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ARTICLE INFO ABSTRACT
Keywords: A rigorous kinetic study of the oxidative dehydrogenation (ODH) reaction of propane on a vanadium oxide-based
Propane ODH submicron diameter fiber catalyst has been developed. The proposed kinetic model simulates the conversion-
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selectivity profiles, the surface coverage of the different adsorbed species and the oxidation state of the cata-
lyst for the studied operating conditions of temperature, space-time and inlet partial pressures of propane and
oxygen. The activation energy of the rate determining step (RDS), the first hydrogen abstraction from propane, is
104 kJ-mol 1. The model predicts that although the reaction seems to be pseudo-zero order with respect to
oxygen in a broad range of conditions, the catalyst may not be fully oxidized during reaction. The accuracy of the
model when predicting the oxidation state of the catalyst has been experimentally confirmed by analyzing the
catalytic fixed bed after reaction. The reduction degree of the catalyst will depend on its intrinsic chemical nature
and reaction conditions, increasing with the space-time and in detriment of the overall reaction rate. Conse-
quently, the propane turnover frequency (TOF) will also depend on the reaction conditions and space-time, even
changing along the fixed-bed reactor.

strong endothermic process that needs to be performed above 600 °C,
presents thermodynamic constraints that limit the propane conversion,
as well as it suffers from rapid catalyst deactivation due to coke for-
mation (Cavani et al., 2007; Carrero et al., 2014). Oxidative dehydro-
genation (ODH) of propane may be a promising alternative to obtain
propylene from propane. This reaction is exothermic and can be per-
formed at lower temperatures (<550 °C) (Dong et al., 2021), it is ther-
modynamically unrestricted and the catalysts are not usually
deactivated by coke deposition (Cavani et al., 2007; Carrero et al.,
2014). However, the current values of yield and/or productivity to
propylene obtained by propane ODH are still not sufficiently high to be
profitable at industrial scale due to the undesirable combustion re-
actions to CO and CO5 (COy), which are difficult to control (Cavani et al.,
2007). Dispersed vanadia species over different supports (ZrOg, TiOa,

1. Introduction

The global demand for propylene is growing up since the last decades
due to their use as monomers/comonomers in the petrochemical in-
dustry for the production of many interesting products (e.g. poly-
propylene, acrylonitrile, etc.) (Lazonby, 2023). Nowadays, most of the
propylene is obtained from steam cracking of naphtha, fluid catalytic
cracking in the oil refining and natural gas processing (Lazonby, 2023;
Agarwal et al., 2018; Cavani et al., 2007). However, the current pro-
pylene demand is not satisfied by these technologies and it has been
necessary to find other alternatives (Agarwal et al., 2018; The Propylene
Gap: How Can It Be Filled - American Chemical Society, 2018; Dong

et al., 2021). In this way, a great interest has been aroused in the pro- Al,03, SiO,, CeOy, etc.) are the most reported catalysts in the propane
duction of propylene from propane, which is generally easily available ODH reaction (Cavani et al., 2007; Carrero et al., 2014; Corma et al.,
and has a relatively low-cost (Brazdil, 2006; Grasselli, 1999; Amghizar 1992; Singh et al., 2024; Schumacher et al., 2023; Schumacher et al.,
etal, 2017). ' , ) 2023; Frank et al., 2007; Liu et al., 2002; Liu et al., 2004). In such cat-

In fagt, propylene production c.an be obtained by catalytic dehy- alysts, the presence of crystalline phase of vanadium oxide is detri-
drogenation (DH) of propane by using catalysts of Pt-Sn or Cr2O3 sup- mental for the catalytic activity (Guerrero-Pérez, 2017; Khodakov et al.,

ported on alumina (for Oleflex or Catofin technologies, respectively). 1998). Deep analysis of the reaction mechanism, determining the kinetic
However, this method is energetically very unfavorable because it is a
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Nomenclature

Ads; Adsorption step represented in Scheme 1

BET Brunauer, Emmett and Teller

C; Surface concentration of i species

Cr Surface concentration of total active sites

DH Dehydrogenation

Easyp;  Apparent activation energy of j reaction step [kJ .mol 1]
Ea; Activation energy of j reaction step [kJ-mol ']
EDXA Energy-dispersive X-ray analyzer

Feso Propane inlet molar flow [mol-min~1]

Fio Inlet molar flow of i compound [mol-min~!]

FID Flame ionization detector

FTIR Fourier-transform infrared spectroscopy

GC Gas chromatography

ko Preexponential factor of j reaction step

Ko Preexponential factor of j adsorption step

kappoj ~ Apparent preexponential factor of j reaction step
kappi Apparent rate constant of j reaction step

k; Rate constant of j reaction step

K; Equilibrium adsorption constant of j step

MK Mars-van Krevelen

n; Number of carbon atoms per molecule of i compound
ODH Oxidative dehydrogenation

P; Partial pressure of i compound [atm]

Pi, Inlet partial pressure of i compound [atm]
Qcso Propane inlet volumetric flow [mL-min 1]
Qr Total volumetric flow [mL-min~1]

RDS Rate determining step

Tj Reaction rate of j step [mol-min’1~g’1]

Rj Reaction step represented in Scheme 1
Sexpii Experimental selectivity to i product

Ssim.i Simulated selectivity to i product

STP Standard temperature and pressure

TCD Thermal conductivity detector

TEM Transmission electron microscopy

TOF Turnover frequency s

Wear Mass of catalyst [g]

Xexp Experimental propane conversion

Xsim Simulated propane conversion

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Yexp,i Experimental yield to i product

Yiim,i Simulated yield to i product

Greek letters

AH; Enthalpy of adsorption for j step [kJ-mol 1]
0; Fraction of sites or Surface coverage of i adsorbed species

parameters, would be a good strategy for improving these catalysts and
to optimize the operating conditions in order to increase the yield and
productivity to propylene.

In this sense, different kinetics models have been used (Power Law,
Langmuir-Hinshelwood, Eley-Rideal, etc. (Frank et al., 2007; Bottino
et al., 2003; Argyle et al., 2002; Creaser and Andersson, 1996; Andersson,
1994), but the Mars-van Krevelen (MK) expression (Mars and van Kre-
velen, 1954) is the most frequently proposed for ODH reactions in the
literature (Carrero et al., 2014; Mars and van Krevelen, 1954; Grabowski,
2006; Kondratenko et al., 2005; Dinse et al., 2008; Jibril et al., 2004; Baldi
et al., 1998; Routray et al., 2004; Chakraborty et al., 2015). The MK type
mechanism considers that the lattice oxygens of the catalyst are respon-
sible for the hydrocarbon oxidation, being these oxygen species the ones
that are transferred into the structure of the hydrocarbon molecule to
form reaction intermediates and/or products. In the case of propane ODH,
the catalyst is reduced by the reaction with propane and is simultaneously
reoxidized with gas-phase oxygen or other oxidizing agents as NoO and
CO3 (Kondratenko et al., 2005; Kondratenko and Baerns, 2001; Balogun
et al., 2021; Rogg and Hess, 2021). Most of the reaction networks pro-
posed in the literature usually have in common that the mechanism is a
parallel-consecutive reaction pathway, where propane and more prob-
ably the produced propylene can be totally oxidized forming COy (Gra-
bowski, 2006). However, only a few studies have been found in the
literature studying in detail reaction steps involving the total oxidation
(Grabowski, 2006). The first hydrogen abstraction from propane is usu-
ally considered the rate determining step (RDS), whose activation energy
is the most frequently compared kinetic parameter between the different
catalysts in the literature (Carrero et al., 2014; Grabowski, 2006). How-
ever, a wide range of values can be found, probably due to the variety of
different kinetic models used (Carrero et al., 2014; Frank et al., 2007;
Khodakov et al., 1998; Bottino et al., 2003; Argyle et al., 2002; Creaser
and Andersson, 1996; Andersson, 1994; Grabowski, 2006; Kondratenko
et al., 2005; Dinse et al., 2008; Jibril et al., 2004; Baldi et al., 1998;
Routray et al., 2004; Chakraborty et al., 2015; Khodakov et al., 1999;
Carrero et al., 2014; Zhang and Liu, 2019; Michaels et al., 1996; Dinse
et al., 2009), which are sometimes oversimplified and/or frequently
inconsistent and without physical relevance.

With this regard, Vannice stated that the rate equation derived from
the MK mechanism to describe redox reactions should be only consid-
ered as a mathematical fitting function without physical relevance
(Vannice, 2007). The major discrepancy is found in the rate of oxygen
adsorption, which must have dissociative character in order to form the
lattice oxygen that will be responsible for the hydrocarbon oxidation.
However, molecular oxygen adsorption in a single site is reflected in MK
rate equation. Other inconsistencies come from the consideration of
non-elementary steps in the rate equations and the non-inclusion of
intermediate species or final products in the site balance, considering
only oxygen ions (even though the equation represents molecular oxy-
gen adsorption). Furthermore, many authors have simplified to zero-
order dependence the rate equations assuming that the reoxidation re-
action of the catalyst is much faster than the reduction reaction (Kho-
dakov et al., 1998; Argyle et al., 2002; Creaser and Andersson, 1996;
Khodakov et al., 1999; Carrero et al., 2014; Zhang and Liu, 2019; Mi-
chaels et al., 1996; Dinse et al., 2009), and consequently, sometimes,
even taking for granted that the catalyst is fully oxidized or nearly
saturated with oxygen under reaction conditions (Creaser and Ander-
sson, 1996; Carrero et al., 2014). These assumptions have become
generalized and accepted in the literature for this kind of catalysts in
ODH reactions, and probably it is right for a broad range of catalysts and
operation conditions. However, it is possible that sometimes these as-
sumptions are not true even at low conversions, since it will depend on
the catalyst nature and reaction conditions.

Propane TOF is widely used to compare the activity of the catalysts,
however different tendencies can be found. For example, it has been
reported that as the vanadium content of the catalyst increases, the
propane turnover frequency (TOF) decreases (Solsona et al., 203 (2001);
Christodoulakis et al., 2004), remains constant (Carrero et al., 2014; Gao
et al., 2002; Shee et al., 2006; Rao and Deo, 2007) or increases (Kho-
dakov et al., 1999; Chen et al., 2002; Viparelli et al., 1999). These dis-
crepancies can be related to the use of different synthesis methods,
supports and concentrations, which may result in different kind of
vanadia surface species. Moreover, it cannot be discarded the possible
existence of external and/or internal mass and/or heat transport limi-
tations, as well as contribution of homogenous phase reaction at high
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temperatures (above 500 °C) and/or experiments with a total oxygen
conversion, thus hindering the determination of the reaction mechanism
and the derived kinetic rates and parameters.

In previous works, FTIR and Raman operando spectroscopy were
combined for the study of vanadium-based catalysts during propane
ODH (Ternero-Hidalgo et al., 2020; Ternero-Hidalgo et al., 2021). These
experiments allowed the simultaneous characterization of the adsorbed
species or reaction intermediates and of the catalyst structure, as well as
the measurement of the activity results with both on line mass spec-
trometry and FTIR spectroscopy. The results obtained were used to
establish the possible intermediates and to identify the role of different
oxygen species bound to vanadium sites. Then, the propane ODH reac-
tion was evaluated on a vanadium oxide-based submicron diameter fiber
catalyst (Ternero-Hidalgo et al., 2018). The use of electrospinning
technique allowed the preparation of catalysts with very uniform
composition and with submicrometric fibrous structure, which confers
small internal diffusion resistance to the catalyst compared to traditional
powdered catalysts, as well as less temperature gradients and lower
pressure drop when they are packed in a fixed-bed (Reichelt et al.,
2014). These advantages made easier the performance of the experi-
ments, without the addition of diluting inert material (e.g. silicon car-
bide (Pérez-Ramirez et al., 2000; Berger et al., 2002), while isolating the
obtention of intrinsic kinetic data of the catalyst without the interfer-
ence of other effects. The aim of this work is to develop a rigorous kinetic
model to predict the surface coverage of the different adsorbed species
and the fraction of sites of vanadia species present on the catalyst at
certain conditions of temperature, space-time and inlet partial pressures
of propane and oxygen, which determines the conversion-selectivity
profiles of the catalyst. In this way, a set of reaction experiments in a
fixed-bed reactor has been performed to estimate the corresponding
kinetic parameters.

2. Materials and methods
2.1. Catalyst preparation and characterization

The vanadium oxide based submicron-fiber catalyst, F-PZr-V5.0, was
prepared using the electrospinning technique following the synthesis
method previously described (Ternero-Hidalgo et al., 2018). Briefly, a
polymer solution prepared with zirconium (IV) propoxide, poly-
vinylpyrrolidone (PVP), acetylacetone, vanadyl acetylacetonate and 1-
propanol was vigorously stirred for 24 h at room temperature. The so-
lution was electrospun using a distance between the needle and the
collector of 20 c¢m, electrical potential difference of 12 kV (the tip at + 6
kV and the collector was at — 6 kV), and a flow rate of 0.5 mL/h. Then,
the electrospun fibers were calcined in a conventional tubular furnace
with a heating rate of 10 °C/min up to 500 °C, whose temperature was
kept for 6 h in air flow (150 mL/min STP) to eliminate the organic part
and the remaining solvent, as well as to stabilize the final inorganic
zirconia fibers, containing a nominal vanadium mass concentration of
5.0 % (F-PZr-V5.0).

2.2. Propane ODH experiments

The catalyst F-PZr-V5.0 was evaluated for the reaction of propane
oxidative dehydrogenation (ODH) in a fixed-bed microreactor (i.d. 4
mm) placed inside a vertical furnace with temperature control (the same
than previous works (Ternero-Hidalgo et al., 2018; Ternero-Hidalgo
et al., 2018). The reaction temperature was varied from 300 to
400 °C. The feed was prepared by a mixture of three gases: propane
(99.95 %), oxygen (99.999 %) and helium (99.999 %). The gases were
mixed to obtain different feed compositions by using mass flow con-
trollers, varying both the propane and oxygen inlet partial pressures
(Pcso and Ppay, respectively) from 0.025 to 0.2 atm. The total volu-
metric gas flow (Qr) and the mass of catalyst (Wc,) were adjusted in
order to vary the space-time (Wcq/Qcso) in the range of 0.1-1.0

Chemical Engineering Science 295 (2024) 120192

gear-s-MLcsug (volume was always expressed in standard temperature
and pressure (STP) conditions: 20 °C and 101.325 kPa), which are
typical units and range of values used in the literature (Cavani et al.,
2007; Carrero et al., 2014). The pipelines were heated at 120 °C to pre-
heat the reactant mixture upstream the reactor and to avoid condensa-
tion of products downstream the reactor. Table S1 summarizes the
conditions used in the different experiments.

Reactants and products were analyzed in steady state conditions by
an on-line gas chromatograph (Perkin-Elmer, Clarus 500 GC), equipped
with a Hayesep D 80/100 (length: 3 m; diameter: 1/8"; internal diam-
eter; 2.1 mm) and an active carbon 80/100 (length: 2 m; diameter 1/8";
internal diameter: 2,1 mm) packed columns. Light gases (O, CO and
CO,) were detected by a thermal conductivity detector (TCD); C3Hg and
CsHg, and other hydrocarbons if present, were detected using a flame
ionization detector (FID). In all the cases carbon and oxygen molar
balances were closed with errors lower than 5 %. The propane conver-
sion and the selectivity or yield to i product are defined as X and S; or Y,
respectively:

_ Pcyo—Pcs

X = 1
Pc3,
1P
= il (2)
ne3-Pes o X
Y, =X-S; 3

where P¢3, and Pc3 are the partial pressures of propane in the inlet and
in the outlet streams, respectively. P; is the partial pressure of i product
in the outlet stream, and ncs3 or n; are the number of carbon atoms per
molecule of propane (n¢s = 3) or i product, respectively.

Previous studies conducted on a similar catalytic system, confirmed
the absence of catalyst deactivation during reaction. As well as a
negligible contribution of homogenous phase reaction or participation
of zirconia in the observed catalytic activity (Ternero-Hidalgo et al.,
2018). Moreover, external mass and heat transport limitations were
negligible under the studied conditions, while internal mass and heat
transport limitation can be discarded due to the short diffusion pathways
in the submicron-fibers (diameter of 300-400 nm). Finally, no signifi-
cant pressure drop was observed through the catalyst bed under the
experimental conditions used owing to the fibrous morphology of the
catalyst (Reichelt et al., 2014).

3. Results and discussion
3.1. Catalyst characterization

The surface morphology of the fiber catalyst was studied by trans-
mission electron microscopy (TEM), where fibrous morphology of the
catalyst with diameters ranging from 300 to 410 nm was observed. The
porous texture was characterized by N, adsorption-desorption at
—196 °C, obtaining a type IVa isotherm corresponding to mesoporous
solid and a BET surface area of 66 m?-g™'. The surface chemistry and
crystal structure of the sample were analyzed by energy-dispersive X-ray
(EDXA), X-ray photoelectron spectroscopy (XPS), in situ Raman and X-
ray diffraction patterns (XRD). The results showed the presence of va-
nadium uniformly distributed along the fibers, being the vanadium mass
concentration very close to the nominal value, 5.0 % by both TEM/EDX
and XPS analyses. Raman results confirmed the presence of VO
dispersed species, along the tetragonal zirconia, in form of mono-
vanadate and polyvanadate species. Moreover, vanadium crystal struc-
tures as V205 or ZrV,07 were not detected for this sample. Fig. 1 and
Table 1 summarize all the physicochemical characteristics above
mentioned. A detailed characterization of the sample F-PZr-V5.0 was
already reported in a previous work (Ternero-Hidalgo et al., 2018).
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Fig. 1. TEM (a) and HAADF-STEM (b) micrographs, and EDX elemental mappings of Zr (c) and V (d) for the sample F-PZr-V5.0.

Table 1
Summary of the physicochemical characteristics of F-PZr-V5.0.
Property Analysis Method Result
Surface morphology TEM Submicron fibers with diameters of 300-410 nm
BET surface area Adsorption-desorption of N, at —196 °C 66 m%.g~!
Surface chemistry and crystal structure TEM/EDX 4.7 wt% V
XPS 4.9 wt% V2p
Raman VOy dispersed species (monovanadates and polyvanadates) and tetragonal ZrO,
XRD Tetragonal ZrO,

3.2. Propane ODH mechanism

Scheme 1 represents the detailed mechanism proposed in a previous
work from the FTIR-Raman operando results for a similar catalyst (Ter-
nero-Hidalgo et al., 2021), where it is assumed the mediation of lattice
oxygen in the ODH reaction. This lattice oxygen can react with propane
in gas phase and the rest of adsorbed species involved in the reaction.
Simultaneously, the gas-phase oxygen reoxidizes the vanadium sites
from the VOx lattice that are being reduced during the above reactions.
This latter reaction step is necessary to continue the catalytic cycle. Note
that lattice oxygens in the form of V-O-V or V-O-Zr groups have been
represented in the same way, as (V-O), and it has been assumed that both
have the same role in the mechanism, although it is possible that they
present slightly different activity. The participation of V = O terminal
groups in the reaction mechanism is discarded, since it seemed to be
much less active than V-O sites. (V-OH) and (V-[]) represent a proton-
ated lattice oxygen and a vacant site, respectively.

The reoxidation reactions of the catalyst are represented by the
equations Rpz and Ry.og (Egs. (4) and (5), respectively), which describe

the irreversible dissociative adsorption of O from the gas phase and the
reversible recombination of V-OH forming Hy0, V-O and V-[] sites,
respectively. On the other hand, it is proposed that propane is firstly
activated forming the corresponding isopropoxide (Rcs; Eq. (6)), which
can evolve as propylene (Egs. (7) and (8)) or can be further oxidized to
chemisorbed acetone (Racetone; (EQ- (9)). Propylene can adsorb again on
a V-0 site of the catalyst (Adscs—, (Eq. (8)) and react with a neighbour V-
OH, which is a Brgnsted acidic site, forming isopropoxide (Rc3—; Eq.
(7)), to finally continue with the subsequent oxidation steps. Then,
oxidative cleavage of the C(1)-C(2) bond of chemisorbed acetone gives
rise to the formation of bidentate formates and acetates (Rcarboxylate; (EQ.
(10)). Afterwards, these carboxylates species evolve as CO in the gas
phase (Rpormate and Racetate; EQs. (11) and (12)). It should be noted that,
unlike the formate species, acetate species require lattice oxygen to
decompose. Finally, CO can be further oxidized to CO5 and desorb (Rcog;
Eq. (13)). The oxidation of formates, acetates and CO through the for-
mation of carbonates species has not been represented in the scheme.
Although this oxidation cannot be totally discarded (Baldi et al., 1998;
Busca et al., 1999; Finocchio et al., 1994), their contribution to the
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Regeneration of the reduced catalyst:

Rv-on 2:(V-OH) —= H,0 + V-0
Ro2 0y + 2:(v-O0) — 2-(V-0) (5)
Propane activation via formation of isopropoxide:
Hsc_ ,CHs
o Y
Rcs cH + 2:(V-0) — <|) + V-OH
3
v
Propylene formation from isopropoxide and its adsorption:
HsC
CH )
H3CY 3 \r\CHZ
Rcs-= 0o + Vvo == . + V-OH
| 0
v |
\Y
Carboxylates formation from isopropoxide:
HaC._ CH3 H3CYCH3
Racetone (|) + vo —»= o + V-OH
v v
H3C\(CH3 CHs
Rcarboxylate i(? + 5(V-0) —= OAO +
; v
v
CO formation from carboxylates
RFormate 20 0 —» 2:CO + 2/(V-OH)
v
CHg
Racstate 07" ™S + 2(V-0) —= 2-CO + H,0
v
CO oxidation to CO2:
Rco2 co + 2(V-O) —» CO2 + V-0

Scheme 1. Proposed detailed mechanism of the propane ODH.
adapted from Ternero-Hidalgo et al., 2021

kinetic rate is likely to be minimal in the current range of studied
operation conditions.

3.3. Kinetic study

The kinetic equations will be derived from the proposed reaction
mechanism (Egs. (4)-(13)) shown in Scheme 1. The site balance would
be as follows:

Cr = Cy_o+ Cy_on+ Cv-+ Cacetate + Crormate 14

where Cr is the total concentration of surface sites and C; the surface
concentration of i sites or adsorbed i species. The surface concentrations
of isopropoxide, adsorbed propylene and chemisorbed acetone have not
been included, since they are negligible with respect to the other species,
as it was already observed in the operando spectroscopic results (Ter-
nero-Hidalgo et al., 2021). Alternatively, if Eq. (14) is divided by Cr, it
can be rewritten as a function of fraction of sites and surface coverages of
adsorbed species:

1 =0v_o+0v_on + Ov_+ Oacerase + Orormaie (15)
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+ v-o (4)
(6)
HaC
_:\CHZ
(7); (Adscs) L T MO+ vo (8
o) CH,
|
v
()
+ 2«(vO0) + 2(voH) (10)
(11)
+ V-oH + 2(v-0) (12)
+ V-0 (13)

where 6; is the fraction of i sites or surface coverages of i adsorbed
species. It should be noted that the rate equations will be expressed as a
function of fraction of sites and surface coverages, then, the rate con-
stants will include Cr combined with the preexponential factors, being
k; = Cr-k’;, resulting in a first-order dependence on Cry for all the cases,
where k'; contains the probability factor for nearest-neighbor (Vannice,
2005).

Since surface oxidation reactions in redox mechanism usually consist
of sequences of irreversible steps in nature, it will be assumed that all the
steps are irreversible (Vannice, 2007), except the ones related to the
propylene formation and adsorption (Egs. (7) and (8), respectively). The
dehydration surface reaction (Eq. (4)) necessary for the catalyst reox-
idation, which has been reported to be reversible (Chen et al., 2000;
Chen et al., 1999); it has been also considered as irreversible reaction
due to the fast full reoxidation of the catalyst, observed in previous
studies (Ternero-Hidalgo et al., 2020; Ternero-Hidalgo et al., 2021). The
reactions of adsorbed formate species oxidation and CO, formation (Egs.
(11) and (13)) are considered second order with respect to the surface
coverages of formate and fraction of active sites (V-O), respectively,
assuming that carbonates species are formed as surface intermediates in
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Table 2
Proposed kinetic equations for the reaction mechanism detailed in Scheme 1.

REACTION MECHANISM PROPOSED KINETIC EQUATION
Regeneration of the reduced catalyst

Ry.on (4) Tv-on = *kv—OH‘H%/foH<16)

Ro2 (5) ro2 = —koaPop-0%_5(17)

Propane activation via formation of isopropoxide

Rz (6) res = —kes-Pes-6y_o(18)

Propylene formation from isopropoxide and its adsorption

Res— & Adscs—
(7) & (8)

Carboxylates formation from isopropoxide

Racetone (9)

CO formation from carboxylates

Rpormate (11)

Racetate (12)

CO oxidation to CO,

Rcoz (13)

rea= =k — Onopropoxide Ov-0 =k < -Ov-o0-c3=-0v-0u(19)

Tcetone = Kacetone “Orsopropoxide"0v—0(20)

TRormate = —KFormate '9?:urmm (21)

TAcetate = *kAcezate‘eAcemte'ez _0(22)
V-0

rco2 = kcoz-Pcoty_o(23)

such reactions. The reaction of adsorbed carboxylates species formation
(Eq. (10)), as expressed in Scheme 1, is a multi-body interaction, which
is very improbable that happens as an elementary step. Nevertheless, it
is not kinetically significant or necessary in the development of the ki-
netic model, therefore it has not been taken into account. According to
the above assumptions, the reaction rates (Egs. (16)-(23)) for the Egs.
(4)-(13) are summarized in Table 2, where in Eqgs. (16) and (17), ry_onu
and ro; are the consumption rates of V-OH sites and molecular oxygen to
reoxidize the catalyst, respectively, being ky_ogy and ko their respective
rate constants; and Pgy is the oxygen partial pressure. r¢s, in Eq. (18), is
the rate of propane consumption, being k¢ its rate constant and Pcs is
the propane partial pressure. In Eq. (19), r¢s— is the rate of the reversible
reaction of propylene formation on the V-O site, where k_ and k _

3= c3—
represent the forward and reverse rate constants, respectively; and
Orsopropoxide and Oy_o_c3— are the surface coverages of isopropoxide and
adsorbed propylene, respectively. I'acetone, TFormate a0d Tacetate, il EGs. (20),
(21) and (22), are the formation rate of chemisorbed acetone, and the
decomposition rates of formate and acetate species, respectively; being
Kacetone> krormate and Kacetare their respective rate constants. In Eq. (23),
rcoz is the formation rate of CO, from oxidation of CO, being k¢o3 its rate
constant and P¢p the CO partial pressure. Finally, the formation rate of
CO can be derived from making a balance between the CO formed by the
evolution of formate and acetate species, and the CO consumed in its
oxidation to form COy:

rco = —FFormate — 2*Tacetate = Fco2 24

Among all the species involved in the proposed reaction mechanism
(Scheme 1), propane is the most stable towards the oxidation. Therefore,
it will be considered that the propane activation reaction, via first
hydrogen abstraction from propane (Egs. (6) and (18)), is the rate-
determining step (RDS) as reported elsewhere (Grabowski, 2006). This
means that Eq. (18) will determine the overall rate of the catalytic cycle
and, therefore, also the propane conversion. In addition, it will be
assumed that the propylene adsorption step (Eq. (8)) is in steady state.
This assumption will only be valid if both the forward and reverse
adsorption rates are several orders of magnitude greater than the RDS,
which is reasonable in this case. In this way, it could be possible to ex-
press the Eq. (19) as a function of propylene partial pressure, Pcs_,
which can be measured during reaction, instead of surface coverage of
adsorbed propylene, 0y_o_cs—, which is very difficult to quantify from
experiment. Therefore, if the adsorption equilibrium constant of pro-
pylene is considered as:

Ov_o 3=

=0 0= (25)
Pe3=-Ov_o

Kads,c3=
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and

kApp‘(ji—: = Kads,c3= 'kc?: (26)

where kap, ~ is an apparent reaction rate constant that combines the
C3=

equilibrium constant of propylene adsorption, Kags c3—, and the reverse
rate constant of the reversible reaction of adsorbed propylene formation,
k — . Then, Eq. (19) can now be rewritten as follows:

rez= = kg “Otsopropoxide Ov—0 — kApp.Lf; ‘Pc3=-0v_0-0v_on 27)

Moreover, as the catalyst is supposed to operate at steady-state condi-
tions, then:

73+ Te3= + acetone = 0 (28)
rco + reon

Yacetone = VCarboxylate = VFormate = VAcetate = f (29)

and

re3 = —rez= — feo 2 e —g feo (30)

where I'carpoxylate is the formation rate of carboxylates from chemisorbed
acetone (Eq. (10)), and r¢o and r¢oy are divided by 3 due to stoichio-
metric relationships. Egs. (28) and (29) indicate that all the isoprop-
oxide formed from the converted propane will be consumed by two
parallel reactions; on one hand, forming adsorbed propylene that will
evolve as propylene; and on the other hand, forming chemisorbed
acetone that will yield as CO, which can also be further oxidized to CO4
(Eq. (30)). Therefore, the ratio among both parallel reactions for a given
conditions will determine the selectivity to propylene and to COx. It is
interesting to note that the rate constants belonging to Eq. (19) (r¢s-)
and Eq. (20) (Tacetone) must be several orders of magnitude greater than
the ones belonging to the RDS, in this case Eq. (18) (r¢3), as above
mentioned.

Making balance and assuming pseudo-steady state for each adsorbed
species and site, the rate of change of their respective surface coverages
or fraction of sites should be approximately zero:

dalsopropoxidﬂ

= —re3 —Tc3= — Faceione = 0 (€3]
dt
dﬁ[“omxam
———— = T'urboxylate — TFormate = 0 (32)
dt
deAcemLe _ ~0 33
- rCarboxylalc — Facetate = ( )
dt
dby_on
dt = —rc3 + rea= + TAcetone + 2'rCarbaxyldm — TFormate — VAcetate — Y'V—0OH
~0
(34
d‘gva Yv_oH
dt = 2'rCarbaxylz/ie - 2'rAceIme + rcox — 2 + 2"'02 ~0 (35)
dby_o r'v-oH
dr =—2rop — +2:7¢3 — Tacetone — ST carboxytate + 2*Facerare — Tcoa
~0

(36)

Using equations (Egs. (31)-(36)) and taking into consideration the Egs.
(28) and (29) deduced from steady-state approximations, together with
Egs. (16)-(24) and (27) above proposed as rate expressions, it is possible
to deduce the equations for the surface coverages of isopropoxide,
formate and acetate adsorbed species, as well as the fraction of V-OH
and V-] sites (Egs. (37)-(41), respectively).
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kez+Pes + kApp.;:'P for
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where, according to the Eq. (41):

2kC3 (k -+ 3'kAcerone>
C3=

kyv_on- (kc.7— + kAcemne)

(44)

Pc;

Then, Eq. (44) can be substituted in Eq. (43) to get the equation of 6y_¢
as a function of only rate constants and partial pressures (Pcs3, Pc3—, Pco
and Py3). In this way, it is possible to estimate the surface coverage of all
the surface species for a given set of rate constants and partial pressures.

It should be noted that the influence of the partial pressures and/or
of the kinetic parameters in the Egs. (37)-(43) for steady-state condi-

(40)

tions is consistent with the experimental observations. For example,
when the partial pressures of propane, propylene and CO are zero at any
oxygen concentration, the surface coverage for V-O is one (Eq. (43)),
meanwhile the fraction of sites or surface coverage of the other species
are zero, which would mean that the catalyst is in its highest oxidation
state. If the oxygen partial pressure is zero, at any propane, propylene
and CO concentrations, the surface coverage for V-O (Eq. (43)) would be

Otsopropoxide = Oy_ 37
pororend k= + Kacatone e D
Ovo/)
Kacetone
Oromate = || Oraproposide B0 (38)
Formate
Kacetone
Oncetare = kA—r'Hl.mprupnxide (39)
-Acetate
2-k 6y_
Ov_on = c3 . ((ka + 3'kAL’emne> Pcs + 2-kaceonekapp,  “Pc3—+ (%) ) Ov_o
ky_on- <kc?: + kAwwne) o o V=0
2ekcs (k. + 3caone )
Ov_on = = Pc3-byv-o (41)
kV—OH' (k -+ kAcelune)
3=
kC3'PC3' (k -+ 7'kAcetone> + 4"kA£etanz'kApp, - 'PC3:' (%) + (k -+ kAcemne)kCOZ'PCO
9 _ 3= C3= C3=
v-O —

2-ko2+Por- (k(?, + kA(‘el(me‘)

It should be noted that the term 2~kAcewne-kApp_£:-Pc3:- (”"*‘”") has been

Ov-o
neglected versus the term <kcgi +3-kAcemne)~ch in (Eq. (40), when

handling the balance of Eq. (34) to get the expression for the fraction of
sites in form of V-OH (Eq. (41)). k. is related to the second hydrogen
3=

abstraction from isopropoxide to form propylene and it should be
significantly larger than the other kinetic constants, resulting a surface
coverage of isopropoxide species on the catalyst negligible in most of the
reaction conditions. This simplification allows to obtain much simpler
equations for the fraction of V-OH sites, and subsequently also for V-O
sites. The site balance equation (Eq. (15)) can be combined with equa-
tions (Egs. (37)-(39), (41) and (42)) and rearranged for delivering an
expression for Oy_o:

Kacetone | kes-Pca+kapp, < Pes=+| 5=
cetone 5 U

1-—

Ov_o (42)

zero with V-[] sites as the majority species (Eq. (42)). These experi-
mental conditions make the catalyst be in a deep reduced state as
observed in the previous work (Ternero-Hidalgo et al., 2020; Ternero-
Hidalgo et al., 2021). In general, as the partial pressure of propane in-
creases and/or of oxygen decreases at a constant temperature, the sur-
face coverage of all the surface species and the fraction of V-OH sites
increase (Egs. (37)-(42)), while the fraction of V-O sites (Eq. (43)) de-
creases. The same effect occurs when propane conversion increases, as it
can be deduced from how propylene and CO partial pressures contrib-
utes to the different expressions (Eqs (37)—(43)).

With regard to the influence of the kinetic parameters, Eq. (37)
predicts that Ojsepropoxide Should be very small, since kc_{: and kacerone are

necessary to be several orders of magnitude greater than kcs as above
mentioned, according to the assumption of r¢3 as the RDS. This is

()

Kacetate” (ka +’<Amm)

43

2+ko2-Po2+ (k - +’<Amone)
3=

oy oy_
kesPest | k o +Tkaceione | +4Kkacerone kapp,  Pes=+ | F=2L |+ | k o +kacerone ) kcoa+Pco Kacetone® | ke3-Pes+kapy, — -Pea=+| 3=
C3= 3= V-0 3= 3= V-0
+

krormate* \ k — +kacetone
a-
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consistent with the experimental spectroscopic evidences observed in a
previous work, where isopropoxide species were negligible or not
detected in most of the reaction conditions (Ternero-Hidalgo et al.,
2021). In addition, Egs. (38) and (39) predict that krermare and Kacerate
should be significantly smaller than kacerone if the surface coverage of
formate and acetate are present in appreciable concentrations, as spec-
troscopically observed in previous work (Ternero-Hidalgo et al., 2020;
Ternero-Hidalgo et al., 2021), otherwise these surfaces species would be
in negligible concentrations as isopropoxide. Finally, these operando
experiments also revealed that lattice oxygen (fy_o) was the most
abundant species under reaction conditions, except in the absence of
oxygen. Consequently, ky_on and ko should take a value large enough
to minimize 6y_ox and 6y_ (reduced vanadia species), respectively, so
that both of them are forced to be significantly smaller than 6y_o
(oxidized vanadia species) for most reaction conditions (Egs. (41) and
(42)).

The necessary experimental data to validate the proposed model and
determine the kinetic parameters of each rate equation have been ob-
tained by performing reaction experiments in a fixed-bed reactor. Bal-
ance equations of fixed-bed reactor have been used for the interpretation
of the experimental data, assuming the following requirements: i) uni-
form distribution of active sites on the catalyst surface (as shown by the
characterization data); ii) axial dispersion and wall effects were dis-
carded since the diameter of the fibers (submicron size) were several
orders smaller than the length and diameter of the fixed-bed reactor,
respectively; iii) the reactor operated at steady-state conditions; iv)
diffusional constraints and transport limitations were discarded v)
changes in temperature and pressure within the reactor were neglected.
When these conditions are met, the balance equation for the fixed-bed
reactor can be simplified obtaining the expression for the ideal plug-
flow reactor (Eq. (29)):

1 WCal)
-dP; = ri-d 45
Pes, (F(B.z) (45)

where the space-time is expressed as Weqr/Fcs,, (ratio between catalyst
weight and the inlet propane molar flow). Thus, combining the balance
equation (Eq. (45)) of oxygen, propane, propylene, carbon monoxide or
carbon dioxide, with their respective rate equation (Egs. (17), (18), (27),
(24) and (23)) and the corresponding surface coverage expressions (Egs.
(37)-(39) and (41)-(43)), the following system of differential equations
is obtained:

1 dP
— = —kor'Por-0y_ (46)
Pcs, df P
<Fcu>
1 dP
P e = ke Py 0y, 47)
C3.0 d(h)
Fezo
1 dPes- _ kc?, kes-Pes
PC3'0 d ( W(‘m) k o+ Kacetone i ’
T C3=
Feso
kAce one HV—()H
- ﬁ'kAl'p.C?:'PCS:' (m '9%/70 (48)
C3=
1 dPco 3-kacetone Ov_on
= kes P kapy  Peyer | =22 )62
Pcso o we Ko+ Kagone \ O C g Pes Ov_o v-o
d m C3=

— kcorPco0y

(49)
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1 dPco,
Pcso o wea

It has been considered that the dependence of the kinetic and thermo-
dynamic parameters with the temperature follows the Arrhenius law for
the kinetic constants and Van’t Hoff law for the equilibrium constants.

Integral packed fixed-bed reactor behaviour was considered using
the balance Egs. (46)-(50) for the interpretation of the experimental
data. This system of differential equations was numerically solved by a
modified Runge-Kutta method, for the proposed kinetic parameters, to
calculate the exit partial pressure of each reactant/product, as well as
the surface coverage of each adsorbed species participating in the re-
action mechanism. Then, the values of propane conversion, selectivity
and yield to propylene, CO and CO5 were calculated by using the partial
pressures before obtained and Egs. (1)-(3). The kinetic parameters were
estimated with an optimization routine based on the Levenberg-
Marquardt algorithm implemented in Matlab R2016b software to
minimize the error function:

error = Z <\/(Prxp.C3:,m - sim.CS:,m)z + \/(Pc,\'p.COJn - PsirlLCO.m)2

n (51)

2
+ \/ (P exp.cozm — P, sim.C()Z,m) )

= kecor-Peo-6>_, (50)

where Pegim and Pgpim are the experimental and simulated partial
pressures, respectively, to the compound i for the experiment m. The
optimization involved the obtention of the Arrhenius and Van’t Hoff
parameters, and these kinetic parameters were used to simulate the
conversion, selectivity and yield values (Egs. (1)-(3)) at different space-
times, inlet partial pressures of propane and oxygen and reaction
temperatures.

Selectivity to propylene will be determined by the ratio kc? /Kacetones

which only depends on the temperature, together with the propylene

adsorption term kApp,C?chf(i,Vij), which is influenced by the tem-

perature as well as the propylene partial pressure (i.e. the conversion)
and the ratio of the surface coverages of V-O and V-OH sites, from Egs.
(48) and (49). Therefore, the maximum selectivity to propylene at a
determined temperature will be obtained at low conversion values
where Pcs- ~0, and it will correspond with the value of
kC? /(k — +Kacetone)- It is important to highlight that if the propylene

C3=
adsorption step is neglected or not taken into consideration in the re-
action mechanism (i.e. kapp, =~ 0 in Egs. (48) and (49)), the selectivity
C3=

to propylene would always reach the above maximum value, which
would remain constant with the space-time and without any depen-
dence on the propane conversion. However, according to the results
obtained in the previous works (Ternero-Hidalgo et al., 2018; Ternero-
Hidalgo et al., 2018) and those found in the literature about propane
ODH (Cavani et al., 2007; Carrero et al., 2014; Grabowski, 2006), pro-
pane conversion clearly has a great repercussion in the selectivity
values, decreasing the one to propylene as the conversion is higher. This
is the most important drawback of this reaction, because it makes
difficult to obtain high yields to propylene (Cavani et al., 2007). Then, it
seems necessary to consider that propylene adsorption presents an
important contribution to the reaction mechanism of propane ODH. In
fact, it has been reported elsewhere (Carrero et al., 2014; Grabowski,
2006; Dinse et al., 2009) that the majority of detected COx come from
the combustion of the propylene previously formed, while direct pro-
pane combustion is usually neglected. This means that kC5> /kacetone

should be very high in these cases.

Table 3 summarizes the error function value, and the values obtained
of preexponential factors and activation energies for all the reaction
steps implied in the propane ODH reaction mechanism, whereas Fig. 2
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Table 3
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Estimated kinetic parameters for the propane ODH reaction of the catalyst studied (F-PZr-V5.0), the 95 % confidence intervals for each estimated parameter were
calculated using the MATLAB functions “Isqnonlin” and “nlparci”. The error function values were calculated using Eq. (51) for each of the adjusted variables (propane,

CO and COy,). The kinetic constants evaluated at 350 °C are also shown.

ko ”>“(mol-min—t.g™1) 95 %CI Ea;(kJ-mol ") 95 %CI k,;"%(mol-min~'.g ™) at 350 °C
ky_ 1.23-10° 94 1.79-102

Voo +2.55.10° +473
k 98

02 1.72:107 + 4.31.10* +10.39 1.07-10!
k 104

@ v2.01.10° +5.28103 +£5.16 "3.76.10°3
k. 1.39-10"° 10 91 3.11-107

+2.78-10 +2.83
Kapp. — ) 112 .

A 3.64-10'* + 4.72:10° +2.58 1.49-10°
Kacetone 1.10-10" 4 2.93.10° 86 4300 6.666-10°
KFormate 9.78-10*! + 6.37.10° 140 4044 1.66
k 2.28-10%3 181 1.69-102

Acetate + 2.55.10° £8.35
ke 116

co2 91.13.108 +8.22.10°% +9.62 d2.27.102

error
C3Hg 0.016
co 0.024
CO, 0.016
Total 0.056
2 (mol-min~t-g~1-atmg,).

b (mol-min’1~g’1-atm};13H8).
¢ (mol-min~'-g~!-atmcsye).
d (mol~min’1~g’1~atm‘clo).

represents the simulated values of propane conversion, selectivity and
yield to compound i (Xim, Ssim; and Yim i, respectively) versus the ones
experimentally obtained (X, Sexpi and Y, respectively) for these
estimated kinetic parameters. The results show that the simulated values
predict very well the experimental data, with an error function (Eq. (51))
value of 0.056, which seems to validate the mathematical model equa-
tions presented in this study, as well as the reaction mechanism previ-
ously proposed (Ternero-Hidalgo et al., 2021).

It should be reminded that kAPP~Cg: is the product between kC; and

Kags.cs— (Eq. (26)), which are constants of reaction and adsorption steps,
respectively. Then:

(52)

kApp,o. - = k « 'KAds,o.(B:
3= 0.C3=

EaAppvgi = Ea(%_i + AHAd:.CB: (53)

Considering a propylene adsorption enthalpy on vanadia species

(AHA$1C3:) of around —40 kJ-mol™! (Dinse et al., 2009), the intrinsic

activation energy of the oxidation of adsorbed propylene (Ea . ) could
C3=

have an approximate value of around 150 kJ-mol™! (Eq. (53)). For a
more accurate estimation of Ea ., it would be necessary to determine
C3=

the real value of AHgc3- for the catalyst used in this study.

Among the kinetics parameters obtained in this work for propane
ODH reaction (Table 3), the most comparable values with those ones
found in the literature is the activation energy of the propane activation
step (Eacs = 104kJ/mol), since this step is usually considered in the
reaction mechanism as the RDS. However, a wide range of Eacs values
for catalysts of vanadium oxide dispersed on ZrO, can be found in the
literature, rendering meaningless any direct comparison of them (Car-
rero et al., 2014; Frank et al., 2007; Khodakov et al., 1998; Bottino et al.,
2003; Argyle et al., 2002; Creaser and Andersson, 1996; Andersson,
1994; Grabowski, 2006; Kondratenko et al., 2005; Dinse et al., 2008;
Jibril et al., 2004; Baldi et al., 1998; Routray et al., 2004; Chakraborty
et al., 2015; Khodakov et al., 1999; Carrero et al., 2014; Zhang and Liu,
2019; Michaels et al., 1996; Dinse et al., 2009). Such variations among
the different authors can be associated to the variability of catalysts, due
to the use of different synthesis methods, supports and vanadium

concentrations, which may result in different kind of vanadia surface
species; as well as the wide range of different kinetic models proposed in
the literature, which are sometimes oversimplified, based on inconsis-
tent or incorrect models, and/or without physical explanation, as it
could be the case of the MK expression (Vannice, 2007).

The values of kC? and Kacetone are much larger than k¢s (by 10'° and

10° times when it is evaluated at 350 °C, respectively), resulting in

negligible values of opropoxide (Eq. (37)), which is consistent with the

previous assumptions. Moreover, the ratio k_, /kacewone is always very
C3=

high, rendering selectivity ratio values of (k. /(k_. + Kacetwone)) close to

1, for the whole range of the studied temperatures (300-400 °C), with
the ratio increasing even more with temperature, since Ea _, > Eaacetone-
C3=

This means that the fraction of converted propane that is directly
oxidized to form COy is negligible, which is in very good accordance
with results reported elsewhere (Carrero et al., 2014; Grabowski, 2006;
Dinse et al., 2009). Then, most of the COx formed come from the
oxidation of the adsorbed propylene represented by the term of

kAPPvC; ‘PC3:'(09VV,?)’ where the EaApp,&_: present a value of 112.0

kJ-mol~!. This latter value is higher than the activation energies of

propane activation step (Eacs = 104.1 kJ-mol 1), and propylene for-

mation (Ea_, =91.2kJ ~mol_1), which could mean that the selectivity to
C3=

propylene would tend to be lower as temperature increases for same
propane conversions, although it will also depend on the propylene
partial pressure and the ratio of the surface coverages of V-O and V-OH
sites.

The highest values of activation energies in Table 3 correspond to the
CO and CO, formation steps (Eaacetare = 180 kJ-mol’l, Earormate=140
kJ-mol~! andEaco, = 116 kJ-mol™!), which could result in a certain
accumulation of acetates and formates (CO precursor species) on the
catalyst surface during reaction (especially at low temperatures).
Consequently, the formation of CO2 could be induced at high tempera-
tures as observed in a previous work (Ternero-Hidalgo et al., 2018). The
high activation energies for the evolution of formate and acetate species
result in low values of their respective rate constants, Krsrmate and Kacetates
being both significantly smaller than kacetone (by 10° and 10° times when
it is evaluated at 350 °C, respectively), and resulting in appreciable
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Fig. 2. Simulated propane conversion and selectivity to propylene, CO or CO, (Xgim and Ssim,i, respectively) versus their respective conversion and selectivity

experimentally obtained (Xexp and Sexp i, respectively).

surface coverages of formate and acetate adsorbed species, according to
Egs. (38) and (39). It can be also observed as Eaaceqre is larger than
Eapormate; Which is in agreement with the higher thermal stability of ac-
etate species than formate species on the catalyst surface (Finocchio
et al., 1994; Finocchio et al., 1996). In addition, it can be checked that
kv_on and kop are several orders of magnitude greater than the rate
constant corresponding to the RDS (k¢3) at 350 °C. Thus, Egs. (41)-(43)
predict that 0y_on and Oy_ are smaller than 6y_o under most of the
reaction conditions.

10

3.4. Influence of space-time

As shown in Fig. 3, the model satisfactorily describes the conversion
and selectivity profiles for F-PZr-V5.0 at different space-time and tem-
perature, since experimental and simulated data match very well for a
broad range of conversion and selectivity values. As expected for pro-
pane ODH, the conversion is higher as the temperature and space-time
increase (Fig. 3a), and the selectivity to propylene decreases as con-
version increases (Fig. 3b). When space-time tends to very low values,
propane conversion and selectivity to propylene tend to be negligible
and close to 100 %, respectively. However, if the space-time tended to
very high values (not shown), the conversion would be 100 % for the
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Fig. 3. Steady-state propane conversion (a), selectivity to propylene (b), CO (c) and CO, (d) for F-PZr-V5.0 as a function of space-times and reaction temperatures at
inlet partial pressures of propane and oxygen of 0.1 atm (square dots: experimental values; solid lines: simulated values).

limiting reactant (propane or oxygen) and probably the selectivity to
CO3 could be 100 % or very high (depending on the propane/oxygen
ratio). Selectivity to propylene can be close to 100 % for some condi-
tions, such as at low propane conversions, when the fraction of
kC;/(kc?i +Kkacetone) has a value of ~ 1. This means that almost all the

converted propane is forming, first, propylene instead of being directly
oxidized to COy via chemisorbed acetone formation. Therefore, the gas-
phase COx will mainly come from the consecutive combustion of the
propylene, previously formed, as also reported elsewhere (Carrero et al.,
2014; Grabowski, 2006; Dinse et al., 2009). Consequently, the selec-
tivity to CO and CO5 (Fig. 3c and 3d, respectively) is higher as the
conversion increases (i.e. as the space-time and temperature increase).
However, the selectivity to CO starts to decrease at high temperatures
(400 °C), due to its further oxidation to COs.

Fig. 4 represents the estimated evolution of the surface coverages for
the different adsorbed and vanadia species as a function of the space-
—time, temperature and propane inlet partial pressure. Concretely,
Fig. 4a and 4b show the simulation of the surface coverages for a pro-
pane inlet partial pressure of 0.1 atm (same conditions than the exper-
iments shown in Fig. 3). In general, the reduction degree of the catalyst
along the fixed-bed reactor is higher as the space-time and temperature
increase. This trend is evidenced by the successive loss of V-O sites and
the growing appearance of surface vacancies in the VO lattice (V-[J)
(Fig. 4a), as well as the formation of more acetate and formate adsorbed
species (Fig. 4b). It can also be observed that the surface coverage of V-
OH sites is quite low with respect to the other vanadia species, and it
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decreases as space-time or temperature increases (Fig. 4b). As expected,
isopropoxide species appear in negligible concentrations (Fig. 4b)
(Ternero-Hidalgo et al., 2021).

It is interesting to point out that fy_o and 6y_ represented most of
the sites in these conditions (Fig. 4a), always covering more than the 97
% of the surface sites, being 0y_o in the range of 0.60-0.90 and 6y_
0.10-0.40. Then, the catalyst studied in this work is not always fully or
almost fully oxidized during reaction, in contrast to the claims made by
other authors with similar catalysts, which suggest that the catalysts are
fully oxidized under these operation conditions (Creaser and Andersson,
1996; Carrero et al., 2014). Note that even when the space-time tends to
0, 0y_o already presents values around 0.88, which slightly decreases
with temperature, indicating that these species would be the equilibrium
at steady-state conditions if there was no appreciable conversion (i.e. an
atmosphere of propane and oxygen without propylene and COx). How-
ever, as the reaction progresses (i.e. the conversion is higher), the pro-
pylene and CO formed compete with propane for the same active sites
and they can be also adsorbed and further reduce the catalyst, while
producing COy. These reactions consume much more lattice oxygen than
the propylene formation, which can explain the higher reduction state of
the catalyst as the space-time is higher. Therefore, the oxidation state of
the catalyst will depend on the feed composition, temperature and
space-time, as well as it will affect to the propane TOF, since the RDS is
second-order with respect to 6y_¢. These results imply that the degree of
catalyst reduction and consequently the TOF values could change along
the fixed-bed reactor. Therefore, the calculated apparent TOF value at
certain conditions will significantly depend on the overall oxidation
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Fig. 4. Simulation of steady-state surface coverages of V-O, V-[], acetate, formate, V-OH and isopropoxide for F-PZr-V5.0 as a function of space-time and reaction
temperature at inlet partial pressures of oxygen of 0.1 atm and propane of 0.1 (a,b) and 0.2 (c,d) atm.
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state of the catalyst along the reactor. This appreciation was already
considered by Deo et al. (Shee et al., 2006; Rao and Deo, 2007) to
compare TOF values with more precision, although they used the Mars-
van Krevelen expression.

TOF values have been widely used by many authors to describe the
activity of catalysts in the propane ODH reaction to discern if mono-
vanadate species are more, less or equally active than polyvanadates
species. These studies have been typically based on analyzing the
dependence of propane TOF values with respect to the vanadium con-
tent of the catalysts, which directly affect the proportion of poly-
vanadate species with respect to monovanadate ones, being higher as
the vanadium surface density increases. However, different trends have
been reported in the literature (Kondratenko et al., 2005; Khodakov
et al., 1999; Solsona et al., 203 (2001); Christodoulakis et al., 2004; Gao
et al., 2002; Shee et al., 2006; Rao and Deo, 2007; Chen et al., 2002;
Viparelli et al., 1999), which have been studied in an extensive review
reported by Carrero et al. (Carrero et al., 2014), reaching to the
conclusion that surface VO4 monomer possesses the same TOF as the
surface VO4 polymer. According to the results predicted by the kinetic
model proposed in this work, this apparent non-universal behavior
could be related to the different vanadium content in the catalysts. In
this context, for a catalyst with higher vanadium content (i.e. more
active sites), the propane conversions will be higher for same reaction
conditions, resulting in a deeper degree of reduction of the catalyst as
above explained. Consequently, the observed TOF could be lower in the
catalyst with higher vanadium content, even though the intrinsic cata-
lytic activity of the latter one is higher or at least comparable to that of
the catalyst with lower vanadium content. Therefore, the comparison of
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propane TOF data of two catalysts should be carried out under the same
experimental conditions. Otherwise, the conditions for the catalytic
measurements should be clearly stated, or it is possible to lead to wrong
conclusions. Furthermore, unless the catalysts are always fully oxidized
under reaction conditions, the use of only propane TOF values are not
enough to get solid conclusions about the activity of these kind of cat-
alysts, due to the non-linear variation of the catalyst oxidation state,
which presents a complex dependence on many factors because of the
reaction mechanism nature.

Fig. 4c and 4d represent the steady-state surface coverages, but for a
higher propane inlet partial pressure, 0.2 atm. In this case, a similar
catalytic behavior is observed, with the above-mentioned features being
found in a greater extent. In fact, Fig. 4c shows that the catalyst surface
can be totally reduced at temperatures above 375 °C for large space
times, which always matches with total consumption of the oxygen in
the gas phase (not shown in the figure). For instance, it should be noted
that the molecular oxygen in the gas phase is totally consumed around
the space-time of 0.7 g-s~mL.':13H8 at 400 °C, which explains the subse-
quent total reduction of the catalyst from this position, therefore, leav-
ing without activity more than half of the catalyst. At larger space-times,
all the concentrations on the surface and in the gas phase remain con-
stant, denoting the depletion of that part of the catalyst. It can be
observed that Oy_ is ~ 0.99, Gacerare is ~ 0.01 and the surface coverage
of the remaining species are negligible. It is important to highlight that
the remaining acetate species can stay on the surface because they
would require lattice oxygen to evolve as CO, while formate surface
species are completely removed due to that they are able to evolve
without the presence of lattice oxygen (Scheme 1).
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Fig. 6. Steady-state propane conversion (a), selectivity to propylene (b), CO (c) and CO, (d) for F-PZr-V5.0 versus propane inlet partial pressure and reaction
temperature at space—time of 0.3 g-s-mL¢syg and oxygen inlet partial pressure of 0.1 (square symbols: experimental values; solid lines: simulated values).
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To support this hypothesis, Fig. 5 shows a picture that was taken after
performing the experiment at 400 °C under the same conditions used for
the experiments depicted in Fig. 4c and 4d. Interestingly, the catalyst
become dark in color when is reduced, maybe due to coke deposition
that occurs when the catalyst is in a high reduction degree. In fact, the
FTIR and Raman spectra, reported in a previous work, mainly showed
the presence of acetates and coke, respectively, as the remaining
adsorbed species when the catalyst was totally reduced (Ternero-Hi-
dalgo et al., 2021). Fig. 5 also collects the simulated values of surface
coverage for V-O and V-[] sites along the fixed-bed reactor. A striking
match is observed between the change of color in the catalytic bed and
the space-time where V-O sites start to be almost exhausted (0y_g~ 0.2),
according to the simulation. The picture also reveals a flat radial velocity
profile of the gas flow along the catalyst, verifying the plug-flow
behavior of the reactor. Therefore, this result confirms the pre-
sumptions made in the kinetic mechanism, as well as it evidences the
high accuracy of the proposed kinetic model.

3.5. Influence of inlet partial pressure of propane and oxygen

Figs. 6 and 7 show conversion-selectivity profiles, while Fig. 8 rep-
resents simulated surface coverages of vanadia and adsorbed species, as
a function of temperature and inlet partial pressures of propane or ox-
ygen for F-PZr-V5.0. A good agreement is observed between the exper-
imental and simulated values of conversion and selectivity obtained in
the whole range studied of propane and oxygen inlet partial pressures
(Figs. 6 and 7, respectively). As expected, the conversion and selectivity
values markedly present a stronger influence with the inlet partial
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pressure of propane than with oxygen. Accordingly, the evolutions of the
surface coverages of the vanadia and adsorbed species in function of
propane or oxygen inlet partial pressure are also very different (Fig. 8).

The variations in space-time and propane inlet partial pressure
provide a similar outcome on the conversion-selectivity profiles as can
be deduced from the comparison of Figs. 3 and 6. The conversion in-
creases as the propane inlet partial pressure increases, and consequently
the selectivity decreases. However, there are some differences regarding
the surface species, as can be observed when Fig. 4a and 4b are
compared to Fig. 8a and 8b, respectively. First, the increase of propane
inlet partial pressure tends to promote the reduction of the catalyst in
more extent than the increase of space-time, denoted by the faster
decrease of lattice oxygen concentration and the faster increase of
adsorbed species, mainly as acetate. Second, as expected, when the
propane inlet pressure tends to 0, 0y_o always becomes 1, due to the
catalyst would be under an oxidant atmosphere without propane (see
Fig. 8a).

Moreover, it can be observed in Figs. 7, 8c and 8d that there exists a
strong influence of the oxygen at low partial pressures on the
conversion-selectivity profiles and on the surface coverages of vanadia
and adsorbed species, respectively. This influence becomes less impor-
tant from a certain value of oxygen concentration in the gas phase. In
these conditions, the kinetic of the reaction becomes pseudo-zero order
with respect to oxygen. However, the presence of oxygen in the gas
phase is still necessary for the reoxidation of the catalyst to keep the
catalytic cycle, otherwise the activity would be null as predicted in
Fig. 7a, since the active sites would be exhausted (i.e. 8y_o ~ 0), as
shown in Fig. 8c.
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respectively.

The fact that the RDS is second-order with respect to 8y_o (Eq. (5))
means that the propane conversion profile will be determined in part by
the surface coverage of the lattice oxygen, which is strongly linked to the
reaction conditions according to Eq. (43). For instance, the evolution of
Oyv_o as a function of oxygen inlet partial pressure predicted in Fig. 8c
can explain why the propane conversion sharply change at low oxygen
concentrations, while it is almost constant at higher oxygen inlet partial
pressures (Fig. 7). Moreover, it should be noted that the model predicts
that the catalyst is not fully oxidized even for the highest oxygen inlet
partial pressures used in this work (Fig. 8c). This means that, although
the reaction is pseudo-zero order with respect to the oxygen partial
pressure under certain conditions, the catalyst may not be nearly satu-
rated with oxygen. Many authors have reported zero-order dependence
of oxygen in the ODH reaction (Khodakov et al., 1998; Argyle et al.,
2002; Creaser and Andersson, 1996; Khodakov et al., 1999; Carrero
et al., 2014; Zhang and Liu, 2019; Michaels et al., 1996; Dinse et al.,
2009), assuming that the reoxidation reaction of the catalyst is several
orders faster than the reduction reaction, and then, sometimes it has also
been considered that the catalyst is fully oxidized under reaction con-
ditions (Creaser and Andersson, 1996; Carrero et al., 2014), an assertion
that needs to be carefully examined under these operation conditions.
The model herein proposed contradicts these assumptions, since it will
depend on each catalyst nature and reaction conditions.

4. Conclusions
This work proposed a kinetic model for the ODH reaction, which

satisfactorily predicts the conversion and selectivity profiles, and the
surface coverage of the different species present on a vanadium oxide-
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based submicron fiber catalyst, for all the studied conditions of tem-
perature, space-time and inlet partial pressures of propane and oxygen,
covering a broad range of conversion and selectivity values. The first
hydrogen abstraction from propane is the rate determining step (RDS)
and the calculated activation energy is 104 kJ-mol~!, which is quite
different from some values reported in the literature, probably related to
the use of mathematical fitting functions without physical relevance,
like Mars-van Krevelen expression or oversimplified models.

The conversion and selectivity values, as well as the surface cover-
ages or fraction of sites of the different species, present a strong
dependence on temperature, space-time and propane inlet partial
pressure. However, the influence of oxygen concentration is only
important at low oxygen partial pressures, becoming pseudo-zero order
dependence (i.e. independent) with respect to oxygen concentration
once exceeded a certain value. Moreover, the model predicts that the
catalyst used in this work is not fully oxidized under different reaction
conditions, even for the highest oxygen inlet partial pressures used, and
neither when the space-time tends to zero (i.e. negligible conversions).
This surprising claim has been experimentally verified, showing a
remarkable agreement between the oxidation/reduction state of the
catalytic bed experimentally observed and the one predicted by the
model. These results suggest that although the reaction is pseudo-zero
order with respect to oxygen for a broad range of conditions, the cata-
lyst may not be fully oxidized, even though the reoxidation reaction of
the catalyst may be much faster than the reduction. Then, the simplifi-
cation about the catalyst is always fully oxidized to simplify the equa-
tions could be wrongly assumed. In fact, the model predicts that the
catalyst oxidation state under reaction conditions will depend on its
intrinsic chemical nature, the feed composition, temperature and
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space-time. Furthermore, the comparison among catalysts in terms of
propane TOF values is not straightforward, unless the catalysts are fully
oxidized under reaction conditions.
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