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Abstract

Methane dehydroaromatization (MDHA) is a direct activation approach to covert
methane to value-added chemicals in a single step. This requires no intermediate step,
making it a commercially economic approach. Mo supported on HZSM-5/MCM-22 is a
well-studied catalyst for this reaction, where Mo sites are responsible for activating
methane to C,H, dimers, which can oligomerize on HZSM-5 Bronsted acid sites to
produce aromatics. Challenges for these bifunctional catalysts involve rapid coking and
low product yield. In this study, a novel catalytic approach is introduced using group VIB
metals (Cr, Mo, W) supported on sulfated zirconia (SZ) solid acid. It is believed that the
Bronsted acidity of SZ should help to convert the dimers generated from metal sites to
ethylene and aromatics like benzene.

Here, fresh Mo, W and Cr were doped into SZ and characterized using pyridine DRIFTS,
ammonia TPD, BET and SEM-EDS.. Catalytic activity for MDHA was ranked as
Mo>W=>Cr. Mo/SZ showed greater selectivity towards ethylene and benzene, followed by
W/SZ, which was selective primarily towards ethylene. Cr/SZ showed the least activity
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under similar reaction conditions, producing only a small amount of ethylene. Higher
catalytic activity for Mo/SZ was possibly due to reduced Mo oxide sites, found from
XANES analysis, as well as higher acidity, observed from TPD. Deactivation was mainly
due to coking, observed from subsequent TPO analysis. Further investigation is necessary
to enhance the activity of this novel catalytic approach before considering for potential
industrial applications.

INTRODUCTION

The growing need of heavier hydrocarbons in chemical industries has reached
a new height in the 21* century. Natural gas is a cleaner source of high value chemicals
compared to other conventional fossil fuels such as coal & oil. Unfortunately,
conventional end use of natural gas includes power generation and flaring[1]. To make the
best use of this abundant natural resource, research has been focused on activating natural
gas components with minimal energy input. Major component of natural gas is methane,
which has been well studied as a feedstock for producing valuable chemicals using
heterogeneous catalysts.[2, 3] Methane conversion process can be categorized into direct
and indirect reaction routes[2]. The difference is that for the indirect process, an
intermediate product formation, typically syngas, is required[4]. This additional reaction
step is used to produce higher hydrocarbons but is energy intensive. Direct conversion is
advantageous because it eliminates the intermediate step[5], while greatly reducing energy
requirements and capital investment. Primary challenge for direct conversion is activating
the first C-H bonds of methane, which is thermodynamically very stable[2]. To overcome
such high activation barrier, presence of a catalyst is necessary.

One such reaction mechanism involves activating methane using a bifunctional
catalyst having two adjacent active sites, known as methane dehydroaromatization
(MDHA). Transition metals of group VIB (Mo, W) have shown alkane activation via this
route.[6]

6 C(g)>CeHo(g)+9 Ha(g) ; (AGaosk = +433 kI/mol, AHaesk = +531 kJ/mol) ... (1)

Mo oxide supported on ZSM-5/MCM-22 is a well-studied bifunctional catalyst
for MDHA.[7, 8] It has been reported that the metal carbide species produced from Mo/W
oxides activate methane by forming CH, species, which is dimerized into C,H, species.[9]
The acidic sites present on ZSM-5/MCM-22 are believed to be responsible for
oligomerization of the C,H, species to form benzene and heavier aromatics [5].

Solid heterogeneous catalysts[10] can catalyze a range of reactions. Even
though homogeneous acid catalysts are advantageous for higher reaction rates at low
temperature reactions [13, 16], for certain reaction systems high temperature solid acids
are required. This allows to overcome the thermodynamic limitations associated with low
temperatures. [15].

Solid acids such as sulfated zirconia (SZ), sulfated hafnia (SH), tungstated
zirconia (WZ) are highly acidic, thermally stable compounds [11]. These possess strong
BA sites[12] that have a key role in the oligomerization of dimeric species. Among the
sulfated oxide based super acids, sulfated ZrO, has been most frequently investigated,
modified, and applied to various reaction systems[13-16], because of their strong acid
sites, ease of preparation, and commercial availability.

Group VIB metal (Mo, W, Cr) doped on solid acids has been reported for
reactions such as alkane direct activation[17, 18], hydroconversion, isomerization [19]
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Different amount of loading, calcination technique, catalytic pretreatment, and reaction
temperature have been studied the active oxidation state of Mo in a reaction[9]. One of the
significant properties of group VIB metals is in the formation of carbides through the
addition of carbon into their lattice structure. In excited state the outer d band of these has
electron vacancy, which is filled by the valence electron of carbon. This metallic band
type appearance lets such metals to have a density of states at the Fermi level which
resembles the electronic configuration of a noble metal[20], enabling these to participate
in different catalytic reactions as active components.

Keeping these in mind, our goal is to use group VIB based metals, i.e., Mo, W,
Cr, and load these onto sulfated zirconia (SZ) solid acid (Figure 1) and compare their
performance in MDHA. SZ replaces the conventional acidic ZSM-5/MCM-22 support,
which has been well studied for its strong acidic sites that can catalyze cyclization of the
C,H, dimers generated from the active metal sites[19]. Even though SZ does not possess
shape selectivity like HZSM-5, the acidity is believed to be enough to oligomerize the
dimers to aromatics[21].

To our knowledge, group VIB metals have never been supported on SZ solid
acid and tested for MDHA. The fresh synthesized catalysts are characterized using
pyridine DRIFTS, ammonia TPD, SEM-EDS, BET, XANES. The catalysts were then
tested for MDHA. Deactivation was studied using temperature programmed oxidation
(TPO).

dimerization oligomerization

Figure 1: Proposed reaction mechanism for MDHA [M= group VIB metals-W, Mo, Cr]

EXPERIMENTAL

Catalyst synthesis

Conventional literature methods were used to prepare sulfated zirconia.
Zirconium oxide was obtained directly from vendors. 1 M H,SO, was added to zirconium
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oxide, followed by stirring for 2 hours. This was dried at 110°C overnight and calcined at
550°C to prepare the final SZ catalyst.

Incipient wetness impregnation method was used to dope 5 wt. % of each
metal in SZ. SZ powder and metal precursors were added to make a DI water solution,
which was stirred for 2 hours, followed by filtration with excess water. The retentate was
dried at 110°C overnight and calcined at 550°C for 4 hours in ambient condition and
stored in bottles to avoid air and moisture exposure.

Catalytic characterization

Physico-chemical properties

The surface area of the catalysts was determined using BET physisorption
technique. It was found that in each case, surface area decreased with the addition of
metals in SZ surface (Table 1). SZ is reported to have surface area of 50-100 m%g[13, 22],
similar to what was observed in BET analysis. When group VIB metals were added, this
surface area decreases, likely due to SZ pore blockage due to metal loading. SEM-EDS
analysis was carried out to determine the metal compositions. It was found that the actual
amount of metals was lower than that was intended, possibly lost during calcination stage
of synthesis.

Table 1: Physico-chemical properties of prepared catalysts

Sample metal wt.% metal wt.% BET surface
(intended) (SEM-EDS) area (m%/g)
SZ - - 84
5% W/SZ 5 43 71
5% Mo/SZ 5 4.5 76
5% Cr/SZ 5 39 74
Pyridine DRIFTS

DRIFTS was carried out using pyridine as weak base probe molecule to
determine the acid site stability, before and after the metals were loaded in SZ. Adsorbed
pyridine sites on SZ correspond to either Bronsted, Lewis acid sites or dual acid sites.
Vibrations at around 1445 cm™ and 1610 cm™ represent Lewis acid sites, whereas
vibrations at around 1545 cm™ and 1645 cm™ represent Bronsted acid sites[23].
Vibrations at around 1495 cm™ represents sites that contain both Lewis and Brensted
acidity [23, 24]. All these characteristic bands were observed in the four SZ catalysts,
indicating that surface acidity remained stable after metals were loaded (Figure 2). All
catalysts were tested up to 400°C, and stable acid sites were observed as temperature was
increased.
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Figure 2: Pyridine DRIFTS of the prepared catalysts: SZ, Mo-SZ, Cr-SZ and W-SZ, each tested at
400°C after pyridine exposure for 3 hours

Ammonia TPD

Ammonia TPD was used to quantify the total acidity of the prepared catalysts.
Ammonia was used as probe molecule to study the total acid sites for each catalyst. After
analyzing TPD areas, decrease in total acidity was observed for the metal loaded catalysts

(Table 2). This suggests that some acid sites were compromised due to metal-support
interactions, resulting in a loss of acidity.

Table 2: Amount of NH; desorbed/consumed per gram of catalyst

Catalyst Total micromoles of NH;
desorbed per gram catalyst

Sz 1954

5% W/SZ 1133

5% Mo/SZ 1465

5% Cr/SZ 1028

Experimental procedure

The bifunctional catalysts were run at 700°C for ~15 hours to investigate
methane dehydroaromatization. The catalysts were first reduced under H, flow till the
desired reaction temperature was reached. The catalysts were further reduced by

introducing a methane to H, gas ratio of 1:4, which was flowed into the reactor for 4 hours
to achieve the carburized phase.
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RESULTS AND DISCUSSION

All three group VIB catalysts were tested at 700°C for MDHA and their
activity and product selectivity were measured. Products observed in all the catalytic runs
were primarily ethylene and benzene, with small amount of ethane, propylene, propane
(not shown). Considerable differences in initial activation periods were observed for all
three catalysts, followed by deactivation. At the conditions tested here, deactivation was
inevitable due to coking.

Methane conversion and selectivity towards aromatics differed significantly
among the three catalysts. This can be attributed to dispersion and concentrations of metal
carbide species, as well as the difference of reactivity among the metal species present in
SZ. Methane conversion was the highest for Mo-SZ at 700°C, followed by W and Cr, both
showing similar activity (Figure 3). It appears that W and Cr oxide in their reduced states
are not as stable as the reduced Mo oxides on SZ support at 700°C, which are considered
to be the active sites for production of C, dimers in MDHA[1, 2, 25]. This is evident
during ethylene formation as well, where Mo/SZ showed higher selectivity towards the
production of ethylene (Figure 4), followed by W/SZ. Compared to Mo/SZ and W/SZ,
Cr/SZ showed lower ethylene selectivity for MDHA, possibly because Cr oxide was not
reduced to its active state. Ethylene selectivity was stable for all three catalysts after ~500
mins into reaction.

Only Mo/SZ showed significant benzene selectivity (Figure 5) for MDHA. A
possible reason for less aromatization activity observed in W and Cr/SZ might be due to
their low acidity, as observed in ammonia TPD, where W and Cr showed lower amount of
acidity. More acidity was observed for Mo/SZ, suggesting more acid sites available for
the dimers to oligomerize and thus producing more aromatics. Benzene selectivity for
Mo/SZ decreased with time, likely due to coke deposition.
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Figure 3: Reaction data of group VIB SZ catalysts for methane conversion (10 scem CHy, 700°C, 1
atm, 600 ml/gcat-hr)
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Figure 4: Reaction data of group VIB SZ catalysts for ethylene production (10 sccm CH,, 700°C, 1
atm, 600 ml/gcat-hr)
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Figure 5: Reaction data of group VIB SZ catalysts for benzene production (10 scem CH,, 700°C, 1
atm, 600 ml/gcat-hr)

Ly edge XANES: Mo active phase

To understand the reason of such high activity of Mo/SZ compared to the other
catalysts, Li; edge XANES was carried out on Mo/SZ for investigation of Mo oxidation
states during reaction. Fresh, carburized and spent forms of Mo/SZ were compared with
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the standard Mo oxide(a) and Mo,C(e) samples. Fresh Mo/SZ catalyst shows resemblance
with the MoOs standard, with two split peaks (B and C). These unique splits refer to ta,
and e, splitting of Mo 4d orbitals[26] from tetrahedral coordination. From the XANES
analysis, a gradual loss in this characteristic Mo oxide split peak is observed[27], as the
catalyst transforms from fresh>carburized>spent phase, indicating reduction of Mo oxide
phase towards Mo carbide or oxycarbide[17, 21]. This suggests that Mo oxide was
reduced and transformed to Mo carbide/oxycarbide phase, which is regarded as the active
site for MDHA[ 17, 28].
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Figure 6: Ly edge XANES spectra for catalysts and reference samples (at 50 Torr with eV range of
2510-2540 in transmission mode) : (a) MoOs standard, (b) Fresh 5% Mo/SZ (oxidized state), (c)
Carburized 5% Mo/SZ, (d) Spent 5% Mo/SZ, (e) Mo,C standard

Temperature programmed oxidation (TPO)

To investigate catalytic deactivation, TPO was carried out on three metal
loaded SZ catalysts. Figure 7 shows the TPO curves for the three catalysts. As observed
form the figure, Mo/SZ showed a large peak of carbon at around 500°C. Carbon found at
this temperature region (450-550°C) is typically considered to be amorphous in
nature[29]. This peak is due to the formation of aromatics. Benzene is a known precursor
of coke[30], which makes coke production a sequential reaction pathway from benzene.
The more active the catalyst, the more benzene is produced, and ultimately coke is
formed. Small carbon peaks were observed for lesser active W/SZ and Cr/SZ spent
catalysts at around 550°C, which are also amorphous type.
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Figure 7: TPO profiles of the spent catalysts, 50 mg, 30 sccm 10% O,/Ar, 1 atm

CONCLUSION

In this work, group VIB metals (Cr, Mo,W) supported on SZ were
characterized and tested for MDHA. The purpose is to evaluate the performance of these
catalysts in MDHA activity and product selectivity. BET physisorption showed surface
area was lost as metals were loaded onto SZ and caused SZ pore blockage. SEM-EDS
showed the actual loading of metals were lower than what was intended, possibly due to a
loss during calcination. Pyridine DRIFTS and ammonia TPD showed that SZ acid sites
were found to be stable, even though a loss was observed in total acidity after metal
loading. Reaction data showed Mo/SZ to be the more active catalyst in terms of activty as
well as ethylene and benene selectivity compared to W/SZ and Cr/SZ. This higher Mo/SZ
activity is believed to be due to higher acidity[21] as well as reduction in Mo oxide phase,
confirmed with XANES. TPO showed higher carbon deposition for Mo/SZ due to higher
production of its precursor benzene.. This study shows that Group VIB metals can be used
to compare the MDHA reaction as one approach to direct conversion of methane. Possible
future work involves more characterization to learn about the deactivation mechanism,
e.g., correlation of the fresh and spent catalyst acidity and coke precursors.
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