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ABSTRACT

The feasibility of using direct current electrical conductivity measurements to study the
solid state reactions involved in the preparation of chromium oxide from chromium(II)
oxalate dihydrate has been analysed. Investigations were carried out using atmospheres of
static air, dynamic air and dry nitrogen.

Study of the isothermal decomposition of chromium(Il) oxalate dihydrate at different
temperatures in these three atmospheres revealed that the anhydrous complex is formed first.
This then undergoes oxidation decomposition to Cr,0, with the probable formation of
intermediates of CrO and Cr,0, (i.e. CrO,,;) along with the anhydrous complex. The
conductivity measurements were supplemented with data obtained by chemical, thermal (TG,
DTG and DTA), IR spectroscopic and X-ray powder diffraction analyses. The gaseous
decomposition products were characterized by gas—liquid chromatography.

INTRODUCTION

The thermal decomposition of metal hydroxides, metal hydrous oxides
and metal carboxylates has become an important area of research in the
fields of catalysis, surface chemistry [1,2] and magnetic oxides [3-6]. The
process can involve many complicated steps, such as oxidation or reduction,
atomic diffusion, recrystallization, sintering, etc. Moreover, oxidation or
reduction of metal ions may also occur, depending on the atmosphere.
Among the studies of this kind that have been carried out on chromium
compounds, hydrous Cr,0; has been most widely investigated [7,8] because
its principal decomposition product, Cr,0;, has applications as an oxidation
or reduction catalyst. The thermal decomposition of bivalent and trivalent
metal carboxylates has also been investigated extensively [9-15].
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Interest has recently been shown in the use of electrical conductivity
techniques in the study of solid state decomposition reactions [3-6]. The
present work is concerned with the feasibility of using direct current
electrical conductivity measurements as a probe to study the progress of the
thermal decomposition of chromium(II) oxalate dihydrate. The conductivity
measurements were supplemented with data obtained by TG, DTG and
DTA, X-ray diffraction, IR spectroscopy and gas-liquid chromatography.

EXPERIMENTAL
Sample preparation

Chromium(II) oxalate dihydrate was prepared according to the usual
procedure, as described in refs. 16 and 17. A dry mixture of 14 g of
CrSO, - 5H,0 [16], 8 g of Na,C,0, and 0.25 g of H,C,0, - 2H,0 was placed
in a three-necked flask under a stream of dry nitrogen. 150 ml of oxygen-free
water was then added, and the mixture stirred vigorously with a magnetic
stirrer. After some time, chromium(Il) oxalate dihydrate, CrC,0,-2H,0,
separated out as a fine crystalline yellowish-green precipitate. This was
filtered, washed with cold water and dried in vacuo.

Elemental analyses indicated the composition of the oxalate to be: Cr,
28.98 wt.%; C, 13.54 wt.%; H, 2.25 wt.%. The calculated values are: Cr,
29.39 wt.%; C, 13.63 wt.%; H, 2.27 wt.%. The IR spectrum showed frequen-
cies corresponding to oxalate group, hydroxyl group, metal oxygen, etc. The
bidentate linkage of the oxalate group with the metal was confirmed on the
basis of the difference between the anti-symmetric and symmetric stretching
frequencies. The X-ray diffraction pattern showed the sample to be poly-
crystalline in nature, with low symmetry. The two molecules of water of
crystallization were confirmed on the basis of thermal analysis curves and
d.c. electrical conductivity measurements. CrC,0,-2H,0 has a magnetic
moment of 4.65 B.M., which indicates that the compound has free spin with
sp’d* hybridization. For the study of the decomposition of the oxalate in
dynamic air, an air compressor was used to maintain an air-flow of between
80 and 85 ml min~'.

X-ray diffraction analysis

The products of decomposition of CrC,0, - 2H,O were analysed by X-ray
powder diffraction techniques, using Cu Ka radiation (wavelength = 0.709
A, nickel filter) and a PW 1730 Philips X-ray diffractometer. The experi-
mentally observed d-spacing values and relative intensities were compared
with those reported in the ASTM File.
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IR spectroscopic analysis

IR spectra were recorded using a Perkin—Elmer Model 337 spectropho-
tometer with a Nujol mull.

Thermal analysis

Thermal analysis curves were recorded using a Netzsch instrument, for
atmospheres of static air, dynamic dry nitrogen and dynamic air. The flow
rate for the dynamic dry nitrogen and dynamic air was 90 ml min~'. The
heating rate was 3°C min~"' for the static air and 5°C min~"' for the runs
with dynamic air and dynamic dry nitrogen.

Direct current electrical conductivity measurements

The d.c. electrical conductivity was measured using a Philips PP 9004
microvoltmeter [3]. The conductivity cell was designed so that different
atmospheres could be used. For the decomposition study, the heating rate
was adjusted to 3°C min~'. Precautions were taken to maintain a constant
rate of heating. The results, presented in terms of log ¢ vs. 10° 77! (in
K™'), are given in Figs. 1-4 below. The data were obtained using four
different pellets of the same sample, and the patterns of the 6 vs. 77! plots
were found to be reproducible to within +1°C.

The evolution of various gases during the thermal decomposition of
CrC,0,-2H,0 was recorded using Shimadzu RIA and Hewlett-Packard
instruments, with nitrogen as the carrier gas.

RESULTS AND DISCUSSION
Static air atmosphere

The TG, DTG and DTA curves for CrC,0, - 2H,0 are shown in Fig. 1a.
Dehydration of CrC,0, - 2H,0 was indicated by an endothermic peak in the
DTA and DTG curves at 140 °C. The TG curve showed a weight loss within
the range 70-200° C, with a plateau up to 290° C corresponding to the loss
of two water molecules (calc., 20.4%; found, 20.1%). There was a sharp
exothermic peak (at 320 ° C) between 290 and 380 ° C in the DTA curve and
a sharp endothermic peak (at 328°C) between 300 and 400°C in the DTG
curve, corresponding to the oxidative decomposition of CrC,0, to Cr,O,.
The TG curve showed a continuous weight loss within the temperature range
290-550° C, corresponding to the formation of Cr,0; (calc., 45.17%; found,
45.46%) as final product.
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Fig. 1. Static air atmosphere: a, TG, DTA and DTG curves for CrC,0,-2H,0; b, plot of log
o vs. T7! for CrC,0,-2H,0.

A comparison of the findings of conventional thermal analysis with those
of conductivity analysis reveals that conductivity analysis gives a much more
detailed view of the decomposition process. The temperature variation of
electrical conductivity o (Fig. 1b) did not show much change with the
increse in temperature from 27 to 100°C (Region A). There was a steady
decrease in ¢ between 90 and 210°C and the value then remained nearly
constant up to 260°C (Region A’). There was a steady increase in o
between 270 and 390 ° C (Region B), followed by a steep increase at 400° C,
to a maximum at 465°C (Region C). The o value then increased steadily
and remained almost constant within the temperature range 500-600°C
(Region D).

The plot of log o vs. T~! indicated that the decomposition of CrC,0, -
2H,0 proceeds via the formation of intermediates of varying conductivity,
whereas the TG curve obtained by conventional thermal analysis showed
only a continuous weight loss, and the DTA curve showed only one sharp
exothermic peak, corresponding to oxidative decomposition.

Analysis of the plot of log 6 vs. T-! must include due consideration of
the physical factors involved in the transformation of a compound (formed
during a chemical reaction) in the amorphous phase of fusion layers to large
crystallites, through the probable intermediate stages, such as the formation
of a fine network of grain boundaries and subsequent consolidation, and the
formation of defects and subsequent annealing of such defects. It is there-
fore necessary to supplement the electrical conductivity measurements with
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TABLE 1

X-ray diffraction data for CrC,0,-2H,0 ?

Observed d-spacing Observed d-spacing
values (present study) values (present study)
(A) A)

4.68 (100) 2,14 (10)

3.87 (25) 2,09 (5)

3.54 (10) 2.03 (5)

2.95(38) 1.95 (5)

2.64(9) 1.90 (10)

2.58 (14) 1.89 (12)

2.37 (6) 1.79 10)

2.24 (8) 1.59 (4)

215(3)

* The figures given in brackets are intensities relative to the linewidth intensity (100).

other measurements of the structural characteristics of the samples, such as
measurements of IR spectra and X-ray diffraction patterns.

Within Region A of Fig. 1b there was no observable change in the X-ray
diffraction pattern (Table 1) or the IR spectra for the sample heated
isothermally. The IR bands characteristic of the co-ordinated oxalate group
[18,19], at 1600(s) (this band was broad, owing to overlap with the H,O
band), 1350(m), 1210(m), 815(s) and 488(m) cm ', persisted for samples
heated up to 120 ° C. In addition, bands due to co-ordinated water molecules
were observed at 3340(s), 1640(s), 725(m), 580(m) and 535(m) cm™!. The
findings of elemental analysis were in good agreement with the formula
CrC,0, - 2H,0.

Within the temperature range corresponding to Region A’ in Fig. 1b, the
IR spectra of samples heated at 190° C gave decisive results. An additional
band appeared at 793 cm ™", the intensity of which increased with increasing
temperature; and a corresponding decrease was observed in the intensity of
the band at 814 cm™' (see Fig. 2). At 250°C the band at 814 cm™! had
disappeared completely and the band at 795 cm ™' had become strong and
narrow. Other oxalate group bands observed for the parent compound also
showed a shift: the band at 488 cm™" shifted by +8 cm™!, the band at 1310
cm™! by +5 cm™!, the band at 1350 cm ™' by +9 cm™ ', and the band at
1600 cm™" by about +35 cm™!. A comparison of the group frequencies of
water molecules indicated that the sample heated at 250° C did not contain
any water molecules. Region A’ of the plot of log ¢ vs. T~! shown in Fig.
1b can therefore be related to dehydration of the oxalate. Such a change is
probably associated with a change from the octahedral geometry of chro-
mium(II) to a tetrahedral form. The colour of the compound changed from
yellowish-green at room temperature to gray at 250°C. Supplementary
elemental and oxalate group analyses indicated that the sample obtained at
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Fig. 2. IR spectra for chromium(II) oxalate within the region 900-750 cm ™! after samples

had equilibrated at various temperatures, and then been brought to room temperature in an
atmosphere of nitrogen: a, f =room temperature; b, t=190°C; ¢, 1 =250°C; d, sample
treated as c, but exposed to water vapour at room temperature for 30 h.

250°C was predominantly composed of anhydrous oxalate complex. To
confirm these results, the sample heated at 250°C was exposed to water
vapour in a desiccator at room temperature. IR spectra taken at various time
intervals showed that about 30 h are required for the conversion of CrC,0,
to CrC,0,-2H,0 (Curve d, Fig. 2). The X-ray diffraction pattern also
showed broad peaks with no observable change (Table 2).

After the dehydration step, the value of o increased steadily from 270 to
390°C (Region B). The IR spectra of the sample of CrC,0,-2H,O heated
isothermally at 350 ° C showed a decrease in the intensity of the co-ordinated
oxalate band. Bands also appeared at 630 and 498 cm™! for metal-oxygen
stretching frequencies which were due to the presence of chromium oxide
[20]. The X-ray diffraction pattern of this isothermally heated sample (Table
3) showed a generally sharp line, indicating that the sample was predomi-
nantly crystalline. The pattern corresponded to anhydrous CrC,0, and CrO
[21].

A sharp increase in the value of ¢ was observed within the temperature
range 400-465°C (Region C, Fig. 1b). For the sample heated isothermally
at 440°C, the IR spectra did not show any band corresponding to the
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TABLE 2

X-ray diffraction data for anhydrous CrC,0, obtained from CrC,0,-2H,0 by heating in an
atmosphere of nitrogen at 250°C *®

Observed d-spacing Observed d-spacing
values (present study) values (present study)
(A) (A)
4.69 (100) 2.48 (40)
3.76 (60) 2.16 (20)
2.90 (30) 1.89 (12)
2.75 (25) 1.74 (15)
2.60 (51) 1.63 (20)
1.56 (25)
1.38 (7)

* The figures given in brackets are intensities relative to the linewidth intensity (100).

oxalate group, but a strong and broad band was observed at 500 cm™~'. The
X-ray diffraction pattern of this isothermally heated sampie was complex,
probably corresponding to a mixture of CrO, Cr;0, and Cr,0,. Thus the
steep increase in conductivity observed in Region C was due to the transfor-
mation of CrC,0, to Cr,0, (i.e. CrC,,;), possibly via the semi-conducting

TABLE 3

X-ray diffraction data for CrC,0, and CrO obtained from CrC,0,-2H,0 by heating in an
atmosphere of static air at 350°C 2

Observed d-spacing CrO d-spacing
values (present study) (;\) values ® (A)
4.66 (60)

3.72 (20)

2.93 (30) 2.95 (40)
2.90 (21)

278 (21)

2.50 (100) 2.52 (100)
2.31(12)

2.10 (25) 2.09 (40)
1.89 (10)

1.70 (20) 1.71 (20)
1.62 (10) 1.61 (40)
1.47 (61) 1.49 (60)
1.37 (10)

1.30 (5) 1.28 (20)
1.08 (8) 1.088 (20)
0.91 (11)

0.82 (15) 0.81 (20)

® The figures given in brackets are intensities relative to the linewidth intensity (100).
b
Ref. 21.
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TABLE 4

X-ray diffraction data for Cr,0; obtained from CrC,0,-2H,0 by heating in an atmosphere
of nitrogen at 530°C ?

Observed d-spacing Cr,0; d-spacing
values (present study) (A) values ® (A)
4.64 (14)
3.64 (40) 3.63 (75)
2.94 (40)
2.78 (32)
2.65 (80) 2.66 (100)
2.49 (100) 2.48 (95)
2.176 (40)
2.07 (16) 2.048 (10)
1.90 (7) 1.81 (40)
1.65 (55) 1.67 (90)
1.58 (14)
1.47 (49) 1.46 (25)
1.42 (11) 1.43 (40)
127 (7) 1.29 (20)
1.24 (18)
1.21 (8)
1.17 (18)
1.15 (10)
1.12 (10)
1.09 (15) 1.08 (18)
1.04 (6) 1.04 (16)
1.00 (5) 0.94 (14)
0.86 (25)

* The figures given in brackets are intensities relative to the linewidth intensity (100).
b
Ref. 23.

CrO. It has been reported in the literature [22] that the electrical conductiv-
ity increases with decreasing O/Cr ratio. In the present work, no separate
step was identified for the formation of CrO. It should be noted here that
the conductivity data were obtained from a dynamic system, while the other
data were obtained for samples which had been subjected to isothermal
heating at a specified temperature.

Within the temperature range of Region D in Fig. 1b, the value of o
remained almost constant. The X-ray diffraction pattern observed for this
region indicated a predominance of Cr,0; (Table 4). Thus the conductivity
measurements, supplemented with IR spectral data, X-ray diffraction
patterns and elemental analysis, allowed a detailed analysis of the thermal
decomposition of CrC,0,-2H,0.

When the reaction is carried out in an atmosphere of normal air, the
gaseous product acts as a gas buffer for the solid state reaction and some of
the reactions are poorly defined. Clarification of e.g. the role of co-ordinated
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water molecules in CrC,0,-2H,0 or of atmospheric oxygen in the solid
state reaction carried out in static air can be achieved by comparing data
relating to various physical properties with data obtained for the same
reaction carried out in a dynamic atmosphere of dry nitrogen.

Dynamic nitrogen atmosphere

The dehydration of CrC,0,-2H,O (Fig. 3a) was clearly indicated by an
endothermic peak in the DTA curve at 140°C and a peak at the same
temperature in the DTG curve. The TG curve showed weight loss within the
temperature range 65-208° C with a plateau up to 310°C corresponding to
the loss of two water molecules (calc., 20.35%; found, 20.45%). The decom-
position of the oxalate (CrC,0,) was indicated by an endothermic peak in
the DTA curve at 400°C and in the DTG curve at the same temperature.
The TG curve showed a continuous weight loss from 310 to 590°C. This
weight loss was found to be in good agreement with the formation of Cr,0,
(calc., 45.37%; found, 45.58%) as final product.
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Fig. 3. Dynamic nitrogen atmosphere: a, TG, DTA and DTG curves for CrC,0,-2H,0; b,
plot of log o vs. T™! for CrC,0,-2H,0.
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The plot of log o vs. T~' (Fig. 3b) showed that ¢ was initially constant
(Region A), but then increased steadily to a maximum at 210°C (Region
A"). IR spectral and X-ray diffraction data indicated no observable change
in the isothermally heated sample of CrC,0,-2H,O for this region. The
value of o then decreased linearly between 210 and 270 ° C (Region B). The
IR spectrum of the sample taken at 255°C showed no H-OH bands.
Elemental analysis agreed well with the anhydrous compound CrC,0,, and
the X-ray diffraction pattern indicated that the sample was less crystalline
than the parent compound CrC,0, - 2H,0 (Table 2). Region B can therefore
be said to correspond to the dehydration of CrC,0, - 2H,0.

After the dehydration step, the value of o increased steadily within the
temperature range 270-410°C (Region C), showing a kink at 390°C. IR
spectra for a sample heated isothermally in this region showed bands
attributable to Cr-O stretching frequencies becoming more intense and
bands relating to co-ordinated carboxylate decreasing in intensity. The
X-ray diffraction pattern showed sharp lines, indicating that the sample was
predominantly crystalline. The pattern fitted with data for anhydrous CrC,0,
and CrO {21].

A steep increase in o was observed within the temperature range
410-470°C, in Region D (Fig. 3b). A sample obtained by isothermal
heating in dry nitrogen at 450°C was probably a mixture of Cr,O, and
Cr,0,. The X-ray diffraction pattern (Table 5) was generally broad, and
comparable with data reported for Cr,0, [24] and Cr,0, [23].

X-ray diffraction pattern data for a sample from the dry nitrogen atmo-
sphere run obtained at 510°C (Region E) showed sharp lines and were
comparable with the data reported [23] for Cr,0, (Table 4). No line which
could be assigned to metallic chromium could be detected in our findings.
Thus X-ray diffraction patterns and conductivity measurements (10~¢ Q!
cm) [22] suggested that the product obtained by thermal decomposition of
CrC,0, - 2H,0 in a dry nitrogen atmosphere is pure Cr,0;.

Although the nature of the decomposition process and the final products
from CrC,0,-2H,0 in static air and dynamic (dry and pure) nitrogen
atmospheres were similar, a few critical differences were observed.

(a) The temperatures corresponding to dehydration and decomposition
from DTA and DTG curves under nitrogen atmosphere were resolvable and
matched changes observed in plots of log o vs. T~ '; whereas the curves
obtained under static air were quite complex.

(b) The decomposition temperatures observed from DTA and DTG
curves under nitrogen atmosphere were higher than those observed under
static air.

(c) Oxalate was intimately associated with the decomposed product up to
390°C in dry nitrogen and static air.

(d) The step corresponding to the formation of anhydrous CrC,0, was
resolved in the plot of log 6 vs. T~! for the dry nitrogen atmosphere.
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TABLE 5

X-ray diffraction data for Cr;0, obtained from CrC,0,-2H,0O by heating in an atmosphere
of nitrogen at 450°C *

Observed d-spacing Cr;0, d-spacing

values (present study) (A) values ® (A)

4,72 (25) 4.78 (40)

3.66 (20)

3.20 (13)

2.91 (20) 2.86 (40)

2.80 (28)

2.66 (46)

2.59 (100) 2.58 (100)

2.48 (60)

2.35(35) 2.39 (20)

2.26 (10)

2.15(11) 2.16 (60)

1.88 (15) 1.90 (20)

1.77 21) 1.73 (30)

1.61 (50) 1.65 (90)
1.59 (20)

1.51 (12) 1.53 (60)

1.45 (50) 1.43 (80)

1.38 (5) 1.35 (10)
1.287 (30)

1.26 (16) 1.280 (50)
1.22 (10)

1.17 (14)

1.087 (18)

0.890 (22)

* The figures given in brackets are intensities relative to the linewidth intensity (100).
b
Ref. 24,

Since the solid state thermal decomposition of CrC,0,-2H,O is in-
fluenced by the atmosphere, it was decided to undertake similar measure-
ments in other controlled atmospheres.

Dynamic air atmosphere

The TG curve showed a weight loss between 75 and 240 ° C (Fig. 4a). The
DTA curve showed an endothermic peak at 140°C and there was also a
peak in the DTG curve at the same temperature, corresponding to the
dehydration of CrC,0,-2H,0, and an exothermic peak at 304°C, corre-
sponding to oxidative decomposition.

Region A’ in the plots of log 6 vs. T~! (Fig. 4b) corresponds to the
dehydration of CrC,0,-2H,0. There was a steep increase in ¢ at 280°C
followed by another steep increase at 370 ° C (see Regions B and C, Fig. 4b).
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Fig. 4. Dynamic air atmosphere: a, TG, DTA and DTG curves for CrC,0,-2H,0; b, plot of
log 0 vs. T™! for CrC,0,-2H,0.

These two temperature ranges, 280-370 and 370-440° C, can be tentatively
assigned to the formation of CrO and Cr,0,, respectively. However, our
repeated experiments to obtain pure CrO by careful heating in dynamic air,
even at 290 ° C, always led to the formation of a mixture of CrO and CrC,0,
(see Table 3). Since the X-ray diffraction pattern of the sample obtained in
this way displayed broad lines, the product seems to be less crystalline. The
IR spectrum of a sample heated isothermally in Regions B and C showed
broad peaks at 905, 625 and 490 cm~' which were due to Cr-O stretching
frequencies [20]. Within the temperature range ( ~ 510°C) of Region D in
Fig. 4b, the value of o remained almost constant. The X-ray diffraction
pattern for this region indicated a predominance of Cr,0;.

The gaseous products obtained by the thermal decomposition of CrC,0, -
2H,0 under dynamic (pure and dry) nitrogen atmosphere were indicated by
the chromatograms shown in Fig. 5. These chromatograms showed the
presence of polar type gases (namely, CO, CO,, H, etc.). The gases were
collected at around 350°C.

Let us now analyse the different paths by which the decomposition of
CrC,0, - 2H,0 takes place in different atmospheres. Complete dehydration
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Fig. 5. Gas-liquid chromatograms for the gases obtained during the thermal decomposition
of CrC,0,-2H,0 in a dynamic nitrogen atmosphere.

CrC,0,-2H,0 22°°S ¢rC,0, + 2H,01
Crc,0, &S Cro + CO1T + CO, 1

CrO + 2CrC,0, 2%3°S 1,0, + 4CO1 + [O]
2Cr,0, + [0] 2°S 3Cr,0,

M/
~
OI_C=OH
Scheme 1.

of CrC,0, -2H,0 was observed under static air, dynamic dry nitrogen and
dynamic air atmospheres, as indicated by the characteristic shift of the
oxalate band at 815 cm™' on dehydration. A transformation of CrC,0, to
CrO was also detected. A separate phase of CrO could not be obtained; this
compound always occurred with CrC,0,. Thus the transformation of CrC,0,
to CrO seems to be an equilibrium reaction. This mixture of CrO and
CrC,0, is then transformed to Cr;O, (i.e. CrO,,;). The final step is the
decomposition of Cr;0, to Cr,0,, in all three atmospheres. In this step, the
intimately associated oxygen is probably responsible for the formation of
Cr,0,.

It has been reported in the literature [13] that as the M-O; bond (Scheme
1) becomes stronger, so the C—-O, bond is lengthened and the C-Oy; bond is
shortened. The final product in the present work, Cr,0,, was produced in a
nitrogen atmosphere. The decomposition temperature represents the energy
required to break the C-O; bond, and this will depend less critically on the
nature of the cation.

CONCLUSIONS

The results of the present study allow us to make the following important
observations regarding the solid state decomposition of CrC,0, - 2H,0.
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(a) Dehydration of CrC,0, - 2H,0 yielding anhydrous CrC,0, took place
in all three of the atmospheres considered.

(b) Conventional thermal analysis curves (TG, DTA and DTG) showed a
very broad and large exothermic peak (DTA) and a continuous weight loss
(TG) for the oxalate in all three atmospheres at the oxidative decomposition
step. These curves could not, however, provide information regarding the
types of intermediates formed at this step. Hence it was found necessary to
supplement these results with a more helpful technique, i.e. use of d.c.
electrical conductivity measurements, in conjunction with IR spectral and
X-ray diffraction investigations.

(c) In dry nitrogen, the plot of log ¢ vs. T~! showed a well characterized
step corresponding to dehydration. The formation of CrO and CryO, as
intermediates was confirmed; CrO is always formed together with CrC,0,.

(d) The final product of decomposition, in all three atmospheres, was
found to be Cr,0,.

(e) Gas chromatograms showed that polar gases were present during the
thermal decomposition of CrC,0, - 2H,0.
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