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ABSTRACT

Thermogravimetry, evolved gas analysis, thermomagnetometry and X-ray diffraction
analysis were used to study the thermal decomposition of three siderites having markedly
different purities. The decomposition proceeds to form wustite and carbon dioxide; how-
ever, some interaction between the two produets occurs. In vacuum much of the wustite
is retained but at atmospheric pressure in a flowing inert gas magnetite is the predominant
product. In flowing oxygen the oxidation is so rapid that only hematite can be detected.
Thermomagnetometry is useful to indicate the distribution of the major impurities, e.g.,
Mg and Mn. These impurities influence the extent of oxidation and stabilize a spinel
phase, even in oxygen. The presence and composition of siderite is important in a number
of industries, ranging from ceramic to coal and oil shale utilization.

INTRODUCTION

The literature describing various aspects of the thermal decomposition of
siderite (FeCQO;) has been reviewed [1], considered in relation to other car-
bonate minerals [2], and their PA curves *** (curves of sample amount
dependence) [31, while differential thermal analysis (DTA) curve modifica-
tions in response to progressive dilution and furnace atmosphere changes [4]
and simultaneous thermal techniques have been applied to the kinetics and
mechanism of its decomposition [5].

The major source of debate concerns the nature of the oxidation/reduc-
tion equilibria. Complicating this aspect is the wide variability in chemical
composition exhibited by naturally occurring siderites, which is highlighted
by the range of analyses published [6]. The substitution of Mg, Mn and to a
lesser extent Ca, for Fe?' is so common that pure or nearly pure siderite is
seldom found [7]. Conversely, all three of these main impurity elements
may be found substituting for Fe*' in the same siderite [6]. Furthermore,
apparently complete isomorphous series may be formed between siderite
(FeCO3) and magnesite (MgCO;3;) and between siderite (FeCO3;) and rhodo-
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chrosite (MnCQ3;) [6], although whether the latter series is complete has
been guestioned [7]. The variations in chemical composition although com-
plicating the interpretation of thermal analysis results, do appear to lead fo
effects which are of assistance in recognizing the presence of such impurities
and their extent.

The detection and compositional evaluation of anhydrous carbonate
minerals is of considerable economic value and importance to, for instance,
the ceramic, cement, plaster, glass, petroleum, agricultural, smelting, coal
utilization industries and is of considerable importance in the potential use
of oil shales as a source of hydrocarbon fuels.

In these industries the presence of particular carbonates and their impuri-
ties can be either sought after or cause deleterious effects. For example, the
iron contents of carbonates may be indicative of associated heavy metal
deposits and can give information on depositional and diagenetic environ-
ments. On the other hand, siderite specifically represents not only an ore of
iron, a vein mineral with economic mineral deposits, but gives strong color-
ing and physical effects in glass manufacture, and lowers the ash fusion point
of coals [8] and oil shales.

The experimental situation is difficult because extremely low partial pres-
sures of oxygen are required to maintain the reduced oxides of iron in the
temperature region of interest. Furthermore, wustite (FeO) is unstable below
563°C with respect to disproportionation into iron and magnetite (Fe;0,)

[egn. (1)].
4 Fe,O; ~ Fe;04 + Fe (1)

Table 1 gives selected values derived from a Richardson—dJeffers type plot
[9]. The CO, released from the carbonate decomposition is thermodynam-
ically quite capable of oxidizing the wustite produced and the question per-
tains to the mechanism of the decomposition in an inert atmosphere. Mecha-
nism I assumes that the decomposition product is wustite and any magnetite
that appears is based upon a reaction with the atmosphere which to some ill-
defined extent includes its own decompgcsition product [eqn. (2)].

Mechanism 1 FeCO; = FeO + CO, (2)

TABLE 1

Approximate equilibrium partial pressures of O, associated with various iron oxidation
equilibria

—log Pg,(atm) CO/CO,
400°C 500°C 600°C
Fe+ 2/23042>1/3 Fe304 35 29
FeO + 1/6 O, = 1/3 Fe304 25 ~1
1/3 Fe304 +1/12 0, > 22 18 14 ~107%

1/2 Fe,03
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Mechanism II assumes that thermodynamic equilibrium is established during
the bond breaking process associated with the decompositicn and that no
wustite is formed [eqn. (3)].

Mechanism II 3 FeCO; » Fe; 0, + CO + 2 CO, (3)

Obviously, as the speed and probability of the secondary reaction in mecha-
nism I increases, the two mechanisms become indistinguishable. In the pres-
ence of atmospheric oxygen the reduced oxide and any CO formed would
be immediately oxidized [mechanism III, eqn. (4)].

Mechanism III 2 FeCO3 + % 0, ~> Fezo;; + 2 COz (4)

Typical divalent impurities of suitable size, e.g. Mg and Mn, are assumed
to dissolve in either the wustite or magnetite phases while Ca is presumed
too large to have significant solubility. In the case of mechanism III it is
expected that enough spinel second phase (MFe,;0,) will form to accommo-
date the divalent impurities and still allow for all of the iron to be trivalent.
Other common impurities are anticipated to form and segregate in an extra-
neous calcium silicate phase because of their low solubility in the iron oxide
phases.

Thermomagnetometry (TM) has proven useful in studying phase relation-
ships in certain systems [10,11]. Since both the various spinel phases and the
hematite (a-Fe,0;) are magnetically oriented well above room temperature,
it should also be informative for the study of the decomposition of siderite.
This technique is coupled with conventional thermogravimetry (TG) and
mass spectrographic evolved gas analysis (EGA) in an effort to establish the
sequence of oxidation of the divalent iron and to confirm the expected beha-
vior of various major impurities in siderite.

EXPERIMENTAL PROCEDURES

The purity and source of the three samples of siderite used in this work
are given in Table 2. Analyses were performed by wet chemical methods.
Samples of magnesium ferrite (MgFe,0,), manganese ferrite (MnFe,0,), and
an equimolar mix of the two were prepared by calcination of the appropriate
coprecipitated oxalates (Alfa Inorganics) in air overnight at 1000°C. Magne-
tite and hematite were from Fisher Scientific and Pfizer Chemical Compa-
nies, respectively. The calcium carbonate was a sieved 20—44 um fraction of
J.T. Baker reagent grade.

A Perkin—Elmer TGS-1 thermobalance was used which had been modified
to take data in a digital manner [12]. Calibration of the temperature axis
was achieved using magnetic standards [13]. The temperature was also moni-
tored by a chromel—alumel thermocouple; however, this method was judged
inferior to the magnetic calibration [10]. Thermogravimetric experiments
were performed using 4—12 mg samples in flowing (40 cc min~!) N, or O, at
a heating rate of 10°C min™!. The gas stream was dried by passing it through
a column of molecular sieve. Decrepitation of the mineral samples was a
problem so a tared platinum mesh screen was used as a cover.



256

TABLE 2

Composition of siderites in mole %

A B c
FeCOj3 95.3 85.5 81.7
MnCO; 4.2 4.0 6.4
MgCO; 04 7.6 9.5
CaCO; 0.9 1.5
SiO, 1.9 " 05
R,03 0.1
H,0 0.1 0.1 0

A Kryolitselskabet Oresund A/S, Copenhagen, Denmark,
B Roxbury, Connecticut, U.S.A.
C Broken Hill, New South Wales, Australia.

A small SmCo; permanent magnet was used to provide a field gradient
(~800 gauss at the sample) for the TM experiments. Heating and flow rates
were the same as those employed for TG. Sample sizes ranged from 4—16
mg.

Several modifications were made to the previously described EGA appara-
tus [14]. A UTI model 2054 programmable peak selector was used to prec-
gram the mass spectrometer and collect the data. A Netzch model 411 con-
troller was used to program the furnace temperature. A Fluke model 2190A
digital thermometer coupled with a Spectrum model 1021 filter/amplifier
(10X) was used to supply the temperature input for the programmable peak
selector. The heating rate was 10°C min™! and the vacuum ranged from 1 X
1077 to about 1 X 107 Torr depending upon the extent of the decomposi-
tion. Again decrepitation was a problem and a small (1—2 mg) plug of
quartz wool was used to prevent loss of material from the alumina crucible.

X-Ray diffraction patterns of selected powdered samples were obtained
using an automated Diano XRD-8000 diffractometer and CuKy, radiations.

RESULTS AND DISCUSSION

Figures 1—3 show the TG results for the thermal decomposition of the
three siderite samples in N, and O,. Table 3 summarizes the weight losses
observed and compares them with calculated values based upon the chemical
analyses in Table 2 and the three mechanisms described in the Introduction.
Compositions of the end products based upon these three decomposition
schemes are listed in Table 4. Inspection of Figs. 1—3 indicates that the
decomposition temperature in oxygen is higher than in nitrogen and that the
decomposition temperature increases with decreasing purity.

The values in Table 3 for the purest sample, A, agree quite well with
decomposition directly to magnetite followed by a slow oxidation in the
nitrogen stream (1—10 ppm O,) to finally yield hematite at the highast tem-
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Fig. 1. TG of siderite A. (a) 11.16 mg in N3;(b) 5.23 mg in O,.

Fig. 2 TG of siderite A. (a) 6.29 mg in N3, (b) 5.02 mg in O,.

perature. The decomposition in oxygen yields hematite directly, at least
within the time scale of this experiment.

The weight losses for samples B and C, however, do not conform so well
to that sequence. There is the same slow pick up of about 2 wt.% between
the minimum value and the end value in nitrogen. However, all the values
seem low by about 1%. Even the weight loss in oxygen for sample B seems to
be low by a similar amount. There is the problem associated with obtaining a
truly representative sample when using only 5—6 mg samples of a mineral
and this may be partially responsible. Another possibility is that the minerals
had absorbed contaminants from the atmosphere, e.g., water, since their
analysis. However, an early (<200°C) 1 wt.% loss is not evident in Figs. 2 or
3 which tends to exclude that possibility. Yet another possibility is that the
product is reduced beyond magnetite and that the spinel phase stabilizes

22}
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Fig. 3. TG of sidenrite C. (a) 6.07 mg in N,; (b) 6.14 mg in O,.
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TABLE 3

Calculated and observed weight losses for several siderites (values are wt.% remaining)

Siderite Calculated Observed
I II 11 N, (Minimum) N, (end) 0O,(end)
A 62.5 66 9 69.0 66.8 69.0 68.7
B 61.5 65.6 67.6 64.4 66.6 66.5
C 61.0 64 9 66 9 63.3 65.3 66.5

some divalent iron from subsequent reoxidation in the nitrogen stream and
even in oxygen. The latter would mean that the compositions in column IIl
of Table 3 should include more iron in the spinel phase and less hematite.

The EGA experiments describe the decomposition in vacuum and hope-
fully provide evidence to help decide between mechanisms I and II. The
clues to help distinguish this should be: (a) the relative amounts of carbon
monoxide and dioxide; (b) the sequence in temperature and time of their
evolution; (c¢) the presence or absence of any separate evolution of oxygen;
and (d) the X-ray diffraction pattern of the residue after the decomposition
in vacuum. In order to provide a frame of reference for the first three points,
EGA experiments were performed on calcium carbonate and nematite. Cal-
cium carbonate will provide an example where CO, is unequivocally the only
product gas and hence the cracking pattern of carbon dioxide can be
established on this instrument under similar conditions. of pressure, temper-
ature, geometry, and rate of evolution. Figure 4 shows the results of such an
experiment. The mass 44 (CO3) and mass 28 (CO", N3) peaks are in complete
registration with respect to temperature and time. The cracking pattern for
carbon dioxide under these experimental conditions is 44(100), 28{17),
1€(13), 12(8) and 22(0.3).

Figure 5 shows the evolution of oxygen as hematite is heated in a vacuum
of about 1 X 1077. Hematite begins to form magnetite at about 850°C and
the magnetite subsequently begins to form wustite around 1260° C. Checking
these temperatures on a Richardson—Jeffers type plot [9], they suggest a
Po2 of about 5 X 10™® which seems reasonable for the detection threshold at
the sensitivity setting used for the mass spectrometer. The experiment
demonstrates that hematite is relatively stable below approximately 800°C
and magnetite below about 1200°C in the vacuum system of the EGA. Thus
the appearance of wustite or magnetite in the decomposition products of
siderite below 800°C in the EGA is not due to reduction of magnetite or
hematite by the vacuum.

The EGA results for siderites A, B, and C are presented in Figs. 6—8,
respectively. There was only a low background for mass 32 in all cases, i.e.,
no evolution of oxygen. The mass 28 peaks ranged from 22—24% of the
mass 44 peaks. This indicates that about one-third of the mass 28 peak was
due to carbon monoxide formation and the balance to the cracking pattern
of the carbon dioxide. In addition, the two peaks are clearly not aligned for
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Fig. 4. EGA curves for CaCOg3, 6.80 mg. (a) Mass 44;(b) mass 28.

5. EGA curves for a-Fe203, 12 1 mg (a) Mass 32; (b) mass 32, 10X sensitivity.
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Fig. 7. EGA curves for siderite B, 9.5 mg. (a) Mass 44; (b) mass 28.
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the case of the high purity siderite A in Fig. 6. These facts establish that
some carbon monoxide is formed and that in at least one case the detection
of the carbon monoxide seems to lag that of carbon dioxide.

Larger quantities, about 50 mg, of the siderites were fired in the same
vacuum system to 600°C and then cooled as rapidly as the furnace will
naturally cool in the vacuum. X-Ray diffraction analysis of the residues indi-
cate predominantly wustite with some spinel. The relative quantity of spinel
varied A > C > B. The presence of wustite under these conditions indicates
that the reaction proceeds via mechanism I. The presence of the spinel and
carbon monoxide is attributed to a very rapid reaction of a portion of the
carbon dioxide evolved according to eqn. (5)

3 FeO + CO; - Fe;0, + CO (5)

Also, it must be recalled that wustite is unstable below 563°C and that at
least some of the magnetite can result from the disproportionation [egn.
(1)]. The much smaller amount of iron formed may be microcrystalline or
amorphous so that it is not readily detected by X-ray diffraction. Yet a third
possibility can be oxidation by the air in the time between the removal of
the sample from the vacuum and its subsequent X-ray diffraction analysis.
Regardless of the extent of these latter possibilities, some magnetite must
result from oxidation by the carbon dioxide produced in order to explain
the detection of significant amounts of carbon monoxide. The extent and
nature of the impurities may also influence this reaction through stabiliza-
tion of a spinel phase. If this reaction is sufficiently fast to occur in vacuum
where the gaseous products are removed rapidly, then they surely have an

Mg Fe, O

N,
300 __\\ M3g g Mngs Fez 04
MnFe 04
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Fig. 8. EGA curves for siderite C, 11.8 mg. (a) Mass 44;(b) mass 28.

Fig. 9. TM curves for various oxides of iron.
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opportunity to occur during the conventional TG experiments at atmo-
spheric pressure where there would be locally a greatly increased partial pres-
sure of self-evolved carbon dioxide.

All the spinel phases formed during the decomposition of the siderite are
ferrimagnetic with Curie temperatures, 7, above room temperature.
Although hematite is antiferromagnetic, there is a weak parasitic ferromag-
netic component which arises from the canted spins [15]. This can be
detected at high sensitivity. Figure 9 shows TM curves for several oxides
which are relevant to this investigation. Feported values of T¢ are given in
Table 5 [16]. Excellent agreement exists between the reported values and
those deduced from Fig. 9 for the simple oxides, hematite and magnetite.
The substituted spinels, however, are much more subject to variance due to
slight differences in cation ratios, oxygen stoichiometry, site preference, and
particle size. The first depends upon the synthesis and the latter three are
established by the thermal history. The somewhat lower T¢s observed may
be due to an iron deficiency or partial oxidation. The hypothetical values of
Tc given in Table 4 are calculated using the reported values for the pure com-
pounds in Table 5 and the assumption of a linenr dependence of T¢ upon
composition for the solid solution.

A series of TM curves for siderite A is shown in Figs. 10—12. The start-
ing weight of the sample in the absence of a magnetic field is taken as 100
wt.%. All three siderifes tended to gain about 0.5—1.2 wt.% at room temper-
ature when the field gradient was imposed.

The decomposition in nitrogen (Fig. 10) begins around 400°C as it did in
the absence of a magnetic field. As the wustite originally formed becomes
oxidized by the carbon dioxide, magnetite is formed. These magnetite nuclei
grow until they are of sufficient size and crystalline perfection to magneti-
cally order. This gives rise to an apparent weight gain in the magnetic field
gradient because the sample 1> still below the T'¢ for the spinel phase. As the
Tc of this phase is exceeded, the weight quickly adjusts to the weight loss
curve in the absence of a magnetic field. The T of the spinel phase in Fig.
10 seems to be in good agreement with that predicted for the single phase
spinel in Table 4 (~550°C).

In oxygen, however, the wustite is so rapidly oxidized to hematite that
the strongly magnetic spinel phase never has a chance to form, and the only

TABLE 5
Reported Curie Temperature, Tc, for selected compounds

Compound To(°C)
o-Fe,03 675
v-Fe,05 ~585
Fe3O: 585
MgFegO4 440
MnFez 04 300

MD3O4 —230
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Fig. 10. TM curves for siderite A. (a) 8.588 mg in Nj; (b) 8.429 mg in Oa,.

Fig 11. TM curves for the residues in Fig 10. (a) Nj residue in N3, (b) O, residue in O,.

magnetically induced perturbation that is evident is the slight drop at about
675°C indicative of the parasitic ferromagnetism in hematite.

The decomposed samples were reheated in the same atmosphere without
disturbing the balance/magnet arrangement. These TM curves are presented
in Fig. 11. The slow oxidation that takes place at higher temperatures has
markedly changed the TM curve for the sample run in nitrogen. The 100%
value represents the original starting weight of the siderite in the absence of
the magnetic field, i.e., it is the same scale as in Fig. 10. The sample now
appears to be multiphase with considerable hematite indicated by the appa-
rent weight loss near 675° C. The spinel phase does not appear homogeneous,
with a break near 300°C indicating manganese ferrite, and another around
500°C which implies a mixed ferrite including some divalent iron. In oxygen
only hematite 1s evident, implying that the major impurity, manganese, has
probably been oxidized to the trivalent state and incorporated mto the
hematite phase as has been observed elsewhere [17]. The small amount of
magnesium is not detected magnetically, suggesting that there is no spinel
present and that the magnesium has been rejected to form a small amount of
a second phase of its own.

The material calcined in vacuum had been shown to be wustite with some
spinel by X-ray diffraction analysis. Figure 12 shows the TM curve for the
material both heated (curve 1) and reheated in nitrogen again without dis-
turbing the balance/magnet relation (curve 2). The starting weight of the cal-
cine in the absence of a magnetic field represents the 100% value. The initial
heating of the wustite, curve 1, shows that there is a significant amount of
magnetic spinel phase present initially and that the amount increases as the
wustite is slowly oxidized by the oxygen impurity in the nitrogen stream.
This is a slower process than that indicated in Fig. 10 because carbon dioxide
is absent. There is a sharp apparent weight loss at the T¢ of the spinel phase.
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Fig 12. TM curves in N, for siderite A after caleination in vacuum. (1) 4.943 mg — 1st
heating; (2) reheating.

Fig. 15. TM curves for siderite B. (2) 8.073 mg in N3;(b) 4.193 mg in O,.

Again the T agrees well with that predicted for the single phase spinel in
Table 4. Upon reheating (curve 2) there is no wustite phase to be oxidized
and only the spinel phase with some hematite is obvious. The hematite could
be inferred from the weight gain present at higher temperatures in the initial
heating (curve 1). It would also have been predicted from Figs. 10 and 11.
The TM analyses for the other siderites reflect the same general thinking
but differences arise due to the increased impurity contents, magnesium in
particular. The analogous curves for siderite B are presented in Figs. 13—15.
Because of the increased impurity content, T¢ of the spinel phase is lower.
Consequently, the apparent weight gain in nitrogen is less in Fig. 13 than for

wT%
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Fig. 14. TM curves for the residues in Fig. 13 (a) N, residue in N, ; (b) O, residue in O,.

Fig. 15. TM curves in N for siderite B after calcination in vacuum. (a2) 8.073 mg — 1st
heating; (b) reheating.
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placement towards lower TC values consistent with the trend indicated by
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vious from the apparent weight change around 675°C. This is greater in
oxygen than in nitrogen, as would be expected.

The TM curves for the material calcined in vacuum show less apparent
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weight gain during the initial heating. Upon reheating, the material appears

more homogeneous and very similar to that observed earlier for siderite A.
The T for the spinel formed by the decomposition of siderite C has

dropped so low, due to the highest impurity content, that there is no appa-

rent weight gain in the TM curve in N, (see Fig. 16). Upon reheating (Fig
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Fig. 18. TM curves for siderite C after calcination in vacuum. (2) 3.270 mg — 1st heating;
{b) reheating.
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17), the T¢ is shown to be <400°C and hence one would not expect to see
the magnetic effect during the initial decomposition which starts above
400°C. Again, the hematite is much more evident in the experiments per-
formed in oxygen.

Finally, the TM curves for siderite C calcined in vacuum (Fig. 18) are very
similar to those for siderite B. The values of T¢ are shifted towards iower
temperatures, as would be expected. In every case the T¢ of the spinel phase
for materials calcined in vacuum is higher than that calcined in nitrogen or
oxygen. This indicates that for any given purity the amounts of divalent iron
and total iron in the spinel, and hence the percentage of the spinel phase,
increase with increasing reducing power of the atmosphere during the forma-
tion of the spinel.

CONCLUSIONS

The thermal decomposition of siderite occurs via the production of wus-
tite and carbon dioxide. The partial pressure of oxygen necessary to preserve
this wustite is exceedingly low and hence immediate interaction with the fur-
nace atmosphere occurs. Some interaction with carbon dioxide produced is
inevitable, as shown by the significant amount of the reaction occurring in
vacuum. In a flowing inert gas stream, it appears that magnetite will result
from this interaction. In air or oxygen the oxidation is so rapid that only
hematite is detected. The nature and extent of impurities, e.g., magnesium
and manganese, will have a significant effect on the phases formed during the
decomposition.

Thermomagnetometry is a useful technique to show the presence of inter-
mediate magnetic phases during the decomposition. If the Curie temperature
of the resulting spinel phase is depressed below the decomposition tempera-
ture of the siderite then intermediates cannot be detected magnetically. The
end product, however, can be evaluated by this technique to aid in determin-
ing the distribution of the impurities. Furthermore, the degree of purity of
naturally occurring siderites is indicated as the T of the spinel formed from
their thermal decomposition falls with increasing impurity contents.
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