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ABSTRACT

A general concept is presented for the kinetic interpretation of DTA curves. This is based
on the limiting conditions of a DTA measurement: either the kinetic cell constant is zero
(adiabatic conditions), or infinite (rate curve). On the other hand, the self-heating effect
(thermal feedback), based on the product of the reaction enthalpy with the reactant feed, may
be absent (“ideal” kinetic DTA curve) or infinite (impulse reaction). Our recent formulae for
the correction of the kinetic classification parameters, shape index and reaction type index, as
well as other relationships and their utility, are successfully tested by application to ca. 2000
experimental DTA curves obtained in stirred solutions.

The expressions reveal the influence of the activation parameters, heating rate, maximum
signal height and cell constant and, therefore, allow a general discussion of the kinetics,
independent of the experimental conditions.

INTRODUCTION

A phenomenon typical of DTA curves is that the desired linear change of
the sample temperature with time is falsified by the heat effect of the
chemical reaction. Though the resulting temperature deviation—when mea-
sured as difference of the sample temperature versus reference temperature
—1is the source of the DTA method, it causes considerable difficulties for the
absolute kinetic interpretation which should also usually correspond to the
ideal condition of constant temperature increase in the sample [1-4].

With a view to reactions in solution performed in an “all-liquid” appara-
tus, empirical relationships have been developed which allow reference of the
kinetic classification parameters, shape index and reaction type index, to the
ideal kinetic conditions [5-7]. Because of the complex mathematics, it is not
possible to derive analytical expressions from mathematical sources, as for
the Arrhenius equation, the rate law, the heat balance equation (Newton’s
law) and proportionality between reaction rate and the generated heat flow.
However, computer modelling has revealed that many relationships in DTA
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kinetics are approximately based on the product of specific time, u, and
kinetic cell constant, ¢ (uc-theory), apart from other terms based on u
exclusively. This reveals a theoretical access to the understanding of the
present expressions.

In this publication, the validity and the consequences of the uc-theory are
discussed, on the basis of nearly 2000 exothermic DTA curves obtained in an
all-liquid apparatus. As a source for the correction formulae, the limiting
cases of a DTA measurement are considered, which represent the temporal
measuring curves in the fields of adiabatic calorimetry, heat dissipation,
thermal autocatalysis and usual rate-based chemical kinetics. Although the
uc-theory is only a rough approximation, it opens up a way to better
planning and evaluation of DTA experiments with a view to the variation of
experimental conditions, such as concentration of reactants, heating rate,
solvent, cell constant, temperature range, etc.

GENERAL uc-THEORY FOR AN ALL-LIQUID SYSTEM

Assuming uniform temperature in a solution, thermal symmetry of sample
and reference sample, the absence of considerable self-heating, the validity
of the Arrhenius and Newton equations [2,5,8,9], and use of a temperature-
independent cell constant, the DTA curve for a first-order reaction is given
by

0(1) = A L) fexpl = (2 = 10)] - expl(—uk)

+c exp[——c(t—tO)]j(;texp[c(g—tO)—uk]dg} (1)

where 0(1) = temperature difference sample / reference with time; V' = volume
of sample; AH = reaction enthalpy; C, = heat capacity; [4], = initial con-
centration of reactant; ¢ = kinetic cell constant; k(¢) = rate constant; uk =
oJk(£§)dE.

The parameter u [S] may be approximately taken as constant with time
and identified with u at the signal maximum
u, = E ~ = const. (2)
mR(Ink_+1nu,)

where E = activation energy; k, = pre-exponential factor; R = gas constant;
m = heating rate. The fundamental role of this “specific time” for non-iso-
thermal reaction kinetics had been presumed from the theory of adiabatic
explosion [10,11] and was confirmed by numerous experiments and com-
puter simulations resulting in the definition of the reaction-type index
(8,12,13].
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Although an exact and explicit algebraic expression for §(¢) cannot be
derived from eqn. (1), rough approximation functions for this value and
other important quantities could only be found using tedious procedures [2].
Such relationships contain the typical term uc, suggesting an important role
of this dimensionless product in the theory of DTA kinetics.

As an example for the significance of this product, the maximum tempera-
ture difference, 6, may be considered for a first-order process. An ap-
proximate expression had been predicted [2]

0m=F((u‘C‘),,.)—d (3)

where a, d and n are empirical parameters. The calorific factor F is given by
_[AH W[ 4],
C

P

F (3a)
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Fig. 1. Computer printout, used for the calculation of b and » in eqn. (6). Abscissa, product
uc; ordinate, relative signal height 8, /[ 4],; — AH =52.5+2.5 kcal mol™; » > 0.99. The file
names are also presented; * m *# means an average value of the ordinate, here obtained from
two experiments.
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On the basis of numerous theoretical DTA curves, the following values were
found: a = 0.52, n = 0.6 and 4 = 0.23. Re-investigating ca. 2000 exothermic
experimental DTA curves stored in our computer library, eqn. (3) has been
studied in greater detail in order to calculate the coefficients a, n and 4 more
accurately. About 500 sets of DTA curves of obvious first-order reactions,
with correlation coefficients for the Arrhenius plots of > 0.99, were picked
up and classified with respect to the enthalpies yielding 33 groups with
similar enthalpies (AAH = +8%), and covering the range from AH = —2.09
to —753 kJ mol~'. The graphs of the relationships

0,/ [ Alg =1 (uc) (4)
obtained by our library searching program [3,14], were printed out for all of
the series (e.g., Fig. 1). A first evaluation of these plots was based on the
assumption that uc =1 and dividing the values for 4, /[ A], by the enthalpy
giving a nearly constant factor, b, up to heats of 420 kJ mol~’ for the
respective group (Table 1, Figs. 1 and 2)

fluc) aV
b="aH "G, )
The term 4 of eqn. (3) is neglected. It is remarkable that b is not decreased
for reaction heats lower than 420 kJ mol ™', although numerous experiments
with strong self-heating (signal height, 8_, from 0.05 to 20 K!) were included
in our test.

Subsequently, the additional use of f(uc) for the uc values 0.5 and 1.5
enable the n exponent in eqn. (3) to be calculated (Table 1, Figs. 1 and 3).
This kind of procedure leads to a stepwise increase of n for |AH| < 85 kJ
mol ! and to a divergence up to An = +0.38 between n values for low and
high uc (Fig. 3). Hence, under the conditions C, =18.8 J K~' and V' =5 ml,
eqn. (3) is simplified to
a _ blAH| 4],

(ue)™  (uc)”

mR(ln k_ +2.5)|"

= 0.11|AH|[ A}, o

6, ~F (6)

0.15 e

0 L ! — 1 1 L

0 100 200 300 400 500 kJ/mol
-AH

Fig. 2. Is the factor b in eqn. (6) independent of the reaction enthalpy? (1) Average of two
groups (50.2 and 69.0 kJ mol ™ '); ( ) assumed dependence (see text).
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using

(6a)

2
n=0.65+57( 3.5 + uc )

732+ [AH|

The second term in eqn. (6a) may be neglected for high enthalpies; it
considers the deviation of n from constancy, which is striking for high uc
terms, and partially caused by the neglection of the d term in eqn. (3) and
variations of the C, values of the solvent. Roughly, the n-values may be
chosen from the following list.

—AH 4-80 >125 kJ mol ™!
0.1 <uc<0.8 0.87 0.65
12 <uc<10 1.15 0.68

The factor b must be calibrated for a certain apparatus. Hence, eqn. (6) is a
practicable tool for the prediction of the absolute peak height of a first-order
reaction to be studied when the cell constant, heat capacity, heating rate,
enthalpy, reactant feed [ A], and activation data E and k_, are approximately
known.

The preferred application of the uc-theory is for the estimation of special
data of the ideal kinetic rate curves, based on the absence of heat feedback
(8, = 0) and infinite cell constant, ¢, from any experimental DTA curves
[5-7].

LIMITING CASES OF REAL DTA CURVES
Figure 4 shows, in the centre, a typical DTA curve of a first-order

reaction. This curve is surrounded by eight other curves which can be
derived from linear temperature increase of the heating bath; these represent

n
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Fig. 3. Exponent » in eqn. (6), plotted vs. the reaction enthalpy: (X ) # for uc = 0.5; (Q) n for
uc =1.5; (®) mean of both n values; ( ) eqn. (6a).
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limiting cases of the DTA technique with respect to the cell constant, ¢, and

the maximum temperature difference, 8 . Apart from the actual value, the

arrangement of the curves is based on the assumption of two limiting values
for both parameters: zero and infinity. Six cases are of major importance:

(1) ideal adiabatic curve with 8 — 0 (hypothetical case!);

(2) heat impulse curve (step function);

(3) ideal DTA curve (no heat feedback);

(4) heat—decay curve;

(5) ideal rate curve (approximately monitored by techniques using rate-pro-
portional measuring quantities, such as DTG, derivative EGA, heat-com-
pensating DSC, following of optical extinction, especially in an all-liquid
apparatus) [15];

(6) rate impulse curve (vertical straight line!).

For the validity of eqn. (6), 8, has to show a similar inverse correlation to
both the specific time, u, and the cell constant, ¢. Consequently, an increase
in the heat feedback effect, obtainable by choosing a higher starting con-
centration of reactant, causes the same modification of the DTA curve as a
deceleration of the u-value, obtainable by selecting a reaction with lower
activation energy or higher frequency factor, or taking a higher heating rate;
cf. eqn. (2). The curve then becomes higher, but smaller, and the time range
which yields information on chemical kinetics is reduced, whereas the time
range which allows information on heat-decay kinetics to be obtained, is

cell increasing concentration /self heating—»
constant| 0 «— max. temp. difference 85 —> ®

Al

= range of
c=0 kl;\@hc
pformation \ base line
ideal adiabatic thermal heat impulse
measurement autocatalysis

AN

..ideal” DTA curve | usual OTA curve |[heat-decay curve

N

N
N
\\
imet —»
AT |

ideal rate curve [ self-heating | reaction impulse
rate curve

reaction kinetics +———— calorimetry

ideal kinetics «————— impulse kinetics
high «— specific time u — low
high +— kinetic information —» low

Fig. 4. The limiting cases of all-liquid DTA curves. A first-order reaction was assumed; the
shaded areas visualize the extent of kinetic information to be obtained for a definite time.
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extended. A decreasing cell constant has the same influence upon the signal
height, but not on the signal form because there is no u/c-changeability in
eqn. (1) [9].

The impulse functions (cases 2 and 6) illustrate that even a characteristic
temperature, such as the step temperature, gives information on chemical
kinetics, but restricted to a superposition of both activation parameters
contained in the specific time u (eqn. 2). According to the Arrhenius
equation, the initial temperature for leaving the noise level, x, of a rate curve
is represented by [3,13,15,16]

E E
T, = = 7
 R(lnk_,+Inu—-Iny) RInk, )

A similar equation, involving the cell constant, is valid for a DTA curve
[2,12,16-18]. Usually, In ¥ —In x < In k_, and heat feedback can be ex-
cluded at the noise level. Therefore, the ratio £/In k_ may be approximately
calculated from T7,. Because of the disappearing time interval (and the
disappearing temperature interval), £ and In k£ cannot be obtained sep-
arately from these impulse functions. Hence, relationships such as eqn. (7)
may be seen as one reason for the well-known kinetic compensation effect
[19-22] when experiments performed at similar temperatures are compared.

The special potential of the uc-theory lies in the possibility of scaling the
kinetic information content of any DTA or other non-isothermal reaction
curve by the use of easily accessible and managable data, such as 6, u, ¢ and
m (cf. Fig. 4).

Further, a discussion of the limiting cases is essential for obtaining an idea
of the reaction scheme, independent of the parameters of the apparatus.
Assuming 20 definite first-order reactions and calculating theoretical DTA
plots by the use of special integration programs [5,7,23,24], we could show
that the halfwidth, 4, and shape index, S, can be obtained from the ideal
quantities using the empirical expressions for ¢ = const,

B ho {1+ al/[(a2 + u)uc]} +ash, 0.,/ /u

he"P_ 1+a,0,/u (8)
[(ue)® + b, ] [1 + (b5 + b uc) 6,,/u]
Sexp = Sideal b+ b0 (9)
(uc) P
with the following empirical constants [5}:
a,,a, = adaption parameters for absence of feedback (also useful for the
estimation of product uk at the DTA peak [2]);
a, = 3.45; dominates in the adiabatic case (¢ — 0);
a, = 11; dominates in the reaction-impulse case (u — 0);
a, = 0.36 + 0.02 In(uc) = 0.36; calibration parameter for the feedback

effect;
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b, = 1.25; describes the influence of the reaction order: b, =2 for
second order;

b, = 44; defines the contribution due to the adiabatic case:

b, = 0.01; calibration parameter, remarkable only for strong feedback:

b = 0.18; b, = 0.069; causes a linear increase in S, with respect to 6,

for small or medium feedback effects (analogous to a,).
Further, we have the fundamental constituents

h., =2.25mu (ideal rate curve) (9a)
h.= (In 2) m/c (heat decay curve) (9b)

The formulations (8) and (9) were constructed in such a manner as to
include the important limiting cases in Fig. 4. As a consequence. the
necessarily empirical correction expressions show inaccuracies in certain
ranges of the parameters, especially for high u or low A4 factors (which.
fortunately, corresponds to small corrections), and for strong heat feedback.
This disadvantage may be circumvented by special optimization of the
empirical constants a; and b, in the ranges which are usual in a laboratory.

As Table 2 shows, eqn. (8) leads, indeed. to the expected quantitative
expressions for A in cases 3, 4 and 5, to the required zero value of /1 in case 6
and to an infinite 4 value in cases 1 and 2. The equation is. and also eqn. (9).
plausibly based on the terms uc (stemming from the Newton law using
first-order heat decay) and 8_/u (obtained from the theory of adiabatic
explosion).

Moreover, Table 2 presents the approximate expressions for the maximum
temperature difference, 6, partially deduced from the very rough assump-
tion that the area under a DTA curve is equal to the rectangle 4 < 8,,. This
yields the equation (cf. refs. 5, 25)

_mF
™ ch

Relationships similar to eqns. (8) and (9) were deduced for the second-order
processes A + A — products and A + B — products [6.7].

9 (10)

DISCUSSION

Since their development, relationships (8) and (9) and the analogous
relationships for second-order kinetics were frequently used for the interpre-
tation of DTA experiments in our laboratory, especially in concentration or
heating-rate series. Hence, their applicability seems confirmed because
numerous convergence points were discovered in the mechanistic S/M
diagrams for more than 100 reacting systems, signalling rate-determining
steps in the corresponding mechanisms [3,13,14,26].



304

For a powerful verification of eqns. (8) and (9)., all of our existing
first-order DTA curves were selected using our computer-library search
program. As conditions, the following parameter ranges were fixed: the
first-order correlation coefficient for validity of the Arrhenius equation,
r, > 0.99; the heating rate, 1.2 <m < 1.8; and discrete ranges of the signal
height, (1) 0.2 <6, < 0.5 K (weak feedback), (2) 0.5<6,_,<7 K (medium
feedback), (3) 7<86,<12 K (strong feedback), and (4) 12<8,<25 K
(extreme feedback). The reaction-type indices in the preferred range of
medium feedback are presented in Fig. 5, as a function of the peak height.
There is a statistical scatter around M, corresponding to first order (0.020 kJ
mol ~' K!), indicating that: first, we really have an approximate first-order
reaction; second, that there is no systematic influence of 8, upon M, i.e., the
feedback term in eqn. (8) is really justified (Table 3). The deviations could be
caused by the very different activation data of the various systems investi-
gated [3.14,27,28], but also because the correlation coefficients are not at all
necessarily characteristic of a first-order reaction: special mechanisms exist,

F. LEOEHRILL LZ0EH0L MR, EOEE+OD, PORE+R] FLL22CE+00, T1eE+0L HR O,
QITAEE-E Fulez:NTPZ
g |

SAEcE-ad

45 |

AA | |,
T | I | _] H i1 ’ k | ' I H
B LN |
l o
WED UM FEEDEACE
QDOOE+HO
GLODOE+HOG [ F-HPR-2d A4 3id ] M 0, 821E+01

Fig. 5. Approach to the ideal M value (=0.00199 kJ mol~' K™!) for 52 experiments
involving medium heat feedback. Abscissa, maximum signal height; ordinate, M value,
referred to a first-order gross reaction. Lower and upper horizontal line, M = M, and
M = M,. respectively, m =1.2-1.8 K min"'; r > 0.995.
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TABLE 3

Test of the uc-theory: the mechanistic indices of first-order DTA experiments

Conditions No.of M value S value
expts. average standard average  standard
(kJ/mol™' K~y  deviation (%) deviation (%)

0.1<uc<0.3 12 0.0215 9.7 0.73 19
03<uc<? 45 0.0189 13 0.59 15

2 <uc 30 0.0207 4.5 0.62 9.5
02<8,<05 21 0.0207 8.8 0.65 228
05<6,<7 56 0.0187 6.7 0.65 15.6
7<8,<12 7 0.0223 20.2 0.67 7.1
12<8,<25 3 0.0217 2.8 0.51 245
Total /average 87 0.0199 9.6 0.62 13.7

theory — 0.0199 0.58

e.g.. A + B — 2B, which assume a first-order straight line in the Arrhenius
diagram.

The resulting corrected S values are generally ca. 7% higher than S, = 0.58
(Table 3), because the determination of the maximum slope in the increasing
part of an experimental signal is severely handicapped by fluctuations of the
second derivative. Therefore, a straight-line fit in a time interval with the
first inflection point in the centre was used.

If the influence of the product uc on M and S. is taken into account it
becomes obvious that there is a satisfactory validity of eqns. (8) and (9) in
the range 0.3 < uc < 2, whilst for lower uc values, M and § are increasingly
higher than M, and S,. For uc > 2. only the M values show smaller positive
deviations from the reference value.

In cases of strong or extreme feedback, the results with eqn. (8) are quite
satisfactory, whereas the corrected shape index (eqn. 9) reveals rather dis-
tinct deviations from S,. However. with strengthened feedback. the shape-in-
dex determination of the increasingly needle-like DTA curves (Fig. 4)
becomes increasingly difficult. Then, the scatter is predominantly statistical,
but reveals no systematic deviations which would indicate that eqn. (9) is
invalid.

In the case of the kinetically ideal conditions of small feedback, the mean
values of M and S are approximately equal to M, and S, but there is a much
stronger scatter of the shape index and of the M index if the latter is referred
to the initial, not to the gross, activation data. This reflects an approach to
the noise level of the DTA equipment. The product {A4],|AH| which is
essential for the temperature effect 8, becomes too low for satisfactory
measuring conditions. Table 4 gives various examples of experiments and the
condition parameters as well as the resulting mechanistic indices.
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CONCLUSION

Summarizing both the recent results of the computer simulations and the
novel studies of the approximate expressions cited and tested by the total
number of DTA curves studied, leads to an optimistic view: experiments in
an all-liquid apparatus [25] allow an absolute kinetic interpretation even
under very different measuring conditions [29]. Beginning with the study of
poorly soluble reactants used in low-temperature experiments, up to highest
reactant concentrations possibly showing second-order kinetics [6,12,30], the
mathematical tools exist for both adequate planning of experiments and
kinetic classification of any system. The expressions include all limiting
cases, from direct rate-based non-isothermal methods, such as TG or DTG,
to adiabatic calorimetry, from low to high heating rates, from the “ideal”
kinetic dilution to typically industrial, preparative reaction conditions, which
often suffer from the danger of thermal explosion [5,30-34].

The necessarily empirical and approximate character of the expressions
suggested should not restrict their applicability as the preferred idea is to
obtain a general picture of the reaction mechanism. Systematic small devi-
ations of S/M convergence points from the elementary position due to
extraordinarily low k_ values can generally be tolerated. The important
observation that a convergence point near to an elementary source point
really exists, is not violated by such deviations. If the studies confirm an
elementary process, the usual calculation procedures for correct activation
data may be used. In contrast, if studies of concentration or heating-rate
series result in the requirement of a definite complex mechanism, the
comparable computer simulation of theoretical curves is surely an obligatory
tool for the determination of the activation data of the partial steps
[3,23,35,36].

Based on the variety of the systems investigated, the conclusion reached is
that computer-assisted DTA is a universal means for the kinetic characteri-
zation of reactions in solution. Many relationships introduced in this area
may even be applied to solid-phase experiments in commercial equipment,
characterized by considerable temperature gradients inside the sample. Then,
additional series have to be performed for a specific apparatus in order to
develop adequate correction terms which consider sample mass, size, packing
density and other technical parameters [13,14,37,38].
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