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TG and DSC techniques have been extensively used to study complex solid state reactions.
For complex reactions (constituting of all exothermic or all endothermic one step first order
individual reactions), it has been shown that the results of TG and DSC instruments may not be
identical. This is because the TG instrument is incapable of correctly recording the true effective.
reaction rate of complex reactions (if the reaction rate is not proportional to the total amount of
reactants). This may happen when the reaction rates of the individual reactions in the composite
reaction mixture are significantly different. In this communication it has also been suggested that
the Friedman analysis of obtaining activation energy (£) may be inapplicable for complex or
composite reaction due to the fact that, there may be no unique effective constant conversion at
various heating rates.

During the past years, some groundbreaking research has been conducted in
understanding the thermal behaviour of some complex reactions [1-5]. F lynn {1, 4)
and Ozawa [3] have discussed the effect of heating rate on the effective reaction for
competitive as well as for mutually independent reaction models. For the
competitive reaction, Flynn [4] reported that low activatior energy reaction
dominated the kinetics at low heating rates and low temperature. The high
activation energy (E) reaction was found to be dominating at fast heating rates and
high temperatures. For mutuaily independent reactions, Flynn [4] found that low E
and high E reactions can be separated from one another by either increasing or
decreasing the heating rates.

The studies of Ozawa [2, 3] was limited to consideration of two independent
reactions, while that of Flynn [4] to four independent reactions. The recent study of
Elder [5] was directed to understanding the effective nature of a set of ten
independent reactions for both, the competitive and the mutually independent
reaction models. Elder [5] reported that the effective competitive reaction occured
at a significantly lower temperature than that of independent individual reactions
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over the entire extent of the reaction. The effective mutually independent reaction
was assumed to represent the sum of the individual reactions. For a set of first order
individual reactions, the competitive reaction always exhibited a first order
reaction. In contrast the effective mutually independent reaction exhibited a pseudo
n'® order reaction. The value of n was found to depend on the reaction mixture
concentration and on the rates of individual reactions.

Elder [5] also found that the activation energy of the mutually independent
reaction was comparable to those of the individual reactions. Recent results of
Agrawal [6] confirm this finding. However, this viewpoint is in direct conflict with
the popular belief in coal pyrolysis literature [7, 8] which implies that a set of
independent first order reactions can be approximated by a single first order
mutually independent reaction model having a lower activation energy than any of
the reactions in the set. Coal scientists routinely quote the findings of Juntgen and
van Heek [7] and Anthony and Howard [8] to have mathematically demonstrated
this viewpoint. However, it has been recently shown by Elder [5] that the published
results of Juntgen and van Heek [7] are not consistent with their reported findings.
An independent study of Agrawal [6] has questioned the validity of Anthony and
Howard’s [8] results.

The previous mentioned papers [1-6] were limited to studying combination of
first order one step reactions. Some progress has also been made in understanding
the nature of consecutive and reversible complex reactions {9].

In recent years there has been an extensive use of thermogravimetric (TG) and
differential scanning calorimetric (DSC) techniques to understand the nature of
complex solid state reactions. The kinetic parameters estimated from TG analysis
are based on weight loss, where as in the case of DSC, the kinetic parameters are
based on the change in enthalpy of the reaction. Since a large number of reactions
occur with a change in enthalpy, at least theoretically, the principles of DSC can be
used to study most of the reactions. Some reactions occur with a change in enthalpy
but not necessarily with a change in weight. In such a case the results of DSC and
TG will be different. This is primarily because the TG device is not capable of
measuring such isogravimetric reactions. If a reaction occurs with both, a change in
weight and a change in enthalpy, then the kinetic parameters derived from TG and
DSC should be identical. However, the TG and DSC results are not always in
agreement due to influence of some experimental factors. To minimize the
experimental factors efforts have been directed towards simuitaneous TG and DSC
measurement of the reaction.

In case of composite reactions, where more than one reaction occurs
simultaneously, the overall or the effective reaction rate can be estimated from the
algebraic sum of the individual reactions. If we assume that the results of TG and
DSC techniques for the individual reactions are identical and that all the individual
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reactions have the same sign for the heat of reaction (i.c. all the individual reactions
are exothermic or all endothermic), then the results for the composite reaction from
the TG and DSC devices is generally accepted to yield comparable results. If some
of these individual reactions are endothermic and some exothermic with
comparable magnitudes of the heats of reaction, then they may nullify the signals of
each other resulting in a difference in TG and DSC results.

In this paper the nature of composite reaction resulting from four individual
reactions having the same sign of the heat of reaction is discussed. In case of the
competitive reaction model the simulated results of TG and DSC studies yielded
identical results. For the mutually independent reaction which exhibits multiple
peaks, it was found that the results of TG and DSC studies need not be identical.
Some reasons for the differences in the results of TG and DSC studies of multiple
peaked complex reactions are discussed. Comparison of simulated results for the
competitive and the mutually independent reactions based on one step first order
individual reactions are made. Some arguments against the use of Friedman’s
method [10] for composite reactions are also presented.

Kinetic analysis

A mutually independent set of reaction may be visualized as;

k

1
a; —b,;

k

2
a, ——b,

k
a; —b;
where q; represents the amount of the ith species in the reacting mixture, b; the
amount of product of the ith species, and k,’s are their respective rate constants. The
temperature dependenge of the rate constant is modeled by the Arrhenius equation

ki = A;exp(— E;/RT) Y
The rate equation for a first order independent raction is
da,
a ki (2)
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a; represents the fraction of the reactant and is related to the concentration by the
relation a; = (a;— a;,,)/(a? —a;,,). a? represents the initial amount of ¢; and g,
represents the value at the end of the reaction. It can be seen that o, variesfrom I to 0
as the reaction proceeds to completion. If the temperature of the system is linearily
increased Eq. (2) can be rewritten as:

da; lday 4 =
T Fa % exp(— E;/RT) (3
wheére f = dT /dt, represents the heating rate. da;/dT may be refered to as the

temperature derivative or to as the nonisothermal reaction rate or simply to as the
reaction rate. The integrated from of Eq (3) is [1]

-1 — AiEi
no; = “BFP(X:‘) @)
where x; = —E/RT and p(x;) is the temperature integral represented by the

equation:

xi

e e
p(x) = — ;l‘ + f [;]dxi (5)

— a0

Several approximations of the p(x) function are available in the literature,
Flynn’s [11] results indicate that his tables yields reasonable values of the p(x)
function. Consequently, the tables of Flynn [11] were used for calculating the p(x)
function. Once the temperature integral p(x) is evaluated, «; can be obtained by Eq.
(4). The temperature derivative can finally be obtained by substituting the value of
a; in Eq. (3). The reaction rate for the effective multiplé independent reaction is
obtained by summing the individual reaction rates, i.e.,

da do;

=3

ar gia: ©

where a = Zg,a; = total fraction of the reactants or the effective sum of conversion
of the reactants. g, is the weight factor and Zg; = 1. g; enables the calculation of the
contribution of each individual reaction to the effective reaction. « varies from I to
0 as the reaction proceeds to completion. Using the relation expressed in Eq. (3), Eq.
(6) may be rewritten as

da

4;
7o —Zgi—Aa,.exp( E,/RT) M

B

The DS~ signal for the effective mutuaily independent reaction model (assuming
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all individual reactions have the same sign of the heat of reaction) will record the
rate expressed by Eq. (7). Consequently in this study we assume the results obtained
from Eq. (7) to be those of a DSC device.

Now if the reaction is being recorded by a TG device, the instrument would
record the reaction rate which is proportional to the net effective conversion, a. The
equation may be mathematically represented as

:—;=f0:, T)= —%a"exp(~E‘/RT) 8)
Here 4" and E’ are pseudo Arrhenius parameters of the effective mutually
independent reaction used to describe the temperature dependence of the effective
reaction rate constant. n is the effective order of reaction. The term pseudo is used to
explain the effective reaction because the net reaction rate, da/d 7, may not be truely
proportional to a. This may happen if some of the reactants in the reaction mixture
do not react or react at a very different rate compared to the average reaction rate.
Depending on the nature of the individual reactions, A’ and E’ in this case may be
functions of temperature and/or concentration. It may also be mentioned that there
is no known relationship between the effective pseudo Arrhenius parameters, A’
and E’, and the individual Arrhenius parameters 4; and E,. In our study the results
obtained from Eq. (8) are assumed to be the rate determined by a TG device.

A competitive reaction model may be visualized as

v

Kk

a b,
\;bi

The rate expression for the competitive reaction is

da A

where « = (a—a_)}/(a°—a,,), and a° is the initial concentration of a and a, is the
final (or equilibrium) value of a. The Arrhenius parameters of the effective
competitive reaction are related to those of the individual reaction by the relation

Aexp(—E/RT) = ZA;exp(— E;/RT) (10)

The fraction of reactant, «, at any time, ¢, is obtained by integrating Eq. (9):
—Ina = Z%p(xi) (11)
The temperature derivatives of the effective competitive reaction can then be

calculated by substituting the value of « in Eq. (9).
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Results and discussion

To demonstrate some potential differences in the results from TG Eq. (8) and
DSC Eq. (7) studies., we consider the consequences of a set of four independent one
step, first order reactions with the following Arrhenius parameters:
A, =24x10*s7Y, E; =191 kcal/mol; A4,=45x10"s"1 E, =382
kcal/mol; Ay = 6.1x1018 571, E, = 57.4 kcal/mol; and A4, = 7.4x 10?5 s71,
E, = 76.5 kcal/mol. These values have been chosen since some theoretical
behaviour of rate of conversion versus temperature for these parameters are
available in the literature {4]. It is further assumed that all the individual reactions
have the same sign of the heat of reaction.

In order to simplify calculations the value of the heating rate f§ is assumed as
1 K/s. The advantage of assuming § = 1 K/s not only simplifies the calculations,
but also limits the reaction range of the competitive reaction to 525-625 K. This is
important since all the individual reaction rates are comparable within this
temperature range. If however § is changed significantly then, the results of Flynn
[4] indicate that we may not be studying the effective nature of all four reactions but,
of only those which may be dominating the reaction. Since our aim is to study the
composite reaction of all four individual reactions, a heating rate of 1 K/s provides
us with an opportunity to do so.

The values of g, for the individual reactions obtained using the tables of Flynn
[11] for p(x) are shown in Fig. 1. An increase in the heating rate, f, will not
significantly influence the nature of these curves but will primarily shift the curves to
higher temperatures along the temperature axis and will also increase the
temperature range of the reaction. A decrease in f will have an identical opposite
effect.

The temperature derivatives of the individual reactions calculated using Eq. (3)
are described in Fig. 2 as a function of temperature. It may be mentioned that the
temperature derivatives described in Fig. 2 are more informative and sensitive than
the nonisothermal conversion of the reactant shown in Fig. 1. Hence a comparison
of the temperature derivative curves should bring out more differences than the
nonisothermal conversion curve. Consequently the use of the temperature
derivative rather than the nonisothermal conversion should be emphasized. Figure
2 shows that the reaction 1 occurs over a broad temperature range compared to
reactions 2, 3 and 4. Reactions 2, 3 and 4 overlap and occur in a narrower
temperature range. These results are in good agreement with those of Flynn [4].

Figure 3 summarizes the effective reaction rates of competitive (curve 1) and
mutually independent (curves 2 and 3) reaction models. The competitive reaction in
this case could be represented by a first order reaction with the Arrhenius
parameters 4 = 5.6 x 10'° s 1 and E = 57.8 kcal/mol. A comparison of the rates

J. Thermal Anal. 31, 1986



AGRAWAL: KINETIC ANALYSIS 1259

.~ 10 y
s N\,
5 \
i S
1y
£ os% ‘l \
E | bl
: 4
c 06— N
2 i i
] i
« 0 iy \
i) \
0.4 4 53:2 \1
; \
il :
i i \
iy
020 i \
iy \
~ i\ \
i \
ol &n.‘k | oSN
400 600 800 1000

Temperature , K

Fig. 1 Fraction of remaining amount of individual reactants vs. temperature at § = 1 K/s
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Fig. 2 Nonisothermal reaction rates (da/d7T) vs. temperature for individual reaetions

of competitive reaction (curve 1, Fig. 3) and those of the individual reactions (Fig.
2) indicates that although all four reactions occur in this temperature range, the
competitive reaction is dominated by reactions 2, 3 and 4. This may also be
concluded from the fact that the valug of the effective E is the average of the E; of
reactions 2, 3 and 4.

As discussed earlier, results of Flynn [4] suggests that by varying the heating rates
the effective nature of the competitive reaction can be changed. In suct a case the
effective Arrhenius parameters of the competitive reaction will change and may
reflect the average value of the dominating ractions. If the individual reactions are
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Fig. 3 Nonisothermal reaction rates {da/dT) of the effective competitive and the effective mutually
independent reactions. Curve | represents the competitive reaction; Curve 2 represents the rate of
multiple reaction calculated from Eq. (7) for areaction mixture where g, = g, = g5 = g, = 0.25
(simulated DSC signal); Curve 3 represents the rate of muitiple reaction calculated from the slope
of a plot of a vs. temperature (simulated TG signal)

very competitive as represented by this set, then it is possible that E becomes a
function of the heating rate. Hence in studying complex reactions where the rates of
individual reactions are unknown, methods which involve multiple heating rates
such as those of Friedman [10] and the isoconversion method {11} may be
inapplicable. This may be a possible explanation to Elder’s [5] finding than, the E
obtained by the Friedman’s method changed with the extent of reaction.

Curve 2 in Fig. 3 represents the rate for the multiple reaction calculated from Eq.
(7) for a reaction mixture where g, = g, = g5 = g, = 0.25 (simulated DSC signal).
Curve 3 in Fig. 3 represents the reaction rate for the same reaction mixture but
calculated from the slope of a plot of « versus temperature as suggested by Eq. (8)
(simulated TG signal). Initially the TG signal exhibits a more rapid rate than the
DSC signal, primarily due to the compounding effect of reactions 3 and 4. The latter
part of the TG signal is more sluggish in response. The effective mutually
independent reaction represented by curves 2 and 3 of Fig. 3 exhibit multiple peaks
indicating the dominance of individual reactions in various temperature ranges.
Therefore the effective reaction exhibits multiple Arrhenius parameters which are
functions of temperature and or conversion.

If the rate of reaction is proportional to the amount of the reactant mixture then
curves 2 and 3 of Fig. 3 will yield identical results. Since not all of the reactants in the
reaction mixture are reacting over the entire temperature range (see Fig. 2), the
rapid rate in the initial period and the sluggish rate in the later period represented by
curve 3 indicates that, at least in this case the assumption in Eq. (8) does not strictly
hold. Hence in this case the results of TG may be flawed. However, if the effective
reaction rate is proportional to the total amount of reactants as assumed in Eq. (8),
then the results of TG and DSC instruments should be identical.

In case of mutually independent reaction we may argue that the results for a
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constant effective conversion, a, at various heating rates may not be unique. This is
because though we can obtain a constant value for the sum of the individual
conversions, «, at various heating rates, the individual conversions, a;’s, can vary
due to competition of individual reactions. Since there may be no unique
conversion of all individual reactions to yield an identical effective conversion at
various heating rates, Friedman’s method of obtaining E may yield meaningless
results. If we are able to measure the conversion of individual reactions, then
perhaps the Friedman’s method may yield useful results. It may be suggested that
Friedman’s method to obtain £ may be applicable only to one step simple reactions
where there is unique effective conversion. Finally it may be mentioned that, in
actual experimentation increasing the heating rates increases the magnitude of the
temperature gradients across the sample {12]. Therefore the confidence in the
measured reaction temperature decreases with increasing heating rates. Since an
accurate estimate of the reaction temperature is prerequisite for reliable results, low
weightage should be given to results from multiple heating rate studies.

Conclusions

Summarizing, we can conclude that curve 2 of Fig. 3 represents the “true” rate
which can be measured by a DSC or a differential thermal analysis (DTA)
instrument which measure the kinetics based on change in enthalpy of a reaction.
Curve 3 of Fig. 3 represents the apparent rate which may be observed by a TG or a
differential thermogravimetric (DTG) devices, which are capable of measuring the
change in the mass of reactants undergoing a phase change decomposition reaction.
Since the change in enthalpy of the reaction represents a ““truer’” measure of the
reaction rate, the resunits from DTA/DSC may be of more value than those obtained
by using TG/DTG devices. However, if the effective rate of reaction is proportional
to the total amount of the reactants (Eq. (8)), then the results obtgined from
DTA/DSC and TG/DTG instruments should be identical. Hence it can be
concluded that the results of TG and DSC for complex reactions (constituting of
individual reactions with the same sign of heat of reactions) may not be identical,
not only due to differences in experimental errors but, also due to kinetic differences
in their governing principles and their measuring techniques. Therefore the
simultaneous use of TG and DSC should prove valuable in understanding complex
solid state reactions.

In case of composite reactions there may be no unique overall conversion of the
individual reactions to yield an identical value of the effective conversion at various
heating rates. In such a case methods which involve multiple heating rates such as
those of Friedman [10] and the isoconversion method [11] may be inapplicable. Also
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in experimentation changes in heating rates influences the temperature gradient
across the sample and the measure of the sample temperature. Therefore low
weightage should be given to the value of E which results from multiple heating rate
studies in case of complex reactions.

* % %
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Zusammenfassung — TG- und DSC-Techniken wurden in groBem Umfang zur Untersuchung
komplexer Festkdrperreaktionen herangezogen. Fiir (alle exotherme oder alle endotherme individuelle
Einschritt-Reaktionen erster Ordnung in sich einschlieBende) komplexe Reaktionen wurde gezeigt, da8
die Ergebnisse von TG- und DSC-Geriten nicht notwendigerweise identisch sind, weil das TG-Gerit die
wahre effektive Reaktionsgeschwindigkeit komplexer Reaktionen nicht korrekt zu registrieren imstande
ist (wenn die Reaktionsgeschwindigkeit nicht proportional der Gesamtmenge der Reaktanten ist). Dies
kann der Fall sein, wenn die Reaktionsgeschwindigkeiten der individuellen Reaktionen im Reak-
tionsgemisch signifikant unterschiedlich sind. In der vorlicgenden Publikation wird auch darauf
hingewiesen, dall die Friedman-Analyse zur Ermittlung der Aktivierungsenergie (£) bei komplexen
Reaktionen nicht unbedingt anwendbar ist, da die Konversion voin der Aufheizgeschwindigkeit
abhéngig sein kann.

Pestome — Metoapt TT # JICK 6nUM tHHPOKO HCNIOJILIOBAHE! LT M3Y4CHHS TBEPIOTENBHBIX peakuuil.
TloxaszaHo, YTO 1% CIOXHBIX PEAKIMHE, COCTOSIUMX H3 BCEX 3K30TEPMUYECKHX MY SHAOTEPMHUYECKHX
OIHOCTYNIEHYATRIX Peakuuii nepsoro nopanka, pesynsratel TT' n JCK usmepennit MoryT ObiTh He
naentTasHbiMH. [Ipuuannoi 3T0ro0 ABIsETCR TO, 410 TI™ anfiapaTypa He NO3BOARCT TOUYHO ONPEACIITH
HCTHHHYIO >hheKTHBHYIO CKOPOCTH CIIOXHbIX Peakluii, eClH CKOPOCTh PEAKIHE HE NPONOPUHOHATBHA
obILeMy KOSHYECTBY DEArMPYIOLIMX BEIECTB. JTO NMPOHMCXOAHT B TOM CJlyvae, KOTAA CKOPOCTH
OTIENLHLIX peakiuii B CAOKHOHW CMecH peaXuuil 3HauMTenbHO oTimyaroTcs. B cratne Taxke
TIPEANOJIOKEHO, YTO B CAy4ae CJIOKHBIX peakuud ananus Opaamena Qs onpeleneHHs HEPruy
akTHBauMy £ HenpumeHUM. JTO OOYCNOBIECHO TEM, 4TO B TAKHX DEAKIUAK HET CAMHCTBEHHOIM
5(dEXTABHON KOHCTAHTHI NPEBPALIEHHS TIPH PA3JIKUYKBIX CKOPOCTHAX HArpesa.

J. Thermal Anal. 31, 1986



