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ABSTRACT 

A description is given of an experiment in which a time-of-flight mass spectrometer is 
used to monitor the thermal decomposition of solid samples placed in the ion source 
region. Because the mass spectrometer can both identify and quantify the gaseous pro- 
ducts, the technique yields direct insight into the decomposition mechanism as well as 
values for kinetic parameters. An assessment of the technique is given and its application 
illustrated by a study of anhydrous calcium oxalate decomposition “in vacua”. The 
decomposition occurred in two stages, the kinetic parameters determined being 

1st Stage: A = 6.3 * 0.5 X 10zl s-l; E = 283 * 1.2 kJ mole-’ 

2nd Stage: A = 6.0 * 0.5 x 1014 s-i; E = 231 + 12 kJ mole-’ 

The decomposition mechanism is found not to be simple and thus the selection of calci- 
um oxalate as a “model” compound to show the applicability of a particular method of 
analysing kinetic data obtained in vacuum is questioned. 

INTRODUCTION 

It has long been recognised that in order to make definitive statements 
about a chemical decomposition, the products must be identified and their 
relative quantities determined. This has led to the coupling of instruments 
capable of supplying this information to the more traditional methods of 
thermal analysis. Mass spectrometers are known as one of the most accurate 
and reliable instruments which can be used for evolved gas analysis in con- 
junction with the conventional thermal analysis techniques such as TG and 
DTA, etc [l]. 

It is possible, however, to obtain kinetic and mechanistic information for 
a solid decomposition reaction, in which gas is evolved, directly from the 
mass spectrometric data thus obviating the need for a TG instrument. This 
approach has been discussed by Wendlandt [l], Shulman [2], Friedman [3] 
and most recently by Smith [ 4 1. 
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The basis of the experiment is that provided the ion current (H) measured 
for a characteristic mass spectral ion is proportional to the rate of gas evolu- 
tion from the decomposing solid, i.e. the rate of weight loss, then the frac- 
tion Q! of the sample decomposed at time 3c is given by 

thus the value of CY against time (t), or temperature (2’) for the rising tempe- 
rature experiment can be determined from the area under the ion current 
against time (or temperature) curve. Thus conventional a/t or a/T curves can 
be obtained directly from the mass spectrometic data. Figure 1 compares 
the type of curve obtained when the ion current signal is plotted against 
either time or temperature with the conventional a/T curve obtained from a 
TG instrument. 

This paper reports the development of a time-of-flight mass spectrometer 
to monitor the thermal decomposition of solid samples pIaced in the ion 
source region and the application of this equipment to a kinetic study of the 
decomp’osition of anhydrous calcium oxaIate. 

The monohydrated caIcium oxaIate has often been used as a model com- 
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Fig. 1. (a) Mass spectrometric peak height (H) vs. temperature (T) or time (t) obtained 
from non-isothermal experiment. (b) CY vs. temperature (2’) or time (t) curve obtained via 
conventional non-isothermal thermogravimetric experiment. 
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pound to check the validity of a particular kinetic method. It is known that 
during the thermal decomposition of CaC204 - Hz0 the following equili- 
brium reactions occur 

CaC204 + CaC03 + CO (II) 

CaCO 3 + CaO + CO2 (III) 

Several authors have studied the kinetics of reactions (I) and (III) [5-81 and 
(II) [5,8-lo] by means of TG, DTA and IR disc techniques. Most of these 
experiments were carried out under a static air atmosphere when reaction 
(II) is immediately followed by the heterogeneous exothermic reaction 

co+~o**co~ (IV) 

which is often able to occur at the carbon monoxide formation temperature 
due to the catalytic effect of such crucible materials as, for example, 
platinum. 

On the other hand, one of the characteristic features of the decomposition 
of alkaline earth oxalates is the formation of carbon dioxide via the dispro- 
portionation reaction 

2co=+co,+c (V) 

The extent of reaction (V) is reported to vary widely with the environmental 
conditions. 

This feature was clearly demonstrated in the work by Pas&is [ll] who 
studied the thermal decomposition of strontium oxalate under various 
conditions. The importance of this disproportionation reaction of carbon 
monoxide has been neglected by many research workers (e.g. refs. 9,10 and 
12) who have used calcium oxalate as a model compound to test the validity 
of their kinetic method. We report results which clearly demonstrate that, 
although the decomposition of anhydrous CaC204 in “vacuum” produces 
good straight line Arrhenius plots, the mechanism of reaction can by no 
means be regarded as simple, and further studies are required to completely. 
clarify the situation. 

EXPERIMENTAL 

Figure 2 shows a schematic diagram of the experiment. The ion source of 
the mass spectrometer is situated above an Edwards 100/300 Diffstak diffu- 
sion pump which is backed by a high speed rotary pump. Using Santovac 5 
diffusion pump oil, this is capable of producing pressures below 10m6 Torr 
(i.e. 10D4 Nm-*) during the decomposition. 

Two inlet systems are available, the gas inlet system can be used to intro- 
duce calibration gases and also vapours or gases produced from an external 
unit, e.g. TG, DTA, GLC etc., whilst the Bendix Model 843 A direct inser- 
tion probe permits the introduction of solid materials into the ionisation 
region via the vacuum lock system which enables the probe to be inserted or 
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Withdrawn from the mass spectrometer without the latter being let up to 
atmosphere pressure. 

The original Bendix thermocouple and furnace (tungsten-rhenium fila- 
ment) systems have been changed to a 1 mm diameter Pt/l3% Rh-Pt 
thermocouple and a special tube furnace. The tube furnaces were manufac- 
tured from 50 mm lengths of high purity alumina (“ALSINI” tubes 3.5 mm 
outer diameter and 2.5 mm inner diameter, open both ends) which were 
spattered with platinum to give a resistance of approximately 2-3 a over 
the whole length. The 50 mm lengths were then cut in half to yield two fur- 
naces. 

Power to the furnace is supplied via two platinum wires affixed at each 
end, good electric contact being ensured by a coating of platinum paste 
(N758, Johnson Matthey Metals Ltd.) which was cured by heating in a 
muffle furnace to 800-850°C. The completed furnace is positioned between 
two .heater supply terminals so that the thermocouple is exactly in the 
middle. The leads from the heater terminals and the thermocouple are 
connected to a LVP/CAlO/R/SP Stanton-Redcroft temperature controller. 
Because of the low thermal capacity of the furnace (approximately l-2 a), 
the controller was especially modified by the manufacturer to give lower 
than normal current outputs. This is used in conjunction with an “in-house” 
voltage dropper (nominal output 10 Vat) to provide constant heating rates 
in the range 0.5-10°C mm-* with an accuracy of temperature control within 
1°C. The temperature reading on the Stanton-Redcroft controller unit is 
taken as the crucible temperature, calibration experiments having shown that 
this was correct to within 0.5”C. 

The sample crucibles are made from quartz tubing (1.2-l .5 mm diameter 
and about 2.5 cm length) which enabled samples to be heated up to 800°C. 
The crucibles are sealed in the middle so that they can be filled with sample 
from one end and then easily rested on the thermocouple from the other 
end. About l-5 mg of sample is loosely packed in the quartz crucible which 
is then placed at the end of the probe. The sample is introduced into the ion 
source region of the mass spectrometer by passing the probe through the 
vacuum lock and left for sufficient time (e.g. overnight) so that any surface 
adsorbed material is pumped away. The sample is then subjected to a linear 
temperature rise and the required mass spectrometric information recorded 
during the decomposition. The ion current vs. temperature profiles can be 
obtained either by repeated scanning of the mass spectral region of interest 
or by continuous monitoring of a single characteristic peak. These are then 
used to calculate the cr/T curve and hence kinetic parameters for the decom- 
position reaction. 

The monohydrated calcium oxalate was prepared by dissolving 16.64 g of 
anhydrous calcium chloride in 1 1 of deionised water. The precipitation was 
then made by drop-wise addition of 0.5 N oxalic acid solution (10 ml min-‘) 
whilst the solution was stirred rapidly at a constant temperature of 50°C. 
The white precipitate obtained was dried in a vacuum oven over the P205 at 
room temperature and then converted to the anhydrous material by heating 
m a TG 750 furnace at a heating rate of 10°C min-’ under flowing nitrogen 
gas. The weight loss was carefully recorded and when the dehydration was 
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complete, the sample was cooled to room temperature under flowing nitrogen 
atmosphere and then placed in a storage bottle and kept in a vacuum desic- 
cator until used. The TG measurement showed an 11.77% weight loss for the 
dehydration process which corresponds to 0.95 mole water of crystallization 
in the original calcium oxalate sample. Subsequent decomposition of the 
anhydrous salt gave a final weight loss value of 31.02% which is in good 
agreement with the expected value. The IR spectrum obtained when a 
sample of the anhydrous calcium oxalate was examined in a K3r disc was in 
good agreement with that previously reported [14]. Conventional analysis 
using standard KMnO, solution was also used to check sample purity and to 
confirm the absence of oxalic acid. 

RESULTS 

The anhydrous CaC,04 samples were decomposed at various heating rates 
(4-10°C min-‘) and the characteristic ion peaks at m/e 28 and 44 were 
recorded using the continuous scanning mode of the mass spectrometer over 
the appropriate range. The ion current measured at m/e 28 is a composite of 
contributions from carbon monoxide, the background nitrogen and a major 
fragment ion of CO*. The background contribution was determined from 
spectra taken immediately before the decomposition was initiated, whilst the 
CO, contribution was calculated from the m/e 44 ion current using an Hzs/ 
H, calibration ratio 
rent vs. temperature 

previously determined for pure CO1 gas. Thus-ion cur- 
profiles for both CO and CO? produced via the decom- 

400 500 Temperature (%Z 

Fig. 3. Ion current vs. temperature profiles obtained for CaC204 decomposition. 
heatingrate 8.17S°C min-‘. q , CO,; 0, CO. 

) 

Linear 
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position of CaC#, were obtained; Fig. 3 is typical of all the heating rates 
investigated. The profiles indicati that the decomposition occurs in two 
stages, in the first of which both CO and CO2 are produced whilst only CO* 
results Born the second. Calculation of 01, from the areas under the Hc, vs. 
temperature curves obtained, showed that it had a maximum value of 0.6 + 
0.05, independent of heating rate, corresponding to the points at which the 
CO evolution is at a maximum. This may be regarded as an indication that 
the mei:hanism of the first decomposition stage remains isokinetic regardless 
of the dsferent CO/CO, ratios being produced. 

Evidence that the CO1 produced during the first stage of the decomposi- 
tion could be due to the disproportionation reaction (V) was investigated by 
experiments in which the furnace was switched off at the point where the 
CO2 evolution reaches a minimum. Clear indications of black carbon traces 
were observed on visual inspection of the cooled residue; this was confirmed 
by X-ray analysis. It was not possible to quantify the extent to which reac- 
tion (V) occurred. 

The values of the activation energy (E) and pre-exponental A-factor for 
both decomposition stages were calculated using the method of Ozawa [12] 
which is based on the equation 

log 0 = -6.4567 & 
AE 

- 2.315 + logI - 
m [ 1 @is4 

where 0 is the linear heating rate, TM is the temperature at the maximum of 
the ion current/temperature profile, R is the universal gas constant, and g(a) 
is a functional form of OL representing the mechanism. Figure 4 shows the 
plots obtained of log fl vs. l/T,. From the slopes of these two straight ‘lines, 
activation energies of 283 f 12 kJ mole-’ and 2312 12 kJ mole-’ were cal- 
culated for the first and second stages of the decomposition of Ca&O.+, 

I- I I I I 

1.4 15 1.6 11 &,&10-3K 1 

Fig. 4. Plots of log fl VS. l/T,, obtained for CaC204 decomposition. q , 1st stage; @, 2nd 

stage. 
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respectively. Assuming the 
[12]), then the intercept of 
as 

r 

decompositions to be first order (see Ozawa 
the plots in Fig. 4 may be written from eqn. (1) 

-AE 1 
Intercept = -2.315 + log, 

oL2 .302R log,,(l - cy) 1 (2) 

Thus the values of the A-factor were found to be 6.3 f 0.5 X lo*’ s-l and 
6.0 f 0.5 X lOI s-l for the first and second stages of the CaC204 decomposi- 
tion, respectively, but the assumption of a first order mechanism must be 
kept firmly in mind when assessing these values. 

DISCiJSSION 

CaC204 decomposition 

Most workers have studied the decomposition of CaC204 - HZ0 at atmo- 
spheric pressure in either flowing or static air and naturally much emphasis 
has been placed on the possible oxidation of the CO evolved under these 
conditions. The present study, however, can be regarded as unique since the 
anhydrous CaC204 decomposition has been studied under high vacuum con- 
ditions with the simultaneous analysis of the evolved decomposition product 
gases. The first stage of the decomposition process results in the evolution of 
both CO and CO*, and from the data plotted in Fig. 3 two significant fea- 
tures are evident. First, tlne initial CO1 peak faithfully follows the CO peak 
and second, the two CO2 peaks are well resolved. It is difficult to conceive 
that much of the CO2 formed in the first part of the decomposition comes 
from carbonate decomposition, reaction (III), and it must be considered 
much more likely, in view of the detected presence of carbon in the solid 
phase, that it stems from the disproportionation reaction (V) taking place 
heterogeneously and sufficiently rapidly. The second stage is essentially the 
decomposition of calcium carbonate and this occurs at a somewhat lower 
temperature than that observed in air at atmospheric pressure (see for 
example ref. 13). This could be because the calcium carbonate resulting from 
the decomposition of calcium oxalate “in vacua” is in either microcrystalline 
or amorphous form. The increased activity of materials in this form is well 
known and could be responsible for the lower decomposition temperature 
observed for the calcium carbonate produced in these experiments. 

Table 1 collates the values of the kinetic parameters determined in this 
study with those previously reported in the literature. Our value of the 
activation energy for reaction (II) is in good agreement with that of Freeberg 
et al. [l4], being some 20-40 kJ mole -l lower than the other values. The 
A-factor at 6.3 X 102’ s-l is closer to that of Gurrieri et al. [9] than that of 
Ozawa [12]. The activation energy currently reported for reaction (III) 
agrees closest with that of Abou-Shaaban and S*imonelli [lo]. 

In conclusion, it may be said that despite the very good agreement 
between the kinetic parameters obtained in this work and those reported by 
Freeberg et al. [14], the mechanism of reaction can by no means be regarded 
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TABLE 1 

Kinetic parameters for Cacao4 decomposition 

Technique Conditions Reaction E A 
(kJ mole-‘) (5’) 

Ref. 

Mass Spectro- High vacuum 
metry < 10m4 Nm-’ 

TG/DTA/IR Atm. 

TG Air; atm. 

TG Air; atm. 

DTG/DTA 

TG/DTG 

Air; N2 
Static; flowing 

Flowing N2 

II (V overlaps) 283 
III 231 

II 284 

II 326 

II 310 
III 163 

II 314 
III 174 

II 300 
III 275 

6.3 x 102r This 
6.3 x 1Or4 work 

9.3 x lOI 14 

7.3 x 1o26 12 

5 

3.85 x 10” 9 
7.3 x lo5 

10 

as simple. The increased amount of carbon being produced as a result of the 
disproportionation reaction might be expected to have a significant effect in 
altering the subsequent rates of decomposition in various regions of the solid 
material and also to increase or decrease the decomposition temperature of 
the CaCO, formed. The reported E and A values for both the first and 
second stages of decomposition are highly questionable unless the exact 
effect of catalytic carbon formation, sample size and vacuum conditions on 
the kinetic parameters are studied. Furthermore, it should be emphasised 
that the selection of CaC204 as a “model” compound to show the applicabil- 
ity of a particular method of analysing the kinetic data obtained in vacuum 
cannot be justified. 

Assessment of experimental method 

The advantages of using mass spectrometry for a direct study of a solid 
decomposition are that in addition to giving instantaneous evolved gas 
analysis (EGA), an a/T curve is obtained for each gaseous product and no 
knowledge of the initial sample weight, mass spectrometer sensitivity or non- 
volatile residue is necessary. Also, because of the very small sample size and 
the rapid removal of product gases by the fast pumping system, gas-residue 
reactions are significantly reduced. In this respect the decomposition condi- 
tions are very different from those of the conventional TG experiment. 

The ability of the time-of-flight mass spectrometer to give simultaneous 
multicomponent analysis [15] at high sensitivities makes it a very powerful 
method for the study of complex decomposition reactions. This point is also 
emphasised in the paper by Smith [4] based on his studies on trcmsdichlor- 
(ethylene) (pyridine) platinate(I1). However, the value of the technique does 
depend upon the detailed behaviour of the compound under study. Ideally 
when the decomposition proceeds via one or more steps these w-ill be well 
resolved and the mass spectrometric technique will then yield a series of 
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sequential (Y/T curves from which the kinetic parameters of each step can be 
calculated. On the other hand, if the temperature regions for the various 
decomposition steps overlap under high vacuum conditions the interpreta- 
tion of such curves to yield separate a/T curves, and hence kinetic parame- 
ters, for each step can be very difficult and often impossible. The problem 
will be further complicated if the parent species itself is significantly volatile 
and if its mass spectrum overlaps with that of the decomposition product. 

The Yn vacua” conditions may lead to substantial pressure gradients 
within the sample with a consequent effect upon the kinetics [16-191. 
Further, actual “blow-out” of the sample may occur, an effect which may 
be counteracted by means of a glass-wool pad or glass frit. Lower heating 
rates can help to reduce both these problems. 

ACKNOWLEDGEMENTS 

The authors wish to thank Mr. R. Dunk (Woolwich Arsenal) for helpful 
discussions concerning the design of the controller and for the gift of a tube 
furnace. One of us (NSF) wishes to thank Mrs. 2. Gharakhanlov for her con- 
siderable help and encouragement throughout this work. 

REFERENCES 

1 W.W. Wendlandt, Thermal Methods of Analysis, Vol. 19, Wiley, New York, 1974, p. 
319. 

2 G.P. Shuiman, J. Macromoi. Sci., Chem., 1 (1967) 107. 
3 H.L. Friedman, Thermochim. Acta, 1 (1970) 199. 
4 J-F. Smith, Int. J. Mass Spectrom. Ion Phys., 26 (1972) 149. 
5 E.S. Freeman and B. Carroll, J. Phys. Chem., 62 (1958) 394. 
6 E.P. Manche and B. Carroll, Thermochim. Acta, 24 (1978) 1. 
7 D. Fatu, J. Therm. Anal., 1 (1969) 285. 
8 W.W. Wendlandt, J. Chem. Educ., 38 (1961) 571. 
9 S. Gurrieri, G. Siracusa and R. Cali, J. Therm. Anal., 6 (1974) 293. 

10 R.R.A. Abou-Shaaban and A.P. Simonelli, Thermcchim. Acta, 26 (1978) 111. 
11 N.P. Pas&is, MSc. Thesis, University of Saiford, 1978. 
12 T. Ozawa, Buii. Chem. Sot. Jpn., 38 (1965) 1881. 
13 F. Paul& J. Paulik and L. Erdey, Taianta, 13 (1966) 1405. 
14 F.E. Freeberg, K.O. Hartman, I.C. Hiaatsune and J.M. Schemf, J. Phys. Chem., 71 

(1967) 397. 
15 D. Price, Chem. Br., (1968) 255. 
16 J. Rouquerol, J. Therm. Ancl., 5 (1973) 203. 
17 B. Delmon, Introduction a La Cinitique Heterogene, Editions Techniq, Paris, 1969, P. 

168. 
18 P.J. Anderson, R.F. Horlock and R.G. Avery, Roc..Br. Ceram. Sot., 3 (1965) 33. 
19 P. Barret, J. Therm. Anal., 2 (1970) 123. 


