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Abstract From the peculiarities of Temperature-pro-
grammed reduction (TPR) method and using the Sestak—
Berggren conversion function, we describe first the TPR
curve simulation procedure. The influence of the Sestak—
Berggren exponents on the TPR peak maximum and shape
is demonstrated, by analyzing several synthetic TPR pro-
files. Finally, the kinetic parameters of Au/CeO, promoted
with yttrium as well as those of Au/CeO,—Al,O3 promoted
with V,0Os are discussed.
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Introduction

Temperature-programmed reduction (TPR) is a powerful
technique to study the reduction behavior of the oxidic
catalyst precursors [1-3]. It consists of linear heating of the
studied sample in a flowing reducible mixture which con-
tains hydrogen. Analyzing the thermogram, i.e., the func-
tion hydrogen consumption versus temperature, one can
obtain important information regarding the influence of the
structural characteristics such as the nature of the support
or promoters on the catalyst reducibility. While doing this,
one has also to take into account that the thermogram’s
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shape may also be influenced by some experimental
parameters [4, 5]. This influence can be limited, taking into
account the recommendations of Monti and Baiker [4], i.e.,
by correlating the value of the hydrogen concentration in
the reducing mixture, its flow rate and sample’s mass, and
keeping them constant in all the experiments.

When one analyzes the TPR data kinetically, one has to
use at least three different thermograms that correspond to
different TPR experiments, performed with three different
heating rates. As in the case of thermal analysis, one
considers that the reaction rate depends on temperature
according to Arrhenius law and on physico-geometrical
properties of the solid-state phase reactant

Y4 exp(—g) f(3) (1)

The activation energy is determined using an iso-
conversional method—similar to that of Friedman [6], i.e.,
by choosing in those three thermograms points which
correspond to the same conversion degree, and plotting
ln(ﬁ%) vs. the reverse temperature, 1/7. In this way, the
activation energy, E, as a function on the degree of
conversion, o, is determined.

In the above equation, f§ is the heating rate, A is the pre-
exponential factor, R is the gas constant, and f(o) is the
conversion function. This function expresses the concen-
tration of the solid-state phase reactant as a function of the
conversion degree taking into account both its physico-
geometrical properties and the phenomena which appear
during the reduction process.

While proceeding in this manner, one may see whether
the activation energy depends or not on the conversion
degree. The dependence of the pre-exponential factor on
the conversion degree can be determined giving a form to
the conversion function. Sometimes, for certain forms of
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the conversion function, one may note a linear dependence
of InA on the activation energy, E, i.e.,

InA=a-E+b (2)

the so-called compensation effect being evidenced [7].
Analyzing the TPR data iso-conversionally, one may evi-
dence distinct stages of the reduction process even when
the thermogram suggests a single reduction reaction, i.e.,
when the thermogram has one single maximum, and no
shoulder could be observed [8].

The kinetic triplet, A, E, and f(«), is generally deter-
mined either by applying an iso-conversional method,
finding first the activation energy, or trying at the begin-
ning to fit the kinetic model and, then, evaluating the
activation parameters. We have to mention that in fact the
two ways to perform the kinetic analysis are equivalent, in
both manners obtaining very close results [9, 10].

There are various forms of the conversion function, with
their analytical expressions depending both on the shape of
solid-state grains and on the intergranulary, surface or bulk
phenomena which have to be described. One such form is
that of Sestak and Berggren [11]

gla) =a"- (1 =)' [~In(1 = a)}” (3)

It was introduced to cover the most thermal analysis
(TA) curve shapes. It was believed, for a long time [12],
that, indeed, three parameters—m, n, and p—are necessary
to describe TA curves, until it was shown [13] that only
two parameters are enough.

The corresponding simplified form

gla) =ao"- (1-a)' (4)

is known in literature as Sestak—Berggren SB(m,n) kinetic
model, which is used especially in thermal analysis. This
kinetic model, together with others, was carefully analyzed
[14] showing how to determine the pre-exponential factor,
to eliminate false compensation effects, to determine the
invariant activation energy, and to determine the true val-
ues of Sestak—Berggren exponents, m and n.

As mentioned above, the SB(m,n) kinetic model is also
applied in kinetic analysis of the TPR data. As in the case
of TA, this kinetic model practically covers the most
shapes of the TPR profiles—the values of m and n expo-
nents giving satisfactory explanations to the phenomena
being developed during the TPR reaction. For example,
while studying the reduction of Fe;O, promoted with
copper, we found [8] a value of 0.3 for both m and n. This
value is suitable because the system studied contains
metallic particles, and the reduction processes take place
mainly along the boundary between the oxide and metallic
particles [15].

We showed recently [16] that while performing a kinetic
analysis of the TPR data, one always has to use for the
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reaction rate an equation (see next section) that explicitly
takes into account its dependence on the experimental
parameters. Otherwise, significant errors could affect the
results, possibly resulting in a false dependence of the
kinetic parameters on the reduction degree.

A very special attention has to be given to the cases in
which only the simulation of the TPR profiles can be used
to determine the kinetic parameters. In such cases, apart
from the influence of the kinetic and experimental
parameters on the shape of the TPR profile other factors
also have to be taken into account. The values of the m and
n Sestak—Berggren exponents have carefully to be chosen,
taking also into account their influence on the shape of the
TPR profile.

In this article, after a short description of the simulation
procedure of the TPR profiles, the main influences of the m,
n Sestak—Berggren exponents on the shapes of the TPR
profiles will be presented. Knowing this and having taken
into account the meaning of their parameters [17], the
values of the kinetic parameters will be better determined
using TPR curve simulations.

TPR curve simulations

Simulation of any TPR process is based on numerical
integration of the reaction rate equation. As far as the TPR
process develops one or more reduction reactions, we need
to integrate one or more differential equations, using, for
example, Runge—Kutta fourth-order method [18].

The simulation of any thermogram begins with assign-
ing of numerical values to the experimental parameters,
specific to the TPR experiment in which the thermogram
was obtained, which explicitly appear in the reaction rate
relationship [5]:

deox - 2Dy - cin (5)
= 5
& TV T el

where Dy is the flow rate of the reducing mixture in normal
conditions, c¢;, is the hydrogen concentration at reactor
inlet, V, is the volume of the reaction space, p and T,
respectively, is the pressure and temperature in the reaction
space, po and T are the normal values of the same quan-
tities, c,x is the oxide concentration, A is the pre-expo-
nential factor, E is the activation energy, R is the gas
constant, and ¢ is the time.

The values of the kinetic parameters are determined by
simulation giving them successively various numerical
values till one obtains a good fit of the simulated TPR
profile with the experimental one.

During the numerical integration process, one takes into
account that at a certain moment, when the degree of
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reduction is o, the amount of the oxide that directly reacts
with the hydrogen is given by
0

m

Cox = k2 a"(1 —a)" (6)
3 Vr

where m®_ is the initial mass of the oxide that has to be

0oxX
reduced. In this relationship, k,,, is a constant defined by

1
km,n ’ / o - (1 - a)nda =1 (7)
0

Owing to this fact, even if during the simulation process
the values of the Sestak—Berggren exponents m and n are
changed, the value of the total hydrogen consumption
remains unchanged, the TPR profile area remaining the
same. We have to mention that in any situation when
m # 0, we consider, at the beginning, and during the
induction period, that & = 0.001 till the moment, when due
to the reduction process, the reduction degree becomes
higher then this value. In other words, only after having a
reduction degree higher than 0.001, one may state that
metal particles exist on the surface and the reduction
process takes place around them; till then, the reduction
mechanism is different. Only after having a reduction
degree higher than this value, one may use SB(m,n)
conversion function.

In order to determine the effects of the Sestak—Berggren
exponents on the shape of the TPR profile, we simulated a
series of TPR curves using in all the calculations the same
values for the activation parameters: A = 6 x 10® m?/
mol s and £ = 76 kJ/mol. The values of the experimental
parameters were those obtained from real TPR experi-
ments: the flow rate is Dy = 25 mol/min, the heating rate is
B = 15 deg/min, hydrogen concentration in the reducing
mixture is ¢, = 10% (4.46 mol/m3), the pressure in reac-
tor being that of normal, i.e., 101325 Pa and reaction
volume 0.2 cm®. We considered that the total amount of
the oxide that has to be reduced is 58 pmol (MO type, were
M is a divalent metal); consequently, its concentration is
290 mol/m’.

Results and discussion

In our simulation, we systematically varied the values of
the Sestak—Berggren exponents, m and n, using the above
experimental parameters. Apparently, the cases, when
m =0, i.e., in cases of the so-called self-constricting
sphere model, are completely different of the others. Only
in these cases, when m = 0, the function g(o) monotoni-
cally decreases from 1 down to zero: the higher the value of
n, the higher the slope of this decrease. In all the other
cases, when both m # 0 and n # 0, this function reaches
a maximum for a value of o that depends on both m and n:

m

(3)

Omax =
m+n

As mentioned above, the cases, when m = 0 and
m = 0.1, would have to be very different. This would be
because in the first case, when m = 0 we have g(0) = 1,
whereas in the other case g(0) = 0 when m = 0.1.

In Fig. 1a, b, we plotted the values of %, ,-g() both for
m =0 and m = 0.1, respectively, with the exponent n
having various values. The normalizing parameter, k,,,,
takes different values which depend on m and n, to satisfy
Eq. 7. In this figure, we may see that, indeed, g(0) =1
when m = 0.0, and g(0) = 0 when m = 0.1, but excepting
in a very narrow vicinity of « = 0, for any value of n, the
corresponding curves are quite similar. The natural con-
sequence of this fact is that in both cases one obtains very
similar TPR profiles. Significant differences are obtained
only when we have very large pre-exponential factors, i.e.,
when we have very narrow peaks.

As we may see in Fig. 2, the two TPR profiles, simulated
with m = 0.0 and m = 0.1, but the same Sestak—Berggren
exponent n = (.7, are very similar. In simulations, when
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Fig. 1 The Sestak—Berggren function for several usual values of n

exponent: 0.7, 1.0, and 1.3. am = 0.0, b m = 0.1
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Fig. 2 The TPR profiles simulated with the same value for n = 0.7
and two different values for m: 0.0 and 0.1

one has to generate a simulated thermogram that consists of
at least two overlapping peaks, such differences are not
significant.

Coming back to relationship (8), we note that for a given
m, the higher the n, the lower the value of o,,,,, but for a
given n, the higher the m, the higher the o, too. These
facts have, as we shall see, influence on the symmetry of
the TPR profiles. In order to understand this, we have to
take into account that having o, higher and higher means
having the most part of the oxide reduced at higher and
higher temperatures. This means that by changing the Se-
stak—Berggren exponents in such a way that «,,,, increases,
one shall obtain an increase in the maximum temperature
of the TPR peak. On the other hand, increasing the amount
of the oxide that is reduced at higher temperatures where,
according to Arrhenius law, the reaction rate is higher,
means decreasing the time in which it is reduced. In other
words, the TPR peak will become narrower and asym-
metric, the half-width of the high temperature region
becoming smaller. This is exemplified in Fig. 3.

Taking into account the facts presented above, we can
now complete those that we wrote above in respect of
relationship (8). As we stated before, for a given m, the
higher the n, the lower the o,,,; this means, as we can see
in Fig. 4a, that on increasing the value of n, the TPR profile
will become enlarged, becoming more symmetric, and its
maximum being shifted towards low temperature region.
Figure 4b shows that by keeping the value of n constant
and increasing the values of m, the TPR profiles become
more and more narrow, the temperature of their maxima
becoming higher and higher; as we showed before; this
happens because o,,,x becomes higher and higher.

All the above statements have to be taken into account
when, to determine the kinetic parameters, a TPR profile is
simulated. Because even when the TPR profile consists of
only one peak, it is possible to generate various simulated
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Fig. 3 The effect of the change of the Sestak—Berggren exponents. a
the conversion function; b the TPR profiles

curves that fit the experimental TPR curve very well; in the
simulation process, however, it is not enough to take into
account only the fit criterion. It is necessary to take into
account the meaning of the Sestak—Berggren exponents
[17] in correlation both with the structure of the sample as
well as the reduction mechanism.

In the following, we shall give several examples. Two of
them—Fig. Sa—represent the cases of the reduction of fresh
gold catalyst supported on ceria doped with yttrium and of
the same catalyst after re-oxidation at 100 °C. As one may
see, each consists of one isolated peak. The third case i.e.,
the reduction of gold supported on ceria—alumina mixture
promoted with vanadia, is more complex. It apparently
consists, if we take into account the number of peaks in the
thermogram, of at least two different reduction process.

In Fig. 5a, one may see that the two thermograms due to
Au/CeO, catalysts doped with yttrium, the fresh one and
that re-oxidized, have very different shapes, their maxima
being located at different temperatures. The values of the
Sestak—Berggren exponents, of the activation parameters
and /A coefficient—see Eq. 9, which may be seen in Table 1,
were chosen according to those described above as well as
the meaning of the Sestak—Berggren exponents [17].
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Fig. 4 a On increasing the value of n and keeping the value of m
constant, the TPR profiles become larger and larger, with the
temperature of their maxima decreasing. b When the value of m
increases, with the value of n remaining constant, the TPR profiles
become more and more narrow, with the temperature of their maxima
increasing

In Table 1, we note that the values of the activation
energy for these two TPR processes are very different. This
difference has an insignificant influence on the values of
the reaction rate. In the temperature ranges in which the
corresponding peaks appear, around 100 °C, the two
exponentials have both values very close to one.

The above observation reveals that in this case, of the
two Au/CeO, catalyst samples doped with yttrium, the
main effect on the reaction rate is due to the pre-expo-
nential factor. As one may see in Table 1, the value of fresh
sample is with six magnitude orders higher than that of the
re-oxidized sample. This is mainly due to the fact that in
case of the fresh sample, the TPR profile is very narrow
compared to that of the other sample. This very important
difference could allow us to state that only in case of the
fresh sample, gold manifests its catalytic effect. In this
case, around gold particles, various oxygen species are
concentrated, and during the TPR of this sample, these
oxygen species are removed. This fact is proved by the
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Fig. 5 a The TPR profiles of Au/CeO,:Y fresh and re-oxidized in air
at 100 °C after reduction as well as the TPR profile of 4% V,0s—Au/
Ce0,—-Al, 05 catalyst. b The experimental and simulated TPR profile
of 4% V,0s—Au/Ce0,—Al,O; catalyst together with the simulated
individual peaks

value of the exponent m: its value is 0.5, and this means
that the reduction takes place around gold particles.

One may state that during this reduction, the oxygen
species are also removed from the structure of CeO,
located in the very close vicinity of gold particles. This is
proved by the value of the parameter, 1. As we showed
before [17] in our simulations, we considered that the
activation energy could depend on the degree of reduction
according to the equation

E=Eo(l1+/-0) 9)

The non-zero value of 4, though very small, proves that
oxygen atoms, which are a little far from gold particles, are
removed, but in a very narrow vicinity.

In the first TPR experiment, that of the fresh sample, the
temperature increase up to 200 °C. We must take into
account that while removing oxygen atoms from the
structure of CeO,, oxygen vacancies are created in the
vicinity of gold particles. Because, at 200 °C, the oxygen
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Table 1 The kinetic parameters of fresh and re-oxidized Au/CeO, doped with yttrium catalyst sample and of V,0s—Au/CeO,-Al,O3 sample

Sample Tmax 1°C Proportion/% A /m*/mol/s E /kJ/mol Sestak—Berggren exponents A
m n
AuCeY_CP_DR 104 100 6.0 x 10%° 84.5 0.5 1.3 0.03
AuCeY_CP_AR 96 100 6.0 x 10%3 44.7 0.0 0.8 0.0
V-Au/Ce0,Al,03 124 20 4.8 x 10™° 68.1 0.38 1.3 0.12
143 19.5 12 x 10%° 61.8 0.01 0.9 0.18
331 17 3.0 x 1073 70.2 0.01 1.3 0.0
414 435 1.2 x 10%? 74.0 0.2 1.3 0.0

has a high mobility in a very short time, after reduction, the
oxygen vacancies will be occupied by oxygen atoms from
the structure of CeQ,. In other words, the oxygen vacancies
will be spread into the structure of the CeO, grains. This
happens mainly because the yttrium cations, which induce
oxygen vacancies, are uniformly distributed in the structure
of CeOs,.

At 100 °C, when the reduced sample is re-oxidized, the
oxygen vacancies are uniformly distributed in the grains of
CeO,; they are not located any more only in the vicinity of
gold particles. Consequently, at 100 °C the sample is uni-
formly re-oxidized.

The TPR profile of the re-oxidized sample is a conse-
quence of the facts stated above. We have, in this case, a
superficial reduction of the sample. We have removed
oxygen atoms which are uniformly distributed on the
grain’s surface.

There are several consequences: (a) the reduction does
not take place only around gold particles; it takes place on
all the surface of the CeO, grains. Owing to this fact m has
to be zero, and 4 also has to be zero. In Table 1, we may
note that indeed it is so, but we also note that the value of n
decreased from 1.3 to 0.8. This means [17] that in this case
the reduction takes place mainly due to an Eley—Rideal
mechanism, not due to a Langmuir—Hinshelwood one. This
also means that the oxygen atoms, uniformly distributed on
the grain surface, after re-oxidizing, are very reactive. This
explains both the fact that n is very low and that its
reduction starts at significantly lower temperatures. Prob-
ably, this is due to the fact that these oxygen atoms are very
weakly bonded to the structure of CeO, grains.

In case of the sample that consists of Au on CeO,—Al,03
mixture covered with a monolayer of V,0s, the TPR
spectrum is more complex. As one may see in Table 1,
there are four distinct reduction processes which overlap
giving an envelop that apparently has only two maxima.

As one may see in the same table, the four reduction
processes have significant weights. The first, with maxi-
mum located at 124 °C, is due to the superficial reduction
of CeO, in the vicinity of gold particles. Owing to this fact,
m = 0.38 and 4 = 0.12. Since the value of 4 is large, we
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believe that the vicinity of gold particle in which the
reduction takes place is large enough.

The second peak with the maximum located at 143 °C is
due to the reduction of vanadia species located close to
gold particles. Most probably, it consists of an island of
CeO, around a gold particle followed by a region of van-
adia. This is why, in our opinion, the exponent m is almost
zero, but 1 significantly large.

The other two peaks are due to the partial bulk reduction
of the islands of CeO, as well as of CeO, located in the
vicinity of Al,O5;. We state this because the Sestak—Berg-
gren exponent m is large enough, 0.2. This means that the
reduction process develops in the vicinity of a contact
boundary between the material which is reduced and the
grain that induces the reduction. In our opinion, the grains
of Al,O5 generate Ce around their contact boundary with
CeQ,, and these cations initiate the reduction of CeO,.

According to the values of n, Sestak—Berggren exponent
[17], the only reduction that takes place due to an Eley—
Rideal mechanism is in the case of vanadia, while all the
others are developed due to a Langmuir—Hinshelwood one.

Conclusions

Taking into account the above presented facts, we may
state that the Sestak—Berggren conversion function is a
helpful tool in the kinetic analysis of the TPR data. It
significantly helps both in simulations, to fit well the
simulated curves with the experimental ones, as well in
choosing the adequate values of the kinetic parameters
according to the sample’s structure.
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