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Abstract: Methane, the main component of natural gas, is an interesting source of chemicals and
clean liquid fuels, and a promising alternative raw material to oil. Among the possible direct routes
for methane conversion, its aromatization under non-oxidative conditions has received increasing
attention, despite the low conversions obtained due to thermodynamic limitations, because of its
high selectivity to benzene. Mo/H-ZSM-5, the first bifunctional zeolite-catalyst proposed for this
reaction, is still considered as one of the most adequate and has been widely studied. Although the
mono- or bifunctional nature of the MDA mechanism is still under debate, it is generally accepted
that the Mo species activate the C-H bond in methane, producing the intermediates. These will aro-
matize on the Bronsted acid sites of the zeolite, whose pore dimensions will provide the shape se-
lectivity needed for converting methane into benzene. An additional role of the zeolite’s Brensted
acid sites is to promote the dispersion of the Mo oxide precursor. Here, we show the influence of
the different preparation steps—metal incorporation, calcination and activation of the Mo/ZSM-5-
on the metal dispersion and, therefore, on the activity and selectivity of the final catalyst. Metal
dispersion is enhanced when the samples are calcined under dynamic conditions (DC) and acti-
vated in N2, and the benefits are larger when the metal has been incorporated by solid state reaction
(SSR), as observed by FESEM-BSE and Hz-TPR. This leads to catalysts with higher activity, increased
aromatic selectivity and improved stability towards deactivation.
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1. Introduction

The chemical industry is rapidly evolving towards the use of more efficient and sus-
tainable processes. Two key factors in this line are the application of heterogeneous cata-
lysts, on the one hand, and the use of alternative raw materials, on the other. Regarding
the substitution of conventional feedstocks, such as oil or coal by others, environmentally
friendlier, this can be approached in two different ways. One of them is the recycling and
upgrading of waste materials as one of the possible routes for contributing to a circular
economy by reducing the exploitation of natural resources. Some of these wastes are plas-
tics [1-3] and biomass derivatives [4-6], which can be used for the production of chemical
building blocks, such as olefins and aromatics, or fly ash that can be transformed into
nanoporous materials with different applications. The other option is the substitution of
oil and coal by methane, major component of natural gas, which, despite its fossil origin,
presents a higher hydrogen to carbon (H/C) ratio and a smaller environmental footprint
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than oil [7-10]. The interest in methane as an alternative raw material has increased sub-
stantially due to the recent discovery of large reserves of shale gas, coalbed methane and
methane clathrates, resulting in a high availability and low cost of natural gas [11-16].

There are two main routes for methane conversion, e.g., by means of indirect or direct
processes. The indirect conversion of methane to chemicals and fuels through the inter-
mediate formation of the more reactive synthesis gas mixture (syngas, CO + Hz), a mixture
of Hz2 and CO obtained by reforming or partial oxidation, is currently the only process
industrially applied [17-19]. Syngas is then converted, in a second step, to hydrocarbons
by means of the Fischer-Tropsch synthesis [15,20-22], into light olefins or gasoline with
methanol as an intermediate [15], or into DME in a single stage [20]. However, these indi-
rect routes involve high energy requirements and, consequently, large COz emissions, and
this has led to an active research into alternative processes for the direct conversion of
methane into hydrocarbons of interest [8], despite the challenge associated to the high
chemical stability of the methane molecule. Direct methane upgrading can be approached
under oxidative and non-oxidative conditions [15,20,22]. The oxidative routes involve the
use of oxygen, which is beneficial, as it will increase the reaction rate by shifting the ther-
modynamic equilibrium. However, kinetically it will limit the yields to the desired pri-
mary products that are much more reactive than methane under the experimental condi-
tions used, and which will be further converted into combustion products. This has pre-
vented the commercial application of the oxidative methane conversion processes so far
[21]. Given the limitations of the oxidative processes, the methane dehyroaromatization
reaction (MDA) has gained interest in the last decades [23,24] because of its high selectiv-
ity to hydrocarbons, mainly ethylene and benzene, which are of great interest as a raw
material for the petrochemical industry, and the additional production of hydrogen.

Methane dehydroaromatization takes place in the presence of bifunctional catalysts
based on transition metal loaded acid zeolites. Among the different metals proposed, Mo
is the best performing and has been the most studied [25]. Regarding the zeolites, medium
pore structures with pore dimensions close to the dynamic diameter of benzene, the de-
sired product [23], are the most selective [26,27]. Among the 10-ring zeolites, ZSM-5 [28-
31] and MCM-22 [30,32-38] have been thoroughly studied and are the most efficient in
terms of benzene yield and catalyst life. However, other medium pore zeolites have also
been reported as active for MDA, such as IM-5 [39-41] or TNU-9 [41,42].

Regarding the reaction mechanism and the active sites involved, it is widely accepted
that methane is first activated on the Mo sites and that the reaction intermediates formed
will further oligomerize, cyclate and dehydrogenate on the Brensted acid sites [34,43—49].
In the last few decades, a large effort has been made trying to identify the active species,
as well as their formation and how these are affected by the physical-chemical properties
of the zeolite used as support [50-56]. Moreover, according to the literature, the incorpo-
ration procedure of the molybdenum into the zeolitic material can have an important im-
pact on the physico-chemical properties of the final Mo/zeolite catalyst [49,57]. Although
different procedures have been described to prepare the Mo/ZSM-5 catalysts, the most
employed technique for Mo incorporation is the incipient wetness using ammonium hep-
tamolybdate (AHM) as the metal precursor [43]. The large [M070245"] anions are located
mainly on the external surface of the zeolite [58], and the MoOs crystals are formed by
calcination at temperatures in the range of 623 to 773 K. Iglesia et al. [50,55,59] proposed
the preparation of the Mo/ZSM-5 catalyst by solid state ion-exchange, by physically mix-
ing molybdenum trioxide with the zeolite followed by a calcination step that will force
the migration of the Mo species from the external surface into the zeolite micropores. The
cationic Mo species, anchored to the zeolite framework, have been identified as the active
sites responsible for the selective conversion of methane into aromatics, whereas the pres-
ence of Mo clusters at the external surface of the zeolite has been related to the formation
of coke [49].

Although a proper dispersion degree and location of the Mo-oxo species has been
shown to be key for an optimum methane conversion and benzene selectivity, the active
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sites are not the starting oxides, but the Mo-oxo-carbide species formed by reduction of
the former by the methane feed in the first stage of the MDA process [47,60,61]. Thus, the
reducibility of the starting Mo-oxo species, directly related to their size and location, will
play a determinant role. Regarding the contribution of the Brensted acid sites (BAS), they
are known to promote the dispersion of the metal species into the zeolite micropores [62].
Although not essential for dehydroaromatization, as evidenced by Hensen [63], the BAS
also enhance the conversion of the intermediates formed on the Mo-species into the de-
sired aromatics [59,64,65]. Recent studies propose the contribution of a hydrocarbon pool
mechanism to the MDA reaction [46—48,66,67], similar to the one described for the meth-
anol-to-hydrocarbon (MTH) process.

In the present work, we have studied the influence of the different preparation steps
on the physico-chemical properties of the final Mo/ZSM-5 catalyst and, consequently, on
their catalytic performance for the MDA reaction. The same parent ZSM-5 zeolite and Mo
content (6 wt. %) have been used in all cases, so that the location and dispersion of the
metal will only depend on the preparation procedure. Thus, on the one hand two Mo
incorporation methodologies have been compared, incipient wetness (IW) and solid-state
reaction (SSR). On the other, these two samples have been calcined in a muffle, under a
static air atmosphere (SC—static calcination) or in a fixed bed reactor under air flow
(DC—dynamic calcination). An additional N2 treatment will be shown to be beneficial
when the samples are prepared by SSR, as it favors the reduction of the MoO:s clusters, their
dispersion on the external surface, and the migration of Mo-species into the micropores of
the zeolite and leading to the best performing catalysts among the four compared, in good
agreement with previous results reported by Bao [68] and Sedel nikova [69].

2. Experimental Section
2.1. Catalyst Preparation

Four Mo/ZSM-5 (6 wt. % Mo) were prepared using a commercial ZSM-5 sample with
Si/Al molar ratio of 10 (TZP302A, supplied by TRICAT Catalysts Technologies, acquired
by Siid-Chemie, now Clariant, https://www.clariant.com, accessed 11/06/2021) as acid
support. This zeolite, originally in its ammonium form, has a heterogeneous crystal size
distribution (see Figure S1), an average crystal size close to 1 um, and is denoted as Z5.
The Mo-loaded catalysts have been prepared following two different metal incorporation
procedures, e.g., incipient wetness impregnation (IW) and solid-state ion exchange reac-
tion (SSR). The metal precursor employed for the incipient wetness impregnation is am-
monium heptamolybdate tetrahydrate (99% Merck, (NHg)sM07O24-4 H,O). After impreg-
nation, the catalyst was dried at 373K overnight followed by a calcination in air at 773 K
for 3 h, under static conditions in a muffle (MoZ5-IW-5C) or under dynamic conditions in
a fixed-bed reactor (MoZ5-IW-DC). For the solid state reaction, the zeolite was physically
mixed with molybdenum (VI) oxide (299.5% MoOs, Sigma-Aldrich, https://www.sigmaal-
drich.com, accessed 11/06/2021) and calcined in air at 723 K for 10 h in a muffle (Mo-Z5-
SSR-SC) or in a fixed-bed reactor (MoZ5-SSR-DC). Part of the two catalysts prepared by
SSR has been pre-treated in nitrogen (15 mL/min), by heating from room temperature (Tr)
to 923 K at a rate of 10 K/min and cooling down to Tr. These nitrogen-treated samples
have been labelled as M0oZ5-SSR-SC-N2 and MoZ5-SSR-DC-No.

2.2. Characterization Methods

Fresh catalysts were characterized by X-ray power diffraction (XRD) recorded in a
Philips X'Pert diffractometer equipped with a graphite monochromator, operating at 40
kV and 45 mA, and using nickel-filtered Cu Ka radiation (A = 0.1542 nm).

The bulk chemical composition of the catalysts was analyzed in a 715-ES ICP-Optical
Emission spectrometer, after dissolution of the solids in a HNOs/HF solution.

Textural properties were determined from the nitrogen adsorption isotherm, meas-
ured at 77 K on a Micrometrics ASAP 2010 volumetric adsorption analyzer. Surface area
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and micropore volume values were obtained by applying the BET equation [70] and from
the t-plot graph [71], respectively.

The relative concentration of acidic sites in the different samples was obtained by FT-
IR spectroscopy using pyridine as the probe molecule. Pyridine adsorption—desorption
experiments were carried out on self-supported wafers (10 mg/cm) of samples activated
at 673 K and 102 Pa for 2 h. After wafer activation, the base spectrum was recorded, and
pyridine vapor (6.5 x 102 Pa) was admitted into the vacuum IR cell and adsorbed onto the
zeolite. Desorption was performed in vacuum over three consecutive 1-h periods of heat-
ing at 523, 623, and 673 K, each followed by an IR measurement at room temperature. All
the spectra were scaled according to the sample weight. The amount of Brensted and
Lewis acid sites (BAS and LAS, respectively) was determined from the intensities of the
bands at ca. 1545 and 1450 cm™, respectively, using the molar extinction coefficients given
by Emeis [72].

Metal dispersion of the Mo/ZSM-5 catalysts was examined by field emission scan-
ning electron microscopy (FESEM) equipped with backscatter electron (BSE) detector on
a ZEISS ULTRA 55 microscope operating at 2 kW.

Temperature-programmed reduction (H2-TPR) was performed in a Micromeritics
Autochem 2910. The sample (100 mg) was pre-treated in argon flow at room temperature
for 30 min, then the gas was switched to the reduction mixture (10 wt. % Hz in Ar) with a
flow rate of 50 mL/min, and temperature was increased to 1373 K at a heating rate of 10
K/min. The Hz consumption was followed by a thermal conductivity detector (TCD). No
sublimation of molybdenum species was observed during the H2-TPR experiments, in
agreement with previous descriptions [73].

2.3. Catalytic Testing

Dehydroaromatization of methane was performed in a continuous down-flow fixed-
bed reactor, at atmospheric pressure, 973 K and a contact time (w/F) of 16 g cat-h/mol CHs,
adjusted to a catalyst weight of 0.5 g diluted with silicon carbide to a constant bed volume
of 2.8 cm?. The catalyst was activated by heating from room temperature to 923 K in me-
thane atmosphere (CH4N:z = 80:20 in vol. %), and purging in nitrogen flow for 30 min at
this temperature. Then the feed was switched again to methane (CH4:N2 = 80:20 in vol. %)
for starting the reaction that was continued out for 18 h.

The reactor outlet stream was analyzed online by means of a gas chromatograph
(Bruker GC-450) provided with two independent channels and three detectors. The per-
manent gases (N2 as internal standard, Hz, CO, CO:z) and CHa are analyzed in a first chan-
nel equipped with a TCD and three columns, a Hayesep N (0.5 m length), a Hayesep Q
(1.5 m) and a 13X molecular sieve (1.2 m length). In a second channel the C1-C4 hydrocar-
bons were first separated from the aromatics in a CP-Wax capillary column (5.0 m length
and 0.32 mm inner diameter). Then, the light gases were directed to a CP-Porabond Q (25
m length and 0.32 mm inner diameter) connected to a FID, and the aromatics were di-
rected to a second CP-Wax (1.0 m length and 0.32 mm inner diameter) connected to a
second FID.

Yields and selectivities to the different products were given on a carbon basis. The
amount of carbonaceous deposits on the catalyst was calculated as the difference between
the carbon at the inlet and at the outlet of the reactor as determined from the on-line GC
analyses, by co-feeding N2 (20 mol. %) as internal standard.

3. Results and Discussions
3.1. Characterization Results

Incorporation of 6 wt. % of molybdenum was confirmed by ICP for all of catalysts
resulting in a Mo/Al molar ratio of 0.5 (see Table 1), independently of the metal incorpo-
ration method (incipient wetness impregnation, IW, or solid state reaction, SSR) or the
calcination procedure (muffle or fixed-bed reactor). This Mo/Al molar ratio was reported
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by Borry et al. [50] to be the optimum for activating the methane molecules on the active
Mo species and converting them to aromatics on the BAS.

Table 1. Physico-chemical properties of the Mo/ZSM-5 catalysts.

Sample ICP S BET S micro V micro

Si/Al  Mo/Al Mo (wt. %) (m¥g) (m?/g) (cm?3/g)

75 (TZP302A)  10.0 368 355 0.17
MoZ5-IW-SC 105 0.5 6.0 270 257 0.12
MoZ5-IW-DC 9.9 0.5 6.1 263 246 0.12
MoZ5-SSR-SC  10.3 0.5 6.4 292 275 0.13
MoZ5-SSR-DC  10.2 0.5 6.3 276 260 0.13
MOZSSSR'SC' 10.3 0.5 6.4 254 241 0.12
M°Z5'$R'DC' 10.2 0.5 6.3 237 221 0.11

The preservation of the zeolitic structure after Mo incorporation was confirmed by
powder XRD (see Figure 1). It is important to note that the PXRD patterns of the samples
prepared by solid state reaction, MoZ5-SSR-SC and MoZ5-SSR-DC, present some peaks
assigned to MoOs at 12.3°, 25.7°, 27.4° and 39°, indicating the presence of larger oxide
agglomerates. These peaks are more intense when the samples were obtained by muffle
calcination (MoZ5-SSR-SC). However, no diffraction peaks corresponding to MoOs were
detected in the samples prepared by incipient wetness (IW), independently of the calcina-
tion procedure, indicating a better dispersion of the metallic species.

QL%

MoZ5-SSR-SC A Y Y S
MOO3 . M\J\W\A
0 5 10 15 20 25 30 35 40
Angle (26)

Figure 1. PXRD patterns of the Mo/ZSM-5 catalysts. The most characteristic peaks related to the presence of MoOs are

marked with a dotted line.

The presence of large MoO:s particles in the two samples prepared by SSR, MoZ5-
SSR-SC and MoZ5-SSR-DC, is confirmed by FESEM employing a backscatter electron
(BSE) detector (see Figure 2).

The Mo-loaded ZSM-5 samples present lower BET surface area, micropore surface
area and volume, (see Table 1 and isotherms in Figure S2 in the SI) and a lower amount of
total Brensted acid sites (see Table 2) as compared to the parent zeolite. This fact could be
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related to the partial blocking of the zeolite microporosity by the MoOs particles and to
the migration of the Mo species into the channels during the calcination step, as previously
described [46,54,60], a migration that has been directly related to the presence of Brensted
acid sites [50,54,58,59,62,63,74]. As expected, the metal incorporation procedure has an
important influence on the textural and acidic properties of the final catalysts, and the
higher the metal dispersion according to PXRD and FESEM, the larger the reduction of
micropore surface and BAS density, in good agreement with previous publications
[49,69].

R

_(D)

(E) (F)

Figure 2. FESEM images of the Mo/ZSM-5 catalysts by a field emission scanning electron microscopy employing a
backscatter electron detector (BSE): (A) MoZ5-IW-SC, (B) MoZ5-IW-DC, (C) MoZ5-SSR-SC, (D) MoZ5-SSR-DC, (E) MoZ5-
SSR-SC-N2, (F) MoZ5-SSR-DC-N2.
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Table 2. Acidic properties of the Mo/ZSM-5 catalysts.

Bronsted Acidity (mol Py/g) Lewis Acidity (mol Py/g)

Sampl
ampre B523  B623  B673 B672z/35 1523 1623 1673

Z5 (TZP302A) 564 368 241 0.43 7 0 0
MoZ5-IW-SC 213 122 107 0.50 23 14 3
MoZ5-IW-DC 199 150 65 0.32 21 13 0
MoZ5-SSR-SC 295 184 116 0.39 31 19 9
MoZ5-SSR-DC 250 138 124 0.50 13 5 5
MoZ5-55R-SC-N2 237 132 95 0.40 37 25 18
MoZ5-SSR-DC-N2 236 131 100 0.42 32 21 19

Since the dispersion of molybdenum depends on the Mo incorporation method, it
may also interfere in the nature, the accessibility and the reducibility of the Mo species.
Indeed, not only the impregnation method but also the calcination mode altered the He-
TPR profile of the Mo/ZSM-5 samples (see Figure 3). According to the literature [52,75,76],
four regions can be distinguished based on the Mo reduction temperature, a low temper-
ature region in the range of 473-650 K (I) related to the partial reduction of amorphous
polymeric molybdate species, a second region (II, 650-875 K) ascribed to the reduction of
MoOs to MoOs, a third one (III, 875-1173 K) assigned to the reduction of MoO: to MoO,
and a high temperature region (IV, T > 1173 K) related to the reducibility of the [M0203]*2
species occluded inside the zeolitic channels, which are more difficult to be reduced. The
main differences among the four catalysts are related to the reduction profiles in regions
II and III. Thus, MoZ5-IW-5C presents two peaks in region II at 700 and 760 K, assigned
to the reduction of MoOs particles on the external surface, easily reducible, and within the
zeolite pores, to MoOz. A lower Hz consumption in region III suggests that not all the Mo**
species formed and observed in region II are susceptible to further reduction. Sample
MoZ5-SSR-DC presents a very similar profile, although the peak maximums are slightly
shifted to lower temperatures. However, sample MoZ5-SSR-SC, prepared by solid-state
reaction but calcined in a muffle, presents the region II and region III peaks shifted to
higher temperatures and in different proportions as those observed for MoZ5-IW-DC.
These higher reduction temperatures of sample MoZ5-SSR-SC could be related to the
presence of large MoQO:s species, as observed by FESEM (see Figure 2), more difficult to be
reduced than small MoO: particles, highly dispersed on the zeolite surface. However, once
this first reduction occurs, a larger peak is observed in Region III indicating a higher Hz
consumption, which could be attributed to a dispersion of the large Mo agglomerates un-
der the H>-TPR conditions (H2 flow and increasing temperature) facilitating the reduction
of these new Mo species formed. The reduction in size of the Mo particles on the MoZ5-
SSR-SC sample after H>-TPR measurement was confirmed by SEM (see Figure S3 in the
SI), indicating that, indeed, exposure of the sample to the measurement conditions led to
a dispersion of the Mo species.

The fourth sample, MoZ5-IW-DC, prepared by incipient wetness and calcined in air
flow, presents two peaks with similar intensities in regions II and III, suggesting that all
the MoOs species that are first reduced to MoO:z are further reduced in a second step.
Moreover, the region II peak is more symmetric and shifted towards higher temperature
as compared to the profile obtained for the IW sample calcined in a muffle, suggesting a
more homogenous speciation of the Mo sites and an enhanced migration of the Mo species
into the zeolite micropores. All catalysts present analogous reduction bands in regions I
and IV, but the intensity of the region IV peaks varies depending on the calcination pro-
cedure, and the samples calcined in air flow (DC) present higher hydrogen consumption
at high temperature indicating that a larger proportion of Mo species have migrated inside
of the zeolitic channels during the calcination step.
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Figure 3. H>-TPR profiles for the Mo/ZSM-5 catalyst prepared by incipient wetness, MoZ5-IW-SC (black line), and MoZ5-
IW-DC (grey line) (a) and by solid state reaction, MoZ5-SSR-SC (black line) and MoZ5-SSR-DC (grey line) (b).

If exposure to a Hz flow during the H>-TPR measurement resulted in an increased
dispersion of the Mo species for catalyst MoZ5-SSR-SC, a similar improvement could be
expected for the other catalyst prepared by solid ion exchange, MoZ5-SSR-DC. Thus, the
two SSR samples were treated by controlled temperature increase from Tr to 973 K under
N:2 flow and cooled down for characterization and testing. The Noa-treatment results in a
reduction of the BET and micropore surface area in both cases (see Table 1), suggesting a
further dispersion and migration of the Mo species into the zeolite structure, which is
confirmed by FESEM combined with a BSE detector, as shown in Figure 2E,F. With this
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additional step, the two SSR catalysts become also more similar to those prepared by IW
in terms of their textural properties and, in good agreement with the electron microscopy
results, the diffraction peaks corresponding to MoQs, present in the XRD pattern of the
two MoZ5-S5R catalysts, disappear after the N2 treatment (See Figure 54 in the SI).

The BAS density of the samples is also reduced with the additional N2 treatment, and
the decrease is larger for the sites able to retain pyridine at the two highest temperatures,
623 and 673 K (see Table 2). An increase of the LAS density is also observed, confirming
the formation of cationic Mo species replacing the proton at the original BAS and creating
new LAS, as reported by Vollmer et al. [49].

The N2 treatment also affects the reducibility of the Mo species of the samples pre-
pared by SSR, and the profiles of the treated SSR samples are now comparable in shape
and in H2 consumption to the one presented by the catalyst prepared by incipient wetness
(see Figure S5 in the SI).

3.2. Catalytic Results

In the former section, we have evidenced the impact of the Mo incorporation method
on the physico-chemical properties of the final Mo/ZSM-5 catalyst and how the use of an
additional pretreatment under N2 flow can reduce the size of the larger MoO:s particles
and favor the formation and/or migration of cationic Mo species into the zeolite mi-
cropores. As a direct consequence of their different textural and acidic properties and of
the reactivity of their Mo species, the catalysts are expected to differ also in their catalytic
performance.

Before starting with the catalytic discussion, however, we would like to note that the
catalysts have been activated increasing temperature in methane atmosphere (CH4:N2 =
80:20 in vol.%). In this way, the MoCxOy active species, responsible for the activation of
the methane molecules [43,77] are formed before the reaction temperature (973K) is
reached. As described in Section 2.3, this stage is followed by 30 min in N: flow before
starting to feed the methane mixture. The purpose of this pre-treatment is to have a fully
active catalyst, with molybdenum oxo-carbides species already formed, when starting the
MDA reaction, and to avoid the competition of both processes [41].

Methane conversion and the hydrocarbon yields versus time on stream (TOS) for the
four catalysts obtained by IW and SSR and calcined in air under static (SC) or dynamic
conditions (DC) are shown in Figure 4. The initial methane conversion obtained in all
cases is around 13%, close to the equilibrium conversion determined by means of Aspen
Hysys® v.8.0 for a temperature of 973 K using the Gibbs free energy minimization ap-
proach, and in good agreement with the values given in the literature [24,41,78].
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Figure 4. Methane conversion (A), total yield to hydrocarbons products (B), yield to aliphatic hydrocarbons (C), to aro-
matic hydrocarbons (D), to benzene (E) and to naphthalene (F) versus TOS for catalysts MoZ5-SSR-SC (4), MoZ5-SSR-DC
(m), MoZ5-IW-SC (@), and MoZ5-IW-DC (#), at 973 K, atmospheric pressure and w/F = 16 g-h/mol.

Despite the comparable initial conversion, the two catalysts obtained by calcination

under static conditions, MoZ5-IW-5C and MoZ5-SSR-5C, present a higher deactivation
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rate and a significantly lower yield to hydrocarbons (see Figure 4A,B, respectively) as
compared to the catalysts calcined in N2 flow (DC). This lower yield to hydrocarbons re-
sults from an important reduction of the aromatics and, in particular, of the benzene pro-
duction (see Figure 4D,E). Moreover, the catalyst obtained by solid ion exchange and cal-
cined in the muffle (M0Z5-SSR-5C) presents the highest coke yields (see Figure 5), as could
be expected from the presence of large MoO:s crystals on the external surface of the zeo-
lites, which, according to the literature [49], are responsible for the formation of coke. On
the other hand, the two catalysts obtained by calcination under N2 flow after Mo incorpo-
ration, MoZ5-IW-DC and MoZ5-SSR-DC, present higher yields to aromatics, slightly
higher for the latter at short times on stream. This better performance could be related to
the improved dispersion of the Mo species and the larger proportion of Mo within the
channels, as evidenced by the Hz consumption in region IV observed by H>-TPR.
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Figure 5. Estimated yield to coke versus TOS for catalysts MoZ5-SSR-SC (4 ), MoZ5-SSR-DC (m),
MoZ5-IW-SC (@), and MoZ5-IW-DC (), at 973K, atmospheric pressure and w/F =16 g-h/mol.

According to the results presented in the former section, the Mo/ZSM-5 samples pre-
pared by solid state reactions were improved in terms of Mo dispersion after N2 pretreat-
ment, with their properties becoming more similar to those presented by the samples pre-
pared by IW impregnation. The activity of the N2-pretreated SSR catalysts is similar to
those of the non-pretreated samples (see Figure 6), but the total yield to hydrocarbons is
significantly increased in both cases due to an important increase in the production of
benzene. Moreover, coke yield is reduced to values lower than those obtained with the
catalysts prepared by IW yield (see Figure 7). Thus, a catalyst with optimum Mo disper-
sion and BAS density has been obtained by combination of the solid-state reaction method
for Mo incorporation and calcination under air flow conditions with a pretreatment in N2
flowpresents the highest activity for methane conversion and benzene production.
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Figure 6. Methane conversion (A), total yield to hydrocarbons products (B), yield to aliphatics hydrocarbons (C), to aro-
matics hydrocarbons (D), to benzene (E) and to naphthalene (F) versus time on stream (TOS) for the catalysts: MoZ5-SSR-
DC (4), MoZ5-SSR-SC-Nz (£), MoZ5-SSR-DC (®) and MoZ5-SSR-DC-Nz: (1), at 973 K and atmospheric pressure (w/F =16

g-h/mol).
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Figure 7. Estimated yield to coke versus time on stream (TOS) for the catalysts: MoZ5-SSR-DC (&),
MoZ5-SSR-SC-N2 (£), MoZ5-SSR-DC (®) and MoZ5-SSR-DC-N: (7), at 973 K and atmospheric
pressure (w/F =16 g-h/mol).

4. Conclusions

This work describes the influence of the different steps involved in the preparation
of a Mo/ZSM-5 catalysts for dehydroaromatization of methane. Both the Mo incorporation
method, e.g., by incipient wetness impregnation (IW) or by solid state ion exchange (SSR),
and the calcination conditions, under static or dynamic air atmosphere, determine the size
and location of the starting MoOs particles, and lead to catalysts with different micropore
volume and BAS density. Thus, when the metal is added by means of IW the MoOs clus-
ters are better dispersed on the external surface of the zeolite and a larger proportion of
Mo species have migrated into the zeolite micropores, independently of the calcination
procedure. However, calcination in air flow favors the formation of cationic Mo species in
zeolite ion exchange positions, as suggested by the decrease of the BAS density, and in
Mo species easily reducible, not only from Mo¢* to Mo*, but also from Mo* to Mo?. On
the other hand, Mo incorporation by SSR results in a poor dispersion and large MoO:s
clusters, especially when the samples are calcined in a muffle under static conditions. Cal-
cination in air flow favors dispersion of the MoOs particles, but in this case the optimum
Mo speciation is achieved by means of a pretreatment increasing temperature up to in a
N2 flow.

Regarding the performance of the different catalysts for methane dehydroaromatiza-
tion, the initial conversion obtained with all samples is comparable and close to the equi-
librium conversion at the reaction temperature of 973 K. However, the samples obtained
by dynamic calcination in air flow, present a lower deactivation rate with TOS and higher
yield to the desired aromatic hydrocarbons and, in particular, to benzene, independently
of the Mo incorporation method. The catalyst performance of MoZ5-SSR-DC, prepared by
solid ion exchange, can be further improved by means of the N2 pretreatment, an improve-
ment that has been directly related to the increased migration of the Mo species into the
zeolite structure. Important benefits are observed, not only in catalyst life and yield to
aromatics, but also in a significantly lower coke yield.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11125465/s1, Figure S1. FESEM images of the parent ZSM-5 zeolite, Figure S2. N2
adsorption isotherms of the parent ZSM-5 zeolite and the Mo-loaded catalysts. (A) Samples pre-
pared by incipient wetness impregnation (IW); (B) samples prepared by solid state reaction (SSR),
Figure S3. SEM images using a secondary electron detector (A) and a backscattered electron detector
(B) for the MoZ5-SSR-SC catalyst after being analyzed by H2-TPR, Figure S4. PXRD patterns of the
Mo/ZSM-5 catalysts prepared by solid state ion exchange reaction (SSR). The most characteristic
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peaks related to the presence of MoO3 are marked with a dotted line, Figure S5. H2-TPR profiles for
the Mo/ZSM-5 catalyst prepared by solid state ion exchange reaction calcined in static conditions
(A), MoZ5-SSR-SC (black line) and MoZ5-SSR-SC-N2 (grey line), and in dynamic conditions (B),
MoZ5-SSR-DC (black line) and MoZ5-SSR-DC-N2 (grey line).
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