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Highlights

e Sulfated Zirconia (SZ) is used as an acid support in CH4 dehydroaromatization as
compared to conventional H-ZSM-5
e Mo/SZ is characterized using XPS, XANES, and HRTEM
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e Pyridine DRIFTS and NHs3-TPD confirms the presence and the nature of acid
sites.

e Mo/SZ catalyst is more selective to heavier aromatics such as naphthalene as
compared to Mo/H-ZSM-5 which is selective to lighter such as benzene

e Mo/SZ can be used in dehydrogenation, hydroconversion, or other light alkane
aromatization reactions

Abstract

The shale gas revolution has strongly impacted the world by providing a significant incentive for
research in natural gas conversion. Natural gas is becoming an important feedstock for the
production of valuable chemicals. Dehydroaromatization (DHA) is an important non-oxidative
conversion route for methane conversion, and Mo doped on the H-ZSM-5 or H-MCM-22 have
been well-studied for this reaction. In these catalysts, Mo sites activate CH,4 to form dimeric
species that are subsequently oligomerized on the strong Brgnsted acid sites. In the present
study, Mo is doped on solid sulfated zirconia (SZ) to create a catalyst similar to Mo/H-ZSM-5,
but with a different solid acid. Despite the logic of using SZ as the acid, we are aware of no
systematic study of Mo/SZ catalysts for this reaction. These catalysts were characterized using
Raman, XPS, DRIFTS, SEM-EDS, HRTEM, XRD, XANES and other temperature programmed
technigues. Raman spectra confirmed the formation of Mo=0 and O-Mo-O bonds on the
surface of SZ support. DRIFTS confirmed that there was little difference in acid sites when Mo
was doped on SZ, except at higher Mo loadings. XPS, XANES, and HRTEM analysis showed
that MoOs is converted to MoOxCy and is further converted to Mo,C as the reaction progresses.
Further, these catalysts were evaluated for methane DHA reaction. All of these catalysts
showed methane conversions of 5-20 % at temperatures of 600-700 °C. In each case, the
catalysts deactivated steadily, attributable to strong coking on the surface, as confirmed with
TPO. A comparison with literature showed that Mo/SZ has comparable activity to Mo/H-ZSM-5
at around 650 °C - 675°C temperature range. Further, Mo/SZ was more selective towards
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heavier aromatics such as naphthalene and coke as compared to Mo/H-ZSM-5 at 700 °C, which

is more selective towards benzene.

Keywords: Dehydroaromatization, Sulfated Zirconia, Natural Gas, Methane Conversion

Introduction

The conversion of methane into higher value chemicals is one of the grand challenges of

21st century. The shale gas revolution has made these immense, previously unattainable
resources of natural gas accessible and economically competitive. Natural gas is considered to
be a cleaner source than other conventional fuels such as coal and oil. This has helped some
countries such as USA to reduce its CO; emissions by direct application of natural gas in the
power plants [1, 2]. Conventional end-uses of natural gas include power generation or flaring,
but it can also be used as a feedstock for the production of higher-value chemicals. Conversion
of methane into higher-value chemicals has been long sought by researchers, but with limited

success and generally with only incremental improvements.

The principal processes for conversion of methane can be categorized into non-oxidative or
oxidative. Examples of oxidative route are as shown in Figure.

These include OCM (Oxidative Coupling of Methane) [3], Reforming (Dry/Bi/Oxy/Steam) [4-7],
(PO) Partial Oxidation [8], Halogenation [9] or even Sulfidation [10]. Except for Steam
Reforming of Methane (SRM) and Fisher Tropsch (FT), none of the other oxidative processes
are commercialized and are often limited by the net yields of desired products. Though

commercially practiced, SRM produces a syngas (CO+H;) mixture, which is subsequently
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converted into higher hydrocarbons, via processes such as Fisher Tropsch synthesis.
Reforming processes produce commercially practical yields only at temperatures of 700-800 °C,
which often results into high energy requirements and thus high costs [11]. On the contrary,
non-oxidative conversion routes are based on a single step, thus requiring lesser energy and
less cost. Some of the attempts involve use of what is known as superacids: HF-FSOzH [12,
13], HF-SbFs[12, 13] or HBr-AlBr; [14] or sulfated zirconia (SZ) [15-17]. Other significant recent
attempts involved use of lattice confined single Fe sites[18], use of metal modified zeolites (Mo
[19, 20], Re [21], Ag [22], Zn [23]), or even recently using GaN nanowires under UV irradiation

[24].

One of the potentially most important non-oxidative methane conversion
processes is dehydroaromatization (DHA), the oligomerization of methane to benzene and

hydrogen.

6 CH, & CgHg(g) + 9H, T (AG29sk = +433 kJ/mol, AHzgsx = +530 kJ/mol) (1)

DHA was first reported around 1966 in which methane was passed over silica gel at
temperatures of around 1000 °C, with aromatic yields of 4-6 % [25]. It was not until 1990s that
DHA attracted attention [19, 20]. Molecular sieves such as H-ZSM-5 zeolite and H-MCM-22
have been shown to be the most active supports for this reaction [26-28]. Many reports based
on doping of noble metals such as Mo, Re, or W into these supports for the aromatization of
methane have also been reported [29]. Nevertheless, the literature shows that Mo-doped
catalysts have been the most widely-studied catalysts for DHA. Despite a great deal of
research, and significant improvements to the process, e.g., using membranes to separate

hydrogen, DHA has not yet been commercialized.[30-32]

It is widely accepted that active molybdenum oxycarbide or carbide species are generated in-

situ under reducing reaction conditions and under the flow of methane [26, 27]. These species



can also be intentionally generated using other carbon sources (CO./CO) under H; flow [26, 27].
Even though the nature of active species oxycarbidic/carbidic is not fully understood [29], it is
commonly believed that exchanged molybdenum [33] species activate methane by activating
one of the C-H bonds that lead to the formation of CHy species, forming a dimer: C,Hy. This
dimer is then oligomerized and cyclized into higher hydrocarbons and aromatics on the
Brgnsted acid sites (BAS) of the molecular sieve. This mechanism has been opened for debate
as to whether it is bifunctional or monofunctional, based on one study [34]. Regardless, this
typical bifunctional mechanism can be depicted as shown in equation 2 (BAS=Brgnsted acid

site) [26]:

Mo site

BAS
CH4 — CzHy —> C6H6 + C7H8 + C8H10 + HZ (2)

There are a number of solid acids that could, in principle, catalyze the C,H, species. For
example, sulfated zirconia (SZ) is a well-known solid superacid that has been studied and a
number of variations have been produced (mesoporous, nanosized, e.g.) [35-37]. SZ possesses
strong BAS that can play a key role in the oligomerization of dimeric species. In principle, a
similar bifunctional catalyst could be synthesized if Mo is doped onto a solid acid. Although
doping of Mo on SZ is not novel [38]; to the best of our knowledge, no study has shown DHA of

methane on these catalysts.

The present work tests these Mo/SZ catalysts for DHA of methane and also the effect of Mo
loading at reaction conditions of interest. For this purpose, 3 different catalysts were
synthesized: SZ (w/o Mo), and two Mo loaded SZ catalysts with two different loadings of Mo (1
%, 5 %). These catalysts were further evaluated for DHA and were characterized using
spectroscopic techniques including Raman, DRIFTS, XRD, SEM-EDS, XANES, HRTEM, XPS.
The hypothesis is that an active DHA catalyst can be prepared based on Mo/SZ, incorporating

the requisite metal and acid sites for this reaction.



Experimental

Materials

Zirconium hydroxide, Zr(OH)4 (97 %) and ammonium molybdate tetrahydrate
(NH4)6M07024.4H,0 were both purchased from Sigma Aldrich Inc. H.SO4 (95 — 98.0 %) was
purchased from Malinckrodt Chemicals Inc. Ultra-high purity grade Hz, CH4, Ar, and 10% O»/He
were all purchased from Airgas Inc. NH4-ZSM-5 (Si/Al = 50:1) was purchased from Alfa Aesar
Inc. All Mo standards (Mo powder, MoS;, MoOs, MoO,, B-Mo,C) were purchased from Alfa

Aesar Inc. with a purity of 99+%.

Catalyst Preparation

Sulfated zirconia was prepared based on literature methods [36]. In a typical preparation, about
35 g of Zr(OH)4 was mixed with 500ml of 0.5 M H,SO, solution and the mixture was stirred for 2
hr, followed by vacuum filtration and subsequently dried overnight at 110 °C. The dried catalyst
powder was then calcined at 550 °C for 4 hrs under static air to get the sulfated zirconia
catalyst. Different loading of molybdenum were incorporated onto sulfated zirconia using
standard impregnation method. In a typical preparation, known quantity of ammonium
molybdate tetrahydrate was dissolved in 50 ml of water and to this solution, appropriate quantity
of sulfated zirconia was added and the solution was stirred for 2 hours after which a similar
procedure of vacuum filtration, overnight drying (110 °C) and calcination at 550 °C for 4 hrs in
static air was followed. This yielded the final Mo supported on sulfated zirconia catalysts. Similar
procedure was also used for preparing Mo supported on H-ZSM-5 catalysts. For H-ZSM-5

preparation, as purchased NH4-ZSM-5 was calcined at 550 °C for 4 hrs under static air.

ICP-OES

Inductively coupled plasma — optical emission spectroscopy (ICP-OES) was carried out using
Varian-MPX spectrophotometer in Wetland Biogeochemical Lab at LSU Oceanography. The
digestions of samples were carried out using a mixture of borate flux: Lithium Tetraborate (49.75
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wt%), Lithium Metaborate (49.75 wt%), and Lithium lodide (0.5 wt%). In a typical procedure, 0.2
g of catalyst sample was mixed with 2 g of borate flux mixture. This mixture was fused in a
furnace at 1000 °C and subsequently dissolved in a warm 10% HNO3 solution. This solution

was diluted subsequently and used for ICP-OES analysis.

BET

Breauner Emmett Teller (BET) surface area analysis was done using Altamira AMI-200 catalyst
characterization system using N2> monolayer adsorption. Three-point BET with 10 %, 20 % and

30 % N concentrations in Helium was used to estimate the surface areas of these catalysts.

Raman Spectroscopy

Analysis by Raman spectroscopy for all catalyst samples was carried out using Renishaw inVia
Raman microscope equipped with 532 nm (green) laser was used. Spectra measurements were

carried out at 10 mW power and with 50 um slit aperture.

DRIFTS

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) experiment using
pyridine as a probe molecule was carried out in a Thermo Scientific Nicolet 6700 FTIR equipped
with Harrick Praying Mantis reaction cell fitted with KBr windows. Spectra of all the samples
were recorded with a spectral resolution of 4 cm in region going from 4000 — 650 cm™. In a
typical experiment, IR cell was loaded with the catalyst sample inside the glovebox. Sample was
then brought on stream and pretreated at 100 °C for 30 minutes under He flow to clean the
surface of the catalyst from adsorbed impurities. After pretreatment, sample was cooled down to
25 °C and a background spectrum was recorded. At this temperature, catalyst was saturated
with pyridine vapors for 3 hrs. Saturated sample was then treated under He flow for 30 minutes
to remove physisorbed pyridine from the catalyst surface and from the cell chamber. Sample

was then treated at 100 °C for 10 minutes under He flow and cooled back to room temperature
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and the actual spectrum was recorded. Similar spectra were recorded at room temperature after
10 min. treatments at 200 °C, 300 °C, and 400 °C to check the thermal stability of the acid sites

on catalysts.

Ammonia-TPD

Ammonia-TPD was carried out using Altamira AMI-200 reactor system in conjunction with
Ametek Mass Spectrometer. Typically 50 mg of catalyst was weighed and loaded in a quartz
tube reactor. Catalyst was pretreated at 100 °C for 30 min under He flow to clean the catalyst
surface. After pretreatment, sample was cooled down to 50 °C, and ammonia was adsorbed by
flowing it through the catalyst bed for 1 hr. Post ammonia adsorption, 25 sccm of He was flown
for 40 min to remove any physisorbed/residual ammonia. At this time, Mass Spectrometer and
TCD detector were turned on and the temperature was ramped up at 10 °C/min. from 50 °C to

500 °C.

The TCD signal is usually a combination of signals from various gases that are generated or are
being flowed in the system. In order to clearly distinguish various gases coming out, MS was
used to track signals for following masses: 4, 16, 17, 18, 27, 32, and 82. Based on ammonia
(m/e =16) signals from MS with respect to temperature, amounts of ammonia desorbed and

peak positions were calculated.

SEM-EDS

SEM analysis of the samples was done at LSU Shared Instrument Facilities (SIF) using FEI
guanta 3D FIB/SEM equipped with Ametek EDAX accessory. Samples were analyzed at a

voltage of 5 kV and at a resolution of 3 um.

HRTEM

High Resolution Transmission Electron Microscope (HRTEM) was used to study these type of

catalysts. This was particularly useful in confirming the loading of Mo onto the sulfated zirconia
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sample and also to confirm the formation of Mo,C after carburization of the fresh catalysts was
done. HRTEM scans of these catalysts were obtained using JEOL JEM-2011 Scanning TEM at

an accelerating voltage of 200 kV.

XRD measurements

XRD measurements for all the samples was carried out using PANAnalytical EMPYREAN
diffractometer with Cu K4 radiation. Sample was collected by scanning the data from 5° to 90°
with a step size of 0.026 sec/pt. Data analysis of XRD of all samples was done using

PANAnalytical X’'Pert software.

XPS

X-ray Photoelectron Spectroscopy for the samples was performed at Shared Instruments
Facility (SIF) in LSU. All the analyses were performed on Scienta Omicron ESCA 2SR
instrument with Mg as an X-ray source at 15 kV and at a pass energy of 40. Post processing of

XPS data was performed using CasaXPS software.

XANES

X-ray Absorption Near Edge Spectroscopic (XANES) studies of the catalyst were performed at
the electron storage ring of J. Bennett Johnston, Sr., Center for Advanced Microstructures and
Devices (CAMD) of Louisiana State University, Baton Rouge, Louisiana. CAMD operates the
ring operating at 1.3 GeV with current between 100 mA to 50 mA. The Mo K edge
measurements were made at the High Energy X-ray Spectroscopy (Hexas) beamline located on
an 11-pole wiggler operating at 5.5 Tesla. The L edge measurements were made at the Low
Energy X-ray Absorption Spectroscopy (Lexas) beamline, a windowless beamline on a bending
magnet with a 13 pm Kapton tape separating the ring from the beamline. Both beamlines use

Lemonnier double crystal monochromator with design modifications made at the University of



Bonn. At lower energy InSb 111 crystals (resolution ca. 0.5 eV) were used while at higher

energy water-cooled Ge 422 crystals (resolution ca. 2 eV) were used.

For Mo K edge measurement, the Hexas beamline was calibrated with a Mo Foil at 20 keV. The
beamline has three ion chambers with a Mo foil in between the second and third chambers for
monitoring the calibration. Mixtures of argon, and xenon gases were used to achieve 20%, 30%

and 30% absorption in the first, second and third chamber, respectively.

Mo standards used in the analysis were: MoOj3; (99.9% metals basis, Alfa Aesar), Mo foil (-200
mesh, 99.9% metals basis, Alfa Aesar), and Mo2C (99.9% metals basis, Alfa Aesar). The
standards were measured in transmission while the catalyst samples were placed on Kapton
tape and scanned in fluorescence using a seven-element Ketek silicon drift detector with a total

area of 560 mm? and a resolution of ca. 135 eV.

The low energy beamline was calibrated with the zinc sulfate white being at 2481.44 eV. The
ion chambers used air as ionizing gas, the chamber being evacuated to 50 Torr. A single-
element Ketek silicon drift detector with an active area of 150 mm? was used for fluorescence

signal detection.

Carburization and Dehydroaromatization (DHA)

MoOyCy or Mo,C, which are the active species for DHA reaction were generated in-situ. For this,
a procedure from the literature [38] was followed. First, Mo catalyst (oxidized form) was
reduced under H; at 10 K/min ramp rate from room temperature to 650 °C. After 650 °C
temperature was reached, CH,4 gas was introduced into the reaction system for 4 hrs at a ratio
of 1:4 (CH4:H>). This treatment led to carburization of the MoOy species. After 4 hours, hydrogen
and methane was turned off and the system was purged with argon. Subsequently pure CH4
was introduced at the desired reaction temperature to carry out DHA reaction. All of these

seqguences were carried out in an Altamira AMI 200HP reactor system equipped with a SGE
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glass lined SS tube. In a typical experiment, reactor tube would be loaded with (0.3 — 1) g of
carburized catalyst and small quantities of CH, (10 sccm) and Argon (5 sccm, internal standard)
would be passed over the catalyst bed. Reaction products were analyzed downstream using
Shimadzu GC2014 (FID, 2 TCD’s) equipped with Restek RT-Q-Bond column (30 m x 0.53 mm x
20 um) in conjunction with Shimadzu QP2010 GC-MS system. We would like to point out that
we were not able to measure Naphthalene in our GC system. Also, estimating coke content at
any point during reaction is a challenge. So, based on the products observed and the amount of
methane converted, we estimated combined naphthalene and coke content at any time on
stream.

Following formulas were used for the activity calculation:

conc. CHy;,—conc. CHy g

x 100

% CH4 conversion = onc CH
. 4in

Selectivities were calculated based on observable products and naphthalene and coke content

was estimated based on the amount of methane converted.

carbon number in the product X conc. Product

%C selectivity = X 100

conc. CHy reacted

Results and Discussion

Physico-chemical properties of the catalyst

Physical and chemical properties of the catalysts are listed in Table 1. Base SZ catalysts in the

literature are reported to have surface areas of 50-100 m?/g [39]. The present SZ catalyst has a
surface area of 84 m?/g, well within the expected value. As the Mo was doped onto SZ, it lead to
slight decrease in the surface area, as expected, due to blockage of pores as expected from the
loading of Mo [38, 40]. However, in the case of 1% doping of Mo, there is no statistical

difference between the BET surface areas.
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Table 1 shows the elemental Mo loading to be 0.84 and 3.92 wt% as compared to intended 1
and 5 wt% loading. We believe that it is quite possible that some of the Mo was lost during
vacuum filtration while synthesis of the catalysts.

S (sulfur) loading from ICP also is shown in Table 1. It shows that the base SZ had sulfur
content of 3.5 wt%, which was reduced as Mo was doped into this catalyst. This decrease was
proportional to amount of Mo loaded. When 1wt% Mo was loaded, it decreased slightly from 3.5
to 2.99 and further to 1.95 wt% when, 5 wt% Mo was loaded. This is quite possible because
when Mo is impregnated onto this catalyst and interacts with or replaces the SO.? species on

the surface. This could be seen subsequently in Raman spectroscopy as well.

Raman spectroscopy

Raman spectroscopy is used to detect non-IR specific bond vibrations and can be useful to
analyze inorganic compounds which are not IR-active. Figure shows Raman spectra for a
sulfated zirconia as a base sample (a) and a transition of 5% Mo/SZ catalyst from oxidized form
(b) to a carburized one (c), and to a spent one (d).

Common bands observed for sulfated zirconia include ~ 270 cm®, ~ 320 cm?, ~ 460 cm™, ~ 650
cm and 1025 cm. These bands below 700 cm are attributed to tetragonal ZrO; vibrations
[36], while the band at 1025 cm! is attributed to vibrations from sulfate groups on ZrO; surface.
When Mo was introduced into this catalyst, two distinct new bands appear around ~ 820 cm**
and ~ 970 cm't Raman shifts (shown in the box in Figure 2). These bands are attributed to the
Mo-O-Mo, and Mo=0 vibrations [41] respectively. This confirms doping of Mo on the surface of

sulfated zirconia.

An attempt to measure the Raman spectra for spent catalyst samples, or even for a carburized
fresh catalyst, was difficult because these samples were grey/dark, causing a strong absorption
of the energy from the excitation source [42]. Similar difficulties were also experienced by the
same authors [42] in obtaining FTIR spectra for carburized MoO3; samples. Despite of this, we
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made an attempt to focus on a different spot location and this provided a meaningful spectra for
these samples. Moving from (b) to (c) and to (d), i.e. from an oxidized catalyst to a spent
catalyst, most of the bands corresponding to t-ZrO, show very little difference. Also, band
corresponding to Mo-O-Mo vibration (~ 820 cm) appears to be normal but the band
corresponding to Mo=0 vibration (~ 970 cm) appears to have shifted higher (~ 995 cm). This
shift might indicate the presence of a carbidic form of molybdenum [38]. In addition to these
differences, there are two new bands at 1340 cm'* and 1600 cm in the case of carburized and
spent samples, which may be attributed to the D and G bands of graphitic carbon [43, 44]. As
expected, these bands were intense for the spent sample than the carburized one, indicative of

more carbon deposited on the surface.

Another noticeable change between these samples is the loss of intensity for the band at ~
1025 cm corresponding to the sulfate groups, which may be due to the interaction between Mo
and SO.% groups during the impregnation process and also probably due to volatility of SO4*

species during the carburization and the reaction [38].
DRIFTS

DRIFTS in conjunction with pyridine as a probe molecule was used to characterize the acid
sites of the catalyst. Base SZ catalyst is known to have both Brgnsted and Lewis strong acid
sites [16, 17, 36]. This was confirmed by observing the shift in vibrations from adsorbed pyridine
at ~ 1445, 1610 cm? (co-ordinated pyridine), and ~ 1540 cm-?, 1640 cm™! (protonated pyridine)
that are present in all the samples [45]. Bands at ~ 1490 cm* correspond to pyridine adsorbed

on both Lewis and Brgnsted sites [45, 46].

A comparison of DRIFTS spectra for catalysts with different loadings of Mo is presented in
Figure. When Mo was doped in different amounts on the base SZ catalyst, the type of acid

sites did not change. Both Brgnsted and Lewis acid sites were still present and there was little
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gualitative difference in the concentration of acid sites. However, as the loading of the Mo
increased, bands corresponding to both types of acid sites shifted slightly towards lower
wavenumbers. This indicates a slight decrease in the strength of the acidic sites, possibly due to
interaction of Mo oxides with the hydroxyl groups and oxygens on the surface of SZ [47]. Also,
a gualitative slight increase in the concentration of Lewis acid sites could be seen. This could

have been due to generation of MoOj3; species that are Lewis acidic in nature [47, 48].

The thermal stability of acid sites up to 400 °C was tested [shown in Supplementary Information
(S1), 2.2]. Despite higher temperatures, all the catalysts maintained both types of acid sites and

the pattern was quite similar for all.

NHs-TPD

Ammonia TPD of all the catalysts showed strong acid sites. TPD results for Mo-doped catalysts
followed a trend similar to that of base SZ catalyst. Several reports [36, 37, 46] suggest that
beyond 600 — 700 °C, sulfates on the surface start to decompose (considering that the
calcination temperature was 550 °C). This often generates a false signal in the TCD, but this
signal can be correctly distinguished from the ammonia signal using a mass spectrometer as
was done in the present case. A signal corresponding to (m/e = 32) started to appear beyond

630 °C, confirming the decomposition of sulfate species [46].

Figure 1 shows a comparison of NH3-TPD curves for all four different catalysts: base Sz, and
three Mo doped SZ catalysts (1%, and 5% doping). Sulfated zirconia typically has a desorption
peak at around 160 °C and a long shoulder that decreases slowly down to ~ 550 °C. As Mo was
doped in increasing concentrations onto SZ, the low-temperature peaks (~160 °C) are
essentially the same as that of SZ alone. The shapes of the TPD are remarkably similar, for
lower Mo content, suggesting that the acidity is due to SZ alone. At higher loading, shapes of

the curve slightly change indicating a reduction in acid sites. The total acidity, as measured by
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TPD, also decreases with loading. There are several explanations: one is that the high loading
may cover the catalyst surface sufficiently to affect access to the acidic sites. Another is that the
interaction between Mo and SO4%, as pointed out earlier. Finally, another could be the addition
of Lewis acidic MoO3 species on the surface that may counteract the earlier and the net result is
what we see (increase in acidity through Lewis acidic MoOz; and decrease in acidity due to
possible replacement of some of the SO4? groups by Mo).

Figure 1: NH3-TPD comparison for all the catalysts (a) SZ, (b) 1% Mo/SZ, and (c) 5% Mo/SZ. Values
next to each curve represent quantity of NHs desorbed per gram of catalyst

XPS

Figure shows Mo 3d XPS spectra for 8 different catalysts, including 5 standards along with 3
samples of the most active catalyst (5% Mo/SZ) after various treatments. The first one (a) is
MoO; standard (thermodynamically most stable oxide of Mo), which shows standard 3d spin
orbit coupling of 3dsz (BE = 233 eV) and 3ds2,corresponding to a +6 oxidation state [49].
Sample (b) shows the fresh catalyst (oxidized form) without any treatment. This sample very
closely resembles with that of (a), indicating the presence of MoOs on the fresh sample. The
third sample (c) is the fresh (oxidized form) carburized for 4 hrs under a flow of CH4:H> at a ratio
of (1:4) at 650 °C after reduction under Hz. This sample shows peaks corresponding to MoOs3
and another third peak at BE ~ 229 eV. This peak likely corresponds to oxy-carbide phase of
Mo (MoO,Cy).

The fourth sample (d) is the spent catalyst sample after running the carburized sample in the
CH,4 aromatization reaction at 650 °C for 1000 min on stream. This sample also shows three
peaks with two resembling MoOs and the third one slightly shifted towards right (BE ~ 228.6 eV)
as compared to carburized form. This more closely resembles the Mo,C phase. In order to verify
this, standards directly purchased from the manufacturer were tested: 3-Mo2C (e), MoO: (f),

MoS: (g), Mo powder (h). Mo,C standard shows peaks corresponding to oxide phase and a
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small third peak at BE ~ 228.4 eV. M0O; is another form of Mo oxide which clearly shows three
peaks: two corresponding to MoOs, however, the third one corresponds to +4 oxidation state
(3dsy2) [50]. Since the catalysts of interest here involve Mo and S and especially Mo ‘3d’ and S
‘2s’ regions overlap, so to remove any doubt about formation of MoS; or overlapping issues, the
MoS. sample (g) was tested. It shows two large peaks that correspond to 3d5/2 and 3d3/2 of
Mo corresponding to +4 oxidation state [51] and a small peak at ~226 eV, corresponding to S
‘2s’. Clearly, MoS; contains substantial amount of sulfur and still S 2s’ peak is weak. Thus, in
the samples of interest (Mo/SZ), S content being very small compared to the ‘S’ content from
MoS., we expect negligible influence due to S ‘2s’ peak and the peaks we observed correspond
only to Mo 3d. Finally, the Mo powder standard (h) would be expected to be in reduced form,
Mo (0). For this standard, we saw three peaks, two corresponding to Mo (+6), one shoulder that
might correspond to some intermediate oxide phase (+5), and a small peak at ~ 228.2 eV,
which most likely corresponds to the reduced Mo (0) [50]. On the basis of these observations,
the carburized sampile is initially in the oxycarbide phase, then subsequently transformed into

Mo->C under reaction conditions.

Note that the samples were not run in-situ, so it is possible that part of the samples was
oxidized due to exposure to room conditions, forming peaks corresponding to these oxidized
parts of the catalyst, even in standards such as Mo,C, Mo powder, or MoO», which show peaks

corresponding to MoOs.

XANES

Mo K-edge (Figure) and Ly-edge XANES (shown in Sl, 2.5) spectra provided the evidence for
the formation of Mo,C or MoOCy phases, which are generally believed to be the active sites for
methane conversion. Figure shows K-edge XANES spectra for various Mo catalyst samples
along with two reference samples of MoO3z; and Mo,C. Spectra for MoOs, fresh catalyst (oxidized

form), and carburized show a pre-edge feature that indicates the oxidation state of +6 and is
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attributable to the quadrupole/dipole transition from 1s to 4d orbital [33]. After the pre-edge
region, the edge region indicates a sharp jump in the energy of absorption edge corresponding

to 1s to 5p dipole transition.

Spectra for the fresh catalyst sample resembles MoOs closely with a similar pre-edge feature
that is commonly observed in the case of Mo/H-ZSM-5 catalysts [33, 52, 53].

For the carburized, and the spent sample, there is a reduction in the energy of absorption edge,
indicating the reduced state of Mo in both these samples (carburized and spent). This reduction
in edge energy from fresh (oxidized form) to spent (after reaction) was around ~ 7 eV that
corresponds well within the literature [33, 52]. Mo.C reference and the spent catalyst sample
have similar absorption edge energies. Also, for the carburized and the spent sample, the pre-
edge peak disappears. This disappearance is apparent as pointed out by the arrow in Figure.
Since the absorption edge energies for carburized and spent catalysts are higher than Mo2C, it
provides evidence for the existence of more oxidized species than Mo.C (Mo, +2), such as
MoO,C, that disappear as the reaction progresses and spent catalyst closely resembles Mo,C

[52, 53].

Figure shows that the reference samples: MoO3; and Mo,C have stronger oscillations in the
EXAFS region farther from the edge. However, 5% Mo/SZ samples with different treatments
(fresh, carburization, and reaction) do not have these oscillations in the EXAFS region. This
might be an indication that the well dispersed Mo species in the SZ matrix are without any long

range order [33].
HRTEM

HRTEM was performed on all of the catalysts but the results for the 5% Mo/SZ are shown here
since it has the highest activity (reaction data section). Four different images are shown for four

different phases: SZ, 5% Mo/SZ (fresh - oxide form), 5% Mo/SZ (carburized form), and 5%
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Mo/SZ (spent form). All these images also have SADP (selected area diffraction pattern) images

in the inset.

There are two phases of ZrO, in XRD (shown in SI, 2.4), monoclinic (m) and tetragonal (t), and
tetragonal being the primary phase. In HRTEM analysis, primarily monoclinic (m-ZrO;) planes
(111) were observed with few t-ZrO, (011). Figure shows an image for the base SZ. Planes
corresponding to planes of m-ZrO, and t-ZrO- are seen. However, a bulk analysis of a sample
shows rings corresponding to t-ZrO; (011, 002, 020, 121, etc.) as shown in the inset of Figure.
This illustrates the SADP for a zoomed-out sample. This confirms the observations from XRD

(shown in SI, 2.4) that the bulk phase of ZrO, was tetragonal.

When Mo was impregnated on SZ, new planes appear, corresponding to MoOj3; species, as
seen in Figure. Further, Mo appears finely dispersed in the SZ matrix [54, 55] as seen in
Figure. Tetragonal zirconia (t-ZrO;) was also detected that often is the crystalline part of
sulfated zirconia as detected in XRD [36].

For the carburized catalyst, in addition to ZrO; planes, other planes were observed. Some of
these planes correspond to MoOs. There are also planes that correspond to Mo,C and there are
some that do not belong to either MoOs or Mo,C, along with ZrO,. This could be due to the
formation of an intermediate phase of MoO,C, [56, 57]. Formation of Mo,C was also confirmed
using HRTEM of carburized sample of 5%Mo loaded on SZ catalyst, as observed in Figure. A
small portion on the carburized sample showed d spacing corresponding to (111, 201) plane of
Mo.C.

When this carburized sample is run further under DHA conditions for 16 hrs, there are changes
in the lattice planes. Figure shows HRTEM of a spent 5% Mo/SZ catalyst sample. Greater
amounts of carbon were observed and this carbon can be divided into two types: graphitic

(primarily around the edges) and amorphous (over the entire sample). There are also 2 — 3 nm
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particles around the edges, which most likely correspond to Mo>C nanoparticles [54].
Surrounding these particles, there are few layers of graphitic carbon. Similar results can be

observed in the literature [54, 55, 58, 59], which confirmed the presence of Mo.C in H-ZSM-5.

These results show that Mo is finely dispersed in SZ matrix and it also shows the state of
Molybdenum through different phases of reaction and treatments: Fresh -> Carburized -> Spent.
TEM analysis confirmed the conclusions drawn from other characterizations and explains this
Mo transition from oxidized form into the oxycarbide form and finally into the carbidic form. TEM
also supported the observations from XRD (shown in SlI, 2.4) about the bulk phases of the

sample.

Reaction Data

Effect of Mo content

Results of reaction runs from the Mo-doped SZ catalysts varied considerably (Figs 11 and 12)
albeit majority of the runs had naphthalene and coke as primary products. Among other
products included ethylene, ethane, propylene, propane, and aromatics including benzene,
toluene and xylenes along with hydrogen. There are several general trends of conversion and
selectivity as a function of Mo loading and time. First, methane conversion decreases with time
at all Mo loadings. This can be attributed to coke formation, which likely forms almost initially
and accumulates with time-on-stream. Second, selectivity to aromatics is generally ~ 10-15 %
initially, but decreases rapidly with time. These compounds are believed to be the precursors for

polynuclear aromatic compounds, which comprise coke.

The rate at which methane conversion decreased varied slightly from catalyst to catalyst,
depending on Mo loading. The 1% Mo/SZ showed a rapid drop in conversion of methane as
compared to 5% Mo/SZ. For the 1% Mo/SZ catalyst, the conversion dropped from ~ 14 % to ~

5% in 16 hours. However, 5% Mo loaded catalyst showed more gradual decrease in the
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conversion of methane, from ~ 20 % to 6.5%. For the 5% Mo/SZ catalyst, even the selectivity to
non-coke products for this catalyst did not show a rapid drop as compared to the 1% Mo/SZ.
Overall, 5% Mo loaded catalyst showed higher overall conversion compared to the other

catalyst.

Ethylene selectivity is a clear anomaly. For both catalysts, ethylene selectivity generally
increased with time up to ~ 10-12%. For the 1% Mo/SZ catalyst, ethylene selectivity does not
significantly decrease with time after 600-700 min, even when methane conversion decreases.
For the 5% Mo/SZ catalyst, there is some decrease in ethylene selectivity after 600-700 min. It
is clear that the dimerization of methane is a primary product of methane conversion on both
catalysts, and subsequent conversion to measurable products is relatively less selective. This
supports the general observation that active Mo sites are responsible for the production of C;
dimers. Higher loadings of Mo contain more active sites, but these sites are of comparable
selectivity. Over time, coke deposition starts to block the BAS, decreasing the rate of formation
of aromatics and blocking access to the Mo active sites, though selectivity to ethylene is
relatively steady beyond ~700 min on stream. These results indicate that the coke deactivates
BAS first and subsequently deactivates Mo active sites. Similar results have been observed in
the literature [60] in which it was found that the rate of formation of C,-C3z hydrocarbons
increased with decreasing benzene and naphthalene selectivity rates. The large amount of
naphthalene and coke is likely due to high rates of cyclization and dimerization of olefinic C»
intermediates over strong acid sites from sulfated zirconia.

Selectivity to higher aromatics such as ethylbenzene or xylenes (o, m, p) increased over time
(not shown) but was negligible. During an initial period of several hours, there was no
measurable formation of these compounds. Only benzene and toluene could be observed
during these initial hours. As the methane conversion decreased, the formation of these higher

aromatics increased. This trend was true for both the catalysts.
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Coke deposition is the most probable reason for deactivation of these catalysts, although loss of
SO4% groups (SI, 3.2) from the surface of sulfated zirconia at high temperatures could also be
responsible for deactivation [46]. This loss could not be ruled out because during NHs-TPD,
starting at around 620°C, the oxygen signal (m/z = 32) was detected, indicative of an oxide
compound decompaosition. ZrO, being very stable compound (m.p. = 2715 °C), it is unlikely that
Zr-O bonds would break down. Neither would any molybdenum oxide based compound
because MoOs sublimes at ~ 1150 °C. The only remaining source of oxygen then could be from
S0O4% groups, which are co-ordinated on the surface of ZrO,. Similar decomposition of sulfated
ZrO; has been observed in the literature [61], indicating that O, from the ZrO. structure is highly

unlikely, so the oxygen from SO42 could be responsible for that signal.

Effect of temperature

Since 5% Mo doped SZ activity/selectivity was representative of the other catalysts, the effect of
reaction temperature was studied using this catalyst. Methane DHA has been typically studied
in the temperature range of around 700 °C [27]. Sulfated zirconia is not stable beyond 700 °C,
and starts to decompose at ~ 620 °C [62]. Thus, the effect of temperature on 5% Mo doped SZ

was studied at 600, 650, and 700 °C, spanning this temperature range of interest here.

Table 2 shows that methane conversion increased with temperature, reaching ~ 20 % at 700
°C. The aliphatic and aromatic selectivities show no clear trend with temperature. The results in
Figs. 13, and 14 are the net result of competing rates of reaction, deactivation, and the rate of
sulfate decomposition from surface. The reaction rate increases with temperature while
deactivation due to sulfate decomposition is more rapid as well. This has been observed on
Mo/H-ZSM-5 catalysts as well [27, 63], in which higher temperatures led to higher activity but
faster deactivation because rate of naphthalene and coke formation also increases. This is
apparent for Mo/SZ catalysts as seen in Table 2 as well. Figure shows that ethylene increases
monotonically with time, reaching ~8 - 9 % selectivity at higher temperatures, then decreases.
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Selectivity goes through a maximum. In the case of higher temperatures, selectivity drops
quickly. Activity decreases more rapidly at higher temperatures. This might be due to a faster
rate of deactivation at higher temperatures. Except for lower temperature of 600 °C, selectivity

continues to increase with time on stream.

Benzene selectivity also goes through a maximum and then decreases constantly with time at
each temperature (Figure). A rise in ethylene selectivity and a drop in benzene selectivity
suggests that the sites for conversion of the dimers to benzene are deactivated by coke
deposition with time, and this trend is seen at all three temperatures tested here. But this does
not mean that there is no deposition of coke on methane activation sites. Note that methane
conversion is decreasing as well, so that the yield of ethylene is decreasing despite the fact that
the selectivity is increasing. This indicates that coke is deposited on Mo sites as well, as shown
by HRTEM that graphitic carbon layers around Mo particles (see Fig. 11).

The main difference for the lower benzene selectivity at 650 °C and 700 °C, as compared to 600

°C, might be due to loss of BAS through loss of volatile SO,

Similar conclusions can also be drawn from TPO (Sl 3.1, Fig. S11) ran for these three spent
catalyst samples. Catalyst ran at 700 °C showed highest amount of coke deposited only to be
followed by catalyst ran at 650 °C and the least amount of coke was observed on the catalyst

ran at 600 °C.

Effect of space velocity

Figures 15, 16, and 17 show that higher space velocities over 5% Mo/SZ lead to both lower
CHa4 conversion (Fig. 15), and to lower benzene selectivity (Fig. 17). This is expected because
often this reaction is not considered as mass transfer limited [63]. Figu re 16 shows that
ethylene selectivity initially increases slowly, corresponding to high initial benzene production

(Fig. 17). However, this changes very quickly with time-on-stream as ethylene selectivity goes
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through a maximum whereas, benzene selectivity decreases rapidly. This can be attributed to
coke formation, which blocks BAS and limiting the aromatization of ethylene. Ethylene
selectivity reaches a similar steady state in all three SVs (Figu re 16), but the maximum is
reached at earlier times-on-stream as the space velocity is increased. The maxima in ethylene
selectivity represents the result of two rates: ethylene formation from methane, and ethylene
reaction leading to benzene. With time, benzene selectivities decrease to near-zero values,
while ethylene selectivities reach a steady state. This means that although very little benzene is
formed after ~1000 min, active sites capable of reacting ethylene to products reach a quasi-
steady state at the same SVs, at least at the times investigated here. Coking leads to blockage
of BAS that in turn affects the production of benzene. Mo sites are also blocked but possibly at a
slower rate than BAS. Thus, selectivity to ethylene reaches a steady state value although the

methane conversion is still decreasing.

TPO (SI 3.1, Fig. S12) results on the spent catalysts showed that the greatest coke deposition
was observed on the lowest space velocity of 0.6 Lgcat*hr?, while the lowest coke deposition
was found on the catalyst ran at highest space velocity of 1.8 Lgcat*hr!. This was surprising
because the rate of decay in benzene formation (Fig. 17) and time to reach maximum ethylene
selectivity (Fig.16) was faster in the case of higher space velocity, whereas the amounts of coke
at those space velocities were lower. This can be attributed to the preferential nature of coke
formation near outer surface of catalyst particles [63, 64]. Additionally, in these type of reactions
benzene production is often associated with H, generated in this reaction. Thus, in the case of
lower space velocity, more H- is generated than at higher space velocity. This additional
hydrogen might be the answer to the disparity between amount of coke and corresponding

activity for Mo/SZ catalysts similar to Mo/H-ZSM-5 [53, 64-66].

Comparison with Literature
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A comparison of Mo/SZ with Mo supported on different supports from the literature is shown in
Table 3. This shows that benzene yield on Mo/SZ at 650°C is comparable to Mo/H-ZSM-5 at
675 °C. At 700 °C, benzene and the overall aromatics yield for Mo/H-ZSM-5 are far greater
compared to Mo/SZ. Compared to other acidic supports such as H-Mordenite or H-SSZ-13 that
possess strong acidity, sulfated zirconia shows greater benzene yields (Table 3). Although, this
is not a direct comparison because physical/chemical factors such as pretreatment, space
velocity, Mo content can contribute to this difference. For example, the sulfate may not be stable
at temperatures 700 °C, and the lack of shape selectivity [34] in sulfated zirconia, may affect the

comparison of Mo/SZ and the literature.

Although Mo/SZ has no shape selectivity, the strong acidity in SZ is sufficient to catalyze the
aromatization reaction. The literature shows that benzene selectivities on Mo/H-ZSM-5 are 50-
90% and thus, is more active for aromatization of methane to benzene than Mo/SZ. Mo/SZ is
more selective for non-oxidative conversion of methane to heavier aromatics such as

naphthalene and coke.

Temperature Programmed Oxidation (TPO)

Figure shows TPO results for 1 % and 5 % Mo/SZ catalysts. There are distinct differences
among the two spent catalysts, as expected due to different activities of methane DHA. Based
on the TPO peak temperatures, the coke on both catalysts can be described as either
amorphous or soft coke, corresponding to peak temperatures of ~ 400 °C [67] or polymeric, and
hard coke corresponding to peak temperatures of ~ 500-600 °C [68]. This hard coke is often
associated with deactivation of strong BAS. The TPO results for the 1% and 5% Mo/SZ
catalysts showed similar pattern of peak TPO positions. For 1% Mo/SZ, there is one large peak
at ~ 590 °C while one at ~510 °C for 5% Mo/SZ. Both can be attributed to polymeric coke. This
shift in peak positions is attributable to the amount of acidity of the catalyst (NHs-TPD results).
More acidity might correspond to higher peak oxidation temperature [68]. For 1% Mo/SZ, an
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identifiable small peak can be seen at ~ 440 °C, which can be designated as amorphous coke
[67]. Another small peak at ~ 685 °C for the 5% Mo/SZ can be designated as graphitic coke.
Overall, 5% Mo/SZ catalyst that showed greater activity in DHA but also greater amounts of

coke (Table 4).

Conclusions

Supported Mo/SZ catalyst is active for the DHA reaction. SEM-EDS and ICP-OES confirmed the
actual loading of 1%, and 5% Mo on SZ. Pyridine-based DRIFTS and NHs-TPD analysis shows
that both Brgnsted and Lewis sites are present on these catalysts. Further analysis confirmed
that Mo loading did not significantly affect acidity. At the higher 5% Mo loading, more Lewis
acid sites were observed than SZ, however BAS were weakened by the addition of Mo, possibly
due to interaction between sulfate and Mo. Higher loadings of Mo resulted in lower total acidity.
The presence of the apparent active sites, MoOxCy were confirmed through XANES, XPS, and
HRTEM. Mo loading strongly influenced the dispersion and number of available sites for
methane activation. It appears that the loss of sulfate content and significant coking leads to
deactivation of the catalysts. A literature comparison of benzene selectivities shows that Mo/H-
ZSM-5 is far more active than Mo/SZ. Mo/SZ was found to be more selective for non-oxidative

conversion of methane to heavier aromatics such as naphthalene and coke.
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Figure 1: Oxidative conversion routes of methane to higher hydrocarbons
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Figure 2: Raman spectra for samples at various treatment (a) base Sz, (b) fresh 5%Mo/SZ, (c)
carburized 5%Mo/SZ, (d) spent 5%Mo/SZ
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Figure 3: Comparison of SZ and Mo doped SZ catalysts after pyridine desorption at 100 °C (a) SZ, (b)
1% Mo/SZ, (c) 5% Mo/SZ, “B” = Bronsted, “L” = Lewis
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Figure 4: NHs-TPD comparison for all the catalysts (a) Sz, (b) 1% Mo/SZ, and (c) 5% Mo/SZ. Values
next to each curve represent quantity of NHs desorbed per gram of catalyst
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Figure 5: XPS comparison of Mo 3d for (a) MoOs std., (b) Fresh 5%Mo/SZ (oxide form), (c) Carburized
5% Mo/SZ, (d) Spent 5%Mo/SZ (after reaction for 1000 min at 650 °C), (e) B-Mo2C std., (f) MoO: std., (g)
MoS: std., (h) Mo metal powder std.
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Figure 6: K-edge XANES spectra for catalyst samples: (a) MoOs — std., (b) Fresh 5%Mo/SZ (oxidized
form), (c) Carburized 5%Mo/SZ, (d) Spent 5%Mo/SZ, (e) Mo2C-std.
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Figure 7: HRTEM for base sulfated zirconia (SZ)
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Figure 8: HRTEM for fresh 5% Mo/SZ catalyst
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Figure 9: HRTEM for carburized 5% Mo/SZ catalyst
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Figure 10: HRTEM for spent 5% Mo/SZ catalyst

10 1/nm

39



Figure 11: Reaction data for methane DHA over 1% Mo/SZ catalyst (650 °C, 1 atm, 0.6 L.gcat*.hr).
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Figure 12 Reaction data for methane DHA over 5% Mo/SZ catalyst (650 °C, 1 atm, 600 ml/gcat-hr)
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Figure 13: Effect of temperature on ethylene selectivity over 5% Mo/SZ catalyst (0.6 L.gcat*.hr?, 1 atm)
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Figure 14: Effect of temperature on benzene selectivity over 5% Mo/SZ catalyst (1 atm, 0.6 L.gcat™.hr?)
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Figure 15: Effect of space velocity on CH4 conversion over 5% Mo/SZ catalyst (650 °C, 1 atm). Space
velocity (SV) has units of L.gcat.hr?,
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Figure 16: Effect of space velocity on ethylene selectivity over 5% Mo/SZ catalyst (650 °C, 1 atm). SV
has units of L.gcat*.hr?.
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Figure 17: Effect of space velocity on benzene selectivity over 5% Mo/SZ catalyst (650 °C, 1 atm). SV
has units of L.gcat?.hr?.
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Figure 18: TPO profiles for the two spent catalysts (after DHA reaction for 16 hrs at 650 °C, 0.6 L.gcat
Lhr?, 1 atm)
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Figure 19: TPO profiles for the two spent catalysts (after DHA reaction for 16 hrs at 650 °C, 0.6 L.gcat’
Lhri, 1 atm)
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Table 1: Physico-chemical properties of Mo/SZ

. Mo loading, Mo loading, S loading,
Catalyst L\//lo(ilnotiilggd) wt% wt% wt% ilrzezs(rl#;/a():e
0 (ICP) (EDS) (ICP) 9
Sz 0 0 0 3.5 84
1%
Mo/SZ 1 0.84 1.6 2.99 87
5% Mo/Sz 5 3.92 4.5 1.95 76
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Table 2: Effect of temperature on CH4 DHA over 5% Mo/SZ catalyst (1 atm, 0.6 L.gcat*hr?). Results are
at 2 hrs into the reaction.

Naphthalene +

Temperature CHas conversion Aromz_ati_cs Alipha_tif:s coke selectivity
(°C) (%) selectivity (%) selectivity (%) (%)

600 5.43 16.0 16.3 67.6

650 17.0 14.0 9.4 76.6

700 20.2 11.0 10.7 78.2
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Table 3: Comparison of reaction performance with literature

Mo Temperature Spac‘? Max.
Catalyst content (°C) velocn)_/l . B.enzene Reference
(wt%) (L.gcat™.hr?) vyield (%)
Mo/H-ZSM-5 6 675 15 3 [63]
MoH-ZSM-5 6 700 15 6 [63]
Mo/H-ZSM-5 5 700 15 6 [60]
Mo/H-ZSM-5 5 700 0.82 11 [31]
Mo/H-Mordenite 5 700 2.02 0.5 [34]
Mo/H-SSZ-13 5 700 2.02 negligible [34]
Mo/Sz 5 650 1.2 1.8 Current work
Mo/Sz 5 700 0.6 3 Current work

a Units of hrt
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Table 4: Quantification of coke using TPO (after ~ 16 hrs on stream)

Amount of coke deposited

Catalyst (mmol/gcat)
1% Mo/SZ 5.80
5% Mo/SZ 10.5
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