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Polyoxometalates as alternative Mo precursors for methane
dehydroaromatization on Mo/ZSM-5 and Mo/MCM-22 catalysts

The conversion of methane into higher molecular weight
hydrocarbons of greater added value has emerged as one of the
grand challenges of 21st century. In this work, we show that the
use of hexamolybdate anions as Mo precursors of nanostructured
Mo/MCM-22 catalysts for methane dehydroaromatization
enhances metal dispersion, catalyst stability and overall
performance towards aromatics production. The nano-architecture
of the zeolite channels containing Mo sites from hexamolybdate
precursors resembles the 14th century Mudéjar style wall of See Ignacio Julian,

La Seo cathedral in Zaragoza (Spain). Scott G. Mitchell et al.,
Catal. Sci. Technol., 2019, 9, 5927.

l )

»

ROYAL SOCIETY
OF CHEMISTRY

Celebrating

2019 rsc.li/catalysis

Registered charity number: 207890



Open Access Article. Published on 01 October 2019. Downloaded on 12/7/2025 2:12:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Catalysis
Science &

Technology

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Catal. Sci. Technol., 2019,
9, 5927

Received 26th July 2019,
Accepted 29th August 2019

DOI: 10.1039/c9cy01490j

rsc.li/catalysis

Polyoxometalates as alternative Mo precursors for
methane dehydroaromatization on Mo/ZSM-5 and
Mo/MCM-22 catalystsT

Ignacio Julian, ©*3°< José L. Hueso, @ 2" Nidya Lara,® Albert Solé-Daura, ©°
Josep M. Poblet, @9 Scott G. Mitchell, & *>°
Reyes Mallada @2°° and Jesus Santamaria ©2°°

The conversion of methane into higher molecular weight hydrocarbons of greater added value has
emerged as one of the grand challenges of the 21st century. The non-oxidative methane dehydro-
aromatization (hereafter MDA) reaction is a promising methane valorisation reaction since it transforms
methane into added-value aromatics and olefins, namely benzene, naphthalene and ethylene.
Molybdenum-promoted ZSM-5 zeolite has proven to be one of the most effective catalysts for MDA pro-
viding a shape-selective environment for the conversion of methane into benzene. However, one of the
principle disadvantages of using aluminosilicates in the presence of methane is that the catalyst suffers
from rapid deactivation induced by coke formation, which ultimately leads to a decrease in activity and ar-
omatics selectivity, making the process unsuitable for large-scale industrial applications. Better control of
the metal dispersion on the surface of the aluminosilicate supports represents a crucial factor to partially
suppress catalyst coking and improve stability. Here we show how different molecular polyoxomolybdate
(POM) anions can be used as alternative Mo precursors to conventional Mo salts for the preparation of cat-
alysts for the MDA reaction. Molecular dynamics simulations and experimental testing were conducted to
characterize the interphase interactions between polyoxomolybdates and zeolite surfaces at the atomistic
level and to evaluate the MDA performance of different POM-based catalysts supported on ZSM-5 and
MCM-22, respectively. The catalysts prepared using hexamolybdate anions, [MogO15]%, were found to be
more active and selective towards benzene than those employing the commercial heptamolybdate,
[Mo;0,41%". The Mo loading and dispersion of MoO, species were found to be the key factors leading to
enhanced catalytic stability on ZSM-5 and MCM-22-based supports for MDA where the 5% Mog/MCM-22
catalyst provided a constant aromatics yield above 7% for more than 18 hours time-on stream operating at
700 °C with a diluted methane flow under atmospheric pressure. The zeolitic catalysts prepared with the
Mog precursor were found to be amongst the most promising MDA catalysts in the literature and the re-
sults of this study pave the way for the selection and use of different POMs as innovative metal precursors
to formulate new catalysts and further improve the MDA reaction process.

Introduction

The transformation of methane into heavy hydrocarbons of
higher molecular weight and greater added value is a scien-
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tific and technological challenge that has been studied since
the second half of the 20th century. Among the direct CH,
conversion routes, non-oxidative methane dehydro-
aromatization (hereafter MDA) into added-value aromatics
and olefins, ie. benzene, naphthalene and ethylene, is a
promising route for methane valorisation.”” Since MDA catal-
ysis was first proposed in 1993,® a number of studies have in-
dicated that aluminosilicate zeolite ZSM-5 is an effective cata-
lyst to provide a shape-selective environment for the
conversion of methane into benzene. Since then, several
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alternative zeotype structures have been developed and tested
for this catalytic process, e.g. MCM-22, MCM-36, ITQ-2, IM-5,
NTU-9, among others.””” However, from all of these catalysts,
ZSM-5 and MCM-22 remain as the most promising shape-
selective supports for methane dehydroaromatization.®® The
main drawback of using these aluminosilicates in the pres-
ence of methane is the fast catalyst deactivation induced by
coke formation, leading to a decrease in activity and selectiv-
ity towards light aromatics which makes the process unsuit-
able for large-scale industrial applications."’

It is widely accepted that metal dispersion along the zeolite
pores plays a key role in the catalyst stability and coke
resistance. ™ A standard catalyst preparation procedure is
based on the incipient wetness impregnation of 3-6 wt% Mo
salt, using ammonium heptamolybdate (NH,)sMo0,0,,-4H,0,
on a ZSM-5 support (Si/Al = 10-40) followed by calcination in
air at 550 °C.>° For such metal loading, this preparation results
in well-dispersed Mo oxide clusters within the zeolite pores as
well as small Mo aggregates at the surface of the support. How-
ever, the coking rates and catalyst activity loss along the time
on stream using this synthesis procedure are still high.

In order to enhance metal dispersion, several strategies
have reported improvement using the addition of ammonia
to the aqueous solution of ammonium heptamolybdate prior
to the impregnation process'* or by the hydrothermal post-
synthesis of commercial ZSM-5 in an aqueous solution of
Al(NO3); to create a uniform porous network that facilitates
the access of the Mo species into the channels.™® Additional
strategies involve the selective silanization of the external
sites of the fresh H-ZSM-5 with organosilane reagents to de-
crease the number of such sites and, thus, the number of Mo
species was retained at the external surfaces during the sub-
sequent physical cation exchange of MoO; and pre-treated
ZSM-5 powders.*®

Some authors suggest that at calcination temperatures
above 500 °C some fully oxidised Mo species of the bench-
mark Mo precursor ammonium heptamolybdate (“Mo,”)
carry out solid exchange with the OH groups (Bronsted acid
sites) of the zeolite framework leading to the generation of
dimeric [Mo,05]** species. These cationic species anchor to
two cation exchange sites of the support whereas some other
Mo species accumulate as MoO; clusters at the external zeo-
lite surface."'®'” The efficiency of metal dispersion and,
thus, Mo anchoring depends on the support acidity (Si/Al ra-
tio), however other factors such as metal loading as well as
the impregnation and calcination procedures must also be
considered. In fact, the initial arrangement of Mo species at
the zeolite surface and their mobility through the migration
process seem to play a key role in the final metal dispersion
on the catalyst. Although Mo has been regularly employed as
the standard Mo precursor due to its relatively high availabil-
ity, the [Mo0,0,,]°" anion is just one member of a vast family
of known polyoxomolybdates.'®'® Polyoxomolybdates belong-
ing to the polyoxometalate (POM) class of inorganic molecu-
lar metal oxides span different structural types each
possessing different tunable physicochemical properties.>**
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To the best of our knowledge, polyoxomolybdates have not
been extensively exploited as potential Mo precursors for the
preparation of highly coke-resistant Mo/ZSM-5 and Mo/MCM-
22 catalysts for the MDA reaction.

In this regard, exploring the affinity of different poly-
oxomolybdates as molecular precursors for Mo deposition on
zeolitic surfaces may help to gain insight into the mobility of
Mo species and to predict the quality of metal dispersion in
the calcined catalyst.

This work explores the use of two different poly-
oxomolybdate structures, namely hexa- and octamolybdate
anions (which possess different charges and sizes), as Mo
precursors for Mo,/ZSM-5 and Mo,/MCM-22 catalysts for the
MDA reaction. Specifically, this evaluates the impact of the
induced metal dispersion given by different Mo precursors
(hexa-, hepta- and octamolybdates), zeotype supports (ZSM-5
and MCM-22) and metal loads (5-10 wt% Mo) on the catalytic
MDA process at 700 °C and 1500 mL g~ h™".

Experimental procedure
Catalyst synthesis

The synthesized polyoxometalates (POMs) were [(n-
C4Ho)yN];[M0gO;6] (from now on “Mog”) and [(n-
C4Ho),N]i[M050,6] (“Mog”). In both cases, basic alkaline salts,
i.e. Na,MoO, and [(n-C4H,),N]Br, were employed as POM pre-
cursors, according to the established literature procedures.*
Briefly, the synthesis of both POMs proceeds via the acidifica-
tion of an aqueous solution of sodium molybdate dihydrate
with diluted HCI followed by dropwise addition of tetra-
butylammonium hexamolybdate under vigorous stirring at
room temperature until the formation of a white precipitate.

In the case of “Mog”, the resulting slurry was heated (85
°C) and stirred for 45 min obtaining a yellowish solid that
was filtered and washed thrice with 80 mL of water. Crystalli-
zation was accomplished by dissolving the dried crude prod-
uct in 80 mL of hot acetone (60 °C) followed by cooling down
to —20 °C. After 24 h, the yellow crystalline products were fil-
tered, washed twice with 20 mL of diethyl ether and dried for
12 h in a vacuum.

In the case of “Mog”, the slurry was stirred at room tem-
perature for 15 min, followed by a set of centrifugation and
washing steps with 30 mL water and acetone, respectively. Af-
ter two more washing steps with 60 mL ethanol and 60 mL
diethyl ether, the white powder obtained was freeze-dried.

For the sake of comparison, a third batch of catalysts was
synthesized using the typical Mo precursor employed for the
preparation of Mo/ZSM-5 by impregnation, ie. ammonium
molybdate tetrahydrate (NH,)sM0,0,4,-4H,0, from now on
“Mo5”, 99.98% Sigma-Aldrich.

Mo,/ZSM-5 and Mo,/MCM-22 were prepared by incipient
wetness impregnation using the Mos, Mo, and Mog precur-
sors, respectively. Commercial NH,-ZSM-5 zeolite (SiO,/Al,0;
= 23, Zeolyst) was purchased and MCM-22 (Si/Al = 20) was
prepared following the procedure described by Corma et al.
using hexamethyleneimine (HM) as a large molecule that

This journal is © The Royal Society of Chemistry 2019
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acted as the structure-directing agent (SDA)." Briefly, crystalli-
zation was carried out in a stainless steel Teflon-lined auto-
clave at 150 °C under agitation (60 rpm) and autogenous
pressure for 7 days. The solid was recovered by filtration,
washed repeatedly with deionized water and dried overnight
at 120 °C. The resulting sample was calcined in air at 550 °C
for 5 h to remove the occluded organic SDA in the inner
pores. The zeotype material was refluxed in 1.0 M NH,NO;
solution to exchange Na* with NH," and finally calcined 550
°C for 5 h. This procedure was repeated twice in order to ob-
tain the sample in its acidic form.

The resulting impregnated materials were dried at 120 °C
overnight and calcined at 550 °C for 6 h, using a heating rate
of 1 °C min™". The calcination temperature and time were
carefully selected in order to promote the diffusion of MoO,
species into the pores and to form [Mo,0;]*" dimers that are
able to anchor at the Bronsted sites of the zeolite. Table 1
lists the summary of the synthesized catalyst indicating the
Mo precursor (Mog, Mo, or Mog), metal load (5-10 wt% Mo)
and support (ZSM-5 and MCM-22).

Catalyst characterisation

A number of characterization techniques were employed to
identify and measure the physico-chemical and structural
properties of the synthesized catalysts. Argon adsorption was
employed to study the textural properties of the samples.
Measurements were carried out using a Micrometrics ASAP
2020 analyzer, degassing the samples at 350 °C prior to analy-
sis. Determination of the specific surface was performed
using the equation proposed by Brunauer, Emmett and Teller
(BET), considering the consistency criteria proposed by
Rouquerol for microporous materials*® and the micropore
volume was evaluated at P/P, = 0.01. Thermogravimetric anal-
ysis (TGA) was used to determine the changes in the mass
that the POMs and catalysts undergo when heated at a
programmed temperature. The differential gravimetric (DTG)
and TG data were studied with a Q5000SA thermal analyzer
and the measurements were carried out in air at a heating
rate of 10 °C min~' from room temperature to 900 °C. Scan-
ning electron microscopy (SEM) was used to study the mor-
phology of catalysts and the distribution of molybdenum on
the surface of the zeolite support. Analyses were carried out
using an INSPECT-F50 (FEI Company). The equipment uses a
high resolution Schottky field emission gun and a variety of
detectors. A secondary electron detector (SED), back-scattered

Table 1 List of the prepared catalysts

Support  Precursor Mo load (wt%)  Sample ID
ZSM-5 [(CsHo)sN], M0gO1o 5 5Mo0g/ZSM-5
(NH,)¢M0,0,,-4H,0 5Mo,/ZSM-5
[(C4Ho)sN]; M0gO,6 5Mo0g/ZSM-5
MCM-22  [(C,Hs);N], M0gO1 5 5Mo0s/MCM-22
8 8Mo0s/MCM-22
10 10Mos/MCM-22

(NH,)sM0,0,,-4H,0 5 5Mo,/MCM-22

This journal is © The Royal Society of Chemistry 2019
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electron detector (BSED) and energy-dispersive X-ray detector
(EDX) were used to examine the morphology, to study the dis-
persion of molybdenum and to determine the amount of mo-
lybdenum loaded, respectively. The quantification of wt% Mo
by SEM-EDX was carried out by measuring the Mo content of
four separated 100 x 100 pm areas of representative regions
of the characterized samples. Transmission electron micros-
copy (TEM) and scanning-TEM were performed with a Tecnai
F30 (FEI company) and Titan Low Base 60-300 (FEI Com-
pany), respectively, to visualise the catalyst structure in detail
and to evaluate the dispersion of Mo species and the eventual
formation of aggregates on the zeolite external surface. X-ray
diffraction (XRD) was employed to identify changes in the
crystalline structure of zeolites ZSM-5 and MCM-22 with the
addition of molybdenum. Data were recorded on an Empy-
rean diffractometer (PANalytical) operating at 45 kv and 40
mA with CuKoa radiation. Raman spectroscopy was used to
identify the presence of molybdenum species in Mo,/ZSM-5
and Mo,/MCM-22 catalysts. Characterisation was carried out
at room temperature using an Alpha 300 Raman spectrome-
ter (WITec) using a 532 nm laser and a CCD camera as the
detector. The input power and acquisition time were 1 mW
and 5 s, respectively. Fourier transform infrared spectroscopy
(FTIR) was employed to confirm the main groups present in
the synthesized POMs based on their vibrational and rota-
tional modes. FTIR spectroscopy was performed on a Jasco
FT/IR-4100 spectrometer. X-ray photoelectron spectroscopy
(XPS) was used to verify the oxidation state of molybdenum
species at the surface level in the Mo,/ZSM-5 and Mo,/MCM-
22 catalysts. XPS characterisation was carried out with an
Axis Ultra DLD (Kratos Tech). The spectra were excited by a
monochromatized AlKo source (1486.6 eV) run at 15 kv and
10 mA. The binding energies were referenced to the internal
Cls (284.6 eV) standard of adventitious carbon. Microwave
plasma coupled with atomic emission spectroscopy (MP-AES)
analysis was performed to quantify the amount of molybde-
num present on the zeolite support. The catalytic samples
were digested in aqua regia (1:3 v/v nitric acid/hydrochloric
acid) at 200 °C for ten minutes under microwave heating and
characterized using the Agilent 4100 MP-AES equipment. Up
to six independent measurements were carried out for each
sample. Al magic-angle spinning nuclear magnetic resonance
(*’Al MAS NMR) was conducted to evaluate the effect of Mo
addition on the change of the zeolite structures. The *’Al
MAS NMR spectra were recorded at 104.3 MHz using a 2.5 us
pulse with a 3 s recycle delay (2048 scans) on a 400 MHz
solid-state Bruker Avance AV-400-WB NMR spectrometer
using a 4 mm probe. Samples were spun at 8 kHz.

Molecular dynamics simulations

MD simulations were carried out with the GROMACS 4.5.4
code®*® and within the scheme of the AMBER99 force
field.”” This methodology has been successfully used to study
aggregative and ion-pairing processes involving polynuclear
metal-oxo clusters in solution.”®*>' The potential energy of

Catal. Sci. Technol., 2019, 9, 5927-5942 | 5929
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the system is empirically described by the sum of the bond-
ing terms, ie. bond, angle, and dihedral deformation ener-
gies, and the nonbonding terms, which include additive
pairwise 1-6-12 electrostatic and van der Waals potentials.
Nonbonding terms are used to reproduce interactions be-
tween atoms in different molecules or separated by more
than three bonds within a molecule. Force-field parameters
for the inorganic POMs were obtained following the proce-
dure by Lopez et al®* Further details of this procedure
are found in the ESL{ The set of Lennard-Jones parameters
for Mo was taken from UFF** and for Si, O and H atoms of
the zeolite, we used those reported by Leroch et al** The
TIP3P water model®> was used to represent solvent H,O
molecules.

In all cases, three POM anions and the number of cations
required to neutralize the system were embedded in a pris-
matic solvent (water) box of 150 x 40.2 x 26.8 A with an em-
bedded ZSM-5 structure of 58.5 x 40.2 x 26.8 A. Simulations
were performed under 3D periodic boundary conditions using
an atom cut-off of 14 A for van der Waals interactions and of
10 A for coulombic interactions, correcting the long-range
electrostatics with the particle-particle mesh Ewald (PME)
summation method.>® Newton's equations of motion were
integrated using the leapfrog algorithm®” with a time step of
1 fs. Bonds involving H atoms were restrained by the LINCS
algorithm®® and for the zeolite, we assumed a semi-rigid
model in which the SiO, framework is fixed during the simu-
lations and only the shallow OH groups were free to move
according to the bond and angle parameters proposed in ref.
34. All of the simulations were performed at 300 K, starting
with random velocities and the temperature was controlled by
means of the velocity-rescaling algorithm®® with a relaxation
time of 0.1 ps. Before the production runs, all systems were
equilibrated by 1000 steps of energy minimization, followed
by an initial 250 ps run at constant volume and temperature
(NVT) fixing the solute. The system was re-filled with water
molecules and re-equilibrated until a suitable density of water
was achieved. A final 250 ps NVT run with the solute relaxed
was carried out before the 100 ns production simulations,
which were also performed within the canonical (NVT) ensem-
ble. Data were collected from the trajectories every 2 ps.

Catalytic tests

Reaction tests were carried out in fixed beds of catalytic pow-
ders (500 mg) using a gas mixture of methane and nitrogen
(CH4:N, = 80:20), in which nitrogen was employed as the
internal standard. The spatial velocity and reaction tempera-
ture were set to 1500 mLgrp Zec - h™" and 700 °C, respec-
tively, for all tests. A 20 °C min~"' heating ramp was used to
heat the catalytic sample up to the reaction temperature in
the presence of the above-mentioned CH,:N, composition.
As a result of the high sample temperature and the presence
of a reducing atmosphere, the initial molybdenum oxide spe-
cies present in the calcined Mo/MCM-22 and Mo/ZSM-5 sam-
ples were carburized into oxycarbides (MoO,C,) and Mo,C

5930 | Catal Sci. Technol,, 2019, 9, 5927-5942
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during the so-called induction period. It is widely accepted
that these carburized species are the active species for meth-
ane dehydroaromatization.***!

The employed quartz reactor vessel has an internal diam-
eter of 1 cm. Three mass flow controllers (Bronkhorst 0-20
mLgrp min_l) were used to feed reactive, CH,/N,, or regener-
ative, N,/O,, gas mixtures. Catalyst regeneration tests were
conducted at 580 °C using 5% O, in N, at a spatial velocity
2400 mLgrp gcat_1 h'. The sample temperature was mea-
sured and controlled with a thermocouple placed within the
core of the fixed bed. The outlet reaction gases were passed
through a heated pipe (230 °C) into a gas chromatograph
(Thermo Fisher Trace 1300 with an auxiliary oven Trace
1310), in which four different columns and three detectors
allowed the identification and quantification of permanent
gases (TCD), light hydrocarbons (FID1) and aromatics
(FID2), respectively. The scheme of the experimental set-up
is presented in Fig. S1.}

Methane conversion (xcy,) and hydrocarbon selectivity
(Sc,u,) were calculated using eqn (1) and (2), where 7;, Vi, A
and RF; are the molar flow, volumetric flow, peak area and re-
sponse factor of species i, respectively. The response factor
represents the ratio between the response of a detector to a
compound (peak area) and the concentration of that com-
pound in a mixture of gases. The hydrocarbon yield (Y¢ y ) is
defined as the product of conversion by selectivity.**

ACI-I,,,om/I{FCH4 ¥

. . CHy, in N,.,in
_ nCH4,in - nCHA out ANZ,om/RFN2 (1)
Xen, = - = v
Ao, in CH,in
ACYHv,oul/RFCYHJ, V

7 Ay o /RE, T

S _ C.H, out _ Nz,oul/ N, (2)
ca, T =X Ay o /RE
CH,,in CH,,out H, out C.H, V
CH, in N,.in
ANz,oul R'FN2

Results and discussion

The effect of the different molybdenum precursors (Mog, Mo,
and Mog) on the catalytic performance of 5% Mo,/ZSM-5 for
methane dehydroaromatization was evaluated. This metal
load was selected for comparison, since it is widely reported
that the Mo content in the range of 3-6 wt% promotes aro-
matics productivity in the MDA process on ZSM-5 supports
with similar acidity.®**** The role of each molybdenum pre-
cursor was explored using a theoretical perspective using mo-
lecular dynamics simulations on the interaction of the POM
with the zeolite support. Next, the effect of the zeotype sup-
port (either ZSM-5 or MCM-22) on the catalytic MDA perfor-
mance was evaluated using the most promising Mo precur-
sors. Finally, the effect of metal loading (5-8-10 wt% Mo) on
the best catalyst configuration, i.e. combination of the most
suitable Mo precursor and zeotype support in terms of MDA
performance, was studied. Fig. 1 shows a representation of

This journal is © The Royal Society of Chemistry 2019
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this research work highlighting the geometry and dimensions
of the different -configurations of polyoxomolybdates
employed as Mo precursors for the synthesis of Mo/ZSM-5
and Mo/MCM-22 species (Fig. 1a). The catalyst preparation
procedure and calcination temperature at which Mo dimers
are formed and anchored to the zeolite acid sites are shown
in Fig. 1b. The geometry and pore size of the zeolitic catalyst
supports are shown in Fig. 1c and the scheme on how the
combination of Mo and the zeotype supports (acting as mo-
lecular sieves) promote methane conversion into benzene is
shown in Fig. 1d.

Role of the Mo precursor

A multidisciplinary approach involving catalyst characteriza-
tion, molecular dynamics simulations and experimental test-
ing under reaction conditions was utilized to evaluate the
role of the Mo precursor on the catalyst MDA performance.

POM-based catalyst characterisation. As a first step, Mog
and Mog precursors were characterized by FTIR to confirm
the suitable formation of the corresponding poly-
oxomolybdate structures (Fig. S2t). The XRD diffractograms
of the fresh ZSM-5 support and 5% Mo,/ZSM-5 calcined cata-
lysts revealed that the crystalline structure of the zeolite
remained unaltered after 5 wt% Mo loading, regardless of the
metal precursor employed (Fig. S37).

The Raman spectra of the Mo,/ZSM-5 samples calcined at
500 °C and 550 °C revealed that at 500 °C, Mo species still re-
main at the external surface of the zeolite in the form of
MoO; aggregates (Fig. S47), whereas at 550 °C, they are able
to migrate and anchor in the pores. The diffusion of Mo spe-

Polyoxoanion Impregnation

synthesis & calcination

(Mo precursors) (Mo -- acid sites)
a b {

Mo PRECURSOR
SUSPENSION

7.9A

11.9A
[M0;0,4]%
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(ZSM-5 and MCM-22 catalytic
supports, Si/Al = 20)
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cies at 550 °C is not instantaneous and, thus, the calcination
time must be also carefully selected. Fig. S5-S71 show how
the calcination time affects the MoO, crystal arrangement
and size for each of the polyoxomolybdates. Interestingly, the
TGA of the Mo precursors and fresh 5% Mo,/ZSM-5 samples
revealed noticeable differences in the thermal stability of
both precursors and catalysts. In Fig. 2a, the TGA and DTG
curves of Mo, show four mass loss steps at 124, 171, 280, and
779 °C in air. The first mass loss is assigned to the loss of
weakly bonded water molecules from the Mo, structure,
while the second and third mass loss steps correspond to the
evolution of ammonium ions followed by structurally interca-
lated crystalline water, respectively. The sudden weight loss
for the commercial salt Mo, at 779 °C indicates its sublima-
tion (commensurate with the appearance of the sharp peak
in the DTG curve). In contrast, Mo, and Mog showed excel-
lent thermal stability below 900 °C and their weight loss in
the temperature range of 250-360 °C is related to the loss of
solvent molecules and counter cations. Interestingly, Fig. 2b
reveals that the ZSM-5 based catalysts prepared with the
three different Mo precursors and calcined at 550 °C show a
different thermal stability above 700 °C. Initially, all samples
dehydrate at low temperatures and remain stable up to the
calcination temperature. However, above 700 °C, Mo sublima-
tion becomes evident although its evolution with temperature
differs between the three evaluated samples. The less stable
sample is, again, the catalyst that uses the commercial Mo
precursor. This suggests that the Mo species formed at the
zeolite surface and/or within the zeolite pores and, thus, the
interaction between Mo species and the support is somehow
different for the three precursors. In this regard, the different

Benzene production
. (methane dehydroaromatization
| on Mo/ZSM-5 and Mo/MCM-22)

d

A

9 & zeolite

® MoC, clusters

Shape-
selective
production
of aromatics

&)

5.8 A

Fig. 1 a) Geometry and dimensions of the polyoxomolybdate precursors, b) catalyst synthesis procedure: incipient wetness impregnation of the
different precursors followed by calcination at 550 °C to potentially form dimeric [Mo,Os]®* species at the acid sites of the support, c)
microstructure of the employed zeotype supports, ZSM-5 and MCM-22, and characteristic pore dimensions, and d) molecular reaction drawing to
illustrate the methane dehydroaromatization (MDA) process on the Mo/ZSM-5 catalyst.
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Fig. 2 Thermogravimetric analysis of a) Mo precursors Mog, Mo, and
Mog and b) fresh Mo,/ZSM-5 catalysts calcined at 550 °C.

coordination and/or oxidation state of molybdate species
among the three pre-calcined samples may impact the effec-
tive formation of the active Mo,C during the induction period
at the beginning of the reaction (Mo,O, + CH; > Mo,O,C, +
H,0 + CO), thus, leading to eventually different catalytic per-
formance. Concerning the eventual Mo sublimation during
MDA, all catalytic tests were performed at 700 °C where no
metal loss was detected. To validate the previous hypothesis

View Article Online
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on the different coordination of Mo species and the ZSM-5
support, the samples were characterized by XPS (Table 2).
This technique qualitatively confirmed Mo(v1) as the main ox-
idation state, i.e. M0O3, in all the fresh pre-calcined catalysts.
Nevertheless, the presence of Mo(v) in the Mos sample sug-
gests that the incorporation mechanism of Mo differs among
the three precursors. In the spent catalysts after MDA, how-
ever, the metal was reduced to lower oxidation states indicat-
ing, for instance, the presence of Mo,C (related to Mo°"). Tak-
ing into account that the penetration on the samples is
around 10 nm, the atomic composition obtained by XPS pro-
vides a good estimate of the metal distribution throughout
the sample.

Both Si/Mo ratio and weight content of Mo at the external
surface of the fresh samples reveal that: a) the bigger the Mo
precursor anion and the higher the bulk Mo load, the higher
the concentration of the Mo species at the surface; b) the
MCM-22 support is able to hold more Mo species within the
pores compared to ZSM-5.

Raman spectroscopy was performed to gain insight into
the MoO, structures formed in each of the different samples
by detecting the metal-oxide vibrational modes in all of these
powders (Fig. 3).

All the samples showed a wide band at 394 cm™ corre-
sponding to the reticular vibration of the zeolite. Addition-
ally, the band at around 295 cm™ is attributed to the bend-
ing mode of terminal Mo—0O in crystalline MoO; species and
1003 cm™' to the Mo=0O0 stretching mode in isolated molyb-
dates (only slightly perceived in the catalyst prepared using
the Mog octamolybdate precursor). The absence or very low
intensity of bands at 680 and 820 ecm™" corresponding to the
bending and stretching modes of the Mo-O-Mo bond sug-
gests good metal dispersion and the absence of big crystal-
line MoO; facets at the zeolite surface.*”™’ It seems that all
of the catalysts with 5% Mo show the characteristic dimeric
[M0,0;]*" species anchored to the zeolite support, since all
present the band at 960 cm™'. However, the greater intensity
of this band in the Mos sample is attributed to the vibration

Table 2 Mo oxidation states (Mo 3ds,,), atomic distribution and Mo load at the surface of the Mo,/ZSM-5 and Mo,/MCM-22 catalysts

Fresh catalyst

Spent catalyst

Fresh catalyst

Mo®* Mo*" Mo®* Mo®" Mo®* Mo* Mo®* Mo® Atomic Si/Mo Surface % wt Mo

5% Mog/ZSM-5 232.1° 233.3 229.3 230.7 233.7 34.6 3.7%
22%?° 78% 25% 10% 65%

5% Mo,/ZSM-5 232.0 233.4 229.0 230.1 232.5 234.0 31.5 4.1%
3% 97% 26% 12% 35% 27%

5% Mog/ZSM-5 233.0 229.3 230.4 234.2 16.2 6.5%
100% 15% 34% 51%

5% Mo,/MCM-22 233.5 229.2 230.4 233.7 37.7 3.4%
100% 11% 19% 70%

5% MO0g/MCM-22 232.4 233.6 228.9 230.9 233.2 48.4 2.9%
38% 62% 21% 33% 16%

8% Mog/MCM-22 233.3 229.4 230.5 233.8 25.4 4.6%
100% 18% 42% 40%

10% Mog/MCM-22 232.8 229.0 230.2 233.8 21.2 5.0%
100% 25% 35% 40%

“ Binding energy (eV). ” Abundance of the Mo oxidation state in the sample (%).
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Fig. 3 Raman spectra of the catalysts with different Mo precursors
(5% Mo loading).

of a greater number of molecular molybdate-support bonds.
Analogously, the lower intensity of this band for the samples
prepared with Mo, and Mog precursors is attributed to the
lower presence of anchored (MoO,)"" species and, thus, is at-
tributed to more Mo clustering and poorer dispersion. This
hypothesis was further confirmed by TEM, STEM-EDX and
2’Al MAS NMR. As can be observed in Fig. 4, the bigger the
size of the initial polyoxoanion (Mo precursor), the bigger
and less disperse the size of Mo oxide clusters on the zeolite
support. The high metal dispersion in 5% Mos/ZSM-5 is par-
ticularly remarkable. Accordingly, >’Al MAS NMR characteri-
zation suggested that the use of Mog as the precursor was
detrimental for the synthesis of 5% Mo/ZSM-5. Mog/ZSM-5
showed significant dealumination of the zeolite support and
generation of both superficial and bulk Al,(MoO,); species in
contrast to Mo or Mo,. Mos was the precursor that mini-
mized both dealumination and generation of aluminum
molybdate crystallites at the external surface (Fig. S8f). In
agreement with the previous observation, N, adsorption
measurements indicate that the use of the Mos precursor
leads to the smallest pore volume and a surface area decrease
with respect to the fresh zeolite support and, thus, leads to
greater metal dispersion (Table 3). The detailed pore size dis-
tribution of the pristine and impregnated zeotype supports
with 5% Mo is observed in Fig. S9.}

Activity tests of 5% Mo,/ZSM-5 catalysts under MDA. The
catalytic performance of Mo,/ZSM-5 with different POM-
based Mo precursors at a load of 5% wt was tested for meth-
ane coupling to higher hydrocarbons under non-oxidative
conditions. The observed product selectivity and CH, conver-
sion results are shown in Fig. 5.

The Mo¢/ZSM-5 catalyst exhibited the highest methane
conversion among the three catalysts in our study. For in-
stance, methane conversions for the three catalysts after 4
hours on stream are Xxcy.n (5% Mog/ZSM-5) = 11.6%;
Xcuan (5% MO,/ZSM-5) = 11.2%; Xcg an (5% MOg/ZSM-5) =
6.5%. These differences in the MDA performance may

This journal is © The Royal Society of Chemistry 2019
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5%Ma;/MCM-22 10%Mog/MCM-22

20nm

Fig. 4 TEM images of the fresh catalyst synthesized with different
polyoxomolybdate precursors and zeolite supports: a) 5% Mog/ZSM-5,
b) 5% Mo;/ZSM-5, and c) 5% Mog/ZSM-5. d) STEM-HAADF images of
5% Mo7/ZSM-5 with EDX data to illustrate the presence of Mo nano-
clusters, e) 5% Mog/MCM-22, and f) 5% Mo;/MCM-22. STEM-HAADF
micrographs of Mog/MCM-22 with Mo loads: 5% (g), 8% (h) and 10% (i).

be attributed to the different accessibility of CH, to the
Mo sites, which also depends on the Mo dispersion on
the support.

The Mo,/ZSM-5 catalyst showed the highest initial selectiv-
ity towards aromatics, i.e. benzene and naphthalene (Fig. 5b),
however, it was not as stable as the Mo, sample which, after
3 h of reaction, exhibited the highest stable production of
benzene Y g, of ca. 4.5%.

In contrast, the catalyst containing the Mog precursor
showed the lowest CH, conversion and thus the lowest hy-
drocarbon productivity. This poor performance could be at-
tributed to Mo remaining on the surface of the catalyst (as
indicated by the comparatively larger MoO; aggregates ob-
served by STEM-HAADF). Moreover, this catalyst displayed a
greater tendency for coke formation (Fig. 5¢), with Scoke (an)
roughly 49% higher than that for the Mos catalyst. The
spent catalysts after 15 hours on stream were subjected to
regeneration under the conditions stated in the Experimen-
tal procedure section until CO, was not detected in the out-
let gas.

A second MDA reaction cycle was carried out with the reg-
enerated catalysts to evaluate the effect of the reaction-
regeneration cycles on metal dispersion and catalyst stability
for the two most suitable candidates according to the previ-
ous results, i.e. Mog/ZSM-5 and Mo,/ZSM-5.

The performance of the fresh and regenerated catalysts,
together with the STEM-HAADF micrographs of the fresh,
spent and regenerated catalyst samples is depicted in Fig. 6.
During catalyst regeneration and coke burning, Mo species
sintered and partial migration towards the outer surface of
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Table 3 Surface area, pore volume and metal load of the Mo-based catalysts
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BET surface area

Max. pore volume

Sample (mb ¢! zeolite) (em® g7* zeolite) Metal load® (wt%) Metal load” (Wt%)
H-ZSM-5 571 +4 0.198 — —

5% Mog/ZSM-5 452 + 2 0.155 4.7 + 0.1 4.9+ 0.2

5% Mo-/ZSM-5 438 + 2 0.151 4.7 £ 0.1 4.9 + 0.7

5% Mog/ZSM-5 436 + 3 0.151 3.9+0.2 4.0 £ 0.5

MCM-22 768 + 3 0.262 —

5% Mog/MCM-22 685 + 2 0.248 4.5+ 0.5 44 +04

8% Mog/MCM-22 551 +2 0.180 7.6 £0.3 7.7 +1.0

“ Determined by MP-AES.  Determined by SEM-EDX.

— SCO
— SCGHG

CH, conversion or HC selectivity (%)

T

5% Mo;/ZSM-5
\ \
—5C10¢ o SC10HS
— SC3 — SC2HG

Time on stream, t (h)

— SCTHS
— SCOHA

Fig. 5 CHy4 conversion and hydrocarbon product selectivity for MDA on 5% Mo,/ZSM-5 using Mog (a), Mo, (b) and Mog (c) as Mo precursors.
Experimental conditions: 1500 mL gc.: * h™%, 700 °C, 1 atm, CH,4: N, = 80:20.

the zeolite occurred. Consequently, the easier access of meth-
ane molecules to the metal surface and partial pore blocking

by the clusters, led to an increase of methane conversion and
selectivity to C,. Interestingly, the sample prepared with Mog

5%Mog/ZSM-5 5%Mo,/ZSM-5

Fresh

Spent

50 nm

Regenerated

50 nm

Hydrocarbon yield, Yy (%)

10%

8% A

5%Mog/ZSM-5
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O Regenerated

Time on stream, TOS (h)
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18% 10%

16%

8% 4
14%

.
R
X

=
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*

CH, conversion
Hydrocarbon yield, Yy (%)
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Time on stream, TOS (h)
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[ 2%
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CH,4 conversion

Fig. 6 STEM-HAADF micrographs of the fresh (a and b), spent (c and d) and regenerated (e and f) 5% Mog/ZSM-5 (a, c and e) and 5% Mo;/ZSM-5
(b, d and f) samples. MDA performance of the fresh and regenerated 5% Mog/ZSM-5 (g) and 5% Mo7/ZSM-5 (h) catalysts. Operating conditions: 700

°C, 1500 mL geac * h™%, CH,4: N, = 80: 20.
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as the precursor formed smaller aggregates after regeneration
(Fig. 6e), keeping higher metal dispersion and promoting
benzene yield with respect to the conventional
heptamolybdate impregnation catalyst (Fig. 6g and h).

Fig. 6f reveals the partial accumulation of Mo species in
the form of filaments at the zeolite surface of Mo,/ZSM-5,
suggesting that the coking mechanism may proceed differ-
ently between Mog- and Mo,-based samples. The observation
of carbon nanotubes and fibers in spent Mo,/ZSM-5 and its
absence in Mog/ZSM-5 may explain the stronger methane
conversion and benzene yield decay along the time on stream
(Fig. 6h) using the fresh Mo,/ZSM-5 catalyst.

Molecular dynamics simulations of Mos, Mo, and Mog. By
aiming to investigate the interactions in aqueous solution be-
tween the three experimentally tested precursors and the
ZSM-5 surface, we conducted molecular dynamics (MD) simu-
lations to gain insight into the interactions governing the im-
pregnation process. It has to be pointed out that, although
these interactions play an important role in many catalytic
processes,*®™" this is the first time to the best of our knowl-
edge that these interactions have been characterized at the
atomic level using MD simulations. Specifically, we simulated
the aqueous solutions of [MogOyo]", [M0,0,4°" and
[M0gO,6]*" anions (labelled as Mos, Mo, and Mog, respec-
tively), in contact with the ZSM-5 surface, as shown in Fig. 7.
The overall charge of the system was neutralized with sodium
cations in both cases.

The visual analysis of the trajectories revealed that the
analysed anions behave rather differently over the zeolite sur-
face. While Mo, and Mog anions spend most of the time in
the solvent bulk and approach the zeolite in scarce occasions,
Mo, anions appear to be more prone to interact with the sur-
face. This is reflected in Fig. 8a, in which the density of Mo,
anions at the solvent-zeolite interface is much higher than
those of Mo and Mog. The latter two present a more homo-

(a) | | ()
Mog Mo,
l Mog
(b)
26.8 A -
58.5A
RS Re] -
“0)2;<(’ 402A ‘
{:’(ﬂ{‘;}‘\ Q :
z .4 .
‘):(Y zZ | * Mog ﬁ
" L,
y
Fig. 7 a) Polyhedral  representation of the  analyzed
polyoxomolybdates, [MogO19]>” (Mog), [M0,0241®" (Mo;) and
[MogO,6l*” (Mog); b) view of the periodic cell employed in the

simulations along the y axis, which is perpendicular to the zeolite
surface; c¢) snapshot of the simulated systems with Mog (top), Moy
(middle) and Mog anions (bottom) at the beginning of the simulation.
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geneous distribution in the range of distances covered by the
solution, indicating a lower affinity to the surface. In fact,
while only short-lived contacts lasting no more than 800 ps
were observed between Mo and ZSM-5, Mo, anions were
found to be anchored on the ZSM-5 surface for dozens of
nanoseconds. Mog anions are found in an intermediate situa-
tion, as their contacts with the surface can last up to 2.5 ns.
In the case of Mo, the first anion reaches the surface after 2
ns of simulation and interacts there until the end of the sim-
ulation. The same phenomenon was observed for the second
Mo, unit that comes in contact with the zeolite after ca. 14
ns of the MD run. The third unit keeps moving through the
solvent subject to Brownian motion during the whole simula-
tion, most likely because the presence of two polyanions al-
ready deposited on the surface makes the adsorption of the
third one less favourable due to electrostatic repulsion. The
trends in the residence time of each anion on the ZSM-5 sur-
face can be correlated to the charge density of the anion, esti-
mated as the charge per metal ratio (g/m). This parameter
has been extensively used in POM chemistry as a descriptor
of the charge density at the surface of the polyoxoanions and
in fact, it nicely correlates with the Brensted basicity of
POMSs>? or with their hydrophilic characteristics.*" Therefore,
Mo, (g/m = 0.86) is the anion among the series bearing the
highest charge density, followed by Mog (g/m = 0.50) and fi-
nally Mos (g/m = 0.33). For the association of POMs to hydro-
phobic bodies such as proteins, it has been observed that
high charge densities can result in structures that are too

(a) = Mo, == Mo, Mog
0.4
= solution solution
<'.’E 03
bl /\ sio ‘U
202 | ‘ 2 \
2
2 o1y \\ ‘\
® 0o KN A |
0 50 100 150
distance (A)
) [Mog]> l [Mo;]¢
I ,173
‘~‘~—~'an-’Am
Eiy=-8.1 E,m =-43.5

Fig. 8 a) Density of Mog (blue line), Moy (orange line) and Mog (green
line) along the y axis of the simulation box averaged over 100 ns of
simulation; b) and c) representative snapshots of the interaction of
Mog and Mo, on the ZSM-5 surface. Solvent molecules were omitted
for clarity. Distances are given in A. Eine (kcal mol™) represents the
non-bonding interaction energy between an individual anion and the
zeolite averaged over 3 POMs and over all the frames in which there is
at least 1 hydrogen bond between the POM and the zeolite (H-bond
criteria: d < 3.5 A; Z(O-H---OPOM) < 130°); optimised structure of the
model system used to calculate the encapsulation energy of Mog in-
side a pore of ZSM-5: (d) top view and (e) side view. Highlighted oxy-
gen atoms remained fixed during the geometry optimization at the po-
sition of the crystal, and they were capped with hydrogen atoms.
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hydrophilic to provide persistent interaction. However, the
polar characteristics of the ZSM-5 surface and its pores full of
water molecules favour the association of highly charged an-
ions such as Mo..

Fig. 8b and c show the representative snapshots of the
interaction of Mo and Mo, on the zeolite surface. These in-
teractions mainly involve hydrogen bonds between hydroxyl
groups at the zeolite surface acting as donors and the basic
oxygen atoms of the POM framework, being the terminal oxy-
gens participating more actively in the contacts since they are
more exposed. These hydrogen bonds lay within a range of
distances from 1.6 to 2.4 A and thus, they can be classified as
moderate H bonds in which the interaction is mostly electro-
static. Accordingly, the strength of these attractive interac-
tions was found to be strongly dependent on the charge of
the cluster. Those concerning the least charged Mo, are weak
(Eine = —8.1 kcal mol™ in average) and involve an average
number of 1.3 hydrogen bonds, with a maximum number of
4. Oppositely, the Mo, anion, which bears the highest charge
density among the series, affords much stronger and conse-
quently, more persistent interactions with ZSM-5 (Ej,. = —43.5
keal mol™ in average). In line with the fact that Mog behaves
similarly to Mos, it also provides weak interactions with the
surface (Ei, = —9.6 kcal mol™ in average). Interestingly, we
found that the topology of Mo, does allow the formation of
not only a larger number of H bonds with Si-OH groups (3.1
in average, with a maximum of 7), but also stronger ones
(interaction energy per H bond is —6.2 kcal mol ™" for Moy vs.
-14.0 keal mol™ for Mo,). The nature of these interactions in-
dicates that the adsorption of Mo, on the surface of the zeo-
lite has a less reversible character than that of Mog or Mog.
Unlike Mo, Mos and Moy are freer to move through the sur-
face and in and out the solvent. This fact could be related to
the higher catalytic activity when using Mo, as the precursor
compared to Mo, as the latter is not as likely to move from
the surface into the pores as Mos, which is less prone of be-
coming trapped at the surface by silanol groups. Therefore, it
is reasonable to think that Mo-carbides resulting from calci-
nation of Mo, might be more prone to remain on the surface
instead of inside the pores, which is detrimental for the cata-
lytic activity.

On the other hand, the experimentally observed differ-
ences between Mo, and Mog cannot be rationalized from
their behaviour at the solution/zeolite interface. As the higher
activity when using the Mos compared to Mog may arise from
the fact that the smaller anion can get into the zeolite pores
more easily, we evaluated the ability of Mos to move into the
ZSM-5 structure using a cluster model for the zeolite (see
Fig. 8d and e). Although Mo, appears to have the right size
and shape to fit inside a pore, we found that this process is
highly electronically unfavourable (AE ~ +100 kcal mol™).
This suggests that, as with the other precursors, the Mo, clus-
ter might have to break into smaller fragments to reach the
internal part of the pores. In fact, Mukai et al. reported the
synthesis of a Keggin-type phosphomolybdate with
[PMo,,040] inside the supercages of a Y-zeolite®*** which
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are connected by windows of 7.4 A in diameter. They reported
that most of the synthesized POM remained in the sample af-
ter several washing steps, which was attributed to the fact
that Keggin anions are sterically trapped inside the pores, as
they possess a very large diameter to move through the win-
dows. Analogously, Chen et al.>® reported that, although the
phosphomolybdate cannot penetrate the pore system of the
ZSM-5 zeolite, molybdenum species coming from Keggin-type
phosphomolybdate can be encapsulated in the secondary
pores of nanocrystalline ZSM-5. Particularly, these authors
found that the use of [PM0;,0,4,]’" as the Mo precursor im-
proved the activity of n-octane conversion on Mo-Ni/ZSM-5
catalysts. Considering that the diameter of Keggin anions is
only about 2.3 A larger than the Lindqvist (Mog) one and that
the diameter of ZSM-5 windows is ca. 5 A, it might be reason-
able to think that Mog is too large to cross the pore windows
in one piece. This is further supported by the highly unstable
nature of the anion inside the cage. By gathering all these re-
sults, we hypothesised that the thermal decomposition of
Mo, might lead to a higher and more disperse amount of cat-
ionic dimers [Mo,05]** with the ability to anchor to the acid
sites of the zeolite compared to that of Mog, which might give
a wider mixture of species upon calcination, some of them
being useful and some others detrimental to the catalytic ac-
tivity, such as MoOj;. The intricate mechanisms of metal ox-
ide decomposition are out of the scope of this work and in
this regard, future work will be devoted to the characterisa-
tion of the intermediates and products in the thermal decom-
position of polyoxomolybdates moving towards the rational
selection of catalyst precursors for improved supported
catalysis.

Role of the support

With the aim to increase the selectivity to benzene, we se-
lected a support (MCM-22) with a smaller pore size than
ZSM-5 and very similar to the size of the dynamic diameter
of the benzene molecule (Fig. 1c).* Therefore, by keeping the
same metallic load (5 wt% Mo), the effect of changing the
support to MCM-22 was evaluated with the two poly-
oxomolybdate precursors that exhibited higher benzene pro-
ductivity: Moe and Mo, (Fig. 9).

As a general observation, methane conversion on MCM-22
is slightly lower (e.g. roughly 10.1% in the case of ZSM-5, and
9.0% for MCM-22 after 5 hours on stream) but this support
leads to less coking and higher stability with respect to the
time on stream (Fig. 9a). In addition, MCM-22 is more selec-
tive to benzene than ZSM-5.

Regardless of the selected zeotype support, the catalysts
prepared with Mogs as a Mo precursor outperform the cata-
lysts prepared with the commercial salt (Mo;), both in terms
of stability and aromatics productivity.

For instance, benzene productivity after 5 hours on stream
for each tested sample was 6.1% in the case of Mos/MCM-22,
5.1% for Mo,/ MCM-22, 4.1% in the case of Moy/ZSM-5 and
just 3.7% for Mo,/ZSM-5, respectively (Fig. 9b and c).

This journal is © The Royal Society of Chemistry 2019
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h™ (CH,4: N, = 80:20), where x = 6 or 7.

The STEM-HAADF micrographs of the spent and regene-
rated 5% Mo,/MCM-22 samples also revealed the presence of
bigger coke aggregates (spent) and superficial Mo-oxide clus-
ters (regenerated) in the sample prepared using the commer-
cial heptamolybdate species (Fig. S41). This further supports
the previous results on ZSM-5, illustrating the improved
stability of the Mo,/MCM-22 catalysts prepared using Mo, as
the precursor.

Up to this point, the combination of 5% wt Mos and
MCM-22 has led to the highest and most stable benzene
yield.

Role of the metal load

Following up the previous results, the catalytic performance
of the most promising sample, i.e. Mos,/MCM-22, is evaluated
for the MDA reaction process using different Mo loadings (5,
8 and 10 wt%).

x% Mog/MCM-22 catalyst characterisation. N, adsorption
results (Table 3) illustrate the effect of the metal load on the
specific surface and total volume of micropores of the fresh
Mos/MCM-22 samples. It is observed that both the surface area
and the pore volume decrease as the metal load increases.

This behavior is related to the accumulation of Mo species
formed during the calcination, either as oxides or molybdate
dimers, that generate both saturation of the zeolite channels
(IM0,05]’") and partial blockage of the pores (MoOj3). As the
STEM-HAADF images indicate, the excess Mo accumulates in
the form of Mo aggregates on the support surface (Fig. 4).
These micrographs confirm the formation of large Mo clus-
ters at 8 wt% Mo load (Fig. 4h) as well as large external crys-
tals on the surface of the support containing 10 wt% Mo
(Fig. 4i). Importantly, these clusters are thought to be respon-
sible for both the very high initial catalytic activity and the
fast deactivation due to coking of the 10% Mos/MCM-22 sam-
ple (Fig. 10).

This journal is © The Royal Society of Chemistry 2019

The XRD diffractograms of the three samples confirmed
the formation of large external Mo clusters at 8% and 10% Mo
loads, as revealed by the characteristic MoO; peak at 23.3°
(Fig. S101). The 5% Mo/MCM-22 sample, however, does not
present any peak at this diffraction angle, thus, indicating a
good overall metal dispersion within the MCM-22 pores. In ad-
dition, the Raman spectra showed that new peaks related to
crystalline MoO; appeared at 670, 820, and 1000 cm™" for the
8% Mo and 10% Mo samples, which supports the XRD results.
The XRD and Raman results for the three considered MCM-22
based catalysts are discussed in detail in the ESI} (Fig. S10).
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Activity tests of x% Mos/MCM-22 catalysts for MDA. The
catalytic performance of x% Mos/MCM-22 with different Mo
loads was tested for methane dehydroaromatization and the
obtained product selectivity and CH, conversion results are
presented in Fig. 10. The 5% Mos/MCM-22 catalyst exhibited
the best stability and benzene selectivity compared with those
with 8 and 10% loadings. The sample with 8% Mo leads to

View Article Online
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the highest transient aromatics yield after the first 3 hours
on stream, although benzene productivity dropped below that
achieved by the sample with 5% Mo after some hours on
stream. Fig. 10c shows that the increased metal loading in
the catalyst leads to consistent production of coke and
undesired selectivity towards Cyo. aromatics. The selectivity
shift may be again related to the load excess and
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consequently to the formation of large clusters of MoO,C,, on
the surface of the MCM-22 support that partially blocks the
micropores of MCM-22, as previously discussed. As a result,
we conclude that it is important to maintain the trade-off be-
tween Mo loading and acidic sites of the zeolite support for
an effective catalyst activity.

Results compared with those of the state-of-the-art cata-
lysts for MDA in the literature. Fig. 11 shows the comparison
of the highest transient aromatics production data from the
literature reported MDA catalysts, including the results of the
catalysts developed in this research. Fig. 11a shows the over-
view of methane conversion and benzene selectivity ranges
for the MDA process. This figure reveals that the state-of-the-
art catalysts based on Mo supported on diverse zeotypes
(ZSM-5, MCM-22, IM-5, ITQ-2, TNU-9, MCM-36, etc.) are able
to convert methane into aromatics, typically at 700 °C, and
that the highest transient productivity is in the range of 5-
9% for the vast majority of the reported catalysts. Typically,
these catalysts achieve their optimal aromatics production
performance within 1-2 hours on stream, just after the in-
duction period. Thereafter, both activity and aromatics selec-
tivity tend to decay due to the coke deposition on the active
sites of the catalyst. Since Fig. 11a does not provide informa-
tion on the stability of the reported catalysts, but just on the
best transient MDA results obtained for the most promising
Mo-based catalysts, these samples cannot be directly com-
pared. To establish a fair comparison in terms of catalyst sta-
bility among the samples that provide the highest transient
aromatics yield (Yge+ > 8%) and the best catalysts developed
in this work, methane conversion and aromatics selectivity
values of all the samples were compared after 18 hours on
stream (Fig. 11b).

The following aromatic compounds present in the product
gas were included in the calculation of the selectivity to aro-
matics for samples 5% Mos/MCM-22 and 8% Mos/MCM-22:
benzene, toluene, naphthalene (main MDA product), o-, m-
and p-xylene, ethylbenzene, anthracene and C,,. (traces). By
plotting these results, it is clear that the main advantage of
the 5% Mos/MCM-22 catalyst is that it maintains a nearly
constant aromatics yield for more than 18 hours on stream
thanks to the joint effect of the MCM-22 support and
hexamolybdate Mo precursor. Crucially, the excellent metal
dispersion on this sample helps to minimize coke production
and maintain stable aromatics productivity in comparison to
the best Mo/ZSM-5 and Mo/MCM-22 samples reported in the
literature for the MDA process,">”®>” for which the yield
drops faster. Nonetheless, except for the best Mo-based cata-
lyst to date, which keeps an outstanding 9% aromatics yield
after 18 hours on stream but contains a 16% wt Mo load,”®
the rest provide similar long-term aromatics productivity to
5% Mos/MCM-22, although keeping lower selectivity.

Conclusions

The dispersion of MoO, species was found to be the key fac-
tor to enhance the catalytic stability of Mo/ZSM-5 and Mo/

This journal is © The Royal Society of Chemistry 2019
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MCM-22-based catalysts for the non-oxidative coupling of
methane.

A homogeneous metal load distribution was observed in
the case of 5% wt loading, regardless of the zeotype support.
Samples with higher metal loads (8 and 10 wt% Mo) did not
improve the MDA process yield towards aromatics, but rather
resulted in the formation of MoO; aggregates at the surface
of the support that led to rapid catalyst deactivation.

The characterization of the interaction between the differ-
ent POM anions and ZSM-5 by means of MD simulations
evidenced strong and highly persistent interactions between
ZSM-5 and Mo, whereas Mog and Mog showed much weaker
and shorter interactions due to their lower charge density.
The trapping of Mo, at the surface could hamper the deposi-
tion of molybdenum oxide fragments inside the pores upon
calcination, in line with the lower catalytic activity observed
for this precursor.

In contrast, Mog exhibits weaker contacts with the surface
that might result in higher preference for loading molybde-
num oxide inside the zeolite structure rather than on the sur-
face. Although the Mog precursor also interacts weakly with
the zeolite surface, it shows lower catalytic activity than Mo,
presumably due to the formation non-catalytically active spe-
cies during the calcination process.

The laboratory-synthesized MCM-22 support outperformed
the commercial ZSM-5 zeolite in terms of stability (less cok-
ing) and benzene yield (main product of interest). The Mo
precursor based on the polyoxomolybdate [(C,Ho),N],[Mog-
0,9] “Mog” was found to be more active and selective towards
benzene than the commercial polyoxomolybdate salt
(NH3)6[M0,0,,]-4H,0.

The 5% Mog/MCM-22 catalyst displays superior stability
(pseudo-steady-state benzene yield for 18 hours on stream)
and high transient selectivity to aromatic compounds
(>75%), working at 700 °C with a diluted methane flow
(CH,4:N, = 80:20) under atmospheric pressure with a spatial
velocity of 1500 mL g, * h™. Importantly, the catalysts pre-
pared with the “Mog” precursor are among the most promis-
ing catalysts for methane dehydroaromatization found in the
literature and these results pave the way for the selection and
use of other types of polyoxometalates as precursors to be
used in formulations to further improve on the well-
established (standard) precursor, heptamolybdate.
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