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Thermal Decomposition of Ferric Oxalate Tetrahydrate in Oxidative and Inert
Atmospheres: The Role of Ferrous Oxalate as an Intermediate
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The thermal decomposition of ferric oxalate tetrahydrate
Fe,(C,04)34H,0 was studied in dynamic oxidative and inert
atmospheres by using a simultaneous thermogravimetric
(TG) and differential scanning calorimetric (DSC) analytical
device equipped with an evolved gas analyzer (EGA). Solid-
state decomposition products formed during the decomposi-
tion were analyzed by °’Fe Méssbauer spectroscopy, in situ
and ex situ X-ray powder diffraction, and magnetic measure-
ments. In the dynamic inert atmosphere, we observed the
formation of a tiny amount of superparamagnetic iron oxide
(most likely Fe30,) together with a majority of ferrous oxalate
(FeC,0,4) and remains of undecomposed Fe,(C,0,); after the
first decomposition step, which finished at 210 °C. The aston-
ishing presence of the oxidic phase at such low temperatures
is a highly probable side effect of the main reduction action
of the electrons on the Fe' cations in the ferric oxalate struc-

ture, thus resulting in the creation of intermediate FeC,0,.
The final product of decomposition of the FeC,0, intermedi-
ate in a dynamic inert atmosphere is a mixture of wiistite
(Fe O), a-iron (o-Fe), and magnetite (Fe3O,). Their pro-
portion accurately reflects actual disproportionation/syn-
proportionation/redisproportionation processes likely en-
couraged by the preserved size and morphology of the initial
ferric oxalate crystals and that are dependent on tempera-
ture. In the oxidative atmosphere, the decomposition pro-
ceeds in the three overlapped stages that include dehy-
dration, the astonishing reductive formation of FeC,0, as an
intermediate, and final decarboxylation to hematite (a-
Fe,03). The principal effect of the experimental conditions
on the amount of intermediate formation of FeC,0O, in the
oxidative atmosphere is also discussed and evaluated from
the isothermal experiments carried out at 180 °C.

Introduction

The thermally induced decomposition of a suitable pre-
cursor in the solid state represents a very simple way of its
transformation towards a desired material. The comprehen-
sive knowledge of the decomposition mechanism, with an
especial focus on the intermediates that emerge during the
transformation, represents key information necessary for
the successive preparation of a desired final product that
possesses particular properties. The thermal decomposition
of metal salts of oxalic acid has been a subject of numerous
investigations, especially as an easy way of preparing vari-
ous metal oxides.['"'¥l In recent years, many studies have
been published on the thermal behavior of ferrous oxalate
(dihydrate), FeC,0,42H,0.'>-321 However, much less atten-
tion has been paid to ferric oxalate, Fe,(C50,)3,33*1 in
spite of an interesting phenomenon, which is the formation
of a certain amount of ferrous oxalate during its thermally
induced decomposition in an inert atmospherel*>-3-38:391 or
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during irradiation by y-rays.%! The reduction of Fe™ to
Fe'! is ascribed to the electron transfer during oxidation of
the oxalate group to yield two electrons that consecutively
reduce Fe'! cations.[33

It is generally agreed that under the conditions of a dy-
namic inert atmosphere, the decomposition of hydrated
Fe,(C,04); proceeds in two or three main steps. The ma-
jority of authors also observed residues of undecomposed
ferric oxalate after the first decomposition step.[33-36:3

Thus Suzdalev et al.?®! described the dynamic decompo-
sition of ferric oxalate pentahydrate [Fe,(C,04)5°5H,0] in
the three steps that are reflected by corresponding endo-
therms in the differential thermal analysis (DTA) curve.
The first effect with the minimum at 200 °C is ascribed to
the process of dehydratation and partial decomposition of
dehydrated ferric oxalate to ferrous oxalate: 3Fe,(C,04)3°
SH>O — Fey(C,04); + 4FeC,04 + 15H,O + 4CO,. The
second reaction step within the range of 220-320 °C is as-
signed to the decomposition of the rest of ferric oxalate to
Fe;04 and o-Fe: 2Fe;(C504);3 — Fe3O4 + Fe + 6CO +
6CO,. Finally, in the last reaction step (at about 400 °C),
the decomposition of ferrous oxalate proceeds: 4FeC,04 —
Fe;04 + Fe + 4CO + 4CO..

However, quite different results were reported by Galway
et al.,33 who identified two weight losses in the TG curve.
The first one, between 120 and 190 °C, is ascribed to the
overlap of the two processes: salt dehydration and decom-
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position to ferrous oxalate with a small residue of unde-
composed ferric salt, the presence of which is concluded
from a lower weight loss relative to that that is theoretically
expected. The second step, between 190 and 350 °C, is as-
cribed to ferrous oxalate decomposition to wistite (FeO),
which consecutively disproportionates to Fe and Fe;O,.
Such a composition was also observed at 900 °C.134

However, the results reported for the decomposition of
a mixture of FeC,042H,0 and Fe,(C,0,4)5°5H,0 lead to
completely different conclusions.*!l The first step of a two-
step process is ascribed to the decomposition of ferrous
oxalate to iron(II) carbonate: FeC,O, — FeCO; + CO,
whereas the second one covers two consecutive reactions:
FeCO; — FeO + CO, followed by Fe,(C,04); — Fe,O3 +
3CO, + 3CO. It should be mentioned, however, that despite
the results concluded from the weight losses, no specific val-
ues are mentioned in this work.

Under oxidative conditions, on the other hand, the de-
composition of hydrated Fe,(C,0,)s is far more straightfor-
ward, with hematite (0-Fe,O3) being the final decomposi-
tion product.?* Various Fe,O; phases (amorphous, y, and
o) were also identified in the case of worsened oxidative
conditions (samples in the form of pellets).?”! Moreover,
the decomposition in air does not proceed in differentiable
stages (dehydration and consequent decarboxylation), but
considerable oxalate breakdown takes place although some
water still remains in the sample.[*3]

The present work resumes our recent investigations on
the mechanism of FeC,0,2H,O decomposition,!?8-30-32
which represents an intermediate phase in the thermal de-
composition of ferric oxalate under inert conditions. As al-
ready mentioned, the literature data are quite inconsistent;
various intermediates and products are mentioned, and the
mechanism of the Fe'! «» Fe!! transition and the amount
of ferrous oxalate that originates during the decomposition
of hydrated Fe,(C,0,4); are also not comprehensively clear.
Moreover, in our previous study focused on oxidative de-
compositions of various organometallic salts including
FeC,0, in air, we observed that Fe,(C,0,4); decomposition
was also accompanied by a local sample temperature in-
crease caused by a violent oxidation; in the case of FeC,0,,
this was unambiguously connected to the increase in the
oxidation state of iron.3? This fact leads us to the assump-
tion that, similarly to that in the inert atmosphere, Fe'! cat-
ions might also be present in an intermediate during
Fe,(C,04); decomposition in air. To the best of our knowl-
edge, this phenomenon has never been published.

Thus, in this work, we attempt to comprehensively de-
scribe the decomposition mechanism of Fe,(C,04)5-4H,O
under inert and oxidative atmospheres with the primary fo-
cus on the intermediate formation of FeC,O, in these pro-
cesses.

Results and Discussion

Decomposition Under Dynamic Inert Conditions

Simultaneous TG and DSC curves of the Fe,(C>04)s
4H,0 decomposition in the dynamic argon atmosphere are
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shown in Figure 1. The first weight loss (35.63%) within a
range of 120-210 °C is followed by a very slow weight de-
crease (1.45%) up to 300 °C. The DSC curve shows two
endothermic effects with two close minima at 174 and
185 °C within this temperature range that correspond to
two processes occurring almost at the same time: dehy-
dration and salt decomposition. Afterwards, there is a steep
mass decrease of 30.14% within the temperatures of 300-
390 °C in the TG curve accompanied by an intensive endo-
thermic effect with a minimum at 367 °C in the DSC curve.
This step can be assigned to the decomposition process.
Above 390 °C, no observable weight change takes place.
The part of the DSC curve that corresponds to this tem-
perature interval shows a small endothermic effect with a
tiny minimum at 576 °C, which can be ascribed to a phase
transition. It should be mentioned that the temperature of
577 °C is presented as the Curie temperature of magne-
tite*?! and a very close value of 570 °C represents a tem-
perature below which FeO is unstable and disproportion-
ates to Fe;0, and a-Fe.?>#340 The total weight loss of
67.22% is only a little bit lower than a theoretical mass loss
expected for the formation of FeO (67.91%).
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Figure 1. TG, DSC, and EGA curves of thermal decomposition of
Fe,(C,04)3°4H,0 in the dynamic atmosphere of argon.

The above-mentioned conclusions are supported well by
evolved gas analysis. The first mass loss in the TG curve is
accompanied by three ion-current signals that belong to
H,O (max. 195°C), CO, (max. 184 °C), and CO (max.
185 °C), as clearly demonstrated in Figure 1. Evolution of
water confirms well the process of dehydration of hydrated
ferric oxalate. The gradually diminishing water-signal inten-
sity indicates that water is present in the sample in a broad
temperature interval up to approximately 300 °C. Evolution
of carbon dioxide can be unambiguously ascribed to the
transformation of ferric oxalate to ferrous oxalate. How-
ever, the simultaneous occurrence of CO, with CO indicates
a breakdown of the ferric oxalate structure that leads to the
consequent formation of another, non-oxalate compound.
The second weight loss (300-390 °C) is accompanied by a
simultaneous evolution of CO, and CO, both with a maxi-
1111
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mum at 368 °C. This is again in good agreement with the
gaseous products suspected to be evolved during ferrous
oxalate decomposition in the absence of oxygen with an
iron oxide compound as the product.

To find out the phase composition of the sample during
the dynamic decomposition, we investigated the chosen rep-
resentative points (A: 210 °C, B: 260 °C, C: 400 °C, and D:
700 °C) of the TG curve (Figure 1) using Mossbauer spec-
troscopy, magnetic measurements, and in situ XRD.

The Mossbauer spectrum of sample A (dynamic heating
immediately after the first weight loss) is fitted with three
doublets (part b of Figure 2, Table 1). The hyperfine param-
eters of the broadest one (0 = 1.22mms”', AEy =
2.18 mms!), the content of which takes 83.5% of the total
spectrum area, are typical for iron(IT) and can therefore be
ascribed to forming ferrous oxalate.?! The second, less in-
tense doublet (6 = 0.38 mms™!) represents clearly the re-
mains of undecomposed ferric oxalate. The third compo-
nent (shaded) fitted by a tiny doublet (6.3% of spectrum
area) possesses the isomer shift value of 0.59 mms~!, which
is evidence of the iron atoms in a mixed Fe?*/Fe3* oxidation
state. It could be attributed either to a paramagnetic (non-
oxalate/oxidic) or superparamagnetic oxidic compound.
However, with respect to its low content in the mixture that
results in poorer statistics of the fitted parameters, we can-
not determine more precisely the origin of this minor com-
pound in the sample. The fitting procedure of sample A
including the detailed hyperfine parameters and statistical
data is available in Table S1 in the Supporting Information.

The Mossbauer spectrum of sample B (not shown,
Table 1) reflects the phase composition of the sample in the
middle of the plateau of the TG curve (dynamic heating up
to 260 °C). There is apparently only a tiny change in the
quantitative representation of the phases compared with
that observed in sample A, especially with respect to further
formation of iron(Il) oxalate at the expense of iron(III)
oxalate. The contribution of the minor phase remains prac-
tically unchanged (ca. 6.5% of the spectrum area).

To determine more precisely the origin of the minor com-
pound, created far before 300 °C (the beginning of the sec-
ond main decomposition step in the TG curve) is reached,
we performed magnetic measurements. The zero-field-co-
oled (ZFC) and field-cooled (FC) magnetization curves of
samples A and B are shown in Figure 3. For comparison,
ZFC and FC curves of iron(IIl) oxalate hydrate as well as
iron(Il) oxalate hydrate are present in the same figure. As
clearly seen, both oxalates exhibit curves typical for antifer-
romagnetic behavior that show a continual decrease of mag-
netization below ordering temperature. On the other hand,
in both samples (A and B), there is evidently an increase in
the magnetization at low temperatures (below 17 and 20 K,
respectively), which clearly indicates the presence of a non-
antiferromagnetic admixture. Apparent deviation between
FC and ZFC curves starting at the irreversibility tempera-
ture (7;,) is typical for the dynamic behavior of superpara-
magnetic particles without and in the presence of an exter-
nal magnetic field.*”! Thus, on the basis of the two above-
mentioned facts, the minor component observed in the
1112
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Figure 2. (a) Room temperature Mossbauer spectrum of initial
Fe,(C,04)34H,0 and (b) of sample A prepared by dynamic de-
composition of Fey(C,04)3:4H,O up to 210 °C in an inert atmo-
sphere of argon and immediately cooled down to room tempera-
ture.

Table 1. Room temperature Mossbauer parameters of Fe,(C,04);°
4H,0 and of samples A and B prepared by dynamic decomposition
of Fe5(C504)3:4H,0 under an inert atmosphere of argon up to 210
and 260 °C, respectively.

Sample/ ol AEQY AR Site assignment
T point [°C] [mms']  [mms!]  [%]
Fes(C0,)74H,0 038 0.40 1000 Fey(Cy0,)s4H0
A210 1.22 2.18 83.5 FeC,0,

0.38F 0.62F 10.2 Fey(C,04)5

0.59 0.35 6.3 mixed Fe?*/Fe’*
B/260 1.21 2.19 87.2 FeC,0,

038F  065F 63 Fes(C,0,)5

0.58 0.37 6.5 mixed Fe?*/Fe**

[a] F: fixed value. [b] Isomer shift (with respect to metallic iron,
+0.01). [c] Quadrupole splitting, =0.01. [d] Relative spectrum area,
+0.1.

Mossbauer spectra of samples A and B is unambiguously
confirmed and can be attributed to a superparamagnetic
compound. Moreover, the extremely low value of the block-
ing temperature (below 5 K) indicates its ultrasmall particle
dimension. Taking into account that, from the literature
data concerning magnetic behavior of iron-containing com-
pounds, only iron oxides and fluorides are known to behave
superparamagnetically, the minor compound could be
clearly attributed to a superparamagnetic iron oxide.

Eur. J. Inorg. Chem. 2010, 1110-1118
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Figure 3. ZFC and FC magnetic curves of sample A, sample B, Fe,(C,0,);*4H»0, and FeC,04-2H,0.

When comparing the magnetization curves of samples A
and B, a stronger influence of the superparamagnetic com-
ponent on the total magnetization is also evident for sample
B, as concluded from a decrease of the maximum magne-
tization value at 43 K (42 K, respectively) and a position
shift of the minima of the ZFC and FC curves to a higher
temperature (from 17 to 20 K). This could be clearly as-
cribed to the higher preparation temperature of sample B
(260 vs. 210 °C of sample A), which results in better devel-
oped particles of the superparamagnetic iron oxide.

Taking into account the phase composition observed at
higher temperatures (see below) for a mixture of the oxidic
FeO and Fe;0,4 together with a-Fe, it is highly probable
that the origin of superparamagnetic iron oxide will be from
the two oxidic compounds. Indeed, in the opposite case
there should be an observable transition effect detected in
the thermal analysis curves. As FeO in the superparamag-
netic state has not been observed so far, the superparamag-
netic phase could be most likely attributed to ultrasmall
Fe;0,4. However, the formation of Fe;O, cannot be unam-
biguously supported by the refined isomer shift of
0.59 mms~!. At most we can say that this value could corre-
spond to the superparamagnetic species (most likely Fe;0,4)
suggested by the magnetic measurements.

Unexpected formation of the oxidic iron phase at such
low temperatures can be explained as follows. Two electrons
(C,0,> — 2CO, + 2¢) are released during each oxalate
anion breakdown;?! for each Fe'! cation reduction, how-
ever, there is only one electron needed. Hence, a possibility

Eur. J. Inorg. Chem. 2010, 1110-1118
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exists that the electrons are in overabundance relative to
ambient Fe!!! cations in some places within the sample vol-
ume. In this case, either the reduction of C! cations in the
oxalate structure and/or the presence of C!V cations in
formed CO, might also take place. Both processes could
lead to the evolution of CO and therefore cause the
formation of the oxidic iron phase observed in this reaction
step.

The development of the phases after the second decom-
position step (above 390 °C) was investigated by in situ
XRD. The in situ XRD pattern of sample C that reflects
the phase composition of the sample heated up to 400 °C is
shown in Figure 4 (a). There is clear evidence of the narrow
diffraction lines of magnetite and o-Fe and the broader
lines of wiistite. All these diffractions are shifted to the
lower angle values with increasing 20, clearly as a conse-
quence of thermal deformation of the unit-cell size.

The in situ XRD pattern of sample D (Figure 4, b) re-
flects the phase composition of the sample after the com-
pleted decomposition process (thermal treatment up to
700 °C). When compared with the previous sample (C),
both quantitative and qualitative changes in the phase com-
position in the temperature interval 400-700 °C are appar-
ent, accompanied by the corresponding endothermic effect
at 577 °C in the DSC curve and no change in weight in the
TG curve (Figure 1). There are evidently more intensive and
far narrower diffraction lines of wiistite and less intensive
diffraction lines of a-iron. There is already no evidence of
magnetite in sample D.

1113
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Figure 4. In situ XRD patterns of (a) sample C prepared by dynamic decomposition of Fe,(C,04)34H,0 under an inert atmosphere up
to 400 °C, (b) sample D prepared by dynamic decomposition up to 700 °C, and (c) after 120 min at this temperature. (d) Ex situ XRD
pattern of sample D dynamically heated up to 700 °C, isothermally treated at this temperature for 120 min, and cooled down to room
temperature (25 °C). Diffraction lines assignment: M: magnetite, W: wistite, o: o-iron.

Thus we assume that wiistite, which immediately dispro-
portionates to magnetite and o-iron, is the principal prod-
uct of the thermal decomposition of ferric oxalate in a tem-
perature range of 390-570 °C. This is in a good agreement
with the theoretical instability of wiistite below this tem-
perature (570 °C).3>43-46 The idea of formation of FeO as
the principal conversion product is also supported by the
weight loss of 67.22% observed in the TG curve discussed
earlier.

Above 570 °C, on the other hand, a reverse process of
synproportionation, namely, Fe;O; + (4x — 3)o-Fe —
4Fe, O, proceeds.[*] At 700 °C, there is already no evidence
of magnetite in the in situ XRD pattern, but a-iron is still
detected (Figure 4, b). This can be explained by the degree
of wiistite stoichiometry; Fe O that forms in the range of
300-390 °C is more stoichiometric than that formed above
570 °C. Consequently, that is why not all a-iron is expended
to the synproportionation.

The idea that stoichiometric wiistite is formed below
570 °C is concluded on the basis of the fact that only almost
stoichiometric wiistite undergoes the disproportionation to
Fe;0, and o-Fe,[*8 phases we observed in the correspond-
ing XRD pattern (Figure 4, a). The presence of iron-de-
ficient wiistite in the sample above 570 °C is supported by
its conversion to iron-richer wiistite and magnetite with
time,[*+*8] which was observed in the in situ XRD pattern
measured after 120 min of the isothermal treatment at
700 °C (Figure 4, c). Hence, an observed decrease in the
content of o-iron in this sample can be explained by its
partial reaction in forming magnetite.

The XRD pattern of the same sample (D) after cooling
to room temperature (Figure 4, d) shows an increase in dif-
fraction line intensities of magnetite and o-iron at the ex-
pense of wiistite, which is caused by the redisproportiona-
1114
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tion process. It proceeds within the interval of thermal in-
stability of wiistite (570-300 °C) and can be attributed, to
some extent, to the insufficiently fast cooling rate.[*]

It is worth mentioning that this extreme variation in
phase composition observed between in situ and ex situ
measurements confirms the considerable complex impact of
experimental conditions (temperature, time, heating and
cooling rates) in these disproportionation/synproportion-
ation/redisproportionation processes and should be strongly
taken into account when interpreting the post-process data.
The appearance of the above-mentioned processes can be,
to some extent, supported by preserving the size and mor-
phology of initial Fe,(C,04);*4H>0 up to the final tempera-
ture of 700 °C, as shown in Figure 5. In such a case, all the
forming phases (Fe, O, Fe;0,4, and a-Fe, all of which possess
cubic crystal structures) are probably in a close interaction

Figure 5. (a), (b) SEM images of Fe,(C>04);:4H,0 and (c), (d) of
the material dynamically heated up to 700 °C (sample D).

Eur. J. Inorg. Chem. 2010, 1110-1118
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that forms one multiphase composition easily and enables
their mutual transformations depending on the momentary
equilibrium conditions as discussed earlier. Consequently, it
can also be concluded that the proper choice of experimen-
tal conditions can lead to the preparation of almost pure
phases, and moreover, in the form of crystals that preserve
the precursor morphology.

Decomposition Under Dynamic Oxidative Conditions

Simultaneous TG and DSC curves of Fe,(C,04);-4H,O
decomposition in the dynamic air atmosphere are shown in
Figure 6. It is apparent that the weight decrease is almost
straightforward and does not take place in separated distin-
guishable steps. However, numerous inflection points pres-
ent on the TG curve indicate more concurrent and overlap-
ping processes. The first weight decrease of 15.35% within
the temperature range of 120-180 °C attended by a corre-
sponding endothermic effect in the DSC curve (min.
174 °C) is lower than a decrease assumed for only dehy-
dration (16.09%) and continuously merges into the second
steeper loss of weight finishing at 210 °C. This second step
is accompanied by a highly intense exothermic effect with
a maximum at 200 °C. The final part of the TG curve above
210 °C is characterized by a very slow weight decrease of
0.90%, which is accompanied by a small and relatively
broad (400-500 °C) exothermic effect with a maximum at
444 °C in the DSC curve. This caloric effect is not attended
by a corresponding change of mass in the TG curve and
can be ascribed with high probability to the processes of
either crystallization or phase transition. The total weight
loss of 64.15% is in good agreement with the theoretical
weight loss (64.34%) expected for the formation of Fe,O;.

TG /% DSC /(mW/mg)
100 Texo 112
90 10
80 8
70 6
60 4
50 g
40 0
50 100 150 200 250 300 350 400 450

T/°C

Figure 6. TG and DSC curves of the thermal decomposition of
Fe»(C50,4)3°4H,0 in the dynamic air atmosphere.

To find out which processes take place during the steep
loss of weight within the short temperature range of 180—
210 °C, we stopped the analysis at 185 °C and then rapidly
quenched the sample in liquid nitrogen. Afterwards, the
material was analyzed by room temperature Mossbauer
spectroscopy. Three components, demonstrated by three
doublets, were identified in the corresponding spectrum
(Figure 7). The narrower doublet with the hyperfine param-
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eters of 6 = 0.37mms ' and AEg = 0.66 mms ' can be
clearly ascribed to the Fe' cations present in undecom-
posed ferric oxalate (29.3%). Distortion of its structure,
which results as a consequence of thermal effects, is clearly
indicated by the increased value of the quadrupole splitting
relative to the original value of AEq = 0.40 mms™! that be-
longs to the precursor (part a of Figure 2, Table 1). Hyper-
fine parameters of the broadest doublet (5 = 1.15 mms™!,
AEq = 2.25 mms ') match well with Fe'' cations in ferrous
oxalate. The isomer shift of the third doublet component
(0 = 0.34mms!) is typical for high-spin Fe!'' cations in
superparamagnetic Fe,O;. A relatively high value of the
quadrupole splitting (AEg = 1.17 mms™') provides evidence
of highly distorted symmetry of the Fe' nuclei vicinity and
indicates therefore the amorphous/poorly crystalline nature
of the oxide in the very beginning of the formation.

Transmission

v/imms”

Figure 7. Room temperature Mdssbauer spectrum of the sample
prepared by dynamic decomposition of Fey(C,04)3:4H,O up to
185 °C in the dynamic air atmosphere.

The observed amount of iron(Il) present in the sample
heated up to 185 °C is 22.0% of the total spectrum area. It
should be emphasized, however, that the decomposition in
air proceeds very quickly as follows from the TG and DSC
curves (Figure 6). Also the complex phase composition ob-
tained from the Mdssbauer spectrum of the sample heated
up to 185°C (Figure 7) indicates several concurrent pro-
cesses [dehydration of ferric oxalate, intermediate formation
of ferrous oxalate, and formation of iron(I1I) oxide] running
almost simultaneously. It might therefore be the reason why
the intermediate formation of iron(II) oxalate during
iron(III) oxalate decomposition under oxidative conditions
has never been observed. Hence, this finding supports the
idea that Fe''' to Fe!! reduction during Fe,(C,0,4); decom-
position is a general phenomenon caused only by the elec-
tron transfer and is therefore atmosphere-independent.

Decomposition of Fe,(C,04);-4H,0O Under Isothermal
Conditions in Air

It is commonly accepted that there are many factors that
influence the mechanism and kinetics of solid-state decom-
positions. Also in our previous study concerning the iso-

1115

www.eurjic.org



FULL PAPER

P. Hermankova, M. Hermanek, R. Zboril

thermal decompositions of FeC,O, and other metal salts
including Fe!! oxalate in air, we demonstrated that a varia-
tion of the sample-layer thickness resulted in different con-
ditions of oxygen access into the sample volume.’?! It was
reflected through a time-limited increase in the sample tem-
perature in the case of the powder-layer thickness overstep-
ping a certain critical value, which conflicted with the sam-
ples decomposing truly isothermally (sample temperature
precisely followed the set temperature). In the case of
Fe,(C,04)3, with Fe,05 being the final decomposition prod-
uct, this observation was quite astonishing, as the exother-
mal effects accompanied exclusively oxidative solid-state de-
compositions. Moreover, in comparing the different results
with regards to the amounts of observed intermediate
FeC,0, formed in dynamic inert and oxidative atmo-
spheres, and taking into account the electronic nature of
Fe'" — Fe!! reduction, there is reason to assume that the
amount of FeC,0, in an oxidative atmosphere is dependent
solely upon the diffusion conditions of oxygen. Thus, we
carried out the isothermal experiments for two substantially
differing Fe,(C,0y4); layer thicknesses: sample L (50 mg)
and sample H (500 mg), both heated at 180 °C in the same
porcelain crucible. The samples were taken out of the fur-
nace at specified time points and quenched in liquid nitro-
gen. Afterwards, the iron(II) content in as-treated samples
was determined using Mossbauer spectroscopy (see Fig-
ure 8).

40-
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Figure 8. The content of iron(Il) oxalate observed during the iso-
thermal decomposition of Fe,(C,04);4H,O with respect to layer
thickness (sample H: 500 mg, sample L: 50 mg).

Thus, it is clear that the less access oxygen has to the
sample (the thicker sample layer) the more iron(Il) is ob-
served. This result agrees well with our findings for samples
under inert conditions, which represent a limit of zero ac-
cess of air, which results in almost 100% observable re-
duction of Fey(C50,4); to FeC,0,. In other words, the re-
duction of Fe! to Fe" during Fe,(C,0,); decomposition is
really a general atmosphere-independent phenomenon, and
the amount of FeC,0,4 observed is strongly dependent upon
the rate of its subsequent decomposition to Fe,Os.
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Conclusion

Intermediate formation of FeC,0,4 during the decompo-
sition of Fe,(C,0,); was clearly proven not only in an inert
atmosphere, but also in an oxidative one. Moreover, the
amount of detectable FeC,0, under oxidative conditions
clearly depends on the access of oxygen to the sample vol-
ume. All the intermediates and final products of the decom-
position in both dynamic atmospheres were comprehen-
sively described. The significant difference in the phase
composition observed between in situ and ex situ measure-
ments was clarified, which positively explains the literature
discrepancies. The results can be briefly summarized in the
following points:

(1) Under a dynamic inert atmosphere, the decomposi-
tion of ferric oxalate to ferrous oxalate following reac-
tion (1) takes place up to 210 °C. A certain amount of ultra-
small iron oxide (most likely superparamagnetic Fe;O,) is
also formed up to 210 °C; see reactions (1) and (2).

Fez(C204)3 i ZFCC204 + 2COZ (1)

3Fez(C204)3 g 2FC304 + IOCOZ + 8CO (2)

Simultaneously, the process of dehydration proceeds up
to 300 °C.

Within the temperature range of 300-390 °C, the decom-
position of ferrous oxalate formed in the previous reaction
step (la) to wiistite (Fe,O) takes place; see reaction (3).

FeC,0, — Fe,0 + CO + CO, 3)

Thermally unstable Fe O undergoes the disproportiona-
tion to a-Fe and Fe;0,4 below 570 °C; see reaction (4).

4Fe, O — Fe;04 + a-Fe 4).

Above this temperature, the reverse process of synprop-
ortionation proceeds as shown in reaction (5).

Fe;0,4 + a-Fe — 4Fe, O (&)

(2) Fe,O5 is the final product of the dynamic decomposi-
tion of Fe,(C,04)5:4H,0O under dynamic oxidative condi-
tions. During this process, FeC,0, is formed as an interme-
diate product, but its precise quantification is practically
impossible due to the fast rate of its decomposition to
Fe,0O;. Isothermal experiments performed under static air
conditions proved that the less access oxygen had to the
sample volume, the higher the amount of intermediate fer-
rous oxalate detected.

Experimental Section

General: Dynamic calcinations of Fe,(C,04);°4H,O powder (Sigma
Aldrich) were carried out with a simultaneous thermogravimetric
(TG) and calorimetric (DSC) analysis device (STA 449 C, Netzsch).
The samples were dynamically heated up to chosen temperatures
(max. 700 °C) in the dynamic atmospheres of argon and air (both
with a flow rate of 30 mLmin ') with a heating rate of 10 °C min .
Evolved gasses were analyzed (EGA) with a mass spectrometry de-

vice (QMS 403 C, Aéolos).
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A muffle furnace LM 112.07 (Linn High Therm GmbH) was used
for isothermal syntheses at 180 °C. The sample temperature was
scanned by a thermocouple, which was in direct contact with the
powder.

Solid decomposition products were identified by Mdssbauer spec-
troscopy and X-ray powder diffraction (XRD). Transmission >’Fe
Mossbauer spectra of 512 channels were collected with a Moss-
bauer spectrometer at a constant acceleration mode with a
37Co(Rh) source. The measurements were carried out at room tem-
perature. The isomer shift values were referred to a-Fe. The M3ss-
bauer spectra were fitted with Moss Winn 3.0i xp.

An X'Pert PRO instrument with Co-K, radiation was employed
for XRD analyses within the angle range of 20 = 0-120°. Phase
composition of the samples was evaluated with the X’Pert
HighScorePlus software package (®PANanalytical) and JCPDS
PDF-4 database. In situ measurements in a nitrogen atmosphere
were performed with an Anton Paar reaction chamber XRK900.

SEM images were obtained with a SU 6600 (Hitachi) scanning elec-
tron microscope.

A superconducting quantum interference device (SQUID, MPMS
XL-7, Quantum Design) was used for the magnetic measurements.
The zero-field-cooled (ZFC) and field-cooled (FC) magnetization
curves were recorded upon warming samples in the temperature
range from 5 to 300 K and in an external magnetic field of 100 Oe
after cooling in a zero magnetic field and in a field of 100 Oe,
respectively.

Supporting Information (see also the footnote on the first page of
this article): Table S1 shows the gradual fitting procedure including
statistical data of the room temperature Mdssbauer spectrum of
sample A prepared by dynamic decomposition of FeC,044H,O
under an inert atmosphere of argon up to 210 °C. The final fit no.
4 is then presented in Table 1 in the text.
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