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ABSTRACT: Shale gas is revitalizing America’s chemical industry and shifting ethylene
production from oil-based naphtha to shale-derived ethane, causing a short supply of propylene.
Oxidative dehydrogenation of propane mediated by NOx (NO and NO.) provides a potential route
to convert propane into propylene without solid catalysts. In this work, detailed kinetic modeling
was performed to simulate gas-phase homogeneous NOx—mediated oxidative dehydrogenation of
propane. Consistent with the experimental findings, our model suggests that propane conversion
increases with the amount of NO in the feed, with the selectivity to propylene and ethylene
decreased with increasing propane conversion. Our modeling results also revealed that OH radicals
are the major species to consume propane. The addition of NOx in the system increases the
production of OH radicals due to additional pathways in the NO-NO: cycle, including (1)
oxidation of NO by HO: radicals, (2) reduction of NO; by H radicals, and (3) formation and
dissociation of HONO and its isomers, facilitating propylene formation. The addition of H>O
further accelerates propane conversion by shifting the equilibrium of OH quenching reactions. A
reaction network consisting of propane pyrolysis, propane oxidative dehydrogenation, and NOx

mediation was sketched to explain the important trends observed in the experiments.
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Introduction

Shale gas is revitalizing America’s chemical industry and now the United States enjoys a
decisive competitive edge in petrochemical production. Access to vastly new supply of natural gas
and natural gas liquids (i.e., ethane, propane, and butane) from shale is one of the most exciting
developments in the United States during the past ten years.! For example, the production of shale
gas in the Appalachian region, including Ohio, Pennsylvania, West Virginia, and Kentucky, is so
abundant that, if it were an independent country, the region would be the world’s third largest
producer of natural gas.? Newly discovered shale resources also allow ethane-based steam cracking
to become a more inexpensive route for producing high value chemicals (HVCs) than conventional
naphtha steam cracking;? for instance, the cost of ethane is one third lower than that of naphtha in
the U.S. in 2017. For these reasons, increasingly more chemical companies are moving away from
using naphtha as a feedstock to produce HVCs.® This shift, however, is leading to a short supply
of propylene due to lack of technologies to directly convert shale-derived propane into propylene.®

To resolve this challenge, several on—purpose propylene (OPP) production technologies® have
been proposed. Catalytic propane dehydrogenation is the most common OPP approach, where
extensive research has been focusing on the optimization of catalyst performance.”!? Another
approach is catalytic oxidative dehydrogenation of propane, where higher propane conversion
could be achieved in the presence of oxygen and catalysts could be optimized to achieve higher
propylene selectivity.!*!” Lastly, propane can be converted into propylene without catalysts via
pyrolysis, which follows a free radical mechanism.?2? This route is highly endothermic and is

thermodynamic limited. The reaction equilibrium can be shifted and the reaction rate can be



23-24 phenyl radicals,? acetylene,? and ethylene.?’

accelerated by adding Ho,

Recently, oxidative dehydrogenation of propane without the addition of solid catalysts has
been investigated.?® The addition of NO in the feed was found to enhance propane conversion. It
was hypothesized that there exists a redox cycle consisting of NO oxidation to NO2, NO;
hydrogenation to HONO, and HONO dissociation into NO and OH radicals. This cycle facilitates
H-abstraction from propane and in turn increases propane conversion to propylene and other
products. The hypothesized redox cycle is qualitatively supported by the experimental results,
which showed that propane conversion increased with the amount of NO, Oz, and H2O in the feed.
However, no quantitative validation and detailed analysis of the hypothesized reaction pathways
using the experimental findings were conducted.

In this work, a detailed kinetic model was constructed to elucidate the reaction pathways of
gas-phase, homogeneous, NOx—mediated oxidative dehydrogenation of propane free of solid
catalysts. The species molar fractions as a function of downstream distance in plug flow reactors
were simulated. The molar fractions of the key species at the exit of the reactor were compared to

the experimental data for model validation. Detailed reaction pathways were also sketched to

explain the important trends observed in the experiments.

Model Development

The detailed kinetic model was constructed by incorporating several published reaction

mechanisms in the literature related to hydrocarbon combustion and NOx formation. Specifically,



the Lawrence Livermore n-heptane combustion mechanism,?’ consisting of 654 species and 2,827
elementary reactions, was used to describe propane oxidation. Since propane activation is expected
to be critical in this reaction system, updated kinetic parameters for propane activation by HO:
reported by Burluka et al.>® were used instead (Reactions 1-2 in Table 1). Additional 108 reactions
from the GRI-Mech 3.0 mechanism?®' were also included to account for NOx formation during
hydrocarbon oxidation. Note that there exist newer NOx formation mechanisms in the literature,
as reviewed by Glarborg et al.>?> These mechanisms, however, mainly focus on improving the
formation chemistry of NO from gas-phase N> or nitrogen-containing fuels. The rate parameters
of the interconversion reactions between NO and NO-, which are believed to play a key role in our

system, have not been significantly updated. Goldsmith et al.33-3

studied reaction kinetics of light
alkane (e.g., CHs4, CoHs, C3Hs) oxidation in the presence of NO». They suggested that NO> can
abstract a hydrogen atom from H> and these light alkanes to produce one of the three HONO
isomers (trans-HONO, cis-HONO, and HNO,), which rapidly dissociates into NO and OH radicals.
To account for these pathways, 18 reactions describing H-abstraction by NO> to produce HONO
isomers®? and 13 reactions?® describing the isomerization and dissociation of HONO isomers into
NO and OH radicals were added (Table 1). In summary, our final reaction mechanism consists of

674 species and 2,966 elementary reactions. Note that in our mechanism, no ad hoc reactions were

included, and there was no attempt to fit the kinetic parameters to any experimental data.



Table 1. Kinetic parameters of propane activation by HO, (Reactions 1 and 2),>* H-abstraction
by NO; to produce HONO isomers (Reactions 3-20),>> and HONO isomerization and
dissociation (Reactions 21-33).3¢

A
Reaction (in mol-cm-s-K n Ea
. (cal/mol)
units)

1 CsHg + HO2 = norm-CsH7 + H2O» 4.76x10* 2.55 16490
2 CsHsg + HO2 = is0-C3H7 + H20» 9.64x10° 2.60 13910
3 Hz + NO2 =H + cis-HONO 1.21x10? 3.29 28100
4 Hz + NO2 = H + trans-HONO 4.37x10? 3.29 37100
5 H> + NO2 = H + HNO: 2.41x10* 2.53 32700
6 CH4+ NO, = CH3 + ¢is-HONO 1.60x10° 3.95 27800
7 CH4 + NOz = CH3 + trans-HONO 1.51x10! 3.75 34700
8 CH4 + NO2 = CH3z + HNO> 6.87x10? 3.16 32000
9 C2Hg + NO2 =C2H;s + cis-HONO 3.32x10° 3.84 23900
10  C;Hs + NOz = C2Hs + trans-HONO 8.49x10! 3.45 32000
11 CoHe + NO2 = CoHs + HNO» 3.20x10? 3.19 26500
12 Cs3Hs + NO2 = norm-C3H7 + cis-HONO 2.47x10° 3.83 24100
13 Cs3Hs + NO2 = norm-C3H7 + trans-HONO 4.90x10! 3.50 32600
14  CsHs + NOz = norm-C3H7+ HNO; 8.43x10! 3.28 26500
15 CsHg + NO;z =is0-C3H7 + cis-HONO 1.65x10° 3.69 21100
16  CsHs + NO; = iso-C3H7 + trans-HONO 1.80x10! 3.38 29800
17  C3Hg + NO2 = is0-C3H7 + HNO: 4.83x10! 3.18 22700
18  CsHs + NOz = C3Hs-A + cis-HONO 4.47x104 4.79 18100
19 C3He + NOz = C3Hs-A + trans-HONO 2.63x1076 5.32 25200
20  CsHe + NO; = C3Hs-A + HNO» 2.54x107 4.21 18700
21  HNO; = cis-HONO 1.56x10%° -6.47 44360
22 HNO:; = trans-HONO 1.56x10%° -6.47 44360
23 OH+ NO = cis-HONO 3.09x10%3 -4.17 1621

24  OH + NO = trans-HONO 3.09x10% -4.17 1621

25 OH+ NO = HNO; 1.43x10'8 -3.03 3899

26  H+ cissHONO = NO + H,O 4.30x10° 0.98 4070
27  H+ trans-HONO = NO + H,O 4.30x10° 0.98 4070
28 H+HNO2=NO + HO 3.38x10° 1.07 5565

29 H+ HNO2=HNO + OH 3.65x107 1.78 5570
30 HNO + OH =H + cis-HONO 1.48x10° 2.72 4554
31 HNO + OH = H + trans-HONO 1.48x10° 2.72 4554
32 HNO + NO2 =NO + cis-HONO 7.85x10? 3.06 3882

33 HNO + NO2 = NO + trans-HONO 7.85%10? 3.06 3882




To enable comparison to the experimental data by Annamalai et al.,® plug flow reactor
module in ANSYS Chemkin-Pro 19.237 was used. The simulated feed contains 3 kPa of propane,
10 kPa of oxygen, 0—0.03 kPa of NO, and 0—10 kPa of steam (i.e., H>O vapor), with helium (He)
as the balance gas to reach a total pressure of 1 atm. The modeled temperature was 773 K (500°C),
with a total inlet gas flow rate of 15—110 ml/min. The simulated reactors have a diameter of 0.25
in, with two different lengths, 6.22 and 13.68 in, corresponding to heating zones of 5 and 11 cm?
in actual reactors of 6 and 12 cm?, respectively. Note that the actual reactors used in the
experiments were U-shaped tubes. We assume that plug flows were developed in these reactors
and heating zones were kept isothermally. Consequently, simple tubular reactors were used as an
approximation in our simulations. In addition, gas temperature was modeled isothermally and
uniformly at 773 K, although the flow rates of the inlet gas (in ml/min) were calculated based on

standard conditions (i.e., 25°C and 1 atm).



Results and Discussion

Propane conversion and product selectivity. Figure 1 compares propane conversion predicted
from the model to the experimental data for both 6 and 12 ¢cm? reactors. Both the model and the
experiments suggest that propane conversion increases with NO pressure in the feed. The model

and the experiments are in very good quantitative agreement.
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Figure 1. Comparison of experimental (symbols) and model predicted (curves)
propane conversion as a function of NO pressure in the feed (reaction temperature: 773
K, He flow rate: 30 ml/min, C3Hs: 3 kPa, O,: 10 kPa, NO: 0—0.03 kPa, H,O: 0 kPa)

Figure 2 compares model predicted selectivity of key products to the experimental values.
Both the model and the experiments suggest that the selectivity of propylene, the target product,
decreases with increasing propane conversion, with model predictions approximately 10% higher
than the experimental values. Ethylene had the second highest selectivity in the experiments, which

increases with propane conversion. However, the model predicted ethylene selectivity is lower



than the experimental values by approximately 10%. The magnitude of underprediction of ethylene

selectivity is almost the same as the extent of overprediction of propylene selectivity, such that the

combined selectivity of propylene and ethylene is nearly the same between the model and the

experiments. This suggests that the model overpredicts the ratio of isopropyl (i-C3H7) to normal

propyl (n-C3H7) radicals, where the former leads to the formation of propylene and the later leads

to the formation of ethylene.?’
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Figure 2. Comparison of the experimental (symbols) and model predicted (curves)
selectivity of (a) propylene and ethylene and (b) other carbon-containing products as a
function of propane conversion (reaction temperature: 773 K, He flow rate: 15-110
ml/min, C;Hs: 3 kPa, O2: 10 kPa, NO: 0.005 kPa, H,O: 0 kPa, reactor size: 12 cm?).

The role of OH radicals. Figure 3a depicts model predicted propane conversion and product

selectivity at the exit of the 12 cm? reactor using five different feed compositions. The predicted

molar fractions of OH radicals as a function of residence time for the five cases are shown in Figure



3b. In the case of propane pyrolysis (i.e., no Oz present), regardless the presence of NO in the feed
(Cases 1 and 2), propane conversion is nearly zero. This indicates that NO has no direct effect on
propane pyrolysis, consistent with the fact that NO is a weak oxidant and is unlikely to abstract
hydrogen directly from propane. In the presence of a strong oxidant in O in the feed (at 10 kPa),
propane conversion increases to 1.8% (Case 3), with a propylene selectivity of approximately 90%.
This is accompanied by the formation of OH radicals in the system (Figure 3b), suggesting that H-
abstraction from propane by the OH radicals is the likely pathway leading to increased propylene
production.?® In the presence of both NO (at 0.03 kPa) and O> (at 10 kPa) in the feed (Case 4),
propane conversion is significantly enhanced to approximately 11%, with the selectivity of
propylene slightly decreased to 83%. There is also a higher OH molar fraction in this case,
particularly a sharp peak of OH production at the very beginning of the reaction. The addition of
5 kPa of H>O in the feed (Case 5) further increases propane conversion to approximately 18%,
with the selectivity of propylene decreased to approximately 79%. The model also shows that the
amount of OH radicals increase significantly in this case, particularly during longer reaction times.
In summary, the increased propane conversion correlates well with the enhanced production of OH
radicals over the course of the process, which is caused by the joint presence of NO and O in the

feed and promoted by the addition of H2O.
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Figure 3. (a) Propane conversion and product selectivity and (b) molar fractions of OH radicals
as a function of residence time predicted from the model using five different feed compositions:
(1) propane pyrolysis (i.e., no Oz), (2) propane pyrolysis in the presence of NO at 0.03 kPa in
the feed, (3) propane oxidation with a O feed pressure at 10 kPa, (4) propane oxidation in the
presence of NO at 0.03 kPa in the feed, (5) propane oxidation in the presence of both NO (0.03
kPa) and H>O (5 kPa) in the feed (reaction temperature: 773 K, He flow rate: 30 ml/min, C3Hs:
3 kPa, reactor size: 12 cm?).
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Figure 4a depicts the model predicted molar fractions of propane and the major reaction
products as a function of residence time. In this simulation, the initial feed was set as 3 kPa of
propane, 10 kPa of O2, 0.03 kPa of NO, no H>O, and balanced He at 1 atm. Residence time of up
to 50 s was tracked. As shown in Figure 4a, the molar fraction of propane decreases continuously
and approaches zero at about 24 s. The molar fraction of the target product, propylene, reaches a
maximum at approximately 16.5 s. This suggests that there is an optimal residence time to obtain
the highest propylene yield. The entire reaction system reaches steady state at approximately 27 s,
with major products being H20O, CO, and CO», indicating incomplete combustion. Our model
suggests that H-abstraction by OH radicals from propane to produce iso- and normal- propyl (CsH7)
radicals are the primary pathways to consume propane (blue and red curves in Figure 4b). The
rates of these reactions first peak immediately entering the reactor due to highest concentration of
propane and the drastic increase of OH radicals (Figure 4c). This peak of OH radicals at the
entrance is caused by the immediate NO oxidation into NO2 (HO2 + NO = NO> + OH), depicted
by the dash blue curve in Figure 4d. There also exists a second peak of OH radicals that gradually
increases until approximately 24 s (Figure 4c), resulting in continuing depletion of propane to
produce propyl radicals (Figure 4b). As illustrated by Figure 4d, this second OH peak is firstly
caused by H>O> decomposition (H20, = 20H) and ally radical (C3Hs-A) oxidation by HO, (C3Hs-
A + HO2 = C3Hs0 + OH) between 2 and 24 s, followed by both NO oxidation into NO> (HO> +
NO = NO; + OH) and NO; reduction back to NO (NO; + H=NO + OH) between 12 and 28 s.
The quenching of the OH radicals after 24 s is primarily driven by oxidation pathways to produce

CO; and H>O (Figure 4e).
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Figure 4. Model predicted time evolutions of (a) molar fractions of propane and the major
products, (b) rates of the major propane consumption reactions, (c) molar fractions of NO, NO2,
and OH, H, and HO> radicals, (d) rates of the major OH production reactions, and (e) rates of
the major OH consumption reactions (reaction temperature: 773 K, CsHs: 3 kPa, O,: 10 kPa,
NO: 0.03 kPa, H,O: 0 kPa).
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Table 2. List of components in different mechanisms studied in this work.
Model A Model B Full Model

1 N-heptane combustion mechanism (2,827 reactions) v v v

2 NOy reactions from GRI (108 reactions) \ \ \

3 Reactions of H-abstraction by NO> to produce HONO N N
(Reactions 3-20 in Table 1)

4 HONO dissociation reactions N

(Reactions 21-33 in Table 1)

The NO-NO: cycle. Our modeling results in Figure 4 revealed that the main role of NOx in
oxidative dehydrogenation of propane is to promote the formation of OH radicals for increased
propyl radical formation. To further elucidate the detailed effects of different NOx species (i.e.,
NO, NO;, and HONO isomers), two reaction mechanisms with several key pathways removed
from the full mechanism, as listed in Table 2, were used for simulations. The first reaction
mechanism (Model A) removes the formation and dissociation pathways of HONO and its isomers,
while the second reaction mechanism (Model B) includes the HONO formation pathways without
allowing HONO dissociation into NO and OH. Time evolutions of molar fractions of NO, NO»,
and critical radicals, including OH radicals, and rates of the major OH production and consumption
reactions predicted from Models A and B are shown in Figure 5, which can be compared to the
full model results in Figure 4.

Several findings were observed from this modeling exercise. First, the NO and OH molar
fractions predicted from Model A (Figure 5a) are similar to those obtained from the full mechanism
(Figure 4c). Note that Model A does not include H-abstraction reactions by NO>, therefore no

HONO or its isomers are formed. The addition of H-abstraction by NO; (Model B) lowers the
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Figure 5. Time evolutions of molar fractions of NO, NO, and OH, H, and HO> radicals predicted
from (a) Model A and (b) Model B.

molar fractions of NO, and OH (Figure 5b), where part of the NO; is consumed by H-abstraction
reactions to produce HONO and its isomers. Since there is no HONO dissociation pathways in
Model B, the second OH formation peak at approximately 27.5 s (Figure 5b) is lower compared
to the full model (Figure 4c). The presence of the HONO dissociation pathways in the full model
allows HONO and its isomers to dissociate into OH and NO. NO is then oxidized into NO: via
reacting with HO>. Both pathways generate more OH radicals. The additional production of OH
radicals via the dissociation of HONO and isomers also explains why the second OH peak appears
earlier in the full model (Figure 4c) compared to Model A (Figure 5a), which further results in
increased propane conversion. In summary, the presence of NOx in the reaction system facilitates
propane conversion via two mechanisms (Figure 6): (1) continued generation of OH radicals via
the NO-NO: redox cycle; (2) direct H-abstraction of propane by NO», which forms HONO and

1somers that further dissociate into OH and NO.
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Figure 6. Schematic representation of NO-NO2 cycle when Models A, B and the full model
were exercised. The full model suggests that NO oxidation (green), NO:z reduction (red), and
HONO dissociation (blue) all contribute to the production of OH radicals.

To further confirm the effect of NOx, simulations without the addition of NO in the feed was

performed using the full model. Figure 7 shows the evolutions of molar fractions of the major

species and the rates of major OH production reactions as a function of residence time. In the case

of no NO in the feed, OH production (Figure 7a) appears to be later and slower than the case with

NO (Figure 4c). In addition, there is no sharp peak associated with OH production due to NO

oxidation into NO: at the entrance of the reactor (Figure 7b). These findings further confirm that
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Figure 7. Time evolutions of (a) molar fractions of OH, H, and HO; radicals and (b) OH
production rates as a function of residence time predicted from the full mechanism without NO
in the feed (reaction temperature: 773 K, C3Hs: 3 kPa, O2: 10 kPa, NO: 0 kPa, H,O: 0 kPa).
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the addition of NO in the feed promotes the formation of OH radicals, which is the main reason
contributing to enhanced propane conversion.

The effect of H20. As discussed earlier in Figure 3, the addition of H>O significantly improves
propane conversion and the amount of OH radicals in the system. The effect of H2O was further
studied with and without the addition of NO in our simulations, as shown in Figure 8. It was found
that increased H>O pressure in the feed increases propane conversion regardless of the presence of
NO. The addition of H2O also accelerates the chemistry, where the peak propylene molar fraction
takes place at about 13 s (Figure 9), approximately 3.5 s earlier compared to that without H>O in
the feed (Figure 4a). The system also reaches equilibrium sooner at 22 s (Figure 9), as opposed to

27 s without H>O in the feed (Figure 4a). Our simulation results suggest that the addition of H.O
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Figure 8. Comparison of experimental (symbols) and model predicted (lines) propane
conversion as a function of H>O pressure in the feed (reaction temperature: 773 K, He
flow rate: 30 ml/min, C3Hs: 3 kPa, O2: 10 kPa, H2O: 0-10 kPa, reactor size: 6 cm?).
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shifts the equilibrium of OH quenching reactions where H>O is the main product, accelerating the

reaction pathways of propylene production.
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Figure 9. Model predicted molar fraction of major species as a function of residence time in
the presence of H>O in the feed (reaction temperature: 773 K, C3Hs: 3 kPa, O,: 10 kPa, NO:
0.03 kPa, H2O: 5 kPa).

A reaction network of NOx-mediated oxidative dehydrogenation of propane is sketched in
Figure 10. The reaction is initialized by propane pyrolysis, in which C—C bonds and C—H bonds
in propane are cleaved, forming methyl (CH3), ethyl (C2Hs), and iso/norm—propyl (C3H7) radicals.
All the radicals can abstract a hydrogen atom from propane, leading to increased formation of
propyl (C3H7) radicals that produce propylene and ethylene. The details of these pathways are
discussed in our previous work.? In the presence of oxygen, the iso/norm—C3H7 radicals can react

with O; to form iso/norm—C3H70O- radicals, which subsequently release propylene and HO». This

is the major pathway for propylene production in the presence of O.. Finally, the HO; radicals can
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+H

be converted into H2O2 by H-abstraction or serve as an oxidant in the NO-NO: cycle, both of

which ultimately increase the amount of OH radicals, contributing to increased propane conversion.

NO, Mediation

OH

NO

-OH

HONO

+HR

NO,

OH

+ H02

Propane Pyrolysis

CaHg

CSH10'1 CSH12-'|

Nt

CiHs-A
( + iSO—CSH'{
CoHy = C3Hg
+H

Figure 10. Reaction network of NOx-mediated oxidative dehydrogenation of propane.

Conclusions

Oxidative dehydrogenation of propane mediated by NOx has been studied by detailed kinetic

modeling. The model shows that propane conversion increases with the amount of NO in the feed,

and the selectivity to propylene and ethylene decreases with propane conversion. Both trends are

agreeable with the experimental findings. The model also suggests that there is an optimal reaction

time for achieving the highest propylene selectivity. The reaction reaches equilibrium with CO,

COz, and H2O as the final products. Detailed analysis revealed that OH radicals are the major

species to activate propane. The addition of NOx in the system provides additional amount of OH

radicals through a NO-NO; cycle, which includes (1) oxidation of NO by HO; radicals to produce

NOa, (2) reduction of NO; by H radicals back to NO, and (3) formation of HONO and its isomers

18



by hydrogen abstraction of NO», followed by dissociation of HONO isomers into NO and OH. All
three pathways increase the amount of OH radicals and facilitate propane conversion. The addition
of H20 accelerates the reactions by shifting the equilibrium of OH quenching. A reaction network,
consisting of detailed pathways of propane pyrolysis, propane oxidative dehydrogenation, and
NOx mediation, was sketched to elucidate the mechanisms of propylene formation through NOx—

mediated oxidative dehydrogenation of propane.
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