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Quasi-static thermal analysis is very useful for the characterization of the thermal be- 
haviour of inorganic fluorides. The strong dependence of the thermal decomposition of 
hydroxonium fluorometallates, monofluorophosphates, and ammonium fluorometallates on 
the partial pressure is demonstrated. Non-reciprocal quasi-isobaric investigations are spe- 
cially suitable to disclose this behaviour. The possibilities of characterization of the reaction 
mechanism using quasi-static thermal analytical methods as well as the use of these methods 
as synthetic variants for phase-pure fluorides are demonstrated by further examples. In this 
context the repression of the amount of hydrolysis products is discussed. 

Keywords: inorganic fluorides, quasi-static thermal analysis 

Introduction 

The application of fluorides as catalysts, precursors or raw materials for 
fluoride glasses requires exact knowledge on thermal behaviour of these 
compounds. In most cases thermal decomposition and reaction of hydrolysis 
take place simultaneously. In literature these two parts are not consequently 
separated. Therefore many examples ex3st in which the published data on 
thermal stability of fluoride containing materials as well as the information 
on thermal decomposition reactions are in contrast to expectations based on 
thermodynamical estimations. 

Paulik and Paulik [1], Rouquerol [2], S6rensen [3], and Bean and Oliver 
[4] have developed the so called reciprocal thermal analysis, the controlled 
transformation rate thermal analysis (CRTA). The quasi-static methods of 
thermal analysis are special cases of CRTA. These methods allow to work 
near the equilibrium state. The results of such measurements are better 
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comparable to thermodynamic values, and the single steps of thermal 
decomposition are better separated. 

Up to now, these techniques are rarely used in order to characterize the 
thermal behaviour of inorganic fluorides. Therefore the aim of the present 
paper is to give some experiences and to demonstrate some particularities 
using quasi-static methods for studies of thermal decomposition reactions of 
inorganic fluorides. 

Experimental 

The main principle of all variants of quasi-static thermoanalytical 
methods is to control the reactions of thermal decomposition or transition in 
such a way, that at least one of the reaction parameters is not changed or 
only changes within narrow bonds. 

Usually the quasi-static conditions are adjusted by heating control. All of 
the commonly recorded thermoanalytical signals like DTG, DTA, Ap and A/ 
can be applied as a control characteristic of the heating control system. The 
temperature program is changed until the selected parameter is equal or 
smaller as the maximum determined by the user (reciprocal form of thermal 
analysis). The control effect determines the denotation of the method: 
quasi-isobaric, quasi-isothermal, and so on [1]. 

A special case is the quasi-isobaric thermal analysis. Three different 
forms of this method exist, namely two kinds of reciprocal thermal analysis 
(the control characteristic is either the total pressure or a spectroscopically 
determined partial pressure) and one non-reciprocal form. Non-reciprocal 
quasi-isobaric investigations are possible using special forms of crucibles 
claimed by Paulik and Paulik [1]. These crucibles allow to suppress a remix- 
ing of the gaseous reaction products with the atmosphere of the furnace. In 
this way different values of constant partial pressures are realized in de- 
pendence on the crucible form. 

Paulik and Paulik [1] already pointed out the necessity to ensure a con- 
stant concentration of gaseous reaction products during the whole transfor- 
mation process as a precondition for the success of quasi-static 
thermoanalytical methods. Therefore combinations of quasi-static and non- 
reciprocal quasi-isobaric techniques are used in most cases. 

Nevertheless thermal behaviour can change dramatically by varying the 
partial pressure of the reaction products [1]. Our experiences show that this 
is characteristic for inorganic fluorides. 
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At a partial pressure of 70 kPa or more the atmosphere above the sample 
is mainly determined by the gaseous reaction products. In this case one can 
describe the atmosphere as 'self-generated' or the conditions as non- 
reciprocal quasi-isobaric. It should be mentioned, that mostly no change of 
the reaction mechanism is detectable by further increase of the partial pres- 
sure. Therefore the comparison of the results of the non-reciprocal quasi- 
isobaric andthe classical forms of thermal analysis discloses the influence of 
partial pressure on the decomposition or transformation reactions. The 
comprehension of all other forms of quasi-static kinds of thermal analysis 
also requires such measurements. 

The thermal analysis was carried out with the Derivatograph Q1500D 
which was modified for analyzing high reactive substances [5] and coupled 
with a computer MC 80. A further modification makes it possible to use the 
DTG or DTA signal alternatively as control characteristic of the original 
heating control system. The following parameters were used: 

Sample mass: 200-400 mg dynamic heating rate: 2,5 and 5 deg/min, 
quasi-static heating rate: 3 deg,/min without thermal effect, 0,6%/rain with 
DTG or DTA effect; atmosphere N2, pumping rate 8 l/h; reference: A1203. 

The samples were prepared and characterized as described in the refer- 
ences. 

All intermediates and final products of the decomposition reactions were 
characterized by X-ray analysis (Guinier-method CuKa-radiation ) and by IR 
spectroscopy (Specord, KBr-technique) after cooling to room temperature. 

Results and discussion 

In a first part, results of four classes of compounds are presented 
demonstrating the main effects, which are caused by changing the partial 
pressure, and demonstrating the advantages of using of non-reciprocal 
quasi-isobaric investigations. The examples are selected in such a way that a 
lot of results of dynamic thermal analysis are available for comparisons in 
each case. 

A second part shows the possibilities to characterize the reaction 
mechanism and to prepare special inorganic fluorides using quasi-static 
thermoanalytical methods. 
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Hydroxonium fluorometallates - an example of changing the decomposition 
temperatures under non-reciprocal quasi-isobaric conditions 

compounds. The 
(H30)3A1F6"3HzO, 
Rb(H30)2A1F 6 [8]. 

Under dynamic conditions the thermal decomposition of hydroxonium 
fluorometallates and the evaporation proceed simultaneously [6-8]. A deter- 
mination of the stability of these compounds is impossible in this case. 

Using non-reciprocal quasi-isobaric conditions, the first ther- 
mogravimetric effect is shifted to a higher temperature in comparison to the 
dynamic measurements. An endothermal effect is separated totally from the 
process of evaporation as to be seen in Figs 1 and 2 (see also Fig. 6). Conse- 
quently the evaporation of HF/HzO-azeotrope starts always at the same 
temperature, the first endothermal effect is a criterion of the stability of the 

stability decreases in the following order: 
(HaO)2ZrF6, K(H30)zA1F,, (K, Rb)(H30)zA1F6, and 

T6 ~m - - - . \  
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i 
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Fig. 1 The formation of A1F3.0.SH20 by thermal decomposition of  (HaO)3AIF6-3H20 at 
5 kPa (conventional) - -  and 70 kPa (non-reciprocal quasi-isobaric) -- -- -- 

The comparison of the thermal decomposition of (H30)zZrF 6 and 
(H30)3A1F6.3H20 at 5 and 70 kPa shows the favoured formation of inter- 
mediates at higher partial pressures. In both cases, an additional ther- 
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mogravimetric step is detected at 160~ ((H30)3A1F6"3H20) and at 140~ 
((H30)2ZrF6) , respectively. At 70 kPa the decomposition can be described 
with the following schemes: 

(H30)2ZrF 6 ~ HZrFs-2H20 -~ ZrF4-H20 ~ ZrF 4 (1 )  

(H30)3A1F 6" 3H20 -~ A1F 3" 1.5H20 -~ A1F 3 �9 0.5H20 -~ A1F 3 (2) 

Under  non-reciprocal quasi-isobaric conditions also the formation of 
products of hydrolysis is represented. The thermal decomposition of 
(H30)zZrF 6 leads at 5 kPa to ZrF 4 and a mixture of zirconium oxifluorides of 
the a-ZrF4-type and the U3Os-type. ZrF 4 is the final product at 70 kPa; only 
traces of zirconium oxifluoride a-ZrF4-type ) are detectable. 
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Fig. 2 Thermal decomposition of (H30)2ZrF6 at 5 kPa (conventional) - -  
(non-reciprocal quasi-isobaric) -- -- -- 

and 70 kPa 

In contrast to the first thermogravimetric step, the decomposition 
temperature of the intermediate ZrF4-HzO decreases from 310 ~ to 250~ 
with increasing partial pressure (see Fig. 2), because ZrF4.H20 is stabilized 
by hydrolysis products which have been determined by X-ray measurements. 
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K2SiF6 - an example of simplification of the reaction mechanism 

The thermal behaviour of KzSiF 6 is extensively investigated by Kolditz 
and co-workers. The thermal decomposition of this compound leads to 
various products at different temperatures in dependence on the reaction 
conditions. A lot of side reactions have to be taken into account between 
450 ~ and 950~ if the partial pressure of the gaseous reaction products is 
smaller than 70 kPa [9]. 

The decomposition at 70 kPa shows a simplification of the reaction se- 
quence: side reactions are suppressed and the decomposition starts not 
below 900~ 

This is an example for the strong influence of the results by the variation 
of the partial pressure, because all part-reactions depend on this parameter 
in a different manner. 

It is noteworthy, that the results of solid state reactions of K2SiF 6 under 
non-reciprocal quasi-isobaric conditions correspond to the thermodynami- 
cal estimations. 

Alkaline earth monofluorophosphates - an example of suppression of formation of 
hydrolysis products 

The thermal decomposition of these compounds was investigated several 
years ago [10-12]. It was impossible to separate the thermal dissociation and 
the hydrolysis at that time. 
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Fig.  3 T h e r m a l  d e c o m p o s i t i o n  o f  C a P O 3 F - 2 H 2 0  - - - 
70 k P a  (non - r ec ip roca l  quas i - i sobar i c )  

a n d  S r P O a F - H 2 0  - -  a t  
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Figure 3 shows the results of the non-reciprocal quasi-isobaric thermal 
analysis of CaPO3F" 2H20 and SrPO 3 �9 H20. 

The decomposition of SrPO3F-HzO takes place in two steps without any 
influence of partial hydrolysis on the formation of the intermediate SrPOF 3 
at 70 kPa: 

5 SrPO3F-H20 -SI-IzO 5 SrVOsF -POF3 SrF 2 +2 Sr2V207 (3) 

The mass loss agrees with the theoretical value. The formation of 
hydrolysis products is totally suppressed. At 5 kPa another pathway of 
decomposition is observed. HP is the main component of the gas phase after 
the evaporation of more than 0.7 mol H20 and then a continuous mass loss 
between 150 ~ and 450~ was observed [11]. Also the following decomposi- 
tion of SrPO3F is influenced: in contrast to the two reaction steps at 5 kPa, 
only one decomposition step is observed at higher partial pressures. 

In the case of CaPO3F-2H20 only the first reaction step is clearly 
separated at 70 kPa. The mass loss agrees with the formation of 
C a P O 3 F - H 2 0 .  Above 150~ the thermal decomposition and the evaporation 
of water and HF proceed simultaneously. At 5 kPa all these reactions take 
place throughout the whole decomposition, single steps are not separated. 
In [2] we have described the dependence of the thermal decomposition on 
the sample mass and the heating rate. Really this dependence is caused by 
the partial pressure in the intergranular cavities, which is influenced by 
these parameters. 

Ammonium fluorometallates - an example of favoured formation of intermediates 

The thermal decomposition of ammonium fluorometallates strongly 
depends on the partial pressure of the gaseous reaction products [5, 13]. Up 
to now, the thermal behaviour of these compounds has been investigated 
only under dynamic conditions [14, 15]. In comparison to the results of 
Bukovee [16] and other authors the following changes in the reaction 
mechanism have been detected using non-reciprocal quasi-isobaric condi- 
tions: 

- the beginning of the decomposition shifted to higher temperatures [5] 
- t h e  ranges of existence of intermediates are prolonged, the reaction 

steps axe better separated, new intermediates or special structures of them 
are detectable [5, 13] 

- the amount of products of hydrolysis in the final products are mini- 
mized [17] 

T~mat .Ss~, 3~ IO92 
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These general results should be explained by two further examples. 
Figures 4 and 5 show the thermoanalytical results of the decomposition of 
(NH4)zTiF 6 and (NH4)2ZrF 6 at 5 and 70 kPa. The curves obtained at 5 kPa 
agree with the results of Gaudreau [14]. Non-reciprocal quasi-isobaric 
measurements allow to describe the decomposition reactions more detailed. 
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Fig. 4 Thermal decomposition of (NH4)2TiF6 at 5 kPa (conventional) 

(non-reciprocal quasi-isobaric) -- -- -- 
and 70 kPa 

During the decomposition of (NH4)2ZrF 6 (Fig. 5) three further reaction 
steps are observed. The first thermogravimetric step is caused by partial 
hydrolysis, the reaction of the sample with self-generated water, and a zir- 
conium oxifluoride (U3Oa-type) is formed. This intermediate is 
refluorinated in the next reaction step. The decomposition of the inter- 
mediately formed NH4ZrF 5 leads to another intermediate, NH4Zr2Fg, but 
only at heating rates <5 deg/min. The last intermediate (ca. 500~ in Fig. 5) 
can be described as an insertion compound (ZrF4-xNH4F with x~0.02); 
vacancies in the ZrF 4 structure are occupied by NH4E The final product is 
pure ZrF4, the quality is not influenced by the partial hydrolysis. 

Also the decomposition of (NH4)zTiF 6 (Fig. 4) under non-reciprocal 
quasi-isobaric conditions leads to NH4TiF s as a new intermediate. This com- 
pound can only be isolated under these conditions, Table 1 gives the powder 
pattern. NH4TiF s is hygroscopic and not stable in air in atmospheric mois- 
ture NH4TiOF 3 is formed. 
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Fig. 5 Thermal decomposition of (NH4)2ZrF6 at 5 kPa (conventional) 
(non-reciprocal quasi-isobaric/heating rate 5 deg/min) - - -- 

Table I Powder pattern of NH4TiF5 

and 70 kPa 

dlpm I d /pm 1 d/pm I 

684.7 11 319.1 14 202.2 4 

653.4 6 311.1 3 200.1 5 

578.4 100 303.3 3 198.8 7 

486.4 34 289.6 5 189.3 6 

480.5 7 260.6 3 188.2 3 

455.2 4 252.9 4 183.4 4 

431.4 5 243.4 4 181.1 12 

374.4 8 226.7 14 174 4 

347.6 66 222.3 3 171.8 5 

343.2 50 210.3 4 162.8 5 

324.7 8 207.3 12 162.2 4 

T h e  las t  s t e p  i n c l u d e s  t he  f o r m a t i o n  o f  T i F  4 as  we l l  as i ts  e v a p o r a t i o n .  

T h e  c r u c i b l e  is e m p t y  a f t e r  t he  d e c o m p o s i t i o n  p r o c e s s .  But  t he  o b s e r v e d  

t o t a l  m a s s  loss  is f au l ty ,  b e c a u s e  T i F  4 is  h y d r o l y s e d  o u t s i d e  t h e  c r u c i b l e  a n d  

T i O  2 is d e p o s i t e d  o n  the  s a m p l e  h o l d e r .  

T h e  r e s u l t s  a r e  s u m m a r i z e d  in  t he  fo l lowing  r e a c t i o n  s c h e m e s :  

J. Thermal Anal., 38,1992 
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(NH4)2ZrF 6 --) (NH4)2ZrF 6 +Zr(F, O)3_ x --) NH4ZrF s ~ (NH4ZrzFg) 

ZrF4.xNH4F --) ZrF 4 

x = 0.02 

(NFI4)2TiF e -, NH4TiF 5 --, TiF 4 

(4) 

(5) 

Characterization of t"e mechanism of thermal decomposition of inorganic fluorides 
using quasi-static methods 

The characterization of reaction mechanism of thermal decomposition 
using quasi-static methods is based on an analysis of the temperature course 
in dependence on the control characteristic [1]. 

Two examples: 
1. As shown in Fig. 6 the two endothermal reaction steps during the 

decomposition of K(H30)zA1F6 proceed quasi-isothermally if the heating 
process is controlled by the DTA signal. The two reaction steps are non- 
variant and are caused by decomposition of the compound and the following 
evaporation of the HF/HzO azeotrope. In the result KA1F4.0.5HzO is 
formed [8]. 

ts__.~_m 1 
% T6 

- -~ DrA 

100 

5O 

Fig. 6 Quasi-static thermal decomposition of K(I-I30)2AIF6 DTA controlled 

2. In contrast to the thermal decomposition of (NH4)2TiF6 the vaporiza- 
tion of NH4F during the decomposition of (NH4)2ZrF 6 cannot be controlled 
isothermally by the DTA signal. This is caused by overlapping of decomposi- 
tion reaction (endothermal), partial hydrolysis and refluorination reactions 
(exothermal), see Eq. (4). 

Z Thermal Anal., 38, 1992 
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Quasi-static methods as a synthetic route 

There are three effect of quasi-static methods which are useful for 
preparation of inorganic fluorides: the prolongation of the range of exis- 
tence of intermediates, the formation of the thermodynamically stable com- 
pounds, and the minimization of the amount of hydrolysis products in the 
final products. 

The prolongation of  the range of  existence of intermediates and the 
separation of reaction steps which normally overlap are useful for the 
preparation of phase-pure fluorides by partial decomposition of precursors. 
This way, e.g. SrPO3F, ZrF 4 �9 H20 and NH4TiF 5 have already been obtained. 

In self-generated atmosphere (p>70 kPa) the thermodynamically stable 
products and intermediates are formed. Therefore (NH4)3CrF n as well as 
(NH4)2[Cr(H20)Fs] and even (NH4)2[Cr(H20)dF 5 can be used for the 
production of water-free CrF3, because under non-reciprocal quasi-isobaric 
conditions the same intermediates are formed [17]. 

The precondition for a successful preparation of fluorides is the mini- 
mization of  hydrolysis products caused by structurally bonded water, ad- 
sorbed water, and water traces in the atmosphere. In general, partial 
hydrolysis occurring during the decomposition process cannot be sup- 
pressed completely, but the experimental conditions can be determined in 
such a way, that the final products contain onlya small amount of hydrolysis 
products. 

Caused by partial hydrolysis, very reactive fluorinating agents are avail- 
able in t h e  gas phase. Therefore the refluorination of all intermediately 
formed products is relatively easy under non-reciprocal quasi-isobaric con- 
ditions, if the ratio of the volumes of the crucible and the sample is small 
enough (less than 0.1 m% of the sample is allowed to evaporate in order to 
produce a self-generated atmosphere in the whole crucible). As a result, the 
amount of hydrolysis products is apparently suppressed. 

But the use of self-generated atmosphere is not successful in each case. 
Whereas, e.g., equal qualities of A1F 3 and ZrF 4 (90-95%) are formed by the 
decomposition 6f hydrates or ammonium fluorometallates under dynamic 
conditions, only the non-reciprocal quasi-isobaric decomposition of the am- 
monium fluorometallates leads to high-purity A1F 3 and ZrF 4 (quality better 
than 99.5%). In comparison, the best result of quality achieved by the 
decomposition of the hydrates at p >70 kPa is smaller than 97% [18]. These 
differences in quality cannot be determined by thermal analysis alone, also 
X-ray and chemical analysis of the final products are necessary. 

Z Thermal AnaL, 38, 1992 
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The possibilities and the limits of a minimization of the amounts of 
hydrolysis products in the final product - using non-reciprocal quasi- 
isobaric conditions and complete thermal decomposition - can be es- 
timated by a mathematical expression elaborated by Tschebull and 
Kepplinger [19]. This equation allows to optimize the parameters of the 
decomposition of A1F3.3H20 in such a way, that the amount of hydrolysis 
products reaches a minimum. The decomposition product contains more 
than 96% A 1 F  3 if the so called hydrolysis factor B is smaller than 5-10-s: 

mazo/rn~F 3. ( A  / 100 )-1/2. e-~3s0/r = B (6) 

In Eq. (6), A is the volume concentration of H20 above the sample, real F 
and rna2 o the total masses of these components, and T the reaction tempera" 
ture. 

Due to our experience, this equation is applicable to all decomposition 
processes of hydrolysable compounds. The numerical conditions have to be 
determined for each problem separately, but the general connection is al- 
ways the same. 

The factor of hydrolysis can be interpreted as a part of the preexponen- 
tial factor of an Arrhenius equation of hydrolysis: 

v = dc /d t  = k . c  

k m..,d/z .e EIRT m A '  .B'  "e -~/RT 

k = A '  .B 

B = maz o / mn,orid L (A / 100 )-l/2.e-e/Rr (7) 

The amount of hydrolysis depends on the relation of the total masses of 
water and the fluoride, on the factor (A / 100 )-1/2 and on the activation ener- 
gy of the hydrolysis. The factor (A / 100 )-1/2 is the degree of the equilibrium 
between solid and gaseous reaction products and corresponds to the partial 
pressure of the reaction products. It describes sufficiently the effect of 
changing the partial pressure of the gaseous reaction products. This can be 
illustrated by the dependence of the decomposition point of the last inter- 
mediate on the thermal decomposition of (NH4)3A1F 6 [5]. 

High values of partial pressure of the gaseous reaction products are 
favourable to repress the amount of hydrolysis products. The factor 
(A / 100 )-1/2 becomes nearly one if the decomposition reaction proceeds in 
self-generated atmosphere. Consequently B is mainly determined by the 

i.. Thermal A n ~ ,  38,1992 
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relation of m�89 in the case of a special reaction with a fixed activa- 
tion energy. 

Whereas (A/100 )-1/2 depends only on the reaction conditions, the rela- 
tion rn~o/mt~uoride is determined by the reaction conditions and the 
mechanigm of the decomposition too. As described above, the intermediate- 
ly formed hydrolysis products are refluorinated in a following decomposi~ 
tion step. 

Only during the last decomposition step this refluorination is impossible. 
A small, but considerable difference between the composition of the last in- 
termediate and the final product is the important supposition in order to ob- 
tain high-pure products. The smallest value of the factor m H o/mt luor ide  is 
mainly influenced by this difference, and is not predetermined~y the quan- 
tity and bond type of water in the starting material. 

The importance of the intermediate A1F 3 .xNH4F [5] and ZrF 4.xNH4F for 
the preparation of high pure A1F 3 and ZrF 4 using the decomposition of am- 
monium fluorometaUates are obvious in this context. 

Equation (7) illustrates the significance of non-reciprocal quasi-isobaric 
conditions for preparation and has been proved as a tool for optimizing syn- 
thesis of flurides. 

Conclusions 

Using quasi-static methods, thermal decomposition or transformations of 
fluorides take place at quasi-equilibrium conditions. The reactions occur 
thermodynamically controlled and the results are useful for a correlation 
with thermodynamical values. 

As a rule, the thermal decomposition of inorganic fluorides under quasi- 
static conditions and dynamic conditions, respectively, are very different. 
The decomposition reaction strongly depends on the partial pressure of 
gaseous reaction products. This particularity is caused by the high reactivity 
of the gaseous reaction products, which make multivarious side reactions 
possible. 

Especially, non-reciprocal quasi-i.40baric techniques are useful for the 
investigation of thermal decomposition reactions and - via controlling of 
side reactions - for the. preparation of inorganic fluorides. 

J.. Thermal AnaL, 38, 1992 
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Zusammenfassung -- Quasi.statische thermoanalytische Methoden sind sehr gut ffzr die 
Charakterisierung anorganischer Fluoride geeignet. Am Beispiel der termischen Zersetzung 
yon Hydroxoniumfluorometallaten, Monofluorophosphaten und Ammoniumfluorometallaten 
wild der starke Einfluss yon Partialdruck~inderungen demonstriert. Besonders wichtig sind 
quasi-isobare, nicht-reziproke Verfahren fiir die Untersuchung dieses Verhaltens. An 
Beispielen wird auch die MSglichkeit der Reaktionsaufkl~irung mit quasi-statischen thermo- 
analytischen Methoden gezeigt. Die gleichen Methoden eignen sich dariiber hinaus als Syn- 
thesevariante fiir phasenreine Fluoride. In diesem Zusammenhang werden die M~glichkeiten 
der Herstellung von Fluoriden mit geringem Hydrolysegrad ausfiihrlich diskutiert. 
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