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Abstract 

No adequate thermodynamie definition of non-equilibrated solids is available at present. In 
this paper a method is suggested for the energetic characterization of solids by estimation of the 
distribution of the differential molar internal energies - as they appear during the breakdown of 
sample e.g. by chemical reaction, i.e. the 'depth distribution of differential energies' (DDE) of 
samples. Thermodynamic considerations are presentecbfor approximating this quantity - and ex- 
perimental possibilities proposed to attain the r3edd~ed input information by thermoanalytical 
methods. Application of the suggested procedure is supposed to contribute to the better under- 
standing of structure - energy - reactivity relations in real solids. 
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Introduction 

The thermodynamic state of real, grained solids - as they are commonly 
used both in industry and laboratory research usually differs from their equilib- 
rium state. This is caused by their specific structure, with non-equilibrium (ex- 
tended and extrinsic) defects and in consequence by their excess energy, volume 
and entropy. It follows from this that their physical properties and chemical re- 
activity change significantly in dependence on their structure and on the 
changed driving forces of their reactions. Consequently, both the concepts and 
kinetic data concerning solids show many inconsistencies and contradictions 
[1]. Although the effects of these 'active' states of solids have been observed as 
early as the beginning of our century (De Forcrand, 1902) and intensively stud- 
ied in the thirties and forties (Fricke R., Ziemens K.E,  Hfittig G.F., Flfigge S., 
Schwab G., Cremer E.) with a wealth of new, qualitative observations - the 
problem of thermodynamic state definition of real solids has still remained 
open. Furthermore, the precision of the majority of thermodynamic data - 
which should relate to equilibrium state - is qualified as 'moderately good - re- 
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determination desirable' or 'better than nothing' [2]. A revival of interest in the 
problem was stimulated in the last decades by needs of materials science, 
mechanochemistry, and by the intrinsic interest in thermodynamics - as novel, 
highly developed thermoanalytical techniques promise new possibilities for bet- 
ter approaches. 

Possibilities to def'me the state of solids 

For equilibrated crystals, modifications of Einstein's 'one parameter model' 
provide a possibility of evaluation of their thermodynamic functions. 'State 
equations' proposed for solids may also be used. However, they are useful only 
for high-pressure/temperature equilibria [3]. Quantum chemistry has also pro- 
vided in the last decades a wealth of information concerning structure-energy 
relations for crystalline molecular solids [4]. 

For unequilibrated states of 'homogeneous' samples, the determination of 
their state can be achieved by measuring their Cp(T) values down to 10 K and 
lower, including the determination of their 'zero-point entropy'. This permits 
evaluation of the average values of their thermodynamic functions. However, 
custom-made technique and time consuming measurements are the reason that 
data of this kind are routinely not accessible [5]. 

With finely grained porous, defect solids appears the problem even more 
complicated, which is caused by surface and adsorption effects. It should be re- 
alized that each kind of defect represents a specific local energy. Thus, the rec- 
ognition is essential that all thermodynamic functions of a,real solid sample are 
statistical quantities and therefore they should be described by corresponding 
distribution functions of their local values (analogously as it is common with 
the distribution of adsorption energies). This has been recently postulated from 
kinetic considerations [6] and shown by simulations of the energy distribution 
of ideal and disorganized 'two-dimensional solids' [7]. Applying this approach 
to real samples would require the knowledge of their - not accessible - micro- 
state [8], i.e. the positions as well as the potential-distance functions of all par- 
ticles including steric and shielding effects. 

Nevertheless, the increased interest in the problem stimulated different ap- 
proaches for differing structure types as they differ in the kind of prevailing de- 
fects. In mixtures of inorganic oligomers, e.g. silicate glasses, the distribution 
of excess energy has been studied on the basis of calorimetry and appropriate 
thermodynamic cycles [9]. Long-term investigations on samples with ionic 
bonds enabled to ascribe contributions of different types of defects (surface, 
crystallite size, lattice strain, amorphization) to the total excess energy of me- 
chanically activated materials [10]. 

Thus, it is at present not possible to define exactly the state of a real solid by 
routinely applicable procedures. 
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Because of the lack of an exact definition of state, it is common practice to 
give values of three sets of data: 

- structure parameters (chemical composition, distribution of grain and pore 
radii, of crystallite sizes, phase composition, X-ray amorphous fraction etc.), 

- parameters of the history of sample (i.e. the exact description of its prepa- 
ration - best starting from a well-defined state), 

- set of nonstructure property values (physical ones, standard properties, 
and others being in relation to the aimed use of sample. The term 'property 
means in general the quantifiable manifestation of the system studied - when 
submitted to a defined procedure). 

It is not hard to realize that such sets of data cannot replace an exact and ex- 
hausting definition of state. However, combinations of data from the three sets 
above seem to be sufficient for technical/industrial needs and they are com- 
monly used also in laboratory practice and research. 

There is a growing tendency of standardization of newly developed and pro- 
duced powders of commercial importance [11]. The problem treated in this pa- 
per is not without interest from this point of view, as efforts in the last three 
decades directed to quantification of particle shape (being a non-negligible 
structure parameter) failed to bring the expected results [12]. 

Thus, the problem remains topical in solid-state chemistry. 
The aim of this paper is to suggest possibilities of determining quantities be- 

ing in relation with the distribution of internal energies of real solids - accessi- 
ble by thermoanalytical methods. 

T h e  d e p t h  d i s t r i b u t i o n  o f  l o c a l  e n e r g i e s  

A powdered real solid is characterized by a series of extrinsic and extended 
defects, residual strains, and differences in the quality and specific sizes of sur- 
face and grain boundaries. Each of these frozen-in defects contribute to the en- 
ergy state of the sample. As mentioned above, it is not possible to determine 
local values of standard Helmholtz's energies of a sample, neither their distri- 
bution - which would provide an exact statistical thermodynamic definition of 
the sample. As an alternative compensation, the suggestion has been made that 
the internal energy/enthalpy distribution of a powdered solid - as it appears 
during its breakdown, e.g. by a chemical reaction - will be still characteristic 
of its 'structure' [13]. 

In a chemical reaction of the solid with another reactant being in a defined 
state (gas, liquid, and also with a specified solid), the process will proceed - 
roughly speaking - from the surface of grains towards their centre, and from the 
smaller particles - reacting quickly - to the coarser ones. During the course of 
reaction the apparent differential molar energy (ADME) of the sample - relat- 
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ing to an infinitesimal change of the conversion (x) will thus change in depend- 
ence on the latter (x). This dependence (i.e. frequency of ADME's) might be 
called the 'depth distribution of apparent molar energies' (DDE). 

To realize the essence of this idea let us imagine the following extreme cases: 

- in a monodisperse sample with energetically homogeneous bulk of grains 
there are, on the whole, two distinct energy levels: that of the surface and that 
of the bulk (see also [7]); with coarser samples the surface term will be negli- 
gible, 

- in a polydisperse sample with energetically homogeneous bulk of grains 
there should be a dispersion of ADME anticipated as the value and share of sur- 
face energy depend on the particle sizes (radii of curvature). The same holds for 
monodisperse homogeneous porous samples with a distribution of pore diame- 
ters, 

- in a monodisperse sample a radial (depth) distribution of energies may oc- 
cur as a consequence of the method of sample preparation (grinding, precipita- 
tion, quenching, plasma spraying, etc.). 

Commonly all the above effects appear in superposition and combined with 
the topical - very variable - advancement of the reaction boundary, depending 
on the structure of sample and on the chosen test reaction (nature of the other 
reactant). Thus, with a fixed test reaction the ADME will sensitively reflect the 
'structure' of sample on all - micro- and macro-levels. 

Recently we have shown - on the basis of thermodynamic considerations - 
the principal possibility of determination of the DDE [13]. The proposal as- 
sumes the experimental determination of the dependence of the heat evolved in 
the reaction on the conversion in the test reaction. The supposition of this de- 
pendence opposes the common convention in evaluating thermoanalytical meas- 
urements, where a direct proportionality between both quantities is being 
presupposed. In the following, experimental techniques and thermodynamic re- 
lations are presented, which permit determination of DDEs. 

Design of experimental approaches to the determination of DDE 

As mentioned above, the experimental device has to enable determination of 
the dependence of the enthalpy change of the system, AH, on the conversion of 
the solid reactant x for the test reaction with a sufficiently high precision. As no 
commercial calorimeters provide such output information, it can be equiva- 
lently replaced by measuring simultaneously the dependence of the evolved heat 
and of the conversion as a function of the time: AH(t) and x(t). These functions 
provide the needed input in parametric form, and they are equivalent to M-/(x) 
as they can be easily transformed to the latter. However, a crucial point in the 
treated problem is that both of these dependencies have to relate to the process 
itself - and do not mean the direct outputs (%p, Wop) of the measuring arrange- 

Y. Thermal Anat., 46, 1996 



JESEN~3~, VALTYNh ENERGY DISTRIBUTION 451 

Calorimeter with solution property sensor 
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Fig. 1 Scheme of signal processing routes; rpop(t), Wop(t)-direct output from a calorimeter 
and from a solution property sensor. AHop(t), xop(t), direct output converted to the 
corresponding enthalpy and conversion. AH(t), x(t), deconvoluted values of enthalpy 
and conversion. Hs,p, the apparent differential molar energy (ADME) of the tested 
solid. E(Hs, p), differential distribution function of ADME's. 

ments  (Fig. 1). It means that the output signals of  the measur ing  devices - being 
delayed in relation to the process  - have to be  deconvoluted after de te rmina t ion  
of  their  transfer functions.  
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Arrangement for test reactions of the type 

Solid + Solution-+Products (sin) 

Supposedly the AH(t) and x(t) dependencies could be best acquired via test 
reactions of this type, e.g. 

MgO(s) + 2HCI (sin) = MgCl2(sln) + H20 (1) 

The reaction path in the solution can be visualized by a straight line in the 
ternary diagram HC1-H20-MgC12. The A/-/(t) function can be derived from the 
output ~pop(t) of a high-precision calorimeter, where the sample cell has to be 
equipped with a low-heat-capacity sensor - measuring some quantity Wop(t) re- 
lated to the composition of the solution and thus allowing to convert the sensor 
signal to the Xop(t) function. Furthermore, the calorimeter should enable mixing 
of the solution to ensure stable hydrodynamic conditions. Fulfilling of this re- 
quirement will surely lower the parameters of the calorimeter, because of the 
energy additionally introduced into the reacting system and the heat escaping 
through the mixer's shaft. However, a twinned construction of the calorimeter 
with both sample and reference cell being mixed would allow compensation of 
these effects to a great extent. There are no commercial devices fulfilling all the 
requirements mentioned above but the Heat flow, Calvet-type D-80, the MS-80 
or the Micro DSC III (SETARAM, France) seem to be best adaptable. Thus the 
whol.e signal processing arrangement might be devised according to the scheme 
in Fig. I. The complete thermodynamic evaluation procedure is given below for 
this case only. 

Testing via solid decomposition reaction 

A (s)--+B(s) + C(g) 

Another possibility might be the testing of solid decomposition reactions 
(sulphides, oxyhydroxides, carbonates, etc.) at elevated temperatures under dy- 
namic conditions (i.e. linear temperature-time program) in a controlled purge- 
gas atmosphere, where a constant pressure of the evolved gas component C(g) 
is being maintained. The x(T) and H(T) functions can be derived from simulta- 
neous TG/DSC (DTA) measurements. Supposing that at sufficiently slow heat- 
ing the .process approaches equilibrium at each temperature, i.e. the Gibbs 
energy of the decomposition reaction should vanish during the whole run. Of 
course the precision of these measurements will not compete with that of a calo- 
rimeter described above, first of all because of the 'base-line problem' involved 
in the evaluation of DSC (DTA) curves, although great progress has been made 
in the last decades in TA technique (e.g. TG-DSC 111, TG-DSC LABSYS TM- 
SETARAM, France and TG-DSC NETZSCH, FRG). However, for high-tern- 
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perature measurements it has been realized that annealing (relaxation) of non- 
equilibrium defects can proceed before or simultaneously with the decomposi- 
tion reaction [14]. 

The principal premises of both the dispersion of ADME and of the possibil- 
ity of acquiring the H(t) and x(t) functions with test reactions of this type may 
be qualitatively illustrated by the following example of the partial decomposi- 
tion of dolomite: 

CaMg(CO3)2(s) = MgO(s) + CaCO3(s) + CO2(g) (2) 

TG and DTA measurements were carried out with two samples of the same 
chemical composition: a pure natural dolomite of Eastern Slovakia. One of the 
samples (1) has been ground shortly - as it is common for TA determinations, 
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Fig. 2 TG/DTA records taken of natural dolomite in a CO2 atmosphere before (1) and after 

(2) mechanical activation 
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the other one (2) mechanically activated by 4 h vibration milling. Both samples 
(provided by Mrs. L. Tur~gnyiovg from the Institute of Geotechnic of the Slo- 
vak Academy of Sciences) were measured under the same conditions in a CO2 
atmosphere (100 cm 3 rain -1) with a NETZSCH STA 409 instrument. Figure 2 
shows the results of both runs. We are concerned here with the first, endother- 
mic 'magnesite decomposition peak', where defect generation by milling caused 
its impressive broadening and shifting to lower temperatures (Table 1). Com- 
paring the thermal effect (DTA curve) with the TG signal it is seen that different 
fractions of sample (2) generate different reaction enthalpies and provide - 
however with low precision - the needed H(x) input information for the evalu- 
ation of the DDE. 

Table 1 TA-parameters of the "Magnesite decomposition peak" of dolomites 

1 2 
Sample Difference 

(Reference) (Activated) 

Starting temp. of 758.8 586.1 172.7/K 

decomposition/K 

Peak temp./K 781.2 725.7 65.5/K 

Temp. range of 

deeomposition/K 56.3 192.3 135.5/K 

Enthalpy effect of Excess enthalpy 

decomposition/J g-1 --480 -588 108/J g-i 

Testing with a heterogeneous reaction of the type 

A(s) +B(g)--C(s) 

This type of reaction - A(s) being the sample tested - often proceeds at am- 
bient and low temperatures. Thus the needed information can be obtained by 
means of TG and DSC technique, where the precision of determination is 
higher compared with high-temperature measurements. 

Furthermore, this kind of test reaction provides the advantage of the possi- 
bility of testing also changes in the distribution of ADME of a sample (A(s)) 
with temperature, i.e. the annealing of its non-equilibrium defects inde- 
pendently of the reaction itself. 

Testing with a solid-state reaction of the type 

A(s) + B(s) = C(s) + D(g) 

Reactions of this kind, e.g. 

SiO2(s) + 2BaCO3(s) = 2BaO.SiO2(s) + 2CO2(g) (3) 
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where SiO2 represents the tested sample and BaCO3, supposedly very finely 
grained e.g. precipitated and present in great stoichiometric excess, proceed be- 
low the decomposition temperature of the carbonate. Thus CO2 is being re- 
leased only according to the reaction scheme: thus the conversion of SiO2 (x) 
can be detected by TG and the thermal effect by high-temperature DSC. In this 
way it is possible to acquire H(x) dependencies. However, the expected preci- 
sion is even lower than with the decomposition reactions described above as a 
consequence of problems with the reproducible homogenization and compact- 
ing of the reactants. 

Thermodynamic definition of the apparent differential molar 
energy (ADME) 

Let us suppose that the tested powdered active solid sample S(s) reacts with 
a solution containing other reactants, or solvents, R~ (i= 1,2,...,k), as for exam- 
ple in reaction (1). Using the convention that the stoichiometric coefficients of 
the reactants on the left-hand side of the equation are negative and separating 
the term for the solid reactant from those for the solution, the stoichiometric 
equation may be written as follows: 

Z viRi (sin) + vsS (s) = 0 (4) 
i 

Furthermore, the stoichiometric coefficient of the solid reactant S will be as- 
sumed to be Vs=-l .  If only a physical change takes place, (e.g. dissolution), 
S(sln) has to be formally treated as one of the reaction products. 

Let the starting system contain a solution with amounts of substances n ~ of 
the components R~ and n~ of the solid reactant S(s). After the extent of reaction 
has reached {, the unreacted amount of S(s) is 

ns = n~ - { ,  (5)  

and the amounts of R~ in the solution are 

ni = n ~ + v i {  ( 6 )  

or ,  in terms of the conversion of S(s) denoted as x: 

_-nOsx (7)  

ns = n~ (1 -x )  (8) 

and 
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ni = n ~ + vin~ (9) 

The overall enthalpy change of the system is 

a n = H _ n  o (lO) 

where H and H ~ are the actual and the starting enthalpy of the system, respec- 
tively. If the extent of reaction increases by d{ and the temperature by dT, the 
differential enthalpy change of the system will be 

T,p ~ ,p 

(11) 

The first partial derivative on the right-hand side of Eq. (11) is the actual 
(i.e. not the standard) reaction enthalpy ArH, corresponding to the actual com- 
position of the solution, temperature and state of the unreacted rest of the solid, 
and the second one represents the overall heat capacity of the system, Cp: 

Cp = Z niCp,i + nsCps (12) 
i 

where Cp are the partial molar heat capacities of Ri in the solution, and Cps is 
the mean molar heat capacity of the unreacted portion of S(s). Introducing A~H 
and Cp into Eq. (11) with respect to Eq. (7), we get: 

dAH = rH.ns dx + Cp d T  (13) 

so that 

Ar H = dAH - C e d T  (14) 
ngdx 

On the other hand, the reaction enthalpy may be expressed as 

ArH=Z viHi-Hs,p (15) 
i 

m 

where H~ are the partial molar enthalpies of the components of the solution and 
Hs,p is the ADME of the solid corresponding to conversion x and temperature 
T. Then from Eq. (13) follows: 

dAH = ( ZvJ-/~ - Hs,p) n~ dx + Cp dT (16) 
i 

and from Eqs (14) and (15): 
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//so : E v - ~ -  dM-/- Cp d_T (17) 
' i lie dx 

Thus, Eq. (17) is the definition of the ADME on the basis of the heat effect of 
the chosen test reaction. 

Depth distribution of differential molar energies (DDE) 

This topic has been treated in [13]. Further considerations concern proc- 
esses realized at constant temperature (e.g. in a quasi-isothermal calorimeter) 
where Hs.v of the sample for the given test reaction and also Hi and AH depend 
only on the conversion x, therefore they will be further denoted Hs.p(X), Hi(x), 
and AH(x), respectively. 

Let I(Ho) denote the integral distribution function of ADME of S(s), i.e. the 
fraction of S(s) with Hs,p less than or equal to H v and E(Hv) the differential one. 
Derivations below hold only on the supposition that the dependence of Ins.p(x) I 
on AH is monotonously descending, which presumably covers the majority of 
practical cases. With this supposition 

I(Hp) = 1 -x(Hp) ( 18 ) 

and 

E(Hp) = 
(Hp) 1 

- ( 1 9 )  
0Hp 0Hs,p (x) 

dx 

where X(Hp) is the conversion of S(s) at which Hs,p=Hp. 
The mean value of ADME, Hs.f, is the average molar enthalpy of the whole 

sample: 

I 

Hsf= I HSp (x)dx - AH (1) 
, , no 

0 

(20) 

Here AH(1) is the enthalpy change corresponding to the complete reaction of 
the solid. The central statistical moments which are necessary for calculation of 
the parameters of the distribution like dispersion, tortuosity and excess are: 

1 

~tq = f [Hs,~ (x) - HsA q dx 
0 

(21) 

where q equals 2, 3 or 4, respectively. 
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Process ing  of  da ta  

If the measurement proceeds at constant temperature, Eqs (16) and (17) sim- 
plify to 

dAH(x) = [Y-villi(x) -Hs,p(X)] n~ dx (22) 
i 

Hs,p(X) = Z v ~ i ( x )  d A H ( x )  (23) 
i n~ dx 

According to the experimental arrangement, in principle two different types 
of input may be provided for further consideration (Fig. 1): 

1) Ifx and AH relate to the same moment, sets of corresponding values tj, xj, 
AHj are available. Then AH may be expressed explicitly as a function of x, 
AH(x), using a convenient empirical relation, e.g. a polynomial (I in Fig. 1) 

2) dependencies AH(t) and x(t) (II in Fig. 1) are available. 

According to Eqs (15)-(17), for evaluation of Hs,p the knowledge of the par- 
tial molar enthalpies of all components of the solution is necessary at least along 
the reaction path in the ternary liquid system x(0~ l )  (a). However, their values 
are accessible in very rare cases only. This problem may be eliminated in two 
ways: 

- via experiment with a high excess of the solution (including also the reac- 
tion products) in comparison with the solid reactant; in this case the composi- 
tion of the solution will change negligibly during the reaction and the partial 
molar enthalpies may be considered as being constant (b) 

- via experiment with some reference solid sample with defined state (e.g. a 
monocrystalline solid) (c). 

Thus, processing of data is given for two alternatives of pre-processed ex- 
perimental output (Fig. 1): 

I - M4(x) 

II - AH(t), x(t) 

For both cases three further alternatives ~/re derived: 

a) known Hi(x) values (general case), 
b) constant Hi values, 
c) experiment with reference sample. 
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I. Processing AH(x) being the input 

I. a) 

For Hs,p(X)Eq. (23) holds. The derivative dHs,p(x)/dx is: 

_  vi X) 
n~dx: 

(24) 

and after inserting into Eq. (19) 

1 
E(ns,.) = d2zXn(x) d i(x) (25) 

n~dx 2 i 2v~ 

Equations (23) and (25) are parametric expressions of the dependence of 
E(Hs,p) on Hs,p with x as parameter, i.e. they represent the DDE function. 

I. b) Experiment with constant Hi values 

Experiments of this kind may be realized with a high excess of all compo- 
nents in the starting solution (including the reaction products) in comparison 
with S(s): (n~ > n~). In this case the composition of the solution will 
change negligibly during the reaction and the partial molar enthalpies of the 
components of the solution along the whole reaction path Hi(x) may approxi- 
mate constant values equal to those in the starting solution, Hi ~ " Hi(x)  = H f  = 
const., so dHi/dx=0 and Eqs (23) and (25) simplify to 

Hs,p(x) = Y. v~i ~ dA/-/(x) 
i n ~ dx (26 )  

and 

E(ns,p) - 
d2AS(x) 

n ~ dx 2 

(27) 

I. c) Experiment with a reference sample 

An additional experiment may be carried out with a well-defined reference 
sample (e.g. a coarse-grained monocrystalline solid), for which Hs,p= 

= const. Furthermore, all quantities relating to the experiment with the refer- 
ence sample will be denoted by an asterisk superscript. In both experiments, the 
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composition of the starting solution and the proportion of S(s) should be the 
s a m e :  

*O 
ni _ n ~ 

*0 0 ns ns 
(28) 

If ns =ns, then ni = ni. If (28) is valid, according to Conveniently, in practice, " .o o .o o 
(6) the dependence of nl on x and consequently also the composition of the so- 
lution and the partial molar enthalpies along the reaction path will be identical 
in both experiments at x=x* also Hi(x) =/47i (x*) and 

X V'~i(X) = X V '~ i ' (X*)  ( 2 9 )  
i i 

For the reference sample, (22) is 

- -  *O dAH*(x*) = [Y~ v'd-/~i(x*) -/-/~s] ns dx 
i 

(30) 

from which 

X v~i(x*) =/fs  + dAH*(x*) 
*O O X *  i ns 

(3]) 

and, since ~ = const. 

X vi d~(x*) dZA/-/*(x*) 
i dx* n~ ~ dx .2 

at x=x* (32) 

After substitution from (31) into (23) 

(33) 

differentiation gives 

dHs,p(x)_-d2A/f(x *) dZAH(x)] 
~ - - - -  n~ ~ 2 n~dx 2 Jx=x. 

(34) 

From (19) and (34) it follows: 

1 
d2AH'(x*)~ (35) 
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Equations (33)-(35) may be written more briefly as: 

AH(x)- Hs,p(X) = H~s - d 
n~ ~ n~ 

X ~ X "  

(36) 

dHs,p(X) _ d 2 

dx dx 2 

AH(x)- 
*O O 

ns ns 
X = X  ~ 

(37) 

1 
E(Hs,p) = d 2 -AH(x) AH*(x*) (38) 

*O dx 2 n~ ns 
X = X  

Thus, the first step of processing data will be the conversion of dependencies 
AH(x) and AH*(x*) into the dependence 

1 n~ ~ g  _ix: x. =f(x)  (39) 

which will further be processed according to Eqs (36) and (38) giving the DDE 
again in parametric form. 

H. Processing of AH(t), x(t) being the input 

II. a) 

Equations (33) and (35) have to be transformed by substituting for deriva- 
tives dAH(x)/dx and dZAH(x)/dx 2, namely 

dM-/(t) 
dAH(x) (It (40) 

dx dx(t) 
dt 

and 

dZAH(t) dx(t) dAH(t) d2x(t) 
d2AH(x) _ dt 2 dt dt dt a 

dx 2 dx(t) l 
W-tj 

(41) 

J. Thermal Anal., 46, 1996 



462 JESEN/i.K, VALTYNI: ENERGY DISTRIBUTION 

Inserting dAH(x)/dx from (40) into (23) we get: 

m 

Hs,p = 2viHi(x) 
i 

dAH(t) 
n~dt 
dx(t) 

dt 

(42) 

and analogously from (41) into (25): 

E(Hs,p) : 

3 

v f d / ~  x) d2,M--/(t) dx(O dAH(t)d2x(t) [-dx(t)13.  
n~dfl dt - n~d t '  dfl---[_ dt J �9 

(43) 

(42) and (43) express the dependence of E(Hs,p) on Hs,p in parametric form with 
t being the parameter. 

II. b) Experiment with constant Hi values 

From (26) and (40) follows: 

dAH(t) 
n~ dt 

Hs,p = 2v'~-/i ~ - 

dx(0 
dt 

(44) 

and from (27) and (41) 

I dx(t) l 
dt _] 

E(ns,p) = d2AH(t ) dx(t) dA/-/(t) dZx(t) 
n~ dt 2 dt n~ dt dfl 

(45) 

c) Experiment with a reference sample 

Since the reactivity of the tested sample and that of the reference one are dif- 
ferent, reaction rates and consequently the dependencies x(t) and x*(t) will dif- 
fer, too: x(t) ~ x*(t). Nevertheless, if the starting compositions of both solutions 
and proportions of their amounts to the corresponding amounts of solid reactant 
are the same in both experiments, i.e. if condition (28) is fulfilled, then (32) 
will also hold. Then from Eqs. (33) and (40) follows 
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~ S - d t  
_odx(t)/ 
us dt ix=x" 

and from (35) and (41) 

E(Hs,p) = 

= [d2AH(t) dx(t) dAH(t) d2x(t) 
t n~-d~-" d t ,  - n ~  dt" dt 2 

L 

(46) 

(47) 
1 

n[O dt 2 dt n[ ~ 

It has to be pointedout that the expressions in Eqs (46) and (47) relate to the 
same value ofx : x = x  and not t = t .  

D i s c u s s i o n  

It is believed that the proposed determination of DDE values will contribute 
to the understanding of structure - energy - reactivity relations in real solids. 
The needed input information has been shown to be accessible by modifying to- 
day's thermoanalytical techniques. Results of thermodynamic considerations 
lead to the aimed distribution functions of differential internal energies of sam- 
pies, i.e. to the dependencies of E(Hs,p) on Hs,p in parametric form - both quan- 
tities being functions of the conversion (x): (26), (27); (36), (38) - or of the 
reaction time (t): (42), (43); (46), (47), respectively. As the latter relations are 
derived from primary experimental outputs, i.e. from AH(t) and x( t )  depend- 
encies and contain both second-order derivatives and third power of derivatives 
as well - high precision of the inputs is required. Thus a pre-processing of ex- 
perimental signals cannot be avoided. 

The example presented for the decomposition of dolomite may show only 
qualitatively the correctness of the concept proposed, although no thermody- 
namic proofs are given here. 

It is to be pointed out that the determined DDE values depend on the test re- 
action chosen and its conditions. Thus, the states of different samples of identi- 
cal chemical composition can be compared using a defined test reaction. On the 
other hand, differences of DDE values of identical samples - treated with dif- 
ferent test reactants or under different conditions will reflect differences in the 
progress of the reaction boundaries - as it is familiar with corrosion tests, or 
with chemical etching and/or polishing. 

The determined DDE curves can be interpreted directly - looking for their 
physical meaning, i.e. for the relation between the types and proportions of the 
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prevailing defects and their contribution to the total excess energy. On the other 
hand, the DDE of samples can be used to define their state - expressing the 
DDE curves by their statistical moments. 

Excess energy is usually connected with an excess of molar volume and en- 
tropy. Consequently, the reactivity of 'active' samples is enhanced both by loos- 
ening of sample structure and by increased values of local driving forces of the 
reaction. 

It is to be stressed that the determined DDE relates to the state of sample at 
the temperature and pressure of the test reaction. Non-equilibrium defects are 
successively annealed (relaxed) at higher temperatures - a process which may 
be connected with the decrease of the upper limit of the distribution function 
i.e. of (Hs.p)m,x. Thus for high-temperature reactions of samples analyzed by 
means of the procedure proposed, only a fraction of the determined excess en- 
ergy will be of use. 

However, it is anticipated that the procedure proposed will be a valuable 
completion of other methods used to study defect solids - topical in the fields 
of advanced materials, structural ceramics, mechanochemistry and thermody- 
namics. 

The authors are indebted to Prof. A. Nawrotski from the Princeton University for consulting 
the basic concept of this work. Many thanks are expressed to lng. I. Proks, DrSc. from the Slo- 
vak Academy of Sciences (SAV) for highly valuable remarks concerning the manuscript and to 
Mrs. L. Tur6~nyiov~i from the Inst. of Geotechnic (SAV) for providing samples and data for the 
example in Fig. 2. 
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