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A B S T R A C T   

Oxidative dehydrogenation of ethane (ODHE), unlike traditional steam cracking processes, can potentially be 
used to produce ethene at supra-ambient pressures, thereby reducing reactor footprint and alleviating (de) 
compression energy requirements. Global kinetic models that capture kinetic features of both desired and un
desired reactions over an extended range of reactant and product pressures are lacking despite the clear reliance 
of comparative reactor design assessments on such models. We report herein a global kinetic model that accounts 
for the rates (between 603 and 703 K) of all 6 of the prevalent reaction network steps, extends up to 6 bar total 
pressure, and explains a broad set of differential and integral kinetic features measured over MoVTeNbOx cat
alysts. H2O2-mediated dissolution procedures enable low-temperature measurements which under the extended 
pressure ranges used in this study evidence significant coverages of reduced sites the contributions of which can 
be interpreted as being determined by ethane to oxygen molar ratios. Explaining measured kinetic features 
require invoking an oxygen pool present in quasi-equilibrium with gas phase oxygen that is distinct in identity 
from lattice oxygens, only the latter of which are wholly responsible for hydrogen abstraction steps in turnovers 
producing ethene, not COx. We demonstrate how a simplified global kinetic model that employs power law rate 
expressions for undesired reactions and excludes product inhibitory effects for the entirety of the reaction 
network is sufficient to explain both co-feed data as well as differential and integral features evaluated in the 
absence of product co-feeds. The proposed kinetic model can be employed in comparative assessments of high- 
pressure ODHE reactor configurations operating non-isothermally, especially those carrying a high sensitivity to 
contributions from highly exothermic total oxidation reactions.   

1. Introduction 

Ethene - a key platform molecule used as an intermediate in the 
production of a variety of bulk chemicals [1] - is currently produced 
using steam cracking processes that are highly capital, energy, and 
carbon-intensive [2,3]. Oxidative dehydrogenation of ethane (ODHE) - 
the O2-mediated oxidation of ethane to ethene and water at tempera
tures lower than those corresponding to the steam cracking of ethane - 
has been extensively evaluated as a less energy-intensive alternative to 
incumbent processes [4,5]. Of the various classes of catalysts investi
gated, MoVTeNb-based mixed metal oxide catalysts have exhibited the 
most promising performance [6–11]; these oxides, comprised of M1, 
M2, and other unary or binary oxide phases [12–14], oxidize ethane to 
ethene at remarkably high rates and selectivities, and could potentially 
enable the implementation of ODHE at temperatures below 673 K 
[15–18]. A significant body of work on this class of catalysts exists, 

including prior investigations that have attempted to attribute ethene 
and oxygenate formation, respectively, to M1 and M2 phases [19–21], to 
evidence (using experiment and theory) the key role of M1 phase mi
cropores in achieving high rates and selectivities [22,23], and to develop 
synthetic protocols for improving rates and selectivities by maximizing 
the abundance of the M1 phase relative to other less desirable ones 
[24–26]. Despite extensive research, kinetic models that incorporate 
elements critical to reactor design and scale-up - high reactant conver
sions and pressures as well as the prevalence of side reactions for 
example - are for the most part lacking in the literature. 

Kinetic models for ethene formation have been reported by the 
Iglesia group for supported vanadia catalysts [27], by the Lemonidou 
group for bulk nickel oxide catalysts [28,29], and by the Schmidt group 
for Pt-coated monoliths [30,31]. Specifically, in the case of MoVTeNbOx 
catalysts, Castillo-Araiza and Valente’s group [32,33] compared 
Langmuir-Hinshelwood-Hougen-Watson (LHHW), Mars-van Krevelen 
(MvK), single site Eley-Rideal, two-site LHHW, and hybrid MvK-LHHW 
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models for the ODHE reaction network, and concluded that the single 
and two-site LHHW models provided the best description of collected 
data. Although product inhibition terms were used heavily in these 
studies to obtain reasonable fits with measured rates, their prevalence 
was not (directly) tested experimentally. Moreover, the vast majority of 
these previously reported studies focus exclusively on investigating the 
kinetics of ethene formation over MoVTeNbOx catalysts, and not those of 
undesired reactions, due in part to the exceptionally high ethene selec
tivities (>90%) achieved despite high ethane conversions (60%) over a 
wide range of temperatures [34,35]. The significantly more exothermic 
nature of primary and secondary deep oxidation reactions, however, can 
potentially result in a disproportionately large impact of their rate pa
rameters on the feasibility of specific reactor design configurations, 
especially those operating closer to adiabatic conditions. Additionally, 
rates of these highly exothermic undesired reactions over MoVTeNbOx 
catalysts have been reported to exhibit greater sensitivities to temper
ature, as reflected by the larger magnitude of their corresponding 
apparent activation energy values compared to ethene formation 
[36,37]; these larger apparent activation energies and heats of reaction 
render their rate parameters to be critical elements within reactor 
modeling efforts aimed at maximizing ethene productivity by achieving 
optimal control over spatiotemporal temperature profiles. In our prior 
work, we employed kinetic models that exclude side reactions to suggest 
that autothermal reactor configurations compare favorably with cooled 
multitubular ones, with the achievement of requisite heat removal rates 
for the latter configuration appearing to be predicated on the application 
of sufficient levels of catalyst dilution [38]. We surmise that the inclu
sion of kinetic and thermodynamic features corresponding to side re
actions should amplify the favorability of autothermal configurations 
relative to cooled multitubular ones, yet have no means of evidencing 
such a premise owing to the dearth of ODHE models that capture global 
kinetic features. 

The operation of steam cracking processes are limited not only to 
high temperatures but also to low pressures (with steam as diluent) to 
maximize ethane conversion and minimize coke disposition rates [39]; 
these low operating pressures result in high compression costs that ac
count for up to 15% of total energy consumed in steam cracking pro
cesses that also co-produce hydrogen [40]. Exothermic ODHE processes, 
on the other hand, are not constrained to operation at low pressures, and 
hence create opportunities for the intensified production of ethene in 
compact reactors amenable to modular operation. Despite oxidative 
routes enabling high-pressure ethene production, few publications 

report the effect of pressure on ODHE kinetics over MoVTeNbOx cata
lysts [41], and even the ones that do, do so merely to report phenome
nological relationships between operating pressure and catalyst 
performance/stability. In this work, we report a global kinetic model for 
ethane oxidation over MoVTeNbOx catalysts. The model explains the 
dependence of rates and product distributions as a function of residence 
time, the effect of co-feeds on product formation rates, and differential 
and integral rate data obtained over a wide range of temperatures and 
operating pressures (603–703 K, 1–6 bar total pressure). Operation over 
an extended pressure range provides access to non-negligible coverages 
of reduced sites as a consequence of the larger ethane to oxygen molar 
ratios explored, and the inclusion of side reactions in the kinetic model 
suggest the involvement of multiple oxygen species - some in quasi- 
equilibrium with gas phase oxygen and others that are not - in ethane 
oxidation over MoVTeNbOx catalysts. The model provides a tool for 
addressing critical unanswered questions in the ODHE literature, 
including the comparative assessment of reactor designs for high pres
sure operation, as well as the role of highly exothermic total oxidation 
steps in altering the relative feasibility of various reactor designs, 
especially those more proximal to adiabatic operation. 

2. Experimental section 

2.1. Catalyst synthesis 

Detailed synthesis procedures for the MoVTeNbOx mixed metal oxide 
catalysts used in our study have been reported as part of a previous 
publication [38], the main steps of which can be summarized as follows: 
ammonium molybdate tetrahydrate (Sigma Aldrich, ≥ 99.0%), vanadyl 
sulfate (Sigma Aldrich, ≥ 97.0%), telluric acid (Sigma Aldrich, ≥ 98.0%) 
and ammonium niobate oxalate hydrate (Sigma Aldrich, ≥ 99.99%) 
were dissolved into 75 ml deionized water to form a dark violet solution 
with a Mo:V:Te:Nb molar ratio of 1:0.25:0.17:0.12. The solution was 
autoclaved at 448 K for 48 h and subsequently washed with 1 L of 
deionized water, centrifuged, and dried overnight at 353 K. The pre
cipitate obtained after drying the sample overnight was calcined at 873 
K for 2 h under inert flow. Dissolution of part of the catalyst - presumably 
the M2 phase - was achieved by washing the calcined powder obtained 
above in a 30% hydrogen peroxide solution (Macron Fine Chemicals) at 
room temperature for 24 h (0.05g solid per ml solution). The resulting 
suspension was washed with a liter of deionized water, vacuum filtered, 
and dried overnight at 353 K. The dried solid was then re-calcined using 

Nomenclature 

Roman letters 
A heat transfer area,m2 

Cp,j specific molar heat capacity of species j,J/mol/K 
Cpv(T) specific volumetric heat capacity of the reaction 

mixture,J/(m3*K)

Dt tube diameter,mm 
Ea activation energy, kJ/mol 
FA0 molar flow rate at inlet,mol/s 
FA,exit molar flow rate at outlet,mol/s 
Fj molar flow rate of species j,mol/s 
ΔHRx reaction enthalpy,kJ/mol 
keff effective catalyst thermal conductivity,W/(m*K)

ki rate constant of step i,mol/(s*gcat*kPa)

Ki equilibrium constant of step i,mol/(s*gcat*kPa)

rj observed reaction rate,mol/(s*m3)

R gas constant,J/mol/K 
Si selectivity of product i 

T reaction temperature,K 
Tc coolant temperature,K 
Tf feed temperature,K 
ΔTad adiabatic temperature rise,K 
U heat transfer coefficient between reactor inside and reactor 

outside,W/(m2*K)

V reactor volume,m3 

wj weighting factor of species j 
ΔW catalyst weight, g 
Xi conversion of reactant i 
ŷi,j kinetic model prediction 
Yi,j measured rate under a given set of conditions 
z dimensionless position along the reactor bed 

Greek letters: 
βk estimated parameter k 
τh characteristic heat removal time,s 
τg characteristic heat generation time,s  
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the same procedure as described above for the sample prior to H2O2 
treatment. 

2.2. Sample characterization 

Synthesized catalyst samples were characterized using X-ray 
diffraction (XRD), N2 physisorption, scanning electron microscopy 
(SEM), and inductively coupled plasma (ICP) analysis. Powder XRD 
patterns were obtained using a Panalytical diffractometer (Empyrean 
Series 3) with CuKα radiation (λ = 0.154 nm, tube voltage: 45 kV, tube 
current: 40 mA) over a 5-50◦ angular range using a 0.0001◦ step size 
with a scan rate of 0.06◦/s. N2 physisorption measurements were con
ducted at 77 K on a Micromeritics 3FLEX instrument after degassing the 
sample for 3 h under vacuum (P≈1 × 10-4) at 573 K, and the data treated 
according to the Brunauer-Emmett-Teller (BET) adsorption isotherm 
equation in thep/p0 = 0.05–0.30 pressure range. Sample morphology 
was assessed using images obtained on a LEO 1525 FEG scanning elec
tron microscope with an accelerating voltage of 3 KV. Catalyst compo
sition was determined using an AGILENT 725 ICP-OES system, with the 
sample being dissolved into a mixture of HF and HNO3. Detailed char
acterization results are presented in sections S2-S5 of the Supporting 
Information. 

2.3. Reactor setup 

Kinetic data were obtained in a stainless-steel fixed bed reactor with 
an inner diameter of 4 mm (Figure S1, SI). The temperature was 
measured using two K-type thermocouples, one placed horizontally 
along the center of the furnace in proximity to the heating element, and 
the other touching the outer surface of the stainless-steel tube at the 
midpoint of the bed in the axial direction. Two Swagelok K-series back 
pressure regulators were installed at the ends of the reactant and bypass 
lines to maintain high pressure. The M1 phase catalyst was crushed 
using a mortar and pestle and pelletized under a pressure of 2500 psi to a 
40–80 mesh size range and used without any dilution. Most of the ki
netic tests were performed over a bed of 0.1 g catalyst with a length of 
4.5 mm. Pre and post-catalytic sections were filled with untreated silicon 
beads of 20 mesh size (Thermo Scientific) to hold the catalyst bed in 
place and reduce axial temperature gradients [42]. Flow rates of all 
gases (C2H6, O2, C2H4, CO, CO2, He, CH4) were controlled using mass 
flow controllers (Brooks instruments), with helium and methane 
(Matheson > 99.999%) used as diluent and internal standard, respec
tively. Water vapor was co-fed into the reactor system using a syringe 
pump (KDS 100 Legacy) attached to a liquid injection port, and all 
transfer lines were heated to temperatures in excess of 433 K to prevent 
condensation of water at elevated pressures. The catalyst was heated to 
reaction temperature under helium before switching the bed inlet to the 
desired feed composition. Quantitative analysis of inlet and outlet 
stream compositions were conducted using an online gas chromato
graph (Agilent 7890B) equipped with an Agilent Gas Pro column (inner 
diameter: 0.32 mm, length: 60 m) and flame ionization and thermal 
conductivity detectors downstream of the column. Blank tube tests 
without any catalyst loaded that were conducted at 773 K (i.e. 70 K 
above the temperature range of our experiments) and a contact time of 
0.5 s resulted in ethane and oxygen conversions less than 1%. Kinetic 
data over a wide range of temperatures, contact times, and pressures 
were used to develop the model presented in this work (Table 1); 

reaction temperatures were varied from 603 to 703 K, contact times 
were varied between 0.04 and 1.5 s, and inlet partial pressures of C2H6, 
O2, C2H4, CO, and CO2 spanned 5–500 kPa, 5–500 kPa, 5–100 kPa, 5–30 
kPa, and 2–10 kPa, respectively. Ethane and oxygen conversions were 
kept below 5% in differential measurements that constitute the vast 
majority of the experiments reported here. C2D6 (Cambridge Isotope 
Laboratories, > 98%) was used without further purification in isotopic 
experiments conducted to probe the kinetic relevance of C–H scission 
steps. All of the reported experimental data are steady-state values ob
tained as an average of three to four data points. Criteria used to exclude 
concentration and temperature gradients are discussed in detail in sec
tion S6 of the Supporting Information. Values of catalyst bulk density, 
catalyst particle density and pore volume, and effective thermal con
ductivity used in these calculations are 1600 kg/m3, 2400 kg/m3, 
0.0224 cm3/g and 0.15 W/(m⋅K), respectively. Criteria for eliminating 
transport-related artifacts were found to be satisfied even under the most 
severe conditions (low flow rates, high temperatures), justifying the use 
of a 1D pseudo-homogeneous model to describe integral data. Carbon 
balances were>95% for all data reported (Section S1, SI). The conver
sion of ethane and oxygen, as well as their carbon selectivity were 
defined as below: 

Xi =
Fi, lnlet − Fi, outlet

Fi, lnlet
for i = C2H6, C2H4, and O2 (1)  

Si =
2Fi

2FC2H4 + FCO + FCO2

for i = C2H4 (2)  

Sj =
Fj

2FC2H4 + FCO + FCO2

for j = CO and CO2 (3)  

where Xi represents the conversion of the reactant, Si/Sj are product 
selectivities, and Fi represents reactant/product molar flow rates. 

3. Reactor model and kinetic parameter estimation 

Differential measurements were conducted at low reactant conver
sions (less than 20%) in the absence of significant product inhibitory 
effects (section 4.2). Reported reaction rates under differential condi
tions were calculated as: 

−rA =
FA0 − FA,exit

ΔW
(4) 

A 1D pseudo-homogeneous plug flow reactor model was used to treat 
high conversion (integral) data using the following mole balance: 

dFj

dz
= Vrj, j = 1, 2, ⋯, m; Fj = Fj0 at z = 0 (5) 

The following equation was used to describe the energy balance: 

dT
dz

=
Vr( − ΔHRx) − AU(T − Tc)

∑m

j=1
FjCp,j

, j = 1, 2, .., m;

T = T0 at z = 0

(6) 

Kinetic parameters were estimated by minimizing a weighted 
objective function: 

Table 1 
Reaction conditions used to construct the global kinetic model.  

T (K) PC2H6 (kPa) PO2 (kPa) PC2H4 (kPa) PCO(kPa) PCO2 (kPa) PH2O(kPa) Ptotal(bar) 

603–703 5–480 5–480 5–100 2–30 2–10 5–10 1–6 

XC2H6 (%) XO2 (%) XC2H4 (%) SC2H4 (%) SCO(%) SCO2 (%) τ (s)  

1.57–70.69 0.32–88.04 0.24–6.48 89.54–97.50 0.76–4.70 1.52–4.33 0.04–1.5   
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RSS
(

β
)

=
∑nexp

i=1

∑nresp

j=1
wj

(
Yi,j − ŷi,j

)2
̅̅̅̅̅̅̅̅̅̅̅̅̅ →

β1 ,β2⋯βk⋯βnp min, (7)  

where Yi,j represents experimentally measured rates under specific sets 
of conditions, ŷi,j represents kinetic model predictions, nexp represents 
the number of experiments used in the parameter estimation process, 
nresp the number of responses for each experiment, βk the estimated 
parameters, and wj the weighting factors used for assigning relative 
importance to specific experiments used in the parameter estimation 
procedure. For example, weighting factors for COx formation rates are 
typically 10 times higher than those for ethane and ethene formation. 

Parameter estimation was conducted in three steps: first, kinetic 
parameters corresponding to ethane partial oxidation to ethene were 
estimated from data collected under experimental conditions where 
ethene carbon selectivities exceeded 95%. Second, kinetics of a sub- 
network containing secondary reactions (steps 4–6) were analyzed by 
feeding ethene and oxygen (in the absence of ethane) directly over the 
catalyst bed. In the third and final step, kinetics of the entire 6-step re
action network were analyzed, with parameters determined from the 
previous two steps being used as initial guesses in the regression 
procedure. 

4. Results and discussion 

4.1. Identification of COx formation routes 

Ethane oxidation over bulk metal oxide catalysts proceeds through 
primary and secondary reaction steps depicted in Scheme 1. The desired 
product – ethene – is produced through the primary partial oxidation of 
ethane (step 1, Scheme 1) and consumed in secondary reactions pro
ducing total oxidation products CO (step 4) and CO2 (step 5). Total 
oxidation products – CO and CO2 – do not necessarily originate from 
secondary reactions involving ethene, but instead can be formed 
through the direct oxidation of ethane in primary reaction steps 
comprising a single catalytic sojourn on the oxide surface (steps 2 and 
3). Oxidation of CO to CO2 closes out the 6-step reaction network under 
consideration in this study focused on modeling experimental conditions 
under which C2 oxygenates are produced below detection limits, unlike 
some previous studies that report acetic acid and acetaldehyde forma
tion at elevated pressures (1–2 MPa) and low temperatures (473–573 K) 
[43]. The greater proportion of the M1 phase in our H2O2-treated 
samples also serve to minimize formation of C2 oxygenates. Minute 
amounts of such C2 oxygenates (acetic acid + acetaldehyde) that may be 
formed in our experiments but remain below detection limits can be 
considered to be lumped into CO2 formation rates without major im
plications on the conclusions of the study. Ethene selectivities between 
603 and 703 K remain above 89% even at ethane and oxygen 

conversions as high as 60%, rendering quantification of CO and CO2 
highly challenging. 

Identifying reactions within the overall network that require 
consideration constitutes the first step in the development of a global 
kinetic model. Oyama et al. proposed a 9-step ODHE reaction network 
over a V2O5/SiO2 catalyst where ethene and acetaldehyde were the 
desired products measured [44]. Donaubauer et al. developed a 5-step 
reaction scheme over a MoVTeNbOx catalyst, and claimed that ethane 
oxidation produces acetic acid in addition to ethene, with CO2 being 
formed exclusively through decomposition of the former, not the latter 
[45]. Quintana-Solórzano et al. included in their analysis all primary 
and secondary reaction steps except for the oxidation of CO [33], the 
prevalence of which under reaction conditions used in our study is 
demonstrated using CO co-feed experiments discussed in section 4.2. 

We use selectivity-conversion plots to understand the prevalence of 
primary and secondary routes for COx formation, and to assess whether 
the contributions of any of the steps in Scheme 1 are negligible under the 
conditions used in our study; specifically, finite molar selectivities at 
zero residence time are indicative of primary routes for product for
mation [46,47]. Selectivity trends extrapolated to zero conversion point 
to ethene as the major product formed in primary reactions (Figure 1a, 
643 K, 12 kPa C2H6, 6 kPa O2); non-zero selectivities of both CO and CO2 
when extrapolated to zero conversion indicate their formation through 
the direct oxidation of ethane in primary steps. Ethene selectivities 
decrease, and CO and CO2 selectivities increase with increasing ethane 
conversion, consistent with the formation of total oxidation products not 
just through primary steps but also additionally through non-primary 
reactions involving the oxidation of ethene to either CO or CO2, the 
contributions of which increase with increasing ethane conversion. 
Unlike ethene oxidation (step 4, Scheme 1), which represents the only 
non-primary route for CO formation, CO2 can be formed either through 
secondary reactions involving the oxidation of ethene to CO2 (step 5) or 
the oxidation of CO that is formed through ethene oxidation (step 4 
followed by step 6). Selectivity-conversion plots for ethene oxidation 
provide suggestions as to the identity of non-primary pathways for CO2 
formation (Figure 1b, 663 K, 25 kPa C2H4, 25 kPa O2); non-zero initial 
CO2 selectivities in experiments evaluating the oxidation of ethene 
suggest that part of its formation is attributable to turnovers involving 
the direct oxidation of ethene to CO2. Selectivity to CO2 increases with 
ethene conversion at the expense of that of CO (Fig. 1b), consistent with 
increasing contributions of CO oxidation toward CO2 formation with 
increasing ethene conversion. Such finite CO2 selectivities that increase 
with ethene conversion suggest that both direct (step 5) and indirect 
(step 4 followed by step 6) routes contribute to CO2 formation during 
ethane oxidation over the MoVTeNbOx catalyst formulation used in our 
study; considering only parallel routes for ethane/ethene oxidation to 
CO and CO2 (steps 2 and 3 or steps 4 and 5, respectively) may not be 

Scheme 1. Schematic of possible reaction steps involved in ethane oxidation over MoVTeNbOx catalysts: 1) primary oxidation of ethane to ethene 2) primary 
oxidation of ethane to CO 3) primary oxidation of ethane to CO2 4) secondary oxidation of ethene to CO 5) secondary oxidation of ethene to CO2 and 6) secondary 
oxidation of CO to CO2. 

J. Chen et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 445 (2022) 136605

5

sufficient to accurately capture kinetic phenomena pertaining to the 
formation of undesired total oxidation products. Overall, the selectivity- 
conversion data in Fig. 1 suggest that the rates of all 6 steps in the ODHE 
reaction network may need to be considered to accurately describe 
reactor temperature gradients, steps the rate of which are especially 
important to capture given the significantly more exothermic nature of 
CO2 formation routes compared to CO formation routes. We emphasize 
herein the fact that contributions of CO oxidation toward CO2 formation 
are non-negligible even at ethene conversions as low as 3%; note that 
these ethene conversions at 663 K result in CO:ethene molar ratios 

(~0.018, Fig. 1b) that can still be exceeded by those encountered at 40% 
ethane conversion at 643 K (~0.09, Fig. 1a) despite the highly selective 
nature of the catalyst under consideration. CO oxidation rates therefore 
have to necessarily be included in our global kinetic model, and ac
counting for them assumes greater importance with increasing ethane 
conversion. We next assess contributions of product inhibition effects 
that have commonly been used in prior studies to add fitting parameters 
that (somewhat inevitably) improve agreement between model pre
dictions and regressed rate data. 

Fig. 1. Product carbon selectivity as a function of (a) ethane conversion; reaction conditions: 643 K, 12 kPa C2H6, 6 kPa O2, balance He at 1 bar, contact time: 
0.04–0.66 s (b) ethene conversion; reaction conditions: 663 K, 25 kPa C2H4, 25 kPa O2, balance He at 1 bar, contact time: 0.01–0.11 s. 

Fig. 2. Product formation rates for (a) ethene (b) CO and (c) CO2 over 0.1 g MoVTeNbOx catalyst at 663 K in the presence of ethene, CO, CO2 and water co-feeds with 
the baseline non co-feed gas mixture corresponding to 50 kPa C2H6, 25 kPa O2, and balance He at 6 bar total pressure, 120 sccm total flow at atmospheric pressure. 
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4.2. Assessment of product inhibition 

Product inhibition - especially water inhibition resulting from the 
reversible nature of recombinative water desorption steps - are 
commonly encountered in catalytic partial oxidation reactions over bulk 
metal oxides [48–50]. More specifically, ethane partial oxidation rates 
have been shown to be sensitive to water pressure over supported 
vanadia [51] and molybdenum oxides [51,52], as well as bulk nickel 
oxide [53]. Oxidation rates on bulk metal oxides can also be inhibited by 
CO2, as is the case over nickel oxide catalysts that tend to form non- 
stoichiometric oxygen derived carbonate species the equilibrium cov
erages of which increase monotonically with CO2 pressure [54,55], and 
as evidenced by the carbonate-mediated inhibition of methane oxidation 
rates over rare earth oxide catalysts [56–58]. Although the prevalence of 
water inhibition over MoVTeNbOx catalysts has been evaluated in the 
literature, the sensitivity of rates of undesired reactions to water and 
CO2 pressures has thus far not been tested – sensitivities important to 
capture in the global kinetic model being developed in this study. 

The (in)significance of product inhibition effects on rates of both 
desired and undesired reactions were evaluated using product co-feed 
experiments. Ethene formation rates were found to be independent of 
CO2 (0–10 kPa), CO (0–8 kPa), and water (0–10 kPa) co-feed partial 
pressures (Fig. 2a), suggesting a lack of carbonate formation under re
action conditions, and consistent with the involvement of recombinative 
water desorption steps that are irreversible in nature (further discussion 
in section 4.3). Ethene formation rates, therefore, can be expressed as a 
function of ethane and oxygen partial pressures without the inclusion of 
functional dependencies on the partial pressures of products of any of 
the reactions in the reaction network under consideration. CO formation 
rates were also found to be insensitive to product partial pressures but 
dependent on ethene partial pressure; formation rates increase roughly 
25 % (3.36 X 10-7 to 4.25 X 10-7 mol s−1 gcat

-1 ) as ethene partial pressures 
increase from 0 to 11 kPa (Fig. 2b), suggesting that CO formation rates 
from ethene and ethane (present at 50 kPa) may be comparable under 
certain conditions and that the significantly stronger C–H and C–C bonds 
in ethene compared to ethane do not necessarily result in negligible 
relative contributions of ethene oxidation toward CO formation (C–H 
bond dissociation energies: 476 and 435 kJ/mol [59] and C–C bond 
dissociation energies: 720.5 [60] and 377.4 kJ/mol [61] for ethene and 
ethane, respectively). Similar co-feed experiments were performed to 
probe the dependency of CO2 formation rates on ethene, CO, CO2 and 
water partial pressures (Fig. 2c). CO2 formation rates exhibit a de
pendency not only on ethene pressure but also on CO co-feed pressure 
(4.1 X 10-7 to 7.0 X 10-7 mol s−1 gcat

-1 as PCO2 increases from 0 to 8 kPa), 
indicating plausible contributions of CO oxidation toward CO2 forma
tion under ODHE conditions, and reinforcing contributions from the 
same that are reflected in significant increases in CO2 selectivity with 
residence time during ethene oxidation at ethene conversions as low as 
3% (Fig. 1b). 

Product inhibition effects in secondary reactions were probed 
explicitly in ethene oxidation experiments where the effect of ethane, 
CO, and CO2 co-feeds on product formation rates were measured. CO 
formation rates increase with ethane co-feed pressure, but remain 
insensitive to CO2 co-feed pressure (Figure S5(a), SI), further corrobo
rating the lack of product inhibition in CO oxidation steps. CO2 forma
tion rates increase with ethane and CO co-feed pressures, consistent with 
the prevalence of direct (step 3) and series (step 2 followed by step 6) 
pathways for producing CO2. The lack of product inhibition simplifies 
significantly the functional forms of rate expressions required to capture 
differential and integral kinetic features presented, and also render un
necessary the calculation of initial rates through extrapolations to zero 
conversion/residence time that the rigorous development of global ki
netic models would otherwise be predicated on. We next use partial 
pressure dependencies of the rates of these various reactions to develop 
individual rate expressions that constitute a global kinetic model that 
explain high-pressure ODHE kinetic data over a relatively large range of 

reaction temperatures (603 K −703 K). 

4.3. Kinetic model rate expressions 

4.3.1. Ethane oxidation kinetics 
We propose herein a plausible sequence of steps mediating primary 

ethane partial oxidation to ethene and total oxidation to COx that are 
consistent with experimentally measured partial pressure dependencies 
and kinetic isotope effects. Partial oxidation rates (step 1, Scheme 1) are 
readily accessible in our experiments, especially at low ethane conver
sions, owing to the exceptionally high ethene selectivities (>95%) 
exhibited by the MoVTeNbOx catalysts employed in our study. ODHE 
rates at 603 K were found to exhibit fractional order dependency in both 
ethane and oxygen (Fig. 3a and b), unlike our previous study that re
ported first order and zero order behavior in ethane and oxygen, 
respectively [38], due in part to the higher temperatures (703 K) and 
smaller range of pressures (6–30 kPa ethane and 6 kPa O2) explored in 
that study, and also possibly even due to differences in catalyst surface 
properties originating from H2O2-mediated dissolution procedures 
employed herein. More specifically, partial oxidation rates appear to be 
first order in ethane at sufficiently low pressures of ethane regardless of 
oxygen pressure, and transition to fractional order dependency at higher 
ethane pressures (Fig. 3a). The decrease in sensitivity to ethane pressure 
and the approach to zero order behavior occurs at progressively lower 
ethane pressures with a decrease in oxygen pressure (50–25-10 kPa O2, 
Fig. 3a). Rates also transition from being first order in oxygen at low 
oxygen pressures to being insensitive to the same at higher oxygen 
pressures, with first order behavior being achieved at progressively 
lower oxygen pressures with decreasing ethane pressure (50–25-10 kPa 
ethane, Fig. 3b). These kinetic features can be rationalized neither on 
basis of trends in reactor non-isothermality as reflected by conversion- 
scaled adiabatic temperature rise values as a function of reaction con
ditions (Section S18, SI), nor using quasi-equilibrated dissociative oxy
gen adsorption steps postulated in our previous study on non-H2O2 
treated MoVTeNbOx samples that tie reduced site coverages (and 
concomitant oxygen pressure dependencies) exclusively to oxygen, not 
ethane pressures [38]. Relative coverages of reduced sites are instead 
postulated to be governed by ethane to oxygen molar ratios, as would be 
necessitated by a balance (at steady state) between the rates of con
sumption and production of lattice oxygen in irreversible hydrogen 
abstraction and dissociative oxygen adsorption steps, respectively (vide 
infra). 

The second kinetic feature identified in the data reported here relates 
to the significantly greater oxygen sensitivities of ethane total oxidation 
rates compared to ethane partial oxidation rates at 643 K, with these 
higher temperatures being necessary for the accurate measurement of 
total oxidation rates that tend to remain an order of magnitude or two 
lower than partial oxidation rates (Figure S6, SI). Accurate measure
ments of total oxidation rates were rendered especially challenging due 
to the fact that ethane conversions had to be maintained below 5.8% to 
minimize contributions from secondary ethene and CO oxidation re
actions that become prevalent at high conversions. Ethane total oxida
tion rates at 643 K are almost linear in ethane pressure and close to half 
order in oxygen pressure (Fig. 4), in contrast with partial oxidation rates 
under identical conditions that are first order in ethane and zero order in 
oxygen (Figure S6A, SI). Michaels et al. [62,63] have previously noted 
zero order and half order rate behavior in oxygen for partial and total 
oxidation, respectively, over a Mg-V-Sb ternary oxide catalyst. Similarly, 
Gaab et al. reported CO2 formation rates that are half order in oxygen 
and CO formation rates that are 0.27 order in oxygen over an Li/Dy/Mg/ 
O/(Cl) mixed metal oxide catalyst [64]. Plausible mechanisms for 
ethane oxidation must not only explain the aforementioned ethane and 
oxygen partial pressure dependencies of ethene formation rates but also 
the significantly greater oxygen sensitivities of ethane total oxidation 
rates compared to ethane partial oxidation rates. 

Four classes of Mars-van Krevelen reaction schemes (depicted in 
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Scheme 2) were evaluated in the context of interpreting the aforemen
tioned observations and kinetic isotope effects discussed later in this 
section. The first mechanistic scheme evaluated involves a single type of 
lattice oxygen species formed in irreversible O2 dissociative adsorption 
steps (Scheme 2a). Ethane physisorbs onto lattice oxygen in a quasi- 
equilibrated step, followed by hydrogen abstraction by a neighboring 
lattice oxygen. ß-hydride elimination to form ethene is then followed by 
irreversible recombinative water desorption steps that form oxygen 
vacancies subsequently refilled by O2 dissociative adsorption. The 
decomposition of the ethoxide intermediate represents a branching 
point in this mechanism, with ß-hydride elimination resulting in desired 
turnovers producing ethene, and the involvement of an oxygen atom 
adjacent to the ethoxide intermediate resulting in COx formation. The 
precise nature of bond scission and bond forming events remain inac
cessible to us given the limitations of the experimental toolkit employed 
in this work, and could constitute the focus of future studies. Assuming 
ethane adsorption to be quasi-equilibrated, and applying the pseudo 
steady state assumption to ethoxide, hydroxyl, and lattice oxygen spe
cies leads to the following expression for the ratio of rates of ethene and 
COx formation (derivation in section S8, SI): 

rC2H4

rCOx

=

k3
2k4

1 + K1[C2H6] +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2K1 [C2H6 ]

k5

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2k4K1 [C2H6 ]

2k3k6 [O2 ]

√ (8)  

where the meaning of kinetic and thermodynamic parameters in this 
equation are described in section S8 of the Supporting Information. 
Ethene to COx rate ratios that are near-invariant in ethane pressure and 
negative half order dependent in oxygen pressure (Figure S6B) cannot be 
rationalized using rate ratios described using equation (8), suggesting 
the need for an alternative mechanistic scheme. We emphasize here the 
fact that Scheme 2a leads to the expected qualitative features in Fig. 3 
for ethane partial oxidation, but do not explain accurately the signifi
cantly greater sensitivities to oxygen pressures, but not ethane pressures, 
exhibited by total oxidation rates (Figure S6B). 

A second, alternative scheme adapted using mechanistic suggestions 
put forth by the Deshlahra group [21,65] was also evaluated (Scheme 
2b). Physisorbed ethane formed in a quasi-equilibrated step decomposes 
directly to produce adsorbed ethene in a single step involving a single 
active site, unlike the ethoxide formation pathway in Scheme 2a that 
postulates hydrogen abstraction by a neighboring lattice oxygen. 
Adsorbed ethane represents a branching point in this reaction scheme, 

Fig. 3. Effects of (a) ethane and (b) oxygen partial pressure on ethene formation rate over 0.1 g MoVTeNbOx at 603 K with He as inert carrier at 6 bar total pressure, 
120 sccm total flow at atmospheric pressure. Solid lines represent model predictions and symbols represent experimental data. 

Fig. 4. Ethane total oxidation rates as a function of (a) ethane partial pressure at 25 kPa O2 and (b) oxygen partial pressure at 100 kPa C2H6 over 0.1 g MoVTeNbOx at 
643 K with He as inert carrier at 6 bar total pressure; ethane conversions were maintained below 5.8%. Solid lines represent model predictions and symbols represent 
experimental data. 
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with hydrogen abstraction resulting in a radical-like intermediate that 
upon interaction with a neighboring lattice oxygen forms COx. This re
action scheme, which postulates the involvement of neighboring lattice 
oxygens in COx formation steps but not ethene formation steps leads to 
the following ethene to COx formation rate ratio when applying the 
pseudo steady state hypothesis to the C2H5, OH/MOH* −C2H4, M*, and 
OH/MOH* intermediates (derivation in Section S9, SI): 

rC2H4

rCOx

=
0.5k2K1[C2H6]

k4K1[C2H6]+ k4k6K1
k5

*(k2+k4)K1 [C2H6 ]2

k7+
k4 k6 K1 [C2 H6 ]

k5

(9)  

where the meaning of kinetic and thermodynamic parameters in this 
equation are described in section S9 of the Supporting Information. The 
strong dependence of ethene to COx rate ratios on oxygen pressure 
cannot be captured using equation (9), suggesting Scheme 2b to be 
inconsistent with the kinetic data reported in Figures 3, 4, and S12. 

The lack of consistency between experimentally measured kinetic 
features and rate ratios derived for reaction schemes involving a single 
type of active oxygen species led us to considering the involvement of 
additional active oxygen species that participate in total oxidative 
turnovers, but not necessarily in partial oxidative turnovers producing 
the desired product. The first such scheme considered accounts for inner 
and outer sphere routes for reoxidation of isolated two-electron reduced 

centers on sparsely reduced oxide surfaces presumed to be involved in 
kinetically irrelevant oxidation cycles (Scheme 2c). These routes have 
previously been analyzed and evidenced experimentally during alkanol 
oxidation using four-electron oxidants over supported polyoxometalate 
clusters exhibiting kinetically demanding oxygen diffusion steps 
[66,67], but not, to the best of our knowledge, been assessed rigorously 
for alkane oxidation over bulk metal oxides. Notably, active oxygen 
intermediates formed during O2 activation on two-electron reduced 
centers have been invoked heavily in the enzyme catalysis literature 
[68–70], and also been proposed to be involved in undesired reaction 
steps during the oxidative dehydrogenation of propane over supported 
vanadia catalysts [71]. Two possible routes for reoxidation of two- 
electron reduced centers (H/OH*) to lattice oxygen (O*) exist 
(Scheme 2c) – outer sphere routes that circumvent scission and forma
tion of metal–oxygen bonds, and inner sphere routes that rely on such 
scission/formation steps being kinetically accessible. The H/OH* 
reduced center undergoes recombinative water desorption to produce 
an oxygen vacancy *, that can then undergo reoxidation through steps 
constituting inner sphere routes. The adsorption of dioxygen onto a 
vacancy generates a peroxo intermediate that can be consumed in either 
ethane partial oxidation to ethene or total oxidation to COx, both of 
which regenerate lattice oxygen species O*. These lattice oxygens can 
also be regenerated directly from H/OH* reduced centers through outer 
sphere routes that circumvent metal–oxygen bond scission. Gas phase 

Scheme 2. Classes of Mars-van Krevelen cycles evaluated in interpreting ethane primary oxidation data (a) single oxygen site model with two proximal lattice 
oxygen sites involved in hydrogen abstraction steps (b) single site model without hydrogen abstraction by a proximal oxygen [21,65] (c) single oxygen site model 
accounting for inner and outer sphere reoxidation routes [66] (d) dual oxygen site model involving lattice oxygen formed in irreversible dissociative adsorption steps 
and adsorbed oxygen present in quasi-equilibrium with gas phase dioxygen. Undesired steps leading to COx formation are highlighted in red. Oval symbols on arrows 
are used to represent steps assumed to be quasi-equilibrated. 
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dioxygen reacts with these reduced centers as part of outer sphere routes 
to form H2O2. H2O2 can further react with another two-electron reduced 
center (* or H/OH*) to close out the four-electron redox cycle and 
regenerate lattice oxygen (O*). Lastly, H2O2 can allow for an intercon
version between the two types of active oxygen - lattice oxygen and 
peroxo intermediates – thereby increasing the relative contribution of 
inner sphere routes to reoxidation cycles. This reaction scheme leads to 
the following expression for ethene and COx formation rate ratios 
(Section S10, SI): 

rC2H4

rCOx

=
(k3 + k4)

(
1 + α k2 [C2H6 ]

2k7 [O2 ]

)

k4
+

k3

2k4
(10)  

where the meaning of kinetic and thermodynamic parameters in this 
equation are described in section S10 of the Supporting Information. 
Ethene to COx rate ratios are predicted to decrease with increasing ox
ygen pressure, consistent with the rate data reported in section S12, but 
not necessarily with a negative 0.5 order dependency as suggested by 
experimentally measured rate data. Eq. (10) also suggests a concurrent 
positive order dependency on ethane partial pressures, in contradiction 
with the trends reported in our work. More extended descriptions of the 
oxidation half cycle such as the ones considered in Scheme 2c, therefore, 
also appear to not provide an accurate description of primary oxidation 
rate data despite the postulation of an additional active oxygen inter
mediate (OO*). 

We find that these kinetic features, however, can in fact be ratio
nalized by invoking the presence of a dissociatively adsorbed oxygen 
pool - distinct from lattice oxygens formed in irreversible dissociative 
adsorption steps – and present in quasi-equilibrium with gas phase ox
ygen, that abstract hydrogens from ethoxide intermediates formed on 
lattice oxygens (Scheme 2d); implicit in this reaction scheme is the 
assumption that the oxygen pool present in quasi-equilibrium with gas 
phase oxygen (represented as O**) is involved exclusively in total 
oxidative turnovers producing COx, but not partial oxidative turnovers 
producing ethene; lattice oxygens (represented as O*) formed through 
irreversible dissociative adsorption steps, on the other hand, are 
involved in hydrogen abstraction events common to both catalytic cy
cles. The following steps comprise these proposed catalytic cycles 
(Table 2): the quasi-equilibrated adsorption of ethane onto lattice oxy
gen (O*) (step 1), the irreversible abstraction of hydrogen by a neigh
boring lattice oxygen (step 2), ethene desorption through ß-hydride 
elimination (step 3), followed by irreversible recombinative water 
desorption (step 5) and dissociative oxygen adsorption (step 6) steps 
that regenerate lattice oxygen sites and close out the ethene formation 
catalytic cycle. Whereas hydrogen/hydride elimination from lattice 

oxygen-derived ethoxide intermediates result in ethene formation (step 
3), carbon–oxygen bond formation steps involving these lattice oxygen- 
derived ethoxide intermediates and O** species (step 4) are postulated 
to precede a series of irreversible steps that result in COx formation. O** 
species are generated through the quasi-equilibrated dissociative 
adsorption of oxygen on ** sites (step 7), the identity of which remain 
beyond the scope of this work, and remain inaccessible given the limited 
kinetic techniques applied in this study. MoVTeNbOx catalysts used here 
carry not only multiple phases but also metals within each phase that 
exist in a variety of oxidation states [72,73], and present a multitude of 
possibilities for potential oxygen adsorption sites. Claims abound in the 
open literature as to the involvement of electrophilic and nucleophilic 
oxygen species on MoVTeNbOx catalysts in CO/CO2 and olefin forma
tion steps, respectively [2,3,45]. Heracleous and Lemonidou proposed a 
two oxygen-site model for ethane oxidation over Nb-doped nickel oxides 
- one site responsible for ethane oxidative dehydrogenation and ethene 
secondary oxidation, and another that catalyzes total oxidation of 
ethane [53,74]. Rahman et al. employed two-site models combining 
Eley-Rideal and redox mechanisms for capturing trends in ethane 
oxidation performance over MoV type catalysts [75]. We invoke the 
existence of a quasi-equilibrated oxygen pool that is involved in oxygen 
insertion steps leading to COx formation; this oxygen pool does not 
participate in ethene partial oxidative turnovers producing ethene, 
which instead involve exclusively a single type of lattice oxygen species 
formed in irreversible dissociative adsorption steps. We emphasize the 
fact that no claims as to the identity or electrophilicity of these active 
oxygen species, or in fact even the nature of sites that enable dissociative 
adsorption of oxygen in the first place are made in our interpretation of 
the presented kinetic data. 

The sequence of elementary steps listed in Table 2, conditional on 
steps 1 and 7 being quasi-equilibrated, and upon application of the 
pseudo-steady state assumption to *, OH* and C2H5O* intermediates 
leads to the following expression for the rate of ethene formation 
(derivation in section S11, SI): 

(11)  

where K2 is the rate constant for C–H bond activation, K1 is the equi
librium constant for ethane adsorption, k5 is the rate constant for 
recombinative water desorption, and k6 the rate constant for re- 
oxidation of reduced sites. Terms in the denominator represent (in 
order of appearance) C2H6O*, OH* and * coverages relative to those of 
O*. Water inhibition terms are absent in the denominator of the rate 
expression as a consequence of the irreversible nature of recombinative 
water desorption steps (step 5, Table 2), and are consistent with negli
gible effects of water co-feeds and residence times on ethene formation 
rates (section 4.2). Significant coverages of adsorbed ethane would be 
expected to lead not only to a lack of sensitivity of rates to ethane 
pressures but an inhibitory effect of ethane on ODHE rates at sufficiently 
high pressures; such inhibitory regimes are not accessed in the experi
ments reported here, suggesting a negligible contribution of these spe
cies to the overall site balance. Model fits described in section 4.4 
suggest hydroxyl coverages that are 4 orders of magnitude smaller than 
those of lattice oxygens and oxygen vacancies (Section S13, SI), and the 
inclusion of hydroxyl coverage terms lead to imperceptible improve
ments in the quality of rate regression, leading us to ignore their con
tributions to the ethane oxidation rate expression. Moreover, rates that 
approach first order behavior in ethane at sufficiently high oxygen 
pressures (~50 kPa) are indicative of negligible surface coverage con
tributions of hydroxyls and adsorbed ethane, the magnitude of both of 

Table 2 
Proposed sequence of elementary steps for the oxidation of ethane to ethene and 
COx over MoVTeNbOx catalysts. The rates of each of the corresponding 
elementary steps are shown on the right with rate parameters for steps involving 
multiple sites being apparent rate parameters that include the corresponding 
coordination numbers.  

Step Reaction Equation 

1 C2H6 + O* ↔ K1 C2H6O* [C2H6O*] = K1[C2H6][O*]

2 C2H6O* + O*→
k2 C2H5O* + OH* r2 = k2[C2H6O*][O*]

3 C2H5O*→
k3 C2H4 + OH* r3 = k3[C2H5O*]

4 C2H5O* + O**→
k4

̅→
+O**

→
−OH**

COx* + COx + ** r4 = k4[C2H5O*][O**]

5 2OH*→
k5 H2O + O* + * r5 = k5[OH*]

2 

6 O2 + 2*→
k6 2O* r6 = k6[O2][*]

2 

7 O2 + 2** ↔ K7 2O** 
[O** ] = K7[O2][**]

2 

O* represents a lattice oxygen formed through irreversible dissociative oxygen 
adsorption, O** represents dissociatively adsorbed oxygen present in quasi- 
equilibrium with gas phase oxygen, OH* represents a surface hydroxyl, * rep
resents a lattice oxygen vacancy, and ** represents an adsorption site for quasi- 
equilibrated oxygen adsorption. 
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which are determined solely by the ethane pressure under consideration. 
Steady state contributions of reduced site coverages, on the other hand, 
are instead determined by a balance between the rates of lattice oxygen 
consumption in hydrogen abstraction steps and those of oxygen gener
ation through dissociative adsorption steps (steps 2 and 6, Table 2), and 
hence are a function of the ethane to oxygen molar ratio, and offer a 
plausible basis for explaining rate dependencies reported in Fig. 3. Rates 
are not only first order in ethane at sufficiently low ethane pressures but 
also independent of oxygen pressure as a result of the existence of pre
dominantly empty surfaces comprised of exposed lattice oxygens 
involved in ethane adsorption and C–H bond scission; at these low 
ethane pressures, oxygen pressures tested in this study (10–50 kPa), and 
hence oxygen adsorption rates, are sufficient to maintain a predomi
nantly oxidized surface reflected in first order rate behavior in ethane. 
Deviations from first order behavior, however, are observed at higher 
ethane pressures where these same oxygen pressures can result in finite 
reduced site coverages owing to the much larger rates at which lattice 
oxygens activate ethane. The higher rates of hydrogen abstraction 
associated with these higher ethane pressures also results in greater 
sensitivities to oxygen pressure (Fig. 3b); rates are first order in oxygen 
at 50 kPa ethane and low oxygen pressures, and transition to zero order 
behavior at higher oxygen pressures that result in fully O* covered 
surfaces. These predominantly O* covered surfaces are accessed, and 
concomitant zero order behavior in oxygen observed, at progressively 
lower oxygen pressures with decreasing ethane pressure (50–25-10 
kPa), consistent with ethane to oxygen ratios, not merely either oxygen 
or ethane pressures, determining relative coverages of reduced sites and 
hydroxyls, respectively. Trends in Fig. 3 can be captured quantitatively 
using the following simplified rate expression in which contributions of 
adsorbed ethane and hydroxyl species are assumed to be negligible: 

r1 =
k2K1[C2H6]

(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2K1 [C2H6 ]

2k6 [O2 ]

√ )2 (12) 

This rate expression can be recast in an equivalent form (Eq. (13)) by 
combining the product of k2 and K1 to be represented by k’, and k6 
represented instead for convenience as k0 – the rate constant for re- 
oxidation of lattice oxygen vacancies - since k6 is used to represent the 
apparent rate constant for the CO oxidation step (step 6) in the reaction 
network: 

r1 =
k’[C2H6]

(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅
k’ [C2H6 ]

2ko [O2 ]

√ )2. (13) 

We note that Annamalai et al. [65] noted first order dependency on 
ethane and zero order dependency on oxygen at least in part due to the 
higher temperatures (648–733 K) and smaller range of reactant pres
sures (Pethane = 1–8 kPa and Poxygen = 1–15 kPa) used in their study. The 
significantly greater reactant pressures (Pethane = Poxygen = 0–500 kPa) 
used in our study, as well as lower temperature (603 K) measurements 
enabled by the use of H2O2-mediated selective phase dissolution pro
cedures applied herein allow us to identify non-first and zero order 
behavior in ethane and oxygen, respectively, and to eliminate more 
simplistic mechanistic proposals presented in our previous study that 
explain high-temperature, low-pressure rate features with sufficient 
levels of accuracy [38]. 

We invoke a dissociatively adsorbed oxygen species (O**) present in 
quasi-equilibrium with gas phase oxygen that is involved in COx, but not 
ethene formation. Applying the pseudo-steady state hypothesis to 
C2H5O*, OH*, and* intermediates, and assuming step 4 to be rate 
determining in the case of ethane total oxidation to COx, the sequence of 
steps presented in Table 2 allow us to derive the following rate expres
sion for COx formation (derivation in section S11, SI): 

(14)  

where terms in the denominator term on the left hand side represent 
C2H6O*,OH*and * coverages relative to O*. In cases where the oxygen 
adsorption equilibrium constant is small enough where ** surfaces are 
mostly uncovered, i.e. 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K7[O2]

√
≪ 1, Eq. (14) can be simplified to the 

following form: 

r2,3 =
2 k2k4K1

k3
[C2H6]

(
1 + K1[C2H6] +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2K1 [C2H6 ]

k5

√

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2K1 [C2H6 ]

2k6 [O2 ]

√ )2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K7[O2]

√
. (15)  

From Eqs. (11) and (15), the ratio of the rates of ethane total to partial 
oxidation can be expressed as: 

r1

r2,3
=

k3
2k4̅̅̅̅̅̅̅̅̅̅̅̅̅̅

K7[O2]
√ . (16) 

Assuming C2H6O*, OH*, and * coverages are much smaller than those 
of O*, Eq. (15) can be further simplified to the following form: 

ri = k’’
i [C2H6]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
K7[O2]

√
, (17)  

where the k’’
i is the rate constant for the deep oxidation of ethane (step 2 

and step 3 combined). This simplified rate expression that assumes 
predominantly uncovered O* and ** surfaces was found to capture rate 
dependencies reported in Fig. 4, due in part to the higher temperatures 
(643 K) and smaller range of ethane (20–155 kPa) and oxygen (10–100 
kPa) pressures covered compared to those used to develop rate expres
sions for ethene formation (0–500 kPa oxygen and ethane, Fig. 3). We 
emphasize here the fact that higher temperatures are required for the 
quantification of COx formation rates with meaningful levels of accu
racy, and that the pressure ranges over which these total oxidation rates 
can be reported are somewhat limited due to the prohibitively large 
conversion-scaled adiabatic temperature rise values and resulting tem
perature gradients at higher pressures. Steps postulated in Table 2 and 
the assumptions used in deriving Eqs. (11) and (15) also lead to an ac
curate description of ethane partial to total oxidation rate ratios at 643 K 
that are weakly dependent on ethane pressure but exhibit negative half 
order dependency on oxygen pressure (Figure S6B, SI) - dependencies 
that are challenging to reconcile using sequences that exclusively 
involve lattice oxygen despite accounting for inner and outer sphere 
routes for surface reoxidation (Schemes 2a-c). 

Proposed sequences for ethene and COx formation are also consistent 
with kinetic isotope effects (KIEs) reported in Table 3 that were assessed 
by feeding C2H6/O2 and C2D6/O2 mixtures under conditions leading to 
sub-10% ethane conversion at 623, 643, and 663 K, and rate constants at 

Table 3 
Kinetic isotope effects for ethane oxidation over MoVTeNbOx catalysts measured 
by feeding C2H6/O2 and C2D6/O2 mixtures; reaction conditions: 623–663 K, 12 
kPa C2H6/C2D6, 6 kPa O2, 45 sccm total flow at atmospheric pressure. k1,C−H/C−D 

represents the ratio of first order apparent rate constants k2K1, k2,C−H/C−D and 
k3,C−H/C−D represent the ratios of k’’

2 and k’’
3 in Eq. (17), respectively.  

Temperature (K) Dehydrogenation Deep oxidation 

k1,C−H/C−D k2,C−H/C−D k3,C−H/C−D 

623  3.79  1.07  1.09 
643  3.56  1.03  0.96 
663  3.48  1.09  1.28  
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these three temperatures back calculated using Eq. (12). KIE values for 
ethene formation from ethane - reported here as the ratio of apparent 
rate constants (k2K1) - were found to range between 3.4 and 3.8, and 
those for COx formation from ethane were found to range between 0.96 
and 1.28, consistent with the kinetic relevance of C–H scission steps in 
the former (step 2, Table 2) and the rate determining nature of either C- 
O bond formation or C–C bond scission steps in the latter (step 4, 
Table 2). The kinetic relevance of C–H bond scission steps toward ethene 
formation noted here align with proposals in the prior literature for 
ethane partial oxidation over supported vanadia and molybdenum, as 
well as bulk MoVTeNbOx catalysts [27,45,65,76–79]. Specifically, a KIE 
value of 2.4 was reported by the Iglesia group for ethene formation over 
supported vanadia catalysts [27] and a value of 2.4–2.9 reported by the 
Lemonidou group for bulk nickel oxide catalysts [80]. C2H6/C2D6 rate 
ratios for COx formation that deviate from unity, on the other hand, are 
not that commonly reported in the literature. Yao et al. reported near- 
identical rates for C2H4 and C2D4 oxidation over bulk nickel oxide cat
alysts, and proposed that scission of the carbon–carbon double bond 
constitutes the rate determining step for ethene oxidation [81]. In 
contrast with isotopic data on the MoVTeNbOx catalyst reported here, 
Argyle et al. postulated C–H activation to be kinetically relevant for the 
total oxidation of ethane as well as the oxidation of ethene over sup
ported vanadia catalysts, and reported rate constant ratios of 1.9 and 
2.8, respectively, for these two reactions [27]. The kinetically 
demanding nature of carbon–carbon bond scission/oxygen insertion 
steps over MoVTeNbOx catalysts studied here and the associated lack of 
kinetic relevance of C–H scission steps may provide hints as to the basis 
for the significantly greater selectivities of M1 phase oxides compared to 
supported vanadia catalysts, the latter of which appear to carry C-O 
bond formation/C–C bond scission steps that are not sufficiently kinet
ically demanding as to result in kinetically irrelevant hydrogen 
abstraction steps. The precise basis for the exceptionally high ethene 
selectivities of M1 phase materials considered here, as well as those 
evaluated more broadly in the literature remain speculative at best, and 
will constitute the focus of future investigations. 

4.3.2. Ethene and CO oxidation kinetics 
Product inhibition effects appear to contribute negligibly toward 

measured ethene oxidation rates (steps 4,5, and 6, Scheme 1), as evi
denced using co-feed experiments described in section 4.2. CO and CO2 
formation rates at 663 K both exhibit first order dependency in ethene 
(5–100 kPa, Fig. 5a) and half order dependency on oxygen (5–480 kPa, 
Fig. 5b). Ethene conversions were maintained below 1.8% to minimize 
contributions of CO oxidation to measured CO2 formation rates. Ethene 

oxidation rate data can be represented using the following power law 
rate expression: 

ri = ki[C2H4][O2]
1/2 (18)  

where ki represents the corresponding apparent rate constant for ethene 
oxidation to either CO or CO2. The utility of this rather simple empirical 
rate expression, the mechanistic basis for which we do not seek to 
establish both due to the abundance of mechanistic possibilities as well 
as the limited nature of the kinetic data available, is exaggerated in our 
study due to the significantly smaller range of ethene pressures 
(compared to ethane pressures) encountered in the vast majority of ki
netic measurements reported. 

Co-feed experiments reported in section 4.2 are suggestive of the 
non-negligible nature of CO oxidation pathways in determining CO2 
formation rates. Kinetic models reported in the prior literature, how
ever, exclude CO oxidation steps [32,45] despite reports asserting its 
plausibility over metal [82], metal oxide [83,84], and Pd-containing 
MoVTeNbOx catalysts [85,86]. CO oxidation rates at 683 K, analogous 
to ethene oxidation rates, were found to be first order in CO and half 
order in oxygen (Fig. 6), analogous to reaction orders reported over 
La2O3/CaO catalysts between 900 and 1200 K by Stansch et al. [87]. CO 
oxidation rates can therefore be expressed as: 

ri = k6[CO][O2]
1/2 (19)  

where k6 is the apparent rate constant for ethene oxidation. Having 
obtained forms of rate expressions for each of the 6 steps in the reaction 
network, we now estimate model kinetic parameters by regressing to 
experimentally measured rate data. 

4.4. Global kinetic model parameter estimation 

Table 4 lists rate expressions constituting the proposed global kinetic 
model used to describe ethane oxidation rate data over the MoVTeNbOx 
catalyst under consideration. Rate expressions for primary partial and 
deep oxidation reactions (steps 1–3, Scheme 1) are derived from specific 
sequences of elementary steps described in section 4.3, whereas those 
for secondary reactions (steps 4–6, Scheme 1) are empirical in nature 
due in part to the smaller range of reactant partial pressures of rele
vance. Rates of all undesired reactions were assumed to be first order in 
hydrocarbon/oxygenate and half order in oxygen, consistent with the 
experimental data reported in section 4.3. We emphasize in our 
approach the use of the least number of fitting parameters that explain 
the entirety of the differential and integral kinetic features reported in 

Fig. 5. Effect of (a) ethene partial pressure at 25 kPa O2 and (b) O2 partial pressure at 25 kPa ethene on COx formation rates over 100 mg MoVTeNbOx at 663 K with 
He as inert, and 6 bar total pressure, 120 sccm total flow at atmospheric pressure. Solid lines represent model predictions and symbols represent experimental data. 
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this study. A regression analysis of all collected differential steady state 
data was used to obtain values of kinetic model parameters, with 
experimentally determined apparent activation energy values (section 
S14, SI) serving as initial guesses. These kinetic parameters, i.e. pre- 
exponential factors and apparent activation energies, which were 
further validated using integral measurements, along with their corre
sponding 90% confidence intervals are listed in Table 5. 

Partial oxidation of ethane (step 1, Scheme 1) was found to exhibit 
the lowest apparent activation energy of all steps in the reaction network 
except for CO oxidation (step 6, Scheme 1), with the estimated value - 
89.4 kJ/mol - being not dissimilar to values reported by the Deshlahra 
group over MoVTeNbOx catalysts not treated in H2O2 (79 kJ/mol) [65] 
and the de Lasa group over alumina-supported vanadia catalysts (88.3 
kJ/mol) [88]. Apparent activation energies for ethane oxidation to COx 
(steps 2 and 3, Scheme 1) that are 40–50 kJ/mol greater than those 
corresponding to its partial oxidation to ethene, taken together with 
non-unitary values of C2H6/C2D6 kinetic isotope effects for ethene for
mation but not COx formation, suggest that apparent activation energies 
for the latter, unlike the former, sense enthalpy changes not merely of 

C–H bond scission transition states relative to uncovered surfaces but 
also possibly C–C bond scission/C-O bond formation steps that are 
kinetically more demanding in nature. Identical surface coverages and 
kinetically relevant transition states for partial and deep oxidation se
quences should lead to both non-unitary KIE values as well as identical 
apparent activation energies - values that clearly differ for ethane partial 
and deep oxidation. The greater temperature sensitivities of ethane total 
oxidation rates compared to partial oxidation rates reinforce the need 
for tight temperature control within industrially viable reactor config
urations, and evidence the need for global models that rigorously cap
ture total oxidation kinetics so as to facilitate accurate modeling of rate 
features in highly non-isothermal reactors [38,89]. Secondary ethene 
oxidation steps to produce CO and CO2 were found to carry apparent 
activation energies of 120.8 and 122.1 kJ/mol, respectively, similar to 
values of 109 kJ/mol and 120 kJ/mol reported by Che-Galicia et al. for 
these two steps [36]. 

198 independent kinetic experiments were used to develop the ki
netic model presented here. Model fits toward experimentally measured 
differential data are shown in Figs. 3-6 and in section S17 of the Sup
porting Information. Not only does the model capture a range of features 
within these differential data but also explains effects of contact time on 
ethane/oxygen conversion and ethene/CO/CO2 selectivity in integral 
data measured between 613 and 653 K- effects that are captured suffi
ciently well using a 1D pseudo-homogeneous PFR model (Fig. 7). Heat 
transfer rates have to necessarily be included when describing integral 
data presented here due to large adiabatic temperature rise values 
(600–1000 K) that render beds highly non-isothermal. Conversions in
crease supra-linearly with contact time when values of the latter are low 
enough as to be comparable to heat loss time scales (of the order of 60 
ms), but less sensitively as contact times significantly exceed heat loss 
time scales, thereby resulting in reactor behavior that more closely ap
proaches isothermal behavior, and conversions that increase close to 
linearly with contact time (Fig. 7a). 

Parity plots that compare experimentally measured rates and prod
uct mole fractions with model predicted values evidence (for the most 
part) agreement between the two within an accuracy of ± 20% (Fig. 8). 
Model descriptions of differential features (Fig. 8a-c, average deviation: 
10.7%) were found to be marginally more accurate compared to those 
for integral measurements (Fig. 8e-f, average deviation: 13.1%). The 1D 
pseudo-homogeneous PFR models used in this study ignores contribu
tions of heat conduction through the catalyst bed, with an average heat 
Peclet number value of around 10 suggesting minor but non-negligible 
extents of thermal back-mixing; finite heat dispersion models that 
more rigorously capture heat loss and conduction rates will help further 
refine model predictions, and will be explored as part of our future work. 
The reasonable agreement observed between model predictions and 
experimental data despite the wide range of reactant pressures, contact 
times, and reaction temperatures tested point to the utility of the 

Fig. 6. Effect of CO pressure (squares) at 10 kPa oxygen, and oxygen pressure 
(circles) at 20 kPa CO, on CO2 formation rates over 0.1 g MoVTeNbOx at 683 K 
with He as inert at 6 bar total pressure. Solid lines represent model predictions 
and symbols represent experimental data. 

Table 4 
Global kinetic model rate expressions used to describe ethane oxidation rate data 
over MoVTeNbOx (603–703 K, PC2H6/PO2: 5–480 kPa, contact time: 0.04–1.5 s).  

Reaction steps Rate expression 

R1 : C2H6 + 0.5O2→C2H4 + H2O 
r1 =

k’
1[C2H6 ]

(
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k’
1[C2H6 ]

2ko[O2]

√
)

2 

R2 : C2H6 + 2.5O2→2CO + 3H2O r2 = k2[C2H6][O2]
0.5 

R3 : C2H6 + 3.5O2→2CO2 + 3H2O r3 = k3[C2H6][O2]
0.5 

R4 : C2H4 + 2O2→2CO + 2H2O r4 = k4[C2H4][O2]
0.5 

R5 : C2H4 + 3O2→2CO2 + 2H2O r5 = k5[C2H4][O2]
0.5 

R6 : CO + 0.5O2→CO2 r6 = k6[CO][O2]
0.5  

Table 5 
Estimated pre-exponential factors, apparent activation energies, their associated 
90% confidence intervals, and corresponding apparent activation energy values 
reported in the literature.  

Reaction steps k0,i (mol/s/gcat/kPam) Ea,j (kJ/mol) Ea,j/literature (kJ/mol) 

1 3.59 ± 0.57 89.4 ± 3.7 88.3 [88], 79 [65]  
490.4 ± 430.8 101.6 ± 5.1 118.3 [90] 

2 39.37 138.4 156.5 ± 30.2 [33] 
3 17.59 130.7 122.7 ± 16.6 [33] 
4 7.31 ± 4.28 120.8 ± 4.4 109 ± 3 [32] 
5 3.69 ± 2.77 122.1 ± 9.3 120 ± 4 [32] 
6 7.36E-5 ± 3.96E-5 52.8 ± 3.2 45 [91], 71 [92] 

The first row of step 1 represents k’ and the second row of step 1 represents ko 

(both in Eq. (13)). m = 1 for step 1 and m = 1.5 for steps 2–6. Confidence in
tervals for steps 2 and 3 are not reported due to the lack of access to error bars 
challenging to access at extremely low ethane conversions.  
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presented model in the comparative design of non-isothermal reactors, 
the viability of which are strongly dependent on kinetic and thermo
dynamic behavior of highly exothermic side reactions. Especially 
important in this respect is the fact that this model - applicable over a 
wide range of reaction conditions - lends itself amenable to application 
in the calculation of bifurcation diagrams that help map out feasible 
regions for autothermal operation. 

5. Conclusions 

We report herein a global kinetic model that describes (with 
reasonable accuracy) differential and integral MoVTeNbOx-catalyzed 
ethane oxidation rate behavior over a wide range of reaction conditions 
− 603–703 K, PC2H6/PO2: 5–480 kPa, contact time: 0.04–1.5 s. The 
greater ethane to oxygen molar ratios accessible in measurements at 
supra-ambient pressures result in non-negligible coverages of reduced 
centers and concomitant positive fractional order rate sensitivities to 
oxygen observed at either sufficiently high ethane pressures or 
adequately low oxygen pressures; these data appear to eliminate from 
consideration quasi-equilibrated dissociative oxygen adsorption steps 
that explain sufficiently well low-pressure rate data reported previously 
by our group [38], but not the supra-ambient pressure features reported 
in this study. The greater sensitivities of ethane deep oxidation rates to 
oxygen pressure compared to ethane partial oxidation rates can be 
rationalized by invoking an active oxygen pool present in quasi equi
librium with gas phase O2; this oxygen pool is posited to be involved 
exclusively in oxygen insertion/C–C bond scission steps, but not C–H 
bond activation steps that exhibit kinetic relevance in partial oxidative 
turnovers producing ethene, but not total oxidative turnovers producing 

COx that instead appear to be limited by oxygen insertion/C–C bond 
scission steps. Product inhibition effects were concluded to be negligible 
under the conditions used in this study (as evidenced using a range of co- 
feed experiments), and empirical power law models that ignore changes 
in surface coverages with reaction temperature or reactant pressure and 
that result in first order behavior in hydrocarbon/CO and half order 
behavior in oxygen for undesired reactions were found to be sufficient to 
explain measured rate data. Rates of undesired total oxidation reactions 
of ethane and ethene - significantly more exothermic albeit much less 
prevalent over MoVTeNbOx catalysts evaluated in our experiments - 
were found to exhibit greater sensitivity to temperature compared to 
ethane partial oxidation rates, pointing to the need for tight temperature 
control in the industrial practice of ODHE - control that may be highly 
challenging to achieve using cooled multitubular reactors susceptible to 
hot spot formation. Parity plots point to sound agreement between 
model predictions and experimentally measured differential rates over a 
wide range of reaction conditions; integral data were also found to be 
predicted with sufficient accuracy despite the use of a 1D pseudo- 
homogenous PFR model that ignores heat conduction through the 
catalyst bed. An abundance of merits of this nature render the kinetic 
model presented herein to be ideally suited for the purposes of mapping 
bifurcation behavior, as well as evaluating the feasibility of autothermal 
operation as a function of reaction variables. The model addresses key 
gaps in the ODHE literature, including considerations relating to high- 
pressure operation and the prevalence of undesired reactions, thereby 
proving a foundation for meaningful reactor design studies for ODHE – 
investigations critical to the scale up and commercialization of catalytic 
oxidative routes for natural gas valorization more broadly. 

Fig. 7. (a) Ethane and oxygen conversion (b) ethene selectivity (c) CO selectivity (d) CO2 selectivity as a function of contact time in the presence of 20 kPa ethane 
and 10 kPa oxygen. Solid lines represent model predictions and symbols represent experimental data. 
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ethane and n-butane on VOx/Al2O3 catalysts, J. Catal. 169 (1997) 203–211, 
https://doi.org/10.1006/jcat.1997.1673. 

[77] Z. Zhao, Y. Yamada, Y. Teng, A. Ueda, K. Nakagawa, T. Kobayashi, Selective 
oxidation of ethane to acetaldehyde and acrolein over silica-supported vanadium 
catalysts using oxygen as oxidant, J. Catal. 190 (2000) 215–227, https://doi.org/ 
10.1006/jcat.1999.2740. 

[78] E.M. Thorsteinson, T.P. Wilson, F.G. Young, P.H. Kasai, The oxidative 
dehydrogenation of ethane over catalysts containing mixed oxides of molybdenum 
and vanadium, J. Catal. 52 (1978) 116–132, https://doi.org/10.1016/0021-9517 
(78)90128-8. 
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