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Abstract

An La-Sr/CaO catalyst has been chemically imaged during activation and under operando
conditions during the oxidative coupling of methane reaction (OCM) at high temperature using
X-ray diffraction computed tomography (XRD-CT) in combination with full pattern Rietveld
refinement. At room temperature the main components of the catalyst were present as

carbonates and hydroxides. During the activation stage (temperature ramp) they decomposed,



forming La>O3, SrO and mixed CaO-SrO oxides. Under the OCM reaction conditions, the
predominant phases present were (~20 % wt.) La,Os and CaO-SrO (~45 % wt.) and these
remained stable throughout the entire reaction, whereas SrO, formed during activation, reacted
with produced CO> leading to formation of SrCOz (~ 35 % wt). Two polymorphs of SrCQOs,
orthorhombic and rhombohedral, were found to be stable under reaction conditions although
the extent to which these phases were observed varied spatially and temporally with reactant
gas composition. The presence of the high temperature rhombohedral polymorph can be
associated with higher combustion activity and since the Rietveld analysis is performed on a
pixel-by-pixel basis it is possible to observe, for the first time, domains of differing activity

within the reactor.
1. Introduction

Since the first publication of Keller and Bhasin the oxidative coupling of methane (OCM) has
been a widely studied process, which can offer an alternative way to produce added value
hydrocarbons from natural gas via an exothermic catalytic reaction between methane and
oxygen *. The continued depletion of oil resources coupled with a great increase in methane
availability (particularly through shale gas exploitation) has led to a growing interest and
economic imperative for looking at alternative processes for the production of chemicals in
general and specifically ethylene, an important platform chemical 2. However, as is typical for
the selective oxidation reactions, the OCM process presents conversion-selectivity problems.
High methane conversions are obtained when feeding the reactor with a high flow of oxygen,
which results in poor selectivity for desired Co+ products and a large amount of undesired
combustion products: carbon monoxide and carbon dioxide. However, the OCM process is still
believed to offer an economically viable solution of ethylene production 2. During the past 30
years, most of the research has focused on increasing the C,+ yield by developing and

formulating new catalysts; a wide variety of catalysts based on the metal oxides, alkali, alkaline
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earth, rare earth and transition metal oxides 7. Among them, the La-Sr/CaO catalyst was found
to provide a good yield and C»+ productivity as well as great stability after 90 hours of reaction
4. According to Olivier at al. the best performing La-Sr/CaO catalyst provides 34 % of methane

conversion and Co: yield of 19 % *.

Simple oxides present in the catalyst material (La203, SrO and CaO) are found to easily absorb
H>0 and CO. when exposed to air, which leads to formation of various hydroxides, carbonates
and oxocarbonates &1°. When reaching high temperatures i.e. 800 °C, in which the OCM
process is usually performed !, the catalyst material is believed to undergo chemical and
structural changes. However, the final composition of the catalyst consists of simple oxides *2.
In the study performed by Taylor and Schrader it was suggested that the catalytic activity of
La>O3 catalyst depends on its composition as well as on the different lanthanum compounds

that were formed during the temperature ramp and OCM reaction 2.

The improvement of reactor design and studies of different reactors concepts have also been
conducted, aiming to improve the C»+ yield. Among them, the concept of the catalytic
membrane reactor (CMR), with the oxygen permeable membrane, is believed to offer an
improved yield in OCM process 2. As reported by Bhatia et al. the application of a CMR for
the OCM process could provide as much as a 35 % Co+ yield with methane conversions of 52
% 4. However, it is believed that research still needs to focus on further development and
formulation of better performing catalytic materials. For that matter an understanding of how
the catalyst evolves under operating conditions and its stability over time periods necessary to

realise commercial application (i.e. several days — months).

In catalysis, the ultimate aim is to understand the structural and chemical variation within a
catalyst, occurring at different length scales and through the entire catalyst lifetime 1°. Deeper

understanding of the relationship between the catalyst structure and its activity can be obtained



through the analysis of the catalyst bulk structure, ideally considering its entire volume, since
the catalyst structure is rarely uniform. Therefore, a single point measurement may not be
enough and the application of spatially resolved technique allowing for chemical imaging of
the catalyst inside reactor, such as XRD-CT is required °. This technique provides physico-
chemical insight into a bulk object. Each pixel in the obtained cross section of a bulk object
gives chemical information described by a diffraction pattern. Often, interpretation of the
diffraction signal from such a pixel may be easier than the overall diffraction pattern obtained
by single point measurements. The collected XRD-CT diffraction patterns are obtained via
high energy synchrotron radiation and area detectors (enabling fast data acquisition), and can
lead to data with a high temporal (20 ms) and spatial resolution (down to 1 um). Diffraction
patterns contain a great number of information, not only about the chemical composition of
material but also about the crystallite size or lattice parameter of each component presented in
the studied material. Such information can be extracted through the Rietveld analysis and as it

was earlier shown by Wragg et al. can be even applied to spatially resolved data ’.

The main goal of this study is to reveal the solid-state chemistry occurring in the La-Sr/CaO
catalyst during temperature ramp in the atmosphere of He and subsequently under OCM
reaction conditions. The information about the distribution of each phase inside the whole slice
of reactor was obtained by full pattern Rietveld refinement. To our knowledge, this is the first
operando study reporting on the behaviour of La-Sr/CaO catalytic system under OCM reaction
conditions. It reveals the coexistence of two SrCOsz polymorphs (orthorhombic and
rhombohedral) which transform into each other, depending on the reaction conditions (ratio of
reagents and GHSV), and thus the temperature of catalyst bed. Two other components present
during the OCM reaction: La,O3 and mixed CaO-SrO (being mainly CaO) remained stable

during the entire duration of the OCM reaction.

2. Experimental Section




2.1 Catalyst synthesis

The preparation of the 10% La>O3-20% SrO /CaO catalyst was performed by impregnating
commercial CaCO3 (>97% purity) as a support using an aqueous solution of La(NO3)3 (Sigma
Aldrich). After 12 h of drying at 120 °C, it was then promoted with strontium by applying the
incipient wetness impregnation of the Sr(NOz). solution (Sigma Aldrich) followed by 12 h
drying at 110 °C. Then the samples were calcined in air for 12 h at 800 °C. Finally, the desired
particle size fraction of this catalyst in the range of 200-400 pm was sieved to be used in fixed-

bed reactor tests (in laboratory and in ID31 at ESRF).

2.2 Fixed-bed OCM reactor (laboratory tests)

A quartz reactor tube (6 mm external diameter and 4 mm internal diameter) was used to test 60
mg of the catalyst sample. The total flow calculated for two studied values of GHSV 36,000
mL-g*-htand 72,000 mL-g*-h were 36 sccm and 72 sccm respectively. Pure gases Oz, CHa4
and N2 (N2 as gas dilution for calculating the carbon balance of the GC data) were delivered to
the reactor by Bronkhorst mass flow controllers to build 5% nitrogen dilution feed gas in three
different methane-to-oxygen ratios (CH4:022:1, 4:1 and 6:1). The catalyst was heated under
an atmosphere of N2 up to 780 °C with a temperature ramp of 10 °C/min, using an electrical
tube furnace. The OCM reaction was performed at atmospheric pressure and the outlet gases
were analysed by a gas chromatography (Shimadzu) equipped with thermal conductivity

detector (TCD) and flame ionization detector (FID).

2.3 Operando fixed-bed reactor studies at ID31, ESRF

The catalyst sample of 28 mg was placed inside a quartz tube reactor (external diameter 4 mm,
internal diameter 2.5 mm) to form a catalyst bed 8 mm high, supported by glass wool. Pure

gases Oz, CH4 and He were delivered to the reactor by mass flow controllers (Brooks). The



total flow calculated for two studied values of GHSV 36,000 mL-g*-h"tand 72,000 mL-g*-h-
Lwere 16.8 sccm and 33.6 sccm respectively. The catalyst was heated under an atmosphere of
He (16.8 sccm) up to 780 °C with a temperature ramp of 20 °C/min, using two air gas heat
blowers (Cyberstar). 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 mL-g*-h"tand 72,000 mL-g™*-h') as well as different ratios
of CH4: O2(2:1, 4:1 and 6:1) were tested for the OCM conditions. When changing the CHa: O2
ratio and GHSV the time of 5 minutes was used for the catalyst stabilisation and no data were

collected during this period.

2.3.1. Interlaced XRD-CT experiment and data processing

The IXRD-CT experiments were performed at station ID31 at the ESRF using a
monochromatic beam of 70 keV with a size of 20 um x 20 um. Diffraction patterns were
collected using a PILATUS3 X CdTe (Dectris) area detector 8. The catalyst and reactor was
mounted on a standard goniometer, placed on a stage allowing for CT movements (rotation and
translation of reactor). The photograph of the set up used during this experiment is presented

in Figure 1.
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Figure 1. Photograph of the setup used for the experiment at ID31 in ESRF.

The diffraction patterns were collected in Debye-Scherrer geometry, by applying a data
collection strategy called interlaced XRD-CT *°. The CT measurements contained 160 angular
steps (with angular step size of 1.125°) and 224 translation steps (with translation step equal to
the beam size) covering 4.48 mm across the reactor. The obtained reconstructed images of
reactor contained 224 x 224 pixels, with the pixel size of 20 um. For the experiment with the
interlaced data collection strategy 4 sub-tomo scans were collected, using an angular step of
4.5 °for each one. The calibration of detector was performed using a CeO> NIST standard.
Every 2D diffraction image was converted to 1D powder diffraction pattern using PyFAI
software and the image reconstruction was performed using the filtered back projection
algorithm in the MATLAB software 22, It is important to note, that the interlaced XRD-CT

slices were collected in the middle of catalyst bed.

In order to follow the solid-state changes occurring under operando conditions (temperature
ramp under He and OCM reaction) time series plots were constructed. Diffraction patterns
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collected at a particular angular step (i.e. 224 diffraction patterns for 224 translation steps) were
summed and an average diffraction pattern (line scan) was obtained, significantly reducing the
number of data to interpret initially. Therefore, the events occurring during the one XRD-CT
scan could be described by 160 diffraction patterns (due to the number of angular steps used
for the CT scans), with the time resolution of 10 seconds for each line scan. Looking at average
diffraction pattern (for each angular step) is a reliable way of investigating the temporal
changes. However, one should consider that heterogeneity in the structure, both real and
artificial (measurement artefacts) may account for differences in diffraction patterns. Since
each pixel in the reconstructed image corresponds to a complete diffraction pattern, as a result
50,000 diffraction patterns were obtained for one XRD-CT measurement. A particular
advantage of performing a CT measurement is that it enables spatial separation of the
components in the resultant image so that contributions that contribute to the signal
‘background’ i.e. the glass capillary are essentially removed from the dataset allowing detailed
analysis to focus on the evolving solid-state chemistry. However, even after removing the
signal ‘background’ still the number of diffraction patterns coming from the pixels inside the
catalytic bed was 10,000. One may find impossible to analyse and treat such high number of
data, therefore a special approach leading to the most possibly accurate results in a short time

needed to be elaborated.

The obtained chosen diffraction patterns were analysed by X'Pert HighScore Plus software 23
to identify the phases present. Subsequently, Rietveld refinement was performed for the time
series of diffraction patterns during the preparation stage (temperature ramp) and OCM
conditions (one starting input file for preparation stage and for OCM conditions) using software

Topas 5 2*. The refined parameters of the created model were:

- Lattice parameters (and angle for monoclinic La202CO3 phase),

- Scale factors,



- Crystallite size (Lorentzian) with the size being constrained between 20 and 500 nm,

- Isotropic temperature factors constrained between 0.1 and 5 for lower temperature
(below 600 °C) and 0.1 and 10 for higher temperatures (above 600 °C). Isotropic
temperature factors for each atom inside one structure were set to be equal, in order to
decrease the number of parameters to refine.

- Occupancy of Ca?" atom constrained between 0 and 1 in the CaxSrixO oxide. The
occupancy of Sr?* was calculated by the equation 1-Xca.

- Background coefficients (10" degree order Chebyshev polynomial).

After creating two input files, accurately representing all phases present during the temperature
ramp or OCM reaction respectively, they were used for the refinement of each diffraction
pattern in time series or in reconstructed image. An in-house MATLAB script was developed
in order to create the input file for batch refinement, which was subsequently sent to TOPAS 5
for refinement and the obtained results for the refined chosen parameters could be plotted as a
function of time (in time series) or as a map (for space resolved data). Depending on the number
of parameters and complexity of refinement, entire XRD-CT reconstructed image could be

refined in around 4h time.

Results and discussion

3.1 Preparation stage

For an easier explanation of how the chemistry evolves inside the catalytic bed during the
preparation stage (temperature ramp under He) the section was divided into three parts. Each
of them presents the evolution of the compounds containing the principal elements lanthanum,
strontium and calcium respectively. The weight percent corresponds to total composition of
catalyst and was calculated with Topas software 2. A detailed review of previously reported

solid-state transformation events for the components presented in the La-Sr/CaO catalyst,



induced by temperature is presented in the supporting information. Tables presenting the
different identified phases together with the crystallographic details can be also found in the

supporting information.

3.1.1 Lanthanum containing phases

Figure 2 shows the weight percent changes as a function of temperature (from room

temperature to 780 °C) under He for components containing lanthanum in their structure.
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Figure 2. Panel A: Weight percent composition of crystalline lanthanum containing phases and
panel B: scale factors of crystalline lanthanum containing phases as a function of temperature

during temperature ramping under He to 780 °C.

The starting material consisted mainly of La(OH)3 (10 %) and hexagonal La>0>COs3 (6 %); the
remaining 3% comprised La>Os. During the temperature ramp, the first observed change is the
decomposition of hexagonal La(OH)s into monoclinic LaOOH around 300 °C. The formed
monoclinic LaOOH disappeared around 450 °C and two other polymorphs of La>0.COs
monoclinic and tetragonal (with the majority of tetragonal) were formed from the LaOOH. The
high weight percent of formed tetragonal polymorph of La>0.COs3 (around 8 %) was possibly
caused by CO- adsorbed on the catalyst, since there was no additional source of CO. at this
stage of temperature ramp. Subsequently, monoclinic and tetragonal phases disappeared
around 650 °C which lead to formation of hexagonal La>Os. The hexagonal La>0.CO3 was
consumed at 750 °C. When reaching 780 °C hexagonal La,O3 was the only phase present
coming predominantly from the decomposition of all present La20O>CO3. A summary of the
proposed lanthanum solid-state chemistry evolution inside the reactor during the temperature

ramp under He is given below:
300°C
La(OH); — LaOOH (1)
450°C 650 °C
LaOOH — La,0,C05; monoclinic + La,0,C05 tetragonal — La,05 (2)

750 °C
La,0,C05 hexagonal — La,05 (3)

The decomposition of La(OH)s to LaOOH at 300 °C is consistent with the results of study
performed by Yamamoto et al. and Fleming et al. 2 26, As reported by Wang et al. and Chen et
al. it is possible to obtain La,0O2CO3 (hexagonal or monoclinic) from La(OH)s by calcination at

high temperature (400 — 500 °C) 27 28, The subsequent decomposition temperature of LaOOH
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derived from this study is also consistent with results reported by Fleming et al. and Schafer
and Roy, however, the products which were formed are different; La,Oz as a product was
reported in their study, whereas in this experiment two polymorphs of La>0,COs were found
26 29 The three-step decomposition of La(OH)s, proposed by Yamamoto did not occur during
heating in He, which can be confirmed by the results of mass spectrometry performed (see
Figure 6 in subsequent section) 2. Finally, the decomposition of La,02COs is consistent with

observations previously reported by Shirsat et al. *°.

3.1.2 Calcium containing phases

Figure 3 shows the weight percent changes as a function of temperature (from room

temperature to 780 °C) under He for components containing calcium in their structure.
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Figure 3. Weight percent changes of components containing calcium as a function of

temperature during the preparation stage under He.

The starting catalyst material consisted of hexagonal Ca(OH). (30 %) rhombohedral CaCOs

(15 %) and cubic CaO-SrO mixed oxide (10 %). The Ca(OH)2 disappeared at around 350 °C
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and this simultaneously lead to formation of CaxSr1xO. The further increase in temperature
lead to decomposition of CaCOs at 650 °C to form the mixed CaO-SrO oxide. Through the
remainder of the preparation stage, the mixed oxide contained mainly CaO (average occupancy

of Ca?* in mixed oxide was 0.99).

The proposed path of solid-state evolution of calcium containing compounds inside the reactor

during the temperature ramp under He is observed as follows:

o

350°C
Ca(OH), — CaO (4)

650 °C
CaC0; — CaO (5)

The observed events during the preparation stage confirmed what was reported previously.
Beruto et al. found that Ca(OH). decomposed to CaO at 320 °C while the CaCO3z decomposed
to CaO at 510 °C L. In addition, another study reported that the temperature of Ca(OH):
decomposition was 460 °C, whereas the temperature of CaCO3 decomposition was 650 °C %,
The miscibility between CaO and SrO oxides was studied by Jacob et al. *3. They reported the
formation of different pseudo- binary solutions between CaO and SrO from CaCOs and SrCOs
by ball milling and decomposition of carbonates under vacuum in 800 °C. During this study,
the slight decrease in the occupancy of Ca atoms, which corresponded to substitution of Ca?*
by Sr?* in the mixed oxide CaO-SrO started at the temperature of 750 °C, however, during the
entire temperature ramp the occupancy of Ca?* remained very high (on average 0.99) and the

mixed oxide was mainly CaO phase.

3.1.3. Strontium containing phases

Figure 4 shows the weight percent changes as a function of temperature (from room

temperature to 780 °C) under He for components containing strontium in their structure.
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Figure 4. Panel A: Weight percent composition of crystalline strontium containing phases and
panel B: scale factors of crystalline strontium containing phases as a function of temperature

during temperature ramping under He to 780°C.

The starting catalyst material contained orthorhombic SrCOs (25 %), which remained stable up
to 650 °C. Then its quantity was increased, which according to the results obtained from the

Rietveld refinement from the Figure 4A does not result from the decomposition of any other
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phase containing strontium. This may be explained by the change in mass of catalyst during
the temperature ramp, as previously observed for lanthanum containing phases, since the scale
factor of SrCOs remained stable (Figure 4B). At 750 °C the orthorhombic SrCO3; decomposed
into two cubic SrO oxides, which could be spatially distinguished due to a difference in the
size of their lattice parameter: 5.11 A vs 5.16 A (their weight percent was 8% and 19%
respectively). The spatial distribution of these two phases is presented in Figure 5. The
coexistence of the same cubic SrO phase with two different lattice parameter size may have
resulted as a consequence of different solid-state reactions (exothermic/endothermic) occurring
inside the reactor during the temperature ramp. At the same time, there may existed a chemical
difference between these two SrO phases, however such information could not be verified by

Rietveld analysis.

Figure 5. Spatial distribution of two different SrO cubic phases, with different lattice parameter.

The XRD-CT scan was collected at 780 °C in He.

The proposed path of different events occurring inside the reactor during the temperature ramp

under He regarding the components containing strontium is observed as follows:

750°C
SrC0; — SrO0 (6)
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The observed decomposition temperature of SrCOs at 750 °C is in agreement with the reported
literature 34, As observed by Iwafuchi et al. decomposition temperature of SrCO3 was strongly
dependent on atmosphere in which the sample was placed (partial pressure of CO3) 3. SrCO3
can decompose in temperatures lower than its transition in the flow of pure N2. No phase
transition from orthorhombic SrCOs to rhombohedral SrCOz was observed during the
preparation stage of catalyst, thus SrCO3z decomposed before the temperature necessary for the

phase transition was reached .

3.1.4 Online mass spectrometry analysis

Results of mass spectrometry confirmed the observed events taking place during the
preparation stage. The first broad peak of H20O could be observed between 150 °C and 250 °C,
which corresponds to the desorption of water from the catalyst surface. The second peak could
be observed in the temperature range between 300 °C and 500 °C and can be attributed to the
decompositions of La(OH)3z, LaOOH and Ca(OH).. As it is shown on Figure 6, several short
periods could be distinguished during this event, which may result from the complexity of the
decomposition process. It is probable that due to the uneven temperature distribution across the
reactor and along the catalyst bed, different components decomposed at different times. As for
COo, two broad peaks can be observed. The first is observed between 600 °C and 780 °C and
corresponds to the decomposition of La,0.COs (all three polymorphs), CaCOs and SrCOs

whereas the second peak at 780 °C corresponds to the further decomposition of SrCOs.
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Figure 6. Mass spectrometry results collected during the preparation stage of La-Sr/CaO

catalyst under He with the corresponding temperature axis.

3.2 Oxidative coupling of methane

Table 1. Identified phases of La-Sr/CaO catalyst during the OCM conditions.

Phase Crystallographic ICSD database Lattice
details code parameter (A)

SrCOs3 Orthorhombic, Pmcn 15195 a=>5.138
b =8.516

€ =6.307
SrCOs Rhombohedral, R-3mH 27445 a=>5.104
c =9.452
CaxSr1x0O Cubic, Fm-3m 04-006-6637 a=4.888

(PDF number)

La,Os Hexagonal, P63/mmc 100208 a=3.982
c=6.234

CaCOs Rhombohedral, R-3c 40114 a=4.899
c =16.038
La-SrO Monoclinic, Clcl 16357 a=11854
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b=7371
c=13.342
B=116.39°

Table 1 presents the identified phases during the OCM reaction conditions in the structure of

the La-Sr/CaO catalyst. Figure 7 shows the weight percent changes during the OCM reaction

conditions obtained for the Rietveld refinement of time series. Note that between changing

CHa: O2ratio and GHSV there was a period of 5 minutes where data were not collected (catalyst

stabilisation period).
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Figure 7. Results of the Rietveld refinement of time resolved data collected under operando

conditions during the OCM reaction. Tabulated results of the weight percent are provided in

the supporting information.

The most significant solid-state change taking place under OCM reaction conditions was

related to phase transition between rhombohedral (higher temperature polymorph) and
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orthorhombic (lower temperature polymorph) SrCO3. The SrCOz phase was reformed due to
the reaction between SrO, present at the final state of catalyst at high temperature, and CO>
formed during the reaction. High partial pressure of CO> led to this transition, before the
decomposition of STCO3*® The two SrCO; phases seemed to present a cyclic behaviour during
the OCM experiment. Transition between orthorhombic and rhombohedral SrCOs is reversible
and as reported previously occurs around 920 °C, depending on carbonates composition
(presence of Ba) or atmosphere in which sample was present (presence of COy) *°.
Orthorhombic — rhombohedral transition for the isomorphous structure BaCO3 was found to
occur at 811 °C *7. Zhang et al. also observed the SrCOjs transition (in the mixture with BaCOs)
from orthorhombic to rhombohedral at 700 °C by performing in situ XRD 8. However, no
transformation to cubic SrCO3 was observed during this experiment ¢, Results of Rietveld-CT
refinement also confirmed this transition (Figure 8). However, since temperature was not
monitored during the OCM reaction, it is not possible to state the exact temperature of this
transition during our experiment. The results of Rietveld refinement for all the other phases

can be found in the supporting information (first and last XRD-CT scan of OCM reaction).

All the other components seemed to not undergo any changes during the OCM reaction. The
contribution of the CaCOgz and mixed oxide of La-SrO was little and considering the error on
the estimated weigh percent from the Rietveld refinement, their presence may be questionable.
However, the value of Rwp and GOF (goodness of fit) were better when the model accounted
for these two phases (Rwp = 3.84 and GOF 1.59 for model with CaCOz and La-SrO phases; Rwp

=4.02 and GOF 1.66 for model without CaCO3 and La-SrO phases).
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L.htand panel C — GHSV 36,000 mL-g*-h? (the last XRD-CT scan).
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From Figure 8A it can be observed that the orthorhombic SrCO3 was formed in the same region
where previously the SrCOs rhombohedral was present. This growth occurred during the
second XRD-CT scan (for CHa4: Oz being 4:1) and was sustained during the third XRD-CT scan
with CHa4: O being 2:1. Then the GHSV was doubled and the rhombohedral SrCO3 was
reproduced in the same region where it previously existed (during the first XRD-CT scan under
OCM reaction conditions), which confirmed the cyclic behaviour of the SrCO3 polymorphs.
We note that in both Figures 8A and 8B increasing CH4: Oz saw an increase in the amount of
the orthorhombic polymorph (and subsequent decrease in the amount of rhombohedral
polymorph) which was initially located as a semi-circular/three-quarter contiguous ring at the

periphery of the reactor, spreading further into the middle of the reactor with higher O, content

in the reactor feed.

3.2.1. Online mass spectrometry data
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Figure 9. Mass spectrometry results (panel A), and the zoomed region of interest (panel B)

presenting the Co+ production (from the beginning of the OCM reaction).

Figure 9A presents the results obtained from the mass spectrometry measurements collected
during the OCM experiment while the region of interest (production of Co+ molecules) is
presented on the Figure 9B. The results of mass spectrometry presented here have only
qualitative character. Note that, the sampling volume used for the mass spectrometry detection
stayed constant during the experiment and therefore only changes in the products or reagents
ratio detected can be actually observed. Therefore, no signal change, when doubling the GHSV
could be observed for the CH4 for the same CHa: O ration, unless a change in the CHs

conversion occurred during the reaction.

As it can be observed, the production of C>+ molecules was mainly correlated with the

conditions applied during the OCM process (CH4: Oz ratio and GHSV). The highest production
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of CO, was observed when 2:1 ratio of CH4: O2 was used and decreasing of this ratio to 4:1
and then 6:1 led to lower production of CO». The production of CO seemed to follow the same
trend as CO», however the change in the response of the mass spectrometry signal was very
small. The highest production of CoHs (m/z = 26 and m/z = 27) was found for 4:1 CHa4: Oa.
When the GHSV was double, the production of C.+ molecules dropped down. The higher
GHSYV resulted in higher total flow of reagents and lower contact time between the catalyst and
reagents. Therefore, the production of Cz+ molecules and CO, was expected to be lower.
Decreased selectivity for C»+ molecule production could be observed with higher O
concentrations *°. When increasing the CHa: O ratio, the selectivity for desired products could
be enhanced, but the CH4 conversion was decreased. Since the conversion of CH4 depends on
the CHa: Oz ratio, the highest methane conversion was obtained for 2:1 CHa: O.. It is important
to note that the colour of catalyst did not change after the experiment (remained white),

suggesting that no formation of carbon occurred during the OCM reaction.

3.4 Fixed-bed reactor laboratory tests
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Figure 10. Panel A: methane conversion, panel B: selectivity for CO. and CO and panel C:

selectivity for CoH4 and C2Hs during the OCM reaction under different conditions (CHa: O2
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and GHSV). Tabulated results of the OCM experiment (conversion, selectivity and yield) can

be found in the supporting information.

Figure 10 presents the results from the OCM reaction experiment performed in the laboratory
using a fixed-bed reactor. As it can be observed from the reported results, the CH4 conversion
depended on the CH4: O ratio introduced to process; it decreased when CHa: Oz ratio increased.
In the same time, the selectivity for C2Hs increased while the selectivity for CO, decreased.
Selectivity of CO seemed to be rather stable through the entire duration of experiment and
oscillated between 13% and 18%. Selectivity for CoHa gradually increased for the GHSV =
36,000. However, for the CH4: O, ratio equal to 6:1 and GHSV equal to 72,000 mL-g*-h
selectivity for CoHa significantly decreased. Overall, the selectivity for CoHs was between 21-
31 % with the CoHg yield between 6.7 — 9.3 %. The ratio between yields of CoHs and CzHe
depends on the CHa: Oz used; the highest ratio of 2.4 could be obtained for CH4: Oz ratio equal

to 2:1 and GHSV 72,000 mL-g*-h.

Results obtained from operando measurements with mass spectrometry showed excellent
agreement with the catalytic results obtained in the laboratory fixed-bed reactor. In experiments
where either the CHa4: Oz ratio was comparatively low (i.e. 2:1) or else the GHSV was low,
CHjs conversion and CO2 selectivity were comparatively high; this was also coincident with the
reappearance (as observed by XRD-CT) of the high temperature polymorph of SrCO3 (Figure
9B), which, we rationalise, was driven by the increase in temperature of the catalyst bed due to
dominance of hydrocarbon combustion over the less exothermic OCM reaction “°. No other

obvious changes in the XRD data were observed.

Summary and conclusion

We presented the first operando study of OCM process, with La-Sr/CaO catalyst, using

interlaced XRD-CT technique. Each pixel of the reconstructed XRD-CT image, leading to a
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complete diffraction pattern, was used to obtain the weight percentage map of each component
inside the cross section of the reactor. High temporal resolution between collected diffraction
patterns (~ 10 seconds) enabled us to follow the different processes of formation and
decomposition during the catalyst preparation stage — temperature ramp and OCM reaction. By
performing an imaging study, a more representative overview of phase evolution inside the

reactor was obtained.

The results collected during the OCM reaction showed the presence of La,Os and CaO-SrO
which remained comparatively stable during the entire reaction time whereas a temperature-
driven cyclic behaviour between two polymorphs of SrCO3 (rhombohedral-orthorhombic), was
observed. During the OCM reaction, at the point of measurement, the temperature of catalyst
bed gradually decreased (due to higher rate of relatively less exothermic yet more desirable
reaction such as OCM), which could be deduced from the behaviour of these two polymorphs;
i.e. a greater presence of the lower temperature orthorhombic SrCOs polymorph. Once the
GHSV was doubled and/or the O2: CHsratio increased, combustion reactions begin to dominate
and therefore the temperature of the catalyst bed at the point of measurement increased; inferred
by the reformation of higher temperature polymorph of SrCOs (rhombohedral). Since
measurements were performed in the middle of the reactor, it is not possible to say whether the
same temperature variation with gas composition/space velocity is seen over the remainder of
the catalyst bed. As has been shown previously however, parameters such as flow rate and
reactant composition can lead to temperature/reaction gradients along the length of a reactor
bed and that measurement at a different height (particularly further along the catalyst bed when
operating at higher space velocities) in the sample may result in differing amounts of the SrCO3
polymorph to that observed in the middle of the reactor bed *'. By examining a number of
reaction conditions in this study however, it is clear that the solid-state chemistry of the other

compounds is very unlikely to be affected by the sample height measurement.
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Since catalysis is a surface phenomenon and that the formation of the desired C, products in
the OCM reaction is thought to occur via reaction in the gas-phase the results of catalytic
studies cannot be fully correlated with the evolution of crystalline phases present in the catalyst
under reaction conditions, particularly when using a bulk sensitive technique such as XRD #.
However, full profile analysis of XRD-CT data did allow for identifying presence of SrCO3
polymorphs and the mapping of their spatial distribution. Working on the basis that the
presence of the rhombohedral polymorph is caused by higher temperatures, it is then possible
to state that in the first instance we were able to observe temperature gradients in the catalyst
bed on a pixel-by-pixel basis and furthermore this can be rationalised by the type of catalytic
reaction taking place (i.e. combustion vs. OCM). Although extraction of information regarding
sample temperature from XRD-CT has previously been shown by some of us, it was only
possible to demonstrate that sample heating was uniform %3, Clearly then these results show
that in addition to the large amount of information concerning solid-state phase evolution there
is also potential for this operando XRD-CT approach to observe and put into context
temperature/reactivity gradients thereby allowing a more comprehensive evaluation of the

performance of catalytic and/or other functional materials under reaction conditions.
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