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Abstract 

The thermal decomposition of ferrous fumarate half hydrate, FeC,H,O, 0.5H,O and 
ferrous tartrate one and a half hydrate, FeC,H,O, 1.5H,O have been studied by two probe 
direct current electrical conductivity measurements under the atmospheres of static air and 
dynamic dry nitrogen. The products at each decomposition stage have been characterized by 
infrared spectroscopy, X-ray powder diffraction Mijssbauer spectroscopy and gas chromatog- 
raphy. The change in the oxidation state of iron ion is clearly followed through the course of 
decomposition via the changes in the isomer shift and quadrupole splittings. The formation of 
intermediates such as FeO, Fe,O,, y-Fe,O, and cc-Fe,O, are also discussed and the results of 
the Mossbauer measurements are correlated with the thermal analysis of these dicarboxylates. 

INTRODUCTION 

Iron oxides have great technical importance (catalysis, pigments, gas 
sensors, electronic components, etc.). For this reason, their chemical and 
structural properties have been the subject of numerous studies. Also, the 
experimental conditions for the preparation of various iron oxides have 
been extensively investigated. 

The thermal decomposition of iron( II) oxalate dihydrate has been studied 
by various workers using differential thermal analysis and thermogravimet- 
ric analysis, and also surface area measurements [ 1- 191. These indicate that 
reaction occurs in two ranges of temperature, approximately 150-250 and 
300-390°C. The reactions occurring in the lower temperature range have 
been shown to be very sensitive to the composition of the atmosphere in 
which they were carried out, small quantities of oxygen in an otherwise inert 
atmosphere giving rise to exothermic differential thermal analysis peaks 
from oxidation of the anhydrous iron(I1) oxalate initially formed. 

* Corresponding author. 
’ Part 2 of the series: for Part 1 see ref. 48. 
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Although thermal decomposition of bivalent metal carboxylates has been 
extensively investigated [ 16-241, there has been little study of iron(I1) 
carboxylates except for iron( II) oxalate [ 1 - 191. Many iron( II) carboxylates 
are unstable when they are in contact with air. It was indicated that the 
decomposition process of iron(I1) oxalate is very complicated mainly due to 
the variable valence of the iron. 

Interest has recently been shown in the use of Mossbauer spectroscopic 
techniques in the study of solid-state decomposition of iron(I1) oxalate, 
formate, gluconate and malonate [25-371. The present work was under- 
taken (a) to investigate the formation of iron oxides during the thermal 
decomposition of FeC,H,04.0.5H20 and FeC4H406. 1.5H20 and (b) to 
obtain some information about the structural properties of iron oxides 
formed. The phase analysis and structural characterization were performed 
using 57Fe Mossbauer spectroscopy, d.c. electrical conductivity measure- 
ments and X-ray diffraction studies. 

EXPERIMENTAL 

Ferrous fumarate half hydrate (FeC4H204 . 0.5H20) and ferrous tartrate 
one and a half hydrate (FeC4H406 . 1.5H20) were prepared using the 
methods described previously [24, 251. Elemental analyses were made in 
wt% for FeC,H,O,. 0.5H20 (C, 26.87 (26.83); H, 1.60 (1.67); Fe, 31.4 
(31.21) and for FeC,H,O,. 1.5H20 (C, 20.53 (20.79); H, 4.02 (4.11); Fe, 
28.0 (27.4)) where the values in parentheses are calculated ones. The IR 
spectra showed frequencies corresponding to carboxylate group, hydroxyl 
group, metal-oxygen, etc. The bidentate linkage of the fumarate or tartrate 
group with the metal was confirmed on the basis of the difference between 
the antisymmetric and symmetric stretching frequencies [38]. The X-ray 
diffraction pattern showed that the sample was polycrystalline in nature 
and comparable with data reported for fumarate [24] and tartrate [25]. 
The presence of water of crystallization was confirmed on the basis of 
the thermal analysis curves. The compounds FeC4H204 0.5H20 and 
FeC4H406. 1.5Hz0 have a magnetic moment 4.89 B.M. and 4.96 B.M. 
respectively, which indicates that the compounds have free spin with sp3d2 
hybridization. 

The procedures used for the measurements of thermal analyses (simulta- 
neous TGA, DTA and DTG), direct current electrical conductivity, infrared 
spectra, X-ray powder diffraction and gas-liquid chromatography were 
similar to those reported earlier [ 1, 23-251. 

For the Mossbauer study, the samples were heated isothermally in a silica 
boat at different temperatures for 1 h in a controlled temperature furnace 
under an atmosphere of static air or dynamic dry nitrogen. These isothermal 
samples were kept in a vacuum desiccator and removed at the time of 
measurement. The constant acceleration Mossbauer spectrometer (Austin 
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Science S-600) was used to record the Miissbauer data in conjunction with 
a 10 mC 57Co in rhodium source. The spectrometer was calibrated using a 
natural iron foil. All the spectra were recorded at 298 f 2 K. A sample 
containing approximately 10 mg cmP2 of natural iron was taken for each 
measurement. The values of isomer shift have been reported with respect to 
natural iron. The uncertainties in isomer shift, quadrupole splitting and 
internal magnetic field values are f0.02 mm s-i, +0.03 mm s-’ and 
+ 5 kOe respectively. 

RESULTS AND DISCUSSION 

Thermal decomposition processes of ferrous fumarate half hydrate 

The plot of log G versus T-’ in Fig. l(a) showed an increase in 0 from 40 
to 85°C and a decrease up to 160°C (region B) for the dehydration step. The 
isothermally heated FeC4H204. 0.5H20 sample under this atmosphere at 
110°C did not have any H-OH bands in the IR spectrum. Elemental 
analysis agreed well with the anhydrous compound FeC4H204 and the 
X-ray diffraction pattern was less crystalline than the parent compound 
FeC,H,O, . 0.5Hz0 [24]. The G value steadily increased from 160 and 
226°C (region C), and the IR spectrum of the isothermally heated 
FeC,H,O, . 0.5H20 sample at 220°C showed a decrease in intensity of 

Temperature in “C Temperature in “C 

441 282 181 111 441 282 181 111 

5.0 

9.0 

i&o 

1.0 2.0 3.0 

l/T x 103in l/K l/T x 103in l/K 

Fig. 1. Plot of log G vs. T-’ for FeC,H20, O.SH,O during decomposition in (a) static air 
and (b) dynamic dry nitrogen atmosphere: 0, during decomposition; x , cooling cycle for 
cc-Fe,O,; A, cooling cycle for Fe,O,. 
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coordinated carboxylate bands; in addition, bands at 390 cm-’ (s) and 
360 cm-’ (m) occurred for metal-oxygen stretching frequencies due to the 
presence of iron oxide [38]. The X-ray diffraction pattern of this isothermally 
heated sample showed the structure to be polycrystalline in nature, and peaks 
corresponding to both FeC4H,04 and Fe0 were observed. Even though a 
tendency for a sharp increase in CJ was observed at region D (226-32O”C), 
the characteristic high value of Fe30, (3.0 Mho cm-‘) could be obtained 
under dynamic conditions. However, the X-ray diffraction studies confirmed 
that mainly Fe,04 was formed at this temperature. The intermediate 
obtained in region E (320-390°C) was mainly Y-FezO, with traces of Fe,04. 
The X-ray diffraction was generally broad, having peaks corresponding 
mainly to Y-Fe,O, and traces of Fe,O,. The IR spectrum of the parent 
sample heated at 350°C showed no bands due to coordinated carboxylate, 
but strong and broad bands of Fe-O stretching frequencies were observed. 
This part of the graph is followed by region F (i.e. above 400°C) correspond- 
ing to the complete transformation of y-Fe203 to a-Fe,03. 

A comparison of conventional thermal analysis [24] in static air, with 
conductivity analysis in static air, of FeC4H204 . 0.5H20 shows that the 
conductivity analysis gives a much more detailed view of the decomposition 
process. TGA shows a continuous mass loss between 60 and 400°C. DTA and 
DTG give an endothermic peak at 70°C corresponding to the dehydration 
of the half hydrate complex, a broad exothermic peak (at about 290°C) 
between 250 and 380°C corresponding to the oxidative decomposition of 
FeC,H,O, to the crystalline a-Fe203. 

The Miissbauer spectra of the original sample and product at each 
decomposition stage are shown in Fig. 2 and the spectral parameters are 
summarized in Table 1. The Miissbauer spectrum of FeC4H204. 0.5H20 
(curve (a) in Fig. 2) gave two absorption bands with equal width and 
intensity, indicating that Fe2+ is in a one ion site, probably in an octahedral 
environment. The isomer shift and quadrupole splitting at room temperature 
are respectively 1.21 and 2.38 mm s-‘. The values of isomer shift and 
quadrupole splittng were in good agreement with those in the literature [ 51. 
FeC4H204. 0.5H20 is, therefore, a spin-free compound with some interac- 
tion between the Fe2+ ion and the asymmetrically arranged fumarate groups. 
The Mossbauer spectrum of anhydrous fumarate (curve (b) in Fig. 2) showed 
two absorptions, but they were broad and had different widths. The 
broadening reflects an unstable environment around Fe2+, which is consistent 
with the fact that the anhydrous fumarate was in the amorphous state. It 
should be noted here that sample of FeC4H204 stored in a desiccator for 
more than 7 days shows a similar Mossbauer spectrum. These observations 
indicate that a slow oxidation of the anhydrous material could not be 
detected. 

The Mossbauer spectrum of a sample of FeC,H204. 0.5H20 heated 
isothermally at 220°C (curve (c) in Fig. 2) showed two asymmetric peaks 
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Fig. 2. Room-temperature Miissbauer spectra of (a) FeC,H,O, 0.5H,O and its products at 
(b) lOO”C, (c) 22O”C, (d) 3OO”C, (e) 35O”C, (f) 410°C in static air. 

separated by a distance of 0.7 mm ss’ and the more acute spectrum indi- 
cated an apparent Fe2+ quadrupole doublet. In addition to this a Moss- 
bauer peak at 2.5 mm SK’ indicates the presence of a small amount of 
FeC,H,O,. The values of isomer shift and quadrupole splitting were near 
the published data for Fe0 [39]. It has been observed [39] that the 
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appearance of an asymmetric peak height lead to the identification of the 
major peaks as arising from quadrupole split Fe’+ and the distortion zero 
velocity as arising from a small amount of Fe3+. The detailed shape and 
temperature dependence of the Miissbauer spectra of Fe0 have been 
described [39]. However, the present data may not be very accurate because 
of instrumental difficulties. We therefore conclude that, although decompo- 
sition occurred, the thermal energy at this temperature was much lower than 
the activation energy required for migration of the active material into the 
lattice sites of Fe,O, (even at 270°C). The appearance of a central peak at 
0.00 mm s-r is due to oxidation of some of atoms on the surface of the solid 
to the tervalent state, so that a spin free Fe3+ Mijssbauer spectra appears. 
Here we tentatively assume that the sample obtained at 220°C is a mixture 
of Fe0 and FeC4H20,, and that a small amount of Fe3+ is also formed. 
The X-ray diffraction pattern and IR spectrum showed the formation of 
Fe0 with traces of FeC,H204. 

For the FeC4H204. 0.5H20 sample heated isothermally at 300°C the 
Miissbauer spectrum consisted of several peaks (curve (d) in Fig. 2), in 
which, in addition to the doublet due to low-spin Fe2+, the emergence of a 
sextet has been observed. This behaviour marks the beginning of the 
formation of oxides of iron. The isomer shift, quadrupole splitting and 
internal magnetic field value of 0.46 mm ss’, 0.80 mm s-’ and 480 kOe 
respectively have been calculated (Table 1). These values are in close 
agreement with the formation of Fe,O, [40]. Samples which were heated at 
350°C showed a simpler Miissbauer spectrum of only six lines (curve (e) in 
Fig. 2) which were narrower than those of Fe304. The isomer shift and 
internal magnetic field were similar to those for Y-Fe,O, [41]. No quadru- 
pole splitting was observed, which is consistent with the cubic symmetry. 
Y-Fe,O, is a ferrimagnetic compound with a spine1 structure, in which 
iron( III) cations occupy both the tetrahedral (A) and octahedral (B) sites, 
and is usually assumed to have a collinear magnetic structure consisting of 
two sublattices. 

In the case of sample FeC4H204. 0.5H20 heated isothermally at 
410°C the Miissbauer spectrum showed a six-line pattern due to mag- 
netic hyperfine splitting (curve (f) in Fig. 2) with the isomer shift, 
quadrupole splitting and internal magnetic field values of 0.31 mm s-l, 
0.20 mm sP ’ and 5 12 kOe, respectively. These values are in good agree- 
ment with the formation of a-Fe,O, [42,43]. The crystal structure of 
cr-Fe,O, has been reported to be corundum type (cr-A1203). For a-Fe,O,, 
there is a closed packed oxygen lattice where Fe3+ cations occupy the 
octahedral sites [44]. The compound a-Fe203 is a magnetically unusual 
complex, being antiferromagnetic at low temperature, then undergoing a 
transition above the so called Morrin temperature to a weak ferrimag- 
netic state, due to spin canting, before becoming paramagnetic at high 
temperatures [ 451. 



260 A.K. Nikumbh et al.lThermochim. Acta 239 (1994) 253-268 

When the reaction is carried out in an atmosphere of static air, the 
gaseous product acts as a gas buffer for the solid state reaction and some of 
the reaction is poorly defined. For example the role of water molecules in 
FeC4H204 . 0.5H20 and the role of atmospheric oxygen in the solid state 
reaction in static air could be clarified by comparing the different physical 
properties for the reaction carried out in a dynamic dry nitrogen atmo- 
sphere. 

The DTA and DTG curves for FeC,H,O, . 0.5H20 showed an endother- 
mic peak at 101°C and the TGA curve indicated a mass loss between 70 and 
lOl”C, corresponding to the dehydration of FeC4H204 0.5H20 under dry 
nitrogen atmosphere [24]. The decomposition steps could be seen on DTA 
and DTG curves at 360°C. The TGA curve showed a continuous mass loss 
from 242°C until crystallization of Fe30,. 

The plot of log c versus T-’ in Fig. l(b) showed a clear peak at 100°C 
corresponding to the dehydration step of FeC4H204. 0.5H20. The IR 
spectrum of the isothermally heated parent compound in region C showed 
an increase in the intensity of the Fe-O stretching frequency and a decrease 
in frequency for the coordinated carboxylate band. The X-ray diffraction 
revealed that Fe0 was present in this stage together with some FeC,H,O,. 
A steep increase in CJ has been observed in region D corresponding to Fe,O, 
formed as the final product. The sample thus obtained at 425°C shows a 
negligible variation in r~ with variation of temperature. X-ray diffraction 
analysis has confirmed the formation of this phase. No line which can be 
assigned to metallic iron could be detected. 

The Mossbauer spectrum of the samples FeC4H204. 0.5H20 heated 
isothermally at 110 and 250°C under dry nitrogen atmosphere were quite 
similar to those in Fig. 2 (curves (a) to (d)) and the spectral parameters are 
summarized in Table 1. At 425°C the Mossbauer spectra (Fig. 3) consist of 
two superimposed six-line patterns due to Fe3+ (A) and to Fe2+*3+ (B). The 
relative linewidth of both the patterns as well as the somewhat greater 
broadening of the outer lines are ascribed to impurity and vacancy effects. 
The excess broadening of the outermost lines of the B-site pattern may also 
be due to the fact that the electronic interchange of B sites is not extremely 
fast compared to the 57Fe Larmor frequency. Isomer shift, quadrupole 
splitting and hyperfine fields are in good agreement with the values reported 
by Kundig [46]. 

Thermal decomposition processes of ferrous tartrate one and a harf hydrate 

Simultaneous TGA, DTA and DTG of FeC4H406. 1.5H20 under the 
atmospheres of static air and dynamic dry nitrogen have been reported 
earlier [25]. DTA gave two endothermic peaks, one at 60°C and the other 
at 107°C and two peaks were observed at same temperatures in the DTG 
curve. TGA showed two regions of mass loss, one up to 75°C corresponding 
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Fig. 3. Room-temperature Mijssbauer spectra of the product obtained by heating FeC,H,O, 
O.SH,O at 425°C in dry nitrogen atmosphere. 

to the loss of half a water molecule, and the other up to 153°C correspond- 
ing to the further loss of one water molecule. The oxidative decomposition 
step for FeC4H406. 1.5H20 was observed through the presence of a very 
strong and broad exothermic peak at 209°C in the DTA curve. The DTG 
curve gave a strong and broad peak at 209°C and the TGA curve showed 
a continuous mass loss from 160°C until final recrystallization of a-Fe,O, 

[251. 
Region B’ and B” in the plot of log cr versus T-’ shown in Fig. 4(a) 

corresponds to dehydration of FeC,H,06 . 1.5H20 under static atmosphere. 
There was a steady increase in c at 153°C followed by another steep increase 
at 230°C (see regions C and D in Fig. 4(a)). These two temperature ranges 
(153-228°C and 230-342”(Z) can be tentatively assigned to the formation of 
Fe0 and Fe,O,, respectively. However, our repeated experiments to obtain 
pure Fe0 by careful heating in static air, even at 210°C always led to the 
formation of a mixture of Fe0 and FeC,H,O,. As the X-ray diffraction 
pattern of the sample obtained in this way showed broad lines, the product 
seems to be less crystalline. The IR spectrum of a sample heated isother- 
mally in regions C and D showed bands at 396 and 349 cm-‘, which are due 
to Fe-O stretching frequencies. A sample in region E (Fig. 4(a)) was mainly 
Y-Fe,O, with traces of Fe,O,; the X-ray diffraction pattern was generally 
broad. The temperature range (at about 400°C) of region F corresponded to 
the complete transformation of y-Fez03 to ol-Fez03. 
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Temperature in “C 
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Fig. 4. Plot of log 0 vs. T-’ for FeC,H,O, lSH,O during decomposition in (a) static air 
and (b) dynamic dry nitrogen atmosphere: 0, during decomposition; x , cooling cycle for 
cc-Fe,O,; A, cooling cycle for Fe,O,. 

The M&batter spectra of ferrous tartrate one and a half hydrate, 
monohydrate and anhydrous FeC4H406 are shown in Fig. 5 and the 
spectral parameters are summarized in Table 2. The spectrum of the one 
and a half hydrate (curve (a) in Fig. 5) gave two peaks with almost 
equivalent intensity, indicating that Fe2+ is in one ion site, probably in an 
octahedral environment. The values of isomer shift and quadrupole splitting 
were in good agreement with those in the literature [37]. The Mossbauer 
spectra of anhydrous FeC4H406 (curve (c) in Fig. 5) showed the larger 
quadrupole doublet, mainly attributed to the charge distribution in the Fe2+ 
(i.e. more symmetrical). It is well established that the contributions to the 
electric-field gradient around high-spin Fe( II) from the valence electrons 
and from surrounding charges are of opposite sign [47]. The spectrum of the 
monohydrate (curve (b) in Fig. 5) was almost the superposition of those of 
the original and anhydrous tartrate. This may be an indication that the 
monohydrate was a mixture of both compounds. 

The Mossbauer spectrum of the product at 210°C (curve (d) in Fig. 5) 
could be assigned to Fe0 on the basis of the conclusion for ferrous 
fumarate. The Mossbauer spectrum of the product at 330°C (curve (e) in 
Fig. 5) is somewhat broad and split, suggesting that the product is a mixture 
of several compounds. The values of isomer shift, quadrupole splitting and 
internal magnetic field were near the published data for Fe,O, [40]. 



:l..‘Ai*- ,.... Y 9&Q- -&.*:,;&._._ .j”t: .,. .#.... 5.\ .: :‘w 
-: “‘ 

1: . . (a) 
.’ 96.0- 1: ii 

. . :. 
:. .: 

94.0- :: :: .: 
. . . . 
.: ii 
:. . . .‘:..?:;+.. ,..,.. :: .: . *. ‘.‘., > . . . . :.:: \:.:_ . . . . ;: ,.:...: 

7. 
,-, ‘t 5 ::.. 

b> . .2. 100.0 - :’ . (b) 
.: : 
: :. 
ii 1: 

97.0; .: :. :: i. 
:* 

~~;r.:$:.?.. , . , ,‘, . :* .a ..I ‘.‘; ::: I . ..., ::’ ..:;: 
..‘...& . 

98.0 - ‘.; T $C .._ .:::. k) 
: . 

: ; ; : 

C-l 
‘i :: 

0 
:, :: 

95.0- ji 1, 
Y .: . . 

_a:: . . . . :... . ii :i . . . . 2,,:.,:. . ..,....*,.:,.,:.. :t ,..:: . ...” ‘.‘. . 

; 96.0- :. : .: +’ . .: . i: $ r’ (d) / 
0’ :s : ::: :i . 
” : Y .i 

: C. 
. 2: 

; 93.0- ;;i 
:: L 

al 
4 Y.* .a : 

2 lOO.O- ; p ii .h, : ,& 
: : . . i . . / “3 .; -;“.$Y, : : ; 

) 
. f 

i; 
98,0_ ; 2 ; .’ ‘:; 

-.< ;I a 
i;; 
- 

: : 
96.0- :$! 

C. : i!j . :: 

:-, . . 

I 

-L 
-10 -5 0 5 10 

Velocity in mm/s 

A.K. Nikumbh et al./Thermochim. Acta 239 (1994) 253-268 263 

Fig. 5. Room-temperature Mihbauer spectra of (a) FeC4H,06 1.5H,O and its products at 
(b) 85”C, (c) 16O”C, (d) 21O”C, (e) 33O”C, (f) 420°C in static air. 

The Mossbauer spectrum of FeC,H,O, . 1.5H20 heated at 360°C repre- 
sents a six-line pattern (similar to curve (e) in Fig. 2) with isomer shift, 
quadrupole splitting and internal magnetic field, indicating the formation of 
Y-Fe,O, [41]. In the case of sample FeC,H,O, . 1.5H20, heated isother- 
mally at 420°C the Mijssbauer spectrum showed a six-line pattern due to 
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magnetic hyperfine splitting (similar to curve (f) in Fig. 2) with the isomer 
shift, quadrupole splitting and the internal magnetic field. These values are 
in good agreement with the formation of a-FezOx [42]. 

In dry nitrogen atmosphere TGA of FeC4H406 . 1.5H20 showed the loss 
of one and a half water molecules at 120°C as reported earlier [25]. The 
DTA curve exhibited a single endothermic peak at 120°C and the DTG 
curve at 110°C. These thermal curves therefore indicated single step dehy- 
dration under this atmosphere. An endothermic peak was observed at 350°C 
in DTA, with the same on the DTG curve, corresponding to thermal 
decomposition. TGA shows a continuous mass loss between 250 and 460°C 

~251. 
The plot of log (T versus T-' in Fig. 4(b) indicated that the decomposition 

of FeC4H406 . 1.5H20 proceeds via the formation of intermediates of 
varying conductivities, and was quite similar to Fig. l(b). Here the cooling 
curve was also recorded, to test the purity of Fe,O, formed. The IR 
spectrum and X-ray diffraction pattern for samples heated isothermally at 
460°C showed pure Fe,O,. No line which could be assigned to metallic iron 
could be detected. 

The Miissbauer spectra of the same FeC4H406 . 1.5Hz0 sample heated 
isothermally at 200, 320 and 460°C under dry nitrogen atmosphere were 
quite similar to those of Fig. 5, curves (c) and (d) and Fig. 3 respectively. 
The isomer shift, quadrupole splitting and internal magnetic field values are 
given in Table 2 and are in good agreement with the reported value for 
Fe,O, [46]. 

The gaseous products obtained by thermal decomposition of FeC4H204 . 

0.5H,O under a dynamic pure and dry nitrogen atmosphere are indicated 
by the gas chromatograms shown in Fig. 6. These chromatograms showed 

Column : Sperocarb 

Detector : TCD 
Column : Porapak Q 

Detector : FID 

-Retention Time 4 - Retention Time --w 

(a) (b) 

Fig. 6. (a) and (b) Gas-liquid chromatograms for gases obtained during the thermal 
decomposition of FeC,H,O, 0.5H,O or FeC4H,0,. 1.5H,O under dynamic nitrogen at- 
mosphere. 
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the presence of both types of gases, i.e. polar (Hz, C02, etc.) and non-polar 
(CzHZ, C2H4, etc.) gases. The gases were collected at around 350°C. A 
similar gas chromatogram was obtained by thermal decomposition of 
FeC4H,06 1.5H20 under dry nitrogen atmosphere. 

The different paths followed by the decomposition of FeC,H,O, . 0.5H20 
in different atmospheres showed complete dehydration, as was seen from 
conductivity measurements, Mossbauer spectra and the IR spectrum. A 
transformation of FeC4H204 to Fe0 was also detected in static and dry 
nitrogen atmosphere. A separate phase of Fe0 could be obtained; this 
compound always occurred with FeC,H,O,. Thus the transformation of 
Fe0 and FeC4H204 seems to be an equilibrium reaction. This mixture of 
Fe0 and FeC4H204 is then transformed to Fe30,, which is the final 
product obtained in dry nitrogen atmosphere. 

655160°C 

FeC,H,O, . 0.5H20 e FeC4H204 + 0.5H,O(g) (1) 
160~280°C 

FeC, H2 0, A Fe0 + GH,(g) + CO(g) + COz(g) (2) 
28OG44o”C 

2FeO + FeC,H*O, A Fe304 + C2H2(g) + 2CO(g) (3) 

The decomposition paths of FeC4H204. 0.5H20 in static air were found 
to be similar except the step for formation of the intermediate Y-Fe,O, 

60- 160°C 

FeC,H,O, . 0.5H20 - FeC4H204 + 0.5H,O(g) 
160-226°C 

FeC4H204 A Fe0 + GH2(g) + CO(g) + CO,(g) 

(4) 

(5) 
226-320°C 

Fe0 + 2FeC4H204 A Fe30, + 2C2H2(g) + 4CO(g) + PI (6) 
320-390°C 

2Fe,O, + [O] A 3y-Fe,O, 
39OG4So”C 

Y-Fe203 F o!-Fe,O, 

(7) 

(8) 

Similar reaction paths for FeC4H406 . 1.5H20 were observed in static air 
and dry nitrogen atmosphere. 

CONCLUSIONS 

The results of the present study allow us to make the following important 
observations regarding the solid state decomposition of FeC4H204. 0.5H20 
and FeC4H406. 1.5H20. 

(a) The dehydration of FeC4H204. 0.51-120 and FeC4H406. 1.5H20 

yielding anhydrous FeC4H204 or FeC, HJ06, took place in static air or 
dynamic dry nitrogen atmospheres. 

(b) The oxidation decomposition behaviour of FeC4H204. 0.5H20 or 
FeC4H406 . 1.5H20 was better understood from the study of d.c. electrical 
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conductivity measurements, which showed different regions of conductivity 
for the intermediates formed, whereas the oxidative decomposition be- 
haviour could not be clearly understood from the thermal curves. 

(c) Mossbauer spectrum of FeC,H,O 0.5H20 or FeC4H,06. lSH,O 
gave two absorptions with equal width and intensity, indicating that Fe’+ is 
in one ion site, probably in an octahedral environment. 

(d) The Miissbauer spectrum of anhydrous fumarate or tartrate showed 
the larger quadrupole doublet, mainly attributed to the charge distribution 
in Fe*+. 

(e) The Miissbauer spectra of isothermally heated samples of FeC4H204. 
0.5H20 and FeC4H406 1.5H20 under static air and dynamic dry nitrogen 
were comparable, except that the final product obtained in nitrogen atmo- 
sphere was Fe,O,. 

(f) The gas chromatograms showed that both polar and non-polar gases 
were obtained during thermal decomposition. 
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