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In this study, we investigate the effect of thermal treatment/calcination on the stability and

activity of a Na–Mn–W/SiO2 catalyst for the oxidative coupling of methane. The catalyst

performance and characterisation measurements suggest that the W species are

directly involved in the catalyst active site responsible for CH4 conversion. Under

operating conditions, the active components, present in the form of a Na–W–O–Mn

molten state, are highly mobile and volatile. By varying the parameters of the calcination

protocol, it was shown that these molten components can be partially stabilised,

resulting in a catalyst with lower activity (due to loss of surface area) but higher stability

even for long duration OCM reaction experiments.
1. Introduction

The large abundance of natural gas has resulted in extensive research on
exploring economically viable direct routes for methane conversion into higher
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value chemicals.1–3 Oxidative coupling of methane (OCM), rst introduced by
Keller and Bhasin,4 is an example of direct catalytic methane conversion into
ethylene, a vital building block in the chemical industry. Despite 30 years of
studies on the OCM process investigating the optimal reaction conditions,
different reactor designs and catalyst formulations,5–10 there are still limiting
factors for the industrial implementation of OCM technology. One of the main
challenges in methane activation is related to the fact that the desired products
(i.e. ethylene) are more reactive thanmethane itself, and in the presence of oxygen
and at high temperatures they can be easily oxidised to COx species.

Multiple catalyst formulations have been tested for the OCM reaction,
including alkaline oxides, rare earth metal oxides and transition metal
oxides.6,7,11–14 Among them, Na–Mn–W/SiO2 is generally accepted to be one of the
most promising catalyst materials, showing high catalytic performance (>20%
yield) and long-term stability.15–17 Numerous studies and reviews18–20 have focused
on investigating the nature of the active phases/species as well as on determining
the optimal catalyst composition, preferred preparation method and the role of
catalyst promoters. It should be noted though that there is still much debate
regarding the phases/species of the Na–Mn–W/SiO2 catalyst, including two main
theories regarding the nature of the active site(s). According to Lunsford and co-
workers,21,22 the active site was suggested to contain Na–O–Mn species, with Mn
responsible for the activation of gas-phase oxygen, Na suppressing the total
oxidation of methane, and W stabilizing the catalyst. On the other hand, Li’s
group23,24 proposed a tetrahedral WO4 surface species, with one W]O and three
W–O–Si surface bonds as the active sites. It was later suggested by Li and co-
workers25 that the OCM reaction incorporates a redox mechanism involving a two-
metal site model; the oxygen is activated on the Mn3+/Mn2+ site and methane is
activated on the adjacent W6+/W5+ site.26–31 The two-site model was also recently
suggested by Wang et al.32 in a study of a TiO2-promoted Na–Mn–W/SiO2 catalyst
for the ‘low’ temperature OCM reaction.

The interaction between the catalyst support and metal oxides can greatly
enhance (or suppress) the catalyst performance and stability. As an example, the
presence of Na+ has been reported to be a critical factor in the phase transition of
amorphous silica to cristobalite during catalyst calcination.16,33 Generally, the
catalyst preparation (i.e. method, protocol and used precursors) is considered to
be an important step, providing high catalytic performance through dispersion
and stabilisation of catalyst active components.34,35

In the work of Yildiz et al.,36 the effect of different support materials on the Na–
Mn–W catalyst was investigated. The authors reported that a silica support
showed the best overall performance (selectivity/conversion trade off), however
SiC, Fe2O3 and TiO2 were also suggested as promising candidates for supports.
Further work by the same research group37,38 focused on investigating the impact
of different silica supports on the performance of a Na–Mn–W/SiO2 catalyst.
Although all support materials seemed to yield similar specic surface areas for
as-prepared Na–Mn–W/SiO2 catalysts, a signicant enhancement in performance
for the OCM reaction was shown when the catalyst was supported on SBA-15
mesoporous silica (increase in C2+ yield from 3–4% to 10% with stability tests
performed over 16 h time on stream). As shown with SEM-EDX mapping, such
high performance was due to a more homogenous dispersion of catalyst active
components.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 176–196 | 177
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The most common preparation method for Na–Mn–W/SiO2 catalysts is incip-
ient wetness impregnation. However, as shown in the study by Wang et al.,16 this
method yields catalysts with the active components mainly distributed on the
catalyst surface, which may result in the loss of active components during the
reaction. In contrast, catalysts prepared via sol–gel and mixture slurry methods
led to a more uniform distribution of active components between the catalyst
surface and the bulk. The catalyst prepared with the mixture slurry method
achieved a similar performance to catalysts prepared via incipient wetness
impregnation (C2+ yield�20%), while the catalyst prepared with a sol–gel method
exhibited a slightly inferior performance (C2+ yield of 15%). In fact, as shown in
the study reported by Godini et al.,39 establishing the right sol–gel state in this
catalyst preparation method is crucial to ensure its selective performance.

The aim of this study was to investigate the impact of thermal treatment on the
activity, selectivity and stability of a Na–Mn–W/SiO2 catalyst under OCM reaction
conditions. First, two catalyst samples were prepared with the incipient wetness
impregnationmethod and calcined for 2 and 29 h. The physicochemical properties
of both catalysts were investigated with X-ray diffraction (XRD), X-ray uorescence
(XRF) and Brunauer–Emmett–Teller (BET) specic surface area measurements. In
addition, the evolution of solid-state chemistry in the Na–Mn–W/SiO2 catalyst was
investigated with the X-ray diffraction computed tomography technique (XRD-
CT)40,41 during prolonged calcination and under various OCMoperating conditions
(CH4 : O2 ratio and GHSV). The obtained results helped us design a calcination
protocol (i.e. 8 h calcination) that yielded a Na–Mn–W/SiO2 catalyst with lower but
stable CH4 conversion for an 80 h long OCM reaction experiment.
2. Experimental section
2.1 Catalyst preparation

The incipient wetness impregnation method used in this work was based upon
methods found in the literature.16,42 Manganese nitrate (Sigma Aldrich) was
impregnated onto an amorphous silica support (Evonik Industries); the material
was then dried in an oven at 105 �C. Next, sodium tungstate (Sigma Aldrich) was
impregnated onto the mixture before it was again dried at 105 �C and then
calcined at 750 �C for two hours with a ramp rate of 3 �C min�1 in air. Sufficient
amounts of precursor were used so that the nal catalyst comprised 1.6 wt%
manganese and 5 wt% sodium tungstate aer calcination.
2.2 Catalyst performance testing

A quartz reactor tube (4 mm internal diameter) was used to test 100 mg of the
catalyst sample. The total ows calculated for the two studied values of GHSV,
36 000 and 72 000 mL g�1 h�1, were 60 and 120 sccm, respectively. Pure O2, CH4,
and N2 gases were delivered to the reactor (with 5% nitrogen dilution) in three
different CH4 : O2 ratios (CH4 : O2 2 : 1, 4 : 1, and 6 : 1). The catalyst was heated
under an atmosphere of Ar up to 780 �C with a temperature ramp of 10 �C min�1,
using an electrical tube furnace. The OCM reaction was performed at atmospheric
pressure and the outlet gases were analysed by gas chromatography (Varian CP-
4900 MicroGC equipped with a thermal conductivity detector (TCD)). The OCM
reaction lasted for 30 min under each set of conditions.
178 | Faraday Discuss., 2021, 229, 176–196 This journal is © The Royal Society of Chemistry 2021
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2.3 Structure analyses

The specic surface area was determined using a Quadrasorb gas sorption surface
area and pore size analyser (Quantachrome) with N2 gas adsorption at 77 K. The
BET method was applied to determine the specic surface area. Before the BET
measurements, samples were outgassed at 220 �C for 6 h to eliminate adsorbed
water from the sample surface. The lowest detectable specic surface area is
estimated at 0.01 m2 g�1.

The elemental analysis was performed using a PANalytical Epsilon3 XL uo-
rescence spectrometer with Ag anode and high-resolution Si dri detector. The
results of the qualitative analysis were obtained with the Omnian package. The
microstructure analyses were performed with recovered samples from the labo-
ratory measurements.

Laboratory XRD measurements were performed in the Bragg–Brentano
geometry with a Rigaku Miniex 600 powder X-ray diffractometer (Cu Ka). The
angular range covered was 10–80� 2q with a step size of 0.02� (acquisition speed of
1.2� min�1).
2.4 Operando XRD-CT

The zigzag XRD-CT and interlaced XRD-CT (IXRD-CT) measurements43 were per-
formed at station ID31 at the ESRF using a monochromatic beam of 70 keV with
a size of 20 mm � 20 mm. For both experiments, the sample was scanned with 160
angular steps (with angular step size of 1.125�) and 224 translation steps (with
translation step equal to the beam size) covering in total 4.48 mm. The obtained
reconstructed images of the reactor consisted of 224� 224 pixels, with a pixel size of
20 mm. Diffraction patterns were collected using a PILATUS3 X CdTe (Dectris) area
detector. Calibration of the detector was performed using a CeO2 NIST standard. All
collected 2D diffraction images were radially integrated (to 1D powder diffraction
patterns) using the PyFAI soware,44 using a trimmed mean lter (20%)45 to remove
artefacts due to hot spots of crystalline material. The reconstructed diffraction data
were obtained using the ltered back projection algorithm. For both experiments
the XRD-CT data were corrected for beam decay using the air scatter signal. A
photograph of the set up used during this experiment is presented in Fig. 1.

30 mg of catalyst were loaded into a quartz tube reactor (external diameter 4
mm, internal diameter 2.5 mm) to form an 8 mm long catalyst bed, supported by
glass wool. Pure O2, CH4, and He gases were delivered to the reactor by mass ow
controllers (Brooks). The total ows calculated for the two studied values of GHSV,
36 000 and 72 000 mL g�1 h�1, were 18.2 and 36.5 sccm, respectively. The catalyst
was heated under an atmosphere of He (18.2 sccm) up to 780 �Cwith a temperature
ramp of 20 �Cmin�1, using two air gas heat blowers (Cyberstar). Aer reaching the
required high temperature, the catalyst was rst treated with a pure CH4 stream for
the duration of one XRD-CT measurement (25 min) and then le under an
atmosphere of He for 27 h of prolonged re-calcination. The OCM reaction was
performed at atmospheric pressure and the outlet gases were analysed by mass
spectrometry using an Ecosys portable mass spectrometer. Two different values of
GHSV (36 000 and 72 000 mL g�1 h�1) as well as different ratios of CH4 : O2 (2 : 1,
4 : 1, and 6 : 1) were tested for the OCM conditions (for experimental protocol see
Fig. S1 in the ESI†). When changing the CH4 : O2 ratio and GHSV, a time period of
5 min was used for catalyst stabilization before acquiring data.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 176–196 | 179
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Fig. 1 Photograph of the setup used for the experiment at ID31 at the ESRF.
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2.5 Long-term performance testing

A quartz reactor tube (4 mm internal diameter) was used to test 85mg of the catalyst
samples (with the initial calcination protocol of 2 h and extended calcination
protocol of 8 h). Pure O2, CH4, and Ar gases were delivered to the reactor (with 32.5%
Ar dilution) in CH4 : O2 ratio 8 : 1. The total gas ow calculated for the studied GHSV
of 54 000 mLCH4

g�1 h�1 (90 000 mL g�1 h�1) was 150 sccm. The catalyst was heated
under an atmosphere of Ar up to 900 �C with a temperature ramp of 10 �C min�1

using an electrical tube furnace. The OCM reaction was performed at atmospheric
pressure and the outlet gases were analysed by gas chromatography (Varian CP-4900
MicroGC equipped with a thermal conductivity detector (TCD)).
3. Results and discussion
3.1 Effect of calcination protocol on the catalyst structure

Initially, two Na–Mn–W/SiO2 catalyst samples were prepared using two different
calcination periods (2 vs. 29 h) and tested under OCM reaction conditions. The
results from the laboratory catalyst performance experiments are presented in
Fig. 2. One of the catalysts (named here IWI 29 h) was kept under an atmosphere
of He for 27 h before introducing the reactive gases (total calcination time of 29 h,
Fig. S1†). The second catalyst (named here IWI 2 h) was directly exposed to the
OCM reactionmixture upon reaching the operating temperature (total calcination
time of 2 h; see also the preparation protocol section).

According to the laboratory measurements, the prolonged calcination protocol
had a signicant impact on the catalyst performance. More specically,
180 | Faraday Discuss., 2021, 229, 176–196 This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Influence of prolonged calcination on the catalyst performance. Panel A: methane
conversion, panel B: C2+ selectivity, panel C: C2+ yield and panel D: C2H4/C2H6 ratio.
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prolonged calcination resulted in a less active catalyst (35% CH4 conversion for
IWI 2 h as opposed to 12.5% for IWI 29 h). However, the initial high conversion of
CH4 for the IWI 2 h catalyst decreased over time (a decrease in CH4 conversion
from 25% to 10%), suggesting that this catalyst was not stable under the imposed
temperature and chemical environment (highly reducing reaction mixture); the
most signicant decrease in CH4 conversion was observed for the reaction
conditions with CH4 : O2 ratio equal to 6 : 1. Regarding the C2+ selectivity, the IWI
29 h catalyst was shown to be more selective towards C2+ molecules (�70%
selectivity for IWI 29 h and �40% for IWI 2 h) but the ratio of C2H4/C2H6 was
higher for the IWI 2 h catalyst. The overall trends in CH4 conversion and C2+

selectivity were seen to depend on the applied OCM reaction conditions (CH4 : O2

ratio and GHSV), an observation which is in agreement with previous studies.12,14

The IWI 2 h and IWI 29 h catalyst samples were characterised before and aer
the OCM experiments with XRD, XRF and BET. The results from the specic
surface area measurements of the four Na–Mn–W/SiO2 catalyst samples are pre-
sented in Table 1. Clearly, the temperature treatment, including both the pro-
longed calcination and the OCM reaction conditions, led to a decrease in the
catalyst surface area. The observed difference in the performances of the two Na–
Mn–W/SiO2 catalysts, particularly regarding the CH4 conversion (Fig. 2A), was
most likely caused by the decrease in surface area during the prolonged calci-
nation protocol. At high temperatures, the silica support is expected to evolve into
the crystalline polymorphs of cristobalite, tridymite and quartz.46–49 It is impor-
tant to note that aer exposure to the OCM reaction conditions, the surface areas
of both samples decreased below 1 m2 g�1 (close to the BET detection limit).
Table 1 BET measurements on Na–Mn–W/SiO2 catalyst samples. The lowest detectable
specific surface area is estimated at 0.01 m2 g�1

Catalyst Before OCM (m2 g�1) Aer OCM (m2 g�1)

IWI 2 h 3.5 0.1
IWI 29 h 1.4 0.5
The recovered catalyst samples were also examined with X-ray uorescence (which
in contrast to XRD captures also the amorphous species) in order to determine their
elemental compositions; the results obtained from the semi-quantitative analysis are
presented in Table 2 while the XRF spectra are shown in Fig. 3. It should be noted that
the presence of Na could not be determined with these measurements.

The main difference in elemental composition between the four Na–Mn–W/SiO2

catalyst samples was related to the quantity of the W-containing species. The IWI 2 h
Table 2 XRF semi-quantitative relative analysis of Na–Mn–W/SiO2 catalyst samples. The
presented values are normalised to themaximumpeak area in the XRF spectrum of the IWI
2 h sample before OCM

Catalyst

Before OCM Aer OCM

Mn W Mn W

IWI 2 h 1 1 0.96 0.64
IWI 29 h 0.99 0.91 1.06 0.93

182 | Faraday Discuss., 2021, 229, 176–196 This journal is © The Royal Society of Chemistry 2021
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Fig. 3 XRF spectra of Na–Mn–W/SiO2 catalysts calcined for 2 h and 29 h before and after
the OCM reaction.

Fig. 4 Top panel: photograph of reactor tubes after laboratory catalyst performance
testing with the two Na–Mn–W/SiO2 catalysts (IWI 2 h and IWI 29 h). Bottom panel:
diffraction pattern of the brown deposits from the reactor tube collected by point XRD
measurement (blue) and simulated diffraction peaks of the NaxWO3 phase based on the
intensities reported by Bamberger and Kopp50 (black).
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catalyst sample recovered aer theOCMexperiment contained lessW species than the
spent IWI 29 h catalyst sample. This observation is also conrmed by examining the
spent reactor tubes (Fig. 4). The quartz reactor with the IWI 2 h catalyst contained
brown deposits at the reactor outlet which were identied as Na–W–O species with
XRD (Fig. 4), whereas no brown deposits were observed in the other reactor (con-
taining the IWI 29 h catalyst). From these measurements it can be concluded that the
prolonged calcination had a positive effect on the stabilisation of W species that are
otherwise partially lost under the applied OCM reaction conditions (IWI 2 h catalyst).
3.2 Operando imaging during the prolonged calcination and the OCM
reaction with Na–Mn–W/SiO2 catalyst

An operando XRD-CT experiment was performed while applying the prolonged
calcination (29 h) and the OCM reaction conditions protocol in order to gain
a better understanding of the state of the W species and indeed the Na–Mn–W/
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 176–196 | 183
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Fig. 5 Spatial distribution of catalyst crystalline components: cristobalite, tridymite, quartz
(SiO2), Mn2O3 and Na2WO4 during the preparation of the IWI catalyst, as obtained from
Rietveld analysis. The images were obtained through normalising the scale factors to the
maximum value observed over the entire experiment.
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SiO2 catalyst under the aforementioned conditions. The initial composition of the
as-prepared catalyst consisted of: SiO2 cristobalite (88%), SiO2 tridymite (6%),
Mn2O3 (2.6%) and Na2WO4 (2.6%). The quantitative analysis (Fig. S2 in the ESI†)
as well as the spatial distribution of the catalyst components collected at room
temperature (Fig. 5, rst column) clearly demonstrate that the catalyst support
was mainly present in the form of SiO2 cristobalite and that only a few particles
contained a minor amount of SiO2 tridymite. The distributions of Na2WO4 and
Mn2O3 phases were not perfectly correlated with each other; their distributions
were seen mainly as discrete regions in the catalyst particles.

During the temperature ramp to 780 �C under He, SiO2 cristobalite and SiO2

tridymite transformed into their high temperature polymorphs (tetragonal /
cubic and monoclinic / hexagonal, respectively46–49). Here the transition
between the tetragonal and cubic polymorphs of SiO2 cristobalite was observed at
ca. 200 �C (Fig. S3†). The transition between the monoclinic and hexagonal
polymorphs of SiO2 tridymite was not as clearly visible in the diffraction pattern
184 | Faraday Discuss., 2021, 229, 176–196 This journal is © The Royal Society of Chemistry 2021
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as in the case of SiO2 cristobalite due to the presence of only a few characteristic
peaks belonging to SiO2 tridymite (112 and 204 reections).

Additionally, during the temperature ramp, the Na2WO4 phase disappeared.
As previously reported, this component is expected to melt at around 680 �C.43

However, its complete disappearance was preceded by the formation and
decomposition of a high temperature orthorhombic polymorph (Fig. S4†).43 Aer
reaching the OCM operating temperature, the quantity of Mn2O3 was also found
to decrease. Regarding the SiO2 polymorphs, at high temperature a material hot
spot of SiO2 quartz was observed to form in the middle of the catalyst cross
section. The catalyst was le under He at 780 �C for 27 h before the introduction
of the OCM reaction mixture.

The prolonged calcination under He over 27 h resulted in signicant solid-
state changes with respect to the catalyst support (Fig. 6, rst column and
Fig. 6 Spatial distribution of SiO2 crystalline phases: cristobalite, tridymite, quartz, Mn2O3,
Na2WO4 and Na6WO6 during the OCM reaction with the IWI catalyst, as obtained from
Rietveld analysis. The images were obtained through normalising the scale factors to the
maximum value observed over the entire experiment. The plots on the right correspond to
temporal changes in the scale factors over the entire duration of the experiment (i.e.
encompassing XRD-CT scan time points from Fig. 5 and 6).
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Fig. S5 and S6 in the ESI†). The previously present cristobalite transformed into
tridymite and quartz, whereas the quantity of Mn2O3 phases became non-
signicant. During the OCM reaction, the main changes corresponded to
a gradual increase in the amount of tridymite with a simultaneous decrease in the
amount of cristobalite.

Finally, the reactor was cooled to room temperature, and the spent catalyst
consisted of the SiO2 polymorphs cristobalite, tridymite and quartz (in their low
temperature forms) as well asMn2O3, Na2WO4 and Na6WO6 (Fig. S7†). Both Na–W–

O species could not be observed during the high temperature XRD-CT scans but
they reappeared aer cooling to room temperature (these species solidied from
a molten state during cooling). The nal composition of the catalyst consisted of
cristobalite (42%), tridymite (51%), quartz (3%), Mn2O3 (2.6%), Na2WO4 (0.9%)
and Na6WO6 (1%). Overall, when comparing the composition of the catalyst before
and aer the OCM experiment (Fig. 7), we conclude that a partial loss of Na–W–O
species and Mn2O3 phase occurred during the reaction. More specically, we
Fig. 7 Top panel: diffraction patterns of Na–Mn–W/SiO2 catalyst (IWI) collected at room
temperature before and after the OCM reaction. Bottom panel: simulated diffraction
patterns for crystalline phases present in the catalyst.
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observed a strong interaction of the catalyst material with the reactor vessel
(Fig. S8†). Due to the high mobility and volatile nature of the Na+ species at high
temperatures (above 700 �C), the Na–W–O species le the catalyst bed and
migrated towards the reactor vessel, where amorphous silica crystallised.51

Regarding the spatial distribution of the catalyst components in the collected
cross section, the cristobalite and tridymite polymorphs were uniformly distributed
in the catalyst particles whereas quartz was only present in a few particles, albeit in
high concentration. The Na2WO4 and Mn2O3 phases maintained their previous
distributions (i.e. not homogeneously distributed over the catalyst particles). The
XRD-CT measurements showed that the evolution of the silica support at high
temperatures (i.e. regardless of calcination or OCM operating conditions) is inevi-
table and the catalyst support is susceptible to a decrease in surface area as a result
of the cristobalite transformation to other crystalline silica polymorphs (i.e. tridy-
mite and quartz). At the same time, under the OCM reaction conditions, the catalyst
active components are present in a molten state (not detectable with X-ray diffrac-
tion) and therefore important interactions can occur between these components
that are bound to have an effect on the catalyst activity and stability.52

The catalyst performance during the OCM reaction was monitored with mass
spectrometry analysis and the results are presented in Fig. 8. The conversion of
CH4 depended on the applied OCM conditions; higher CH4 : O2 ratio led to lower
CH4 conversion. At the same time, the catalyst converted less CH4 at higher GHSV
(lower contact times). For higher CH4 : O2 ratios, the production of combustion
products (CO2 and CO) was lower, and in addition doubling the total ow of gases
again resulted in overall lower production of combustion products.

3.3 Long-term performance testing

From the previous section we conclude that the calcination protocol has an
important effect on the stability and activity of the Na–Mn–W/SiO2 catalyst.
Although the longer calcination time yields a catalyst with lower surface area and
Fig. 8 Results of mass spectrometry during the OCM reaction collected during operando
XRD-CT measurements at 780 �C on the Na–Mn–W/SiO2 catalyst (IWI).
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Fig. 9 Influence of prolonged calcination on the catalyst performance over long opera-
tion time (80 h). Panel A: methane conversion, panel B: C2+ selectivity, panel C: C2+ yield
and panel D: C2H4/C2H6 ratio. Note: for both catalyst samples the reaction was run
consecutively for 80 h, despite the lack of performance data.
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therefore lower CH4 conversion, its stability could be signicantly improved by
stabilising the W-containing species. Therefore, it was proposed to compare the
activity and stability of Na–Mn–W/SiO2 catalysts prepared with two different
calcination protocols (calcination for 2 h vs. calcination for 8 h) over a longer
operating time and under highly reducing OCM reaction conditions (CH4 : O2

ratio 8 : 1). It should be also emphasised that in this case, the two samples were
calcined in air (calcination inside a furnace) to investigate the impact of the
calcination atmosphere.

The catalyst performance results from two 80 h long OCM experiments are
presented in Fig. 9. For both catalysts, the CH4 conversion decreased during the
rst several hours of operation, which is in agreement with the previously
performed laboratory tests (Section 3.1). Aer around 20 h of operation, the CH4

conversion for the catalyst calcined for 8 h stabilised and remained constant
until the end of the experiment at a level of 8%. However, in the case of the
catalyst calcined for 2 h, the CH4 conversion gradually decreased from the
Fig. 10 Comparison of X-ray diffraction patterns of two Na–Mn–W/SiO2 catalysts
calcined for 2 h and 8 h before and after the OCM reaction. SiC was used for dilution of the
catalyst bed.
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beginning of the experiment (16%) to the end of the experiment (6%). These
catalytic measurements showed that a benecial effect of prolonged calcination
can be observed aer long operation (here 65 h) for the applied operating
conditions. The selectivity for C2+ molecules was seen to be relatively stable for
the duration of both experiments: 80% for the catalyst calcined for 2 h and 45%
for the catalyst calcined for 8 h. Both C2+ yield and C2H4/C2H6 ratio demon-
strated a similar trend to CH4 conversion for the two studied catalysts; at the
end of the experiment, the C2H4/C2H6 ratio was found to be around 1, and the
C2+ yield was between 4% and 5% for both materials.

The structural changes in both samples were investigated ex situ with XRD
and XRF. Aer long operation under OCM reaction conditions, both samples
showed signicant evolution of the silica support from cristobalite to tridy-
mite and a minor amount of the quartz phase (Fig. 10). In addition, neither
Na2WO4 nor Mn2O3 were observed in the recovered samples of both catalysts.
At the same time, the samples contained minor amounts of MnWO4 (marked
with circles in Fig. 10), and an additional peak was observed that
could potentially be associated with Na–W–O species (marked with star in
Fig. 10).

Similarly, the XRF measurements showed a signicant decrease in quantity
of both W and Mn species in both samples (Fig. 11 and Table 3). However, the
catalyst calcined for 8 h was shown to contain more W species than the catalyst
calcined for 2 h, which could explain the difference in CH4 conversion for
these two materials. An analysis of the spent reactor tubes from these two
experiments showed similar behaviour as in the case of the shorter duration
laboratory tests presented in Section 3.1; brown deposits of Na–W–O species
were found at the outlet in the reactor containing the catalyst calcined for 2 h
(Fig. S9†). These results showed that under highly reducing OCM reaction
conditions (CH4 : O2 ratio equal to 8 : 1), the catalyst samples underwent
substantial reduction (bulk reduction of the Mn species) and loss of active
components, despite the attempt to stabilise the W species through the pro-
longed calcination protocol. The resulting catalysts were still active for the
OCM reaction, however this also suggests that the catalyst stability can only be
improved using the new thermal treatment under optimal reaction
conditions.
Fig. 11 Comparison of X-ray fluorescence spectra of two Na–Mn–W/SiO2 catalysts
calcined for 2 h and 8 h before and after the OCM reaction.
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Table 3 XRF semi-quantitative relative analysis of Na–Mn–W/SiO2 catalyst samples. The
presented values are normalised to themaximumpeak area in the XRF spectrum of the IWI
8 h sample before OCM

Catalyst

Before OCM Aer OCM

Mn W Mn W

IWI 2 h 0.93 0.94 0.65 0.03
IWI 8 h 1 1 0.68 0.07
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4. Discussion

In this study it was shown that the Na–Mn–W/SiO2 catalyst is susceptible to
deactivation under OCM reaction conditions, due to both the high temperature of
the reaction and the reducing environment. One of the reasons behind the
deactivation of this family of catalysts has been previously suggested to be asso-
ciated with the preparation method; catalysts prepared via the incipient wetness
method have been shown to be prone to fast deactivation due to inhomogeneous
distribution of the active components between the catalyst surface and the bulk
(higher concentration at the catalyst surface).16 However, as shown in previous
studies, the stability of the catalyst can be improved by using a high surface area
support or by applying different metal precursors.35–37 It is interesting to note that
previous studies suggest that the initial support material and the preparation of
the catalyst play an important role in the catalyst activity and stability despite the
inevitable transformation of amorphous silica into crystalline phases, and thus
the decrease in surface area, at high temperatures.18,33,53

In this work, it is shown that prolonged calcination improves the stabilisation
of the W species. As shown in Fig. 2, the loss of W species during the OCM
reaction can be directly associated with a decrease in CH4 conversion (catalyst
calcined for 2 h). A signicant decrease in CH4 conversion and partial catalyst
deactivation was observed for the reaction mixture with high CH4 : O2 ratio (6 : 1).
These results suggest that the W species are part of the catalyst active sites
responsible for CH4 activation. This suggestion is further supported by the results
from the long duration OCM experiment performed under highly reducing
conditions (CH4 : O2 ratio 8 : 1) where the catalysts lost signicant amounts of W
species. The higher CH4 conversion for the catalyst calcined for 8 h when
compared to the catalyst calcined for 2 h can be explained by the difference in the
amount of W species preserved in the catalyst structure (Fig. 11). In addition, the
highly reducing reaction mixture led to the bulk reduction of Mn species (Mn2O3

reduced to MnWO4 as seen with XRD) and the partial loss of Mn species (seen
with XRF), but to a lower extent than W species. These observations show that
although the prolonged calcination protocol was applied to one of the catalyst
materials, the highly reducing OCM reaction conditions have an overall negative
effect on catalyst stability regarding both W andMn species which cannot be fully
stabilised through the new thermal treatment protocol.

As shown from the operando XRD-CT measurements (Fig. 5 and 6), the main
solid-state changes taking place in the Na–Mn–W/SiO2 catalyst structure during
the calcination and OCM reaction were related to the evolution of the SiO2

support. Initially, the SiO2 support was present as cristobalite with a small
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 229, 176–196 | 191
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quantity of tridymite. During the calcination under He atmosphere and at high
temperature (i.e. 780 �C), almost half of the cristobalite transformed into tridy-
mite and small amounts of quartz. This transition was temperature driven and
mainly dependent on the time on stream, rather than the applied conditions.
With the further transition of cristobalite to tridymite and quartz, the surface area
of the catalyst is expected to decrease, however it still remains comparable with
the surface area of the catalyst containing only cristobalite.16,22,53 The evolution of
the catalyst support is also in agreement with long-term stability tests performed
by Wang et al.,16 where the catalyst was found to contain large amounts of quartz
and tridymite aer 500 h time on stream.

During the calcination and under the operating conditions, none of the
catalyst active components were present in the collected diffraction patterns.
Specically, the Na–W–O species could only be observed at room temperature,
before and aer the OCM reaction. During the temperature ramp, the Na–W–O
species melted at around 650 �C 26,43,54 and this was preceded by the transition of
cubic Na2WO4 into the orthorhombic polymorph Na2WO4 at around
560 �C.43,55,56 As suggested previously, the Na+ species play an important role,
acting as both structural promoters (facilitating the crystallisation of amor-
phous silica33) and chemical promoters, participating in the dispersion of W–O
active species sites over the catalyst particles. However, as the active compo-
nents are present in a molten state, more specialised techniques need to be
applied to elucidate the role of Na species. Aer cooling to room temperature,
the Na–W–O species crystallised into two different crystallographic forms: (1)
cubic Na2WO4 and (2) Na6WO6 with possible trigonal symmetry. In the
diffraction pattern, only one characteristic reection can be associated with the
second Na–W–O phase, and in previous studies it was identied as Na4WO5

26,36

(only suggested, no renement analysis performed). However, in this work, the
renement of the created model containing the proposed phase did not lead to
a satisfactory t, therefore we proposed using another phase in the model,
based on the trigonal Li6TeO6. The appearance of the secondary crystalline Na–
W–O phase at room temperature suggests that the molten Na–W–O species are
mobile at the OCM operating temperature (i.e. 780 �C) and can form different
compounds containing the catalyst active components. However, at high
temperatures the Na–W–O species also become volatile, and with the ow of
gases through the reactor they migrate both in the catalyst bed and towards the
reactor vessel (crystallisation of amorphous silica observed during the pro-
longed calcination).

During the operando XRD-CT measurements, we also observed the partial
disappearance of crystalline Mn2O3, possibly due to the reduction of Mn3+ to
Mn2+ 26,29,57,58 with high temperature treatment and/or reducing environment.
However, neither the Mn3+ nor Mn2+ species were present in the diffraction data,
suggesting that these active species are also present in a molten or amorphous
state.36 The ex situ XRFmeasurements indicated that the Mn species were almost
fully preserved aer the OCM experiment (Fig. 3), whereas the XRD-CT
measurements showed only partial reappearance of Mn2O3. This would
suggest that at room temperature the Mn species are crystallised together with
the new Na–W–O phase. However, as shown by the long term OCM experiment,
the Mn species are susceptible to leaving the catalyst structure when the OCM
reaction is performed with a highly reducing reaction mixture. This
192 | Faraday Discuss., 2021, 229, 176–196 This journal is © The Royal Society of Chemistry 2021
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phenomenon was seen to be more apparent for the W species, suggesting
a better interaction between the Mn and the silica support (most likely through
the formation of a MnMn6SiO12 phase that cannot be distinguished fromMn2O3

with XRD measurements).

5. Summary and conclusions

In this study, we presented a thorough investigation on the effect of thermal
treatment on the activity–stability relationship in Na–Mn–W/SiO2 for the oxidative
coupling of methane. Under operating temperatures (i.e. 780 �C), an evolution of
the silica support was observed with real-time XRD-CT measurements; cristoba-
lite transformed into tridymite and quartz. The evolution of the silica support
(from amorphous to various crystalline phases) is responsible for the decrease in
catalyst surface area. In addition, at high temperatures the active catalyst
components were present in a molten state form containing W, Mn and most
likely Na species. The presence of W species was seen to be directly related to CH4

conversion, as the loss of W species led to lower CH4 conversion. It was also
shown that the loss of activity predominantly occurs with OCM reaction mixtures
with high CH4 : O2 ratios (6 : 1 and higher). The stabilisation of W species can be
improved by applying a longer calcination protocol, however there is a trade-off
between the stability and the surface area of the Na–Mn–W/SiO2 catalyst (i.e.
longer calcination times result in lower specic surface area and thus lower CH4

conversion). The atmosphere in which the calcination is performed was found to
inuence the catalyst selectivity. More specically, performing the calcination
under neutral gas atmosphere yielded a catalyst with higher selectivity for C2+

molecules. This could be attributed to an enhanced interaction between the W
and reduced Mn species, as the Mn species remain in the oxidised form of Mn2O3

when the calcination is performed in air. It is suggested that the catalyst calci-
nation protocol plays an important part in establishing the best interaction
between the molten active components and the catalyst support, yielding a stable
and active catalyst for the OCM reaction. The current study found that the
preferred calcination protocol includes thermal treatment under inert atmo-
spheres for longer than 2 h, and that the OCM reaction should be performed with
a CH4 : O2 ratio less than 6 : 1 in order to extend the catalyst lifetime. However,
future experiments should focus on investigating thoroughly the following: (1)
duration of the calcination protocol, (2) gas atmosphere composition during the
calcination step, (3) ramp rates during the calcination step. Optimising these
experimental conditions is of utmost importance to yield a catalyst that exhibits
both stability and high performance. It should be emphasised though that
understanding the complex relationships between the performance of this multi-
component catalyst and its structure/chemistry is of equal importance. In order to
fully elucidate the state and composition of the catalyst active site(s), future
operando measurements should include X-ray pair distribution function analysis
and X-ray absorption ne structure spectroscopy targeting both Mn and W.
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Catal., 2018, 360, 102–117.

32 P. Wang, G. Zhao, Y. Wang and Y. Lu, Sci. Adv., 2017, 3(6), e1603180.
33 A. Palermo, J. Holgadovazquez, A. Lee, M. Tikhov and R. Lambert, J. Catal.,

1998, 177, 259–266.
34 R. T. Yunarti, S. Gu, J. Choi, J. Jae, D. J. Suh and J. Ha, ACS Sustainable Chem.

Eng., 2017, 5, 3667–3674.
35 N. S. Hayek, N. S. Lucas, C. W. Damouny and O. M. Gazit, ACS Appl. Mater.

Interfaces, 2017, 9, 40404–40411.
36 M. Yildiz, U. Simon, T. Otremba, Y. Aksu, K. Kailasam, A. Thomas,
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