L)

Check for
updates

SCIENCE ADVANCES | RESEARCH RESOURCE
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Microwave-assisted, performance-advantaged
electrification of propane dehydrogenation
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Dionisios G. Vlachos'2*

Nonoxidative propane dehydrogenation (PDH) produces on-site propylene for value-added chemicals. While
commercial, its modest selectivity and catalyst deactivation hamper the process efficiency and limit operation
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to lower temperatures. We demonstrate PDH in a microwave (MW)-heated reactor over PtSn/SiO, catalyst pellets
loaded in a SiC monolith acting as MW susceptor and a heat distributor while ensuring comparable conditions
with conventional reactors. Time-on-stream experiments show active and stable operation at 500°C without hy-
drogen addition. Upon increasing temperature or feed partial pressure at high space velocity, catalysts under
MWs show resistance in coking and sintering, high activity, and selectivity, starkly contrasting conventional re-
actors whose catalyst undergoes deactivation. Mechanistic differences in coke formation are exposed. Gas-solid
temperature gradients are computationally investigated, and nanoscale temperature inhomogeneities are pro-
posed to rationalize the different performances of the heating modes. The approach highlights the great po-

tential of electrification of endothermic catalytic reactions.

INTRODUCTION

Global warming from greenhouse gas (GHG) emissions is driving
the electrification of the transportation and power sectors using re-
newable energy (I). With these ongoing advances, the industrial
sector will soon become the topmost polluting sector. The chemi-
cals and refinery industries are the top contributors to GHG emis-
sions (2), followed by the cement, steel, and food industries also
important. Hydrogen and its associated derivatives (ammonia and
methanol) and light olefins (ethylene and propylene) are the highest
CO,-emitting chemical processes (3). Their decarbonization is
much more complex than the transportation and power sectors
because of their inherent complexity and high integration. Unlike
ammonia and methanol production, which are exothermic reac-
tions, olefins’ production is an endothermic process. It requires
high temperatures (>500°C) and energy fluxes. These endothermic
reactions are at the core of the industrial high-temperature process
heat sector (4). The high temperatures challenge traditional electro-
catalysis as a means of electrification.

Propylene is a platform molecule in the petrochemical industry
for many value-added chemicals (5, 6). Its demand keeps increas-
ing, while its production has not kept up (known as the propylene
gap). Propylene has historically been made via energy- and carbon-
intensive processes, specifically naphtha steam cracking and fluid
catalytic cracking. Over the last decade, the United States has
been leveraging shale gas abundance (and low cost) through the
nonoxidative propane dehydrogenation (PDH) (7). Universal Oil
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Products implemented the Oleflex process using PtSn/Al,O5 and
Lummus Technology the Catofin process using Cr,03/Al,0; (8).
The latter catalyst suffers from toxicity. PDH is an equilibrium-
limited reaction and is favored at high temperatures. The rapid
coke deposition requires frequent catalyst regeneration, making
the process complex and less productive. The thermal shock
during oxidative regeneration can lead to catalyst sintering (9). Hy-
drogen is often cofed with propane to suppress catalyst deactivation
by decreasing the coke precursor and facilitating propylene desorp-
tion (10). However, hydrogen use incurs additional costs and shifts
the equilibrium to the reactant side. Given the carbon intensity of
H, production, it is desirable to eliminate it. Given the above tech-
nical barriers, improving the PDH technology can be impactful. The
high risk of emerging technologies and the multibillion-dollar in-
vestment needed for large-scale manufacturing create substantial
obstacles to the penetration of these technologies.

Emerging process electrification (PE) technologies, such as Joule
heating, plasma, and microwaves (MWs), are essential to achieve
zero emissions (11, 12), but these processes are neither commercial
nor well understood. While ideal for modular skids, exploiting co-
benefits stemming from PE can enhance their economic viability,
given the higher cost of electricity and modules compared to
large-scale equipment. For example, MW-assisted heating of sus-
ceptible media (with a high loss tangent, tan §) can bypass heat
transfer limitations (wall resistance and slow heat transfer from
the wall to the center of a reactor tube) of conventional heating
(CH) furnaces. By heating a reactor rapidly and volumetrically
(13), one can enable modular manufacturing with an efficiency of
>90% (14) (versus furnaces of typically <47%) and, thus, halve the
energy use. However, MW application to high-temperature chem-
istries (>500°C) has been limited, as the electromagnetic field
focuses on touching points of catalyst pellets (15), potentially
causing arcing and thermal runaway.

In this work, we introduce the MW reactor, explore the cobene-
fits of PE of PDH under MWs over PtSn/SiO, catalyst and compare
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its performance with CH. We demonstrate minimal coke formation
by suppressing the gas-phase chemistry, a different coke formation
mechanism, slower sintering, and improved activity, durability, and
selectivity under MWs. These cobenefits are essential for minimiz-
ing downstream separation costs and excess energy use.

RESULTS

We use a SiC monolith filled with PtSn/SiO, catalyst and quartz
pellets (Fig. 1A) (16) in the micro-fixed bed reactor, which
affords a catalyst loading nearly as high as conventional fixed
beds to ensure high productivity and compact devices. SiC's out-
standing MW -absorbing properties enable excellent coupling with
the electromagnetic field (17). We have chosen SiC compared to
other MW absorbing materials, such as iron oxide, as previous cal-
culations (18) indicate that its high thermal conductivity is ideal for
spreading the energy and avoiding arcing and macroscopic temper-
ature gradients. An isothermal furnace is used for CH experiments
with temperatures measured by a thermocouple (TC) (Fig. 1B).
Digital and infrared (IR) images of the reactor wall visually
confirm temperature uniformity of the MW-heating region
(thermal window = 15 mm; Fig. 1C). The temperature measured
at the center using a fiber Bragg grating (FBG) in high-temperature
processes and at the wall using a high-temperature IR (HT-IR)

camera was 700°C (+ 5°C) and 660°C (+ 2°C), with a ~6% deviation
(Fig. 1D). The temperature field under MWs exhibits modest radial
inhomogeneity as the edges lose heat, resulting in higher center
temperatures (Teenter); this is known as the inverse tempera-
ture profile.

COMSOL Multiphysics simulations (19, 20) predict the three-
dimensional (3D) temperatures and power consumption of MWs.
The predicted power consumption is within 5% of the experimental
values at comparable temperatures (Fig. 1E), demonstrating the ac-
curacy of the model. Inset images in Fig. 1E show the model cross-
section 2D temperatures of MW500 and MW?700. Figure 1 (F and
G) shows the corresponding radial and axial temperature distribu-
tion, respectively. The highest temperature is at the center, empha-
sizing the importance of accurate bulk measurements until now
lacking (21). The temperature increases rapidly within <5 mm
from the monolith entrance due to conduction and radiation and
remains nearly uniform within the bed. The gas and solid phase
within the monolith channels quickly reach thermal equilibrium
(18). At the given flow rate, the hot gas cools down to room temper-
ature within ~10 mm upon exiting the monolith. Overall, the com-
putations indicate that the catalytic bed temperatures under MW
radiation are uniform in the longitudinal direction and expose
small gradients near the walls directly exposed to static air. We hy-
pothesize that the cold upstream gas and the rapid cooling of the
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Fig. 1. High-temperature PDH reactor heating and temperature fields. (A) MW-assisted and (B) CH. (C) Thermal imaging of the MW reactor at 700°C by digital and IR
cameras. (D) Experimentally measured center (probe) and wall (HT-IR, high-temperature IR camera) temperatures for MWs (FBG) and CH (TC); error bars refer to temper-
ature fluctuation over time-on-stream (TOS). Computational insights over local temperature distribution under MWs. (E) Parity plot of the absorbed MW power estimated
by experiment and COMSOL simulation at 500°, 600°, and 700°C of Teenter (5% C3Hg in He, flow rate = 50 SCCM; inset: Computational fluid dynamics (CFD)-predicted
temperatures under MWs). (F) Simulation-predicted radial and (G) axial temperature distribution over the cross section under MWs.
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outlet gas flow under MW's minimize undesirable side reactions of
PDH before and after the MW region that can dominate a labora-
tory microreactor in a furnace where the entire quartz tube is
exposed to high temperatures (22). To assess this hypothesis, we
compare the performance of the two processes at increasing tem-
peratures (denoted as MWx and CHx, where x is the temperature
in °C).

The MW and CH reactor performances were identical at 500°C
and low weight hourly space velocity (WHSV) of 2.95 gcapg Sear
hour™', when the reaction rates are relatively low (Fig. 2A). The
comparable reaction rates are an indirect manifestation of the
same temperature, as the conversion (near) equilibrium is dictated
by pressure and temperature only. The data corroborate with Fig. 1,
as the conversion under MWs and CH reactors is close to the ther-
modynamic equilibrium conversion at this temperature (fig. S1). At
500°C and faster flows, without hydrogen in the feed, the time-on-
stream (TOS) performance of MWs and CH differ; the PDH rate is
higher under MWs, especially at long TOS (Fig. 2B). The propylene
selectivity is high in both heating modes due to the excellent perfor-
mance of the PtSn catalyst (>99.9%). The cracking of propane to
methane and C, hydrocarbons is slow at this temperature. Active
site densities were assessed using post-catalytic ethylene hydrogena-
tion at low temperatures (Fig. 2C), a probe reaction to estimate the
remaining Pt-based active sites (23). The MW500 sample retains
most of its active sites but loses most of its EtH activity within 1
min in CH. This difference could be attributed to a small proportion
of Pt nanoparticles in the fresh sample, verified by x-ray diffraction
(XRD) (fig. S2), which shows higher initial activity for ethane (EtH)
than PtSn. PtSn, with an atomic ratio of 1:1, exhibits nearly 10 times
lower turnover frequency than Pt in EtH (24). These Pt nanoparti-
cles are prone to rapid deactivation under CH, leaving only PtSn as
the active component that also experiences gradual deactivation. In
contrast, Pt deactivation may be delayed when MWs are used
(vide infra).

To further capture the change in active site densities of Pt and
PtSn, we used diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) using CO as a probe (fig. S3). The fresh Pt/SiO,
has typical CO adsorption on nanoparticles, with the shoulder peak
at ~2070 cm™" assigned to terrace sites and the peaks lower than

2060 cm™" to step sites. The addition of Sn red-shifts the CO
stretch band, in line with the literature (25). Pt deactivates very
fast in PDH due to coke [fig. S3A and (9, 26)]. The CO peak area
decreases much more slowly on the PtSn/SiO, sample, likely due to
Sn that enhances the desorption of propylene whose further chem-
istry leads to coke (27). Nevertheless, the PtSn/SiO, catalyst still ex-
periences deactivation under CH500 conditions. The relationship
between the relative activity of CH500 at 29.5 gcsps gcafl hour™
and the CO peak area (inset of fig. S3B) suggests that the deactiva-
tion may be attributed to the loss of PtSn active sites. The space-time
yield (STY) of propylene after 3-hour TOS under CH and MWs
depicts the overall performance (intrinsic activity and stability) of
our and literature CH PtSn catalysts [table S1 and (28—44)]. Some
literature introduced advanced synthesis with PtSn catalysts com-
pared to our conventional incipient wetness impregnation-based
synthesis, and most studies cofeed H, to alleviate coke formation,
extend catalyst lifetime, and increase the reaction rate. Despite dif-
ferences, key points are still evident. Figure 3A displays the PDH
rate versus WHSV. The increase of the WHSV generally leads to
an increase in reaction rates under external diffusion-limited con-
ditions, and the rates become invariant under kinetic-limited con-
ditions (45). The PDH rate-WHSV data of CH depict such a
performance within a narrow temperature range at low WHSV
(the gray dotted line is an eye guide indicating an upper bound).
Our CH data lie below the line due to unfavorable operating condi-
tions and the use of conventional catalysts that deactivate. Notably,
MWs achieve a STY of 9.9 gcsne gcat_1 hour™" at 600°C and 29.5
gc3Hs gcat_1 hour™! without H, addition and surpass CH at
fast flows.

In literature, very few studies report data without H, in the feed
due to rapid coking. The influence of the H,/C;Hjg entrance ratio
and temperature on STY is summarized in Fig. 3B. Higher temper-
atures improve the CH activity, especially when considerable frac-
tions of H, are used. A molecular ratio of H,/C3Hg > 1 can lead to a
higher STY (10). The higher STY with H, present that pushes the
reverse reaction indicates that the catalyst deactivation is crucial
under CH. Low STYs are observed, even with H, cofeed, for less
performing catalysts, e.g., compare bubble sizes of (37) at the top
right. MW500 displays a moderate yield even without feeding
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perature). The larger the bubble, the larger the STY. The numbers in both panels indicate references, summarized in table S1.

hydrogen, superior to many state-of-the-art PtSn catalysts that
exhibit good activity and stability only with cofed hydrogen. We
believe the local heating effect under MWs retards deactivation
and affords higher temperatures without external hydrogen. Exten-
sive characterizations of the spent catalyst will be discussed next.

High-resolution transmission electron microscopy (TEM)
images of fresh, reduced PtSn nanoparticles have bare nanoparticles
(Fig. 4A and fig. S4) with a standard lognormal distribution of an
average diameter of ~3.0 nm. After the reaction, the CH500-3h cat-
alyst exhibits modest agglomeration (Fig. 4B and fig. S5), with small
and larger than 6-nm particles coexisting. Our data are consistent
with a previous report observing sintering from 3.8 to 5.3 nm at
500°C for 24-hour reaction (46). Frequently observed overlayers in-
dicate amorphous carbon [>0.4 nm; (47)] or SnO, segregation on
the catalyst that reduces activity, consistent with the active site loss
in EtH probe reaction (Fig. 2C). Because XRD suggests no phase
separation of the active metals in both processes (fig. S2), the over-
layer is mostly likely carbonaceous deposits. The growth of particle
size under CH suggests that Ostwald ripening may be accelerated by
the coke precursors, causing catalyst particle sintering (48). Under
MWs, the particle growth is highly suppressed and overlayers are
less frequently seen (Fig. 4C and fig. S6). Although heat conduction
is fast over scales longer than micrometers, the heat transfer is dom-
inated by phonons rather than Fourier's law and may rationalize
local temperature gradients between the active sites and the
support (49).

We use O, temperature-programmed oxidation (TPO) to
provide insights into the hardness, amount, and location of coke
(50). The coke is much less in MW500-3h than in CH500-3h
[0.37 weight % (wt %) versus 1.55 wt %, respectively; Fig. 4D; cal-
culation in note S1], consistent with the results above. The main
peaks at 360°C for MWs and CH are attributed to coke adjacent
to the active metal sites that oxidize it easier (26). For the
MW500-3h, the sporadic small shoulder peaks at high temperatures
may suggest coke on the support. The CH and MW coke is carbon-
rich with no prominent hydrogen appearing as H,O and no CO
forming (fig. S7), as reported in other works (51), consistent with

Kwak et al., Sci. Adv. 9, eadi8219 (2023) 15 September 2023

the lack of hydrogen (52). Ex situ Raman shows defective and gra-
phitic features of carbon under CH and MW (Fig. 4E) (53). CH500-
30min and MW500-3h show mild fluorescent interference, indica-
tive of relatively immature carbon (54), consistent with TPO that
MWs delay coke formation. The deconvolution of CH500-3h and
MW500-3h Raman data (fig. S8) shows that the MW500-3h
sample has a higher Ips/Ig and Ip4/Ig ratio, i.e., the deposited
coke under MWs is more amorphous or contains disordered gra-
phitic lattice (55). The less graphitized coke precursor may be
easily removed from the active sites and absorb MWs, giving defec-
tive features (56).

Experiments conducted at 700°C with a high WHSV of 29.5
gC3Hs gcat_1 hour™! demonstrate distinct initial PDH rates under
MWs and CH (Fig. 5A). Under CH, the initial C;Hg conversion
rate to C;Hg was not measurable due to rapid deactivation. The pro-
pylene rate is lower than that of propane, indicating selectivity loss;
thermal cracking to methane and C, hydrocarbons occurs. By car-
rying experiments without a catalyst [fig. S9 and (57)], the catalyst's
contribution to propylene formation was estimated by subtracting
the rate from the total (Fig. 5B and note S1). Gas-phase chemistry
dominates in CH at high temperatures, as the entire volume of the
microreactor in the furnace carries the reaction.

The catalyst undergoes sintering with carbonaceous layers onto
the particles and no prominent support-deposited carbon under
CH (Fig. 5C), different from one under MWs (Fig. 5D). No phase
segregation occurred in XRD (fig. S10). The coke formed at short
times oxidizes at low temperatures, suggesting less graphitized
carbon forming rapidly upon exposure to propane (Fig. 5E). After
3 hours, amorphous layers on top of Pt (360°C) and SiO, (560°C)
and carbon fiber-like structures (>600°C) form away from the cat-
alyst surface. Raman spectra exhibit a strong fluorescence with dis-
parate curve features regardless of the light source or laser line
(Fig. 5F). This feature observed in exhaust soot (58) or heavy
residue (59) implies conjugated rings formed by polymerization
of coke precursors. The fluorescence may also indicate immature
carbon specimens and amorphous carbonaceous matter (60). Al-
though the coke has a lot of defects (Dyora/G = 3.13), its large
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Fig. 4. Characterization of fresh and spent PtSn/SiO, catalysts. TEM images of (A) fresh, (B) CH, (C) MW samples (inset: particle size distribution). (D) CO, evolution
spectra from O,-TPO and (E) ex situ Raman spectra of fresh and spent catalysts at different TOS. The inset in (D) shows the carbon content for various TOS under CH and

MWs. For PDH experiments, Teenter = 500°C, WHSV = 29.5 gcapg 9ear | hour™', C3Hg

amount blocks the PtSn active sites. Noncatalytic PDH using SiO,
(Fig. 5G) shows that the gas-phase—derived carbon onto SiO, is low.
Although gas-phase chemistry contributes less to direct carbon ac-
cumulation, the prominent Raman fluorescence (Fig. 5H) implicat-
ed gas-phase—derived carbon probably due to the cracked carbon
products, e.g., ethylene, that contribute to the growth of coke.
MWs exhibit markedly different behavior. The selectivity to pro-
pylene (Fig. 5A) is high, and gas chemistry contributes slightly
(Fig. 5B). The PtSn nanoparticles remain relatively intact (Fig. 5D
and fig. S11). The data show that the loss of selectivity to propylene
is due to unselective gas chemistry at high temperatures that lead to
ethylene oligomerization to benzene, naphthalene, and other soot
precursors driving enhanced coke formation in CH. MWs mini-
mize gas-phase cracking due to localized heating, reducing deacti-
vation, and maintaining high selectivity. We occasionally observe
premature amorphous carbon on the support (a white dotted
region in Fig. 5D). We postulate that MWs may facilitate the
removal of coke precursors from the PtSn to the support, previously
suggested as a prominent feature of Sn addition to Pt (55). Whether
this removal entails surface diffusion or hydrogenation and desorp-
tion from the metal and redeposition on the support is unknown.
We hypothesize that the coke precursors are highly MW absorbing
and localize the electromagnetic field, creating nanoscopic temper-
ature gradients that facilitate their removal. These nanoscopic

Kwak et al., Sci. Adv. 9, eadi8219 (2023) 15 September 2023

= 5% in He balance, and H, cofed = 0. a.u., arbitrary unit.

gradients can persist due to the slower rate of energy dissipation
at the nanometer scale (61). MWs generate less and different coke
(Fig. 5E). The strong peak at ~560°C in O,-TPO suggests carbon on
the support that is oxidized and removed at elevated temperatures.
It is likely that carbon build-up occurs gradually under MWs and
mostly occurs on the support that does not obstruct the active sites.

Experiments with localized CH (LCH) were carried out to
exploit the influence of gas-phase chemistry due to the furnace’s
large interior space (fig. S12). Both CH and LCH demonstrated
similar performance at an internal temperature of 500°C, a temper-
ature too low for gas-phase reactions to occur (fig. S13A), supported
by similar TPO peaks and coke quantities (fig. S13B). At 700°C, the
LCH reactor shows a lower apparent reaction rate, mainly because
of the catalytic deactivation, despite the relatively mild gas-phase
reactions (fig. S14A). This catalytic deactivation of LCH700 is
similar to what is observed in the CH700 system. After 3 hours,
the propylene production rate of LCH700 nearly matched the rate
from the gas-phase reaction. TPO results indicate more coke in
LCH700-3h than in CH700-3h and MW?700-3h (fig. S14B).
Merely reducing the gas-phase reaction volume was insufficient to
match MWs. MWs not only solely reduce gas phase cracking but
also influence microscopic temperature gradients between the
active site and the support (62, 63).
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production rate). (B) PDH rate after 3-hour TOS and catalyst and gas-phase contributions. TEM images of (C) CH700 and (D) MW700 (inset: particle size distributions).
(E) CO, evolution spectra from O,-TPO, (F) ex situ Raman spectra of CH and MW spent catalysts, (G) CO, evolution spectra from O,-TPO, and (H) ex situ Raman spectra of
CH700 spent catalyst and support. For PDH experiments, Tcenter = 700°C, WHSV = 29.5 gcsps 9ear | hour™, C3Hg = 5% in He balance, and H, cofed = 0.

To further elucidate the origin of deactivation, we exploited a
higher partial pressure of propane (50% propane in He) at 700°C,
maintaining high WHSV (29.5 gcaps 8eat - hour™"). The MWs and
CH PDH initial activities in Fig. 6A are similar, but the MW PDH
shows enhanced selectivity and stability over time. The propylene
selectivity of CH700 rapidly decreases from 80.4 to 40.8%, and
that of MWs gradually decreases from 91 to 78%. The CH rate
after 3-hour TOS approaches the noncatalytic one, indicative of
complete catalyst deactivation. In contrast, the catalyst under
MWs still has high activity (Fig. 6B). The CH700 sample suffers
from sintering with no prominent support-deposited carbon
(Fig. 6C). On the other hand, fibrous carbon is prevalent on
MW?700, and the PtSn nanoparticles remain intact (Fig. 6D and
fig. S15). Fibrous coke on SiO, avoids blocking the active sites
(64). In ethane aromatization under MWs, carbon nanotubes and
fibrous coke formation have been reported (65, 66) besides amor-
phous coke. We did not observe any carbon fiber—associated prob-
lems such as plugging and pressure drop in the MW reactor.
Catalyst regeneration experiments indicate that catalysts exposed
at 700°C have lower initial activity than 600°C catalysts, presumably
due to minor sintering, but are more durable than catalysts exposed
to CH (fig. S16).

MWs generate less coke, but the difference from CH is not as
pronounced as at low propane partial pressures (Fig. 6E).
Notably, the MW700 sample has a broad shoulder peak in the
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first derivative of the TGA curve (DTG) (inset of Fig. 6E) and O,-
TPO (Fig. 6F), which can be deconvoluted into two peaks, suggest-
ing carbon on the support oxidized at elevated temperatures. Bru-
nauer-Emmett-Teller analysis indicates that the MW700 sample
loses a larger portion of the mesopores and surface area (fig. S17)
than CH700, possibly because of the carbon on the support.
However, as the MW coke deposits are not thick to block pores
(65), the reactants still reach active sites leading to high stability.
XRD analysis rules out alloy composition change (such as Pt;Sn
to PtSn) under both heating modes (fig. S18) and crystalline/bulk
SnO, formation. Ex situ Raman spectra of CH700 exhibit a strong
fluorescence with disparate curve features (Fig. 6G and fig. S19), the
same as low partial pressures. On the other hand, the MW700 cat-
alyst shows less intense and clear carbon bands with a large D bands
intensity.

X-ray photoelectron spectrometry (XPS) analysis is summarized
in fig. S20. The Pt 4f spectra of MW700 and CH700 samples remain
the same shape and position as the fresh PtSn catalyst. For Sn 3d, the
MW700 sample exhibited predominantly centered peaks around
485.7 eV similar to the fresh sample indicating PtSn formation
(28). However, a shoulder peak of Sn (0) around 485 eV notably
appears in CH700, possibly indicating the segregation of Sn from
PtSn that can be reduced more easily. Although both Pt 4f’s and
Sn 3d's intensities of the spent samples dropped noticeably, very
likely due to the coke formation, the unchanged chemical
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Fig. 6. PDH performance at extreme conditions of highly concentrated feed, high T cpter» and high WHSV under CH and MWs. (A) TOS data under CH and MWs for
3 hours. (B) PDH rate after 3-hour TOS and catalyst and gas-phase contributions. TEM images of (C) CH700 (inset: coked and agglomerated nanoparticles) and (D) MW700
(inset: small PtSn nanoparticles). (E) Thermogravimetric analysis (TGA) and its first derivative curves (coke content = 8.5 and 10.8 wt % for MWs and CH), (F) CO, evolution

spectra from O,-TPO, and (G) ex situ Raman spectra of CH and MW spent catalysts. For PDH experiments, TOS = 3 hours, Tcenter = 700°C, WHSV = 29.5 gc3ps gca(1 hour™’,

C3Hg = 50% in He balance, and H, cofed = 0.

environment of Pt and Sn in the MW700 sample indicates that MW
PDH may inhibit Sn segregation from PtSn and retain high reactiv-
ity in PDH. C 1s spectra show more coke under the CH700 than
MW?700 (fig. S20C), as evidenced by C/(Pt + Sn) atomic ratios, con-
sistent with O,-TPO and thermogravimetric analysis (TGA).

An additional accelerated aging test at 800°C (fig. S21) indicated
particle sintering in CH with a 4.77-nm average particle size and a
large fraction being >8 nm (fig. $22) but small nanoparticles (3.65
nm) with a narrow distribution under MWs. MWs still maintain
high selectivity to propylene and a good carbon balance at 800°C
(fig. S23), but the STY at 800°C is low due to rapid deactivation
as gas-phase chemistry is non-negligible. All findings (figs. S24 to
S26) corroborate that MWs lead to support-relevant coke deposi-
tion with less active site agglomeration.

DISCUSSION

MWs offer an alternative route to CH toward chemical industry de-
carbonization using green electricity. They can supply process heat
for making the most demanding—very high temperature and flux
—chemicals volumetrically and rapidly and with higher energy ef-
ficiency, resulting in energy savings. Their widespread application
in conventional fixed beds has been limited owing to arcing at
contact points between particles (63) that lead to coke deposition,
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1

concentrating the electromagnetic field and leading eventually to
thermal runaway. SiC monoliths are exceptional MW and heat con-
ductor scaffolds that absorb and spread the energy to the catalyst
powder very effectively. In the PDH with PtSn/SiO; catalyst, the mi-
crofixed bed demonstrated uniform temperatures in the bulk and
stable operation (fig. S27) without any arcing even at >700°C. The
catalyst loading in the microfixed beds is comparable but lower than
that of fixed beds (16). However, monoliths and foams have en-
hanced heat and mass transfer compared to fixed beds and can
achieve higher yields to compensate for the lower loading.

Cobenefits from electrification are essential to outweigh the
higher cost of modular systems compared to traditional reactors
and of electricity. With this in mind, we evaluated CH and MW re-
actors at comparable conditions to identify these cobenefits while
ensuring the same bulk reactor temperature. Critically, we intro-
duced high-temperature measurement capability under MWs to
compare reactors and demonstrated identical bulk temperatures
and initial performance at lower temperatures.

The processes reveal notable disparities in performance and
mechanism (Fig. 7). The CH reactivity above 600°C stems from
thermal cracking via gas-phase reactions to methane, C, hydrocar-
bons, and coke precursors, consistent with thermodynamic calcula-
tions and catalyst deactivation (67), occurring over the entire system
due to the unselective furnace heating. Loss of selectivity stems from
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gas-phase chemistry rather than unselective paths on the catalyst. It
appears that the cracked products enhance catalyst coke formation.
Excessive coke forces commercial operations to lower temperatures,
giving lower reaction rates and requiring larger reactors and fre-
quent regeneration, reducing productivity, and accelerating the
loss of catalytic activity by sintering. Despite being hard, coke is
burnt off at lower temperatures catalyzed by the metal nanoparticles
(68).

The enhanced performance of the MWs is associated with lower
power required for heating (fig. $28). CH consumes more power
than MW, and LCH500 (55.4 W) and LCH700 (96.0 W) consume
comparable power as the MW500 (57.6 W) and MW700 (82.8 W)
do when the MW reactor is not insulated. To ensure a fair compar-
ison, the MW reactor should also be insulated. Heat losses depend
on the heating mode. A detailed comparison of power consumption
will be carried out in future research.

MWs demonstrate higher reactivity and superior selectivity and
substantially reduce coke and sintering. MWs are localized in the
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MW zone and prevent extensive gas-phase chemistry, retaining
high selectivity to propylene even at high temperatures (>700°C).
The coke precursor formed on the catalyst absorbs MWs and
creates a nanoscopic hot spot, leading to their hydrogenation on
the metal and desorption or migration to the support. The coke
amount is less and more defective. Despite having more defects, it
comes off at higher temperatures than CH, an indication that is far
away from the metal nanoparticles (69) and is burned off noncata-
Iytically. Our data provide strong evidence that the metal nanopar-
ticles focus the electromagnetic field, and microscopic temperature
gradients develop, given the poor conductivity of the silica support.
These temperature gradients can be rationalized by ballistic rather
than the conventional heat transfer conduction mechanism. These
temperature gradients can change the coke precursor formation
rates, the sintering, and the distribution of metal sites, and thus
the fundamental catalyst structure, properties, and chemistry.

Two phenomena may be responsible for the retarded sintering
under MWs. First is the adsorbate-induced sintering. Coke
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formation involves dehydrogenation and carburization that can in-
stigate metal sintering, leading to agglomeration and loss of active
surface area. In MWs, the reduction of coke results in less sintering,
preserving the structural integrity of the metal catalyst. Second, the
interfacial energy is temperature dependent. In MW irradiation, the
colder support reduces the surface energy, effectively quenching
nanoparticle growth and coalescence.

MATERIALS AND METHODS

Catalyst, monolith, and quartz beads preparation

The PtSn/SiO, catalyst was prepared using the incipient wetness im-
pregnation technique. H,PtCls solution (8 wt %; Sigma-Aldrich)
and SnCl, solution (> 98%; Sigma-Aldrich) were used as Pt and
Sn precursors, respectively. The precursors were added to the
SiO, support (Fuji Silysia Chemical Ltd., G-6; average pore diameter
= 6 nm, pore volume = 0.70 ml g, surface area = 500 m* g~', cal-
cined at 700°C for 1 hour) to achieve 2 wt % Pt and 1.2 wt % Sn,
corresponding to 1:1 atomic ratio. The precursor solution was
added and mixed thoroughly until the support was incipiently
wet. The impregnated samples were dried at a hotplate and calcined
in air at 500°C for 3 hours with a 5°C min™" ramp at 200 SCCM of
air. The reduction was then conducted at 600°C for 2 hours with a
ramp of 5°C min~". After reduction, the furnace was cooled down to
100°C, and the gas was switched to an inert atmosphere before being
cooled to room temperature (28). The catalysts were pelletized and
sieved to 40 to 60 mesh size for uniform size. The catalyst was
reduced in situ every time before the reaction at 600°C for 30 min
with a ramp of 10°C min~". A 300-CPSI (cells per square inch) SiC
monolith was cut from a commercial diesel particle filter (Ibiden,
USA) using a sharp blade to have 21 square channels with a unit
area of 1.3 mm X 1.3 mm, a wall thickness of 0.18 mm, an area of
9 mm by 9 mm, and a height of 15 mm. To remove any impurities,
the monolith was calcined at 700°C for 2 hours with a ramp of 10°C
min~" in static air and was ultrasonicated in an acetone solution.
Quartz beads of 60 to 80 mesh were prepared from sterilized
high-temperature glassware (QSI Quartz; >99.99% SiO,, working
temperatures of ~1300°C) calcined at 700°C for 6 hours with a
ramp of 5°C min~" and used to dilute the catalyst and pack the
monolith.

MW and conventional reactor setups

The PtSn/SiO, catalyst (typically 10.0 mg, 0.25 to 0.4 mm) and
quartz bead pellets (1050 mg, 0.18 to 0.25 mm) were mixed (total
volume = 1.07 ml) and packed over a SiC monolith (1.3 mm by 1.3
mm by 15 mm, 0.35 g, wall thickness = 0.18 mm, volume = 0.11 ml)
in a quartz tube (outer diameter = 12 mm, inner diameter = 10 mm)
for CH and MW heating (16). The pellet size was selected to elim-
inate mass transfer limitation (70), and the total volume of the cat-
alytic bed is 1.07 ml. A porous quartz frit was inserted to diffuse the
gaseous molecules and fix the location of the SiC monolith, catalyst,
and quartz beads. A monomode cylindrical MW resonator (ITACA
Institute, Spain) was used to provide 2.45 GHz of MWs. The exter-
nal surface temperatures were measured using a pyrometer (Optris
CTlaser, USA) and a high-temperature IR camera transparent to
quartz (450° to 1800°C; Optris PI 1M, USA). The MW temperature
was PID (Proportional-integral—-derivative)-controlled using the
pyrometer. An FBG (OFSCN, 800°C capillary seamless steel tube,
FBG temperature sensor, ceramic-ended, China) measured Tceper
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of the catalyst. The FBG tip is directly inserted into the center
hole of the monolith, and the FBG location is fixed using donut-
holed frits (fig. S29). A commercial electric furnace (Lindberg
Blue M, Thermo Fisher Scientific) was used for the CH setup.
The LCH reactor was run using a heating tape (DHT051040LD,
13 mm by 1.22 m, 312 W, OMEGALUX) while measuring the elec-
tric power consumption using an electricity usage monitor (P4460,
P3 International LLC). The LCH is insulated using a basalt fiber-
based heat insulation tape (Titanium Exhaust Heat Wrap, LR Tech-
nology). The Teper Of the CH and LCH catalyst bed at the isother-
mal region was measured using K-type TCs. The effluent was
analyzed using gas chromatography (990 Micro GC, Agilent,
USA) equipped with multiple column channels (MS5A SS, 10 m
by 0.25 mm by 30 pm; BF, RTS, PoraPlot U FS, 10 m by 0.25 mm
by 8 pum; BF, Pre-col: CP-PoraBOND Q, 1 m by 0.25 mm by 3 um)
and a mass spectrometer (MS; OmniStar, Pfeiffer Vacuum, USA).

Reaction conditions

For PDH, 5% Cs;Hj in He with a total flow rate of 50.1 SCCM was
controlled using mass flow controllers (MFCs; Brooks GF40 Series,
USA) with a catalyst weight of 10 mg (equivalent WHSV = 29.5
gc3Hs gcat_1 hour™ !, gas hourly space velocity (GHSV) = 322.8
Liotal gcat_1 hour™). The same flow with a catalyst weight of 100
mg was used for near-equilibrium conditions (WHSV = 2.95
gc3Hs gca[l hour™, GHSV = 32.3 Liotal gcafl hour™). For high
partial pressure tests, 50% C;Hg in He with a total flow rate of
50.1 SCCM was flowed to 1.07 ml of catalyst bed with 100 mg of
catalyst and quartz beads (equivalent WHSV = 29.5 gcaps gcm_1
hour™, GHSV = 322.8 Ly gear ' hour™). TOS experiments
were performed at 500°, 600°, and 700°C for 3 hours. An 800°C
tests were performed by the following temperature program: 1
hour at 500°C, 1 hour at 600°C, 30 min at 700°C, and 30 min at
800°C with 10°C min~"' ramp. The inlet gas was equilibrated via a
bypass line for 5 min and flowed to the reactor. After the reaction,
the catalysts were cooled down by purging 100 SCCM of He for 10
min, followed by 10 SCCM of He until reaching room temperature.
All experiments were conducted at atmospheric pressure without
hydrogen addition unless specified. For noncatalytic temperature-
programmed reactions, a catalytic bed was prepared with quartz
beads and SiC monolith under the same flow rate (5% Cs;Hg in
He, 50.1 SCCM). For ethylene hydrogenation, 4.3% C,H, and
14% H, in He (H,/C,H, = 3.26) with a total volumetric flow of
51.5 SCCM were flowed to the reactor (spent catalyst weight of 10
mg, WHSV =17 gcopy gcafl hour™!) at 45°C and 1 bar(a). The inlet
gas at specific compositions was equilibrated via a bypass line for 5
min and flowed to the reactor. Conversion, selectivity, and rate cal-
culations are discussed in note S1 (70). The regeneration process
involves two steps; first, the spent catalysts are regenerated to 5%
O, in Ar for 1 hour at 600°C, and then they are reduced under
10% H, in He for 30 min at 600°C (ramping rate = 10°C min ).

Catalyst characterization

The morphologies of PtSn/SiO, catalysts were obtained using TEMs
(Talos F200C and JEM-2010F) in a bright field at 200 kV. The cat-
alyst samples were dry deposited on a lacey carbon film on copper
grids (Ted Pella Inc., USA). Distinguishable nanoparticles (more
than 250) were manually counted using the Image]J software with
multiple images at different random locations at x240,000 to
x650,000 magnifications. Ex situ Raman spectra were obtained
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using a Raman spectrometer (LabRAM HR Evolution, Horiba Sci-
entific, Japan) in 100 to 4000 cm ' and analyzed in the 1000 to 2000
cm™! range. The instrument setup was as follows: acquisition time =
10 s, accumulation for three times, RTD time = 1 s, laser = 532 nm,
neutral density filter = 1%, hole size = 200, grating = 600 (500 nm) at
the visible range. Multiple spectra (>10 at different regions) were
averaged for each sample. Raman spectra were calibrated using a
Si wafer with a peak of 520.8 cm™'. A detailed deconvolution pro-
cedure is discussed in note S2 (54, 59, 71). Temperature-pro-
grammed oxidation using O, (O,-TPO) was conducted using a
CH setup with the MS. H,O [mass/charge ratio (m/z = 18), CO
(m/z = 28), and CO, (m/z = 44)] were analyzed. All signals were
normalized by the standard Ar signal (m/z = 40) (72). After He
purge for 1 hour, the temperature was programmed from room
temperature to 900°C with a ramp of 10°C min™"', and 60 SCCM
5% O, in Ar gas was flowed through the sample using MFC. All
lines to the MS were heated to avoid water condensation. The
total area of CO, effluent was converted to a coke amount, as dis-
cussed in note S1. The TGA of spent catalysts was conducted on a
thermal gravimetric analyzer (TA Instrument, Discovery TGA).
Samples in the platinum pans were heated at a rate of 10°C min™"
under 50 SCCM of air from room temperature to 680°C. The first
derivatives (DTG) of the TGA curves were numerically calculated.
XPS data were collected for pelletized spent catalyst samples over a
Cu plate using a Thermo Fisher K-Alpha+ XPS system with an Al-
Ka x-ray monochromatic source and processed using Thermo
Avantage software. All spectra were calibrated using a single Si**
peak of SiO, at 103.5 eV (73). Nitrogen adsorption experiments
were conducted using a 3Flex surface characterization analyzer (Mi-
cromeritics). A Nicolet 8700 Fourier transform IR (FTIR) spec-
trometer (Thermo Fisher Scientific) equipped with a Harrick
high-temperature reaction chamber was used to perform CO-
FTIR spectroscopy in DRIFTS mode. The fresh catalyst was
reduced in 10% H, in He at 600°C for 30 min, cooled down to
100°C, and saturated with CO using a 10% CO in Ar mixture for
5 min. Physisorbed CO was then purged with Ar, and spectra
were collected TOS. The CO-DRIFTS—measured fresh catalyst was
then reduced in 10% H, in He at 600°C to ensure full CO desorption
and cooled down to 500°C to undergo PDH under CH. A 50 SCCM
of 10% C;Hjg in Argon was flowed through the cell, conventionally
heated at 500°C, for a designated period. After reaction, the cell was
cooled down to 100°C, then CO was supplied for 5 min, and spectra
were obtained while purging the system.

CFD simulation of MW resonator using COMSOL software
The reactor-filling SiC monolith embedded with catalyst and pellet
particles was approximated as a porous medium. The input power
remained constant at 120 W at a constant MW frequency, and the
input power absorbed by the material was calculated. The convec-
tive heat losses were estimated using suitable heat transfer coeffi-
cients satisfying the experimental boundary conditions (T, and
Teenter)- The electromagnetic waves, heat transfer, and fluid flow
across the reactor were numerically solved. The cross-sectional
heat maps and temperature profiles in the axial and radial directions
were obtained. The simulation procedure (74-76) is explained in
note S3.
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