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Abstract

The thermal decomposition of chromium(III) formate pentahydrate, Cr3(OH)2(HCO2)7�5H2O, in helium atmosphere and

20% O2 in helium atmosphere has been successfully studied by means of TG-DTA-MS, i.e., thermogravimetry-differential

thermal analysis (TG-DTA) coupled with evolved gas analysis (EGA) using mass spectrometry (MS). The TG-DTA-MS is

useful to interpret the complicated successive reactions and to determine the mechanism of the thermal decomposition. The

thermal process in He atmosphere proceeded by four steps, while in 20% O2±He atmosphere it proceeded by three steps. The

decomposition scheme of Cr3(OH)2(HCO2)7�5H2O in He atmosphere was proposed by the following decomposition

mechanism via formation of three intermediates:

Cr3�OH�2�HCO2�7 � 5H3O! Cr3�OH�2�HCO2�7 � 2H2O� 3H2O

Cr3�OH�2�HCO2�7 � 2H2O! Cr3�OH�2�HCO2�7 � 2H2O

Cr3�OH�2�HCO2�7 ! Cr2O3 � Cr�HCO2�3 � CO� 3CO2 � 3H2

2Cr�HCO2�3 ! Cr2O3 � 3CO� 3CO2 � 3H2:

After the decomposition, a slight mass loss was observed with a sharp exothermic crystallization of Cr2O3 due to evolution

of H2. In 20% O2±He atmosphere, a drastic exothermic mass loss accompanying evolution of CO2, H2O and H2 was explicable

by one step combustion of the dehydrated formate, and a small amount of mass loss observed with a crystallization of Cr2O3

was attributed to evolution of O2. The decomposition process without an intermediate was indicated by the temperature

increase of the specimen produced by combustion heat. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chromium(III) formate consists of complex salt

structures and is known as the structures of

Cr(HCO2)3�6H2O, Cr3(OH)2(HCO2)7�5H2O and
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Cr3(HCO2)9�6H2O. Chromium(III) formate pentahy-

drate, Cr3(OH)2(HCO2)7�5H2O, is one of the prefer-

able raw materials to obtain ®ne powdered

chromium(III) oxide Cr2O3, which are highly reactive

and sinterable during the solid-state reaction and the

densi®cation, for the production of the chromia cera-

mics such refractories, humidity sensors, varisters etc.

Iizumi et al. reported that the decomposition in air

proceeds via a dehydrated phase and terminated with a

sharp exothermic phenomenon [1]. It has been estab-

lished that the four water molecules in the sample

dehydrate at 100±1058C [2].

Both thermogravimetry (TG) and differential ther-

mal analysis (DTA) are widely used to study the

thermal decomposition of various materials. Since

such major thermal analysis techniques provide phy-

sical information, ancillary data is required for che-

mical interpretation of the observed thermal events.

Moreover, it has been recognized by many researchers

using thermal analysis that the experimental condi-

tions will considerably affect results of thermoanaly-

tical methods. To uncover the underlying mechanisms

in such decomposition process it is highly advanta-

geous to employ complementary experimental tech-

niques in an in-situ manner, and so ambiguities in data

interpretation are generally much reduced. For this

reason, there is increased interest in hyphenated tech-

niques such as themogravimetric-fourier transform

infrared spectroscopy (TG-FTIR) and TG-mass spec-

trometry (TG-MS), where the experimental results are

displayed in three dimensions such as the temperature,

the mass number and the abundance [3±7]. In other

words, this means that it is essential to determine

simultaneously chemical species of the evolving gas

products. TG-MS is most effective method to sensi-

tively identify the volatile products formed during

thermal decomposition and makes it possible to deter-

mine the mechanism kind of decomposition process

more exactly.

First of all we focus on the interpretation of the

actual decomposition mechanism of Cr3(OH)2

(HCO2)7�5H2O. In the present work, we analyze the

thermal decomposition process in more detail by

TG-DTA-MS (simultaneous measurement of thermo-

gravimetry, differential thermal analysis and mass

spectrometry) in helium atmosphere and 20% oxygen

in helium mixture (20% O2±He) atmosphere. Then,

we demonstrate the effectiveness of this simultaneous

measuring method, and discuss the difference of the

decomposition mechanisms with atmosphere.

2. Experimental

Cr3(OH)2(HCO2)7�5H2O (Nakarai Tesque, regent

grade) was used as received. The results of the com-

positional analysis for chromium, carbon and hydro-

gen (25.8, 14.2 and 3.0 mass%, respectively) agreed

approximately with the value expected from the for-

mula (26.2, 14.1 and 3.2 mass%, respectively).

Thermal properties of the sample was determined

by a Rigaku Thermo Plus TG-DTA 8120 apparatus at

the following conditions: starting temperature; 258C,

sample crucible; platinum, sample weight; ca. 10 mg,

heating rate; 108C minÿ1, atmosphere; dry He and

20% O2±He mixture, ¯ow rate; 300 ml minÿ1.

Evolved gas analysis was performed by set up

consisting of the TG-DTA connected to a Rigaku

Thermo Mass M-QA200TS system. The carrier gas

from the furnace of the thermobalance was led to MS

through a 1 m long fussed silica capillary with the

internal diameter of 0.075 mm. Capillary was heated

to 2508C to prevent condensation. Ion source of the

quadrupole mass spectrometer (Q-MS) consists of a

thoria-coated iridium ®lament to prevent oxidation-

deterioration. This Q-MS was operated in the electron-

bombardment ionization (70 eV) mode and the m/z

ranging from 1 to 50 which enabled the detection of

hydrogen ions (H�) and molecules (H2
�) evolved

from the sample. Low background pressure of nitro-

gen (m/z 28) and water vapor was achieved so that

carbon monoxide (m/z 28) and water vapor evolved

from the sample was successfully evaluated. NIST/

EPA/NIH chemical and structural database was used

to assign the mass spectrum of an evolved unknown

compound. Additionally, X-ray diffraction (XRD)

analysis was performed to identify the crystalline

phases and to determine the crystallinity. The speci-

mens were quenched quickly from the TG-DTA appa-

ratus at the predetermined temperatures.

The XRD spectra of the samples were obtained

using a Rigaku/RINT2500 X-ray diffractometer. Cu

Ka radiation (l�1.5405 AÊ ) with a graphite monochro-

mator was used for the measurements. A line shape

X-ray source was operated at 60 kV and 300 mA,

and the data were collected in the range of
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3<2y<100 with an interval of 0.028 and a scan speed

of 4 minÿ1.

3. Results

3.1. In He atmosphere

Fig. 1 shows the TG, DTG and DTA curves for the

thermal decomposition of Cr3(OH)2(HCO2)7�5H2O in

He atmosphere. The total mass loss at 7008C was

58.76%, and the thermal decomposition was roughly

divided into the three steps. Fig. 2 shows the three-

dimensional representation of TG-DTA-MS data. The
change of fragment ions in the mass spectra for the

evolved gasses was clearly observed during the several

decomposition stages and suggested that the different

species evolved simultaneously. The results of TG-

DTA-MS and the mass spectra during the endothermic

mass losses at 60.2 and 209.78C (8.99 and 6.08%) are

shown in Fig. 3. The total ion current (TIC) of m/z 1±

50 was indicated in the ®gure after subtracting the

background (the TIC before heating). The TG and

DTA curves were in good correspondence with the

TIC curve. The mass spectra observed at these peak-

top temperatures were recognized to be similar to each

other. Evolution of water vapor was indicated by the

simultaneous detection of m/z 18 (H2O�), 17 (OH�)

and 1 (H�), whose intensity (ion current) ratios are

approximately constant. The m/z 1 is not cited in the

NIST database1. In the present work, the intensity

Fig. 1. TG-(DTG)-DTA for thermal decomposition of

Cr3(OH)2(HCO3)7�5H2O in He.

Fig. 2. Three-dimensional representation of TG-DTA-MS data for

thermal decomposition of Cr3(OH)2(HCO3)7�5H2O in He.

Fig. 3. Overall TG, DTG, DTA and TIC curves and mass spectra

observed at 60.2 and 209.78C corresponding to ®rst two mass

losses for thermal decomposition in He. (a) TG-DTA and TIC

curves, (b) mass spectrum at 60.28C, (c) mass spectrum at 209.78C.

1 Entry No. 4, NIST 107 (H2O).
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ratio of [OH�]/[H2O�] (approximately 30.2%) is

higher than that of reference spectra (21.2%) reported

in the NIST database. The difference should be attrib-

uted to the difference of instrument.

The results of mass spectra at each DTA peak

temperatures (346.08C and 359.48C) during the

endothermic mass losses (total amount; 43.69%) are

shown in Fig. 4. Also, apparent two peaks were

recognized in the TIC curve for this decomposition

stage synchronizing with the TG-DTA curve. The

mass spectra observed at these peak temperatures

seem to be similar to each other, except that the ion

ratio of m/z 28 (CO�) to m/z 44 (CO2
�) changed.

Simultaneous evolution of carbon monoxide (m/z 12,

16 and 28)2, carbon dioxide (m/z 16, 28 and 44)3 and

hydrogen (m/z 2) was clearly detected. Here, evolution

of carbon monoxide was supported by the detection of

m/z 12 and the intensity of the m/z 28 higher than that

of the fragmentation of m/z 44. Evolution of water

vapor (m/z 17 and 18) was not recognized during this

stage.

Fig. 5 shows the mass chromatogram curves

extracted from the mass spectra in Fig. 4. Evolution

of hydrogen, carbon monoxide and carbon dioxide

was approximately simultaneous but not synchronized

completely. The peak-top temperatures for the evolved

gases are as follows:

3428C: CO2

3478C: H2 and CO

3608C: CO

3648C: H2.

TG-DTA curves and the mass chromatogram curve

of hydrogen ion (m/z 2) around a sharp exothermic

DTA phenomenon (571.98C) are indicated in Fig. 6. A

small amount of mass loss (0.04%) was observed and

also evolution of hydrogen (m/z 2) was clearly

detected.

3.2. In 20% O2 in He atmosphere

Fig. 7 shows the TG, DTG and DTA curves in 20%

O2±He ¯ow for the thermal decomposition of

Cr3(OH)2(HCO2)7�5H2O. The thermal decomposition

was terminated at 5008C and the total mass loss was

calculated as 57.27%. First two endothermic mass

Fig. 4. Mass spectra at 346.0 and 359.48C in the TIC for the

evolved gases during the decomposition of chromium formate

anhydrate. (a) TIC curve, (b) mass spectrum at 359.48C, (c) mass

spectrum at 346.08C.

Fig. 5. Mass chromatogram curves of m/z 2(H2), 28(CO), and

44(CO2) ions depicted based on the mass spectra in Fig. 4.

2 Entry No. 8, NIST 107 (CO).
3 Entry No. 36, NIST 107 (CO2).
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losses were approximately identical to those obtained

in He atmosphere, i.e., evolution of water vapor.

However, a small amount of carbon dioxide was

detected during the second endothermic mass loss

as shown in Fig. 8. The each dehydration was shifted

to higher temperatures than that in He atmosphere.

A steep mass loss (43.92%) accompanied with a

remarkable exothermic DTA peak (3108C) was

observed. The specimen temperature increased by

508C. The results of TG-DTA-MS and the mass

spectrum for the evolved gas during the exothermic

mass loss are shown in Fig. 9: here, detection of m/z

16(O�) and 32(O2
�) ions evolved from the sample

were virtually impossible, because these ions were

saturated in the ionization chamber by high partial

pressure of O2 in the atmosphere. Hydrogen, water

vapor and carbon dioxide were detected simulta-

neously. The existence of carbon monoxide seems

to be predictable, because the intensity ratio of

[CO�]/[CO2
�] was apparently higher than that of

individual carbon dioxide.

An exothermic mass loss (3.25%) at 442.38C
occurred at lower temperature than that (571.98C)

in He atmosphere and with more mass loss than that

(0.04%) in He atmosphere. As shown in Fig. 9, how-

ever, ions of the evolution gas components that should

be corresponding to this exothermic mass loss could

not be detected in the TIC.

Fig. 6. Enlargement of TG-DTA and mass chromatogram of

hydrogen (m/z 2) around a crystallization of Cr2O3 (5708C).

Fig. 7. TG-(DTG)-DTA for thermal decomposition of

Cr3(OH)2(HCO3)7�5H2O in 20% O2±He. (a) TG-DTA curves, (b)

temperature and DTG curves.

Fig. 8. Mass spectra at 114 and 2138C in TIC corresponding to ®rst

two mass losses for thermal decomposition in 20% O2±He. (a) TIC

curve, (b) mass spectrum at 114.08C, (c) mass spectrum at 213.08C.
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4. Discussions

4.1. Decomposition in He atmosphere

In order to clarify the decomposition mechanism,

the mass loss during each decomposition process

should be characterized by the identi®ed evolution

components. In the ®rst two stages, the mass losses

accompanying the DTA peaks (60.2 and 209.78C)

were estimated to 8.99 and 6.08%. These experimental

values agreed closely with the theoretical values cor-

responding three (9.08%) and two water molecules

(6.06%), respectively, and thus the dehydration pro-

ducts of each stage will be Cr3(OH)2(HCO2)7�2H2O

and Cr3(OH)2(HCO2)7, respectively. The most prob-

able thermal decomposition scheme is:

Cr3�OH�2�HCO2�7 � 5H2O

! Cr3�OH�2�HCO2�7 � 2H2O� 3H2O (1)

Cr3�OH�2�HCO2�7 � 5H2O

! Cr3�OH�2�HCO2�7 � 2H2O (2)

From the TG curve on the third mass loss, the

thermal decomposition of the chromium formate

anhydrate will be corresponded to a single decom-

position stage, and the following reaction was derived

from evolution of hydrogen, carbon monoxide and

carbon dioxide.

2Cr3�OH�2�HCO2�7
! 3Cr2O3 � 5CO� 9CO2 � 9H2 (3)

The following reaction is impossible because water

vapor was not detected;

2Cr3�OH�2�HCO2�7
! 3Cr2O3 � nH2O� 5CO� �9ÿ n�CO2

� �9ÿ n�H2 �n � 1ÿ 4� (4)

The total mass loss (43.69%) in this stagewas smaller

thanthatof the theoreticalmass loss (46.57%)calculated

from the evolved components, i.e., carbon monoxide,

carbon dioxide and hydrogen. The difference may be

attributed to the proportion of carbonized residue that

remained in Cr2O3 by carbonization.

However, from DTG, DTA and TIC curves during

this stage implied that the decomposition consists of

two overlapping reactions, i.e., the thermal decom-

position progressed through the formation of inter-

mediate. The mass spectra obtained at two

overlapping reaction (346.0 and 359.48C) are shown

in Fig. 4. As the intensity of m/z 28 (CO) ions obtained

at 359.48C is compared with that at 346.08C, an

increase of CO amounts in later reaction (359.48C)

is remarkable. Additionally, the mass losses could be

approximately divided to the proportion of 6:4. Con-

sequently, we can deduce from these data that a

different type of dehydrated chromium(III) formate

Cr(HCO2)3 as the intermediate formed in the course of

decomposition process.

From this ®nding, the most probable decomposition

scheme of Cr3(OH)2(HCO2)7 was suggested as fol-

lows:

Cr3�OH�2�HCO2�7
! Cr2O3�Cr�HCO2�3�CO�3CO2�3H2

(5)

2Cr�HCO2�3 ! Cr2O3 � 3CO� 3CO2 � 3H2

(6)

the theoretical mass losses at steps (5) and (6) are

27.90 and 18.66%, respectively, and agreed approxi-

mately with the proportions of the divided mass losses

(6:4) above-mentioned, and also evolution amount of

CO (m/z 28) increased by step (6).

Fig. 9. Results of TG-DTA-MS and mass spectrum at 3608C in

TIC during thermal decomposition of chromium formate anhydrate

in 20% O2±He. (a) TG-DTA curves, (b) temperature and TIC

curves.
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The last evolution of hydrogen (peak top tempera-

ture 571.98C) occurred at higher temperature than the

other gases, which indicated that hydrogen element

existed as some inorganic condensed matter, discussed

in Section 4.2.

4.2. A sharp exothermic phenomenon at 571.98C in

He atmosphere

Crystallization Cr2O3 from the amorphous phase is

interpreted to be the sharp exothermic phenomenon by

which hydrogen incorporated in the amorphous phase

seemed to evolve. This crystallization phenomenon

was supported by the unambiguous change of XRD

spectra for the samples quenched before and after the

temperatures of the sharp exothermic phenomenon. A

water vapor from oxidation of hydrogen was not

detected, so this implied that the amount of residual

oxygen in the atmosphere is extremely small.

4.3. Decomposition in 20% O2 in He atmosphere

A part of the evolved hydrogen was expected to be

oxidized in the 20% O2±He ¯ow to cause water vapor,

which was not detected in He atmosphere. Carbon

monoxide should be partly oxidized to increase the

amount of carbon dioxide. The temperature jump

(correspond to exothermic peak at 3108C) was

explained by the heat of oxidation (combustion) by

which the decomposition was accelerated.

A crystallization phenomenon (443.38C) occurred

at lower temperature than that (571.98C) in He atmo-

sphere. Since the evolution gases correspond to the

mass loss (3.25%) at 442.38C could not be detected,

undetected gas species, i.e., concealed oxygen into the

atmosphere was suggested. Conceivably, the amor-

phous product formed by the vigorous combustion

contained oxygen with the supersaturated conditions

by incorporating oxygen element, and the observed

mass loss seemed to correspond to release with the

crystallization. In order to clarify this conjecture, the

sample quenched after the third decomposition stage

in 20% O2±He atmosphere was re-heated in He atmo-

sphere. TG-DTA-MS data are shown in Fig. 10. The

mass loss of 3.25% caused by the crystallization was

attributed to evolution of oxygen (m/z 16 and 32) and a

small amount of water vapor, so the results have

substantiated above hypothesis.

The total experimental mass loss of 47.17%

(43.92�3.25%) from Cr3(OH)2(HCO2)7 to crystal

Cr2O3 agreed excellently with the theoretical mass

loss (46.57%).

5. Conclusions

The thermal decomposition of Cr3(OH)2(H-

CO2)7�5H2O to form Cr2O3 was investigated in both

atmospheres of He and 20% O2±He by means of TG-

DTA-MS.

In He atmosphere, the thermal process consisted of

apparent four steps. First, two endothermic mass

losses with evolution of water vapor occurred at

60.2 and 210.78C. The decomposition of the chro-

mium(III) formate anhydrate in the third stage

occurred by the endothermic mass losses at 346.0

and 359.48C accompanying evolution of hydrogen,

carbon monoxide and carbon dioxide. Since the close-

lying reactions in this stage took place successively, it

was virtually dif®cult to elucidate the decomposition

mechanism by simple TG-DTA. The analysis of

simultaneous evolved gases using MS was effective

to determine the intermediate product that existed in

the course of such complicated decomposition. The

formula for the present intermediate formed during the

overlapping reactions was estimated to be Cr(HCO2)3

Fig. 10. Overall TG, DTA and extracted mass chromatogram of m/

z 32 and mass spectra at TIC peak during the mass loss with the

crystallization in He. The quenched intermediate specimen after

the thermal decomposition of chromium formate anhydrate in 20%

O2±He was used.
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by which the following reaction mechanism was for-

mulated satisfactorily:

Cr3�OH�2�HCO2�7 � 5H2O

! Cr3�OH�2�HCO2�7 � 2H2O� 3H2O

Cr3�OH�2�HCO2�7 � 2H2O

! Cr3�OH�2�HCO2�7 � 2H2O

Cr3�OH�2�HCO2�7
! Cr2O3�Cr�HCO2�3�CO�3CO2�3H2

2Cr3�OH�2�HCO2�3
! Cr2O3 � 3CO� 3CO2 � 3H2

The mass loss of 0.04% with the rapid exothermic

crystallization at 571.98C after the decomposition was

attributed to evolution of hydrogen.

In 20% O2±He atmosphere, the decomposition of

the anhydrous formate occurred by the exothermic

(combustion) mass loss at 3008C accompanying evo-

lution of hydrogen, water vapor, carbon monoxide and

carbon dioxide. It was demonstrated that the mass loss

of 3.25% with the exothermic crystallization occurred

accompanied by evolution of oxygen.
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