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Tha use of thermal analytical procedures to obtain both thermodynamic and kinetic 
parameters is outlined. The advantage of DTA techniques in establishing thermodynam- 
ic data is demonstrated. Kinetic data calculated from TG data is demonstrated~ 
Kinetic data calculated from TG data leads to plots of the logarithm of the specific 
reaction rate constant against lIT (where Tis the temperature in degrees Kelvin) and 
from this point onwards the calculation is the same to establish the kinetic parameters 
no matter whether the data was obtained from TG or isothermal studies, Information 
on changes in the density and surface area of solid residues in the decomposition 
process leads to the conclusion that the number of particles present changes signifi- 
cantly during the decomposition and it is pointed out that this factor is largely 
ignored in setting up kinetic models for the decomposition of solid materials. 

Differential thermal analysis (DTA) and Thermogravimetry  (TG) can be used to 
produce thermodynamic  or kinetic data when dealing with the decomposi t ion of  
solid oxysalts [1 ]. To obtain unambiguous  interpretations however  it is necessary 
to obtain data on the systems under  investigations by as many different techniques 
as possible [2]. The complementary  data that  can be best utilised are those asso- 
ciated with surface texture and structure [3]. This is especially true when dealing 
with kinetic aspects of  a reaction [4]. In the case of  surface properties of theres idues  
left in the decomposit ion the character o f  the surface is usually assessed from its 
adsorption properties. The adsorption usually studied is nitrogen adsorpt ion at the 
temperature of  liquid boiling nitrogen and the interpretation is in terms of  the 
surface area [5] and the pore size distribution [6]. The other important  proper ty  
which changes in a solid state decomposi t ion is the density. This can be combined 
with the surface area changes to indicate the change in particle size during decom- 
position [7], The manner  by which the density is determined is important  as also is 
the pretreatment received, such as effective outgassing before commencing measure- 
ments [8 ]. The investigation of  solid's receiving heat t reatment is made more impor-  
tant in that many industrial processes the solids involved are subjected to a rising 
temperature p rogramme which can be simulated on D T A  or T G  equipment.  The 
ancillary information is of  two kinds, first information producing kinetic param-  
eters by an alternative route or which restrict the number  of  possible kinetic 
processes and secondly data which adds to the general information regarding the 
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decomposition but which does not necessarily alter the kinetic parameters. First 
however it must be ascertained that thermodynamic and kinetic data from rising 
temperature techniques is correctly derived. 

Thermodynamic considerations 

In reactions of the kind 

the approximate equation: 

M X ( s )  ~ M(s)  + X(g)  (1) 

dlnP A H  

d T  = R T  ~ (2) 

expresses the dependence of  the equilibrium pressure of X(g) on the temperature, 
where R is the gas constant and A H i s  the ordinary heat of  reaction at the tempera- 
ture T. This is of identical form to that which applies to phase equilibrium. The true 
equilibrium constant Kf i s  equal to the fugacity ( f ) o f  the gas in equilibrium with the 
solid at a total pressure of 1 atmosphere. Strictly it is the variation of  lnfwith the 
temperature which is given by" 

dlnf  AH ~ 
d r  - R T  2 (3) 

where A H  ~ is the heat of  reaction adjusted to a low value of  the total pressure when 
the gases behave ideally. Experimentally, however, it is the partial pressure p which 
is measured (equivalent to K 1) and in most cases no attempt is made to keep the 
total pressure at 1 atmosphere, or at a constant value. Although the dissociation 
pressure should vary to some extent with the total pressure in most experimental 
cases of  thermal decomposition a single gas is liberated and the process consists of  
noting the equilibrium pressure at each temperature with no attempt being made to 
keep the total pressure constant. A further assumption is that the activities of the 
solids also do not vary with pressure. This simple form of  the equation is used in 
several ways. It may be integrated on the assumption that A H  ~ is independent of  
temperature, when 

A H  ~ 
In p = - R~-T- + constant (4) 

o r  

A H  ~ 
log p = + constant (5) 

4.567 T 

when a plot of logp against 1/Tshould give a linear plot with a slope of  - AH~ 

if A H  ~ is in calories. 
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Alternatively integration between limits gives 

o r  

lnP2  A H ~  (T2 - T ~  ] 
ea - R ~ T2 (6) 

P t _  AH~ [. 7 
log p l  4_576 / T~ ~ ) 

(7) 

where T1 and T~ are the limits of integration with corresponding pressures ofpj  and 
P2. If the behaviour is such that A H  ~ is not constant with temperature then the 
above equation can still be applied for small temperature differences A T  between 
two adjacent temperature points T1 and T 2 followed by further calculations for 
succeeding points. 

However in such cases A H  ~ can be written as: 

when 

1 1 z 
A H  ~ = A H  ~ + Ac~T + ~ AfiT 2 +  ~ ATT + . . .  (8) 

din p A H  ~ Ac~ Aft ATT  
d T  - R T  z + R T  + 2 R  + - 3 R  + ' ' "  (9) 

Integration then gives: 

A2fiT A 7 T 2 . 1 J A H  ~ Ac~ In T + + 6 R  + + (10) l n p  = - R~T + R- "" 

where A~, Aft, A 7 would be constants related to the heat capacities of  reactants and 
the products and I is a constant of integration. 

In solid state decompositions however the experimental evidence based on exper- 
iments already mentioned provide two different types of behaviour. The first class 
typified by calcium carbonate produces within the limits of  experimental error a 
linear plot of lnp against 1/T. The second class however show no dependence of the 
value of p upon the temperature. The experimental system normally utilised only 
enables a single stage of  decomposition to be studied. In the first class it needs to be 
established that the same equilibrium is found in a cooling temperature sequence as 
in a rising temperature sequence. 

Operating the system at a constant temperature and noting the equilibrium pres- 
sure is not the only system or the best. The pressure can be set constant and the 
sample subjected to a rising temperature programme. The sample will then decom- 
pose at a temperature which corresponds to the set pressure at which the experi- 
ment is run. Furthermore, the total pressure can be set at one atmosphere or other 
required set total pressure, and the reactant gaseous species [X(g)] set at any 
required partial pressure and this overcomes the inherent weakness of the tradition- 
al system. In principle the DTA or TG units can be operated in this way. In prac- 
tice the DTA system proves to be the most useful technique to obtain this data but 
a decision has to be made to decide whether to use the onset temperature of the 
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peak or the peak temperature as the transition temperature. This can be overcome 
by desensitizing the DTA equipment to reduce the size of the peak so that the 
difference between the onset temperature and the peak temperature is so small as 
to offer no significant difference, when the matter may be formally resolved by 
noting the peak temperature. 

In this way oxides may be dissociated in oxygen/nitrogen mixes with a varying 
partial pressure of oxygen and a total pressure of 1 atmosphere. Typical investiga- 
tions of this type concern the DTA investigation of manganese oxides. This dem- 
onstrates the further advantage of the DTA method namely that a sequence of 
dissociations can be studied in a single experiment. 

Thus manganese dioxide prepared by the thermal decomposition of manganese 
nitrate undergoes the following dissociation reactions with the progressive libera- 
tion of oxygen, 

MnO2 ~ MrhO3 --* Mn30~ ~ MnO. 
Tt T2 Tz 

Apart from crystal transformations that may occur the three dissociations noted 
above may be observed at any stated partial pressure of oxygen such that 

T I < T 2 < T z .  

If the partial pressure of oxygen isnow increased then Tlis increased to T 1 + AT1, 
and T 2 to T 2 + A T  2 etc., so that 

T 1 + A T  1 < T2- t -  A T  2 < T 3 -1- A T  3 

and for each transition the relationship 

A H  ~ 
log p = + constant 

4.576T 

can be shown to hold with linear plots of logp against lIT. 

The system is very usefully employed for the decomposition of carbonates where 
the pressure of carbon dioxide may be altered or in dehydration reactions where 
the systems became very complicated. Thus the operation of DTA in this way at 
various pressures of water vapour may be the only method by which the relation- 
ships between the dissociation temperatures and the partial pressure of water 
vapour may be resolved. The data on carbonates may be qualitatively demonstrated 
by noting the behaviour of dolomite [Mg Ca (CO~)2] [11 ]. At high pressures of 
carbon dioxide two endotherms are observed, the first peak due to the break down 
of the dolomite lattice; 

CaMg(CO3)2 T1 CaCO3 + MgO + CO~. 

At a higher temperature the calcium carbonate decomposes 

CaCOa r ~ > c a O +  CO 2. 
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It  can quite easily be demonstra ted that  T 2 will be reduced as the carbon dioxide 
pressure is reduced but  that  T 1 remains  pressure invariant .  Under  vacuum condi-  
t ions the two peaks merge�9 The behaviour  of the first decomposi t ion  peak (T1) 
under  varying pressures of carbon dioxide is simply that  the break-down of the 
dolomite lattice to magnes ium carbonate  occurs in a region where it is thermody-  
namical ly unstable.  

~oo - -~ 
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1oo -- 2 -- o 
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IO : e  �9 
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: -  I 
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B'SD 
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TOO 150 ~'00 250 300 
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Fig. 1. DTA relationship giving relationship between water-vapour pressure (p) and pe~k 
temperature (T) for various stages in the decomposition of CuSO4 �9 5H20. A. CuSO4 " 5 H20 

CuSO 4 �9 3H20 4- vapour; B. CuSO4 ' 5H20 ~ CuSO 4 �9 3H20 4- solution; C. Solution 
CuSO 4 �9 3H20 4- vapour; D. CuSO4 " 3H,,O ~ CuSO 4 �9 H20 4- vapour; E. CuSO4 " 

H20 ~- CuSO4 4- vapour. Ref. Berg et al .[131. 

The variat ion of t ransi t ion temperatures in dehydra t ion  with the vapour  pressure 
of water above the sample is demonstra ted in D T A  studies on the dehydra t ion  of 

A12 (SO03 " 16 H20 ~ A12 (SO~)~ �9 14 H20 ~ AI 2 (SO4)3 " 12 H20 ~ A12 (SO4)3 " 
�9 9 H20 ~ A12 (SO4)3 " 6 H20 [12]. Figure 1 represents the dehydrat ion sequences 

for CuSO4 " 5H20 as represented by Berg et al. [13]. The dehydra t ion  of CoSO~ " 
�9 7 H20 presents an even more complicated sequence [14]. It  is doubtful  if such a 

detailed study of these last two systems could have been made by any other tech- 
nique. 

Kinetic considerations 

Technically there is no reason why the t radi t ional  kinetie parameters  should not  
be established from rising temperature experiments.  

d~ 
- k f ( ~ z )  (11) 

dt 
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d e .  
where ~- is the rate of decomposition, e is the fraction decomposed, t is the time 

andf(e) is the function of e which fits the isothermal decomposition process. The 
rate constant is then k. The variation of the specific rate constant with temperature 
is given by the Arrhenius equation 

k = A e -~rmr. (12) 

It is assumed that the rate constants in these two equations are identical. Finally 
the relationship between time (t) and temperature (T) is 

T = T O + bt  (13) 

where Tois the temperature at t = 0, and b is the heating rate. It is usual to combine 
all three equations but this obscures several valuable points. 

The combination of the first and last of these equations gives: 

de 
"b 

dT 
k - (14) 

f(e) 

This will produce values of k at each temperature so that a plot of log k against 
1 

- -  can be constructed and from this point on the treatment is similar irrespective of 
T 
whether k was calculated from isothermal or rising temperature data. The pub- 
lished treatments of rising temperature methods all utilise a combination of the 
three equations. [15] 
But the resultant equation 

log ~ = l o g A  E (15) 
b R t  

may not provide as much information as the previous expression giving k and 
enables the conventional plot of log k against Tto be constructed. If this plot is not 
linear then three reasons for this have to be considered, namely 

1. The incorrect form o f f  (e) has been choosen 
2. The Arrhenius equation does not describe the temperature dependent 

behaviour of the kinetic parameters 
or 3. The specific rate constant in the Arrhenius equation is not identical with 

the rate constant in the kinetic equation 
de 
d t  - k f ( e ) .  

In published work the Arrhenius equation is assumed, and the concentration of 
efforts is on the selection of the correct functionf(e). Furthermore great emphasis 
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is placed on the calculation of E with little attention being paid to the evaluation of 
A. Even if however the significance of these parameters is merely empirical it is still 
necessary to calculate both to enable the system to be completely described. 

Ancillary information regarding texture of solid residue 

These are various measurements which may be made which help to describe the 
changes taking place during the thermal decomposition of a solid subjected to a 
rising temperature programme. In particularly methods which provide information 
regarding the surface or volume changes of the solid residues from decomposition 
are important in assessing probable kinetic functions which are largely based on 
geometry considerations regarding the reaction interface. It must be emphasised 
here however that there is quite a clear distinction between the reaction interface 
and the surface texture or surface area except in the special case represented by 
total gasification of the solid phase reactant, i. e. 

A(s) + B(g) --* AB(g) 

In this study two properties of the solid residue are discussed, namely the surface 
area as determined from adsorption experiments and the density changes which 
occur as the decomposition progresses. 

The general reaction considered already, namely 

MX(s) -~ M(S) + X(g) 

will produce a reaction interface which might be based solely on geometric consid- 
erations but for the fact that these are changes in volume due to differences in density 
between oxysalts and their corresponding oxides which will cause a distortion of the 
simple geometric shape of the interface. Finally there will be a break up of the 
original particles under the strain imposed by these differences in volume [16, 17]. 

Let the starting material (MX)  consist of N~ particles per mole with a molar 
volume and molar surface area of Vx and $1 respectively. The molar volume of the 
starting material is given by: 

V~ - M~ _ 4 ZrNlr~ (16) 
P~ 3 

where MI is the molecular weight in grammes, P is the density, and r is the average 
radius of the particles considered as spherical. The molar surface area of the original 
material is: 

$1 = slM1 = 4 ~Nlr~ (17) 

where s~ is the experimental surface area in m2g -a. 
From (16) and (17) 

3V1 ( S ,  t lj2 
r l -  S~ t ~ - )  (18) 
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If, in decomposit ion,  all that  occurs is an alteration in the size o f  each particle 
due to alterations in the molar  volume of  the solid produced,  then the-mean radius 
r 2 o f  the product  is given by :  

3V~ [ 5:2 ]1/2 (19) 

- -  4.N1 ) 

where the subscripts 2 refer to the product ,  but  the number  o f  particles produced 
remains the same and is therefore written as before, as NL 
Then:  

= t Sz J (20) 

One can examine systems to check on this part icular equation. Thus a sample o f  
barium oxalate upon  decomposi t ion gave the data  shown in Table 1. 

Table 1 

Decomposition data on barium oxalate (BaC204 ' 1/2 H~O) heated for 1/2 hour at indicated 
temperature in air. 

Tempera- Wt. loss, Density of 
ture, ~ ~ solid residue, Observations 

g e m  - 3  

100 
210 
308 
402 
460 
495 
556 
655 
745 
800 
860 
900 

0 
4.0 
4.3 
4.4 

12.0 
15.6 
15.9 
16.0 
16.1 
16.1 
16.1 
16.1 

1.866 
1.92 
2.06 
2.15 
2.70 
3.74 
4.18 
4.89 
4.52 
4.4O 
4.54 
4.39 

Specific surface area 0.5 mg ~-1 
Dehydration 

Specific surface area 3.1 mg 2-1 
Specific surface area 8.4 mg ~-1 
Decomposition to ~BaCO8 

Specific surface area 9.7 mg 2-1 

Possibly due to transition to 
to flBaCO8 

Samples weighing 0.5 g used in each experiment. 
Ref. 17. 

In  going f rom bar ium oxalate to bar ium carbonate  the ratio V1/V 2 is 2.597, 
whilst the corresponding value o f  ($1/$2) 3/2 is 0.2204. This discrepancy with the 
formula  is due to the change in volume on going f rom bar ium oxalate to bar ium 
carbonate causing strain to be set up in the system which causes the original parti-  
cles to shatter into a number  o f  smaller particles. I f  the number  o f  p roduc t  particles 
(in this case bar ium carbonate)  was Nz, then:  

_ i s2 )1j2 ( 2 1 )  
1"2-  $2 ~ 4rcN2 ) 
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The ratio VI/V2 is then: 

gl ($113/2(N211 [Sll312Nl12 (22) 
V 2 =  [Sz] IN1] = [Sz] 

where N is the number of  particles formed from a single reactant particle. 
Possibly the only cases where Eq. (20) is found are either where the change in 

molar volume of reactant and product is relatively small or where the loss of  the 
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, 200 - -  

ff | 
o 

tt) 

100 

0 

- ~0  - j,  l 

,o r / tJ 
6~ 

:'61 / 20 o 5 

4 
~ , 4  

100 321 

0 200 

I| 
I t  ii II 
I t 

400 600 800 
Temperotur% ~ 

Fig. 2. Density, surface area and ~ weight loss on solid residues from heat treatment of 
nickel hydroxide. Ref. 16. -- A -- -- Surface area; e. - - � 9  Density; -- o-- o-- wt. 

loss, % 

gaseous product is by channelling, leaving an open network of narrow pores as in 
the dehydration of zeolites. The use of Eq. (22) may be illustrated by data published 
by Dollimore and Pearce [16] on nickel hydroxide. Figure 2 gives experimental 
data from which the calculations can be made. Figure 3 shows the application of 
this data to nickel hydroxide and similar data for nickel carbonate also studied by 
Dollimore and Pearce. Table 2 summarizes the data of these authors taken from 
the maximum point of surface area for this and similar data on other nickel salts. 
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Table 2 

Estimate of the number of particles formed from a single particle of original material. 

Surface area, Surface area, Temperature, 
Nickel salt n per g o f  per g o f  ~ 

material oxide 

Nitrate 

Ammonium nitrate 

Acetate 

Sulphate 

Carbonate 

Hydroxide 

Ref. 16. 

75.131 

38.967 

1342 

2.83 

50.0 

15.05 

37.0 

32.5 

58.9 

69.8 

239 

201 

37.0 

33.1 

61.62 

120.7 

260 

214 

400 

345 

300 

200 

300 

300 

c 2 

A 

,o o0 - -  
- -  ~ mperatures ~ 

-2 -- 

.l 3 -- %~ �9 

\ 
-4 - -  

Y 
Fig. 3. Logarithmic relation between number of product particles formed from a single 
particle of original material and temperature of treatment. Nickel hydroxide and nickel 

carbonate. Nickel carbonate � 9  � 9  �9 ; Nickel hydroxide -- o-- o--  

In  making  the calculations on these part ial ly decomposed samples the effective 
molecular weight of  the part ial ly reacted material  (M2) is estimated by the use of  
the formula,  

M 2 = (1 - e)M1 + eMa. 
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where Ma is the molecular weight of the product and e is the fraction decomposed 
(at c~ -- 1, M 2 = M3). The general pattern of  an increase in the number  of  particles 
upon decomposition is observed, together with a coalescence or sintering of parti- 
cles upon heat treatment with no decomposition or after decomposition has oc- 
curred. 

These observations have a profound implication upon the theories that relate 
decomposition kinetics to theoretical models. These theoretical models are all built 
up on the idea of a reaction interface which changes in total area but with a system 
in which no alteration in the number of  particles in the system is contemplated. 
The data presented here shows quite clearly that as well as a changing reaction 
interface within each particle there is also a change in the number of  particles 
during solid state decompositions. No existing model for kinetic processes depen- 
dent upon a reaction interface in solid state decompositions adequately deal with 
this clearly demonstrated phenomena. The nearest approach is that of  Komatsu  
[18] in which a spread of  the reaction interface from one particle to another is 
postulated via the points of  contact between them. 
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R ~ S U M ~  - -  On donne un apergu sur l'utilisation des proc6d6s thermoanalytiques en vue 
d'obtenir les param~tres thermodynamiques et cin6tiques. On montre les avantages des 

techniques  d 'ATD pour 6tablir les donn6es thermodynamiques. Les donn6es cin6tiques 
calcul6es ~t partir des courbes TG conduisent au trac6 du logarithme de la constante sp6cifique 
de vitesse de r6action en fonction de l/T, T 6tant la temp6rature en degr6s Kelvin. A partir 
de l~t, le calcul pour 6tablir les param6tres cin6tiques est le m6me, que les donn6es aient 6t6 
obtenues par TG dynamique ou isotherme. Les donn6es relatives aux changements de densit6 
et de surface sp6cifique des r6sidus solides au cours des r6actions de d6composition permettent 
de conclure que le nombre de particules pr6sentes change d'une fagon importante pendant la 
d6c0mposition. On insiste sur ce fair qui reste souvent n6glig6 lots de l'6tablissement des 
mod61es cin6tiques de d6composition des mat6riaux solides. 

ZUSAMMENFASSUNG - -  Der Einsatz thermoanalytischer Verfahren zur Bestimmung sowohl 
thermodynamischer als auch kinetischer Parameter wird beschrieben. Der Vorteil der DTA- 
Techniken bei der Ermittlung thermodynamischer Daten wird gezeigt. Die aus TG-Daten 
berechneten kinetischen Daten f/ihren zu graphischen Darstellungen der Funktion des 
Logarithmus des spezifischen Reaktionsgeschwindigkeitskonstante gegen 1/T (wobei T die 
Temperatur in Kelvin bedeutet). Hiervon ausgehend ist die Berechnung der kinetischen 
Parameter dieselbe, ungeachtet dessen, oh die Daten aus TG-Messungen oder aus isothermen 
Untersuchungen erhalten worden waren. Die Information beztiglich der .~nderungen der 
Dichte und Oberflache fester R/ickstande yon Zersetzungsprozessen ftihrt zu der Folgerung, 
dab die Zahl der anwesenden Teilchen sich w/ihrend der Zersetzung wesentlich ~indert. Es 
wird betont, dab dieser Faktor bei der Entwicklung zur Zersetzung yon Festk6rpern in vielen 
Fallen ausser Acht gelassen wird. 

Pe3ioMe - -  ~B O6I~HX ~IepTax ormcano HClIOJ'I/a3OBaHHe TepMI, ItleCKrlX arIasIrtTH~ecrHx MeTO~IOB ~JIrI 
IIOJIyffetLvI~t ~ar TepMo~KnalvI~ecKHx, TaK I,I ICrtneTHqecKrIX HapaMeTpoB. 1-[oKa3aHo npeHMy- 
meCTBO MeTOaOB ~TA nprI ycTaaoBJIermrt TepMo~rtrmMa~ecKnx ~iarmr, ix. Krmerrt,~ecrrte )Ian- 
n~,ie, B/~IttItCYleHHbIC II3 ~am~bLX TF, HpHBO~IT If rpaqbnra~ B roopnrtnaTax norap~qbM y~iea~,Hoi~ 
peartmoHno~ rOnCTaHTU cropocrn n 1/T (me T - -  TeMnepaTypa B rpa~ycax t(enbamta) a c 
aTO~ TOOTH 3peHna nan,,mile BJ, i~mcnerm~ Te me caMJ, te n~m ycTanoB~eann rrmeTr~eclcnX napa- 
MeTpOB, tte3aBIiCtIMO OT TOFO, ~ITO ~aHrmie no~yqeaI, i n3 TF rtnrt tt3oTepMHtIeCKItX r~ccne~oBaHrI~. 
I/IHqbopMa/2II~t 06 ]43MeHeHIIflX YIJIOTttOCTtI H nJIoi/~a~H HoBepxHocTI4 TBep~b~X OCTaTKOB B npo- 
I Iecce  pa3I lo~eHH~i  HpHBO~IIT K 3a / (J i toqeHnIo ,  ~ITO ~IHCYIO ~IaCTllII 3aMeTHO H3MeHHeTC~I BO BpeM~I 

pa3nomeHH~ rl HOKa3aHO~ tlpO 3TOT t~aKTop B ~OJI/aII/HHCTBe nrnopnpyeTca nprl yCTaHoB~eRriH 
~iHeTr~ecK~x Mo~erle~ paa~o~enu~ TBep)/bIX MaTep~tastoB. 
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