thermochimica
acta

ES EIER Thermochimica Acta 388 (2002) 377-387

www.elsevier.com/locate/tca
Prediction of the progress of solid-state reactions
under different temperature modes
B. Roduit”
AKTS, TECHNO-Pole, CH-3960 Sierre, VS, Switzerland
Received 10 July 2001; received in revised form 9 November 2001; accepted 9 November 2001
Abstract

Using a computational method (AKTS-TA-Software) for solid-state kinetic analysis, the calculations of the progress of solid-
state reactions were achieved employing temperature conditions different from those at which the experiments were carried out.
The prediction of the solid-state reaction extent is illustrated by the results obtained during decomposition of hydromagnesite
(component of some pharmaceuticals). The applied method was used for the prediction of the reaction progress under different
temperature modes such as isothermal, non-isothermal, stepwise, adiabatic, modulated and, additionally for temperature profiles
reflecting real atmospheric temperature changes. A comparison between calculated and experimental data is presented.
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1. Introduction

Independent of the unsolved question of whether
kinetic parameters of solid-state reactions have any
real physical meaning, their usefulness for the quan-
titative description of kinetics of the process is fully
accepted. This paper illustrates the application of the
mathematical evaluation of the kinetic data for the
prediction of the reaction extent under any tempera-
ture mode.

Over the last several years, research and develop-
ment of new materials has accelerated significantly.
This has resulted in increased interest in predicting
their thermal stability both in extended temperature
ranges and also under temperature conditions at which
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the investigation of their properties is very difficult to
achieve. These difficulties are prevalent at low-tem-
peratures (requiring very long scanning times), as well
as under complex temperature profiles.

Model-fitting techniques can be effectively used to
describe the solid-state reactions and predict the effect
of the experimental parameters [1]. A full kinetic
analysis of a solid-state reaction has at least three
major stages: (1) experimental collection of data; (2)
computation of kinetic parameters using the data from
stage 1; and (3) predictions of the reaction progress for
required temperature profiles applying determined
kinetic parameters.

The solid-state reactions are often too complex to be
described in terms of a single pair of Arrhenius
parameters and the traditional set of reaction models
[2]. As a general rule, solid-state reactions demon-
strate profound multi-step characteristics. They can
involve several processes with different activation
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energies and mechanisms. The method of the predic-
tion of the summary reaction progress which considers
only one kinetic parameter, namely the “activation
energy’”’ and ignores the others such as the pre-expo-
nential factor and the model function, is an over
simplification of reality. A reliable numerical techni-
que applied in solid-state kinetics should be able to
consider several activation energy values, pre-expo-
nential factors and corresponding models for the
description of the solid-state reaction extent. The
correct choice of all the kinetic parameters strongly
influences the ability to properly describe the progress
of the reaction. The validity of approaches, which
consider exclusively the activation energy values for
the determination of the kinetic characteristics of
solid-state reactions, can be hardly accepted [3].

Solid-state kinetic computations should be carried
out with experimental data obtained at several (recom-
mended not less than 5) heating rates (non-isothermal)
or temperatures (isothermal) to ensure reliable results.
Model-fitting methods that use single heating-rate
experimental results should be avoided because they
tend to produce highly ambiguous kinetic descriptions
[3.4].

The data used for the prediction of the reaction
extent should be collected under similar experimental
conditions because the kinetic parameters of solid-
state reactions are not intrinsic properties of an inves-
tigated compound and can change depending on the
experimental conditions applied (PSTA-principle:
parametric sensitivity of thermal analysis) [5].

Applying the results obtained by thermoanalytical
techniques (such as TG, DTA (or DSC), TMA, EGA),
a reliable numerical method should allow accurate
prediction of the reaction progress of materials in a
broad temperature range and under different tempera-
ture modes such as

e isothermal, non-isothermal and stepwise;

e modulated temperature or periodic temperature
variations and rapid temperature increase (tempera-
ture shock);

e real atmospheric temperature profiles for investi-
gating properties of low-temperature decomposed
solids under different climates (yearly temperature
profiles with daily minimal and maximal fluctua-
tions);

e adiabatic (safety analysis).

The method applied in this paper can also be used
for the elaboration of results obtained by hyphenated
techniques such as TA-MS or TA-FTIR. The applica-
tion of these techniques is widely recognized for the
characterization of the degradation of solids [6]. In
order to correctly apply the EGA-signals for the
description of the kinetics of the decomposition of
solids, the interrelation between thermoanalytical and
mass spectrometric curves in the TA-MS or TA-FTIR
system has to be known [7]. If the time lag between the
thermoanalytical curve (e.g. DTG) and EGA-signal is
negligible, the spectroscopic signal can be used not
only for the qualitative and quantitative [8] analysis of
the gaseous products but for the kinetic description of
the process as well.

The application of the calculated kinetic parameters
for prediction of the extent of the solid-state reactions
will be illustrated by the examination of the extent of
multi-stage decomposition of hydromagnesite (com-
ponent of some pharmaceuticals) and simulated pro-
cesses calculated for worldwide yearly temperature
profiles. The potential application fields of the applied
method include following subjects:

Chemicals, pharmaceuticals and food.

Material sciences, rubber, polymers.

Metallurgy and ceramics.

Catalysis, safety analysis, self-reactive chemicals
and explosives.

2. Decomposition of hydromagnesite
2.1. Non-isothermal decomposition

The TG and DTA data collected during non-iso-
thermal decomposition of the sample with a heating
rate of 2.5, 5,7.5, 10 and 15.5 K min~' were used for
the determination of the kinetic parameters used later
for the prediction of the reaction extent. The sample
was synthetic hydrated magnesium carbonate hydro-
xide (Merck p.a.) which XRD patterns and mass
losses are in full agreement with the mineral hydro-
magnesite. The experimental conditions such as
sample mass, atmosphere (He) and gas flow rate
(50 ml minfl) were identical in all experiments.
In Figs. 1A, B and 2A and B, the experimental
data of the TG and DTA-signals are presented and
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Fig. 1. Reaction extent (TG, normalized signals) o as a function of time (A) and temperature (B) for hydromagnesite decomposition under
helium. Experimental data are represented as symbols, solid lines represent the calculated relationships o—t and o—T7. The values of the heating

. .
rate in K min~ " are marked on the curves.

compared with the calculated curves of o—f and o—T.
For each DTA scan, a tangential area-proportional
baseline correction has been carried out. It is usually
necessary to correct the measuring values of the
baseline for all differential signal types, like DTA
and/or DSC measurements. This is especially neces-
sary when the reaction is characterized by the large
difference of the specific heats of substrate and
product.
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2.2. Verification of numerical computations

Verification of numerical computations can be read-
ily achieved by graphical comparison of the reaction
progress predictions with results of a subsequent
analysis of examined material. It is essential that
the verification runs be done under identical experi-
mental conditions as those used for the calculations.
Change of the experimental parameters such as, e.g.

temperature FC

014
nz4
034
044
054
064
07 4
108 4
ne4
14
14
124
REE
REE
REE
16 4
A74
84

reaction rate (normed: endothermal) /s

Fig. 2. Normalized DTA-signals as a function of time (A) and temperature (B) for hydromagnesite decomposition under helium. Experimental

1

data are represented as symbols, solid lines represent the calculated relationships o—t and o—T. The values of the heating rate in K min™ " are

marked on the curves.
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Fig. 3. (A) Temperature profiles involving isothermal and non-isothermal (heating and cooling) modes. (B) Corresponding reaction extent o of
the decomposition are presented together with the reaction progress predictions of o—7. Experimental data are represented as symbols, solid
lines represent the calculated relationships o—7. Accurate prediction of thermal stability is achieved.

sample mass, kind of the carrier gas and its flow
rate, can considerably change the course of the ther-
moanalytical signals which, in turn, can distinctly
influence the comparison of predictions with the
experimental data. Predictions obtained are fully valid
only for the experimental conditions applied in the
thermoanalyzer and can vary when these conditions
are changed [5]. The measured temperature profiles
involving isothermal and non-isothermal (heating
and cooling) modes are shown in Fig. 3A. In
Fig. 3B, corresponding experimental data are pre-
sented together with the reaction progress predictions
of «—T. The comparison between experimental and
calculated reaction extents indicates that the presented
multi-step model-fitting technique allows accurate
prediction of the reaction course at the temperature
mode chosen.

2.3. Cyclic temperature changes

The kinetic parameters calculated from the non-
isothermal experiments allow prediction of the reac-
tion progress at any temperature mode: isothermal,
non-isothermal and intermediate intervals in the heat-
ing rate, expressed, e.g. in oscillatory temperature
modes. The prediction of the reaction progress in
oscillatory temperature mode (widely applied in tem-
perature-modulated calorimetry [9,10]) is given in the
subsequent sections.

InFig. 4A, the arithmetic mean temperature (220 °C)
of the oscillatory temperature modes is the same for
all experiments, however, the differences in the ampli-
tudes greatly influence the reaction progress (see
Fig. 4B). The prediction of the decomposition of
hydromagnesite at 220 °C with £60 °C amplitude
and 24 h period indicates that after 1 year the sample
will be fully decomposed. For the same mean tempe-
rature (220 °C) and period (24 h) but different ampli-
tudes (40, 20 and 0 °C for the isothermal conditions),
hydromagnesite will decompose much less in this
period of time (reaction extents are about 40, 35 and
32%, respectively). Total decompositions for the 40
and 20 °C amplitudes are reached within about 3 and
12 years whereas under isothermal conditions, about
25 years are required.

The calculations of the reaction rate of hydro-
magnesite decomposition in modulated temperature
mode are presented in Fig. 5B. Fig. 5A depicts
the applied temperature profile: starting tempera-
ture 5 °C, the underlying heating rate 2 °C min~ ',
the modulation period 2 min, and the modulation
amplitude £15 °C. Temperature-modulated mode
increases the basic understanding of the charac-
terization of materials in different fields [11]. Pre-
sented results indicate that the prediction of some
of the thermal characteristics under this mode is
possible using conventional non-isothermal experi-
ments.
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decomposition of hydromagnesite in oscillatory temperature modes.

2.4. Experimental procedure: isothermal or
non-isothermal experiments?

2.4.1. Isothermal data

Thermoanalytical measurements under isothermal
conditions are usually investigated in a narrow tem-
perature range due to experimental problems (particu-
larly reaction times that are too short at high temperature
or too long at low-temperature). Therefore, these mea-
surements may not contain the necessary information,
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terperature /°C

time frain —

on the time—temperature dependence of a selected
property, for the correct identification of the complexity
of a process.

e Under isothermal conditions, one may be faced with
an apparent kinetic system involving the contri-
bution of one reaction only, whereas, under non-
isothermal conditions, it would be necessary to
consider several reactions. This is due to isothermal
measurements being usually carried out over a
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dr time dependencies) under differing temperature modes.



382 B. Roduit/Thermochimica Acta 388 (2002) 377-387

Tsec
i . (e ] Ermir=l
:
A 1
wl® ‘
- soqf /
3 / 430 4 ]
= 0 / 400 /
£
S B0 / p 330
v /
2 50 S 300 |
3
g 40 // L
{=5
5 = — o 200
= o i
& 20 T /"’/_;-’—____—
// 2 ‘
10 100
| — // 50
1el-? 18'-5 185 1 el-d 1&]—3 1e-2 1 e‘-1 1e|U 1 el‘l

time fyears {Log scale)

To=350°C

Ta=230°C

c To=150°C

reaction rate [normed) /%/s
F
ry

25'0 3D|D 35‘0 4!?0 4::;!3 SU'U 55]0

ternperature /°C

Fig. 6. (A) Extent of the decomposition of hydromagnesite under isothermal conditions. The values of the temperature (in °C) are marked on
the curves. Isothermal experiments should be carried out at temperatures below 150 °C to avoid the occurrence of the temperature settling
problem. However, investigation scanning times for such temperatures are just not practicable. (B) Simulated reaction rates (DTG, normalized

signals da/d) for a heating rate of 10 K min "

narrow temperature range (generally 20-40 K) as
compared to the non-isothermal experiments [3]. In
such narrow temperature ranges, the isothermal
reaction progress may be well described by using
a single kinetic model not expressing the complex-
ity of the total reaction process.

e Depending on the temperature window and type of
reactions, truly isothermal conditions cannot be
accomplished for very low and very high ranges
of the reaction progress. The simulated curves for
the decomposition of hydromagnesite under iso-
thermal conditions presented in Fig. 6A clearly
indicates the difficulties of the measurement of
the o— dependencies at the beginning of the decom-
position. Isothermal experiments cannot be carried
out at temperatures where the reaction rate is too
fast and significant decomposition may occur dur-
ing settling of the experimental temperature at the
beginning of the experiments. For hydromagnesite,
isothermal experiments should be carried out at
temperatures below 150 °C (Fig. 6A) to avoid the
influence of the temperature settling on the kinetic
characteristics. Nevertheless, the time necessary to
reach significant decomposition extent is not mea-
surable from the experimental point of view (sev-
eral years at temperatures below 150 °C to reach
about 25% decomposition extent). To obtain rea-
sonable scanning times (<24 h), temperatures above

with different starting temperatures 7y = 50, 150, 250, 350 °C marked on curves.

350 °C should be chosen. However, at such tem-
peratures, the problem related to the temperature
settling occurs. Therefore, truly isothermal condi-
tions cannot be accomplished and applied for the
very low and very high ranges of the reaction
progress o. This explains the difficulties of inves-
tigating thermoanalytical measurements under iso-
thermal conditions and the choice of a narrow
temperature range.

The above observations indicate that comparison of
the kinetic parameters obtained under isothermal and
non-isothermal conditions can be aggravated by una-
voidable experimental phenomena that affect the
kinetic data calculated from the isothermal conditions.
In the isothermal temperature window, the maximum
rate of decomposition usually occurs at the beginning
of the reaction. At these temperatures, a reaction pro-
gress of a few percent is reached after a very short
period of time, which clearly indicates the limitations
of applications of very low « values in kinetic calcula-
tions for isothermal conditions. The solution is the
determination of the kinetic parameters from non-iso-
thermal experiments carried out over a wide tempera-
ture range. Non-isothermal experiments, starting with
low-temperatures, suppress the temperature settling
problem at the beginning of the reaction (see Fig. 6B)
and consequently the limitations of measuring the
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Fig. 7. (A) Reaction progress and activation energy. (B) Relative occurrence of the activation energy.

reaction progress under isothermal conditions. If the
kinetic data are able to correctly describe the full
temperature range, then they can be employed for the
prediction of the isothermal reaction progresses taking
place at temperatures lying inside the range of the non-
isothermal experiments. This is especially important
for multi-step processes which are accompanied by
additional phenomena such as melting, polymorphic
transformation, sublimation, etc. For such processes,
the accurate mathematical transformation of isothermal
data to non-isothermal data is impossible, whereas, the
inverse procedure is feasible.

2.4.2. Non-isothermal data

In general, non-isothermal scans with different
heating rates are carried out within a much wider
temperature range than is possible, from the experi-
mental point of view, in isothermal conditions. This
allows discernment between the different reaction
paths involved in the kinetic process because the data
contain the necessary information on the time-tem-
perature dependence of particular processes which is a
prerequisite for the correct identification of the com-
plex nature of the investigated reaction.

Computations are usually made with the results
obtained from at least five heating rates. The applica-
tion of heating rates too close to each other should be
avoided. If they are very close, they become tanta-
mount to a model-fitting analysis using single heat-
ing-rate methods. Consequently, they may fail the
required purpose as amply reported in the literature
[3.4].

The problem of the settling of the experimental
temperature depends essentially on the kinetic char-
acteristics of a reaction process and on the temperature
at which the experiments under isothermal conditions
are carried out [3]. The plot showing the change of the
activation energy during hydromagnesite decomposi-
tion as a function of the reaction progress is presented
in Fig. 7.

3. Calculation of adiabatic thermal
transformation from non-isothermal
DSC/DTA measurements

The calculation of adiabatic reaction progresses
and/or explosion conditions from results of DSC/
DTA measurements is often desirable because of
the small amounts of material available. The precise
prediction of such reaction progresses may be req-
uired in the safety analysis of many technological
processes. Calculations of an adiabatic temperature—
time curve of the reaction progress can be also used
to determine the decrease of the thermal stability of
materials during storage at temperatures near the
temperature of the beginning of the reaction. Due to
insufficient thermal convection and limited thermal
conductivity, a progressive temperature increase in
the sample can easily take place, resulting in a
thermal explosion.

Several methods have been presented for predic-
tion of the reaction progress of exothermic reactions
under adiabatic conditions [12—-15]. However, because
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solid-state reactions usually have a multi-step nature,
the accurate determination of kinetic characteristics
strongly influences the ability to correctly describe the
progress of the reaction. For adiabatic self-heating
reactions, incorrect kinetic description of the process
is usually the main source of serious errors in its
interpretation. The decomposition of hydromagnesite
is a complex endothermal process (see Fig. 2A and B).
For illustration, let us consider the reaction progress of
a hypothetical process, being identical to hydromag-
nesite decomposition but exothermic. Using the reac-
tion heat (AH,) and the heat capacity (c,), one can
calculate the reaction progress due to self-heating for
different values of AT,y (with ATy = AH,/c,). In
Fig. 8A, the simulated o—f relationships with a starting
temperature of 100 °C are presented for three different
AT,y (300, 400 and 500 °C). Calculations of the
temperature progress of adiabatic self-heating reac-
tions for several starting temperatures (100, 120 and
140 °C with AT,q = 350 °C) are presented in Fig. 8B.
The adiabatic induction time is defined as the time
which is needed for self-heating from the start tem-
perature to the time of maximum rate. Depending on
the AT,q considered, the choice of the starting tem-
peratures strongly influences the adiabatic induction
time and, therefore, the boundary conditions valid for
achieving necessary safety, e.g. storage of self-reac-
tive substances.

4. Prediction of the reaction progress under
temperature mode corresponding to real
atmospheric temperature changes

The important goal for investigating the kinetics of
thermal decompositions of solids is the need to deter-
mine the thermal stability of substances, i.e. the tem-
perature range over which a substance does not
decompose at an appreciable rate. The correct predic-
tion of the reaction progress of unstable materials under
ambient conditions (food, drugs, some polymers, etc.)
requires accurate application in the calculations of both:

e the kinetic parameters;
e the exact temperature profile for a given climate.

4.1. Influence of the kinetic parameters on the
reaction extent occurring under certain real
temperature profiles

Let us consider the influence of the real temperature
profile of Las Vegas (Nevada, USA) on the course of
three simulated reactions that obey the same reaction
model (first-order reaction), have identical pre-exponen-
tial factors (A = 1E+10 s "), but different activation
energies (E, = 100kJ mol™!, E, = 105 kJ mol
E; = 110k mol™!). The simulated curves of the
a—T dependencies for a heating rate of 10 K min~'
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are presented in Fig. 9 for the three different cases. By
applying the above kinetic parameters for calculations,
the three simulated reaction progresses can be deter-
mined for the real temperature profile of Las Vegas
presented in Fig. 10A. The temperature profile is the
average of all daily minimal and maximal temperatures
recorded for each day of the year between the years
1961 and 1990. The temperature fluctuations of this
30 year daily temperature summary will be repeatedly

oy (A)

temperature /°C

T T T T y T
2 4 & 3 10 12
tirme fmaonths —

applied in the calculations for the examination of the
thermal properties with cyclic temperature changes over
the years. Fig. 10B presents a zoom of the temperature
profile of Las Vegas with daily minimal and maximal
temperatures from 1 to 31 January (30 year daily
temperature summary). The o—f dependencies in
Fig. 11A illustrate the reaction progress of three simu-
lated reactions for several years in Las Vegas. Results
of the calculations for the reaction with E,; = 100 kJ
mol " indicate that after 5 years, the reaction will be
fully completed. Reactions 2 and 3 with respectively
Ep = 105 kI mol ™" and E,3 = 110 kJ mol ™~ will pro-
gress much less in this period of time (transformation
progresses are about 50 and 10%, respectively).

4.2. Influence of the temperature profile
changes on the reaction extent

Let us apply the following kinetic triplet (reac-
tion model: first-order reaction, pre-exponential fac-
tors: A = 1E+10s™"', activation energy: E, = 100
kJ mol ") for the prediction of solid state reaction extent
in Las Vegas, Seattle and Nome (Alaska, USA)
(Fig. 11B). It can be seen that within 5 years, the
reaction is completed in Las Vegas, whereas, in Seattle
and Nome, the degree of the decomposition amounts to
about 65 and 18%, respectively. In Fig. 12, the same
temperature profiles were used for the calculation of the
thermal stability of hydromagnesite. Hydromagnesite
exposed to daily temperature changes in these three
places decomposes only slightly (<1%) after 25 years.
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Fig. 10. (A) Average minimal and maximal temperatures recorded for each day of the year between the years 1961 and 1990. (B) Zoom of the
temperature profile of Las Vegas with daily minimal and maximal temperatures from 1 to 31 January (average of 30 years).
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(E. = 100 kI mol ™!, E;, = 105 kI mol ™!, E,;3 = 110 kJ mol~'). The values of the activation energy in kJ mol " are marked on the curves. (B)
Predictions of the transformation progress of a hypothetical reaction for the Las Vegas, Seattle and Nome (Alaska) temperature profiles. Kinetic
triplet: model (first-order reaction), pre-exponential factors (A = 1E+410 s~ 1), activation energy (E, = 100 kJ mol Y.
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Fig. 12. Predictions of the extent of hydromagnesite decomposi-
tion for the Las Vegas, Seattle and Nome (Alaska) temperature
profiles. The hydromagnesite exposed to daily temperature changes
decomposes less than 1% after 25 years.

5. Conclusions

Using the AKTS-TA-Software, calculations of
complex reaction progresses were carried out for
temperature conditions at which the collection of data
is very difficult from the experimental point of view.
Solid-state reactions are often too complex to be

described in terms of a single pair of Arrhenius
parameters and a simplified set of reaction models.
An accurate description of decomposition kinetics
and a high fit quality are the basic conditions for
predictions possessing an acceptable degree of con-
fidence. Adequate predictive examination of the inves-
tigated reactions requires at least five thermoanalytical
measurements carried out with different heating rates,
generally in the range of 1-20 K min~'. The scans
obtained by any thermal technique (such as e.g. TG,
DTA, DSC, EGA, TMA), can be applied for the cal-
culations. The data should be collected under similar
experimental conditions because the kinetic para-
meters of solid-state reactions are not intrinsic proper-
ties of an investigated compound but can change
depending on the experimental conditions applied.
The experimental data set used for calculations must
contain the whole information on the time—temperature
dependence of a selected property. The complexity of
the process is more easily detectable for non-isother-
mal data, but might not clearly show up in isothermal
experiments because of the narrower temperature win-
dow applied. Calculations can be achieved for any
fluctuation of the temperature, which makes possible
the predictions of thermal stability properties for vary-
ing climates. Exact consideration in the calculations of
daily minimal and maximal temperature variations of
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worldwide climates provides very valuable insight
when interpreting and quantifying the reaction pro-
gress of materials subjected to atmospheric conditions.
For safety analysis examinations, the determination of
the critical starting temperatures, development of the
temperatures and adiabatic induction times are impor-
tant parameters both for the production as well as for
the storage of potentially explosive materials.
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