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On the Importance of Benchmarking the Gas-Phase
Pyrolysis Reaction in the Oxidative Dehydrogenation of

Propane

Manouchehr Nadjafi,”” Yifan Cui,”” Marlon Bachl,” Alexander Oing,” Felix Donat,"
Giancarlo Luongo,” Paula M. Abdala,” Alexey Fedorov,* and Christoph R. Miiller*®

The oxidative dehydrogenation of propane (ODP) proceeds
catalytically on a gas-solid interface (heterogeneous reaction)
and/or in the gas phase (homogeneous reaction) via a radical
chain process. ODP may therefore combine interrelated con-
tributions from the heterogeneous dehydrogenation and gas-
phase reactions, which can be initiated by a catalyst. This study
demonstrates that relatively high propene and ethene selectiv-
ities (ca. 80% and 10%) and propane conversions (viz., 10% at

Introduction

Propene, a key building block for the production of polymers
and chemicals, can be produced via the oxidative dehydrogen-
ation of propane [ODP, Equation (1)1 Advantages of ODP over
conventional, industrially implemented non-oxidative propane
dehydrogenation (PDH) include full equilibrium propane con-
version, lower reaction temperatures (ca. 500°C compared to
>600°C), and reaction exothermicity.”¥ ODP catalysts typically
do not deactivate with time on stream (TOS) as little or no coke
is formed due to the co-feeding of oxygen. However, a key
disadvantage of ODP that hinders its commercialization is the
low propene selectivity at high propane conversions (>20%)
due to over oxidation of propane/propene, resulting in low
propene yields.?'%

CHg + 0.5 0, — CyHg + Hy0 (AH 0 = —117KImol™) (1)

Supported VO, catalysts have been among the most actively
researched materials for ODP in the past decades.® ' More
recently, boron-based materials have emerged as catalysts that
give higher propene selectivities when compared to a VO,-
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500°C) can be achieved with an empty quartz reactor, which is
comparable to the performances of state-of-the-art ODP
catalysts (boron-based or supported VO,). Optimization of the
post-catalytic volume of a h-BN catalyst bed tested at 490°C
allows to increase the conversion of propane from 9% to 15%
at a propene selectivity of 77 %, highlighting this parameter as
an important variable for improving catalytic ODP perform-
ances.

based catalyst at similar propane conversions."'¥ The current

state-of-the-art ODP catalyst is hexagonal boron nitride, h-BN,
which yields propene with 79% selectivity at 14% propane
conversion at 490°C."™¥ Other boron-based materials show a
comparable performance for ODP.'¢'"]

Although several studies have indicated that the ODP
performance of V- and B-based catalysts is governed by a
combination of surface and gas-phase reactions,"”?? the exact
contribution from the gas-phase reaction (either catalytically or
non-catalytically initiated) is understood less, especially at low
reaction temperatures (< 510°C).* Radical species desorbed
from the surface of a catalyst can initiate gas-phase ODP
reactions, influencing thereby the product distribution as
compared to the purely heterogeneous or purely homogeneous
gas-phase reaction (oxidative pyrolysis of propane).!'®'%2"2227-31
Such desorbed species likely include organic radicals similar to
those detected by electron paramagnetic resonance (EPR)
spectroscopy in reactions of propene over Bi,O; (allyl
radicals),®? or methane over MgO.”® An additional important
but frequently overlooked parameter, is the size of the empty
reactor volume downstream of the catalytic bed, i.e., the post-
catalytic volume. For example, in the partial oxidation of
propene using molecular oxygen at a constant gas-catalyst
contact time, the selectivities to acetaldehyde and propene
oxide increased while the acrolein selectivity decreased when
increasing the post-catalytic volume.” For the catalytic
oxidation of propene over Mo-based catalysts, increasing the
post-catalytic volume gave a higher propene conversion and
product selectivity to propene oxide, acetaldehyde and carbon
dioxide.?** Furthermore, it has been shown that the oxidation
of hydrocarbons, initiated by free radicals, proceeds in the post-
catalytic volume,®® hence its size affects product selectivity in
ODP.[19’37]

Indeed, ODP experiments using a V—-Mg—O catalyst and
reactors with the post-catalytic volume filled with quartz chips

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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(which are generally effective in quenching free radicals)
showed a lower propane conversion (trends in propene
selectivity varied with reaction temperature) relative to experi-
ments without quartz chips, indicating that the post-catalytic
volume influences the extent of the heterogeneous-homoge-
neous and homogenous ODP reactions.'®'?! Recent ODP studies
using h-BN suggest that also for this catalytic system the overall
performance has contributions from both heterogeneous and
catalytically initiated gas-phase reactions through free radicals
(such as C3H,® and HOO®) desorbing from the h-BN surface and
reacting in the void volume between the catalyst
particles.'222383 That being said, our understanding of the
contribution of the gas-phase reaction in heterogeneously
catalyzed ODP processes to the overall propane conversion and
product selectivity is still incomplete."®'*** For instance, a
recent ODP study on boron isolated in a zeolitic framework
reported 55% propene and 26% ethene selectivity at a 41%
propane conversion at 560°C.*¥ This performance has been
ascribed solely to the activity of the zeolite catalyst in the
heterogeneous ODP reaction and it appears that the contribu-
tion of gas-phase reactions at temperatures < 580°C has been
neglected. Yet the importance of homogeneous gas-phase
reactions in the oxidative dehydrogenation of propane at
temperatures exceeding ca. 550°C has been often
reported.?*3%4=1 We show below that the gas-phase reactions
contribute substantially to the ODP activity for temperatures
>460°C, whereby their extent depends on the gas hourly space
velocity (GHSV), the exact temperature and impurities in the
quartz reactors used. Our results are generally consistent with
the studies on oxidative pyrolysis of ethane and butane that
provided vyields of olefins comparable to that of the catalytic
oxidative dehydrogenation.”*

Here, to benchmark the impact of the gas-phase reactions
on the propane conversion and propene selectivity, we evaluate
the influence of the following variables on the non-catalytic
gas-phase reaction between propane and oxygen (oxidative
pyrolysis of propane): (i) GHSV (16-4500 h™"), (ii) propane to
oxygen ratio (from 4:1 to 1:2), (iii) reaction temperature (450-
650 °C), (iv) the presence of a filling material and its type (quartz
beads, SiC, or quartz wool), (v) reactor design (U-shaped or
straight tube), (vi) temperature distribution (reactor placed in a
fluidized bed or in a tubular furnace), (vii) the size of the post-
catalytic volume, and (viii) the impurities in quartz reactors
(reactors from several different suppliers are compared; experi-
ments in i)-vii) were performed in the quartz reactors that have
yielded the lowest conversions in the low temperature (450°C)
conditions, vide infra). We first discuss the results of the
oxidative pyrolysis of propane in an empty quartz tube reactor
as a function of temperature and propane to oxygen ratio.
Subsequently, we demonstrate that the propane conversion
increases by a factor of up to three when increasing the post-
catalytic volume from 0 cm® to 6.8 cm? for a h-BN catalyst while
keeping the temperature constant (500°C). The complete data
set of our study is presented in the supporting information file.
We note that in some cases the carbon balance is less than
95%, which is explained by the formation of organic oxygen-
ates that are not detected by our GC-FID/TCD used.
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Results and Discussion

Non-catalytic ODP. In what follows, we discuss selected
experimental data to illustrate that low-temperature homoge-
neous ODP can provide olefin yields comparable with those of
the state-of-the-art heterogeneous catalysts. Using an empty
quartz reactor (ID=15 mm) at 510°C and a propane to oxygen
ratio of 2:1, propene and ethene are produced with selectivities
of 74.2% and 12.0%, respectively, at 15.1% propane conversion
(Figure 1 and Table 1, entry 1). This result is comparable to the
performance of the h-BN catalyst that yields propene and
ethene selectivities of 79% and 12%, respectively, at 14%
propane conversion at 490°C (Figure 1 and Table 1, entry 2).'")
A catalyst containing boron in a zeolite framework has been
reported to give, at 540°C and a propane to oxygen ratio of
1:1, propene and ethene selectivities of 55.4% and 27.2% at
23.8% propane conversion (Figure1 and Table 1, entry3;
selectivity reported among all products).*¥ At 540°C and when
using C;Hg:0, ratio of 1:1 in an empty quartz reactor (ID=
10 mm), we obtained propene and ethene selectivities of 68.2%
and 18.4%, respectively, at a propane conversion of 25.9%
(Table 1, entry 4).

At C3Hg:0,=2:3 and at various reaction temperatures
(straight quartz reactor), we obtain a lower propene yield than
the values reported for edge-hydroxylated h-BN (propene and
ethene selectivities of, respectively, 80.2% and 10.7% at 20.6 %
propane conversion and at 530°C, see Figure 1 and Table 1,
entry 5).°% However, increasing the propane to oxygen ratio to
2:1 and using an empty U-shaped quartz reactor heated in an
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Figure 1. Comparison of the oxidative pyrolysis of propane in an empty
quartz reactor (ID=15 mm, 42 mImin~" total flow rate) and the ODP
performance of state-of-the-art boron-based catalysts using different
propane to oxygen ratios and temperatures. Marked with asterisks are
reactions showing carbon balance lower than 95-97 %. Here and below,
note that as we report selectivity among the quantified products (see Sl for
details), reactions with lower carbon balances would consequently have
lower selectivities to quantified products if all products are taken into
account for the calculation of selectivities.
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Table 1. Comparison of the oxidative pyrolysis of propane in empty quartz reactors to the ODP performance of state-of-the-art B-based catalysts. Selectivity
values obtained in this work are reported as selectivity based on the quantified products.

Entry Temp.[°Cl Catalyst Xy Scane Scora C balance  I.D. Reactor Total flow C3Hg:0,: GHSVE/WHSV®'  Ref.

[%] [%] [%] [%] [mm] shape [mImin~"] inert [h™

1 510 - 15.1 74.2 12.0 97.0 15 Straight 42 2:1:4 65.3 This
study

2 490 h-BN 14.0 79.0 120 98.0 9.0 Straight 40 6:3:11 10.6 [15]

3 540 B-S1 23.8 554 27.2 96.0 74 Straight 30 1:1:8 7.1 [44]

4 540 - 25.9 68.2 184 93.2 10 Straight 42 1:1:5 147 This
study

5 530 BNOH 20.6 80.2 10.7 97 6 Straight 192 2:3:7 37.6 [51]

6 500 - 21.0 79.0 15 98.1 8 U-shaped 21 2:1:4 188 This
study

7 450 - 1.1 90.1 33 99.5 15 Straight 52 2:1:4 80.3 This
study

[a] Gas hourly space velocity (Lesps Lieactor | h ™). [b] Weight hourly space velocity (kgespskge,: 'h™"). [c] —=B[OH...O(H)-Sil, in a borosilicate zeolite.

isothermal fluidized bed yields comparable propene and ethene
selectivities of, respectively, 79% and 15% at 21% propane
conversion but at a lower temperature of 500°C (Table 1,
entry 6). Likely, the key difference between the results obtained
in the straight and U-shaped quartz reactors is the lower
temperature gradient in the U-shaped reactor immersed in the
fluidized bed (Figure S7). To summarize, the data obtained in
empty quartz reactors demonstrate that the oxidative pyrolysis
of propane, under optimized conditions, yields performances
that can be on par with those of state-of-the-art boron-based
ODP catalysts.

The propane conversion rate (—rcyg) in an empty quartz
reactor (ID=15 mm) and at differential propane conversions (<
10%) gives an apparent reaction order for the propane
concentration of 2.240.1 (Figure S54, —rc3s=AXPc3s>?). It has
been argued that the second order rate dependence on the
propane partial pressure is an indication of the simultaneous
occurrence of surface and gas-phase mechanisms.”? Therefore,
quartz may contain surface species that not only quench but
also produce radical species. For instance, the activity of quartz
in the conversion of para-hydrogen to ortho-hydrogen and
hydrogen-deuterium scrambling was attributed to surface sites
that formed upon the thermal removal of hydroxyl groups from
the quartz surface "

To investigate the role of the thermocouple in quenching or
generating radical species, we compared set-ups with and
without an internal thermocouple under conditions of oxidative
pyrolysis. For an identical set-temperature and reaction con-
ditions (ID=10 mm, C;Hg:0,:N,=12:6:24) and as long as the
oxygen conversion is less than 100%, higher propane con-
versions are obtained in all experiments in which the temper-
ature is controlled using an external thermocouple (Figure S8).
For example, at 490°C, when the temperature is controlled by
an external thermocouple, a propane conversion of 29.8% is
achieved while at the same temperature and using an internal
thermocouple, the conversion reaches only 7.7%. This is an
indication that gas-phase radicals may be quenched by the
thermocouple used. We note that an internal thermocouple
placed inside the catalyst bed has been a preferred temperature
control method for the boron-based catalysts.">¥*? While the

ChemCatChem 2023, 15, 202200694 (3 of 7)

influence of the thermocouple in an empty reactor experiment
might appear surprising, a typical heterogeneous experiment
uses a thermocouple immersed in the middle of the catalyst
bed, which may limit its influence.

For all propane to oxygen ratios explored here, we observe
an increase in the propane conversion when increasing the
temperature (provided the oxygen conversion is < 100%) and
this is often (but not always) associated with a decrease in the
propene selectivity (Figures S8-S47). As soon as full oxygen
conversion is reached, the propane conversion increases more
slowly with increasing temperature. High propene selectivity of
90.1% (ethene selectivity 3.3 %) is achieved in an empty straight
quartz reactor at 1.1% propane conversion at 450°C (Table 1,
entry 7; see Tables in the SI for carbon balance data to estimate
the selectivities among all reaction products. In cases for which
the carbon balance is lower than 95-97 %, the selectivity for the
quantified products, as specified in the SI, will be higher than
selectivity obtained when all reaction products are taken into
account).

Increasing the GHSV generally results in lower propane
conversions and higher propene selectivities (depending on the
propane to oxygen ratio). For example, using a propane to
oxygen ratio of 2:1 at 480°C and doubling the GHSV from
32.7h7" to 653 h™' decreases the propane conversion from
10.2% to 3.9% while increasing the propene selectivity from
743 % to 86.3% (see the Sl file for full details). At a constant
GHSV and by varying the propane to oxygen ratio, we do not
observe a clear trend in the propane conversion and propene
selectivity. For instance, at 480°C and a GHSV of 653 h7,
increasing the propane to oxygen ratio from 1:2 to 2:3 to 1:1
and further to 2:1 changes the propane conversion from 1.4%
to 5.1%, to 4.7% and further to 3.9%, while the propene
selectivity changes from 86.7% to 78.1% to 80.7% and further
to 86.3 %. However, a stoichiometric propane to oxygen ratio of
2:1 usually yields better results for both propane conversion
and propene selectivity.

To evaluate if metal impurities in quartz can affect the ODP
reaction, we compared results obtained using reactors from
three different suppliers. The quantities of trace impurities in
these reactors are listed in Table S54. At a GHSV of 65.3 h™' and

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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a propane to oxygen ratio of 2:1, the gas-phase reaction
initiates at relatively low temperatures and, for instance, at
460°C the propane conversion was 1.6%, 6.2% and 5.6% in
reactors purchased from Heraeus, E-create Technology and
proQuartz, respectively (see Sl for details). We note specifically
that most of the experiments reported in this work, including
those that varied the post-catalytic volume, were performed in
quartz reactors purchased from Heraeus that showed the lowest
conversion (i.e, 1.6%) in the mentioned conditions. Such
differences indicate that metal impurities in quartz may indeed
influence the gas-phase ODP reaction. Unfortunately, it is
challenging to identify which one of the impurities in the quartz
triggers the gas-phase reaction due to the large number of
various impurities (in ppm amounts) contained in the reactors
utilized. We also note that the ODP results obtained using the
U-shaped reactor may also depend on the composition of
quartz reactor used.

Catalytic ODP. Further experiments aim to maximize the
catalytic propane conversion and propene selectivity at low
temperatures (<510°C) by combining catalytic and gas-phase
reactions in a straight quartz tube reactor, as it is the most
frequently applied reactor design. To explore the effect of the
size of the post catalytic volume on the propene yield, we use
h-BN as the catalyst, a reactor of ID=15 mm and quartz inserts
of ID=12 mm to define the post-catalytic volume (Figure S48).
In total, three different post-catalytic volumes are investigated,
i.e., ca. 0cm’ (where the entire post-catalytic volume is filled
with quartz chips), 4.5 cm® and 6.8 cm®. The ODP was performed
at 490°C and C;Hz:0,=2:1 (most commonly used ratio).*”
Increasing the size of the post-catalytic volume from 0 cm’® to
45cm’® and to 6.8 cm?®, the conversion of propane increases
from 9.2% to 15.1% and to 16.4% at propene selectivities of
773%, 77.2%, and 74.6%, respectively, while the ethene
selectivities increase from 11.1% to 13.6% and to 14.2%
(Figures 2 and S48). This result suggests that radicals desorbed
from the surface of h-BN, react further with other species in the
gas-phase, increasing the conversion of propane (at a given
temperature and for an oxygen conversion <100%). When
reaching full oxygen conversion, the conversion of propane
does not change significantly when increasing the temperature
(up to 550°C, i.e. the highest temperature used in these
experiments), irrespective of the size of the post-catalytic
volume. At 500°C and maintaining a C;Hg: O, ratio of 2:1 (h-BN
catalyst), the conversion of propane increases from 12.2% to
22.2% and to 38.6 % when increasing the post-catalytic volume
from 0cm® to 45cm’® and to 6.8cm’® (Figure2 and S48).
However, the combined selectivity to propene and ethene
decreases from 87.6% for h-BN in a reactor with a post-catalytic
volume of 0cm® to 86.5% and to 70.6% for post-catalytic
volumes of 4.5 cm® and 6.8 cm’, respectively.

Interestingly, at 500 °C the conversions of propane obtained
in configurations with a post-catalytic volume >0cm?® are
notably higher than the sum of the catalytic conversion (12.2%
with 0cm® post-catalytic volume) and the pure gas-phase
conversions (oxidative pyrolysis of propane) obtained with the
respective inserts inside the quartz reactor (i.e., 4.6% and 2.7%
for 45cm?® and 6.8 cm® empty tube insert volumes, respec-
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Figure 2. ODP performances when a catalytic process using h-BN is
combined with gas-phase reactions (Figure S48). Reactor (straight quartz
tube of ID=15 mm, insert tube ID =12 mm) filled with 225 mg catalyst
mixed with 450 mg SiC, C;Hg:0,:N,=2:1:4, 42 mImin~" total flow rate. A K-
type thermocouple was placed inside the catalyst bed for all experiments
and the catalyst bed was in the center of the vertical tubular furnace. Marked
with asterisks are reactions showing carbon balance lower than 95-97 %.

tively). This observation is indicative of the presence of a
heterogeneous-homogeneous reaction mechanism for ODP
when using h-BN catalyst (Figures 3 and 548).75%

A comparison between the ODP results obtained when
using h-BN with and without a post catalytic volume to the
oxidative pyrolysis of propane performed under similar con-
ditions using an empty quartz reactor suggests a greater
contribution to product formation from oxidative pyrolysis over
catalytic ODP (Figure 3). This may be due to the different nature
of the propyl radicals involved, that is, mainly n-propyl radicals
desorb from the h-BN surface and these radicals favour
formation of ethene and CO, whereas propyl radicals generated
during the gas-phase propagation are mainly iso-propyl radicals
that favour selective ODP.**3**¥ |n addition, the activation
energy of ODP over h-BN was lower than the activation energy
of oxidative pyrolysis in an empty quartz reactor (ID=15 mm,
215 kJmol™ and 261 kJmol™', respectively, Figure S49). The
higher yield in a gas phase reaction was ascribed previously to
the role of h-BN in quenching HOO" radicals.”? The surface area

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Propene selectivity as a function of propane conversion using
state-of-the-art ODP catalysts based on h-BN or supported VO,, compared to
the catalytic and non-catalytic performances obtained in this work. A quartz
reactor with ID=15 mm was used either empty or filled with a catalyst

(225 mg h-BN mixed with 450 mg SiC), C;Hg:0,:N,=2:1:4, 42-52 mImin™"
total flow rate. (* PCV stands for post catalytic volume).

to volume ratio of h-BN is ca. three orders of magnitude higher
than that of the empty quartz reactor (ID=15 mm, L=200 mm)
explaining the different extends of radical quenching to radical
propagation for h-BN and the empty quartz reactor.

Conclusion

Results presented herein highlight the importance of the
oxidative pyrolysis of propane and heterogeneous-homogene-
ous reactions in ODP for a broad range of temperatures and
GHSVs. Using an empty quartz reactor (ID=15mm, GHSV=
80.3 h™") at 490°C and a propane to oxygen ratio of 2:1, a
propane conversion of 30% at a total olefin selectivity of 82.6 %
(64.1% propene and 18.5% ethene) is achieved. Moreover, by
combining catalytic (heterogeneous) and gas-phase reactions, a
substantial increase in the propane conversion is obtained at
reaction temperatures below 510°C, as radicals desorbed from
h-BN react further in the gas-phase. This observation is
consistent with the co-existence of a heterogeneous-homoge-
neous mechanism (i.e, catalytically initiated gas-phase
reaction),"® in addition to heterogeneous (catalytic) and
homogeneous (gas-phase) reactions in ODP using a h-BN
catalyst. Note that the surface of quartz may play a similar role
to h-BN and provide radical species for the gas-phase reaction.
Overall, the experimental results of this study provide evidence
that robust conclusions concerning the contribution of the
heterogeneously catalyzed ODP reactions can be drawn only
when comparing results of catalyzed and blank control
experiments,® as oxidative pyrolysis in an empty quartz reactor
can yield comparable performances relative to both catalytic
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and combined catalytic and catalytically initiated gas-phase
ODP reactions.

Experimental Section

Reaction setup 1. U-shaped quartz reactors (Heraeus, Germany)
with internal diameters of 4 and 8 mm, 225 mm height, and 2 mm
wall thickness have been used. A reactor was placed inside a bed of
alumina sand (Kuhmichel, 300-425 um) that was fluidized by
compressed air (14-19 Lmin~", U,¢~0.169-0.178 ms™'). Only the
bottom part of the reactor (ca. 55 mm) was immersed inside the
fluidized bed, yielding effective reaction volumes (i.e., the volume
of the empty space of the reactor immersed inside the fluidized
bed) of ca. 1.6 and 6.1 cm? for the U-shaped reactors with ID 4 mm
and 8 mm, respectively. The temperature gradient along this
effective reaction volume was always less than 5°C (as determined
in a N, flow at 550 and 600 °C, Figure S1). For the oxidative pyrolysis
of propane (>99.95%, Carbagas), the temperature was varied
between 450-650°C in increments of 50 °C. Synthetic air, nitrogen,
and propane were flown through the reactor using Bronkhorst
mass flow controllers (MFC) that were calibrated prior to the
experiments using a calibration flowmeter (ANALYT-MTC) at 25°C.
A total flow of 9-120 mImin~' was used to achieve different gas
hourly space velocities (GHSV) while the propane to oxygen ratio
was changed from 1:1 to 2:1, and 4:1. Off-gases were analyzed
using a compact gas chromatograph (GC, Global Analyzer Solu-
tions) every three minutes. Prior to gas analysis water vapor was
condensed from the gas stream using a glass condenser. In the GC,
H,, O, N, and CO were separated using a Molsieve 5A (5 mx
0.32 mm) connected to an RT—Q-BOND column (7 m and 3 m X
0.32 mm) while the CO, was separated using two RT—Q-BOND
columns in series (10 m and 3 mx0.32 mm) and quantified by two
thermal conductivity detectors (TCD). Hydrocarbons were separated
using an Rtx-5, 3u (15mx0.32 mm) column and detected by a
flame ionization detector (FID). For the quenching experiments, SiC
(Alfa Aesar, 46 grit particles) or quartz beads (Pyromatics, 0.5-
1 mm) were used. Here, the U-shaped reactors were filled to three
different levels with quartz chips or SiC to study their effectiveness
in quenching gas-phase radicals at elevated temperatures.

Reaction setup 2. Two straight quartz reactors (Heraeus, Germany)
with internal diameters of 10 and 15 mm, 360 mm length, have
been used. A reactor was heated in a 200 mm height cylindrical
furnace using a PID Microactivity-Effi (PID ENG&TECH) integrated
reactor setup. The furnace and all of the valves were inside a hot
box that was kept at 150°C during all experiments irrespective of
the reaction temperature used. The temperature profile along the
furnace was measured using two K-type thermocouples. One
thermocouple was fixed inside the straight quartz reactor in the
center of the furnace and the second thermocouple was placed
outside of the reactor and inside the furnace in the center of the
furnace. Only a minor temperature difference was found between
the temperatures measured inside and outside of the reactor. The
outside thermocouple was used to obtain the temperature profile
in the furnace with respect to the center of the reactor. Flow rates
of propane, air, and nitrogen were controlled using Bronkhorst
MFCs to achieve a total flow rate of 10.5-52 mImin~' with different
propane to air ratios (2:1, 1:1, 2:3, and 1:2) within a temperature
range of 450-550°C in increments of 10°C. Off-gases were analyzed
by a Clarus 580 GC (PerkinElmer) equipped with a methanizer to
increase the precision of the CO, measurement. The PID setup was
equipped with a liquid-gas separator that is cooled thermoelectri-
cally to condense the water before entering the GC. All carbon
products were separated by a HP Plot Q Restek column (30 mx
0.32 mm) and analyzed by an FID. H,, N,, and O, were separated by
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a ShinCarbon ST 80/100 Restek column (3 mx 1 mm) and analyzed
by a TCD. Every 16 min a data point was collected by the GC,
beginning 10 min after the start of the reaction while the first data
point was always collected after 10 min after the start of the
reaction. The carbon balance depended on the reaction parameters
and varied between 80 to 100%. For the gas-phase quenching
experiments in the straight quartz reactors, quartz beads, SiC, and
quartz wool were used. To fully fill the straight quartz reactor (ID
10 mm), an amount of 22.8 g, 4.367 g, and 32.51 g of quartz beads,
quartz wool, and SiC were used, respectively.

Catalytic experiments. Reaction setup 2 was used for catalytic tests
with hexagonal boron nitride (h-BN, 99.5%, Alfa Aesar). h-BN
powder was first pressed into a pellet, crushed using a pestle and a
mortar, and then sieved into 180-350 um size. Sieved h-BN
(225 mg) was mixed with SiC in a 1:2 mass ratio and placed
between two thin quartz wool plugs (0.6-0.9 cm) while the rest of
the reactor was filled with quartz beads to quench gas-phase
reactions. Different quartz inserts (see Sl file for sketches and
images) were placed right after the catalytic bed to investigate the
effect of the size of the post catalytic volume on the observed
performance of the catalyst.

A straight quartz reactor inside a vertical tubular furnace is
considered as a representative setup of typical reactor systems
used in research laboratories. By using a hollow quartz insert inside
the reactor tube and varying the total flow rate in reaction setup 2
it was possible to achieve GHSVs up to 4082.7 h™'. Except for the
inserts, the rest of the reactor was filled with quartz beads to
quench gas-phase reactions. To ensure a good separation between
the quartz beads and the post catalytic volume, we used stainless
steel metal meshes that were catalytically inactive.

Control experiments showed that while an empty quartz reactor
converts propane and oxygen (2:1 ratio, GHSV =147 h™") at 550°C
with a propane conversion of 40 %, filling the entire reactor volume
with quartz beads or SiC reduces the propane conversion to almost
negligible values of ca. 2%. Thus, quartz beads and SiC are effective
quenchers of the gas-phase reaction, while quartz wool (filling
density=0.154 gml™") is less effective and gives propane conver-
sions of 12%.

To evaluate the influence of quartz impurities on the oxidative
pyrolysis of propane, we have used quartz reactors from three
different producers. Trace element analysis of these reactors, as
supplied by the producers, are presented in Table S54.
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