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Abstract

The I;=E;/RT; dimensionless evaluation is very suitable for describing the TG measurements
according to the Ei/RT;=InA + n[In(1—0);]-In(dot/d?); equation. The J; and E; functions make the
comparison of the different TG measurements possible quantitatively in the case of more DTG
peaks as well.

The I; and E; values as function of (1-at); and 1/T; open new way for further theoretical and
practical studies by TG measurements. Such types of results are the quantitative determination of
the effect of the measuring conditions, the measuring of the mechanochemical effect of grinding
and among others the explanation of the self-hardening process of fly ashes of power stations.

Strict connections exist between the ; functions and the constants of the compensation effect
(CE). These constants (tanc, axis intersect) can be calculated directly from the average of the
measured data of the Z function making the introduction and theoretical and practical application
of the idea of ‘general activation energy’ (E) possible. The quantitative characterisation of the
examined materials of the fine structure of CE and of the thermal processes together proves the
extending importance of TG measurements from industrial and material qualification aspects as
well.

Keywords: calcium carbonate, compensation effect, dimensionless analysis, fly ash, grinding,
kinetic constants, lime burning, quantitative evaluation, thermogravimetry

Introduction

It is a general experience in thermal analysis that the calculated formal kinetic
data depend on the measuring conditions strongly, moreover on the methods of
the calculation, too. This unpleasant experience induced great research effort. It
is a fact, that numerous sophisticated measuring (e.g. {1-4]) and evaluation
methods (e.g. [5—15]) had been developed for the elimination of the ‘disturbing’
side-effects (e.g. the different types of diffusions and heat conduction partial
processes) from beside the ‘chemical reaction’. The resulting experience led to
the international work organised by Kambe and Garn to standardise the meas-
uring conditions and to introduce standardised materials already in 1974 [16].
The limited efficiency of this initiative is a known fact.
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The direct characterisation of the examined materials was the original pur-
pose of thermoanalysis (TA), among others of thermogravimetric (TG) meas-
urements, but the qualitative consideration remained an important tool at the
evaluation of the measured data. These qualitative considerations, however,
lead to arbitrary conclusions in many cases and the quantitative characterisation
of the examined materials e.g. by TG measurements remained unsolved.

For example, in spite of the accurate measurements and exact calculation, it
is not verifiable that the second order ‘mechanism’ (described by the Eq. (18)
[12]) is the characteristic ‘mechanism’ for the examined nineteen other reaction
rate controlling possibilities of four similar compounds, if all the calculated ki-
netic constants and each examined compound show the kinetic compensation
effect (CE), and the correlation coefficient (r) of the CE is equal with 1.0000 in
each case. Similar arbitrary conclusions can be observed frequently in the lit-
erature (e.g. [13, 17, 18, 19]).

A further important known fact is that the different differential equations de-
scribe the thermal processes with similar accuracy. So it is arbitrary from this
aspect, too, to choose one from the equations on the base of some preconceptions.

The CE, the strict linear connection between the logarithm of the pre-expo-
nential factor (In4) and the activation energy (E) exists not only among the very
different kinetic constants of one TG measurement calculated by very different
differential equations but also among the different kinetic constants, measured
under different conditions (laboratories).

The physicochemical meaning of the CE is also a subject of research for long
ago (e.g. [20]), but the direct, measurable cause of the strict connection among
the kinetic constants has not been found till now. The conception and the results
of dimensionless analysis make way for the interpretation of the origin of CE,
too, direct by measured data besides the quantitative characterisation and com-
parison of industrial products and processes.

The dimensionless analogy of TG measurements

It is theoretically and practically more useful to set out directly from the dis-
crete data of the measured thermogravimetric (TG), differential thermogravi-
metric (DTG) functions of temperature (7) and time (¢) for characterisation of
the thermal processes instead of trying to separate the partial processes with
measuring and calculation methods and using preconceptions like the so-called
kinetic constants.

The simplest and generally used differential equation Eq. (1) is suitable for
this purpose and represents a very good tool for quantitative investigation of the
similarity of TG measurements and for. looking for the effect of the measuring
factors quantitatively [21].
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do/dt = A exp(-E/RT)(1 - a)" (1)

where: da/dr=velocity of thermal process, n=order of reaction, (1-a)=frac-
tion not reacted, A =pre-exponential factor, R=universal gas constant, E=acti-
vation energy, T=absolute temperature.

The Eq. (2) from Eq. (1) contains only the measured discrete values of TG,
DTG;, T directly.

EJ/RT; = nin(1 ~ a); ~ In[1/A(dee/d);] (2)

Both sides of Eq. (2) are homogeneously dimensionless.

Using the simplification that A=1 and n=1 and saving the dimensionless
character of the Eq. (2), the Eq. (3) shows the simple connections among the
measured data and Eq. (4) serve as definition function.

E/RT, =1In {A(_Lﬁ} 3
(dou/df);
I; = E/RT; 4)

The values of I; vs. (1-a); and 7; vs. 1/T; as dimensionless functions of the
concentration and temperature characterise the thermal processes. Expedient is
to multiply both sides of Eqs (2 and 3) with the measured 7; or advantageously
with TiR values marking the IiTiR results as E;. Further two functions can be
calculated in such a way, namely the E; vs. (1-o); as function of the concentra-
tion and Ej vs. 1/7; as function of the temperature.

These four functions characterise the examined material and the measuring
conditions together. They make comparison of the measurements possible,
looking for and expressing the effect of the different conditions of reactions
quantitatively [21].

The calculation and the sensitivity of the dimensionless
transformation

The examination of the similarity of TG measurements begins by choosing
one measurements as a base (A4=1; n=1) for the transformation of another one.
Then expedient is to describe the calculated function of I; and Ej in polynomial
form. The next step is to look for the best ‘A(1/7)’, ‘A’ and ‘n’ transformation
constants between the functions of the base and the measurement were chosen
for the similarity examination.

The surprisingly great sensitivity of the suggested transformation method
can be proved by the following results of transformation of TG data measured
among extremely different conditions.
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The TG data of a 3460 mg sphere shaped marble sample were transformed
onto the TG data of 0.855 mg pulverised CaCO; sample as the basis. The sam-
ple welghmg 3460 mg was measured without sample holder, in air with
9°C min~ heatmg rate. On the other hand the 0.855 mg pulverised sample was
measured in Ar atmosphere, in corundum sample holder and with 10°C min™
heating rate.

The constants of the similarity of the two measurements are between (1-a)j=
0.946-0.0196 range with a correlation coefficient r=0.9986 as follows [21]:

A(1/T)=1.50-10"% 4=0.653 n=1.33

The E;j vs. (1-o)i results of the two measurements and the effects of the
transformation constants are shown in the Fig. 1.
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Fig. 1 E; vs. (1-o); functions of 3460 mg (W) sample transformed by the following constants;
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According to Fig. 1, the transformation can be completed with very good re-
sult in spite of the extremely different experimental conditions in a very wide
range of the decomposition processes. The meanings of the constants of the
similarity are:

1. A(1/T)=1.50-10"*. There is a constant A(1/T) difference between the tem-
perature of the two decomposition processes. (The temperature of the sample
weighing 3460 mg is greater with 166°C comparing the values at (1-a); =0.50
decomposition.)

2. A=0.633. It means that referring to the base sample, the decomposition ve-
locity of the sample weighing 3460 mg is only 65.3% during the whole process.

3. n=1.33. It means that, if the (1-o); concentration or mass data of the
sample weighing 3460 mg are raised to 1.33 power, they are equivalent to the
convenient data of the base measurement.
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The difference between the sample quantity of the two measurements is
more than 4000 times. It means that if the smaller DTG surface is 10 cm?, the
larger is more than 4 m>, proving the accomplishment and the sensitivity of the
dimensionless transformation. In spite of the extremely different sample quan-
tities and the fundamentally different measuring conditions the differences of
constants of transformation are only 3-5% by changing the base function of the
two measurements.

It has to emphasise that this dimensionless analysis makes the quantitative
comparison of the dynamic thermal processes possible and in a very wide range,
while the known — and in the praxis of industry indispensable ~ dimensionless
analogies are applicable for comparing of stationary processes only [21].

Some industrial and qualification application of the
dimensionless analysis

The sample quantity problem induced also an extended research work in TA.
About this subject, the following series of measurements [22] were revaluated
by the dimensionless analysis [21]. The weights of powdered CaCO3 samples
were 100, 200, 400, 1000, 2000 mg, the heating rate in air 9°C min~ ! This se-
ries was completed with TG measurement of the 3460 mg sphere shaped marble
sample. The measurement of the 200 mg sample served as base for the transfor-
mation.

The A(1/7) data as logarithmic function of sample quantity can be described
well with Eq. (5).

A(1/T) = 2.9810%(In mg) — 1.775-10*  r =0.9990 5)

Consequently, a linear relation exists between the logarithm of the sample
quantity and the A(1/7) in a very wide (100-3460 mg) range. The A(1/7) is the
most important constant of the similarity of thermal decomposition.

These TG results show direct quantitative information about the industrial
burning of powdered and coarse limestone (e.g. in cement and caustic lime
manufacturing).

As another application example, it was examined, whether the dimensionless
analysis of the TG measurements can give further quantitative knowledge relat-
ing to the cement and caustic lime manufacture [23]. Only empirical experience
is at present, that the quality of the product and the energy requirement of the
production depend on the place of origin of the limestone as raw material.

The sources of limestone samples were two Triassic mines (Keszeg, Na-

szdly) in Hungary and the different places of the cement kiln according to the
Table 1 [23].
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Table 1 The CaCQs; content (%) and the sources of the examined materials

No. Sources % No. Sources % °c
1 Keszeg 99.0 5  Raw mixture 80.2
2 Keszeg 95.2 6 Il grade 73.3 600-700
3 Naszily 96.2 7  Eddy chamber 68.8 650-750
4  Naszdly 86.7 8 I grade 46.7 750-850
9  Dopol (inflow) 46.5 800-850

The sample 1 (Keszeg, 99.0%) served as base for the dimensionless com-
parison of the sample 2 and 3, for the two Triassic samples with fairly similar
CaCOj3 content. The results are in Table 2.

Table 2 Difference of Triassic limestone samples depending on the place of origin

Sample sign 1 (Keszeg, 99.0%) 2 (Keszeg, 95.2%) 3 (Naszily, 96.2%)
Signs of Constants of Transformation
constants base Difference from base Difference from base
A(/T) 0 -2.45-10°° -8.56-107°
A 1 -5.8% -12%
n 1 -6.0% ~-1.8%
APC(1 - ) =0.5 0 -32°C -11°C

According to the Table 2, the mean temperature (A(1/7), the velocity of the
thermal decomposition (A4) and the reaction order (n) was decreased by the con-
tamination beside the CaCQs, but this decreasing value depends on the place of
the origin of the samples in a very well distinguishable manner showing the dif-
ference between two Triassic limestone samples.

As it can be seen on the Table 3, the temperature of the thermal decomposi-
tion increased by the increasing quantity of contamination of the CaCOs.
Beside this the velocity of the decomposition (4) increased also significantly
and the modifying effect of the changed chemical composition (n) is significant,
too, on the decomposition.

Table 4 compares sample 4 (Nasz4ly, 86.7%), the most important raw mate-
rial in the examined cement factory, as the base of transformation, with the
sample 5 (Raw mixture, 80.2%). This is the prepared material for cement pro-
duction by mixing and grinding with additives.

The change of the temperature of thermal decomposition is smaller than the
measuring error (0.9°C) and not very significant is the effect of the additives as
well, because ‘n’ changed from 1 only to 1.05. The velocity of the decomposi-
tion process increased, however, significantly with 27 %. In this case the change
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Table 3 The effect of the quantity of the compounds accompanying the CaCO3

Sample sign 3 (Naszdly, 96.2%) 4 (Naszily, 86.7%)
Signs of Constants of base Transformation
constants Difference from base

A(1/T) 0 1.04-107
A 1 +39%
n 1 +32%
ACC(1 ~ ) =0.5 0 +13°C

of ‘A’ is the quantitative measure of the mechanochemical effect of the grind-
ing. There is no other known method to measure the mechanochemical effect
quantitatively today.

The other transformation data of Table 4 show the effect of manufacturing
temperature on the decomposition of CaCO3 in the cement kiln.

A remark is to the Table 1, that the CE observable in this case as well using
the Eq. (1) for formal kinetic analysis of the thermal decomposition of these
samples. The Eq. (6) shows the close connection between Ind and E

In4 = 0.1085F — 6.46 r = 0.9995 (6)

A known fact is, that there are industrial, environmental, and qualification
problems related to the fly ash deposits of power stations. A further industrial
example about the applicability of the ‘I;’ functions is that TG measurements of
the fly ash and cold water mixtures proved a self-hardening activity of the fly
ashes, beyond the known pozzolanic activity, but without any basic additives.
The industrial and environmental protection costs can decrease by using this
self-hardening activity, that could be recognised only by the help of dimension-
less analysis of TG measurements [24].

The DTG curves have more peaks in this case. The dimensionless analysis
could be applied and proved to be very sensitive independently from the number
of the DTG peaks.

A general explanation of the compensation effect

Not only the chemical composition, but more physical, among others struc-
tural factors are changing during the thermal decomposition continuously (e.g.
[2]). It is impossible today to measure all the data for the exact describing and
calculation of the superimposed partial processes of the decomposition, particu-
larly in the case of solid materials. Attempting to solve this problem, the
calculation of the so-called kinetic constants for characterisation of the material
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has a hidden supposition. This supposition is that only the ‘chemical’ partial
process depends on the temperature and disregards the temperature dependence
of the diffusion, heat conduction, etc. This simplification leads to the apparent
contradiction, expressed itself in the CE of the formal kinetic constants of one
measurement calculated with very different equations and with similar describ-
ing accuracy, so the criticism of this simplification is very rightful (e.g. [25]).

For solving the problem, it has to be taken into consideration that analogy
exist among the component, the heat and the momentum streams in thermody-
namics (e.g. [26]). It follows from this, that there is analogy and inseparable
manner among the exponential temperature dependence of the chemical proc-
esses and the different forms of the diffusion (e.g. [27]) and the heat con-
duction, too, during the TG measurements. This exponential temperature de-
pendence of the different chemical and physical partial processes is validated
practically by the dimensionless analysis [21]. This is the basis of the great sen-
sitivity and transformability of the J; functions and makes the realisation of the
connection between the measured data and the CE possible as follows.

The usual form of the CE is Eq. (7).

Ind=aE + b )
The Eq. (8) shows the properly regrouped Eq. (2) with the average values of

the measurements for comparison to Eq.(7) with the original conditions, that
A=1and n=1.

Ind = (1/RT) E; - nin(T — ); + In(da/dy); (8)
Consequently the ‘@’ as the tana of the CE is

a = 1/RT, 9

~

n

and ‘b’ as the axis intersect of the CE is

= —nln(1 — a); + In(do/dr); (10)

One part of Table 5 shows the constants of the CE calculated with the aver-
age data of the /i function, it means that with the measured data directly and
without any preconception.

It is ascertainable, that the angle of inclination (1/R7;) shows the general
temperature dependence and the axis intersect (-nIn(1 — a); + In(do./df);) shows
the general structure dependence of the thermal process. It is obvious, that the
value of average E, calculated by the Eq. (8) has a very different meaning than
that of the usual idea of activation energy in the literature. According to this it
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is justified to introduce the idea of the ‘general activation energy’ for this aver-
age E because it characterises the total process and not only the ‘chemical’ part.

The measuring conditions influence the thermal process through the differ-
ent partial processes, but the character of the system does not change funda-
mentally during the decomposition. Consequently, the /i functions show the de-
tails of the partial processes of the different measurements and the CE charac-
terises the status of the examined system generally.

The data of Table 5 prove these conclusions as examples comparing the con-
stants of the CE by Ij to data of other origin, completed from the Iiterature
[22, 28-30]. In addition Table 5 shows the trend of the dependence of
tana (1/RT;} on the examined materials, morover the fine structure of the CE.

These experience and results about the CE together with the I functions
make possible the further study of the analogies in thermodynamics and the in-
dustrial qualification of raw materials and products as new fields for the
practical application of TG measurements,

Conclusions

The application of the J; functions, the dimensionless description and evalu-
ation of the TG measurements are a good tool for solving the contradictions of
formal kinetic constants. The /; functions can be used for quantitative charac-
terisation and comparison of the thermal processes with more DTG peaks as
well and it makes the searching of the effect of the different measuring condi-
tions possible also quantitatively; giving useful, new information from indust-
rial and material qualification aspect as well.

Strict connections exist between the I; functions making the explanation of
the CE possible by measured data directly. The /; functions characterise the de-
tails of the TG processes, and the constants of the CE characterize the examined
system generally. Among these constants, the content of the E as the ‘general
activation energy’ differs from the usual idea of the activation energy. The I
functions and the constants of the CE together are very suitable for quantitative
characterisation of the TG processes of industrial raw materials and products.

These experience and results about the CE together with the I; functions can
open up new way for the industrial qualification of raw materials and products.
The introduced results do not close, but make way for further study of the dis-
cussed problems, like the application of TG measurements studying the
analogies in thermodynamics.
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