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Methane Partial Oxidation via a Cyclic Redox Scheme -

Transient Pulse Studies

Abstract

The chemical looping reforming (CLR) process, which utilizes a transition metal oxide based
redox catalyst to partially oxidize methane to syngas, represents a potentially efficient approach for
methane valorization. The CLR process inherently avoids costly cryogenic air separation by replacing
gaseous oxygen with regenerable ionic oxygen (O*) from the catalyst lattice. Our recent studies show
that an Fe,O3;@LagsSro,FeO;5 core-shell redox catalyst is effective for CLR, as it combines the
selectivity of an LSF shell with the oxygen capacity of an iron oxide core. The reaction between
methane and the catalyst is also found to be highly dynamic, resulting from changes in lattice oxygen
availability and surface properties. In this study, a transient pulse injection approach is used to
investigate the mechanisms of methane partial oxidation over the Fe,O3;@LSF redox catalyst. As
confirmed by isotope exchange, the catalyst undergoes transitions between reaction “regions” with
markedly different mechanisms. While oxygen evolution maintains a modified Mars-van Krevlen
mechanism throughout the reaction with O*" conduction being the rate limiting step, the mechanism of
methane conversion changes from an Eley-Rideal type in the first reaction region to a Langmuir-
Hinshelwood-like mechanism in the third region. Availability of surface oxygen controls the reduction

scheme of the catalyst and the underlying reaction mechanism.

Keywords: methane reforming, chemical looping, core-shell, redox catalyst, perovskite, mixed ionic-

electronic conductor, reaction mechanism, transient pulse injection
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Introduction

The recent increase in shale gas production from unconventional reservoirs has spurred renewed
interest in natural gas conversion and methane valorization.'> At present, most commercial methane
conversion processes adopt an indirect approach due to its demonstrated reliability and high product
yield.*° In such processes, methane is converted into syngas (a mixture of carbon monoxide and
hydrogen) in a reforming step in the presence of a gaseous reactant such as steam (steam reforming,
Reaction 1), carbon dioxide (dry reforming, Reaction 2), and/or oxygen (partial oxidation, Reaction 3).
The syngas is further processed to value-added products such as chemical feed stocks or liquid fuels.
Despite their relatively high yield compared to direct methane conversion processes such as methane
coupling,”® the overall efficiency of indirect methane conversion processes is limited due to the

energy-intensive nature of the gaseous oxidant generation and/or methane reforming steps.*’

CH,+H,0=CO+3H, AH,.,. =215.7kJ (1)
CH,+CO,=2CO+2H, AH,. . =2553k] 2)
CH,+1/20,=CO+2H, AH,. ., =-28.5kJ 3)

Among the above-mentioned reactions, the partial oxidation (POx) based reforming approach
offers the ability to produce Fischer-Tropsch ready syngas. In addition, the overall reaction is
exothermic, eliminating the need for heat transfer to the catalyst bed. At present, most POx reactions are

performed in the presence of a heterogeneous catalyst. Among the reforming catalysts investigated to

10-13

date, transition metals such as Ni'®'*'7 and Co'®*?' and noble metals such as Pt, Pd, Rh, Ru, and

Ir**%" are proven to be active for POx. However, these catalysts face challenges such as low selectivity,

deactivation, and carbon formation, or their application is hindered due to high cost. Among these,



Physical Chemistry Chemical Physics Page 4 of 28

nickel-based catalysts have attracted the most attention because of their high effectiveness and relatively

10,17,28-30

low cost compared to platinum group metals. Hu and Ruckenstein used a transient method to

study the mechanism of methane oxidation in the presence of gaseous oxygen on Ni-based catalysts,”' ™
reporting that CO, is the dominant product in the presence of nickel oxide, while the presence of
metallic Ni promotes partial oxidation to CO. It was also reported that the reaction mechanism shifts
from an Eley-Rideal mechanism in the oxidized form to Langmuir-Hinshelwood in the reduced state.
Combined CO; reforming and partial oxidation on NiO/MgO catalyst under similar conditions were also
invesgiated.”® Based on experimental evidences, it was concluded that oxidation of CH, (x=1-3) controls
conversion, while CO selectivity depends on the strength of oxygen bonds to the catalyst surface to the
catalyst.***” Although high CO selectivities and yields are reported for Ni-based catalysts, the high costs

associated with cryogenic air separation still hinder the application of POx based methane reforming

processes.

Compared to conventional reforming, the chemical looping strategy provides an alternative route

. TP . 10,11,40.41
for methane partial oxidation in absence of gaseous oxidants. >

In the chemical looping reforming
(CLR) scheme, lattice oxygen of an oxygen carrier is used to partially oxidize methane to syngas. The
oxygen carrier is then regenerated in air. Since the oxygen carrier acts both as a catalyst (for syngas
generation) and an oxygen donor (for methane oxidation), it is also referred to as a redox catalyst

following a literature convention.**™**

It is noted that such a redox catalyst is different from typical
heterogeneous catalysts as it participates in the redox reactions both as a reactant and a catalyst. Besides
eliminating the need of an energy-intensive air separation and/or steam generation unit, the CLR
approach has the potential to reduce catalyst deactivation and increase CO selectivity by using

appropriate combinations of oxygen carriers and supports as redox catalysts.**” To date, many redox

catalysts have been synthesized and tested under CLR conditions, most of which are composed of a
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mixture of a primary metal oxide as an oxygen reservoir and an inert support to enhance the stability and
activity of the redox catalyst.">**° Oxides of first-row transition metals, particularly nickel, are among
the materials that received most attention because of their catalytic properties and high oxygen carrying
capacity. Despite high selectivity of nickel-based redox catalysts toward syngas, their tendency toward
coke formation under low oxygen partial pressures,”’ > high cost, and environmental concerns™* impose
challenges in process and material design. Other transition metals such as Fe and Cu are tested as well,

but compared to nickel, exhibited lower activity and/or selectivity. 12,13

Perovskite materials are another class of materials that have been tested. Perovskites such as
La,Sr;.«FeO; (LSF) and LaFeO; (LF) show up to 97% selectivity toward syngas formation.*®”>
However, these materials are often expensive due to the use of rare earth metals, and they suffer from
low oxygen carrying capacity.'>*"* Our previous studies indicate that, by using an engineered structure
of perovskite-coated metal oxide, the high oxygen capacity of transition metal oxides may be combined
with high selectivity of perovskite surfaces to achieve high syngas selectivity while reducing coke
formation and the cost of the redox catalyst.*>*® Core-shell redox catalyst exhibited excellent activity,

selectivity, and long term stability, showing no signs of deactivation after 100 cycles.*> In contrast,

unsupported iron oxide deactivate over few redox cycles.

Since the redox catalyst performance is crucial to the CLR process, a thorough understanding of
the methane conversion mechanisms is necessary. The dynamic behavior of methane oxidation using an
Fe,03@LSF redox catalyst has been reported in our previous studies.*® Results indicate that the methane
oxidation scheme can be divided into 4 distinct regions: I) deep oxidation to CO,, II) competing deep
oxidation to CO; and selective partial oxidation to CO, III) selective partial oxidation to CO with auto-

activation, and IV) methane decomposition and coke formation. It is also suggested that the availability
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and type of oxygen present on the catalyst surface determines the reaction mechanism. However, the
mechanisms through which the methane oxidation reaction proceeds in each region and the

corresponding rate-limiting steps are yet to be determined.

In this study, pulsed isotope exchange experiments are used to determine the methane oxidation
pathways under different reaction regions. The dynamic nature of redox processes necessitates the use of
such transient experiments. It is confirmed that the reaction mechanism experiences a significant change
in the second region. While the overall reaction follows a modified Mars-van Krevlen mechanism
throughout the reaction, methane conversion follows a reaction pathway that shifts from an Eley-Rideal
type mechanism (in which methane weakly interacts with catalyst surface) to a Langmuir-Hinshelwood-
like mechanism (in which methane strongly adsorbs and dissociates on the catalyst surface). Results
suggest that the selectivity of syngas products is affected by the rate of oxygen conduction as well as

availability and state of oxygen species on the surface of the redox catalyst.

Experimental

Catalyst synthesis

A detailed procedure for preparing the Fe,O3@LSF redox catalyst is reported elsewhere.*’ The
catalyst is synthesized using a Pechini method.” A solution of stoichiometric amounts of
Fe(NO3)3;.9H,0 (98%, Sigma Aldrich), La(NO3);.xH,0 (99.9%, Sigma Aldrich), St(NO3), (99%, Noah
chemical) in deionized water is prepared and stirred at 30°C for 30 minutes; followed by the addition of
citric acid (>99.5%, Sigma Aldrich) at a molar ratio of 2.5:1 between the acid and total cations in
solution. Magnetic stirring at 50°C for 30 minutes forms a chelating solution. A second solution of a
predetermined amount (1:1 molar ratio Fe,O3:LSF) of suspended Fe,O3 nanoparticles (<50nm, Sigma

Aldrich) is concurrently prepared in a 60 vol% ethanol (reagent grade, Sigma Aldrich) water solution

6
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under sonication. The suspension is allowed to settle for 6 hours, after which excess solvent is removed
from the top layer of the solution. These two solutions (the nanoparticle suspension and the chelating
solution) are combined and subjected to 30 minutes of vigorous stirring at 50°C. Gel formation is
promoted with the addition of ethylene glycol (99%, Sigma Aldrich) in a 2:1 ratio to citric acid and
subsequent stirring at 80°C for 2 hours. The resulting gel is kept at 400°C for 2 hours to evaporate
volatile species, and annealed in air at 800°C for 4 hours. The morphology of the fresh and cycled
particles are reported elsewhere.*’ In addition, previous studies have reported redox performance of pure
iron oxide and/or perovskite based redox catalysts for methane oxidation.'>"***** Therefore, the

current study focuses exclusively on probing the reaction pathways for the Fe,O3;@LSF redox catalyst.

Pulse injection experiment

Conventional steady-state methods provide little insight about the elementary steps that convert
the reactants to products because these steps frequently proceed at comparable rates, which make them
indistinguishable in a steady-state reaction. Furthermore, the dynamic nature of the redox catalysts
makes them difficult to study using such steady-state methods. Pulse injection provides a very short
residence time between the catalyst surface and methane, allowing the proposal or elimination of
possible reaction pathways by combined injection of various reactants/isotopes under transient
conditions. Figure 1 is a schematic representation of the experimental setup used to perform the pulse

injection experiments.
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Figure 1. Schematic of the experimental setup used for pulse injection experiments.

Distribution and lag times of products were compared to a reference gas (Ar) at 700, 800, and
900°C in the three aforementioned regions: the oxidized state (region I, sample treated with 10 minute
oxidation in 20% oxygen), the CO,/CO-reduced state (region II, sample treated with 15 minute
reduction in 10% CO; and 10% CO), and the Hy-reduced state (region III, sample treated with 15 minute
reduction in 10% H;). These three pretreatment conditions have been confirmed to be effective to
convert the fully oxidized redox catalysts into desired reaction regions through the examination of the
phases and selectivity of the post-treatment redox catalyst. To investigate the behavior of the catalyst for
methane oxidation in transient pulse injection mode, 300 pulses of 50% CH4 (2.6 mL, balance Ar) were
injected at each region with 1 minute loading and 1 minute injection time. The “loading time” refers to
the duration in which the reactant gas mixtures are flowed into the sample loop to form a proper
homogeneous mixture prior to injection. The “injection time” is referred to the duration that carrier gas
(He) flowed through the sample loop to push the reactant gas pulse into the reactor. To study the effect
of relaxation time (the time between two consecutive pulse injections) on the distribution of lattice
oxygen and the resulting change in CO/CO; selectivity, an experiment similar to that outlined above was
conducted in which 5 pulses of 50% methane (balance Ar) were injected at 15 second intervals (10

second injection, 5 second loading), and allowed 2.5 minutes relaxation time followed by a single 50%
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methane pulse at 700, 800, and 900°C. The reactor effluent was analyzed to determine the effect of

relaxation time upon product distributions or the overall activity of the catalyst.

Isotope experiments were conducted in each of the aforementioned regions using CD4 (Sigma
Aldrich, 99% purity) and '*O, (Sigma Aldrich, 99% purity) at 700, 800, and 900°C. Pulses of 25% CH,
and 25% CD4 (1 mL, balance Ar) were introduced with 30 second loading and 30 second injection times,
and the effluent was monitored for CHy4, CH3D, CH,D,, CHD;, CO, and CO; in order to determine the
amounts of methane reacted and exchanged. Pulses of '*O, were similarly introduced over the sample
pre-oxidized in 1602, monitoring the effluent for 1802, 180160, and 1602. Finally, 0.2 mL pulses of 1802
(ImL , balance Ar) were injected while injecting a broadened pulse of CH, (broadened by sending a 5
mL injection through a 150 mL broadening tube), and the distribution of carbonaceous products (C'°0,
CISO, C1602, C16OISO, ClgOg), isotopic hydrogen (HD, D,) and water isotopes (HDO, D,0) were
recorded. These isotope studies provided quantitative information regarding the activity of the catalyst

surface towards oxygen and methane disassociation at 700, 800, and 900°C.

Results and discussion

Our previous studies indicate that the Fe,O3;@LSF redox catalyst at 900 °C undergoes 3 reaction
regions prior to near-depletion of active lattice oxygen, which is marked by the onset of coke formation
(region IV). The oxygen carrying capacity of the redox catalyst, defined as sample weight loss within
the first three reaction regions, amounts to 13 w.t.%. Such a weight loss resulted mainly from the
reduction of iron oxide to metallic iron. Oxygen defect formation in perovskite structure also contributed
to the overall oxygen carrying capacity albeit at a lesser extent.* Figure 2a shows the reduction pattern
of the redox catalyst in a fixed bed reactor at 900°C and 10% methane (balance Ar). The region

transitions are marked by products shift toward CO due to the change in availability of active lattice
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oxygen and the nature of the active surface sites. Figure 2b compares the selectivity of CO and CO, in
the first 3 regions. It is evident that the redox catalyst undergoes a mechanism change that causes
significant selectivity variations. Very similar pattern and product selectivity is observed at a methane

concentration of 5%.

To obtain a better understanding of the underlying mechanisms causing such selectivity shifts,
transient experiments are conducted on the core-shell redox catalyst. To ensure that the pulse injection
mode is representative of the continuous methane oxidation experiment, a long term pulse injection run
(300 pulses) was performed. The resulting methane oxidation pattern (Figure S1) and selectivity (Table
S1) were compared with those of continuous oxidation and a very good agreement is observed,
especially in the first and third regions. This experiment also confirms that the size of the pulse is small
enough such that the surface and bulk property of the redox catalyst is not significantly altered within a
single pulse (with the exception of the first pulse in region I). In this study, emphasis is placed on the
first and the third regions, as the observed behaviors indicate distinct mechanisms in these two regions.
From a practical standpoint, it is desirable to minimize region I and promote region III to enhance

syngas selectivity.

10
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Figure 2. (a) Product evolution from the oxidation of methane on FeO,@LSF core-shell redox catalyst, (b)
Average selectivity of CO and CO; in the first 3 regions for methane reduction at 900°C in 10 Vol. % methane

(balance Ar).

Our previous studies indicate that reaction region transitions generally correspond to the oxidation state
change of iron oxide in the redox catalyst'® (Figure 2b): transition from region I to region II corresponds
to a phase change from Fe,03/Fe;O4 to FesO4/FeO whereas region II to region III approximately
resembles the partial reduction of wiistite phase to metallic iron. The onset of region IV is consistent
with complete reduction of the wiistite (FeO) phase to metallic iron. To confirm that the sample
pretreatment procedures presented in the experimental section convert the catalyst to the desired regions,
XRD is performed (Figure 3a). XRD patterns confirmed formation of Fe,O3, FeO, and Fe after treatment
in O,, CO+CO,, and H, respectively. The LSF phase is stable under all three treatment conditions.
Figure 3b compares the average selectivity of CO and CO, during injection of 5 pulses after each
pretreatment. The pulse injection selectivity data shows very good consistency with the average
selectivities at 3 corresponding regions (Figure 2b) which further confirms that the pretreatments

convert the catalyst to the desired reaction regions.

11
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Figure 3. (a) XRD pattern and assigned phases after the three pretreatment procedures (PP): PP-1, oxidation in

10% oxygen for 10 mins, PP-2, CO/CQO2.... to obtain samples representing the first three regions, respectively;

b) Average selectivity of CO and CO, during 5 pulse injections after each pretreatment at 900°C (50 Vol. %
(b) g y > g5p j p (

methane, balance Ar)

Deep oxidation region (region I)

Chemisorbed and surface oxygen species are generally considered to be responsible for deep

methane oxidation.*® Therefore, one would anticipate low CO selectivity in the first few pulse injections

on oxidized redox catalysts. This is confirmed in the first four pulse injections. After the fourth pulse,

selectivity of CO started to increase, and the catalyst transitioned to the second region (Figure 4). The

following experiments are designed to probe the amount and nature of the non-selective surface oxygen

species, through: i) examination of product responses in consecutive pulses; ii) increasing the bulk

lattice oxygen supply (increasing the relaxation time); iii) co-feeding gaseous oxygen and monitoring its

effects on product distribution and rates of reactions.

12
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Figure 4. Selectivity transition from CO, to CO within the first 10 pulse injections.

During pulse experiments, the pattern and time scale at which different products exit from the
reactor can provide indications of reaction pathways and primary/secondary products for each region.
Figure 5 illustrates the responses of H,, CH4, CO, and CO, (normalized by the sum of all carbonaceous
species) relative to an internal standard (Ar) in the first pulse at 900°C and Figure 5b compares the CO
and CO, responses in the first and the second pulse. The behaviors of pulses 3 and 4 are very similar to
that of the second pulse. It is noted that CO; in the first pulse peaks ~0.5 seconds earlier than the internal
standard although unreacted methane reaches its maximum slightly later than the argon standard. The
fact that CO, peak appears significantly earlier than unconverted methane indicates that deep methane
oxidation is primarily resulted from the nonselective, electrophilic surface oxygen species, which is
facile in both abstraction of the first H atom from CH,4 and non-selective combustion reactions.®*® Such
surface oxygen species is abundant on the fresh, fully oxidized oxygen carrier but can be quickly
consumed during the first pulse. While such surface oxygen species can be replenished by evolution of
lattice and chemisorbed oxygen in lattice oxygen vacancies: (0* €> O° €-> 0,” € 0Oy), the rate of
replenishment is significantly slower than the rate of oxygen removal by CH4/CO/H; (see Figure 6). The

lack of surface oxygen species for methane deep oxidation causes the CO, signal to decay 0.6 seconds

13
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before the peaking of methane supply. The slow evolution of lattice and chemisorbed oxygen species to
the surface oxygen species is confirmed by the long CO; tail in the first pulse. Another evidence of slow
oxygen evolution is the re-appearance of CO, peaks in the subsequent pulses at a significantly smaller
scale (Figure 5b) and its dependence on relaxation time (Figure 6), as will be discussed in the next
section. It is also noted that carbon monoxide and hydrogen started to form after the peaking of CO,
during the first pulse (Figure 5a). This again confirms the non-selective nature of surface oxygen

species. As illustrated in Figure 5b, this delay was not observed in any of the subsequent pulses.
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Figure 5. Normalized responses of products to injection of 2.6 mL methane (50%) at 900°C in (a) first pulse
injection (CHy, CO, CO,, and H, are normalized by the sum of all carbonaceous species and Ar is normalized to
show a comparable scale as total carbonaceous species) and (b) Comparison of the intensity and position of CO

and CO, responses during first and second pulse injections.

With the exception of the first pulse, methane conversion rate in region I is significantly lower than
that in region III (Figure 2a). The fact that CO,, which is the main product in this region, formed without
delay compared to methane pulse suggests that methane dissociation and product desorption steps are
not rate-limiting in this region. An alternative explanation for the slow methane oxidation kinetics

includes low surface coverage of active oxygen species which serve as active sites for dissociative

14
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adsorption of methane. The availability of such surface oxygen species, as discussed earlier, can be
limited by oxygen conduction and evolution after pulse 1. To probe the effect of lattice oxygen
conduction, a redox catalyst sample is exposed to consecutive pulses of methane with varying relaxation
times. Provided that oxygen conduction from the oxide lattice is a rate limiting step, longer relaxation
time should allow increased amounts of bulk lattice oxygen being conducted to the surface and evolve
into active oxygen species. This can, in turn, lead to increased methane conversion and decreased CO
selectivity. As shown in Figure 6, selectivity of CO increased from 4.55% to 13.83% during the
injection of 5 pulses with 15 seconds relaxation time; however, resting the sample for 2.5 minutes
caused the selectivity to go down to 11.62%. The overall methane conversion also reduced from 43.7 pL
in the first pulse to 22.2 pL in the fifth pulse and increased back up to 24.6 pL after longer relaxation.
This indicates that oxygen conduction is indeed rate-limiting in this region at 900°C and surface oxygen
species are crucial for methane activation and oxidation. Similar experiments are also performed at
lower temperatures (700 and 800°C), and no considerable selectivity toward CO is observed regardless

of the relaxation time.

To probe the role of methane adsorption/dissociation in region I, methane isotope exchange
experiments are conducted through co-injection of CH4 and CDy4. As can be seen in Figure 7a, a very
small amount of exchanged products are observed in the effluent gas at 900°C. Reducing the
temperature to 800°C lowered the amount of exchange (Figure 7b). This indicates i) low surface
coverage of activated methane species and/or ii) facile oxidation of such species to COy products. Since
the rate determining step is the oxidation reaction, which is controlled by oxygen conduction (methane
dissociation and product desorption are not rate limiting from pulse experiments), the density of active
sites for methane dissociation is concluded to be low. Moreover, such active sites are likely to be

provided by surface oxygen species, which is affected by the rate of lattice oxygen conduction and

15



Physical Chemistry Chemical Physics Page 16 of 28

evolution. Assuming a homogeneous dissociation of CH4/CDy, the rate of CHy dissociation is 1.67 times
faster than that of CD,4 at 900°C due to a kinetic isotope effect.™ However, the observed difference
between the amount of CH4 and CD4 exchanged does not agree with the calculated ratio as CD4 showed
higher amount of conversion and exchange. This further confirms that C-H bond cleavage is not the rate

limiting step.

Isotope exchange experiments for '°O, and 'O, are also performed to determine the relative
importance of oxygen evolution and bulk O conduction. The isotope exchange experiment (Figure 8)
confirmed that the surface of the catalyst in this region is highly active for oxygen dissociation and
exchange. Within a short pulse, 0.014 mmol '*O atoms are exchanged with '°O from either gaseous
oxygen molecule or lattice oxygen in the catalyst. This corresponds to an average exchange rate of
2.32x10” mmol/s per gram of catalyst and is at least 7.7 times of the surface oxygen considering the
relatively low surface area of the cycled sample (4.1 m?/ g) and assuming the exposure of the oxygen rich
(002) crystallographic plane of LSF. The amount of exchanged oxygen atoms also corresponds to ~78%
of the total isotope oxygen atoms (‘*O) injected and ~4.6% of the total lattice oxygen available. The
significant amount of '*O exchanged with lattice oxygen (‘°0%) indicates that oxygen evolution (O,
€> 0, € 0,7 € 0 € 0%) is highly facile. The high exchange rate may suggest distinct
oxygen adsorption/incorporation and desorption sites on the catalyst surface, with incorporation of
dissociated oxygen species at the adsorption sites promoting the diffusion of surface or bulk lattice
oxygen to the desorption sites. This observation is similar to the bismuth molybdate re-oxidation
mechanism suggested previously.***” In absence of gaseous oxygen, however, replenishment of oxygen
on the surface can only be achieved through lattice oxygen conduction from the bulk under a modified

Mars-van Krevelen mechanism.

16
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Figure 6. Effect of relaxation time on CO selectivity in the first region at 900°C (pulse 1-5 has a relation time

of 15 seconds whereas pulses 5-6 has a longer relaxation time of 150 seconds).
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Figure 7. Relative distribution of products in methane isotope exchange experiments on the catalyst surface at

(a) 900°C and (b) 800°C.
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Figure 8. Relative distribution of products in oxygen isotope exchange experiments on the catalyst surface at

(a) 900°C and (b) 800°C (the volume percents are normalized to the total oxygen in the outlet stream).

To further confirm the methane conversion mechanism in Region 1, a 1 mL pulse of 20% 80,
(balance Ar) is injected to the redox catalyst during a broadened 5 mL pulse of methane (Figure 9a). The
180, injection caused over 70% increase in methane conversion and a decrease in CO selectivity. The
injection of isotopic oxygen did not noticeably affect the formation of carbon monoxide; rather, the
additional methane converted is mostly converted to CO,. The instantaneous selectivity of CO,
increased from 74.25% to 84.36% during 'O, injection. The enhancement of methane conversion with
O, injection again indicates that supply of surface oxygen species determines the overall reaction rate
and such oxygen species are responsible for deep oxidation of methane. Another observation from this
experiment is that a majority of the CO, produced with '®0, injection does not contain '*O. Further
investigation indicates that this is largely resulted from surface oxygen exchange between bulk lattice
oxygen and CO, products (see supplemental file, Figure S3). It was also observed that C'*0'°0
represents a significantly higher portion of CO, produced at a higher space velocity (Figure 9b). This
indicates that C'*0'°0 is one of the primary products from methane oxidation after '*O? injection. This

once again confirms the participation of active surface oxygen species for methane activation in region I.

18



Page 19 of 28 Physical Chemistry Chemical Physics

This abovementioned experimental evidence indicates that, in region I, oxygen evolution follows
a modified Mars-van Krevelen mechanism, i.e., surface oxygen consumed for methane activation and
oxidation is replenished by lattice oxygen conducted from the bulk. The overall rate of methane
conversion is determined by the bulk oxygen conduction rate, i.e., although the surface is quite active for
oxygen evolution and exchange in the presence of gaseous oxygen, the supply of active lattice oxygen
from the bulk is rate-limiting when molecular oxygen is absent. In addition, although dissociative
adsorption of methane is likely to occur in the presence of electrophilic surface oxygen species such as
O, the interaction between methane and the catalyst surface is weak. Therefore, methane conversion can

be approximated by the Eley-Rideal mechanism.
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Figure 9. Response to a broadened pulse of methane combined with a sharp pulse of '*O, at 900°C in the first
region at (a) 50 and (b) 150 mL/min total gas flow rate.

Selective oxidation region (region III)

The third region in the reduction scheme is defined as the region in which activity of the redox

catalyst significantly increased and the reaction mechanism shifted predominantly towards selective

19



Physical Chemistry Chemical Physics Page 20 of 28

oxidation of methane to CO. The formation of active metallic sites, coupled with slightly lower diffusive
oxygen flux (due to a lower oxygen gradient within the catalyst), is likely to be responsible for higher
selectivity and increasing activity. A set of experiments similar to those discussed in the previous section
are conducted to develop a better understanding of the reaction pathways in the third region. Analysis of
the product responses when injecting a pulse of methane in this region shows that both H, and CO hit
their maximum concentrations with ~1 second delay compared to the internal standard. Hydrogen
showed relatively the same tail length when compared to the oxidized region, while the CO tail showed
about 2 seconds delay (Figure 10b). Analyzing the selectivity of catalyst toward CO with different
relaxation times confirms that the methane conversion rate in Region 3 is also controlled by oxygen
conduction (Figure 11). While injection of 5 pulses at short (15 seconds) intervals increased selectivity,

a noticeable selectivity drop is observed after resting the catalyst for a longer duration (2.5 min).
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Figure 10. Normalized responses of products to injection of 1 mL methane (50%) at 900°C in (a) second

region and (b) third region.

Figure 7 shows the relative concentrations of CH4, CD4, and exchanged methane. Over 80% of
the unreacted CH4 and CD;, exited the reactor as CH3zD, CH,D,, and CHD;s. This is conclusive evidence
that methane dissociation in this region is significantly faster than its conversion, and that availability of
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surface oxygen controls the overall reaction rate. This also suggests that while oxygen evolution still
maintains modified Mars-van Krevelen reaction mechanism behavior, methane conversion shifts toward
a Langmuir-Hinshelwood type mechanism in which methane dissociates and the active surface species
reacts with oxygen species on the surface. It should be noted that in this region, no CH, is observed in
the effluent gas at 900°C. Hu et al. reported a similar phenomenon in methane exchange experiments on
nickel catalyst.’” This could potentially be attributed to the kinetic isotope effect, which makes CHy
dissociate and convert more easily. Reducing the temperature to 800°C lowered the amount of
exchanged and converted methane by ~50% and 80% respectively. At 700°C, no appreciable amount of

conversion or exchange is observed in any of the regions.
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Figure 11. Effect of relaxation time on CO selectivity in the third region (pulse 1-5 has a relation time of 15

seconds whereas pulses 5-6 has a longer relaxation time of 150 seconds).

As expected, oxygen isotope experiments did not show '°O5 and '®0'®0 in the products because
most of the injected oxygen is incorporated into the oxygen-deficient lattice of the perovskite or simply
oxidizes the iron cores. The trace amount of '®0, observed is attributable to bypass from the catalyst.
Injection of sharp pulses of '*O, in a broadened methane pulse, as illustrated in Figure 12, leads to
increased CO production. No CO, is produced during this experiment and the selectivity of CO

remained unchanged at nearly 100%. Such an observation confirms a number of mechanistic insights.
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Firstly, surface oxygen species cannot be responsible for methane activation in region III. Rather,
metallic-like sites on the reduced surface are likely to be responsible for methane dissociation in this
region. This is further confirmed by TPD-DRIFTS (Temperature Programmed Desorption — Diffuse
Reflectance Infrared Fourier Transform Spectroscopy) results (Figure S4). While oxidized catalysts
show no CO chemisorption capacity, reduced catalyst exhibited noticeable CO chemisorption and
activation capability, which is characteristic of metallic active sites. As one would anticipate, due to the
significant oxygen deficiency in the surface and bulk of the catalyst, only a very small fraction of
injected oxygen can evolve into the non-selective surface oxygen species near the metallic-like methane
dissociation sites. Secondly, oxygen supply from the bulk still control the methane conversion rate in
Region 3, even though the active surface sites have transitioned from surface electrophilic oxygen
species to metallic surface centers; Thirdly, the gaseous oxygen incorporated into the surface are of ionic
(O%) nature. Comparison of C'*O selectivity versus C'°0O at different space velocities in Figure 12
indicates that C'*O is a primary product after '®0, injection and a significant portion of the additional
C'%0 is likely to form through subsequent oxygen exchange. It should also be noted that injection of the
broadened methane pulse in region III pushed the catalyst to the forth region as H,:CO ratio is higher

than 2 due to methane decomposition.
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Figure 12. Response to a broadened pulse of methane combined with a sharp pulse of '*02 at 900°C in the

third region at (a) 50 and (b) 150 mL/min total flow rate.

Competing deep and selective oxidation region (region II)

In the second region, a combination of the two reaction pathways occurs. As the redox catalyst is
gradually reduced, more metallic-like surface sites are exposed, thereby shifting the selectivity toward
CO. The time scale of the product responses in this region (Figure 10a) is relatively similar to the
pattern observed in the later part of the first region but CO selectivity slowly increased as the catalyst

becomes more reduced. Additional experimental data are summarized in the supplemental document.

Isotope exchange experiments showed some degree of exchange between methane and CD., but
the amount of exchange was significantly smaller compared to the third region (Figure 7a). Like the
third region, the second region also showed a lower amount of exchange and conversion at lower
temperatures (Figure 7b). Oxygen isotope exchange did not show any sign of exchanged products as the
injected oxygen either filled in the oxygen vacancies in the perovskite lattice and/or oxidized the metal

core, or bypassed the catalyst bed.
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Based on the above-mentioned experimental evidence, it is concluded that methane activation and
oxidation follows distinct mechanisms over the oxidized (region I) and reduced (region III) surfaces.
Abundance of surface oxygen species in the first region, which accounts for deep oxidation, makes the
formation of oxygenated surface species dominant; whereas the lack of surface oxygen on the oxygen-
deprived surface allows methane activation on metallic sites on the surface. The resulting CHy species
will then react with lattice oxygen conducted from the iron oxide core to form partial oxidation
products. This is consistent with our methane TPR data (Figure S2) as it showed methane conversion
products shifts from CO, and H,O (deep oxidation by loose, surface oxygen species) at lower
temperatures to CO and H; (partial oxidation by lattice oxygen) at higher temperatures. Although C-H
bond in methane is rather stable, availability of active sites on the redox catalyst coupled with high
reaction temperature allows relatively effective methane activation in all three reaction regions of
interest. Figure 14 schematically illustrates the mechanism change during the course of the metal oxide

reduction reaction.
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Figure 13. Schematics of methane activation and conversion of (a) oxidized and (b) reduced catalyst surface

(M represents metal atoms).
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Conclusion

This article investigates the underlying mechanisms of methane partial oxidation over
Fe,O3@LSF redox catalyst using a transient pulse injection method. The dynamic nature of reactions
between methane and the redox catalyst introduces a four-region reduction scheme. In this study, a pulse
injection system is used to inject sharp, transient pulses of various reactants in different sequences and
concentrations to explore potential reaction pathways in different regions. The results indicate that the
availability and nature of surface oxygen determines the reaction pathway and product selectivity.
Oxygen anion conduction and/or its evolution to electrophilic surface oxygen species is determined to be
the rate-limiting step in all the reduction regions of interest. Fe,O3;@LSF redox catalyst goes through a
mechanism change during the second region. While oxygen atoms maintain a modified Mars-van
Krevlen mechanism throughout the reaction, the mechanism of methane conversion changes from the
Eley-Rideal mechanism in the first region (in which methane is loosely adsorbed and reacts with
electrophilic surface oxygen species) to a Langmuir-Hinshelwood-like mechanism in the third region (in
which dissociatively adsorbed CHy species are partially oxidized by O* species on the surface). These
findings indicate that redox catalysts that can inhibit the formation of non-selective surface oxygen
species while maintaining a steady supply of lattice oxygen to the catalyst surface can potentially lead to

improved performance for methane partial oxidation.
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Graphical abstract

Study on the mechanism of C-H bond activation and kinetic pathways of methane conversion using
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