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Abstract

In this work, transient and SSITKA experiments with isotopic18O2 were conducted to study the nature of oxygen species participating i
reaction of ethane oxidative dehydrogenation to ethylene and obtain insight in the mechanistic aspects of the ODH reaction over Ni-base
The study was performed on NiO, a typical total oxidation catalyst, and a bulk Ni–Nb–O mixed-oxide catalyst (Ni0.85Nb0.15) developed previously
[E. Heracleous, A.A. Lemonidou, J. Catal., in press], a very efficient ethane ODH material (46% ethene yield at 400◦C). The results reveale
that over both materials, the reaction proceeds via a Mars–van Krevelen-type mechanism, with participation of lattice oxygen anions.
the 18O2 exchange measurements showed a different distribution of isotopic oxygen species on the two materials. The prevalent fo
cross-labelled oxygen species on NiO indicates that dissociation of oxygen is the fast step of the exchange process, leading to large co
of intermediate electrophilic oxygen species on the surface, active for the total oxidation of ethane. Larger amounts of doubly exchang
were observed on the Ni–Nb–O catalyst, indicating that doping with Nb makes diffusion the fast step of the process and suppresses fo
the oxidizing species. Kinetic modeling of ethane ODH over the Ni0.85Nb0.15 catalyst by combined genetic algorithm and nonlinear regres
techniques confirmed the above, since the superior model is based on a redox parallel-consecutive reaction network with the participa
types of active sites: type I, responsible for the ethane ODH and ethene overoxidation reaction, and type II, active for the direct ox
ethane to CO2. The kinetic model was able to successfully predict the catalytic performance of the Ni0.85Nb0.15catalyst in considerably differen
experimental conditions than the kinetic experiments (high temperature and conversion levels).
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Ethylene, one of the most important petrochemicals, is
rently produced by steam cracking of naphtha or ethane. S
cracking is an extremely energy-intensive process, and
the development of a substitute method for the productio
light alkenes has become an urgent task. The oxidative d
drogenation of alkanes to alkenes in the presence of a sui
catalytic material constitutes the most attractive alternativ
steam cracking.

* Corresponding author.
E-mail address: alemonidou@cheng.auth.gr(A.A. Lemonidou).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.11.003
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The oxidative dehydrogenation (ODH) of ethane to ethyl
has been studied over a wide range of materials[1–4]; however,
most catalysts suffer from low yields at high conversion du
the thermodynamically favored oxidation of both reactant
product to carbon oxides. In the first part of this series[5], we
reported the development of bulk Ni–Nb–O mixed oxides
highly active and selective catalysts for ethane ODH. The
Nb–O multicomponent oxides combine both high activity
low temperature and high ethene selectivity at high conver
levels, resulting in an overall ethene yield of 46% at 400◦C.
Detailed characterization of a series of Ni–Nb–O oxides w
varying Nb/Ni ratio (from 0 to 0.67) has been reported pre
ously[5]. An overview of the characterization results indica
that the key component for this excellent catalytic behavio

http://www.elsevier.com/locate/jcat
mailto:alemonidou@cheng.auth.gr
http://dx.doi.org/10.1016/j.jcat.2005.11.003
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the Ni–Nb solid solution formed upon doping of NiO with N
since small amounts of niobium effectively convert NiO fro
a total oxidation catalyst to an effective ODH catalytic mat
ial. Optimum incorporation of Nb ions in the NiO lattice w
achieved for a Nb/Ni ratio of 0.176 (Ni0.85Nb0.15 catalyst),
since higher Nb concentrations led to the saturation of the
tice sites available for substitution and segregation of the ni
and niobium phases. Nickel sites were recognized as the a
sites responsible for the activation of the paraffinic substr
with niobium affecting mainly the selectivity to olefin by mo
ifying the oxygen species on the catalytic surface.

The present work is complementary to the characteriza
and catalytic performance study of the Ni–Nb–O oxides
ported earlier[5] and aims to obtain insight into the etha
oxidative dehydrogenation pathways over this new promis
class of catalytic materials. Several previous studies have
dressed the details of the primary and secondary steps o
oxidative dehydrogenation reaction[6–9]. It is widely accepted
that over reducible oxides, with operating temperature be
500–600◦C, the reaction proceeds via a redox (Mars–van Kr
elen [MVK]) type mechanism in two steps: reduction of the c
alyst by the alkane with extraction of lattice oxygen, follow
by reoxidation of the reduced catalyst by molecular dioxyg
In the present study, we use various isotopic18O2 exchange
techniques on pure NiO and Nb-doped NiO to probe the na
of the active and selective sites and elucidate the ODH rea
mechanism. Oxygen isotope exchange is a common metho
studying the participation of oxygen from the catalyst in oxi
tion reactions. The isotopic tracer method is very effective
has been widely used for investigating the oxidative dehy
genation reaction mechanism over various metal oxide cata
[10–17].

Kinetic study of the alkane oxidative dehydrogenation
action also yields important information about the react
mechanism. Even though the kinetic studies cannot deter
the molecular mechanism, they allow the exclusion of po
ble reaction pathways and help obtain a quantitative ana
for the participation of particular reaction routes (e.g., pa
lel vs. consecutive reactions) and different catalytic sites in
proposed mechanism. Several kinetic models for the oxida
dehydrogenation of light alkanes to olefins on various cata
systems have been reported in the literature[17–30]. Although
there is a general consensus concerning propane ODH, w
has been successfully modeled using the classical MVK
dox mechanism[20,21,23–25,27,28], some controversy exist
in the case of ethane ODH. Since the early work of Thornst
son[31] on mixed Mo–V–Nb oxides, the intervention of latti
oxygen for ethylene production has been proposed and
dox mechanism postulated. Furthermore, kinetic data obta
over vanadium oxide-based catalysts[17,19,22,32]were satis-
factorily fitted with rate equations and parameters based on
MVK mechanism or a combination of the MVK mechanis
for ethylene production and Langmuir–Hinshelwood expr
sions for carbon oxide formation. However, a different mec
nism has been proposed on molybdenum catalysts by Lun
and Solymosi[33,34], who proposed, rather than a MVK r
action pattern, a mechanism that considers the interventio
t-
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O− species in the determining step; that is, the activation
ethane involves hydrogen abstraction by O− to give ethyl rad-
icals, which further react with oxygen species on the surf
Kaddouri et al.[20,35] performed kinetic studies on NiMoO4
with both propane and ethane feed and showed that the e
ODH was dependent on the oxygen partial pressure, whe
propane ODH was not. Moreover, they observed that ethy
was formed only in the presence of molecular oxygen, w
its concentration passing through a maximum before decli
when the oxygen feed was turned off[35]. Thus, they propose
that whereas propane ODH proceeds via the participatio
lattice oxygen, in ethane ODH ethylene is formed via mild
idation by O− adsorbed species. Schuurman et al.[36] came to
the same conclusion by performing TAP experiments on N
and suggested that the ethane ODH reaction over nicke
volves a parallel-consecutive scheme for CO2 production and
that ethane is irreversibly adsorbed and activated by O− species.

In this work, we report isotopic tracer exchange studie
ethane oxidative dehydrogenation over NiO and Nb-doped
(Ni0.85Nb0.15catalyst) to elucidate the reaction mechanism o
these catalytic materials and obtain information on the na
of oxygen species and the selective and unselective path
of the ODH reaction. Based on the information obtained fr
these experiments and kinetic studies, we develop a sequen
steps and a macroscopic kinetic model describing the cata
behavior.

2. Experimental

2.1. Catalyst preparation

Experiments were performed on a Ni–Nb–O mixed-ox
catalyst with a Nb/Ni atomic ratio of 0.176 (Ni0.85Nb0.15) and
pure NiO. The preparation, physicochemical characteriza
and evaluation of the catalytic performance of the materia
the oxidative dehydrogenation of ethane to ethylene have
reported in detail previously[5].

2.2. 18O2 isotopic experiments

The isotopic tracer exchange studies were conducted
homemade flow apparatus, specially designed to allow fas
sponse times (<10 s). A four-port switching valve, driven b
an electric actuator, was used to switch between different f
and create step concentration functions to the reactor. Th
periments were performed in a U-shaped quartz reactor.
internal diameter of the reactor tube in the catalytic zone
9 mm, whereas the internal diameter in the precatalytic
postcatalytic sections was 4 mm. The temperature of the
alyst was measured by a thermocouple placed in a quartz c
lary well located in the middle of the catalytic bed. The reac
was situated in a cylindrical furnace controlled by a progra
mable temperature controller.

Before each experiment, the catalyst was pretreated in
16O2/He flow at 450◦C for 1 h, followed by flushing in He fo
1 h and subsequent cooling or heating of the sample to the
propriate temperature for each experiment. For the tempera
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programmed isotopic oxygen exchange experiments, the
lyst sample (250 mg) was subjected to 2%18O2 (Spectra Gases
95% atom enrichment)/He flow (50 cm3/min), and the temper
ature was raised from room temperature to 650◦C at a heating
rate of 15◦C/min. The system was maintained isotherma
at 650◦C for 30 min under the reactant mixture. The isoth
mal isotopic oxygen exchange experiments were conducte
425◦C and involved the switch from a flow of 1%16O2/2%
Ar/He to 1%18O2/He (50 cm3/min). For the SSITKA exper
iments, a reaction mixture of 1%16O2/1% C2H6/2% Ar/He
(50 cm3/min) was introduced in the reactor at 375◦C. The re-
action was carried out until steady-state conditions were es
lished, at which point the flow was subsequently changed to
oxygen isotope–containing mixture (1%18O2/1% C2H6/He).
The reactor exit was connected by a heated inlet capi
system to a quadrupole mass analyzer (Omnistar, Balzer
on-line monitoring of the exit gas composition. The concen
tion profiles were obtained by acquiring the signals relative
the following mass-to-charge (m/z) values: 2 (H2), 18 (H2O),
20 (H2

18O), 24 (C2H4), 30 (C2H6), 32 (O2), 34 (18O16O), 36
(18O2), 44 (CO2), 46 (C18O16O), and 48 (C18O2). Details of the
procedure followed for quantitative analysis have been repo
previously[37]. All experiments were repeated using an em
volume reactor to check the contribution of gas-phase react
describe the forcing function of the system, and account fo
of the back-mixing and electronic delays.

2.3. Kinetic studies

The kinetic studies were conducted at atmospheric pres
in a continuous fixed-bed flow reactor over the Ni0.85Nb0.15cat-
alyst [5]. The quartz reactor (9 mm i.d.) was equipped w
a coaxial thermocouple in a thermowell located in the mid
of the catalytic bed for temperature monitoring. The cata
particles were diluted with a double amount of quartz pa
cles of the same size to achieve isothermal operation. Th
action products were analyzed on-line by a Perkin-Elmer
chromatograph equipped with a thermal conductivity detec
Two columns in a series-bypass configuration were used in
analysis: a Porapak Q and a MS 5A. The main reaction prod
were C2H4, CO2, and H2O. Negligible amounts of oxygenate
were observed at the reactor exit. The ethane conversion
the selectivity to the reaction products were calculated on
bon basis. Closure of the carbon mass-balance was bette
±1%.

Before the measurements, the catalyst was activated in
ing oxygen for 30 min at 450◦C. The kinetic experiments wer
conducted at four different temperatures (240, 260, 280,
300◦C) with varying inlet partial pressures of ethane (1.0
9.12 kPa), oxygen (1.01–20.26 kPa), and the balance he
The choice of experimental conditions allowed the study
C2H6/O2 ratios ranging from 5/1 to 1/5. To assess the se
ondary reactions of ethene oxidation, the same experim
were repeated using ethene as feed instead of ethane. T
fluence of the reaction products in ethane oxidative dehy
genation was studied at 280◦C by introducing varying concen
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trations of water (0–10.13 kPa) into the feed (5.07 kPa C2H6,
5.07 kPa O2, balance He).

Catalyst weight was adjusted accordingly in each set of c
ditions to keep the reactants conversion<6% and maintain
differential conditions in the reactor. The total flow rate w
150 cm3/min in all cases. Preliminary experiments perform
at the higher reaction temperature studied (300◦C) with vary-
ing total flow ensured the absence of external mass tran
limitations for flow rates�150 cm3/min. Internal mass trans
fer limitations become important with increasing size of ca
lyst particles. Since the Ni0.85Nb0.15 catalyst used in this stud
has a very small particle size (<100 µm), the internal trans
fer limitations were assumed to be negligible. The absenc
heat and mass transfer limitations were also confirmed the
ically, using the Mears criteria. The contribution of gas-pha
initiated reactions was tested by conducting experiments u
an empty-volume reactor. The conversion of ethane/ethen
these experiments was negligible, confirming that gas-phas
actions are absent at the experimental conditions used fo
kinetic tests.

3. General considerations for kinetic modeling

The kinetic parameters were determined by modeling
quartz tubular reactor as an isothermal axial plug flow reac
Assuming steady-state operation, the material balance for
gas phase component was expressed by the following equa

dpi

dmcat
= RT

Q

∑

j

vij rj ,

whererj is the rate of thej reaction,νij is the stoichiometric
coefficient of speciesi in reactionj , mcat is the weight of the
catalyst sample, andQ is the total inlet volumetric flow rate a
reaction conditions, resulting in a first-order differential eq
tion system.

At steady-state conditions, the concentration of the sur
species is assumed to be constant. Therefore, surface cov
values were calculated by numerically solving a system o
gebraic equations describing the mass balance of each sp
and the global balance of the normalized surface coverage
each center.

The system of differential equations was numerically in
grated over the catalyst mass for each set of initial experime
conditions, using an explicit Runge–Kutta[2,3] pair method. In
the parameter search procedure, the objective function w
minimize the weighted sum of the squared differences betw
the experimental molar fractions for each species and thei
ted values. The minimization was performed by first obtain
an initial estimate of the kinetic constants using a genetic
gorithm. The big advantage of genetic algorithms lies in
fact that they are able to depart from local minima, thus
taining with high probability a global solution. The solutio
offered by the genetic algorithm were then used as starting
ues for nonlinear regression analysis, using a Gauss–Ne
algorithm with Levenberg–Marquardt modifications for glob
convergence[38]. The sufficiency of each model tested w
evaluated based on the root mean squared error (RMSE
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the regression and the square of the correlation betwee
response values and the predicted response values (R2), ad-
justed on the residual degrees of freedom (number of resp
values minus the number of fitted coefficients)[39]. The joint
confidence region and the correlation between the param
values were also assessed. All computational calculations
performed with MATLAB software. In all models studied, th
Arrhenius equation and the Van’t Hoff law were used to expr
the reaction rate and adsorption parameters, respectively
pre-exponential factors determined refer to a mean tempera
T0 (270◦C). This centering procedure was used to minimize
strong correlation between the pre-exponential factor and
activation energy and thus facilitate the parameter search[40].

4. Results and discussion

4.1. 18O2 isotopic exchange studies

4.1.1. Temperature-programmed isotopic oxygen exchange
One of the major issues in a partial oxidation reaction o

oxide catalysts is the role of the catalyst oxygen and the
teraction of the oxidant with the catalytic surface, which c
be studied using labeled18O2. Several phenomena, includin
release/uptake, diffusion, sorption, and18O isotope exchange
can occur during the interaction of gas-phase oxygen with
solid oxide. The simplest type of reaction is that of equilib
tion or homomolecular exchange (R0 mechanism), whic
catalyzed by the oxide surface but does not involve excha
with oxygen of the oxide lattice[41,42]. The exchange of la
belled gas-phase oxygen with the catalyst oxygen is referre
as heterolytic exchange and can occur via a simple (R1 me
nism, the exchange of only one surface oxygen species) a
a multiple (R2 mechanism, the simultaneous exchange of
surface oxygen species) heteromolecular18O isotope exchang
mechanism. All three types of interaction of gaseous oxy
with the solid can occur simultaneously and yield important
formation concerning the oxygen activity[41,42].

In view of the above, temperature-programmed18O2 iso-
tope exchange (TPIE) measurements were conducted o
lected samples to investigate the oxygen species and the
and density of sites available for oxygen activation on nick
based oxides. The experiments were performed on pure
which, as shown previously[5], exhibits high activity for con-
verting ethane mainly to CO2, and on the Ni0.85Nb0.15 catalyst,
which demonstrates a very high activity and selectivity in e
ylene production via ethane ODH.

The TPIE profiles in the 30–650◦C temperature range fo
NiO and Nb-doped NiO are presented inFigs. 1A and B, re-
spectively, where the surface consumption and formation
of all isotopic species (18O2, 16O18O, and16O2 species) is de
picted as a function of temperature. The oxygen balance i
experiments amounted to 95± 5%, and hence the amount
oxygen consumed for any irreversible adsorption or desorp
was not significant. The oxygen-exchange process comme
at low temperature in both solids, the temperature range o
terest for the actual catalytic reaction. The lowerTonsetrecorded
for NiO (350 compared with 380◦C recorded for Ni0.85Nb0.15)
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Fig. 1. Temperature-programmed18O2 isotopic oxygen exchange profiles
(A) NiO and (B) Ni0.85Nb0.15 versus temperature.

indicates higher oxygen mobility in NiO. The temperature
pendence of the conversion of18O2 to the various oxygen iso
topes allowed estimation of the apparent activation energy
the exchange reaction for the two materials (seeTable 1). The
value of 114.6 kJ/mol for NiO is in good agreement with re
sults reported by Winters[42]. The introduction of Nb induce
a significant increase in the activation energy for oxygen
change up to 175.6 kJ/mol, reflecting more strongly bonde
oxygen species on Nb/NiO compared with pure NiO. Furthe
more, the rate of18O exchange with the surface of Ni0.85Nb0.15
is markedly reduced with respect to the Nb-free solid.

Over both catalysts, the exchange process starts via
multiple-exchange mechanism, because the first produc
tected is16O2, with concurrent exchange of two surface spec
with gas-phase oxygen. For the Nb-doped catalyst, the
of this reaction reaches a maximum at 485◦C and decrease
thereafter, while simultaneously the simple heteromolecula
change begins at 400◦C as the16O18O signal starts to increas
The (m/z) 34 signal reaches a maximum at∼550◦C and then
decreases, whereas the exchange of gaseous oxygen with
ond type of oxygen species is evidenced by a broad should
650◦C. The amount of catalyst oxygen exchanged up to 55◦C
(maximum of the16O18O signal) corresponds roughly to mon
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Table 1
Quantitative results of the temperature programmed18O2 isotopic oxygen (TPIE) experiments

Catalyst Ea
(kJ/mol)

µmol of16O atoms
exchanged/m2

Oxygen
layers

Percents of atoms
16O in 16O2

Percents of atoms
16O in 16O18O

NiO 114.6 264.1 6.95 17.36 82.64
Ni0.85Nb0.15 175.6 119.6 3.15 36.84 63.16
nte

e
sig
ing

ge

xy-
si

en

ee
eas
he

s 3

lid
It i
wi

din

st
n e
ga
e-
ang
t th

a

lly
r
ned,

-

dy-

en a
%
-
eed
Fig. 2. Total rate of16O species exchanged during TPIE experiments and i
gral amount of16O exchanged versus temperature.

layer surface coverage (19 µmol O/m2 calculated based on th
lattice constant and crystallographic structure of NiO) and
nifies the beginning of a slower exchange with oxygen diffus
from the bulk of the oxide. The NiO TPIE profile (Fig. 1A)
shows again that exchange proceeds with two different oxy
species with peaks at 485 and 625◦C in the (m/z) 34 signal, but
with a much larger contribution from the high-temperature o
gen species in contrast to the Nb catalyst, in which the oppo
is observed.

Fig. 2presents the total surface exchange rate of16O species
(16O2 and 16O18O) and the amount of exchangeable oxyg
species estimated from the integration of the TPIE16O response
curves as a function of reaction temperature. It is clearly s
that the amount and lability of exchangeable oxygen decr
considerably upon doping of NiO with Nb. The results of t
TPIE experiments are summarized inTable 1. NiO exchanges
almost twice the amount of oxygen species than Nb/NiO, cor-
responding to∼7 equivalent monolayers of oxygen, wherea
oxygen layers are available for exchange in Ni0.85Nb0.15. Thus
on both solids, the diffusion of O from the inner bulk of the so
is a significant process for supplying oxygen to the surface.
interesting to compare the surface rate of oxygen exchange
the rate of ethane consumption during ethane ODH. Accor
to the values reported previously[5], NiO exhibits almost twice
the surface ethane activation rate than the Ni–Nb–O cataly
the same reaction temperature, whereas the rate of oxyge
change for NiO in the TPIE experiments appears to be a
double in the 400–500◦C range. This implies a correlation b
tween the ability of the catalysts to convert ethane and exch
oxygen on the surface. Therefore, it can be postulated tha
high surface activity of NiO in the ethane ODH reaction is
-
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Fig. 3. Isothermal18O2 isotopic oxygen exchange profiles (T = 425◦C) of (A)
NiO and (B) Ni0.85Nb0.15 versus time after switch from 1%16O2/2% Ar/He
to 1%18O2/He.

result of highly active oxygen species, which, however, fu
oxidize ethane to CO2. The addition of niobium reduces o
eliminates this type of oxygen species, which can be assig
based on O2-TPD studies performed on these materials[5] and
literature reports[43], to nonstoichiometric electrophilic oxy
gen species.

4.1.2. Isothermal isotopic oxygen exchange
Additional information was extracted from isothermal stea

state isotope exchange experiments conducted at 425◦C over
the NiO and Ni0.85Nb0.15 oxides.Figs. 3A and B present the
transient curves of different oxygen isotopes obtained wh
stream of 1%16O2/2% Ar was switched to a stream of 1
18O2 (balance He) for NiO and Nb/NiO, respectively. The ar
gon transient relaxes back to zero within 10 s after the f
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switch, whereas the transients for18O2, 16O2, and 16O18O
change much slower, providing clear evidence for the oc
rence of isotopic exchange between oxygen in the gas p
and lattice and/or adsorbed oxygen species on the solid ox
Over the NiO sample, the16O2 transient decreases to zero r
atively rapidly (4 min after the switch), indicating a very rap
double-oxygen exchange via the R2 mechanism. Cross-lab
oxygen formation reaches a maximum 40 s after the sw
and a pseudo-steady state is reached after 4 min with a ca
concentration of16O18O in the exit gas stream, indicating th
dominance of the simple heteroexchange mechanism, in a
ment with the TPIE measurements. The initial rapid trans
of the16O2 signal is attributed to the rapid double exchange
16O for 18O at the surface of NiO particles. As the surface is
pleted in oxygen, oxygen diffusing from the bulk progressiv
participates to a greater extent.

A different behavior is recorded for the Nb-doped NiO ox
(Fig. 3B). The16O2 signal exhibits a rapid decrease in the fi
minute after the switch and then smoothly decreases, appro
ing a steady value>0 and equal to∼5% during the time spa
of the experiment. This rapid rate of oxygen exchange coul
attributed to the reaction with surface lattice oxygen and/or
sorbed16O species on the catalytic surface, while the slow
rate to the exchange of catalyst oxygen diffusing from the b
of the oxide. Significant amounts of cross-labelled oxygen
also formed on the Ni–Nb catalyst; however, the formation
of this species increases slowly with time, exceeds the con
tration of unlabeled16O2 at 5 min, and reaches a 20% conce
tration after 20 min of isotopic exchange.

Comparing the behavior of the two solids, we can ded
that doping of NiO with Nb suppresses the very rapid surf
oxygen exchange recorded in the case of pure NiO and
hances the exchange proceeding via the multiple heterom
ular mechanism as opposed to the simple exchange mecha
prevailing on pure NiO. According to a generally adopted
netic scheme[44], the interaction of the catalyst with adsorb
oxygen comprises an electron transfer from the solid to the
sorbate, converting oxygen from O2 to lattice O2− anions via
the following sequence, which includes oxygen dissociation
corporation, and diffusion steps:

O2(g) ←→ O2(surface)
e←→ O2

−(surface)
e←→ O2

2−(surface) ←→ 2O−(surface)
2e←→ 2O2−(surface) ←→ 2O2−(bulk)

The distribution of isotopic exchange products depends on
relative rates of the dissociation, incorporation, and diffus
steps. Hence, a faster incorporation reaction and subse
diffusion results in16O2 as the dominant product. In contra
faster dissociation of oxygen compared with oxygen incor
ration leads to formation of16O18O [45]. The prevalent forma
tion of cross-labelled oxygen species on NiO indicates tha
incorporation and diffusion of oxygen is the rds, whereas
sociation of oxygen on the surface is very fast, in accorda
with the high exchange rate observed. Doping with Nb poss
reduces the active sites available for dissociation, making d
sion the fast step of the process, leading to a lower exchang
-
se
s.
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and production of larger amounts of doubly exchanged spe
This is in agreement with findings from O2-TPD and electrica
conductivity studies reported previously[5], in which NiO was
found to accommodate a large amount of excess nonstoi
metric oxygen, that based on literature consists mainly[46,47]
consisting mainly of O2− and O− species. The presence of N
was found to consume or eliminate the incompletely redu
electrophilic oxygen species (e.g., O−, O2

−, and O2
2−) [5].

Therefore, the rapid oxygen exchange occurring immedia
after the isotopic switch on NiO is attributed to rapid oxyg
dissociation on surface defects, leading to the formation o
tive electrophilic oxygen species. In agreement with the T
results, these surface defects are suppressed by the addit
niobium, and thus a slower exchange rate is recorded.

4.1.3. Steady-state isotopic transient kinetic analysis under
reaction conditions

To study the involvement of oxygen species under wo
ing conditions, the steady-state isotopic transient kinetic an
sis (SSITKA) method, a very powerful technique that allo
the study of the dynamic behavior of the system without p
turbing the steady-state course of the reaction, was used
SSITKA experiments were performed at 375◦C by switching
the reaction feed stream from 1% C2H6/1% 16O2/2% Ar to 1%
C2H6/1% 18O2 (balance He). The transient curves for the C2
and H2O species over NiO and Ni0.85Nb0.15 are illustrated in
Figs. 4A and B, respectively. It should be stressed that the
of the signals for a single molecular species remained con
after the feed change, indicating that the steady state o
reaction was not disturbed. Concerning pure NiO, the car
dioxide transients reveal a very rapid response, and the sy
seems to approach a pseudo-steady state within the first m
after the isotopic switch. The C16O2 transient relaxes relativel
fast and approaches a steady value of almost 10%, wherea
duction of both the cross-labelled carbon dioxide and C18O2 be-
gins immediately after the feed change. Cross-labelled CO2 ex-
hibits a maximum rate of formation at 40 s and then stabilize
a concentration of 40%, which drops very slowly in favor of t
C18O2 that acquires a value of 50%. A very different respo
is observed when NiO is doped with niobium. A much slow
decay of the C16O2 signal is recorded, whereas the first label
product detected is C16O18O, followed by double-labelled ca
bon dioxide after a delay of about 1 min. With increasing tim
C18O2 increases slowly at the expense of cross-labelled C2,
because more surface16O is exchanged with18O, and the pos
sibility of removing two isotopic oxygen species increases.

The transients for the oxygen species during the isot
switch under ethane ODH reaction conditions (not shown) s
very rapid oxygen exchange, with16O2 depletion following
stabilization of the inert argon tracer at a low constant conc
tration of 2% for the duration of the experiment. In contr
to the isotopic oxygen exchange experiments in the absen
ethane, no cross-labelled oxygen formation was detected
der ODH conditions. Therefore, it seems that the dissocia
chemisorption of oxygen is irreversible in the course of
oxidative dehydrogenation reaction, in agreement with var
previous reports[12,15,17]. The drastic change in the respons
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Fig. 4. Transient responses of CO2 and H2O isotopic species during SSITKA
experiments (T = 375◦C) of (A) NiO and (B) Ni0.85Nb0.15 versus time after
switch from 1% C2H6/1% 16O2/2% Ar/He to 1% C2H6/1% 18O2/He.

of the oxygen exchange products in the presence of ethan
dicates that the rate of ethane reaction with the oxygen sp
formed from the activation of gas-phase18O2 on the surface is
faster than the rate of recombination and desorption of the
gen species in the form of16O2 or 16O18O, as was observed i
the absence of the hydrocarbon feed.

The water responses (H2
16O, H2

18O) are generally much
slower than the CO2 curves, a finding that was expected co
sidering the strong adsorption of these species on the cata
surface and on the experimental apparatus. However, com
ing the relaxation of H216O on the two samples shows that t
decay is much faster for pure NiO than for the niobium ca
lyst, in agreement with the results for the CO2 transients. The
concentration of unlabelled oxygen remains at high levels
a significant duration, indicating that the oxygen inserted
water comes primarily from the catalyst lattice. A rough cal
lation of the theoretical concentration of H2

16O in the reactor
exit—assuming that all water is produced from the stoich
metric total oxidation reaction of ethane to carbon dioxide
based on the concentration of the isotopic CO2 species—gives
a value much lower than the actual measured value. Thi
n-
es

-

tic
r-

-

r

-

-

dicates that the water produced from the selective step o
alkane to olefin conversion also contains significant amoun
lattice oxygen, confirming the participation of catalyst oxyg
in the selective pathway of the reaction.

To check for the accumulation of reaction intermediates
der reaction conditions, at the end of the SSITKA experime
the flow was switched to pure He under the reaction tempera
(375◦C). After suppressing ethane and oxygen from the fe
all reactants and products disappeared rapidly following the
ert argon tracer transient, indicating no significant accumula
of hydrocarbon or carbonaceous intermediates/deposits o
catalytic surface. A delay was observed only for the H2O tran-
sient, signifying the strong adsorption of water on the catal
surface.

The formation of significant amounts of16O-containing
products long after the isotopic switch on both studied s
ples is a strong indication that over nickel-based catalysts
reaction proceeds with the participation of lattice oxygen
a MVK-type mechanism. Furthermore, the formation of un
beled CO2 species points to the participation of lattice oxyg
in the unselective pathways of the reaction as well, in cont
to some earlier literature reports postulating that lattice oxy
is involved only in the selective step of converting the pa
finic substrate to olefin, whereas total oxidation occurs w
oxygen from the gas phase[48]. It should also be mentione
at this point that isothermal isotope oxygen exchange exp
ments under oxidizing conditions (in the absence of ethan
the feed) performed at 375◦C showed no exchange activity, an
higher temperatures were required to observe measurable
topic exchange (see the description of experiments perfor
at 425◦C). However, the experiments performed under reac
conditions at 375◦C, as shown inFigs. 4A and B, exhibit signif-
icant activity of lattice oxygen, indicating that when the surfa
is partially reduced, oxygen vacancies are created and thu
tice oxygen mobility is enhanced compared with exchang
the absence of the alkane.

Nevertheless, even if isotopic tracer studies are very h
ful for elucidating the oxygen species involved in the react
scheme, it is still very difficult to determine the primary ox
gen source responsible for the formation of the products.
possible that a product species could be formed initially by
action of ethane with an adsorbed oxygen species from the
phase, but that secondary O exchange of its oxygen with la
oxygen could then occur. Such secondary exchange proc
have been reported to have very low activation energy and
cur very rapidly on metal oxides, at a rate much higher t
the formation of the product species[49]. The total fraction of
16O species in all O-containing products (CO2 and H2O) as a
function of reaction time after the isotopic switch for the tw
catalysts is plotted inFig. 5. In both cases, the 16-oxygen co
centration approaches near-equilibrium conditions, sugge
that secondary exchange reactions and surface-catalyze
change processes resulting in gas-phase equilibration are
likely to occur. Therefore, only qualitative (not quantitative)
terpretation of the SSITKA results has been attempted in
study. As seen inFig. 5, the concentration of16O over NiO
drops to 55% immediately after the switch, indicating either
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Fig. 5. Transient responses of total16O species during SSITKA experimen
(T = 375◦C) versus time after switch from 1% C2H6/1% 16O2/2% Ar/He to
1% C2H6/1% 18O2/He.

rect participation of gas-phase oxygen or very rapidly form
adsorbed oxygen species. After 5 min, a pseudo-steady
equilibration is reached, with the16O concentration stabilizing
at 45%. Introducing niobium produces a noticeably slower
cay that equilibrates 45 min after the isotopic switch, reinfo
ing previous results[5] demonstrating that niobium eliminate
the very active nonselective O− species on the surface of Ni
by reducing the active sites for rapid oxygen dissociation
the surface. This slower relaxation could be an indication of
involvement of less labile selective lattice O2− species, respon
sible for the high ODH activity recorded over the Ni–Nb–
mixed oxide.

4.2. Kinetic modeling

4.2.1. Reaction network
To develop an efficient kinetic model able to predict a

describe the course of a catalytic reaction, a reaction netw
must first be constructed. The kinetic experiments were c
ducted over the Ni0.85Nb0.15 catalyst (Nb/Ni atomic ratio of
0.176), which proved to have the optimum catalytic formu
tion among the different Ni–Nb–O catalysts studied for ach
ing maximum ethene yield (46% at 400◦C) [5]. The selec-
tivity versus conversion relation, obtained from experime
performed at constant temperature and varyingW/F presented
previously[5], showed that the catalyst has a high initial eth
selectivity (90%) that remains almost constant (with only a v
small drop) with increasing conversion, indicating a very l
extent of secondary olefin oxidation reactions. Moreover,
only byproduct detected was CO2, allowing the construction
of a very simple reaction network consisting of the oxyde
drogenation of ethane to ethylene [reaction(1)], the primary
oxidation of ethane to carbon dioxide [reaction(2)], and the
secondary oxidation of produced ethene to CO2 [reaction(3)]:

C2H6 + 0.5O2 → C2H4 + H2O, (1)

C2H6 + 3.5O2 → 2CO2 + 3H2O, (2)

C2H4 + 3O2 → 2CO2 + 2H2O. (3)
te

-
-

n
e

rk
-

-

e

Fig. 6. Effect of C2H6 partial pressure on rates of consumption/formation
reactants/products during ethane ODH (reaction conditions:pO2 = 5.07 kPa,
T = 300◦C).

4.2.2. Ethane and oxygen partial pressure variations
The effect of reactant partial pressure on the ethane oxid

dehydrogenation reaction was studied by maintaining the
tial pressure of the one reactant constant and varying that o
other, while keeping the total inlet flow constant by balanc
with He. These experiments were conducted at four diffe
temperatures (240, 260, 280, and 300◦C), and similar results
were obtained at all temperatures studied. The effect of et
partial pressure on the rates of consumption/formation of
actants/products at 300◦C is depicted inFig. 6. Increasing the
ethane concentration in the feed stream proves beneficia
the ODH reaction, increasing the consumption rate of eth
and oxygen and formation rate of ethylene and carbon dio
similarly. This finding is clearly confirmed by the selectiv
pattern (not shown), which shows no alteration in the C2H4 and
CO2 selectivity, indicating a similar ethane activation pathw
for dehydrogenation and the oxidation reaction.

The analogous results for the variation of the oxygen p
tial pressure at 300◦C are illustrated inFig. 7. At low oxygen
pressures, all rates increase almost linearly up to an oxygen
centration of 5.07 kPa, corresponding to a C2H6/O2 ratio of 1.
Further increases reduces the affect of O2 on the ethane con
sumption and ethene formation rates, while that of O2 and CO2
keep increasing, demonstrating that high oxygen concentra
promote total oxidation at the expense of the oxydehydrog
tion reaction.

4.2.3. Effect of H2O
The transient experiments performed on the Ni–Nb–O

alyst demonstrated the occurrence of only a water ads
tion step. Weak inhibition of ethane ODH rates by the wa
formed in ODH and combustion steps has been reported p
ously [17], where it was postulated that water titrates vaca
sites with hydroxyl species and decreases the number o
tice oxygen atoms available for the C–H bond activation st
The influence of water on the ethane oxidation reaction o
the nickel–niobium system was studied by introducing vary
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Fig. 7. Effect of O2 partial pressure on rates of consumption/formation of
actants/products during ethane ODH (reaction conditions:pC2H6 = 5.07 kPa,
T = 300◦C).

Fig. 8. Effect of H2O addition on rates of consumption/formation of r
actants/products during ethane ODH (reaction conditions:pO2 = pC2H6 =
5.07 kPa,T = 280◦C).

amounts of H2O (0–10.13 kPa) into the feed (5.07 kPa C2H6,
5.07 kPa O2, balance He) at 280◦C. Fig. 8 shows the relation
between the amount of H2O in the feed and the rates of co
sumption/formation for all other reactants/products. The r
of ethane consumption and ethene formation similarly decr
with a negative order in the H2O partial pressure, with the in
hibition effects weakening with increasing water concentrat
In contrast, the production of carbon dioxide seems to be u
fected by the presence of water. The different effect of H2O on
the rate of ethene and carbon dioxide formation over this c
lyst suggests the existence of two types of active sites, sele
sites responsible for converting ethane to ethene and uns
tive sites capable of primarily oxidizing ethane to CO2. Water
seems to be preferentially adsorbed only on the selective s
and thus has no effect on carbon dioxide production. The i
bition caused by water in the ethane ODH reaction appea
be reversible, since the activity was restored to its original va
when H2O was removed from the feed.
s
e

.
f-

-
ve
c-

s,
i-
to
e

Fig. 9. Effect of (a) C2H4 and (b) O2 partial pressure on reactants/produ
rates of consumption/formation during ethene oxidation (reaction condit
(a)pO2 = 5.07 kPa,T = 300◦C; (b)pC2H4 = 5.07 kPa,T = 300◦C).

4.2.4. Ethene oxidation reaction
To assess and model the kinetics of the secondary reac

of ethene oxidation, experiments with ethene and oxyge
feed were performed over the Ni0.85Nb0.15 catalyst. The only
reaction observed was the total oxidation of ethene to CO2 and
H2O. In general, under the same conditions (temperature
drocarbon, and oxygen partial pressure), the ethane conve
rate is 2.5 times higher than ethene, indicating the prefere
activation of ethane over the catalyst and supporting the
observed selectivity and very low decrease in selectivity w
conversion. In addition, the lower ethylene oxidation rate c
firms that the activation of the C–H bond, not the reoxidat
of the catalyst, is the rate-determining step, because if the l
applied, then similar rates would be expected for both hydro
bons. The effect of varying ethene and oxygen partial press
on the consumption rate of the reactants and the formation
of carbon dioxide is illustrated inFigs. 9A and B, respectively
The increase in ethene partial pressure brings about a si
increase on all reaction rates. Oxygen induces a logarith
increase on all rates, with this effect diminishing at very h
oxygen concentrations.
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Table 2
Kinetic parameters estimated for the power-law model

Reaction k0 E (kJ/mol) a b R2

(1) 1.950± 0.112 96.18± 1.29 0.520± 0.013 0.213± 0.012 0.9991 (for rxns 1&2)
(2) 0.983± 0.201 76.21± 3.21 0.547± 0.058 0.829± 0.041
(3) 0.883± 0.052 98.42± 0.95 0.475± 0.015 0.319± 0.007 0.9979
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4.2.5. Power-law model
Although the power-law model does not provide any fun

mental information on the reaction mechanism, it is often v
useful from an engineering standpoint for directly evaluat
the effect of the operation variables on reactor performa
As discussed in Section4.1, the reaction network consists
three reactions: (1) the oxidative dehydrogenation of ethan
ethene, (2) the total oxidation of ethane to carbon dioxide,
(3) the consecutive oxidation of ethene to carbon dioxide.
rate of each of these reactions can be expressed in the form

ri = ki(PHC)a(PO2)
b.

The kinetic parameters were calculated in a stepwise m
ner. The parameters for the oxidation of ethene [reaction(3)]
were estimated directly from data derived from experime
with ethene/oxygen as the feed. These parameters were
considered constant, and the kinetic parameters for reac
(1) and (2)were obtained by fitting all data obtained wi
ethane/oxygen mixtures as the feed, using the procedure
scribed in Section3. The kinetic parameters, with the 95% co
fidence intervals, obtained for the power-law model, denote
the PL model, are tabulated inTable 2.

Despite the power-law model’s simplicity, it adequately p
dicts the main trends of the reaction and provides a good fi
of the experimental results. The total oxidation reactions of b
ethane and produced ethene to CO2 have a much lower rat
than the oxydehydrogenation reaction, conforming to the h
selectivity recorded over the Ni0.85Nb0.15 catalyst. On all three
reactions, the power on the hydrocarbon (ethane or ethene
tial pressure is around 0.5. Concerning the effect of oxy
concentration in the feed, we can see that in the case of the
dehydrogenation reaction and secondary oxidation of prod
ethene, oxygen has a lower effect on the reaction rates,
similar power for oxygen on both reactions, ranging betw
0.2 and 0.3. In contrast, in the primary oxidation of ethene
carbon dioxide, oxygen plays the dominant role, with alm
first-order dependence of the reaction rate on oxygen conce
tion. Furthermore, the apparent activation energy for the eth
oxidation to CO2 is lower than the activation energies of the tw
other reactions; therefore, the selectivity to CO2 is expected to
decrease with increasing temperature.

4.2.6. Mechanistic models
The models developed for the oxidative dehydrogenatio

ethane to ethene over Ni–Nb–O mixed oxides were base
the MVK redox mechanism, according to the mechanistic
dications derived from the isotopic and transient experim
presented in the preceding sections. Briefly, the SSITKA ex
iments with labeled18O2 confirmed the participation of cataly
-
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oxygen in both the selective and unselective steps of the r
tion sequence, a conclusion supported by the increased iso
exchange activity observed in the presence of the hydroca
indicating that ethane reduces the catalytic surface and
ates oxygen vacancies, readily replenished by gaseous d
gen. In addition, preliminary fitting of the kinetic data co
sidering Langmuir–Hinshelwood mechanisms and Eley–Ri
schemes demonstrated the inadequacy of these models
scribe the catalytic performance, with either large RMSE va
or out-of-range kinetic parameters, thus reinforcing the assu
tion of a redox reaction mechanism. Furthermore, ethane
ethylene TPD experiments (not shown) demonstrated no
siderable adsorption of either hydrocarbon on the catalyst
face, and hence it is assumed that either a quasi-equilib
weak molecular adsorption of ethane exists or that ethan
acts directly from the gas phase, as has been proposed
viously [17]. No significant accumulation of hydrocarbon
carbonaceous intermediates/deposits on the catalytic su
was observed during transient experiments in which ethane
oxygen were suppressed from the reacting feed. A delay
observed only for the H2O transient, signifying a water adsor
tion step, consistent with the mild inhibition effects of wa
observed on ethane ODH rates in this work and previous s
ies[11,12,17].

Based on all of the foregoing, we formulated four basic m
els of the MVK mechanism with several variants, as descri
next. The reactions and rate equations for each model are
ulated inTable 3. It should be stressed that the objective w
to account for the experimental observations with a minim
number of reactions steps and kinetic parameters; therefor
reactions presented inTable 3do not necessarily consider e
ementary steps, but rather consider a sequence of steps.
models, ethane and ethylene reverse reactions were not co
ered, given that the equilibrium of oxidation reactions is on
product side. Because water was found to inhibit the ODH r
the water adsorption/desorption step was considered reve
and quasi-equilibrated, with the desorption rate constant
pressed by the ratio of the adsorption rate constant (ki ) and
equilibrium constant (Ki ). The reoxidation of the active cente
by gaseous dioxygen was considered irreversible, becaus
formation of cross-labelled oxygen species was detected u
reaction conditions. As described in Section 4.3.5, the kin
parameters for ethylene oxidation were obtained separate
fitting data with ethylene/oxygen as the feed and were then
sidered constant for estimating the rest of the model parame
Ethylene oxidation was best fitted assuming a reaction ord
2 with respect to the concentration of oxidized sites (reactio
in Table 3) and a 0.5-order rate equation with respect to oxy
in the reoxidation of reduced sites (reaction 5 inTable 3).
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Table 3
Reactions and rate equations employed for the Mars–van Krevelen mechanistic models

Reaction Rate equation

Model A

Ethane oxidative dehydrogenation reaction

1. C2H6 + [M–O] → C2H4 + H2O + [M] r1 = k1pC2H6θ
(1 or 2)
[M–O]

Primary and secondary total oxidation reactions

2. C2H6 + [M–O] + 3O2 → 2CO2 + 3H2O + [M] r2 = k2pC2H6θ2[M–O]
3. C2H4 + [M–O] + 2.5O2 → 2CO2 + 2H2O + [M] r3 = k3pC2H4θ2[M–O]

Ad/desorption of water

4. H2O + [M] + [M–O] ←→ 2[M–OH] r4 = k4pH2Oθ[M–O]θ[M] − (k4/K4)θ2[M–OH]
Catalyst re-oxidation

5. 0.5O2 + [M] → [M–O] r5 = k5p
1/2
O2

θ[M]
Model B

Ethane oxidative dehydrogenation reaction on sites M

1. C2H6 + [M–O] → C2H4 + H2O + [M] r1 = k1pC2H6θ1[M–O]
Primary and secondary total oxidation reactions on sites T

2. C2H6 + [T–O] + 3O2 → 2CO2 + 3H2O + [T] r2 = k2pC2H6θ2[T–O]
3. C2H4 + [T–O] + 2.5O2 → 2CO2 + 2H2O + [T] r3 = k3pC2H4θ2[T–O]

Ad/desorption of water on sites M

4. H2O + [M] + [M–O] ←→ 2[M–OH] r4 = k4pH2Oθ[M–O]θ[M] − (k4/K4)θ2[M–OH]
Catalyst re-oxidation

5. 0.5O2 + [M] → [M–O] r5 = k5p
(1/2 or 1)
O2

θ[M]
6. 0.5O2 + [T] → [T–O] r6 = k6p

1/2
O2

θ[T]
Model C

Ethane oxidative dehydrogenation reaction on sites M

1. C2H6 + [M–O] → C2H4 + H2O + [M] r1 = k1pC2H6θ
(1 or 2)
[M–O]

Primary total oxidation reaction on sites T

2. C2H6 + [T–O] + 3O2 → 2CO2 + 3H2O + [T] r2 = k2pC2H6θ2[T–O]
Secondary total oxidation reaction on sites M

3. C2H4 + [M–O] + 2.5O2 → 2CO2 + 2H2O + [M] r3 = k3pC2H4θ
(1 or 2)
[M–O]

Ad/desorption of water

4. H2O + [M] + [M–O] ←→ 2[M–OH] r4 = k4pH2Oθ[M–O]θ[M] − (k4/K4)θ2[M–OH]
Catalyst re-oxidation

5. 0.5O2 + [M] → [M–O] r5 = k5p
1/2
O2

θ[M]
6. 0.5O2 + [T] → [T–O] r6 = k6p1

O2
θ[T]

Model D

Ethane oxidative dehydrogenation reaction on sites M

1. C2H6 + [M–O] → C2H4 + H2O + [M] r1 = k1pC2H6θ1[M–O]
Primary and secondary total oxidation reactions on sites M

2. C2H6 + [M–O] + 3O2 → 2CO2 + 3H2O + [M] r2 = k2pC2H6θ2[M–O]
3. C2H4 + [M–O] + 2.5O2 → 2CO2 + 2H2O + [M] r3 = k3pC2H4θ2[M–O]

Primary total oxidation reaction on sites T

4. C2H6 + [T–O] + 3O2 → 2CO2 + 3H2O + [T] r4 = k4pC2H6θ2[T–O]
Ad/desorption of water on sites M

5. H2O + [M] + [M–O] ←→ 2[M–OH] r5 = k5pH2Oθ[M–O]θ[M] − (k5/K5)θ2[M–OH]
Catalyst re-oxidation

6. 0.5O2 + [M] → [M–O] r6 = k6p
1/2
O2

θ[M]
7. 0.5O2 + [T] → [T–O] r7 = k7p1

O2
θ[T]
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4.2.6.1. Model MVa This model assumes a single type
active site [M–O] for all selective and unselective reactio
A reaction order of 1 (Model MVa1) or 2 (Model MVa2) wit
respect to the concentration of oxidized sites was postulate
the oxidative dehydrogenation reaction. The reaction orde
the primary oxidation of ethane to CO2 was taken as 2, wherea
a 0.5-order rate equation with respect to oxygen in the reox
tion of reduced sites was considered.

4.2.6.2. Model MVb Selective oxidation and primary an
secondary total oxidation reactions are ascribed to two di
ent types of active sites, [M–O] and [T–O], respectively. T
reaction orders with respect to the concentration of the ac
sites was taken to be 1 for the selective reactions and 2
the combustion reactions, with 0.5 order for oxygen in the
oxidation of the unselective sites and 0.5 (Model MVb1) o
(Model MVb2) for the reoxidation of the selective centers. B
cause water was found to affect only the ethylene forma
rate, adsorption/desorption of water only on selective sites
considered.

4.2.6.3. Model MVc In this model, two types of actives site
are again considered, with sites [M–O] responsible for the
idative dehydrogenation of ethane to ethylene and secon
overoxidation of ethylene to CO2 and sites [T–O] active for th
direct combustion of ethane to CO2. The reaction order with
respect to the concentration of unselective [T–O] sites wa
to 2, whereas in the reoxidation reactions, the order for oxy
was taken as 0.5 for reaction (5) and 1 for reaction (6). Sev
alternatives were considered for the order with respect to
concentration of type [M–O] sites in the ODH reaction (1) a
ethylene overoxidation reaction (3), taken as 1 in both react
(Model MVc1), 2 (Model MVc2), and 1 and 2 (Model MVc3
Adsorption/desorption of water was again considered only
type [M–O] sites.

4.2.6.4. Model MVd This model has two types of active site
I [M–O] and II [T–O]. On type I sites, all reactions (selecti
and nonselective) occur, whereas on type II sites, only d
oxidation of ethane to carbon dioxide occurs. The reaction o
with respect to the concentration of oxidized sites is take
1 for the ODH reaction and 2 for all total oxidation reactio
whereas the reaction order with respect to oxygen is 0.5 for
I sites and 1 for type II sites.

4.2.7. Assessment of mechanistic models
To keep the computational time at a reasonable level,

first approximation the water adsorption/desorption step [r
tion (4) in all models] was not taken into account. The assu
tion of a negligible effect of water is reasonable because
kinetic data used for the fitting procedure were obtained
der differential conditions with very low conversion levels, a
thus the amount of water formed under the conditions of the
netic experiments was too low to have any substantial im
on the reaction.Table 4lists the RMSE of the regression an
the R2, adjusted on the residual degrees of freedom, for e
of the models described above. A close inspection of the t
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Table 4
Comparison of the different Mars–van Krevelen kinetic models with respe
theR2 and root-mean-square (RMS) error values

Kinetic model R2 RMS

Model MVa1 0.99650 0.20559
Model MVa2 0.99594 0.22135
Model MVb1 0.99637 0.20855
Model MVb2 0.99217 0.30610
Model MVc1 0.99754 0.17173
Model MVc2 0.99791 0.15804
Model MVc3 0.99756 0.17083
Model MVd 0.99749 0.17251

Table 5
Kinetic parameters estimated for the proposed kinetic model (MVc2)

Reaction k0 or K0 E or �H (kJ/mol) R2

(1) 12.523± 0.295 98.43± 2.40 0.99978
(2) 2.040± 0.089 88.82± 4.25
(3) 3.868± 0.389 105.66± 7.60
(4) 383.53± 71.60 −206.88± 9.36
(5) 4.284± 0.171 52.49± 2.06
(6) 0.981± 0.031 90.84± 2.86

shows that best fit is achieved with model MVc2, which cons
ers the presence of two types of active sites: type I, respon
for the ethane ODH and ethene overoxidation reaction, and
II, active for the direct oxidation of ethane to CO2.

After model MVc2 was selected as the one that most a
quately describes the kinetic data, the water adsorption/de
tion step on selective sites I [reaction (4) inTable 3] was con-
sidered and was included in the reaction network of the mo
as shown inTable 3. Taking into account the water effect im
proved the fit, resulting in a higherR2 value. The estimate
kinetic parameters, with the 95% confidence intervals, obta
for the MVc2 model are tabulated inTable 5. The value of
adsorption enthalpy estimated for water adsorption lies in a
sonable range and is in good agreement with reported value
ethane oxidation over Mo–V–Nb–Pd–O catalysts[50]. Fig. 10
compares experimental and simulated data for all data p
included in the parameter estimation. The parity plots do
show any systematic deviations, with all points equally spr
around the diagonal line, indicating that the deviations are
to experimental, not model-based, error.

The superiority of this model supports the kinetic cons
erations described above and the indications derived from
power-law model. The different effect of H2O on the formation
rate of ethylene and carbon dioxide can only be explained
two different sites for selective and primary oxidation reactio
as is confirmed here by the inadequacy of the models cons
ing only one type of active site for describing the catalytic d
In the dominant model, the reaction order with respect to
concentration of oxidized sites is 2 for all reactions, subs
tiating the indication that all reactions proceed via a comm
ethane intermediate. In addition, the similar dependence o
rate of ethene formation and ethene overoxidation to CO2 on
the oxygen pressure and the different behavior exhibited in
direct oxidation of ethane to CO2 (which implies that the firs
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er
Fig. 10. Parity plots of measured and calculated values for model MV2c using the kinetic parameters reported inTable 5, including all data used in paramet
estimation. (a) C2H6 conversion; (b) O2 conversion; (c) C2H4 selectivity; (d) CO2 selectivity.
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two reactions occur on the same type of sites, whereas th
ter reaction occurs on a different active center) is validated
the optimum fit achieved with model MVc2. Based on the
dications derived from the18O2 isotopic experiments, ethan
ODH and ethene overoxidation occur on strongly bonded la
O2− species, whereas ethane combustion occurs on the lim
amount of nonstoichiometric O− species remaining on the su
face after incorporation of Nb.

The estimated activation energies for the dominant mo
shown inTable 5, indicate that carbon dioxide formation is f
vored at low temperatures, with its main origin being the to
oxidation of ethane. As the reaction temperature increases
formed carbon dioxide also results from the overoxidation
formed ethylene. Therefore, there seems to be an optimum
erating temperature window for the ODH reaction in wh
the temperature is not too low to favor the ethane total
dation and not too high to enhance the olefin overoxidat
Furthermore, the preferential affinity of the Ni–Nb–O catal
to ethane rather than ethylene, resulting in the high select
values recorded over the catalytic material, is reflected in th
netic parameters, where the oxidation of ethene exhibits bo
much lower pre-exponential factor and higher activation ene
than the reactions in which ethane participates.

The estimated parameters for a certain kinetic model
also be evaluated by analyzing the conditional joint param
likelihood regions, as suggested previously[50,51]. The cal-
t-
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l
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f
p-

-
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culated conditional joint parameter likelihood regions of
kinetic parameters given inTable 5for 99, 95, 80, and 50 %
confidence levels are shown inFig. 11. The range of the ki-
netic parameters presented in this figure is between zero
twice the estimated values. It should be mentioned that th
netic parameters for the ethylene overoxidation reaction (k3) are
not included in the joint parameter likelihood regions, beca
they were obtained from separate experiments with an e
ene/oxygen feed and were kept constant for the estimatio
the rest of the parameters. For linear models, the confidenc
gions have elliptical form[50]. For the dominant kinetic mode
MV2c, this elliptical profile is seen for the parameter pa
k1/k2, k1/k5, k2/k4, andk4/k5, whereas the rest of the conto
plots deviate from this shape, indicating considerable non
earity. The kinetic parameter for the activation of ethane
ethylene (k1) exhibits the narrowest likelihood region, sugge
ing that this step is the most significant one. Furthermore
plots ofK6 versus the other parameters look similar, with c
tours open in the direction of both low and high values. T
indicates that the adsorption of water on the catalytic sites
relatively low significance under the experimental condition
the kinetic experiments, consistent with the observed mild i
bition induced by water.

A model based on mechanistic considerations should be
to reliably predict the catalyst performance under opera
variables far from the range of experimental conditions u
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Fig. 11. Contour plots of the joint likelihood regions for model MV2c; the ran
of the kinetic parameters is between zero and twice the estimated value
contours stand for 99, 95, 80 and 50% confidence levels.

in the kinetic studies. Therefore, our kinetic model was u
to predict the catalytic performance data of the Ni0.85Nb0.15
catalyst reported previously[5], which were realized under con
siderably different experimental conditions (i.e., higher te
perature, differentW/F and reactant partial pressure) than
kinetic experiments, resulting in high ethane and oxygen c
version levels. The results of the model simulation (represe
by full lines) and the experimental data (represented by s
bols) for ethane and oxygen conversion and ethylene and2
selectivity versus temperature are illustrated inFig. 12. The
model’s excellent ability to predict the catalytic data is a
parent. The successful application of model MVc2 proves
physicochemical sense of the kinetic parameters and en
that the underlying mechanistic assumptions are true and
rect.

5. Conclusion

In this work,18O2-isotopic studies were performed on pu
NiO, which as shown previously[5], exhibits high activity
for converting ethane mainly to CO2, and on Nb-doped NiO
(Ni0.85Nb0.15 catalyst), which demonstrates a very high ac
ity and selectivity in ethylene production via ethane oxida
dehydrogenation. Niobium doping was found to significan
decrease the activation energy and exchange rate of la
oxygen, indicating the elimination of nonstoichiometric ele
trophilic active oxygen species, responsible for the total
dation of ethane to CO2. The ethane ODH reaction procee
on both oxides via a MVK mechanism with the participati
of catalyst oxygen. However, the route for replenishing s
face oxygen differs between the two oxides, leading to diffe
oxygen species on the surface and consequently to the d
he

d
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Fig. 12. Comparison of experimental (reported in[5]) and simulated results fo
conversion/selectivity of reactants/products during ethane ODH versus rea
temperature (reaction conditions:W/F = 0.54 g s cm−3, C2H6/O2 = 1/1).

ent product distribution observed in the ethane ODH reac
On NiO, replenishment occurs by rapid dissociation of gase
oxygen on the cation vacancies with slower incorporation
diffusion, hence leading to large concentrations of electrop
oxygen species on the surface. Niobium fills the cationic
cancies and reduces the active sites available for dissocia
thus making diffusion the fast step of the process. Theref
strongly bonded, less labile nucleophilic oxygen species,
lective for converting ethane to ethylene, are abundant on
catalyst surface. Finally, a kinetic model able to successf
predict the catalytic performance of the Ni0.85Nb0.15 catalyst in
considerably different experimental conditions than the kin
experiments, was developed. Kinetic modeling indicates
the ethane oxidative dehydrogenation reaction on Nb/NiO oc-
curs via a redox parallel-consecutive reaction network, with
participation of two types of active sites: type I sites, respo
ble for the ethane ODH and ethene overoxidation reaction,
type II sites, active for the direct oxidation of ethane to CO2.
Based on the indications derived from the18O2 isotopic exper-
iments, type I sites correspond to strongly bonded lattice2−
species, whereas type II sites correspond to the limited am
of nonstoichiometric O− species remaining on the surface af
the incorporation of niobium.
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