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Abstract: The activity and selectivity of Mo/ZSM-5, benchmarking catalyst for the non-oxidative
dehydroaromatization of methane, strongly depend on the cluster size, spatial distribution, and
chemical environment of the Mo-based active sites. This study discloses the use of an ultrasound-
assisted ion-exchange (US-IE) technique as an alternative Mo/ZSM-5 synthesis procedure in order
to promote metal dispersion along the zeolite framework. For this purpose, a plate transducer
(91.8 kHz) is employed to transmit the ultrasonic irradiation (US) into the ion-exchange reactor. The
physico-chemical properties and catalytic activity of samples prepared under the said irradiation
procedure and traditional impregnation (IWI) method are critically evaluated. Characterization
results suggest that US neither affects the crystalline structure nor the particle size of the parent
zeolite. However, US-IE promotes molybdenum species dispersion, avoids clustering at the external
fresh zeolite surface and enhances molybdate species anchoring to the zeolite framework with respect
to IWI. Despite the improved metal dispersion, the catalytic activity between catalysts synthesized
by US-IE and IWI is comparable. This suggests that the sole initial dispersion enhancement does
not suffice to boost the catalyst productivity and further actions such ZSM-5 support and catalyst
pre-conditioning are required. Nevertheless, the successful implementation of US-IE and the resulting
metal dispersion enhancement pave the way toward the application of this technique to the synthesis
of other dispersed catalysts and materials of interest.

Keywords: methane aromatization; Mo/ZSM-5; ultrasound-assisted ion exchange; metal dispersion

1. Introduction

The drastic rise in shale gas production, the enormous proven reserves of natural
gas, and the lack of mature sustainable alternatives to fulfil the worldwide increasing
energy demand point to methane as the primary source for energy and chemicals in the
near future [1–3]. The activation of such a stable molecule becomes the cornerstone of
any valorization process devoted to transform methane into liquid fuels to ease its trans-
portation into the end-users. Among the direct transformation routes, the direct one-step
non-oxidative dehydroaromatization of methane (MDA) attracted much attention [4–12].
MDA tackles the direct conversion of CH4 into COx-free aromatics and olefins such as
benzene, naphthalene, and ethylene as well as hydrogen [13]. Since the first report of
this catalytic reaction in 1993 [14], many studies claimed that metal-supported ZSM-5
catalysts provide an effective shape-selective environment for methane conversion into
benzene and naphthalene. Nevertheless, this aluminosilicate is rapidly deactivated by coke
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formation in the presence of methane at high temperatures (>650 ◦C) which otherwise are
required to produce aromatics in a relevant amount, since MDA is strongly limited by the
thermodynamic equilibrium [15–17]. In consequence, the catalytic activity and selectivity
toward light aromatics decrease.

For MDA, the presence of molybdenum anchored at the zeolite structure (Mo/ZSM-5)
is required to provide relevant conversion and selectivity [18,19]. However, the arrange-
ment and dispersion of molybdenum species can influence the performance and durability
of the catalyst. The presence of large molybdenum oxides (MoOx) aggregates or Mo
clusters on the zeolite surface is reported to be unfavorable since they partially block the
zeolite channels and favor the formation of coke deposits and catalyst deactivation. On the
other hand, good molybdenum dispersion within the zeolite channels is claimed to retard
the coke formation and deposition on the active sites, as well as to inhibit the blocking
of pores [20,21].

Although the MDA reaction mechanism is not fully understood, there is a wide
agreement on the fact that MDA is initiated by the pre-carburization of these MoOx sites
into Mo oxycarbides (MoOxCy) and/or Mo carbides (Mo2C), according to Equation (1).
These carbides promote the activation of methane molecules, which subsequently undergo
a series of coupling reactions to produce mainly C6 and C10 aromatics as well as C2 species
owing to the shape-selectivity of the ZSM-5 zeolite [17,20]. The global reactions for ethylene,
benzene, and naphthalene production from methane under non-oxidative conditions are
depicted in Equations (2) to (4).

6CH4 + 2MoO3 → 12H2 + Mo2C + 6CO + C (1)

6CH4
Mo2C−−−→ C6H6 + 9H2 (2)

2CH4
Mo2C−−−→ C2H4 + 2H2 (3)

10CH4
Mo2C−−−→ C10H8 + 16H2 (4)

The physico-chemical and catalytic properties of the Mo/ZSM-5 based catalysts are
influenced by the preparation method, which plays a role in the final distribution, load-
ing, and coordination of the metal species [22,23]. Typically, Mo/ZSM-5 is prepared by
incipient wetness impregnation (IWI) of the zeolite with a solution of the ammonium
heptamolybdate ((NH4)6Mo7O24·H2O) precursor, followed by calcination in air at 550 ◦C.
At this temperature, the heptamolybdates adopt a cationic form ([Mo2O5]2+) and anchor at
the zeolite exchange sites. The maximum molybdenum loading in the cationic form will
depend on the Si/Al ratio of the zeolite. If the molybdenum loading is very low, many
acid sites will remain without exchanging, resulting in a high acidity of the catalyst and
faster deactivation. On the contrary, the Mo loading excess will result in the formation
of MoO3 aggregates at the catalyst surface, leading to pore blocking, shape-selectivity
worsening, and acceleration of catalyst deactivation. The optimal molybdenum loading
was reported to be in the range of 3–6 wt. % for ZSM-5 structured supports with Si/Al
ratios around 20 [17]. Under the above mentioned IWI experimental conditions and using
controlled temperature ramps, reasonably good metal dispersion has been obtained. Nev-
ertheless, the deactivation rates are still high and the fine control of the dispersion is rather
limited [15,24]. In an attempt to enhance the metal dispersion, to improve the catalytic ac-
tivity and to reduce coking of Mo/ZSM-5 catalysts, different strategies have been reported.
Sun et al. [25] improved the dispersion of molybdenum oxide by adding ammonia to the
aqueous solution of ammonium heptamolybdate prior to the impregnation process. Song
et al. [26] described a hydrothermal post-synthesis treatment of commercial ZSM-5 in an
aqueous solution of Al(NO3)3 to create uniform porous network that facilitates the access of
the molybdenum species into the channels. Julian et al. [27] prepared Mo/ZSM-5 catalysts
by changing the classical molybdenum salt precursor by polyoxomolybdate anions (POM).
They demonstrated an enhanced metal dispersion on the aluminosilicate support at lower
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loading and more active and selective catalysts prepared with POM, which was key to
partially suppress catalyst coking and improve stability. Furthermore, the same research
group proposed a novel synthesis method for the same catalyst based on a solvothermal
incorporation of molybdenum into the zeolite under supercritical conditions and reducing
atmosphere [28]. The preparation method provided atom-like metal dispersion at the
zeolite pores, resulting in a Mo/ZSM-5 catalyst with outstanding stability and the highest
long-term hydrocarbon yield for MDA (8.9% after 15 h on stream).

Ultrasound has been reported as another alternative method for the preparation of
metal-exchanged zeolites in order to enhance the dispersion of metallic species. Dantsin
et al. [29] described a sonochemical preparation of Mo2C/ZSM-5 catalyst in which the
reaction slurry was irradiated with a high-intensity ultrasound horn (20 kHz-~80 W·cm−2)
for 3 h at 85 ◦C under argon flow. The result was a bifunctional “eggshell” catalyst with a
homogeneous distribution of Mo2C particles (~2 nm) decorating the outside of the ZSM-5
zeolite. They claimed that the gas phase of the collapsing bubble is responsible for the
formation of metal clusters. Ultrasound can control the formation of clusters on the outer
surface of the zeolite crystals since the clusters are formed during acoustic cavitation inside
a collapsing bubble. At lower frequencies, the size of bubbles is of the order of 100 µm,
which is too large to take place within the micropores of a zeolite. Despite the homogeneous
distribution of metallic particles, the catalytic activity for the aromatization of methane to
benzene was quite comparable to other catalysts reported before.

Woo et al. [30] applied ultrasound during the ion-exchange of CuY zeolite catalyst by
using a tip-probe sonicator (Sonics, Sonics & Materials Inc., Newtown, CT, USA, 750 W)
for various periods of time (3, 5, 10, 20 and 30 min) at 20% amplitude. The applied power
was 150 W. They observed that ultrasound enhanced the dispersion of active species by
boosting their incorporation into the zeolite channels in a very short time. The enhanced
dispersion of active species increased the number of active sites available for the oxidative
carbonylation of methanol to dimethyl carbonate, resulting in an improved catalytic activity.

Kumar et al. [23] studied the influence of ultrasound irradiation during the in situ
introduction of platinum in ZSM-5 zeolite. They used an autoclave with a high-power
ultrasonic probe (20 kHz-60 W) integrated through the bottom of the autoclave. The results
showed a reduction of the crystal size of the catalysts prepared with ultrasound compared
to the catalyst synthesized in the absence of ultrasound. The use of ultrasound during the
preparation of the catalyst resulted in high conversion of n-pentane and high selectivity to
iso-pentane (96%) owing to the well dispersed platinum over small ZSM-5 zeolite crystals.
Similarly, Vafaeian et al. [31] reported a Ni/ZSM-5 nanocatalyst prepared by ultrasound
irradiation (20 kHz-90 W) during 45 min in argon atmosphere. The effect of ultrasound
was more pronounced at lower metal loadings (3% and 8%), resulting in smaller particle
size and more homogeneous particle size distributions.

Another effect of ultrasound on the preparation of metal-exchanged zeolites cor-
responds to an enhanced exchange equilibrium. Erten-Kaya et al. [32] studied the ion-
exchange kinetics of Li+, Ca2+, and Ce3+ in zeolite NaX. They observed that ultrasound did
not accelerate the exchange of cations. However, the amount of cations exchanged at the
equilibrium was higher when ultrasound was applied. Ultrasound is believed to act as a
co-driving force of concentration of cations in solution, increasing the exchange amount
during the ion-exchange process. A similar result was shown by Gerzeliev et al. [33] for
the exchange of calcium and lanthanum in zeolite NaX.

In the present study, ultrasound is applied to enhance the dispersion of the metal
species during the preparation of Mo/ZSM-5 catalyst by ion-exchange. The influence
of the ultrasound treatment on the catalyst preparation and physico-chemical proper-
ties is investigated by X-ray fluorescence, argon adsorption, X-ray diffraction, Raman
spectroscopy, and scanning and transmission electron microscopy. The impact of the
preparation method on the catalytic activity is evaluated for the non-oxidative methane
dehydroaromatization process.
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2. Results and Discussion
2.1. Influence of Ultrasonic Irradiation on Physico-Chemical Properties

The catalysts were characterized in order to evaluate the influence of ultrasonic
irradiation on their physico-chemical properties. The metal concentration and textural
properties are shown in Table 1. The molybdenum concentrations were within the range
of the targeted values irrespective of sonication. These metal loadings were selected
according to the optimum molybdenum content reported (3–6 wt. %) to promote aromatic
productivity in the MDA process on ZSM-5 supports [15,34].

Table 1. Summary of physical-chemical properties of the parent zeolite and the different Mo/ZSM-5
catalysts prepared with ultrasound (US) and without ultrasound (No US).

Sample Theoretical wt.
% Mo wt. % Mo a Surface Area b

(m2·g−1)
Pore Volume c

(cm3·g−1)

H-ZSM-5 - - 351 0.130
5 wt. %—US 5.44 5.35 333 0.122

5 wt. %—No US 5.44 5.35 338 0.120
6 wt. %—US 6.50 6.39 310 0.113

6 wt. %—No US 6.50 6.39 315 0.118
a Weight percentage obtained by XRF analysis. b Specific surface area determined by N2 adsorption (BET method).
c Total pore volume determined by N2 adsorption.

The use of ultrasound during the ion-exchange process did not enhance the exchange
equilibrium, contrary to what was reported by Erten-Kaya et al. [32], where the amount
of cations exchanged at the equilibrium (Li+, Ca2+, and Ce3+) in zeolite NaX was higher
when ultrasound was applied (20 kHz-500 W). The surface area and the pore volume
decreased as the metal load increased. This behavior upon introduction of molybdenum
is related to the accumulation of molybdenum species formed during the calcination
step, by decomposition of the precursor salt, that generates both saturation of the zeolite
channels and partial blockage of the pores [20,27]. Besides, the ultrasonic irradiation did
not significantly affect the textural properties. Whether ultrasound was applied or not, the
surface area and pore volume are comparable.

The similarity of X-ray diffraction (XRD) patterns between the parent H-ZSM-5 zeolite
and Mo/ZSM-5 catalysts indicates that the crystalline structure of the zeolite remained
unaltered after molybdenum loading (Figure 1). The peaks intensities are constant. The
absence of peaks corresponding to MoO3 (27.3, 33.7 and 38.9◦) reveals that the samples do
not contain MoO3 crystallites or, at least, they are very well dispersed and small along the
zeolite channels. If present, the crystalline phases of MoO3 are below the detection limit of
the equipment and do not show specific reflections. Furthermore, the use of ultrasound
did not show influence on the crystalline structure after molybdenum loading.

Raman spectroscopy was performed to gain insight into the MoOx structures formed
during the ion-exchange process by detecting the metal-oxide vibrational modes in the
powder (Figure 2). All the samples showed a wide band at 376 cm−1 corresponding to the
lattice vibration of the zeolite. Additionally, the broad band between 860 and 970 cm−1 can
be attributed to the dimeric (Mo2O5)2+ cations exchanged at the acid sites of the zeolite,
within the pores. The peak at 970 cm−1 corresponds to Mo=O stretching mode of the
amorphous (MoOx)n+ [27]. The greater intensity of this band in the samples prepared with
ultrasound (see relative band intensity values, I970/I376) is attributed to the vibration of
a greater number of molecular molybdate-support bonds for a given metal loading. This
indicates an enhanced cationic exchange at the acid sites of the zeolite using the ultrasound
synthesis method. Furthermore, the absence of bands at 300 cm−1 (Mo=O bending), 680,
820 cm−1 (Mo–O–Mo stretching) and 1003 cm−1 (Mo=O stretching) confirmed the absence
of MoO3 crystallites at the zeolite surface [35,36]. The detection of molybdenum species was
possible by Raman spectroscopy due to the sensitivity of this characterization technique to
metal-oxide vibrational modes.
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Figure 2. Raman spectra of H-ZSM-5 and Mo/ZSM-5 catalysts prepared by ion-exchange with ultrasound (US) and without
ultrasound (No US).

Figure 3 shows the Scanning Electron Microscopy images (SEM—secondary electrons)
of the parent zeolite and Mo/ZSM-5 catalysts containing a 6 wt. % metal loading prepared
with and without ultrasound. The morphology and particle size of the parent zeolite
were not apparently modified neither by the addition of molybdenum, nor by the use of
ultrasound during the ion-exchange process. In contrast, the analysis of backscattered
electrons suggested that Mo species clustering and agglomeration at the zeolite surface
occur preferentially for the samples that were not irradiated with ultrasound. The bright
particles in Figure 4a,b correspond to molybdenum species, since Mo has the highest
atomic weight along the sample components. The bulk composition of the samples was
confirmed by an Energy Dispersive X-ray detection (EDX) analysis (Figure 4c,d). Even if
bright particles were not identified by SEM, the EDX analysis confirmed a concentration
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of ~5.9 wt. % Mo in the ultrasound-irradiated sample. These results suggest that the use
of ultrasound may help to prevent a possible agglomeration of particles at the zeolite
surface in Mo/ZSM-5 catalysts. This finding agrees with the previously discussed Raman
results on the role of ultrasound in the enhancement of Mo species integration within the
zeolite pores.
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their corresponding EDX analysis.

In order to get further insight on the dispersion of molybdenum species on the zeolite
structure, EDX mapping was performed on the Mo/ZSM-5 catalyst 6 wt. % prepared with
ultrasound (Figure 5). The mapping confirmed the presence of the characteristic elements
of the zeolite structure (i.e., silicon, aluminum, and oxygen) as well as molybdenum. Do
note that the Al mapping highlights the presence of the sample holder (made of aluminum)
in the background. In consequence, green color is detected in zones where the zeolite is not
present. Finally, it is observed that the distribution of molybdenum was very homogeneous
along the zeolite support (orange color on the mapping).
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The molybdenum dispersion was also evaluated by scanning-TEM (STEM). As it can
be observed in Figure 6, the bright dots on the micrographs correspond to molybdenum
species confirmed by the EDX analysis (Figure 6e). No agglomerates of MoO3 were
identified along the external zeolite surface indicating a good dispersion of metal species
on the zeolite. The size of bright dots ranges from ~0.50–0.60 nm (indicated by the white
lines) and the estimated pore size of ZSM-5 zeolite is 0.54–0.56 nm. Taking into account
that the atomic radius of Mo is 0.21 nm, one can ensure that single atoms and 2–3 Mo
particle clusters coexist within the zeolite pores. This observation is in agreement with the
previous results in which the pore volume decreased by the incorporation of molybdenum
and the metal species were not detected by XRD due to their small size. Ultrasound
irradiation slightly enhanced the dispersion of molybdenum (Figure 6a,c) compared to
the conventional ion-exchange method (Figure 6b,d). Mo clustering and Mo species
accumulation were detected in some regions of the no-US samples, whereas they were not
observed in the irradiated samples. The high metal dispersion in the 6 wt. % Mo/ZSM-5
catalyst prepared with ultrasound is particularly remarkable (Figure 6c).

In order to quantify Mo dispersion, the atomic Mo/(Si + Al) rates obtained by SEM-
EDX and X-ray Photoelectron Spectroscopy (XPS) for the four employed fresh catalysts
were compared. Since SEM-EDX provides bulk atomic composition and XPS has low
penetration and provides superficial compositions, the comparison between both values
allows determining the extent of internalized Mo species within the zeolite pores with
respect to that at the surface. Analogously, the Si/Al rate obtained by both techniques
allows determining the extent of dealumination of the zeolite support as a result of metal
incorporation. Table 2 shows these two atomic rates as well as the obtained qualitative
metal loadings by SEM-EDX. It is observed that the metal loadings obtained by the semi-
quantitative SEM-EDX slightly overestimate the values attained by XRF (Table 1). In spite
of this, it is still possible to evaluate the role of the synthesis method and metal loading on
the metal dispersion by coupling the results of both SEM-EDX and XPS techniques. The
similarity between Si/Al rates obtained by bulk and superficial techniques in case of US-
irradiated samples suggests that Mo incorporation to the zeolite does not lead to apparent
zeolite dealumination and, thus, permanent damage of the zeolite structure. However,
The Si/Al decay detected by XPS for the non-irradiated samples suggests that Al has
somehow migrated to the zeolite surface, probably in the form of inactive and detrimental
Mo aluminates. Regarding the Mo/(Si + Al) rates of the evaluated samples, the atomic
Mo content at the surface of all catalysts is 4–5 times greater than the bulk Mo content,
suggesting that an important fraction of the incorporated Mo remains un-internalized
within the zeolite pores. Nevertheless, it is confirmed that the samples pre-treated with
US-radiation provide a better Mo internalization within the pores (i.e., lower Mo/(Si + Al)
as measured by XPS) and, thus, better dispersion.
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with ultrasound.

Table 2. SEM-EDX and XPS characterization of the atomic composition and metal loading for
fresh catalysts.

Sample Mo (wt. %)
SEM-EDX

Si/Al
SEM-EDX

Si/Al
XPS

Mo/(Si + Al)
SEM-EDX

Mo/(Si + Al)
XPS

5 wt. %—US 5.0 ± 0.7 13.7 14.1 0.03 0.15
5 wt. %—No US 5.2 ± 0.7 14.1 11.9 0.03 0.22

6 wt. %—US 5.8 ± 0.8 14.3 14.1 0.04 0.16
6 wt. %—No US 5.9 ± 0.7 14.3 12.5 0.04 0.17
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2.2. Influence of Ultrasonic Irradiation on the Catalytic Activity

The catalytic activity of the Mo/ZSM-5 catalysts for non-oxidative methane dehy-
droaromatization was evaluated under the experimental conditions described in Section 3.4.
Methane conversion, overall hydrocarbon yield, and yield of the major product of interest,
i.e., benzene, are shown in Figure 7. The MDA catalytic activity of the four catalysts after
4 h on stream is shown in Table 3.
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Figure 7. (a) Methane conversion, (b) overall hydrocarbon yield, and (c) benzene yield for Mo/ZSM-5 catalysts prepared by
ion-exchange with ultrasound (US) and without ultrasound (No US).

Table 3. Catalytic activity of the Mo/ZSM-5 catalysts prepared with and without ultrasound for
non-oxidative methane dehydroaromatization after 4 h on stream.

Sample XCH4-4h (%) YC2+ (%) YC6H6-4h (%)

5 wt. %—US 12.0 7.8 3.5
5 wt. %—No US 11.4 7.7 3.7

6 wt. %—US 13.2 7.9 3.8
6 wt. %—No US 13.0 7.6 3.7

The small differences in the MDA performance may be attributed, first, to the metal
loading and, second, to the different accessibility of methane to the molybdenum sites,
which depends on the molybdenum dispersion on the support. The samples prepared
without ultrasound show a very high initial catalytic activity, which was higher for the
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6 wt. % loading, as expected. This behavior may be attributed to the presence of regions
with a greater concentration of molybdenum species on the surface of the zeolite in the no-
US samples (Figure 4b). These bigger agglomerates are more exposed to the reaction stream
and, thus, to the faster formation of active MoxOyCz species via MoOx carburization along
the induction period. As a result of the poorer dispersion, the catalytic activity of the no-US
samples rapidly decayed beyond that of the 6% wt.—US sample due to their more intense
coking. In the case of samples prepared with ultrasound, the methane conversion did not
show a peak of high conversion during the first hour on stream (Figure 7a), indicating a
softer carburization of evenly dispersed Mo sites along the support.

The smooth decay of benzene yield over time attained for every sample (Figure 7c)
can be attributed to the progressive loss of shape-selectivity within the zeolite pores by
coke deposition. As a result, the reaction progress leads to a reduced contact time with the
active sites and, thus, to an increased production of C2 species.

The transient products distribution of 6 wt. % Mo/ZSM-5 catalyst prepared with
ultrasound is depicted in Figure 8. Unreacted methane, naphthalene, ethylene, and ben-
zene, small amount of ethane, and toluene were detected at the outlet gas of the MDA
process. As previously discussed, the coke detected during the first minutes of reaction is
attributed to the presence of Mo2C formed during the induction period as a result of the
reduction of molybdenum oxide species. The coke selectivity increase after two hours on
stream can be related with the parallel formation pre-graphitic coke from polyaromatic
hydrocarbons (hard coke), apart from the graphitic coke formed at the oxycarbide active
sites (soft coke) [28].
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Figure 8. Experimental hydrocarbon selectivities for the catalytic sample 6 wt. % Mo/ZSM-5 prepared with ultrasound.

In this regard, the nature and extent of coke deposits after 6 h on stream were evaluated
by Raman spectroscopy and thermogravimetric analysis for the four catalytic samples.
Figure 9a shows the Raman spectra of the coked catalysts after MDA, highlighting the D
(disordered) and G (graphitic) bands related to hard- and soft-coke, respectively. The D
band is associated to the pre-graphitic polyaromatic hydrocarbon deposits whereas G band
reveals the graphitic nature of the carbonaceous species related to the Mo carbides. The
rate between D and G band intensities allows gaining insight into the catalytic performance
of the samples. The disordered coke tends to be formed at the acid sites within the zeolite
pores and may affect selectivity, whereas the graphitic coke is normally found at the zeolite
surface and deposited over the active Mo carbide species, thus, affecting activity. As a
result, low metal dispersions are normally associated with enhanced graphitic coking.
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the relative amount of coke deposits generated under MDA operation. Time on stream (TOS): 6 h. Operational conditions:
1500 mL/gcath, CH4:N2 = 80:20, T = 700 ◦C, P = 1 bar.

Figure 9a reveals that the samples prepared under ultrasound irradiation showed
higher ID/IG rates regardless their metal loading, which agrees with their improved Mo
dispersion. Furthermore, Figure 9b confirms the lower coke selectivity attained for the
ultrasound-assisted samples during the MDA process with respect to the conventional
catalysts. In addition, it is observed that the 6 wt. % Mo samples produce less coke deposits.
This may be attributed to the lower ion exchange of the 5 wt. % Mo samples between the
cationic Mo species of the metal precursor and the Brønsted acid sites of the zeolite, leading
to higher remaining acidity for the catalysts with lower metal loading. The higher acidity
is expected to enhance the formation of polyaromatic hydrocarbon deposits. Figure 9b also
reveals that eventual Mo species sublimation may take place for the higher loading samples
at temperatures above 800 ◦C. Therefore, metal loading loss between consecutive MDA
(700 ◦C)–regeneration (550 ◦C) cycles is not expected. To confirm that, the Mo loading of the
spent catalyst after regeneration at 550 ◦C under N2:O2 = 95:5 atmosphere was determined
by SEM-EDX. The obtained values were 4.8 ± 0.7, 5.0 ± 0.7, 5.7 ± 0.7, and 5.7 ± 0.7 for the
5 wt.% US, 5 wt.% No US, 6 wt.% US, and 6 wt.% No US catalysts, respectively. Compared
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to the metal loadings obtained for the fresh samples, the average metal loss among the
different samples after a MDA-regeneration cycle remains below 2.7%.

Summarizing the previous results, they reveal that: (i) it is important to maintain
the trade-off between the metal loading and the dispersion of metal species on the zeolite
support for an effective catalytic activity and (ii) ultrasound helps to improve such dis-
persion promoting the cationic-exchange at the acidic sites of the zeolite. Nevertheless,
despite the methane conversion differences observed during the induction period among
US and no-US samples, the bulk catalytic activity after 4 h on stream was quite similar for
all samples. The highest benzene yield and total hydrocarbon yield attained were roughly
3.7% and 7.8%, respectively, using the 6 wt.%—US sample.

The above results show that the sole enhanced molybdenum dispersion achieved
by ultrasound does not suffice to obtain a significantly higher catalytic productivity. The
experimental results reported in this work were compared with the literature results on
various Mo/ZSM-5 catalysts for MDA. Table 4 compares the methane conversion and
aromatics yield values attained along this study against the benchmarking results reported
under the same experimental conditions, i.e., 700 ◦C, 1 atm and 1500 mL/gcath.

Table 4. Comparison of 6% Mo/ZSM-5 catalyst prepared with ultrasound with previous MDA results
reported in literature on fixed beds of 5–6% Mo/ZSM-5 prepared by different methods. Operational
conditions: T = 700 ◦C, P = 1 atm, 1500 mL/gcath, Si/Al = 10–15, TOS = 5 h.

Reference XCH4 (5h) (%) YC2+ (5h) (%)

Julian et al. [28] 12.7 9.0
Han et al. [7] 8.1 7.5

Tan [37] 10.5 8.4
Martinez and Penis [38] 8.2 6.0

Liu et al. [39] 11.2 6.9
Song et al. [26] 11.7 8.7
Liu et al. [40] 13.3 9.4
Xu et al. [41] 5.5 5.0

6 wt.%—US (This work) 13.0 7.8

Our best methane conversion results are among the highest reported ones after 5 h on
stream. However, slightly lower overall yield to C2+ products are obtained with respect
to those reported by e.g., Julian et al. [28] and Liu et al. [40]. Specifically, the Mo/ZSM-5
catalyst prepared by Julián et al. [28] under supercritical solvothermal synthesis under
reduced conditions provided the best long-term aromatics yield among all results in
literature (9.0% also after 15 h on stream). As the authors claim, they were able to promote
the catalytic activity by preparing atom-like dispersed Mo species within the zeolite pores
without any aggregation at the external surface of the zeolite.

3. Materials and Methods
3.1. Materials

The raw materials used for the preparation of Mo/ZSM-5 catalysts were ammonium
heptamolybdate ((NH4)6Mo7O24·H2O, Sigma-Aldrich, St. Gallen, Switzerland) and com-
mercial NH4-ZSM-5 zeolite (SiO2/Al2O3 = 23, Alfa Aesar, Haverhill, MA, USA) as metal
precursor and catalytic support, respectively. The NH4-ZSM-5 zeolite was calcined in air,
prior to the metal loading, at 560 ◦C during 4 h in order to get the H-ZSM-5 form.

3.2. Catalysts Preparation

An ultrasound-assisted ion-exchange method was employed to incorporate the molyb-
denum precursor into the H-ZSM-5 zeolite. An aqueous solution of ammonium hepta-
molybdate was prepared with a concentration of 0.09 and 0.11 M to achieve a metal loading
of 5 and 6 wt. % Mo, respectively. Zeolite H-ZSM-5 was added into this solution and
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stirred until a homogeneous solution was obtained. A liquid–solid ratio (L/S, mL·g−1) of
50 was used for the preparation of all catalysts.

The suspension composed by the metal precursor and the zeolite powder was trans-
ferred into a custom-made double-wall glass cylinder without the top and bottom plate
(Figure 10). The cylinder has an internal diameter of 53 mm, an outer diameter of 83 mm,
and a height of 200 mm. This cylinder was placed on the top of a plate transducer, which
acted as the bottom of the reactor and worked at a resonance frequency of 91.8 kHz. The
glass cylinder and transducer were clamped together to allow proper sealing and avoid any
solution leakage. A custom-made glass propeller of 30 mm diameter was used to stir the
solution at 80 rpm. The solution temperature was achieved via a Haake D8 thermostatic
bath and external Pt100 temperature probe immersed in the solution. The ion-exchange
process was carried out at 60 ◦C for 120 min. At the end of the process, the samples were
filtered, dried in air at 85 ◦C, and calcined in air (heating ramp: 1 ◦C·min−1) at 550 ◦C for
6 h. Two reference samples were obtained for each metal loading under silent conditions
(without ultrasonic irradiation). In total four catalysts were prepared.
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3.3. Catalysts Characterization

A wavelength dispersive X-ray fluorescence (XRF) spectrometer (Bruker Tiger S8,
Billerica, MA, USA) was used to quantify the real concentration of molybdenum present
on the zeolite support after the ion-exchange process. The X-ray tube contains a rhodium
target anode and works with 1 kW, maximum accelerating voltage of 50 kV and current up
to 20 mA. The diffracting crystal and filter used were LiF200 and Cu 200µm, respectively.

Argon adsorption (Micromeritics ASAP 2020 analyzer, Norcross, GA, USA) was
used to characterize the textural properties of the catalysts. The specific surface area was
calculated using the BET equation whereas the pore volume was evaluated at P/P0 = 0.01.

XRD was carried out to identify the phase structure of the catalysts and changes of
the parent zeolite by the addition of molybdenum and the ultrasonic irradiation. The
measurement was conducted on a Bruker D8 Advance diffractometer (Billerica, MA, USA)
using Cu Kα radiation in the range of 5–50◦ with an angular step size of 0.015◦.

Raman spectroscopy measurements were performed to identify the presence and
coordination of molybdenum species in the catalyst with an Alpha 300 Raman spectrometer
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(WITec, Ulm, Germany) using a 532 nm laser source and CCD camera as the detector. The
selected laser power and integration time were 8 mW and 2 s, respectively.

Thermogravimetric analysis (TGA) was performed to determine the amount of coke
formed during the MDA reaction. Analyses were carried out in a Q5000SA (TA instruments,
New Castle, DE, USA) using a temperature ramp of 10 ◦C/min up to 900 ◦C under air flow
(50 mL/min).

XPS (Axis Ultra DLD—Kratos Analytical Ltd., Manchester, UK) measurements were
conducted to evaluate the atomic distribution at the surface of the catalyst and to gain
insight into Mo dispersion and extent of internalization within the zeolite pores.

SEM (Zeiss GeminiSEM 500, Jena, Germany) was used to study the morphology
of the catalysts by using a secondary electron detector (SED). A backscattered electron
detector (BSED) and EDX were also used to study the dispersion of molybdenum and to
determine the concentration of molybdenum loading, respectively. Before characterization,
the samples were suspended in ethanol. Then, they were sprayed and dried on the sample
holder without any sample coating.

Transmission electron microscopy (TEM) and scanning-TEM (STEM) were performed
with a Tecnai F30 (FEI company, Hillsboro, OR, USA) and Titan Low Base 60-300 (FEI
company, Hillsboro, OR, USA), respectively, to observe the catalyst structure in detail and
evaluate the dispersion of molybdenum on the zeolite external surface. Before characteri-
zation, the samples were dispersed in ethanol and one drop of the solution was deposited
in a TEM copper grid.

3.4. Catalysts Testing

The non-oxidative methane dehydroaromatization (MDA) was selected as the target
catalytic process. The four synthesized catalysts were tested for MDA in fixed beds con-
taining 0.5 g of catalyst placed in a vertical quartz tube (internal diameter: 10 mm) located
inside an electrical oven. The fixed bed was heated up to 700 ◦C under a methane-rich
atmosphere (80% CH4-20% N2). The reducing atmosphere helps to carburize molybdenum
species into active MoxOyCz and Mo2C [40]. Catalytic tests were performed at 700 ◦C
maintaining the same flow condition and a spatial velocity of 1500 mLSTP·gcat

−1·h−1. Two
mass flow controllers (Bronkhorst 0–20 mLSTP·min−1) were employed to feed the reactants.
The sample temperature was measured and controlled with a thermocouple placed within
the core of the fixed bed. The outlet gas composition was analyzed with a gas chromato-
graph (Thermo Fisher Scientific TRACE1310, Waltham, MA, USA) equipped with one TCD
and two FID detectors. The columns employed for the separation of the outlet gases were
Shincarbon, Plot Alumina and TR–1.

Methane conversion (XCH4), hydrocarbon selectivity (SCxHy), and hydrocarbon yield
(YCxHy) were calculated using the Equations (5) to (7).

XCH4 =

.
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.
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.
nCH4,in

=

.
VCH4,in −

ACH4,out/RFCH4
AN2,out /RFN2

×
.

VN2,in
.

VCH4,in
(5)

SCx Hy = X×
.
nCx Hy,out

.
nCH4,in −

.
nCH4,out

= X×

ACx Hy,out /RFCx Hy
AN2,out /RFN2

×
.

VN2,in

.
VCH4,in −

ACx Hy,out /RFCx Hy
AN2,out /RFN2

×
.

VN2,in

(6)

YCx Hy = XCH4 × SCx Hy (7)

where
.
ni,

.
Vi, Ai, and RFi correspond to the molar flow, volumetric flow, peak area, and

response factor of the 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 compound in a mixture of gases [42].
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4. Conclusions

An ultrasound-assisted ion-exchange synthesis method was used for the preparation
of Mo/ZSM-5 catalysts for their use in non-oxidative methane dehydroaromatization.
Characterization results showed that ultrasonic irradiation does not affect the crystalline
structure and particle size of the parent zeolite. Nevertheless, the dispersion of molybde-
num was improved when ultrasound was applied during the ion-exchange process. The
use of ultrasound along Mo/ZSM-5 synthesis led to the partial inhibition of detrimental
MoO3 agglomerates formation at the external surface of the zeolite. The irradiated samples
presented better final dispersion in terms of amount of mono- or dimeric Mo cationic
species anchored at the acid sites of the zeolite pores for a given metal loading. As a result,
the 6% Mo/ZSM-5 catalyst prepared using ultrasound radiation provided the best methane
conversion and hydrocarbons yield (C2+) among the tested MDA catalysts (13.2% and
7.9%, respectively, after 4 h on stream). Despite the enhanced molybdenum dispersion, the
hydrocarbons productivity was comparable to the traditional Mo/ZSM-5 catalyst prepared
by impregnation and lays far from the 9.0% aromatics yield after 15 h on stream obtained
for the most stable Mo/ZSM-5 catalyst for MDA reported to date.
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