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Abstract

The oxidation kinetics of Bi2TeO5, a special non-linear optical material, was investigated. Thermogravimetric (TG) ex-
periments combining non-isothermal (1–10◦C/min) and isothermal (600–700◦C) sections at oxygen partial pressures of
21–101 kPa were evaluated. The model contained an empiricalf(α) function to describe the dependence of the reaction rate
on the fraction reacted (α). The unknown parameters were determined by the least-squares evaluation of 12 experiments.
Different evaluation strategies were employed to ensure the reliability of the obtained kinetic information. A least-squares
baseline correction method was also proposed. The results indicated that the reaction rate is highly influenced by the solid
phase diffusion of the oxygen. Several combinations of the experimental conditions resulted inf(α) functions increasing to a
maximum atα ≈ 0.3–0.5 while monotonously decreasingf(α) functions were observed in other cases. This behavior indicates
that the size, variation and topography of the reaction surface depend on the experimental conditions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Bismuth tellurite, Bi2TeO5, is a special non-linear
optical material. Its crystals exhibit a long-living pho-
torefractive signal that develops in the four-wave mix-
ing experiments without any fixing process and lasts
for years in the dark[1,2]. In a recent work, the re-
action Bi2TeO5 + 1/2O2 = Bi2TeO6 was studied by
thermogravimetric, microscopic and DSC experiments
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[3]. Using powdered Bi2TeO5 samples, the oxidation
starts at about 450◦C but complete oxidation can only
be achieved by long annealing of the samples in oxy-
gen ambient at 670◦C. At higher temperatures the
Bi2TeO6 decomposes. Optical microscopy on single
crystals revealed that the reaction starts at selective
sites of the surface from which cracks and channels
develop.

The Bi2TeO5 crystals are grown from the melt in
air and the oxidation kinetics appears to be an es-
sential issue in the crystal quality. Accordingly, the
aim of the present work is the kinetic analysis of the
observations.
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Nomenclature

α reacted fraction of the sample
a parameter off(�) (seeEq. (2))
A pre-exponential factor (s−1)
b parameter off(α) (seeEq. (2))
E activation energy (kJ/mol)
F normalizing factor forf(α)

(seeEq. (2))
f(α) function expressing the dependence

of the reaction rate onα
fit 100s0.5 (%)
mcalc(t) normalized sample mass calculated

from the model
mobs(t) mass of the sample divided by the

initial sample mass
�m(t) baseline correction
N number of evaluated data on an

experimental curve
PO2 partial pressure of oxygen (kPa)
R gas constant

(8.3143× 10−3 kJ mol−1 K−1)
s least squares sum for one experiment
S least squares sum for a series

of experiments
t time (s)
T temperature (◦C, K)
Tisothermal temperature of an isothermal

section (◦C)
z parameter off(α) (seeEq. (2))

In thermal analysis, the kinetic evaluation is usually
based on a model of type

dα

dt
= A exp

(−E

RT

)
f (α) (1)

where α is the reacted mole fraction,A the preex-
ponential factor,E the activation energy, andf(α) is
a function describing the dependence of the reaction
rate on the conversion.

We shall briefly survey a few theoretically deduced
f(α) functions, shown inFig. 1, since they help the in-
terpretation of the results presented in this paper. The
first order kinetics, which is a simple technical ap-
proximation for several solid phase reactions, was also
drawn for comparison. Convex and concave curves,
falling below and above this straight line at higher

conversion values, represent cases when the reaction
is hindered or facilitated as the conversion proceeds.

If the reaction occurs on the external surface and the
products form a layer blocking the access of the re-
actant gas, strong diffusion-control appears[4]. Fig. 1
shows three frequently used equations for diffusion
controlled reactions: the Jander and the Ginstling–
Brounshtein equations for three-dimensional diffusion
and the two-dimensional diffusion model[4]. These
functions start atf (α) = ∞, hence we plotted them
only in the domain of 0.05 ≤ α ≤ 1. It is interesting
to observe the high similarity of these curves.

If the product layer does not form a barrier to the
reactant gas, then the reaction rate is approximately
proportional to the surface area. This situation results
in characteristic concave curves. The cause of the con-
caveness is the increasing ratio of the reactive sur-
face and the sample mass. The case when the reaction
takes place on the external surface is represented by
the well-known contracting sphere model[4] in Fig. 1.
In many cases the reacting samples have considerable
internal surface in the form of pores and capillaries.
There are well-elaborated models for the burn-off of
carbonaceous materials.Fig. 1shows the random pore
models of Bhatia and Perlmutter[5] with parameters
presented by Su and Perlmutter[6].

Internal surface can also form through cracks and
splits due to physical stress during the heating of the
samples. This can help the growth of domains filled in
by the product phase inside the sample. The irregular-
ities on the boundary surfaces speed up the reaction.
A similar process, based on the random formation of
nuclei during the whole reaction, is represented by
the well-known Avrami–Erofeev–Mampel model[4]
in Fig. 1.

The thermoanalytical studies on the oxidation of
inorganic compounds usually employsEq. (1) with
f(α) functions selected from the classical literature of
thermal analysis[7–11]. The shrinking unreacted core
model is also used[12]. This model includes a temper-
ature dependent diffusion resistance term in thef(α)
function.

The available theoretical deductions represent ide-
alistic cases. In reality complicating factors frequently
arise that invalidate the assumptions of these mod-
els. In our opinion, it is better to determine approxi-
matef(α) functions from the experimental data[13,14]
and interpret their features by comparing them to the
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Fig. 1. The f(α) functions deduced from theoretical models: first-order nucleation (Avrami–Erofeev–Mampel model, (�)), Random
pore theory (�), Contracting sphere model (�), first-order kinetics (�), two-dimensional diffusion (- -), three-dimensional diffusion
(Ginstling–Brounshtein model, bold solid line), three-dimensional diffusion (Jander model, thin solid line).

theoretical models. We shall follow this approach in
the present work. Note that the non-parametric kinet-
ics (NPK) method also provides empiricalf(α) func-
tions [15]. However, the NPK method assumes the
f(α) function to be exactly the same at different ex-
perimental conditions. Unfortunately, this assumption
is not always valid in solid phase reactions.

2. Experimental

2.1. Samples

Pieces of Bi2TeO5 single crystal grown in air by the
Czochralski technique from a Pt crucible were ground
in an agate mortar and sieved. The fraction with a grain
size smaller than 63�m was used for the investigations
[3].

2.2. Equipment

The thermogravimetric (TG) experiments were car-
ried out by a Mettler TA-1 Thermoanalyser equipped
by computerized data acquisition. One charge of the

samples was about 100 mg that was measured in an
alumina crucible of 5 mm height and 8 mm diameter.
The change of the sample mass was below 2.6 mg in
each experiment. The powdered samples were com-
pacted by 30 s vibrations before the experiments. Air,
pure oxygen, and different argon+ oxygen mixtures
were used at a flow rate of ca. 75 cm3/min. The mea-
sured TG curves were corrected for the buoyancy ef-
fect by measuring 100 mg powdered aluminum oxide
under the same experimental conditions.

2.3. Experiments selected for kinetic analysis

Twelve of the experiments presented in reference[3]
were analyzed in the present work. Each measurement
included a linear heating and an isothermal section
[3]. The experimental conditions were chosen so that
the set of experiments would allow studying the effect
of the heating rate, the temperature of the isothermal
section (Tisotherm), and the partial pressure of oxygen
(PO2), as shown inTable 1. The overall time of an ex-
periment varied between 4 and 20 h, allowing ample
time for the dissipation of the high exothermal reac-
tion heat. This later issue has substantial importance
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Table 1
Experimental conditions employed for the kinetic analysis

Group Identifiera Heating rate
(◦C min−1)

Tisotherm

(◦C)
PO2

(kPa)

i 1 (�) 1 670 (1 h) 101
2 (
) 2 670 (2 h) 101
3 (�) 4 670 (2 h) 101
4 (�) 10 670 (3 h) 101

ii 5 (�) 10 600 (3 h) 101
6 (+) 10 625 (3 h) 101
7 (�) 10 650 (3 h) 101
4 (�) 10 670 (3 h) 101
8 (�) 10 700 (3 h) 101

iii 9 (�) 4 670 (18 h) 21
10 (	) 4 670 (4 h) 46
11 (�) 4 670 (4 h) 65
12 (×) 4 670 (4 h) 85
3 (�) 4 670 (2 h) 101

The experiments were arranged into three groups for the study of
three experimental parameters: heating rate (i); temperature of the
isothermal section (ii); and the partial pressure of oxygen (iii).

a The symbols in parentheses indicate the line style of the
corresponding curves inFigs. 2–8. Experiments 3 and 4 were
listed twice in the table since each of them helped studying the
effect of two different factors.

in reaction kinetic studies; hence a few characteris-
tic data are listed below. The highest mass-gain rates,
observed in short time intervals in the vicinity of the
DTG peaks, varied between 10−4 and 10−3 mg/s in
this study. The reaction heat was found to be−87 J/g
when normalized to the initial sample mass[3]. For the
estimation of the heat production at the DTG peaks we
normalized the reaction heat by the change of the mass
during the reaction, obtaining−3400 J/g. In this way
the highest heat production rates were calculated to be
between 0.34 and 3.4 mW in the series of experiments
evaluated. Note that the reaction heat is much lower
than the usual reaction heats of the oxidation of solid
fuels and other organic materials, while the change of
the sample mass (<2.6 mg) and the magnitude of the
mass change rate peaks (10−4 and 10−3 mg/s) are sim-
ilar to or lower than the corresponding values in the
reaction kinetic investigation of solid fuels (see e.g.
[13,14]).

2.4. Calculations

The experimental data were processed by FOR-
TAN 90 and C++ programs developed by one of the

authors [13,14,16]. More emphasis was placed on
the safety of the iterations than on the computational
speed. The differential equations of the models were
solved along the experimentalT(t) functions by an
adaptive stepwise Runge Kutta method[17]. The least
squares parameters were determined by the simplex
search method[17], which works reasonably on irreg-
ular surfaces, too. Each minimization was repeatedly
restarted from the optimum found in the previous run
of the simplex algorithm until no further improve-
ment was reached, as described by Press et al.[17].
Some of the evaluations proved to be ill-conditioned,
requesting parameter transformations[16] and the
solution of the differential equations with a very high
relative precision (10−10).

3. Results and discussion

3.1. The chemical reaction

The considered oxidation states were 3+for bis-
muth and Te4+ and Te6+ for tellurium. Raman spec-
troscopic investigation showed that the amount of the
excess oxygen was detectable but not remarkable in
good-quality Bi2TeO5 crystals[18]. Accordingly, the
Bi2TeO5 + 1/2O2 = Bi2TeO6 reaction was assumed.
The role of the reverse reaction (Bi2TeO6 decomposi-
tion) is negligible atT ≤670◦C [3].

3.2. Kinetic model

Eq. (1) was used with empiricalf(�) functions
determined by the kinetic evaluation. The follow-
ing approximate formula was used for this purpose
[13]:

f (α) ∼= (α + z)a(1 − α)b

F
(2)

Here,a ≥ 0, b > 0 andz > 0 are empirical param-
eters to be determined from the least squares eval-
uation of the experiments.F is a normalizing factor
defined so that maxf(α) would be 1. Differentiation
of Eq. (2)yields theαmax values at whichf(α) has its
maximum:

αmax = (a − bz)

(a + b)
(a − bz ≥ 0)

αmax = 0 (a − bz < 0)

(3)
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This relationship helps to calculate normalizing fac-
tor F, and also indicates thatEq. (2)can approximate
a wide variety of f(α) functions. Test calculations
showed thatEq. (2)can well approximate the curves
shown inFig. 1. The only exception is thatEq. (2)
cannot mimic functions starting at infinity. Infinite
reaction rates, however, do not arise in thermogravi-
metric experiments;f (0) = ∞ values result from the
simplifying assumptions of the classical models of
diffusion control[4]. Several theoretical models give
f (0) = 0 values. From a mathematical point of view
this is an error[19], since the only solution ofEq. (1)at
f (0) = 0 is α(t)≡0. In the present work, thef (0) >

0 condition was achieved by following constraint:

z ≥ 10−7 (4)

At a = 0 Eq. (2) reduces to the frequently used
f (α) = (1 − α)b approximation.

The sample mass was normalized by the initial
sample mass (m0), yielding mobs(t) functions with
mobs(0) = 1. The theoretical (stoichiometric) value of
the end point is 1.0256 for the Bi2TeO5 → Bi2TeO6
reaction in this scale. Accordingly, we can assume that
the model should yield theoreticalmcalc(t) functions
running from mcalc(0) = 1 to mcalc(∞) = 1.0256.
These boundary conditions provided the following
relationship betweenmcalc(t) andα:

mcalc(t) = 1.0256− 0.0256(1− α) (5)

3.3. Reasons to employ non-linear least squares
evaluation techniques

Several linearization techniques are used for kinetic
evaluation in the literature of thermal analysis. Most
of them are not true least squares methods since they
do not allow the separation of simulated and experi-
mental quantities for a true least squares sum. Besides,
the transformations resulting in linear relationships has
highly uneven sensitivity on the experimental uncer-
tainties of the data[19]. Another important problem is
that the linearization methods are restricted to linear
and/or isothermal temperature programs. The experi-
ments obtained at linearT(t) programs frequently do
not give enough information on the shape of thef(α)
curves. The isothermal evaluation has also problems.
In thermal analysis, the reaction usually starts before
reaching the isothermal section. Important information

is lost if the evaluation is restricted only to the isother-
mal section.

At the present development of computers, the
non-linear method of least squares does not involve
technical difficulties. One of their advantage is that
they can be employed at anyT(t) temperature pro-
grams. Non-linear least squares methods for kinetic
evaluation have been used in thermal analysis for
more than 30 years. Broido and Weinstein employed
an analogue computer for non-linear parameter opti-
mization in their pioneering work[20]. Later, general
purpose numerical algorithms were published that
allowed kinetic evaluations by models more compli-
cated thanEq. (1)at arbitrary temperature programs.
The first such work, published 23 years ago, was
based on computers with 64 kB memory[21]. The
listing of all thermoanalytical papers with non-linear
least squares evaluation is out of the scope of the
present work. A few of them, however, are included
in the references[13,14,16,20–24].

3.4. Non-linear least squares evaluation

Three evaluation strategies were used that will be
outlined in Section 3.5. In the present paragraph we
summarize their technical background. When each ex-
periment was evaluated independently from the other,
the following sum was minimized:

s =
N∑

i=1

[mobs(ti) − mcalc(ti)]2

N
(6)

Here, ti denotes the time values in which a digitized
mobs value was taken, andN is the number of theti
points. In this workN lied between 650 and 900. The
minimization ofEq. (6)resulted separateE, A, a, b and
z values for each experiments. An additional condition,
E ≥ 20 kJ/mol was introduced into the minimization
to avoid convergence to unreasonably lowE values.
The fit of the curve was characterized by the following
quantities:

fit(%) = 100s0.5 (7)

When a commonE value was searched for the whole
set of experiments, the least squares sum was formed
for 12 TG curves:

S =
12∑

j=1

Nj∑
i=1

[mobs
j (ti) − mcalc

j (ti)]2

Nj

(8)
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In this case the minimization ofS provided a com-
mon E value and 12 different values forA, a, b and
z (49 parameters altogether). Technically, it was car-
ried out so thatE was increased by 1 kJ/mol steps in
a wide interval and all experiments were evaluated at
eachE value as fixed parameter by minimizingEq. (6).
This approach is faster and safer than the simultane-
ous change of 49 unknown parameters. SumS was
calculated at eachE value. The parameter set giving
the lowestS was accepted.

3.5. Evaluation strategy I: independent evaluation
of the experiments

The first-step of the analysis was the independent
(one-by-one) evaluation of the experiments. An earlier
work [14] has shown that this approach is ill-defined
from a mathematical point of view, since a simple TG
curve (i.e. a curve not exhibiting multiple steps) cannot
define well five unknown parameters. Accordingly, the
resultingE andA values showed a large scattering, as
shown inTable 2. In this table, means and standard
deviations are displayed for the fit (defined byEq. (7)),
the activation energy, and the logarithm ofA/PO2. The
division of A by PO2 serves as normalization, and will
be discussed in a later section. The logarithm in the
tables is used to be in accord with many other papers
in the field. It is well known that there is a linear
relationship betweenE and the logarithm ofA. We also
observed it with a regression coefficient of 0.98. In our
case, however, this correlation does not have physical
meaning; it reflects only that the fit to the experimental
data mathematically requires the compensation of any
error in anE value by a linearly correlated change of
ln A and vice versa (see reference[22] for a detailed
analysis of this question). The obtainedf(α) functions
will be discussed in a later session.

Table 2
Comparing the results of the kinetic evaluation by strategies I–III

Evaluation strategy I II III

Average fit (%) 0.016 0.019 0.013
Standard deviation of fit 0.007 0.007 0.006
AverageE (kJ mol−1) 39 38 35
Standard deviation ofE 19 – –
log10(A/PO2) (s kPa)−1 −3.53 −3.57 −3.85
Standard deviation

of log10(A/PO2)
1.15 0.22 0.21

3.6. Evaluation strategy II: common E value for
the whole set of experiments

The easiest solution of the problem outlined above
is the decrease of the number of unknown parame-
ters. Accordingly, we evaluated the experiments by
assuming a commonE value for the whole set of
experiments. This procedure decreased the number of
unknowns from 60 (5× 12) to 49 (4× 12+ 1), as de-
scribed inSection 3.4.Table 2shows that strategies I
and II yield approximately the same mean values ofE
and log10(A/PO2). The scattering of the log10(A/PO2)
values is 0.22. The fit between the observed and cal-
culated curves is shown inFig. 2. It is slightly worse
than in the case of strategy I.

3.7. Evaluation strategy III: least squares baseline
correction

The baseline of a TG experiment changes slowly
during an experiment and this change is not perfectly
reproducible. The subtraction of an experimental base-
line curve, as described inSection 2, improved the
precision of the measurements, but did not eliminated
completely the baseline uncertainties.Fig. 2 shows
that curves (�) and (
) go above the theoretical limit
of m(∞) = 1.0256 (i.e. the mass gain is more than
2.56%). Other plots with zoom on the initial parts
of the curves revealed that curves (�) and (×) start
with slightly descending sections due to minor base-
line problems.

We propose a baseline correction method that can be
employed at any least squares kinetic evaluation of TG
curves. Recent round-robin studies revealed that base-
line problems frequently appear in thermogravimetric
studies[23,24] (see e.g.Figs. 1 and 2of reference
[23] and inFig. 2of reference[24]). Accordingly, this
method is hoped to help other investigators, as well.

The baseline uncertainty,�m(t), is approximated by
a linear line starting from�m(0) = 0 and ending at a
�m(tN ) value, wheretN is the time in the last evaluated
point:

δm(t) ∼= δm(tN)

tN
t (9)

The correction can be made either by subtracting�m(t)
from the experimental data, or by adding it to the
calculated data. We chose the later way. Accordingly,
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Fig. 2. Simultaneous kinetic evaluation of 12 experiments using evaluation strategy I. (a) Experiments with overall duration of 4–6 h. (b)
Experiments longer than 6 h (t = 0 corresponds toT = 200◦C). The domain below 200◦C is not shown in the figure.

Eq. (5)was modified to

mcalc(t) = 1.0256− 0.0256(1− α) + δm(t) (10)

The values�m(tN ) in Eq. (9)are unknown parameters
that were determined by the method of least squares,
together with the kinetic parameters. Unconstrained
minimizations, however, yielded unreasonably high
�m(tN ) values. It turned out that we need a way to con-
trol the magnitude of the�m(tN ) values. Accordingly,

the appearance of too high�m(tN ) values was sup-
pressed by adding a “penalty” to the least squares sum
minimized:

S =
12∑

j=1

Nj∑
i=1

[mobs
j (ti)−mcalc

j (ti)]2

Nj

+λ

12∑
j=1

[δmj (tNj
)]2

(11)
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Here, themcalc
j (t) functions contain the�m(t) baseline

corrections throughEq. (10)and multiplierλ serves to
control the force of the penalty for the high�mj (tNj

)
values. The order of magnitude ofλ was gradually in-
creased until reasonable baselines were obtained. This
was achieved atλ = 10−2.

Technically, the calculations were carried out as de-
scribed inSection 3.4.E was increased by steps of

Fig. 3. Simultaneous kinetic evaluation of 12 experiments using evaluation strategy III. (a) Experiments with overall duration of 4–6 h. (b)
Experiments longer than 6 h (t = 0 corresponds toT = 200◦C). The domain below 200◦C is not shown in the figure.

1 kJ/mol and all experiments were evaluated at eachE
value. At fixedE values,Eq. (11)can be minimized
through the one-by-one minimization of sum

s =
N∑

i=1

[mobs(ti) − mcalc(ti)]2

N
+ λ

12∑
j=1

[δmj (tNj
)]2

(12)
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Table 3
Results of the kinetic evaluation by strategy III

Identifier Experimental conditions Resultsa

PO2 (kPa) dT/dt
(◦C min−1)

Tisothermal

(◦C)
Fit (%) log10(A/PO2)

(s kPa)−1
a b z �m(tN )

1 (�) 101 1 670 0.008 −3.75 1.06 1.01 0.016 0.0011
2 (
) 101 2 670 0.005 −3.58 1.16 1.42 0.015 0.0007
3 (�) 101 4 670 0.008 −3.51 0.92 1.6 0.004 0.0006
4 (�) 101 10 670 0.008 −3.55 0.58 1.18 0.004 0.0001
5 (�) 101 10 600 0.010 −4.07 0 1.48 NA 0.0003
6 (+) 101 10 625 0.016 −4.02 0 1.02 NA 0.0002
7 (�) 101 10 650 0.015 −3.97 0 0.65 NA 0.0000
8 (�) 101 10 700 0.015 −3.85 3.00 1.02 1.586 −0.0001
9 (�) 21 4 670 0.024 −3.28 0 2.74 NA 0.0009

10 (	) 46 4 670 0.014 −3.71 0.27 1.96 0.001 −0.0003
11 (�) 65 4 670 0.025 −3.82 0.24 0.62 10−7 −0.0009
12 (×) 85 4 670 0.008 −3.72 0.52 1.06 10−7 −0.0008

a E = 35 kJ/mol for all experiments. Value ofz is not available whena ∼= 0.

for each experiment. This procedure is a safer and
faster way for the minimization ofEq. (11)than the
simultaneous variation of 61 parameters.

The fit obtained in this way is shown inFig. 3.
The means and standard deviations for the fit,E, and
log(A/PO2) are compared inTable 2to the correspond-
ing values of Evaluation strategies I and II.Table 3
contains a detailed list of the observed parameters.

3.8. Comparison of the obtained f(α) functions

The obtained f(α) functions are displayed in
Figs. 4–6, showing the effect of the heating rate, the
temperature of the isothermal section and the partial
pressure of oxygen, respectively (the arrangement of
these figures correspond to groups i–iii inTable 1).
Panels (a) and (b) inFigs. 4–6display the results of
evaluation strategies I and III, respectively.

The shape of the obtainedf(α) functions evidenced
only a slight dependence on the evaluation strategies
employed. There is one exception, however, thePO2 =
46 kPa experiment (curve	) exhibited different shape
in theα < 0.3 region inFig. 6a and b. Thef(α) curves
shown inFigs. 4–6can be classified according to their
shape:

(1) concave curves with well defined maximum (�,

, �, �, �, �, ×);

(2) a monotonously decreasing concave curve (�) and
an approximately linear curve (+);

(3) convex curves (�, �, and curve	, at α >0.3).

The maximum curves (group 1) indicate that the
reaction accelerates. This phenomenon can be due
to an extensive increase of the reaction surface dur-
ing the conversion. Cracks are formed (as shown
earlier by microscopic studies[3]), and in this way
the reaction can proceed into the inner part of the
particles. A convexf(α) reflects that the reaction
is hindered by increasing diffusion control, as the
reaction proceeds. Group (2) in the above listing
probably represents cases when the accelerating
and hindering effects more or less compensate each
other.

Fig. 5compares experiments when variousTisotherm
temperatures are reached after a relatively fast heat-
ing (10◦C/min). High acceleration is observed at
Tisotherm= 670◦C and a less marked one atTisotherm=
700◦C. The difference between the 670 and 700◦C
experiments can be due the role of the backward
reactions appearing above 670◦C [3].

Fig. 4 displays experiments reachingTisotherm =
670◦C by different heating rates. All curves of the
figure exhibit noticeable maximum curve characters.
At the slower heating rates (at 1 and 2◦C/min) most of
the oxidation occurs during the non-isothermal heating
period, as it was shown inFig. 3 of reference[3].
Accordingly, f(α) functions of maximum curve type
also appear during a slow non-isothermal heating. It
is possible that the continuously changing temperature
bring about mechanical stress in the samples that favor
the formation of cracks in the particles.
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Fig. 4. Effect of the heating rate on the shape of thef(α) functions atPO2 = 101 kPa andTisothermal= 670◦C. Panels (a) and (b) display
the results of evaluation strategies I and II, respectively.

Fig. 6 shows the effect of oxygen partial pressure.
The convexf(α) at PO2 = 21 kPa clearly shows a
marked diffusion control. The beginning of thef(α)
at 46 kPa could not been determined unambiguously,
as mentioned above. Atα ≥ 0.12, however, all the

three evaluation strategies yielded monotonously de-
creasingf(α) at PO2 = 46 kPa. Thef(α) functions
at PO2 = 65, 85 and 101 kPa have maximum curve
characteristics. It is not surprising that lower oxygen
partial pressures result in higher diffusion control.
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Fig. 5. Effect of the isothermal temperature on the shape of thef(α) functions at 10◦C/min heating rate andPO2 = 101 kPa. Panels (a)
and (b) display the results of evaluation strategies I and II, respectively.

The peculiarity of this figure is the marked change
in the character of thef(α) functions. It can prob-
ably be connected to crack formations at higher
reaction rates. One can assume that more mechan-
ical stress cumulates in the particles at higher re-
action rates, due partly to the higher molar volume

of the product phase[25,26] and partly to the ef-
fect of the high reaction heat in the vicinity of the
reaction surface (note that only the local effect of
the reaction heat should be considered). The over-
all rate of the heat production is low, as outlined in
Section 2.
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Fig. 6. Effect of the oxygen partial pressure in the ambient gas on the shape of thef(α) functions at 4◦C/min heating rate and
Tisothermal= 670◦C. Panels (a) and (b) display the results of evaluation strategies I and II, respectively.

3.9. Additional remarks on the kinetic parameters

In case of oxidation reactions it is an interesting
question how does the reaction rate depend onPO2.
The analysis of thef(α) functions, however, revealed

that the actual rate is strongly influenced by other
factors as well. Accordingly, we cannot determine a
well-defined reaction order in respect toPO2. When
the kinetic modeling is based onEq. (1)and thef(α)
function is normalized to unity, the factor containing
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Table 4
Dependence of the log A values resulting from evaluation strategy III on the partial oxygen pressure and on the shape of thef(α) curvesa

Group of experiments Mean log10 A Mean log10(A/PO2) Mean log10(A/P 0.5
O2

)

PO2 = 101 kPa −1.78 −3.79 −2.78
PO2 < 101 kPa −1.95 −3.63 −2.79
f(α) is maximum curve −1.72 −3.68 −2.70
f(α) monotonously decreasesb −2.01 −3.81 −2.91

a Dimensions:A in s−1, PO2 in kPa.
b The f(α) represented by symbol (	) in Fig. 6 was also included into this group.

PO2 merges into the preexponential factor. If the reac-
tion rate is proportional to thenth power ofPO2, and
no other factor influences the value ofA, thenA/P n

O2
is constant. In our case, however, other factors affect-
ing A do appear, hence we cannot expect an exact
A/PO2 = constant relationship. As a very rough ap-
proximation, we can study what is the difference be-
tween the average log10(A/P n

O2
) values of thePO2 =

101 andPO2 < 101 kPa experiments at differentn val-
ues (such comparisons, however, can be made only at
evaluation strategies II and III, since the high scatter
of E in the results of evaluation strategy I involves a
high scatter inA, as well). This highly approximate
approach resulted inn ≈ 0.5, as shown inTable 4.

We also showed inTable 4 that the average
log10(A/P n

O2
) is lower at monotonously decreasing

f(α) functions than at the accelerating cases. This re-

Fig. 7. Thef(α) obtained by assuming identicala, b and z for all experiments (- - -). Two otherf(α) functions determined by evaluation
strategy I for experiment 2 (
) and 9 (�) are shown to illustrate the range of thef(α) functions obtained in the paper.

lationship does not depend on the choice ofn, as the
values atn = 0, 0.5 and 1 indicate (perhaps since both
f(α) groups contains experiments withPO2 = 101 as
well asPO2 < 101 kPa).

Table 4displays the results of evaluation strategy III.
However, the same relationships were found between
the results of evaluation II, too.

3.10. Approximation by a common f(α) function

In the calculations outlined above, the shape of the
resultingf(�) functions showed a marked variation on
the experimental conditions. It may be interesting to
check whether the assumption of identicalf(α) for all
experiments can also provide an acceptable descrip-
tion for our data. For this test the least squares sum
of the whole data set (Eq. (8)) was minimized by
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Fig. 8. The assumption of identicala, b andz for all experiments resulted in a particularly bad fit between the observed (�) and calculated
(- - -) m(t) curves of experiment 9. The results of evaluation strategies I (···) and II (—) are shown for comparison.

assuming identicala, b andz parameters for all experi-
ments.A andE were allowed to have different values in
these calculations. The resultingf(α) (the dashed line
in Fig. 7) appears to be somewhere around the middle
of the range of the concave and convexf(α) functions
presented in the above sections. InFig. 7 the range
of the f(α) functions is illustrated by thef(α) func-
tions obtained by evaluation strategy I for experiment
2 (
) and 9 (�). The average fit between the exper-
imental and calculated data, 0.039, was much worse
than the corresponding values of strategies I (0.16), II
(0.19) and III (0.13). The fit was particularly bad in
the case of experiment 9, as shown inFig. 8. The val-
ues ofE in this test exhibited a very high scattering,
between 20 and 129 kJ/mol. An attempt to eliminate
this scattering by assuming identicalE for all exper-
iments further worsened the fit, from 0.039 to 0.060.
Accordingly, the assumption of a commonf(α) can be
regarded only as a very rough approximation of the
real complexity of the processes.

4. Conclusions

The kinetics of the Bi2TeO5 + 1
2O2 = Bi2TeO6 re-

action was described by a model containing empirical
f(α) function for the dependence of the reactivity on

the conversion of the sample. A series of 12 thermo-
gravimetric experiments were evaluated by three dif-
ferent evaluation strategies. Strategy I allowed each
experiment to have its own kinetic parameters. The
shape of the resultingf(α) functions showed a marked
variation on the experimental conditions. Essentially
the same variation of thef(α) functions was observed
when the number of unknown parameters was de-
creased by assuming identicalE for all experiments
in strategy II, and when the baseline uncertainties of
the long thermogravimetric experiments were mathe-
matically corrected in strategy III. These observations
confirmed the reliability of the results.

The low activation energy values obtained (35–
39 kJ/mol) indicate that the rate limiting factors are
connected to diffusion and other physical processes
with moderate temperature dependence. The analysis
of thef(α) functions revealed a complex kinetic behav-
ior influenced by the diffusion of oxygen through the
formed products and the accelerating effect of inter-
nal surfaces. Monotonously decreasingf(α) functions
were observed in two different cases: (i) atTisothermal
of 600–650◦C; (ii) at the oxygen partial pressures
below ca. 50 kPa. Experimental conditions leading to
relatively high reaction rates (atT > 650◦C andPO2

above ca. 50 kPa) favorf(α) functions starting with an
increasing section and reaching a maximum around
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α ≈ 0.3–0.5. Non-isothermal experimental conditions
also led to similarf(α).
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