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ABSTRACT

A complex reaction can be characterized Kinetically in a special “Mechanistic Diagram®.

From a time/rate plot recorded at constant heating, the shape index S and the reaction
type index M may be calculated. The latter represents a sort of standardized. reciprocal
half-width since it has to be referred to the activation parameters of a reference reaction. In
practice, it is useful to take those apparent activation parameters which result from a
first-order (or second-order) evaluation of either the initial or the total part of the signal.

In a plane S versus M. all basic sorts of reaction may be recognized since they yield points
(first- or second-order elementary processes), lines (e.g. order kinetics. 0<< 17 < o0) or regions.
Whereas the regions of homogeneous mechanisms involve at least one of the two efementary
points and are often extended, i.e. less specific, the usual heterogeneous models give sharper.
isolated regions, often near to the n-order line.

The diagnostic potential of this diagram is strongly increased if parametric curves due to
experimental series, based on systematic changes of conditions (initial concentration of
reactant, heating rate, pressure etc.) are considered. Constancy of S and M then will signal a
temporary dominance of a part of the prevailing reaction mechanism.

INTRODUCTION

Methods of thermal analysis offer a special capability to meet with the
problem of “inverse reaction kinetics”, i.e. to find out which reaction
mechanism is responsible for a kinetic plot observed for a reacting system
{1-4]. The reason is that the general involvement of temperature change
makes the activation parameters accessible by one experiment.

Activation parameters are nonsensical if the reaction mechanism is not
known. A possible way to reveal the mechanism is the generation of
theoretical rate curves by the numerical integration of that set of differential
equations assumed for the most probable mechanism followed by optimiza-
tion of the activation and indication parameters (reaction enthalpies, total
weight changes or extinction changes [5] etc.) of the particular steps [6-12].
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In practice. such a procedure may need excess computer time since it has to
be repeated often for other. perhaps better mechanisms; therefore, this way
could be too tedious.

The strategy discussed in this paper is based on the utilization of data
gained by a very simple, but preliminary, evaluation of rate curves. It may be
applied to TG. DTG, power-compensating DSC and other methods reveal-
ing a proportionality between signal and rate of reaction. For DTA curves,
performed in an appropriate apparatus. either a transformation to rate
curves (using an infinite cell constant) or a correction of data obtained is
possible [13—-17]. There are two parameters available from experiments
which are predominantly dependent on the order or the type of reaction.

(a) The shape index S, i.e. the negative ratio of the slopes of both
inflecting tangents. [18-20,57]

(b) The reaction type index M defined in 1973 by the author [21,22] which
is based on the approximate proportionality of specific time (u_,)
[10.13,14.23] and half-width of an elementary rate curve.

Whilst S is directly available or, in the case of strongly fluctuating curves,
may be approximately replaced by the ratio of the tangents at both half-width
points [24], the M-index is referred to the activation data of a reference
reaction.

M= E (1)

h(log k, + log u,, )’

where E = activation energy, 4 = half-width and k,_ = pre-exponential fac-
tor. u_, is calculated using the activation data by iteration

. E
T ®R(In k. +In )’

where @ = heating rate and R = gas constant.

For a reaction following a rate law of order n, computer application and
experiments involving n =1 and n =2 have confirmed that, for unit initial
concentration of reactants [13,14]

n?(1.21+0.21n)
n*+ 159

113

(2)

S =

(=~0.63n% for n<1i [18]) (3)

and
_ R N R
log% X In(k,/k,;) log? X 2.25 X n%*?

(4)

where k,, k, = rate coefficients at the half-width points.

Three kinds of reference reactions have been tested for the calculation of
the M index from eqn. (1)

(1) using the activation data of the initiating process selected for the
computer-generated rate curvss (My;,.,) [22];
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(2) using the activation data obtained in the initial range (25% of the time
passed) of experimental or theoretical curves by a simple first- or second-order
evaluation program (M, ); and

(3) as (2) but fitting of the activation data in the total time interval (M,,).

Applied to complex reactions, strategies (2) and (3) lead to apparent
activation parameters [1,4,25,26]. Despite this, the M values are useful since
they, analogously to the S values, reveal the character of the deviations from
the “elementary” M values expressed by eqn. (4) and, hence, are descriptive
of the kind of reaction mechanism.

Consequently, a diagram formed by the “mechanistic”” coordinates S and
M offers an extraordinary capability for a kinetic discussion of reactions.
This was confirmed by results from a series of experiments using various
systems in solution involving different initial concentrations of reactant. The
values of 13 parameters of kinetic relevance plotted vs. initial concentration
have shown that the § and M values possess the maximum number of
periods of constancy (cf. refs. 1 and 4). Such periods, however, must directly
reflect the rate-determining steps of the reaction mechanism in the prevailing
range of concentration. On the contrary, parameters such as temperature or
overall enthalpy are very inefficient. Data such as the initial or the overall
activation energy or the corresponding pre-exponential factors show a
medium number of such periods, but often do not represent true alternatives
to each other.

COMPUTER APPLICATION

In theoretical and experimental approaches to non-isothermal reaction
kinetics, computer programs were developed for the evaluation of signals,
numerical integration for adapting theoretical to experimental curves, speci-
fied search of experimental files and graphic representation of the correla-
tions of any selected parameters of so-called experimental series (Fig.1)
{10,14,16,27]. The programs are linked with a computer library in which all
experimental and (intermittently) theoreticai plots are stored, including 13
input and 41 result parameters each. This high expenditure in data process-
ing facilities favors finding the optimum way for evaluation and interpreta-
tion of experiments. The concept avoids high calculation times for generat-
ing and adapting model curves for each individual experiment, but instead
requires the creation of unique mechanistic maps for a direct comparison of
this experiment with theory.

Homogeneous reaction mechanisms

In a first stage, all possible two-reaction models (cf. ref. 21) were studied.
The activation data of the initiating process were taken constant (£, = 15
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Fig. 1. Block scheme of computer programs.

kcal mole™ !, log k_,, = 12, time = min, ® = 1.5 K min~') while log &, was
set to either 4, 8, 12 or 16 for one series which may cover the realistic range
of possible values. E, was varied in steps, beginning at a low value excluding
an observed interference by the other process, and ending at so high a value
that the interference had disappeared. Individual evaluation of the model
curves using the order of the initiating process (n# = 1 or 2) yielded the shape
index and both the initial- and overall-referred M index. Plotting of the
resulting S /M-points for a unique pre-exponential factor leads to a line in



the S/M diagram with E, as the prevailing parameter. The totality of the
four parametric lines indicates a realistic region characteristic of the model
considered.

A mechanistic map produced in this way is generally applicable, because,
if the data of a real initiating reaction differ from the standard values, a
simple recalculation of the data of the second reaction must leave the
position of the mechanistic point nearly unchanged [24]. If the heating rate
@’ differs from the standard value, then the activation data of both processes
may be corrected using the formulae

E'= E—]&S o (5a)
log k!, =log k_ + log,l—5 (5b)

in order to use the standard diagram when a second correction to the
standard initiating reaction from above has been performed.

Heterogeneous reaction mechanisms

Validity of the general equation [4,11,28-31]
da .

7 =T (1~ a)"e"[~In(1 - a))” (6)

was assumed which includes the most important mechanisms discussed in
the literature (Table 1).

TABLE 1

Basic rate laws of solid-phase reactions

Code Exponents in eqn. (6) Mechanism

m n p

Phase-boundary controlled reactions

R1 0 0 0 One-dimensional movement (Polanyi-Wigner)
R2 0 1/2 0 Two-dimensional movement

R3 0 2/3 0 Three-dimensional movement
Diffusion-controlled reactions

D1 -1 0 0 Parabolic law: One-dimensional diffusion
D2 0 0 -2 Two-dimensional diffusion '

D3 0 1/3 -1 Three-dimensional diffusion
Nucleation-controlled reactions

NP1 <1 0 o Nucleation power law: m=1/4, 1/3,1/2, 1
A2 0 1 1/2 Two-dimensional growth of nuclei (Avrami)
A3 0 1 2/3 . Three-dimensional growth of nuclei (Avrami)
NPT 1 1 0 Prout-Tompkins mechanism

NLX <<—1. 0 0 Explosive /branched reactions




Model curves were calculated using activation energies of 10, 15 and 30
kcal mole 7!, the logarithmic frequency factors from above (4, 8, 12 and 16)
and ® = 1.5K min~', again.

. Equation (6) contains only one rate coefficient, k(7). In spite of this
formal absence of a second process. a reference process was created as that
first-order reaction which involves the same activation parameters obtained
by an elementary evaluation program of first order. Justification of this
procedure may be derived from the fact that for a first-order process the
initial concentration of the reactant does-not intrude into the resulting
pre-exponential factor. which is in agreement with the usual standardization
caused by the use of the fractional conversion, a. Furthermore, at the onset
of an experimental rate curve the order has no influence on the activation
energy calculated so that M values referred to in this way may represent a
realistic measure of the later deviations from an “‘elementary” advancement
of the process.

RESULTS OF THE SIMULATIONS

In Fig.2, S/ M regions of the possible two-reaction mechanisms, starting
from one reactant. are shown. For each mechanism, three “model maps”
based on a horizontal linear scale for S and a vertical linear scale for M are
plotted due to the three reference modes discussed (selection of M., M.,
or M_.). The elementary points for both a first- and second-order process
have been repeated in all pictures to facilitate the orientation.

Apart from the two-reaction mechanisms, some special “quasielementary”
reactions are also shown, namely the normal bimolecular process A + B —
products (= AB; [A], ¥ [B],; a region joining one elementary point with the
other). the autocatalytic bimolecular process A + B — 2 B(= la; approxi-
mately a line according to the concentration ratio [A],:[B],) and the “n-
order™ process n A — products (a line of positive curvature passing through
both elementary points, see Fig. 3).

The borders of the regions are not strict; they may give the limits for
reasonable activation data. Dash lines signal either a splitting of one peak
into two on increased E, value, or the start of a complementary region, e.g.
P, instead of P,, when the second-order process begins to dominate at the
onset of the process (initial temperature). In the case of opposing reactions
(= G), the dark fields involve exothermic reactions ( £, > E,), whereas dash
limiting lines corresponding to the white (endothermic) fields indicate that
the signal height will tend to zero on surpassing the lines because of the
compensation of the opposite signal effects (21,22,32].

All homogeneous mechanisms correspond to regions involving either one
or both elementary points. The distance of a mechanistic point from an
elementary point is a measure of the kinetic interference of the “nearest™
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Fig. 2. Mechanistic regions of homogeneous two-reaction models. P. competitive; U, indepen-
dent; F, consecutive; G, opposing reactions. Indices: reaction orders of the partial steps in
the order of occurrence, starting from low temperature. AB, process A+ B— products; la,
process A+ B—2B; n, process of order n, nA— products. —separation, ==disappearance of
signals

particular process by the other(s). Consequently, for mixed-order processes
based on fixed activation data, /imiting cases must exist since, for very low or
very high initial concentration of reactant, the elementary points (D and Q)
are reached [22,33]. Analogously, in certain mechanisms other parametric
lines may appear for a variation in the heating rate [33-36].

For the comparative representation of the hererogeneous mechanisms, a
special arctan scale was used for the M value [Figs. 3(a) and (b)]. The
initial-referred heterogeneous regions [Fig. 3(a)] are often sharper than the
homogeneous ones and reveal no linkage to the elementary points. They are
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Fig. 3. Mechanistic (a) initial and (b) overall diagram. Abbreviations: see Table 1. M scale:
vy~arctan [1+ (A —0.005)X300]+ 3. Some homogeneous mechanisms have been included
(cf. Fig. 2).

often located near the “n-order line”, which ¢ ees with the general experi-
ence that many solid-phase reactions can approximately be described by
mass action kinetics [37-39]). Furthermore, the majority of the heterogeneous
mechanisms is located in the field ¢ of Fig. 3 (n < 1) or may even show a sort
of “zero-order” behaviour (models R1, NLX, NP1, DI).

In arbitrary cases hitherto studied, an increase in the heating rate from 1.5
to 5 has no dramatic effect on the position of the initial-referred regions. In
contrast, the overall-referred regions [Fig. 3(b)] are often strongly displaced
by a change in the heating rate. In spite of this, the additional use of these
regions is to be recommended for the discrimination of similarly placed
mechanisms, such as A3 and (D, D2 and R2 or D1 and NLX [40-42].
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Quantitative application of the mechanistic maps from above requires
experiments in an ideal apparatus characterized by homogeneity in tempera-
ture, exact validity of the selected temperature program and absence of
intruding properties of sample or apparatus. In solid-phase studies, such
conditions are hard to realize [26,43], but a study of mechanistic curves
produced by variation of a parameter of apparatus or sample may contribute
to estimating the ‘“absolute” converging points from the relative S/M
indices.

DISCUSSION

Values of the mechanistic coordinates of various reactions have been given
recently [14,22,44-49]. However, a utilization of the true potential of mecha-
nistic master diagrams must include experimental series for different initial
concentrations and /or heating rates {36]. In Table 2, some examples of the
results of such concentration series are presented. Rectangular (or oval, as
@ and @) fields as defined in Figs. 3(a) and (b) are listed in the order of
their first contact with the mechanistic curves generated in particular experi-
ments at increasing initial concentration of one reactant. Although correla-
tion coefficients of > 0.99 were observed for the Arrhenius straight-line fit in
some cases (which implies a formal similarity of the curves), the mechanistic
codes are totally different, but may be compared with those of simulated
experiments.

In further contributions of this series, various experimental examples of
complex reactions in solution will be discussed in detail.

An example of application in the solid phase is the thermal decomposition
of nickel oxalate [40]. For a theoretical signal curve based on the published
data (E=100.5 kJ mole™!, k_ =1.4X 10" 57!, estimated for =35 K
min~! and a,=0.12), a first-order re-evaluation leads to the mechanistic
coordinates M, ;, = 0.0185 kJ mole™! K~! and S = 0.869, corresponding to a
point somewhat below the Prout—Tompkins region, NPT. However, if a
model curve based on the standard heating rate, ® = 1.5 K min, ™!, is used,
one obtains M, = 0.0201, which, indeed, contacts the NPT region in Fig.
3(a), because S remains unchanged.

In contrast, the overall M index reveals a dramatic increase with the
heating rate (M,, = 0.0469 for ® =35). The experiments were performed
using @ values between 5 and 20K min~!; therefore, Fig. 3(b) seems not to
be generally applicable and the influence of @ has to be studied in more
detail in order to test whether a unique diagram applicable in the broad
range of usual heating rates can be developed.-

General application of the method presented surely requires additional
computer work at a larger scale. Such an extension seems attractive because
the mathematical source responsible for the success of the procedure is the
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same as in the concept of master curves, based on a reduced reaction time
[29,43,50-52]. This quantity was referred to a certain fraction of the total
conversion, namely half of it. The M index is determined by both half-width
temperatures, which for an elementary process always corresponds to fixed
fractional conversions, e.g. &, = 0.39 and a, = 0.90 for a first-order reaction
[10,23]. The desirable universal role of the half-width as an exclusive func-
tion of the reaction order is reached by defining the M index as referred to
the activation parameters of the reaction, eqn. (1). On the other hand, profit
is also taken from the suggestions of Selvaratnam and Garn to consider the
rate of conversion against such a reduced time, instead of the conversion
itself [34,53].

In contrast to the method of master curves, the author’s method of
comparing an S/M point (as a geometric equivalent of the type of reaction
studied) with a model map of reaction mechanisms, has the disadvantage
that, obviously, only five fractions of the experimental rate curve are really
utilized, those at the maximum, at both half-width points and both points of
inflection. However, additional information used for the calculation of M
stems from the initial and /or total range of the curve. In addition, if a series
of experiments were performed with a systematic change of conditions
[11,43], this will lead to a parametric curve which may show limiting points
and /or intermediate stops indicating fractional units of the whole reaction
mechanism [1,4,10,54]. In homogeneous kinetics, taking the initial concentra-
tion as the condition parameter offers excellent chances for a successful
application of the mechanistic diagram. In heterogeneous kinetics, such a
procedure is more difficult to realize, e.g. by mixing the sample with a
pulverized diluent or by performing a previous partial conversion, whereas
variation of the heating rate or other parameters (as pressure, sample size
[55] etc) in accordance with computer simulations will represent a powerful
tool for the kinetic characterization of a reaction [2,10,22,34,43,56-57].
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