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Abstract

Methane dehydroaromatization reaction at 700 °C over Mo/ZSM-5 involves numerous
changes of the molybdenum species from the catalyst preparation and throughout the
catalyst lifetime, composed of 4 successive steps: calcination, activation, induction, and

deactivation.

In the frame of investigating the transformation phenomena undertaken by the catalyst during
each stage of the reaction, the methane gas hourly space velocity per gram of catalyst (M-
GHSV) was subsequently changed from 1 to 29 Lcuah™ gear™. From this kinetic study,
unexpected behaviors start to emerge. Modeling was then carried out to support those initial

results.

It appears, MoO; firstly reacts stoichiometrically during the calcination (ArH =0.86 eV) with
bridged hydroxyl pairs yielding [Mo,0s]** (calcination). After which, Mo,Os** is slowly reduced
by methane to form Mo,C,*" (activation). The latter converts methane to ethylene (Ex= 1.49
eV), which dimerizes two times faster to butene through a hydrocarbon pool than on
Brognsted acid sites (induction). The catalyst deactivates through an inhibition effect of
aromatics, which adsorbs strongly onto Mo,C,”* (AH.¢s ~ 0.7 eV) (deactivation). Yet, the large
amount of autogenous hydrogen produced at lower space velocity allows preventing the

active species poisoning, which achieves a slower deactivation rate.
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1. Introduction

As world reserves of readily accessible petroleum are progressively being depleted, natural
gas strongly emerged as an abundant, versatile, and profitable alternative feedstock allowing
for lower carbon emissions due to its high H/C ratio. Methane, the main natural gas
component, is primarily used as electricity supply. As only 1.5% of natural gas is catalytically
converted into high-added value chemicals, groundbreaking methods for the transformation
of methane are considerably required. * 2
Methane dehydroaromatization (MDA: 6 CH, < C¢Hs + 9 Hy) under non-oxidative conditions
over Mo/HZSM-5 has received significant interest over the past three decades. * This direct
route allows to highly selectivly decarbonizing methane into benzene (~ 70 wt. %) while
simultaneously producing sustainable hydrogen, which offers great potential as future energy
resource. Yet, MDA suffers from two key hurdles:

0] low activity, the one-pass conversion into benzene is thermodynamically limited,

i.e., 12.5% at 700 °C.*°
(ii) rapid catalyst deactivation by coking, coke formation catalyzed by Brgnsted acid
sites is kinetically favored at high temperature.® ’

Even if the reaction mechanism and determination of the nature of the exact molybdenum
active species are still a matter of discussion, new insights could be gained through
operando techniques. It was established that the MDA process occurs through three
successive steps ® °, or rather four when the preparation stage (step 0) is included in the
overall process. The latter generally consists of the wet impregnation of a molybdenum salt
followed by calcination to stabilize an oxomolybdate phase dispersed on the protonic zeolite
to yield Mo/ZSM-5 in fully oxidized form.™ It is well known that the molybdenum starts to
migrate inside the zeolite channels during the calcination step. Once the maximum capacity

of exchange is reached, the molybdenum is deposited on the external surface.'* Both



operating calcination conditions (i.e. temperature *°) and textural properties of the fresh
catalyst (i.e. Mo loading ', Si/Al ratio ** *3,...) play a key role on the stabilized oxomolybate
phases. Molybdenum trioxide MoO; on the external surface, MoO,?* monomers and Mo,0<2*
dimers bridged with two aluminium pair, MoO,(OH)" monomers bridged only with one
isolated aluminium or silanol were reported.**

Once the as-prepared oxide is synthetized, it needs to be reduced during the so-called
activation period (step 1) for which amount of CO,, H,, H,O and CO appears before aromatic
production. ** ** 17 The principal purpose of this step is the reduction of the oxomolybdate
moieties into Mo (oxy)-carbide identified as the active species of the reaction. A large variety
of molybdenum reduced centers such as MoC, a-Mo,C,.,, B-Mo,C, MoO,C,, partially reduced

MoOs, were reported & *°

as the active species pointing out the genuine complexity of
correctly determining their exact nature.

At the end of this first stage, benzene formation initiates. Its yield increases during the
induction period (step 2) and reaches a maximum due to thermodynamic limitations. Catalyst
evolution is much more complicated to understand during this short period of time (~ 30min).
Recently, new insights were brought to light concerning the possible formation of a
hydrocarbon pool (HCP) like mechanism well-known in the methanol to olefin reaction
(MTO). ? Reduced molybdenum species initiate creation of the HCP on Br@nsted acid sites.
%21 To resume methane is firstly activated on the molybdenum carbide producing light olefins
(ethylene, C,H, intermediates,...) which interact rapidly with the near Mo-proton acid site to
create the HCP responsible for aromatics production. %

Once the catalyst achieves its operational activity, it begins to deactivate (step 3). During this
deactivation period, carbon deposition on the catalyst is observed. Several studies #
underline three types of formed carbonaceous compounds: i) molybdenum carbide, ii)
graphitic carbon deposited as a layer near the molybdenum site (“soft” coke), and iii)
polyaromatic compounds on acid sites (“hard” coke). The latter is responsible for catalyst
deactivation. * ?® Kosinov et al.?! questionned the coke nature distinction and explained
polyaromatic compound were deposited inside and outside of the catalyst. The only
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observable differences on thermogravimetric analysis were made by the diffusion limitations
of the oxygen molecules and the MoO,-catalyzed combustion of the near surface carbon.

Furthermore, recent studies provided new insights into the deactivation trend, emphasizing

27 21 28 29 30

hydrocarbon pool formation or carbide molybdenum sintering.
In other words, each step brings its share of mystery. To fully understand the complex nature
of the involved mechanisms, further insight into the four MDA key steps is required. Indeed,
both the involvements of the hydrocarbon pool and the actual molybdenum active sites
during steps 1 and 2 still remain under consideration. Likewise, the nature of deactivation in
step 3 is widely disputed.

In the following study, methane dehydroaromatization was carried out at 700 °C., and the
methane gas hourly space velocity per gram of catalyst (M-GHSV) was subsequently
changed from 1 to 29 LCH4 h-1 gcat. Each step of the reaction was deeply investigated
thanks to a mass spectroscopy coupled with gas chromatography. It allows us to quantify
hydrogen production, which is too often ignored in the MDA. From the quantification of all the
products formed during the MDA reaction, it is possible to address the question of their
impact on each step of the reaction. This kinetic study paid particular attention to the
evolution of structure, localization, and quantification of distinct molybdenum species
throughout the defined key steps and their impact on the overall process's activity, selectivity,

and stability. Quantification of all formed products confirmed previous statements and raised

new insights into this enigmatic reaction.

2. Experimental

Catalyst preparation (step 0). The NH4-ZSM-5 zeolite from Zeolyst International (CBV
5020) with a molar Si/Al ratio of 25 was calcined under static conditions under air at 550 °C
for 6 h with a heating rate of 2 °C min™ H-ZSM5 (25) was impregnated by traditional incipient
wetness impregnation with an 0.0044 M aqueous solution of ammonium heptamolybdate
tetrahydrate (AHM, (NH,)sMo,0,,.4H,0), to obtain a Mo loading of 3.1wt.%. The solution

was added dropwise in the proportion of 10 mL per gram of zeolite under magnetic stirring



(400 rpm) at 25 °C for 24 h. The catalyst was dried and calcined under static air at 80 °C for
12 h, then at 500 °C for 6h using a heating ramp of 2 °C min™. The catalyst is denoted Mo/H-

ZSM-5.

Characterization of zeolite before and after Mo impregnation. Powder X-ray
diffractograms were collected with a PANalytical Empyrean X-ray diffractometer using CuKa

radiation (1.54059 A), for the 26 range from 5 to 50°. The scan speed was fixed at 0.033° s™.

The silicon, aluminum, and molybdenum contents of Mo/H-ZSM-5 were determined using
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) on an Optima 2000

DV (Perkin-Elmer).

Nitrogen sorption measurements were carried out at =196 °C on the zeolite before and after
wetness impregnation with a Micromeritics 3Flex apparatus. The fresh samples were
outgassed at 450°C and the spents samples at room temperature under vacuum for 15 h
before the sorption measurements. The micropore volume (Vmico) Was calculated from the t-

plot curve using the Harkins-Jura method and a thickness range between 4.5 and 5.5 A.

Raman spectroscopy was carried out using a HORIBA Jobin Yvon LabRAM HR800 confocal
Raman microscope with a CCD detector. Spectra were acquired at 25 °C using an excitation
wavelength of 532.4 nm. In addition, operando Raman spectroscopy has been applied for
monitoring the decomposition of carbon species on spent catalyst during a stepwise
temperature increase under 20mL/min of 20% O,/He mixture at atmospheric pressure. The
Raman spectra were collected at desired temperature in confocal mode using the 488 nm
line of a Ar’ laser (5mW at sample, Melles Griot) focused on the sample placed in the flat
dome version of the atmospheric chamber (Harrick Scientific) using a 50X long working
distance objective (NA: 0.6, Olympus). The scattered light was guided through a 150 um
pinhole, dispersed and collected using a Peltier-cooled CCD implemented within a HORIBA

HR equipment. The gaseous products were analyzed in real time using a micro-GC (Agilent).



The nature and concentration of acidity of the zeolite before and after Mo impregnation were
studied using pyridine adsorption followed by infrared spectroscopy (FTIR) with a Nicolet
5700 apparatus with 2 cm™ optical resolution. Before analysis, the samples were pressed
(0.5 ton) into a self-supporting wafer (2 cm?) and pre-treated from 20 °C to 450 °C under
100 mL min™* of air stream with a rate of 2°C min™. The sample was then degassed for 1 h at
200 °C, after which an IR spectrum was taken. The sample was then cooled down to 150 °C,
exposed to a pyridine pressure of 1.5 10 bar for 5 min, and then further degassed for 1 hour
before recording the spectra. The concentration of Brgnsted (PyH") and Lewis acid sites
(PyL) (umol g*), were calculated using the Beer-Lambert-Bouguer law from the integrated
absorbance of the corresponding IR bands (1545 and 1455 cm™) and the integrated molar
adsorption coefficients: €145 = 1.13 and €145, = 1.28 cm mol™ *. All the reported FTIR spectra

are normalized to a wafer density (mg cm™).

Catalytic test (step 1-2): Methane dehydroaromatization was performed at atmospheric
pressure in a fixed-bed quartz reactor (6 mm inner diameter) at 700 °C under continuous
feeding with a (15/85) (v/v) N,/CH4 mixture (Air Liquid, purity: 99.999%). The flow rate was
kept constant at 0.84 L h™* (STP), while the catalyst mass was varied from 0.025 to 0.7 g to
change the methane gas hourly space velocity per gram of catalyst (M-GHSV) from 1 to 29
Lenah™ ger™ and contact time (t) from 0.04 to 2.04s. Before testing, catalysts were
compacted under 3tons, crushed, and sieved to obtain homogeneous particles (0.2-
0.4 mm). Samples were pre-treated at 700 °C under nitrogen flow (3 L h) for 1 h, using a
heating ramp of 10 °C min™. It is worth mentioning that the experiments performed at the
same contact time obtained with different flow rates and catalyst mass gave similar

conversion, indicating that no extragranular diffusion limitation occurred.

The gaseous products and hydrogen were analyzed online by a Varian CP-3800 gas
chromatograph equipped with an FID detector connected to a fused silica J&W GS-Gaspro
capillary column (60 m x 0.32 mm x 4 um) and a TCD connected to a J&W PoraPLOT Q-HT

capillary column (25 m x 0.53 mm x 20 um). The GC analysis time was 30 min and therefore



does not allow data to be obtained during the activation and induction periods (step 1 and 2);
an HPR 20 QIC R&D mass spectrometer (Hiden Analytical) was also connected to the
exhaust gas to monitor as a function of time-on-stream the mass-to-charge ratio 16, 27, 78,

92, and 128, which corresponds to CH, C,H5", C¢Hg, C;Hg and CyoHg respectively.

Spent catalyst characterization (step 3): After 10 h, the feed gas was stopped and
switched to a nitrogen flow while the reactor is quenched under an external airflow. The
spent catalysts were named Sp/x, where x refers to the contact time. Coke amount was
quantified with a SDT Q600 under a flow rate of 100 mL min™ of air up to 900 °C. After
loading the TG cell, the sample was firstly kept for 30 min in a dry air stream. The sample
was then heated with a rate of 20 °C min™®. Once the final temperature is reached, the
plateau was held for 10 min. Burning gas, i.e., H,O (m/z = 18), CO (m/z = 28), and CO, (m/z
= 44) were monitored by mass spectra (QGA Hiden Analytical). Residual acidity and
microporosity were measured using the same protocol as previously described.

DFT calculations (step 0-3): All DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP, version 5.4.1). * % The PBE functional based on the
generalized gradient approximation was chosen for the exchange-correlation energy,

considering a compromise between accuracy and computational speed.

A Plane-wave basis set combined with the projected augmented wave (PAW) method was
used to describe the valence electrons and valence-core interactions. The kinetic energy cut-
off of the plane wave basis set was set to 500 eV after having clarified its relevance.
Gaussian smearing of the population of partial occupancies with a width of 0.1 eV was used
during iterative diagonalization of the Kohn-Sham Hamiltonian. For each iteration, the
threshold for energy convergence was set to 10° eV. The criterion for geometry convergence
was assumed to be reached as a force resultant on every atom was lower than 0.05 eV/A.
Brillouin zone sampling was restricted to the G (Gamma) point due to the large size of the

used unit cell.



The as-optimized ZSM-5 unit cell is orthogonal with the following lattice parameters: a=
20.241 A, b= 20.015 A, and ¢c=13.439 A using an all-silica MFI structure as starting model.
Such unit cell parameters agree with previous DFT studies and experimental data for

stabilized ZSM-5 samples.

The adsorption energy of the reaction intermediate was calculated as

AEqqs = (Eqasorvate@ Mo/ZSM5) — (Eqasorvate) — (E Mo/ZSM5) (eq.1)
thus negative adsorption energy indicates an exothermic adsorption process.

3. Results

3.1. Physico-chemical properties of H-ZSM-5 zeolite before and after molybdenum
impregnation

H-ZSM-5 zeolite. Figure 1 compares nitrogen sorption at -196 °C, infrared and Raman
spectra and XRD patterns of the H-ZSM-5 zeolite before and after molybdenum
impregnation.

The nitrogen adsorption and desorption isotherm (Figure 1a) is of type | and displays a
strong nitrogen uptake at high relative pressure. This uptake indicates the presence of inter-
particular mesopore (0.09 cm® g%) ascribable to crystal aggregation. The microporous
volume of 0.14 cm® g* (Table 1) is lower than expected for a conventional well-crystallized
MFI-type zeolite, i.e., 0.17 cm®g™. ¥ This difference might result from the difficulty in
assessing the exact micropore volume by t-plot for ZSM-5 zeolites with Si/Al ratios > 20 due

to the monoclinic/orthorhombic transition leading to an adsorption step at P/P, = 0.2. *

Table 1: Textural properties of the protonic and fresh impregnated sample.

(in brackets, the loss or gain after Mo impregnation).

Mo’ [PyH'®  [PyL]* (umol g Vinicro® Vineso©
(wt.%)  (umolg™) Y (cm’g™) (em’g™)
H-ZSM-5 0 280 85 0.14 0.09
Mo/H-ZSM-5 3.1 220 (-20%) 124.5 (+46%) 0.12 (-15%) 0.09 (0%)




@ measured by ICP analysis, ™“: concentration of Bransted and Lewis acid sites probed by thermodesorption of pyridine at 150
°C, “Estimated by t-plot method; *Mesopore volume= Vipa-Vimico (Viow: determined from the adsorbed volume at p/p°= 0.96).

The infrared spectrum in the OH stretching region exhibits four bands (Figure 1b). An
intense band at 3610 cm™ (= 2) attributed to the bridged hydroxyl groups (Si-O(H)-Al); an
asymmetric band at 3740 cm™ ascribable to the terminal silanol groups on the external
surface, and two bands at 3665 cm™ and 3785 cm™ (less intense), which correspond to OH
linked to extraframework aluminum species (e.g., AIOH"). All the bridged hydroxyl groups
SIO(H)AI react upon pyridine adsorption at 150 °C, revealing their pure BAS behavior,

whereas EFAI (AIOH) and terminal silanols (SiOH) can only partially chemisorb pyridine.

The concentration of the Brgnsted acid sites (BAS) able to retain pyridine at this temperature
is 280 umol g™ (Table 1), reaching 43% of the total Al content of 640 umolg™. This
difference means that 30-40 % of the theoretical protons exist as BAS, with the other

distributed among the other distorted framework sites or other non-framework sites. *
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Figure 1. Characterization of the H-ZSM-5 before and after Mo
impregnation: (a) N, adsorption and desorption isotherms, (b) IR spectra of
OH region, (c) Raman spectra and XRD patterns.

Step 0: H-ZSM-5 supported oxomolybdate phases. The impregnation of H-ZSM-5 by an
aqueous solution of AHM ((NH,)¢Mo,0,,.4H,0) followed by static calcination yields
Mo/ZSM-5 with a molybdenum content of 3.1 wt.%. Mo enrichment leads to a loss of the
micropore volume (-15%, Table 1) and a decrease in the intensity of bridged hydroxyl IR
band (-20%) in the same proportion of the concentration of Brgnsted acid sites) (Figure la
and Table 1). The loss of BAS suggests a reaction between the molybdenum oxide and the
protonic site.

During the calcination process, AHM decomposes into neutral volatile molybdenum oxide
oligomers. 3% Among the latter, MoOs; and Mo0,0O¢ species can diffuse inside sinusoidal and

straight channels of the H-ZSM-5 zeolite'! to react with BAS sites, mostly consistent with the
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bridged hydroxyl groups Si-O(H)-Al. A systematic study detailed by Pidko et al. convincingly
states that the most stable adsorption structure for molybdenum within the ZSM-5 channels
is consistent with a Mo,Os dimer bridging two Al centers within the six-membered rings 6MR-
S located at the intersections between the straight and tortuous channels. ** We modeled the
adsorption energies of a MoO; monomer and a Mo,Os dimer on bridging hydroxyl groups

showing Al in the next nearest neighbor (NNN) positions (Scheme 1).

O

H H
l | AE = +3.50eV
\ O\\\ _/”O\ / + MOO3 q / \ + HZO ¢
7 s Al o
| 7 \ | \ / / \ ‘ (eq. 2)
i S
o O~ / \ | o AE = +0.85 eV
\AI/ Zsi T' +  Mo,yOgq _>\ /O \ / + H,0

| / \ | (eq. 3)

Scheme 1. Anchoring sites of Molyddemun oxide.
The formation of the dimeric species is only slightly endothermic (0.85 eV), while the
formation of the monomeric species is more endothermic (3.50 eV). The corresponding
structures of both monomeric and dimeric oxomolybdate phases are shown in Figure S1.
Hence, our calculations are in good agreement with what was proposed by Pidko et al.*” The
most stable adsorption structure for molybdenum within the ZSM-5 channels is the dimer

Mo,0Os bridged at two Al atoms in 6MR-3.

Rice et al.*® calculated by stochastic simulations the probability in ZSM-5 zeolite of NNN
pairs of Al atoms able to stabilize a divalent cation (M?*) and form an oxo- binuclear cation,
i.e., two M* bridged by an oxygen atom (-M-O-M-)?*. The assessment of the maximum
probability to form bridged M** cations is 0.07 with a Si/Al of 24. Relative to the binuclear oxo
metal cation, the possibility is higher: 0.19. This proportion is consistent with the loss of BAS
concentration (-20 %, Table 1), suggesting that the residual proton sites are isolated. The

amount of Mo at the channel intersections is therefore limited to the number of aluminum
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pairs. From the residual acidity measurement, speciation of Mo moieties can be established.
The amount of Mo involved in dimeric oxomolybdate supported on the zeolite framework is:
(280 — 220) X 1076 X My, x 100 = 0.58 wt.%, with My, = 95.95 g mol*. Most remaining
3.1 -0.58 = 2.52 wt.% Mo is assumed to be located on the external surface of the zeolite in
the form of tri-dimensional MoOs. The presence of the latter is confirmed by the appearance

of high-intensity peaks at 666, 815, and 995 cm™ in the Raman spectrum %

(Figure 1c).
The absence of characteristic peaks in the XRD pattern (Figure 1d) of the orthorhombic
MoO; at 12.7°, 25.7°, and 27.3° *' indicates the presence of MoO; phase with small

diffraction domains (below 10 nm).

It is worth mentioning the possible presence of a third molybdenum species located on the
outer surface of the zeolite crystals. After the calcination step, the intensity of the external
silanol band partially decreases (Figure 1b). By analogy with Al pairs, the assumption was

established that vicinal silanols could further react with molybdenum oxide (Scheme 2):

+ H,0 (eq- 4)

Scheme 2. Anchoring sites of molybdenum oxide on external silanols.
The previous characterizations indicate three different types of molybdenum species on the
fresh catalyst: (i) anchored molybdenum on BAS (0.6 wt. %), (i) MoO; on the external
surface as small dispersed clusters (2.5 wt. %) and (iii) a small portion of anchored

molybdenum on the external silanol sites.

3.2. Stages of methane dehydroaromatization reaction
The transformation of methane is carried out at 700 °C under atmospheric pressure. Figure
2a displays the mass-to-charge ratio of 78 m/z, which corresponds to benzene, as a function
of the time-on-stream. After a product-free period, benzene appears rapidly, followed by a

slight decrease. Thus, three successive steps occur during the MDA reaction: activation with
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no aromatics production (step 1), induction (step 2), and slow deactivation (step 3). For that
reason, three states of the molybdenum species can be considered:

1) oxomolybdate phases before the activation period;

2) carbide species at the beginning of the reaction (0.5 h, catalyst exempt of coke);

3) deactivated carbides after 10 h of reaction.

Ec

:FI'

m/z =78
Contact time :
—0.19s b
——0.33s
|—085s
——1.30s
—2.04 s

lon abundance (a.u.)

Time on stream (min)

Figure 2: (a) lon abundance of benzene as a function of a long time-on
stream, (b) for different contact times during activation and inductions, and

(©)

duration of these two steps as a function of contact time.

Step 1: Activation period: MDA reaction starts with an activation period, which corresponds
to the in-situ generation of the active phase at the beginning of the reaction in the presence

of methane. Experiments were carried out for different contact times ranging from 0.19 s to

13



2.04 s, obtained by varying the catalyst mass and keeping the flow rate constant (Figure 2b).
Independent of the contact time, no product is formed during the activation period. Yet, its
duration is proportional to the contact time (Figure 2c) and the amount of molybdenum oxide
in the catalyst bed. This proportionality suggests a stoichiometry reaction between methane
and molybdenum species.

Several experimental studies have been published so far, which all highlight the formation of
the molybdenum carbides (Mo,C,) and/or oxy-carbides (Mo,C,0,). 27 Recently, a precise
structure of the active phase for MDA reaction on Mo/ZSM-5 catalyst has been refined
through a systematic theoretical investigation by the group of E. Pidko. " In particular, the
authors investigated the possible reaction paths toward the reduced molybdenum
(oxy)carbide species during the activation of Mo/ZSM-5 by means ab initio thermodynamic
calculations, used for computing the chemical potential wucy,, uy, and pco for all
intermediates occurring during the reduction of supported Mo,Os to the MDA active phase
consistent with supported Moieties. Following these findings the energies of all elementary
reactions of C/O exchange in the presence of methane were modelled. The obtained results
are represented in Scheme 3. All the reactions involved in the carburation process are
endothermic. The enthalpy of the reduction of M0,Os to Mo,C, is very high, i.e, 26.6 eV.
Considering the reaction conditions, which feature the highest methane chemical potential,

tcn,» While the partial pressure of the products CO, H,O and H; are clore to zero under the

applied dynamic flow. Following the Chatelier principal, the energetically favorable compound

is the carbide Mo,C,.
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Scheme 3. O/C exchange on Mo,Os species and computed enthalpies for each step.

During the activation period, the methane conversion remains constant at 25 %. Figure 2b
clearly shows that the activation time (t.civaion) iS directly related to the contact time. The
amount of CH4; which reacts with the molybdate oxides is proportional to the amount of
molybdenum present in the catalyst bed, i.e., * 2 moles of Mo react with 1 mole of CHy,.
(Figure 3). The carburation occurs on both MoO; oxide phase segregated outside the
channels * ** * and the supported Mo,Os dimers anchored within the zeolite channels by

bridging two Al centers as visible in equations 5 and 6, respectively.

4 MoOs +7 CHy = 2Mo,C +3CO0,+2CO + 10 Hy, + 4 H,0 (eq. 5)
Mo,05 +7 CH, - Mo,C, +5CO + 14 H, (eq. 6)

Taking into account the proportion of MoO; and Mo,0s (80/20) with the stoichiometry

coefficients of equations 5 and 6 (7/4 and 7/2), the theoretical amount of methane that
should react with the molybdenum is : Zx 0.80 + % % 0.20 = 2.0, which is in good agreement

with the proportions found experimentally (Figure 3).
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Figure 3: Amount of reacted methane
during the activation period as a
function of the molybdenum oxide in the
catalytic bed.

It should be pointed out that the absence of benzene during the activation period means that
carburization occurs at the same time over the entire catalytic bed. In our operating
condition, the kinetic rate of carburation of the Mo/H-ZSM-5 catalyst is 0.027 mmol of MoO;

converted per min. Therefore, carburation appears to be a relatively slow step.

Step 2: Induction period. Once the molybdenum oxide is entirely reduced to carbide, there
is a concomitant and significant increase of ethylene (m/z = 27 ), benzene (78), toluene (92),
and naphthalene (128) in the gas phase (Figure 2b and see Supporting Information Figure
S2). It is worth mentioning that the time required to reach the maximum (t;,guction = tmax —
tactivation) INCreases proportionally with the contact time (Figure 2b). This duration is much

longer than the activation period and is defined in the literature as induction period. *

The activation of the first CH, on Mo,C, species at 6 MR-3 position was investigated through
theoretical modeling. The first step of the MDA reaction is consistent with methane activation,
leading to breaking a C-H bond and forming a C-C bond. Once the Mo,C, active site is
formed, the methane activation is fast and efficient. Indeed, the activation energy is E, =

0.8 eV leading to the formation of one Mo-H species and a bridging C-CHs. The formation of
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the C-C and Mo-H bonds compensates for the breaking of the C-H bonds. (Figure 4). The

desorbed ethylene reacts on the zeolite Brgnsted acid sites and yields aromatics.

2,0
)
}( TS,
1,5 | —
& ST A
g"o,s i& | (0’7;) Rt |
00 A
(0,00)
-0,5

Reaction Pathway

Figure 4: Reaction mechanism for diffusion into zeolite and activation of the first CH, for
the catalytic MDA reaction on [Mo,C,]** system at 700 °C

Figure 5 shows, as a function of the contact time (1), after 0.5 h of reaction, the methane
conversion, the formation rate of hydrogen, and the mass vyields of ethylene, benzene,
toluene, and naphthalene. The time of 0.5 h corresponds to the duration of one GC analysis.
The methane conversion increases with the contact time until reaching a plateau
corresponding to the expected thermodynamic equilibrium at 700 °C, i.e., 12.5% * (Figure
5a). Such trend was reported recently by Bhan et al. “® Yet, by carrying out the reaction at
lower contact time than these previously recorded in the open literature, it is possible to
emphasized the increase is not proportional to t and follows an S-shaped function. A similar
shape is observed for the benzene, toluene, and naphthalene yields as a function of t
(Figure 5d, e, and f). The ethylene yield and the hydrogen formation rate are initially
proportional to t. Then the first one passes through a maximum at 0.25 s (Figure 5c), while

the second one approaches steady-state formation (Figure 5b).
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Magnification at short contact times allows for determining two kinetic rates for the methane
conversion. The first one (blue: k;) is assigned to the methane conversion rate at short
residence times (<0.11 s), whereas the second (red: k») is attributed to the conversion rate at
long contact times (> 0.11 s). The quantification of these kinetic data leads to k, ~ 2*k;, which
evidences that the rate rises rapidly with increasing residence time. These results indicated
that methane is initially slowly transformed into aromatics. Thereafter, methane conversion
accelerates and aromatics production increases. For this reason, the major formation of

aromatic compounds occurs as a result of secondary reactions.

S-shaped curves are typical features for reactions with autocatalytic kinetics. Such
phenomenon is already well documented for the methanol to olefin process (MTO). * *®* MTO
has been widely investigated, and the involvement of an organocatalytic intermediate
identified as hydocarbon pool (HCP) could be evidenced. Methanol reacts with the active
hydrocarbon pool species to produce light olefins, which are further transformed by
condensation, alkylation, cyclization, and hydrogen transfer reactions to produce higher
olefins, alkanes, and aromatic hydrocarbons. ** The observation of an active role of the HCP
in the MDA reaction® #* allows us to assume that these entities play a critical role in the MDA

process. The generation of the HCP could occur during the induction step.

More recently, our study on ethylene dehydroaromatization (EDA) in harsh conditions *°:
atmospheric pressure, 700 °C with a ethylene partial pressure of 0.05 (5 mol% in N;) over a
H-ZSM-5 (Si/Al = 40) exhibits the same behavior: an induction period followed by
deactivation. The same trend was also observed by Vollmer et al. °* The aromatics yield
increases during the latter stage, despite a significant loss of the acid site concentration
resulting from coking. This induction period corresponds to the formation of HCP species
composed of 2 to 5 aromatic cycles. *° The kinetic study revealed that the developing HCP
species are two times more active than Brgnsted acid sites in the fresh zeolite. The
mechanism of ethylene dimerization occurs on HCP through a succession of alkylation and
pairing reactions, while on Brgnsted acid sites dimerization is induced via an unstable
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primary carbenium ion (Scheme 4). Therefore, ethylene dimerization is faster on HCP than
on proton sites. Moreover, these results suggest that in methane dehydroaromatization, the

rate-limiting step is the dimerization of ethylene.

+
ch_CHz
Hzc_—CHz HZC_CHZ
+
H
H2 +
C CH2
H,
H,
C CH
PN / 2
HaC c

Scheme 4: Ethylene dimerization on protonic sites.

Step 3. Deactivation period. Figure 6 shows the methane conversion and the formation
rate of hydrogen obtained at different contact times as a function of the time-on-stream. The
rate of deactivation depends on the contact time. An exponential function was assumed for
catalyst deactivation, depending on the deactivation constant (ks) and the time-on-stream.>
The constant deactivation is fitted to the experimental data of the methane conversion
(kmethaney and formation rate of hydrogen (kh*“"°9°™). The two deactivation constants are
plotted as a function of the contact time (Figure 6b). The obtained values compare well,
suggesting that the deactivation of hydrogen follows that of methane, which fosters the
concept that hydrogen production is directly related to methane conversion. Furthermore,

higher contact times lead to increased activity and, surprisingly to higher stability.
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Figure 6: () Molar conversion of methane, (b) hydrogen formation rate and

corresponding (c) deactivation constant as a function of time on steam for
different contact time.

Figure 7 displays, as a function of methane conversion (Xcps), the formation rate of
hydrogen and ethylene, benzene, toluene, naphthalene mass yields obtained for different
contact times. For each contact time, the highest conversion corresponds to the initial
product yields (at 0.5 h), while the lowest conversion values correspond to those obtained on
the spent catalyst after 10 h of reaction. Ethylene and hydrogen are primary products;
benzene appears as an apparent primary product. Toluene and naphthalene are formed at
very low conversion, less than 0.5%, and must be considered apparent secondary products.

The benzene, naphthalene, and hydrogen yields increase with conversion. Those of ethylene
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and toluene pass through a maximum. Thus, ethylene is rapidly converted into aromatics,
while toluene may undergo a dealkylation reaction. This apparent reaction scheme (Scheme
5) suggests that the formation rate of aromatics is much faster than that of ethylene.

-

CH,

7N\

?%
o

Scheme 5: Apparent reaction scheme of the MDA reaction.

. * identified the exact same correlation between methane

Recently, the group of Bhan et a
conversion and products selectivity pointing out the non-selective deactivation step. Indeed,
by varying the contact time, the wide range of formed hydrocarbons concentration and
methane conversion, the data remain identical throughout the deactivation step. They also
proposed an apparent reaction scheme in which the molybdenum carbide is the only relevant

active site of the reaction. Benzene also appears to be formed rapidly after ethylene

production.

A slight selectivity change can be observed in Figure 7. Indeed, for higher contact times,
naphthalene selectivity decreases, whilst benzene selectivity increases. This difference might
be related to the produced hydrogen, especially at high conversion, promoting benzene

desorption and inhibiting naphthalene formation.
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3.3. Characterization of the spent catalyst and deactivating species

Thermogravimetric analyses followed by mass spectroscopy were performed to study the
combustion of coke species on the catalysts after 10 hours of reaction. Independent of the
contact time, the combustion profiles are similar and feature three distinct parts. A slight
weight gain appears from ~ 350 °C to 450 °C, followed by a first weight loss up to 520 °C and

a second weight loss up to 620 °C (Figure 8a). The weight gain corresponds to the oxidation

of the
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Figure 8: (a) Example of thermogravimetric analysis of a spent catalyst
Sp/0.85 with associated (b) CO,and (c) H,O profiles, deconvoluted into two
peaks: in blue, “soft” coke, and in red, “hard” coke.

The two losses in TGA are more evident with the mass signal of the oxidation products, i.e.,
CO; (m/z=44) and H,O (m/z= 18). (Figures 8b and 8c). Independent of the selected mass-
to-charge ratios, the combustion profiles can be deconvoluted into two well-defined peaks.
The first and second peaks are frequently attributed to the oxidation of “soft” (S) and “hard”
(H) coke, respectively. ® The total mass loss corresponds to the coke content (T), and the

amounts of S and H coke are calculated from the surfaces of the deconvoluted peaks.

Figure 9 reports the total “soft” and “hard” coke content and weight gain as function of the

contact time. Considering that only Mo,C is present on the external surface, estimating the
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molar percentage of molybdenum carbide that oxidizes before coke combustion is possible.
Indeed, the Mo,C oxidation leads to a theoretical mass increase of 41% (eq.7), a value
confirmed experimentally with commercial Mo,C (purity = 99.5%) (see Supporting

Information Figure S3).

Mo,C + 40, — 2Mo0O5; + CO, (+40% in mass) (eq.7)

From the mass gain (Figure 9b), between 4 and 10% of Mo,C can be oxidized. Surprisingly,
increasing the contact time leads to a more significant amount of produced hydrogen and
Mo,C with higher stability towards oxidation. This result suggests that either one part of the
Mo,C is oxidized into oxide or further MoC,, where x is ~ 3.6, species are present on the

external surface, depending on the residence time.

As far as the coke combustion is concerned, the total and “hard” coke contents decrease,
while that of the “soft” one remains constant (ca 3.2 wt.%) as the contact time increases
(Figure 9a). On the catalysts that operated with the longest contact time (Sp/2.04, Table S1),
the coke is almost exclusively composed of “soft” coke, while with the shortest (Sp/0.11), the

proportion of both types of coke is similar.

Coke deposition has a stronger impact on the concentration of Brgnsted acid sites than on
micropore volume. The deposition of 4 wt.% of coke reduces to more than 75% BAS and
only 20% of Vo (Se€ Supporting Information Figure S4). The toxicity of the “soft” coke is
limited, as the deactivation constant (kq) is independent of its amount, which allows its
gualification as a spectator (Figure 9c). In contrast, the deactivation constant is directly

related to the “hard” coke content (Figure 9d).
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Figure 9: (a) Total, "soft", and "hard" coke contents and (b) weight gain as a

function of contact time. (c) "Soft" and (d) "hard" coke contents vs. deactivation
constant (kg)

The formation of coke appears to be rather unusual, as contact time enhancement usually
mitigates coke deposition (Figure 9).° Thus, coking should be much faster at long contact
times with high temperatures because of the high coke precursor concentration. In contrast,
the coking rate should be relatively slow for low residence times, and deactivation should be
mainly due to acid-site poisoning. ** To confirm this particular bahavior we carried out
additional elemental analysis presented in Figure S5. The direct relation with a slope of ~ 1

supports the coke amount recovered on the spent samples.

As the deactivation mechanism remains still unclear, the catalyst deactivation (step 3) results
from complex pathways. Its rate depends on the amount of produced hydrogen, as the total

coke content decreases with the amount of produced hydrogen (see Supporting Information
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Figure S7). Thus, adding low partial hydrogen pressure to the methane feed allowed
reaching improved catalytic stability and lower coke contents. * ** However, it has the
substantial drawback of shifting the thermodynamic equilibrium towards the methane side,
which negatively impacts conversion. In addition, numerous studies ** on the use of H,
permeable membranes revealed that, even if the hydrogen removal increases the methane
conversion and aromatics formation rate, it favors coke accumulation on the catalyst. 56
Notably, Larachi et al. demonstrated that native hydrogen reactivates the catalyst by
removing coke-type carbon. Indeed, operating in starved hydrogen flow enables accelerating
the establishment of non-carbidic carbon deposited on top of the molybdenum carbide, which

migrated on the external zeolite surface. >’

The produced hydrogen has no impact on the “soft” coke (Figure 9) formation rate. Indeed,
independently of the amount of produced hydrogen (Figure 5), its content remains stable.

The autogenous hydrogen prevents the formation of “hard” coke, which causes deactivation.

By contrast, “soft” coke is an active center for the transformation of ethylene by a

hydrocarbon pool mechanism formed during the induction period (step 2). The number of

carbon atoms constituting the HCP can be assessed from the concentration of neutralized

Bransted acid sites by assuming a ratio of one molecule of “soft” coke per poisoned acid site

(plausible hypothesis due to the limited loss of micropore volume, (see Supporting Information Figure S4), (

[wt. % Clsope = 12 % ngt x ([H*]o — [H*]) (eq.8)
n?: carbon molar quantity in the non-toxic coke per amount of catalyst

H§ — H;": number of neutralized Brgnsted acid sites

HCP is constituted of 20 carbon atoms per molecule of coke, which could correspond to coke
molecules that classical form in ZSM-5 such as pyrene (d= 1.27 g cm™) and/or benzopyrene
(d= 1.24 g cm™). *® This hypothesis is consistent with the composition of the molecular coke
formed during the dehydroaromatization of ethylene on HZSM-5 at 700 °C. Indeed, coke

analysis has shown that the molecules trapped within the zeolite micropores during the
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induction period are composed of anthracene, phenanthrene, pyrene, and benzo(e)pyrene. *°
It is essential to remind that coke growth occurs following a genuine shape-selective
mechanism. ** Hence, by considering that “soft” coke should feature an assumed density of
1.3 g cm™, the apparently occupied volume by this coke on the spent catalyst having almost
exclusively this type of coke should be 0.02 g cm™, which is consistent with the residual
micropore volume in the spent catalysts. Additionnaly, the calculated molar ratio H/C of the
total coke based on elemental analysis is ~ 0.6, which is consistent with polyaromatic compounds

previously proposed. The high contact presents very low amount of “hard” coke so we can assume

the “soft” coke is composed of polyaromatic compounds inside the zeolite channel

Regarding the toxic coke (“hard” coke), comparable calculations were completed to establish
its possible nature. We assume that the higher deactivation rate refers to all carbide species
at 6 MR-6 position and external surface (3.1 wt. %) that interact with “hard” coke. Equation 9
allows determining the number of carbon adsorbed on one molybdenum atom for each spent
catalyst (see Supporting Information Table S1)

t
= (i) & == % 0.51/kethane (i) (eq. 9)

Mo

nt : molar quantity of the carbon in toxic coke per amount of catalyst

Ny - Molybdenum molar quantity per amount of catalyst

It should be noted that once the catalyst is totally deactivated (i.e., methane conversion is
<1 %), the C/Mo value reaches ~ 8. (Figure 10). This ratio implies that the toxic coke could
be due to strongly adsorbed products, indicating that the deactivation could result from a
strong inhibitory effect of the product molecules, i.e., benzene (nc=6) and naphthalene
(nc=10). This assumption is consistent with the higher hydrogen content of “hard” coke
compared to “soft” coke (see Supporting Information Figure S6). In addition, the inhibition

could be mitigated by the produced hydrogen.
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To confirm these results, regeneration of the spent catalyst Sp/2.04 was performed and
monitored by operando Raman. The Raman spectrum of as-received spent catalyst at 30°C
shows two broad lines at 1350 and 1595 cm™, referring to the so-called D and G bands in
graphite-based materials, and presently assigned to polyaromatic hydrocarbon species. ® No
scattered signal is detected in the 600-1100 cm™ range (Figure S8) confirming that both
zeolite- supported oxomolybdate phase and the MoO; crystals have reacted in the course of
the MDA reaction. Upon heating under dry O,/He flow, the intensities of both peaks detected
at 1350 and 1595 cm-1 are mostly stable up to 300°C. Between 350°C and 500°C, the
intensities of both peaks markedly decrease with a maximal rate detected in the 450-500°C
range, as evidenced by the derivative curves shown in Figure 11.a. Such a decrease is real-
time correlated to a marked increase of CO, production at 480°C, thus confirming that the as
observed carbon deposit has been removed from the powder by oxidation and desorption
from the zeolite surface. At 550°C, although the Raman signature of carbon deposit is not
detected anymore, another significant maximum of CO, production is reached. In other
words, the CO, produced at 550°C is corresponding to the reaction and desorption of a
carbon species which was not detected by means of Raman spectroscopy. Interestingly, no
feature related to Mo oxide has been detected at end of the TPO (700°C). This may be due

to the strong contribution from visible-range fluorescence which occurred as the temperature
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exceeded 600°C. The temperature-controlled profile of CO, production measured using the
Raman operando set-up is in fine agreement with the one obtained from the
thermogravimetric analysis shown in Figure 8. A coupling of results can thus be made for
establishing the experimental evidence that the so-called soft coke is genuinely consistent
with polyaromatic hydrocarbons which plausibly form the HCP. On the other hand, the hard
coke is consistent with moieties undetectable to visible Raman spectroscopy run in the

present conditions.

a /, b 495°C
s - 550°C

S| 465°Cr
331°C "~ , 4 5

1595 cm't N

Intensity (a.u.)
Derivative (a.u.)
CO, intensity (a.u.)
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Figure 11: (a) Analysis of both 1350 (black) and 1595 cm™ (red) Raman peaks -
typical of polyaromatic hydrocarbons- recorded along the TPO of the spent
catalyst Sp/2.04: evolution of peak area as a function of temperature (plain lines)
and corresponding derivative (dot-dashed lines). (b) CO, production measured
online -simultaneously to the collection of Raman spectra shown in (a). The lines
are drawn simply to guide the eyes

DFT modeling has been used to compute the adsorption energies of both species presumed
to act as “hard coke” (benzene and naphthalene) on the Mo,C, active site to confirm their
plausibility for active phase poisoning. The as-afforded relaxed adsorption structures are
given in Erreur ! Source du renvoi introuvable.S1, together with the corresponding calculated
adsorption energies. Our calculations show that the adsorption of naphthalene on the
supported Mo,C, site results in a stable structure with adsorption energy of -0.65 eV,
confirming that naphthalene can block the active site and causes catalyst deactivation. The
adsorption of benzene is further feasible on the Mo,C, site, featuring a similar adsorption

energy of -0.78 eV (Figure 12).
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Figure 12: Computed structures of (a) benzene, (b) naphthalene, (c) benzene co-adsorption
H, and (d) naphthalene co-adsorbed H, adsorbed at Mo,C, active site located at 5-channels

of ZSM-5 and corresponding adsorption energies.

Upon co-adsorbing benzene with H,, the adsorption energy reduces from -0.78 down to
0.16 eV (Figure 12), indicating that H, inhibits benzene adsorption to the active site. The key
role of H, is even more emphatized as the calculated adsorption energy reaches 0.68 eV
upon co-adsorbing naphthalene with H,. Thus, in the catalyst deactivation, the mitigating role

of H, is indeed observed experimentally.

Kosinov et al widely discussed coke nature recovered on the spent samples in a well-notable paper.
2! Briefly the apparent difference observable in TG profiles results only from the diffusion limited
combustion inside the pore. There is no coke chemical difference between the “soft” coke and
“hard” since *C NMR analysis show only sp” type of coke. Thus they concluded the fraction of “hard”
coke correspond to polyaromatic compounds trapped within the zeolite channel, whereas we
proposed here the opposite: the “soft” coke is in fact the polyaromatic compounds anchored on BAS

inside the zeolite channel.
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We liked to raise the possibility that this change of interpretation depends on the combustion
profiles. Indeed, we obtained a contribution of “soft” coke predominant, whereas the team of
Kosinov presents a contribution of “hard” coke more important. This change of behavior is related of

the textural properties of the material (Mo content, Si/Al molar ratio, crystal size,...).

Then, the proposed coke natures are in good agreement with the sp® hybridized C atoms. It is crucial
to mention the coke formation follows a genuinre shape-selectivity reaction. Thus, a low coke
amount (5-6 wt.%), recovered on the spent samples with a slight reduction of the microporous

volume (~ 20%) of a tri dimensionnal zeolite will apparently not induce oxygen diffusion limitation. *°

61

21 26 14

From all the results presented in the open literature , we think the higher contribution in the

TPO profile is probably due to the internal coke wheter the coke type it is.

Finally it should be noticed, the active species inhibition by aromatic compounds appears under
specific conditions, i.e low contact time thus very small amount of autogenous hydrogen. At higher
contact time under the traditional MDA experimental conditions, the hydrogen formation is

sufficient to desorb the aromatic compounds from the active species.

Conclusion and Outlook

Dehydroaromatization of methane over a Mo/H-ZSM-5 catalyst involves the constant
evolution of the molybdenum species from preparation and throughout the catalyst lifetime.
Scheme 6 summarizes the evolution of the Mo species of the four stages: calcination-
pretreatment (0), activation (1), induction (2), and deactivation (3) (the regeneration stage is

not addressed in this study).
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Scheme 6. Mechanisms involved in the four steps of the methane dehydroaromatization
reaction.

During the calcination (step 0) of H-ZSM-5 impregnated with (NH,)sMo0,0,,4.4H,0, a part of
the developed oxide (MoO3) reacts stoichiometrically with the bridged hydroxyl group pairs to

give dimeric [Mo,0Os]* entities (step 1). This solid-solid reaction is energetically favorable
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and amounts to 0.85 eV. As the number of aluminum pair sites is limited, an important

portion of the molybdenum (80%) remains located on the external surface as MoOs.

MoO; and [Mo,Os]** react stoichiometrically with methane and are reduced into MoC, and
(Mo,C,)*" cation, respectively. This reduction phase is called the activation period (step 1).
The carburization reaction of the oxomolybdate cation anchored in zeolite is highly
endothermic (26.6 eV). However, since the chemical potential of CO and H; is close to zero,

the reaction equilibrium is shifted to the formation of carbide species.

After the activation period, characterized by the absence of aromatics formation, the
generated carbide species anchored within the zeolite activates methane leading to
desorbed products (Step 2: induction period). Mo,C is a spectator species. Methane
activation energy on Mo,C,*" is 1.49 eV. During the first stage of the induction step, ethylene
dimerizes on the acidic Brgnsted sites. Then is easily transformed into benzene and
polycondensed aromatic compounds, which are composed of 20 carbon atoms (pyrene,
methyl-benzopyrene). The latter, named “soft” coke, does not poison active sites as they
allow the transformation of ethylene two times faster than the proton sites and was identified
to act as HCP. In methane dehydroaromatization, the rate-limiting step is the dimerization of

ethylene.

Deactivation (step 3) depends on the contact time and decreases with an increasing amount
of produced hydrogen. H, acts as a catalyst surface scavenger by promoting the desorption
of aromatic compounds that strongly adsorb on carbide species. The introduction of
hydrogen into the feed gas shifts the thermodynamic equilibrium towards decreased
conversion. Deactivation is not related to pore blocking but rather to “poisoning” by “hard”
coke, which is composed of hydrogenated and lighter molecules than “soft” coke. Hence,
deactivation results from strong adsorption of aromatics on Mo,C,%*, with adsorption

exceeding 0.7 eV.

35



The main challenge in methane activation is the adequate preparation of the Mo,C,*" active
phase. Therefore fine-tuning the Si/Al ratio is mandatory. The addition of promoters on the
catalyst (Pt, W) or to the gas feed (CO, CO,) should not improve the methane C-H activation

but could limit catalyst deactivation by favoring aromatics desorption.
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Table and figures

Table 1: Textural and acidic properties of the H-ZSM-5 before and after Mo
impregnation.

Figure 1: Characterization of the H-ZSM-5 before (in black) and after Mo impregnation
(in red): (a) N, adsorption and desorption nitrogen isotherms at -196 °C, (b) IR
spectra of OH region, (¢) Raman spectra, and XRD patterns.

Figure 2: (a) lon abundance of benzene as a function of a long time-on-stream, (b) for
different contact times during activation and inductions, and (c) duration of
these two steps as a function of contact time.

Figure 3: Amount of reacted methane during the activation period as a function of the
molybdenum oxide in the catalytic bed.

Figure 4: Reaction mechanism for diffusion into zeolite and activation of the first CH, for
the catalytic MDA reaction on [Mo,C,]** system at 700 °C.

Figure 5: (a) Initial molar conversion of methane, (b) formation rate of hydrogen, mass
yields of (c) ethylene, (d) benzene, (e) toluene, and (f) naphthalene as a
function of contact time. The yellow square is a magnified area at the lower
contact times.

Figure 6: (@) Molar conversion of methane, (b) hydrogen formation rate, and
corresponding (c) deactivation constant as a function of time on steam for
different contact times.

Figure 7: (a) Formation rate of hydrogen, mass yields of (b) ethylene, (c) benzene, (d)
toluene, (e) naphthalene as a function of the methane conversion for different
contact time.

Figure 8: (a) Example of thermogravimetric analysis of a spent catalyst (t = 0.85 s)

with associated (b) CO, and (c) H,O profiles, deconvoluted into two peaks: in
blue, “soft” coke, and in red, “hard” coke.
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Figure 9: (a) Total, "soft", and "hard" coke contents and (b) weight gain as a function of
contact time. (c) "Soft" and (d) "hard" coke contents vs. deactivation constant

(ka).

Figure 10:  Evolution vs. contact time of the nature of the “soft” and “hard” coke
characterized by the molar ratios of C/H* and C/Mo, respectively.

Figure 11:  (a) Analysis of both 1350 (black) and 1595 cm™ (red) Raman peaks -typical of
polyaromatic hydrocarbons- recorded along the TPO of the spent catalyst
Sp/2.04: evolution of peak area as a function of temperature (plain lines) and
corresponding derivative (dot-dashed lines). (b) CO, production measured
online -simultaneously to the collection of Raman spectra shown in (a) and
decomposition into Gauss curves.

Figure 12: Computed structures of (a) benzene, (b) naphthalene, (c) benzene co-adsorption
H, and (d) naphthalene co-adsorbed H, adsorbed at Mo,C, active site located at
d-channels of ZSM-5 and corresponding adsorption energies.
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Supporting Information

Table S1: Comparison of the spent catalysts recovered after 10 hours of reaction.

Figure S1:  Position of monomeric [MoO,]** and dimeric [Mo,0s]**species in the zeolite
channel (Mo-blue, Al pink, Si yellow).

Figure S2:  lon abundance of (a) methane, (b) ethylene, (c) toluene, and (d) naphthalene
as a function of the time on stream for different contact times.

Figure S3:  TGA profile of commercial Mo,C.

Figure S4:  Residual microporous volume and residual Brgnsted acidity as a function of
total coke content

Figure S5 Coke amount calculated from the TG analysis as a function of the carbon content
calculated from elemental analysis.

Figure S6:  H/C molar ratio of the spent samples recovered as function of the contact time,
(b) H/C molar ratio and the density of reference coke molecules generally
trapped within the zeolite HZSM-5

Figure S7:  Cumulative amount of hydrogen produced after 10 hours of reaction as a
function of the total coke content.

Figure S8:  Evolution of Raman signature of spent catalyst collected during its TPO. Note
that the fluorescence contribution has been removed by a baseline
subtraction.
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Figure S1: Position of monomeric [MoO,]** and dimeric [Mo,Os]* species in
the zeolite channel (Mo-blue, Al pink, Si yellow)
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Figure S2: lon abundance of (a) methane, (b) ethylene, (c) toluene and (d)
naphthalene as a function of the time on stream for different contact times.
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Figure S4: Residual microporous volume and

residual Brgnsted acidity as a function of total
coke content.

Remark: Only two pyridine adsorption monitored by FT-IR spectroscopy on the spent catalyst

containing the less carbon could be carried out. At higher coke content the intensity
saturated.
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Figure S7: Cumulative amount of hydrogen
produced after 10 hours of reaction as a
function of the total coke content.
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Figure S8: Evolution of Raman signature of
spent catalyst collected during its TPO.
Note that the fluorescence contribution has
been removed by a baseline subtraction.
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Carbidic

coke® “Soft” coke® “Hard” coke® Br@nsted acidity® Micropore volume® deactivation rate (h. g )"

Sample H/C®
Amount mg/gca Value Reduction Value Reduction
0, 0,

(wt.%) (wt.%) Mg/ 8cat (Wt.%) ) (umol. g) (%) (cm®gec) (%) Methane Hydrogen
Sp/0.11 0.15 4.6 48.0 3.6 37.3 0.55 0.09 25 0.51 0.70
Sp/0.33 0.16 3.6 37.9 3.0 31.1 0.44 0.47 0.64
Sp/0.85 0.13 3.3 34.2 2.2 22.2 0.64 0.10 16 0.33 0.42
Sp/1.30 0.09 3.5 36.7 15 15.0 0.56 62 72 0.10 17 0.26 0.35
Sp/2.04 0.06 3.4 34.9 0.5 4.6 0.58 88 60 0.10 13 0.15 0.37

Table S.1: Comparison of the spent catalysts recovered after 10 hours of reaction

2measured by thermogravimetry analysis, ° the molar ratio H/C was calculated from elementary analysis and represent the ratio of the total coke
°the Brognsted acid sites probed by themodesorption of pyridine at 150 °C, ® the micropore volume (Vo) Was calculated from the t-plot curve
using the Harkins-Jura method and a thickness range between 4.5 and 5.5 A, ©the deactivation rate is the slope of the logarithmic plot of the
methane conversion rate and hydrogen formation rate
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