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ABSTRACT: Designing Mo-zeolite catalysts that retain structural
stability over many reaction−regeneration cycles is a challenge in
developing practical methane dehydroaromatization (DHA) routes
to produce dihydrogen, ethene, and aromatics. Mo-MFI zeolites
typically used for methane DHA irreversibly deactivate during
regeneration due to framework dealumination and structural
degradation. Here, we synthesize Mo supported on small-pore
zeolites (e.g., CHA, AEI, RTH), which are more durable than MFI
under hydrothermal aging conditions (>823 K, >2 kPa H2O).
Methane DHA forms H2 and ethene at equivalent rates on Mo-
CHA and Mo-MFI. Benzene formation rates (per Mo) increase
with decreasing crystallite size, indicating that rates are intracrystal-
line-diffusion limited in CHA frameworks, consistent with density
functional theory (DFT) estimates of benzene diffusion barriers in CHA 8-membered ring (8-MR) windows. Initial DHA rates (per
Mo) remain invariant on Mo-CHA after successive reaction−regeneration cycles (>10), supported by high-resolution transmission
electron microscopy (HRTEM) and quantitative site characterization data showing minimal site or structural degradation on Mo-
CHA, in sharp contrast to the systematic decrease in rates and structural degradation observed on Mo-MFI. This work reports
materials that can be fully regenerable under potential industrial conditions and provides structure−function relations between
catalyst properties and DHA rates, selectivity, and long-term stability.
KEYWORDS: Mo-zeolite, stability, methane dehydroaromatization, regeneration, hydrogen

1. INTRODUCTION
Methane dehydroaromatization (DHA) is a nonoxidative route
to convert methane into dihydrogen, ethene, and aromatics
(e.g., benzene, naphthalene), which can be catalyzed to near-
equilibrium conversion with high (60−80%) aromatics and H2
selectivity by molybdenum supported on MFI zeolites (Mo-
MFI).1−3 Mo-MFI zeolites deactivate during reaction due to
the formation of carbonaceous deposits, which can be managed
using a continuous reaction and regeneration process in a
circulating fluidized bed reactor.4−6 Techno-economic analyses
of envisioned commercial methane DHA applications indicate
that preserving catalyst stability through successive reaction−
regeneration cycles is one of the critical bottlenecks preventing
commercialization, as the internal rate of revenue significantly
decreases (∼50−60%) upon considering the costs associated
with replacing deactivated catalysts.7 Thus, catalyst design
efforts to improve long-term catalyst stability and structural
durability throughout successive methane DHA reaction−
regeneration cycles would address barriers to commercial
implementation,6−8 while providing generalizable insights into

structure−function relations describing how metal-zeolite
materials evolve throughout deactivation and regeneration
treatments encountered in practice.

Mo-MFI irreversibly deactivates with increasing numbers of
reaction−regeneration cycles due to framework dealumination
and structural collapse as determined by XRD, causing Mo
sublimation into the gas phase and formation of agglomerated
aluminum molybdate domains that do not carburize and are
thus inactive for methane DHA.9−12 Recently, we showed
using H2 temperature programmed reduction (TPR), 27Al
solid-state NMR, and NH3 titration of residual H+ sites that
the loss of framework Al centers resulting from exposure to
hydrothermal aging conditions during oxidative regeneration
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protocols (>823 K) leads to a decrease in the number of H+

sites and, in turn, ion-exchanged Mo species that serve as
precursors to Mo (oxy-)carbide active sites for DHA.13 Thus,
preserving framework Al centers and associated H+ sites in the
zeolite support through successive reaction and regeneration
cycles is critical to the design of catalysts that can retain
sufficient methane DHA reactivity and benzene yields for
practical applications. Strategies to prolong the useful lifetime
of Mo-MFI zeolites through successive reaction−regeneration
cycles include modifying the duration and temperature of
methane DHA reaction and regeneration protocols, which
influences the extent of dealumination in the zeolite
support.11,14 Another strategy to extend Mo-MFI lifetime is
to decrease the Mo loading, relative to framework Al or
associated H+ sites available initially on the zeolite support,
which effectively increases the number of cycles required to
dealuminate the zeolite to an extent where insufficient H+

binding sites exist to fully redisperse Mo during regeneration.10

Here, we propose an alternative material design approach to
synthesize small-pore 8-membered ring (8-MR) zeolite
frameworks, such as chabazite (CHA), which have been
shown to retain structural integrity during hydrothermal aging
conditions in commercial diesel emissions aftertreatment
systems for NOx selective catalytic reduction (SCR).15,16 We
show that methane DHA forms H2, ethene, and ethane at
equivalent yields on Mo-CHA and Mo-MFI. Although
aromatic formation rates and yields are lower (∼5−6×) in
Mo-CHA than in Mo-MFI due to intrazeolite diffusional
constraints imposed by the CHA framework, we report crystal
engineering (e.g., modifying crystallite size and morphology)
and reaction engineering strategies (e.g., H2 cofeeds) to
influence aromatics formation rates and selectivity to gas-phase
hydrocarbon products, respectively. Importantly, cyclic reac-
tion−regeneration treatments demonstrate that aromatic
formation rates remain invariant on Mo supported on small-
pore zeolites (e.g., CHA, RTH, AEI), in sharp contrast to the
systematic decreases in rates observed after cyclic regeneration
of Mo-MFI that eventually become less reactive than Mo-CHA
zeolites. This work demonstrates that Mo supported on small-
pore zeolites can be fully regenerated and their design
optimized to produce H2, ethene, and aromatics.

2. METHODS
2.1. Zeolite Synthesis and Characterization. CHA,

nano-CHA, RTH, and AEI zeolites were synthesized following
previously reported procedures and are detailed in Section S1
of the Supporting Information.17,18 Nanosheet-CHA and
mesoporous-CHA were synthesized by modifying CHA recipes
with the addition of organosilane amphiphilic surfactant
dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium
chloride (TPOAC, 42 wt % in methanol, Sigma-Aldrich;
details in Section S1 of the Supporting Information).
Synthesized zeolites were characterized by powder X-ray
diffraction (XRD), Ar adsorption isotherms (87 K), and
elemental analysis to determine the zeolite framework, measure
micropore volume, and measure Mo, Si, and Al content,
respectively. Details on characterization techniques are
provided in Section S2 of the Supporting Information.
Commercial MFI zeolite (CBV 2314, Si/Al = 11.5) was
obtained from Zeolyst International.
2.2. Mo-Zeolite Synthesis and Characterization of Mo

Speciation. Mo supported in CHA, MFI, RTH, and AEI
zeolites were synthesized by solid-state exchange (SSE) using

protocols described in our previous work.13 In brief, MoO3
(Sigma-Aldrich, 99.9%) and each zeolite (in its NH4

+ form)
were mixed with a mortar and pestle for 0.4−0.5 h, followed by
treatment in air (1.67 cm3 (g zeolite)−1 s−1, Air Zero, Indiana
Oxygen) in a muffle furnace to 823 K for 6 h (0.0167 K s−1).

Fresh and spent Mo-zeolites were characterized by using H2
temperature programmed reduction (TPR), in situ X-ray
absorption spectroscopy (XAS), and transmission electron
microscopy (TEM). H2 TPR protocols were adapted from our
previous work.13 Protocols for selective NH3 titration of H+

sites on zeolite materials containing other binding sites (e.g.,
Lewis acid sites in Mo-zeolites) were reported in our previous
work13 and adapted from methods developed by Di Iorio et al.
to use NH3 to selectively titrate H+ sites in Cu−zeolites.19 In
situ XAS experiments were performed at the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL) and at
Brookhaven National Laboratory (BNL, Sector 8-ID).20 TEM
imaging was recorded in an annular dark field (ADF-), annular
bright field (ABF-), and high-resolution (HR-) mode. Full
description of these techniques is discussed in Section S2 of
the Supporting Information.
2.3. Methane DHA Kinetic Measurements and Cyclic

Reaction−Regeneration Protocols. Methane DHA kinetic
measurements were performed in a tubular reactor and
experimental setup described in our previous work.13

Reactions were performed at 950 K and 90 kPa CH4 (unless
otherwise noted) and contact times >8 mol Mo·s (mol
CH4)−1. Reactants and products were quantified using a gas
chromatograph with a flame ionization detector for hydro-
carbons and a thermal conductivity detector for light gases. H2
cofeed (5−13 kPa) experiments were performed by mixing a
stream of 90/10% CH4/Ar (v/v%, Certified Mixture, Indiana
Oxygen) with a stream of pure H2 (UHP, Indiana Oxygen).
Expressions to calculate benzene forward formation rates and
carbon product turnover numbers are discussed in Section S3
of the Supporting Information.

Sequential reaction−regeneration cycles were performed by
running methane DHA (950 K) until benzene forward rates
deactivated ∼80−90% of the initial rate. The reactor was
cooled to 823 K with flowing He (UHP, 99.999%, Indiana
Oxygen) for 0.5−2 h before introducing air (0.3 cm3 s−1, Air
Zero, Indiana Oxygen) at 823 K for catalyst regeneration.
Accelerated aging procedures were performed by introducing
water (20 kPa) to air during regeneration at 923 K for 8 h
(details in Section S3 of the Supporting Information). This
protocol emulates strategies used in the emissions control (e.g.,
NOx SCR) literature to simulate catalyst field aging in
laboratory conditions, which allows assessing new catalyst
formulations in a shorter time.21,22

2.4. Diffusion Barrier Calculations Using Density
Functional Theory. Density functional theory (DFT)
calculations were performed using the Vienna Ab initio
Simulation Package (VASP),23−26 as implemented in the
Computational Catalysis Interface (CCI). The Perdew−
Burke−Ernzerhof (PBE) form of the generalized gradient
approximation was employed to estimate exchange and
correlation energies,24−26 with dispersive interactions modeled
using the DFT-D3 method with Becke−Johnson damp-
ing.27−29 Planewave basis sets were constructed using the
projector augmented wave (PAW) method with an energy
cutoff of 400 eV, and the Brillouin zone was sampled only at
the Γ-point.30 Structural optimizations were performed using a
multistep process. In the first step, structures were electroni-
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cally converged until energy varied by <10−4 eV between
iteration, with forces calculated using a Fast Fourier Transform
(FFT) grid set to 1.5 times the plane wave cutoff. In the
second step, wave functions were converged to <10−6 eV, with
forces on all atoms converged to <0.05 eV Å−1. No atoms were
constrained during calculations.23 Calculations involving the
zeolite structure were performed with periodic structures of the
MFI and CHA frameworks.

Diffusion pathways were modeled utilizing the Nudged
Elastic Band (NEB)31 and Dimer methods.32 NEB calculations
involved 16 images along the diffusion pathway and employed
a fast Fourier transform (FFT) grid set to 1.5 times the
planewave cutoff to ensure accurate energy convergence. NEBs
were converged so that the maximum force in all atoms in each
image is <0.15 eV Å−1. Transition state searches using the
Dimer method were initiated using these more refined NEB
results. Dimer optimization followed a two-step process
analogous to that of the minimum-point optimizations,32

until the forces on all atoms converged to <0.05 eV Å−1.

3. RESULTS AND DISCUSSION
3.1. Synthesis of Mo-CHA and Characterization of Mo

Speciation and Dispersion. Mo-CHA catalysts have been
studied for methane DHA, yet materials reported to date show
very low benzene yields (<0.5%) and selectivity (<3%),33−35

which have been attributed to both low Mo dispersion in CHA
evidenced by scanning electron microscope (SEM) images of
MoO3 clusters formed at exterior surfaces of CHA crystallites

after high-temperature air treatments35 and to diffusion
constraints imposed by the 8-MR window apertures (∼0.38
nm diam.) that are smaller than the kinetic diameter of
benzene (∼0.59 nm diam.). To address the first issue, we
synthesized Mo-CHA and characterized the Mo species
formed using X-ray absorption spectroscopy (XAS) and H2
TPR. Typical synthesis of Mo-MFI involves depositing Mo
oxide precursors onto MFI supports, followed by a high-
temperature (>773 K) air treatment to facilitate Mo exchange
reactions with zeolitic H+ sites to form ion-exchanged Mo
species (i.e., [MoO2]2+, [Mo2O5]2+, [MoO2OH]+).36−39 Ion-
exchanged Mo species are carburized by methane at high
temperatures (>950 K) during the initial time-on-
stream36,40−42 to form DHA-active Mo (oxy-)carbides
domains.43,44 Mo dispersion on MFI zeolites depends on
both the number and proximity of H+ sites, where Mo
exchange preferentially occurs at proximal H+ sites (Al−Al
distance <0.7 nm) to form [MoO2]2+ and [Mo2O5]2+

species.13,39,45 Once proximal H+ sites have been exchanged
with Mo (typically at Mo/Al > 0.4), the remaining isolated H+

sites would nominally exchange [MoO2OH]+, but such species
have been predicted by ab initio thermodynamic calculations to
be thermodynamically unfavored relative to aluminum
molybdate clusters, which form upon reaction with extra-
framework Al moieties and are inactive for DHA.10,13,37

Therefore, we synthesized Mo-CHA materials with low Mo
content (Mo/Al = 0.15−0.25, synthesis and characterization
methods described in Section S1 and Section S2, respectively

Figure 1. (a) Mo K-edge EXAFS of a MoO3−MFI physical mixture after air treatment to 473 K, (b) EXAFS of Mo-MFI (light blue solid trace) and
Mo-CHA (dark blue dashed trace) after 20 O2 kPa treatment at 823 K, (c) H2 TPR profile of MoO3−MFI physical mixture after air treatment to
473 K adapted from Santiago-Coloń and Gounder13 Copyright 2024 Journal of Catalysis, (d) H2 TPR profile of Mo-MFI (Mo/Al = 0.10; light blue
solid trace) adapted from Santiago-Coloń and Gounder13 Copyright 2024 Journal of Catalysis,13 and Mo-CHA (Mo/Al = 0.15; dark blue dashed
trace) after high-temperature (823 K, 6 h) air treatment. Data were collected at ANL.
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of the Supporting Information) to maximize the formation of
ion-exchanged Mo at proximal H+ sites and minimize the
formation of aluminum molybdate domains and compared this
to a Mo-MFI material with similar Mo content and
postsynthetic treatment.

Figure 1a shows the extended X-ray absorption fine structure
(EXAFS) analysis of a MoO3−MFI physical mixture, where
peaks at 1.5 and 3.2 Å are observed for first-shell Mo−O and
second-shell Mo−Mo scattering, respectively, resembling
EXAFS spectra of MoO3 clusters.46 In contrast, EXAFS
spectra of Mo-MFI and Mo-CHA after high-temperature
(823 K) air treatment (Figure 1b) show a single peak at 1.2 Å,
indicating that MoOx clusters have been dispersed into Mo6+

species (XANES spectra shown in Figure S2 and edge energy
in Table S1, Supporting Information) and are consistent with
XAS experiments with Mo-CHA reported by Agote-Arań et
al.35,41,47 Titration of residual H+ sites on Mo-CHA (Table S6,
Supporting Information) shows a decrease in H+ site density,
indicating that MoOx species exchanged onto H+ sites to form
ion-exchanged Mo species, as has been observed in Mo-MFI
after high-temperature air treatments.37,38,44

H2 TPR profiles of MoO3−MFI before air treatment (Figure
1c) show stepwise Mo6+→Mo4+ reduction followed by Mo4+

→ Mo0 reduction, characteristic of H2 TPR profiles of bulk
MoO3.

48 The reduction profile of Mo-CHA samples after 823
K air treatment (Figure 1d) also shows a stepwise reduction
but with features centered at ∼800 and ∼1260 K, as also
observed in the Mo-MFI (Figure 1d) TPR profile. We have
reported that the high-temperature reduction feature (1260 K)
is a signature of ion-exchanged Mo species and can be used to
monitor Mo structural changes during reaction−regeneration
cycles.13 Quantification of the total H2 consumed (per Mo) is
∼2.9, consistent with full reduction of Mo6+ → Mo0. Taken
together, these XAS and TPR data suggest that, similar to Mo-
MFI materials, high-temperature air treatment protocols are
sufficient to fully disperse Mo species onto the CHA zeolite
support as long as the amount of Mo does not exceed the
number of available H+ exchange sites.
3.2. Methane DHA Kinetic Measurements on Mo-CHA

and Assessment of Benzene Diffusion Rates Using DFT-
Calculated Diffusion Barriers. Methane DHA reactions

were performed using Mo-CHA (1.9−2.8 wt % Mo), and
forward rates of benzene formation (per Mo) were calculated
using formalisms derived by Razdan et al. (Section S3,
Supporting Information).43 Low hydrocarbon balance values
(<0.1) and CO formation (Figure S5, Supporting Information)
during early time-on-stream (<1 ks) indicate carburization of
ion-exchanged Mo species into Mo (oxy-)carbides, which are
DHA-active sites, and carbon deposition on zeolitic
surfaces.36,49 In situ XANES of Mo-CHA exposed to methane
at 973 K shows a shift to lower edge energy characteristic of
Mo2C (Figure S2 and Table S1, Supporting Information),
further evincing formation of Mo (oxy-)carbide do-
mains.40,50,51 Methane conversion and benzene formation
rates (per Mo) decrease with time-on-stream (Figure 2a),
while hydrocarbon balance values increase to a steady-state
value of ∼0.20. The carbon unaccounted for in gaseous
products remains deposited on the zeolite and leads to
deactivation, consistent with Raman spectra of spent Mo-CHA
showing bands associated with graphitic carbon and poly-
aromatic species.17 The benzene selectivity measured here on
Mo-CHA is higher than reported by Agote-Arań et al. and
Kosinov et al. (Table 1), which we hypothesize reflects the

higher Mo loadings (4−5 wt % Mo; Mo/Al > 0.45) in the Mo-
CHA materials used in prior studies, which have been observed
(on Mo-MFI) to favor the formation of inactive aluminum
molybdates, sublimation of Mo species, and formation of
MoOx clusters ultimately leading to lower aromatic yields.34,35

H2 yields measured on Mo-CHA as it deactivates during a
single DHA run (Figure 2b) were comparable to analogous H2
yields on Mo-MFI in similar methane conversion ranges, which

Figure 2. (a) Methane conversion (triangles) and benzene forward rate (diamonds) measured on Mo-CHA during time-on-stream. (b) H2
pressure in reactor effluent as a function of methane conversion measured on Mo-MFI (dark turquoise circles) and Mo-CHA (light turquoise
circles) during deactivation. (c) Aromatics (solid diamonds) and C2 (open diamonds) pressures in reactor effluent as a function of methane
conversion measured on Mo-MFI (black symbols) and Mo-CHA (red symbols) during deactivation.

Table 1. Benzene Selectivity Measured on Mo-CHA
Catalysts in the Literature and This Work

reference Mo (wt %) highest benzene selectivity (%)

Agote-Arań et al.35a 4.0 3
Kosinov et al.34b 5.0 <1
this work 2.8 12

aReaction conditions: 973 K, 50/50 (v/v%) CH4/Ar. bReaction
conditions: 973 K, 95/5 (v/v%) CH4/N2.
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is consistent with observations reported by Agote-Arań et al.35

The yields of both C2 products (i.e., ethane and ethene; Figure
2c) and of benzene are, respectively, ∼1.3× and 5−6× lower
on Mo-CHA than Mo-MFI (Figure 2c). Moreover, aromatic
formation rates (per Mo) and gas-phase carbon balance values
measured on Mo-CHA are ∼5× and ∼4× lower, respectively,
compared to values measured on Mo-MFI at similar reaction
conditions (Table S2, Supporting Information). We attribute
these results to diffusion constraints imposed by the small 8-
MR windows of CHA (0.38 nm diam.) to larger aromatic
molecules (e.g., benzene kinetic diameter ∼0.59 nm), which
would facilitate formation of polyaromatics that remain
occluded within crystallites but weakly influence measured
rates of smaller H2 and C2 molecules formed earlier in the
DHA reaction network.34,35,52

At first glance, given that the critical diameter of benzene
(∼0.59 nm) is larger than the diameter of the CHA 8-MR
window (∼0.38 nm), any benzene that forms at active sites
within microporous regions would appear to become trapped
within CHA cages, implying that any observed benzene
products form at the external surfaces of CHA crystals. Yet,
molybdenum carbide clusters on unconfined surfaces lead to
low yields to benzene and high yields to coke, as shown by
Iglesia and co-workers that coke yields decrease upon
passivating external H+ sites on MFI zeolites to inhibit the
exchange of Mo species at external zeolite surfaces53 and by
Zhang et al. that increasing zeolite void size (up to ∼3 nm in
MCM-41) systematically decreases aromatics yields and
selectivities.52 These data suggest that active sites on
unconfined external surfaces favor coke formation because
confining voids restrict methane dehydroaromatization reac-
tion networks to terminate at benzene. Instead, we propose
that benzene can diffuse (at limited rates) through the CHA
framework. Prior literature has described the “flexibility” of
zeolite frameworks at high temperatures (>540 K) as shown by
molecular dynamics simulations and neutron and X-ray
diffraction that evince zeolite cell expansion (or contraction),
as further described in Section S6.1 of the SI.54−57 This

flexibility allows for the more facile diffusion of molecules that
have a larger critical diameter than the pore-limiting diameter
of the zeolite framework, rationalizing the diffusion of Kr (0.36
nm) into SOD zeolite (0.24 nm),58 1,3,5-tripropylbenzene
(0.84 nm) into FAU (0.74 nm),59 and isobutane (0.5 nm) into
CHA (0.38 nm).60

We used DFT to estimate the diffusion barrier of benzene
through the 8-MR windows of the CHA (0.38 nm). Benzene
diffusion through CHA 8-MR windows was estimated to occur
with a barrier of 184 kJ mol−1 (Figure 3), a very large barrier as
expected from the large (relative to 8-MR windows) and rigid
nature of benzene, albeit lower than the barrier (248 kJ mol−1)
in a prior literature report.61 Indeed, the structure of the
benzene diffusion transition state, as isolated by DFT, shows
that the zeolite framework must distort, evident in the average
O−O distance across the 8-MR window that increases from
6.6 Å in the absence of benzene to 7.0 Å at the benzene
diffusion transition state (Figure 3c). The 8-MR window also
changes shape, as the vector parallel to benzene extends to
nearly 8 Å (expanding by 1.4 Å), while the normal vector
contracts from 6.3 to 6.2 Å, a distortion that causes the
window to adopt an elliptical shape (eccentricity of 0.62) that
more closely resembles that of benzene (Figure 3c). This
barrier through an 8-MR window is, as expected, far larger than
the diffusion barrier for benzene in the 10-MR channels of
MFI in either the straight (13 kJ mol−1) or sinusoidal (52 kJ
mol−1) channels.62

While these diffusion barriers are very large, nonoxidative
methane dehydroaromatization reaction temperatures are high
(950 K), and the expected kinetic barriers for methane DHA
are likely greater than 200 kJ mol−1 for critical (rate-
controlling) steps.8 Furthermore, benzene diffusion may only
need to occur a single time to egress from a CHA cage when
active sites are confined within CHA crystallites but in cages
that are adjacent to crystallite external surfaces. From these
barriers (Figure 3), we can estimate the diffusion coefficient for
benzene diffusion through the CHA 8-MR window at reaction
temperature (950 K) using a lattice hop equation (details in

Figure 3. (a) Diffusion barriers for benzene in siliceous forms of MFI (black), CHA (red), and frameworks. Diffusion transition states, along with
illustrations of pore restructuring for (b) MFI and (c) CHA. For clarity, images only display a few framework atoms, not the full unit cell. O−O
distances between adjacent oxygen atom pairs in 8-MR CHA and 10-MR MFI zeolites are measured from the center to center of each oxygen atom.
Values for the bare structure represent O−O dimensions in the absence of benzene, while transition state values demonstrate pore restructuring
during benzene diffusion.
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Section S6.2 of the Supporting Information).62 The estimated
diffusion coefficient is on the same order of magnitude
(∼10−15 m2 s−1) as the diffusion coefficient measured
experimentally for para-xylene in MFI zeolites at 373 K63

and comparable to ortho- and meta-xylene self-diffusion
coefficients determined by DeLuca and Hibbitts using DFT-
calculated diffusion barriers for MFI at 373 K (comparison in
Table S3, Supporting Information),62 suggesting that benzene
diffusion rates should be measurable in CHA at 950 K. Thus,
we propose that DHA reactions occur at Mo active sites
confined within CHA micropores to form benzene, at
measured rates that are strongly limited by intraparticle mass
transport.
3.3. Influence of CHA Crystallite Size and Morphol-

ogy on Methane DHA Reactivity and Selectivity.
Estimates of the Weisz−Prater (WP) criterion (Section S6.3,
Supporting Information) suggest that aromatic formation rates
in CHA are limited by intracrystallite diffusion (WP ∼ 101)
even within nanosized zeolite crystallites, to a greater extent
compared to MFI zeolites (WP ∼ 10−4). Restricted intrazeolite
diffusion of aromatics should cause measured rates of benzene
formation to increase with decreasing CHA crystallite size or
by modifying crystallite morphology to introduce mesoporos-
ity. We thus synthesized CHA zeolites with different crystallite
sizes and morphologies by adding organic surfactants64,65

during hydrothermal synthesis to obtain smaller crystallites
(nano-CHA), in addition to nanosheet (nanosheet-CHA) and
mesoporous morphologies (synthesis details in Section S1 and
characterization in Section S7, Supporting Information), and
compared them to CHA zeolites synthesized without a
surfactant (CHA). Mean crystallite sizes of nano-CHA and
CHA were ∼182 and ∼514 nm, respectively (SEM images in
Figures S17 and S18, Supporting Information). XRD patterns
of nanosheet-CHA (Figure S16, Supporting Information)
show significant peak broadening indicative of smaller
crystallites compared to CHA, while Ar adsorption−desorption
isotherms of nanosheet-CHA (Figure S15c, Supporting
Information) show a hysteresis in the desorption branch, as
observed for microporous materials with plate-shaped crystals

that lead to interparticle capillary condensation.66,67 Mesopore-
containing CHA (meso-CHA) shows a hysteresis during Ar
adsorption−desorption isotherms at P/P0 ∼0.5−0.8, which
corresponds to capillary condensation in mesopores (Figure
S15d, Supporting Information). SEM images (Figure S19,
Supporting Information) show that the nanosheet-CHA
morphology comprises agglomerated plate-shaped crystallites
of 10−40 nm and larger cubic-shaped crystals (80 to 160 nm),
while SEM images of meso-CHA (Figure S20, Supporting
Information) show larger crystallites (mean size of ∼1.2 μm)
with rough surfaces corresponding to mesopores. The fraction
of framework Al (per total Al) was estimated by calculating
H+/Al values19 for CHA zeolites (Table S5, Supporting
Information) and determined to be between 0.58 and 0.62.
Next, molybdenum (∼1.9−2.8 wt %) was dispersed onto
nano-CHA, nanosheet-CHA, meso-CHA, and a reference Mo-
MFI using the same procedure used to prepare Mo-CHA
(Table S6, Supporting Information), followed by methane
DHA kinetic evaluation.

The cumulative production (per Mo), or turnover number
(TON), of H2 and of gaseous and deposited carbon species
was measured on Mo-zeolites, and the carbon product
selectivity does not change significantly after ∼50 turnovers
(Figure S12, Supporting Information). Therefore, we compare
H2 production (per Mo; Figure 4a) and cumulative product
distribution (Figure 4b) at ∼58 turnovers across Mo-CHA
zeolites of varying crystallite size and Mo-MFI. The cumulative
H2 and C2 production (per Mo; Figure 4a), at equivalent
turnover number, is comparable for all Mo-CHA and Mo-MFI
catalysts, indicating that DHA-active Mo sites in CHA are
similar to those in MFI and form H2 and C2 products at similar
rates. Moreover, the ratio of ethene-to-ethane varies between
2.5 and 3.7 for all catalysts tested (inset of Figure 4a),
including Mo-MFI. Since approach-to-equilibrium values for
methane-to-ethane and ethane-to-ethene reactions are near
unity for all catalysts during deactivation (Figure S6,
Supporting Information), we posit that this ratio is solely
determined by the equilibrium concentrations of ethane and
ethene, in addition to the rate of ethene consumption to form

Figure 4. (a) H2 (turquoise) and C2 (ethene + ethane, inset shows ratio of C2H4 to C2H6; black diagonal hashing) cumulative production (per
Mo) and (b) initial benzene forward rate (per Mo) and cumulative product distribution measured on Mo supported on CHA, nano-CHA,
nanosheet-CHA, meso-CHA, and -MFI at ∼58 turnovers (inset shows mean crystallite size of each zeolite support). Reaction conditions: 950 K,
90/10% CH4/Ar (v/v %), 110 kPa total pressure, 12.2 mol of Mo·s (mol of CH4)−1.
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aromatics. In other words, for both Mo-CHA and Mo-MFI
catalysts under the conditions studied, these reactions in the
DHA network remain equilibrated during deactivation, leading
to similar C2 formation rates. Furthermore, the carbon
selectivity to gaseous C2 products (Figure S13, Supporting
Information) is ∼5× higher on Mo-CHA than on Mo-MFI.
Modeling of envisioned industrial methane DHA process
performed by Huang et al. shows that ethene selectivity in the
hydrocarbon products is directly proportional to the net
present value (NPV), improving process economic feasabil-
ity.68 Taken together, these findings indicate that small-pore
Mo-zeolites offer an attractive route to selectively form H2 and
ethene from methane, if so desired.

Initial rates of benzene formation decrease with the CHA
crystallite size (Figure 4b), consistent with rates dependent on
intracrystallite diffusion limitations. Rates on Mo-meso-CHA,
however, are similar to rates measured on Mo-nanosheet-CHA
despite crystallites that are ∼10× larger. These data
demonstrate that both decreasing the crystallite size or
modifying the zeolite morphology to introduce mesoporosity
are effective strategies to increase aromatics formation rates by
alleviating intrazeolite diffusion limitations.52,53 Cumulative
carbon product selectivity profiles (through 58 TON)
measured on Mo-CHA and Mo-MFI catalysts are shown in
Figure 4b. The carbon selectivity profile for Mo-MFI is
consistent with results from previous studies performed on
Mo-MFI with relatively low Mo content (1−2 wt %
Mo).10,34,69 Moreover, carbon product selectivity profiles
show that coke content decreases slightly for both Mo-
nanosheet-CHA and Mo-meso-CHA compared to Mo-CHA,
suggesting that alleviating intracrystalline diffusional con-
straints allows aromatics to egress from CHA crystallites
before further reacting to form coke. These data also allow
rationalizing results by Agote-Arań et al., who synthesized
CHA crystallites ∼10 μm in size and measured benzene

selectivity <3%, which is >4× lower than our reported
selectivities.35 The higher (by ∼1.5−2×) amounts of carbon
deposited on Mo-CHA than Mo-MFI likely also reflect
topological differences between these two materials due to
the cage-like cavities of CHA (∼0.74 nm) that are larger than
the largest void in MFI (∼0.64 nm) and favor formation of
polyaromatic carbonaceous deposits (additional discussion in
Section S8 of the Supporting Information). In summary, the
data shown in Figure 4a,b demonstrate that the zeolite
framework does not influence the extent of the dehydroar-
omatization reactions, as evidenced by equal H2 and C2
production rates; rather, the framework presents pore-limiting
rings that impose diffusional constraints to increase intra-
crystalline residence times of aromatic products that are
precursors to form polyaromatic carbonaceous deposits and
presents spatial constraints via available cavity sizes that
influence the sizes of polyaromatic carbonaceous deposits that
can form.
3.4. Assessment and Evaluation of Mo-Zeolite

Stability during Methane DHA Cycling Operation. To
evaluate Mo-zeolite stability during reaction−regeneration
cycles, we simulated cyclic reaction−regeneration operation
(detailed in Section 2.3) used in our previous work13 that
allowed us to simulate Mo-MFI catalyst deactivation in a
laboratory time scale and serves as a protocol to evaluate and
compare the intrinsic material stability of methane DHA
catalysts during long-term operation.

Initial forward rates of benzene formation after consecutive
methane DHA reaction−regeneration cycles (up to 10) are
shown in Figure 5a. Rates on Mo-MFI decrease systematically
with increasing numbers of reaction−regeneration cycles13 but
remain invariant on Mo-CHA and Mo-nanosheet-CHA. Rates
measured on Mo-meso-CHA also remained invariant over six
reaction−regeneration cycles (Figure S22, Supporting In-
formation). Considering Mo-MFI catalyst deactivation during

Figure 5. (a) Initial benzene forward rate (per Mo) of Mo-MFI (black diamonds, 60 kPa CH4) adapted from Santiago-Coloń and Gounder13

Copyright 2024 Journal of Catalysis,13 Mo-nanosheet-CHA (dark red diamonds), Mo-CHA (light red diamonds), Mo-AEI (gray diamonds), and
Mo-RTH (blue diamonds) measured after successive methane DHA reaction cycles with intervening regeneration (20 kPa O2, 823 K, >6 h).
Reaction conditions: 950 K, 90 kPa CH4, 110−115 kPa total pressure, 9.5−12 mol Mo·s (mol CH4)-1. (b) Initial benzene forward rate (per Mo) of
Mo-MFI (black diamonds) and Mo-nanosheet-CHA (red diamonds) measured after successive reaction cycles (with intervening HTA
regeneration at 20 kPa H2O, 923 K, 8 h); dashed lines are shown to guide the eye. (c) Cumulative H2 production (per Mo) and total turnover
number during the first 3 h of methane DHA measured on Mo-MFI and Mo-nanosheet-CHA after successive reaction cycles with intervening HTA
regeneration.
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DHA cycles is initiated by the hydrolysis of framework Al with
water generated during regeneration, we also measured rates
on catalysts regenerated in the presence of water (20 kPa
H2O) at ∼100 K higher temperatures (923 K) to accelerate
zeolite degradation.46,47 This aggressive hydrothermal aging
protocol (923 K, 20 kPa H2O, 8 h) exposes both catalysts to
equivalent degradation conditions and allows the assessment of
catalyst stability during regeneration. Measured rates (per Mo)
show only a slight decrease (∼15%) on Mo-nanosheet-CHA
after three such cycles, but a more significant decrease (>70%)
on Mo-MFI that eventually becomes lower than the rates on
Mo-nanosheet-CHA (Figure 5b). Figure 5c shows that the
cumulative H2 production (per Mo) and total carbon TON
measured during the first 3 h of methane DHA only decrease
slightly (∼20−25%) in Mo-nanosheet-CHA but decrease by
∼90% and 50% on Mo-MFI, respectively, after three aging
cycles. These data demonstrate the improved structural
durability of CHA over MFI zeolites upon long-term exposure
to methane DHA reaction−regeneration cycles.

According to our previous work, invariant initial rates on
Mo-CHA suggest that the number of Mo active site precursors
does not decrease with successive reaction−regeneration cycles
and, in turn, that zeolitic framework Al and associated H+ sites
in CHA remain intact after exposure to hydrothermal aging
conditions.13 We therefore characterized a representative Mo-
nanosheet-CHA and Mo-MFI catalyst before and after 10
cycles of methane DHA reaction−regeneration cycles, using
protocols for NH3 titration of H+ sites developed for Mo-
zeolites.13 Residual H+ sites (Table S7; desorption profiles in
Figures S23 and S24, Supporting Information) decrease by
∼75% for Mo-MFI but only decrease by ∼35% for Mo-
nanosheet-CHA, consistent with prior reports of CHA being
more structurally durable than MFI after exposure to
hydrothermal aging conditions (>723 K, 10 kPa H2O).15

Thus, framework Al and associated H+ sites in CHA available
for Mo redispersion are not as readily destroyed upon
hydrothermal aging as in MFI. H2 TPR of fresh and spent
Mo-zeolites was used to evaluate Mo structural changes after
the DHA reaction−regeneration cycles. The total H2
consumed (per Mo) and the fraction of H2 consumed in the
high-temperature feature (per total H2 consumed), representa-
tive of ion-exchanged Mo species, remained invariant in Mo-
nanosheet-CHA (Figure S26, Supporting Information) after
>10 cycles, indicating that the amount and nature of ion-
exchanged Mo did not change after DHA reaction−
regeneration cycles. In contrast, comparison of the H2 TPR
profiles of Mo-MFI after 10 reaction−regeneration cycles
shows significant decrease in the H2 consumed at high
temperature (per Mo; 0.50 to 0.29) and total H2 consumed
(per Mo; 2.86 to 2.05; Figure S25, Supporting Information)13

and is a consequence of the structural changes of Mo to form
aluminum molybdates that do not reduce. These changes
cannot be detected using XAS, as evidenced from our EXAFS
analysis of fresh and spent Mo-MFI (Figure S3, Supporting
Information), where a single feature is observed at ∼1.2 Å for
both materials.

HRTEM images of these Mo-zeolites were collected to
observe structural changes after DHA reaction−regeneration
cycles. Figure 6a,b shows HRTEM of spent Mo-MFI after 10
cycles, evincing formation of mesopores and agglomerated Mo
domains that were not present in the fresh material (Figure
S27, Supporting Information). Sintering of Mo particles can be
further observed by annular dark (Figure 6c) and bright field
(Figure S28, Supporting Information) STEM images that show
brighter (and darker) spots corresponding to heavier (by
atomic weight) Mo particles, consistent with TEM imaging of
Mo-MFI (2 wt. %) after one reaction−regeneration cycle
reported by Ismagilov et al.70 In sharp contrast, no structural

Figure 6. High-resolution TEM images of (a) spent Mo-MFI (10 cycles), white arrows pointing to mesopores in zeolite support, (b) spent Mo-
MFI (10 cycles), white arrows pointing to Mo agglomeration in zeolite support, (c) spent Mo-MFI (10 cycles) image obtained in annular dark field
mode, black arrows pointing to Mo agglomeration in zeolite support, and (d−f) spent Mo-nanosheet-CHA (13 cycles).
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changes were observed in HRTEM of spent Mo-nanosheet-
CHA (Figure 6d−f), indicating negligible structural degrada-
tion of Mo-nanosheet-CHA after exposure to hydrothermal
aging conditions. Taken together, these characterization data
show that preservation of the zeolitic structure, specifically the
framework Al and associated H+ sites, upon hydrothermal
aging conditions is a requirement to enable reversible
regeneration of Mo-zeolite materials. Extraction of framework
Al sites to form extra-framework Al moieties enables their
reactions with Mo species to form inactive aluminum
molybdates and other processes that lead to irreversible
structural changes and deactivation. Scheme 1 illustrates the

structural changes characteristic of Mo-MFI and Mo-CHA
during regeneration treatments as examples of irreversible and
reversible catalyst deactivation, respectively.

The improved hydrothermal stability of CHA has also been
reported for other small-pore zeolite such as RTH, AEI, and
LEV, wherein exposure to hydrothermal aging conditions
(1073 K, 10 kPa H2O, 16 h) leads to negligible changes in
micropore volume and crystallinity measured by XRD.18 Thus,
to demonstrate the generality of this catalyst design strategy,
we synthesized Mo-RTH and Mo-AEI (synthesis and
characterization details in Sections S1 and S12, Supporting
Information) and measured initial benzene formation rates on
Mo-RTH and Mo-AEI, which were ∼3.5× and ∼1.5× lower
than rates measured on Mo-CHA, respectively (additional
discussion in Section S13 of the Supporting Information). We
surmise that differences in measured rates reflect the combined
effect of the diffusional constraints imposed by the zeolite and
the zeolite void (cavity) size. As discussed in Section S8 of the
Supporting Information, larger zeolite void cavities favor
reactions of aromatics to coke, which would explain the
lower measured rates in Mo-RTH (cavity size ∼0.81 nm) than
in Mo-CHA (cavity size ∼0.74 nm). For Mo-AEI, with a
similar void size as CHA, we hypothesize that the lower
measured rates reflect differences in diffusional constraints
(e.g., crystallite size, tortuosity) which, as we have shown,

influence measured rates. Initial rates, however, do not
decrease during successive reaction−regeneration cycles
(Figure 5a), as also observed for Mo-CHA, suggesting that
framework Al and associated H+ sites in the RTH and AEI
topologies remain similarly stable through methane DHA
reaction and regeneration cycles.
3.5. Effects of H2 Cofeed on Mo-CHA Carbon

Selectivity. H2 cofeeds (3−9% (v/v)) during methane
DHA on Mo-MFI catalysts have been reported to decrease
naphthalene formation rates and carbonaceous deposits (i.e.,
coke) accumulation, leading to increased carbon selectivity to
benzene and slower deactivation during a single reaction
cycle.12,21 Figure 7 shows the cumulative carbon selectivity and

total TON measured on Mo-CHA with H2 cofeed (0−13 kPa)
after 3 h of methane DHA. The cumulative coke selectivity
decreases systematically with increasing inlet H2 pressure,
while benzene and ethylene selectivities increase. This behavior
may reflect H2 suppressing coke formation via hydrogenation
of aromatic precursors to coke21 or H2 reactions with
carbonaceous deposits formed during methane DHA to form
ethene and methane.71 The number of total turnovers (inset
Figure 7), however, decreases with increasing cofed H2 cofeed
pressure, consistent with H2 inhibiting net benzene formation
rates due to the thermodynamic reversibility of methane DHA
at reaction conditions (950 K, 90 kPa CH4).

72 The relatively
high selectivity to coke even at 13 kPa of H2 might reflect the
lower reactivity of polyaromatic carbonaceous deposits with
H2, as demonstrated by Han et al., who performed
regenerations of Mo-MFI zeolites in H2 atmosphere (to 973
K) and observed incomplete removal of carbonaceous deposits
formed during DHA.4,11 Adding a second metal function (e.g.,
Pt, Rh, Fe) to Mo-zeolite catalysts to increase the reactivity of
H2 toward hydrogenating carbonaceous deposits might provide
an alternative strategy to mitigate their formation or assist in
their decomposition.73

Scheme 1. Structural Changes Characteristic of Mo-MFI
(top) and Mo-CHA (bottom) during Regeneration
Conditions Illustrating Formation of Inactive Aluminum
Molybdates in Mo-MFI (i.e., Irreversible Deactivation) and
Interconversion of Molybdenum (Oxy-)Carbide Clusters
and Ion-Exchanged Mo Sites in Mo-CHA (i.e., Reversible
Deactivation)

Figure 7. Cumulative product distribution measured on Mo-
nanosheet-CHA during first 3 h of methane DHA with varying H2
cofeed pressure (0−13 kPa H2). Inset shows the total carbon TON
after 3 h for each catalyst. Reaction conditions: 950 K, 108 kPa total
pressure, 12.2−29 mol Mo·s (mol CH4)−1.
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Jung et al. performed a techno-economic analysis for various
scenarios of methane DHA industrial applications, including
cofeeding H2 (5% (mol/mol)), which can be provided from
the H2 generated during reaction. These authors showed that
H2 cofeeding plays a complex role in the economics of the
process since it lowers production rates but increases BTX
selectivity, but still results in positive net present values,
indicating the economic viability of such a process. Moreover,
the catalyst replacement time, which has a negative effect on
the process economics, was set to 6 months for Mo-MFI.
Therefore, since H2 yields are equal in Mo-MFI and Mo-CHA,
in potential DHA applications, the H2 produced during
methane DHA could be recycled as cofeed to influence carbon
selectivity and moderate the formation of surface carbonaceous
deposits prior to regeneration treatments of Mo-CHA
catalysts.74 We surmise that the replacement time for fully
regenerable Mo-CHA catalysts would be much longer than
that for Mo-MFI, facilitating the implementation of an
industrial DHA application.

4. CONCLUSIONS
Development of commercial methane DHA applications
requires improvement in long-term catalyst stability, given
that typically used Mo-MFI materials irreversibly deactivate
upon successive reaction−regeneration cycles. In this work, we
design and interrogate a family of small-pore zeolite supports
for Mo that have been shown to more effectively retain their
structural integrity upon exposure to hydrothermal aging
conditions compared to medium-pore frameworks such as
MFI. Spectroscopic and quantitative H2 TPR characterization
provide evidence that ion-exchanged Mo species are formed on
CHA and other small-pore zeolite supports during high-
temperature air treatment (>823 K) and resemble the ion-
exchanged Mo complexes formed on MFI. These species
undergo carburization upon exposure to methane (950 K) to
form Mo (oxy-)carbides that catalyze methane DHA to form
H2 and C2 products (ethane, ethene) at nearly identical yields
on Mo-CHA and Mo-MFI. These data suggest that the Mo
active site precursor structure and active site reactivity are not
significantly affected by the zeolite framework.

DFT was used to estimate benzene diffusion barriers
through CHA 8-MR windows (184 kJ mol−1) and calculate
diffusion coefficients, which were determined to be on the
same order of magnitude as the diffusion coefficients of para-,
meta-, and ortho-xylene in MFI at 373 K measured
experimentally and estimated by DFT. These data support
the concept that zeolite frameworks become flexible at high
temperatures, allowing for the diffusion of molecules that have
kinetic diameters larger than the nominal zeolite pore window.
Zeolite topology, however, influences DHA rates and
selectivities through the combined effect of void size and
diffusional constraints on aromatic products that cause such
products to undergo further dehydrogenation to form coke
inside the zeolite micropores. Aromatics formation rates and
yields approach values (within 4×) of Mo-MFI for CHA
zeolites with crystallite sizes that are ∼10−40 nm in size or on
mesopore-containing CHA zeolites, which alleviate intra-
crystallite diffusion constraints for aromatic products. Cumu-
lative coke selectivity measured on Mo-CHA is higher
compared to Mo-MFI but decreases with decreasing CHA
crystallite size and in mesoporous-CHA. Moreover, H2 cofeeds
decrease coke selectivity, providing a route to adjust DHA
reaction conditions to increase carbon selectivity to gaseous

products prior to the next regeneration treatment that is
invariably required.

Quantitative site characterization data combined with high-
resolution microscopy provide compelling evidence that small-
pore eight-membered-ring (8-MR) zeolite support retains its
structural integrity upon exposure to high-temperature hydro-
thermal aging conditions during catalyst regeneration, in
contrast to medium-pore zeolites like MFI. Therefore, small-
pore zeolite supports allow for the reversible recovery of
dispersed, ion-exchanged Mo species that serve as precursors
to DHA-active sites, resulting in invariant methane DHA rates
and product yields upon successive regeneration treatments
and eventually to higher rates (per Mo) than Mo-MFI.
Although yields and selectivities remain lower compared to
Mo-MFI, we identify crystal and reaction engineering strategies
that can be further studied to optimize catalyst performance
metrics in fully regenerable materials. These findings provide
new catalyst design routes to prolong the useful lifetime of Mo-
zeolites used for nonoxidative methane conversion and
demonstrate the efficacy of small-pore zeolites to produce H2
and C2 hydrocarbons in industrial applications.
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Ángel N. Santiago-Colón − Charles D. Davidson School of

Chemical Engineering, Purdue University, West Lafayette,
Indiana 47907, United States

Hien Pham − Department of Chemical and Biological
Engineering, University of New Mexico, Albuquerque, New
Mexico 87131-0001, United States

Ayotunde Alabi − Charles D. Davidson School of Chemical
Engineering, Purdue University, West Lafayette, Indiana
47907, United States

David Hibbitts − Charles D. Davidson School of Chemical
Engineering, Purdue University, West Lafayette, Indiana
47907, United States; orcid.org/0000-0001-8606-7000

Abhaya Datye − Department of Chemical and Biological
Engineering, University of New Mexico, Albuquerque, New
Mexico 87131-0001, United States; orcid.org/0000-
0002-7126-8659

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.5c04775

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c04775
ACS Catal. 2025, 15, 17568−17580

17577

https://pubs.acs.org/doi/10.1021/acscatal.5c04775?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c04775/suppl_file/cs5c04775_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajamani+Gounder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1347-534X
https://orcid.org/0000-0003-1347-534X
mailto:rgounder@purdue.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A%CC%81ngel+N.+Santiago-Colo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hien+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ayotunde+Alabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Hibbitts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8606-7000
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhaya+Datye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7126-8659
https://orcid.org/0000-0002-7126-8659
https://pubs.acs.org/doi/10.1021/acscatal.5c04775?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c04775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the support for this work provided by the
National Science Foundation under Cooperative Agreement
No. EEC-1647722, an Engineering Research Center for the
Innovative and Strategic Transformation of Alkane Resources
(CISTAR). A.S.C. acknowledges support from the National
Science Foundation under the Graduate Research Fellowship
(GRFP) under grant number DGE-1842166. Use of the
Advanced Photon Source (APS) at Argonne National Lab is
supported by the U.S. Department of Energy, Office of
Science, and Office of Basic Energy Sciences, under contract
no. DE-AC02-06CH11357. MRCAT operations and beamline
10-BM are supported by the Department of Energy and the
MRCAT member institutions. This research used beamline 8-
ID (ISS) of the National Synchrotron Light Source II, a U.S.
Department of Energy (DOE) Office of Science User Facility
operated for the DOE Office of Science by Brookhaven
National Laboratory under Contract No. DE-SC0012704. We
thank Sachem, Inc., for providing the organic structure-
directing agent used to synthesize SSZ-13 (CHA) and SSZ-39
(AEI). We also thank Diamarys Salomé-Rivera (Purdue) for
SEM imaging of CHA zeolites and Tania Class-Martínez
(Purdue) for performing HTA regeneration protocols. We
thank Ryoh-Suke Sekiya and Bereket Bekele (Purdue) for
providing a critical review of this manuscript.

■ REFERENCES
(1) Wang, D.; Lunsford, J. H.; Rosynek, M. P. Catalytic Conversion

of Methane to Benzene over Mo/ZSM-5. Top. Catal. 1996, 3, 289−
297.
(2) Weckhuysen, B. M.; Wang, D.; Rosynek, M. P.; Lunsford, J. H.

Conversion of Methane to Benzene over Transition Metal Ion ZSM-5
Zeolites: I. Catalytic Characterization. J. Catal. 1998, 175 (2), 338−
346.
(3) Wang, L.; Tao, L.; Xie, M.; Xu, G.; Huang, J.; Xu, Y.

Dehydrogenation and Aromatization of Methane under Non-
Oxidizing Conditions. Catal. Lett. 1993, 21, 35−41.
(4) Zhou, J.; Zhao, J.; Zhang, J.; Zhang, T.; Ye, M.; Liu, Z.

Regeneration of Catalysts Deactivated by Coke Deposition: A Review.
Chin. J. Catal. 2020, 41 (7), 1048−1061.
(5) Kosinov, N.; Hensen, E. J. M. Reactivity, Selectivity, and Stability

of Zeolite-Based Catalysts for Methane Dehydroaromatization. Adv.
Mater. 2020, 32, No. 2002565.
(6) Jung, W.; Kim, H.; Lim, Y. H.; Ryu, H. W.; Kim, D. H.; Lee, J.

Methane Dehydroaromatization Process in a Carbon-Neutral
Strategy. Energy Convers. Manage. 2024, 299, No. 117771.
(7) Mevawala, C.; Bai, X.; Hu, J.; Bhattacharyya, D. Plant-Wide

Modeling and Techno-Economic Analysis of a Direct Non-Oxidative
Methane Dehydroaromatization Process via Conventional and
Microwave-Assisted Catalysis. Appl. Energy 2023, 336, No. 120795.
(8) Jung, W.; Lim, Y. H.; Kim, H.; Kim, D. H.; Lee, J. Kinetic

Modeling of Methane Dehydroaromatization over Mo/ZSM-5
Catalysts. Chem. Eng. J. 2024, 496, No. 153616.
(9) Cook, B.; Mousko, D.; Hoelderich, W.; Zennaro, R. Conversion

of Methane to Aromatics over Mo2C/ZSM-5 Catalyst in Different
Reactor Types. Appl. Catal., A 2009, 365 (1), 34−41.
(10) Kosinov, N.; Coumans, F. J. A. G.; Li, G.; Uslamin, E.; Mezari,

B.; Wijpkema, A. S. G.; Pidko, E. A.; Hensen, E. J. M. Stable Mo/
HZSM-5 Methane Dehydroaromatization Catalysts Optimized for
High-Temperature Calcination-Regeneration. J. Catal. 2017, 346,
125−133.
(11) Han, S. J.; Kim, S. K.; Hwang, A.; Kim, S.; Hong, D. Y.; Kwak,

G.; Jun, K. W.; Kim, Y. T. Non-Oxidative Dehydroaromatization of

Methane over Mo/H-ZSM-5 Catalysts: A Detailed Analysis of the
Reaction-Regeneration Cycle. Appl. Catal., B 2019, 241, 305−318.
(12) Skutil, K.; Taniewski, M. Some Technological Aspects of

Methane Aromatization (Direct and via Oxidative Coupling). Fuel
Process. Technol. 2006, 87 (6), 511−521.
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