon dioxide( CO,) through
a constant thickness of active calcium oxide ( CaO) .
Gallagher et al. * adopted a combination of dynamic
and isothermal methods to study the decomposition ki—
netics of CaCO; in a CO, atmosphere and the results
indicate that the key factor in reaction rate—determining
was the heat transport not the mass transport or

* found that the decom—

chemical process. Hills et al. '
position reactions of CaCO, occurred on a fixed
boundary between the undecomposed carbonate and the
porous lime layer formed outside it. The reaction rate
was controlled by the heat transfer to the reaction
boundary and the transfer of CO. And Rao et
al. " conducted the CaCO, decomposition experiments
at different heating rates on a thermogravimetric analy—
zer. The results show that the kinetic parameters ob—
tained by the non—isothermal method and the isother—
mal method were consistent in the temperature range of
680—875 °C  and the activation energy of the CaCO,
decomposition reaction was varied from 169.55 kJ/mol
to 126.07 kJ/mol when the heating rate was varied
from 10 K/min to 100 K/min and the reaction
activation energy did not change monotonically as the
heating rate increased. The above studies have shown

that the most probable mechanism of the CaCO, decom—

position reaction is the phase boundary model the ran—
dom nucleation and subsequent growth model and its
apparent activation energy varies with the reaction con—
ditions.

The current research on the decomposition reac—
tion kinetics in the precalciner is focused on the CaCO,
decomposition test on a thermogravimetric analyzer.
The experiments conducted in the thermogravimetric
analyzer are precise and quantitative " . It can ob—
tain complete sample weight —loss curve ( TG curve)
and weight—loss rate curve( DTG curve) with time but
the heating rate( generally 5-20 K/min) deviates from
the actual operating conditions and the data is unable
to directly guide large—scale experiments ' . When the
decomposition experimental research of CaCO, mixed
with pulverized coal is carried on a thermogravimetric
analyzer there are two obvious weightlessness stages in
the decomposition curve. The CaCO, did not start to
decompose until the temperature reached above 600 °C.
However the pulverized coal in the reaction chamber
had partly been burned at this time " . Due to the
lower heating rate of the thermogravimetric analyzer
the two reactions are performed separately and the re—
action process cannot simulate the actual reactions in
the precalciner. While the experiments on the tube fur—
nace platform have the advantages of fast heating rate
(above 1x10° K/s) and large sample quality( above
0.5g) "

sample weight—loss curve with time and visually com—

However it is difficult to track the

pare the variations in the decomposition rate with time.

Based on the above discussion a high -
temperature  vertical tube furnace experimental
system capable of real —time monitoring the sample
quality is built in this study. When the sample enters
the tube furnace the temperature rises rapidly and the
heating rate is in the same order magnitude as the
actual precalciner. The combustion reactions of pulver—
ized coal and the decomposition reactions of CaCO, can
be performed simultaneously. And the sample weight
loss under the mixed reactions of CaCO, and coal can
be real-time obtained. The mixed decomposition char—
acteristics can reflect the real situation in the precalcin—
er. In this study we mainly explore the effects of differ—
ent mass ratios of pulverized coal to CaCO, on the de—
composition reaction rate and we summarize the mixed
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decomposition kinetics with different mass ratios which
will enrich the basic data for the design and operation

optimization of the precalciner.
1 Experimental

1.1 Test system

The test platform is a fixed—bed reactor system
which is characterized in that the sample is rapidly
heated up when it is quickly pushed into the high—tem—
perature tube furnace. The heating process could simu-—
late the heating rate of the sample in the actual produc—
tion process. And the variations in the weight loss with
time under rapid heating conditions could be accorded.
The platform has been proven to be able to run stably
in the previous study *’

Figure 1 shows the test system which is mainly
composed of the tube furnace the temperature control
system the mass measurement system the gas supply
system and the data accord system. The tube furnace is
a vertical tube furnace with an inner diameter of 50 mm
and a height of 1 000 mm. Four uniformly distributed
resistance wires are arranged around the hearth and
the outer side is wrapped with insulation cotton. The
furnace temperature can be adjusted from room
temperature ( approximately 20 C) to 1 600 C. The
temperature control feedback system can accurately keep
the operating temperature at the set value. The
reaction gas flows into the furnace from the bottom of the
vertical tube furnace. After the calculation and the test in
the cold and hot states the volume flow rate of the
reaction gas should be set at 0.8 L/min which can keep
the reaction atmosphere constant.

During the test the sample was put into a
small crucible with an inner diameter of 18 mm and
the sample was pushed by the corundum support rod
from the bottom of the tube furnace. The support rod is
embedded in a cube support which can stably support
the crucible. The crucible—support system is shown in
Figure 2. The system is placed on a high—precision on—
line electronic balance with an average response time
(s) below 2 seconds which enables online data
collection during the reaction. Because the tube furnace
has vibration during operation the measurement system
requires a stable operating environment. Therefore
the measurement system needs to be completely separa—
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1—tube furnace ; 2—Insulation layer; 3—thermocouple ; 4—crucible;;
5—computer; 6—electronic balance ; 7—gas cylinder;

8—pressure regulating valve ; 9—rotameter; 10 gas mixing tank ;
1 1—electric heating wire ; 12—thermocouple

Fig.1 Schematic diagram of test platform

ted from the tube furnace body and it is constructed on
the outside of the tube furnace body. The electronic
balance is connected to the computer via an USB to
achieve online data collection. After the complete reac—
tion the crucible was taken out from the bottom of the
furnace and it is quickly cooled in a drying dish for

subsequent detection.
sample
crucible
support rod

cube support

Fig.2  Schematic diagram of crucible—support system

1.2 Experimental conditions

The experimental sample is CaCO, with analytical
purity ( = 99. 0%) which complied with GB/T
15897—1995 standard and the particle size
distribution is 0 — 0. 045 mm. The pulverized coal
is Shenmu bituminous coal and the particle size distri—
bution is 0—0.355 mm. In addition its proximate and
ultimate analyses are summarized in Table 1.

The actual operation temperature range in thepre—
calciner is between 800 Cand 1 100 °C *' . A qualita—
tive experiment on the CaCO,; sample decomposition
was conducted during this temperature range before set—
ting the operating conditions. To achieve a higher de—

composition rate the test temperature needs to be around
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Table 1 Proximate and ultimate analyses of coal

Proximate analysis/%

Ultimate analysis/%

M, A |4 FCy C H

ad ad ad

J(M] + kg!
N S Oada Qnei ar ( J = )

ad ad

ad
8.12 7.68 31.89 52.31 72.31 4.93

0.85 0.30 5.81 24.43

* By difference.
950 °C. The test atmosphere is in an air atmosphere
(219% 0,/79% N,) and the reaction temperatures in
tube furnace are 900 950 and 1 000 °C respectively.
The effects of different mass ratios of pulverized coal to
CaCO, on the decomposition reaction rate are carried
out under the same atmosphere and temperature. The
detailed test conditions are shown in Table 2 and
every condition was repeated for three times. Each time
the sample quality is controlled at( 0.5+0.001) g and
the sample is quickly pushed into the set constant tem—
perature atmosphere which ensures a faster heating

rate of sample.

Table 2 Experimental conditions

Mass ratio of coal Mass ratio of coal
Case Case
to CaCO4 to CaCO;4
1 1:0 5 1:5
2 0:1 6 1:7
3 1:1 7 1:9
4 1:3 8 1:11

In addition the BET ( Brunauer Emmett and
Teller) analysis on the decomposition product was con—
ducted . The basic assumptions are: first the solid sur—
face is uniform and multilayer adsorption occurs; sec—
ondly the adsorption heat of each layer except the first

layer is equal to the heat of liquefaction of the adsorbate.
2 Results and discussion

2.1 Effect of mass ratio on decomposition reaction
After the sample was put into the tube furnace

two main reactions occurred simultaneously where

the coal burned and CaCO; decomposed. The reactions

are as follows:

burn

Ceoy * 0y, > COyy (1)

decompose

CaCOyy ——— Ca0(, +COy, . (2)
And « is defined as the conversion rate of test
sample:
m - m;

a=—— (3)

m; — m;
where m refers to the real—time mass of the sample; m;
refers to the final mass of the sample when the

reactions are finished; and m,; refers to the initial mass

of the sample which is( 0.5 £ 0.001) ¢ in this study.

According to the real —time weight — loss data
the conversion rates with time at different temperature
and mixing ratio are displayed in Figure 3.

It could be concluded from Figure 3 that the con—
version reaction time was shortened with the
temperature increasing. It is because the decomposition
reaction of CaCO; is endothermic which means that the
high—temperature atmosphere is favorable for the de—
composition reactions proceeding in the forward
reaction direction. In addition the variations in temper—
ature had little effects on the coal combustion reaction
in this temperature range.

By comparing the conversion trend under differ—
ent mass ratios we obtained that the total reaction rate
was more sensilive to temperature when the
CaCO; mass ratio increased. It could be explained by
that the decomposition reaction of CaCOj, is more sensi—
tive to temperature than the coal combustion reaction in
the temperature range. As a result the decomposition
time was shortened with the CaCO; mass ratio increas—
ing.

The BET theory was adopted to analyze the pore
surface area of the decomposition products. The larger
the pore surface area the better the reactivity of de—
composition product ** . In the mixed decomposition
process the specific surface area of the decomposition
product was determined by the comprehensive effect of
the expansion and collapse of the pore structure of the
reaction material. When the quality of pulverized coal
was relatively high the heat release of pulverized coal
was higher which may cause the collapse of the later
pore structure. When the quality of pulverized coal was
relatively low the heat released by the pulverized coal
was not enough to completely decompose the CaCO,
and the process of releasing gas from the inside during
the decomposition of limestone was one of the most im—
portant processes for producing a porous structure.

Therefore there is an optimal value for the mass ratio

of coal to CaCOj, to achieve the largest specific surface
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Fig.3 Conversion rates with time

at different temperature and mixing ratio

area of decomposition product. The results are summa- = 5|950°C
rized in Figure 4. It could be found that the pore ;D

surface area is largest when the mass ratio of coal to % 10F
CaCO; is 1 : 9 which means that the decomposition %

product has the highest reaction activity at this ratio. “§ il

2.2 Apparent activation energy calculation ” 0

The weight-loss data was analyzed by the thermal

analysis method with constant temperature. The decom—

position dynamics function is defined as G( a) :

G(a) =kt

(4)

Fig.4 Pore surface area of decomposition

131 153 145 137 1a9
Mass ratio of coal to CaCO,

products at different mixing ratio

1%

11

where k refers to the reaction rate and t refers to reac— The reduced time graph method is adopted to de-

L termine the most probable mechanism function.
tion time.
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_ G(a) -os ¢
G(a) (=10 tos
where 5 refers to the required time for the conversion

to 50% G(a) ,_osand G( a) .., refers to the function

G(a) =kt (5)

values when the conversion rate is 50% and 100% re—
spectively. For typical models the relation between o
and ¢t / t,5 can be derived:

D(a) =a®=0.2500x (6)

t0.5

D) =(1 —a)In(l —a) +a=0.153 4 x

tOAS
(7)
D3(a):[1_(1_a)%]2=0.0426xti
(8)
Di(e) :(1‘%0() _(1—a)2/3=0.0367xi
(9)
R,(a) =1—(1—a)”2=0.2929><ti ( 10)

""" D(a) “R(a) —900C

8 [ D a)i === R(a) —950 C
Do) - F(a) —1000°C
D (o)

(a) I:1
...... D(a) ~Rfa) —900°C
8 - Dya) ~R(a) —950°C
| Dy@) F(@) ——1000°C
& evnfe —Afa) |

4_ ......
sl =
0 0.5 1.0
a
(c)l -5
10

""" D(a) - R(a) —900T
8 [e==Dyfa) = R(w) —950C
Da) === F(a) —1000C / /.

(e)1:9

R(a)= 1-(1-a)” = 02063x— (11)

0.5

Fia) = -In(1-a)= 0681x "~ (12

t0A5

Afa) = -In(1-a "= 0.8326><ti (13)
0.5

Afa) = —-In(1-a "= 0.8850xti (14)
0.5
174 4

A(a) = -1In(1-4q) = 0.9124><7.(15)
0.5

The experiment data is re—calculated to obtain the
actual relation between o and ¢/t,5. The results based
on the typical models and actual data are displayed to—
gether in Figure 5. By comparing each model curve
with the test data curve the model closer to the test re—
sult curve is identified as the most appropriate
model * . In Figure 5 the spot lines refers to the
results based on the typical models and the solid lines

refers to the actual data.

10

""" D(a) -~ R(a) —900T
8 == D (a) === Rfaw) —9507C
D(a) === F(a) —1000°C

B ©
i
2
0 .
o
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D (o)

(£)1 : 11

Fig.5 a-t/t,5 curves of the mixtures at different mixing ratio
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the phase boundary reaction model( R,)
nucleation and growth model( 4,) and the random nu-—
cleation and rapid growth model( F,) are probable to

the actual data. To knowledge the relation between ¢

Ry(a)

Ay(a)

Through the comparisons on the different models

Fi(a)

A\(a)

Ry(a)
S DO O, oW O—NWS W

(==

F (@)

A(a)

Ay (@)

Ry(@)

S O O~ NOoO—NW ©—~NWO W &

R (a)

Fi(a)

Ay(a)

R()

S LoLho — N o—W ©O—NWwe A

R (a)
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the models( ¥, A, A; R, R;). Therefore the reaction
rate( k) could be obtained by the linear fitting where

we plugged the experiment data into

R’ refers to the fitting degree. Figure 6 shows the reac—

tion rates and fitting degrees in different models.
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Fig.6 1—=G( ) curve of the mixtures at different mixing ratio

The results shows that the most probable kinet—
ic model is R,when the mass ratio of coal to CaCO, is
1:1and 1:3 the most probable kinetic model is R,
and A, when the mass ratio of coal to CaCO; is 1 : 5
and 1 : 7 and the most probable kinetic model is 4,

when the mass ratio of coal to CaCO; is 1 @ 9 and

1 : 11. Therefore the reaction rates with the mass ratio
of 1:1 and 1 : 3 were calculated by the two dimen—
sional phase boundary reaction model and the reaction
rates with the mass ratioof 1 : 5 1:7 1 :9 and 1:
11 were calculated by the two dimensional random nu-
cleation and growth model. The reaction rate values( k)
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are summarized in Table 3.

Table 3 Reaction rate values

Temperature/°C. Mass ratio of coal to CaCO, k71074
1:1 3.542
1:3 2.712
1:5 5.768
900
1:7 4.799
1:9 4.487
1:11 3.834
1:1 4.415
1:3 4.654
1:5 9.514
950
1:7 14.00
1:9 8.430
1:11 11.30
1:1 4.578
1:3 7.007
1:5 22.600
1 000
1:7 17.600
1:9 17.900
1:11 17.200

The Arrhenius formula is suitable for almost all el-
ementary reactions and most complex reactions in hom—
ogeneous reaction systems and it is also frequently

used in heterogeneous systems.

lnk=lnA—£
RT

where A is the Arrhenius constant E is the activation

(16)

energy of the reaction R is the universal gas constant

(8.31 J/(mol *« K) and T is the reaction temperature.

Then the relation between 1/7 and Ink in differ—
ent mass ratios and the fitting lines are displayed in
Figure 7. Based on the above discussion the slope is
—E/R and the intercept is In A. The results of the
linear fitting are summarized in Table 4.

Table 4 Activation energy values and Arrhenius constants

Mass ratio of coal Activation energy

to CaCO, E/(kJ * mol™) "
1:1 32.2 -4.62
1:3 118.0 3.90
1:5 168.9 9.79
1:7 162.7 9.16
1:9 171.2 9.79
1:11 187.3 11.40

The results show that the activation energy value—
decreased with the increase in the mass ratio of coal to
CaCO,; and so did Arrhenius constant. The activation
the
was changed from 1 @ 5 to 1 : 9. Compared with the

energy value varied little when mass ratio
above variation the activation energy value increased
sharply when the mass ratio was changed from 1 : 9 to
1 : 11. Therefore to ensure the decomposition ratio of
CaCO, and the combustion efficiency of coal in the ce—
ment precalciner it is necessary to control the mass

ratio of coal to CaCO, being higher than 1 : 9.
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Fig.7 1/T-In k curve of the mixtures at different mixing ratio
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3 Conclusions

A high—temperature vertical tube furnace experi—
mental system capable of real —time monitoring the
sample quality is built in this study. The combustion
reaction of pulverized coal and the decomposition reac—
tion of CaCO, can be performed simultaneously.
The mixed reaction characteristics can reflect the real
situation in the precalciner. The results are summarized
as follows:

1) The reaction time was shortened with
temperature increasing during the operating
temperature range of 900 —1 000 “C. During this tem—
perature range the variations in temperature had little
effect on the combustion reaction of pulverized coal but
the temperature become an important factor affecting
the CaCO; decomposition at lower temperature. With
the increase of the mass ratio of CaCOj; in the mixture
the reaction rate is more sensitive to temperature. The
BET specific surface area of decomposition product was
largest when the mass ratio of coal to CaCO, was ap—
proximately 1 : 9 which means that the reaction
activity was better and it was favorable for the subse—
quent clinker formation.

2) The kinetic analysis of the experimental data
shows that the reaction kinetics model of the mixture
was different in different mass ratios. The most proba—
ble kinetic model was two — dimensional phase inter—
face model( R,) when the mass ratio of coal to CaCO,
is1 : 1 and 1 : 3. The most probable kinetic model
was two—phase interface model( R,) and two—dimen—
sional random nucleation and subsequent growth model
(A,) when the mass ratio is 1 : 5 and 1 : 7. And
the most probable kinetic model was two —dimensional
random nucleation and subsequent growth model( A,)
when the mass ratio is 1 : 9 and 1 : 11.

3) The activation energy value decreased with the
increase in the mass ratio of coal to CaCO, and so did
Arrhenius constant. The activation energy value varied
little when the mass ratio was changed from 1 @ 5 to
1 : 9. Compared with the above variation the activation
energy value increased sharply when the mass ratio
was changed from 1 : 9 to 1 : 11. Therefore to ensure
the decomposition ratio of CaCO; and the combustion

efficiency of coal in the cement precalciner it is neces—

sary to control the mass ratio of coal to CaCO; being
higher than 1 : 9. The activation energy data obtained
from this study can provide support for the later simula—
tion calculation of the precalciner.
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