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EXPERIMENTAL RESULTS AND THEORETICAL CONSlDERATlONS 
ON THERMOGRAWMETRIC DECOMPOSITION REACTIONS OF 
CHEMiCAL COMPOUNDS UNDER HIGH VACUUM 

ABSTRACT 

Investigations on thermogravimetric decomposition reactions under high 
vacuum have demonstrated that special attention should be paid to such factors as 
the sample size. the crucible form. the thickness of the layer in the crucible. the 

particle size of the probe material_ etc_ It is shown ho\\- the various influences can be 
eliminated by observing certain starting or test conditions. In addition to experiments 
on these specific influences, a comparison has been made of the degradation speeds of 

singie crystals and crystal powders of chemical compounds. 
Results, which are complementary to the thermogravimetric measurements can 

be obtained with qualitatil-e or quantitative determination of the gaseous decomposi- 
tion products by mass spectrometric analysis. From these measurements the course of 
decomposition is followed by recording the partial pressure at the various individual 
masses. This method is particularly suitable for the study of thermal degradations 
which produce more than one decomposition product in the same step. 

IGTRODLCTIOS 

The thermal analysis results sho\v that thermoyavimetric investigations 
become even more important lvhen they are carried out under vacuum I_ The fields 
of application range from simple thermal decomposition to the measurement of the 
kinetics of chemical reactions. including the conditioning of samples before carrying 
out reactions in a special gas atmosphere, for instance the removal of adsorbed layers 
such as water, CO,. etc. which could interfere with the process under examination. 
Especially in the thermogavimetric decomposition of a chemical compound the 
sample size is dependent on the quantity of the resultina aaseous decomposition cc 
produc:s. An idea of the correct sample size can pensrally be obtained from the 
performance of the pumpin, m system which is combined with the balance. A short 
pressure increase durin,o such measurements cannot be avoided, it must not. however, 
exceed the admissible pressure of the diffusion pumps. This means that samples for 
:hermaI decomposition in high \-acuum should be limited to a few milligrams_ So as 

to avoid secondary reactions. in particular sorption effects during decomposition 

reactions? the layer of the substance in the crucible must be kept as thin as possible- 



3iQ -_ 

This requires. even for smatl samples, plate-type crucibles_ The layer thickness of 

the substance shouid not exceed 0.5 to I mm”_ Only in the case of thin layers is a 
steady warm-up possible because in the ranse of 25-650 ‘C the heat transmission 
takes p&e mainly via the crucible_ The seIection of the heating rate is in many cases 
dependent on the purpose of an investigtion: it is recommended. however_ to use 
small heating rates (see Figs. IA and I B). 

For studying the kinetics of a decomposition. probes with diffrrent particle 
size were used. Figures IA and I B show the dehydration of whewellite powder 
(CaCzO, - H,O. 150 mesh) and of a singie cr?;staI ( I x 1 x Z mm) of wheweliite under 
identical conditions which were a sample mass of 6 mg heating rates of 2 and S ‘C’min 
and an initial pressure of IO- 5 mm Hz. In this csample the pronorrnced difference 
in the reactions shows the sigMcance of the particle size and the hentins rate. 

B 

I * 

25 50 100 150 

Temperatur-z C’CI 

Fig. 1. Dch>-dmiion of whcweliite t.CaC201- H,O): -, powdcrcd material (parrick size 150 
mesh); ------. singk crystal (ca. 1 :-z 1 x Z mm). A11 srtmpie weights 6 mg. .4. Heatin. rate: S C’min. 
B. Heating rate: Z C’min. 
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ERRORS XSD EFFECTS IN VACLXM THERYOGRAVIWZTRY 

Several types of errors. irwluding buoyancy effects. radiometric effects and 

thermomolecular flow, can influence vacuum thermogravimeto-_ Some of these have 

been discussed in different voIumes of vacuum microbalance techniques3-“_ One 

effect which occurs Juring the thermal decomposition in vacuum w-ii1 bediscussed here. 

Figure ?A shows as an example the decomposition of calcium oxalate. During 
heating up an increase in Lveight up to a certain maximum can at first be seen. after 

1 
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Fig. 2. Dehydration of whewellite (CaCZO;- H:O). A, -, Weight change during the reaction 
[akin g place on rhe balance pan (plate-type crucible): ___-m_ , weight chsn_ee durin_e the reactior. 

taking place beside the balance pan (ring); ------, curve d%grammstically determined from the 
measured curves. B, Pressure change simultaneously measwed Iluri;lg dehydration of calcium 

oxalatrs. 



xshich the actur?l \veisht decrease takes place ffull line). So 3s to be able to define this 

elkct more precisely. a second test \\-ith the whe\veIlite (same sample size and 

under the same conditions) has been carried out; the substance. however, has been 

weighed on a ring (see Fi_r. 3) beside the empty crucible. the same weight increase has 

been measured; after decomposition the xeisht curve came back to its startine 

position (dotted line)_ This means that only :I small part of this effect (>0_5?6) can 

be attributed to a recoil of the molecules leaving the balance pan. but practically the 

whoie effect is due to a re-impact. 

Fig- 5_ A, Furnace tube with pIat+ty~c crucible and ring. B, Plate-type crucible with substance 
arranged on the bahncc. C. Ring with substance beside the cmptl- plate-type crucible. 
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Figure 3-A shows the furnace tube with a plate-type crucible and ring and 
Figs. 3B and 3C show-. as described above. the two kinds of experimental pro- 
cedures with the different arrangements of the probe. Figure 2A shows the result of 
the two measurements as well as the cur\-e (broken line) obtained by subtraction of the 
two recorded curves. which serves as the basis for kinetic measurements’. The simul- 
taneously recorded pressure change (Fi_r. 2B) was the same for both decompositions_ 

The same effect has been observed by Houde’ vvhen he vaporized silver on 
a balance pan: because evaporation took place from below against a suspended 
balance pan. a weight decrease was simulated. Friedman’ also has seen this effect in 
the decomposition of polymers_ 

In order to inv-estigate the observed efTect of weight gain at the besinnins of _ 

decomposition under variable conditions. the process of decomposition may 5e 

,--P 

Fig. 4_ E..pcrimcntal equipment. A, gas cylinder; B, flow meter: C. needle valve with servomotor; 
D. thermostatically controlled reaction chamber; E, thermostat; F, analyzer of mass spectrometer; 
G_ thermostaticalI_v controlled ba!ancc compartment and balance; H. recorder for pressure rcgistm- 
tion (high vacuum); 1. recorder (mass spectrometer): K. difiusion pumps: L. rotary pump: X4, needle 
vat\-e; ?%. gas purification: 0. I?- channel mtzltipoinr recorder (recording oi the weight temperature 
preliminary vacuum); P, intake stack for air: Q. thcrmortat cooling: R, gas outlet; S, high x-acuum 
measuring ceil. 



262 

sirnuked on a vacuum thermobaInnce’-’ ‘_ This is done by introducirg zases in 

measured quantities throu.g;l 3 separate inlet into the reaction chamber above the 

balrrnce pan_ The balance housin, 0 has been evacuated before each anal!sis by the 

\-acuum system to spprosimately 5 x IO- 6 mm Hz_ 

The reaction chamber i Fis. -!D). as well as the brilance (G). is kept at 25 -C by 

3; thermostat during the measurements. For the measurements up to IOOWC a quartz 

tube furnace is used instead of the temperature regulated furnace tube. The gases 

which xc’ used for the investi_ration_ are directed through metal supply pipes to the 

needle valve (0 with servomotor and to the ouiet (R). The eas flo\\- is continuousiy 

measured by an ionization guse and recorded on the recorder (H). The measuring 

point (S) is arranged nest to the reaction chamber. The sample \s\-ei_ght, the preliminary 

wcuum and the temperature ;:re registered on the recorder (Oj. The temperature 

me::suring point is in direct contact \vith the plate-type crucible in the reaction 

Fig. 5. Diagram A shows diiferenr weight shrtnges which are dac to the inrroduction of diifcrent 
quantities of argon into the rr-ction chambsr above the pan of the balance evacuated to 1 x IO-’ 

mm Hg. The corresponding pressure changes which have been recorded simultaneously with Ihe 
w+hhL changes csn k seer, in the ciiagzm B- 



263 

chamber (D). Above one of the diffusion pumps ! K) an analyzer ( F) of a mass spectro- 
meter* is fitted into the vacuum system of the thermobalance. Combined \vith the 
recorder (J) mass spectra or individual masses can be continuousiy recorded_ With 
the needle valve (M) different pressures can be regulated by suckin? in air or other 
gses through the gas purification (S) and the gas inlet (P). Beiore each measurement 
the stat-tin: pressure of 1 x IO- ’ mm H_g \vas adjusted b_v this valve. 

The weight chanys were recorded in a balance sensitivity ran_re correspondins 
to 1000 micrograms per full chart width. Figure 5A shon-s an ori$nal diagram with 
an indication of the sensitivi?y per scale dkision. 

DISCUSSIOS OF THE MEASURED RESULTS 

The observed e!fect cn the “apparent” increase of the mass of a balance pan 
(plate-type crucible) Lvhcn impulse-wise charged with introduced gas has been investig- 
ated under different conditions. For all measurements at room temperature a tempcr- 
ature re@ated furnace tube made of pyres glass xas used (Fig. 6). The most important 
dimensions of the furnace tube are: diameter of the supply pipe: 3 mm: diameter of 
the reaction chamber: 15 mm; distance between supply pipe and balance pan: 
- 85 mm_ 

F- 
Gas inlet from 
the needle valve 

r Plate _ type 
crucible 

CrL:ible holder 

Fig. 6. Thcrmostaticai!y controlled furnace tube with stls inlet pointing rit the emp:;; baiancc pan: 

j . suction direction of the x-acuum system. 

Purified argon was used as the experimental gas. The gas \vas introduced 
through a servomotor controlled needle valve (Fig. 3C). The pressure difference xx-as 
regulated by opening the needle valve. The opening and the closing of the valve took 

*Balz~rs XG, Bakers. Principalit)- of Liechtenstein. Quadrupoie high frcqucncy mzss spxtrometcr, 
Q%lG 101, Buiictin. p_ 51-30~. 



Fig_ 7. Jlarimum vaiucs ofan “apparent” incrcasc of the mass oTa balancr pan (plate-type sruciblc) 
when impuk-wise char@ with introduced argon. Dismctcr of the supply pipe: 3 mm: diameter of 
rhc rczction chamber: 45 mm: distance bctwxn supply pipe and balance pan (platr-type crucible): 
S.5 mm; starting pressure in reaction shambsr. I :< IO- 5 mm Hg_ X. Constant tcmperaturc. 15.5 C_ 
impact surfxc of balance pan fplate-type crueiblc). I.16 cm’_ Change of the pressure ditkrense 

AP from I.15 x IO-’ co 9.2 x IO-’ mm Hg (LIP b_v ditkrcnt val\-c openings). B. i‘empcraturc iso- 
therm in steps bctwccn 25 and 985 C. Impact surfxc of balance pan t plate-type crucibisj. I_ I6 cm’. 
Constant prcssurc change AP s.7~ IO-’ mm Hg (Al’ by equal valve openings). Tcmpcraturc is 
mexurcd by rhcrmocoupics ofplrttinum’pfstinum-rhodium (10%) dircctl_v on the plate-type crucibfc. 
C_ Constant tr‘mperaturc. 3.5 -C_ Impxt surface of batlancc pan Cplats-type crucible) from 0.3 to 
5 cm’. Constant pressure change AP = 5.2 % IOm5 mm Hg CAP by equal vslvc openings). 
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place at the same speed. A series of original measurement results is shown in Fig. 5; 
the upper diagram shows the curve of the weight changes at a constant temperature 
(25.5”c). In the lower diagram the corresponding pressure changes are recorded. 

Figure 7A shows the deflection in micrograms at different pressure changes 
(pressure difference AP = 1.25 x lo-’ to 9.2x 10ea mm Hg). The starting pressure 
for all measurements was I x IO- ’ mm Hg. The temperature was kept constant at 
25.5t0.1 “C. 

Figure 7B shows the deviation in pg at a constant pressure change (AP = S.2 x 
IO- 5 mm Hg) and at temperatures between 25 ‘C and 985 ‘C. A quartz-tube furnace 
(Figs. 4B and 4C) with reflector system9 was used-the introduced gas being heated 
up to the furnace temperature before entering the reaction chamber. 

The pressure changes were carried out under isothermal conditions. The 
deviation M in pg is nearly proportional to the root of the absolute temperature. 
With the aid of a regression analysis the folIowing relation may be obtained 

M&g) = a,iTi- b - T. (0 

These measurements have also been carried out on carbon dioxyde, nitrogen and 
oxygen. The same kind of temperature dependence was obtained, but with slightly 

different constants_ The constants of the different waves are summarized in Table 1. 

TABLE I 

EXPERIME!VI-AL CONS-I-ANTS OF EQUATION (1) FOR DIFFERENT GASES AS 
OBTAINED BY A REGRESSION ANALYSIS 

GUS a b 

Ar 5.92 0.0543 
x2 6.32 0.0370 
02 6.78 0.0304 
co2 5.29 

The correction values b are very small. This would allow the measurement of a 
high gas temperature in relation to the “apparent” mass increasei3-rJ. According to 
the Maxwell theory, this “apparent” mass increase should be approximately pro- 

portional to the average velocity of the molecules. 
Figure 7C shows the dependence of the deviation on the crucible surface areas, 

which varied from 0.3 to 5 cm’. The measurements have been carried out at a 

constant temperature (25.5 “C) and at a constant pressure change (p = 8.2 x lo- 5 mm 
Hg). The introduction of the gas was always continuously analysed by means of a 

mass spectrometer, as a further check on purity and pressure*. 
Further research on the deviation _I as a function of the temperature up to 

2000°C for various gases is presently being carried out. 

*See fcotnote on p. 263. 
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THERMAL DECOMPOSITION Ah?) SIMULTASEOUS .MASS SPECTROWZRIC ANALYSIS OF THE 

DECO-OS PRODUCTS 

The Balzers Quadrupoie high frequency mass spectrometer QlOI* which was 
used, consists of two units-the analyzer and the eIectronis control unit. In our case, 
the mass analyzer was installed directly into the vacuum system of the thermoanaly- 
zl”r9* 10 1 

Simultaneous mass spectrometric investigations, besides TG and DTA anai- 

ysis * i in high vacuum (already mentioned), require a certain sample size not to be 
exceeded_ The amount of gas released during decomposition has also to be compatible 
with the pumping speed of the vacuum system. Furthermore the maximum prczssure 
for the mass spectrometer shall not be exceeded_ 

A sample mass of 8 mg and a heating rate of 2’CJmin were used for the measure- 
ments (Fig. 8). As sample carrier a DTA measuring head was used. The water vapor 

pressure was checked with the mass spectrometer before each test. Heating was 
started only when the sample partial pressure was reached each time. This improved 
the reproducibility considerably. 

Figure 8 shows the relation between TGA, DTA and mass spectrometric 
results for the decomposition of zinc oxalate dihydrate. In addition to the DTA-TG 
traces, the total or composite pressure curve measured by an ionization gauge on the 
reaction chamber was continuously recorded during the entire test on a IZ-channel 
recorder_ 

The different partial pressure curves were determined in the following two 
ways: (1) from approximately 230 continuously recorded single spectra and (2) from 
the pressure curves of the single masses of H,O, COW,) and CO,. This means that 
the tests were repeated per single mass and each time recorded simultaneously with 
the other parameters such as partial pressure, TG and DTA. The resulting partial 
pressure curves obtained in these two different ways can be considered as equivalent 
except for minor deviations. The partial pressure of carbon mono.xide at room 
temperature after aliowing for the nitrogen base (or background) is somewhat 

lower than the partial pressure of carbon dioxide (m IO- ’ mm Hg) at 25 ‘C. 
During the release of vvater, similar peaks occurred on the total pressure curve 

as well as on the partial pressure curve for water vapor: these correspond to the 
pressure change in the reaction chamber of the thermoanalyzer. At the same time, 

a small pressure change on the partial pressure curve of CO2 w3s noticed, which 
could have been caused by CO2 dissolved in physically absorbed water. This could 
not be considered as an early breakdown of the oxalate. As already indicated above, 
the partial pressure of carbon monoxide, after allowing for the nitrogen base, was 

less than the pressure of carbon dioxide in these measurements at room temperature 

(Fig. 8). 
The less sensitive partial pressure curve seems to indicate that the beginning of 

“See footnote on p. 263. 
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the CO release takes place at a considerably lower temperature than the CC2 release 
which begins at approximately 150°C. In principle, the CO reIease is temperature- 
wise similar to the CO, release. When the TG and pressure curves are compared, it 

shows that increasing CO2 release is about at the same height as the end of the water 
release. A small amount of water can be detected during the CO-CO, re!ease. The 

i 
I . 

7 
ii 

!_ 

! 
‘1 

Fig. 8. Decomposition of ZnC204- 2H20 in high vacuum combined with a mass spectrometric 
analysis of effiuent gas. Total pressure curves as well as pressure curves for the separate masses of 
water (18). CO(N1) (28) and CO2 (44) are shown next to the simultaneousIy recorded TG and DTA 
traces as function of temperature. 
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DTA curve shows a cIearIy defined peak for the main water release, which is followed 
by a wavy line indicating a reverse reaction on the dehydrated oxalate with the water. 
The CO-CO, release shows up as an additional DTA peak. The DTA trace ap- 
proaches the base line again on!y after complete release of the carbon dioxide. 

The assistance of Mr. A. van Tets on theoretical questions is gratefully 
acknowledged. 

REFERENCES 

I M. HarmeIin and C. DuvaI, bf~crachim. ricfa, 1 (1967) 17. 
2 H. G. Wiedemann. in R. F_ Sehwender and P_ D. Gam (eds.), IhernzaZrinuZy=ris (Proc. IlndlCTA), 

VoI. I, Academic Press_ New York, 1969, p. 229. 
3 M. J. Katz (cd.), Vacuurm Micro&aIance Techniques, Vol. I, Plenum Press, New York, 1961. 
4 R. F_ WaIker @I_), Vacuum Microbalance 7ixhniques,~Vol. 2, Plenum Press. New York 1962. 
5 K_ H. Behrndt (ed.). Vucuum Microbalance Techniques, Vol. 3, Plenum Press, Sew York, 1963. 
6 H_ G_ Wiedemann. A_ van Tets and IT_ P. Vaughan, Paper presented at the Pittsburgh Conference 

on AtaIyticaI Chemistry and Applied Spectroscopy, February 21, 1966. 
7 A. L. Houdc, in K- H. Bchrndt (ed.), Vacuunz Microbciunce Techniques, Vol. 3, Plenum Press, 

New York, 1963. 
S I-I. L. Friedman, Anal. Chem., 37 (1965) 768. 
9 H. P. Vaughan and H. G. Wiedcmann, in P. H. Waters (ea.), Vacuum Microbalance Techniques, 

VoI. 4, PIenum Press, New York, 1965. 
10 H. G. Wiedemann, Chem. fng. Techn., 36 (1964) 1105 
11 R. S_ GoIke and H. G. Langer. Anal. Chem., 37 (1965) 433. 

12 R_ Giot-anoIi and H. G. Wiedemann. Heir. Chiin. Ado, 51 (196s) 1134. 
13 H. G. Wiedemann and A. van Tetc, Ncrurxeiss.. 56 (1969) 278. 
11 H. G. Wiedemann, in H. G_ Wiedemann (cd.), Thermal Analysis (Proc- ZIIId iCTA). Vol. 1, 

Birkh~user VerIag, Base& 1972, p. 171. 


