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Abstract Thermal decomposition of magnesite is inves-
tigated by using a TG-MS. Different kinetic methods
including Coats—Redfern, Flynn—Wall-Ozawa, and Kis-
singer—Akahira—Sunose are used to investigate the thermal
decomposition kinetics of magnesite. It was observed that
the activation energy values obtained by these methods are
similar. The average apparent activation energy is found to
be about 203 kJ mol~'. The raw magnesite and its decom-
position products obtained at different temperatures are
analyzed by Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), and scanning electron microscope
(SEM). The concentration of functional groups, crystal
structure and composition, and apparent morphology of
decomposition products were studied in detail. The FTIR,
XRD, and SEM analyses showed that magnesite was com-
pletely decomposed at 973 K to form MgO.
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China is one of the richest countries in magnesite (MgCOs3)
resources which account for one third of world magnesite
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production [1]. Liaoning province is the richest area in
magnesite reserves in China with 3.4 billion tons of proved
reserves [2]. Magnesite is usually calcined to produce
magnesium oxide (MgO) which is used as refractory
materials. Magnesite is considered as one of the most
important refractory raw materials because of its high fire
resistance. Magnesium hydrate made from MgO is used as
an absorbent in wet flue gas desulfurization [3, 4]. Mag-
nesite is also used as building materials and chemical raw
materials, and in elemental magnesium production as well
as in the production of other magnesium compounds [2]. A
more efficient use of magnesite requires a better under-
standing of its decomposition characteristics.

Recently, a number of studies on decomposition of mag-
nesite have been reported in the literature [5—8]. Thermal
decomposition of magnesite is studied by Liu et al. [5]. They
reported the activation energy (E) and pre-exponential factor
(logA) of 156.12 kJ mol™' and 105.61 s™', respectively.
Demir et al. [6] investigated the thermal decomposition
kinetics of magnesite by using Coats—Redfern and Suzuki
methods, and reported that a first-order kinetic model best
described the decomposition reaction. They also studied the
effect of particle size on reaction kinetics and reported that
activation energy decreased with decreasing particle size and
varied between 236 and 302 kJ mol ~'. Hurst [7] investigated
the decomposition of two particle size fractions of magnesite
by non-isothermal thermogravimetric analysis and reported
that contracting core model (R3) can describe the decompo-
sition of magnesite with highest accuracy. He reported the
values of 161 kJ mol~" and 2.9 x 10%® min~" for the activa-
tion energy and pre-exponential constant, respectively. Sheila
[8] investigated the decomposition kinetics of magnesite as a
function of temperature and particle size, and found that the
diffusion model fits best to experimental data and the activa-
tion energy is in the range of 95-104 kJ mol ',
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Apart from thermogravimetric analysis, the decomposi-
tion behavior of inorganic materials can also be investigated
by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and scanning electron microscopy
(SEM). Unluer [9] studied the thermal decomposition of
hydrated magnesium carbonates and investigated the prop-
erties of various products by using SEM, XRD, and TG. Hu
et al. [10] studied thermal decomposition of ZnC,04-2H,0,
and used FTIR and XRD to characterize the decomposition
products. They used Ozawa and Coats—Redfern integral
methods to determine the kinetic parameters of the thermal
decomposition of ZnC,04-2H,0.

In this paper, non-isothermal decomposition behavior of
magnesite is studied using a TG-MS. Three methods namely
Coats—Redfern, Flynn—Wall-Ozawa (FWO), and Kissinger—
Akahira—Sunose (KAS) are used to calculate the Kkinetics
parameters. Properties of decomposition products such as
concentration of function groups, crystal structure, composi-
tion, and morphology are analyzed by FTIR, XRD, and SEM.

Experimental and methodology
Materials

Magnesite used in the work was obtained from Haicheng
region in Liaoning Province, China. The chemical com-
positions of the sample measured by X-ray fluorescence
(XRF) are as follows: 47.1 % MgO, 0.276 % CaO,
0.757 % Fe,05, 0.038 % Al,0;5, 0.144 % SiO,, and
51.72 % ignition loss. The magnesite ore was crushed and
sieved to a particle size of less than 0.5 mm.

Thermogravimetric analysis

Non-isothermal decomposition experiments were carried
out by using TG-MS (NETZSCH STA 449 F3 coupled
with NETZSCH QMS 403 C). About 10 mg of sample with
a particle size of less than 0.74 pm was loaded into Pt
crucible, and the mass loss and gaseous products evolution
were recorded by TG and MS, respectively. Samples were
heated in the temperature range between 303 and 1,173 K
with heating rates of 2, 5, 10, and 15 K min~! under N, gas
flow of 80 mL min~'. Coats—-Redfern, FWO, and KAS
methods were applied to investigate the thermal decom-
position kinetics of magnesite.

Calculation of kinetic parameters using different
models

The decomposition reaction of magnesite is a typical solid-

state decomposition reaction. The conversion of magnesite
can be written as [11]:
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Fig. 1 TG, DTG, and CO, evolution curves on the thermal decom-
position of magnesite at different heating rates: a TG; b DTG; ¢ CO,
evolution

p= 0 "M (1)
moy — My

where o is the conversion, my is the initial mass of mag-
nesite, m, is the mass at time ¢, and m., is the final mass of
the sample after the reaction.

In the non-isothermal experiments, the sample mass is
recorded as a function of the temperature. According to
non-isothermal kinetic theory, the isoconversional method
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Table 1 Activation energy and correlation coefficients calculated by a 3.0
FWO and KAS methods at different conversions 402
T+ ¢ » « . v 0.3
o FWO KAS 25 4 .04
R E/KJ mol ™! R E/kJ mol ™! ] ‘ 82
0.2 0.9988 200.58276 0.9987 197.09752 2.0 : g;
0.3 0.9984 203.09839 0.9983 199.46921 E 1 '
0.4 0.9962 205.70746 0.9958 202.00428 154 AN\
0.5 0.9913 207.02658 0.9902 203.22417 |
0.6 0.9900 207.85466 0.9889 203.94242 104
0.7 0.9873 209.33472 0.9857 205.36112 ]
0.8 0.9857 210.98965 0.9838 206.96601
0.5 = T T T T T T
1.1x 10 1.1 %10 1.2x10°8 1.2x1073
. . . —1
can be applied to a solid-state reaction. The rate of con- 1/TIK
version under linear temperature increasing condition can b -5
be generally described as [12, 13]: . 8-2
do IS RN .04
a k(T)f (), (2) <05
» 0.6
where ¢ is the time, T is the temperature, k(T) is the tem- & 15 . 8';
perature-dependent rate constant, and fla) is the tempera- 3 '
. . . . < »
ture-independent function of conversion. The reaction = -12.0 o N
rate constant according to Arrhenius equation, k(7), can be
written as: 125 4
—-E
k(T) = Aexp ﬁ ) (3) -13.0
T T T T T T T T
. . . . 1.1x 10 1.1 %10 1.2x10°8 1.2x1073
where A is the pre-exponential factor, E is the activa- K

tion energy, R is the universal gas constant, and f is the
heating rate. The kinetic equation can therefore be
expressed as [14]:

= = M) = exp 1 )1 @
It has been reported that the isoconversional method is
the most common method to calculate the activation energy
independent of the reaction mechanism [15]. Unlike con-
ventional isothermal method, the isoconversional method
has the advantage of calculation of the activation energy
without prior knowledge of the f(«) function [14, 16]. In
this study, FWO [17, 18] and KAS [19] methods are used
to calculate the activation energy [20]. Different heating
rates are used in the kinetic analysis to obtain the apparent
activation energy via FWO and KAS methods [14, 21].

The FWO method is based on the following equation:

0.0084AE

E
Inf=1In @R — 10516 . (5)

The KAS method can be described by the following
equation [11]:

Fig. 2 Plots for determination of activation energy and pre-expo-
nential factor by: a FWO method; b KAS method

B AR E
In—=1In —-——.
T2 g(a)E RT

(6)

For o = const., the plots between In(f) versus 1/T and
In(B/T%) versus 1/T yield straight lines whose slope allows
evaluation of the apparent activation energy.

The Coats—Redfern method is also alternatively used to
calculate the kinetic parameters and to determine the
reaction order and mechanism [22, 23]. Coats—Redfern
equation can be expressed as follows [23]:

h{@} :1n@_£7 (7)
72 gE RT
dr
- 8
q="q (8)

where k is the frequency factor. The plot of In[g(a)/T?)
versus 1/T yields a straight line whose slope allows eval-
uation of the apparent activation energy.
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Table 2 Mathematical models for the most common solid-state reaction mechanisms [26, 27]

No. Mechanism Function name Differential form f{ar) Integral form g(or)
1 F0.6 Chemical reaction, n = 0.6 1/0.6(1705)[fln(1705)]04 1-In 1,a)0-4

2 F0.7 Chemical reaction, n = 0.7 1/0.7(1—0)[~In(1 — a)]*? 1-In(1—a)*?

3 FO0.8 Chemical reaction, n = 0.8 1/0.8(1—0)[—In(1—0)]>2 1-In(1—0)"?

4 F0.9 Chemical reaction, n = 0.9 1/0.9(1—0)[—In(1—o)]>! 1-In(1—a)"!

5 F1 Chemical reaction, n = 1 1 —a —In(1 — o)

6 F1.1 Chemical reaction, n = 1.1 1/1.1(1_05)[_111(1_05)]*0‘1 1—=In(1—0)™*!

7 F1.2 Chemical reaction, n = 1.2 1/1.2(1_05)[_111(1_05)]*0‘2 1—In(1—0) "2

8 D1 1-D diffusion Parabola law 1/(2w) o?

9 D2 2-D diffusion Valensi equation —[In(1—o)]™" (I—a)In(l1—a) + o
10 D3 3-D diffusion Jander equation 3/2 [1—(1—0()1/3} -1 (1—05)2/3 [1_(1_“)1/3] 2

11 D4 4-D diffusion Ginstling—Brounstein equation 3/2[17 (lfoc)m] -1 (1—206/3)—(1—06)2/3
12 R2 Phase boundary contracting reaction Contracting surface 2(1 ,a)1/2 1—(1 ,a)1/2

13 R3 Phase boundary contracting reaction Contracting volume 3(1,a)2/3 1,(1,(1)1/3

14 A1.5 Random nucleation and nuclei growth ~ Avrami-Erofeev equation 3/2( l—oc)[—ln(l—ot)]m [—1n(1—1)]2/3

15 A2 Random nucleation and nuclei growth Avrami-Erofeev equation 2(1—a)[~In( l_a)]l/z [—ln(l—oc)]l/z

16 A3 Random nucleation and nuclei growth Avrami-Erofeev equation 3(1—2) [_111(1_“)]2/ 3 [—ln(l—oc)]l/ 3

17 A4 Random nucleation and nuclei growth Avrami-Erofeev equation 4(1—0) [—ln(l—oc)]3/4 [—ln(l—oc)]w

Analysis of decomposition products

Isothermal decomposition experiments were carried out in
a cylindrical fixed-bed quartz reactor with an internal
diameter of 20 mm heated by an electric furnace. Samples
of 2 g were loaded into the reactor and were heated at 673,
923, and 1,173 K under N, for 30 min. The concentration
of functional groups, crystal structure and composition, and
apparent morphology of raw magnesite and its decompo-
sition products are investigated by FTIR, XRD, and SEM.

Infrared (IR) spectra of samples were obtained by using
a Thermo Fisher Nicolet IS5 mid-FTIR spectrometer. KBr
pellets were prepared by grinding 1.0 mg of coal sample
with 100 mg KBr. The IR spectra of the samples are
obtained in the 4,000-400 cm™! region. Prior to FTIR
measurements, a reference spectrum is obtained from pure
KBr pellets without the addition of any sample.

The crystal structure and composition of magnesite and
its decomposition products were analyzed by XRD (Shi-
madzu X-ray diffractometer-7000). The X-ray pattern of
sample was recorded with a step-scanning method in the
range of 20 = 5°-85° with the rate of 2°/min. The surface
morphology of magnesite and its decomposition products
were analyzed by using a SEM (JSM-6480).

@ Springer

Results and discussion
Thermogravimetric analysis results

The TG, DTG, and CO, evolution curves for magnesite
decomposition at different heating rates (2, 5, 10, and
15 K min~') are shown in Fig. 1. The decomposition
reaction of magnesite is expressed as follows:

MgCO;(s) — MgO(s) + CO,(g). 9)

TG curves indicate that the decomposition of magnesite
takes place in the temperature range of 673-1,173 K
(Fig. 1a). It can be seen that the thermal decomposition of
magnesite starts at around 733 K and reaches to its maxi-
mum rate in the temperature range of 873-923 K. Mag-
nesite is completely decomposed to MgO at 973 K. Similar
results have been reported in the literature [24]. The MS
results on CO, evolution shown in Fig. 1c are consistent
with TG results. With increasing heating rate, TG curves
are shifted to higher temperatures. The total mass loss is
51.7 %, which is consistent with the ignition loss of the
raw magnesite sample. With increasing heating rate, the
maximum mass loss rate (DTG,,,x) increases significantly
(Fig. 1b). Similar trend is observed in evolution rate of
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CO, (Fig. 1c). The single TG and DTG curve indicates that
the thermal decomposition of magnesite is a one-step
reaction [5, 6].

Kinetics parameters calculated using different kinetic
models

The activation energies and correlation coefficients calcu-
lated by FWO and KAS methods are listed in Table 1 and
regression curves are shown in Fig. 2. As can be seen from
Table 1, the correlation coefficients higher than 0.99 in all
cases are achieved, showing the high accuracy of the
results. The activation energy values calculated from FWO
and KAS methods are 206.4 and 202.6 kJ mol ™", respec-
tively. These values are in good agreement with the theo-
retical values (204 kJ mol™") reported in the literature [25].
The activation energy of 156.34 kJ mol™' calculated by
KAS method for the decomposition of magnesite has also
been reported in literature [5]. The difference in activation
energy values can be attributed to the difference in the
composition of the samples used and calculation methods.

The Coats—Redfern method is also used to determine the
kinetic parameters and the mechanism of magnesite
reduction. The reaction mechanism and order are pre-
defined in Coats—Redfern method. The integral and dif-
ferential forms of the mathematical models for common
solid-state reaction mechanisms reported in the literature
are given in Table 2 [26, 27]. The decomposition mecha-
nism of nmagnesite in the conversion range of
0.25 < o < 0.95 is evaluated. The activation energies and
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Fig. 3 Linear regression for F1 mechanism at different heating rates
by Coats—Redfern method

Table 4 Activation energies for thermal decomposition of magnesite

Method E/KJ mol ™
Coats—Redfern 199.99
Flynn—Wall-Ozawa 206.37
Kissinger—Akahira—Sunose 202.58
Average 202.98

correlation coefficients for different reaction mechanisms
are calculated by using the Coats—Redfern method and are
listed in Table 3. As mentioned above, the value of acti-
vation energy calculated by FWO and KAS methods is

Table 3 Activation energies and correlation coefficients for different mechanisms by Coats—Redfern method at different heating rates

Mechanism 2 K min~! 5 K min~! 10 K min~! 15 K min~!
E/KJ mol ™! R E/kJ mol ™! R E/KJ mol ™! R E/kJ mol ™! R

FO0.6 152.99 0.9995 152.11 0.9986 154.50 0.9986 158.58 0.9989
F0.7 163.88 0.9984 163.34 0.9977 164.85 0.9966 168.31 0.9963
FO0.8 175.33 0.9966 175.13 0.9966 175.72 0.9937 178.57 0.9924
F0.9 187.33 0.9941 187.46 0.9953 187.11 0.9901 189.35 0.9870
F1 199.90 0.9912 200.35 0.9938 199.02 0.9859 200.67 0.9804
F1.1 213.03 0.9879 213.80 0.9923 211.46 0.9811 212.52 0.9727
F1.2 226.73 0.9842 227.80 0.9906 224.42 0.9759 224.90 0.9640
Dl 179.02 0.9904 206.14 0.9977 220.24 0.9904 333.78 0.9800
D2 222.58 0.9985 259.81 0.9996 269.63 0.9989 398.63 0.9958
D3 283.16 0.9987 333.85 0.9982 337.71 0.9975 489.14 0.9982
D4 242.37 0.9998 284.06 0.9996 291.88 0.9999 428.09 0.9992
R2 120.70 0.9999 141.41 0.9993 144.65 0.9997 211.64 0.9998
R3 135.55 0.9986 159.54 0.9980 161.34 0.9973 233.87 0.9981
AlS 108.73 0.9899 128.64 0.9934 127.67 0.9849 182.53 0.9810
A2 78.53 0.9892 92.79 0.9929 91.99 0.9837 131.54 0.9795
A3 48.33 0.9876 56.93 0.9917 56.32 0.9810 80.56 0.9760
A4 33.23 0.9856 39.00 0.9902 38.48 0.9775 55.07 0.9715
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Fig. 5 XRD analysis of raw magnesite and its solid decomposition
products

independent of the reaction mechanism. Therefore, the
average activation energy of 204.47 kJ mol " obtained by
FWO and KAS methods is considered as the actual value,

and the corresponding mechanism to this value in Coats-
Redfern method is chosen as the reaction mechanism of
magnesite decomposition. The activation energy corre-
sponding to F1 mechanism is in best agreement with the
values obtained by FWO and KAS methods. Therefore, it
can be concluded that the decomposition of magnesite
follows the first-order (F1) chemical reaction mechanism.
The differential (f{o)) and integral (g(«)) forms of
magnesite thermal decomposition can be written as

fla) = (1-a), (10)
g(a) = —In(1—a). (11)
The Eq. 7 can therefore be written as
In —In(1-«) :1nkO_R_£_ (12)
T2 gE RT

The linear regression for different heating rates calcu-
lated by first-order reaction is shown in Fig. 3. As can be
seen, a good correlation is obtained by using the first-order
chemical reaction. The activation energy E calculated by
using the Coats—Redfern, FWO, and KAS methods is
summarized in Table 4. The average activation energy for
the thermal decomposition of magnesite is in the range of
199.99-206.37 kJ mol .

Results of FTIR analysis

FTIR method was used to analyze the chemical structure of
magnesite decomposition products at different tempera-
tures. The IR spectra of raw magnesite and its decompo-
sition products at different temperatures are shown in
Fig. 4. It can be seen that the raw magnesite has a broad
peak at around 3,430 cm ™' which is attributed to the pre-
sence of small amount of water in the sample. The three
peaks at 1440, 882, and 745 cm™! correspond to the
vibration of CO3™ [28]. The peak at 8§79 cm™ ! is attributed
to out-of-plane Cco3~ bending vibration, and the peak at
742 cm™' corresponds to in-plane CO3~ vibration [29].
The absorption bands of 3052, 2534, 2920, and 1834 cm™!

Fig. 6 SEM images of raw magnesite and its solid decomposition products: a raw magnesite; b decomposed at 673 K; ¢ decomposed at 973 K
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are assigned to the organic matter in the samples. The IR
spectrum of magnesite decomposition product at 673 K
shows the disappearance of the peak at 3,430 cm™' as a
result of drying. The absorption of CO3~ and organic
functional groups also decreases as a result of partial
decomposition of magnesite. The IR spectra of sample after
decomposition at 923 K show that organic functional
groups are completely decomposed and carbonate adsorp-
tion is decreased significantly. After decomposition at
973 K, no carbonate adsorption is detected. It can be
concluded that the decomposition of magnesite strongly
depends on the temperature and magnesite is completely
decomposed to MgO at 973 K.

Results of XRD analysis

The changes in crystalline structure of raw magnesite and its
decomposition products as a function of temperature are
studied by XRD and the results are given in Fig. 5. As canbe
seen, the raw magnesite is mainly consisted of MgCOj5. After
heating at 673 K, little change is observed on the crystalline
structure of magnesite. However, after heating at 973 K,
magnesite is completely decomposed to form MgO. These
results are in agreement with those obtained from FTIR and
TG-MS analyses. Raw magnesite has a hexagonal structure,
whilst MgO shows trigonal crystalline structure.

Results of SEM analysis

The SEM images of raw magnesite and its decomposition
products at 673 and 973 K are shown in Fig. 6. When the
decomposition temperature is 673 K, little changes in
morphology are observed in the sample compared to its
raw form (in Fig. 6b). However, when the decomposition
temperature is increased to 973 K, the formation of MgO
from decomposition of magnesite and the change in mor-
phology of the sample become rather obvious, as shown in
Fig. 6¢, with more particles fragmented.

The findings of this study can be used to optimize the
production of magnesium oxide for flue gas and coke oven
gas (COG) desulfurization purposes. Future study can be
focused on desulfurization behavior of MgO produced
under different conditions in order to achieve the highest
desulfurization efficiency and sulfur capacity.

Conclusions

Thermal decomposition of magnesite starts at 733 K and
reaches to the maximum rate in the temperature range of
873-923 K. Magnesite is completely decomposed to MgO
at 973 K. The evolution of CO, is consistent with the mass

loss curves obtained by TG-MS. Thermal decomposition
of magnesite follows a first-order chemical reaction
mechanism, and the activation energy of magnesite cal-
culated from FWO, KAS, and Coats—Redfern methods is in
the range of 199.99-206.37 kJ mol .

FTIR analysis showed that with increasing temperature,
concentrations of carbonate ions and organic functional
groups in magnesite decrease significantly. XRD analysis
showed that at 973 K, hexagonal MgCOs crystals are com-
pletely decomposed and form trigonal MgO crystals.
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