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Abstract  

Oxidative coupling of methane (OCM) is a promising single-step route to convert natural gas to high-valued 

chemicals. It is generally agreed that Mn-Na-W catalysts offer a balanced conversion-selectivity trade-off. 

The present work outlines a novel SiC-SiO2 support synthesized by spray drying to extend the lifetime of 

the catalyst. Incorporating SiC into the support enables the exothermic reaction heat to be effectively 

dissipated, avoiding hotspots and thermal shocks, increasing the thermal resistance. Spray drying technique 

yields particles with a consistent distribution of SiC inside the particles, amplifying the thermal resistance 

of the catalyst. Our kinetic results show that the spray dried catalyst with SiC has significantly higher 

stability at high C2 selectivity compared to the benchmark SiO2-supported catalyst prepared by wetness 

impregnation. This result is due to (1) the more uniform distribution of active phases and SiC provided by 

the spray drying methodology and (2) the greater thermal resistance provided by SiC which avoids thermal 

shocking and stabilizes the Mn-Na-W phases during the long-term (70 h) stability test for OCM. 
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1. Introduction  

As of 2018, the proven natural gas reserves were nearly 200 trillion m3, along with the significant estimates 

of unconventional sources such as shale gas, ensuring the stock of this chemical in the longer run.1 Methane 

is the main component of natural gas and is mostly underutilized in heating or electricity generation2 as, in 

order to obtain valuable chemicals from methane, multiple endothermic and thermodynamically 

constrained steps need to be overcome.3 In such context, the oxidative coupling of methane (OCM) is an 

interesting catalytic route for the single-stage production highly-valued chemicals like ethane and ethylene 

through a thermodynamically exothermic and unconstrained reaction. OCM has been described as a 

potential source of light olefins as opposed to current production ways (mainly naphtha and heavy oil steam 

cracking) since it could simplify the process from a technological and an environmental perspective.4 One 

of the main limitations that OCM faces is the reduced catalytic activity at low temperatures due to the very 

stable C-H bond in methane,4 thus requiring temperatures around 700-900 ºC that typically lead to catalyst 

sintering and excessive COX formation at the expense of C2 products.5,6 The involvement of both solid-

catalyzed gas phase heterogeneous reactions and gas phase homogeneous reactions poses additional 

complications.7 Nonetheless, the discovery of a highly C2-selective catalyst that can make the process 

economically (>30 % C2 yield) viable is the biggest limitation that the OCM is facing at the moment.8 

Silica-supported alkali oxide, manganese and tungsten-based trimetallic catalysts are the most widely 

reported in the OCM for their remarkable methane conversion (20-30 %) and C2 selectivity (60-80 %) for 

long times on stream.7,9–14 In particular, sodium-containing Mn-Na2WO4/SiO2 has gathered most of the 

attention in the literature, with reported optimal compositions for C2 yield maximization ranging 0.4-2.3, 

2.2-8.9 and 0.5-3 wt.% for Na, W and Mn, respectively.15,16 Although some mechanistic roles remain 

unclear, there is agreement on the funciton of each component of the catalyst : (i) Na prevents complete 

oxidation of methane by facilitating the transformation of amorphous SiO2 to crystalline α-cristobalite; (ii) 

α-cristobalite avoids complete oxidation of methane that would otherwise happen with unselective 

amorphous SiO2;17,18 (iii) W stabilizes the Na on the catalyst surface as the WO4
2- forms Na2WO4 with a 
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distorted tetrahedron on the support and has been reported to be responsible of the high C2 selectivity;16,19 

(iv) Mn boosts surface oxygen mobility and improves the exchange between surface and gas oxygen.12 

SiO2 is the most widely used support for Mn-Na2WO4-based catalysts8 as it exposes the active sites, 

providing enhanced accessibility of methane molecules and hindering the complete oxidation.20 However, 

modification of support material in the OCM reaction would be a promising approach for upgrading the 

supported Mn-Na-W system.21 Silicon carbide (SiC) is potentially attractive support or ingredient for the 

OCM due to its remarkable thermal conductivity, alleviating thermal gradients and improving catalyst 

performance.22 Liu et al.23,24 observed that by using a SiC monolithic foam as support (for Mn-Na2WO4 or 

Mn2O3-Na2WO4-TiO2) not only was the activity as high as with the SiO2 -supported catalyst but also the 

appearance of hotspots, thermal shocks and high pressure drops in the catalyst bed could be limited. During 

calcination, part of the SiC is oxidized and SiO2 is obtained in the form of α-cristobalite. Provided that SiC 

is fully inert compared to the unselective amorphous SiO2, the complete transition of SiC to catalytically 

inert α-cristobalite is undesirable due to a larger crystal size of the latter that implies a loss of surface area.25 

Kim et al.26 prepared micro and nanosized SiC supports for Mn-Na2WO4 and reported that, just like in the 

case of amorphous SiO2, nanosized SiC fully transitioned to α-cristobalite after the metal loading and 

calcination, resulting in a performance similar to the SiO2 -supported. In the case where the support was 

microsized SiC, a SiC-cristobalite core-shell structure was observed as the full oxidation of SiC to α-

cristobalite did not take place, resulting in a higher methane conversion. Yildiz et al.27 also studied the effect 

of impregnating Mn-Na2WO4 over SiC compared to the SiO2 -based benchmark catalyst. They concluded 

that while the former was able to retain more residual conversion over 16h of time on stream, the latter was 

more active.  

The benefits of partly replacing the conventional supports by SiC can be unambiguously identified in the 

literature for exothermic reactions via intra-particle dilution where an active phase is deposited 

simultaneously over two or more supports. For instance, higher selectivity for maleic anhydride formation 

was reported with an extra-particle dilution of SiC due to enhancements in thermal properties of the catalyst 
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and V2O5-support interactions.28 Similar conclusions were drawn for propane oxidation with a dual porous 

Al2O3-SiC support that was able to suppress the temperature rise by effectively dissipating heat, and the 

coke formation.29 In addition to heat dissipation, improved metal dispersion was also reported when 

incorporating SiC into a Ni/Al2O3 matrix for CO methanation that led to remarkable performance.30 

Interestingly, all the studies report an improved TOS performance for the SiC-incorporated catalyst, on the 

account of less intense catalyst surface temperature changes during the reactions.  

Spray drying is a versatile technique31 that enables the assembly of a wide variety of molecular precursors 

like metal oxides, aluminosilicates, mesoporous silicas and carbons.32 Compared to the commonly reported 

impregnation and coprecipitation, spray drying is a continuous and rapid process, cost-effective and 

scalable with perfect control of the chemical composition of the final solid.33 While through impregnation 

metal loading is generally limited and metal dispersion decreases with the loading, spray drying yields self-

organized and highly-dispersed particles.34,35 In fact, spray-dried catalysts typically consist of elementary 

uniform spherical particles with a well opened porosity which is either organized at the mesoporous scale 

or hierarchical from micro porosity to macroporosity.36 It is the ability to tune the properties like particle 

size and morphology what makes spray drying so important, which is done by controlling the operating 

conditions (i.e., atomizer type, drying residence time, temperature, etc.) and physical properties of the 

precursor solution (i.e., density, viscosity, concentration, etc.).37,38 The resulting advantages of spray-dried 

catalyst vary from case to case, like the enhanced activity reported for the hydrogenation of toluene,39 the 

extended lifetime reported for the methanol-to-aromatics40 or the excellent attrition resistance reported for 

fluidized-bed reactions like methanol-to-olefins and crude-to-chemicals.41,42 

In the present study the potential benefits of partly including the SiC without replacing the SiO2 as support 

have been explored. For such purpose, a novel Mn-Na-W/SiC-SiO2 has been prepared by spray drying and 

a Mn-Na-W/SiO2 catalyst prepared by impregnation has been used as reference. Most relevant catalysts has 

been thoroughly characterized by means of N2 physisorption, PXRD, XPS, Raman and SEM. Catalytic tests 

have been performed at multiple temperatures and observed activity compared with in-house prepared 
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benchmark and SiC-containing catalysts reported in the literature. Stability studies up to 70 h on stream at 

800 ºC revealed that SiC-inclusion by means of spray-drying is a promising direction for overcoming the 

current limitations of OCM catalysts.  

2. Experimental  

2.1 Preparation of the catalysts 

Fumed SiO2 (~250–500 μm) used as support for the impregnated catalyst was purchased from Sigma-

Aldrich. Sodium tungstate dihydrate (Na2WO4·2H2O, >99%) was supplied by Sigma and manganese 

acetate tetrahydrate (Mn(CH3COO)2·4H2O, 99%) and sodium oxalate (Na2C2O4, 98%) were supplied by 

Acros organics. The Ludox® TM-40 colloidal silica (40 wt.% in water) needed in the formulation of the 

precursor solution for spray drying was utilized as received from Sigma-Aldrich. Silicon carbide (+ 

phases, 99+ %, 800 nm) was purchased from US Research Nanomaterials.  

The first step for the preparation of the SiC-containing spray dried catalyst is the formulation of the 

precursor solution to be spray dried. Two different slurries were prepared to study the effect of the spray 

drying methodology. Slurry A was prepared by incorporating colloidal SiO2, SiC and metal precursor salts 

to an aqueous solution whereas only the SiO2 and SiC were added to the Slurry B. The resulting mixture 

was thoroughly homogenized by ball-milling (Pulverisette planetary mill, Fritsch) with zirconium oxide 

grinding beads (2 mm) at 250 rpm for 30 min. The slurry was then spray dried in a Buchi B-290 Advanced 

Mini Spray Dryer whose operating conditions have already been optimized by Shoinkhorova et al.43 In the 

spray drying setup, a peristaltic pump makes the magnetically stirred precursor solution flow (10 mL min-

1) along with the carrier gas (compressed air, 0.75 m3 h-1) to the two-fluid titanium nozzle (aperture, 2.2 

mm). The atomized droplets coming from the nozzle are then dried at 200 ºC. Metals were loaded to the 

spray-dried composite coming from Slurry B by successive impregnation. The spray-dried catalysts from 

Slurry A named SD SiO2-SiC while SD + IMP SiO2-SiC and SD Support refer to the catalysts from Slurry 

B with and without impregnation of metals, respectively. In spray-dried catalysts, the target nominal 
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composition of the metals was 2 wt% Mn, 1.6 wt% Na and 3.1 wt% W reported by Vamvakaros et al.44 and 

SiO2:SiC ratio 70:30 wt/wt. Finally, the catalysts were calcined in static air at 750 ºC for 6 h with a ramp 

of 10 ºC min-1.  

The benchmark SiO2-supported catalyst (IMP-SiO2) was prepared following the wetness impregnation (WI) 

method. First, the SiO2 support was impregnated by an aqueous solution of sodium tungstate dihydrate, 

manganese acetate tetrahydrate and sodium oxalate at 80 ºC. Metal precursor salts were added in 

concentrations to achieve the same nominal metallic composition, in compliance with the aforementioned 

optimal metallic loading ranges. Finally, water was evaporated by drying at 100 ºC and the dry samples 

were subsequently calcined in air at 800 ºC for 6 h with a ramp of 10 ºC min-1. To compare with the spray-

dried catalyst, a catalyst with a SiO2-SiC support (MX SiO2-SiC) was also prepared by impregnation of the 

precursor salts with same nominal composition of the metals. For the latter catalyst, SiO2 and SiC were 

physically admixed (SiO2:SiC = 70:30 wt/wt) prior to the impregnation and calcination under same 

conditions as IMP SiO2 catalyst.  

2.2 Characterization of the catalysts 

Textural properties were studied by means of N2 adsorption-desorption (Micromeritics ASAP 2040) at -

196 ºC. Before the measurements, samples were degassed for 10 h at 250 °C. In particular, the specific 

surface area (SBET) was computed from the resulting isotherms using the BET equation.  

Crystallographic analyses were performed via powder X-ray diffraction (PXRD) in a Bruker D8 advanced 

diffractometer equipped with a Bragg-Brentano geometry fitted with a copper tube operating at 40 kV and 

40 mA. Diffractograms were acquired over a 2 range of 10-80º with step size of 0.1º a scan speed of 0.5 s 

per step. PDF-4+ (2019) was the database used for phase identification. Crystallite size was determined 

with the Debye-Scherrer equation. 
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The temperature-programmed H2 reduction (H2 -TPR) were performed in an Altamira AMI-200ip. Samples 

were pretreated in Ar at 200 °C for 20 min to remove adsorbed species. The measurements were done in a 

10% H2 /Ar mixture with a total flow of 50 mL min−1 and a heating rate of 5 °C∙min−1. 

Chemical composition of the powdered samples was analyzed using high resolution X-ray photoelectron 

spectroscopy (XPS). XPS studies were performed in a Kratos Axis Ultra DLD spectrometer equipped with 

a monochromatic Al Kα x-ray source (hν = 1486.6 eV) operating at 150 W, a multichannel plate and delay 

line detector under a vacuum of 1~10−9 mbar. Survey and high-resolution spectra were collected at fixed 

analyzer pass energies of 160 eV and 20 eV, respectively. Samples were mounted in floating mode to avoid 

differential charging. Charge neutralization was required for all samples. Binding energies were referenced 

to the C 1s peak of (C-C, C-H) bond which was set at 285.0 eV. Data were analyzed using commercially 

available software, CasaXPS. 

Scanning electron microscopy (SEM) imaging was performed with secondary electrons in an FEI TENEO 

VS microscope using 2 kV acceleration voltage and 5 mm working distance. Raman spectra of fresh and 

used catalysts were obtained with a Renishaw Via Reflex confocal spectrometer using a 532 nm laser 

excitation. The laser power was set to 100% (30 mW) and the sample was irradiated for 10 s with 6 

accumulations.  

2.3 Catalytic tests 

Catalytic tests were performed using a Flowrence® Avantium parallel reactor consisting of 16 tubular fixed-

bed quartz reactors (2 mm ID, length 300 mm). Reactors are placed in a furnace and the flow is distributed 

equally over the 16 channels by means of a microfluidic glass distributor. In each reactor, around 50 mg of 

sieved catalyst (150 - 300 m) were loaded onto a 100 mm long coarse SiC bed that ensures the catalyst 

bed lies on the isothermal zone of the reactor. One reactor was always used without catalyst as a blank. The 

target space time was 4.42-4.6 gcat h molC-1 for a total gas flow rate of 129-189 mL min-1 at 500-800 ºC and 

atmospheric pressure. The molar composition of the feed was CH4:O2:N2 2.5-3.3:1:3.3-3.5 where the main 

role of N2 was to avoid hotspots or thermal shocks. He was used as internal standard of the GC. The 
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utilization of high-throughput experimental setups ensures the objective analysis of the effect of the 

variables assessed in this study (i.e., catalyst, temperature and TOS).  

Product analyses were performed in an Agilent 7890B GC equipped with two sample loops with a TCD 

and 2 FIDs detectors. After flushing the loops for 15 min, the products are injected. One sample loop is 

directed towards the TCD channel with 2 Haysep pre-columns and a MS5A column, where He, H2, CH4 

and CO are separated. Gases that have longer retention times than CO2 on the Haysep column (Column 4 

Haysep Q 0.5 m G3591-80023) are backflushed. Further separation of permanent gases is done on another 

Haysep column (Column 5 Haysep Q 6 Ft G3591-80013) to separate CO2 before going to a MS5A column. 

The other sample loop is directed towards an Innowax pre-column (5 m, 0.2 mm OD, 0.4 μm film). In the 

first 0.5 min of the method, the gases coming from the pre-column are sent to the Gaspro column (Gaspro 

30 M, 0.32 mm OD). After 0.5 min, the valve is switched and gases are sent to an Innowax column (45 m, 

0.2 mm OD, 0.4 μm). Products from both columns are analyzed through a FID. The Gaspro column 

separates C1-C8 paraffins and olefins, while the Innowax column separates oxygenates and aromatics.  

The conversion (Xi), selectivity (Si) and yield (Yi) of individual or lumped species i have been defined as 

follows:  

 Xi(%) =
Fi,0−Fi

Fi,0
 100  (1) 

 Si(%) =
nC,i Fi

∑ nC,i FiProducts
 100  (2) 

 Yi(%) =
XCH4  Si

100
  (3) 

3. Results 

3.1 Catalytic properties  

A summary of characterization results of SiO2-impregnated (IMP-SiO2) and one-step-spray-dried (SD 

SiO2-SiC) catalysts is presented in Table 1. Although the spray-dried catalyst presents over double BET 

surface area than the impregnated one, the observed areas are smaller than 6 m2 g-1 in good agreement with 
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the literature, where after impregnating Mn, Na and W over SiO2, reported areas range 2-8 m2 g-1 depending 

on the source and supplier of the silica material.45 The enhanced surface area of the SD SiO2-SiC should be 

attributed to both the better dispersion that spray-drying endows when loading metals compared to 

impregnation and to the presence of SiC. Nonetheless, it is evident that calcination reduces the BET surface 

area substantially in both cases. Many authors have reported this phenomenon in the case of impregnated 

catalysts and attributed it to the phase transition of the amorphous SiO2 to α-cristobalite during 

calcination.45–47 The presence of α-cristobalite in both catalysts was corroborated through PXRD 

measurements as the diffractogram showed very sharp peaks at 21.7 º, shown in Figure 8 in Section 3.5. In 

fact, the estimated crystallite size associated to the main α-cristobalite peak are very similar for both 

catalysts, thereby confirming that the presence of α-cristobalite is comparable in the samples studied. 

Mn3O4, Na2WO4 and tridymite are other phases that were also detected at the bulk of both samples. SiC 

peaks also appeared for the SD SiO2-SiC catalyst. 

 

Table 1. Physicochemical characteristics of fresh impregnated and spray-dried catalysts. 

 SBET (m2 g-1) Crystallite size (nm) H2 uptake (mol g-1) 

IMP SiO2 2.64 49.4 (2 = 21.7) 82.49 

SD SiO2-SiC 5.44 49.5 (2 = 21.7) 118.12 

 

The higher H2 uptake observed in the H2-TPR experiments for the SD SiO2-SiC implies that loaded metals 

are more easily reducible than in the IMP SiO2. However, the H2-TPR profile (see Figure 1) reveals that 

reduction took place at lower temperatures for the impregnated catalyst, with both peaks shifting to lower 

temperatures. Peaks below 600 ºC are commonly associated to Mn species reduction.47 The reduction of 

Mn oxide species takes place in the low temperature range (< 500 °C) and the presence of Na and W species 

in the catalyst further influences the reduction temperature of Mn species. In addition, the reduction of W 

species is known to take place between moderate to high temperatures (400-700 °C). Therefore, the first 

peak observed (around 348 and 391 °C) in both the catalysts could be attributed to the reduction of Mn 
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oxide species (e.g., Mn3O4) and high temperature peak (around 510 and 522 °C) is due to the reduction of 

both Mn and W species (MnWO4, Na2WO4).48,49 Therefore, the fact that SD SiO2-SiC requires higher 

reduction temperatures is indicative of a different phase distribution-morphology, or different metal-support 

interactions (MSI) compared to the IMP SiO2. Although there was no specific mention to MSI differences 

derived from utilization of fumed and colloidal SiO2 in the work of Ismagilov et al.47 who prepared Mn-

Na-W/SiO2 catalysts by wetness impregnation and mixture slurry methods and observed no discernible 

differences caused by SiO2 sources., the nano-scale nature of SiO2 in SD SiO2-SiC compared to the micro-

scale of IMP SiO2 could definitely be a source of different MSI. However, the facts that SiC is not 

necessarily interacting with the active phase (as opposed to SiO2) and SiC is supposed to have a weak MSI29 

makes the interpretation based on MSI hard to fully explain the observed disparities. Thus, the differences 

observed in Figure 1 are better assigned to differences in the dispersion and morphologies of 

active/reducible species in the catalyst. 
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Figure. 1. H2-TPR profiles of the impregnated and spray-dried catalysts. 
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The high resolution XPS spectra presented in Figure 2 confirms the elements present in the near surface 

region and their respective oxidation states for both impregnated-SiO2 and spray-dried-SiO2-SiC catalysts. 

Comparison of spectra in Figure 2 (a) reveals that the chemical states of Mn are similar in both of the 

catalyst samples studied. The Mn 2p binding energy of 641.8 ± 0.2 is characteristic of the Mn3+ oxidation 

state on the surface and the broadness of the peak in both samples indicates the presence of Mn in different 

oxidations states.50,51 High resolution XPS spectra of Mn 3s for both catalysts is also available in Figure S1. 

Na 1s peak at 1071.4 ± 0.1 eV, Si 2p peak at 103.3 ± 0.2 eV and W 4f peak at 35.6 ± 0.1 eV presented in 

Figure 2 (b-d) indicate the presence of Na1+, Si4+ and W6+ species respectively.52–55 The spectra of both IMP 

SiO2 and SD SiO2-SiC catalysts are similar to each other and confirm the presence of Na2WO4 species in 

the surface of both catalysts, in line with PXRD results (see Figure 8). In comparison, the absence of C 1s 

peak (at 282.5 eV; Figure S2) corresponding to SiC in SD-SiO2-SiC catalyst indicates that SiC mainly exists 

in the bulk and the surface is mostly cover by SiO2. A small shift of the binding energy in both Si 2p and 

Mn 2p spectra indicates a different interaction between Si and Mn in the SD-SiO2-SiC catalyst, following 

the evidence from H2-TPR analysis.  

SEM images and Raman spectra of the SD SiO2-SiC catalyst are presented in Figure 3 (a) and (b), 

respectively. The SEM image of the catalyst after calcination reveals the spherical morphology of the 

particles, with smaller SiC sub-particles, distinguishable by the sharp corners. Fig 3 (a) shows that SiO2 

(probably in the form of α-cristobalite) is a porous material whereas SiC shows flat surfaces. At the same 

time, the image shows that the particles are well engineered as SiC is embedded in the matrix while the 

shape of the resulted particles is very spherical and homogeneous. SEM images before and after calcination 

of the SD SiO2-SiC catalyst are available in the supporting information (Figure S3), wherein the spherical 

morphology with no significant aggregation/agglomeration of the sample is evidenced. Raman spectra of 

the same catalyst collected at different surface locations are indicative of the uniformity of the phases in 

the catalyst, highlighting one of the many advantages of spray-drying synthesis. The Raman spectra detects 

key phases like α-cristobalite and Na2WO4, although Mn7SiO12 and MnWO4 are equally noteworthy.  
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Figure 2. High resolution XPS spectra of the impregnated and spray-dried catalysts of (a) Mn 2p, (b) Na 

1s, (c) W 4f and (d) Si 2p. 
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Figure 3. (a) Scanning electron microscopy image of SD SiO2-SiC after calcination and (b) Raman spectra 

of the same catalyst at multiple surface locations. 

 

3.2 Effect of temperature 

The effect of temperature on CH4 conversion for the blank, impregnated (SiO2 IMP SiO2) and one-step 

spray-dried (SD SiO2-SiC) catalysts is represented in Figure 4 (a). In all the cases studied, below 750 ºC 

observed CH4 conversions are low enough to be considered. A remarkable exponential increase in CH4 

conversion is observed as temperatures were raised beyond 750 ºC for both catalysts, reaching around 33 
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% at 800 ºC. The role catalysts play in the progress of the reaction is evidenced by the gap in conversions 

between the runs with and without catalyst (blank), thereby implying that the performance of each of the 

catalysts presented in the current study is determined by their corresponding activity. Consequently, further 

studies were only performed at 750 ºC and 800 ºC. In fact, assuming the overall conversion of CH4 follows 

a first order reaction, pseudo-activation energies could be estimated by combining the rate law with the 

conservation equation of an integral fixed-bed plug-flow reactor. Figure 4 (b) and (c) are the Arrhenius 

plots for the IMP SiO2 and SD SiO2-SiC runs, respectively, from which pseudo-activation energies 

presented in Figure 4 (d) have been derived. The pseudo-activation energy of the spray-dried catalyst (166 

± 11 kJ mol-1) happens to be lower than that of the impregnated catalyst (197 ± 6 kJ mol-1), in line with the 

higher conversions presented in Figure 4 (a).  
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Figure 4. (a) Effect of temperature on CH4 conversion at W/F0 = 4.42 gcat h molC
-1 and feed molar ratio 

CH4:O2:N2 = 4.2:1:2.7. Arrhenius plots for (b) IMP SiO2, (c) SD SiO2-SiC and (d) estimated pseudo-

activation energies of the catalytic and thermal conversions.  
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3.3 Effect of spray drying methodology 

Figure 5 shows the effect that the spray-drying procedure has on the catalytic performance at 800 ºC. It can 

be clearly seen that in the case in which only SiO2 and SiC components were included into the slurry to be 

spray-dried with no metallic phase (SD Support) the unselective oxidation of CH4 to COX (mainly CO) is 

favored. After impregnating the metals onto the spray-dried support (SD+IMP SiO2-SiC), C2 selectivity is 

substantially increased, proving that OCM requires the presence of active oxide sites (oxides of Na, Mn 

and W) in order to proceed. In fact, despite its very low C2 selectivity, SD SiO2-SiC showed a higher CH4 

conversion (11.6  0.25 %) than SD+IMP SiO2-SiC (6.86  0.42 %) which is ascribed to the lack of 

transition of SiO2 to cristobalite (see Figure S4) in the absence of metals as amorphous SiO2 is known to 

promote oxidation pathways.56 Nonetheless, a major increase in C2 selectivity and CH4 conversion is 

reported only in the case in which the spray-dried catalyst was synthesized in a single step (SD SiO2-SiC). 

This observation highlights the importance of the procedure followed for spray-drying, as it has been proven 

that the support alone obtained by spray drying is unable to attain noteworthy performances.  
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Figure 5. Effect of spray drying methodology on CH4 conversion and product (CO, CO2, C2 and C3) 

selectivity at 800 ºC, W/F0 = 4.42 gcat h molC
-1 and feed molar ratio CH4:O2:N2 = 4.2:1:2.7.  
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3.4 Effect of the incorporation of SiC 

The effect of the presence of SiC in the support at 750 ºC and 800 ºC is represented in Figure 6. Compared 

to the benchmark IMP SiO2, the catalyst in which SiC was included by admixing in the support (MX SiO2-

SiC) showed more limited performance in terms of CH4 conversion but slightly enhanced C2 selectivities. 

This observation was valid for 750 ºC and 800 ºC and reveals that the incorporation of SiC in the support 

alone is not sufficient to provide a catalyst with remarkable benefits compared to the reference catalyst. 

This finding confirms that a more intimate incorporation of SiC is required to fully exploit the SiO2-SiC 

synergistic effects beyond SiC acting as an energy carrier for the dissipation of the heat released during the 

reaction. Although the different SiO2 sources of MX SiO2-SiC and SD SiO2-SiC makes the comparison 

inconsistent, the enhanced performance of SD SiO2-SiC must be due to factors like additional active phase 

stabilization by SiC other than enhanced catalyst conductivity. The results shown in Figure 6 highlight the 

importance synthesizing OCM catalysts with a high thermal resistance which in turn stabilizes the active 

phase, avoids thermal shocking, and improves the overall performance of the catalyst. 

Figure 6 also shows that C2 yields could be enhanced in the case of the spray-dried SD SiO2-SiC compared 

to the benchmark IMP SiO2 at 750 ºC while keeping similar C2 yields at 800 ºC. Therefore, it could be 

proved that the incorporation of SiC to a SiO2 catalyst can result in a catalyst with at least comparable 

activity for yielding C2 products at high temperatures in OCM. It is important to highlight this aspect since 

according the results reported in the literature, the effect of including SiC in C2 yields does not follow a 

clear pattern, as shown in Figure 6, mainly since the features of the SiC utilized (e.g., porosity) and assembly 

techniques followed (e.g., monoliths, foams, etc.) were different from case to case.  
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Figure 6. Effect the incorporation of SiC on CH4 conversion and C2 selectivity at 750 ºC (red) and 800 ºC 

(brown) at W/F0 = 4.42 gcat h molC
-1 and feed molar ratio CH4:O2:N2 = 3.3:1:2.7. Filled symbols refer to 

results from the current study and hollow symbols correspond to reported data. Hollow circles and 

rhombuses from each author refer to impregnated SiO2 (benchmark) and best performing SiC-containing 

catalysts, respectively. Reaction conditions for Yildiz et al.:27 W/F0 = 4.2 gcat h molC
-1 and feed molar ratio 

CH4:O2:N2 = 4:1:4. Reaction conditions for Wang et al.:57 W/F0 = 4.45 gcat h molC
-1 and feed molar ratio 

CH4:O2:N2 = 2:1:4. Reaction conditions for Kim et al.:26 W/F0 = 1.12-2.34 gcat h molC
-1 and feed molar ratio 

CH4:O2:N2 = 3:1:1. 

 

3.5 Catalyst stability 

The evolution of CH4 conversion, O2 conversion and C2 selectivity with time on stream for benchmark IMP 

SiO2 and spray-dried SD SiO2-SiC at 800 ºC is presented in Figure 7. The noticeably lower intrinsic activity 

for both catalysts presented in Figure 7 compared to the values reported in Figures 4-6 are attributed to the 

much higher WHSV in the former case (14,175 mL h-1 gcat
-1) compared to the latter (9,675 mL h-1 gcat

-1). 

The evolution of the CH4 conversion (see Figure 7 (a)) in the case of the benchmark SiO2-based catalyst 

presents a clear descending trend, with 77% residual conversion at 30 h and down to 66% residual 

conversion at the end of the run. This antagonizes with the remarkably stable behavior observed in the case 
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of the one-step spray dried catalyst, showing a little drop in CH4 conversion over time on stream even after 

70 h. In fact, the residual conversion at 30 h was 95% and only decreased to 90% after 70 h. Reference 

conversion values for the calculation of residual activity corresponded to TOS = 2 h, prior to the maximum 

observed at 3-5 h. The peak in CH4 conversion over time on stream has already been reported in the 

literature8,12 and it is assigned to the activation of the catalyst.  
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Figure 7. Evolution with time on stream for benchmark IMP SiO2 and spray-dried SD SiO2-SiC at 800 ºC, 

W/F0 = 4.61 gcat h molC
-1 and feed molar ratio CH4:O2:N2 = 2.5:1:3.5 of (a) CH4 conversion, (b) O2 

conversion and (c) C2 selectivity. 

 

The fact that the spray-dried catalyst does not undergo deactivation implies that the incorporation of SiC 

by means of one-step spray drying can provide the OCM catalyst with desirable stability, which at the same 
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time, does not compromise on its activity. At the same time, the evolution of O2 conversion over time on 

stream can be used to acknowledge that the stability reported for the spray-dried catalyst is not the result of 

a masked deactivation. From the data presented in Figure 7 (b), catalytic runs were performed under partial 

O2 conversion regime, in which changes in catalyst structure have a direct effect on the conversion of CH4. 

In contrast, when working at conditions in which O2 is the limiting reactant (e.g., low WHSV), if the amount 

of catalyst in the reactor is enough to convert it all, then the CH4 conversion will reach a maximum and 

remain constant, masking the deactivation process taking place. This phenomenon has already been 

reported in the literature,58 highlighting the importance of the operating regime when performing 

experiments for the OCM. On the other hand, the observed variation of C2 selectivity in Figure 7 (c) over 

time on stream is insignificant, as values remained around 70 % during the entire run for both catalysts, in 

good agreement with the behaviors reported for C2 selectivity with catalysts undergoing deactivation in the 

literature.59 

In order to investigate the reasons behind deactivation, phase properties of fresh and used samples of both 

IMP SiO2 and SD SiO2-SiC catalysts were probed by PXRD and changes observed from the patterns 

compared in Figure 8. The freshly calcined samples of both catalysts confirmed the existence of SiO2 phases 

as tridymite (PDF 01-071-0261) to a small extent and α-cristobalite (PDF 00-049-1425). Unlike the IMP 

SiO2 catalyst, the α-cristobalite phase observed in the fresh spray-dried sample is due to the partial oxidation 

of SiC (PDF 00-049-1428) present in the sample during calcination besides the SiO2 source (Ludox HS-

40) utilized during the synthesis.9 Additionally, the bulk phases of Na2WO4 (PDF 04-008-8508) and Mn3O4 

(PDF 00-024-0734) were also identified in both fresh catalysts. In comparison with used catalysts (TOS = 

70 h), all phases except α-cristobalite retain their structure. The α-cristobalite phase in both catalysts 

transformed into quartz after OCM reaction mainly due to high Na content present in the samples as Na 

promotes the partial oxidation of SiC to SiO2 (in the case of SD SiO2-SiC) and its subsequent phase 

transitions to cristobalite ( or β) or quartz.9 Therefore, the source of more intense quartz peaks in the SD 

SiO2-SiC catalyst are attributed to the SiC. Crystallite size calculations for the most intense SiO2 phase 
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reveal significant increases for both used catalysts, growing from 45.5 to 69.6 nm and from 45.5 to 79.2 nm 

for IMP SiO2 and SD SiO2-SiC catalysts, respectively. The higher crystallite size of quartz phase observed 

for the used spray-dried catalyst compared to the impregnated counterpart, is indicative of a more favored 

transformation of α-cristobalite into quartz in the former catalyst. This effect seems to favor the stabilization 

of phases in the catalytic particle.60 XPS spectra (Mn 2p, Na 1s, W 4f and Si 2p) of the used SD SiO2-SiC 

catalyst in Figure S5 and C 1s in Figure S6 do not provide any substantial insight about the surface 

composition changes the catalyst might suffer during the reaction as the patterns are similar to those 

reported in Figure 2. 
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Figure 8. Powder XRD patterns of fresh IMP SiO2 and SD SiO2-SiC and used IMP SiO2 and SD SiO2-SiC 

samples.  

 

Raman spectroscopy (see Figure 9) was used to identify the active phases present in both catalysts 

investigated in this study before and after OCM runs. The characteristic bands observed at ~ 312 and 780 

cm-1 confirm the presence of surface α-cristobalite in fresh IMP SiO2 and SD SiO2-SiC catalysts, 

respectively. For the used catalysts, SD SiO2-SiC did not show any α-cristobalite peak, while a reduced 
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intensity of the peak at 312 cm-1 for IMP SiO2 could be observed, compared to its fresh analogue. For both 

impregnated and spray-dried used catalysts, multiple quartz peaks that were inexistent in the fresh catalysts 

appeared. It is thus expected that the α-cristobalite formed during calcination gets converted into quartz 

after reaction (in bulk, as identified by XRD in Figure 8), while there is a small fraction of α-cristobalite 

present near/on the surface in the case of IMP SiO2. In the literature, it is suggested that the smaller presence 

of quartz peaks from the used benchmark catalyst, especially for longer time on stream, is an indicator of 

loss of Mn2O3 phase that is largely responsible for the reduced activity thereof.60 In the current study, no 

Mn2O3 was observed through Raman spectroscopy for either of the catalysts. However, in the SD SiO2-SiC 

catalyst, characteristic peaks of MnWO4 at 259 and 357 cm-1 for the fresh and used samples, respectively, 

were consistently observed. With respect to the other Mn phases, Mn7SiO12 was observed on both the used 

and fresh spray-dried catalyst via distinct peaks around 152, 175 and 968 cm-1.60,61 Characteristic Na2WO4 

peaks around 812 and 928 cm-1 in both fresh and used IMP SiO2 samples could be observed, while for the 

SD SiO2-SiC, only a meagre Na2WO4 peak could be identified in the fresh sample, due to the transition of 

these species into MnWO4. Chua et al.60 argued that absence of these peaks are arising from migration of 

the tetrahedral WO4 from surface to the bulk or octahedral WO6 migrating from subsurface to the catalyst 

surface.19  

Although Na2WO4 is identified as one of the key active phases for OCM,9 Mn7SiO12 (braunite) and MnWO4 

have also been recognized as active species.61 The last work based these active species on the grounds of 

in situ XRD and operando Raman spectroscopy forming transient species via reaction with Mn7SiO12-

Na2WO4. A lack of surface braunite might point towards temporal loss of activity over prolonged reactions, 

along with the decrease in surface Na2WO4, as observed in the case of the IMP SiO2 in this work. In fact, 

deactivation induced by inhomogeneous distribution of the active components on the support for catalysts 

prepared via wetness impregnation has been reported before.46 Therefore, the sustained activity and stability 

of the novel spray-dried catalyst with a SiC-SiO2 support is attributed to the presence of the Mn7SiO12 and 

MnWO4, with uniform metals dispersion playing a key role as well, deduced from Fig 3. (b). Based on 
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these observations, it is further speculated that the Na2O formed as a byproduct of the reaction between 

Mn7SiO12 and Na2WO4 is transferred to the bulk of the SD SiO2-SiC catalyst where it reacts with silica in 

the support to form a SiO2-layer around the SiC-containing catalyst. The proposed mechanism is 

schematized in Figure 10. The improved thermal conductivity due to incorporation of SiC accelerate the 

dynamics of active phase transfer between Na2WO4-Mn7SiO12 to MnWO4-Na2O.61 
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Figure 9. Raman spectra of fresh IMP SiO2 and SD SiO2-SiC and used IMP SiO2 and SD SiO2-SiC samples.  

 

Kiani et al.9 indicated that a α-cristobalite layer around the catalyst particle may protect the catalyst from 

the deactivation. Kim et al.26 attributed the highest C2 yields (~22%) to the formation of a core-shell 

structure of SiC-cristobalite on the surface that avoided hotspots during the reaction. However, we were 

unable to experimentally observe the presence of α-cristobalite in our used catalysts. It is also proposed 

elsewhere62,63 that during calcination, an oxide layer containing SiO2-SiOxCy is formed over SiC support 

that acts as a protective layer, allowing facile deposition of stabilized metal particles. For a dry reforming 

of methane, the SiO2 layer on the Ni/SiC catalyst was shown to prevent formation of silicides and 

contributed towards the higher activity.64 The transformation of the α-cristobalite phase to quartz along with 
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the reduced surface area for the used catalyst are the results for deactivation in the IMP SiO2 catalyst.58,65 

This applies to the IMP SiO2 catalyst in particular, whose SBET dropped 38% from 2.64 m2 g-1 to 1.64 m2 g-

1, compared to SD SiO2-SiC, where SBET decreased 25 % from 5.44 m2 g-1 to 4.07 m2 g-1. 

 

 

Figure. 10. Schematic representation of the phase transition mechanism from fresh to used benchmark and 

the novel spray-dried catalysts. 

4. Conclusions 

The work outlines a methodology for synthesizing the spray-dried catalysts containing SiC-SiO2 supports. 

A uniform active phase distribution, and resistance to complete oxidation makes the SiC-based catalyst 

promising for OCM compared to conventional SiO2-supported trimetallic catalysts prepared by 

impregnation. Detailed characterization revealed a dynamic interplay between the active phases of 

Na2WO4-Mn7SiO12-MnWO4 on the catalyst; a mechanism that is absent from the benchmark SiO2-based 

one. The spray-dried catalyst with SiC presented an OCM activity comparable to that of the reference 

catalyst prepared by impregnation, with C2 yields of ~20%, close to the 22% yield reported in the literature 
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on pure SiC-support. Nonetheless, it is in the outstanding stability (the remaining conversion is 90% of the 

original one after 70 h) that the spray-dried catalyst with SiC showed remarkable performance. This is 

compared to the severe deactivation (the remaining conversion is 66% of the original one after 70 h) that 

the reference catalyst underwent.  

Our results prove that there are two main reasons behind the greater stability of the spray-dried catalyst 

with SiC: (1) the more uniform distribution of active phases and SiC across the particles provided by the 

spray drying methodology; and (2) greater thermal resistance provided by SiC which avoids thermal 

shocking and stabilizes the active phases during the longer (>70 h) runs. Thus, this work opens interesting 

avenues at the interphase of nanoscale and microscale catalyst shaping for enhanced engineering of catalyst. 
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Nomenclature 

Ea  pseudo-activation energy, kJ mol-1 

F0  carbon molar flow rate in the feed, molC h-1 

Fi  outlet molar flow rate of i, mol h-1 

Fi,0  molar flow rate in the feed of i, mol h-1 

nC,i  number of carbon atoms of i 

SBET  BET surface area, m2 g-1 
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Si  carbon selectivity of i 

W  catalyst mass, g 

Xi  conversion of i 

Yi  carbon yield of i 

Abbreviations  

BET  Brunauer Emmet Teller 

GC  gas chromatograph 

ID  inner diameter 

MSI  metal support interactions 

OCM  oxidative coupling of methane 

OD  outer diameter 

PXRD  powder x-ray diffraction 

SEM  scanning electron microscopy 

TOS  time on stream 

TPR  temperature-programmed reduction 

WHSV  weight hourly space velocity 

WI  wetness impregnation 

XPS  x-ray photoelectron spectroscopy 
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