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From microkinetic model to process: Understanding the role of the boron nitride surface
and gas phase chemistry in the oxidative dehydrogenation of propane

Unni Kurumbail,2 William P. McDermott,? Edgard A. Lebrén-Rodriguez,® and Ive Hermans*a<d

After naphtha steam cracking, endothermic propylene production via direct dehydrogenation (PDH) is one of the most
energy-intensive processes in the chemical industry. The exothermic alternative, oxidative dehydrogenation of propane
(ODHP), has been investigated for decades over metal-oxide catalysts but still lacks the propylene selectivity necessary for
industrial viability. Recently proposed boron-based catalysts for ODHP show improved selectivity to propylene via a surface-
initiated gas-phase free radical mechanism that is remarkably selective. Aiming at process improvements that can further
boost propylene selectivity, we investigated the mechanism(s) by which propylene selectivity is lost. We find that surface-
mediated propylene marginally affects the initial selectivity to propylene. We hypothesize this is likely due to the initial n-
propyl vs i-propyl radical formation rate over the surface as compared to the gas-phase chemistry. This suggests that shifting
the reaction flux more towards the gas phase could improve the selectivity. However, we also observed that propylene
predominantly over-oxidizes in the gas-phase but not over the surface. Turning to the gas-phase chemistry, we are unable
to boost the selectivity above that of the underlying background reactivity in a tube, despite the use of radical accelerants
such as NO and Os. Our work suggests that future process improvements should focus on tuning the radical distribution in

the gas-phase chemistry.

Introduction

Propylene is a key platform chemical used to produce commodity
polypropylene, acrolein,
acrylonitrile, and propylene oxide.2 Due to the displacement of

polymers and chemicals such as
naphtha with ethane-rich shale gas as a feed for steam crackers,
propylene production from steam cracking has not kept pace with
expected demand, motivating the development of on-purpose
propylene production technologies.? A key on-purpose technology is
the direct dehydrogenation of propane at elevated temperatures
(550-700°C) using environmentally-challenging (Catofin — Cr) or
expensive (Oleflex — Pt) catalysts.* Commercial dehydrogenation
processes are remarkably productive but require constant catalyst
regeneration due to inevitable coking.> This requires complex
process technology, leading to high CAPEX and CO, production from
catalyst regeneration.?

Oxidative dehydrogenation of propane (ODHP) is an attractive
alternative technology that avoids the need for high temperatures by
exothermically generating propylene from propane and oxygen. It
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also has the added benefit of (potentially) greater process stability,
avoiding coke formation and concomitant catalyst regeneration.
Metal oxide catalysts that have been studied for this process (V, Mo,
Cr) suffer from poor selectivity to propylene, even at modest
propane conversions, due to the facile overoxidation of propylene to
CO, combustion products.®> The highly reactive allylic C-H bonds in
propylene typically lead to a large gap in the relative kinetic barriers
of propane and propylene overoxidation, making it challenging to
develop selective oxidation systems with suitable selectivity.® This
challenge has motivated significant investigation into catalytic
materials that can avoid propylene overoxidation.”

Recent discoveries demonstrate that alternatives to metal oxide
systems are capable of oxidizing propane to propylene with
enhanced selectivity to propylene. In 2016, hexagonal boron nitride
was shown to be selective in the oxidation of propane to propylene,’
and subsequently many boron-containing catalysts were shown to
be active and selective as well.2-Y7 Further investigation revealed that
boron-based catalysts undergo an induction period, forming a boron
oxyhydroxide layer that likely kicks off surface-initiated, radical gas-
phase propagated propane oxidation.'8-23 In particular, microkinetic
modeling suggests that propane is typically activated by oxidants
such as HO,- radical that leads to formation of n-propyl and i-propyl
radicals, key intermediates in the formation of propylene via H-
abstraction by 0,.2%%* The relative ratio of n-propyl vs i-propyl
radicals formed has tremendous implications for the selectivity of
the process, and the ratio is determined by the nature of the H-
H-abstractors
discriminate less between primary and secondary C-H bonds, leading

abstracting species.?! Indeed, more reactive
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to a higher fraction of primary to secondary radicals as compared to
less reactive H-abstractors.

Remarkably, the gas-phase chemistry alone appears to dominate the
activity of boron-based catalysts under relevant reactor conditions.
Schlogl and co-workers showed that many apparently inert reactor
filler materials (silica, silicon carbide, boron nitride, and more) are
capable of producing nearly identical propylene selectivity vs
propane conversion trends, albeit with different reactivity which
points towards different initiation abilities.?> In a separate report,
Deshlahra and co-workers used NO to mediate the radical gas-phase
oxidation of propane.?® Subsequent microkinetic modeling
attributed the catalytic activity of NO to its propensity for forming
*OH radicals through a gas-phase redox cycle, accelerating similar
propane dehydrogenation pathways.?” Lindstedt, Deshlahra, Schlogl
and respective co-workers have all demonstrated that microkinetic
modeling of the gas-phase chemistry alone captures the general
selectivity of boron-based catalysts quite well.24#2>27 The advantage
of using BN is to initiate the reaction under milder conditions. Kinetic
boron-based active sites have

modelling that incorporates

implicated various surface structures in enhanced ODH reactivity.
28,29

These reports highlighting the role of gas-phase reactivity also
identify the curse of radical gas-phase selective oxidation chemistry;
it is challenging to improve the selectivity to propylene beyond that
of the underlying gas-phase oxidation processes that take over and
enable the high productivity of these catalysts. By contrast, relatively
little is known about the surface-based reactivity of boron-based
catalysts that provide active sites for propane initiation. Liu and co-
workers demonstrated that isolated hydroxylated boron in a zeolite
shows first-order reactivity in propane, in contrast to the second-
order reactivity typically observed over gas-phase dominated boron-
based catalysts.”*¢ Alexandrova and co-workers used ensemble
methods to propose metastable boron nitride active sites that could
initiate propane activation and generate water in kinetically relevant
steps.?! Nonetheless, little ODHP investigation has been done under
surface-dominated conditions. In this report we return to boron
nitride and seek to isolate the effect of the catalyst surface on
performance. By comparing the reactivity on boron nitride to thatin
the gas-phase we distinguish the reactivity of the surface chemistry.
We find that boron-based catalysts show a slightly lower selectivity
to propylene compared to the gas-phase chemistry. The gas-phase
chemistry, meanwhile, can be altered through reactor parameters or
the use of radical mediators such as O; and NO. However, these
radical mediators do not demonstrate an improvement in the
selectivity to propylene. To better understand these processes, we
utilize microkinetic modeling to examine the limits of propylene
selectivity under gas phase-dominated conditions. Our work
suggests that further study is required to identify novel ways to
improve the selectivity of these gas-phase radical processes.

Experimental
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Reactions

Reactive gas mixtures were prepared from UHP N, (Airgas, 99.99 %),
UHP 0O, (99.994 %), and either instrument-grade C3Hg (Matheson,
99.5%) or research-grade propane (Airgas, 99.99 %). NO was supplied
from a mixture of 4020 ppm NO in N, (Airgas) while O; was generated
from a VMUS-DG ozone generator (see ESI for details). The mass
flowrate of each gas was controlled by Bronkhorst EL-Flow Select
mass flow controllers and gases were mixed prior to entry in the
reactor. The reactor consisted of a 52 cm long quartz tube (inner
diameter was varied between experiments) inside a Carbolite split-
tube furnace (VST 12/300). SiC was passivated via calcination at 900
°Cfor 12 h before crushing, sieving, and retaining the 180-425 micron
fraction. For hBN reactions, the 7 mm ID tube was packed with
approximately 100 mg of 180-425 micron hexagonal boron nitride
diluted in 500 mg of passivated SiC leading to a bed approximately 2
cm in length. The 4 mm ID tube was packed with approximately 50
mg of 180-425 micron hexagonal boron nitride diluted in 250 mg of
passivated SiC leading to a bed approximately 2.75 cm in length. For
B,03 reactions, 50 mg of 60 mesh B,03; was mixed with 250 mg of
passivated SiC (4 mm tube) or 950 mg quartz chips (7 mm tube). For
gas-phase reactions, a 12-18 cm section of a 9 mm ID tube was used
for reactions and a 9cm section of the 4 mm ID tube was used for
reactions. For all reactions, a 3 mm quartz concentric thermowell
was placed in the center of the reactor, with a K-type thermocouple
fixed either within the reactive zone (7mm/9mm ID tube), or just
adjacent to the reactive zone (4mm ID tube). The catalyst bed was
held in place with quartz wool and the remainder of the reactor was
packed with either quartz chips or a quartz rod to limit reactor dead
volume and act as a radical quench. All reactions were conducted at
approximately atmospheric pressure with less than 3 psig pressure
drop and 1 psig back pressure.

Prior to reaction, catalysts were activated at 550 °C under a feed of
30 % C3Hg / 15 % O, / 55 % N, until propane conversion was stable.
During reactions, reactor effluent was directed to an online gas
chromatograph (GC) instrument (Inficon MicroGC Fusion). The GC
was outfitted with 4 columns (5A Mol Sieve, U-Bond, Alumina
Na,S0,4, and Rxi-1ms) and uTCDs capable of analyzing permanent
gases, C;-C4 alkanes and olefins, some C;-C; alcohols, some C;-C3
aldehydes, acetone, and propylene oxide. Peak overlap prevented
complete resolution of some of the trace oxygenates. For propylene
reactions only conversion was reported, and therefore a detailed
carbon balance was not determined. The carbon balance from
propane reactions closed to within 100 +/- 3%.

Carbon balance, conversion, and selectivity were calculated as

follows:
c ] {Moles Carbon Reacted} N2fack, viAiRF;
onverston = {Moles Carbon Fed} - VC3H8AC3H8mRFC3H8
{Moles Product j Formed} V;A;RF;
Selectivity; =

{Moles All Products Formed} - Zi v;A;RF;

This journal is © The Royal Society of Chemistry 2023
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{Moles Carbon Out} szaC(Zi VidiRFi + vesugAcsus,, RF c3n A

B= =
{Moles Carbon In} veausAcanus, RF c3ns

where the sum over i indicates a sum over all I products, V indicates
carbon number, 4 indicates GC response area, N2 is defined as
Ana,

in

4y, (to account for dilution due to product formation) and RF
out

indicates GC response factor.

Modeling

Microkinetic modeling was performed in Cantera.3® The model

consisted of an isothermal plug flow reactor model and a
microkinetic mechanism adapted from a recent publication in the
combustion literature by Liao and co-workers studying low-
temperature ignition of C3Hg-O, flames with 03.3! This model was
further appended by a model published recently by Deshlahra and
co-workers studying NO-initiated propane ODH.?” We note that the
gas-phase reactions likely exhibit a laminar flow profile and therefore
rigorous modelling of the rate of reaction should account for this.
Plug-flow modelling was utilized for simplicity and because the
selectivity vs conversion data showed good agreement with
experiment. The microkinetic mechanism and model scripts can be

accessed from the ESI.

Safety considerations

Selective oxidations must be operated outside the flammable regime
to ensure personnel and equipment safety. Experiments were
primarily performed at propane-rich conditions (2:1 C3Hg:0;) to
ensure that even with significant conversion the reactor fluid would
not enter the flammable regime for a C3Hg:0, mixture.3?

0; is a toxic gas even at low concentrations.? To ensure personnel
safety, the O3 generator and an Os destroyer were housed in a fume
hood with a small portion of the generated ozonated O, stream
directed to the reactor. An O; monitor was used to verify no
detectable O3 was present in the general lab atmosphere.

Results and Discussion

Role of the surface

To identify the factors controlling propylene selectivity, we
compared the performance of hBN and gas-phase reactions in an
empty 7mm tube (Figure 1). We find that boron nitride is
substantially more productive, ca. 5-10x, on a volumetric basis (ESI
Table 1). Gas-phase reactivity alone requires high temperatures to
generate high space-time-yields. However, the two systems show a
similar selectivity loss at increasing conversion, suggesting their
relative rates of propylene overoxidation to formation are similar.3*

This journal is © The Royal Society of Chemistry 2023
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Figure 1: Selectivity to propylene vs conversion for hBN and empty tube. Conditions:
550°C, 30% C3Hg / 15% O, / 55% N,, 680-2200 LNcag L' ht (hBN) or 100-200 LNapg L2 2
(empty tube).

Next, we switched the hydrocarbon in the feed from propane to
propylene and observed a dramatic reduction in conversion at
identical reactor conditions (Figure 2). This is in line with
observations that propylene is remarkably inactive over boron-based
catalysts.3®> Introduction of NO, a known accelerant of gas-phase
chemistry,?6 shows slight improvement in propane conversion over
the existing conversion. By contrast, the introduction of NO to
propylene significantly boosts propylene conversion, suggesting that
gas-phase pathways, rather than surface-mediated pathways, are

likely responsible for this overoxidation.

20%

15%

10%

5%

Hydrocarbon Conversion (%}

0%

T T
C3H8 C3H6

T T
C3H8 + NO C3HE+ NO

Figure 2: Comparison of conversion of CsHg and CsHg over hBN in the presence/absence
of NO. Conditions: 550°C, 7mm tube, ~30% CsHg or CsHg / 15% O, / 0 or 150ppm NO /
~55% N,, 40mLn min! total flow, 100mg hBN diluted in 500mg SiC.

Both surface-initiated and gas-propagated reactivities contribute to
the performance of boron-based catalysts, yet it is difficult with our
current understanding to estimate the kinetic chain length (i.e., the
rate of propagation over initiation).2! Previous studies demonstrated
that modulating reactor parameters and catalyst composition can
influence the relative contributions of surface- and gas-driven
reactivities.®1%3¢ To further assess the influence of the surface on
propylene selectivity, the same dilution of boron nitride in silicon

React. Chem. & Eng., 2023, xx, 1-3 | 3
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carbide was run in a 4 mm tube. Previous studies from our group
showed that under a regime of kinetic control this geometry reduces
gas-phase reactivity, likely by altering the linear velocity of the gas
through the reactive zone of the tube and therefore the relative rates
of radical generation and quenching.'® Comparing the performance
in the 7mm and 4mm tubes, we observed a ca. 3-4x reduction in rate
of propane consumption in the 4mm tube (ESI Table 1), but we
observed no difference in the selectivity to propylene between the
two tubes (Figure 3). This suggests that the difference in productivity
may primarily be due to differences in gas-phase radical chain length
rather than the
reactivity.

introduction of significant surface-mediated

80%

30% C,Hg / 15% O,

a
70% [ ]
*

*
30% C,H, / 15% O,

7mm tube

= 60%

15% C,Hg / 7.5% O,
50%

wsn ]  10%CHy /5% 0,
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Propylene Selectivity (%

20%
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Figure 3: Propylene selectivity vs propane conversion over boron nitride at various feed
dilutions. Each run maintained a 2:1 C3Hg : O, ratio but with a different feed dilution to
achieve the stated feed fraction of C3Hg. Conditions: 550°C, 20-80 mLn min, 1:5 dilution
of boron nitride in passivated silicon carbide (50mg hBN in 4mm tube and 100mg hBN in
7mm tube). All runs were performed in a 4mm tube unless otherwise noted.

Next, we diluted the propane and oxygen in the feed while
maintaining their ratio. Given that boron nitride catalysts have been
shown to be second order in the partial pressure of propane,?! we
expected this to further bias the reactivity towards any surface-
mediated chemistry. At increased dilution we observed the expected
loss in selectivity due to a change in oxygen partial pressure (Figure
3). We also observed a marginal reduction in initial selectivity to
propylene compared to gas-only reactivity (ESI Figure 6). However,
we do not observe any significant differences in the slope of
propylene overoxidation between boron nitride-catalyzed ODH and
background reactivity. This suggests that any surface-based
reactivity provides negligible selectivity control, though it is vital for
productivity.

Understanding gas-phase selectivity trends

Given the observations that gas-phase reactivity appears to apply
selectivity control, we sought to understand what effect operating
parameters can have on this trendline. The contact time, and
therefore conversion, of the catalyst plays a significant role in
determining the degree of selectivity to propylene in a given

4 | React Chem. & Eng., 2023, xx, 1-3
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measurement. As highlighted in Figure 3, at isoconversion O, partial
pressure also plays a significant role in selectivity. We corroborated
this with experiments at various C3Hsg : O, feed ratios over B,0;3 (ESI
Figure 5). We also observed that temperature significantly affects
selectivity to propylene over boron-nitride catalyst at isoconversion
(Figure 4).

90%

B0%
70%

60% —

50% —
40%

30%

Propylene Selectivity (%)

20% |

10% |

0%

T
0% 5% 10%

Propane Cenversion (%)

Figure 4: Propylene selectivity vs propane conversion over boron nitride at various
temperatures. Conditions: 490-550 °C, 30 % C3Hg / 15 % O,/ 55 % N,, 100 mg hBN diluted
in 500mg passivated SiC, 29-94 gcaus 8nen ™, 7 mm ID tube.

To understand these trends, we constructed a gas-phase
microkinetic model, adapted from the literature.?’31 We modeled
the system as an isothermal plug-flow reactor and found that this
reasonably predicts the selectivity vs conversion trend (Figure 5).
However, we find that the model underpredicts the conversion of
propane (ESI Figure 5). Hydrogen peroxide, a major by-product of
radical gas-phase propane oxidation predicted by the model, is
relatively volatile under these conditions and may be difficult to
model accurately. By modifying the decomposition activation energy
of hydrogen peroxide we find substantial improvement in the
predicted propane conversion with a slight reduction in the accuracy
of the modelled selectivity (ESI Figures 7 & 8).

This journal is © The Royal Society of Chemistry 2023
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Figure 5: Microkinetic model prediction vs experimental observations for gas-phase
selectivity vs conversion at 490 °C and 550 °C. Conditions: 490-550 °C, 30 % CsHg / 15 %
0,/ 55% Ny, 67-200 LNezys LT hL, 9 mm ID tube.

Utilizing the microkinetic model, we find good agreement between
our data, previous observations,?! and modelling results. A simplified
scheme of the major avenues of carbon flux predicted by the model
is shown in Figure 6. We find that temperature does not significantly
modulate the ratio of i- vs n-propyl formed initially, although it does
influence the role of *O0H in forming i-propyl radicals. The major role
of temperature is to increase the importance of beta cleavage of n-
propyl radicals, leading to loss of propylene selectivity. Similarly, we
find that the oxygen feed percentage affects the importance of n-
propyl beta-scission and it also influences the amount of propane
activated by *OOH (ESI Figure 9).

18.4%/36.8% PN 61.5%
17.7%/35.2% 60.8"/0
17.1%/33.1% 59.9%
16.7%/30.7% o 58.6%
+OH /+0OH 2
/*_\ ——> Byproducts
+00H
*OH /+OOH
19.7%/14.9% o,
19.2%/14.8% 22.7%
18.8%/14.5% ig.i;-//n
18.5%/13.9% 4%
’ ’ /\- 15.7%
8.48%
12.2%
16.3%
20.6%
490°C
510°C
530°C + —>  Byproducts
550°C .CH
3

Figure 6: Major pathways for carbon flux in the gas-phase as predicted by the
microkinetic model. Percentages represent the percentage of total carbon flux from CsHg
that goes through a specific pathway when measured at 5 % conversion. Note that minor
flux pathways (e.g. H abstraction of CsHg from different oxidants) are not included in this
simplified diagram. Carbon flux from O, abstraction of H from i- and n- propyl radicals
represents combined flux of direct abstraction and O, addition followed by subsequent

This journal is © The Royal Society of Chemistry 2023
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dissociation. Conditions: 30 % CsHg / 15 % O, / 55 % N,.Because radical gas-phase
processes appeared to control propylene selectivity at meaningful
conversions, we sought to focus on the gas-phase chemistry. We
introduced NO and Os in the feed as radical initiators, hypothesizing
that alternate chemistries might improve the selectivity to
propylene. We observed significant improvement in the light-off of
propane conversion (Figure 7). The introduction of Oz can
significantly boost the reactivity of propane in an empty tube relative
to the background reactivity.

35%
[
30% -
L 250ppm O,
& 259
5
023
o 20% 1
>
% Iy
[} or | L
x 15% 250ppm NO
o
& 10% - .
(= A L
® " A L]
5% - Background
u n
u
u
0% T T T T T T T T

15 20 25 30 35 40 45 50 55 60

Contact Time (s L / L-normalg,,,q)

Figure 7: Light-off of propane conversion from the introduction of O; or NO. Conditions:
490 °C, 30 % C3Hg / ~15 % O, / ~55% N, 67-200 LNcyg L't h2, 9 mm ID tube section.

However, we observe a reduced initial selectivity to propylene
(Figure 8) that we attribute to unselective reactions of propane with
highly reactive atomic O formed through O; decomposition prior to
the isothermal region of the reactor. At higher conversions we see all
three systems trending towards the same selectivity vs conversion
distribution, suggesting similar mechanisms of propylene formation
and loss take place in all three systems.
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£
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Figure 8: Selectivity vs conversion for radical-activated gas-phase reactions. Conditions:
490 °C,30 % C3Hg / ~15% 0,/ ~ 55 % N,, 67-200 LNc3pg L' h'L, 9 mm ID tube section.
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Stepping back, we build on a model of propylene generation
postulated in a previous model from our group,?! bolstered by our
recent computational findings showing boron nitride metastable
sites can activate propane and water.3” Propane activation may occur
in the gas-phase from HOO® and °*OH radicals or on the surface of
hBN. These radicals abstract a H atom from propane, leading to the
formation of i-propyl and n-propyl radicals. These in turn react with
O, to form propylene or ethylene plus *CHs, with the latter leading to
byproducts (Figure 6). Because the radical gas-phase chemistry takes
over at high conversion, it is difficult to improve the selectivity
beyond that of the underlying background reactivity. Future research
should focus on improved methods of quenching or modifying the
gas-phase reactivity to avoid propylene overoxidation.

Conclusions

In this work we seek to understand what levers affect propylene
selectivity. We find that propylene predominantly overoxidizes
in the gas-phase, with the surface likely playing a role of
generating radicals that simply accelerate the gas-phase
chemistry. Radical accelerants such as O3 and NO play a similar
role of accelerating the background reactivity, but they do not
modify the underlying selectivity to propylene. Only operating
conditions such as temperature or oxygen partial pressure show
an impact on propylene selectivity. Further selectivity
improvements would require limiting the background oxidation
of propylene, i.e. modifying the pathways of the gas-phase
radical propagation.
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