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Abstract: Molybdenum-zeolite catalysts always suffer from severe carbon deposition and rapid
deactivation in the methane dehydroaromatization (MDA) process. Herein, we present a strategy
that controls spatial distance between Mo species and HMCM-22 zeolite over Mo/HMCM-22 cata-
lysts, to inhibit the severe carbon deposition. Our characterization analyses demonstrate that the
Mo/HMCM-22 catalysts possess the same active components, but the spatial distance plays a key
role in determining product selectivity in the MDA process. The MDA performance reveals that
Mo/HMCM-22-MM (mechanical milling) catalyst, with a medium spatial distance between Mo
species and HMCM-22 zeolite, significantly inhibits carbon deposition and produces high selectivity
to benzene. This work shows that spatial distance between molybdenum and zeolite is an important
property for suppressing carbon deposition and improving benzene selectivity in MDA process.

Keywords: spatial distance; molybdenum; HMCM-22; carbon deposition; methane dehydroaromati-
zation

1. Introduction

Methane is the main component of natural gas, shale gas, flammable ice, etc. In recent
years, conversion of methane into high value-added chemicals has attracted widespread
attention [1,2]. To produce target products, direct and indirect syntheses have also been
extensively explored in methane conversion. The direct synthesis usually utilizes a reaction
process (such as oxidation, chlorination, or dehydroaromatization) to directly convert
methane into desired products [3–9]. The indirect synthesis involves syngas (CO/H2)
production from methane, and conversion of the syngas into methanol, dimethyl ether,
liquid fuels, and so on [10–13]. In comparison, the direct synthesis would be a more
promising strategy to minimize production costs in the future. Moreover, there is a great
need to further develop and optimize the direct synthesis for enhancing the efficiency of
methane utilization.

Benzene is a very important basic material in the chemical industry. Direct synthesis
of benzene from methane, i.e., methane dehydroaromatization (MDA), can enhance the
utilization of natural gas, shale gas, flammable ice, etc. To realize the direct synthesis
of benzene, Mo-based zeolites (for instance, Mo/HZSM-5 and Mo/HMCM-22) are well-
recognized catalysts [7,14–16]. The Mo species is a catalytic component for methane
activation to produce reaction intermediates, and Brønsted acid from the zeolites is another
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active component for subsequent aromatization of the intermediates [16,17]. Although
in the MDA process methane conversion is limited by thermodynamic equilibrium, high
selectivity of the benzene product can be obtained [16,18]. In contrast, severe carbon
deposition and rapid deactivation are the most serious problems for Mo-based zeolites in
the MDA process [16–19]. Therefore, it is highly desirable to develop new catalytic designs
for the Mo-based zeolites to inhibit carbon deposition and deactivation.

The spatial distance of active components is an important parameter for catalyst de-
signs. In our previous works, we prepared a series of core-shell catalysts for Fischer-Tropsch
synthesis, dimethyl ether synthesis, etc. [20,21]. The active components with different cat-
alytic functions were distributed in the core and shell, respectively. The shell thickness
and core diameter were two key factors to determine the product distribution [22,23]. In
addition, bifunctional catalysts, composed of metal oxide and zeolites, have been widely
studied on hydrogenation of CO or CO2 to light olefins and aromatics [24–28]. The changes
of spatial distance and distribution, between the metal oxide and zeolites, also remarkably
influenced the product selectivity. Therefore, it is worth trying to control spatial distance of
the Mo species and Brønsted acid centers in the MDA process, for improving the catalytic
performance and suppressing the heavy carbon deposition.

Herein, we report that the spatial distance of the Mo species and Brønsted acid centers,
over Mo/HMCM-22 catalysts, is tuned for high resistance of carbon deposition in the MDA
process. Multiple methods and strategies (including hydrothermal synthesis (HS), wet
impregnation (WI), mechanical milling (MM), physical mixing (PM), and dual catalytic
beds (DCB) (see the experimental section and Figure 1 for details) are employed to control
the spatial distance of the two active components. The MDA performance reveals that
the Mo/HMCM-22-MM catalyst, prepared from the mechanical milling, which is a type
of mechanochemical activation (MCA), exhibits superior catalytic activity and benzene
selectivity, and significantly inhibits carbon deposition. The high resistance of carbon
deposition, over the Mo/HMCM-22-MM catalyst, is ultimately attributed to a suitable
spatial distance of Mo species and HMCM-22 zeolite. It can produce a strong synergy
between methane conversion and aromatization of the intermediates, to suppress carbon
deposition during the MDA process.
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Figure 1. Schematic diagrams of the Mo/HMCM-22 catalysts with different spatial distances of Mo
species and HMCM-22 zeolite. The diagrams from left to right: Mo/HMCM-22-HS, Mo/HMCM-
22-WI, Mo/HMCM-22-MM, Mo/HMCM-22-PM, and Mo/HMCM-22-DCB. These abbreviations
correspond to hydrothermal synthesis (HS), wet impregnation (WI), mechanical milling (MM),
physical mixing (PM), and dual catalytic beds (DCB), respectively.
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2. Results and Discussions
2.1. Structural Characterization

The schematic diagrams of Mo/HMCM-22 catalysts are shown in Figure 1. The
diagrams from left to right correspond to the Mo/HMCM-22-HS, Mo/HMCM-22-WI,
Mo/HMCM-22-MM, Mo/HMCM-22-PM and Mo/HMCM-22-DCB, respectively. On these
Mo/HMCM-22 catalysts, we designed different spatial distributions to gradually expand
the distances of the Mo species and Brønsted acid centers. As indicated in Table S1, the
average distances between the Mo species and Brønsted acid centers were revealed, and
changed from 9.0 × 10−3 to 1.5 × 104 µm for these Mo/HMCM-22 catalysts. In addition,
in the MDA process, porous structures and acidic properties of these Mo/HMCM-22 cata-
lysts were also two important factors in determining the MDA performance. Therefore,
to reveal the porous structures and acid properties, we employed multiple characteriza-
tion techniques to analyze the structural and chemical features for these Mo/HMCM-22
catalysts.

The XRD analysis was utilized to investigate the crystal structures of Mo/HMCM-
22 catalysts. Pure MoO3 and HMCM-22 zeolite were employed as reference samples
in the analysis. As shown in Figure 2, the Mo/HMCM-22-HS, Mo/HMCM-22-WI and
Mo/HMCM-22-MM exhibited the same diffraction patterns as that of the HMCM-22 zeolite,
indicating similar zeolite structures. Moreover, we did not observe the characteristic peaks
of MoO3 on these Mo/HMCM-22 catalysts. This suggests that the HMCM-22 zeolite was
the main structure for these Mo/HMCM-22 catalysts, and the MoO3 species was highly
dispersed on them.
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Figure 2. X-ray diffraction (XRD) patterns of MoO3, HMCM-22 zeolite and various Mo/HMCM-22
catalysts.

We further utilized scanning electron microscopy (SEM) analysis to observe surface
morphology for the pure HMCM-22 zeolite and Mo/HMCM-22 catalysts as in Figure 3.
The results revealed that the pure HMCM-22 zeolite generated a uniform shape and
size for the zeolite particles. However, the Mo/HMCM-22-HS, Mo/HMCM-22-WI and
Mo/HMCM-22-MM catalysts gradually changed the particle shapes and decreased the
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particle sizes. We further counted the thickness of these three samples as in Figure S1. The
average sheet thickness of Mo/HMCM-22-HS, Mo/HMCM-22-WI and Mo/HMCM-22-
MM was about 0.118, 0.111, and 0.107 µm, respectively. To our knowledge, the smaller
particles of HMCM-22 zeolite can generate higher utilization efficiency for the Brønsted
acid centers, because acidic sites inside the zeolite crystals are more accessible by reactants.
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The Mo contents and Si/Al ratios of Mo/HMCM-22 catalysts were measured by
EDS [29,30] and X-ray fluorescence (XRF) analyses. The results in Table 1 show that the Mo
contents were around 6 wt% and the Si/Al ratios were about 20 for all the Mo/HMCM-22
catalysts. In addition, we employed N2 physisorption to investigate textural properties
for the Mo/HMCM-22 catalysts. As indicated in Figure 4, the Mo/HMCM-22 catalysts
and pure HMCM-22 zeolite exhibit similar hysteresis loops for N2 adsorption-desorption
isotherms. Moreover, they also display similar total volume (Vtotal), micropore volume
(Vmicro) and mesopore volume (Vmeso), respectively, as in Table S2. Although BET surface
areas (SBET) were different on these samples, the similar pore structures revealed that shape
selective functions towards aromatics were not changed on the Mo/HMCM-22 catalysts.

The H2-TPR results are compared in Figure 5. The Mo/HMCM-22-WI exhibit three
main peaks for its TPR profile. The first peak at 460 ◦C was attributed to reduction of MoO3
to MoO2 [31,32]. The second peak at 570 ◦C was caused by strong interaction between the
MoO3 species and HMCM-22 zeolite. The third peak at 710 ◦C was due to further reduction
of the MoO2 species [33,34]. In comparison to the Mo/HMCM-22-WI, the Mo/HMCM-22-
HS generated a very low intensity for the H2-TPR peaks. This demonstrated that it was
difficult to activate the Mo species inside the Mo/HMCM-22-HS. Unlike the Mo/HMCM-
22-WI and Mo/HMCM-22-HS, the Mo/HMCM-22-MM only showed a broad peak at a
temperature range from 400 to 700 ◦C. This observation suggests that the preparation
method of mechanical milling not only controlled the distance between the Mo species
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and HMCM-22 zeolite, but also significantly improved the ability for reduction of the
Mo species.

Table 1. Si/Al ratios and Mo contents for the HMCM-22 zeolite and Mo/HMCM-22 catalysts.

Sample Mo Content (wt%) a Si/Al Ratio b

HMCM-22 / 20
Mo/H-MCM-22-HS 5.8 23
Mo/HMCM-22-WI 6.4 21

Mo/HMCM-22-MM 6.3 21
Mo/HMCM-22-PM c 6.0 20

Mo/HMCM-22-DCB c 6.0 20
a Mo contents were measured by EDS analysis; b the Si/Al ratios were obtained from X-ray fluorescence (XRF)
analysis; c the Si/Al ratios and Mo contents were calculated according to the amount of raw materials.

Catalysts 2021, 11, x FOR PEER REVIEW 5 of 13 
 

 

Table 1. Si/Al ratios and Mo contents for the HMCM-22 zeolite and Mo/HMCM-22 catalysts. 

Sample Mo Content (wt%) a Si/Al ratio b 
HMCM-22 / 20 

Mo/H-MCM-22-HS 5.8 23 
Mo/HMCM-22-WI 6.4 21 

Mo/HMCM-22-MM 6.3 21 
Mo/HMCM-22-PM c 6.0 20 

Mo/HMCM-22-DCB c 6.0 20 
a Mo contents were measured by EDS analysis; b the Si/Al ratios were obtained from X-ray fluo-
rescence (XRF ) analysis; c the Si/Al ratios and Mo contents were calculated according to the amount 
of raw materials. 

 
Figure 4. N2 adsorption-desorption isotherms for the HMCM-22 zeolite and various Mo/HMCM-22 
catalysts. 

The H2-TPR results are compared in Figure 5. The Mo/HMCM-22-WI exhibit three 
main peaks for its TPR profile. The first peak at 460 °C was attributed to reduction of 
MoO3 to MoO2 [31,32]. The second peak at 570 °C was caused by strong interaction be-
tween the MoO3 species and HMCM-22 zeolite. The third peak at 710 °C was due to fur-
ther reduction of the MoO2 species [33,34]. In comparison to the Mo/HMCM-22-WI, the 
Mo/HMCM-22-HS generated a very low intensity for the H2-TPR peaks. This demon-
strated that it was difficult to activate the Mo species inside the Mo/HMCM-22-HS. Un-
like the Mo/HMCM-22-WI and Mo/HMCM-22-HS, the Mo/HMCM-22-MM only showed 
a broad peak at a temperature range from 400 to 700 °C. This observation suggests that 
the preparation method of mechanical milling not only controlled the distance between 
the Mo species and HMCM-22 zeolite, but also significantly improved the ability for re-
duction of the Mo species. 

Figure 4. N2 adsorption-desorption isotherms for the HMCM-22 zeolite and various Mo/HMCM-22
catalysts.

Catalysts 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 5. H2-TPR profiles for the Mo/HMCM-22-HS, Mo/HMCM-22-WI and Mo/HMCM-22-MM 
catalysts. 

To elucidate the acidic properties, we performed NH3-TPD analyses for the 
HMCM-22 zeolite, Mo/HMCM-22-WI and Mo/HMCM-22-MM samples as in Figure 6. 
On these samples, two peaks are observed in the NH3-TPD profiles. The low-temperature 
peak at 180 °C was attributed to physical adsorption of NH3 molecules, and weak inter-
action between NH3 molecules and weak acid centers. The high-temperature peak at 400 
°C was ascribed to strong interaction between NH3 molecules and Brønsted acid centers 
[35,36]. The pure HMCM-22 zeolite exhibited higher intensity for the high-temperature 
peak than the Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts. Moreover, the TPD 
profile of the HMCM-22 zeolite was the same as that of Mo/HMCM-22-HS catalyst as in 
Figure S2. In particular, Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts formed 
similar NH3-TPD profiles. This demonstrated that these two samples generated similar 
acidic properties. The similar acidic properties further indicate that they should possess 
the same ability for aromatization of the intermediates to benzene product in MDA pro-
cess. 

 
Figure 6. NH3-TPD analyses for the HMCM-22, Mo/HMCM-22-WI and Mo/HMCM-22-MM sam-
ples. 

Figure 5. H2-TPR profiles for the Mo/HMCM-22-HS, Mo/HMCM-22-WI and Mo/HMCM-22-MM
catalysts.



Catalysts 2021, 11, 148 6 of 13

To elucidate the acidic properties, we performed NH3-TPD analyses for the HMCM-22
zeolite, Mo/HMCM-22-WI and Mo/HMCM-22-MM samples as in Figure 6. On these
samples, two peaks are observed in the NH3-TPD profiles. The low-temperature peak
at 180 ◦C was attributed to physical adsorption of NH3 molecules, and weak interaction
between NH3 molecules and weak acid centers. The high-temperature peak at 400 ◦C was
ascribed to strong interaction between NH3 molecules and Brønsted acid centers [35,36].
The pure HMCM-22 zeolite exhibited higher intensity for the high-temperature peak than
the Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts. Moreover, the TPD profile of the
HMCM-22 zeolite was the same as that of Mo/HMCM-22-HS catalyst as in Figure S2. In
particular, Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts formed similar NH3-TPD
profiles. This demonstrated that these two samples generated similar acidic properties.
The similar acidic properties further indicate that they should possess the same ability for
aromatization of the intermediates to benzene product in MDA process.
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We further employed XPS analysis to investigate surface chemical states for MoO3,
Mo/HMCM-22-WI and Mo/HMCM-22-MM samples as in Figure 7. The Mo 3d region is
displayed in Figure 7a. The pure MoO3 sample exhibits two photoelectron peaks at binding
energies of 232.9 and 236.1 eV. They should correspond to 3d5/2 and 3d3/2 core levels for
molybdenum oxide (Mo6+), respectively [37,38]. The Mo/HMCM-22-WI and Mo/HMCM-
22-MM catalysts display lower binding energies for the characteristic peaks of the Mo 3d
region, as compared to the pure MoO3 sample. This is due to the fact that low oxidation
state of molybdenum oxide was formed on these two samples. Especially, the Mo/HMCM-
22-WI and Mo/HMCM-22-MM samples also showed a similar Mo 3d spectrum. It suggests
that they possessed the same surface chemical states for Mo species. In addition, the O 1s
region is displayed in Figure 7b. The peak at binding energy of 530.9 eV was attributed to
O1s for pure MoO3, and the peak at binding energy of 531.3 eV was assigned to O 1s for
HMCM-22 zeolite [39–41]. The O 1s spectra also uncovered that the Mo/HMCM-22-WI
and Mo/HMCM-22-MM formed similar O species. In addition to the Mo 3d and O 1s
regions, the Si 2p and Al 2p regions further demonstrated that the Mo/HMCM-22-WI
and Mo/HMCM-22-MM catalysts also generated the same surface chemical states for Si
and Al species as in Figure 7c,d. Thus, we confirmed that the Mo/HMCM-22-WI and
Mo/HMCM-22-MM catalysts provided the same surface chemical states of Mo, O, Si, and
Al species for MDA process.



Catalysts 2021, 11, 148 7 of 13

Catalysts 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

We further employed XPS analysis to investigate surface chemical states for MoO3, 
Mo/HMCM-22-WI and Mo/HMCM-22-MM samples as in Figure 7. The Mo 3d region is 
displayed in Figure 7a. The pure MoO3 sample exhibits two photoelectron peaks at 
binding energies of 232.9 and 236.1 eV. They should correspond to 3d5/2 and 3d3/2 core 
levels for molybdenum oxide (Mo6+), respectively [37,38]. The Mo/HMCM-22-WI and 
Mo/HMCM-22-MM catalysts display lower binding energies for the characteristic peaks 
of the Mo 3d region, as compared to the pure MoO3 sample. This is due to the fact that 
low oxidation state of molybdenum oxide was formed on these two samples. Especially, 
the Mo/HMCM-22-WI and Mo/HMCM-22-MM samples also showed a similar Mo 3d 
spectrum. It suggests that they possessed the same surface chemical states for Mo species. 
In addition, the O 1s region is displayed in Figure 7b. The peak at binding energy of 530.9 
eV was attributed to O1s for pure MoO3, and the peak at binding energy of 531.3 eV was 
assigned to O 1s for HMCM-22 zeolite [39–41]. The O 1s spectra also uncovered that the 
Mo/HMCM-22-WI and Mo/HMCM-22-MM formed similar O species. In addition to the 
Mo 3d and O 1s regions, the Si 2p and Al 2p regions further demonstrated that the 
Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts also generated the same surface 
chemical states for Si and Al species as in Figure 7c,d. Thus, we confirmed that the 
Mo/HMCM-22-WI and Mo/HMCM-22-MM catalysts provided the same surface chemical 
states of Mo, O, Si, and Al species for MDA process. 

 
Figure 7. XPS analysis of the MoO3, Mo/HMCM-22-WI and Mo/HMCM-22-MM samples. (a) Mo 3d 
region for the MoO3, Mo/HMCM-22-WI and Mo/HMCM-22-MM; (b) O 1s region for the MoO3, 
Figure 7. XPS analysis of the MoO3, Mo/HMCM-22-WI and Mo/HMCM-22-MM samples. (a) Mo
3d region for the MoO3, Mo/HMCM-22-WI and Mo/HMCM-22-MM; (b) O 1s region for the
MoO3, Mo/HMCM-22-WI and Mo/HMCM-22-MM; (c) Si 2p region for the Mo/HMCM-22-WI
and Mo/HMCM-22-MM and (d) Al 2p region for the Mo/HMCM-22-WI and Mo/HMCM-22-MM.

2.2. MDA Performance

To evaluate the MDA performance, we tested the Mo/HMCM-22 catalysts in a con-
tinuous fixed-bed reactor. The conversions of CH4 are summarized in Figure 8. The
Mo/HMCM-22 catalysts reveal a volcano curve for the CH4 conversions, with increasing
the distance between the Mo species and HMCM-22 zeolite. Moreover, the Mo/HMCM-
22-MM catalyst exhibited a better CH4 conversion than the other catalysts. The product
selectivities of the MDA process were also compared in Figure 8. The Mo/HMCM-22-HS
and Mo/HMCM-22-DCB display rather low selectivity to benzene, but high selectivity
to coke and other by-products. Compared with the Mo/HMCM-22-HS and Mo/HMCM-
22-DCB catalysts, the Mo/HMCM-22-WI and Mo/HMCM-22-PM remarkably improved
the benzene selectivity. However, they still exhibit high coke selectivity. Among these
Mo/HMCM-22 catalysts, the Mo/HMCM-22-MM exhibits the highest selectivity to ben-
zene, while the lowest selectivity to coke. The benzene selectivity reached 64.3%, and the
coke selectivity was only 18.1%.
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Figure 8. MDA performance of the Mo/HMCM-22 catalysts. (1) Mo/HMCM-22-HS; (2) Mo/HMCM-
22-WI; (3) Mo/HMCM-22-MM; (4) Mo/HMCM-22-PM and (5) Mo/HMCM-22-DCB. They are also
abbreviated as HS, WI, MM, PM, and DCB in the figure, respectively. Reaction condition: temperature,
700 ◦C; pressure, 1 atm; CH4/Ar = 9/1; flow rate, 12.5 mL min−1; catalyst weight, 0.5 g; and time on
stream, 6 h.

According to the characterization results, we demonstrated that the Mo/HMCM-22
catalysts possessed similar Mo contents, Si/Al ratios, zeolite crystals and porous structures
(Figures 2 and 4; Tables 1 and S2). Moreover, we further proved that the Mo/HMCM-22-WI
and Mo/HMCM-22-MM catalysts also formed similar acid properties and surface chemical
states (Figures 6 and 7). Therefore, although the CH4 conversion can be affected by Mo
species or tuning the distance between the Mo species and HMCM-22 zeolite, the benzene
and coke selectivity should remain unchanged over these Mo/HMCM-22 catalysts. Unex-
pectedly, the Mo/HMCM-22-MM catalyst generated higher benzene selectivity and lower
coke selectivity than all the other Mo/HMCM-22 catalysts, including the Mo/HMCM-22-
WI catalyst. It indicates that a medium distance between the Mo species and HMCM-22
zeolite promoted the benzene formation, and inhibited the carbon deposition.

In contrast, the Mo/HMCM-22-HS and Mo/HMCM-22-WI catalysts generated low
selectivity of benzene and high selectivity of coke in the MDA process; this was mainly due
to the short distance between the Mo species and HMCM-22 zeolite. The short diffusion
distance could accelerate excessive secondary reactions in the HMCM-22 zeolite, resulting
in the heavy carbon deposition on the zeolite. The Mo/HMCM-22-PM and Mo/HMCM-
22-DCB catalysts also produced the low selectivity of benzene and high selectivity of
coke. These phenomena should be attributed to the long distance between the Mo species
and HMCM-22 zeolite. The long diffusion distance would suppress aromatization of the
intermediates on the HMCM-22 zeolite. Ultimately, the high selectivity of coke was caused
by methane decomposition on the Mo species.

After the MDA process, we further characterized the spent Mo/HMCM-22 catalysts
by SEM, TG and Raman analyses. The SEM images revealed that surface morphologies of
the spent catalysts were the same as those of the fresh catalysts as in Figure 3 and Figure S3.
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The TG analysis uncovered that a high mass loss appeared at a temperature range from
450 to 640 ◦C over the Mo/HMCM-22-WI as in Figure S4; it should be ascribed to removal
of the deposited carbon [42,43]. The Mo/HMCM-22-MM also exhibited a high mass loss
due to the deposited carbon, owing to its high CH4 conversion. The Mo/HMCM-22-HS
and Mo/HMCM-22-PM showed low mass loss for the deposited carbon, because of their
low CH4 conversion. We further utilized the Raman analysis to investigate the deposited
carbon on the Mo/HMCM-22-WI and Mo/HMCM-22-MM as in Figure S5. The results
unveiled that the Mo/HMCM-22-WI generated disordered and graphitic carbon species,
but Mo/HMCM-22-MM mainly formed the graphitic carbon species [44,45]. This implies
that Mo/HMCM-22-MM successfully mitigated the deposition of disordered carbon species.
Hence, it exhibited a low selectivity to coke in the MDA process.

3. Materials and Methods
3.1. Catalyst Preparation

Na-form MCM-22 zeolite (Si/Al = 20) was prepared via hydrothermal synthesis. In
brief, 24.88 g colloidal silica (LUDOX® SM colloidal silica 30 wt% suspension in H2O; Sigma-
Aldrich Co., LLC., St. Louis, MO, USA) and 0.84 g NaAlO2 (31~35% Na2O, 34~39% Al2O3;
Kanto Chemical Co., Inc., Tokyo, Japan) were dissolved in deionized water (13.65 mL),
respectively. The two solutions were stirred at room temperature for 24 h, and then mixed
together in a beaker. After mixing the two solutions, 0.14 g NaOH (≥98%, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) and 8.88 g hexamethyleneimine (HMI, 99%,
Sigma-Aldrich Co., LLC., St. Louis, MO, USA) were also added into the beaker. After
vigorously stirring the mixture for 4 h, we obtained a precursor sol with molar composition
of 1.0 SiO2:0.025 Al2O3:0.05 Na2O:0.50 HMI:20H2O. Furthermore, the precursor sol was
transferred into a Teflon-lined autoclave, for hydrothermal synthesis at 150 ◦C for 5 days
with a rotation speed of 10 rpm. The solid product after the hydrothermal synthesis was
centrifuged, washed with deionized water, and dried at 120 ◦C overnight. The dried
product was further calcined in air at 550 ◦C for 6 h. The Na-form MCM-22 zeolite was
obtained after the calcination.

To obtain H-form MCM-22 zeolite, that is, HMCM-22, the Na-form MCM-22 zeolite
was treated using a conventional ion-exchange method. Typically, the Na-form MCM-22
zeolite (3.0 g) was added into an aqueous solution of NH4NO3 (1.0 mol L−1; 50 mL). The
suspension was stirred at 80 ◦C for 8h. Then the solid product was centrifuged, dried at
120 ◦C overnight and calcined at 550 ◦C for 6 h. The HMCM-22 zeolite was formed by
repeating these ion-exchange procedures for 3 times.

Mo/HMCM-22-HS catalyst was also prepared via hydrothermal synthesis. During
the synthesis, MoO3 (0.49 g, 100nm power, Sigma-Aldrich Co., LLC., St. Louis, MO, USA),
NaOH (0.14 g) and HMI (8.88 g) were simultaneously introduced into the mixture, to
produce the precursor sol. The other preparation processes were the same as those of the
HMCM-22 sample. We labeled this catalyst as Mo/HMCM-22-HS.

Mo/HMCM-22-WI catalyst was synthesized using a method of wet impregnation. In
the preparation, 0.24 g (NH4)6Mo7O24·4H2O (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) was added into a beaker with deionized water (4.0 mL). Then, the solution
was dripped onto the HMCM-22 zeolite (2.0 g), followed by ultrasound treatment for 0.5 h
and vacuum drying at 60 ◦C overnight. The solid product was further calcined in air at
500 ◦C for 6 h. We obtained the Mo/HMCM-22-WI after the calcination.

Mo/HMCM-22-MM catalyst was fabricated by mechanical milling in a mortar grinder
(ANM 1000, Nitto Kagaku CO., Ltd., Nagoya, Japan). In the fabrication, MoO3 (0.20 g) and
HMCM-22 (2.0 g) were mixed in the mortar, and the mixture was mechanically milled at
room temperature for 0.5 h. The resulting product was further calcined in air at 500 ◦C for
6 h, to produce the Mo/HMCM-22-MM catalyst.

Mo/HMCM-22-PM catalyst was prepared via physically mixing the MoO3 particles
with HMCM-22 zeolite. For this preparation, MoO3 particles (0.05 g; 20~40 mesh) and
HMCM-22 zeolite (0.45 g; 20~40 mesh) were directly mixed before the MDA reaction. In
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addition, Mo/HMCM-22-DCB catalyst was designed in a quartz reactor by using dual
catalytic beds for the MDA reaction. The HMCM-22 zeolite particles (0.45 g; 20~40 mesh)
were first loaded into the reactor, and then the MoO3 particles (0.05 g; 20~40 mesh) were
added on the upper floor of the reactor. The quartz wool, in the middle of the reactor, was
employed to control the distance of the MoO3 particles and HMCM-22 zeolite.

3.2. Catalyst Characterization

The X-ray diffraction (XRD) patterns were recorded on a Rigaku RINT 2400 X-ray
diffractometer (Rigaku, Nagoya, Japan) with Cu Kα radiation (40 kV and 40 mA) at a
scanning speed of 2◦ min−1 and step size of 0.02◦ (2θ). The surface morphologies and Mo
contents of Mo/HMCM-22 catalysts were analyzed via scanning electron microscopy (SEM,
JEOL JSM-6360LV, JEOL Ltd., Tokyo, Japan), and energy dispersive spectrometry (EDS,
JED-2300, JEOL Ltd., Tokyo, Japan), respectively. Before the observation, the samples were
pretreated in vacuum at 70 ◦C for 10 h, and then coated by a platinum layer. The Si/Al
ratios of Mo/HMCM-22 catalysts were determined by wave-dispersive X-ray fluorescence
(XRF) spectrometry (PW 2404 R, Philips Japan Co., Ltd., Tokyo, Japan). The nitrogen
(N2) physisorption was performed via a NOVA2200e analyzer (Micromeritics Japan G.K.,
Chiba, Japan). Before the analysis, the sample (80 mg) was degassed at 220 ◦C for 2 h. The
specific surface area was calculated according to the method of Brunauer–Emmett–Teller
(BET). The X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Thermo
ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher Scientific Co., Ltd.,
Tokyo, Japan). The X-ray source was Al Kα monochromatized radiation (1486.6 eV). The
Raman spectra of the spent catalysts were recorded using a Renishaw inVia 2000 Raman
microscope (Argon ion laser; excitation wavelength: 514.5 nm, Renishaw, Nagoya, Japan).
The thermogravimetric analysis was performed by a TA-60WS thermal analyzer (Shimadzu,
Kyoto, Japan). In the analysis, the spent catalyst was heated under a air flow (50 mL min−1),
and the treatment temperature was raised from room temperature to 800 ◦C (10 ◦C min−1).

The temperature-programmed reduction of hydrogen (H2-TPR) was conducted on a
BELCAT-B-TT analyzer (MicrotracBEL Corp., Osaka, Japan). The Mo/HMCM-22 sample
(50 mg) was added into a quartz reactor, and the sample was pretreated at 150 ◦C for
2 h with He gas (30 mL min−1). Then, the temperature was lowered from 150 to 50 ◦C,
and H2/Ar gas (5 vol.% H2; 30 mL min−1) was introduced into the reactor. The H2-TPR
profile was recorded using a thermal conductivity detector (TCD) and the temperature was
raised to 1000 ◦C (10 ◦C min−1). The temperature-programmed desorption of ammonia
(NH3-TPD) was also conducted on the BELCAT-B-TT analyzer (MicrotracBEL Corp., Osaka,
Japan). The sample (50 mg) was added into the reactor, and pretreated at 150 ◦C for 2 h
with He gas (30 mL min−1). The adsorption of NH3 was conducted at 80 ◦C in a NH3/He
gas (5 vol.% NH3) for 1 h. The NH3-TPD profiles were recorded in a He flow (30 mL min−1)
by raising the temperature to 600 ◦C (10 ◦C min−1).

3.3. Catalyst Evaluation

The MDA reaction was carried out in a continuous fixed-bed reactor at 700 ◦C and
atmospheric pressure. Typically, 0.5 g Mo/HMCM-22 catalyst (20~40 mesh) was mixed
with 1 mL of quartz sand, and loaded into a quartz reactor (inner diameter = 8.0 mm).
Quartz wool plugs were employed to immobilize the catalyst bed, and control the distance
of Mo species and HMCM-22 zeolite. Before the reaction, the catalyst was heated to 700 ◦C
(10 ◦C min−1) in an N2 flow (30 mL min−1). Then, a gas mixture of CH4/Ar (CH4/Ar = 9/1;
12.5 mL min−1; WHSV = 1500 mL h−1 gcat−1) was introduced into the reactor, to start the
reaction. Ar gas was used as an internal standard for calculation of methane conversion
and aromatics selectivity. The effluent gas from the reactor to gas chromatograph (GC) was
heated on 200 ◦C, to prevent possible condensation of heavy hydrocarbon products. The
effluent gas of Ar, CO, CH4, and CO2 were detected by an online GC (Thermal conductivity
detector (TCD); Shimadzu GC-8A, Kyoto, Japan) with an activated carbon column. The
light hydrocarbons, for example, methane, ethylene and ethane, were analyzed by another
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online GC (Flame ionization detector (FID); Shimadzu GC-2014, Kyoto, Japan) with a
Porapak-Q column. The heavy hydrocarbons, such as benzene, toluene, naphthalene, were
collected in an ice trap, and analyzed by an off-line GC (Flame ionization detector (FID);
Shimadzu GC-2014, Kyoto, Japan) with a capillary column (DB-1). The methane conversion
and product selectivity were calculated as follows:

CH4 conv. (%) = (CH4,in/Arin − CH4,out/Arout)/(CH4,in/Arin) × 100 (1)

CH4 conv.—CH4 conversion; CH4, in—peak area of CH4 in feed gas; Arin—peak area
of Ar in feed gas; CH4, out—peak area of CH4 in effluent gas; Arout—peak area of Ar in
effluent gas.

SCxHy (%) = (x × nCxHy)/(nCH4,in − nCH4,out) × 100 (2)

SCxHy—selectivity of product CxHy; x—carbon number of product CxHy; nCxHy—
mole number of product CxHy; nCH4, in—mole number of CH4 in feed gas; nCH4, out—mole
number of CH4 in effluent gas.

4. Conclusions

In conclusion, a series of Mo/HMCM-22 catalysts with different spatial distances be-
tween the Mo species and HMCM-22 zeolite were designed for the methane dehydroarom-
atization (MDA) process. The methods and strategies of hydrothermal synthesis (HS), wet
impregnation (WI), mechanical milling (MM), physical mixing (PM) and dual catalytic
beds (DCB) were employed to control the spatial distances. The characterization results
demonstrated that these Mo/HMCM-22 catalysts possessed similar Mo contents, Si/Al
ratios, zeolite crystals and porous structures. The Mo/HMCM-22-WI and Mo/HMCM-
22-MM catalysts further generated the same acid properties and surface chemical states.
The MDA performance revealed that the Mo/HMCM-22-MM catalyst realized higher
CH4 conversion and benzene selectivity, than all the other Mo/HMCM-22 catalysts. More
importantly, it significantly decreased coke selectivity in the MDA process. Based on these
results and observations, we confirmed that a suitable spatial distance of Mo species and
acidic sites over HMCM-22 zeolite can enhance benzene formation and inhibit carbon
deposition in the MDA process.
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