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The temperature programmed reduction with hydrogen (H2-TPR) profiles of the Cu-MFI zeo-
lite matrix were measured. The effect of the Cu ions loading and the heating rate on the
H2-TPR profiles was investigated. The obtained TPR profiles were evaluated by different
methods in order to obtain kinetic parameters and the reduction process mechanism. It was
observed that the results given by convenient methods based on the simple power-law ki-
netics cannot be used for evaluation of at least the reduction of monovalent copper. Based
on the reaction rate dependence on the degree of conversion, an autocatalytic reaction
mechanism model was suggested for monovalent copper reduction. The autocatalytic effect
was ascribed to nanoclusters of metallic copper, which is formed during the reduction. The
parameters of this model were obtained by fitting the reaction rate equation to experimental
data. The simulated TPR profiles well describe the position and relative height of peaks in
experimental TPR profiles. Using our approach to evaluation of kinetic parameters we found
the activation energies for reduction of Cu2+, direct reduction of Cu+ and autocatalytic re-
duction of Cu+ equal to 91, 67 and 38 kJ mol–1, respectively. All the mentioned processes
are controlled by the kinetics of order ca. 1.5.
Keywords: Copper; Reduction; H2-TPR; Zeolite; MFI; ZSM-5; Cu; Kinetics; Kissinger method;
Iso-conversion Friedman method; Malek method.

The copper-exchanged high-silica zeolites attract great attention due their
unique activity in various redox reaction and specific adsorption behavior.
Cu-MFI zeolites are active in decomposition of NOx

1, selective catalytic re-
duction of NO with hydrocarbons2,3 and decomposition of N2O 4, which
can be a path of the abatement of the air pollutants. More recently these
materials attract attention as a model system of metallic nanoclusters,
which are formed during the reduction of Cu ions coordinated in zeolite
matrices, and become a new generation of advanced catalytic materials5,6.
Very recently, a new efficient π-complexation sorbents, such as Cu+ zeo-
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lites, have been developed for a number of applications in separation and
purification such as separation of paraffin/olefin mixtures and purification
of H2 from CO 7,8. Very often, Cu+ act as active centers of both reactions
and adsorption. Therefore, considerable attention is paid to elucidation of
the structure, nature and redox behavior of Cu ions in these materials both
experimental and theoretical approaches and their combination9–28.

The temperature programmed reduction with hydrogen (H2-TPR) is one
of the most popular techniques for characterization of redox properties.
The TPR was introduced by Jenkins29 in the mid-seventies as a method of
investigation of redox behavior of oxides. The method is based on monitor-
ing changes in the redox state of the measured sample in hydrogen atmo-
sphere as a function of the linearly increased temperature. The H2-TPR is
mostly used only as a technique for relative comparison of redox properties
of a set of similar catalysts. Detailed information on mechanism and kinetic
parameters of reduction can be indirectly determined by analysis of experi-
mental TPR curves. Evaluation of TPR spectra is based on simplified as-
sumptions and several methods were derived to obtain information on the
activation energy or kinetics of reduction20,30–32. These methods were de-
rived to describe reduction of oxide materials assuming simple power-law
kinetics but their applicability is limited. Application of the approach to in-
vestigation of reduction of atomically dispersed metal ions in zeolites led to
incorrect results. To the best of our knowledge, there are no publications on
theoretical analysis, mathematical model and simulation of TPR spectra of
Cu-zeolites in order to obtain kinetic parameters of reduction.

It is well known that H2-TPR profiles of Cu-zeolites exhibit two dominant
reduction peaks. The basic problem of interpretation of experimental
H2-TPR curves was to determine whether the Cu2+ ions coordinated at
various sites of the zeolite matrix are directly reduced to metal copper or
whether the reduction is a consecutive process via relatively stable species
of monovalent copper. Quantitative studies of the reduction process on
Cu-MOR 21,22, Cu-FAU 18–20,33 and Cu-MFI zeolites11–14,34 described the re-
duction of Cu2+ ions by a two-step mechanism. Recently, a consecutive me-
chanism of the Cu reduction was proven by using combined H2-TPR and
in-situ EXAFS technique for reduction of Cu ions exchanged in the MFI ze-
olite10,16,17. At present, the two-step reduction process with Cu+ as a stable
intermediate is generally accepted. Nevertheless, if bulk CuO was present
on the catalyst surface, a one-step two-electron reduction of Cu2+ to Cu0

would be observed11,14. The situation in other types of zeolite or meso-
porous materials is not necessarily the same, as it was observed in the
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case of the MCM-48, where the direct one-step reduction of copper was
proven35,36.

Here we report kinetic analysis of the H2-TPR pattern of Cu-MFI zeolites.
Kinetic parameters of reduction of Cu2+ and Cu+ ions in Cu-MFI zeolites, re-
sulting from methods using different power-law kinetic models and infor-
mation on dependence of reaction rate on conversion, are compared and
discussed.

EXPERIMENTAL

Na-form of zeolite of ZSM-5 (MFI) type with Si/Al ratio 14.1 was kindly provided by the
Institute of Oil and Hydrocarbon Gases, Slovnaft, Slovakia. Cu ions were introduced into
zeolite by the conventional wet ion exchange process. More details about condition of
preparation and characterization of resulted materials are reported in ref.11. The zeolites are
denoted as follows: CuNa-MFI-Cu/Al ratio.

Reduction of all prepared Cu-zeolites (calcined in a flow of oxygen (25 cm3 min–1) at 450 °C
for 2 h prior to TPR and cooled in a flow of oxygen) was monitored at the heating rate (β)
10 °C min–1 in the range of 20–1000 °C. CuNa-MFI-0.44 sample was measured at the addi-
tional heating rates 4, 6, 8, 15 and 20 °C min–1. A quartz laboratory-scale reactor was
charged with 150 mg of zeolite. Changes in the concentration of the reduction gas contain-
ing 5 vol.% of H2 in argon, with the total flow rate 25 cm3 min–1, were monitored simulta-
neously with a thermal conductivity detector (Regom Inst., Czech Republic) and quadrupole
mass spectrometer OmniStar GDS 300 (Pfeiffer Vacuum, Austria). The consumption of
hydrogen was calibrated using the CuO–MgO mixtures of known CuO contents (Fluka). All
experimental data were fitted with sum Gaussian curves for the smoothing purpose. Two
Gaussians were used to describe the shapes of TPR peaks.

THEORY

The evaluation of kinetic parameters of the reduction process used in this
paper is briefly described in this section. It is possible to find several meth-
ods to calculate apparent activation energies that were derived for descrip-
tion of TPR profiles of oxide materials. The most frequently used method is
the Kissinger method37,38. This method has been used in literature to deter-
mine the apparent activation energies of solid-state reactions from plots of
the logarithm of the heating rate divided by squared temperature at the
maximum reaction rate versus the reciprocal temperature at the maximum
reaction rate in experiments with constant heating rate. The apparent acti-
vation energy can be determined by the Kissinger method without precise
knowledge of the reaction mechanism, using the following equation:

2 ln Tmax – ln β + p ln [G] + (q – 1) ln [S] =
E
RT

a + const. (1)
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where [G] and [S] denote the concentration of the reduction gas and the
concentration of reduced species at temperature of the maximum of the
TPR peak, respectively, p and q values are the kinetic orders of the reaction
in gaseous and solid components in the reduction mixture, respectively,
Ea value is the activation energy of the reaction, R is the gas constant
(8.314 J K–1 mol–1), T the thermodynamic temperature (in K) and β is the
heating rate. The concentration of hydrogen is often substantially higher
than that of the reduced species and, therefore, its concentration is usually
treated as a constant.

This and the following two methods are based on modeling the H2-TPR
method using the power-law kinetic model39. The kinetic equation is ex-
pressed as:

r
X
t

k T X q= = ′ −d
d

( ) ( )1 (2)

where X value is the conversion degree of the reduced species, q is the re-
action order with respect to reduced species and k′ is a rate constant. The
rate constants are usually expressed as function of temperature using the
Arrhenius equation:

k T A
E
RT

( ) exp= −





a (3)

where A is a pre-exponential factor (in Eq. (2) it has the dimension of time–1)
and Ea is the apparent activation energy (in J mol–1).

Another approach to TPR pattern evaluation is isoconversion Friedman
method40,41. This method can be used for estimation of the apparent activa-
tion energy as a function of the conversion degree without knowledge of
the reaction order and mechanism. The method is applicable to a set of ex-
perimental TPR curves measured at different heating rates. Nevertheless,
the applicability of this method is restricted to processes whose reduction
rate can be expressed as the product of a temperature function and a sec-
ond function of conversion. The apparent activation energy, Ea, at a spe-
cific degree of conversion is evaluated from the slope of the plots obtained
from the equation (Eq. (4)) known in the literature as the isoconversional
line.

d
d

d
d

aX
t

k T X
X
t

A f X
E
RT

q= ′ − ⇒ 





= −( ) ( ) ln ln( ( ))1 (4)
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Once the apparent activation energy has been determined, the kinetic
model can be found that best describes the measured set of TPR data. It can
be shown that it is useful for this purpose to define special function y(X),
which can easily be obtained by simple transformation of experimental
data (Malek method)42. This function can be expressed as follows:

y X
X
t

E
RT

f X( ) exp ( )= 





∝d
d

a . (5)

Function y(X) is proportional to the right-hand side of the kinetic equation
and its normalized form can be used for determining the reaction order. If we
assume that kinetics can be expressed by a simple power law, the reaction
order can be determined from a plot of log y(X) on the log (1 – X) (Eq. (6)).

ln( ( ))y X = const. + q Xln( )1 − (6)

If a simple power-law kinetic approach cannot be applied, the methods
discussed above need not lead to reliable results with a physical meaning.
In this case, the experimental data of the H2-TPR profiles measured at dif-
ferent rates of the temperature growth allow to obtain information on the
reduction kinetics using the dependence of the reaction rate on the conver-
sion degree of reduced species at a certain temperature because different
conversions are reached for various rates of temperature growth (β) at the
different temperatures. This method was originally used for the description
of reduction of oxide systems but it can be more useful for ion-exchanged
zeolites. This is due to the fact that the kinetics of the reduction of isolated
ions in the zeolite matrix is not complicated by mass and heat transport ef-
fects, which strongly affect the kinetics of the TPR of bulk oxides. The con-
version degree as a function of temperature can be calculated as an integral
of the TPR peak from zero to the desired temperature divided by the total
area of the peak. The time derivative of the conversion was calculated as
the height of the peaks divided by total area of the peak and multiplied by
the rate of temperature growth (β).

All the mentioned methods possess intrinsic limitations and the results
obtained by these methods should be treated very carefully and compared
with the results of other methods.
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RESULTS AND DISCUSSION

Experimental H2-TPR Profiles

Figure 1 presents the TPR curves of all investigated Cu-MFI materials. The
two separated peaks are perceptible in all TPR profiles except for sample
with the highest Cu loading where the third sharp peak at the 250 °C can
be observed (Fig. 1, curve e). A sharp peak appearing at high-temperature
side of the first major reduction peak in the H2-TPR pattern of Cu-MFI
zeolites was attributed to Cu2+ in dispersed undefined CuO species, reduced
in a one-step process directly to Cu0 in agreement with refs11,14. This as-
signment corresponds also to the H2-TPR curve of CuO on silica, where the
reduction peak occurred at the same temperature (see the inset in Fig. 1).
The amount of Cu2+ in cationic sites in this sample was obtained as total
amount of Cu diminished by value corresponds to amount of CuO for
this sample in the following data processing. The position of the low-
temperature peak changes only slightly in the range 218–232 °C in con-
trasts to that of the high-temperature peak in the range 340–580 °C. The
temperature of the peak maximum increases with decreasing Cu loading
in the zeolite matrix.
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FIG. 1
The H2-TPR profiles for MFI zeolites with different Cu loading. Curve: CuNa-MFI-0.19 (a),
CuNa-MFI-0.37 (b), CuNa-MFI-0.44 (c), CuNa-MFI-0.52 (d), CuNa-MFI-0.59 (e). Inset: H2-TPR
profile of CuO supported on amorphous silica



In order to determine the apparent activation energy by the Kissinger
methods, we measured six TPR spectra of zeolite CuNa-MFI-0.44. The indi-
vidual experiments only differed in the rate of temperature increase in the
reactor, ranging from 4 to 20 °C per minute. The dependence of the TPR
profiles for CuNa-MFI-0.44 on temperature growth (β) is shown in Fig. 2.
The character of the TPR profiles is the same for all measurements. Also two
separated TPR peaks of approximately the same heights are present. The
increase in the β parameter causes shifts of the maxima of both the peaks
towards higher temperatures, the shifts being more pronounced for the
high-temperature peaks.

The total consumption of hydrogen was determined; it was observed that
the H2/Cu ratio is close to unity in all cases (H2/Cu = 0.98 ± 0.02), which
means that complete reduction of the exchanged Cu2+ to metallic copper
occurred. The investigation of the reduction of Cu ions in the MFI ma-
trix10,16,17 by the EXAFS technique proved that the reduction of copper in
the zeolite matrix is a consecutive process where the reduction of Cu2+ to
Cu+ starts at 200 °C. The Cu+ ions are stabilized by the zeolite matrix and
their reduction starts after nearly complete reduction of the divalent cop-
per. This fact is supported by the fact that the areas of both the low-
temperature and the high-temperature peaks are approximately the same11.
In addition, the peaks are nearly separated (the overlap is less than 5%), which
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FIG. 2
The H2-TPR profiles of the CuNa-MFI-0.44 zeolite using various heating rates (in °C min–1):
4 (a), 6 (b), 8 (c), 10 (d), 15 (e), 20 (f)



implies that the Cu+ reduction starts after almost complete reduction of
Cu2+. Based on this information we can attribute the first (low-temperature)
peak of the TPR profiles to reduction of divalent copper and the high-
temperature peak to reduction of monovalent copper.

In the following text, the results of theoretical evaluation of the above-
described experimental data are reported and discussed with the aim to
obtain information on the mechanism of Cu ion reduction as well as the
kinetic parameters.

Estimation of Kinetic Parameters of Cu Ions Reduction

Figure 3 presents the dependence of logarithm of the β/Tmax
2 ratio on the

reciprocal temperature of the TPR peak maximum according to the Kissinger
method (see Experimental). The values of the activation energy, obtained
from the slopes of the data plotted in Fig. 3, were 80 and 65 kJ mol–1 for the
reduction of Cu2+ and Cu+, respectively. Similar values of the apparent acti-
vation energies of reduction of Cu ions in the FAU zeolite matrix (84 and
64 kJ mol–1) were published by Hurst et al.30,31 using this method. One of
the values of apparent activation energy is close to the value published for
that of bulk CuO (67 ± 10 kJ mol–1)30.
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FIG. 3
The dependence of ln (β/Tmax

2) on the reciprocal temperature of the peak maxima: � experi-
mental points, the solid line is a linear fit for the low-temperature peak; � experimental
points, the solid line is a linear fit for the high-temperature peak



The H2-TPR profiles of Cu ion-exchanged in the MFI cannot be described
by the method based on the power-law approach because the shifts of the
high-temperature peaks are more pronounced than those of the low-
temperature peaks. This is clear evidence of the fact that reduction of
monovalent copper is the process with lower activation energy than re-
duction of divalent copper. This also means that if the process occurred
at higher temperature than reduction of Cu2+ ions, the rate constant ex-
pressed as the Arrhenius equation (Eq. (3)) should have a substantially
lower value of the pre-exponential factor A. On the other hand, the lower-
ing of the pre-exponential factor causes broadening and decreasing of the
TPR peaks, which was not observed in experimental data. The high-
temperature peaks in Figs 1 and 2 have approximately the same heights
as the low-temperature peaks as mentioned above. This means that the
mechanism of Cu+ reduction is more complex and it is necessary to de-
scribe the process by a more complex kinetic model.

Prior to detailed investigation of Cu+ reduction, its kinetics was investi-
gated by Friedman and Malek methods with the aim to validate the results
obtained by the Kissinger method. The apparent activation energies result-
ing from Friedman isoconversion method in dependence on the Cu2+ con-
version degree are shown in Fig. 4. It is clearly seen that the obtained
activation energies are nearly constant in a wide range of conversion de-
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FIG. 4
The dependence of apparent activation energies for reduction of Cu2+ ions, obtained by the
Friedman method, on the conversion degree



grees from 0.15 to 0.85. The activation energy in this region is 75 kJ mol–1,
which is close to the value obtained by Kissinger method (80 kJ mol–1). The
deviation of the activation energies at the lowest and highest degrees of
conversion are probably caused by uncertainties associated with subtraction
of baseline or by a low signal-to-noise ratio at the start and end of the peak.
The fact that the activation energy is constant over a wide range of conver-
sions indicates the possibility of describing the reduction process reflected
in the low-temperate peak, by a simple kinetic model based on the power law.

The data from Friedman plot do not provide any information about the
reaction order of the investigated reduction process. For this purpose,
Malek method was used to estimate the shape of the reaction rate de-
pendence on the Cu2+ conversion and the most proper reaction order. The
dependence of log y(X) defined by Eq. (5) on the log (1 – X) for the TPR pat-
tern of CuNa-MFI-0.44 sample with different heating rates is presented in
Fig. 5. The slope of the dependence is equal to the kinetic order of the reac-
tion. The values obtained from this plot ranged from 1.18 to 1.60, with the
average value 1.43. This fractional reaction order is close to 1.5; such value
can be explained by a dissociation mechanism taking place in the reaction.
We assume that copper is reduced with hydrogen atoms which are pro-
duced after adsorption of gaseous hydrogen. Only some of the adsorption
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FIG. 5
The dependence of logarithm of Malek function y(X) on logarithm (1 – X). Slopes varying
from 1.19 to 1.60. Various heating rates used (in °C min–1): � 4, � 6, � 8, � 10, � 15, � 20



sites can participate in the reduction of copper due to fast recombination of
the hydrogen atoms and hence their concentration could be taken as pro-
portional to the concentration of unreduced Cu2+ ions. If we express hydro-
gen adsorption by Henry law adsorption isotherm, we can write:

rred = − =
+d[Cu ]

d

2

t
k1[Cu2+][H•] = k1[Cu2+] L K pads H2

=

= k1[Cu2+] [ ]Cu H2

2
1

+ = ′K p k [Cu2+]1.5
(7)

where rred is the rate of reduction, k1 the intrinsic rate constant of reduc-
tion, [Cu2+] concentration of Cu2+ ions, [H•] concentration of hydrogen
radicals, L overall concentration of adsorption sites, K equilibrium constant
of adsorption and dissociation of hydrogen, pH2

is partial pressure of hydro-
gen in gas, ′k1 is the apparent rate constant. This means that the rate of re-
duction is proportional to concentration of Cu2+ ions raised to 3/2.

The presented results proved that the activation energy obtained by
Kissinger method is valid and process is controlled by simple power-law
based kinetics described by the order of 3/2. The application of Kissinger
method to the high-temperature peak led to an unreliable value due to the
above discussed discrepancy of the shape of TPR peaks and the low value of
activation energy. Therefore, the reduction process manifesting itself in a
high-temperature peak should be a more complex process which cannot be
evaluated by the discussed isoconversion methods (Friedman and Malek
methods).

The experimental data of the H2-TPR profiles measured at different rates
of temperature growths allows to obtain information about the kinetics of
the reduction using the isothermal dependence of the reaction rate on the
degree of conversion of reduced species, because the different conversion
values are achieved for various heating rates (β) at a certain temperature.
This method was originally used for the description of reduction of oxides
but it can be more useful for ion-exchanged zeolites. This is due to the fact
that the kinetics of the reduction of isolated ions in the zeolite matrix is
not complicated by mass and heat transport effects, which strongly affect
the kinetics of TPR of the bulk oxides. The conversion degree as a function
of temperature was calculated by integration of the TPR peak from zero to
the desired temperature divided by the total peak area. The time derivative
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of the conversion was calculated as the height of the peaks divided by the
total peak area and multiplied by the rate of temperature growth (β).

Figure 6 presents the dependences of the reaction rate on the conversion
for the low-temperature peak at 210 and 230 °C. The power-law kinetic
equation (Eq. (2)) was used to obtain values of both the activation energy
and reaction order α by fitting experimental data to this equation. The ac-
tivation energy and reaction order were 91 kJ mol–1 and ca. 1.5 ± 0.1, re-
spectively. This value is in agreement with the result obtained by Malek
method, indicating the reaction mechanism where the hydrogen dissocia-
tion plays the role of the rate-determining step.

The evaluation of the high-temperature peak was performed by the same
method as in the case of the low-temperature peak. The points connected
with dashed lines in Fig. 7 represent experimental dependence of the rate
of reduction of monovalent copper on the degree of the conversion at tem-
peratures from 290 to 390 °C. The dependences exhibit maxima for some
temperatures, which is a typical feature of autocatalytic character of the re-
duction. It was previously observed10,16,17 using the EXAFS technique that
monovalent copper ions form clusters of metallic copper during reduction.
The clusters reach diameters which are close to the diameters of the zeolite
channels during the reduction5,6,10,16,17. It is well known that zeolite matrix
stabilizes monovalent copper. The energy of reduction of Cu+ ions to
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FIG. 6
The dependence of the reduction reaction rates on the degree of conversion for the low-
temperature peak (in °C): � 210, � 230; fitted values



monoatomic copper is ca. 280 kJ mol–1 based on quantum chemistry data27.
Due to endothermic character of this reaction it can be expected that
the activation energy of the reaction is even higher. Because the observed
values of activation energy are substantially lower, it is necessary to expect
that copper is not reduced to monoatomic copper. Based on this finding
it is assumed that mobile clusters of metallic copper can play the role of the
catalyst that increases the reduction rate of monovalent copper.

Based on these assumptions, the rate equation was suggested as follows:

r
X
t

k T X k T X Xq q= = ′ − + ′ −d
d start ac( ) ( ) ( ) ( )1 11 2 . (8)

It is the sum of two terms. The first is attributed to a slow “starting” reac-
tion and the second to a fast autocatalytic step. The parameters of these
equations were obtained by fitting the calculated dependences of the reac-
tion rate on the conversion with shared kinetic parameters for all fitted
curves. The calculated values of reaction rates are the solid lines presented
in Fig. 7. The activation energy of the starting step was 67 kJ mol–1 and that
of the autocatalytic step 38 kJ mol–1. The reaction orders were also fitted.
The orders of both reactions were approximately 1.5 as in the case of the
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The dependence of the reduction reaction rates on the degree of conversion for the high-
temperature peak (in °C): 290 (1), 300 (2), 310 (3), 320 (4), 330 (5), 340 (6), 350 (7), 360 (8),
370 (9), 380 (10), 390 (11); � experimental values, fitted values



low-temperature peak. The assumed mechanism that can be attributed to
such value was discussed above.

The simulated TPR profile was calculated on the basis of the information
obtained on the kinetics of the Cu ion reduction in the MFI zeolite. Figure 8
presents a comparison of the experimental and simulated TPR profiles for
the all TPR patterns of CuNa-MFI-0.44 with different heating rates. It is
clearly seen that the simulated profile fits well the experimental data espe-
cially for the high-temperature peak. The experimental data for the low-
temperature peak are rather higher than those for the simulated one. This
effect can be caused by a small shoulder at the onset of the low-temperature
peak, which affects the calculation of conversion and kinetic parameters.
Nevertheless, the positions of peaks were correctly predicted by the model.

In the light of the proposed kinetic model for reduction of copper in MFI
zeolites, we can explain the dramatic shift of the maxima of high-temperature
reduction peaks of samples differing in the copper content (Fig. 1). The
shift of the high-temperature reduction peak to lower temperatures with in-
creasing copper content can be ascribed to faster formation of metallic clus-
ter and a shorter distance between two neighboring copper ions or copper
ion and the formed copper cluster. The higher the copper loading the
shorter is the average distance between two copper species. In addition, the
proposal is supported by changes in the shape and skew of the high-

Collect. Czech. Chem. Commun. 2008, Vol. 73, Nos. 8–9, pp. 1132–1148

Reduction of Cu Ions in MFI Zeolite 1145

FIG. 8
The experimental (�) and calculated ( ) H2-TPR profiles of the CuNa-MFI-0.44 zeolite us-
ing various heating rates (in °C min–1): 4 (a), 6 (b), 8 (c), 10 (d), 15 (e), 20 (f)



temperature peak of the TPR pattern of samples with different copper con-
tents (see Fig. 1). The higher the copper content the more asymmetric is the
peak. The tailing to higher temperature can be ascribed to longer distances
to which copper clusters are transported at high conversions.

CONCLUSIONS

Based on the results of temperature-programmed reduction of Cu2+ ions ex-
changed in the MFI zeolite matrix we can conclude:

1) The application of conventional methods to the TPR profiles gives
non-consistent results at least for reduction of monovalent copper. The ac-
tivation energies can be used only as qualitative information about the
changes in the TPR peak positions.

2) The reduction of monovalent copper is an autocatalytic process where
the nanoclusters of metallic copper significantly enhance the rate of reduc-
tion of monovalent copper.

3) Using our approach to evaluation of kinetic parameters we found the
activation energies for reduction of Cu2+, direct reduction of Cu+ and
autocatalytic reduction of Cu+ equal to 91, 67 and 38 kJ mol–1, respectively.
All the three processes are controlled by kinetics of a reaction order of 1.5.

4) The fractional value of reaction order of the reduction processes can be
explained by a dissociation mechanism of the reaction.

SYMBOLS

A frequency factor, definition-dependent
Ea activation energy, J mol–1

f(X) general function of the conversion degree
k, k1, k′, ′k1, ′kstart, ′kac rate constants, definition-dependent
Kads, K′ equilibrium constants
L surface concentration of adsorption sites, mol m–2

p reaction order of the gas reduction
pH 2

relative partial pressure of hydrogen
q, q1, q2 reaction orders of the reduction of solid
r, rred time change of the conversion degree, s–1

R gas constant, 8.314 J K–1 mol–1

t time, s
T thermodynamic temperature, K
Tmax temperature at the maximum of TPR peak, K
X conversion degree
y Malek function = dX/dt exp (Ea/RT), s–1

β heating rate, K s–1

TPR temperature-programmed reduction
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MOR, MFI, FAU zeolite framework type codes set up by an UIPAC Commission on Zeolite
Nomenclature

ZSM-5 trivial designation of MFI zeolite structure type
EXAFS extended X-ray absorption fine structure
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