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Abstract The mechanism of the thermal decomposition
of two siderites (a pure synthetic and a natural Mg-
containing sample) has been determined from compari-
son of the results obtained from linear heating rate (TG)
and constant rate thermal analysis (CRTA) experiments
in high vacuum. The thermal decomposition of the
synthetic siderite takes place approximately 200 K be-
low the decomposition temperature of the natural sam-
ple. The mechanism and the product of the thermal
decomposition are different for the siderite samples. In
fact, an A, kinetic model describes the thermal decom-
position of the synthetic siderite, whereas the thermal
decomposition of the natural sample obeys an F; kinetic
law. Decomposition products of the synthetic siderite
are iron and magnetite, those of the natural siderite are
wiistite and minor magnetite.
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Introduction

Carbonate minerals are important constituents of many
rock types. Most of the rock-forming carbonates are
represented by the quaternary system FeCO3; - MgCO; —
CaCO; — MnCO; being normally characterised by
complex solid solution relationships (McSwiggen 1993a,
b). Natural samples of siderite (FeCOs3) often show a
significant amount of substitution of Mg, Ca, Mn for
iron in the lattice (Fisher et al. 1998; Damyanov 1998).
Pure or nearly pure siderite is seldom found.
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The thermal decomposition of the mineral siderite is
a topic of interest because of the industrial relevance of
this mineral, for instance, in the processing of oil shales
(Patterson 1994) or in the combustion of coals (Ram
et al. 1995; Ten Brink et al. 1996). Most of the studies
concern the influence of the experimental conditions,
especially the atmosphere, on the nature of the final
product (Gallagher and Warne 1981). This final prod-
uct is generally hematite (x-Fe,O;) in an oxidising
atmosphere, magnetite (Fe;04) in a CO, atmosphere,
and magnetite and wiistite (FeO) in an inert atmo-
sphere or in vacuum. It has been shown in recent
papers (Ding et al. 1996, 1998) that wistite is an
excellent raw material for manufacturing hard magnetic
Fe/Fe;O,4 composites with a very high coercivity. Thus,
natural siderite samples would be a potential raw
material for producing iron/ceramic magnets with high
coercivity.

However, few efforts have been directed to estab-
lishing the kinetics of the thermal dissociation of siderite
(Kubas and Szalkowicz 1971; Zakharov and Adonyi
1986; Dhupe and Gokarn 1990; Jagtap et al. 1992).
Table 1 shows the kinetic data from the literature con-
cerning the thermal decomposition of siderite. The dis-
crepancy observed in the results reported by different
authors may perhaps be due to the experimental con-
ditions used, provided that special precautions in order
to avoid heat and mass transfer phenomena do not seem
to be taken. On the other hand, the method employed by
Kubas and Szalkowicz (1971) to calculate the activation
energy, which does not require information concerning
the kinetic model, seems to be insufficiently accurate. In
addition, most kinetic studies reported in Table 1 were
performed by assuming a particular kinetic model. Za-
kharov and Adonyi (1986) have used a method devel-
oped only for n-order kinetic models. Dhupe and
Gokarn (1990) and Jagtap et al. (1992) considered in
their studies only the Avrami-Erofeev models. In pre-
vious papers (Criado and Morales 1977; Criado et al.
1978; Criado and Ortega 1984), it has been shown that
the kinetic calculation from one single non-isothermal
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Table 1 Summary of the results reported in literature for the thermal decomposition of siderite

Sample Experimental Mechanism E Reference
conditions (kJ mol™")
Mineral siderite
FeCOj; content, 72 wt% Vacuum Not determined 115 Kubas and Szalkowicz (1971)
FeCOj; content, 87 wt% Nitrogen flow fla) = (1-0)? 238 Zakharov and Adonyi (1986)
FeCO; content, 85 wt% Air flow Avrami-Erofeev 41 Dhupe and Gokarn (1990)
n=3
FeCOj; content, 85 wt% Air flow Avrami-Erofeev 77 Jagtap et al. (1992)
n=15

trace leads to good correlation coefficients whatever the
kinetic model considered. On the other hand, it should
be noted that the natural siderite samples used in these
studies show a considerable amount of substitution for
iron. The variations in chemical composition can affect
and complicate the interpretation of the thermal analy-
sis. For example, the type and amount of substitution
strongly influence the decomposition temperature of
siderite (Hurst et al. 1993), which increases proportion-
ally to the extent of substitution of iron by magnesium,
manganese and/or calcium.

Moreover, all the published papers concerning the
thermal decomposition of siderite refer to natural
mineral samples instead of well-characterised pure
synthetic ones. This is because FeCOj3, like MgCO; and
ZnCO;, cannot be synthesised by the conventional
method of flowing CO, through a solution of Fe(II)
salts like most of the bivalent metal carbonates, but
hydrothermal methods that are not easily carried out
are required. The method discovered by Vidyasagar
et al. (1984) for the synthesis of magnesium, zinc and
iron carbonates by precipitation at normal pressure
opened a way for the use of these products as raw
materials. The aim of the present work is to compare
the mechanism of the thermal decomposition of a nat-
ural siderite and that of a synthetic FeCOj3 prepared by
the method of Vidyasagar et al. (1984). Every possible
kinetic model describing the decomposition reaction is
considered. Moreover, the role of impurities in thermal
decomposition is discussed.

The validity of kinetic analysis carried out under non-
isothermal conditions is often questioned because of the
influence of parameters such as gradient in temperature,
gas composition, sample microstructure, etc. upon the
reaction kinetics. In this study, the thermal decomposi-
tion was realised under experimental conditions that
allow us to minimise the influence of heat and mass
transfer phenomena. This is where the CRTA technique
is especially valuable, allowing us to lower these gradi-
ents by an appropriate control of the reaction rate so
that the influence of experimental conditions upon the
reaction under study may be satisfactorily prevented. In
previous papers (Criado et al. 1980a; Criado and Ortega
1992; Koga and Criado 1998), it has been shown that
kinetic data corresponding to the thermal decomposi-
tion of CaCO; were quite independent of both the

sources of the sample and the particle size, provided that
transport phenomena were reduced. The use of the
CRTA method for the synthesis of materials with con-
trolled texture and structure has been recently reported
in the literature (Chopra et al. 1999; Perez-Maqueda
et al. 1999a, b).

Experimental

Materials and methods

A natural siderite sample from Cala (Spain) was used. Its chemical
analysis by X-ray fluorescence spectrometry is:

Fe,03, 44.6%; MgO, 10.8%; Mn»Os3, 3.7%; CaO, 1.1%:; SiO,,
4.9%; others, 0.9%; ignition loss, 34.0%.

The synthetic siderite sample was obtained by the method de-
scribed by Vidyasagar et al. (1984) from FeSO, - 7H,O and
NaHCOj; reagents (Merck). The iron carbonate content of the
synthetic siderite was 99%. The total weight loss of this sample
(37.25%) agrees with the value expected for the thermal decom-
position of iron carbonate (37.98%).

The X-ray powder-diffraction patterns were collected with a
Siemens D501 instrument equipped with a scintillation counter
using Cu K, radiation and a graphite monochromator. The scan-
ning rate of the goniometer was 1.2° min~! for phase identification
and 0.3° min~" for unit cell parameter refinement. The full width at
half maximum (FWHM) and the position of peaks were calculated
using the software package of the diffractometer. The lattice
parameters (a,c) were determined by a least-squares refinement
(LSUCREB method) on the gathered XRD data (Appleman and
Evans 1973).

A Cahn electrobalance connected to a conventional high vac-
uum system equipped with a Penning gauge was used for per-
forming linear heating rate (TG) and constant rate thermal analysis
(CRTA) experiments. The pressure of the gases generated in the
reaction was continuously monitored during the TG runs. The
starting sample weight of siderite (approximately 14 mg) was
chosen in such a way that the pressure never exceeded the value of
10™* mbar. It would be expected that under these experimental
conditions the maximum decomposition rate would be small en-
ough to avoid the influence of heat and mass transfer phenomena
on the forward reaction.

The temperature control in CRTA experiments is carried out in
such a way that the decomposition rate is kept constant throughout
the process at a previously selected value. This was attained by
interfacing the analogical output of the Penning gauge to the fur-
nace controller in order to maintain the residual pressure in the
close vicinity of the sample at a constant previously selected value.
Thus, the reaction rate will be constant, provided that the pumping
rate has been properly selected by means of a vacuum valve. A
residual pressure of 7.5 x 10> mbar and a sample weight of 25 mg
were used in the CRTA experiments for both the synthetic and
natural siderite samples.



Kinetic analysis
Linear heating rate (TG)

Kinetic analysis of non-isothermal data recorded under constant
heating rate was carried out using the Coats and Redfern (1964)
method:

AR E
Ing(a) —2InT = 1n Ef RT (1)
where o is the reacted fraction at time t, f§ is the heating rate, E is
the activation energy, A is the preexponential factor, T is the ab-
solute temperature, and g(o) is a function depending on the reac-
tion mechanism (Table 2).

The plot of the left-hand side of Eq. (1) as a function of the
reciprocal of the temperature gives a straight line whose slope yields
the activation energy with an error less than 4%, provided that
E/RT is greater than 5 (Criado and Ortega 1985). However, Criado
and Ortega (1984) have shown that any g(«) function (Table 2)
fulfils Eq. (1). Therefore, the kinetic model followed by a solid-state
reaction cannot be identified from the analysis of a single TG trace
(Criado et al. 1990). As an example, Fig. 1 shows two TG curves
simulated by numerical methods with a precision better than
107%, assuming the following parameters:

curve 1: F; model, E = 150KkJ mol™!, A =2x10°s7",
f = 5K min™!,

curve  2: A; model, E =41kImol™!, A =025,
= 5K min™".

The two curves coincide over the entire a-reacted fraction range
despite they were calculated by assuming different kinetic models
and different kinetic parameters.

Constant rate thermal analysis (CRTA)

The CRTA data (recorded at a constant decomposition rate, C)

were analysed by means of the following equation (Criado 1979):
1 A E

Ih—=Ih—-—-— 2

"o T "C T RT @)

where f(«) is also a function depending on the reaction mechanism.
Therefore, the kinetic parameters of the reaction can be obtained
from the plot of the left-hand side of Eq. (2) against the reciprocal
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Fig. 1 Two identical TG curves calculated by assuming a linear
heating rate § = 5 K min~! and two different kinetic models and
different  kinetic  parameters: curve I ([J) F; model,
E=150kImol”!, A =2x10°s"" curve 2 (O) A; model,
E=4kIimol™, A =02s"

1000

of the temperature. It should be remarked that in the case of
processes described by a f(«) = (1-«)" function (i.e., R,, R3 and F,
models), Eq. (2) becomes:

1 A E
Iy, = E " aRT - 3)
Equation (3) points out that it is not possible to determine simul-
taneously n and E from a single CRTA trace.

In previous papers (Criado et al. 1980a, b), it has been reported
that CRTA allows a better discrimination of the actual kinetic
model fitted by a solid-state reaction than conventional TG. This is
demonstrated in Fig. 2, which shows two CRTA theoretical curves
calculated from Eq. (2) by assuming the same kinetic parameters
used for calculating the corresponding TG curves in Fig. 1 (a C

Table 2 Algebraic expressions for the f(o) and g(o) functions for the most common mechanisms in solid-state reactions

Mechanism Symbol?* f(o) g(a)

Phase boundary controlled reaction R, (1 -a)? 21 = (1 - )3
(contracting area — bidimensional shape) ’
Phase boundary controlled reaction R3 1 - a)?? 3[1 - (1 -2

(contracting volume — tridimensional shape)
Unimolecular decay law (instantaneous F,° 1-a —In(1 — o)
nucleation and unidimensional growth) ’
Random nucleation and growth of An n(l = a)[~In(1 — o))"~ [~In(1 — o))"
nuclei (Avrami—Erofeev equation)
One-dimensional diffusion D, 1/2a o’
(parabolic law)
Two-dimensional diffusion D, 1/[-In(1-u)] (1 -on(l —a) + «
(bidimensional particle shape) 5
Three-dimensional diffusion D3 3(1 - oc)z/3/2[(1 — oc)m] 1—(1- ot)l/3

(tridimensional particle shape)
Jander equation
Three-dimensional diffusion Dy
(tridimensional particle shape)
Ginstein—Brounshtein equation

3/2[(1—a) 3 = 1] (1—2a/3) — (1 — 2)*?

#The symbols proposed by Sharp et al. (1966) have been used

°This kinetic model can be identified with an Avrami-Erofeev kinetic equation with n = 1
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Fig. 2 Discrimination between both kinetic models of Fig. 1 bP/
CRTA; C = 3x107*s7" curve 1 F, model, E = 150 kJ mol ™/,
A = 2x10°s7Y curve 2 A; model, E = 41 kJ mol™", A = 0.2 57!
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value of 3 x 107 s™! was used in the calculation). In this case, both
models (F; and Aj) are clearly distinguishable. Moreover, it has
been shown (Criado 1979; Gotor et al. 1998) that the same kinetic
parameters are obtained from the kinetic analysis of TG and
CRTA traces only if the kinetic law really fitted by the reaction has
been selected for performing the calculations. The heating rate, f,
of the TG curve and the constant decomposition rate, C, of the
CRTA trace must be selected in such a way that the overall reaction
takes place at approximately the same range of temperatures. This
precaution in the two TG and CRTA experiments to be compared
is of interest provided that the mechanism of solid-state reactions
can be strongly dependent upon temperature. In summary, a
comparison of the results obtained independently from the kinetic
analysis of TG and CRTA experiments would be a valuable tool
for discerning the mechanism of the thermal decomposition of
siderite.

Results and discussion

Figure 3a shows the X-ray diffraction pattern of the
natural siderite. Minor amounts of calcite, dolomite and
quartz are present. Figure 3b shows the X-ray diffrac-
tion pattern of the synthetic FeCO; sample. A com-
parison of both XRD patterns points out that the
diffraction peaks of the natural siderite are shifted to
higher angles. This fact reflects an expanded unit cell
probably due to the substitution of Fe2*+ by Mg ", the
major impurity. The unit cell parameters of the natural
siderite refined from the XRD pattern are a = 4.6739(5)
and ¢ = 15.246(2). These parameters are consistent with
a nominal composition of ~ (Fey ;Mg 3)CO; according
to the results recently reported by Chai and Navrotsky
(1996), where they show a linear relationship (Vegard’s
law) of the unit cell parameters with the composition in
the FeCO3—MgCO; solid solution. This result is in
agreement with the chemical analysis by X-ray fluores-
cence and then the natural siderite can be considered as
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Fig. 3a, b X-ray diffraction patterns of a the natural siderite from
Cala (Spain) and b the pure synthetic siderite: S siderite; C calcite;
D dolomite; Q quartz

an Mg siderite with a high Mg content (~30 mol%).
Unit cell parameters of the synthetic siderite
[a = 4.6919(8) and ¢ = 15.407(2)] coincide well with
those of the JCPDF file 29-696 corresponding to the iron
carbonate [a = 4.6935(2) and ¢ = 15.386(8)]. On the
other hand, the diffraction peak widths (FWHM) of two
siderites are almost the same (0.215° and 0.200° for the
natural and synthetic siderites, respectively), and close to
the instrumental broadening (0.170°), which suggests
very good crystallinity for both samples.
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Fig. 4 TG curve obtained at a heating rate of 0.52 K min~’ :

CRTA curve obtained at a decomposition rate of 2.45 x 10~ min~
for the natural siderite. Theoretical CRTA curve calculated from the
kinetic parameters reported in Table 3 corresponding to the F; (O)
and A s (@) kinetic laws



Figure 4 shows the TG recorded at a heating rate
B = 0.52 K min~' together with the corresponding
CRTA curve obtained by selecting a constant decom-
position rate C = 2.45x 107> min™' for the natural
siderite. On the other hand, the synthetic siderite TG
curve obtained at a heating rate f = 0.52 K min™" is
compared in Fig. 5 with the corresponding CRTA curve
recorded at a constant decomposition rate
C = 3.52 x 107> min~". Two interesting features can be
observed by comparing Figs. 4 and 5. Firstly, natural
siderite decomposes at a temperature approximately
200 K higher than the corresponding one to synthetic
FeCOj;. This behaviour can be associated with the high
substitution content present in the natural siderite
studied in this work. It has been already shown (Patt-
erson et al. 1991) that increasing magnesium, manganese
or calcium content increases the temperature of the
siderite decomposition. The second interesting feature is
related with the shape of CRTA traces. The different
shape implies a different mechanism for the thermal
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Fig. 5 TG curve obtained at a heating rate of 0.52 K min~ :

CRTA curve obtained at a decomposition rate of 3.52 x 10~ min
for the synthetic siderite. (O) Theoretical CRTA curve calculated from
the kinetic parameters reported in Table 4 for the A, kinetic model
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decomposition of both samples (Criado et al. 1990).
Thus, the natural siderite seems to obey an n-order ki-
netic model (CRTA trace is concave with regards to the
temperature axis) and the synthetic one could be
described by an Avrami-Erofeev law (« versus T CRTA
plot shows a minimum).

The kinetic parameters of the thermal decomposition
of the natural siderite obtained from the kinetic analysis
of the TG and CRTA curves in Fig. 4 by using Eqgs. (1)
and (2) [after substituting the different g(o) or f(«) func-
tions included in Table 2] are shown in Table 3. The ki-
netic parameters, E and A, determined from TG and
CRTA curves, show a reasonable agreement (192 and
182 kJ mol™!, and 21.65 and 20.22 for E and In A, re-
spectively) only if it is assumed that the reaction fits the
F, kinetic model. Figure 4 also shows that the theoretical
CRTA curve calculated from the kinetic parameters
corresponding to the F; kinetic model, reported in
Table 3, matches the experimental curve quite well. It
could be argued that both reasonably good correlation
coefficients and an agreement between the activation
energies obtained from TG and CRTA experiments (397
and 372 kJ mol™!, respectively) better than 7% could be
also achieved by assuming an Ags kinetic model
(Table 3). However, the theoretical curve calculated
from the kinetic parameters obtained for this model does
not sufficiently agree with the experimental one, as shown
in Fig. 4. In addition, the characteristic inflexion point of
the Ag 5 kinetic model is not observed in the experimental
CRTA trace. Moreover, the plot of the experimental
CRTA data (Fig. 6) according to Eq. (2) after substi-
tuting the f(x) function corresponding to F; and Ay
kinetic models points out that a strong deviation from
the straight line takes place for o values lower than 0.43 if
the Ag s kinetic model is assumed. Therefore, it can be
concluded that the thermal decomposition reaction of
the natural siderite obeys an F; kinetic model.

Table 4 reports the results obtained from the kinetic
analysis of the TG and CRTA curves shown in Fig. 5
using the same procedure previously described for the
calculation of the data included in Table 3. It can be
observed that the best agreement between the kinetic
parameters obtained from CRTA and TG experiments is
achieved by assuming that the thermal decomposition of

Table 3 Kinetic parameters -
calculated from TG and CRTA ~ Mechanism

TG (f = 0.52 K min™})

CRTA (C = 2.45 x 1073 min™!

curves of Fig. 4 for the thermal

decomposition of the natural E(kImol™) InA(™) T E(kImol™) InAG™) T

siderite R, 160 + 1 1630 + 0.03  0.9988 91 + 1 506 £ 0.02  0.9971
R, 170 + 1 18.00 = 0.02  0.9994 121 £ 1 10.11 + 0.03 09971
F,* 192 £ 1 21.65 + 0.01 09999 182 + 1 2022 + 0.04  0.9971
Aos 397 + 1 5407 £ 0.01 09999 372 + 1 5124 £ 0.16  0.9906
A, 90 + 1 504 + 001 0.9999 87 + 1 436 + 0.12  0.9086
A 56 + 1 —0.72 £ 0.01  0.9999 56 + 1 —1.10 £ 0.15  0.7451
Ay 38+ 1 ~373 £ 0.0l 0.9999 40 + 1 ~3.92 £ 0.17  0.5884
D, 312 £ 1 39.41 £ 0.08 09979 190 + 1 2022 + 0.18  0.9546
D, 353 + 1 4470 £ 0.05 09995 283 + 1 3424 £ 0.17  0.9820
D, 326 + 1 40.15 £ 0.07 09986 223 £ 1 2413 = 0.18  0.9685

? In bold, best agreement between TG and CRTA kinetic analysis
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Fig. 6 Plots of the left-hand side of Eq. (2) as a function of the inverse
of the temperature calculated from the CRTA data of Fig. 4 after
assuming the f(a) function corresponding to the F, ((J) and Ao 5 (O)
kinetic models, respectively

the synthetic siderite follows an A, kinetic model. Only
the theoretical CRTA curve (also shown in Fig. 5) cal-
culated by assuming the kinetic parameters reported in

Table 4 for the A, kinetic model fits the experimental
data quite well.

F, and A, kinetic equations belong to the Avrami-
Erofeev kinetic models with a coefficient » = 1 and
n = 2, respectively. The value of this parameter depends
on the mechanism of formation of nuclei and the number
of spatial dimensions in which they grow, as summarised
in Table 5. This table shows that a same n-parameter
would describe different reaction mechanisms. However,
taking into account that both synthetic and natural
siderite partially substituted with Mg?* have a calcite-
type crystalline structure, it would be reasonable to as-
sume a similar behaviour for the thermal decomposition
of these two samples. The results here obtained would be
interpreted by considering that the reaction mechanism
implies the formation of nuclei and their subsequent
growth through a diffusion process. Such a mechanism
leads to the fitting of the kinetic data to an Avrami-
Erofeev kinetic model with a coefficient n = 2, as here
reported for the thermal decomposition of the synthetic
FeCOj;. Moreover, it is worth noting that, generally, the
nucleation rate increases very quickly on increasing the
reaction temperature, and an instantaneous nucleation
could be favoured if the reaction temperature were large
enough. It has previously been shown that the thermal
decomposition of natural siderite starts at considerably
higher temperature than the synthetic one because of the

Table 4 Kinetic parameters -
calculated from TG and CRTA ~ Mechanism

TG (f = 0.52 K min™")

CRTA (C = 3.52x 107 min™")

curves of Fig. 5 for the thermal

decomposition of synthetic E(kJmol™) InA@G™ r E(kJmol™) InA@G™ r

FeCO; R, 185 + 1 34.05 £ 0.09  0.9981 99 + 3 14.10 £ 0.60  0.8253
R; 196 + 1 36.69 £ 0.08 0998 132 + 3 2204 + 0.80  0.8253
F, 220 + 1 4235 + 0.08 0.9988 198 + 5 3793 + 120 0.8253
Aos 450 + 1 94.52 + 0.17 0.9988 390 + 15 83.69 + 3.65  0.6885
Al 106 + 1 15.88 + 0.04 09987 102 + 1 1471 £ 0.08  0.9957
A; 68 + 1 6.86 £ 0.03  0.9986 70 + 2 6.80 + 0.44  0.8146
A, 48 + 1 224 + 0.02  0.9984 54 + 3 275 £ 0.64  0.5958
D, 356 + 1 7201 + 0.19 09975 192 + 10 3532 + 245  0.5718
D 402 + 1 81.12 £ 0.16 0.9986 293 + 13 58.18 + 3.05  0.6487
D, 371 + 1 74.02 £ 0.18  0.9980 227 + 11 4228 + 265  0.6052

“In bold, best agreement between TG and CRTA kinetic analysis

Table S Physical meaning of
the Avrami-Erofeev kinetic
coefficient

Type of nucleation and
geometry of growing

Law of growing of nuclei

Diffusion law
(parabolic law)

Chemical reaction
(linear law)

n n

Instantaneous nucleation and 1.0 0.5
one-dimensional growth

Instantaneous nucleation and 2.0 1.0
two-dimensional growth

Instantaneous nucleation and 3.0 1.5
three-dimensional growth

Constant rate of nucleation and 2.0 1.5
one-dimensional growth

Constant rate of nucleation and 3.0 2.0
two-dimensional growth

Constant rate of nucleation and 4.0 2.5

three-dimensional growth




stabilisation of the structure produced by the magnesium
substitution, which explains the higher activation energy
for the thermal decomposition of the substituted sample.
Thus, it could occur that the nucleation becomes in-
stantaneous in the natural sample and growth of the
nuclei continues to take place by a two-dimensional
diffusion-controlled process, which would explain that
the kinetic data fit an F,; kinetic model. The two-
dimensional controlled rate could perhaps be under-
stood by considering the calcite structure of the above
compounds. It has been shown (Criado and Trillo 1975)
that the calcite structure, if oriented on plane (1 1 1), can
consist of distorted cubic packing of cations, with CO%f
ions occupying all the octahedral interstices contained
between successive plains ABCABC... of cations. If we
bear in mind that the cations have a larger mobility than
the anions, it could be proposed that the decomposition
rate of siderite is controlled by the cation diffusion on
this plane. The calcite/aragonite phase transition in-
duced by mechanical grinding of CaCO5; was also ex-
plained by considering the ionic mobility on the (1 1 1)
plane (Criado and Trillo 1975).

The composition of the final products yielded from
the thermal decomposition of siderite is another im-
portant point to be considered. Figure 7 shows the
X-ray diffraction patterns of the final products of the
thermal decomposition of natural and synthetic siderites
obtained after recording the TG diagrams included in
Figs. 4 and 5, respectively. The data included in Fig. 7a
indicate that FeO (wiistite) mainly constitutes the de-
composition product of the natural siderite. This phase
must be considered as a magnesium iron oxide
(Mg, _ \Fe O, JCPDF file 35-1393) rather than a pure
FeO phase. Figure 8 compares the XRD pattern of the
wiistite phase yielded from the natural siderite and the

Intensity (a. u)

20 30 40 S0 60 70 80
26 ()

Fig. 7a, b X-ray diffraction patterns of the products of the thermal
decomposition of a the natural siderite and b the synthetic siderite:
Mg-W Mg-substituted wiistite; M magnetite; Q quartz; Fe iron
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Fig. 8a, b X-ray diffraction patterns of a a mixture of pure FeO (W)
and MgO (P) (70/30 mol%). b The product of the thermal
decomposition of the natural siderite: Mg-W Mg-substituted siderite;
Q quartz

XRD pattern of a mixture of pure FeO and MgO with a
composition of 70 and 30 mol% for FeO and MgO,
respectively. This figure reflects a shift in the XRD peaks
of the wiistite phase yielded from the natural siderite to
higher angles with respect to the pure FeO phase. This
behaviour is similar to that observed in the natural
siderite. XRD peaks of MgO are not observed. There-
fore, Mg”>" impurities of the natural siderite must dis-
solve in the wiistite phase during its thermal
decomposition. The small amount of magnetite (Fe;Oy)
found in the final product of the thermal decomposition
of this sample could be associated with the oxidation of
the FeO by the carbon dioxide produced in the reaction.
Carbon dioxide could be partially chemisorbed on the
oxide surface during the decomposition of the carbon-
ate, in spite of being used at high vacuum.

On the other hand, iron and magnetite constitute the
product of the decomposition of the synthetic FeCO;
(Fig. 7b). If we assume that the decomposition product
of the synthetic siderite is also wiistite, the presence of
iron and magnetite can only be explained on the basis of
the equilibrium of dismutation of FeO according to the
following reaction:

4FeO — Fe304 + o — Fe . (4)

It can be estimated from thermodynamic data of the
species involved in the reaction that the forward reaction
is favoured below 563 °C. Ding et al. (1998) recorded in
a recent paper the DSC curve of an FeO sample. They
observed an endothermic peak, corresponding to the
decomposition of wiistite into Fe and Fe;O4 that ap-
peared at 250 °C, followed by an exothermic peak at
560 °C corresponding to the reformation of FeO. The
thermal decomposition of the synthetic siderite takes
place in a range of temperatures at which the forward
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reaction (4) is thermodynamically favoured. Thus, the
iron and magnetite phases formed through this second-
ary reaction are stabilised.

Conclusions

Thermal stability of siderite is strongly affected by the
partial substitution of Fe’" in the cationic sublattice.
We have shown that a pure synthetic siderite decom-
poses 200 K below the temperature of decomposition of
a natural siderite with a high Mg content (30 mol%).
Both the kinetics and products yielded from the thermal
decomposition of the two siderite samples here studied
are different. This behaviour is related to the thermal
stability of each sample. The thermal decomposition of
both samples takes place through the formation of
wiistite, but it decomposes into iron and magnetite at the
temperature range at which the thermal decomposition
of the synthetic siderite occurs. The thermal decompo-
sition of the natural siderite is completed at higher
temperatures than those required for favouring the dis-
mutation of wiistite leading to the stabilisation of this
phase.
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