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Abstract The thermodynamic analysis of the thermal
decomposition reaction of carbonates showed that the
temperatures of thermal stability of dolomite and magne-
sium carbonate are very similar. Kinetics of isothermal and
non-isothermal decompositions of natural dolomite in air
atmosphere were investigated. Under the examined con-
ditions, dolomite decomposed in a one-stage process. The
final solid products of dolomite’s decomposition were
calcium and magnesium oxides. The average value of
isoconversional apparent activation energy of non-isother-
mal decomposition was 205.60 kJ mol~'. The kinetics of
decomposition can be described by the power-law model
P2/3 with In(A) = 20.98 for the extent of reaction oo < 0.77
and by two-dimensional diffusion model D2 with
In(A) = 21.12 for a > 0.77.

Keywords Dolomite - Kinetics of decomposition -
Thermal properties

Introduction

Naturally occurring dolomite—a double carbonate of Ca
and Mg—CaMg(COs3), is typically sedimentary rock
associated with calcite, widely scattered in nature. Its
theoretical composition is 30.41 % CaO, 21.86 % MgO
and 47.73 % CO,. Dolomites are composed of dolomite
and variable amounts of calcite. Divalent Fe can replace
Mg*" in dolomite to form solid solutions toward ankerite.
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Other dolomites include those bearing manganese, zinc,
lead, strontium, as well as cobalt and nickel [1].

Dolomite is an important material in various industries
such as metallurgy, the production of paper, glass, fertil-
izer, cement, concrete, functional construction material,
and pharmaceutical industries [2]. The dolomite-based
sorbents are used in low temperatures to reduce the emis-
sion of pollutants such as carbon, sulfur and nitrogen oxi-
des, hydrogen chloride, and fluoride [1, 3, 4]. The
applications of dolomite depend on its physicochemical,
structural, and thermodynamic properties.

Knowledge of kinetics thermal decomposition of min-
erals is very important for the calcination process in
industrial production. The kinetics of the thermal decom-
position of dolomite has been studied owing to their
technical importance and theoretical interest. Many
researches have studied the kinetics of the calcination of
natural and synthetic dolomites [2, 3, 5-28]. A great var-
iability exists in the reports on subject reaction products
and values of kinetic parameters of decomposition. The
comparison of published data is difficult due to varied
concentrations of impurities in the carbonate rocks, a wide
range of used experimental conditions of decomposition
(different atmospheres, the prevailing CO, pressure, sam-
ple mass, particle size and other) as well as different kinetic
models being implemented in various studies.

Depending on the experimental conditions, the thermal
decomposition can proceed in one endothermic step in air,
nitrogen atmosphere, or at CO, pressure of less than
150 mm Hg according to equation (the dolomite has a loss
of mass of 47.73 %) [2, 3, 5, 11, 16, 19-21, 25]:

CaMg(CO3), < Ca0 + MgO + 2CO, (1)

Porous oxides are formed in the course of the dolomite’s
decomposition with the change of molar volumes ranging
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from 62.94 cm® mol™' for CaMg(CO;), to 16.92 cm®
mol ™! for CaO and 11.26 cm® mol ™! for MgO [3]. After
calcinations, the resultant oxides have lower molar volumes,
larger surface areas, and greater porosities than carbonates.
The calcinations of carbonate entails the formation of an
oxide having a pseudo-lattice of the normal cubic lattice of
the oxide [3]. The single-stage decomposition of natural
dolomite in the air was reported by Engler [11, 13] but for a
synthetic-ordered dolomite, the decomposition occurred in
two stages [11]. In the two-stage process, the thermal
decomposition of dolomite proceeds as follows:

CaMg(CO3),< CaCO; + MgO + CO, (1)
CaCO; < CaO + CO, (I1)

The mass loss is 23.87 % in the first stage and 43.97 % in
the second stage of calcium carbonate decomposition [7-9,
11, 13]. The second stage of decomposition is reversible.
The extent of the reversibility depends on the temperature
[9].

Engler et al. [13] based on in situ XRD analysis of
dolomite’s decomposition in air concluded that the process
between 973 and 1,023 K is as follows:

2CaMg(CO;3),< CaCO; + CaO + 2MgO + 3CO,
(IV)

At the latter temperature, the two reactions appear to
occur simultaneously as (I) and (IIT). These reactions end
simultaneously at 1,058 K.

The following mechanism has been proposed as “a more
accurate representation of the decomposition” with the
primary dissociation into individual carbonates followed
by immediate decomposition to magnesite [1]:

CaMg(CO3),< MgCO; + CaCOs (V)
MgCO; & MgO + CO; (VI)

However, magnesium carbonate is difficult to isolate. It
has also been suggested that in the initial step, both CaO
and MgO are formed. The formed CaO undergoes an
exchange reaction with unreacted dolomite [9].

Samtani et al. reported [9] that the first stage of dolo-
mite’s decomposition in the atmosphere of carbon dioxide
occurs by a formation of an unstable magnesium carbonate
which decomposes immediately to the magnesium oxide
and calcium carbonate (half-burnt dolomite). The second
stage of dolomite’s decomposition involves the reversible
dissociation of calcium carbonate to calcium oxide which
is a highly reactive. Subsequently, calcium oxide probably
undergoes carbonation and hydroxylation with carbon
dioxide and moisture from air.

Caceres [16] suggested that severe grinding of dolomite
causes mechanically induced crystal structure’s distortion
and the existence of two different Mg forms namely Mg-I
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and Mg-II. Decomposition of Mg-II takes place at tem-
peratures lower than 893 K, whereas temperatures greater
than 993 K are required for the decomposition of Mg-I.

Structurally deformed dolomite crystallites developed
due to mechanical treatment decompose in two stages at
a higher and lower CO, partial pressure [12]. Bercina
et al. [8] reported that DTG curves in nitrogen atmo-
sphere of quarry dolomites show two peaks (not perfectly
resolved) at 1,023 and 1,073 K and that the MgO for-
mation is not completed when the CaCO5; decomposition
starts. These authors reported that mixed oxides of Ca
and Mg did not form as a consequence of the calcination.
According to Barcina et al. [8], a smaller size of mag-
nesium with respect to calcium atoms facilitates the
magnesium mobility, and thus the formation of carbon
dioxide associated to magnesium oxide is kinetically
favored against the formation of CO, associated to cal-
cium dioxide.

Britton [23] suggested that in the vacuum, the loss of
CO, occurs at advancing interface by the direct decom-
position of the dolomite leading to the formation of a solid
solution (Ca, Mg)O, which subsequently breaks up into
crystallites of CaO and MgO or by the break-up of the
dolomite into crystallites of CaCO3; and MgCOj3;, which
then decompose to oxide.

Hashimoto et al. proposed a solid solution, noted
Ca,_Mg,COs;, as a final reaction of half-decomposition of
dolomite [17].

Since the proportion of MgCO5 to CaCOj differs in the
species of dolomite, the dissociation temperature and the
rate of decomposition are also different and are difficult to
predict.

The second stage of decomposition is more complex.
XRD studies of the solid phase have shown that dolomite,
calcium carbonate, magnesium oxide, and calcium oxide
are present simultaneously.

The formation of CaCO3, CaO, and MgO accompanies
dolomite’s decomposition. The calcium carbonate begins
to decompose even though dolomite is still present [7, 13].
Thus, many reactions appear to occur simultaneously. It
testifies that the transformation during this stage involves
multiple overlapping reactions rather than a single process.
The rate of the overall transformation process involves
consecutive and competing reactions.

The decomposition mechanism of dolomite is the source
of many controversies. There is no agreement between
these studies concerning the kinetic model, the influence of
CO, pressure, and the rate-controlling step [14].

Gallai et al. [14] studied the mechanisms of growth of
MgO and CaCO; during the dolomite partial decomposi-
tion under CO, pressure of 0.02-0.5 atm. They reported
that the decomposition rate is limited by the diffusion of
Mg from CaCO5;/MgO interface to MgO/CO, interface.
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Fine particles of MgO are formed at the surface of the
initial dolomite needles. MgO grows with an external
development, while the calcium carbonate develops inward
at the dolomite phase. Growths of MgO and CaCOj; can be
controlled by the diffusion of magnesium through the
MgO-phase surface.

Criado and Ortega [ 18] identified the reaction mechanism
of dolomite’s decomposition in vacuum as a first-order
process (F1 model) with activation energy of 146.3 kJ mol '
and pre-exponential factor A being equal to 1.3 10° min™".

The influence of macrokinetic parameters on the value
of activation energy is low [7]. The impurities could
function as catalysts owing to their influence in the crys-
talline structure [1].

L‘vov [15] reported the theoretical value of activation
energy of dolomite’s decomposition as being equal to
234 kJ mol~'. The authors concentrated on the effect of self-
cooling and the partial transfer of the energy released in the
condensation of low-volatility product to the reactant on
measured values of E parameter. A.W. Searcy who studied
dolomite’s decomposition in high vacuum obtained the
energy of activation as being equal to 195 + 1 kJ mol ' [28].

Samtani et al. [21] reported that dolomite decomposes in
an atmosphere of nitrogen via a zero-order mechanism. The
energy of activation for the decomposition of dolomite was
175.05 kJ mol™'. In addition, the In A-value for dolomite’s
decomposition was estimated as 18.76 min~!. Others [9]
argued that the second stage of decomposition is reversible.
The calcium oxide can be re-carbonated in CO, to form
calcium carbonate.

Hartmann et al. [3] described the apparent kinetic
parameters of the dolomite’s decomposition in air in the
equation

o =aew(- ) -y 1)

with pre-exponential factor A being equal to 0.1628-10% +
297 s™!: the order of reaction n = 0.4043 + 0.02; and the
activation energy, E = 190.67 + 0.515 kJ mol .

There is a great disparity regarding the apparent acti-
vation energy with the values ranging between 146 and
440 kJ mol™' in different studies. This reflects the high
complexity of the decomposition reaction. The controver-
sies and conflicting data of the published studies of dolo-
mite’s decomposition prompted us to analyze the
thermodynamics and kinetics of this process.

Experimental
The starting material was a natural dolomite from the

Zelatowa mine (Poland) containing 14.37 mass % MgO,
33.70 % Ca0, 3.37 % Fe,03, 0.11 % Al,03, 0.32 % MnO

and 0.55 % SiO, with a particle size of <0.25 mm. This
was studied under isothermal conditions in temperatures
ranging from 923 to 953 K and non-isothermal conditions
in air atmosphere at different heating rates ranging from
2.5 to 15 deg min™~'. Simultaneous recordings of thermo-
gravimetric (TG), derivative thermogravimetric (DTG),
and differential thermoanalytical (DTA) curves were
obtained on a Hungarian Derivatograph MOM—PC. The
thermoanalytic diagrams were recorded for the sample
mass of dolomite—20 mg in temperatures ranging from
room temperature to 1,273 K.

A method of the X-ray diffraction XRD was used in the
investigation of dolomite calcinations products. The sam-
ples used in the study were prepared in a manner similar to
that used in the thermogravimetry method. After drying,
the samples (approximate mass of 10 g) were heated in a
muffle furnace under air atmosphere for two hours at a
temperature of 923 K. The phase composition was ana-
lyzed by the XRD method.

The samples of calcined dolomite were cooled and then
put into a diffractometer. The measurements were obtained
with Philips PW 1710 diffractometer, with a copper anode
lamp Kul = 1.54060 and Ko2 = 1.54438, in an angle
range of two theta from 25° to 55°, with electric parameters
being 40 kV and 35 mA.

The dolomite used in our study was analyzed by the
X-ray fluorescence spectrometer PHILIPS PW 1480.

The thermodynamics of chemical equilibrium
of the analyzed carbonates

The kinetic analysis of these complicated reactions in a solid
state is often a very difficult task, and knowledge of the ther-
modynamic functions of reactions may be very helpful. The
approach to equilibrium in the solid is often a slow process, and
itis important to be aware of the kinetics of structural and phase
transformations. The knowledge of the temperatures at which
solids lose their thermodynamic stability is useful for the
analysis of the kinetics of thermal decompositions.

The diagram below has been plotted using the base data
[29] and illustrates the energetics of carbonates—products
reactions under equilibrium conditions (Fig. 1).

The graph illustrates that dolomite is thermodynamically
stable up to the temperature of 588.6 K in which the Gibbs
energy curves of reactants intersect and

G(T)(CaCO3+MgO+C02) < G(T)(CaMg(Cos)z)

The second intersect occurs at 1,118.9 K. The calcium
carbonate is a stable phase between 588.6 and 1,118.9 K. In
higher temperature, CaCO; decomposes to CaO. Magnesium
carbonate MgCOj; does not show a stable phase within the
analyzed temperature range (the sum of CaCO; and MgCO;
Gibbs energies is higher than dolomite Gibbs energy).

@ Springer



2242 M. Olszak-Humienik, M. Jablonski
Fig. 1 Dependence of -2100
reactants’ Gibbs energy on
temperature —2200 \\
l(—D —2300 \\\\ \\
IS
2 o0 k%g\\ ]
>
5 e
£ 2500 \-\% ~—]
2 L
2 2600 I~ B —
[0 \\
-2700 \ <
—2800
250 350 450 550 650 750 850 950 1050 1150 1250
Temperature/K

—+— dolomite

The thermodynamic analysis of carbonates decomposi-
tion revealed the following equilibrium temperatures:

MgCO, < MgO + CO, 584.3 K (v
CaMg(CO3),< CaCO; + MgO + CO,588.6 K (Il
CaMg(CO3),< MgCO; + CaCO; 605.0 K (

CaMg(CO3),< MgO + CaO + 2CO, 811.3K (I
CaCO; < CaO + CO, 11189 K

The above analysis shows that under equilibrium con-
ditions, the dolomite will decompose to solids: calcium
carbonate and magnesium oxide (in the temperature above
588.6 K); and then to two oxides (above 811.3 K). In the
temperature above 1118.9 K, calcium carbonate will
decompose into calcium oxide. All the above reactions are
endoenergetic having positive enthalpies.

Within the analyzed temperature range, the enthalpy of the
first reaction is 2.4 times higher than the second one. Also the
enthalpy of the third reaction is 1.4 times higher than the second
one. Further, the entropies of all the above reactions are posi-
tive. The temperature increase favors the spontaneity of the
processes. The second reaction (II) has the highest entropy.

The equilibrium constant quotient for the reaction (III)
at 273.15 K is as follows:

Geq(Ca0) * Geq(CO,) __ Peq(co,)

K= R eg(c0,) ¥ o

(2)

Ueq(CaCO;)
where Peq(co,) is an equilibrium pressure of CO,, and P°is
a standard pressure, since the activities, acqy of the solid
are nearly equal to unity. If the equilibrium constant is
greater than unity, then the equilibrium activities of the
products will be greater than those of the reactants. From
the Gibbs energies of formation Gf

—-AG
Kp = exp (—)

RT (3)
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-=- CaC0,+Mg0+C0O, —4— CaO+Mg0O+2CO, —o- CaCO,+MgCO,

This equilibrium constant is highly temperature dependent
and increases with rising temperature. The equilibrium
pressures of CO, at different temperatures were calculated
based on the values of the equilibrium constants for all
reactions of carbonates decomposition. The logarithms of
CO, pressure at equilibrium with different oxides and
carbonates depending on temperature are shown in Fig. 2.

Figure 2 shows that the equilibrium pressures of CO, in
the decomposition reactions (II), (IV), and (V) reach the
atmospheric pressure (exactly 1 atm) (Pco,/P° = 1;
InPco, = 0) at very close temperatures. The decomposi-
tion of MgCO$’ ocurrs at the lowest temperature. At this
temperature, the dolomite is still stable, and MgCOj; is not
present in the system. The dolomite’s decomposition into
two carbonates (CaCO; and MgCOj3) requires slightly
higher temperature than that required for decomposition into
CaCOj; and MgO. The decomposition of CaCO; begins at
temperature significantly higher than that for dolomite.

The proximity of temperatures of decomposition under
equilibrium conditions may explain the high variability of
results in the published studies analyzing dolomite’s
decomposition in real conditions, other than equilibrium.
The differences may result from the temperature gradient
between the sample crucible and the furnace wall, the
different temperatures within the sample itself, and the
presence of diffusion resistance.

Results
Analysis of solid reactants

The X-ray diffraction XRD and spectrometry of X-ray
fluorescence were used in the identification of solids. The
diffraction patterns are illustrated in Fig. 3.

The Fig. 3 illustrates dolomite’s diffraction pattern at
ambient temperature. The main peaks correspond to the
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Fig. 2 Dependence of In(Pco,) 10
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dolomite phase; however, other peaks can be seen for
calcium carbonate or magnesium oxide phase. The peaks of
magnesium oxide partially overlap with calcium carbonate
peaks. Therefore, it is impossible to determine with cer-
tainty the presence of MgO in the dolomite sample by this
method.

At the temperature of 923 K, we can see a significant
reduction in the peaks corresponding to the dolomite phase.
At the same time, we note an increase in the peaks corre-
sponding to calcium carbonate and magnesium oxide. The
decrease of dolomite phase at 923 K based on the peak
height can be estimated as 35 %.

The XRF analysis of the composition of natural dolo-
mite showed the following results (mass/ %): MgO—
14.37; Al,05—0.11; SiO,—0.55; Ca0—33.70; MnO—
0.32; Fe,03—3.37; Zn0—0.40.
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Fig. 3 The diffraction patterns of natural dolomite at 293 and 923 K,
D dolomite, C calcium carbonate, P magnesium oxide

Isothermal investigations

Isothermal decomposition of dolomite was studied in
temperatures ranging from 923 to 953 K. The observed
mass loss was close to the theoretical value of 47.73 %.

The extents of reaction calculated from the losses of
mass over time are presented in Fig. 4. The observed mass
loss was close to the theoretical value of 47.73 %. The
isothermal decomposition of dolomite was studied in
temperatures ranging from 923 to 953 K. The dolomite’s
decomposition occurs in a single stage which is a contin-
uous and a slow process. At the temperature of 923 K, the
complete decomposition takes 7 h and 25 min. The degree
of dolomite conversion («) was calculated based on the
mass reduction measured at a given time and after the
complete conversion, as illustrated in Fig. 4.

The kinetics of thermal decomposition can be ade-
quately described using a simple equation:

do

T = KT (@) 4)
where o is the extent of conversion and 7 the time. The
dependence of the process rate on the temperature T is
represented by the rate constant k(7). The dependence on
the extent of conversion is defined by the reaction model,
flo) [24]. The temperature dependence may be described by
Arrhenius equation:

k(T) = A exp(—E/RT) (5)
and
= Ao (- ) ©)

@ Springer



2244

M. Olszak-Humienik, M. Jablonski
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When the temperature changes are linear with time, T,
then the heating rate, f§, is described by the following
equation:

= dT/de (7)

Substituting the function

o
do

- |5 0
0

(o)

we obtained the following equation:

60 = / | exp (-~ o )T )

The integral does not have an analytic solution, but many
approximations were used in resolving this equation [30,
31, 33]. This equation substituted with g(o) suitable for a
given reaction model is generally used to describe the
kinetics of thermal decomposition of solids.

The kinetic curves in Fig. 4 are not straight lines as in
the case of the zero-order reaction of dolomite’s decom-
position in nitrogen studied by Samtani et al. [21].

The “kinetic curves” in Fig. 4 show that the isothermal
decomposition process has a moderate decelerating char-
acter. It is not a first-order reaction as has been assumed for
the decomposition in vacuum [18]. The dependence of
In(de/dr) versus time is not linear. These kinetic curves can
be best described by the power-law P2/3 model. The func-
tion g(a) = o> was calculated based on the experimental
data o (t) for four different temperatures. The reaction rate
constants k(7) were calculated based on the Eqs. (4) and (8).

The graph of dependence In k = f(1/T) was used to
assign the value of kinetic parameters of isothermal
decomposition of dolomite. The value of energy activation
E was equal to 184.69 kJ mol~' (model P2/3). The pre-
exponential factor A was 6.27-10" min~'(InA = 17.95).
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The correlation coefficient was calculated as R* = 0.9995.
Similar values of kinetic parameters were obtained based
on the R1 model where g(a) = a: E = 184.43 k] mol ™!
and InA = 17.82 A = 5.47-10" min~". In this case, the
correlation  coefficient was worse and equaled
R* = 0.9988. These values of kinetic parameters are sim-
ilar to the values proposed by Samtani et al. [21] for the
non-isothermal decomposition of dolomite in nitrogen
atmosphere (E = 175.05 kJ mol™! InA = 18.76).

Non-isothermal investigations

The published literature regarding the kinetic of the non-
isothermal dolomite’s decomposition differs significantly.
The previously conducted studies were based on different
kinetic models which resulted in different kinetics param-
eters. This prompted us to perform our study. The results of
the thermogravimetric investigations are presented in
Figs. 5-7.

The results of non-isothermal thermogravimetric inves-
tigations of dry natural dolomite (Fig. 5) show a single-
stage decrease of sample mass associated with the removal
of carbon dioxide on the TG curves. One-stage decompo-
sition under experimental conditions also indicates a single
endothermic asymmetric peak on the DTA curves. At the
heating rate of 15 deg min~', the dolomite’s decomposi-
tion starts at the temperature of 823 K and ends at 1,134 K.
The mass loss in the temperature range of 588.5-811.1 K
was less than 1 %. This suggests that the rate of dolomite’s
decomposition to calcium carbonate and magnesium oxide
was unremarkable in these temperatures.

In our study, we have used the procedure postulated by
Dallimore [26] to recognize the kinetic mechanism of
decomposition. We followed the changes of the initial7; and
final temperature T} of the decomposition on the TG curves.
We recognized the diffuse character of 7; changes and the
sharp character of 7y changes. The observed T; and Ty chan-
ges are consistent with the R2-3 and D1-4 mechanisms.
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These findings also correspond to the analysis of the half-
width on the differential plot of do/dT = AT) or
DTG = f(T).

The ratio of the half-widths of the derivative peaks was
>1. The half-way point was chosen on the perpendicular
line drawn between the initial (7;) and the final temperature
(Ty) at the minimum of peaks.

Based on the « values at the maximal rate of decom-
position ((da/dT)—o plots or DTG-curves) the D2 model
appears to be the best (do/dT)pyax 1S for on.x = 0.8—0.9
[26]. For the R2, D4 models —o,,x ranges between 0.7 and
0.8. The decline of f{x) curve with the increasing degree of
conversion has been observed in the model D2 and at a
slower rate for model P2/3.

Mlustrative DTG-curves of dolomite’s decomposition
are shown in the Fig. 6.

Figure 6 shows that the temperature of peak minimum
increases, whereas the peak height decreases in relation to
increasing heating rate.

The apparent activation energy of non-isothermal
decomposition was calculated based on model-free meth-
ods [24]. At first, the value of apparent activation energy
was calculated from the temperatures of DTG peaks’
minimum at different heating rates using Kissinger’s
method.

At the peak minimum,

% _ [%Af’(ocm) exp (_ %)} (%)m: 0 (10)

where f' (o) = dfd—? and the subscript m describes the values
obtained at the maximal reaction rate. After the rear-
rangements of the above Eq. (10), we obtained the Kis-
singer’s equation:

In (%) =In <—%f’(o¢m)) - Rfm,i (11)

The index i is introduced to denote various temperature
programs, and i identifies an individual heating rate.

The left-hand side this equation was plotted against
1/T,,,. The slope of the straight line was used to estimate of
the activation energy.

The value of activation energy calculated by this method
was equal to 222.28 kJ mol . However, the strict inde-
pendence of /(o) on 8 is accomplished only for a first-
order kinetic model (F1) [24], and this value ought to be
treated as approximate.

The apparent activation energy was also determined by
the isoconversional method recommended by ICTAC
Kinetic Committee [24]. This method assumes that the
reaction rate for a constant extent of conversion is only a
function of temperature.
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The isoconversional integral method of Coats—Redfern
[30] modified by Burnham [32] using the dependence

AR 2RT E
In &O;) =hn|l—=|l—-—— ]| —== (12)
T PE E RT
gives the following relation:
; AR E,
T3 (1 - E—) * *

The left-hand side was plotted versus 1/T, at the fixed
extents of conversion for all heating rates. This is straight
line dependence with E,/R slope. Based on the graph (after
sequence approaches), we calculated the values of apparent
activation energies for particular degrees of conversion.
Isoconversional values of activation energies for all con-
version extents, E,, are almost constant. The average value
of apparent activation energy E,, determined by an iso-
conversional method was equal 205.60 kJ mol~'. The
value of the isoconversional activation energy was slightly
lower than the value determined from the minimum DTG
peak by Kissinger’s method and also lower than the theo-
retical value of the activation energy of the dolomite’s
decomposition (234 kJ mol ") reported by L’vov [15].

For the reaction models (D2 and P2/3) identified in the
isothermal investigations, we determined the values of pre-
exponential factors based on the following equation:

—BEo

E,
A= 14
RT2 1 (o) 7 (RTmaX) (14)

max

where the subscript max denotes the values related to the
maximum of the differential kinetic curve [24]. For the
P2/3 model, the function f{o) equals 2/3 a2 and the
derivative of the function f(c) equals —1/3 o %, For the
D2 model, fla) = [—In(1—)]~", and f) = —(1—)"
[—ln(l—oc)]_2. For the model P2/3, the pre-exponential
factor, A, for o at the maximum decomposition rate and the
average activation energy E, = 205.60 kI mol™' was
equal 3.48-10° min~"' (InA = 21.97). For the model D2, the
calculated pre-exponential factor A was equal 8.21-10%
(InA = 20.53).

The values of kinetic parameters were subsequently
used to calculate reaction rate. The results were compared
with our experimental values of reaction rates. The dif-
ferences between the calculated and the measured reaction
rates were significant. This supports the kinetic complexity
of the decomposition process.

Our reaction rates calculated based on the above kinetic
parameters differed significantly from the experimental
values. The deviation of values supports the complexity of
the decomposition process. This can be potentially
explained by the formation of oxide layers on the surface of
the unreacted dolomite.
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The appearance of MgO on the surface of dolomite needles
was suggested by Gallai et al. [14] who studied the mecha-
nism of dolomite’s decomposition in CO, atmosphere.

Due to the significant difference between the calculated
and the experimental reaction rates, the pre-exponential
factors were fitted by the numerical method for an average
isoconversional activation energy E = 205.60 kJ mol "

The P2/3 model with InA = 20.98 (A = 1.29-10°) was
the best for the conversion degree <0.77. For o > 0.77, the
best model was D2 with InA = 21.12 (A = 1.49-10%). The
exemplary comparison of the calculated and the experi-
mental reaction rates at the heating rate of 10 deg min™" is
presented in Fig. 7.

Figure 7 illustrates that the kinetic equations determined
by the numerical method well describe the experimental
results for particular ranges of conversion.

Conclusions

1. From the analysis of thermodynamics, during decom-
position reactions, results show that the sequence of
reactions under equilibrium conditions ought to be the
following:

CaMg(CO;),< CaCO3 + MgO
+ CO, above 588.5 K (1)

CaMg(CO3),< MgO + CaO
+ 2CO,

CaCO3; & CaO + CO,

above 801.1 K (II)

above 1118.8 K
(1)

2. Isothermal decomposition of dolomite from Zelatowa
mine (Poland) at the temperatures ranging from 923 to
953 K to solid CaO and MgO is one-step process and
can be described by power-law P2/3 kinetic model
with kinetic parameters E = 184.69 kJ mol~' and
A = 6.27-10" min~'(InA = 17.95).

3. Non-isothermal decomposition of dolomite occurs at
heating rates ranging from 2.5 to 15 deg min~"' at the
temperatures ranging from 916.5 K (at heating rate of
2.5 deg min_l) to 1,134 K (at 15 deg min_l), and it is
complex one-stage process.

4. Final solid products of decomposition are calcium and
magnesium oxides.

5. The average value of apparent activation energy of
non-isothermal decomposition E,, determined by
model-free isoconversional method was equal
205.60 kJ mol .

6. Kinetics of non-isothermal dolomite’s decomposition
can be described by P2/3 model for o < 0.77 and D2
model for o« > 0.77.

7. Pre-exponential factor, A for P2/3 model was equal
1.29-10°min"" (InA = 20.98) for: < 0.77 and 1.49-10° min ™"
(InA = 21.12) for D2 model and o > 0.77.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Hossain FM, Dtugogorski BZ, Kennedy EM, Belova IV, Murch
GE. First-principles study of the electronic, optical and bonding
properties in dolomite. Comput Mater Sci. 2011;50:1037-42.

2. Maké E. The effect of quartz content on the mechanical activa-
tion of dolomite. J Eur Ceram Soc. 2007;27:535-40.

3. Hartman M, Trnka O, Vesely V, Svoboda K. Predicting the rate
of thermal decomposition of dolomite. Chem Eng Sci.
1996;51:5229-32.

4. Przepidrski J, Czyzewski A, Pietrzak R, Tryba R. MgO/CaO—
loaded porous carbons for carbon dioxide capture. J Therm Anal
Calorim. 2013;111:357-64.

5. Kristof-Mako E, Juhasz AZ. The effect of mechanical treatment
on the crystal structure and thermal decomposition of dolomite.
Thermochim Acta. 1999;342:105-14.

6. Bamford CH, Tipper CFH, editors. Chemical kinetics, Vol 22
Reactions in the solid state. Amsterdam: Elsevier Scientific
Publishing Company; 1980.

7. Gunasekaran S, Anbalagan G. Thermal decomposition of natural
dolomite. Bull Mater Sci. 2007;30:339—44.

8. Barcina LM, Espina A, Suarez M, Garcia JR, Rodriguez J. Char-
acterization of monumental carbonate stones by thermal analysis
(TG, DTG and DSC). Thermochim Acta. 1997;290:181-9.

9. Samtani M, Dollimore D, Wiburn FW, Alexander K. Isolation
and identification of the intermediate and final products in the
thermal decomposition of dolomite in an atmosphere of carbon
dioxide. Thermochim Acta. 2001;367-368:285-95.

10. Samtani M, Skrzypczak-Janktun E, Dollimore D, Alexander K.
Thermal analysis of ground dolomite, confirmation of results
using an X-ray powder diffraction methodology. Thermochim
Acta. 2001;367-368:297-309.

11. Fazeli AR, Tareen JAK. Thermal decomposition of rhombohedral
double carbonates of dolomite type. J Therm Anal Calorim.
1991;37:2605-11.

12. Kok MV, Smykatz-Kloss W. Characterization, correlation and
kinetics of dolomite samples as outlined by thermal methods.
J Therm Anal Calorim. 2008;91:565-8.

13. Engler P, Santana MW, Mittleman M, Balazs D. Non isothermal,
In situ XRD analysis of dolomite decomposition. Rigaku J.
1988;5:3-8.

14. Galai H, Pijolat M, Nahdi K, Trabelsi-Ayadi M. Mechanism of
growth of MgO and CaCO; during a dolomite partial decompo-
sition. Solid State Ionics. 2007;178:1039—-47.

15. L‘vov BV. Mechanism and kinetics of thermal decomposition of
carbonates. Thermochim Acta. 2002;386:1-16.

16. Caceres PG, Attiogbe EK. Thermal decomposition of dolomite and
the extraction of its constituents. Miner Eng. 1997;10:1165-76.

17. Hashimoto H, Komaki E, Hajashi F, Uematsu T. Partial decom-
position of dolomite in CO,. J Solid State Chem. 1980;33:181-8.

18. Criado JM, Ortega A. Kinetic study of thermal decomposition of
dolomite by controlled transformation rate thermal analysis
(CRTA) and TG. J Therm Anal Calorin. 1991;37:2369-75.

@ Springer



2248

M. Olszak-Humienik, M. Jablonski

19.

20.

21.

22.

23.

24.

25.

26.

Olszak-Humienik M, Mozejko J. Kinetics of thermal decompo-
sition of dolomite. J Therm Anal Calorim. 1999;56:829-33.
Otsuka R. Recent studies on the decomposition of the dolomite
group by thermal analysis. Thermochim Acta. 1986;100:69-80.
Samtani M, Dollimore D, Alexander KS. Comparison of dolomite
decomposition kinetics with related carbonates and the effect of
procedural variables on its kinetic parameters. Thermochim Acta.
2002;392:135-45.

Britton HTS, Gregg SJ, Wonsor GW. The calcinations of dolo-
mite. Trans Faraday Soc. 1952;48:70-5.

Jiang J, Ye J, Zhang G, Gong X, Nie L, Liu J. Polymorph and
morphology control of CaCO3 via temperature and PEG during
the decomposition of Ca(HCO3)2. J Am Ceram Soc.
2012;95:3735-8.

Vyazovkin S, Burham AK, Criado JM, Perez-Maqueda LA,
Popescu C, Sbirrazzuoli N. ICTAC Kinetics Committee recom-
mendations for performing kinetic computations on thermal
analysis data. Thermochim Acta. 2011;520:1-19.

Liptay G, editor. Atlas of thermoanalytical Curves, vol. 1.
Akadémia Kiado: Budapest; 1971.

Dollimore D, Tong P, Alexander K. The kinetic interpretation of
the decomposition of calcium carbonate by use of relationships
other than the Arrhenius equation. Thermochim Acta.
1996;282-283:13-27.

@ Springer

217.

28.

29.

30.

31.

32.

33.

L‘vov BV, Ugolkov VL. Kinetics of free-surface decomposition
of dolomite single crystals and powders analyzed thermogravi-
metrically by the third-law method. Thermochim Acta.
2003;401:139-47.

Powell EK, Searcy AW. Kinetics and thermodynamics of
decomposition of dolomite to a metastable solid product. ] Am
Ceram Soc. 1978;61:216-21.

Barin I, Knacke O. Thermochemical properties of inorganic
substances. Berlin: Springer; 1973.

Coats AW, Redfern JP. Kinetic parameters from thermogravi-
metric data. Nature. 1964;201:68-9.

Wanjun T, Yuwen L, Xi Y, Cunxin W. Kinetic studies of the
calcination of ammonium metavanadate by thermal methods. Ind
Eng Chem Res. 2004;43:2054-9.

Burnham AK, Braun RL. Global kinetic analysis of complex
materials. Energy Fuels. 1999;13:1-22.

Wanjun T, Yuwen L, Hen Z, Cunxin W. New approximate for-
mula for Arrhenius temperature integral. Thermochim Acta.
2003;408:39-43.



	Thermal behavior of natural dolomite
	Abstract
	Introduction
	Experimental
	The thermodynamics of chemical equilibrium of the analyzed carbonates

	Results
	Analysis of solid reactants
	Isothermal investigations
	Non-isothermal investigations


	Conclusions
	Open Access
	References


