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ABSTRACT

Thermal analyses of rubidium and cestum oxalate monohydrates were carried out by
means of thermogravimetry, differential thermal analysis and differential scanning calorime-
try together with powder X-ray diffraction analysis Both the oxalate monohydrates Rb,C,0,

H,0 and Cs,C,0, H,O belong to the monochnic crystal system with cell dimensions of
a=968, b=635 c=1109 A and 8=1094° at 20°C and a=1019. b=667. c=1144 A
and B8 =1080° at 20°C, respectively Three crystallographic modifications (phases I, If and
IIT) were 1dentified for both dehydrated oxalates The crystals of Rb,C,0, and Cs,C,0, in
phase I have an orthorhombic umt cell with a =369, b =660 and ¢ =13 94 A a1 330°C and
a=382, b=684 and c=1444 A at 330°C, respectively

Heating the crystals of Rb,C,0, 1n phase I to 380 ° C, transforms the specimen into phase
II belonging to the orthorhombic crystal system with lattice parameters a =4 56, b =653
and ¢=949 A at 385°C At temperatures above 388°C, the crystals of phase II iransform
mnto phase III which belongs to the tetragonal crystal system with a =439 and ¢ = 6 67 A at
405° C Both the phase transitions I = IT and IT — I1I are reversible The crystals in phase I11
begin to decompose at around 450 ° C

The crystals of Cs,C,0, 1n phase I also transformed reversibly into phase II at 400°C,
and into phase IIT at 451°C The crystals in phase II have orthorhombic unit cell with
a=477, b=682 and c=995 A at 440°C, and 1n phase III a tetragonal unit cell with
a=466and c=704 A at 465°C The crystals in phase 111 decomposed above 470° C

The dehydration of both oxalate monohydrates proceeded as a phase boundary reaction
The decomposition of Rb,C,0, also proceeded as a phase boundary reaction However, the
decomposition behavior of Cs,C,0, was characternistic of a homogeneous first-order reaction
since the specimen melted during the decomposition

Activation energies of the dehydration and the decomposition were determined for both
oxalates
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INTRODUCTION

Several studies have been carried out on the thermal decomposition of
metal oxalates The thermal analyses of alkali metal oxalates have also been
studied by several investigators [1-8] Dollimore and Grnffith [1] have
studied the differential thermal analyses of sodium and potassium oxalates
in nitrogen and oxygen They showed that their decomposition to the
carbonate 1s endothermuc in nitrogen, but exothermic in oxygen The kinetic
study of the thermal decomposition of lithtum oxalate to the carbonate has
been also carried out by Dollimore and Tinsley [2] They showed that the
reaction occurred with an increase 1n the surface area, followed by extensive
sintering, and 1ts kinetics followed a phase boundary mechanism
Higashiyama and Hasegawa [7] have found the three crystallographic mod-
ifications of the anhydrous potassium salt by means of differential thermal
and thermogravimetric analysis together with the X-ray diffraction method
Adams and Ramdas [8] have studied the kinetics of the thermal dehydration
and deperhydration of some alkali metal hydrates and perhydrates How-
ever, the thermal analyses of rubidium and cesium oxalates have been
sparsely studied

In the course of thermal analysis of alkali metal oxalates, we found [9]
that anhydrous rubidium and cesium oxalates have three different crystallo-
graphic phases In the present study, to obtain further detailed information
on both the oxalates, their thermal behavior was mvestigated by means of
thermogravimetry (TG), differential thermal analysis (DTA), differential
scanning calorimetry (DSC) and the X-ray powder diffaction method

EXPERIMENTAL
Materials

Rubidium and cesium oxalates were prepared from the reaction between
oxalic acid and respective carbonates, by the method previously described
[10] The anhydrous oxalates were highly hygroscopic On standing over-
night at room temperature, the anhydrous oxalates changed to the respective
oxalate monohydrate

Measurements

Thermogravimetric (TG) and differential thermal analytic (DTA) curves
were obtained simultaneously with differential thermal microbalances, a
Rigaku-Denki TG-DTA M 8075 and a Shinku-Riko TGD-5000 RH About
20 mg of powder specimen were weighed mm a platinium crucible, and
a-alumina was used as a reference matenial Dernivative thermogravimetric
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(DTG) curves were obtamned by the method described previously [11,12]
Dafferential scanming calorimetric curves were recorded with a Shinku-Riko
DSC-1500 M/L About 10 mg of specimen were placed 1n an aluminum
crucible, and a-alumina was used as reference material This instrument was
calibrated with the heats of melting of indium (AH =327 kJ mol™',
156 5°C) and zinc (AH =6 57 kJ mol ™!, 419 6°C) [13]

Powder X-ray diffractograms were obtamned with a Ruigaku-Denki dif-
fractometer, RAD-tA, equipped with a standard high temperature sample
holder Cu K, radiation, nickel filter and a graphite monochromator were
used 1n all measurements In X-ray diffraction measurements at a high
temperature, the specimen was heated at a rate of 2°C min~"' and cooled at
—2°Cmin~! After attaining a given temperature, the spectmen was kept at
constant temperature for 1 h Diffraction patterns were taken at a step width
of 002° The diffraction lines could be indexed by a microcomputer (Sharp
MZ-2000)

The specimen released gaseous products with increasing temperature The
gaseous products evolved were collected 1n syringes at various temperatures,
and 2 cm® of each gas collected was analyzed by a Shimadzu Gas Chromato-
graph GC-4B equipped with a thermal conductivity detector The separation
column was a 2 m X 5 mm 1d stainless steel tube packed with 60~80 mesh
WG-100 (purchased from Gasukuro Kogyo) The column and the detector
were kept at 50 °C, and helium was used as a carrier gas at a flow rate of 30
cm® min~!

IR absorption spectra were measured from 250 to 4000 cm™' in KBr
disks with a Hitachi 295 spectrophotometer

RESULTS AND DISCUSSION
Thermal analyses of Rb,C,0, H,O and Cs,C,0, H,O

TG and DTA curves of Rb,C,0, H,O m a flowing dry nitrogen atmo-
sphere (70 cm® mun~!) are shown in Fig 1 The TG curve shows that the
dehydration took place 1n the temperature range 84-145°C, and the weight
loss observed (6 5%) was equal to that required by theory for dehydration In
the DTA curves, the endothermic peak associated with dehydration was
recognized at 133°C After dehydration, overlapping two endothermic peaks
were found at 384 and 392°C in the DTA curve, but no weight loss
corresponding to these peaks was found The endothermic decomposition of
Rb,C,0, began at around 450°C, and appeared to be complete at 635°C

The TG and DTA curves of Cs,C,0, H,O (Fig 1) were similar to those
of Rb,C,0, H,O The dehydration took place in the temperature range
35-76°C After the dehydration, two endothermic peaks observed at 404
and 455°C were not accompanied by a corresponding weight loss The
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decomposition of this anhydrous product took place in the temperature
range 440-635° C These findings suggest the existence of phase transforma-
tions 1n both the anhydrous compounds

Phase transformations of Rb,C,0, and Cs,C,0,

To obtain further information about the two endothermic phase transi-
tions observed 1n the temperature range between dehydration and decom-
position, DSC measurements and powder X-ray diffraction analyses were
examined 1n detail at high temperatures

When the DSC measurement of Rb,C,0, was carried out at a heating rate
of 2°C min~', the two peaks (P, and P,) were separated clearly (Fig 2) On
cooling the specimen preheated to 430 ° C, two exothermic peaks (P, and P))
appeared If the specimen was cooled to any temperature below 360 ° C and
was reheated, 1t behaved like the imitial sample The values of enthalpy
changes for these phase transitions on heating and on cooling, were de-
termined from the peak areas of DSC curves and are shown in Table 1 It 1s
noteworthy that the absolute values of heats of the phase transitions P, and
P, are almost equal to those of P{ and P, respectively This finding suggests
that the phase transitions are reversible
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Fig 2 Heating and cooling DSC of Rb,C,0, and Cs,C,0, Symbols A-E and A'~E’ show
the temperature at which the X-ray diffraction patterns were measured A 330, B, 385, C,
405, D, 380, E, 330, A’, 330, B’, 440, C’, 470, D’, 440, and E’, 330°C Symbols (I)~(III)
show the phases

Figure 3 shows the X-ray powder diffraction pattern (F) of Rb,C,0, H,O
at room temperature and those (A-E) of Rb,C,0, measured at various
temperatures The crystal of Rb,C,0, H,O, has a monochnic system with
cell dimensions a=968, b=635 c=1109 A and B=1094° at 20°C
from mdexing 1ts diffraction lines The results are consistent with the data
reported (a=9662, b=6350, c=11088 A and B=1094°) by Pedersen
[14]

After dehydration, Rb,C,0, crystals show the diffraction pattern in Fig
3A The diffraction lines can be indexed on the assumption that Rb,C,0,
crystal has an orthorhombic unit cell with lattice constants a = 3 69, b = 6 60
and ¢=1394 A at 330°C Thus phase 1s stable below 370°C and 1s called

TABLE 1
Enthalpy changes for phase transformation of Rb,C,0, and Cs,C,0,

AH (k] mol™1)

Heating Cooling

P, P, P/ P/
Rb,C,0, 67401 39401 -65+01 —-38+400

Cs,C,0, 28401 18401 ~27401 -19+00
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Fig 3 X-Ray diffracuon patterns of Rb,C,0, and Rb,C,0, H,0 See Fig 2 for symbols
A-E and (I)~(III) Symbol F shows Rb,C,0, H,O

phase I When the crystals of Rb,C,0, 1in phase I were heated and held at
385°C for 1 h, the specimen shows a different diffraction pattern from that
of phase I (Fig 3B) The diffraction lines could be indexed on the basis of
an orthorhombac cell with lattice constants a =456, b=654 and ¢ =949
A at 385°C The phase 1s stable 1n the temperature range 382—387°C and 1s
called phase II When phase II was further heated and held at 405°C, the
specimen shows a new diffraction pattern (Fig 3C) The diffraction lines
can be indexed on the assumption that the crystal has a tetragonal umt cell
with lattice constants a =4 59 and ¢ = 6 67 A at 405°C This phase 1s stable
above 390°C until decomposition, and 1s called phase III When the
specimen preheated at 405° C was cooled to 380° C and held for 1 h, 1t gives
similar diffraction lines to those of phase II (Fig 3D) When the specimen
was cooled to 330°C and held for 1 h, 1t also gives a similar diffraction
pattern to that of phase I (Fig 3E) These findings confirm that the above
phase transformations I — II — III are reversible
The thermal behavior of Cs,C,0, H,0 was similar to that of Rb,C,0,

H,O Two reversible transformations were also confirmed by means of DSC
measurements and X-ray diffraction analyses at high temperatures (Figs 2
and 4) The crystallographic data of Cs,C,0, H,O and Cs,C,0, have not
yet been reported Their X-ray diffraction profiles were similar to those of
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Fig 4 X-Ray diffraction patterns of Cs,C,0, and Cs,C,0, H,0 See Fig 2 for symbols
A’—E’ and (I)~(III) Symbol F’ shows Cs,C,0, H,0

Rb,C,0, H,0 and Rb,C,0,, respectively The powder X-ray diffraction
lmes of Cs,C,0, - H,0, could be indexed on the assumption that the crystal
has a monochnic unit cell with lattice constants shown in Table 2 After the
dehydration, phase I appeared (Fig 4A”) and 1t transformed 1nto phase II at
401°C (Fig 4B’) The crystals in phase II transformed into phase III at
temperatures gher than 450° C (Fig 4C’) When the specimen 1n phase 111
was cooled and held at 440°C for 1 h, 1t gave a stmilar diffraction profile to
that of phase II (Fig 4B") Further, when the specimen was cooled and held
at 330°C for 1 h, 1t also showed similar X-ray diffraction lines to those of
phase I (Fig 4E’) Therefore, these two transformations are reversible The
crystal structures of the three crystal phases were estimated from indexing
the X-ray diffraction lines, and are shown 1n Table 2 The comparison of the
cell dimensions of Rb,C,0, with those of Cs,C,0, shows that the latter are
shghtly larger in each phase (Table 3) although the cell dimensions in phase
II and III are compared at different temperatures This seems to be due to
the difference 1n the 10nic radius of cesium and rubidium 1ons

In the first transformation (I — II), the changes 1n lattice parameters are
considerable, 1e the length of the a-axis lengthens, whereas that of the
c-axis shortens. The second transformation (II — III) appears to be from
orthorhombic to tetragonal However, changes 1n lattice parameters are not
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TABLE 2

Unat cell dimensions

Phase
Monohydrate ) (1I1) (111)
Rb,C,0,
Cell dimension a=568 A a=369A a=456A a=459A
b=635A b=660A b=654A
c=1109 A c=139%A (=949 A c=667A
B =109 4°
Temperature (°C) 20 330 385 405
Monoclinic Orthorhombic Orthorhombic Tetragonal
Cs,C,0,
Cell dimension =1019A a=382A a=471A a=466A
b=667A b=684 A b=682A
c=1144 A c=1444 A c=995A c=704 A
B=1080°
Temperature ( ° C) 20 330 440 470
Monochnic Orthorhombic ~ Orthorhombic  Tetragonal

large compared with those of the I — II transformation These seem to be
consistent with the fact that the enthalpy change measured for the first
transformation 1s larger than that for the second (Table 1) The phase
transformation and the changes of lattice parameters with increasing tem-
peratures suggest that the phase III 1s a stage in the course of the phase
transitions from the orthorhombic system (being stable at lower tempera-
tures) to the cubic system, because 1t 1s unstable at higher temperatures

No transformations were seen 1n the thermal analyses of Li,C,0, and
Na,C,0, which have a monochnic crystal system [15.16] The crystals
decompose to their respective carbonates directly

Higashiyama and Hasegawa [7] have mnvestigated the thermal transforma-
tion of K,C,0, They found that an orthorhombic phase was stable at room
temperature, and the phase transformed 1rreversibly into a tetragonal phase

TABLE 3

Ratios of cell dimensions

Axis Cs,C,0, H,0 Cs,C,0, (1) Cs,C,0, (1I1) Cs,C,0, (I11)
Rb,C,0, H,0 Rb,C,0, (1) Rb,C,0, (11) Rb,C,0, (1I1)

a 105 104 105 102

b 105 104 104

¢ 103 104 106 106
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at 381°C. They also showed that the tetragonal phase transformed revers-
1bly mnto a new phase when 1t was cooled to temperatures below 215°C
However, the result from our re-examination shows that 1t does not agree
with their result, and the thermal behawvior of K,C,0, 1s extremely com-
plicated The thermal transformation of K,C,0, should be re-examined,
and the details of thermal transformations of K,C,0, will be reported in a
future work

Thermal decomposition

The TG, DTA and derivative thermogravimetric (DTG) curves of Rb,C,0,
are shown 1n Fig 5, together with the evolved gas analysis (EGA) curve for
1its thermal decomposition 1n a flowing dry nitrogen atmosphere The ob-
served weight loss (10 7%) was consistent with that expected (10.8%) on the
basis of the following equation

Rb,C,0, » Rb,CO,+CO  (AH =78 4kJ mol~' [10]) (1)

e
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Fig 5 TG, DTG, DTA and evolved gas analyses for thermal decomposition of Rb,C,0, 1n a
dry mitrogen flow atmosphere Heating rate, 10°C mn ™!
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The analysis of the gas evolved showed that the decomposition occurs with
almost simultaneous evolution of CO, and CO at 450°C The ratio of CO,
to CO was high at the mitial stage of decomposition, and varnied with
increasing temperature The overall ratio was 102 A gray residue due to
dispersed carbon was obtained, and the following disproportionation of CO
1s suggested

2C0->CO,+C (AH=-1724kI mol™! [17]) (2)

A slight and broad exotherm at around 535°C is probably due to this
exothermic disproportionation In Fig 5, the experimental DTA curve 1s
compared with that simulated by consideration of the enthalpy changes of
reactions (1) and (2) The agreement between the curves confirms reactions
(1) and (2) The apparent exothermic peak at 585°C in the experimental
DTA curve could not be found in the simulated curve The shight exotherm
at 610°C seems to correspond to the crystallization of the decomposition
product Rb,CO,

The thermal decomposition of Cs,C,0, took place analogously to that of
Rb,C,0, according to the equation

Cs,C,0, > Cs,CO;+ CO  (AH =189 78 kJ mol~! [10]) (3)

A shight sharp endothermic peak was observed at 585° C on the DTA curve,
and the rate of decomposition changed clearly at this temperature (Fig 6)
Microscopic observation of the specimen of Cs,C,0, at elevated tempera-
tures showed that the specimen melted at this temperature The findings
suggest that this endothermic peak consists of the two peaks corresponding
to decomposition and melting

The evolution of CO, suggests the disproportionation of CO The overall
ratio of CO, to CO (1 47) 1s somewhat larger than that of Rb,C,0,

Kinetic analysis

The dehydration and the decomposition of both the oxalates were analyzed
kinetically by the method described previously {11,12] The dehydration of
Rb,C,0, H,0 and Cs,C,0, H,O was found to be a two-dimensionally
phase-boundary-controlled reaction [18,19] The values of the activation
energies were 76 4 and 25 7 kJ mol ?, respectively These values correspond
to their dehydration temperature The value for Rb,C,0, H,O 1s smaller
than that (247 kJ mol™ ") reported by Adams et al [8] Their experiment was
carried out 1n a static air atmosphere, whereas ours was in dry nitrogen flow
It 1s known that the rate of dehydration 1s considerably influenced by the
atmospheric conditions, and the difference may be due to this

The decomposition of Rb,C,0, occurred as a phase boundary reaction
[18,19], and the value of activation energy obtained was 271 8 kJ mol~! On
the other hand, the decomposition of Cs,C,0, occurred as a first-order
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Fig 6 TG, DTG, DTA and evolved gas analyses for thermal decomposition of Cs,C,0, m a
dry mitrogen flow atmosphere Heating rate, 10° C min ™!

reaction It seems reasonable that because Cs,C,0, melts during the decom-
position, its decomposition has homogeneous kinetics The value for activa-
tion energy was 304 9 kJ mol™!
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