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Abstract: Chemical-structural characteristics of three differently synthesized research-
benchmark Mn-Na-W-O,/SiO; catalysts for the Oxidative Coupling of Methane (OCM)
were systematically studied in this research. XRD, EDX, ICP-OES, and SEM/FIB-SEM
techniques, as well as Carrier Gas Hot Extraction (CGHE) and high-temperature XRD
analyses, were performed to explain the functional features of the studied catalysts, in
particular, the features affecting the quantity and quality of the interactions of oxygen and
methane with the catalyst surface and with other molecular and radical species. These
enable tracking the potential for the oxygen activation and dynamic transformation of the
solid-state chemistry on the surface and sub-surface of these Mn-Na-W-Oy /SiO; catalysts.
These catalysts were synthesized, respectively, via the sol-gel synthesis method (Cat;)
and the incipient wetness impregnation of the non-structured silica support (Catp) and
structured SBA-15 silica support (Catz), under different sets of temperatures and gas
compositions. The catalysts with the homogenous distribution of active components,
namely Cat; and Cats, showed similar trends in terms of their dynamic interaction with
oxygen species. They also showed higher levels of crystallinity of the active materials and
higher catalytic selectivity towards ethane and ethylene. An explanation is given as to how
the structural characteristics of the catalysts on the nanometer-micrometer scale contribute
to these. The gained knowledge will be crucial in the selection and treatment of the support
and developing a proper synthesis approach for the ultimate goal of designing a selective
OCM catalyst.

Keywords: oxidative coupling of methane; Mn-Na-W-O/SiO; catalyst; catalyst characteri-
zation; high-temperature XRD; carrier gas hot extraction; functional features

1. Introduction

The catalytic Oxidative Coupling of Methane—OCM—to produce ethylene, the small-
est olefin molecule and the largest-scale hydrocarbon produced worldwide, has been the
subject of almost a half-century of research [1-4]. The main potential for this process is the
abundance of feedstock methane, as the main component of natural gas and shale gas [5,6];
on a smaller scale, it is available in the form of flare gas [7], as the gas streams resulting
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from processing the biomasses [8], and even as the side product of industrial processes
such as ethane and naphtha crackers [2,4]. Despite these, OCM has not yet transitioned
from developing technology [9,10] to an established mainstream technology for commercial
ethylene production. This primarily requires a more stable-selective catalyst as well as
an improved controllable operation in the reactor section [11-13]. These are the known
challenges for this net-exothermic set of gas and catalytic reactions, through which methane
is activated with oxygen to either form ethane and ethylene, or undesirably end up in the
form of carbon oxides, in particular when operating at high-temperatures [14,15]. Reaction
sets R-1 to R-5 represent the main involved catalytic and gas-phase reactions, with their
reactant stoichiometry and thermal requirements shaping the selectivity of this gas-catalytic
system. These include methane coupling, methane partial and complete oxidation, ethylene
deep-oxidation, as well as the thermal and oxi-dehydrogenation of ethane. An extended
list of reactions with explanations can be found elsewhere [16].

CHy + 20, — CO; 4+ 2H,O Surface and Gas Reactions [—802.64 kJ-mol 1] (R-1)
2CH,4 + 0.50; — CyHg + H,O Surface and Gas Reactions [—176.5 kJ-mol ] (R-2)
CyHg + 050, — CHy + H,O Surface and Gas Reactions [—104.89 kJ-mol~1] (R-3)
CyHy + 30, — 2CO; + 2H,O Surface and Gas Reactions [—1323 kJ-mol 1] (R-4)
CyHy — CoHy +Hy Gas Reaction [136.96 kJ-mol 1] (R-5)

A comprehensive understanding of the interactions of the reactive molecules and
radicals with the catalyst and the involved physical-chemical phenomena could enable fur-
ther specifying the contributions of the catalyst characteristics in shaping its selectivity [4].
Based on such an understanding, the desired chemical-structural characteristics for a
stable-selective catalyst and the potential to establish them could be identified and secured.
This should be accomplished through a panoptic study that considers the specifications
of the reaction mechanism on the catalyst scale as well as the operating conditions on the
reactor scale. On one hand, the reaction mechanism analysis helps explain how nanometer-
to micrometer-scale phenomena influence catalytic performance, considering the chemical
and structural properties of the catalyst. These properties are determined by the synthesis
method used, the type and quantity of active components, and the type and structural
characteristics of the support material. On the other hand, phenomenological analysis
of the direct and indirect impacts of the operating parameters, such as temperature and
concentration of the reactive species, should also be part of such a study. Having considered
these, this research aims to particularly deepen the phenomenological-understanding of
the interactions of the reactive species with the OCM catalysts, representing different sets of
chemical-structural characteristics being established using different types of silica-support
and synthesis methods. This includes an investigation of the characteristics, functionality,
and performance of three Mn-Na-W-Oy /SiO, catalysts, synthesized via the sol-gel method
(Caty) through the simultaneous pre-hydrolysis of the sources of silicate along with the
metal nitrates, and via the incipient wetness impregnation of non-structured silica (Cat;)
and structured SBA-15 silica (Cat3) supports, respectively. They represent three distinct
sets of structural characteristics for this promising benchmark catalyst [17-26]. In this
research, special attention is devoted to analyzing the dynamic transformations of these
three catalysts under different sets of operating conditions. In doing so, in addition to
characterizing these catalysts using ex situ XRD, EDX, and SEM/FIB-SEM techniques, their
material characteristics were also monitored during Carrier Gas Hot Extraction-CGHE-and
high-temperature XRD measurements. This enabled analyzing the dynamic transformation
of the phases of the involved material under different sets of operating temperatures and
gas compositions. The proper analysis of the resulting data could facilitate understanding
and possibly overcome the challenging task of correlating the results of the characterization
techniques with the actual characteristics of the catalysts at reaction temperatures.
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2. Results and Discussion
2.1. Comparative Analysis of the Characteristics of the Three Synthesized Catalysts

In the sol-gel synthesis of the Mn-Na-W-O/SiO, catalysts, by adding all metal
precursors within one solution, all metal cations are distributed homogeneously to establish
the mean closest distance from each other across the catalytic structure, as statistically
expected. This is a distinguished feature of the sol-gel synthesis method compared to
the incipient wetness impregnation method, where the precursors are added sequentially,
shaping separate layers with relatively heterogeneously distributed concentrations of the
active materials. From a structural point of view, mesopores are formed all across the
structure using the sol-gel method as tungsten- and sodium-containing precursors are
added simultaneously during the synthesis procedure. Hereby, the well-distributed sodium
content over the entire catalyst body will result in the sintering of the silica structure under
catalyst calcination conditions, which ultimately shrinks the silica matrix, resulting in a
denser structure [20]. Moreover, the purchased non-structured (Davisil) and structured
silica (SBA-15) used in Cat, and Cat; have different densities. Therefore, these three
catalysts (Cat, Catp, Cats) have different densities. The bulk density of the sol-gel catalyst
(1.22 g-cm~?) is almost/nearly more than twice that of the impregnated non-structured
silica support catalyst (density of 0.56 g-cm~3) and almost five times that of the SBA-
15 supported catalyst (density of 0.25 g-cm~3). Moreover, during the drying process of
the sol-gel catalyst, the shrinkage of the catalyst structure also occurs. This step strongly
affects the structure and the characteristics (e.g., porosity, pore size distribution and surface
area) of this catalyst.

On the other hand, using the ICP-OES technique, the actual compositions of the
synthesized catalysts were determined. The measured ICP data for the three investigated
catalysts are shown in Table 1.

Table 1. The ICP data for the three investigated 1.9%Mn-0.8%Na-3.1%W /SiO; catalysts.

- . Manganese Sodium Tungsten
Catalyst Silica Support Synthesis (WE-%) (WE-%) (WE-%)
Caty Bulk Catalyst Sol-Gel 1.9 0.6 2.7
Catp Non-structured =~ Wet-Impregnation 1.6 0.7 3.0
Catj SBA-15 Wet-Impregnation 1.7 0.6 2.7

As seen in Table 1, the mass fractions of the active components in the sol-gel bulk cata-
lyst (Cat;) are close to the targeted composition, i.e., 1.9%Mn-0.8%Na-3.1%W. The observed
deviation between the targeted and established compositions of the wet-impregnated cat-
alysts (Cat, and Cats) is within the usual variance of the impregnated quantities and is
due to the fact that in any impregnation procedure, a portion of the active impregnating
component will end up not impregnating the support and become wasted.

After checking the overall composition, the structural characteristics of the sam-
ples were also characterized based on Brunauer-Emmett—Teller—BET—theory and
Barrett-Joyner-Halenda—BJH—analysis, measured via N, adsorption-desorption at a
cryogenic temperature of 77 K using the QuadraSorb SI (Quantachrome Instruments, Boyn-
ton Beach, FL, USA). Table 2 summarizes the main structural characteristics of all catalysts
and their silica support materials in comparison.



Inorganics 2025, 13, 106

4 of 25

Table 2. Main characteristics of the investigated sample materials (catalysts Cat;, Caty, Cats, and the
supports).

Sample Synthesis Method Density SBET Sexternal Smicropore Vmicropore Vmesopore Pore Size
p (Support) g cm3 m?-gH2 (m? gHP m2.gHe (md-gHc (md.-g N4 (nm) ©

Caty Sol-Gel (TEOS) 1.22 1.7 1.7 0 0 0 342
Impregnation

Caty (Davisil 636) 0.56 2.3 2.3 0 0 0.01 342
Impregnation

Catj (SBA-15) 0.25 53 5.3 0 0 0.01 3.44
.. Amorphous

Davisil 636 (Davisil 636) 0.70 4771 4771 0 0 0.84 7.68

SBA-15 Structured (SBA-15) 0.24 656.7 564.6 92.1 0.04 1.06 7.71

 BET surface area. ® External surface area derived from the t-plot method. ¢ Microporous volume and surface
area were both calculated from the t-plot. ¢ Mesoporous volume calculated by subtracting microporous volume
from the total volume. ¢ Average pore diameter was calculated using the BJH method.

The reported data in Table 2 include the average pore size and volume of the mi-
cropores and mesopores in each sample as well as the specific surface area, which all
are less than 6 m? g~!. Having considered the original surface areas of the supports, it
can be concluded that the measured relatively low surface areas of the catalyst samples
is primarily caused by the applied high calcination temperature (i.e., 6 > 800 °C). The
SBA-15 support in Catz with a high surface area, particularly the high surface area of its
micropores, provides better accessibility to the metal precursors while being impregnated.
Scanning the surface and sub-surface of Cat; and Cat; by FIB SEM-EDX indicated a rela-
tively homogenous distribution of the active components across Cat;, established using the
sol-gel synthesis method.

Both catalysts, Cat; and Cats, were characterized to have finer distributions of the
active components and relatively better catalytic selectivity than Cat, as shown in Supple-
mentary Material and previous publications [20,27,28]. Further typical SEM images and
EDX analyses of these three catalysts are available in the Supplementary Material.

2.2. Catalytic Activity and Functionality Analyses
2.2.1. Qualitative/Quantitative Measures for Catalytic Functionality and Activity Analyses

The mechanistic aspects and the detailed analysis of the interaction of the molecular
and radical reactants species with the Mn-Na-W-Oy /SiO; catalyst, accounting the involved
reactions and the impacts of the OCM reactor conditions, have been investigated as the
key information required for efficiently exploiting this catalyst in a proper reactor feeding
policy [14,29-33].

The rate and contribution of the involved reactions under different sets of operation
conditions will determine the main OCM catalyst/reactor performance indicators as de-
fined by (a) the portion of the whole consumed methane, which appears in the form of each
specific product [Selectivity, S], (b) the percentage of the inlet methane appearing in the
form of each specific product [Yield, Y], and (c) the portion of the inlet methane converted
to the desired and undesired products [methane conversion, X].

Depending on the targeted range of the reaction temperature and the established local
concentration of the reactants, the relative contributions of the surface catalytic reactions
and the gas-phase reactions on shaping the OCM reactor performance will be different [4].
For instance, the gas-phase reactions will be intensified at higher temperatures, whereas
the contribution of the catalyst in determining the selectivity will be reduced [12,14,29].
However, it should be mentioned that the reaction temperature representing the bulk tem-
perature of the macro-scale reactor as well as the micro-scale spot temperature over the cat-
alyst surface, both play important roles in determining the ultimate selectivity and yield of
the gaseous products exiting the reactor [4,34]. The comparative intensity of the gas-phase
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reactions and the surface reactions and their dependency on the operating temperature
have been extensively investigated. However, the interactive contributions of the catalyst’s
and reactor’s characteristics in that context have not yet been analyzed sufficiently.

2.2.2. Catalyst Scale: The Local Reaction Intensity Established Due to
Catalyst Characteristics

The nanometer- to micrometer-scale phenomena (catalyst scale) are usually explained
with the view on the reaction mechanism [4]. In doing so, it is assumed that the reaction
performance indicators (e.g., conversion and selectivity) reflect the balance of the activation
rates of oxygen and methane molecules, followed by the chain of parallel and consecutive
radical and molecular transformations. In fact, not only the rate of reactions but also
their intensity per area or volume of the catalytic bed will affect the ultimately observed
performance indicators. A comprehensive thermal-reaction analysis should consider these
along with the reactor-scale thermal-dimensional characteristics to track the impacts of the
variation in the controllable parameters (e.g., set reactor temperature, feed composition)
on the local thermal-reaction conditions and the involved phenomena. Nevertheless, a
catalytically dominated/facilitated relatively low-temperature OCM operation is preferred
and should be targeted, mainly for securing a selective, safe, and robust operation [4,15,35].
In any case, the local spot temperature and the thermal impact in the sub-micrometer scale
of the catalyst surface on the selective catalytic conversion can be explained through its
contributions on the intensity and the rate of generation and consumption of species over
the catalyst’s surface. This has been explained by tracking the interactive impacts of the
local spot temperature and gas composition at a given cross-section of the reactor [4].

The key inferences to be made related to the characteristics and functionality of the
catalyst are reviewed here. The coupling reaction is emboldened when a well-distributed
right intensity of the radical generation is established over the catalyst surface. The radicals
and molecular species, which are present in disproportion to the capacity of the selective
catalytic conversion of the catalyst, undergo undesired oxidation by the interaction with
oxygen species (i.e., lattice oxygen and adsorbed oxygen) [33]. In fact, the type and
quantities of the active catalytic species (e.g., manganese) and other material characteristics
of the catalyst (e.g., electrical conductivity or its oxygen extraction potential as explained
in Section 2.3.1) will determine the capacity of a catalyst for a selective conversion under
given reaction environment. On the other side, the energy-excited species can engage
each other even far from the catalyst surface and become involved in the predominantly
unselective gas-phase reactions. Having reviewed all these, it can be concluded that a
balanced rate of methane activation on the catalyst surface by the surface-adsorbed oxygen
and sub-surface oxygen supply is desired to secure a selective catalytic conversion [4,34].
In this manner, tuning the factors affecting the local intensity of the reactions, including
the activation reactions and sequential desired coupling, and understanding the oxidation
reactions, are crucial in tailoring the selective catalytic performance of the catalyst. These
phenomena are interconnected through a dynamic mechanism and are closely related to the
dispersion and the quantity of the involved active phases across the catalyst body. These
material phases, particularly on the sub-surface (i.e., tens of atomic layers) and over the
surface of the catalyst, can be correlated with the rate of the generation and the selectivity
of the conversion of the methyl radicals. Therefore, the rate and the conversion of methyl
radicals were studied in this research using two in situ characterization techniques, namely,
high-temperature oxygen extraction (as explained in Section 2.3.1) and high-temperature
XRD measurements under reaction temperatures (as explained in Section 2.3.2).
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2.2.3. Reactor Scale: Bulk Reaction Intensity Dynamically Affected by
Operation Parameters

The phenomena in the reactor scale should be also taken into analysis while reviewing
the observed performance of catalysts tested in a reactor. In this context, the bulk reaction
intensity and thermal performance should be particularly analyzed. For instance, the
catalytic performance of all three catalysts (Cat;, Catp, Catz) has been tested using standard
bench-scale fixed-bed reactors, through co-feeding as well as oxygen-dosing reactor op-
erations under comparable sets of conditions, showing a superior selective performance
of Cat; and Cats in comparison to Cat, [20,27,28]. Also, by applying a low methane-to-
oxygen ratio of 2.5, Cat; and Cat, showed 72% and 57% C; selectivity, respectively, for
a comparable level of methane conversion in the range of 25-26% (see Supplementary
Material). However, it should be highlighted that Cat; can maintain such a high C, se-
lectivity and C, yield as long as a sufficiently high reaction temperature and intensity
could be maintained. The observed catalytic performance of Cat; and Cat; under oxygen
dosing in a membrane reactor also demonstrated a relatively more sensitive behavior of
Cat; towards the variation in parameters such as methane-to-oxygen ratios and inert gas
dilution, which strongly affect the reaction temperature [20]. On the other side, by applying
an average methane-to-oxygen ratio of 4, Cat; and Cat, showed 73% and 66% C, selectivity,
respectively, for a comparable level of methane conversion in the range of 14-15% [27,28].
Since the thermal and reaction performances of the OCM catalytic system are strongly
intertwined, the thermal requirements of each of these catalysts to reach a comparable
range of methane conversion are different. This, along with the details of such comparison
reflecting the specifications of the catalytic testing, as well as their typical performance, are
available in Supplementary Material. Extra data revealing their typical trends of catalytic
performance, demonstrating the relatively higher selective performance of Cat; and Cats
compared to Caty, along with the details of typical experimentation, the experimental setup,
and the conditions, can be found in earlier reports [20,27-29,31].

After analyzing the impacts of the local reaction intensity in the catalyst scale (i.e.,
through reaction mechanism study) [4], as well as on the reactor performance (i.e., through
thermal-reaction engineering), it is important to track how the variation in tunable design
parameters (e.g., furnace set temperature or the feed composition) can affect the concentra-
tion and temperature profiles on the bulk reaction intensity along the reactor. In doing so,
their impacts on the reaction intensity on the reactor scale should be first well-understood.
This also includes analyzing the interactive impacts of the gas composition and reaction
temperature. In this context, it should be highlighted that the rate of reactions, particularly
the coupling reaction, can be correlated with the local temperature and the gas composition
at each cross-section and local spot of the reactor. Not being able to directly monitor and
track these along the reactor, the set temperature and composition (indicated by the reac-
tants’ ratio and the gas dilution) of the feed stream could be used for such a correlation [14].
In any case, the dynamic trajectories of the concentration and temperature along the reactor
should be carefully analyzed. The dynamic change in the thermal operation represented
by the temporal and local temperature profiles and their impact on the catalytic reaction
performance hints at the crucial role of thermal effects and the non-isothermality of this
reaction system on its selective catalytic performance [2,4,12,29,33]. Studying the recorded
transition behavior on the reactor scale provides valuable understanding of the operation of
OCM reactors in order to optimize the design of the reactor and select the optimal operating
conditions. Table 3 represents a typical dynamic change in an OCM reactor performance in
correlation with the variation in temperature and concentration profiles along the reactor.
Three sets of recorded reactor performance indicators (i.e., C; selectivity, C; and ethylene
yields) in three time-steps of 3 min, 15 min, and 28 min, respectively, are shown in Table 3,
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representing three states of such a typical transition behavior. The established temperature
profiles, represented in this table by the recorded deviated temperature from the steady
state AT (base state), drive the reactor performance in each of these states. Such a dynamic
behavior reflects the contributions of the phenomena, both in the catalyst and reactor scales.

Table 3. Typical transient performance behavior of the OCM reactor using Cat;.

C; Selectivity C, Yield C,H, Yield AT (In Reference to Time Frame

State [%] [%] [%] Base-State) [K] [min]
State-1 66 29.5 23.6 +110 Transient [3]
State-2 60 26.0 20.1 +31 Transient [15]
State-3 53 21.0 15.7 0 Base-State [28]

As seen in Table 3, when the interaction of the reaction atmosphere and the catalyst has
resulted in a +110 K temperature deviation (state-1) from the base state (state 3: returning
to the targeted reaction temperature 800 °C), the C, and ethylene selectivity have been
significantly improved due to the ascending temperature trajectory. The observed tempera-
ture deviation in the form of a sharp ascending temperature trajectory can be initiated by a
disturbance or by varying an operating parameter such as a sudden increase in the feed
flow rate, in particular its inlet oxygen content. When the time passes by and the thermal
shock is damped down to +31 K, methane conversion and C; selectivity are reduced too.
Ultimately, when the impact of the thermal shock is completely over, half an hour later, the
C; and ethylene selectivity are further reduced to their original values. Such a dynamic
trajectory can be utilized for improving the thermal-reaction performance on an OCM
reactor. In an attempt to bridge the catalyst-scale and reactor-scale performances, while
considering their correspondingly involved phenomena, the performed analysis should
also consider the interaction mechanism of the gaseous species with the catalyst surface [4].
This is particularly interesting while heating the catalytic system under an ascending ramp
temperature and monitoring the dynamic behavior. Different rates of catalytic surface
reactions, primarily methane radical generation and their consequent secondary reactions
towards C, via coupling reactions or to carbon oxides, can be established and explained
by interaction of the reactor-scale and catalyst-scale phenomena. For instance, the applied
ramping temperature will affect the rate of radical generation, preferably by establishing a
well-distributed moderate intensity of methane activation via balanced sub-surface and
surface oxygen species [4]. These could lead to an improved reactor performance when
combined with establishing the right bulk temperature and concentration profiles of reac-
tive species in the reactor scale. Tracking the catalyst characteristics, in terms of its ability to
interact with the reactive species and the observed dynamic transformation of its solid-state
chemistry while changing the operating conditions, could be an important part of such
an analysis, as discussed in Section 2. This is needed to be studied to understand the
requirements for tailoring the right activation rate of oxygen and methane molecules on
the surface of the catalyst, as well as the distribution of the reaction intensity along and
across the catalytic bed, to secure an overall selective catalytic performance. Such a study
enables tracking the impacts of catalyst characteristics as well as the operating parameters
such as temperature and concentration profiles along the reactor on the overall reactor
performance.

2.3. Results of Catalysts Characterization

After analyzing the involved reaction mechanism and thermal-reaction engineering
aspects determining the OCM catalytic performance, as reviewed in Section 2.2, the char-
acteristics of the catalysts confirming these are discussed in this section (Section 2.3). In
that context, the catalyst characteristics such as the homogeneity of the distributed active
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components, and in particular the physical-chemical properties affecting their interaction
with the oxygen species, are studied. All three Mn-Na-W-Oy/SiO, catalysts (Cat;, Catp,
Cat3) were characterized in the targeted range of the reaction temperature using the Carrier
Gas Hot Extraction (CGHE) technique and high-temperature XRD measurements. The
specifications of these experiments along with their results are provided in this section. The
promise is that studying the phase transformation under varying reaction conditions could
provide valuable information when the results are analyzed along with the fundamental
features of the involved materials such as their potential for oxygen release. In this manner,
we tried to connect the results of the CGHE measurements with the capacity of the cat-
alytic material in terms of lattice-oxygen release, correlating the observed trends with the
identified phases such as different oxidation states of the tungsten and manganese using
HT-XRD under the reaction temperature. Previously reported characterization data could
also support the implemented characterization strategy in this research [11,20-23].

2.3.1. Carrier Gas Hot Extraction—CGHE

The CGHE technique was used in this research to characterize the behavior of the
catalytic samples in the form of the releasing trend of their extractable oxygen content under
an ascending temperature. Monitoring the trend of oxygen release in this way enables
measuring the potential of the catalysts to interact with the gaseous species, particularly
with regard to the activation and transfer of oxygen species. In this manner, while ramping
up the temperature, the source of carbon erected around the catalyst sample reacts with the
oxygen gradually released from the sample. Depending on the oxygen-bonding strength
within the sample’s material structure, the released oxygen trend is measured quantitatively
by tracking the concentration of the formed CO and CO; using IR spectroscopy (LECO
Corporation, St Joseph, MI, USA). The recorded peaks represent the released oxygen while
the temperature rises over time as an indication of the strength of the oxygen binding
within the material before being released. The capability of oxygen release from all three
catalysts by applying the standard procedure under ramp temperature was measured. The
results were represented in the form of the peaks, as shown in Figure 1, demonstrating the
release trends of extractable oxygen from these samples.

Figure 1 shows the behavior of the catalysts and the silica supports, respectively, in
terms of releasing oxygen. This can affect the rate of methyl radicals” generation under
the OCM reaction atmosphere and thereby the rate of the competing undesired deep
oxidation and desired coupling reactions [4,22,33]. A moderate rate of lattice-oxygen
transfer to the catalyst surface, thereby establishing a moderate methyl radical generation,
has been explained to favor selective catalytic conversion [4]. As a result, a rapid and
extensive oxygen release could indicate the potential for a sudden increase in the methyl
radical generation under reaction conditions. This can hamper the selectivity, as the excess
generated methyl radicals will go far away from the surface and contribute to the gas
phase unselective reactions [4]. Also in this regard, the sol-gel catalyst (Cat;) and the
structured SBA-15 (Cat3) supported catalyst show similar oxygen-releasing behavior with
similar gradual and relatively milder potential to be engaged with methane molecules and
generate methyl radicals on the surface. This can be partially associated with the structural
characteristics and relatively more homogenous distribution of the active catalytic elements
in these catalysts in comparison to Caty, which has shown an early release of oxygen
followed by another distinct sharp oxygen release step. The early release of oxygen in
impregnated catalysts (Cat, and Catz), for instance at 100 s of time, compared to the
bulk catalyst (Cat;), is worth noticing. This could be explained by the fact that the active
components in the Cat; catalyst have, on average, less access to the catalyst surface due
to their distribution all across this bulk catalyst. This also partially explains the relatively
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lower activity of this catalyst compared to Cat; for instance, particularly at lower reactor
temperatures. On the other hand, the amorphous silica support in Cat, has shown a
comparably higher oxygen-release potential than the structured support of Cats (SBA-
15). These suggest a relatively less-controlled rate of sub-surface oxygen-transfer/release
and, thereby, a less-controlled activation of reactants and generation of methyl radicals on
the surface of Catp in comparison to Cat; and Cats, which is partially responsible for its
relatively less selective catalytic performance. As explained in Section 2.2.2, a gradual, mild,
controlled, and distributed potential for oxygen release is the key for securing the desired
activity and selectivity in the catalyst scale. Securing homogeneously distributed catalytic
materials across the catalyst structure, as is the case for Cat;, as well as accordingly setting
the operating temperature and feed composition, could have resulted in a high selective
catalytic performance, as has been demonstrated [20]. However, it should be highlighted
that Cat; can maintain such high C, selectivity and yield as long as a sufficiently high
reaction temperature and intensity could be maintained. Such relatively more sensitive
behavior of Cat; towards the variation in parameters compared to Cat, has been also
demonstrated [20].
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3 600 5 3 8
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Figure 1. Recorded trends of extracted oxygen from the catalysts and support samples via the CGHE
technique: (a): Caty; (b): Caty; (c): Cats; and (d): comparative visualization of trends for Cat;, Caty,
Cats, and the supports for Cat, (Davisil36) and Cat; (SBA-15).

The distinguished features of the catalyst associated with the fast or slowly releasing
oxygen is in line with the previously published understanding of the OCM catalytic
mechanism [4]. This mechanism considers the competitive contributions of adsorbed
oxygen and lattice-oxygen species on the catalyst surface, perceived to be responsible for
the desired and undesired reactions, which ultimately determine the catalyst selectivity
under various sets of operating conditions [4]. Moreover, as seen in Figure 1, by comparing
the observed trends of Caty and Cats and their respective support materials Davisil636 and
SBA-15, the presence of active catalytic components (Mn, W, and Na) in the support of
these catalysts has resulted in a shift in the trends of oxygen extraction. This reflects
the distinguished contributions of the catalytically active materials, identifiable with the
operando XRD measurements of the involved material phases, on the extractable oxygen
either directly from them or through their interaction with the silica support.
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The final aspect to be discussed in Figure 1 is the observed similar trends of the oxygen
extraction of Cat; and Cats, synthesized via the sol-gel and wet-impregnation methods,
which could be correlated with their distinguished selective catalytic performance. Not
only the trends, but also the relatively lower quantity of the initial extracted oxygen in
these catalysts, particularly Cat; compared to Caty, could be highlighted. On the other side,
it has been observed that a relatively higher temperature for Cat;, containing a relatively
lower concentration of the active catalytic components in the material layers close to its
catalyst surface, is needed to secure its highest selective performance [20]. Therefore, it
could be concluded that mostly the active catalytic components in the material layers close
to the catalyst surface are involved in the oxygen interaction with the surface and affect
the surface catalytic activation reaction mechanism. The role and potential of the adsorbed
oxygen species and the lattice oxygen on the catalyst surface and the resulting activation
of the molecular reactants there, can be measured by other characterization techniques,
such as transient responses analysis [33,36]. Further investigations are needed to elaborate
the particular role of the fine distribution of the active components and their interaction
with the support material on the oxygen release behavior of the catalytic system for the
undesired carbon oxides formation and desired coupling reactions on the surface.

Having reviewed these, it should be mentioned that the applied heating procedure in
the CGHE method can be qualitatively correlated with the rising temperature in an OCM
catalytic bed. In that regard, the observed pattern of the oxygen extraction can support
the explanation of the recorded dynamic performance of the catalytic reactor reported in
Section 3.3 (Table 3). The ascending temperature trajectory in both cases enables securing
the flux of oxygen release on the catalyst surface, which facilitates the coupling reactions
and improves the selectivity. In particular, this is an important aspect in determining the
oxygen releasing rate and capacity of the catalyst to be properly addressed for the design
and operation of a chemical-looping OCM reactor system.

2.3.2. High-Temperature XRD Measurements

All three catalysts (Caty, Cat,, Cats) were analyzed using in situ high-temperature
XRD measurements. First of all, the material composition of all three fresh catalysts was
determined by comparing the observed diffraction patterns with the database PDF5+ show-
ing various oxidic compounds containing the main elements (Na, Mn, W, (Si)) as well as the
silica support (Supplementary Material). This information can be used to track the dynamic
of change in crystal structures, formation of new compounds, loss of compounds, and /or
melting /recrystallization at different temperatures and reaction atmospheres in terms of the
methane-to-oxygen ratio and dilution, as well as gas hourly space velocities. Figure 2 shows
the applied temperature profile during the high-temperature XRD measurements to track
the phase transformations of the sample catalysts under ramping ascending/descending
temperatures. In any attempt to correlate the structural characteristics of OCM catalysts
with its reactivity /selectivity, it is essential to study the compounds present under the
reaction temperature and preferably under the reaction atmosphere.

Starting the measurement from room temperature, Figure 3 shows the obtained diffrac-
tion pattern for the fresh Cat; at measurement point 1. Figure 4 shows the diffraction pat-
terns at higher temperatures (measurements points 2-14) for comparison. The comparison
of the diffraction patterns in Figures 3 and 4 shows that no significant change could be
observed in the sample once the transformation of the fresh catalyst to the catalytic active
one has been completed (almost identical diffraction patterns, Figure 4). Moreover, the
initially observed Na;WO, (PDF card no. 01-084-6510) is no longer present at higher tem-
peratures (Figure 4), indicating either decomposition, reaction, or melting in the observed
temperature range. This also holds for the other identified sodium-containing ternary oxide
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NayMn3;O7 (PDF card no. 01-084-6510). Similar observations have been reported in the
literature [22].
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Figure 2. Temperature trajectory of the in situ XRD measurements for all three catalysts under a
varying reaction atmosphere (each number represents a single 30 min XRD measurement). Arrows
represent the time periods (red arrow: initial heating; yellow arrow: varying conditions; blue arrow:
final cool-down).
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Cat, (1) diffraction pattern (25 °C) —
a-Quartz (SiO,, 01-086-1630) ——
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Figure 3. Diffraction pattern of Cat; initially measured at 25 °C (measurement point 1 indicated in
Figure 2) with the respective theoretical reflection positions of various compounds identified by the
database PDF5+ (in brackets, the sum formula and card no. are stated; CuK 4 » radiation).

One has to keep in mind that identifying several minority phases from a diffraction
pattern at higher temperatures is challenging due to a lack of crystallographic information
in this temperature region, overlapping of reflections from different phases, low intensity
of the reflections of the catalytic active phases caused by the small loading on the silica
support, preferred orientation of the silica support, or due to different crystal structures
with a high crystallographic relationship. Nevertheless, Figure 5 shows the diffraction
pattern of three high-temperature silica variations (quartz, cristobalite, and tridymite; silica
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support), as well as Bixbyite, Hiibnerite, and Braunite. Interestingly, no sodium-containing
compound can be observed in Catl. In order to check if sodium has been lost during the
heat treatment or just the melting and recrystallization of sodium-containing compound(s)
has occurred, the diffraction pattern at room temperature after the heat treatment has been
analyzed for clarification, as shown in Figure 6.

4x10° - 2(800°C) —
3 (800 °C) —
4 (800 °C)
5 (825 °C) —
3% 105 1 6(825°C) —
7 (825 °C) —
g 8(775°C) —
z 9 (775 °C)
g 2x105 1 10 (850 °C) —
- 11 (850 °C) —
12 (850 °C) —
’ 13 (800 °C) —
LEI 1 | 14 (800 °C)
|
U
dl 1t f | |
20 30 40 50 60 70
2-theta (deg)
Figure 4. Comparison of all obtained diffraction patterns for Cat; at higher temperatures under
oxygen/methane gas atmosphere (number represents the corresponding measurement point in
Figure 2; in brackets, the temperature is given; CuK; » radiation).
.| Cat, (12) diffraction pattern (850 °C)
6x10 B-Quartz (Si0,, 01-075-1555) —
B-Cristobalite (5i0,, 01-077-8630)
sx 105 | Tridymite high (SiO,, 01-085-0419) —
Bixbyite (Mn,0s, 00-041-1442) —
Hiibnerite (MnWO,, 01-085-5966) —
__ 4x10° Braunite (MnMng(SiO,)Og, 01-089-5663)
=
§ 3x10°
2x10° 1 ‘
1x10° A ‘
0 “‘ | l< i . - l ‘Il onbe o S R e . — N 1Y, [

Zb 3’0 40 50 60 70
2-theta (deg)

Figure 5. Diffraction pattern of Cat; at 850 °C (measurement point 12 shown in Figure 2) with the
respective theoretical reflection positions of various compounds identified by the database PDF5+ (in
brackets, the sum formula and card no. are stated; CuKy » radiation).
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Figure 6. Diffraction pattern of Cat; at 25 °C (cooled down; measurement point 15 in Figure 2) with
the respective theoretical reflection positions of various compounds identified by the database PDF5+
(in brackets, the sum formula and card no. are stated; CuK 1 » radiation).

Obviously, the silica support, Braunite, and Hiibnerite are stable under the applied
conditions, since no decomposition of these phases can be observed over the whole temper-
ature range from heating up to cooling down. The initially observed manganese oxides,
Mn;03 and MnO,, are no longer present, most probably due to their high-temperature
reaction with the sodium tungstate forming NayMn3;O; and MnWO, and also the reac-
tion with the silica support forming more MnMng(SiO4)Og. Moreover, in comparison to
the presented high-temperature XRD patterns, two different sodium-containing phases,
namely NapMn3O7 and Na;W,0Oy7, can be observed after cooling down, strengthening
the assumption that the sodium-containing phases are in a molten state under reaction
conditions and recrystallize during cool-down.

The diffraction pattern of the fresh Cat; is presented in Figure 7. In comparison to Cat;,
the main silica phase of Cat;, crystallizes in the cristobalite structure and less variants are
formed during preparation of the fresh catalyst, namely, Braunite, Bixbyite, and disodium
tungstate NapWO,. Considering the observed patterns of Caty, it is assumed that the
initially observed Na,WO, phase will vanish at high temperatures in favor of forming
molten NayMn3O;7 and Nay WOy, which are recrystallizing when cooling down. Figure 8
shows an overview of the XRD patterns obtained at higher temperatures.

In Figure 8, it can be clearly seen that NaMn3O7 is being formed up to 800 °C and will
melt/recrystallize at around 825 °C. Details of all phases in all diffraction patterns are pre-
sented in the Supplementary Material. Interestingly, various compounds are additionally
formed during the heat treatment, most probably in contact with the gaseous atmosphere
containing methane and oxygen, changing the oxygen partial pressure of the system com-
pared to the reaction conditions during the catalyst preparation. The specific compounds
additionally formed under catalytic conditions are presented in Figures 9 and 10. Clearly,
the catalytic active elements will partially react with the silica support to form oxidic
compounds with different manganese to tungsten ratios. These formations indicate a very
dynamic state of the silica support catalyst, hereby enabling the activation of methane and
its further oxidation. However, from the composition of the cooled down catalyst, it can
be concluded that a loss of sodium occurs during the heat treatment, as indicated by the
transformation of Na,Mn30O7 to Na,MngOy.
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Finally, the SBA-15-supported catalyst Cat; has been investigated by high-temperature
X-ray diffraction. The diffraction pattern of the fresh catalyst Catj is presented in Figure 11.

5 o
4x10 Cat, (1) diffraction pattern (25 °C) =

a-Cristobalite (SiO,, 01-075-0923) —
a-Quartz (Si0,, 01-073-6619)
Tridymite (SiO,, 01-073-6615) —
3x10° 1 Braunite (MnMn,(Si0,)Og, 01-081-0449) —
Na,WO, (01-084-6510) —
_ Bixbyite (Mn,0,, 01-088-3595)
g 2x10°
1x105
0 W TR S
0 = i L - LJ’L'F /|| - - {) -
20 30 40 50 60 70
2-theta (deg)
Figure 7. Diffraction pattern of Cat; initially at 25 °C (measurement point 1 shown in Figure 2) with
the respective theoretical reflection positions of various compounds identified by the database PDF5+
(in brackets, the sum formula and card no. are stated; CuK » radiation).
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Figure 8. Diffraction patterns of Cat; at different temperatures (measurement points 4,7, 9, 12, and
14 in reference to Figure 2; CuK » radiation).
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Figure 9. Diffraction pattern of Cat, at 800 °C (measurement point 4 in Figure 2; CuK« > radiation)
with the respective theoretical reflection positions of the stated compounds.

Cat, (12) diffraction pattern (850 °C)
B-Cristobalite (SiO,, 01-077-8630) —
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Figure 10. Diffraction pattern of Cat; at 850 °C (measurement point 12 in Figure 2; CuK« > radiation)
with the respective theoretical reflection positions of different compounds.

Here, the silica main phase crystallizes in the cristobalite structure in a way that is
comparable to Cat,. Braunite and NayWO, are also formed compared to the other two
catalysts (Cat; and Cat,). However, WO, and Mn3WOQOy are also present in the freshly
made catalyst Cat;. As shown in Figure 12, at higher temperatures, NaMn3O7 can be
observed, indicating the reaction of Na,WO, with the manganese-containing compounds.
During the heat treatment under the atmosphere with a given CHy /O, ratio, the oxidation
state of manganese will vary between +2 and +4. The observed change in oxidation states
also holds for tungsten-containing compounds, hereby changing from +4 to +6 and vice
versa. At temperatures higher than 800 °C, the sodium-containing compound Na;Mn3O;
will melt, as can be inferred from the pattern shown in Figure 13, and recrystallizes when
cooling down, as shown in Figure 14.

In contrast to the two other catalysts, Rhodanite MnSiOj is also formed during the
heat treatment of Cats, indicating a more reactive silica support when using SBA-15.
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Obviously, Rhodanite will also melt and recrystallize around 800 °C. The formation of some
of the compounds during the heat treatment, primarily as a result of changing the oxygen
partial pressure, could be considered an indication for the stability of oxides at a certain
temperature range. The formation of NayMngOj¢ can also indicate a loss of sodium under
catalytic conditions (decreased sodium to manganese ratio).
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Figure 11. Diffraction pattern of the initial Catz at 25 °C (measurement point 1 in Figure 2; CuKy1 »
radiation) with the respective theoretical reflection positions of different compounds.
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Figure 12. Diffraction pattern of Cat3 at 800 °C (measurement point 4 in Figure 2; CuK«1,2 radiation)
with the respective theoretical reflection positions of different compounds.

To summarize, the observed transformation of the low-temperature silica phases to
their high-temperature phases are comparable with the well-known trends in the literature.
Moreover, the meta-stable silica phases (e.g., x-cristobalite) are also stabilized at room
temperature after heat treatment, most probably due to the presence of the catalytic active
materials containing sodium and/or manganese. Additionally, the silica support will form
stoichiometric compounds with manganese. Hereby, MnMn(5iO,4)Og can be observed
in all three catalysts to be stable under the applied conditions. Obviously, the silica
support of Cats (initially SBA-15) seems to be more reactive, also forming Rhodanite
MnSiOj3 during the heat treatment. Furthermore, the manganese and tungsten will form
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various oxidic compounds, either with sodium (e.g., NayMn30Oy), with each other (e.g.,
Mn3;WOg), or with pure binary oxides (e.g., WO, or Mn30Oy) with different oxidation
states as function of temperature and oxygen partial pressure. Tracking the appearance of
these phases can be used to identify their potential contributions to the selective methane
conversion in the investigated range of operating conditions [18,21]. In particular, the role
of tungsten-containing oxides with tungsten in its oxidation state +4 and +6, respectively,
and manganese-containing oxides with manganese in its oxidation state +2, +3, and +4,
respectively, in connection with the rate of oxygen lattice transport, have been investigated
under different oxidizing and reducing atmospheres [17,18,21,37—-40].
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Figure 13. Diffraction pattern of Cat; at 850 °C (measurement point 12 in Figure 2; CuK«1,2 radiation)
with the respective theoretical reflection positions of different compounds.
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Figure 14. Diffraction pattern of Cats after cooling down at 25 °C (measurement point 15 in Figure 2;
CuK » radiation) with the respective theoretical reflection positions of different compounds.

Furthermore, NayWO, being present in all fresh catalysts will most likely form
Nay;Mn30; with the manganese-containing oxides under the applied reaction conditions.
Nay;Mn30; will then melt around 800 °C and recrystallize when cooling down. However,
this has not been recorded, for instance in the reported phase transformation recorded
through the operando XRD analysis of the amorphous silica catalyst (Caty) [11]. However,
the molten phase of Na,Mn3O7 can contribute to bridging (e.g., via facilitating the electron
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or lattice oxygen transfer) the active components (e.g., manganese and tungsten) with each
other and the support. For instance, this can result in the formation of the MnWQO, phase
at lower temperatures.

Additionally, different oxidic manganese phases, present in different oxidation states,
have been detected in the applied temperature range, reflecting the impact of the change in
the oxygen partial pressure. For instance, the Mn,O3 phase has been detected in a wide
temperature range in this study, as well as in the operando CT-XRD analysis, indicating
that the manganese phases even deep into the catalyst bulk body are also reduced and
contribute to lattice oxygen transfer [11]. Some of the manganese-containing phases (e.g.,
MnWOy), including the ones established with the silica support (e.g., MnMn4SiO1;), have
also been identified as potential contributors to the activation mechanism being involved in
the oxygen transfer mechanism and oxygen storage capacity [11,22]. Therefore, the dynamic
of the possible transformation of these phases as a function of the oxygen partial pressure
can be particularly informative for understanding the catalytic reaction mechanism. Under
a higher oxygen partial pressure (particularly at lower temperatures), mixed metal oxides
usually appear with higher oxidation numbers of one cation (e.g., MnWOy or Na;Mn307).
However, this does not hold for all compounds present, most probably due to redox
reactions between manganese and tungsten. This reduces their capability to be further
oxidized and to contribute to a dynamic generation-transfer-release of lattice oxygen
and thereby to activate methane over the catalyst surface with the rate and mechanism
resulting in the formation of carbon oxides. In contrast, under a reductive atmosphere
(particularly at higher temperatures), the catalyst becomes more active as more active metal
centers (e.g., manganese and tungsten) can selectively engage with the molecular oxygen
and methane [41]. For the oxygen-lean atmosphere representing oxygen dosing while
using a high methane-to-oxygen ratio, a typical and reversible trend of the transformation
of metal-oxide phases towards the ones with lower oxidative states, for instance Mn;O3
and MnMngSiOq,-Phases to Mny; WO, have been reported [11,22]. In the temperature
range and oxygen-to-methane range, at which the first Mn-W-O phase starts to be formed,
metal oxides preferably contribute to activating methane and selectivity, converting the
radical species over the catalyst. In detail, the Mn-W-O phases (Mn3WO; and MnWOy,
respectively) contribute to tuning the dynamic of oxygen storage and utilizing the oxygen
vacancies across the Na-Mn-W-O/SiO; catalysts, in particular in the incipient wetness-
impregnated catalysts. The ultimate goal is to characterize the required phases involved
in establishing a controlled rate of lattice oxygen transfer and oxygen activation on the
catalyst surface to secure the desired dynamic of methane activation and methyl radical
generation [4]. This is in contrast with the sudden uncontrolled spotted release of oxygen,
which can result in very low or very high activation rates. On the one hand, such a sudden
release of oxygen could be expected in a catalyst, over which the metal oxides have been
inhomogeneously distributed, for instance by forming clusters of metal oxides. On the other
hand, the rates of lattice-oxygen transfer and surface catalytic activation can be affected
differently in a different range of operating conditions. For instance, sodium-containing
phases could differently contribute to the lattice oxygen and regulating the activation rate
as they transform between the solid and molten states in a different range of reaction
temperatures.

Having considered the procedures and the observed patterns of the high-temperature
XRD and the CGHE technique, the interaction of the gaseous species with the catalyst
with its internal lattice-oxygen dynamic, both affected by the reaction temperature, will
influence the quantity and quality of the products formed.
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3. Materials and Methods: Synthesis and Characterization of
Mn-Na-W/SiO, Catalysts

Because of its distinguished catalytic behavior, indicated by a relatively stable opera-
tion and demonstrated high C, (Co;Hy + CyHg) selectivity and yield, Mn-Na-W-O /SiO,
catalysts have been frequently investigated since 1992 [24]. For instance, the characteristics
and the performance of the Mn-Na-W-O,/SiO; catalysts synthesized via various prepa-
ration methods [20,26-28] and the impacts of the involved microscopic and macroscopic
phenomena [11,12,20-23,27-29,42—44] have been extensively investigated. However, for
an OCM catalyst in general, more systematic research is needed before reaching a general
understanding concerning the roles and contributions of the support and the catalytic-
active components as well as their interactions. For the Mn-Na-W-Oy /SiO; catalyst in
particular, the interactive promoting effects of the metal components, for instance sodium
on the functionality of manganese and tungsten, while interacting with the silica support,
have been thoroughly studied [20,25,27,44].

In fact, the attempts to improve the performance of OCM catalysts, in general, have
usually relied on narrow-viewed analyses guided by scattered characterization data, some
of which do not even reflect the special dynamic nature of such high-temperature catalytic
systems. Nevertheless, such analyses and data can become specifically enlightening when
they are re-evaluated in the context of studying the interactive effects of the involved
parameters. Having this in mind, the characterization strategy in this research is categorized
and orchestrated to the following:

(1) characterize each synthesized Mn-Na-W-O,/SiO, catalyst and study structural char-
acteristics, in particular, for the known properties of a selective catalyst. In this paper,
the details of the synthesis and an overview of the ex situ characterization as well
as the catalytic performance of the three synthesized Mn-Na-W-O,/SiO, catalysts
(Caty, Caty, Cats) are reported, along with a review of the current understanding of
the general functionality of the Mn-Na-W-O,/SiO; catalyst.

(2) analyze and explain the dynamic activation mechanism and catalytic behavior of the
Mn-Na-W-0,/5i0O; catalysts under reaction conditions. In this context, the solid-state
chemistry of the transformation of metal-oxide phases, in particular, the manganese
and tungsten oxides during the reaction, are analyzed and correlated with the selective
and stable performance of the catalyst. The results were presented and discussed in
Section 2, with a focus on studying the interactions of oxygen species with and within
the catalytic structures under varying operating conditions, namely temperature and
gas composition.

3.1. General Review of the Involved Material Characteristics for Mn-Na-W-O,/5iO, Catalyst

Manganese-containing compounds have been one of the most promising promoters,
not only for OCM catalysts, but also for other catalytic oxidative reactions. It is therefore
not surprising that manganese is part of the composition of one of the well-performing
OCM catalysts, namely, the Mn-Na-W-Oy catalyst. In fact, the combination of manganese,
tungsten, and sodium has been the most commonly used mixed metal-oxide OCM catalyst.
On the other side, silica, as a support, provides a great level of flexibility to establish the
desired structural characteristics of the catalyst. The functionalities of the promoters and the
characteristics of silica are stimulated by the high-temperature range of the OCM reaction.

The structural analysis of the OCM catalyst, with a focus on the role of the nanometer—
micrometer scale properties of the support along with the possible shrinkage of the catalyst
structure due to the interaction of the cations with the silica and the impact of the cal-
cination temperature, have been thoroughly carried out for OCM and other catalytic
applications [11,20,37,44—48].
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Particularly, in analyzing the interaction between the silica and the cations in the
Mn-Na-W-Oy/SiO; catalyst, the transformation of silica to cristobalite and its contribution
to the catalytic performance have been extensively studied [18,20,27,28,42-44,47,48]. More
specifically, the contribution of tungsten species to the catalyst functionality along with
the facilitating effect of sodium in the transformation of amorphous silica into crystalline
cristobalite and tridymite have been discussed in detail [47,48]. Parallel to the chemical
aspects of such a material transformation, the transformation of the physical properties of
the material should also be taken into account in order to track all contributions shaping
the catalytic performance.

XRD analysis is usually performed to check the presence of the most important
phases after synthesizing and calcinating an OCM catalyst. However, the capability of the
XRD results for further improving the current understanding of the catalyst functionality,
particularly regarding the contributions of the support and promoters, is limited and
subject to uncertainty. This is mainly due to the appearance of molten phases and the
dynamic nature of phase transformations and their associated phenomena at such high
operation temperatures [22,23,38,39]. For instance, Na, WO,, which has been identified as
an important phase to be correlated with the selective performance of this catalyst, has a
melting temperature lower than the usual targeted temperature range of the OCM reaction;
therefore, its crystalline phase and potential impact on the catalytic performance cannot
be easily detected and studied [11]. Nevertheless, having considered the amorphous or
molten features of this catalyst [38,39,47,49], the appearance of some detectable phases
(e.g., tridymite) in the high-temperature range has been identified to indirectly indicate the
formation of molten NayWOQOy.

3.2. Catalyst Synthesis

In terms of catalyst compositions, 1.9wt.%Mn-5wt.%NayWO,/SiO, has been pre-
viously investigated as one of the most frequently studied OCM catalyst composi-
tions [18,20,24-26]. The impact of varying the preparation route of this catalyst on the ob-
served catalytic performances has also been previously studied. In this research, the sol-gel
method and impregnation method of two different silica supports were employed to repre-
sent this catalyst with the same composition but with different structural characteristics.

3.2.1. Sol-Gel Catalyst Characteristics

The details of the sol-gel synthesis of the catalyst 1.9%Mn-0.8%Na-3.1%W /SiO; (Cat;),
its characteristics, and typical performance, representing the selective bulk OCM catalyst,
have been provided elsewhere [20]. The synthesis started with the mixing of 32.3 g of
tetraethyl orthosilicate (TEOS Si(OCyHs)y, Sigma-Aldrich, Taufkirchen, Germany: CAS-No.
78-10-4) as the source of silica, with the sources of metal precursors with ethanol (min. 99.5%
Purity, Sigma-Aldrich: CAS-No. 64-17-5) in a vessel. Then, a solution of water and nitric
acid (70%, Sigma-Aldrich: CAS-No. 7697-37-2) was added dropwise to TEOS and ethanol
mixture while it was vigorously stirred. Then, the mixture was stirred for 3 h at room
temperature. In the next step, in order to obtain 10 g of the 1.9%Mn-5.0%Na; WO, /SiO,
catalyst, calculated amounts of anhydrous sodium acetate (0.28 g, Sigma-Aldrich: CAS-No.
127-09-3), Manganese (II) acetate tetrahydrate (0.85 g, Riedel-de Haen, Charlotte, NC, USA:
CAS-No. 6156-78-1) and ammonium meta-tungstate hydrate (0.42 g, Sigma-Aldrich: CAS-
No. 12333-11-8) were mixed in a separate vessel containing ethanol and water with molar
ratios of ethanol/H,O = 4.4/6.4 (in reference to each mole of TEOS in the pre-hydrolysis).
Nitric acid was continuously added to control the pH value of the solution in the range of
2-3. After mixing, this solution was added dropwise to the pre-hydrolyzed silica solution
and the mixture was vigorously stirred for 3 h. Pre-hydrolyzing the TEOS enables us to
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obtain a structure over which the cations are well-dispersed. This gel was then allowed
to dry at 90 °C for 2 h. Afterwards, the catalyst was calcined at 850 °C for eight hours
in air with a temperature ramp of 10 °C-min—1 and subsequently crushed and sieved to
reach the required particle size in the 35-60 mesh range. It was ensured that the resulting
powder size was similar to the other two catalysts before being placed and tested in the
packed-bed reactor.

3.2.2. Impregnating Non-Structured and Mesoporous Structured Silica-Supports

The wetness-impregnation method has often been utilized for preparing Mn-Na-
W-Ox/SiO; catalysts. The non-structured and structured silica supports, namely the
purchased Silica Gel (Davisil Grade-636, Sigma-Aldrich, min. 99% Purity, CAS-No. 112926-
00-8) and SBA-15 (ACS Material LLC, min. 99% Purity, Pasadena, CA, USA: CAS-No.
7631-86-9), have specific surface areas of 480 m?/g and 630 m? /g, respectively. These silica
supports were sequentially impregnated by the solution containing the metal precursors.
The SBA-15-impregnated catalyst (Cat3) was chosen, as it has shown a distinguishably
selective performance [27,28] along with the reference non-structured silica-supported
Mn-Na-W-Oy/5iO; catalyst (Caty), representing different structural characteristics.

The silica supports were impregnated by an aqueous solution containing manganese
(II) nitrate tetrahydrate (Mn(NO3), - 4 H,O, Sigma-Aldrich: CAS-No. 20694-39-7). After be-
ing dried under air at a temperature of 130 °C for at least 5 h, the granules were impregnated
with a second aqueous solution containing sodium tungstate dihydrate (Na,WO, - 2 H,O,
Merck, Darmstadt, Germany: CAS-No. 10213-10-2). The samples were then dried for 8 h at
130 °C and annealed at 800 °C for 8 h in air. Details of the applied wetness-impregnation
method and the resulting characteristics can be found elsewhere [20,27,28].

3.3. Characterization Technigues

The Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) technique
was applied to ascertain the bulk composition of the three catalysts using the Horiba Ultima
2 ICP optical emission spectrometer.

The structural characteristics of the samples were characterized based on Brunauer—
Emmett-Teller (BET) theory and Barrett-Joyner-Halenda (BJH) analysis, measured via
N, adsorption—desorption at a cryogenic temperature of 77 K using the QuadraSorb SI
(Boynton Beach, FL, USA). The BET surface area, micropores, mesopores, and pore size were
evaluated using Quadrawin software Version 5.04 (Quantachrome Instruments, Boynton
Beach, FL, USA).

Carrier Gas Hot Extraction (CGHE) measurements were conducted using an ONH836 El-
emental Analyzer (LECO Corporation, St Joseph, MI, USA). Helium was used as the inert
carrier gas. For the oxygen analyses, a temperature ramp was applied by gradually increasing
the furnace power from 160 W to 4500 W over 150 s, followed by a holding period of 30 s
at 4500 W. The room temperature X-ray diffraction patterns of the samples were measured
using a Philips/PANalytical PW 1830 XRD (Malvern Panalytical GmbH, Kassel, Germany).
The XRD measurements at high temperatures were conducted by using a Rigaku SmartLab
3 kW system (Rigaku SE, Neu-Isenburg, Germany) operating in Bragg—Brentano geometry
(6/6-setup) with nickel-filtered Cu-Ko1,2 radiation (40 kV /40 mA) detected by the 1D-silicon
strip detector D/teX Ultra 250. The measurements were carried out in the reaction chamber
ReactorX using a black quartz sample holder in the 26 range of 15-70° 26, with a step size
of 0.010° 26 and a scan rate of 2° 26 /min. The reactor was heated up in steps, as indicated
later in the text, with a heating/cooling rate of 10 4+ 0.1 K-min~!. A total of 50 mL-min~! of
synthetic air (20.5% O, in N, AlphaGaz 1, AirLiquide GmbH, Diisseldorf, Germany) and
20 mL-min~! of methane (CHy4, N55, AirLiquide GmbH, Germany) were used as the catalytic
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gas atmosphere. The software package SmartLab II Guidance (Rigaku SE, Germany) has been
used for data collection, whereas the software package PDXL 2 (Rigaku SE, Germany) in
combination with the crystallographic database PDF-5+ 2024 (ICDD, USA) have been used

for data analysis.

4. Conclusions

Three different types of Na-Mn-W-Oy/SiO; catalysts were synthesized by the sol-gel
method as well as the wetness-impregnation method using non-structured silica gel and
SBA-15, respectively. They were characterized by the Carrier Gas Hot Extraction CGHE
technique with respect to their capacity regarding oxygen release and sub-surface lattice-
oxygen transfer. Furthermore, the as-prepared fresh catalysts were characterized by in situ
high-temperature X-ray diffraction under catalytic OCM conditions.

The main focus was on the investigation of the material and structural properties of
the catalysts and their influence on the OCM catalytic properties. In particular, the positive
impact of the fine distribution of the active catalytic material over the catalyst structure,
as confirmed by SEM imaging, was studied. Such a fine distribution was established
by implementing the sol-gel method for synthesizing Cat; or by using a mesoporous
support such as SBA-15, which enables the better distribution of precursors during the
wetness impregnation of Cats. The relatively homogenous distribution of active catalytic
materials across Cat; and Cat; were demonstrated using FIB-SEM EDX analysis. In any
case, it was argued that the fine-distributed catalytic materials will homogenize the rate and
distribution of oxygen activation, lattice-oxygen transfer, and ultimately, methyl radical
generation over the catalyst’s surface and their selective conversion towards ethane and
ethylene. At the same time, the homogenous distribution of the active sites provides
a relatively more homogeneous distribution of the generated reaction heat and reduces
the chance of a local hot-spot formation, thereby leading to the better distribution of the
adsorbed/desorbed species on the surface, which also contribute to the improvement of the
selectivity. On the other side, the transformations of the involved material phases, such as
the molten Na;Mn3zO7 phase, were studied using the high-temperature XRD technique in
connection with their potential in releasing oxygen and accordingly affecting the selective
catalytic conversion of the species. The observed selective conversion of catalysts under
high methane-to-oxygen ratios was correlated with the moderate potential of metal oxides
with low oxidation states in contributing to oxygen activation and lattice-oxygen transfer,
and thereby moderate rates of methyl radical generation over the catalyst surface. The
obtained knowledge paves the way to tailor the material and structural characteristics of
the OCM catalyst to establish a controlled rate of oxygen activation and a desired dynamic
of methane activation and methyl radical generation on the catalyst surface. Thereby,
selective performance can be secured for the co-feed, chemical-looping, and oxygen-dosing
operations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13040106/s1, Figure S1: SEM images of the studied
catalysts (Top-left: Caty; Top-right: Caty; Bottom: Catz); Figure S2: Detailed results of SEM-EDX
analysis of the studied catalysts (Bottom: Cat;; Middle: Caty; Top: Catz); Figure S3: Typical water-fall
HT-XRD pattern graph representing the main phases involved at different temperatures according
to the sample numbers shown in Figure 2; Figure S4: Initial diffraction pattern of Cat, at 25 °C
(measurement no. 1; CuK; o radiation); Figure S5: Diffraction pattern of Caty at 800 °C (measurement
no. 4; CuK; radiation); Figure S6: Diffraction pattern of Cat, at 825 °C (measurement no. 7;
CuK 2 radiation); Figure S7: Diffraction pattern of Cat; at 775 °C (measurement no. 9; CuKy1 2
radiation); Figure S8: Diffraction pattern of Cat, at 850 °C (measurement no. 12; CuK 4 » radiation);
Figure S9: Diffraction pattern of Catp at 800 °C (measurement no. 14; CuK » radiation); Figure S10:
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Diffraction pattern of Catp cooled down at 25 °C (measurement no. 15; CuKy; » radiation); Figure S11:
Diffraction pattern of Catj initial at 25 °C (measurement no. 1; CuKy;, radiation); Figure 512:
Diffraction pattern of Cats at 800 °C (measurement no. 4; CuK » radiation); Figure S13: Diffraction
pattern of Cats at 825 °C (measurement no. 7; CuK » radiation); Figure S14: Diffraction pattern
of Catz at 775 °C (measurement no. 9; CuK; » radiation); Figure S15: Diffraction pattern of Cats
at 850 °C (measurement no. 12; CuKy; radiation); Figure S16: Diffraction pattern of Cats at
800 °C (measurement no. 14; CuK; » radiation); Figure S17: Diffraction pattern of Catz at 25 °C
(measurement no. 15; CuK » radiation); Table S1: (Top): Performance indicators of Cat, and Catz
under comparable moderate range of methane conversion (CHy /O, ratio: 4); (Middle): Performance
indicators of Cat; and Cat, under comparable moderate range of methane conversion (CH4 /O, ratio:
2.5); (Bottom): Comparing the performance indicators of Cat; and Cat, in the conditions, where Cy,,
yield and Cy, selectivity of respectively greater than 20% and 50% have been recorded.
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