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The mechanism of the total oxidation of propane over alumina supported CuO, CeO,, and CuO-CeO, is
studied by means of Temporal Analysis of Products in the temperature range 623-873 K. A reaction
scheme is proposed for the total oxidation of propane with O,, as well as for the separate reduction
and oxidation steps. For the reduction of the catalyst with propane, four elementary steps are considered
as kinetically significant: (1) reversible associative propane sorption, (2) irreversible dissociative propane
adsorption involving a methylene C-H bond breaking and ultimately forming CO,**, (3) desorption of
CO,™* to CO,, and (4) dissociation of CO,** to CO** and O**, and recombination of CO** and 0** to CO,*".
For the oxidation of the catalyst with O,, two elementary steps are considered as kinetically significant:
(1) reversible dissociative adsorption of O, on two reduced active sites and (2) diffusion of lattice O atoms
from the surface to the bulk and vice versa. An adequate description of the full mechanism, i.e., in the
presence of propane and O,, can only be obtained by considering additional steps, which distinguish
between lattice oxygen atoms at the surface, 0**, and weakly bound oxygen atoms, Oyeax. Apart from
estimating the different kinetic parameters, a new approach to determine the initial concentration of
reduced active sites is presented.

CuO-Ce0,/y-Al,03 is a more efficient total oxidation catalyst than the corresponding single metal oxi-
des. The activation energy for the first C-H bond activation in propane over the CuO-CeO,/y-Al,03
amounts to 62 k] mol~! and is significantly lower than the activation energies over the single metal oxi-
des, i.e., 95 k] mol~! for CuO/6-Al,05 and 126 k] mol~! for CeO,/y-Al,03. The redox activity of CuO-CeO,/
v-Al,05 is created by the ability to reduce and re-oxidize both CuO and CeO,, which is enhanced by a

strong interaction between these phases.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

A frequently applied technique to destroy volatile organic com-
pounds (VOCs) is thermal combustion or incineration, requiring
temperatures up to 1300 K [1]. Using a catalyst for the oxidation
of VOCs allows to significantly reduce the operating temperatures
to 600-900 K and to better control the total oxidation. Noble met-
als or metal oxides are used [2]. The latter are much cheaper, more
stable, and resistant to possible toxic by-products [1,2]. High
oxygen mobility, easy adsorption, and activation of the VOC to be
destroyed, as well as good redox properties that enable the catalyst
to undergo reduction and subsequent re-oxidation are desired
properties and require the use of mixed metal oxides [3]. Cu-based
catalysts are known to be good oxidation catalysts [4,5]. However,
the CuO catalyst is very sensitive to the presence of water vapor
leading to deactivation [6]. As a pure oxide, ceria is hardly applied
because of its textural instability, its high cost, and relatively low
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activity at lower temperatures [7]. On the other hand, ceria is often
present as promoter in the so-called “three-way catalysts” used in
automotive industry and plays an important role in CO/NO reac-
tions, oxidative coupling of methane, elimination of SO, and NO,,
and oxidation reactions like CO or hydrocarbon oxidation [8].
According to Trovarelli [8], the most important features of ceria
are: lattice ion mobility, easy switching between Ce3>* and Ce**,
and the high oxidizing power of the Ce** cation. Demoulin et al.
[9] add the ability to generate active O atoms from CO, to the list
of properties which could be of importance in total oxidation
reactions.

Combining CuO with CeO, changes the structure and the redox
properties of the catalyst and enhances its activity [10]. CuO-CeO,
catalysts are often used to catalyze various reactions among which
CO oxidation [11], VOCs elimination [12], and NO reduction [10]
are the most predominant.

In this work, the total oxidation of propane over alumina sup-
ported CuO, CeO,, and CuO-CeO; is studied by means of Temporal
Analysis of Products or TAP. A steady-state kinetic study on the
same Cu- and Ce-based catalysts has recently been performed by
Heynderickx et al. [13]. The TAP technique applied in this work
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Nomenclature

A pre-exponential factor (reaction dependent)

cfp calibration factor of component p (Vs mol~1!)

G gas-phase concentration of component i (mol m?)

C;. concentration of active sites occupied (mol kg, 1y with
species i

Co. concentration of active lattice O atoms (mol kg_ I

Coweak  concentration of active weakly bound O atoms
(mol kg ")

C. concentration of reduced active sites (mol kgc’l)

off i effective Knudsen diffusivity in the catalyst bed

_ (m3 m; ! s~!) of component i
off i effective Knudsen diffusivity in the
(m3 m; ! s~1) of component i
Eq activation energy (k] mol~!)
F Fisher’s F value (-)
F; molar flow rate of gas-phase component i (mol s~1)
i index of infinite series (-)
j index of infinite series (-)
k index of infinite series (-)
kn reaction rate coefficient in elementary step n (reaction
dependent)
index of infinite series (-)

inert bed

l

Lc length of the catalyst bed (m,)

L; length of the inert bed at the inlet (m,)

L, length of the inert bed at the outlet (m,)

m number of gas-phase components (-)

Npi number of moles i in the pulse (mol

N total number of observations (-)

n number of experimental conditions (-)

n, number of pulses per response (-)

n, number of responses (-)

ng number of samples per response (-)

p index of infinite series (-)

R universal gas constant (8.314 ] mol~' K1)

R specific net production rate of gas-phase (mol kg, Ts-1y
component i

R specific net production rate of surface species i

(mol kg.'s~1)

S cross-sectional surface area of the reactor (m?)
t time (s)
t time between the pulse and the measurement (s) of

sample j, i.e., sampling time
T temperature (K)
w catalyst weight (kg)
w; weight factor of response i (-)
Y outlet response (V)
z axial coordinate in the reactor (m;)

Greek symbols

& void fraction of the catalyst packing (m3 m3)

& void fraction of the inert packing (m? m,?)

p binary correlation coefficient (-)

OB density of the catalyst packing (kg. m;3)

o stoichiometric number of an elementary reaction (-) in
global reaction i

Oii stoichiometric number of an elementary reaction (-) or
a global reaction in reaction path ii

T time scale of reaction or transport (s)

T; time constant of the inlet pulse (s)

@ objective function (-)

Superscripts

0 initial condition

b bulk

s surface

t total

n calculated value

Subscripts

C catalyst

f forward

max maximum

r reverse

ref reference

trans transport

weak weakly bound

allows both qualitative and quantitative investigation at a
more fundamental level. Qualitative information obtained on
Cu0-CeO,/y-Al;03 has recently provided further insight in the
mechanism of the total oxidation of propane [14]. The purpose of
the present work is to describe quantitatively the transient kinetic
data with statistically sound kinetic models and physico-chemical
meaningful parameters. The kinetically-relevant steps in the
proposed mechanisms will be determined as well as the corre-
sponding rate coefficients.

2. Experimental
2.1. Catalysts

The three catalysts used in this work, CuO-CeO,/y-Al,03, CeO,/
v-Al,03, and Cu0/6-Al,05 have been extensively characterized in
previous publications [13,15,16]. The CuO-CeO,/y-Al,03 catalyst
was synthesized via impregnation of y-Al,0; with Cu(NOs), and
Ce(NOs3); precursors, yielding loadings of 9.2wt% Cu and
5.2wt.% Ce, corresponding to 9.31 umol Cu/m? and 2.36 umol
Ce/m?, respectively. The supported CeO, catalyst was obtained by
impregnation of y-Al,03 with Ce(NOs)s, while the supported CuO

was prepared by impregnation of 06-Al,05 with Cu(NOs),. Their
loadings were 4.8 wt.% Ce and 10.7 wt.% Cu, respectively. All cata-
lyst materials were dried and calcined in air above 873 K.

The total concentration of available lattice oxygen atoms, C°y- ,
is shown in Table 1. It can be assumed to be an upper limit for the
total number of exchangeable O atoms. As it was found that the O
atoms in the lattice of alumina are not available for reaction [14],
only the O atoms related to CuO and/or CeO, are accounted for
without, however, distinguishing between these compounds. The
total amount of available lattice oxygen atoms consists of a fraction
at the surface, C°o- 5, and in the bulk, C°q- . The initial concentra-
tion of surface O atoms, C°y- 5, is an important quantity in the ki-
netic models that will be developed. The values for the different
catalysts, see Table 1, are based on XRD and ICP data [14] for deter-
mination of the total surface area loaded into the reactor, and on an
0 surface density for CuO of 7.63 x 10'® 0 atoms m 2, and for CeO,
of 8.56 x 10'® 0 atoms m~2. The latter values follow from the crys-
tallographic structure of the oxide phase and consider a fully oxi-
dized surface. If the lattice surface is not fully oxidized, a
distinction can be made between the initial concentration of re-
duced active surface sites, C°o- 5, and the initial concentration of ac-
tive oxygen atoms at the surface.
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Table 1

Initial concentrations of available lattice O atoms, C°y- , of lattice O atoms at the surface, C°¢- 5, and of reduced active surface sites,

CDx.S-
Catalyst C°o+ ¢ (mol/kg.) C°o s (mol/kg.) C°.s (mol/kg.)

623-873K° 723-873 K"

Cu0-Ce0,/y-Al,03 2.20 132 x 107" (3.25 +0.35) x 102 (3.89 +0.52) x 1072
Cu0/0-Al,05 1.67 471 x 1072 (1.59 £0.03) x 1072 (2.24+0.06) x 1072
Ce0,/y-Al,05 0.68 7.27 x 1072 (4.19+£0.07) x 102 (4.55 +0.09) x 102
Cu0-Ce0,/y-Al,05-Cu0 ? 1.46 1.40 x 102 471 x 1073 6.64 x 103
Cu0-Ce0,/y-Al,05-Ce05 2 0.74 118 x 107" 6.82 x 1072 7.39 x 1072

¢ Values reported correspond with the CuO-CeO,/y-Al,05 catalyst, but are only related to CuO and CeO,.
b An average of the values estimated during the regression of O, single-pulse experiments over pre-oxidized catalysts with

its 95% confidence interval.

2.2. TAP set-up, procedures, and conditions

A detailed description of the TAP technique can be found in [17-
19]. In this type of experimental studies, the response of a catalyst
to a small perturbation of a certain state variable, e.g., pressure,
temperature, or concentration is measured. In TAP experiments,
the time-dependent flow rate of the reactants and products is
monitored at the reactor outlet by a quadrupole mass spectrome-
ter. The possible detection of gas-phase intermediates of the reac-
tion sequence is one of the advantages of a TAP set-up. Next to this,
a TAP experiment indirectly provides information on possible
changes in catalyst composition and surface species [19]. Com-
pared to other transient techniques, the TAP technique allows a
time resolution in the order of milliseconds, i.e., two orders of
magnitude better than conventional transient techniques in
heterogeneous catalysis such as temperature-programmed or
step-response experiments.

For all tested catalyst samples, a thin-zone reactor configuration
is applied [20]. This implies that a sufficiently thin catalyst bed
with a typical length of 1/10 of the total reactor length is placed be-
tween two beds of inert quartz. The reactor contains 50 mg of cat-
alyst corresponding with 2 to 7 x 10'® available O atoms, O*%. The
particle diameter of both the catalyst and the quartz pellets is in
the range of 250-500 pum. The void fraction of both catalyst and
inert beds amounts to 0.53.

In TAP, gas pulses with a width of 100 ps and typically consist-
ing of 10'*-10"> molecules per pulse are admitted. This amount of
reactants is four orders of magnitude lower than the maximum
amount of available O atoms, minimizing the change in the catalyst
properties and enabling to study the catalyst at a well-defined
state. In the present work, two types of pulse experiments are
performed: single- and multi-pulse experiments. In the former, a
limited amount of reactant pulses is introduced in order to charac-
terize the catalyst at a predetermined state. By contrast, in a multi-
pulse experiment, a large train of pulses is introduced, altering the
state of the catalyst.

In the pulse experiments, four different feeds were employed:
pure O,, C3Hg and CO,, next to a mixture of O, and CsHg. An exper-
imental program consistently started with an oxidizing sample
pretreatment: heating in vacuum to reaction temperature,
followed by O,/Ar (50/50) multi-pulse experiment(s) until O,
breakthrough was observed. The state of the pre-oxidized sample
was then characterized by an O,/Ar single-pulse experiment at
reaction temperature, in which O, was recorded every 2 pulses.
Subsequent single-pulse experiments with C3Hg/Kr (90/10) were
always executed 3 min after the O,/Ar single-pulse experiment to
investigate the catalysts’ state under reducing conditions. Simi-
larly, single-pulse experiments with CO,/Ar (50/50) were per-
formed over a pre-oxidized catalyst, also 3 min after the O,/Ar
single-pulse experiment. Single-pulse experiments with a stoichi-
ometric mixture of O, and C3Hg were applied to study the total

oxidation of propane. In order to investigate the change in catalyst
composition in a reducing environment, multi-pulse experiments
consisting of 60 CsHg/Kr pulses were performed, recording propane
every six pulses.

The experiments were carried out at temperatures between 623
and 873 K, divided into three ranges: 623-873 K, 723-873 K, and
623-723 K. The O, single-pulse as well as the C3Hg multi-pulse
experiments were performed over the whole temperature range.
For the C3Hg single-pulse experiments, the whole range,
623-873 K, was considered if CO, desorption was neglected, and
723-873 K, if CO, responses with their complete tail were
recorded. The latter appeared impossible at the lower tempera-
tures, because only weak CO, responses that could hardly be
distinguished from the noise level were obtained. The CO, single-
pulse experiments were only executed between 723 and 873 K
for similar reasons. The O,/propane single-pulse experiments were
executed between 623 and 723 K, in order to investigate the influ-
ence of weakly bound oxygen atoms upon catalytic activity. As a
consequence, CO, responses were not available.

The different gases at the outlet were monitored, focusing on
the following masses: 18 AMU for water, 28 for CO, 29 for C3Hsg,
32 for O,, 40 for Ar, 41 for C3Hg, 44 for CO,, and 84 AMU for Kr. In-
ert gases were used as internal standard. From mass 41 and 44, the
contribution of propane is subtracted, i.e., 15-18%, respectively,
27-30% of the peak at 29 AMU depending on the calibration in or-
der to obtain the pure response signals of C3Hg and CO,, respec-
tively. From mass 28, 63% of the peak at 29 AMU and 22% of the
peak at 44 AMU related to pure CO, is subtracted to obtain the
pure response signal of CO at 28 AMU. These corrections are only
necessary if the response signals measured in voltage are trans-
formed to outlet flow rates of the different gases.

3. Kinetic parameter estimation
3.1. Modeling of pulse responses: regression analysis

The reactor model applied to model the TAP pulse responses is
represented in Fig. 1. The model uses an identical set of partial dif-

ferential equations in each zone of the reactor as applied in Balcaen
et al. [21]:

Cx i 0°Ca
9Ca Ca
byl = gffﬁﬁ+pBRgA Li<z<Li+L (2)
Cx i 0°Ca
81'?: eff-Aﬁ L1‘+LC<Z<L1'+LC+LU (3)
ICy
0? =Ry Li<z<Li+L 4
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Fig. 1. TAP reactor model applied for modeling the pulse responses with indication
of the different zones. The numbers in brackets refer to the partial differential
equations, boundary conditions, and transmission conditions between beds as
mentioned in Section 3.1.

with following boundary conditions at the inlet, Eq. (5) and the out-
let, Eq. (6) of the reactor:

aCa\ N t

SDeffA<8ZA>:TL;‘teXp<—?> t>0z=0 (5)
i i

Cai=0 t>0z=Li+L+L (6)

The transmission conditions between the beds are given by Eqs.

(7)-(10),

(Ca)per, = (Ca)pey, (7)
i G\ (pe 9
(P 7) , = (oias) ®)
(Ca)omtyi1e)- = (Ca)omgy 10+ 9)
OCA> < i OCA)

DS s —— = (Dypp—>z (10)
( T4 0z 2=(Li+Le)— T4 oz Z=(Li+Lo)+
and the initial conditions by Eq. (11):
Ca=0 Cp=C% t=0,0<z<Li+Lc+L, (11)

The reactor model equations are integrated in the time domain by
applying the method of lines. In the inert zones of the reactor, the
concentration of every gas-phase component is solely influenced
by Knudsen diffusion. In the catalyst zone of the reactor, apart from
diffusion, also other processes need to be accounted for, i.e., adsorp-
tion, desorption, and reaction. Therefore, in the partial differential
equations corresponding with the catalyst zone, the specific net
production rates of the gas-phase and the surface components,
Rga and R; 4, are inserted. The derivation of these net production
rates depends on the proposed reaction network with its kinetically
significant steps, see Section 4. A step is called kinetically significant
if the rate coefficient influences the calculated responses.

The parameters of the several kinetically significant steps are
estimated using the Levenberg-Marquardt [22] method for the
minimization of the objective function, &, presented by Eq. (12)
according to [23]:

. NQ) O
=>"%" (Yu - Yij> (12)
P

In this work, a non-weighted, non-linear least-squares regression is
performed. The total number of observations per response i, N(i),
can be specified in more detail, giving rise to Eq. (13):

np  ne(i)

D=3 3303 (Yult) - Vulty) (13)
im1 k=1 I=1 j=1
where
N(i) = n n, ne(i) (14)
Vaalt) = Yo ehFount) = 3 cy(Durpas ™) (19
p=1 p=1

is the observed response and

>y Fpri(ty) = Zcfp( effpktsacaz(tj)> (16)

p=1 p=1

Yin(t) =

is the calculated response corresponding to mass i, followed by the
mass spectrometer.

If the number of responses, n, equals 1, a single-response
regression analysis is performed. If more than one response is con-
sidered, the regression is called multi-response. The responses are
measured by sampling at equidistant times, t;, per set of experi-
mental conditions, k, and per pulse number, 1. The regression anal-
ysis is not limited to single-pulse experiments, but can also treat
multi-pulse data. In the former, the number of pulses per response,
n,, equals 1, while in the latter, n, is higher than 1. Hence, apart
from state-defining experiments, also state-altering experiments
can be modeled in order to describe the evolution of a catalyst
surface.

It must be stressed that in contrast to the non-linear, multi-
response multiple regression analysis performed in [21], the
least-squares criterion in this work is applied to the responses, Y,
expressed in voltage, instead of to the outlet flow rates, F.

If non-isothermal regression is performed, a reparametrization
is applied to minimize the correlation between the pre-exponential
factor and the activation energy, according to Eq. (17):

E./1 1
kn = knr,, €Xp (— T (T - T_f>> (17)

where T, is the average of the temperatures considered in the
regression.

3.2. Evaluation of the regression

The performed regressions are evaluated by executing some
typical statistical tests [23,24] and further by interpreting the ob-
tained kinetic parameter values from physico-chemical point of
view.

In the statistical evaluation, the significance of the regression is
evaluated using the F test for the global significance and the ¢ test
for the significance of the individual parameter estimates. The cor-
relation between different parameters in a given model must be
sufficiently low. If several reaction networks are a priori possible,
leading to a number of possible kinetic models, discrimination
among the rival models is based on the Bayesian information crite-
rion (BIC) [25]. This criterion not only takes into account the differ-
ence in the residual sum of squares between competing models,
but also accounts for a possible difference in number of parame-
ters. The model with the lowest value of BIC is selected. Instead
of reporting the absolute BIC values, the differences ABIC between
the absolute value of every other model and the model with the
lowest BIC value will be listed.

4. Reaction networks and rate equations

Fig. 2 presents a set of reaction schemes for the oxidation of the
catalysts with O,, see Fig. 2a and Table 2, for the reduction with
propane, see Fig. 2b and Table 3, for the oxidation with CO,, and
for the total oxidation with a propane/O, mixture, see Fig. 2c,
showing possible steps that can occur under these different condi-
tions. Only kinetically-relevant steps in the reaction network are
displayed, while intermediate, kinetically non-significant steps
are replaced by progressing dots.

During single-pulse experiments, no gas-phase CO has been de-
tected, so the elementary reaction CO** — CO + %,s is not accounted
for. Likewise, negligible amounts of detected gas-phase propylene
have led to the omission of any elementary reaction resulting in
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Fig. 2. Set of reaction schemes: (a) reaction network for the oxidation of the catalysts with O,; (b) reaction scheme for the reduction of the catalysts with propane; the
intermediate, kinetically non-significant steps are not represented but rather indicated by progressing dots in between the arrows; (c) proposed reaction network for the total
oxidation of propane over CuO-CeO,/y-Al,03 with indication of the kinetically significant steps corresponding to reduction, steps (5)-(7) and (17)-(21), next to re-oxidation,
steps (1a), (1b), (2a), (2b), (3), and (4), now involving both surface lattice oxygen, O**, as well as weakly bound oxygen atoms, Oyeax. The latter O species were required to
obtain an adequate description of the responses. The steps related to the activation of propane by O*° are identical to the steps presented in Table 3. Only estimation of the
rate coefficients of the steps shown in bold was possible during the non-isothermal multi-response regression of propane/O, single-pulse experiments. The intermediate,
kinetically non-significant steps are not represented but rather indicated by progressing dots in between the arrows.

the production of propene. Readsorption of propene and subse-
quent formation of CO, are not considered either as during the
kinetic modeling the propane and CO, responses could be
adequately described without such elementary steps. As water
cannot be detected as a response to a pulse on the time scale
of a TAP single-pulse experiment, the elementary reaction
2HO** — H,0 + O** + x,5 is also omitted from the reaction schemes.
This will not influence the regression of single-pulse experiments
since the HO coverage is not significantly altered, by limiting the
number of admitted reactant molecules relative to the number of
active sites in the reactor. On the other hand, in the multi-pulse
experiments, the HO coverage is expected to change during the

Table 2

Elementary reactions (1)-(4) during the re-oxidation of
Cu0-Ce0,/v-Al,03, Cu0/0-Al,053, and CeO,/y-Al,03 with
0,. The corresponding scheme is represented in Fig. 2a.
All presented steps are kinetically significant.

0,+2"5 - 20" (1)
20 > 0,+2%s )
0 - 0"° (3)
0 -0 (4)

Table 3

Elementary reactions (5)-(19) considered during the reduction of CuO-CeO,/y-Al,03,
Cu0/6-Al,05, and Ce0,/y-Al,03 with propane with corresponding global reactions (o
and B) and reaction paths (oot and BB). The corresponding scheme is represented in
Fig. 2b. Kinetically significant steps are shown in bold.

Oy ag
C3Hg + 0™ > C3HgO™S 1 0 (5)
C3Hg0™ — C3Hg + 0™ 1 0 (6)
C3Hg + 20" — C,H;,0°°CH; + HO™* 0 1 (7)
C,H40"5CH; + 0™ - C,H40"°CH, + HO™® 0 1 (8)
C,H40"SCH, + 0% - CuH,40%° + CH,0** 0 1 (9)
C,H40%5 + 0% = CH4(0*%), 0 1 (10)
C3H4(0"%), +20™° — C,H3(0™%); + HO™* 0 1 (11)
C3H5(0"%)3 + 20" — CH,(0*%), + HO*S 0 1 (12)
CoHy(0"%)4 —» 2CH(0*%), 0 1 (13)
CH,0" + 0™ — CHy(0"), 0 1 (14)
CH,(0*), + 0" — CH(O**), + HO** 0 1 (15)
CH(O*%), + 0™ — CO,"S + HO*S + %5 0 3 (16)

Ooo, Opp

C3H50"* = C3HgO™* 1 0 (o)
C3Hg + 140" - 3C0,"* + 8HO™ + 3*,s 0 1 (B)
€O, - COy+%,s 0 3 (17)
€O, +%,5 - CO™ + 0™ 0 3 (18)
CO™*+ 0" 5 €O +%,5 0 3 (19)
C3Hg + 0** = C3Hg0™* (o0)

C3Hg + 140*° - 3C0O, + 8HO™ + 6% (BB)
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course of the experiments. However, if it is assumed that water
mostly adsorbs on the alumina support, the presence of hydroxyl
groups will not influence the catalytic activity. The strong adsorp-
tion of water on alumina is well documented [5].

4.1. Oxygen feed

A reaction scheme for the oxidation of the catalyst with O, is
proposed in Fig. 2a and Table 2. In this simplified scheme, no dis-
tinction is made between surface lattice oxygen, O™°, and Oyeax,
referring to both weakly bound oxygen atoms in the surface lattice
and adsorbed oxygen from the gas phase. These Oy.ax Species are
only important when propane and oxygen are introduced
simultaneously.

In the proposed scheme, O, reacts with reduced active surface
sites, *,s, to form surface lattice oxygen, O*°, according to step
(1). This surface lattice oxygen can either desorb from the catalyst,
step (2), or diffuse to the subsurface or bulk of the catalyst and vice
versa, steps (3) and (4). In order to model this diffusion, similar
model equations as proposed by Dewaele et al. [26] are applied,
rather than Fick’s second law, see Mills et al. [27] and Nibbelke
et al. [28]. The transport is described with two elementary steps
and corresponding rate coefficients.

The above reaction scheme leads to the following expressions
for the specific net production rates:

Rgo, = —kiCo,C2 + ks Chys (18)
Ryos = 2kiCo,C? — 2kyCs — k3Cors + kaCoyot (19)
Rs-s = =2k Co,C?, 4 2ky . (20)
RSYO*,b = kgCO».s — k4CO.<,b (2])

4.2. Propane feed

4.2.1. Single-pulse experiments

A reaction scheme for the reduction of the catalyst with pro-
pane is proposed in Fig. 2b and Table 3. The elementary reactions
denoted by numbers (5)-(19) are combined to obtain the global
reactions designated by the Greek symbols o and 8, taking into ac-
count the stoichiometric numbers, ;. These global reactions can be
combined with elementary reactions according to the stoichiome-
tric numbers, g, to obtain the reaction paths oot and Bp. Multi-
response regression of the experimental propane and CO, responses
has been performed with different, a priori possible, kinetically sig-
nificant steps leading to several expressions for the net production
rates, R4 and R; 4-. Selection between the obtained kinetic models
is based on the Bayesian information criterion and the correspon-
dence between the experimental data and the calculated re-
sponses. Considering the steps shown in bold in the reaction
scheme of Table 3 as kinetically significant provided the best
description of the experimental propane and CO, responses.

Reaction path (o) consists of two kinetically significant ele-
mentary steps. In the first step (5), propane adsorbs on one active
surface oxygen atom, O™, without bond breaking, from which it
can desorb, elementary step (6). This reaction path only involves
adsorption/desorption of propane without the production of CO,,
and thus will not be of great importance when the activity of a cat-
alyst toward the total oxidation of propane is evaluated. However,
the steps appeared necessary to adequately describe the experi-
mental propane responses.

Reaction path (BB) describes the actual total oxidation of pro-
pane through global reaction (B) combined with the elementary
reactions (17)-(19). In the global reaction (B), the methylene C-H
bond breaking, elementary step (7) is assumed to be kinetically rel-
evant. This is in agreement with the results published by Finocchio

et al. [29] who stated that propane activation on transition metal
oxides occurs via initial cleavage of the methylene C-H bond as
this bond is weaker than the methyl C-H bond. In this step, pro-
pane interacts with two surface oxygen atoms, O**, leading to a
second-order dependency on the concentration of O*°, This inter-
action will be much stronger compared to that in step (5), as it
leads to further reaction of propane to CO,. Moreover, the methy-
lene C-H bond breaking, step (7), is irreversible as the reverse step
could not be significantly estimated. After the first C-H bond acti-
vation in propane, the resulting intermediate instantaneously
transforms to CO,**, which desorbs in step (17). Alternatively,
CO,™* can dissociate to CO** and O** in step (18), which is revers-
ible through step (19).

The corresponding specific net production rates of the gas-
phase, Ry4, and the surface components, R;,., are given by Egs.
(22)-(28):

Rg.C3Hg = 7k5CC3H3 CO‘S + k6CC3H30"5 — l<7CC3Hg Cé*.s (22)
Reco, = k17Cc0£s (23)
Rsc,ng00s = ksCe,ps Cos — kGCQHgo*-S (24)
Rios = —ksCoymgCors + KsCoypgors — 14k7Ceypty Cos

+ leCCQ;-S C.s — k19Cco-sCoss (25)
Recos = 3kiCoypy Coos — ki7Ceoz+ — kisCeozC.s

+ ki9CeosCors (26)
RS,CO“ = k18Cc0;s C.s— klgcco«.s Co*-s (27)

Rs,*-s = 3k7CC3H8 Cévs + k17CCO;.s — klchozsC*ys + k]gccovsco*s (28)

When CO, desorption is neglected, the kinetic model consists of
Egs. (22), (24), and (25), omitting the two last terms in the right-
hand side of Eq. (25).

4.2.2. Multi-pulse experiments

Compared to the reaction scheme for the propane single-pulse
experiments, two extra steps are added to the scheme when
multi-pulse experiments are considered. These two steps are anal-
ogous to the steps in the reaction scheme for O, single-pulse
experiments, steps (3) and (4) in Table 2. This leads to following
specific net production rates:

Rg,C3H3 = *kSCC3H3 COX-S + kGCC;HgO*'S — k7CC3H3 C?ys (29)
Rs,chsov.s = ksCe,u, Cors — kGCC3H80*5 (30)
RS,O*’S = _RSCCBHS CO*'S + kGCC3H30"’5 — 14k7CC3H8 C(st - kgcots

+ kaCors 31)
Rygs = ksCors — kaCouo (32)

4.3. Carbon dioxide feed

Next to O,, CO, also acts as an oxidizing agent over the CuO-
CeO,/v-Al,05 catalyst [14]. The responses for CO, feed over
pre-oxidized catalyst are modeled starting from the steps in the
network described in Section 4.2.1, i.e., elementary reactions
(17)-(19) from Table 3, and adding the adsorption of CO, : CO,+
*,§ — CO5°.

The following net production rates are inserted in the reactor
model to describe the CO, responses:

R = —kf17Cc0,Cos + kr,17cco;5 (33)

8.0,

RS,‘-S = _kf‘]7CC02 C*'S + kr,17Cc0£»5 - leCCO;s C*-,S + leCCO‘SCO*'S (34)
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Rigs = klsccoésc*,s — k19CcosCo»s (35)
RS.COE'S = kf,17CC02 Cos— kl"17CCO;5 — klchozs C.s+ klchox.s Coyrs (36)
RS_CO».S = k13CCO;s C*‘S — k]gcco(.s CO"S (37)

In these equations, an identical numbering for the rate coefficients
of the kinetically significant steps is applied as presented in Table 3,
except for the additional adsorption step of CO,. The rate coefficient
of this forward step is denoted by kg7, while the reverse step is de-
noted by ki 17.

4.4. Oxygen/propane mixture

In a stoichiometric O,/propane atmosphere, catalyst reduction
by propane and oxidation by O, will simultaneously occur via the
steps discussed in the previous sections. However, considering only
the latter, no adequate description of the mechanism could be ob-
tained. Hence, additional steps had to be added, more specifically
to the networks described in Sections 4.1 and 4.2.1: O;50yeax
and C3Hg + 20yeak — CoH4OweakCH3 + HOyeax. In addition to the lat-
tice oxygen atoms at the surface of the catalyst, 0**, weakly bound
oxygen atoms, Oyweak, Need to be considered in order to obtain an
adequate description of the experimental propane and O, re-
sponses. These Oy, atoms are activated oxygen atoms to be found
near and related to surface lattice oxygen, O*°, which exist specifi-
cally on freshly oxidized material. Pantazidis et al. [30] considered
similar oxygen atoms involved in the activation of propane over a
V-Mg-0 catalyst. These authors suggested that lattice oxygen
atoms are involved in the selective propane-to-propene route,
while the activated oxygen atoms, denoted as superoxidized forms
of the oxidized lattice sites, are responsible for the non-selective
route of propane to CO,. However, as only negligible amounts of
propene were detected over all catalysts investigated in the present
study, it must be concluded that both types of oxygen atoms are in-
volved in the total oxidation of propane in contrast to [30]. The
Oweak atoms will only be of importance on a pre-oxidized sample,
whereas on a partly reduced catalyst surface, the strong incorpora-
tion of oxygen atoms into the lattice will be so fast that the number
of weakly bound Oy, atoms can be neglected [31]. Liu and Flytza-
ni-Stephanopoulos [11] associate the formation of such atoms to
the presence of Ce*", but their generation at the CuO-CeO, interface
has also been reported [32,33]. Because of the uncertainty of where
the Oyeax atoms are formed, the number of sites on which these
atoms can be created will not be explicitly considered in the kinetic
model. Instead, it will be assumed that this number remains con-
stant during a single-pulse experiment and, hence, the product of
this number and the rate coefficient will be estimated. This assump-
tion is justified as the number of reactant molecules introduced
during one pulse is negligible compared to the number of active
sites in the reactor.

The kinetically significant steps for propane total oxidation are
summarized in Fig. 2c, in which both reduction and oxidation
schemes are combined, presenting a complete reaction network.
The extra step related to the activation of propane by Oy, is de-
noted by number (20), while the other steps are assigned identical
numbers as in Tables 2 and 3. Because of the distinction between
0** and Oyeal, in steps (1) and (2) of Table 2, a distinction is now
made between step (1a)-(1b) and (2a)-(2b). For the adsorbed
CO, formed by interaction of propane with Oyeay, it is assumed that
these CO- weak Species will rather desorb from the surface than dis-
sociate, see step (21). For the weakly bound O atoms, Oyeay, trans-
formation to bulk oxygen atoms is not considered as these atoms
will either directly react with propane to form CO, or desorb,
rather than diffuse into the bulk of the catalyst.

Because between 623 and 723 K, only propane and oxygen re-
sponses are available, an estimation of the rate coefficients is only

possible for the steps presented in bold in Fig. 2c. Moreover, some
of these elementary reactions are identical to steps from the reac-
tion network of reduction, i.e., steps (5)-(7) from Table 3, and the
corresponding rate coefficients will not be estimated. The parame-
ters of steps (3) and (4) will not be estimated either for similar rea-
sons. Instead, their values will be fixed to the values obtained
under reduction and oxidation conditions, resulting in the follow-
ing parameters to be estimated by regression of the responses to
oxygen/propane pulses: kyg for the activation of propane by Oyeax,
kqa and ky, for the activation of O, to O** and Oyeax atoms and k;,
and ky;, for the possible desorption of these atoms, respectively. It
should be stressed that the parameter kqp is a product of a rate
coefficient and a concentration of the active sites on which the
weakly bound oxygen atoms are formed. The specified parameters
will be estimated by multi-response regression, applying the fol-
lowing expressions for the net production rates:

Ry, = —ksCoymyCors + keCoypiyors — krCoymy Cors — KaoCepny Co,
(38)
Ry, = —k1aCo,C2 + k2aCo-s — kipCo, + kapCoye (39)
Roos = —ksCypy Cors + ksCeymgors — 14k Ceyg Covs
+ 2k12Co,C% ¢ — 2kpaChrs — k3Cors + kaCyu (40)
R0pene = —14k20Cen, G5+ kinCo, — kabCo, .y (41)
Rs o = KsCospsCos — ksCoymyors (42)
Rs-s = 3ksCe,u; Covs — 2k12Co,C? ¢ + 2kpaCovs (43)
R, o v = ksCos — kaCyus (44)

S. CUO—CEOZ/'Y-Alz03
5.1. Oxygen feed

5.1.1. Estimation of the initial concentration of reduced active sites:
isothermal regression

Despite the oxidizing pretreatment, a pre-oxidized catalyst is
not completely oxidized due to desorption of lattice oxygen at
the investigated conditions. The latter reduction is induced by
the vacuum environment of the TAP analysis chamber, causing
the catalyst to release its oxygen [14]. This implies that a C3Hg or
a CO, experiment, performed 3 min after the pre-oxidation, is
not executed over a completely oxidized catalyst surface, but over
a surface partly consisting of reduced active sites. Hence, it is

intensity (mV)

time (s) 0.3

Fig. 3. O, responses at 623 K over pre-oxidized CuO-CeO,/y-Al,03 corresponding
to an O,/Ar single-pulse experiment consisting of 20 pulses with the O, response
monitored every two pulses. (®) Experimental O, responses; (-) responses
calculated with parameter estimates reported in Tables 1 and 4, obtained by
isothermal and non-isothermal single-response regression, and Eqs. (1)-(4) with
the corresponding net production rates, Egs. (18)-(21).
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necessary to determine the initial concentration of reduced active
sites, C°, . To this end, a state-defining O,/Ar single-pulse experi-
ment consisting of ten O, pulses, performed after the pre-oxida-
tion, was modeled using the reaction network presented in Table
2. Apart from the kinetic rate coefficients, C°,s was estimated for
every reaction temperature during the isothermal regression. In
the O,/Ar single-pulse experiment, ten identical oxygen responses
were obtained, indicating that the concentration of O atoms and
reduced active sites in the catalyst bed was not affected during
the course of the single-pulse experiment. Indeed, a satisfying cor-
respondence between the experimental and calculated responses,
presented in Fig. 3 for the CuO-CeO,/y-Al,03 at 623 K, was ob-
tained only for values of the estimated initial concentration of re-
duced active sites, C°, 5, that were sufficiently high compared to the
pulsed number of O, molecules. For all temperatures between 623
and 873 K and for all catalysts, the initial concentration of reduced
surface sites could be significantly estimated as an additional
parameter next to the kinetic parameters with satisfying 95%
confidence intervals. The kinetic parameters corresponding to the
isothermal regression are not explicitly listed as the correspon-
dence with the non-isothermal estimates was very good.

As expected, isothermal estimation resulted in values for C°,
which increased with temperature. However, because the increase

N

flow rate (10'8 mol s'1)

Fig. 4. O, reactor exit flow rates corresponding to O, single-pulse experiments over
pre-oxidized CuO-CeO,/y-Al,O05 at (A) 623, (x) 673, (¢) 773, (A) 823, and (@)
873 K. Experimental O, responses are presented by symbols; (=) O, responses
calculated with parameter estimates reported in Tables 1 and 4, obtained by
isothermal and non-isothermal single-response regression, and Egs. (1)-(4) with
the corresponding net production rates, Egs. (18)-(21).

Table 4

was fairly moderate, two average values were applied as initial
conditions for the reduced catalyst sites during the non-isothermal
modeling: a first average for the 623-873 K temperature range and
a second for the 723-873 K range. In Table 1, these average values
are reported and the small difference between the two values con-
firms the limited temperature dependency of C°.;. It appeared
unnecessary to apply a third average value for the temperature
range 623-723 K, because of negligible difference compared to
the value obtained between 623 and 873 K. Depending on the con-
sidered temperature range, the ratio of the initially reduced active
sites to the total number of surface lattice oxygen atoms varies
from 25% to 29%.

5.1.2. Non-isothermal regression

Fig. 4 shows the good correspondence between the experimen-
tal and calculated transient O, responses over pre-oxidized CuO-
Ce0,/v-Al,03 after non-isothermal regression analysis of O, sin-
gle-pulse experiments, and Table 4 lists the corresponding param-
eter estimates. It must be stressed that a very broad temperature
interval ranging from 623 up to 873 K can be well described using
a single mechanism and a single set of kinetic parameter values.

The activation of O, by adsorption on two reduced catalytic
sites is an activated process with a value of E,; of 66.2 k] mol .
The rate coefficient of the subsequent desorption is quite low in
comparison to the value of adsorption. The activation energy of
the O, desorption cannot be estimated significantly different from
zero at 95% probability level. This is in line with the moderate tem-
perature dependency obtained for C°,, see Table 1.

It is found that ks and k4 are very high, but related by Ki;ans = k3/
k4. Hence, only Kians is estimated. The high ks and k4 values denote
the high mobility of O atoms in the lattice of the catalyst. The
Kirans-value higher than 1 corresponds to bulk O atoms being more
stable than the surface O atoms, as expected.

5.2. Propane feed

5.2.1. Single-pulse experiments

5.2.1.1. Temperature range 723-873 K. The experimental and calcu-
lated propane and CO, responses for all investigated catalysts are
presented in Fig. 5. The parameter estimates for the CuO-CeO,/y-
Al,05 catalyst will be discussed first, while the estimates for the
two other catalysts will be assessed and compared in Section 6,
see Table 5.

The parameter estimates, related to the CO, product responses
in case of propane feed, can be compared to the estimates obtained
for a single-pulse experiment with CO, as feed. The desorption of
CO,** from the catalyst surface is temperature dependent for both
propane and CO, feed. However, the activation energy in the for-
mer case is much higher, ie., 127.3 +1.4kJ/mol compared to
57.8 £0.7 kJ/mol, leading to a lower desorption rate coefficient,
ki, if propane is pulsed over the catalyst bed. This results in a

Estimates for the rate coefficients of O, adsorption and desorption at 773 K, the activation energies and the ratios of k3 to ks, Ki;ans, With
their 95% confidence intervals obtained by non-isothermal single-response regression of O, single-pulse experiments between 623 and
873 K over pre-oxidized catalysts, see Fig. 2a for numbering of reactions.

CuO-CeO,/y-Al,03 Cu0/6-Al,03 Ce0,/y-Al,03
ky (m? kg mol—2s71) 2209 +6.1 1074.1£45.5 13.7+0.6
E.1 (kJ mol 1) 66.2+1.2 924+25 152.8 +4.1

ko (kg mol ' s71) (10.0+3.9)x 103
E.o (k] mol™!) -2

Kirans () 76.3 +16.6
F (104) 3.60
Pmax (=) 0.93

(2.9+1.0) x 10~

a

(1.8+0.9) x 1073
a

578.5+0.5 23.7+0.1
0.85 1.19
0.50 0.29

¢ Not significantly different from 0 at 95% probability level.
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longer tail in the CO, response if formed as product, compared to
the CO, response tail following a CO-, feed, see Fig. 5a, and causes
a larger deficit in the carbon balance, especially at lower tempera-
tures. The possible formation of several kinetically significant
intermediates from propane before the formation of CO,** cannot
be the cause of the slower CO, response as the experimental data
can be well described by only considering CO,™* as kinetically sig-
nificant intermediate between propane and CO,, see Section 4.2.1.
This implies that once propane is activated, the formed intermedi-
ates instantaneously transform to CO,** which desorbs slowly. It is
possible that the CO,"* species are different if these originate
indirectly from propane or directly from adsorbed CO,, giving rise
to the observed difference in their desorption rate. Alternatively,
different active sites can be involved in the activation of propane
and the subsequent production of CO,"* compared to the active
sites involved in the adsorption/desorption of admitted CO,.

The observed difference in the value of the rate coefficient of the
CO,** dissociation, k;s, if propane, see Table 5, or alternatively CO-,
i.e, 122.8 £2.5kg mol~! s, is pulsed can also be attributed to the
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difference in origin of the CO,"* species, or to the involvement of
different active sites. Clearly, the more difficult the CO,** species
desorb from the catalyst surface and hence the stronger these
species are bound, the easier these are dissociated. This dissocia-
tion of adsorbed CO, to CO** and O**, step (18) from Table 3, is
found to be temperature independent. Although this step is revers-
ible through step (19), the forward reaction rate coefficient, ki, is
higher than the reverse, ko, implying that the O** atoms created
upon dissociation of CO, will have a sufficiently large lifetime to
be involved in the propane total oxidation.

5.2.1.2. Temperature range 623-873 K. Focusing on the propane re-
sponses alone, the propane single-pulse data can be modeled over
the whole temperature range by a single-response regression. The
agreement between the experimental and the calculated responses
can be assessed from Fig. 6. Similar to the regression of the O, sin-
gle-pulse experiments, a very broad temperature range can be well
described with a single mechanism and a single set of kinetic
parameters. The parameter estimates will be evaluated based on
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Fig. 5. Propane and CO, reactor exit flow rates corresponding to propane single-pulse experiments over pre-oxidized CuO-CeO,/y-Al,05 (a), CuO/0-Al,03 (b), and CeO,/y-

Al,05 (c) at 773 K (empty symbols) and 873 K (full symbols). (@

) Experimental CsHg responses; (a) experimental CO, responses; (-) C3Hg and (- - -) CO, responses calculated

with parameter estimates listed in Tables 1 and 5, obtained by isothermal single-response regression of O, responses and non-isothermal multi-response regression of C3Hg
and CO, responses, and Egs. (1)-(4) with the corresponding net production rates, Eqs. (22)-(28).
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Table 5

Estimates of rate coefficients at 773 K and activation energies with their 95% confidence intervals obtained by non-isothermal multi-
response regression of propane single-pulse experiments between 723 and 873 K over pre-oxidized catalysts, see Fig. 2b for numbering of

reactions.
CuO-Ce0,/ Cu0/6-Al,03 CeO,/v-Al,04
v-Al03
ks (m® mol~'s71) 48+0.1 34.4+0.5 0.7+0.1
E.s (k] mol ") 165+1.7 24.7+1.2 158.4£1.9
ke (s1) 159+ 0.4 185+0.2 259+0.7
E.e (k] mol™") -2 = -2
ks (m? kg mol=2s~1) 22.6+0.5 458.3+5.7 41703
E.7 (k] mol ") 64.3+1.9 94.7+1.3 126.0 £0.7
ka7 (s71) 23.9+0.9 17.6+0.2 (3.0%£0.1) x 1072
Ea17 (k] mol ™! 127.3+1.4 125340.7 169.6+1.5
kqg (kg mol~'s™1) (12£0.1) x 10° (11£0.1) x 10% 3.9+0.1
Eaas (Kjmol ™) = = =
k19 (kg mol~1s1) 14.1 £0.6 726+1.1 -2
Ea10 (K mol ™) = =° =°
F(10% 9.98 54.21 19.99
Pmax (=) 0.77 0.87 ~0.94
¢ Not significantly different from 0 at 95% probability level.
the single-response regression, see Table 6, as the latter covers a Table 6

broader temperature range.

The associative adsorption of propane, step (5) from Table 3, is
found to be reversible, step (6), but not at equilibrium. Indeed,
varying the absolute values of ks and kg while fixing their ratio re-
sulted in different propane shapes, which did not adequately de-
scribe the observed responses. It can be concluded that the
propane response is not solely dependent on the value of the equi-
librium coefficient, K, but also depends on the absolute values of ks
and kg in accordance with Rothaemel et al. [34].

As these two steps do not lead to formation of CO,, mainly step
(7) from Table 3 is important concerning the activity of the catalyst
for the total oxidation of propane. This kinetically significant step
in the activation of propane on two lattice oxygen atoms leading
to CO, has an activation energy, E, 7, of 62 kJ mol~! which is com-
parable to other values reported in literature for propane oxidation

flow rate (10'8 mol s'1)
w
[4)]

0 0.15 0.3
time (s)

Fig. 6. Propane reactor exit flow rates corresponding to propane single-pulse
experiments over pre-oxidized CuO-CeO,/v-Al,05 at (A) 623, () 673, (O) 723, (#)
773, (A) 823, and (@) 873 K. Experimental C3Hg responses are presented by
symbols; (-) C3Hg responses calculated with parameter estimates listed in Tables 1
and 6, obtained by isothermal single-response regression of O, responses and non-
isothermal single-response regression of C3Hg responses, and Egs. (1)-(4) with the
corresponding net production rates, Eqs. (22), (24), and (25). CO, desorption is
neglected.

Estimates of rate coefficients at 773 K, activation energies and corresponding reaction
time scale at 773 K with their 95% confidence intervals obtained by non-isothermal
(623-873 K) or isothermal single-response regression of propane single-pulse and
multi-pulse experiments over pre-oxidized CuO-CeO,/y-Al,03, see Fig. 2b for
numbering of reactions.

Single pulse Multi pulse
ks (m3>mol~'s71) 59+0.2 2.8+0.6
E.s (k] mol™1) 90.1+1.4 -2
ke (s 1) 399+1.6 332+8.7
E.6 (k) mol™") 68+1.8 =
k; (m® kg mol—2s71) 245+0.3 30.8+7.6
E.7 (k) mol™") 62.3+04 -2
75 () (3.0£0.1)x 1073 (24+06)x 1073
F(10%) 20.38 5.22
Pmax (=) 0.81 0.53
ABIC (—)° 19,489 0

2 No activation energy is determined as only isothermal regression was
performed.

b Values relative to the BIC value obtained for the regression of propane multi-
pulse experiments.

[35,36]. The rate coefficient of this step, k;, estimated by the single-
response regression corresponds very well with the estimate ob-
tained by the multi-response regression. This does not only apply
to the temperature reported in Tables 5 and 6, i.e., 773 K, but to
the complete common temperature range. As expected, the meth-
ylene C-H bond activation, step (7), is somewhat slower than the
associative propane adsorption, step (5). This is indicated by the
lower rate coefficient, k;, compared to ks, if expressed in s~!, lead-
ing to a value of 3.3 x 10% and 8.1 x 10?5,

5.2.2. Multi-pulse experiments

Describing the propane multi-pulse experiments with the
parameters calculated for the propane single-pulse experiments
resulted in an overestimate of the propane responses as clearly
demonstrated in Fig. 7a. The single-pulse experiments only take
into account the consumption of surface oxygen atoms, 0**. If,
additionally, transport of oxygen atoms from surface to bulk and
vice versa, steps (3) and (4) in Table 2, is taken into account, the
observed propane evolution can be described adequately, see
Fig. 7b. This indicates that not only surface oxygen atoms are avail-
able for oxidation during a multi-pulse experiment, but O atoms
originating from the bulk of the catalyst also convert propane. Still,
the persistent evolution of the propane responses indicates that
this transport cannot fully compensate for the consumption of
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Fig. 7. Evolution of propane responses at 773 K over pre-oxidized CuO-CeO,/y-
Al,03 corresponding to a C3Hg/Kr multi-pulse experiment consisting of 60 pulses
with the CsHg response monitored every six pulses. (®) Experimental C3Hg
responses; (-) C3Hg responses calculated with parameter estimates reported in
Tables 1 and 6, for (a) propane single-pulse experiments, applying Eqs. (1)-(4) with
corresponding net production rates, Egs. (22), (24), and (25), and for (b) a propane
multi-pulse experiment, applying Eqs. (1)-(4) with the corresponding net produc-
tion rates, Egs. (29)-(32).

available surface atoms on the time scale of the conducted multi-
pulse experiment. In order to clarify this, the different time scales
of the important processes can be calculated, applying following
equations:

eL.S

T7=—"F—5—
k7 (Co.6)* W,

(45)

for the time scale of activation of propane, and Eq. (46) for the time
scale of the transport of O atoms from the bulk to the surface:

1

T4:F
4

(46)
To calculate the time scale, 77, the concentration of O** must remain
more or less constant. This is clearly not the case during the multi-
pulse experiments as previously discussed. Hence, the initial value
of 0™, C°o-, is applied to calculate the time scale implying that
the scale is only applicable to the first pulse of the multi-pulse
experiment. This restriction is the main reason for the good agree-
ment between the time scale calculated based on the single-pulse
experiments on one hand and the multi-pulse experiments on the
other hand, see Table 6. It is obvious that the reaction time scale
77 listed in Table 6 is several orders of magnitude smaller than
the transport time scale, 74, which amounts to 565 + 197 s for the
transport of 0*" to 0** atoms. In the course of a multi-pulse exper-
iment, this transport is fast enough to influence the activity of the
catalyst toward propane oxidation, but is too slow to create a stable
activity during 60 pulses.

10

intensity (mV)
[$)]

0 0.15 0.3
time (s)

Fig. 8. Propane (full symbols) and O, (empty symbols) responses corresponding to
propane/O, single-pulse experiments over pre-oxidized CuO-CeO,/y-Al,03 at (M)
623, (a) 673, and (@) 723 K. Experimental responses are presented by symbols; (-)
C3Hg and O, responses calculated with parameter estimates listed in Tables 1, 4, 6
and 7, and Eqs. (1)-(4) with the corresponding net production rates, Egs. (38)-(44).

Table 7

Estimates of rate coefficients at 723 K and activation energies with their 95%
confidence intervals obtained by non-isothermal multi-response regression of
propane/O, single-pulse experiments between 623 and 723 K over pre-oxidized
CuO-Ce0,/y-Al,05, see Fig. 2c for numbering of reactions. The parameter values
Kirans = ks[ka, ks, ks, and k; are fixed and listed in Tables 4 and 6.

koo (m? kg mol=2s71) 62.9+51.0
Eq20 (K] mol ") 69.3+48.8
kqa (m? kg mol2s71) (2.2+0.1) x 10?
Eaa (Kf mol ") 137.7+19

kza (kg mol 1 s71) (52+1.1)x 107*
Ea,Za (kJ lTlOl 1) -

kip (m® kg™'s7") (1.6 £0.5) x 10*
Ea1p (k] mol™") 1283+6.5

kap (s71) (6.5+2.0) x 10°
Eazp (k] mol™) -2

F(10% 2.75

Pmax (*) 0.98

2 Not significantly different from 0 at 95% probability level.

Although the reaction time scale, 75, is very small, it is measur-
able as it lies within the window of measurable rate coefficients or
corresponding time scales derived by Huinink et al. [37] for TAP
single-pulse experiments:

1> Tprocess = ‘10745 (47)

Such a small time scale for reaction illustrates the high activity of
this catalyst for propane activation.

5.3. Oxygen/propane mixture

In Fig. 8, it is demonstrated that O, and propane responses cor-
responding to single-pulse experiments with an O,/propane mix-
ture over pre-oxidized CuO-CeO,/y-Al,03 can be very well
described by the combined reaction network for reduction and
oxidation presented in Section 4.4. The corresponding parameter
estimates are shown in Table 7.

If a propane/O, mixture is introduced, both weakly bound oxy-
gen, Oyeak, and lattice oxygen atoms, O**, activate propane. As the
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value for ko reported in Table 7 at 723 K is higher than k; reported
in Table 6 at 773 K, it can be concluded that O, atoms are more
active toward total oxidation than the O** atoms. Despite this
higher activity, the propane activation rate on the Oy, atoms is
lower compared to the rate on the O** atoms, because of the much
lower concentration of the former atoms. This is in line with the
high estimated desorption rate coefficient of the Oyeax atoms, ko,
in Table 7, limiting their influence, especially on a larger time scale.
The regeneration of the O** atoms, presented by kq, in Table 7, is
slower than the creation of the Oyeax atoms through ky;,, which is
partially compensated by the faster desorption of the latter. It must
be mentioned that before comparing these rate coefficients, both
values were expressed in s'. Again, no temperature dependent
desorption processes could be estimated for the same reason as ex-
plained in Section 5.1.2. The presence of Oyeax atoms increases
only slightly the concentration of catalytically active sites under
total oxidation conditions, so the higher observed activity is the
result of their higher reactivity.

6. Single metal oxides

The mechanism of total oxidation on single metal oxides is
thought to be similar to that on the mixed metal oxide [2]. Appli-
cation of the reaction networks of oxidation, see Section 4.1, and
reduction, see Section 4.2, derived for the CuO-CeO,/y-Al,03
catalyst to the experimental responses over the single oxide
catalysts allowed a similarly good description of the experimental
data, see Fig. 5b and c for the propane and CO, responses over
Cu0/6-Al,05 and CeO,/y-Al,0s3, respectively.

For the CuO/6-Al,03 catalyst, significant parameter estimates
were found for all the steps considered significant on CuO-CeO,/
v-Al;05. For the CeO,/y-Al,03 catalyst, only the recombination of
CO** and O*®, reaction (19), was not found to be significant, see
Table 5.

6.1. Oxygen feed

The average values for the initial concentration of reduced ac-
tive sites, C°,, for the single metal oxides, listed in Table 1 can
be compared to the value obtained for CuO-CeO,/y-Al,03. Clearly,
the CeO,/y-Al,03 catalyst releases its surface oxygen atoms more
easily compared to the other catalysts as the ratio of the initially
reduced active sites to the total number of surface lattice oxygen
atoms is the highest, i.e., from 58% to 63%, depending on the con-
sidered temperature range. For the CuO/0-Al,03 catalyst, the ratio
varies from 34% to 48%, which is lower than for CeO,/y-Al,03, but
higher than for the mixed metal oxide.

The activation of O, by adsorption on two reduced catalytic
sites is an activated process for all catalysts, see Table 4. The lowest
value of E, ; was obtained for CuO-CeO,/y-Al,0s, i.e., 66.2 k] mol !
compared to 92.4 k] mol~' for the CuO/6-Al,05 and 152.8 k] mol '
for the Ce0,/v-Al,0s. The latter high activation energy resulted in a
much lower k;-value for the O, activation on CeO,/y-Al,0s. Just as
for CuO-CeO,/y-Al,03, the rate coefficient of the desorption of 0**
on the single metal oxides is low compared to the value of adsorp-
tion. The corresponding activation energy of desorption cannot be
estimated significantly different from zero at 95% probability level.

For both Cu- and Ce-based single metal oxide catalysts, a high O
mobility is demonstrated by the estimated exchange between the
surface and bulk O atoms through a significant Ki.ns-value, see Ta-
ble 4. For the supported CeO,, a lower K.ns-value was estimated
compared to the supported CuO. This implies that the relative sta-
bility of the surface lattice O atoms compared to the bulk O atoms
is higher over the CeO, catalyst, improving the availability of the
active O atoms. Given the combination of high O mobility with

higher availability, one would expect that CeO,/y-Al,0s is a better
performing catalyst for total oxidation than CuO/6-Al,05. However,
a good catalyst should also be efficient in activating the hydrocar-
bon to be oxidized, in casu propane.

6.2. Propane feed

For the ceria catalyst, a much higher activation energy is found
for the rate coefficient corresponding to propane activation pre-
sented by E,- in Table 5, resulting in a much lower k-value. Com-
bined with the much lower estimate for the O, activation,
presented by k; in Table 4, it is found that the activation of both
reactants involved in the total oxidation is more difficult over
Ce0,/v-Al,03. Hence, it can be concluded that the CeO, catalyst
has a much lower activity compared to the CuO catalyst. Ceria is
known to have a low activity, either pure or supported [39]. In con-
trast, copper oxide catalysts are typically good catalysts for VOC
destruction [5] which is confirmed in this study.

The non-significant kqo-value for CeO,/y-Al,03 can be under-
stood if the role of ceria as activator of CO, is considered [9], to-
gether with the very high mobility of oxygen atoms within the
ceria lattice. If CO,** is dissociated to CO™* and O** on ceria via ele-
mentary step (18), the O atoms will be transported along the sur-
face where they can participate in the total oxidation reaction,
rather than recombine to form CO,"* through elementary step
(19). Hence, no significant estimate for the recombination of CO**
and O*%, k9, could be determined. This is in line with Sharma et al.
[38] who stated that CO, is adsorbed on Ce®* sites and is able to
oxidize the reduced ceria. The high CO, dissociation activity of
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Fig. 9. Propane (a) and CO, (b) reactor exit flow rates corresponding to propane
single-pulse experiments between 723 and 873 K over pre-oxidized catalyst. (-)
C3Hg and CO, responses over pre-oxidized CuO-CeO,/y-Al,03 calculated with
parameter estimates for CuO-CeO,/y-Al,0s listed in Tables 1 and 5; (- - -) C3Hg and
CO, responses over pre-oxidized (CuO + CeO,)/y-Al,03, a virtual catalyst consisting
of the two metal oxides supported on Al,03; without interaction between the
oxides. The latter responses are calculated with a combination of the parameter
estimates for Cu0/6-Al,03 and CeO,/y-Al,05 listed in Tables 1 and 5. All responses
are calculated by applying the reactor model given by Egs. (1)-(4) with the
corresponding net production rates, Egs. (22)—(28).
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the CeO,/v-Al,05 catalyst, implying a high interaction with the lat-
ter, corresponds well with the low-estimated value of the CO,**
desorption coefficient, k;7 in Table 5.

7. Comparison of CuO-Ce0,/y-Al,03 with a physical binary
mixture of single metal oxides

In order to assess the synergy of CuO and CeO, in CuO-CeO,/y-
Al,03, its performance is compared with a virtual mixed metal
oxide catalyst under reduction conditions, denoted as (CuO +
Ce0,)/y-Al;03, containing identical amounts of O*° atoms as on
Cu0-Ce0,/y-Al,03, either related to CuO or to CeO,, see Table 1.
The initial concentration of reduced surface sites, C°, s, is calculated
assuming that an identical percentage of the total surface O atoms
as on the single metal oxides will desorb from CuO and CeO, before
starting the propane single-pulse experiments, i.e., 34-48% and
58-63%. In this simulation, the kinetic parameters corresponding
to the single metal oxides are inserted into the kinetic model for
the virtual catalyst, a priori assuming that no interaction between
CeO, and CuO will influence the activity.

Fig. 9 shows the calculated propane and CO, responses corre-
sponding to the simulation of the virtual (CuO + Ce0,)/y-Al,03 cat-
alyst and the investigated CuO-Ce0O,/v-Al,0s. The higher propane
responses over the virtual catalyst compared to the responses over
CuO-Ce0,/y-Al,03, correspond to a conversion which is lower over
a catalyst without interaction between the two metal oxides. The
opposite applies for the CO, responses, which are obviously much
higher for the actual catalyst, demonstrating its higher activity.
Clearly, combining ceria with copper oxide on alumina increases
the catalytic activity.

Based on the experiments over CeO,/y-Al;0s, it is found that
ceria plays an important role in the O supply for the reaction, orig-
inating either from O, or CO, [11]. However, this is not the only
function of ceria in the CuO-Ce0,/y-Al,03 catalyst. Indeed, focus-
ing on the propane and CO, responses at 873 K in Fig. 9, it is ob-
served that the propane conversions are more or less equal,
while the CO, responses over CuO-Ce0,/y-Al,05 are higher at that
temperature, indicating a higher CO, desorption rate. The in-
creased desorption rate implies a weaker interaction and thus as
previously stated, a lower dissociation activity toward CO** and
0**. This in turn implies that combining CeO, with CuO diminishes
the production of O atoms from CO,. Hence, increased O supply
from dissociating CO, is not the motivation for adding ceria to
the catalyst. Besides, over CeO,/y-Al,0s, activation of propane is
observed, indicating that the role of ceria is not limited to that of
O supplier. Likewise, propane activation is also confirmed over
the Cu0/6-Al,03, with a higher rate than over the CeO,/y-Al,03
catalyst. Next to that function of propane activation, a high O
mobility was established, indicating that CuO has other functions
than merely activating the hydrocarbon. It is thus believed that
the redox activity for CuO-CeO,/y-Al;03 is determined by reduc-
tion and oxidation properties of both copper oxide and ceria sepa-
rately, as well as combined, and therefore influenced by the strong
interaction between these phases [40]. As the activation energy for
the propane C-H bond activation, E, 7 in Table 5, for the mixed me-
tal oxide is lower than the activation energies on the single metal
oxides, it is clear that the interactive combination of CuO and CeO,
results into reactive O atoms. This is also indicated by the different
activation energies for the dissociative O, adsorption over all cata-
lysts. The enhancement of the catalytic activity is thus a result of
an interaction between the two oxide phases and is associated
with a change in the reactivity of the involved O atoms. This is in
contrast to Radwan et al. [41] who state that doping of CuO/
Al,03 solids with ceria enhanced the catalytic activity solely by
an increase in the concentration of active sites with identical ener-
getic properties.

8. Conclusions

Applying a transient technique provides experimental data for
description of reaction networks and determination of kinetic
models that can adequately describe the redox processes, both
combined and individually, occurring on metal oxides. Limiting
the reaction networks to the reduction and oxidation on the
surface layer of the catalysts allows to describe adequately the
experimental data. Besides the kinetic parameters, the initial con-
centration of reduced active sites can also be estimated by regres-
sion of O, responses corresponding to an O/Ar single-pulse
experiment over a pre-oxidized catalyst. The surface oxygen atoms
are not the only active atoms available, as an extra amount of O
atoms originates from the catalyst bulk. An exchange between
these atoms can also be modeled during propane as well as oxy-
gen-pulse experiments. In the former case, the transport from
the bulk to the surface is significantly slower than the rate of con-
sumption of surface O atoms, leading to a significant evolution in
the propane responses during multi-pulse experiments.

If instead of pure propane or O,, a propane/O, mixture is intro-
duced, the performance of the catalyst improves due to weakly
bound oxygen atoms, created over pre-oxidized catalyst. Introduc-
tion of CO, over a reduced CuO-CeO,/y-Al,05 catalyst leads to re-
oxidation through dissociation to CO** and O** species. This CO,
dissociation also occurs if CO, is formed as product during propane
oxidation. However, this does not significantly contribute to the
propane oxidation on a time scale of a single-pulse experiment, be-
cause of the limited amount of 0™* atoms produced from CO, as
product, compared to the much higher initial amount of O*° atoms
in the catalyst.

The supported CuO catalyst shows a high rate of first C-H bond
activation in propane during the reduction of the catalyst, and a
high ability to restore its initial activity by O, activation and sub-
sequent re-oxidation of the catalyst. The ceria-based catalyst is less
active for both mentioned processes. However, the highest activity
is established for the mixed metal oxide catalyst, i.e., the CuO-
Ce0,/v-Al,0s5. The addition of ceria to the copper oxide catalyst re-
sults in a close interaction between these two oxide phases, lead-
ing to an increased catalytic activity.
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