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This paper examines the influence of residual pressures in the range from 10-  ~to 
5 torr  on the course of thermal analysis. With the help of examples concerning in par- 
ticular the thermolysis of gibbsite, AI(OH)3 , it is shown that  a) the control  of residual 
pressure is of virtually no use unless the rate of decomposition is also controlled (other- 
wise, the TG curves represent a composite phenomenon,  which is practically unintel- 
ligible); b) the influence of residual pressure may be unexpectedly high both  on the 
shape of the TG curves (and therefore on the apparent  kinetic parameters)  and on the 
nature (porosity, structure) of the products. 

The influence of the gas atmosphere on a thermal decomposition of the type 
solid A ~ solid B + gas is widely accepted. In 1951, Rowland and Lewis [1] in 
this way explained the usual DTA trace for calcite thermolysis, where the onset 
of  decomposition may be observed as soon as 650 ~ (low partial pressure 
of CO~) and where "the reaction progressively becomes more vigourous until 
a peak is reached at about 925 ~ the temperature at which the reaction would 
begin if the furnace had been filled with COz at one atmosphere pressure. In 1960, 
Garn suggested simplification of the situation by operating under self-generated 
atmospheres [2], and several devices were proposed and used in order to control 
the overall pressure, e.g. the "cold sink", especially convenient in the case of water 
evolution [3], or the discontinuous and automatic gas extractor [4]. Nevertheless, 
"vacuum" was often considered as one  pressure at which it may be worthwhile 
to carry out one experiment in order to complement a set of data obtained under 
higher pressures. Indeed, various authors, such as Eyraud e t  al. at the time of the 
first vacuum T G  experiments, pointed out the "simplifying" part played by 
vacuum-operation, which was supposed to eliminate disturbing phenomena such 
as adsorption or diffusion processes [5] or secondary reactions [6] and to give 
rise to the simplest mechanism with higher decomposition rate [7]. Now pressures 
lower than I torr, which are usually referred to as "vacuum", actually cover a 
wide experimental range, down to 10 - ~  torr, whereas the range of medium and 
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high pressures goes from about 1 to 10 7 torr. Is the importance of the low pressure 
range the fiction of a logarithmic representation, or does it cover a physical 
reality ? This is what we shall try to examine here. 

E x p e r i m e n t a l  a p p r o a c h  

Preliminary remarks 

If  our goal is to observe the influence of low pressures on thermal decomposi- 
tions, we must set and control all other parameters able to influence the thermal 
process. Among these, we must of course mention: 

- the grain size and shape, 
- the composition of the gas atmosphere, 
- the heating rate. 

We mention the heating rate since this is a basic parameter in thermal analysis, 
but in fact we also know that it is not a well-defined parameter at the place where 
the reaction occurs, i.e. on the reaction interface. Indeed, at any time of the exper- 
iment, the heating rate is responsible for a temperature gradient, itself more or 
less enhanced or cancelled by the thermal effect due to the reaction enthalpy. 
Moreover, in one given grain of the sample, the temperature increase normally 
results in an acceleration of the decomposition rate. Unfortunately, owing to the 
previously-mentioned temperature gradient (which depends on the thermal con- 
ductivity and packing of the sample - which may both vary during the thermal 
decomposition - ,  on the pressure and composition of the gas, on the part played 
by radiation thermal transfers - which are themselves temperature-dependent - 
and on the rate of decompos i t ion . . . ) ,  the temperature at each point of the sample 
and at any time is normally unknown, whereas the overall measured decomposition 
rate is a mean which very often results in the well-known - but not always 
significant - sigmoid T G  curve. For us to achieve a better insight into the elemen- 
tary mechanism, just like the grain size or the gas composition, the decomposition 
rate must be identical for each grain of the sample. The reaction interface must 
advance in each grain at the same rate. This needs a very high homogeneity of 
temperature and pressure in the sample, which may be obtained either with 
extremely small samples (with problems of sampling and accurate weighing) or 
with a procedure giving rise to slow and controlled decomposition rates. 

Experimental procedure 

From what was said above, one may guess that we do not advocate a method 
in which the heating rate is constant, but a method in which the rate of decompo- 
sition is low and constant. The general method ("Constant decomposition rate 
thermal analysis") was described elsewhere [8]. In its principle, this method only 
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needs to monitor the heating of  the sample with any parameter depending on the 
rate of  decomposition: for instance, a flow of  evolved gas, a D T G  signal or also 
a thermal flow. Soon afterwards Paulik and Paulik [9], applying a former idea 
they had [10], developed the D T G  approach, which they called "quasi-isothermal 
thermogravimetry". This approach is the most convenient under medium and 
high pressures, but in the low pressure range the gas flow control is more sensitive 
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Fig. 1. Principle of the gas pressure and gas flow control used by the authors (constant de- 

composition rate thermal analysis). G: pressure gauge, D: diaphragm 

and  adds the advantage of a pressure control, as is easily understood from the 
diagram of Fig. 1. We currently use this tec[nique for Fressure controls in the 
range from 10 -5 to 5 torr and for decomlzosition rate controls corresponding to 
a mass loss as low as 1 microgram re r  minute, if necessary. 

Typical results 
Influence of  residual pressure on thermoanalytical curves 

Figure 2 shows two TG curves obtained for identical amounts of gibbsite, 
AI(OH)3, but under different "vacuum" conditions [8]. The lower curve, obtained 
by conventional TG, shows that the main part of the dehydration takes place from 
150 to 300L The upper curve, obtained by the method described above, shows 
a nearly vertical fall, the dehydration taking place from 170 to only 200 ~ The 
latter curve clearly indicates a nearly zero-order reaction, which is explained by 
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the advance of a constant-area reaction interface, parallel to itself and to the larger 
side of the flat, hexagonal, gibbsite elementary crystals, themselves conglomerated 
into larger grains [11 ]. Because of the uncontrolled residual pressure and temper- 
ature gradients, the conventional TG curve is completely misleading: these 
gradients drown any mechanism at the elementary particle scale. This complete 
change of shape of the TG curve is very similar to that observed shortly later 
under atmospheric pressure by Paulik and Paulik, either with calcium carbonate 
[9] or with calcium oxalate monohydrate [12], with the help of their "labyrinth- 
shaped crucible" which ensured a good atmosphere control. 
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Fig. 2. Influence of pressure and heating conditions on the "vacuum" TG curve of 250 mg, 
industrial gibbsite. Above: constant residual pressure and constant decomposition rate, 
(13,5 mg h -1 g-X; below: conventional dynamic vacuum TG experiment (heating rate; 0.5 K 

rain -1)  ( f r o m  [8]) 
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Figure 3 allows comparison of the influences of residual pressure (left side) and 
of  grain size (right side) on the TG curves of gibbsite, and illustrates the need of 
a careful control of all parameters. A higher grain size ( 5 0 -  80/~m) and a higher 
water vapour residual pressure (5 torr) have similar influences: they give rise to 
a bump (ode) in the curve, which is explained by the thermal decomposition (de) 
of a boehmite, A10(OH), phase previously formed (ab). This boehmite formation 
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Fig. 3. Influence of residual pressure (left side) and of grain size (right side) on the TG curve 
of gibbsite (decomposition rate: 11.5 mg h -~ g-Z). Left side: 1/zm grain size sample, pressures 

indicated in torr; right side: 1 torr pressure, grain size indicated in/~m (from [13]) 

is possible because of the hydrothermal conditions which may be found in the 
core of the crystals; under a constant decomposition rate, the temperature neces- 
sary for this transformation may be reached if the rate of departure of water 
vapour is lowered (i) by a small surface area and/or (ii) by a difficult desorption 
(obtained by an increase in pressure). In the examples given, the specific surface 
area varies from 0.14 to 15 m2g -1, and the pressure range is one at which strong 
water adsorption on micropores may already be observed. 

Among other results illustrating similar situations, we may refer, for instance, 
to those obtained by Acher et al. [14] who observe a drift which may reach 75 K 
on the TG dehydration curve of kaolinite when the water vapour pressure is 
increased from 10 -3 to 47 torr (with the use of a "cold sink"). These authors are 
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aware of the fact - often disregarded - that the starting vacuum of 10 -8 torr 
cannot be maintained when the reaction begins. As Garn [15] points out: "it  is 
popularly supposed that if one withdraws gases from a chamber by continuous 
pumping, the pressure is everywhere equal to the indicated p ressure . . .  If  there 
is a source of gases, the supposition is invalid". In another work dealing with 
serpentine dehydroxylation [16] the same authors explain the strong influence 
of low water pressures on the apparent activation energy by a fractional coverage 
(depending on temperature and pressure) of the reacting surface by chemisorbed 
water. A similar explanation holds for the dehydroxylation of silica gels,' for which 
the conventional isothermal method for determining the apparent activation 
energy under vacuum does not yield a reproducible result: the amount of adsorbed 
water (strongly dependent on pressure in the low pressure range) plays an impor- 
tant part in the dehydroxylation process. Only with the constant decomposition 
rate method (used with a residual pressure of 5 �9 10 -5 torr) could a clear corre- 
lation be found between the apparent energy of activation of the dehydroxylation 
and the extent of dehydroxylation (itself linked with the surface hydroxyl con- 
centration) [17]. 

A last curious example of the strong influence of low pressures on a dehydration 
is known as the Smith-Topley  effect [18] : instead of increasing steadily as the 
pressure is lowered, the rate of dehydration goes through a minimum for a given 
low pressure (usually located between 0.1 and a few torr). Much work was recently 
carried out by Watelle et al. [19] on this effect, also recently observed by Dollimore 
et al. in the case of magnesium oxalate dihydrate dehydration [20]. Nevertheless, 
it seems that the phenomenon is only observed under highly irreversible conditions, 
and that it may be explained, by the thermodynamics of irreversible phenomena, 
in terms of heat and mass tranfers [21 ]. To illustrate the ideas, let us say that the 
phenomenon is observed when the rate of advance of the reaction interface is of 
the order of magnitude of at least 1 mm per hour. In the experiments reported 
in Figs 1 to 3, even the higher rate of advance of the reaction interface (coarse 
0.14 m2g - I  sample, 11.5 mg h - lg  -1 decomposition rate, left side of Fig. 3) is 
25 times lower. 

Influence of residual pressure reaction products 

Figures 4 and 5 give a striking illustration of the influence of low water vapour 
pressures on the texture of the reaction products. The specific surface areas were 
measured by the BET method, using nitrogen as the adsorbate and keeping the 
sample in the same glass bulb for the thermal analysis and for the adsorption measure- 
ments; this is indeed an interesting feature of the constant decomposition rate 
thermal analysis with pressure control: at the end of the thermolysis the sample 
is kept under vacuum in its bulb, and it may be attached later to a gas volumetric 
apparatus. Under these experimental conditions, which completely avoid any water 
re-adsorption, the influence of water vapour pressure during the dehydroxylation 
is as follows: 

.L Thermal AnaL 11, 1977 



ROUQUEROL, GANTEAUME: THERMOLYSIS UNDER VACUUM 207 

a) the maximum specific surface area available to nitrogen drops from 430 m2g-1 
(obtained under 5 torr) down to 40 m2g -1 (obtained under 4-  10 -2 torr); moreover, 
under 2 .  10 -4 torr no increase at all in the specific surface area was observed for 
an extent of reaction of 6070, 
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Fig. 4. Development of  the specific surface area of  a gibbsite sample (grain size: 1/~m) during 
its thermal decomposition under various water vapour pressures (in tort) and at a constant 

decomposition rate (16 nag h - 0  

b) apart from a first stage (5 70 of the decomposition, during which the boehmite 
phase is formed), the specific surface area is a linear function of the mass loss. 

Both observations are interpreted by a mechanism where the micropores of the 
product are drilled in the gibbsite crystal at the site of very narrow "structural 
channels" in the gibbsite structure. These channels are parallel to each other (and 
perpendicular to the reaction interface) and the final micropore diameter depends 
on the mobilities of  the A1 ~+ and H + ions: these mobilities increase with the 
decomposition temperature, itself depending on the pressure. As regards the decom- 
position temperature, we may notice that in a general case (which also holds here) 
it depends. (for a given extent of reaction) on: 

a) the equilibrium pressure of the system, which must reach a value higher than 
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the surrounding pressure (supposed to be of the same gas). These variations of 
(equilibrium) temperatures with (equilibrium) pressures may be derived from the 
Van't Hoff  equation if we know the reaction enthalpy (if only one gas is produced, 

then ln p = RT]" For instance, if the equilibrium pressure of the reaction 

CaCO3 ~ CaO + CO2 is 10 -4 torr at 500 ~ (from a curve given in [22]) and if 
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Fig. 5. Same as Fig. 4 but plotted versus the mass loss (as a percentage of the initial mass mi) 

the enthalpy of reaction is 160 kJ mole -1, then under 1 torr the equilibrium tem- 
perature ought to be 950 ~ actually, this is around the decomposition temperature 
observed under 1 atmosphere pressure. Our predictions fail because even with 
very low decomposition rates the system is not under equilibrium conditions and 
because of the two following parameters; 

b) the affinity of the solid product for the gas evolved; 
c) the actual reaction rate, linked with the decomposition temperature through 

the apparent activation energy. 
In other words, the decomposition temperature depends on the pressure through 

the equilibrium pressure of the reaction and through the equilibrium pressure of 
the secondary adsorption. 

The influence of water vapour on recrystallisation processes has often been 
pointed out, even at low pressures (for instance in the case of magnesium hydroxide 
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decomposition [3]). In the case of the 1 #m gibbsite sample, at the end of  the main 
dehydroxylation stage (i.e. at point "c",  Fig. 3) we obtain: 

- a completely amorphous alumina (from the X-ray diffraction pattern) if 
the dehydroxylation takes place under 4 �9 10 -2 tort, 

- a slightly crystallized alumina (p-alumina, with one weak peak at 1.40 A) 
under 1 torr, 

- an even better crystallized z-alumina under 1 atmosphere. 

Concluding  r e mar ks  

In conclusion, we should like to draw attention to the following points: 
1. Vacuum alone is not enough to give good kinetic data. As noted by Garn, 

in an ordinary vacuum experiment "I t  i s . . .  likely that the reaction is actually 
proceeding at a pressure which is substantially above that of the vacuum cham- 
b e r . . .  This means that the decomposition kinetics as learned in hard vacuum 
may have little meaning." However, we have experienced that the kinetic data 
are strongly simplified if the three following conditions are fulfilled: 

a) self-generated atmosphere (operation under a dynamic vacuum is only 
a particular case); 

b) constant pressure control (especially to control the extent of secondary 
adsorption); 

c) low rate o f  decomposition; the best way to achieve the latter is to control and 
to keep constant the rate of decomposition, and therefore to use constant decom- 
position rate thermal analysis. 

2. It is important to focus our attention on the thermoanalytical curves, since 
these are the raw experimental material from which the understanding of a decom- 
position mechanism may start. Nevertheless, above all, we must avoid starting 
from too raw a material, i.e. too raw a curve. These curves, which are based on 
a macroscopic measurement, must be representative of the elementary process 
taking place in each elementary grain of the sample. This cannot be achieved if 
conditions b) and c) above are not fulfilled. 

3. The ease of handling of most thermal analysis apparatus normally leads 
to quick experiments. Unfortunately, thermal analysis is not a passive experiment: 
it destroys the sample and, in order to yield clear information on the destruction 
process, it must perform it progressively and slowly. Just as the biologist who 
finds it normal to follow the rhythm of life in his experiments, the physicochemist 
could ask himself, before any thermoanalytical experiment, whether, for a clear 
understanding, the sample needs some care in the introduction of the necessary 
stresses and some time in the observation. 
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R~SUM~ -- On examine l'influence des pressions r6siduelles comprises entre 10 -~ et 5 tor ts  
sur le cours des d6compositions thermiques. Grace h des exemples concernant  en particulier 
la thermolyse de la gibbsite AI(OH)3 on montre:  a) qu 'un  contr61e de la pression r&iduelle 
n 'est  utile que si l 'on peut aussi  contr61er la vitesse de d6composition (sans quoi les courbes 
de TG repr6sentent un ph6nom~ne composite inextricable); b) que l'effet de la pression r6si- 
duelle peut &re extr~mement important ,  aussi bien sur la forme des courbes de TG et done 
sur les param&res cin&iques apparents) que sur la nature (porosit6, structure) des produits 

ZUSAMMENFASSUNG -- Der EinfluB yon Restdriicken zwischen 10-z und 5 torr  auf  thermische 
Zersetzungen wird geprfift. An Hand  yon Beispielen, insbesondere hinsichtlich der Thermoly- 
se von Gibbsi t  AI(OH)z wird gezeigt, dab a) eine Regelung des Restdruckes nur  dann  von 
Nutzen ist, wenn auch die Zersetzungsgeschwindigkeit geregelt werden kann  (ansonsten stellen 
die TG-Kurven  ein nicht zu entzifferndes komplexes Phanomen dar) und dab b) die Wirkung 
des Restdruckes fiuBerst bedeutend sein kann,  sowohl hinsichtlich der Gestalt  der TG-Kurven  
(also der scheinbaren kinetischen Parameter),  als auch der Beschaffenheit (Porosit~t, Struktur) 
des Produkts.  

Pe3roMe - -  Hccne,~ioBaao BJIRgrl~e OCTaTO~H~,IX ~aBJ~eH~ B O6JIaCTrI OT 10--z JIO 5 Topp Ha XO/I 
TepMIlqeCKOFO aHaarI3a. C goMoulbto ripItMepOB, Kaca~ottIr~xc~ TepMoJIlt3a crteIIrlaJIbnoro 
AI(OH)z , 6bino rioKa3aHo: a) KOHTpOnb oeTaTOqHOFO JIaBJIeHH~ rlOtlTtt 6ecnone3eH, ecna CKO- 
pOCTb pa3Ho~eHrl~ He KOIaTponHpyeTcn (B IIpOTI, IBItOM csly,~ae, I~pF-~BLIe TF npe/lcTaBn~OT cnoa~- 
Hoe ~B.rieHl~Ie, IIpagTitHecKH Hepa36op'-igBoe), 6) B~Irlgl4e OCTaTOHHOFO )~aBJ~eHI4~ MO~eT 6blTb 
Heo~H/IaHHO 6Ore, roaM KaK Ha dpopMy xprtBbIX TF (rI cJIe~IoBaTenr~no Ha ra~ymHee~ Kr~4eTrI- 
necrd~e napaMeTpbi), TaK a Ha npI~po/Iy (noprlcrOCTI,, cTpyrTypa) aTHX npo~yKTOB. 
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