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Abstract: The oxidative coupling of methane (OCM) is operated at high temperatures and is a highly
exothermic reaction; thus, hotspots form on the catalyst surface during reaction unless the produced
heat is removed. It is crucial to control the heat formed because surface hotspots can degrade
catalytic performance. Herein, we report the preparation of Mny;O3-NayWO,/SiC catalysts using SiC,
which has high thermal conductivity and good stability at high temperatures, and the catalyst was
applied to the OCM. Two Mn;O3-Nap; WO,/SiC catalysts were prepared by wet-impregnation on SiC
supports having different particle sizes. For comparison, the Mn,O3-NayWO,/5iO; catalyst was also
prepared by the same method. The catalysts were analyzed by nitrogen adsorption—desorption, X-ray
diffraction, scanning electron microscopy, and transmission electron microscopy. The transformation
of SiC into a-cristobalite was observed for the Mny;O3-Na;WO,/SiC catalysts. Because SiC was
completely converted into «-cristobalite for the nano-sized SiC-supported Mn,O3-NayWOy catalyst,
the catalytic performance for the OCM reaction of MnyO3-Na, WOy/n-SiC was similar to that of
Mn;,03-NayWO,/SiO,. However, only the surface layer of SiC was transformed into «-cristobalite for
the micro-sized SiC (m-SiC) in Mn;O3-NayWO,/m-SiC, resulting in a SiC@«x-cristobalite core—shell
structure. The Mn;O3-Na, WO,4/m-SiC showed higher methane conversion and C,, yield at 800 and
850 °C than MI‘I203-Na2WO4/Si02.

Keywords: oxidative coupling of methane; Mn;O3-NayWO,/SiC; thermal conductive material;
silicon carbide

1. Introduction

Recently, the utilization of natural gas as a chemical feedstock has drawn attention because of
the increased production of shale gas, a new and abundant gas resource [1-3]. Because the main
component of shale gas is methane, research into the conversion of methane into value-added chemicals
is actively underway. However, the direct conversion of methane into other chemicals is not easy
because of its strong C-H bonds. Therefore, methane is currently converted into syngas (CO/H,) first
by reforming [4,5] or partial oxidation [6-9], and subsequently, into bulk chemicals through secondary
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chemical processes, such as the Fisher—Tropsch reaction [10-12], methanol synthesis [13-15], and
dimethyl ether (DME) production [16,17] processes.

Because syngas synthesis via steam reforming consumes significant energy, much attention has
been paid to the direct methane conversion technologies, such as the direct oxidation of methane into
methanol or the oxidative coupling of methane (OCM) into olefins. The OCM reaction has drawn
particular attention because olefins, such as ethylene and propylene, can be synthesized from methane
directly without any intermediates, such as methanol or DME. However, the one-pass yield is still low,
so the development of highly active catalyst for the OCM reaction is required. Some representative
OCM catalysts are MnyO3/NayWO,/Si0; [18-20], Li/MgO [21,22], and La;O3/CaO [23,24]. Of these,
Mn;03-Nay;WO,/SiO; has been reported to exhibit high catalytic activity and stability.

The following reactions can occur under OCM reaction conditions.

CHy + 3/20, — CO + 2H,0 AHlgg,c = =519 kJ/mol
CHy + 20, —» CO, + 2H,O AHYoe, = —802kJ/mol
CH; + 1/20, — 1/2CHy + H,O AHYgg, = —141k]J/mol
CHy + 1/40; —» 1/2CHg + 1/2H,0 AHYoe = —88 kJ/mol

Because most reactions involved in the OCM are highly exothermic, hotspots can be easily formed
in the catalyst layer. Therefore, the control of the reaction heat is a very important issue, although the
development of the catalyst to improve the C; yields is also important [25,26]. Schweer et al. studied
the formation of hotspots according to the reaction conditions in the OCM reaction over a La;O3/CaO
catalyst [27]. They reported that the concentration of oxygen greatly influenced the formation of
hotspots. Pak et al. reported that the OCM reaction over Mn/Nap; WO,4/SiO, and Mn/Na, WO4/MgO
resulted in a relatively narrow hotspot region, producing temperature increases as large as 150 °C [28].
Because the formation of hotspots during the OCM reaction lowers the catalytic performance, such as
olefin selectivity and catalyst lifetime, the effective control of the reaction heat is especially important
for this reaction. Thus, a support with high thermal conductivity is required to resolve this hotspot
issue because the formed heat can be removed easily through the catalyst bed.

Silicon carbide (S5iC) has some interesting properties, such as its stability at high temperatures,
high thermal conductivity, and chemical inertness, which enables SiC to be used as a support for
heterogeneous catalysts [29-32]. There have been some reports on the application of SiC as a substrate
for OCM reactions. Liu et al. studied hotspots of 5%Nay;WO4-2%Mn/SiC monolithic foam and
5%Nap; WO4-2%Mn/SiO, during the OCM reaction [33]. The temperature profiles of the two catalysts
showed that the temperature increase of 5%Nay;WO;-2%Mn/SiC catalyst bed was less than that of
5%Nay; WO4-2%Mn/SiO, because of the high thermal conductivity of SiC. Wang et al. prepared an
Mn/Na/W catalyst supported on nano-sized SiC and calcined it in either air or nitrogen [34]. They
observed that calcination in nitrogen was more beneficial for preserving the high surface area of
the catalyst than calcination in air. However, all these catalysts showed lower catalytic activity for
OCM than Mn/Na/W/SiO,. Yildiz et al. also reported that Mn,;O,-Na,WO,/SiC was inferior to
Mn,;Oy-Na;WO,/SiO; for the OCM reaction at 750 °C [35]. To the best of our knowledge, there is no
previous report on the positive effect of SiC particulate supports on the OCM reaction and how to
preserve the SiC under OCM reaction conditions to take advantage of its high thermal conductivity. In
this study, we have investigated how to maintain the SiC structure by controlling the particle size of
the SiC particles. We have found that the Mn/Na, WOy catalyst supported on micro-sized SiC retained
the SiC core and showed a better catalytic activity than the conventional Mn;O3-NayWO,/SiO; catalyst
in the temperature range of 800-850 °C.
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2. Results

2.1. Catalyst Characterization

Figure 1a shows N adsorption—-desorption isotherms of the catalyst supports. The N, isotherm
of 5iO, shows a typical type-IV(a) isotherm with H1-type hysteresis loop at a relative pressure (P/Py)
of ca. 0.4 [36], which indicates a mesoporous structure with an average pore size of 5.72 nm (Figure S1)
and a large specific surface area (Table 1). On the other hand, the N, isotherm of nano-sized SiC (n-5iC)
and micro-sized SiC (m-SiC) were observed at the bottom, indicating a very low surface area because
of their non-porous structures (Figure S1). Table 1 summarizes the Brunauer-Emmett-Teller (BET)
specific surface areas of the pristine supports, calcined supports, and supported Mn;O03-Nay WO,
(MNW) catalysts. The specific surface areas of pristine m-SiC, n-SiC, and SiO, were determined to be
<1, 43, and 463 m2g~, respectively. The n-SiC had a relatively larger specific surface area than the
m-SiC because of its small particle size. The specific surface areas of n-SiC and SiO, were reduced to
about half after calcination in air at 800 °C. They were further decreased significantly after loading with
MNW and subsequent calcination in air at 800 °C. The N, adsorption—-desorption isotherm data of the
three catalysts were all observed at the bottom (Figure 1b). The specific surface areas of MNW/SiO,
and MNW/n-SiC were determined to be 5 and 4 m? g_l, respectively. On the other hand, MNW/m-SiC
showed a slightly increased specific surface area of 2 m?g~! compared with that of the pristine support.
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Figure 1. N, adsorption-desorption isotherm of (a) pristine support and (b) supported
Mn;O3-Nay WOy catalysts.

Table 1. Specific surface areas of supports and supported Mn,O3-Na, WO, catalysts.

Specific Surface Area (m?-g~")

Catalyst
Pristine Treated at 800 °C 2 Supported MNW Catalyst ®
m-SiC <1 <1 2
n-SiC 43 24 4
SiO; 463 264 5
Note: 2 Samples were calcined in air at 800 °C for 4 h; ® supported Mn,O3-NayWO; catalysts were calcined in air at
800 °C for 4 h.

XRD data of the prepared catalysts (MNW/SiO,, MNW/n-SiC, and MNW/m-SiC) calcined in air at
800 °C were obtained and compared with those of each pristine support (Figure 2). The amorphous
silica phase was confirmed to be SiO; based on the broad XRD peak at around 23°. The bulk phases of
n-SiC and m-SiC were determined to be 3-SiC and «-SiC, respectively. After the loading of MNW
onto each support, the characteristic XRD peaks corresponding to Mn,O3 and Na, WO, were found
in all catalyst samples. In the case of MNW/n-S5iC and MNW/m-SiC, the XRD peak arising from
graphite was detected at 26.6°, which was formed during the phase transformation of SiC in the
calcination step. Notably, the main XRD peak arising from x-cristobalite was observed for all catalyst
samples at 22°. In general, the amorphous SiO, begins to crystallize at above 1500 °C, finally becoming
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a-cristobalite [37]. However, the crystallization of SiO, to a-cristobalite was reported to be accelerated
in the presence of Na at above 700 °C [38]. Note that the SiC in MNW/m-5iC and MNW/n-SiC was also
transformed into x-cristobalite, even though SiC has been reported to be thermally stable [34]. The
XRD data show that the XRD peaks of SiO, in MNW/SiO, and (3-5iC in MNW/n-SiC disappear, and a
new intense XRD peak arising from o-cristobalite appears (Figure 2c—f). However, XRD peaks arising
from both «-SiC and «-cristobalite were detected in the XRD pattern of MNW/m-SiC (Figure 2a,b).
This indicates that only the surface of m-SiC was oxidized for MNW/m-SiC because of the large particle
size of m-SiC (ca. 14 um). The crystallite sizes of a-cristobalite of MNW/m-SiC, MNW/n-SiC, and
MNW/SiO, were calculated to be 18, 31, and 31 nm, respectively, using the Debye—Scherrer equation.
This indicates that SiC in MNW/m-SiC is less oxidized than that of MNW/n-SiC, which has a similar
crystallite size to that of o-cristobalite with MNW/SiO,.
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Figure 2. X-ray diffraction patterns of (a) MNW/m-SiC; (b) m-SiC; (¢) MNW/n-SiC; (d) n-SiC;
(e) MNW/SiO5; and (f) SiO,.

Figure 3 shows scanning electron microscopy (SEM) images of the supports and supported MNW
catalysts. The m-SiC particles are splinter-like, measuring several tens of microns in size and having
a smooth surface (Figure 3a). In contrast, the particles of n-SiC measure several tens of nanometers
(Figure 3c¢). SiO; is present as large particles of several hundred of microns in size, but the magnified
inset image shows that the particles are composed of fine nanoparticles (Figure 3e). Upon the loading of
Mn,03 and Na, WO, and subsequent calcination in air at 800 °C, there were significant morphological
changes for each catalyst. The apparent particle size of MNW/SiO; appeared to be maintained at
several hundreds of microns, but the nanoparticle structure on the surface disappeared to form a
unique structure at the micrometer scale (Figure 3f). A similar phenomenon was also observed for
MNW/n-SiC (Figure 3d). The nanoparticles in MNW/n-SiC were integrated into irregularly shaped
micro-sized particles. On the other hand, the particles in MNW/m-SiC retained their micro-sized
structure, but the particle surface changed from smooth to rough (Figure 3b). (Figure S2) The chemical
composition of each catalyst was confirmed by SEM—energy dispersive X-ray (EDX) mapping, which
reveals the presence of Si, Mn, Na, and W (Figure S2). Mn, Na, and W appear to be well dispersed in
each catalyst. Figure S3a shows the transmission electron microscopy (TEM) image of MNW/m-SiC.
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Because the core—shell structure was not clearly revealed in the TEM image, EDX line-scanning analysis
was performed on the samples in the TEM equipment. Figure S3b shows the concentration profiles
for Si, O, Na, W, and Mn along the line drawn on the TEM image of NWM/m-SiC (Figure S3a). Si
was detected throughout the particle, O was mainly found in the shell of particle, and Mn, Na, and
W were detected at low concentrations throughout the whole particle. Thus, we confirmed that
surface oxidation of the m-SiC had occurred and that the core was composed of SiC, confirming the
core—shell structure.

Figure 3. The scanning electron microscope (SEM) images of pristine supports and supported
Mn,03-NapWOy catalysts: (a) m-SiC; (b) MNW/m-SiC; (c) n-SiC; (d) MNW/n-SiC, (e) SiOp; and
(f) MNW/SiO;.

2.2. OCM Reaction

The catalytic activities for the OCM reaction, such as CHy conversion, Cy, selectivity, Cy, yield,
and the C,H4/C,yHg ratio, were evaluated over the supported NMW catalysts at different temperatures.
Since Cs, yield was very low (<0.1%), the C,H4/CyHjg ratio was calculated to represent the olefin to
paraffin ratio. Except for C, compounds, only CO and CO, were detected as the side products. As
shown in Figure 4, the catalytic activity of NWM/n-SiC showed a similar trend to that of NWM/SiO5.
The CH,4 conversions over NMW/Si0, and NMW/n-SiC were in the range of 30-33% in the temperature
range from 750 to 850 °C. NMW/n-SiC showed slightly higher CH4 conversions than NMW/SiO, at
above 800 °C (Figure 4a). On the other hand, the Cy; selectivity of MNW/n-5iC was about 53%, which is
slightly lower than that of MNW/SIiO, (Figure 4b). As a result, the Cy,, yield of NMW/n-SiC was lower
than that of NMW/SiO, at 750 °C, and the difference in C,, yield decreased with increasing reaction
temperature (Figure 4d). A similar trend was also observed in the CoH4/CyHg ratios over NWM/n-SiC
and NWM/SiO,. This is closely related to the phase transformation of 3-SiC into o-cristobalite for
MNW/n-SiC in the calcination step. Both Mn/SiO; and Na, WO,4/SiO, were reported to be active for
OCM reaction [18]. Especially, the presence of Na was reported to induce a phase transform of SiO, to
a-cristobalite during the calcination. However, because the a-cristobalite causes high selectivity of C;
in OCM reaction, the Na is important for serving as a structural and chemical promoter [18]. There
is no significant difference in the physical properties, such as the specific surface area, x-cristobalite
crystallite size, and bulk crystalline phase between NWM/n-SiC and NWM/SiO,. On the other hand,
MNW/m-SiC showed a different catalytic activity trend as a function of temperature compared with
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NWM/n-SiC and NWM/SiO,. The CH,4 conversion was 12.4% at 750 °C over MNW/m-SiC, which
is much lower than that of NWM/SiO,. However, the CHy conversion increased with increasing
reaction temperature, to 33.6% at 800 °C, which is comparable to that of NWM/SiO;. Note that the O,
conversions over MNW/m-5SiC at 750 °C and 800 °C were 41% and 98%, respectively. These values
are much lower than those of NWM/n-SiC and NWM/SiO,, which showed complete O, conversion
at all reaction temperatures. MNW/m-SiC showed much higher C,, selectivity than NWM/SiO, at
all reaction temperatures, resulting in the highest C;, yield at 800 and 850 °C among three catalysts.
Compared with the MNW/SiO, catalyst, the MNW/m-SiC catalyst showed higher catalytic activities
for the OCM reaction at high temperatures, despite its lower specific surface area (Table 1). In the case
of MNW/m-SiC, the phase transformation of «-SiC into a-cristobalite only occurred on the surface of
the SiC particles, resulting in the SiC@u«-cristobalite core—shell structure. The catalytic activity for the
OCM reaction is expected to increase because of the excellent thermal conductivity of the SiC core
present in the MNW/m-SiC. Liu et al. [33] reported that hotspots were not formed during the OCM
reaction in a 5%Nay, WO4-2%Mn/SiC-monolith foam, unlike 5% NayWQO4-2% Mn/SiO,.
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Figure 4. The catalytic activity for OCM reaction over MNW/n-SiC, MNW/m-SiC, and MNW/SiO,
catalysts as a function of temperature. (a) CHy conversion; (b) Cy4 selectivity; (c) Cpy yield; and
(d) CoHy4/CyHg ratio (feed composition: CH4/O,/N; = 3/1/1, GHSV = 10,000 h1).

The catalytic activity for the OCM reaction over MNW/m-SiC was monitored at 800 °C for 10 h.
Figure 5 shows the CHy4 conversion, Cy, selectivity, Cy, yield, and ratio of CoH4/CyHg with time
on stream. The stable CH, conversion was achieved during the stability test, and the steady-state
CH, conversion was about 37.5% (Figure 5a). The C,, selectivity was also maintained at about 54.5%
(Figure 5b). The Cy, yield and the ratio of C,H4/CyHg at steady state were 20.5% and 2.3, respectively
(Figure 5¢,d). To identify any changes in the bulk structure of the MNW/m-SiC catalyst during the
stability tests, XRD patterns for the MNW/m-SiC catalysts before and after the stability test were
compared, as shown in Figure 6. XRD peaks corresponding to «-SiC are present in the XRD patterns of
samples obtained before and after stability testing. However, the intensity of the XRD peak arising from
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a-cristobalite increased slightly after the stability tests. This indicates that a further transformation of
SiC into a-cristobalite occurred during the stability test.
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Figure 5. The catalytic activity for OCM reaction over MNW/m-SiC catalyst at 800 °C with time-on

stream. (a) CHy conversion; (b) Cy selectivity; (c) Cp4 yield; and (d) Co;Hy/CyHg ratio (feed composition:
CH4/O,/N, = 3/1/1, GHSV = 10,000 h™1).
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Figure 6. X-ray diffraction patterns for the fresh and spent MNW/m-SiC samples. The reaction
conditions are same as described in Figure 6.

The SiC of NWM/SIC can contribute to the OCM performance by removing heat easily because
of its excellent thermal conductivity. However, the oxidation of SiC is promoted by the presence of
Na in the catalyst, resulting in the formation of a-cristobalite with a very low specific surface area. In
the case of n-SiC, even though it has a large specific surface area, it is easily oxidized when used as



Catalysts 2019, 9, 363 8of 11

a support for NWM/n-SiC. Therefore, there is no noticeable difference in the catalytic performance
between MNW/SiO; and MNW/n-SiC. However, the SiC in the MNW/m-SiC catalyst remained in the
core, even though the surface SiC layer was transformed into x-cristobalite. This is beneficial for the
OCM reaction at high temperatures and explains its better performance compared with MNW/SiO;.

3. Materials and Methods

3.1. Materials

Two SiC supports with particle sizes of 45-65 nm and 14 um were purchased from US Research
Nanomaterials and Alfa Aesar, respectively. These SiC samples are denoted n-SiC and m-SiC,
respectively. SiO; (Alfa Aesar, Haverhill, MA, USA), Mn(NO3),-6H,O (Kanto Chemical, Tokyo, Japan),
and NapWO,-2H,0 (Yakuri Pure Chemicals, Kyoto, Japan) were used as received.

3.2. Catalyst Preparation

The 5 wt% NayWO, and 2 wt% Mn supported on n-SiC or m-SiC were prepared by a wet
impregnation method. First, 0.15 mL of Mn(NO3),-6H,O solution and 0.14 g of Na, WO,4-2H,0O were
dissolved in 100 mL of distilled water; then, 2.34 g of SiC was added to the aqueous solution and
stirred at 60 °C for 4 h. The supported catalyst was dried at 105 °C overnight and then calcined
in air at 800 °C for 5 h before the activity test. For comparison, the Mn,O3-Na, WO,/SiO, was also
prepared by the same method. For brevity, the MnyO3-Nay; WO,/n-5iC, Mn,O3-Na, WO4/m-SiC, and
Mn,O3-NapyWO,/SiO, catalysts are denoted MNW/n-SiC, MNW/m-SiC, and MNW/SiO,, respectively.

3.3. Catalyst Characterization

The bulk structure of the prepared catalysts was analyzed by XRD (XRD-6000, Shimadzu, Kyoto,
Japan) using monochromatic Cu-K (A = 0.15406 nm) radiation. The X-rays were generated at 40 kV and
30 mA, and the XRD patterns were obtained at a scan rate of 0.02°/s. The specific surface area and pore
size distribution of samples were measured by nitrogen adsorption—desorption analysis (ASAP2010
physisorption apparatus, Micromeritics, Norcross, GA, USA) after degassing under vacuum at 200 °C
for 4 h. The specific surface area and pore size distribution of the catalyst were calculated using the BET
and Barrett-Joyner-Halenda (BJH) method, respectively. The surface morphology of the samples was
observed by field emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL, Tokyo, Japan).
The structure was also characterized by field emission transmission electron microscopy (FE-TEM,
Tecnai G2 F30 S-Twin, FEI, Hilsboro, OR, USA) operated at 300 kV. The chemical compositions of
structure were analyzed by TEM equipped with EDX equipment for line analysis.

3.4. Reaction Procedure

The OCM reaction was conducted in a fixed-bed quartz reactor (inlet diameter: 6 mm, outlet
diameter: 1 mm) at atmospheric pressure; 0.18 mL of the calcined catalyst was fixed on quartz wool
in the middle of the reactor. The reaction was carried out in the temperature range of 750-800 °C
with a gas hourly space velocity (GHSV) of 10,000 h~!. The weight hourly space velocity (WHSV) of
MNW/m-SiC, MNW/n-SiC, and MNW/SiO, were 1.59 x 10, 1.79 x 10%, and 3.31 x 10* mL-gcot 71,
respectively. The temperature was controlled by the furnace set temperature. The molar ratio of
CH4/O,/N; was fixed as 3/1/1 in the feed stream. The water produced during the reaction was removed
using a condenser at the end of the reactor, and the gas products were separated with HP-PLOT
Al,O3 S and Carboxen 1000 columns in a gas chromatograph (7890A, Agilent, Santa Clara, CA, USA)
and then analyzed with a thermal conductivity detector (TCD) and a flame ionization detector (FID).
The conversion of methane and the selectivity and yield of Cy,; products were calculated as follows.

moles of CHy consumed y
moles of CHy in the feed

CH, Conversion (%) = 100 1)
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. 2 x moles of C; hydrocarbons +- 3 x moles of C3 hydrocarbons
Ca4 Selectivity (%) =

X 100 2
moles of CH4 consumed @)

C2+ Yield ((yo) _ 4 OI‘lVeI‘SlOl;OO 2+ oelec 1V1ty (3)

4. Conclusions

Silicon carbide, which has high thermal conductivity, was applied to the highly exothermic
OCM reaction as the support for the Mn,;O3-NayWO; catalyst. Although the SiC was stable after
calcination in air at 800 °C, the surface of the SiC was oxidized to a-cristobalite after the impregnation
of the active components (MnyO3-NayWO,) on the SiC. The degree of oxidation of SiC in the
Mn,03-NayWO,/SiC catalyst was dependent on the particle size of SiC. The complete transformation
of SiC into «-cristobalite was confirmed for nano-sized SiC (n-SiC) in MnyO3-Nay, WOy4/n-SiC. However,
the surface oxidation of SiC was observed for micro-sized SiC (m-SiC) in Mn,O3-Na, WO,/m-SiC,
resulting in the SiC@o-cristobalite core—shell structure. The methane conversion and Cy, yield of
MNW/n-SiC were similar to those of MNW/SiO; because the SiC was completely transformed into
a-cristobalite in the catalyst preparation step. On the other hand, MNW/m-SiC, which retained a SiC
core, showed higher methane conversion and C,;. yield at 800 and 850 °C than MNW/SiO,. Therefore,
the SiC with a suitable particle size is a promising candidate as a catalyst support, even under highly
oxidizing reaction conditions, while taking advantage of the facile heat transfer across the catalyst
particles in the bed, which is essential for resolving the hotspot issues in highly exothermic reactions,
including the OCM reaction.
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MNW/n-SiC, (b) MNW/m-SiC, and (c) MNW/SIiO,. Figure S3: (a) TEM image and (b) TEM-EDX line concentration
profiles for Si, O, Na, W, and Mn along a line drawn across the TEM of MNW/m-SiC. Table S1: Specific surface
area, average pore diameter, and pore volume of supported Mn,;O3-Nap, WOy catalysts.
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