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Abstract: The existing kinetic models often consider the influence of a single factor alone on the
chemical reaction and this is insufficient to completely describe the decomposition reaction of solids.
Therefore, the existing kinetic models were improved using the pore structure model. The proposed
model was verified using the thermal decomposition experiment on calcium carbonate. The equation
has been modified as f(a) = n(1 - a)l_% [—In(1- a)]_% 1-yin(l-a)] ?. This led to the conclusion
that the pore structure, generated during the thermal decomposition of calcite, has an important
influence on the decomposition kinetics. The existing experimental data show that the improved
model, with random pores as the main body, reasonably describes the thermal decomposition process
of calcite.
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1. Introduction

Calcium carbonate is a crystal mineral with a large reserve and wide distribution in nature
and has a wide range of applications in metallurgy, chemical industry, construction, and more [1-6].
The prediction and identification of the thermal decomposition mechanism are important for kinetic
studies in order to expand the practical applications of calcium carbonate and its decomposition
products [7-11]. The factors that influence the thermal decomposition of calcium carbonate, such as
heat transfer, mass transfer, chemical reaction, etc. have been proposed in the last century [12-16].
In order to better apply calcium carbonate and its products to industrial production, it is necessary to
know the dependence of reaction rate on temperature under different conditions, and express it in
mathematical form by using kinetic model.

In the past few decades, there have been many studies on the thermal decomposition kinetics of
calcium carbonate. Ingraham and his collaborators studied the thermal decomposition mechanism of
calcium carbonate using the kinetic models by changing the partial pressure of carbon dioxide in the
process. The results were found to conform to the diffusion model, they also found that the particle size
of the sample had a significant effect on the decomposition rate, while the inert impurities had little
effect [17]. However, the potential that the change of decomposition mechanism might be caused by the
change of thermal decomposition conditions, was not considered in their study. The partial pressure of
carbon dioxide during the thermal decomposition of calcium carbonate is a minor factor in comparison
with the heat conduction and geometry of the sample that was discovered by Calvo et al. by changing
the experimental conditions of thermal decomposition [18]. This indicates that there may be some
factors influencing the thermal decomposition process of calcium carbonate, that have no influence on
the reaction mechanism, while some factors have a greater influence on the reaction process and may
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even change the reaction mechanism. Beruto and Search studied the thermal decomposition of calcite
and found that the rate limiting step conforms to the chemical reaction mechanism [19,20]. Although
they noted in their paper that the diffusion of gaseous products may also be a rate limiting step, they
did not consider the two in relation to each other. Bouineau et al. used Mampel’s model to show the
strong influence of sample purity on the chemical reaction under isothermal and isobaric conditions,
but did not illustrate whether the influence of impurities will change the reaction mechanism [21].
Chen et al. determined the decomposition reaction model of calcium carbonate using the model-free
and model fitting methods. The model for the thermal decomposition of calcium carbonate was
proposed to be R, [22] which can be expressed as:

fla)=2(1-a)"? 1)

where f(a) is the model of Ry, « is the conversion percentage.

Although there are several functional mechanisms to describe the decomposition reaction of
solids, they are obtained on the basis of a single influencing factor [23]. The model functions used
for the thermal decomposition of calcium carbonate include the random nucleation and subsequent
growth model (A), contraction model (R), diffusion model (D), etc. [8,24,25]. Those model functions
can be described as follows, respectively.

fla) =n(1-a)[-In(1-a)]'"/" k)
fla) =n(1-a)'7t/" ®)
fla) = [=In(1-a)]™ @

fla) = 3/2)[(1-a) 2 -1 5)

In Equations (2)-(5), f(«) represents the random nucleation and subsequent growth model (A)
(n =1 in this paper), contraction model (R) (n = 2, and n = 3 in this paper) and diffusion model
(Equation (4) is two-dimensional diffusion (D2), and Equation (5) represents cylindrical symmetric
diffusion (D4)), respectively. Where # is the kinetic model indexes and « is the conversion percentage.

Because the formation of a random pore structure, which is attributed to the liberation of gas
during the thermal decomposition of calcium carbonate, was supposed to have a definite influence
on the decomposition process [26,27]. Mulokozi and Lugwisha also showed that the heterogeneous
reaction is not describable by a single-phase [28]. It can be seen that the thermal decomposition
reaction of calcium carbonate may involve several reaction processes. Currently, the theoretical and
experimental studies on the random pore model are used to investigate the kinetics of the coke
gasification reaction but rarely used in similar studies of other substances [29-31]. Based on the
summary and analysis of the existing research, we hope to construct a kinetic mechanism function
containing multiple reaction processes. Therefore, the random pore model was incorporated into the
kinetic model for the thermal decomposition of calcium carbonate in order to obtain a better result.

In this work, the relative errors of some model functions in the literature have been calculated.
It was concluded that the R model suitably describes the thermal decomposition reaction of calcium
carbonate. In order to test this, the improved model function was further proposed. The experiments
in the previous work were repeated to verify the model. It was concluded that the improved model
function was more accurate, both in describing the thermal decomposition of experimental process,
and activation energy.
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2. Kinetic Model

As the thermal decomposition experiment of calcium carbonate was performed under non-isothermal
conditions, the kinetic parameters of the reaction were solved by Achar—Brindley-Sharp—-Wentdworth
(ABSW) for differential non-isothermal equations [32].

7= Ser(-m )@ G

where T is the temperature at any time t, A is the pre-exponential factor, E is the activation energy of
the reaction, « is the conversion percentage at any temperature, and f§ is the heating rate.
This simplifies to a linear equation

da
ln[ dr } = lné - £ (7)

fla) B RT

The conversion percentage « at any temperature can be expressed as

mo —mr
A= —
my — Mo

®)

where, my is the initial mass of the samples, mr is the sample mass at temperature T, and m is the
final mass of the samples.
da/dT

fla)
was used to obtain the activation energy (by slash of In d;‘(/;)T] against +) and pre-exponential factor

The linear relationship between ln[ ] and % can be obtained from Equation (2). This method

(by intercept of ln[%] against 1) as well.

Due to the formation of pores as a result of carbon dioxide liberation during the thermal
decomposition of calcium carbonate, the random pore model, interface reaction model, and diffusion
model were introduced for combinatorial optimization [4,22,30,33]. Based on the theory of Sestak
for the kinetic model of accommodation function [34-36], the following multifaceted model function

was established.
h(a) = f(a)g(x)
fla) =[1-yin(l-a)]
g(a) = n(1-a)" " [=In(1- )] 77
(@) = n(1—a) " [=In(1-a)] " [1 - pin(1 - a)]

Nl—=

)

Nl

where h(a) is the real kinetic mechanism function of the accommodation function in Sestak’s theory,
f(a) is the random pore model (as a modified function in this article), g(«) is the accommodation
function, m and n are the kinetic model indexes, and ¢ is the pore structure parameters of the
product [35]. In this paper, h(«) is used for the calculation in place of f(a).

The multifaceted pattern function is tested using the test deviation method described in the
literature to verify the matching degree of the function [30].

) 1/2
N [da _ da
( i:l(dTexp,i chulC,i) /N)

da
ma (—)
AT Jexp

da
aT

DEV( )(%) = 100 x (10)
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where DE V(”I—"‘)(%) is the relative error, ¢ s the experimental value, & is the value calculated
dT dT exp,i dT calc,i
da

from the model, max(ﬁ)exp is the maximum conversion of the experiment, and N is the number of

data points.

3. Experimental Details

In this work, one of the samples (No.1) was MKBL0094V supplied by Sigma-Aldrich (St. Louis,
MO, USA). The other samples (No.2, No.3) were natural calcite obtained from Guilin, Guangxi, China,
with the same characteristics except for the particle size. The images in Figure 1 were obtained using
the field emission scanning electron microscopy (FESEM, ZEISS-ZIGMA HD, Carl Zeiss AG, Jena,
Germany). The size distribution of the samples was analyzed using the laser particle size analyzer
(LPSA) under dry conditions (better size in China). Sample No.1 was regularly shaped with uniform
particle size and no debris on the surface, as seen from Figure la. According to Figure 1b,c, the shapes
of samples No.2 and No.3 were irregular with non-uniform particle sizes and debris on the surface
of the samples. From Figure 1d-f, the average volume of samples was found to be 18.21 um? (No.1),
22.63 um?® (No.2), and 109.6 um 3 (No.3). Figure 2 was obtained using the XRD instrument (PANalytical
X, RigakuD/max-Ra with CuKy, A = 0.15418 nm). All the samples were found to be calcite crystal.
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Figure 1. (a) SEM of analytically pure calcium carbonate (No.1); (b) SEM of calcite crystal power (No.2);
(c) SEM of calcite power (No.3); (d—f) Particle size distribution and accumulation volume fraction of
the particle size for No.1, 2 and 3.
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Figure 2. XRD of the three samples.
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The differential thermal analysis was performed on the prepared samples (the sample mass was
5 mg). The STA 449F3 equipment manufactured by NETZSCH in Germany was used for the analysis.
The heating system of the experiment is presented in Figure 3. The flow rate of high purity argon was
30 mL/min. Before the formal experiment, a blank test was conducted without sample to correct the
baseline. The tests were repeated twice to ensure accurate results.

1400

Temperature

1200

1000 |

800 |

600 [

Temperature (K)

400 |

0 46 92 138 184 230
Time (min)

Figure 3. Heating system of the thermogravimetry (TG) experiment.

4. Results and Discussion

4.1. Comparison with Other Models

Figure 4a,b shows the curves for the thermal decomposition conversion of calcium carbonate and
the conversion rate against temperature under the atmosphere of argon. Since the thermogravimetry
(TG) data have significantly higher precision than the differential scanning calorimetry (DSC) data [37],
these two curves were transformed using the experiment for TG curves based on the definition of a.
Figure 4b shows the results after smoothing the curves and eliminating the experimental background.
The adjacent-averaging method was used for smoothing the curves. Both the parameters of the method
were found to be 79. All the experiments were repeated twice to ensure the accuracy of this method.

1.0 0.018
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Figure 4. The conversion (a) rate curves (b) for the thermal decomposition of calcium carbonate under
the argon atmosphere.
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Figure 4 clearly shows the gradual increase in the initial decomposition temperature of the three
samples. There is a significant difference in the rate curves of the samples within the corresponding
temperature range, which may be attributed to the presence of dislocation and small amounts of
impurities in the natural calcium carbonate, and the inconsistency in the particle size during the
conduction of heat [38].

There have been several studies on calcium carbonate among which the kinetic studies on the
thermal decomposition of calcium carbonate are extensively reported. Some model functions were
selected from the literature to compare with the multifaceted model function [4,15,17,22,24,39,40].
The experiments mentioned in the previous section were repeated in the comparative studies of the
different models for the thermal decomposition of calcium carbonate.

Figure 5a—c gives a comparison between the multifaceted model function and the model function
mentioned in the literature to analyze the suitability of the model for the thermal decomposition of
calcite at a heating rate of 5 K/min using the given error analysis function. The solid black line in the
figure is the theoretical value calculated by the multifaceted model function. The solid purple line
represents the experimental value, and the dashed lines of different colors represent the theoretical
values calculated from the model functions mentioned in the literature. It is seen from the figure that
the two solid lines match better than the dashed lines for the three samples.

da/dT oy, Ny, (a) 0.112F do/dT o,y (b),
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o ! H
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H '
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Figure 5. The relative error curves of the models corresponding to samples No.1, No.2, and No.3,

respectively (a—c).

Table 1 shows the kinetic parameters and relative errors calculated from the model function
involved in the comparison (f(«) is the multifaceted function model developed in this paper). From the
data in Table 1, it is intuitively seen that the multifaceted model function has a better fit.



Crystals 2020, 10, 849 7 of 12

Table 1. Kinetic parameters and relative errors obtained from different models.

Sample Models E (kJ/mol) A (s DEV(‘;—;E)(%)
Aq 325.43 2.28 x 1016 21.68
R, 235.78 1.13 x 101 5.36
N R 265.66 3.50 x 1012 9.74
o1 D 513.91 3.50 x 102 26.01
2 . . .
Dy 546.73 5.27 x 10%¢ 20.10
fla) 178.16 1.58 x 107 3.27
Al 318.90 592 x 101° 20.03
R2 234.06 6.16 x 1010 3.73
N R3 262.34 1.49 x 1012 8.66
02 D2 516.18 2.04 x 10% 27.19
D4 547.05 2.28 x 102 21.33
f(o) 177.63 1.09 x 107 1.58
Al 243.83 445 x 1011 13.37
R2 144.93 8.67 x 10° 8.21
No.3 R3 177.90 3.67 x 107 3.07
D2 346.07 1.27 x 106 81.41
D4 382.44 2.75 x 107 66.55
f(x) 140.27 5.35 x 10% 3.43

4.2. Calculation of Activation Energy

The data for sample No.1 (Figure 4) and Equation (9) were substituted into Equation (6).
The optimal parameters were optimized as n = 2, m = 4, and 1 = 50. Therefore, the activation
energy and pre-exponential factor were solved by substituting Equation (9) into Equation (7). It can
be seen from Figure 6a,b that the calculated results of the multifaceted model function have a good

da
fitting effect on both ln[%] - % and Z—%exp - g_%cal' The detailed data are shown in Table 2 (Heating

rate is 5 K/min). The activation energy values are found to conform with the values mentioned in the
literature [18,28].

4
a = No 1 0018 b ~ da/dTex -No 1
( ) : gz ; ( ) 7 _da/cha:.\'oL
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= -7F =
= 30.008 |
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da
Figure 6. (a) The fitting of curves of ln[%] against % ; (b) The relative error curves of the experimental

and calculated values.
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Table 2. The related parameters calculated for the multifaceted model.

Sample E (kJ/mol) A DEV(z—%)(%)
No.1 (n =2, m = 4, ¢ = 50) 178.16 1.58 x 107 3.27
No.2 (n =2, m = 4, 1 = 50) 177.63 1.09 x 107 1.58
No.3 (n =4, m =4, = 50) 140.27 5.35 x 104 3.43

The application of the above parameters on sample No.3 increased the relative error. Thus,
the values of the parameters were adjusted to obtain better results. In fact, the accuracy of the
multifaceted model is obvious from the calculated data.

In order to verify the applicability of the multifaceted model, the experiments were performed
under different heating rates. The specific experiment and calculation steps are mentioned in
Sections 3 and 4.2.

Figure 7 shows the relative error curves of the theoretical and experimental values at different
heating rates. The experiment values were found to agree with the theoretically calculated values.

0.018 F-(a) " AT 0.016 f-(b) " AT
0.016 | dodT daAdT s
' . dodT, ., 0.014 A ¢ dodT, .,
0.014F daldT., . ] ¥ doldT .,
0012} 4 dodT,,q,, ' s doldT,,,
0.010 F do/dT, s 0.010F do/dT,, 5
= =
2 0.008F T 0.008}
= . B
= 0.006 | S 0.006 F
0.004 0.004 |
0.002 | 0.002 }
0.000 .
0.000 |
-0.002

0.000920 0.001012 0.001104
/T (/K)

0.000920 0.001012 0.001104
/T (/K)

Figure 7. The relative error curves under different heating rate (a) The heating rate is 10 K/min;
(b) The heating rate is 15 K/min.

Table 3 illustrates the corresponding data in detail. Tables 2 and 3 show that the parameters
obtained from each sample under different heating rates are consistent with the calculated values.
Additionally, the activation energy and pre-exponential factors were found to be independent of the
heating rate.

Table 3. Kinetic parameters under different heating rates.

Sample Heating Rate E (kJ/mol) A (s71) DEV(’;—%)(%)

; 7
No.1 (n =2, m =4, ¢ = 50) 10 K/m¥n 178.56 1.80 x 107 3.24
15 K/min 178.46 2.00 x 10 4.92

: 7
No2 (=2, m =4,y = 50) 10 K/min 177.60 115 x 107 1.94
15 K/min 177.66 1.04 x 10 5.92

; 4
No3 (11 = 4, m = 4, 1 = 50) 10 K/min 141.46 5.60 x 10* 2.22
15 K/min 140.97 6.05 x 10 3.19

It can be seen from the multifaceted model established by us that the relative error between the
theoretical calculation value of the multifaceted model and the experimental value is smaller than
other models, which indicates that the multifaceted model can better describe the experimental results.
At the same time, the thermal decomposition activation energy of calcite, solved by the multifaceted
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model, is closer to the values (the activation energy for the thermal decomposition of calcite in nitrogen
is about 170 kJ/mol) reported in the literature [18,28,41]. This indicates that the multifaceted model is
more consistent with both the actual situation in predicting the experimental process and the activation
energy for the thermal decomposition of calcite, compared with other models.

4.3. Rationality of the Multifaceted Model

According to Figure 5, the theoretical values calculated from the interface model (R) agree well
with the experimental data obtained for the thermal decomposition of calcium carbonate. The relative
error data in Table 1 also indicates the accuracy of the interface model in describing the thermal
decomposition behavior of calcium carbonate, which is also consistent with the literature [22,42,43].
Although the calculated data in Table 1 indicate a relatively larger value for the relative error between
the theoretical and experimental values of the diffusion model, it is seen from Figure 5 that the diffusion
model partly describes the thermal decomposition process of calcium carbonate with consistency [17].
Figure 8 shows the electron microscope images for the thermal decomposition of calcium carbonate.
These images clearly capture the pore structure information of the product. This indicates that the
formation of pores in the reaction process cannot be neglected. Therefore, the interface model, diffusion
model, and random pore model were combined to obtain a multifaceted model function that accurately
describes the thermal decomposition process of calcium carbonate. Figure 8a,b indicate the pore
structure of the product to be similar to a regular pore stacking structure. However, the pore structure
in Figure 8c appears disordered, which indicates that the kinetic information shows a variation that is
exactly consistent with the change in values mentioned above. Deutsch proposed that the mesoporosity
affects the reaction characteristics [44], which confirms the inference in this study. There are electron
microscope images for the thermal decomposition of calcium carbonate in the literature. The interface
information on the reaction [45] product micro-crystals, and pore information is consistent with the
literature [46], which strongly confirms the conjecture drawn in this study.

Figure 8. Pores formed by the decomposition of calcium carbonate at the heating rate of 5 K/min
(a) SEM of calcium oxide from analytically pure calcium carbonate; (b) SEM of calcium oxide from
calcite crystal powder (No.2); (c) SEM of calcium oxide from calcite powder (No.3).
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The random pore model can be improved by directly modifying the pore structure parameters or
exponential factors, or by the incorporation of additional parameters [29,30,47,48]. Thus, the values
of n changes in the multifaceted model while 1) remains constant. As a matter of fact, there are
many mechanisms in the calcite thermal decomposition process, during which, different mechanisms
interact to form the final experimental results. The values of the kinetic parameters n, m and
actually represent the result of the interactions between different mechanism functions. Under the
same conditions, although there are differences between No.1 and No.2, the kinetic parameters did
not change, indicating that the slight differences between No.1 and No.2 could not affect the thermal
decomposition mechanism. The samples of No.2 and No.3 had the same condition expect for the
different particle size, which indicated that the particle size of the sample had a great influence on the
thermal decomposition mechanism of calcite during the thermal decomposition process, which would
lead to the change of kinetic parameters.

5. Conclusions

In this work, a multifaceted rate-determining mechanism model for the thermal decomposition of
calcium carbonate was proposed and verified with an objective to nullify the defects in the literature.
The equation: f(a) =n(1- a)l_% [-In(1- a)]_% 1-¢in(l- a)ﬁ was proposed. Firstly, the optimal
parameters of the kinetic parameters of n, m, and ¢ were found to be 2, 4, and 50, respectively. As the
particle size increases, the reaction process can be accurately described by adjusting the parameters of
the multifaceted model. The kinetic parameters upon adjustment of n, m, and ) were 4, 4, and 50,
respectively. The comparative study of the multifaceted model and the partially suitable models for the
thermal decomposition of calcium carbonate was carried out. The multifaceted model was found to
describe the thermal decomposition of calcium carbonate better than other models. The experimental
data under different heating rates were calculated. The results show that the activation energy of
a sample is consistent with the corresponding pre-exponential factor, which does not vary with the
change in the heating rate and is thus reasonable. Finally, the multifaceted model, interface model,
and diffusion model were analyzed. This explained the reasonable rationality of the multifaceted
model containing pore.
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