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The total oxidation of propane is studied by means of steady-state experiments over a set of Cu- and Ce-
based catalysts at a propane inlet partial pressure of 0.6 kPa, an oxygen partial pressure of 3.5 kPa and
temperatures from 595 to 648 K. The catalysts were characterized by inductively coupled plasma (ICP),
Brunauer–Emmett–Teller specific surface area (BET), temperature-programmed desorption (TPD), X-
ray diffraction (XRD), pulse reduction–reoxidation, and H2- and C3H8-temperature-programmed reduc-
tion (TPR). A synergistic effect between cupric oxide, CuO, and ceria, CeO2, is observed using a Mars–
van Krevelen model to describe the kinetic data: the activation energies for reduction and reoxidation,
obtained on the binary metal oxide catalyst with both cupric oxide and ceria, are 20 kJ mol�1 lower than
those obtained on the single Cu- or Ce-based catalysts. The corresponding turnover frequencies are the
highest.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays, hydrocarbon emissions from both stationary and
non-stationary sources are subjected to strict legislation. Catalytic
oxidation offers the advantage that volatile organic component
(VOC) can be removed from effluent streams with low VOC concen-
tration at relative low temperatures [1]. Metal oxide catalysts offer
a range of technical and commercial advantages that make them a
viable alternative to noble metals. Long lifetime, poisoning and
masking tolerance, capability of regeneration, availability in a large
variety of metal oxide compositions, shapes and sizes, and low
price lay the foundation for successful applications [2].

Cupric oxide is known to give highly active catalysts in total
oxidation reactions [3–5]. The catalytic properties of the supported
cupric oxide-based catalysts are enhanced by the addition of ceria
[6,7]. The effect of the preparation method of Cu- and Ce-based cat-
alytic systems on the activity has been intensively studied [8,9].
Nevertheless, up to now, no systematic investigation including cat-
alytic activity and kinetics has been performed. The present paper
applies inductively coupled plasma (ICP), Brunauer–Emmett–Tell-
er specific surface area (BET), temperature-programmed desorp-
tion (TPD) and X-ray diffraction (XRD) in order to characterize
three Cu- and Ce-based catalysts, prepared by the wet impregna-
tion technique. Next to these physical characterizations, pulse
ll rights reserved.
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reduction–reoxidation experiments, H2- and C3H8-temperature-
programmed reduction (TPR) experiments and catalytic steady-
state experiments in propane total oxidation are performed to re-
late physical, catalytic and kinetic properties.
2. Procedures

2.1. Catalysts

Three commercial catalysts are used, see Table 1: a CuO–CeO2/
c-Al2O3 catalyst synthesized by impregnation [10,11] with precur-
sors Cu(NO3)2 and Ce(NO3)4 on a c-Al2O3 support, denoted as Cu-
CeO. Catalyst CuO is obtained by impregnation of h-Al2O3 with
Cu(NO3)2. Further, a catalyst with pure ceria, denoted as CeO, is ob-
tained by impregnation of a c-Al2O3 support, with a lower surface
area than the latter, with Ce(NO3)4.

2.2. Catalyst characterization

The bulk chemical composition of the tested catalysts was
determined by means of inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) (IRIS Advantage system, Thermo Jar-
rell Ash). N2 physisorption at 77 K is applied to determine the
BET specific surface area using a Gemini V (Micromeritics) auto-
mated system. BET values with their 95% confidence intervals were
obtained by regression of the experimental data in the range
0.05 < p/p0 < 0.30 with the linear BET equation [12]. The catalyst’s
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Nomenclature

Roman symbols
ab� ;i constant in Eq. (1) (mol s�1)
A constant in Eq. (5) ðmolC3H8 mol�1

C3H8 ;0Þ
A preexponential factor, used in Eq. (2) (s�1)
Ai surface area of the peak of component i (V s)
B constant in Eq. (5) ðmolC3H8 ;0 kg�1

cats
�1Þ

Ci concentration of adsorbed moles for component i
ðmoli kg�1

catÞ
CO oxygen storage capacity ðmolO kg�1

catÞ
Ct total concentration of active sites ðmol kg�1

catÞ
di calibration factor for component i (V s mol�1)
D dispersion (mol mol�1)
E activation energy (kJ mol�1)
Fi molar flow of component i ðmoli s�1Þ
h Planck constant (J s)
kapp,0 initial apparent rate coefficient, see Eq. (7) ðmolC3H8

kg�1
cat s�1 kPa�nC3 H8

�nO2 Þ
kB Boltzmann constant (J K�1)
kC3H8 reduction rate coefficient, see Eq. (S-13) ðmolC3H8

kg�1
cat kPa�1Þ

kO2 reoxidation rate coefficient, see Eq. (S-14) ðmolO2

kg�1
cat s�1 kPa�1Þ

K shape factor, used in Eqs. (S-2) and (S-4) (–)
L average particle size (nm)
M molar mass (kg mol�1)
n reaction order (–)
ni number of carbon atoms in component i (–)
Dn change in number of moles (–)
NC number of carbon containing components (–)
p partial pressure (kPa)
NP number of peaks in a TPR experiment (–)
r specific reaction rate ðmolC3H8 kg�1

cat s�1Þ
rcol collision rate ðmol m�1

cats
�1Þ

R universal gas constant (kJ mol�1 K�1)
s sticking probability (–)
D–S0 standard activation entropy (J mol�1 K�1)
DrS

0 standard reaction entropy (J mol�1 K�1)
S0 initial molar amount of reducible substance (mol)
T temperature (K)
TOF0 initial turnover frequency ðmolC3H8 mol�1

O s�1Þ
Wcat catalyst mass (kgcat)
XC3H8 propane conversion ðmolC3H8 mol�1

C3H8 ;0Þ
y mass percentage (kg kg�1)

Greek symbols
as BET specific surface area ðm2

cat g�1
catÞ

b half-peak width, used in Eqs. (S-2) to (S-4) (–)
b� heating rate (K s�1)
e lattice distortion parameter (mm m�1)
e porosity (m3 m�3)
h diffraction angle, used in Eqs. (S-2) to (S-4) (rad)
h fraction of active sites (–)
k X-ray wavelength (m)
K TCD outlet signal, corrected for blank experiment

(mol s�1)
q density (kg m�3)
r standard deviation (dep.)
X cross-section (m2)

Subscripts
app apparent
b bed
cat catalyst
i component i
O� oxidized site
p particle
0 initial, inlet
� reduced site

Superscripts
0 standard
� lumped
– average
– transition state

Abbreviations and acronyms
BET Brunauer, Emmett and Teller
ICP inductively coupled plasma
MVK Mars-van Krevelen
OSC oxygen storage capacity
TCD thermal conductivity detector
TOF turnover frequency
TPD temperature-programmed desorption
TPR temperature-programmed reduction
VOC volatile organic component
XRD X-ray diffraction
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oxygen storage capacity (OSC), CO, is determined by pulse chemi-
sorption experiments using a Micromeritics AutoChem 2920. Tem-
perature-programmed desorption (TPD) analysis has been
performed in a Micromeritics AutoChem 2920. Sorptive molecules
are carbon dioxide, carbon monoxide and oxygen. Carbon dioxide
was used to measure the basicity of the catalysts. Propane and oxy-
gen are used as probe because they are reactants [13].

Crystallographic analyses for the tested catalysts were per-
formed by means of X-ray diffraction (XRD) measurements in h–
2h mode using a Bruker-AXS D8 Discover apparatus with lynx
eye detector covering 3� and 192 channels over the range 15–85�
with a step of 0.04�. For evaluations of the average particle size,
(L), and the lattice distortion, (e), the Scherrer equation [14] and
the Williamson–Hall equation [15] were applied on XRD experi-
mental data, with correction for the instrumental width using a
LaB6 measurement. Next to the three catalysts, as received,
structural characterization on six additionally treated samples is
performed: all catalysts are reduced up to 923 K under a flow of
0.05 mol mol�1 H2 in Ar and a total molar flow rate of 4.5 �
10�5 mol s�1 at 10 K min�1. CuCeO is additionally reduced up to
623 and 1323 K. Finally, CuCeO is examined, which has been exten-
sively used during 6000 h in propane total oxidation conditions
[16]. Table 3 lists all tested catalysts with the corresponding reduc-
tion treatment.

Experimental details of the characterization techniques can be
found in Supplementary content.

The determination of the particle porosity and the particle den-
sity is described in Supplementary content, see Sections S.8 and
S.9.
2.3. Temperature-programmed reduction

H2-TPR experiments are performed at heating rates of 2.5, 5.0,
7.5, 10.0, 15.0, 20.0 and 25.0 K min�1 up to 973 K under a flow of
0.05 mol mol�1 H2 in Ar using 100 mg of catalyst material and a to-
tal molar flow rate of 4.5 � 10�5 mol s�1. H2-TPR experiments on
the support material are performed at a heating rate of 10 K min�1.



Table 1
Bulk chemical composition, yM, specific surface area, as, the catalyst porosity, ep, the catalyst density, qcat, and the corresponding average pore radius, r, for the tested catalysts and
the corresponding supports.

yM
a (wt.%) as

b (m2
cat g�1

cat) ecat
c (m3

f m�3
cat) qcat

a (kgcat m�3
cat) rd (nm)

Cu Ce

Catalyst
CuCeO 9.2 ± 0.1 5.2 ± 0.1 156.3 ± 0.9 0.62 ± 0.01 3254 ± 3 6.3 ± 0.2
CuO 10.7 ± 0.6 – 80.5 ± 1.0 0.63 ± 0.02 3567 ± 4 12.0 ± 1.3
CeO – 4.8 ± 0.1 143.4 ± 2.2 0.69 ± 0.02 3183 ± 4 9.5 ± 1.0

Support
CuCeO – – 181.7 ± 2.6 0.60 ± 0.01 2978 ± 9 5.6 ± 0.2
CuO – – 85.2 ± 1.4 0.67 ± 0.02 3408 ± 2 14.0 ± 1.0
CeO – – 151.9 ± 2.3 0.69 ± 0.01 3100 ± 17 9.4 ± 0.4

a Given standard deviations are based on replicate measurements.
b Confidence intervals (95%) are reported, obtained by regression of the experimental data in the range 0.05 < p/p0 < 0.30 with the linear BET equation [12].
c Confidence intervals (95%) are reported, obtained by regression of the experimental data, see Fig. S-1, with Eq. (S-10).
d Standard deviations are based on error propagation, using Eq. (S-11).

Table 3
Average particles diameter, obtained via XRD analysis and Eq. (S-2). Details of the
H2-TPR pretreatment are given in Section S.5.

Sample
number

Catalyst Average particle diameter (nm)

CuO Cu CeO2 c-Al2O3 h-Al2O3 CeAlO3

1 CuCeOa 72.2 – 4.4 4.6 – –
2 CuCeOb – 102.9 5.4 5.3 – –
3 CuCeOc – 198.7 5.6 5.3 – –
4 CuCeOd – 52.7 – 6.1 – 40.9
5 CuCeOe 49.1 – 7.4 5.0 – –
6 CuOa 34.0 – – – 22.9 –
7 CuOc – 79.8 – – 22.6 –
8 CeOa – – 8.6 5.4 – –
9 CeOc – – 8.6 5.1 – –

Support
10 CuCeOa – – – 4.1 – –
11 CuOa – – – – 15.2 –
12 CeOa – – – 5.3 – –

a As received.
b Tmax,red = 623 K
c Tmax,red = 923 K
d Tmax,red = 1323 K
e After 6000 h of catalytic reaction conditions.

Table 2
Uptake of carbon dioxide and carbon monoxide in temperature-programmed
desorption (TPD) experiments and oxygen storage capacity, CO, obtained from oxygen
pulse chemisorption experiments after maximal reduction with H2 at 673 K.
Calculation of standard deviations can be found elsewhere [19].

Uptake ðmmol kg�1
catÞ CO ðmolO kg�1

catÞ

CO2 CO

Catalyst
CuCeO 21.6 ± 1.2 38.7 ± 2.1 1.22 ± 0.06
CuO 14.6 ± 0.8 22.5 ± 1.2 1.37 ± 0.07
CeO 49.8 ± 2.6 0.0a 0.07 ± 0.01

Support
CuCeO 64.7 ± 3.3 0.2 ± 0.1 0.0a

CuO 24.1 ± 1.3 0.4 ± 0.1 0.0a

CeO 41.5 ± 2.2 0.0a 0.0a

a Not significantly different from zero.
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No H2 consumption is observed in the examined temperature
range.

The TCD outlet signal after baseline correction, Kb� ðTÞ, corre-
sponding to a heating rate b�, can be written as a sum of NP gauss-
ian peaks with average value Tb� ;i and standard deviation rb� ;i for
i = 1, . . . , NP, see Eq. (1). The number of gaussian peaks NP corre-
sponds to the number of significant observable peaks in the TCD
outlet signal.
Kb� ðTÞ ¼
XNP

i¼1

ab�;i exp �ðT � Tb�;iÞ2

2r2
b�;i

" #
ð1Þ

Kinetic parameters of the reduction process, preexponential fac-
tor, Ai, and activation energy, Ei, are supplied by the so-called Red-
head equation, see Eq. (3), originating from a power law rate
expression [17], see Eq. (2), with initial condition for the fraction
of oxidized sites hO� ¼ hO� ;0 ¼ 1 at T = T0. For a first-order depen-
dency on the oxygen fractional coverage, n equals unity. This cor-
responds to the catalyst reduction reaction H2 + O* ? H2O + �.
The given approach can be considered as an approximation of more
complex kinetic rate expressions for reduction processes and can
thus provide a rough estimation of the kinetic parameters in the
reduction processes [18]

dhO�

dT
¼ A � exp � E

RT

� �
� h

n
O�

b�
ð2Þ

Ei

RT2
b� ;i

¼ Ai

b�i
� exp � Ei

RTb� ;i

� �
; i ¼ 1; . . . ;NP ð3Þ

All catalysts are also used in C3H8-TPR, performed at 10 K min�1 up
to 823 K under a flow of 0.05 mol mol�1 C3H8 in He using 100 mg of
catalyst material and a total molar flow rate of 4.5 � 10�5 mol s�1.
These reduction experiments will only provide qualitative
information.

Experimental details of the temperature-programmed reduc-
tion and the used theoretical formulas can be found in Supplemen-
tary content, see Section S.7.
2.4. Total oxidation kinetics

Total oxidation of propane experiments at steady-state condi-
tions are performed in a temperature range from 595 to 648 K
applying a space time range from 211 to 570 kgcat s mol�1

C3H8 ;0
at

pC3H8 ;0 ¼ 0:6 kPa and pO2 ;0 ¼ 3:5 kPa and atmospheric total pres-
sure. Propane conversion values up to 0:73 molC3H8 mol�1

C3H8 ;0
are

obtained. Details of the propane conversion calculation can be
found in Supplementary content, see Section S.10. Blank experi-
ments, performed at the most severe conditions, exhibit no pro-
pane conversion [16]. Stability of the catalysts is tested by
replicate experiments. Deviations of the observed propane conver-
sion were smaller than 5%. Details of the experimental set-up and
procedure are given elsewhere [19].

Based on correlations, given in literature [20], it was verified
that concentration and temperature gradients on pellet and reactor
scale can be neglected and that a plug-flow regime is established.
The steady-state continuity equation for propane is given by
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Eq. (4) with the initial condition that XC3H8 ¼ 0 molC3H8 mol�1
C3H8 ;0

for
Wcat

FC3H8 ;0
¼ 0 kgcat s mol�1

C3H8 ;0
:

dXC3H8

d Wcat
FC3H8 ;0

� � ¼ r ð4Þ

The steady-state experimental data are modeled by means of a sim-
ple power law rate model and a more sophisticated mechanistic
Mars–van Krevelen (MVK) model, from which apparent activation
energies for the total oxidation of propane as well as activation
energies and preexponential factors for the reduction and reoxida-
tion steps are obtained.

2.4.1. Kinetic models
Experimental propane conversion versus space time curves are

fitted with Eq. (5):

XC3H8 ¼ A � 1� exp �B � Wcat

FC3H8 ;0

� �� �
ð5Þ

Application of Eqs. (4) and (5) for a zero space time gives an initial
specific reaction rate, expressed in molC3H8 kg�1

cat s�1. Initial turnover
frequencies, TOF0, given in Eq. (6), are obtained when the specific
reaction rate is related to the concentration of active sites, which
is assumed to be equal to the OSC [19]. This choice is justified in
Section 3.7.

TOF0 ¼
A � B
CO

ð6Þ

The experimental TOF0 can be fitted by a power law model, see
Eq. (7). When the inlet partial pressure dependencies for the tested
catalysts are lumped into one apparent preexponential factor,
k�app;0 ¼ kapp;0 p

nC3H8
C3H8 ;0

p
nO2
O2 ;0

, an experimental apparent activation en-
ergy, Eobs

app, can be determined from the logarithm of the TOF0, given
in Eq. (6), versus the inverse of the reaction temperature. The cor-
responding linear relation is given in Eq. (8)

TOF0 ¼ kapp;0 � exp �
Eobs

app

RT

 !
� pnC3H8

C3H8 ;0
p

nO2
O2 ;0

ð7Þ

lnðTOF0Þ ¼ ln k�app;0 �
Eobs

app

RT
ð8Þ

Another approach is to regress the experimental data by a MVK
model, using Eq. (9). This MVK model has been successfully applied
in total oxidation reactions over metal oxide catalysts [19,21–25].
It corresponds to a reduction step in which propane reacts with a
single oxidized site and with a reoxidation step by gas phase oxy-
gen, involving a single reduced site. The reduction reaction and the
reoxidation reaction, adjusted for the stoichiometry of the overall
reaction, are equal in the steady-state, and the factor ‘5’ in the
denominator of the corresponding rate equation, Eq. (9), originates
from the number of oxygen molecules needed in the total oxida-
tion of one propane molecule [26]. Details of the non-isothermal
parameter estimation procedure can be found elsewhere [16].

r ¼
kO2 kC3H8 pO2

pC3H8

kO2 pO2
þ 5kC3H8 pC3H8

ð9Þ

The fraction of oxidized sites, hO� , is given by Eq. (10). Details on
the calculation are given in Section S.11

hO� ¼
kO2 pO2

kO2 pO2
þ 5kC3H8 pC3H8

ð10Þ
2.4.2. Average fraction of oxidized sites
A theoretical apparent activation energy, Ecalc

app , can be calculated
according to Eq. (11) [27]:
Ecalc
app ¼ RT2 @ ln r

@T

� �
p

ð11Þ

A relation between this apparent activation energy and the acti-
vation energies for reoxidation, EO2 , and reduction, EC3H8 , can be
determined by substitution of the MVK rate expression, see Eq.
(9), into Eq. (11). This results in a barycentric combination of the
activation energies for oxidation and reduction, see Eq. (12). De-
tails of the calculation are given in Appendix A. The calculated
apparent activation energy depends on local conditions, i.e., tem-
perature and partial pressures, see Eqs. (S-18) and (S-19).

Ecalc
app ¼ hO�EC3H8 þ ð1� hO� ÞEO2 ð12Þ

An average fraction of oxidized sites for a set of experimental con-
ditions, �hO� , can be obtained from Eq. (13), using Eq. (10):

�hO� ¼
1
n

Xn

i¼1

hO� ji ð13Þ
2.4.3. Standard activation entropy
From the preexponential factors for oxidation and reduction

determined in the MVK model, see Eq. (9), the standard activation
entropy D–S0 for propane and oxygen is obtained using Eq. (14).
The right-hand side originates from transition state theory [28]
and is corrected for the concentration of active sites, Ct [29]:

ki;0 ¼ Ct expð1� Dn–
i Þ

kBT�

h

� �
exp

D–S0
i

R

 !
ð14Þ

Dn– is the change in the number of moles when the activated com-
plex is formed from the reactant(s). For propane and oxygen
Dn– = �1 holds. A number-averaged temperature T = 621 K is used.
When the oxygen storage capacity CO, see Section 3.7, is used as
concentration of active sites, Ct, the activation entropy D–S0 can
be determined. A more negative value for the activation entropy
corresponds to a transition state which is more rigidly bound.

2.4.4. Assessment of parameter estimates
Fu et al. [30] report standard activation entropies for propane

C–H bond activation in selective oxidation over molybdenum oxi-
des at 688 K ranging from �100 to �159 J mol�1 K�1. Standard
reaction entropies at 688 K, DrS

0, for total oxidation, i.e., giving
carbon dioxide and water, and partial oxidation of propane toward
propene and water are theoretically calculated with B3LYP/6-31 G*

as �114 and �87 J mol�1 K�1 [31]. The latter value has to do with
the C–H cleavage in the partial oxidation reaction, whereas total
oxidation requires a C–C cleavage, giving rise to a higher entropy
gain. Hence, standard activation entropies for total oxidation of
propane at 688 K are expected from �130 to �210 J mol�1 K�1.

From kinetic gas theory, the rate of collisions, rcol, between gas
phase molecules i and unit surface area per unit time is given by
Eq. (15):

rcol;i ¼
piffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pMiRT�
p ð15Þ

Since not all of these collisions result in chemisorption, needed for
reaction on the catalyst surface, the sticking probability, s, for oxy-
gen and propane is defined as the ratio of adsorption rate of oxygen,
see Eq. (S-13), and propane, see Eq. (S-14), and the theoretical col-
lision rate of the corresponding molecules, see Eq. (15) [26]. This
probability gives the fraction of collisions that do lead to chemi-
sorption, followed by catalytic reaction.

The estimated activation energies for the total oxidation of pro-
pane, Eobs

app, obtained by TOF0 analysis, and EC3H8 and EO2 , obtained by
regression of the MVK model, see Eq. (9), are compared with liter-
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ature values reported for the same reaction over metal oxide cata-
lysts. Typical values for the activation energies in propane combus-
tion reactions over oxide catalysts range from 70 to 110 kJ mol�1

[32].
3. Catalyst characterization

3.1. Bulk chemical composition

The bulk chemical composition for the tested catalysts is given
in Table 1. The total metal content is almost constant.

3.2. Specific surface area

The BET specific surface areas, as, are also given in Table 1. After
the preparation of the catalysts, a loss 14% of the initial specific
surface area is observed for CuCeO, i.e., the value for the applied
support, which is not uncommon after impregnation and a subse-
quent calcination step in the preparation [33]. For the other cata-
lysts, CuO and CeO, a loss of 6% is observed.

From Table 1, it is observed that the impregnation procedure,
see Section 2.1, does not significantly alter the average pore diam-
eter, r, for CuO and CeO, compared to the supports. A small increase
for CuCeO is observed.

3.3. Oxygen storage capacity

Table 2 gives the OSC for the tested catalysts at 673 K. For the
supports, no oxygen uptake after reduction with H2 is observed.
Since every catalyst sample is pretreated in air during 1 h, see Sec-
tion S.3, it can be assumed that copper oxide and cerium oxide are
present as cupric oxide, CuO, and ceria, CeO2. From the measured
ICP value for Cu, see Table 1, a theoretical oxygen consumption
can be calculated. Details can be found in Section S.3. The reported
experimental OSC corresponds to 83.6 ± 4.7% and 80.7 ± 4.7% of the
oxygen, originating from copper oxide on CuCeO and CuO respec-
tively. From the measured ICP value for Ce, see Table 1, the re-
ported OSC on CeO corresponds to 10.3 ± 1.5% of the oxygen,
originating from ceria. When it is assumed that ceria on CuCeO is
reduced to the same extend as it is the case on CeO, the obtained
OSC on CuCeO matches 78.8 ± 4.5% of the oxygen, originating from
cupric oxide.

Summarizing, under reduction–reoxidation conditions the cop-
per-based catalysts provide an identical amount of oxygen, inde-
pendent from the ceria present on the binary metal oxide catalyst.

3.4. Temperature-programmed desorption

From Table 2, it can be observed that the uptake of carbon diox-
ide on support material is higher than on impregnated material for
CuCeO and CuO, indicating the absence of a significant interaction
of carbon dioxide with the active phase. In contrast, CeO shows a
similar carbon dioxide uptake for the support material and impreg-
nated material. The carbon dioxide responses show three clear
peaks around 350, 540 and 790 K, see Fig. 1a. For CeO the second
peak is shifted toward higher temperatures. The first peak is as-
sumed to correspond to the desorption of carbon dioxide, whereas
the other two peaks can be attributed to oxygen release from the
catalysts, see infra.

For the copper containing catalysts a carbon monoxide uptake
is experimentally observed, whereas CeO is not able to adsorb car-
bon monoxide at 323 K. This is also observed by Avgouropoulos
and Ioannides [34,35]. The supports show no uptake of carbon
monoxide, and hence, the observed uptake is unambiguously re-
lated to the presence of copper.
Fig. 1b shows the carbon monoxide TPD response: except for
CeO, the first peak around 370 K is assigned to desorption of
molecular adsorbed carbon monoxide. This agrees with earlier re-
ported carbon monoxide TPD measurements [34,35]. The other
two peaks can originate from desorbing carbon dioxide, i.e., from
carbon monoxide after reaction with oxygen from the metal oxide
phase(s). However, when the carbon monoxide responses above
550 K are compared with the oxygen responses, see Fig. 1c, it is
clear that the two peaks mainly stem from oxygen desorption.

No oxygen adsorption occurs at 323 K on the oxidized catalysts,
see Section S.4, nor on the supports. In O2-TPD performed on metal
oxide catalysts, two pronounced desorption peaks are usually ob-
served, which correspond to surface- and bulk-oxygen release
respectively [36]. a-Oxygen is adsorbed on the surface oxygen
vacancies and it is released at low temperature, i.e., Ta < 673 K.
The b-oxygen is observed at higher temperature, Tb > 673 K, and
it corresponds to lattice oxygen. From Fig. 1c, it can be observed
that the sequence of temperatures, from which oxygen is released,
is: CuO (530) � CuCeO (550) < CeO (630). For all tested catalysts,
the second peak, corresponding to the b-oxygen, has its maximum
around 790 K, although the response for CuO is somewhat
flattened.

Summarizing this section, it can be concluded that carbon mon-
oxide adsorbs selectively on cupric oxide, as reported in literature.
Further, from �550 K on oxygen is released from the catalyst sur-
face, indicating the oxidation capacity of the investigated metal
oxide catalysts.

3.5. Structural characterization

From Fig. 2a it is observed that cupric oxide in CuCeO, as re-
ceived, is identified at 2h = 35.5� and 38.7�, and ceria shows char-
acteristic peaks at 28.6�, 47.5� and 56.3�. For CuCeO after 6000 h
of experimental conditions, a shoulder for CeO2 is observed at
47.5�, overlapping with a characteristic peak of c-Al2O3 support
at 45.9�. This corresponds to the observed increase in the average
ceria particle size, see Table 3, going from 4.4 to 7.4 nm. Neverthe-
less, the long-term catalytic treatment does not affect the XRD pat-
tern significantly, see response (1) and (5) in Fig. 2a, indicating that
the catalyst is very stable when used in total oxidation environ-
ment. A possible reason is the excess of oxygen in the reaction con-
ditions or the relative low reaction temperature, see Section 2.4,
and the continuous replenishment of the oxygen vacancies pre-
venting structural changes [37].

Fig. 2b shows XRD analysis for CuCeO as received and after a
reduction treatment at 623, 923 and 1323 K, see Section 2.2. Peaks
of cupric oxide at 35.5� and 38.7� disappear when reduction at
623 K is performed. Typical peaks of metallic copper appear at
43.3� and 50.4�. When reduction is performed up to 1323 K, these
peaks increase in intensity. The peaks for ceria at 28.6�, 47.5� and
56.3� are invariant for the reduction up to 923 K. At the highest
reduction temperature, no ceria peaks are observed, neither the
partially reduced metal oxide Ce2O3 is observed. An aluminate,
CeAlO3, has been formed, which can be clearly identified at 23.6�,
33.5� and 41.4�. In a reductive atmosphere, this phase is thermody-
namically favored [38]. It has to be remarked that for all applied
temperatures, except the highest of 1323 K, separate phases for
copper oxide and ceria are observed on the tested catalysts. The
average c-Al2O3 support particle size of CuCeO increases with an
increasing reduction temperature, see Table 3. The average copper
particle size increases with the reduction temperature up to
�200 nm. When the half-peak width, b, is very narrow, a small
experimental error corresponds to a large difference in the calcu-
lated particle size, calculated with Eq. (S-2), see Section S.5. There-
fore, from particle sizes above 100 nm, accurate size determination
is not possible and the copper particle size is taken in the order of
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Fig. 1. Temperature-programmed desorption patterns of (a) CO2; (b) CO; and (c) O2. (1) CuCeO; (2) CuO; and (3) CeO.
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magnitude �100 nm. An unexpected decrease from �100 nm to
49.1 nm is observed for the highest reduction temperature.

CuO, as received, shows cupric oxide peaks at 35.5� and 38.7�
and smaller peaks at 48.7�, 58.3� and 61.5�, see Fig. 2c. The average
cupric oxide particle diameter is 34.0, see Table 3. After reduction
at 923 K, these peaks disappear and peaks of metallic copper are
present at 43.3� and 50.4�.

Fig. 2d shows the peaks corresponding to ceria at 28.6�, 33.1�,
47.5� and 56.3�. After H2 reduction up to 923 K, the peaks have lost
some intensity, but are not significantly changed.

For CuCeO, as received, it appears that the lattice distortion
parameter, e, is higher for ceria, 15.6 mm m�1, than for cupric
oxide, 0.5 mm m�1. This confirms the oxygen mobility of ceria un-
der reaction conditions and, hence, the possibility of oxygen trans-
fer, as described in literature [39]. The lattice distortion parameter
for CeO, as received, and after reduction at 923 K are both
8.2 mm m�1. This indicates that no structural change occurs during
reduction treatment with H2 up to the given temperature.

Summarizing this section, it can be concluded that up to 923 K
only copper is reduced by H2 and that ceria requires higher reduc-
tion temperatures. Further, the oxygen mobility for CuCeO is evi-
denced from the lattice distortion parameter, obtained from XRD
pattern.

3.6. Temperature-programmed reduction

3.6.1. H2-TPR
For CuCeO, three significant peaks are observed, see Fig. 3a. Two

peaks occur around 430 K, which are attributed to the reduction of
the cupric oxide, see Section 3.5.

From aforementioned XRD results, see Section S.5, the peak at
higher temperature, shown in the inset of Fig. 3a, corresponds to
the reduction of the ceria. From the estimated magnitudes, ab� ;i,
and standard deviations, rb� ;i, see Eq. (1), surface areas of the indi-
vidual peaks corresponding to reduction of the cupric oxide species
are calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pab� ;i rb� ;i

p
. The first of two overlapping peaks

covers 62.5 ± 1.1% of the total signal. Fig. 3b shows two significant
peaks in the H2-TPR spectrum for CuO. The first observed reduction
peak around 450 K is about 45 K lower than the second peak tem-
perature. The contribution of the first peak amounts to 11.6 ± 1.2%.
No significant peak at higher temperature is observed on CuO, indi-
cating that the third peak, shown in Fig. 3a, corresponds to the
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Fig. 2. XRD patterns for (a) and (b) CuCeO; (c) CuO; and (d) CeO. (h) CuO; (j) CeO2; (+) Cu; (�) CeAlO3; (s) c-Al2O3; and (�) h-Al2O3. The numbers between brackets
correspond to the sample number as indicated in Table 3.
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reduction of ceria. This is confirmed by XRD analysis of reduced
catalysts up to 623 K, see Section S.5, showing no significant
changes in the CeO2 signal, see Section 3.5.

CeO shows very small peaks, when compared to the peaks cor-
responding to the reduction of cupric oxide, see Fig. 3c. Ceria is sig-
nificantly reduced by only H2 at temperatures higher than 623 K. It
is reported that pure ceria shows two small reduction peaks at
about 773 K and 1073 K, respectively [40,41]. For the other applied
heating rates, see Section 2.3, the noise-to-signal ratio is too high
to allow a quantitative kinetic analysis. Regressing the experimen-
tal H2-TPR on CuCeO using three peaks in the temperature range
400–500 K, taking into account the small peak for the reduction
of ceria (�440 K), did not result in significant parameter estimates.
Hence, it is concluded that the presence of the small peak at lower
temperatures, corresponding to a reduction of ceria, does not sig-
nificantly affect the parameter estimates, corresponding to the
reduction of copper oxide.
Summarizing, H2-TPR shows two reduction peaks at lower tem-
peratures corresponding to copper oxide reduction and only signif-
icant peaks for ceria reduction at temperatures above 623 K. The
contribution of the first copper oxide reduction peak on CuCeO is
five times higher compared to CuO.

3.6.2. C3H8-TPR
Fig. 4 shows the outlet response in C3H8-TPR for the tested cat-

alysts. CuCeO shows two small peaks at 404 and 446 K. Two pro-
nounced overlapping peaks are observed at 597 and 674 K. In the
latter peak, a shoulder around 728 K is present. CuO has also two
small peaks at 439 and 510 K. These peaks clearly correspond to
the small peaks on CuCeO, but they are shifted by 35 K. Further,
two pronounced and also overlapping peaks are observed at 653
and 711 K.

CeO shows three small peaks at 481, 612 and 782 K. The shoul-
der around 728 K for CuCeO does not occur on CuO. Hence, this can
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be attributed to interaction between cupric oxide and ceria. Due to
this interaction, the peak at 782 K on CeO is probably shifted to
728 K on CuCeO, corresponding to an easier reduction.

Summarizing, it is observed in C3H8-TPR that reduction peaks
shift toward lower temperatures when cupric oxide and ceria are
present together.

3.7. Concentration of active sites

There are three possible ways to quantify the total active site
concentration: (i) TPD of carbon monoxide, (ii) TPR with H2 and
(iii) reduction/reoxidation pulse experiments at a given tempera-
ture, i.e., the OSC. Carbon monoxide TPD experiments allow a
quantification of the surface cupric oxide species only. Although
the amount of hydrogen consumed in a TPR experiment can in
principle be used as a measure of the total active site concentration
[42], the TPR spectra obtained on CeO only allow a qualitative
interpretation in terms of reducibility rather than a quantification
of the total concentration of active sites, see Section 3.6.1. There-
fore, the OSC is used as a measure for the total concentration of ac-
tive sites. It is reported that for ceria-based catalysts, only the
surface oxygen is addressed [43]. However, in the present work,
the OSC is used. Although this value is not limited to oxygen pres-
ent at the catalyst surface but also accounts for some sub-surface
oxygen, i.e., the value is one order of magnitude larger, it is ex-
pected to provide a sound basis for comparison assuming that
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the OSC is at least proportional if not representative for the amount
of oxygen that can participate in the reaction [19].

In this work, the OSC is determined at 673 K, i.e., 25 K above the
highest temperature used in the experimental program, see
Section 3.3.
Table 4
Parameter estimates with their 95% confidence intervals from regression of H2-TPR data w

Catalyst A1 (s�1) E1 (kJ mol�1) A2 (s�1)

CuCeO (6.71 ± 1.47) � 10+6 81.3 ± 4.2 (1.43 ± 0.22) �
CuO (3.72 ± 1.18) � 10+5 67.8 ± 5.8 (2.69 ± 1.21) �
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4. Kinetics

4.1. H2-TPR

Linear regression of the experimental data, ðTb� ;i; b
�
i Þ, with Eq.

(3), results in the estimation of the preexponential factor Ai and
the activation energy Ei, corresponding to the ith peak in the TPR
response. The parameter estimates and their 95% confidence inter-
vals are listed in Table 4. A maximum binary correlation coefficient
of 0.88 is obtained, meaning that there is no significant correlation
between the two corresponding parameters.

It is observed that the activation energy for the H2 reduction
corresponding to the first peak is higher than the value for the sec-
ond peak. The corresponding preexponential factors compensate
for this phenomenon, as also observed by Besselmann et al. [44]
in their TPR experiments using V2O5/TiO2 catalysts: although
monomeric vanadyl species are more easily reduced than poly-
meric species, i.e., at a lower temperature, the reduction of the for-
mer requires a higher activation energy than the latter.
4.2. Steady-state total oxidation

4.2.1. TOF0 analysis
Fig. 5a depicts the experimental propane conversion versus

space time for the tested catalysts. Experimental propane conver-
sion versus temperature for the total oxidation of propane is pre-
sented in Fig. 5b. For CuO, duplicated experiments are reported.

Experimental apparent activation energies, Eobs
app, for the total

oxidation of propane, obtained via Eq. (7), are reported in Table 5.
The experimental apparent activation energy for CuCeO is
ith Eq. (3) for CuCeO and CuO.

E2 (kJ mol�1) A3 (s�1) E3 (kJ mol�1)

10+4 62.6 ± 3.1 (9.33 ± 4.11) � 10+8 151.2 ± 12.7
10+4 64.9 ± 8.9
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. pC3 H8 ;0 ¼ 0:6 kPa and
model, see Eq. (9), and corresponding parameter estimates from Table 6.



Table 5
Initial steady-state reaction kinetic parameter estimates with their 95% confidence
intervals, according to Eqs. (7) and (8). Temperature range: 595–648 K.

Catalyst TOF0 at 621 K

ðmolC3H8 mol�1
O s�1Þ

k�app;0

ðmolC3 H8 mol�1
O s�1Þ

Eobs
app

ðkJ mol�1Þ

CuCeO (1.46 ± 0.14) � 10�3 (1.25 ± 0.50) � 102 59.7 ± 8.2
CuO (2.72 ± 0.32) � 10�4 (2.20 ± 0.20) � 103 81.4 ± 3.5
CeO (2.10 ± 0.11) � 10�4 (1.72 ± 0.18) � 103 82.1 ± 4.1
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�20 kJ mol�1 lower than that for CuO and CeO. The TOF0 follows
the order CuCeO > CuO > CeO.
4.2.2. Mars–van Krevelen (MVK) parameter estimates
The parameter estimates with their 95% confidence intervals,

obtained by regression of the experimental data with the MVK
model, see Eq. (9), are listed in Table 6. The calculated F value for
each of the tested catalysts by far exceeds the tabulated value,
Ftab = 3.98, and hence, the global regression is significant. A good
agreement between experimental and calculated data is obtained,
see Fig. 5a and b.

The average fraction of oxidized sites for the tested catalysts
during reaction conditions, �hO� , obtained with Eq. (13), is listed in
Table 6. At the investigated reaction conditions, �45% of the active
sites are oxidized for CuCeO. A fraction of oxidized sites of�100% is
obtained for CuO, and hence, the observed apparent activation en-
ergy equals the activation energy for reduction, see Eq. (12). For
CeO, the average fraction of oxidized sites is not significantly dif-
ferent from zero, and hence, the apparent activation energy is as-
sumed to correspond to the activation energy for reoxidation
under the given reaction conditions.

The estimates for the activation energies in the total oxidation
of propane, determined by TOF0 analysis, see Table 5, are satisfac-
torily within the range of 70–110 kJ mol�1. For the proposed MVK
model, see Eq. (9), the activation energies for the reduction are also
within the proposed range, whereas values for the reoxidation dis-
play somewhat lower, but still acceptable values.

Standard activation entropies for oxygen and propane adsorp-
tion are given in Table 7. Gas phase entropy values for oxygen
and propane, calculated at T = 621 K, are 226 and 270 J mol�1 K�1

[31], and hence, physically relevant values are obtained with
Eq. (14). The values calculated for the standard activation entro-
Table 6
Parameter estimates with their 95% confidence intervals, obtained by non-isothermal regre
tested catalysts. The average fraction of oxidized sites, �hO� , is obtained with Eq. (13), and co
the activation energies EO2 , EC3 H8 and Eobs

app given in Table 5. Ftab = 3.98.

Catalyst Fcalc (mol2 mol�2) kO2 ;0 ðmolC3H8 mol�1
O s�1 kPa�1Þ EO2 ðkJ mol

CuCeO 467 (2.01 ± 0.65) � 10�1 47.2 ± 3.5
CuO 873 (2.46 ± 0.72) � 10�1 50.8 ± 2.4
CeO 435 (2.11 ± 0.62) � 10+0 77.9 ± 4.4

Table 7
Standard activation entropies calculated from Eq. (14), along with their standard deviation
value of the rate coefficient (see Table 6) and the experimentally measure oxygen storage ca
deviations obtained from error propagation. The considered errors are those on the estim

Catalyst D–S0a (J mol�1 K�1)

O2 C3H8

CuCeO �213.1 ± 5.4 �204.9 ± 5.7
CuO �211.4 ± 4.9 �212.1 ± 5.2
CeO �193.8 ± 4.9 �167.7 ± 5.2

a T = 621 K.
pies are reasonably within the proposed range of �130 to
�210 J mol�1 K�1, see Section 2.4.4. Oxygen and propane standard
activation entropies for CuCeO and CuO are similar. CeO has oxy-
gen activation entropy of �20 J mol�1 K�1 less than obtained for
CuCeO, whereas the propane adsorption is �40 J mol�1 K�1 lower.
5. Discussion

The H2-TPR data could be interpreted as the consequence of a
consecutive reduction mechanism of the cupric oxide over cuprous
oxide to metallic copper species under the given experimental
reduction conditions [45], see Eqs. (16) and (17):

2CuOþH2 ! Cu2OþH2O ð16Þ
Cu2OþH2 ! CuþH2O ð17Þ

In this case, the second reduction step requires a double amount of
H2, compared to the first reduction step. This is not consistent with
the calculated ratio of H2-TPR peak surface areas for CuCeO and
CuO, 62.5 ± 1.1% and 11.6 ± 1.2% respectively, see Section 3.6.1.

An alternative interpretation for the occurrence of the first of
the two reduction peaks could be the presence of finely dispersed
cupric oxide particles: it is reported that for a low copper content
only one peak arises, but from about 5–7 wt.% on two peaks are
present in the corresponding H2-TPR response [46]. The copper
loading of the tested samples is above this threshold value, see Ta-
ble 1, and therefore, the peak at lower temperature could be attrib-
uted to the reduction of dispersed copper species and the second
peak to the reduction of larger copper oxide particles [47,48]. How-
ever, XRD analysis does not significantly reveal any of these finely
dispersed species [49]. Therefore, it is proposed that the first
reduction peak corresponds to the reduction of the outer surface
of the cupric oxide particle and the reduction of the bulk of the
cupric oxide particle, more difficult to realize, of rise to a second
peak. Concerning the first reduction, no specific copper oxide
planes, e.g., (1 1 1) and (1 0 0) [50], are taken into account, i.e.,
average surface properties are considered. According to Silversmit
et al. [51], the reduction of ceria occurs in a similar way. It is note-
worthy to mention that the reduction mechanism of the cupric
oxide particles, see Eqs. (16) and (17), cannot be excluded; the out-
er surface and the bulk of the particles can be reduced in a two-
step mechanism, but the present data cannot distinguish between
them.
ssion of the experimental data with the proposed MVK model, given by Eq. (9), for the
rresponding standard deviations are calculated from the 95% confidence intervals for

�1Þ kC3H8 ;0 ðmolC3H8 mol�1
O s�1 kPa�1Þ EC3H8 ðkJ mol�1Þ �hO� (–)

(3.29 ± 1.07) � 100 74.9 ± 5.5 0.45 ± 0.06
(1.39 ± 0.41) � 100 78.5 ± 3.7 1.11 ± 0.20
(2.97 ± 0.87) � 102 102.5 ± 5.9 0.17 ± 0.23

s obtained from error propagation. The considered errors are those on the estimated
pacity (see Table 2). Sticking probability s for oxygen and propane with their standard

ated value of the rate coefficient (see Table 6).

Sticking probability sa (–)

O2 C3H8

(9.57 ± 3.07) � 10�3 (2.67 ± 0.86) � 10�4

(1.09 ± 0.32) � 10�3 (3.05 ± 0.88) � 10�5

(7.52 ± 2.17) � 10�3 (2.10 ± 0.61) � 10�6
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From the estimated activation energies and preexponential fac-
tors for H2 reduction, reported in Table 4, it can be concluded that
impregnation with Ce(NO3)4 does not significantly affect the
reduction characteristics for the second peak of CuCeO, when com-
pared to CuO. This agrees with the proposition that the second
peak in the H2-TPR reduction corresponds to the reduction of the
bulk part of the cupric oxide particles, i.e., independent of the ceria.
Further, from the ratio in surface areas for the first reduction peak
obtained on CuCeO and CuO, 62.5 ± 1.1% and 11.6 ± 1.2% respec-
tively, it can be concluded that addition of ceria enhances the
reduction, and hence, it improves the total oxidation activity, as
evidenced from Figs. 4–6. The electronic interaction between Ce
4f, O 2p and Cu 3d orbitals and the corresponding higher oxidation
activity are described by Bera et al. [52]. These interactions are be-
lieved to be responsible for the superior activity of the CuO–CeO2

catalyst, compared to a CuO or CeO2 catalyst [34,35].
The lattice distortion parameter, obtained in Section 3.5, is an

indication for the higher propane conversion and corresponding
TOF on the latter catalyst. This is consistent with the obtained
C3H8-TPR reduction characteristics, see Section 3.6.2.

From the obtained average fraction of oxidized sites, �hO� , see
Table 6, it can be put forward that the reduction step is the most
critical step in the reaction mechanism of propane total oxidation
on CuO, whereas it is the reoxidation that is critical on CeO, see
Section 4.2.2. The binary metal oxide, CuCeO, allows a combination
of the good characteristics of both types of oxides in a synergistic
way. Using the parameter estimates, given in Table 6, and the oxy-
gen concentration CO, given in Table 2, the TOF0 is calculated for
CuCeO, CuO and CeO according to the proposed MVK model, see
Eq. (9). At the present experimental conditions, it is observed from
Fig. 6 that CuO shows a slightly higher TOF0 than CeO, especially for
higher temperatures. The ratio of the TOF0 obtained on CuCeO to
the sum of the TOF0 calculated for CuO and CeO is plotted on the
right vertical axis.

Using the OSC values, see Table 2, and the TOF0 at 621 K for the
used catalysts, see Table 5, synergistic effect occurs for the binary
metal oxide catalyst when the TOF0 is higher than 2:60�
Fig. 6. TOF0 versus temperature. pC3 H8 ;0 ¼ 0:6 kPa and pO2 ;0 ¼ 3:5 kPa. (j) CuCeO;
(s) CuO; and (d) CeO. Points and full lines are obtained with the MVK model, see
Eq. (9), and corresponding parameter estimates from Table 6. The right axis gives
the ratio of the calculated TOF0 for CuCeO to the sum of the calculated TOF0,
obtained on CuO and CeO.
10�4 molC3H8 mol�1
O s�1. The TOF0 at 621 K on CuCeO is 1:46�

10�3 molC3H8 mol�1
O s�1, and hence, a synergistic effect is observed.

Moreover, at each temperature level, see Fig. 6, the TOF0 for CuCeO
is even higher than the sum of TOF0 for CuO and CeO: the ratio of
TOF0 varies from 5.9, at lower reaction temperature, to 1.9 at
higher reaction temperatures. This confirms the synergy for all
the applied experimental conditions in the case of the binary metal
oxide catalyst and the given compromise between reoxidation and
reduction properties, obtained from the calculated average fraction
of oxidized sites, �hO� , see Table 6. Using binary metal oxide
catalysts, based on CuO and CeO2, synergy is observed in various
oxidation studies [33,48,53–56].

Often, the reaction temperature, T0.50, for which the propane
conversion is 0:50 molC3H8 mol�1

C3H8 ;0
, is taken as a measure for cat-

alytic activity [57] The following ranking is consistent with the
TOF0: CuCeO (T0.50 = 628 K) > CuO (690) > CeO (842), see Fig. 5b.

The sticking probabilities s for oxygen and propane are given in
Table 7. For CuCeO, the value for propane is an order of magnitude
lower, compared to oxygen. Sticking probabilities for propane and
oxygen on CuO are about one order of magnitude lower than for
CuCeO. Overall two order of magnitudes lower, compared to Cu-
CeO, sticking probabilities for oxygen and propane are obtained
for CeO. The values for the sticking probability, together with the
above given arguments, can be an explanation for the superior
activity of CuCeO, compared to CuO and CeO.
6. Conclusions

Turnover frequencies are highest on the binary metal oxide cat-
alyst, CuO–CeO2/c-Al2O3: the reduction and reoxidation character-
istics of both types of single metal oxides are combined in a
synergistic way. The average fractions of oxidized and reduced
sites are close to 0.5 over the investigated range of experimental
conditions. This suggests that the formulation of the binary oxide
catalyst used is close to optimum. It is proposed that the reduction
of cupric oxide particles on the catalysts used in this paper occurs
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via a first reduction of the outer surface of the particles, followed
by a subsequent reduction of the bulk.
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Appendix A. Mathematical derivation of Eq. (12)

For a reaction rate coefficient, ki, the Arrhenius temperature
dependency is given by Eq. (18):

ki ¼ ki;0 exp � Ei

RT

� �
ð18Þ

Application of Eq. (11) to Eq. (9), using identity (19) and Eq.
(20), gives Eq. (21). Introduction of Eq. (10) into Eq. (21) gives
Eq. (12).

@

@T
ln

1
f ðTÞ ¼ �

1
f ðTÞ

@f ðTÞ
@T

ð19Þ

@ki

@T
¼ ki

Ei

RT2 ð20Þ

Ecalc
app ¼

5kC3H8 pC3H8

kO2 pO2
þ 5kC3H8 pC3H8

EO2 þ
kO2 pO2

kO2 pO2
þ 5kC3H8 pC3H8

EC3H8 ð21Þ

Fig. 7 gives the fraction of oxidized sites, calculated with Eq. (10),
versus the propane conversion at pC3H8 ;0 ¼ 0:6 kPa, pO2 ;0 ¼ 3:5 kPa
and different temperatures. Zero propane conversion mimics the in-
let of the reactor bed. The experimental propane conversion mounts
to 0:73 molC3H8 mol�1

C3H8 ;0
, see Section 2.4, which corresponds to the

outlet of the reactor bed. The average value of the fraction of oxi-
dized sites, given in Eq. (13), is 0.45 ± 0.06.

Appendix B. Supplementary material

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jcat.2010.03.006.
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