ABSTRACT

SHAFIEFARHOOD, ARYA. CoreShell Redox Catalyst for Partial Oxidation of Methane
with Active Lattice Oxygen. (Under the direction of Dr. Fanxing Li.)

Chemical looping processes offer more efficient, cost effective and environmentally friendly
routes for carbonaceous fuel conversion. This is achieved through a cyclic reaction and by
replacing the gaseous oxidants with the oxygen in the lattice of aemxggrier. Application

of chemical looping processes ranges from complete combustion (CLC) for energy production
to partial oxidation for reforming (CLR) or direct oxidation purposes. The effective
performance of these processes greatly depends on thawnmerce of the oxygen carrier. As

a result Rational design of active and selective oxygen carriers are of utmost importance.
Oxygen carriers are typically made out of two main parts: an oxygen reservoir (typically an
oxide of a transition metal) and arert support phase to increase the mechanical properties of
the oxygen carrier. Therefore, the redox properties of the oxygen carriers can be tuned by both
changing their intrinsic properties and catalytic surface modification to enhance their kinetic
properties. This study focuses on development of more active and selective redox catalysts
thoughinvestigatiors on (i) using irorbased mixed oxides with tunable properties as oxygen
reservoirs, (ii) using mixewbnic-electronicconductive (MIEC) materials asipport phases to
improve redox properties of irdmased redox catalysts, and (iii) catalytic surface modification

of redox catalysts to enhance their kinetic properties.

Oxygen carrying capacity and activity of the iron oxiesed oxygen carriers areoped to
be tuned by the addition of various concentrations of more readily reducible metals such as

manganese and cobalt. Mixed metal oxides with higher concentrations of Mn and Co



demonstrated better spontaneous oxygen donation and better activitiettifanenoxidation.

The addition of compatible mixed ior@ectronic conductors, such as perovskites, proved to
improve the redox activity of the redox catalysts. These supports, which generally contain earth
or rareearth metals, commonly have better segy toward syngas compared to iron oxide

due to the presence of more catalytically active sites on their surface.

The perovskite supported iron oxide is further engineered inte@s@da sSro.2FeQ; core

shell structure to exploit the high oxygen cargycapacity of iron oxide and ttselectiveand

coke resistant surface of LSF. Results showed superior activity (up to 200 times) and selectivity
during a methane CLIRrocesswhen compared to iron oxidguipported onnert materials

(Al203 and TiQ) and bnic conductors (YSZ). Slightly better activityelectivity and coke
resistance are also observed compared todhmposite sample with an identi¢z8F support

The recyclability of the corshell redox catalyst is also confirmed throdghg-term redox

experiments.

The coreshell redox catalyst undergoes four different reduction regions with noticeably
different product selectivities during the methane reduction half cycle. As confirmed by
transient pulse injection and isotopic exchange expersntgrd underlying methane oxidation
mechanismsare different in the selective, and naelective regions. Margan Krevlen
mechanism in which lattice oxygen converts surface activated species can be used to describe
the methane oxidation reaction throughdlie reduction half cycle. Methane activation,
however, changes from forming loosely adsorbed activated species in thelactive region

to dissociatively adsorbed species in the selective region. Oxygen anion diffusion through the

catalyst bulk is als found to be theatelimiting step.



The effect of catalytic surface modificatiaa studiel on two different redox catalysts
(CaMnQG and LaCe@s) as the corashell samples already shows very high activity and
selectivity. Rh is used to enhance the redmperties of the redox catalyst$e pesenceof
rhodium enhances the methane activation kinetic on the surface. This leads to a faster and
higher oxygen removal from the redox catalysts. Rhodium is proved to reduce the CLR
operating condition by moréhan 300 °C. The Rpromoted samples also showed good

recyclability.
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CHAPTER 1 Introduction

1.1 Methane as anEnergy Source

Natural gas, which is primarily composed of methane, is one of the most important raw
materials for both energy production and chemical industry. Accorditiget®il and Gas
Journaltth e wo r | mindtaral gas @semes have grown by about 40% over the past 20
years due primarily to advancements in shale gas production technofogiéh. proven
reserves ofibout 6,950rillion cubic feet(196.8 Tnd) at the end of 208, methane is among

the mostabundant organicompounds on earti.o generate the same amounttioérmal
energy,methane emits roughly8% less CQthan coal an@7% less tharcrude oil Figure

1.1). Relativeabundanceof natural gas reserves coupled wititreasing global warming

concerns havemade methane a clean and affordable source of energy

10 250
M Price

I Emission
4 200

1 100

Price ($/MMBTU)
Emission (Ib CO,/MMBTU)

1 50

Coal Natural gas Petroleum

Figure 1.1. Comparison of price and emission of fogsils?

At present, methane is primarily used as a fuel for residential heating and power generation

which has a relatively low added vaRik.is also being used as transportation fuel in the form



of compressed natural gas (CNG) and liquefied natural gas (LNG). However, transportation
cods for CNG and LNG can be significahtt is, therefore, desirable to explore novel
approaches to convert methane into transportation fuels and value added chemicals. This
significantly renewed interests in methane processing to more valuable products in a global

scale.

1.2 Current Technologies for Methane Conversion

Current technologies in methane conversion can be classified in two major categories: 1.
combustion or complete oxidation tdOgfor energy production, and 2. partial oxidation,

which can be further categorized to direct and indirect routes.

1.2.1 Complete Oxidation/Combustion

As mentioned earlier, power generation through combustion of methanegnweas=d power

plants is currentlghe main application of methane. Thermal efficiency offgasl plants is
typically around 5850% without implementing carbon capture technologléswever, recent
concerns over global climate changes and international agreements such asdatgots and

Paris agreement mandate carbon mitigation for fossil fuel based power plants. Most carbon
capture and sequestration (CCS) technologies are highly capital intensive and often impose
high parasitic energy penalties that can reduce the energgremmvefficiencies of such plants

by as much as 126%>'8 Table 11 reportsthe averagehermalefficienciesof a typicalgas

fired powerplantwith and without carbon capture fearious CCS technologies



Table 1.1. Comparison of the average thermal efficiencies of thefigas power plants® 8

Carbon Capture Thermal Efficiency (% Overall Efficiency

Technology LHV) Drop (%)

No Capture 55-60
PostCombustion 47-50 11-18
Pre-Combustion 40-46 23-26

Oxy-fuel Combustion 44-48 19-25

1.2.2 Partial Oxidation

Partial oxidation techniques have potential of converting methane to more value added
products such as oxygenates and olefins. Currently, most partial oxidation technologies adopt
indirect routes. In these processes, methane is converted in two orepsrersthe first step,
methane is reformed into syngas, which is a mixture composed primarily of carbon monoxide
and hydrogen; the syngas is then processed into chemicals and liquid fuels in one or more
steps. The complexity of the aforementioned indimiversion processes and the energy
intensive methane reforming step lead to high energy penalties and capital cost. This prompts

the need to develop efficient and ceffective reforming strategies.

Alternatively, direct partial oxidation approachesiaethselectively convert methane into
valueadded products have the potential to be efficient and cost effééthy@ver the past

few decades, extensive studies have been performed to develop effective catalysts and reactor
designs. To date, however, direct approaches are not competitive when compared to indirect

processes from both product yield and process eciesastandpoints? 12 The key challenge
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to direct oxidation lies in the fact that theHCbond in methane, which has activation energy
of 435 kJ/mol, is notably more stable than the desired products. It is therefore challenging to
obtain high conversion of methane withoutther oxidation of the products. From a

thermodynamic standpoint, neither oxygenates nor olefins are favored products.

1221 Methane Valorization

Significant amount of work has been devoted to oxidative coupling/dehydrogenation of
methane to ethylerfe!¥ 19 with mostresearch focused on using oxygen gas as the oxidant. The
yields of ethylene in these processes are generally limited to arount! Z5%limitation in

product yield results from either the activation of C2 products on the active sites for methane
activation, which leads to deep oxidation of the less stable ethane and ethylene, or desorption
of methyl radicals to the gas phase, whiclofawnon selective products*The use of lattice
oxygen in metal oxiddased oxygen carriers and oxygen conducting membranes instead of
gaseous oxygen although lead to higher C2 yids!%2! conversions and selectivities
obtained in these processes were still insufficient to make the process competitive with indirect

approaches from a process economics standpoint.

Various approaches for peatt oxidation of methane to methanol and/or formaldehyde have
also been investigated over the past few decades. Existing methods can be categorized into
four categories based on operating temperature and dominating reaction mechanism: high
temperature (>@0°C) catalysis route, low temperature catalysis route, homogeneous solution

based catalysis route, and other routes such as plasma, photocatal{sts2étc.



Achieving high methanol/formaldehyde selectivity at high temperatures is generally not
practical foe various reasons such as further oxidation of unstable intermediates/oxygenates to
COx through gas phase reacticii€® presence of chemisorbed active @hich tends to
oxidize oxygenates to GOand decomposition of oxygenates on the catalyst surface at high
temperaturé’ Figure 12 summarizes the performances of various approaches for gas phase

partial oxidation of methané.
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Figure 1.2. Summary of conversion and selectivity data for methane to oxygenate conversion

reported in literature-3

Gaseous oxidants other than oxygen can also be usedtftrmaexidation. Although higher
selectivity can be achieved using oxidants such as nitrogen GRittes; are impractical for
industrial use. A combination of2Hind Q can be used, though costs associated withsd

can be prohibitive. A welknown low temperature methane oxidation route occurs through
monooxygenase at ambient conditiSh€u-ZSM-5 zeolte is also found to be active for

methane conversion at low temperatures with high methanol seledfi¥itplthough these



low temperature approaches are promising, methane conversion and kinetics limitations hinder

their applicability at the moment.

Homogenous solutiehased approaches are exemplified by the process developed by Periana
et al>3 A bipyrimidyl platinum (1) complex is used to convert 90% methane ircentrated
sulfuric acid, achieving high selectivity toward methyl bisulfate. However, hydrolysis of
methyl bisulfate and regeneration of sulfuric acid can be challenging. Other approaches such
as plasma and photocatalysis are not-esihblished and swff from high energy demands,

low product yields, and poor methane conversfdi$. To summarize, sigficant
improvement in oxygenate yields is necessary for direct methane oxidation strategies for them

to be economically feasible.

1.2.2.2 Methane reforming

Methane reforming is one of the most important steps in converting natural gas/methane to
chemicals or fual Currently there are three betstudied methods to converts methane to
syngas all of which uses a gaseous reactant: steam reforming (Reaction 1.1) in the presence of
steam, dry reforming (Reaction 1.2) in the presence of @l partial oxidatioriReaction

1.3) in the presence of oxygen. All of these reactions are performed in the presence of a
heterogeneous catalyst. Unless carried out athigfatemperatures, the use of heterogeneous

reforming catalyst is necessary as methane is a highlestasiecule.

CH,+H,0 - CO 8H, B m 215.KJ Reaction 1.
CH,+CQ, - 2CO 2H, B .m 255.%J Reaction 1..
CH,+120, - CO #H, DHy ¢ 1am = 28.5kJ Reaction 1



At present, steam reforming is a betstablished commercial approach for methane
reforming. However, it suffers from high operating cost due to the high endothermicity of the
reactions. In addition, high steam neethane ratio is required in order to minimize coke
formation. The use of large amount of steam causes additional energy penalty. Dry reforming
also suffers from catalyst deactivation caused by carbon formation from methane
decomposition reaction. Partiakidation, on the other hand, is an exothermic reaction. It is
also the only method that produces syngas with proper hydrogen to carbon monoxide ratio for
further processing in Fisch@ropsch synthesis which eliminates the need to hydrogen
separation/adtion. This makes partial oxidation a highly promising option. Within the last
few decades, many catalysts such as transition metals and some noble metals are tested and
proven active for partial oxidation of methal¥é® However, these catalysts face challenges
such as low selectivity, deactivation, and coke formation. Additionally, tbésnfer gaseous
oxygen, which needs to be generated from an air separation unit (ASU), imposes significant
capital and operating costs, making it less competitive from a process economic stand
point*42Developing a methane partial oxidation pss with minimal oxygen separation cost

is therefore highly desirable.

1.3Chemical Looping

By definition, Afany reaction scheme i-n whi ¢
reactions and proceeds through reaction and regeneration of the chieteicatdiates, is
referred to as*Mmchanita loopicgasthenie ovben propgrly designed, can
significantly reduce the irreversibility/exergy loss and increase efficiency of a reaction.

Chemical looping processes, hence, offer an alternate and potentially efficient approach for



fossil fuel conversion for both power generation and chemical production purposes. This is
done through substituting gaseous oxygen with lattice oxygen of a solid oxygen carrier. These
solid oxygen carriers, which are commonly oxides of transition mét&lare used in a cyclic

redox scheme toonvert fuels. In the reduction half cycle, the oxygen carriers are reduced and
donate their | attice oxygen to oxidize the f
transferred to a separate r ea@gadseous,oxidardsiamd r eac
regenerate back to their oxidized form through an exothermic reaction. With a proper heat
integration scheme and use of proper oxygen carriers, these processes can generate heat/power
and a separate G@ich stream (in case of usingr@onaceous fuels) which is really easy to

capture.

1.3.1 Chemical Looping Combustion (CLC)

The idea of using chemical looping for oxidation reactions goes back to the pioneering work
of Lewis and Gilliland in the 1950s when they proposed to used copper oxideaisiant for
converting syngas to carbon dioxitf¢’ Later thermodynamic studies suggested CLC as a
heat/power generation process through a fuel conversion route with less irreversibility/exergy
loss.*& 50 Figure 13 schematicallyshows the CLC process. As can be seen, carbonaceous fuel
reacts with the oxidized oxygen carrier in the fuel reactor to produce a streamaridWater
through a typically endothermic reaction. This is extremely desirable from a carbon capture
stand pant as the C@can be easily separated by condensing out the water. The exygen
depleted oxygen carriers are then exposed to air in the air reactor and oxidize back to their
original state in an exothermic reaction and produce a hot stream of nitezgdre air and/or

hydrogen, in case of using steam as oxidant, which can be later used for power generation. As



can be seen, the inherent oxygen separation completely eliminates the need to energy intensive

cryogenic ASU.

CO, and H,0 Heat and/or H,/N,

1 1

Fuel Reactor x>y Air Reactor

! |

Carbonaceous Fuel Air and/or H,0O

Figure 1.3. Chemical looping combustion schematic.

Other than providing lattice oxygen, oxygen carriers also act as heat carriers to circulate heat
between the two reactors. This can significantly increase thermal efficiency of the €ystem.

The abovementioned advantages combwniglalthe environmental concerns about greenhouse

gas emission has made CLC processes highly desirable and a great deal of research has been

dedicated to reactor design oxygen carrier development within the last three dééades.

In a CLC scheme, excellent contact between fuel and oxygen carrier is essential to extract the
oxygen from the oxygen carriers. The nature of the process also mandates cirofiliteon

redox catalyst between two reactors. Among all reacteupst circulating fluidized bed

(CFB) seemed to be the most promising option and almost exclusively used for CLC in early
studies®*>>°®CFB reactor setips are demonstrated for pilot plants up to 3 M¥"°° and

design and development of larger scale plants (1000nM#/also beguf® More recently

moving bed reactors are also studied and proved to be effective at laboratory, bench, and small
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pilot scales’>%1-%20ther reactor schemes are also proposed and tested at laborato?y®cale.
These st-ups, however, are still in the early stages of development. Progress in the oxygen

carrier development is discussed in section 1.4.

1.3.2 Chemical looping with Oxygen Uncoupling (CLOU)

Early CLC studies mainly focused on conversion of gaseous fuels suoktlzene and coal

derived syngas. With solid fuels such as coal offering lower cost on the same energy content
basis, it is highly desirable to extend the use of chemical looping for solid fuel processing. The
poor solidsolid reaction kinetics, however nders development of such processes. Chemical
looping with oxygen uncoupling (CLOU), originally proposed over 60 years®jes the

most promising method suggested for direct solid conversion in chemical looping scheme. The
process basics are similar to that of-fiesd CLC. The only difference is in the aygn
carriers. The oxygen carriers for CLOU proce
their lattice oxygen in environments with low oxygen partial pressures. The difference in
oxygen partial pressure between the lattice of the oxygen camikgaseous environment
inside the reactor allows for such oxygen release. The gaseous oxygen can then react with the
solid fuel and combust it at a much higher kinetic rate compared tesstiireaction. Other
methods such as chemical looping witksitu gasification are also proposed to tackle the low
reaction rate problerf?”> However, such processes are not very desirable as they impose

higher capital and operating costs dues to larger reactor volumes fizeded.
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1.3.3 Chemical Looping Reforming (CLR)

Chemicallooping reforming (CLR) is another variation of the chemical looping oxidation
processes in which oxygen carriers needs to be engineered to act as both an oxygen donor and

a catalyst. Because of this dual functionality, oxygen carriers are also referredts fir e d o x
catalystso in such proces £&besidetthe afdrementionegl a | i
advantages of chemical loogimprocesses, the CLR approach has the potential to minimize
catalyst deactivation and increase the selectivity of partial oxidation reaction through replacing
gaseous oxidants with much more selective lattice oxygen. To date, many oxygen carriers have
beentested for CLR applicationS.However, most of these redox dgts suffer from low

activity, low product selectivity, or deactivation due to sintering and/or coke fornfafie#.

Developing highly active, selective, and stable redox catalyst, therefore, is of high importance

and can have groundbreaking effects in refogriechnologies.

1.3.4 Challengesfor chemical looping processes

Despite all the promising advantages of chemical looping processes, they are still in the early
stages of development and face many challenges that need to be addressed. These challenges
include,but are not limited to: developing oxygen carriers/redox catalysts with higher oxygen
storage/heat capacity, selectivity, stability, mechanical integrity (to prevent attrition and
particulate emission), and more effective reactor design to improvsofdsnteraction and

heat integration. This study mainly focuses on development of next generation of redox
catalysts and understanding the kinetic mechanisms through which these redox catalysts

interact with gaseous fuel to produce syngas.
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1.40xygen Carriers/Redox Catalysts

As mentioned earlier, oxygen carrier plays a key role in chemical looping processes. This

makes it important to design oxygen carriers/redox catalyst that are specifically engineered
toward the intended application. There are numerous dpaigmeters that can be modified

for different purposes. These parameters include, but are not limited to oxygen storage, oxygen
anion transport capability, mechanical stability and attrition resistance, sintering resistance,

long term recyclability, and @ health and environmental impaé$©-88

In order to perform well, oxygen carriers should possess multiple oxidation states, be able to
readily donate their lattice oxygen though either surface reactions or uncoupling, and be
regenrable. Oxides tfansition metals such as iron, nickel, copper, cobalt, and manganese are
among the most studied materials as oxygen resefvéftMore recently, it has been shown

that thermodynamic and oxygen donation properties of the oxygen saraierbe tuned by
mixing different ration of metal oxidé$.This opens the possibility to explore though
unlimited number of combinations to synthesike material with desired thermodynamic
properties. However, most pure single metal oxides are prone to sintering due to lower melting
temperature of metals in reduced form. They also suffer from several other disadvantages such

as low reaction kinetics amqmbor oxygen anion conduction in reduced st&té€%88.%0

As a resul t, presence of a secondary Asuppo
oxi de, i'Ss necessary to overcome [rdpate®e | SSuU
Typically, supports consist of inert ceramics such as &ita AbO3 that do not contribute to

the reaction. Mixed metal oxides with various structures and oxidative properties are also

tested. In early studies, the main role of support plfemseght to be preventing sintering and
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increasing mechanical integrity of the particles. However, more recent studies showed that
even the phases that are chemically inert decrease the energy barrier for oxygen conduction
through the oxygen carriers by provig mediums with higher electronic and ionic
conductivity®® So far, more than 1000 different oxyg carrier combinations have been
developed and tested in chemical looing proceSgég445. 798088985 Among the metal oxides

tested for CLC/CLR processes, oxides of iron, nickel, copper, manganese, and cobalt attracted

the most attention®:80.93

Currently, two main strategies are followed for oxygen carrier design: 1. Design of complex,
highly active, and more stable oxygen carriers with the cost of being pricier and more harmful
to the environment; and 2. Use of cheap, less toxic, and often naturally occurring materials
with the cost of being less active and less recyclable. Our currentate$eeuses on the first

idea and understanding of how these complex structures can help increasing activity and/or

selectivity for different applications.

1.4.1 Nickel-based Oxygen Carriers

Nickel oxide is the most widely studied material as it offers a relgthigh oxygen capacity

(=20 wt. %) and high activity for carbonaceous fuel conver§istowever, its high cost, low
carbon resistance, and environmental and health concerns hinders its application for CLC.
Although close to complete methane conversion is reported on-b@getl catalysts, their

poor selectivity toward partial oxidation products makes them unattractive for CLR a¥well.
Sintering and agglomerationtieduced states is another concern about pure nickel oxide which
causes poor rexidation kinetics and makes it less recyclal€his concern, however, could

be significantly lessened by adding a support phase.
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Varioussupports such as AD3, TiO2, MgO, ZrQ, yittria stabilized zirconia, Si§)bentonite,

and sepiolite N1g4SisO15(OH)) are tested. All of these supports, however, suffer from either
deactivation due to formation of a stable complex phase under reaotiditions (AbOs,

TiO2, MgO, SiQ, sephiloite, and bentonit&)®859%8108 or stryctural instability due to
detrimental mechanical properties (Zr and Y&Z71°To address the first issue, excess
amount of ND or metals with higher tendency on forming complex compounds with the
support, can be added to the solid solution to prevent some of the nickel from forming the

secondary phagg 103105

Susceptibility to sulfur poisoning is another challenge facing the use of nickellmasee
oxygen carriers for fodsiuel processing as4$ is a common impurity in both natural gas and
coal. This can cause nickel oxide to deactivate through formation of nickel sulfide phase at
high operating temperaturé¥:!! This deactivation could be problematic even at low
concentrations of ¥6 (down to 100 ppmv) according to tests conducted on a Lized

bed reactot!?

1.4.2 Copper-based Oxygen Carriers

Copper oxideis another welstudied oxygen carrier that offers high oxygen capacity and
oxidative activity at slightly lower costs and environmental impact compared to nickel. It also
offers the option to combust solid fuels in CLOU configurations dues to its dbilitycouple

half of its oxygen content (CuO to &) at elevated temperatures. Being thermodynamically
favorable for complete combustion of fuels to Zd water, copper based oxygen carriers

almost exclusively studied for CLC and CLOU rather than CLRe Sintering problem,
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however, is much more severe compared to nickel due to significantly lower melting point of

copper. This leads to extreme defluidization in CFB configurafidns.

Addition of supports, though, is proved to significantly mitigate the agglomeration problem by
forming complex compounds that are also active for CLC applicationg)3,ATiO2, ZrOy,

Si0, and MgALO; are among the most used suppfitts:89.92.108.11215 Chgjice of support

when desiging a coppebased oxygen carrier for CLOU applications is highly important as
some supports may negatively alter the oxygen uncoupling properties of coppeang8iO
MgAl>0Os are among the supports that improved the sintering resistance and hence the

recyclability of the copper oxide while maintaining its active for oxygen uncouptht}?

1.4.3 lIron-based Oxygen Carriers

High oxygen capacity (30 wt.%) of irooxide along with its low cost and environmental
impacts have made it very desirable for chemical looping applications. However, it showed
poor activity with carbonaceous fuels and poor oxygen anion transport especially in reduced
form. Moreover, only abduw2.4 wt. % oxygen can be used for combustion in CFB reactor
configuration. This corresponds to reduction from hematiteQffeto magnetite (F©s).
Further reduction to wustite (FeO) and metallic iron (Fe) increases the selectivity toward partial
oxidation and increases syngas selectitityAlthough this issue can be alleviated using
countercurrent moving bed reactor-sps to achieve better GQ@urity through reductin to

lower oxidation states, low melting points of wustite and metallic iron causes agglomeration
problems that deactivates the particles and imposes new challenges-lirasesh oxygen

carrier design.
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Addition of inert support such as 8, TiO,, Si0;, MgAI Oz and Zrbased supports has been
shown to address the sintering issue to a great extent by providing a more stable matrix to
support iron oxide particlg§:>1.94112.12024 pragence of these supportsultl also partially

solve the selectivity decrease problem mentioned earlier by forming stable phases that prevent
reduction of iron cations further than theirrstate!?%12>126additionally, recent research on

use of mixed ionic electroniconductive (MIEC) materials, such as lanthanum cerium ferrite
(LSF), barium cerium ferrite (BCF), and calcium titanium ferrite (CTF), as supports showed
that activity of iron oxidebased oxygen carriers can be enhance by up 70 times when compare
to typical inert supported iron oxid@’ This significant increase in attributed to countarrent

diffusion of electrons and oxygemions through the lattice of the support phase.

Naturally occurring iron ores such as ilmenite could also be used as oxygen &&tfers.
However, noticeable changes in activity of such samples has been reported that needs to be
taken into account when designing the reactoupstand oxygen carrier recirculatioate.

These activations/deactivations could be due to changes in porosity and surface area of the

samples over cyclic redox reactiof&:12°

1.4.4 Manganesebased Oxygen Carriers

Similar to iron, manganese oxide is also of interest because of its minimal environmental and
health impacts and relatively low cost compareddpper and nickel. Although the highest
oxidation state of manganese is Nrits low melting/decomposition point (535 °C) makes
manganese dioxide impractical to use in CLC applicationsOMis the second highest
oxidation state that is also impractitcaluse in CLC applications as it decomposes at about

800 °C in air which is lower than typical CLC operating temperatiifédowever, it offers

16



some degree of oxygen uncoupling when converting tewhich could be used in CLOU
configurations, but temperature swing in fuel and air reactdnigirer partial pressures of
oxygen is needed to regenerate manganese & $fme. MaOs, which is the most stable
manganese oxide phase, is commonly used in CLC applications and can be reduced to MnO

to give off about 5 wt. % oxygei®

Manganese oxide generally showed poor activity wittn Isolid and gaseous fuels. Addition

of support typical inert supports such as@l TiOz, MgAI204, and SiQ did not help as they
contribute to irreversible formation of stable and unreactive pHade¥s11213Among all
supports tested with manganese, zirconia ¢YgBowed the most promisimgsults in terms

of activity increase. However, its poor mechanical properties and vulnerability to
agglomeration during redox cycling remains an isstialthough addition of MgO, CaO, and

Ce(Q are reported to improve zirconia mechanical properties, its significantly lower activity
with methane when compared to other abovementioned carriers makes its uncompetitive for

chemical looping applicatioris?

1.4.5 Cobalt-based Oxygen Carriers

Oxides of cobalt are less attractive than the other first row transition metal oxides for CLC
application. Althoup Cx04 is the most common form of cobalt oxide, its low decomposition
temperature (~900 °C) makes CoO the only practical form for CLC applications. This reduced
form of cobalt does not thermodynamically favor the combustion reaction which makes it
undesiable for CLC application® It also forms unreactive phases when combined with most

common support phases similar to mangahgsé?
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1.4.6 Mixed Oxide Oxygen Carriers

As mentioned earlier, many combination of mixed metal oxides has been tested as supports
phases. Through these testss found out that some of these mixed oxides possess oxygen
donation or uncoupling properties. This started a new area in oxygen carrier design as
practically endless number of metallic combinations with different crystal structures can be
synthesizedor different applications. Numerous combinations of the first row transition
metals have been synthesized and teSt&tDue to its low environmental impacts, high
oxygen capacity, and low cost, iron is one the most common metals in mixed oxides. It has
been mixed with copper, manganese and cobalt to make use of their uncoupling properties
while providing higher oxygen caoent with less cost4 136 Addition of small percentages of

nickel to pure iron oxides is also proved to improve its activity for methane conversion due to

nickel catalytic properties’

Perovskitestructured materials are the most studied mixed oxide materi&i®yét. These

materials which share the general forenaf ABOs.; possess several very interesting features

that make them highly desirable for chemical looping applicatiorssteftypically represents

a large cation, commonly from the alkali earth or rare earth metals, @itd B usually

occupied with asmaller transition metal. Each of these sites could also been occupied with
multiple cations. Different combinations of cations can lead to perovskites with structures
ranging from perfect cubic to orthorhombic or rhombohedral variations. Different pgesvsk

have different phase stabilities. Aseenmp i ri cal factor named AGol d

is commonly used as a reference to compare the stability of different perov&kit&Zhis
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equation, however, is not extended for materials with more than one cation in each site. The

Goldshmidt tolerance factor is defined as
0O — %N OA G | 1

with ra, s, and b being the ionic radii of the Aand B site and oxygen ions respectively. Ideal

cubic perovskites have a tolerance factor value of 1.

Perovskits can withstand moderate deviations from their oxidation stoichiometry without
collapsing their structure. This makes them a very stable oxygen carrier with minimal
regeneration issues. Recent studies also showed very fast and consistent regeneratfon kinet
even in the cases that go through phase changes during the reduction half cycle. Many different
combinations of perovskites have been tested for chemical looping appli¢afitiis>01%>

Among all these materials, L#iFe.yCo/Os.a (LSCF) showed superior performance for

CLC 138190 5,.,SFeQ; (LSF) favored partial oxidation reactiét,and CaMn@-based (CM)

oxygen carriers possessed the best CLOU propéffié&.:1511% The most important draw

backs of perovskites are low oxygen storage capacity and high cost. Our recent studies showed
that lower cost perovskites such as calciummiita ferrite and barium cerium ferrite could

also have reasonable activity when reacting with mettne.

To sum up, a great amant of effort has been devoted to synthesis and test of various oxygen
carriers. However, most of these oxygen carriers have been synthesized based on trial and error
approach or rough speculation. Therefore, development of theoretical relation to predict
thermodynamic and mechanical properties of mixed oxides is very important for a more

reliable oxygen carrier/redox catalyst design.
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1.4.7 Redox Catalyst Surface Modification

Design of an effective CLR redox catalyst is usually more challenging. Presence of a
cdalytically selective surface a vital for a redox catalyst to be functional. Some materials have
inherently reasonable selectivity toward CO and hydrogen when reducing. However, it is
usually difficult for a redox catalyst to possess both high activity ssbectivity. Surface
modification through addition of catalytically active sites to the existing active oxygen carriers

is a possible way to tackle this challenge. However, this area has not been studied extensively

yet and there are many challenges tiesd to be addressed.

1.5Summary

Rational design of stable, active, and selective oxygen carriers/redox catalysts is one of the
most, if not the most, important step in designing an effective chemical looping process.
Understanding the mechanisms through which the oxygen carriers intgttadhe fuels,
therefore, is of utmost importance. This work covers some areas for conversion of methane.
Most of the experiments have been performed in either in TGA or packed bed reactors with

short residence time to mimic the differential beduget

The second chapter focuses on the design of iron oxide based oxygen carriers with tunable
oxygen content and reduction/uncoupling properties. To do so, mixed oxidesvbf &ed

Fe-Co with various Fe:Mn/Co ratios have been synthesized. These oxygensdaaxe also

been supported on b&Srn.FeixMnyOzi, and LasSh.oFeyCo/Os.y respectively as they
showed better phase compatibility. These materials have mixed ionic electronic properties and

are added as supports t o biétyanaperfoenancenfer botha s e m
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oxygen uncoupling and methane reforming. Results confirmed that presence of a cobalt and
manganese generally decreases the initial decomposition of the mixed oxide. It is also

confirmed that different compositions of catiara be used to tune the uncoupling properties

of the mixed oxides. Presence of secondary perovskite phase is found to affect the properties

of the base oxides but the changes did not follow the same trends.

Chapters 3 and 4 discuss the effect of engimkestreictures on the performance of iron oxide
based oxygen carriers. A so called eshell structure are designed with iron oxidex(= as

the main oxygen donor in the core ana ¢S 2FeQ as the support shell. Chapter 3 focuses

on the improvementsiactivity, selectivity toward reforming products, and carbon resistance
caused by the proposed structure. Not only the presence of the mixed conductive shell did not
hinder the reducibility of the iron oxide core, but also significantly enhanced thetioeduc
kinetics, CO selectivity, and sintering resistance of iron oxide based redox catalyst. The redox
catalyst is also remained active for over 50 complete cycles with very minimal changes in its

structure.

Chapter 4 further investigates the mechanisnmutir which the corshell catalyst reacts with
methane for both complete and partial oxidation reactions. Because of the dynamic nature of
the redox catalyst, a transient pulse injection scheme is designed to investigate the product
selectivity and surfacexchange in different oxidation states throughout the reduction half
cycle. Results confirmed that the studied redox catalyst goes through multiple reduction region
with distinct mechanisms and consequently different product distributions. The nathee of t

surface, which is determined by the rate of oxygen anion conduction to the surface relative to
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the surface oxygen consumption rate, is the dominant factor in determining the selectivity of

the redox catalyst.

In chapter 5 surface catalytic modificatifor selectivity enhancement is studied. Rhodium is
chosen as the active catalyst as it reported to have very good gasification and partial oxidation
catalytic activity. Since the LSF used in the previous chapters already showed good selectivity
toward metlane formation, effect of surface modification is studied on two other mixed oxides.
CaMnQ and LaCe@s are chosen as they demonstrated lower selectivity and activity when
compared to LSF respectively. Results confirmed significant improvements on #glectiv
reaction kinetics, and overall oxygen donation of the redox catalysts. These improvements are

proved to be much more prominent at lower temperatures.
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CHAPTER 2 Iron-Containing Mixed-Oxide Composites as Oxygen Carriers for
Chemical Looping with Oxygen Uncoupling (CLOU)

2.1 Abstract

Chemical looping with oxygen uncoupling (CLOU) offers a potentially effective approach for
converting solid carbonaceous fuels with inherent carbon dioxide capture. It utilizes oxygen
carriers that allow facile andeversible exchange of their lattice oxygen with external
environment under varying oxygen partial pressures. The varying and often tunable
thermodynamic properties of mixed oxides of first row transition metals make them potentially
viable for CLOU appliations. In this study, mixed irecobalt and irormanganese oxides are
synthesized and evaluated in terms of their ability to uncouple oxygen. The effects of adding
a secondary perovskite phase on the uncoupling properties of these primary transition metal
oxides are also investigated. The experimental results indicate that different cation
compositions exhibit different oxygen uncoupling properties. The initial decomposition
temperature of the oxygen carrier sample is found to generally decrease wakimgemount

of Co or Mn. Addition of a secondary perovskite phase is found to significantly affect oxygen
donation properties of the primary mixed metal oxides. For instance, CLOU properties of
mixed FeCo oxides are enhanced by perovskite addition. itraet, oxygen carrying capacity

of mixed FeMn oxides under an isothermal condition is negatively affected by perovskite
addition. Redistribution of the transition metal cations between the primary and secondary

oxide phases is likely to be responsibledach changes in their redox properties.
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2.2 Introduction

Concerns over global climate change caused by anthropogenic carbon dioxide emission,
coupled with eveincreasing needs for energy, calls for new power generation processes with
reduced carbofootprint}? As suggested by the International Energy Agency (IEA), Carbon
Capture and Storage (CCS) represents one of the promisingemmdsolutions for the
aforementioned grand challenjén the CCS concept, GClormed in energy convems
processes is captured at the point of production, compressed, and stored. The energy penalty

of the current C@capture technologies, such as amine scrubbing, however, i$high.

The concept of cyclic redox conversion of carbonaceous fuels was proposbkdlba&entury
ago®’'MRedi scover edo atsfor ossil fleefcdneecsibn andeGOapurg, the a ¢
chemical looping concept has captured significant attention within the last two détades.

CLC scheme, lattice oxygen in a solid oxygen carrier is used to fully oxidize a carbonaceous
fuel, producing carbon dioxide and steam. The reduced oxygen carrier is then transferred to a
subsequent reactor for regeat®on with air and/or steam. The cyclic redox operation avoids

the needs for oxygen separation and reducesc@@ure cost. To date, more than 700 oxygen
carriers have been synthesiZéf.Existing oxygen carriers are generally composed of a
primary oxide (mostly first ow transiti on met al oxides) and
oxides have also been investigated. These studies have resulted in oxygen carriers with
promising activity and stability. Although CLC process has been extepsigaionstrated in
laboratory and subpilot scales for conversion of gaseous fuels like methane and syngas using
oxides of Ni and Fé? their activities for solid fuel conversion are relatively low. An

alternative chemical looping concept, known as Chemical ingopith Oxygen Uncoupling
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(CLOU) 3, has shown promise to increase the activity for solid fuel conversion. The CLOU
process takes advantage of oxygen carriers that are capable of relea=siug gaggen at low
oxygen partial pressures. As a result, solid (and gaseous) fuels are effectively combusted with

molecular oxygen evolved from oxygen carrier lattice.

Many oxygen carriers have been tested for their CLOU propétti@sides of copper,
manganese, and cobalt are among the first oxygen carrying materials that have been
investigated® Cobalt oxide is generally not considered to be suitable because of its low
decomposition temperature and health and environmental cof¢&espite its good oxygen
uncoupling properties, copper oxide, when enegtuced, face challenges such as low meting
point, sintering, and high co$Different supports are tested to address these i$ts.

Among the supports investigated, Mg@k is promising as it increases sintering resistance
and sability of coppert®172124 Othe support, such as ADs, Si0, ZrO,, etc., showed low
activities, sintering and/or attrition issué$1°2>Combinations of supports such as Mgd,

TiO2, and SiQ have also been investigated for copper oxide based oxygen c&rriers.

Compared to copper oxide, manganese oxide is relatively less studigts déiwomposes at

lower temperature than copper oxide, which could be beneficial. Howevexjdation of

Mn3O4 tends to be slow at such temperati#feRe-oxidation issue is reported to be partially
resolvable by doping of MiDs with various amounts afecondary metals such as Fe, Ni, Mg,

and C&®% Mixed oxidesresulting from secondary metal addition can lead to enhanced
structural and/or thermodynamic properties compared to their parent oxides. Such tunable
properties make these mixed oxides attractive for CLOU. Addition of secondary metal,

however, tends to rede the uncoupling capacity of Mn oxithe®** Among the various
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secondary metals investigated, woontaining samples showed the most promising
uncoupling kinetics. Azimi et &*'tested a wide range of Mn:Fe ratios and reported that all
combinations showedngoupling kinetics comparable to CuO decomposition at 850 °C. The
corresponding CLOU capacities are up to ~0.5 w.t.%. They concluded that 2:1 ratio of Mn:Fe
possessed the best uncoupling properties in terms of both oxygen release and reoxidation.
Therefore identification of supports or dopants that can increase the amount of lattice oxygen

extraction to its full thermodynamic potential is desired.

Perovskites represent another group of materials that have been tested for CLOU. These
materials have the geral formula of ABQ.;, with A-site being a large cation anddie being

a smaller cation. Ability of the perovskite structure to accommodate moderate distortions
allows almost all the elements in groups IA to IVB on the periodic table to occupy B

sites. Calcium manganite based perovskites (Cadiréde currently the most studied
perovskites for CLOU application®**Recent research focused on doping different metals to
enhance the CLOU properties of CaMzQerovskites?3° Despite their low uncoupling
capacity (0.8 wt % max), these perovskites are generally reported to be active for carbonaceous
fuel conversiort®38 Besides CLOU properties, some peskite structured materials possess
good mixed ionieelectronic conductivities and can be used as supports to enhance redox
activities of primary metal oxide§.#> Another advantage of pervoskite materials as supports

is their phaseompatibility with Fe, Co, and Mn as-8te materials. Therefore, by choosing
thermodynamically compatible ratios of metal cations, it is possible to minimize the farmatio

of undesired phases in redox reactions.
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In this study, mixed oxides of cobaton and manganeseon are studied for their oxygen
uncoupling properties. Cobalt and manganese have variable oxidation states at different
temperatures and oxygen partial ggeres. By doping them with various concentrations of
iron, mixed metal oxides with modified oxygen uncoupling properties are obtained. The effect
of perovskite supports on oxygen release from the mixed oxides is also investigated. The mixed
oxides with ahigher content of cobalt and manganese showed faster oxygen release. Addition
of the perovskite support lowered the initial uncoupling temperature of the mixed oxides.
Isothermal CLOU experiments carried out in a TGA indicate up to 2.8 w.t.% and 3.1 w.t.%

CLOU capacities for MiFe and CeFe samples, respectively.

2.3Experimental

2.3.1 Oxygen Carrier/Mixed Metal Oxide Selection and Preparation

Mixed oxides of FeCo and FeMn with the general formula of (GBei-x)30s and (MFew

y)203 (x=0.5, 0.6, 0.7, 0.8, 0.9, y=0.3, 0.45, 0.6, 0.75, @@prepared using a Solid State
Reaction (SSR) method. The ratios of the mixed oxides are chosen based on the mixed oxide
phase diagrams to cover a wide range of oxygen partial pressures. Theiahasas of iron

cobalt oxide and iromanganese oxide are presenteBigure2.1*. As can be seen from the

phase diagrams, desired oxygen uncogpigactions for these mixaxkide systems are:

(CoFe.,), Q (spingl- 3 Cp Rg, @ monoxide cupic0.5 , Reaction 2.1

3(Mnqu_y)2 QO (bixbyitg- 2( Mp Fp_y)3 Q( spingt 0.5 ¢ Reaction 2.2
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The SSR method involves mixing stoichiometric amounts of iron oxideOgFeSigma
Aldrich), cobalt oxide (C¢D4, Sigma Aldricl) and manganese oxide (M@, Sigma Aldrich)

in a planetary ball mill to form a homogeneous powdery mixture followed with pelletization
(XBM4X, Columbia International)and annealing GSL-1500X50 tube furnace, MTI
Corporation in air to promo¢ the formation of desired phases. The samples are pelletized at
15 MPa. The annealing step is carried out at 1,100 °C for 8 hours. SelectEa. (20 and
(MnyFeLy)>03 samples (x=0.5, 0.7, 0.9, y=0.3, 0.6, 0.9) are also prepared througiyel sol
method to achieve higher homogeneity. This process involves dispersion of calculated
precursors (Fe(N§s.9HO, Co(NQ)..6H20, Mn(NQGs)3, Sigma Aldrich) in deionized water
followed by addition of citric acid (CA, Sigma Aldrich, CA:total cations=2.5) and stirring at
50 °C for 30 minutes and addition of ethylene glycol (EG, Sigma Aldrich, EG:CA=1.5) and
ramping of temperature to 80 °C to complete the gelation process. The regeltisghen

dried overnight at 80 °C and sintered at high temperature to form the mixed oxide phase.

Five additional samples are also prepared to investigate the effect of perovskite support. T
ratios of Co:Fe or Mn:Fe are kept identical in primaryides and the perovskite Bite. The
weight ratio between the primary mixedide and perovskite support is 1:1 for all supported
samplesThis allows us to estimate the partition of the transition metals between the primary
oxide phase and perovskite peakanthanum androntium with 4:1 molar ratio are chosen

to beusel as the Asite in the support structure since moderate doping o&®enhance the
mixed-conductivity of perovskite& The supports, therefore, have the general formula of
Lag.sSr.2CoFerxOs.4 and La.sSr.MnyFe.yOz.4 with X and y being identical to the mixed
oxides they support.he support wapreparedhrough SSRA summary of thesmixed oxide

samples and their nominal compositions are listethivle S1.
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Figure 2.1. Phase diagrams of a)f4n oxide*® and b) FeCo oxide in air (reproduced from

FactSage oxides database)
2.3.2 Sample Characterization and Oxygen Donation/Uncoupling Experiments

X-ray powder diffractioris used tadentify the phases present in each sample. Sswajpe

crushed into fine powders and analyzed using a Rigaku Smartiraip diffractometer with

CukKU (o=0m 1542i ati on operating at 40 kV and

step size of 0.1A

and res8Ghegpece angme (AH) 5i

generate the XRD patterns.

Reducibility of the samples in 5% hydrogen (balanced with grade 5.0 argon) is determined
using Quantachrome ChemBET Pulsar Temperature Programmed Reduction/Desorption
(TPR/TPD) instrument with 5°C/min rgomg rate. A similar experiment using a Thermo
Gravimetric Analyzer (TGA, Q600 TA Instruments) coupled with a Mass Spectrometer (MS,
Cirrus 2, MKS) is performed to analyze the reducibility of the samples in 10% methane (grade

2.5, Airgas) balanced with hein (grade 5.0, Airgas).
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Oxygen uncoupling properties of the samples are tested in the TGA. Under an inert
environment, the sample temperature is increased by 20 °C/min to 950 °C and then kept
isothermally for an hour. The weight of the sample@nitored as a function of temperature.

To confirm the oxygen donation, the composition of the outlet gas is also monitored for
selected samples using the MS. The samples are also tested in cyclic oxygen uncoupling
experiments at 850 °C in helium and 10%y@en (grade 2.8, Airgas) balanced with helium to
screen their uncoupling performance/stability. Similar redox experiments are conducted in

10% methane and oxygen balanced with helismeducing and oxidizing gases, respectively.

2.3.3 Interfacial Phase Diffusion Study

Since the cations in the primary mixed oxide can also occupy-flite 8of perovskite support,
interfacial diffusion of cations may occur at the primary oxpdeovskite phase boundaries
during the annealing process depending on the thermodywlaiviiog force across the phase
boundary. Interfacial diffusion studies are performed to determine the interaction between the
primary metal oxide and perovskite support phases procedure involvgsreparing metal

oxide and MIEC pelletsvith well-defined interface(Figure2.2), high temperature annealing
(1100 °C for 8 hours)cutting and polishinghe intersectiorof the pellets, and capturing
scanning electron micrograp(&EM, Hitachi S3200and EDXpointline scans. Two samples
arepreparedo investigatediffusion betweenCo0s-LSF andMn3z04-LSF phase These two

cases are chosen to inspect whether Mn and Co cations tend to diffuse pat@tskite phase

and patrtially replace Fe cations in thesiBe.
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Figure 2.2. Schematic of cation diffusion study between two pellets with-defined

interface

2.4Results and Discussion
2.4.1 Effect of Cation Ratios on Oxygen UncouplingCharacteristics

24.1.1 Oxygen Carrier Phase Characterization

XRD is used to analyze the phases present in the samples. XRD spectra of-thoeznBd-e

Mn samples are shown Figure2.3 XRD confirms the presence of the spinel phagdsich
corresponds tdhe oxidized form of théron-cobalt mixed oxidé€® With increasing cobalt
contenf however,small peaks ofFe-Co)O (and metallic minorif phase) are detected
indicating the decomposition of mixed oxide from its oxidiz&dmixture of bixbyite and
hematite phasas formedfor 30%70% MnFe mixture. This is consistent with the-Ma
phase diagramBy increasing the Mn contenfjixed oxide structure shifted toward spinel
which corresponds to the decomposed metal oxide phastilly oxidize the samples for
subsequent uncoupling tests, samples with high Co and Mn contents are further treated at
900°C and cooled down to room temperatur&éifC/min ramp under a constant flow2ifo

O2. XRD confirmsthe formation of bixgite in FeMn and spinel in F&€o sample Figure
Al.3). The presencef the perovskite and primary mixed oxide phases in the supported

samples are also confirmed using the same metfigdré2.3).
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Figure 2.3. XRD spectra of as prepared samples before reoxidation
2.4.1.2 Uncoupling Properties of the Oxygen Carriers

Differential ThermalGravimetric(DTG) analysis is used to determine the decomposition

temperature of the samples in helium. Lorentzian peaks are fitted to the DTGigataZ 4,

original data showim Figure A15). The temperature at which the curve reaches its maximum

is reported as the decomposition temperature. The amounts of oxygen donation and

decomposition temperatures are summarirediable 2.1. As shown in the table, different

combinations of metal oxides exhibited different uncoupling behaviors. For instance,

decomposition occurs between 862 and 942 °C.
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The general trend shows that samples with a higbecentration of manganese and cobalt
lose their oxygen at lower temperatures. Celivalt samples with higher concentrations of Co
also donate more oxygen, which is consistent witlfCB&® phase diagrams presented by
Roiter and Paladin®. Maximum weight loss in iroitobalt samples is 3.21%, which is around
half of the theoretical weight loss from spinel to monoxide phase. This is also consistent with
the FeCo phase diagram at 950 {Figure A16) for Co concentrations less than 90%: oxygen
partial pressure needs to be lower thalm in order to achieve full reduction to monoxide
phase. Such a low oxygen partial pressure malganat been achieved in TGA even with ultra

high purity helium. Although phase diagram indicates that-90% CoFe sample should be

fully reducible to monoxide phase, this was not observed for the SSR sample, likely due to
non-homogeneity of the SSR samplBo confirm this, more homogeneous mixed oxide
samples are prepared using wet chemistrydetl method for selected samples. As shawn
Table 2.1, sokgel samples exhibit higher oxygen donation compared to SSR samples. This
indicates that nohomogeneity of the samples can lead to-ooifiorm iron and cobalt
distributions in the mixed oxide sample, making the mixture less prone to oxygen loss. Iron
manganese samples showed a similar trend in terms of initial oxygen donation temperature.
However, all of the samples lost comparable amounts of oxygen, which is close to the

theoretically predicted oxygen loss from bixbyite to spinel structure.
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Figure 2.4. DTG results of decomposition of unsupported samples fitted with Lorentzian

curves

Table 2.1. Decomposition temperatures and total oxygen donations from the unsupported
mixed oxidesItalic numbers in thérackets are weight loss for sggl samples, all other

samples are prepared using a ssliake reaction or SSR method)

Cation Decomposition Oxygen donation
Sample #

Composition temperature (°C) (weight %)
1 50%C050%Fe 942 1.71(1.65)
2 60%C040%Fe 916 2.65
3 70%C030%Fe 883 2.78(3.65)
4 80%C020%Fe 889 3.22
5 90%C010%Fe 862 3.7(5.5)
6 30%Mn-70%Fe 938 3.23(3.60)
7 45%Mn-55%Fe 941 3.47
8 60%Mn-40%Fe 909 3.56(3.34)
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Table 2.1Continued

9 75%Mn25%Fe 874 3.57

10 90%Mn-10%Fe 887 3.36(3.85)

2.4.2 Effect of Support Addition and Primary -Secondary Phase Interactions

24.2.1 Effect of Support Addition on Decomposition Behavior of Mixed Oxides

DTG results for supported samples are presenteigare 2.5 and their decomposition
temperatures are summarized able2.2. Figure2.6 compares the decomposition temperature

of the samples before and after addition of the perovskite supfiuet.decomposition
temperature operovskite supported samples did not show a clear trend when compared to
unsupported ones. This is likely to result from intertwined effect of perovskiteary oxide
interactions and varying mixezbnductivity of the perovskite phases. However, itéarcfrom

Figure 2.6 that initial decomposition temperatures for all the samples are decreased upon
addition of the perovskite suppofthis may indicat that either perovskite support contributes

to oxygen donation or addition of the mixed conductive support facilitates lattice oxygen
migration and decomposition of the primary mix@a@dde phase. It is also evident that the
amount of oxygen donation frof@o-Fe oxides is increased by addition of the support. This
could be attributed the contribution from the perovskite support phase, which also uncouples
its lattice oxygen. Weight loss of supported mangairesesamples, when normalized by Mn

Fe oxide cordnt, is slightly larger than their unsupported counterparts. This also confirms

oxygen donation from support phase.
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Figure 2.5. DTG results of decomposition of supported samples fitted with Lorentzian

curves

To determine the contribution of support phase to oxygen donation and weight loss, similar
tests are conducted on perovskite supports for selected samples (samples #1, 3, 6, 8). These
perovskite samples are prepared through an SSR method. The resufesantedn Figure

2.7. It can be seen that perovskites with higher concentrations of Mn and Co has higher
tendency for decomposition. This is consigtwith previously reported experimental d&ta.
Figure2.8 compares the weight loss of supported oxygen carriers with the weighted summation
of those from pure primary oxide and support respectiviebsults indicate that at lower
concentrations of Co and Mn, weight loss profiles of the supported samples at lower
temperatures are fairly consistent those of the pure perovskite, while samples with higher
concentrations of cobalt and manganese behavitasito the primary mixed oxides, i.e. they

do not lose oxygen at low temperatures. This may be due to the redistribution of the Fe/Co or
Fe/Mn cations in the primary oxide and perovskite support phases. For some samples,
especially those with highgZo and Mn concentrationsa portion of Fecation may have

migrated out of the primary oxide phase to perovskis#® thereby stabilizing the perovskite
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phase’® Co-Fe and MrFe samples also behave differently in terms of amount of oxygen
donation. The amount of oxygen loss from the supported samples is considerably higher than
the sum of serate support and primary oxide phases foiCBecontaining samples. In
contrast, FeVin mixture shows an opposite behavior. This confirms that there is a synergistic
effect between primary mixed oxide and perovskite phases. In addition, poor ionic catyducti

of LSMF may also be responsible for its relatively poor performance as a support.
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Figure 2.6. Comparison of decomposition temperature of migeidle samples before and

after support addition

Table 2.2. Decomposition temperatures and total oxygen donations from the supported

mixed oxides

Decomposition Oxygen Normalized
Sample Cation
temperature donation Oxygen donation
# Composition
°C) (weight %) (weight %)
1 50%Co50%Fe 878 1.81 3.60
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Table 2.2Continued

2 60%Coe40%Fe 854 2.51 4.99
3 70%C0e30%Fe 878 2.84 5.64
4 80%Co20%Fe 871 3.7 7.34
5 90%Co10%Fe 855 3.8 7.33
6 30%Mn-70%Fe 855 1.03 2.53
7 45%Mn-55%Fe 907 2.08 5.12
8 60%Mn-40%Fe 867 1.48 3.64
9 75%Mn-25%Fe 869 1.89 4.66
10 90%Mn-10%Fe 838 1.49 3.67
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Figure 2.7. Weight loss of the perovskite supports due to oxygen uncoupling in an inert

environment
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2.4.2.2 Interfacial Diffusion Study

Figure2.9 showsthe scanning electron micrograph thie cross section of the two phasesl

the point at which EDX scans grerformedTable2.3 summarizeshe elemental composition

of the points demonstrated in the figufeebackscattered micrograph of cobalt shows a clear
contrast at the phase boundary, which infers@uatoncentration droharply when passing
through the phase boundaiihis is confirmed with EDX linescan Figure A17). The result
indicates that Co diffusion into theddte of the LSF is minimal or that Co tends to stay in the

primary mixed oxide phase. This is understandable as increasing Co tendsibdizieston
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containing perovskite®¥. This is also consistent with the uncoupling bébiaof the supported
mixed oxides. In contrast, SEM images of theMie sample showed gradual decrease in Mn
concentration when crossing the phase boundagy(e A18). This indicates thdiffusion of
manganeseto the LSF perovskite phaseAs a result, Mn and Fe dnhabit the Bsite of the
perovskite phasd his could imply that an equilibrium ratio of Fe/Mn may exist to maximize
the stability of he composite oxide. It is noted that we only examined extreme situations under
which the diffusive driving force for Mn/Co to the perovskite phase are maximizeleph
studies of Co, Mn, and Fe containing mixed metal oxides and perovskites are outiele o

scope of current article.

050, LSF

: ¢ Point 4
Point 1 Point 2 .

Figure 2.9. Scanning electron micrograph of the phase interface of the:@<C&F and b)

Mn3Os-LSF after sintering at 1100 °C for 8 hours
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Table 2.3. Elemental composition of the cation species recorded from EDX point scan of the

pointdemonstrated iffigure2.9

Atomic %
Element
Point 1 Point 2 Point 3 Point 4
Co or Mn 2.39 98.80 99.50 4.64
Fe 60.55 1.13 0.46 57.93
La 29.07 0.01 0.00 27.36
Sr 7.99 0.06 0.03 10.06
2.4.2.3 Reducibility in Hydrogen and Methane

The oxygen donation behavior of the mixed oxides can vary depending on the reducing
environment and surface properties of the oxygen carrier. To investigate the reducibility of the
samples, decomposition temperatures of a number of samples atkitebiydrogen using

TPR. Figure 2.10 summarizeghe TPR curves for supported and unsupported-dadralt
samplesAlthough aclear trend on the indl reduction temperature of unsupporsesnple is
lacking, it is evident that addition of the perovskite support reduces the initial reduction
temperatures in all cases. Although unsupported-céafralt samples showed different
reduction temperatures, theduction behavior of the supported samples are very sifiiar.

could be interpreted as reduction of the samples being kinetically hindered i.e. although the
reduction is favoredhermodynamically, the rate of oxygen Ides the samples are slow at
lower temperaturesAddition of supports is shown to lower the reductiemperatureKigure

2.10b), likely due to increased oxygen transfer rdterrmanganese samples did not show
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distinct reduction peaks in their TPiRsults Figure A19), which may result from non
homogeneity of the sampleReduction temperatures of the samplesnethane are also
studied. The results are presented and compar&dhle2.4. As can be seerthe reduction
temperature in methane is significantly higher than in hydrobeis can be explained by the

stability of C-H bond in methane
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(a)
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Figure 2.10. TPR results of a) unsupported-€e, b) supported FEo in 5% hydrogen with

5 °C/mintemperature ramp

Table 2.4. Initial reduction temperatures of selected supported and unsupported mixed

oxides in hydrogen and methane

Reduction temperature (°C)

Sample
H2 CHa4
Fe36Co70 350450 720
FelGCo90 450 850
Fe30Co70supported 410 750
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Table 2.4Continued

Fel0Co090 supported 410 620
Fe4GMn60 500-700 700
FelGMn90 700 800

Fe40Mn60 supported 500550 700

Fel0Mn90 supported 500550 700

2.4.3 Redox Tests

2.4.3.1 Cyclic CLOU Studies

Stability over multiple redox cycles is an important performance parameter for an oxygen
carrier. Four irorcobalt and irormanganese samples were tested under cyclic redox
conditions at 850 °C, with 10% oxygen in helium as oxidizing gas. The TGA reselts a
presentedn Figure 2.11. Addition of LSCF support to FEo mixed oxide enhanced both
oxygen donation capacignd recyclability of the samples in cyclic conditions. At 80% cobalt
content, the sample exhibited stapdgformance and oxygen uncoupling capacity of more than

3 w.t.% of the oxygen carrier or 6 w.t.% with respect to the primary mixed oxide content.
Manganese containing samples, however, behaved differently. Unsuppoitéd $senples
exhibited better recyability compared to F€o samples. Addition of LSMF support,
however, significantly lowered the oxygen uncoupling capacity by preventing it from getting
oxidized back. A likely explanation is that addition of support causes Mn cations to redistribute
and oncentrate in the primary metal phase. Sincedvnched mixed oxide phase is more
prone to decomposition, it cannot be regenerate back to its oxidized form with 10% oxygen.
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Figure 2.11. Weight loss of mixed oxides in cyclic CLOU condition, a) 50% Co, b) 80% Co,

c) 30% Mn, d) 60% Mn

2.4.3.2 Cyclic Redox in Methane/Oxygen

Figure 2.12 shows the weight loss of the 4 selected samples in cyclic redox condition in
methane. As can be seen, samples are reduced significantly more in methane. Unsupported
cobaltcontaining sample gairativity over the first few cycles while Rdn sample becom

less active after multiple cycles. Addition of the perovskite support significantly affects the
redox properties of the samples when reacting with methane. Not only does support addition
increases the amount of oxygen donation by almost 2 times fo€Cbdtle and MAFe samples,

it enhances the recyclability of the samples in both cases. Notable coke formation is observed
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with fully reduced Ce~e samples, both with and without perovskite support. In contrast, due
to TGA result, coke formation is insignifiot with perovskite supported Mfe samples.
Perovskite supported &ee sample exhibited the highest oxygen carrying capacity (~17 w.t.

%), which is significantly higher than that of supported-Fnsample (~11%).
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Figure 2.12. Weight loss of mixed oxides in cyclic redox condition with 10%

methane/oxygen, a) 70% Co, b) 60% Mn

2.5Conclusion

The present study investigates oxygen uncoupling properties -6feGnd MrAFe mixed

oxides and mixed oxide composites with perovskite suppiked oxides with different
compositions exhibited varying oxygen uncoupling properties. The-cobalt samples
showed decomposition temperatures in the range of 862 to 942 °C and thoserafniganese
samples ranged between 874 and 941 °C. As a detreral, samples with higher
concentrations of cobalt and manganese exhibit lower decomposition temperature. Effects of
perovskite support addition are also investigat8dpport addition reduced the initial

uncoupling temperature of all the mixed oxidesnples by up to 8.8%. This exhibits
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synergistic effects between the primary mixed oxide and perovskite phases. When applied
under isothermal cyclic redox conditions, perovskite supporte&eCoxides exhibit higher
activity and oxygen uncoupling capacitshen compared to unsupported-Ee oxides. In
contrast, perovskite support inhibits reoxidation of-Fmn oxidesand limits their oxygen
carrying capacity. This is likely to be duettte redistribution of Mn and Fe cations in the
primary oxide and suppogphases. When compared to unsupported samples, perovskite
supported Cd-e and MrFe samples exhibited significantly higher activity, stability, and

oxygen carrying capacity for methane conversion.
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CHAPTER 3 FexOs@LaxSr1-xFeOs Core-Shell Redox Catalyst for Methane Partial
Oxidation

3.1 Abstract

Efficient and environmentally friendly conversion of methane into syngas is a topic of practical
relevance for the production of hydrogen, chemicals, and synthetic fuels. At pnestrane

derived syngas is produced primarily through the steathane reforming (SMR) processes.

The efficiencies of such processes are limited due to the endothermic SMR reaction and the
high steam to methane ratio required by the reforming catalysmiCal Looping Reforming

(CLR) represents an alternative approach for methane conversion. In the CLR scheme, a solid
oxygen carrier or Aredox catalysto is used
redox catalyst is then regenerated with @he cyclic redox operation reduces the steam usage
while simplifying the heat integration scheme. In the current study, a nox@t@eaSn.

xFeQ (LSF) coreshell redox catalyst is synthesized and investigated. When compared with
several other commoniyvestigated irorbased redox catalysts, the newly developed-core
shell redox catalyst is significantly more active and selective for syngas production from
methane. It is also more resistant towards carbon formation while maintaining high activity

over g/clic redox operations.

3.2 Introduction

As the primary component of natural gas, methane is among the most abundant organic
compounds on earthBesides being used for heat and power generation, methane can be
directly or indirectly converted into valtedlded chemgals and fuels such as ethylene,

methanol, gasoline, and/or diedéf To date, all the commercial methane conversion
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processes adopt an indirect corsien scheme. In these processes, methane is first reformed
into syngas; the syngas is then converted into chemicals and/or liquid-ftR®posed well

over a century adé'® methane reforming is carried out through the assistance of
heterogeneous reforming catalysts. To date, a large nhumber of methane reforming catalysts
with different active metals, supports, promoters, and synthesis techniques have been

synthesized and investigatét!®

Among thevarious active metals, Ni receives the most attention since it is less expensive.
When compared to many of its noble metal counterparts, however, Ni based reforming
catalysts are less active and more susceptible to deactivation by carbon formation and
oxidation!® Other common causes for catalyst deactivation include sintering and sulfur
poisoning. Compared to conventional reforming processes, thalled chemical looping
reforming (CLR) schemé?® has the potential to reduce carbon formation and sulfur
poisoning. Asndicated inFigure 31a, the CLRprocess is carried out in two interconnected
reactors, i.e. a reducer (fuel reactor) and an oxidizer (air reactor) in the presence of a transition
metal oxide based oxygen carrier, a.k.a. redox catalyst. In the reducer, the redox catalyst
partially oxidizs methane into syngas with its lattice oxygen. The oxygen deprived redox
catalyst is subsequently transferred to the oxidizer, where it is reoxidized with air. The CLR
process exposes the redox catalyst under reducing and oxidizing conditions in magoks.
Therefore, carbon (and sulfur) formation on the catalyst is expected to be small in the reducing
step and can be removed during the oxidation step, similar to the fluid catalytic cracking (FCC)
procesg?2 Another potential advantage of the CLR process is the ease of heat integration.
Unlike conventional steaimethane reforming processesich require combustion of a

fraction of the methane feedstock to compensate the endothermiersfeaming reactions,
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the heat balance of the CLR scheme is adjustable by varying solids circulation and global
methane to air ratio. Study performed by Bydndicates that a pressurized CLR system can

be about 5% more efficient than the conventional steam methane reforming pfocess.
Compared to partial oxidation of methane with gaseous oxy##rthe reactions between

methane and the redox catalyst are intrinsically safe and do not need theietegzrigiye air

sepaation step. The use of lattice oxygen and redox catalysts for selective oxidation reactions
have been explored by DuPont in theibutane to maleic anhydride procés® A similar

redox concept was explored for methane coupling reactions by researchers at the Atlantic
Richfield Company (ARCO):° Another process concept directly relates to CLR is chemical

looping combustion/gasification (CLC/CLE&Y3*> Compared to the CLC/CLG, which use an

oxygen carrier to noselectively oxidize fuels to COand steam, CLR redox catalyst or

oxygen carrier needs to selectively oxidize the fuel to syngas. The need to achieve high
selectivity towards partial oxidation products in CLR poses unique requirements for the redox
catalyst. To highlight the selectivitye qui r ement s for CLR, the ter
interchangeably with HAoxygen carriero. Such

previously reported selective redox proceg8é%3¢
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Figure 3.1. a) Schematic of the CLR procé§d) Schematic of proposed ceskell structure

redox catalyst.

Most CLR redox catalysts investigated to date are similar, if not identical, to standard oxygen
carriers in CC/CLG processe¥:1>3742 ike CLC oxygen carriers, a typical CLR redox

catd yst i s composed of a primary met al oxi de
which acts as the lattice oxygen donor, is often chosen from oxides of iron, nickel, manganese,
and coppet®>*® Although the support typically does nobreate oxygen to any significant
extent, it can enhance the reactivity, recyclability, and/or structural stability of the oxygen
carrier or redox catalysf:***°Typical supports include ceramic materials such a®AKiO;,
(stabilized) ZrQ, MgAl-04, etc1*®Notable research efforts on CLR have been devoted to the
development and testing of redox catalysts with various primary metal oxide and support
compositions. Compared to Fe, Gund Mn based redox catalysts, Ni is reported to be more
attractive due to its high activity and selectivity towards syngas form#tfétising Ni-based

redox catalysts, Proll et &l.achieved near complete conversion of methane and high

selectivity towards syngas in a 140 kWth demonstration plant. It is noted, however,
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environmental and cost concerns over Ni may hinder the use-lbhséid redox catalyst
Mendiara et al. investigated CLR of toluene and methane using Ni, Mn, and Fe based redox
catalysts. They reported low methane reforming activity for both Mn and Fe based redox
catalysts’®49 Rydén et af® tested iron oxide supported on Mg@k in a fixed bed reactor.
Addition of small amount of Ni was found to significantly enhance the activity and selectivity
of the ferrite based redox catalyst. The authors also concluded that reduction of the ferrite
materials to FeO or Fe may be desiraBBesides monometallic redox catalysts, mixed metal
oxides, suclas LaSn-xFeQ; perovskite, were also investigated for CERExcellent syngas
selectivity was observed for the perovskite based redox catalyst. However, the oxygen carrying
capacity of theedox catalyst is relatively low (-3 w.t. %). To summarize, the development
and investigation of an active redox catalyst with high syngas selectivity, activity, and lattice
oxygen carrying capacity using abundant and environmesiialftygn transition metaixides,

e.g. ferrites, is highly desired.

In this study, an E©:@ LaSrxFeQ coreshell redox catalyst with grain size less than 100

nm is synthesized and characterized for chemical looping reforming of methane. We report
successful synthesis of ceseell structure via a sajel based sequential synthesis approach.
The coreshell redox catalyst is found to be an active and stable oxygen donor. The reactivity
did not change over more than 100 redox cycles. The particles also exhibited good phase
stability. The FeOs@ LaSn-xFeQ coreshell structure is conserved after the 100 cycle redox
reactions carried out at 900 °C. Compared to otherbes®ed composite redox catalysts such

as those supported with Mg, Al20s, Yttria-StabilizedZirconia (YSZ), ad LaSrxFeQ;,

the coreshell redox catalyst is up to 200 times more reactive. The catalyst is also selective

towards syngas formation while showing satisfactory resistance towards coke formation.
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3.3 Results and Discussion

Performance of various compositeygen carriers have been investigated in recent yé&rs.

In our previous stud$ we showed that addition of perovskgtuctured mixeatonductive
support increases the reactivity of the oxygen carrier by increasing its oxygen donation rate.
The results also indicate that the mixed conductivity of the support maydoeatributed to
reactivity enhancement. In the current study, we synthesized and investigated-@xideon
based redox catalyst promoted with a mixetductive (LSF) shell. The schematic of the
proposed corshell redox catalyst is illustratéa Figure 31b. Thecoreshell arrangement can
potentially be advantageous compared to composite structures since: (i) cogfingife a
perovskite (LSF) shell can potentially enhance the structural stability and sintering resistance
of the redox material (LSF, when promoted with iron oxide, is shown to be stable under redox
conditions?); (ii) compared to the composites, the@e@ LSF coreshell structure provides a
relatively well deined surface. Therefore, improved selectively can potentially be achieved,;
(i) the absence of exposed iron oxide on the catalyst surface can potentially lead to improved
resistance towards carbon formation. These potential advantages are hinged (elattieei
oxygen (&) and electron conductivities of the LSF shell as well as a stab@:;@¢.SF
arrangement in absence of significant diffusions of the various cation species. In the following
sections, structural and phase properties of th®#RLSF coreshell redox catalyst is
presentedThis is followed with phase stability, redox activity, syngas selectivity, and carbon
formation studies of the redox catalyst. For comparison purpose, redox performances of a
number of composite redox catalysts witart (MgAI2O4 and AbOs), ionic conductive (YSZ),

and mixed conductor support (LSF) supports are also investigated and presented. Further

details regarding these samples can be found in the experimental section.
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3.3.1 Redox Catalyst Characterization

Morphologyof the asprepared composite samples, i.e@xMgAl.04, FeOs-Al 203, FeOs-

YSZ and FeOs3-LSF are observed using Scanning Electron Microscopy (SEidlire A21).

Similar to typical composite oxygen carrier samples, they are densified from sintering and/or
solid state reactions. Besides similar morphological properties, the BET surface areas of all
four samples are below 0.32/g While the soligstatereaction (SSR) method is commonly
used for oxygen carrier/redox catalyst synthesisgebkynthesis of EF©:;@LSF coreshell
structure represents an innovative concept in the present study. In order to confirm the
formation of coreshell structure, Tramsission Electron Microscopy (TEM) and Energy

Filtered TEM (EFTEM) are performed on ceskell catalyst dispersed in ethanol.

TEM images of the annealed ceskell particles and EFTEM mappings of individual elements
including Fe, Sr, La, and O ashown inFigure 32. Thebrighter areas in an EFTEM image
represent regions enriched with the element of interest. As can be seen, La and Sr are
concentratedmmthe surface of the particles whereas iron and oxygen are more homogenously
distributed throughout. This confirms the surface coverage of lanthanum and strontium on iron
oxide nanoparticles. The TEM image also indicates some degrees of agglomeratians of t
coreshell particles. This is likely to result from the high temperature annealing step, which
caused sintering of the ceséell particles. In addition, nanopatrticles of iron oxide may not be
completely monalispersed in ethanalater solution duringte particle synthesis step. Based

on the EFTEM image, the shell thickness is in the order of 10 nm whereas the diameters of
individual cores range between 20 and 60 nms. This is qualitatively consistent with the nominal

composition of the corshell partite (60 w.t.% LSF).
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Figure 3.2. TEM image (a) and EFTEM mappings (b) of the@#LaSri.xFeQ coreshell

particles.

Crystalline structure of the synthesized redox catalysts is characterized usaygp¥wder
diffraction (XRD). Figure 33 showsthe diffraction pattern of the gmepared corshell
particles in their oxidized form. As can be seen, the XRD spectra confirm the formation of the
desired LSF (perovskite) and hemaighases in the fresh sample. The diffraction pattern for
LSF corresponds to a (orthorhombic) perovskite phase, which is consistent with the synthesis
conditions. Although the XRD software (PDXL V1.8.1.0) provides a best fit for the
composition of LasShFeQ based on its limited database, the actual composition of the
perovskite may deviate from the aforementioned formula since slight variation of dopant
(La: Sr) ratio is wunlikely to be resolved by
52.1 and 72.2 cannot be resolved based on the currently available database. They are likely to
correspond to some minority mixed metal oxides phases not present in the current database.

This can be attributed to less than complete solid state reaction undedatnesly low
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(800 °C) sintering temperature for the-gel sample. These minority phases become even less
noticeable after cyclic redox reactions (Se
formation of completely covered K&@LSF structure s further confirmed by >ay
Photoelectron Spectroscopy (XPS). As shawhigure 34, theatomic ratio between (La+Sr)

and Fe on the surface of thergae is slightly higher than unity (~1.1). Considering that XRD
only shows LaSnxFeQ.i and FeOs as the primary phases in the bulk sample, we can
conclude that a uniform LSF shell is successfully coated on the iron oxide nanoparticles. The
slight higherthan stoichiometric amount of in La and Sr may arise from the minority mixed
oxides (unresolved XRD peaks) at the low sintering temperature and/or inaccuracy of XPS

analysis.

¢ Fe,O4
LSF
&
®
20 30 40 50 60 70 80

205 ——>

Figure 3.3. XRD pattern of the aprepared F€s;@ LSF coreshell particles.
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Figure 34. XPS spectra of the awepared Fg;@LSF coreshell particle.

The formation and stability of the phases in SSEOEMgAI 204, FeO3z-Al203, and FeOz-

YSZ are also confirmed using XRD (SEgures S2S54 of ESI). The XRD spectra of SSR
FexOs-LSF sample has been reported in our earlier publicitidnstrontium ferrite phase is
observed after-Bours of annealing at 1200 °C in our previous study. After exposing the
sample under redox condition, Sr and Fe in the strontium ferrite phase is ratedgo ferrite

and perovskite phases. This is an indication tHaa@ annealing period is less than sufficient
to allow complete solid state reactions among precursors aftesssai@mixing. In the present
study, we prepared a #&;-LSF sample undean extended (2Bour) annealing period. Unless

otherwise noted, composite EB-LSF sample refers to the 28 annealed sample.

3.3.2 Redox Activity Studies

Since the oxidation reactions are typically much faster than the reduction reactions for iron
based oxygen carriers/redox catalysts, we focused on characterizing the rates of reduction

reactions. Reduction of the redox catalyst samples is performed fier@wlial bedreactor.
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Figure 35 shows the conversion profiles of the redox catalysts in th&ie@uction cycle as a
function of time. The 2 reduction cycle data is presented since it exhibits a more
representative performance of the redox catalyst when compared with' tyeld. Here,
sample conversion is defined as the percentage of sample weight loss relative to its maximum
weight loss whenreduced with K Weight loss contribution from the support is also
subtracted. Therefore, 100% conversion corresponds to complete reductia®otd-Ee.
Consistent with the general design principles for differential bed reactors, very low methane
convesions are maintained in all the TGA/differential bed studies. A high conversion of

methane can be achieved in an integral bed reactoAgEndix 3.

It is noted that perovskite is reducible in both hydrogen and methane. Therefore, perovskite
support mayontribute to overall weight loss of theoBe-LSF and FeO:@LSF redox catalyst
samples. The amount of oxygen donation from perovskite support is estimated assuming no
interaction between F@; and LSF. Such estimation is considered to be conservatige sin
FeOsis more readily reducible than LSSdeFigure 36). It is noted that more than 95 w.t.%
active lattice oxygen from the LSF containing redatatyst is donated from E@s when H

is used as the reducing gaseFigure A26). > While pure LSF is more readily reducible in
methane, F£s3 still accounts for at least 70% of the total aclattice oxygen in the E©s-

LSF and FeO:@LSF redox catalysts (s&ggure A27). Since the majority of lattice oxygen
donated by the LSF containing redox catalysts is contributed by iron oxide, the redox catalysts
reported in the current study are directly comparabte ather supported iron oxide based
oxygen carriers/redox catalysss can be seen, the perovskite supported samples exhibit far
superior performance over other oxygen carriers. Between the two perovskite supported

samples, the corghell catalyst reaclsecomplete reduction within 5 minutes while it takes
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more than 6 minutes for the SSREBELSF to reach its full conversion. All the other samples

are only partially converted within the same reduction period. It should also be noted that the
nominalconversions of both perovskite supported samples drop after reaching full conversion.
The drops in conversion correspond to sample weight gain from carbon formation. Since
methane decomposition reaction and hence carbon formation tends to be catalyzed by
transition metals in their reduced states, significant carbon formation tends to occur after the
metal oxide is reduced. Unlike the perovskite samples which do not form significant amount
of carbon until complete reduction, carbon formation starts to doctine FeOs-Al>Os and
FeOs3-MgAl>04 samples when they are only reduced by about 60%. It is also noted that
significant volume expansion is observed for theCseMgAl.O4 sample over the first few
redox cycles. This is accompanied with reaction raterezdraent. The volume expansion is
likely to result from the formation of graphitic carbon, which is known to be destructive to
transition metal catalyst§.In contrast volume expansions are not identified for the two

perovskite supported samples.
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Figure 3.5. Rates of second cycle reduction for different redox catalyst samples in methane.
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Since the two perovskite samples are far more aethe carbon resistant than the other
composite samples, they are selected for further investigations in terms of reactivity,

selectivity, phase stability, and resistance towards carbon formation.

3.3.3 Reactivity and Stability Studies

Temperature Programd®ieduction (TPR) in hydrogen is used to investigate the reducibility

of both the composite and cesbell FeOs-LSF samples. To identify potential interactions
between the perovskite and hematite, the TPR curves for the individual components of the
redox caalysts, i.e. iron oxide nanoparticles, micrsimed iron oxide, and pure LSF, are also
obtained Figure 36 shows the TPR spectra of the redox catalysts and their components. As
can be seefrom Figure 36a, both iron oxide particles showed two distinct peaks. The first
peak corresponds to the reduction from@=d0 FeOs and the second one is reduction from
FexO4 to metallic iron. By fitting Lorentzian curves to the TPR patterns, the secaidipe
further decomposed into two overlapping peaks. The positions of these peaks are summarized
in Table 31. Comparedo micronsized iron oxide sample, nastzed iron oxide exhibited

much lower initial reduction temperature. The decrease in the initial reduction temperature for
nanosized iron oxide is likely to result from the particle size effect. Compared to iida ox
samples, LSF showed two less distinct reduction peaks. The first peak, which appears at around
305 AC, corr esp o nakgentlocatet dloser to thedperovskitecsunrface. fThe U
second peak, which occurs at 983 °C, corresponds to theioedotbulk lattice oxygen. The

higher peak temperatures and less distinct peaks confirm the higher stability of LSF under

reducing conditions.
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In absence of suppeprimary oxide interactions, TPR peaks of the composite and core
shell samples are expecteExlbe a summation of those of their individual components. It is
observed, however, the first iron oxide reduction peak becomes less distinct for both LSF
supported samples. This is likely to result from perovskite oxide interactions, which
stabilizethe iron oxide. In addition, the ceshell sample, which is prepared from nased
iron oxide, exhibited a E®3to F&O4 reduction peak at a much higher temperature. This again
confirms the stabilization effect of perovskite. Another interesting whsen is that the
locations of the major TPR peaks are similar for both the-sloe#f and composite samples.
This indicates that the LSF coating on iron oxide does not hinder its reducibility. Both samples
exhibited several insignificant peaks. They kkely to correspond to the minority mixed

oxide phases.
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Figure 3.6. TPR results for a) individual components b) perovskite supported redox

catalysts, in hydrogen.
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Table 31. Position and area percentage of the major reduction peaks for pure

components and supported samples.

Species Peak position (°C) Fractional peak area (%)

360 7

FeOs (Nanoparticles) 512 15
586 78

435 12

FeOs (Micron-sized) 509 8
569 80

305 17

LSF

983 83

446 16

SSR FeOs-LSF 584 54
984 30

413 29

Solgel FeOs@LSF 576 62
950 9

Although both perovskite samples exhibited similar reducibility, their rates of reduction are
found to be very different. Two quantitative parameters are taseompare the reactivity of

the coreshell and SSR perovskite supported samples. These parameters are time to reach 11%
and 33% conversions. At 11 and 33% conversions, the iron oxide in the oxygen carrier has an

average oxidation state equivalent ta®eand FeO, respectively. These parameters for the
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two samples at theirBreduction cycle are shown Figure 37. The time to reach 11% and

33% convesion are noticeably lower for the ceshell sample compare to SSR sample. This
again confirms that covering the surface of the primary metal oxides with a mixed conductive
support does not reduce their reactivity. This higher reactivity could partiadjtrideuted to

the larger surface area of the cateellsample Table 32). To determine the effect of surface
area on redox catalystso r e alwotramwealedcompeske al s o
FeOs-LSF sample. Comparing the BET surface areas of the samples, we can conclude that
surface area does not directly correlatéhe reactivity of the samples as the two SSR samples
exhibit comparable reactivity while having very different surface areas. Studies on the effect
of sintering temperature indicates that SSR sample sintered at 800 °C (identicag¢éd sol
sample anndimg conditions) is significantly less active when compared to SSR samples

sintered 1200 °CsgeFigure A212) andthe coreshell sample.

3.5

m Fe,0;-LSF 8hr sintered
3 = Fe,0,-LSF 28hr sintered
Fe,0;@LSF Core-shell
2.5

Time / min

Time to reach 11% conversion Time to reach 33% conversion

Figure 3.7. Reactivity comparisons of the cesbell and composite perovskite supported

redox catalyst.
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Table 32. BET surface area of the-psepared perovskite supported samples

Sample BET surface area (n%/g)
SSR after 8 hr sintering 0.315
SSR after 28 hr sintering 0.093
Coreshell 12.68

Redoxstability is another factor that needs to be considered when developing a redox catalyst.
Figure 38 comparesimes to reach 11% and 33% conversion for thegsbsample in different

redox cycles. Reactivity of the redox catalyst drops slightly fréno15" cycle. Although

some variation in reactivity is observed at different redox cycles, no systematic reactivity drop
is observed within 100 redox cyclestdh at its lowest activity, the coshell redox catalyst

is ~3 times more active than the SSR redatalgats. The variation may result from the
unbalanced drag force effect in the Thermal Gravimetric Analyzer (TGA) instrument since a
small amount of sample (~20 mg) was used under a high linear gas velocity to reduce external
mass transfer resistandggure 39 showsthe XRD pattern of the corghell particle after 50

cycle redox. An XPS test is also performed after redox tests to analyze the atopisitimns

of the catalyst surfac@able 33 summarizegshe XPS results of the coshell sample after

100 redox cycles. It is shown that and the {dd¥) cycle sample has a (La+Sr):Fe atomic ratio
closeto 1 (~0.91). Such aratio is close to that of a perfect perovskite. This infers that perovskite
coverage bthe particle surface is stable during the high temperature redox cycles. The XPS
results also indicate surface enrichment of strontium. Morphology of theskellesample at

in different redox stages are shownHmure 310. SEM images indicate some degree of

densification after 100 redox cycles. However, no significant change in morphology is
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observed after 100 cycles. Although the sequential ssistheethod used for coshell redox
catalyst synthesis can be expensive, the primary purpose of this study is to demonstrate the
redox performance and stability of the novel eshell concept. The reactivity and
recyclability results indicate that coatinf a primary oxide, i.e. E®3, with a mixconductive

shell does not hinder the performance of the redox catalyst. Rather, theaoinddttive shell

can potentially prevent primary oxide sintering while enhancing thear@ electron fluxes.
Therefore,novel redox catalysts with significantly improved activity and selectivity can

potentially be developed using the concept demonstrated in this study.

60

= Time to reach 11% conversion

= Time to reach 33% conversion
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Figure 3.8. Reactivity comparisons of the cestell redox catalyst in different redox cycles.
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Figure 3.9. XRD pattern of the corshell FeOz@ LSF after 50 redox cycles in

methane/oxygen.
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Table 33. Elemental compositions of the ceshell sample before and after 100 redox

cycles (Italic numbers in the brackets are atomic percentages of the cation species)

Surface atomic composition (%)
Nominal bulk atomic

After 100 redox

Element
composition (%) Fresh sample
cycles
o 60 71.77 78.23
Fe 31.86 B80) 13.18 ¢6.69 11.41 62.4))
La 6.51 (L6) 8.25 @9.29 4.54 0.85
Sr 1.63 @) 6.80 24.09 5.82 £6.73

Figure 3.10. SEM image of the oxidized coshell particle a) after sintering, b) after 5

cycles, c) after 50 cycles, d) after 100 cycles.
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3.3.4 Selectivity Study

The selectivity of the reacted samples (after 50 cycles) toward syngas is tested in the TGA by
analysingthe davnstream gases and quantifyitige amount of carbon monoxide and carbon
dioxide formedFigure 311 showsthe cumulative CO to C{ratio as a function of reduction

time for perovskite supported redox catalysts. CQ/&fo is used as an indicator for syngas
selectivity. As can be seen froRigure 311, CO/CQ ratios of both samples show similar
trend: the CO/C@ratio increases during the early stages of the reduction and flats aut afte
approaching full reduction. This is understandable since the equilibrium oxygen chemical
potential of the redox catalyst is high during early stage of the reduction. As a result, a higher
tendency for C@formation can be expected. As the oxidation st&teon oxide gets lower,
formation of CQ becomes less favored. As the active lattice oxygen gets depleted during
reduction, the CO/CPratio approaches a maximum asymptotically. Compared to the
composite sample, the cesbell sample exhibits superioefformance in terms of both real

time and overall CO selectivity. The better selectivity of the-shidl redox catalyst may be
attributed to the absence of iron oxide on the surface of theshetesample. Iron oxide, in

its fully oxidized form, has #tendency for complete oxidation of methane. The presence of

a perovskite shell can thus reduce the tendency forardation of fuels, leading to enhanced
selectivity towards syngas. The selectivity of the catalysts can be further increased by using
redox catalysts at lower oxidation states, e.g:Ckeor FeO. It is noted that hydrogen
selectivity, estimated using hydrogen mass balance a@dkbduction, is slightly lower than

CO selectivity. In the case of cesbell redox catalyst, cumulative> Helectivity is estimated

to be ~81% whereas CO selectivity is ~89%.
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Figure 3.11. Cumulative CO: C@molar ratio in the methane partial oxidation products for

the LSF supported redox catalysts

3.3.5 Carbon Formation

Resistance towardsarbon formation is another desired feature for oxygen carriers and redox
catalysts. A high tendency for carbon formation can lead to challenges including structural
failure of oxygen carriers/redox catalysts and incomplete fuel utilization. The most commo
carbon types when using a solid catalyst for fossil fuel conversion are gum, whisker carbon,
and pyrolytic coke. Whisker carbon is the most probable in steam and dry methane reforming
as it forms at low HO/C ratios and high temperatures. The reactibreugh which whisker

carbon forms are:

CH,- C+2H, Reaction 3.
2CO- C+CQ Reaction 3.
CO+H, - C 4,0 Reaction 3.
CH. - nC+m2H, Reaction 3.
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Among the abovementioned reactions, only methane decomposition (equation 1) is likely to
be important in our system. Transition metals such as iron and nickel are good catalysts for
methanedecomposition in their reduced forms. Therefore, having such metals on the surface
can lead to carbon deposition from methane decomposition. Coke formation results after 1
hour reduction are summarizedTiable 34. Fromthe TGA results, carbon formation slows
down dramatically with time for both samples. Incremental carbon formation approaches zero
(SeeFigure A2.8) after 10 minutes for both samples. This is different from typical reforming
catalysts and composite redox catalysts such as those supporte®Dpad MgAbO4. For
instance, over 2@v.t.% carbon is accumulated on Mg8k supported sample within 15
minutes. Moreover, carbon tends to accumulate on these samples steadiinevErgure

A2.9). Comparinghe coke formation results of the two perovskite supported samples, we can
conclude that covering the surface of iron oxide with structustiple mixed conductive
support can reduce the amount of coke formation by minimizing«tesare of ferrite phases,
which becomes active for catalyzing methane decomposition reaction when reduced. Although
we did not observe phase change for LSF under XRD, it is possible that a small amount of
metallic Fe is formed on the perovskite surfacdasra reducing environment. This may have
contributed to carbon formation on the csefeell sample. Further reduction of carbon
formation can potentially be achieved using a more stable roseductor as the shell
material. For both perovskite supportediox catalysts, carbon formation did not affect their
structure or reactivity over 100 redox cycles. It is also noted that the sample is exposed to
methane without the presence of gaseous oxidant. Under such a condition, carbon formation is
highly favoredthermodynamically. In our experiments, no carbon formation was observed

until complete depletion of the active lattice oxygen. This confirms the superior carbon
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resistance of the mixecbnductor supported redox catalyst when compared to traditional

reforming catalyst. Further investigations for carbon formation mechanism are underway.

Table 34. Post 100 cycle coke formation on the samples after 1 hour reduction in 10%

methane
Sample Total carbon formation (wt%)
SSR FeOs/LSF 5.78
Solgel FeOs@LSF 2.82

3.4 Conclusion

The present study investigates the activity, stability, selectivity, and carbon formation
resistance of several conventional and novel oxygen carriers/redox catalysts for the chemical
looping reforming of methaneBesides composite redox catalysts using inerb@Al
MgAIl20s), ionic conductive (YSZ), and mixezbnductive (LSF) supports, a novel caieell
FeOs@LSF redox catalyst is proposed and successfully synthesized using a sequeggial sol
method. The corshell redox catalyst is found to be 1@®00 times more active for methane
partial oxidation when compared to inert and YSZ supported redox catalysts. Tishelbre
structure and redox activity of the redox catalyst is also shown to be active over extended
(>100) redox cycles at high temperature (900 °C). In addition, thesbetematerial exhibits
superior performance over composite samples with an identical support (LSF) in terms of
reactivity, product selectivity (after multiple redox cycles), and cafibomation resistance.

The selectivity enhancement is likely to result from the gefined LSF surface, which is
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more selective than ferrites for methane partial oxidation. Improved activity can be attributed
to smaller, nanscale iron oxide cores (65m) which provide more readily accessible lattice
oxygen through the migonductive shell (~10 nm). The coverage of iron oxide with a stable
perovskite shell reduces the presence of metallic iron on the surface under a reducing
environment, leading to Veer carbon formation for the ceshell redox catalyst compared to

the composite sample. The finding of this study indicates that coating of a multivalency
transition metal oxide with a stable mixednductive shell can potentially lead to active and

seletive redox catalysts for selective redox reactions such as those in the CLR process.

3.5Experimental Section

3.5.1 Redox Catalyst Selection and Preparation

Five iron oxide based redox catalysts are investigated in this study. Among these, four samples
are ceramic @amposites composed of iron oxide £Bg 99.9%, Noah chemicals) and various
supports including magnesidvaluminum oxide (MgAdOas, 99.9%, Noah chemicals), alumina

( 1203, 99%, Noah chemicals), yttrstabilized zirconia (YSZ, Zr&8% Y03, 99%, Noah
chemtals), and lanthanum strontium ferrite {6a xFeQs.z). Magnesiurmaluminum oxide and
alumina are selected since they are commonly used oxygen carrier supports in chemical
looping processe¥:#25180 They are typically considered as inert since they do not participate

in redox conditions at any significant extent. Moreover, their ionic and electronic
conductivities are low. YSZ is chosen as the support sime@ weltknown ionic conductor.

The use of YSZAeO3 composite has also been reported in previous chemical looping
literatures$*®2 Fe,0s-LSF composite is investigated since a previoudystarried out by the

authors has confirmed high redox activity of such a mat®iehe same study also indicates
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that the mixed ionielectronic conductivity of LSF is likely to be responsible for the enhanced
redox reactivity. Thursfield et al. also proposed a similar concept of utilizing madlictive
material for chemical looping applications in their review arfitltn this study, an SSR
method similar to that reported by Galinsky et’%s used to synthesize the composite redox
catalysts. The SSR method allows the formation of an intimately mixed matrix between the
primary oxide and support. Such @ngposite structure is common to most oxygen
carriers/redox catalysts reported in the literature. Besides the four composite samples, we
attempt to synthesize a FB@LSF coreshell redox catalyst. Coating of LSF, which is
structurally stable under redoxraditions°, on iron oxide particles can potentially enlee the
stability and sintering resistance of iron oxide. A summary of these redox catalyst samples and
their nominal compositions are listedTable 35. Thenominal composition of the particles

is confirmed by subtracting the pure perovskite weight loss from total weight loss of the

particles in similar reduction time in hydrogen.

Table 35. Redox catalyst samples and their nominal compositions

Sample Characteristics
Sample descriptions Compositions (Wt%)
No. of the support
1 Composite Fg€O3/MgAI>0s  60% FeOs, 40% MgAbOa Inert
2 Composite F€3/Al 203 60% FeOs, 40% AbO3 Inert
3 Compositd=e0s/YSZ 60% FeOs, 40% YSZ lonic-conductive
4 Composite F€O3/LSF 60% FeOg3, 40% LSF Mixed-conductive
5 Coreshell FeOz:@LSF 50% FeOs3, 50% LSF Mixed-conductive
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To synthesize the composite redox catalysts, stoichiometric amount of precurseegyhezl

and drymixed together using a planetary balill (XBM4X, Columbia International) for 6

hours. The solid mixture is then pelletized using a hydraulic pressI¥T,JMTI Corporation)

under 78 MPa pressure and then annealed in air at 1200°C foo@8 using a tube Furnace
(GSL-1500-X50, MTI Corporation). For comparison purpose, a compost®FeSF sample
annealed for 8 hours is also prepared since such an annealing time was adopted by Galinsky et
al>® The resulting pellets are subsequently crushed and sieved into specific size ranges for
further daracterization and testing. Further details of the SSR method have been reported

earlier.

FeOs@LSF coreshell particles are synthesized via a sequentiagsbimethod. Briefly
speaking, the method involves coating of iron oxide Aaemticles (Sigma Aldch, <50nm)

with lanthanum, strontium, and iron precursors via a modified Pechini m&dds is
followed with amealing under an oxidizing environment to promote the perovskite shell
formation through soligtate reactions among the cations. To ensure high fluxe$ ah@®
electrons, corshell particles below 100 nms are synthesized. The annealing step sinters the
individual coreshell naneparticles into larger, micresized particles suitable for fluidized

bed applications. The specific procedure for esivell particle preparation is described below:

Stoichiometric amounts of Fe(NJ3.9H0 (98%, Sigma Aldrich)l.a(NQOsz)3.xH20 (99.9%,
Sigma Aldrich), Sr(N®@)2 (99%, Noah chemical) are dissolved in deionized water and stirred
at 30°C for half an hour. Citric acid is then added to the solution at a molar ratio of 3:1
between the citric acid and total cations. Thetsmhus kept under magnetic stirring at 50°C

for 30 minutes to form a chelating solution. Meanwhile, a separaf® Ranoparticle
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suspension is prepared by dispersing calculated amount@f fF@noparticles (Sigma

Aldrich) in ethanol (reagent grade, Sigma Aldrich) water solution (60 vol% ethanol) under
sonication. The suspension is then settled for 6 hours followed with the removal of the top
phase (extra solvent). In order to coat thegls@anoparticles, the nanoparticle suspension is
added to the chelating solution under vigorous stirring for 30 minutes at 50°C. Ethylene
glycol (99%, Sigma Aldrich) with the molar ratio of 2:1 with respect to citric acid is then
added to the suspension to paimgelformation. The liquid mixture is kept under stirring at
80°C for 2 hours to form a gel. The gel is then fired at 400°C for 2 hours to remove volatile
species. This is followed with annealing in air at 800°C for 4 hours to forrrsbetke

particleswith desired phases.

3.5.2 Sample Characterizations

Various characterization techniques are used to analyze the structural, surface, and
morphological properties of the catalyst samples. XRD is used to analyze the crystalline phases
present in each samplebefarend af t er redox tests. XRD spect
Smartiaby Xiffrac#«Omebeor adbidalt)i®in operating a
mA. A stepwise approach with a step size of

i n-80&nNyl e range (2d) is used to generate the

X-ray Photoelectron Spectroscopy (XPS, SPEES) with an Mgk U e xci t at i on
eV) and a PHOIBIS 150 hemispherical analyzer ah@bar is used to analyze the elemental
compositions on the particle surface. The specific surface areas of the samples are measured
using a BET surface area analyzer (Quantachrome, Autd3ori a 35 point physisorption

test at 77.3 K with nitrogen or ypton as the adsorbate. Prior to testing, the samples were
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crushed to below 75 micron and outgassed for 3 hours in 250°C. The reducibility of the samples
is tested wusing a Quantachrome ChemBET Pulsar temperature programmed
reduction/desorption (TPR/TPD)stiument. 5% hydrogen mixed with argon is used as the
reducing gas. Temperature ramping during the TPR experiment is 5°C/min. Sample
morphologies are characterized using Scanning Electron Microscopy (SEM, Hitachi S3200).
The same instrument is used to gaal the elemental composition of the samples through
Energy Dispersive Xay Spectroscopy (EDS). Transmission Electron Microscopy (TEM,
JEOL JEM 2010F) and Energy Filtered imaging (EFTEM) with 200 keV accelerating voltage

are also used to confirm the fornmm of the coreshell arrangements.

3.5.3 Redox Testing

Redox experiments are conducted in a differential bed reactor system composed of a computer
controlled panel for gas mixing and delivery, a TGA (STARAM SETSYS Evolution) for redox
reactions, and a quadrdpamass spectrometer (QMS, MKS Cirrus 2) for gaseous product
analyses. Total gas flow rate is maintained at 300 ml/min in all the tests. Concentrations of the
reactive gases (CHCO, R, O,) are fixed at 10%. Helium is used as the carrier gas. Product
distributions and catalyst selectivity towards syngas are determined using the QMS. Cyclic
studies (5, 50, and 100 redox cycles) are also conducted to evaluate the stability of the redox
catalysts. Carbon formation during the reduction of the redox caialydtaracterized by
combustion analysis. To do so, the redox catalyst is reduced hYo€H preset duration is
combusted with oxygen. The amount of carbon formation is determined using both TGA data
and mass spec results. The high combustion tempefatur@00 °C) ensures that the carbon

formed on the sample be oxidized to carbon dioxide and carbon monoxide. To ensure the
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accuracy of the method, calibration of the aforementioned combustion method is performed
by testing coal char with known amount oftwan. The method is shown to be accurate (+5%).

It is noted that the sample weight gain in TGA is often used to determine carbon formation.
However, such a method is found to be unreliable since the weight gain from carbon formation

can be (partially) offst by the sample weight loss from reduction.
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CHAPTER 4 Methane Partial Oxidation using FeQ@Lao.sSro.2FeOs-u Core-Shell
Catalyst - Transient Pulse Studies

4.1 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 methne valorization. The CLR process inherently avoids costly cryogenic air
separation by replacing gaseous oxygen with regenerable ionic oxygefid@ the catalyst

lattice. Our recent studies show that anGz@Lay sSi.JFeQs.; coreshell redox catalyst is
effective for CLR, as it combines tlselectivityof an LSF shell with the oxygen capacity of

an iron oxide coreThe reaction between methane and the catalyst is also found to be highly
dynamic, resulting from changes in ie& 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 E@:@LSF redox catalyst. As confirmed Isptopeexchange, the

catalyst underg® s transitions bet ween reaction i
mechanisms. While oxygen evolution maintains a modified MansKrevlen mechanism
throughout the reaction with?Oconduction being the rate limiting step, the mechanism of
methane conversh changes from an Eléjideal type in the first reaction region to a
LangmuirHinshelwoodlike mechanism in the third regioAvailability of surface oxygen

controls the reduction scheme of the catalyst and the underlying reaction mechanism.

4.2 Introduction

The recent increase in shale gas production from unconventional reservoirs has spurred

renewed interest in natural gas conversion and methane valoriZatidhpresent, most
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commercial methane conversion processes adopt an indirect approach due to its demonstrated
reliability and high product yielfl® 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), acidsashe (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 convensprocesses such as methane couglintpe overall
efficiency of indirect methane owgersion processes is limited due to #rergyintensive

nature of the gaseous oxidant generation and/or methane reforming®steps.

CH,+H,0 - CO 8H, B .m 215.KJ Reaction 4.
CH,+CQ, - 2CO 2H, B .m 255.%J] Reaction 4..
CH,+1/20, - CO #H, DH, ¢ 1am = 28.5kJ Reaction 4

Among theabovementioned reactions, the partial oxidation (POx) based reforming approach
offers the ability to produce Fisch&ropsch ready syngas. In addition, the overall reaction is
exothermic, eliminating the need for heat transfer to the catalyst bed. Anprewst POx
reactions are performed in the presence of a heterogeneous catalyst. Among the reforming
catalysts investigated to dat&'® transition metals such as R#41” and Cd%¥2! and noble
metals such as Pt, Pd, Rh, Ru, arfd4f are proven to be active for POx. However, these
catalysts face challenges such as low selectivityGtoion, and carbon formation, or their
application is hindered due to high cost. Among these, niksdd catalysts have attracted

the most attention because of their high effectiveness and relatively low cost compared to
platinum group metal®.*"?83° Hu and Ruckenstein used a transient method to study the
mechanism of methane oxidation in the presence of gaseous oxygetbasedicatalysts'
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39reporting that C@is the dominanproduct 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 El&ideal mechanism in the oxidized form to Langmuir
Hinshelwood in the reducediase. Combined C@reforming and partial oxidation on
NiO/MgO catalyst under similar conditions were also invesgi¥t@&hsed on experimental
evidences, it was catuded 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¢atalyst.
Although high CO selectivities and yields are reported feb&$ed catalysts, the high costs
associated with cryogenic air separation still hinder the apiplicaf POx based methane

reforming processes.

Compared to conventional reforming, the chemical looping strategy provides an alternative
route for methane partial oxidation in absence of gaseous oxidaht8*!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
carier 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 convé#fioin.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 energytensive air separation and/or steam genearatiot, 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 cat&lyétSo date, many redox
catalysts have been synthesized and tested undRc@iditions, most of which are composed

of a mixture of a primary metal oxide as an oxygen reservoir and an inert support to enhance
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the stability and activity of the redox cataly$f®>° Oxides of firstrow transition metals,
particularly nickel, are among the materials that received most attention because of their
catalytic properties and high oxygen carrying capacigggite high selectivity of nickddased

redox catalysts toward syngas, their tendency toward coke formation under low oxygen partial
pressuresl’®® high cost, and environmental concéfnsnpose challenges in process and
material design. Other transitiometals such as Fe and Cu are tested as well, but compared to

nickel, exhibited lower activity and/or selectivitg*

Perovskite materials are another class of materials #vat Ibeen tested. Perovskites such as
LaxSrxFe® (LSF) and LaFe® (LF) show up to 97% selectivity toward syngas
formation#6°°°® However, these materials are often expensive due to the use of rare earth
metals, and they suffer from low oxygen carrying capaéity>2Our previous studies indicate

that, by using an engineered structure of perovs&dated 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 andtloé ttee

redox catalyst®>#® Coreshell redox catalyst exhibited excellent activity, selectivity, and long
term stability, showing no signs of deactivation after 100 cy€lés.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 EF@®:;@LSF redox catalyst has been reported in our previous stlidies.
Results indicate that the methane oxidation scheme can be dividetdstinct regions: |)

deep oxidation to C& Il) competing deep oxidation to G@nd selective partial oxidation to
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CO, Ill) selective partial oxidation to CO with atdctivation, and IV) methane decomposition

and coke formation. It is also suggesteat the availability 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 correspondlingtiage

steps are yet to lmetermined.

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 confirate¢lde reaction mechanism
experiences a significant change in the second region. While the overall reaction follows a
modified Marsvan Krevlen mechanism throughout the reaction, methane conversion follows

a reaction pathway that shifts from an ERigeal type mechanism (in which methane weakly
interacts with catalyst surface) to a Langrdinshelwoodlike mechanism (in which methane
strongly adsorbs and dissociates on the catalyst surface). Results suggest that the selectivity of
syngas products isfatted by the rate of oxygen conduction as well as availability and state

of oxygen species on the surface of the redox catalyst.

4.3 Experimental

4.3.1 Catalyst Synthesis

A detailed procedure for preparing the®Gg®LSF redox catalyst is reported elsewH&Ehe
catalyst is synthesized using a Pechini meffiodl.solution of stoichiometric amounts of
Fe(NG)3.9H0 (98%, Sigma Aldrich), La(Nék.xH20 (99.9%, Sigma Aldrich), Sr(Nghk
(99%, Noah chemical) in deionized water is prepared and stirre@°&t f8r 30 minutes;

followed by the addition of citric acid (>99.5%, Sigma Aldrich) at a molar ratio of 2.5:1
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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 predatned amount (1:1 molar ratioJ&®:LSF)

of suspended E©3 nanoparticles (<50nm, Sigma Aldrich) is concurrently prepared in a 60
vol% ethanol (reagent grade, Sigma Aldrich) water solution under sonication. The suspension
is allowed to settle for 6 hoyrafter 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. Thelogypdf the

fresh and cycled particles are reported elsewtdreaddition, previous studies have reported
redox performance of pe iron oxide and/or perovskite based redox catalysts for methane
oxidation12°7°8.6%4 Therefore, the current study focuses exclusively on probing the reaction

pathways for the E®:@LSF redox catalyst.

4.3.2 Pulse Injection Experiments

Conventional steadgtate 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 steathte reaction. Furthermotée dynamic nature

of the redox catalysts makes them difficult to study using such sgtamymethods. Pulse
injection provides a very short residence time between the catalyst surface and methane,

allowing the proposal or elimination of possible reatipathways by combined injection of

102



various reactants/isotopes under transtemiditions.Figure 41 is a schematic representation

of the experimera setup used to perform the pulse injection experiments.

Vent

U-tube
reactor

Mass spec |¥

Figure 4.1. Schematic of the experimental setup used for pulse injection experiments.

Distribution and lag times of products were compared to a reference gas 786) 800, and

900°C in the three aforementioned regions: the oxidized state (region I, sample treated with 10
minute oxidation in 20% oxygen), the @00-reduced state (region I, sample treated with

15 minute reduction in 10% G@nd 10% CO), and thezHleduced state (region lll, sample
treated with 15 minute reduction in 10%)HThese three pretreatment conditions have been
confirmed to be effective to convert the fully oxidized redox catalysts into desired reaction
regions through the examination of thhases and selectivity of the pastatment redox
catalyst. To investigate the behavior of the catalyst for methane oxidation in transient pulse
injection mode, 300 pulses of 50% &HA.6 mL, balance Ar) were injected at each region with

1 minute loadingand 1 minute injection tmél he fl oadi ng ti meo refer
which the reactant gas mixtures are flowed into the sample loop to form a proper homogeneous

mi xXture prior to injection. The dnirggsée)t i on t
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flowed through the sample loop to push the reactant gas pulse into the reactudy the

effect of relaxation time (the time between two consecutive pulse injections) on the distribution
of lattice oxygen and the resulting change in CQ/&ctivity, 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 singk0% 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 aforementigieds using CP(Sigma
Aldrich, 99% purity) and®0; (Sigma Aldrich, 99% purity) at 700, 800, and 900°C. Pulses of
25% CH,and 25% C@R(1 mL, balance Ar) were introduced with 30 second loading and 30
second injection times, and the effluent was monitéoedCHs, CH:D, CH:.D>, CHD3, CO,

and CQ in order to determine the amounts of methane reacted and exchanged. Pies of
were similarly introduced over the sample-predized in®0,, monitoring the effluent for
180,, 1800, and'®0;. Finally, 0.2 mLpulses of80, (1mL , balance Ar) were injected while
injecting a broadened pulse of gdroadened by sending a 5 mL injection through a 150 mL
broadening tube), and the distribution of carbonaceous proddé®, @20, C°0,, C'¢0*0,
C!80y), isotopic lydrogen (HD, DB) and water isotopes (HDO,20) 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.
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4.4 Results and Discussions

Our previous studies indicate thidte FeO3;@LSF redox catalyst at 900 °C undergoes 3
reaction regions prior to nedepletion of active lattice oxygen, which is marked by the onset

of coke formation (region IV). The oxygen carrying capacity of the redtadyst, 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 contributedhe overall oxygen carrying capacity albeit at a lesser
extent?® Figure 42ashows the reduction pattern of the redox catalyst in a fixed bed reactor at
900°C and 10% methane (balance Ar). The region transitions are mari@dducts shift
toward CO due to the change in availability of active lattice oxygen and the nature of the active
surface siteskigure 42b compareshe selectivity of CO and GOn 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 05%.

To obtain a better understanding of the underlying mechanisms causing such selectivity shifts,
transient experiments are conducted on the-sbedl redox catalyst. To ensure that the pulse
injection mode is representative of the continuous methadatmn experiment, a long term
pulse injection run (300 pulses) was performed. The resulting methane oxigatitem
(Figure A3.1) 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 @hthe 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
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exception of the first pulse in region I). In this study, emphasis is placed on the dirtstean
third regions, as the observed behaviors indicate distinct mechanisms in these two regions.
From a practical standpoint, it is desirable to minimize region | and promote region Il to

enhance syngas selectivity.
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Figure 4.2. (a) Product evolution from the oxidation of methane onJ#@IC5F coreshell
redox catalyst, (b) Average selectivity of CO and>@Cthe first 3 regions for methane

reduction at 900°C in 10 Vol. % methane (balance Ar).

Our previous studies indicathat reaction region transitions generally correspond to the
oxidation state change of iron oxide in the redox cat8lfiigure 42b): transition from region

| to region Il corresponds to a phase change frop®#Ee:04 to FeOs/FeO whereas region

Il to region Il approximately resembles the partial reduction of wiistiésg to metallic iron.

The onset of region IV is consistent with complete reduction of the wuistite (FeO) phase to
metallic iron. To confirm that the sample pretreatment procedures presented in the
experimental section convert the catalyst to the desigidnmg, XRD isperformed Figure

43a). XRD patterns confirmed formation of #&s, FeO, and Fe after treatment irp, O

106



CO+CQ, and H respectively. The LSF phase is stable under all three treatment conditions.

Figure 43b compares the average selectivity of CO and @i@ing injectio of 5 pulses after

each pretreatment. The pulse injection selectivity datavs very good consistency with the

average selectivities at 3 corresponding regiéingufe 42b) which further confirms that the

pretreatments convert the catalyst to the desired reaction regions.
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Figure 4.3. (a) XRD pattern and assigned phases after the three pretreatment procedures
(PP): PP1, oxidation in 10% oxygen for 10 min, PR reduction in 20% CO + CO2 for 10

min, PR3, reduction in 10% H2 for 10 min to obtain samples representing the first three
regions, respectively; (b) average selectivity of CO and CO2 during 5 pulse injections after

each pretreatment at 900 1C (50 vol% methane, balance Ar)

4.4.1 Deep Oxidation Region (Region I)

Chemisorbed and surface oxygen species are generally considered to be responsible for deep
methane oxidatioff 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 catalystdreetsio the second
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region(Figure 44). Thefollowing experiments are designed to probe the amount and nature
of the nonselective surface oxygen spes, 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 reactins.
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Figure 4 4. Selectivity transition from C&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 45aillustrates the responses of,KCHs, CO, and C@(normalized by the sum

of all carbonaceous species) relative to an internal standard (Ar) in the first pulse at 900°C and
Figure 45b compares the CO and @@esponses in the first and the second pulse. The
behaviors of pulses 3 and 4 are very similar to that of the dgmdge. It is noted that Gn

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 thage@Oappears

significantly earlier than unconwed methane indicates that deep methane oxidation is
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primarily resulted from the nonselective, electrophilic surface oxygen species, which is facile
in both abstraction of the first H atom from €£&hd norselective combustion reactiofrs®

Such surface oxygen species is abundant on the fresh, fully oxidized oxygen carrier but can be
quickly consumed during the firgtilse. While such surface oxygen species can be replenished
by evolution of lattice and chemisorbed oxygen in lattice oxygen vacancfed: 0O a A

0% & A 0Oy), the rate of replenishment is significantly slower than the rate of oxygen removal
by CH/COM: (seeFigure 46). The lack of surface oxygen species for methane deep oxidation
causes the Cg{xignal todecay 06 seconddefore the peaking of methane supply. The slow
evolution of lattice and chemisorberygen species to the surface oxygen species is confirmed
by the long CQtail in the first pulse. Another evidence of slow oxygen evolution is the re
appearance of C{peaks in the subsequent pulses at a significantly smaller Begled 45b)

and its dependence on relaxattone (Figure 46), 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 thefirst pulse Figure 45a). This again confirms the naelective nature of surface
oxygen species. As illustrated Figure 45b, this delay was not observéd any of the

subsequent pulses.
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Figure 45. Normalized responses of products to injection of 2.6 mL methane (50%) at
900°C in (a) first pulse injection (GHCO, CQ, 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 apnce§@nses during

first and second pulse injections.

With the exception of the first pulse, methane conversion rate in region | is significantly lower
than that in region llIKigure 42a). Thefact that CQ, 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 #iat@ting 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 adsorption of methane. The availability of such surface
oxygen speies, 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 xgé¢no
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
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oxygen species. This can, in turn, lead to increased metwmversion and decreased CO
selectivity. As showin Figure 46, selectivity of CO increased from 4.55% to 13.83% during

the injection of 5 pulses i 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#3.7 L in the first pulse to 22.RL in thefifth pulse andncreasedack up to

24.6 L after longer relaxation. This indicates that oxygen conduction is indeeliméieg

in this region at 900°C and surface oxygen species are crucial for methane activation and
oxidation. Similar experiments are also performed at lower temperaturesn@@00°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 throughimgection of CH and CD. As can beseen inFigure

4.7a, a very small amount of exchanged products are observed in the effluent gas at 900°C.
Reducing the temperature to 8@0fowered the amount of exchandeégure 47b). This
indicatesi) low surface coverage of activated methane species aijdfacile oxidation of

sud species to Cproducts Sincetherate determining step is the oxidation reactighich

is controlled by oxygen conductigmethane dissociation and product desorption are not rate
limiting from pulse experiments}he density of active sites for methadissociationis
concluded to béow. Moreover, such active sites are likelyb® provided bysurface oxygen
species, which is affected by the rate of lattice oxygen conduction and evolgguming a
homogeneoudissociation of CHCDa, the rate of Ckldissociation is 1.67 times faster than

that of CD, at 900°C due to a kinetic isotope effé&tdowever, the observed difference

between themountof CHs and CD exchangedioes not agree with the calculated ratso
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CDs4 showed higher amouwf conversion and exchangghis further confirms that-H bond

cleavagas nottherate limitingstep

Isotope exchange experiments 0, and!0, are also performed to determine the relative
importance of oxygen evolution and bulk @onduction. The isotope exchange experiment
(Figure 48) confirmedthat the surface of the catalyst in this region is highly active for oxygen
dissodation and exchange. Within a short pulse, 0.014 mifi®latoms are exchanged with

180 from either gaseous oxygen molecule or lattice oxygen in the catalyst. This corresponds to
an average exchange rate of 2.32Xfimol/s per gram of catalyst and is ade7.7 times of

the surface oxygen considering the relatively low surface area of the cycled samp@g%.1 m
and assuming the exposure of the oxygen rich (002) crystallographic plane of LSF. The amount
of exchanged oxygen atoms also corresponds to -6f8Be total isotope oxygen atontéd)

injected and ~4.6% of the total lattice oxygen available. The significant amoufi© of
exchanged with lattice oxygetfQ?) indicates that oxygen evolution{@ A Oy & A 0*

aA OaA 0% is highly facile. Thehigh 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 thdesorption sites. This observation is similar to the bismuth molybdate re
oxidation mechanism suggested previod$R/.In absnce of gaseous oxygen, however,
replenishment of oxygen on the surface can only be achieved through lattice oxygen

conduction from the bulk under a modifisthrs-van Krevelermechanism.
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Figure 4.6. Effect of relaxation time on CO selectivity in the first region at 900°C (puse 1
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Figure 4.7. 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 4.8. Relative distribution of products in oxygen isotope exchange experiments on the

catalys 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 $f320%

(balance Ar) is injected to the redox catalyst during a broadened 5 mL pois¢haine Eigure

4.9a). The 80, injection caused over 70% increasariethane conversion and a decrease in

CO selectivity.The injectionof isotopic oxygen did not noticeably affect the formation of

carbon monoxide; rather, the additional methane converted is mostly converted fbthe O

instantaneous selectivity of G@creased from 74.25% to 84.36% durtf@. injection. The

enhancement of methane conversion withirgection again indicates that supply of surface

oxygen species determines the overall reaction rate and such oxygen species are responsible

for deep oxidtion of methane. Another observation from this experiment is that a majority of

the CQ produced with®0; injection does not contaffO. Further investigation indicates that

this is largely resulted from surface oxygen exchange between bulk latticenoagd CQ

products $eeFigure A33). It was also observed thati®®0 represents a significantly higher

portion of CQ produced at a higher space velocEjglre 49b). This indicates that'80°0
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is one of the primary products from methane oxidation 4%@7 injection. This once again

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

This abovementioned experimental evidence indicates that, in region |, oxygen evolution
follows a modifiedVars-van Krevelermechanism,.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 actiier oxygen evolution and exchange in the presence of gaseous
oxygen, the supply of active lattice oxygen from the bulk is-lratiéing when molecular

oxygen is absent. In addition, although dissociative adsorption of methane is likely to occur in
the presnce of electrophilic surface oxygen species such "ash® interaction between
methane and the catalyst surface is weak. Therefore, methane conversion can be approximated

by the EleyRideal mechanism.
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Figure 4.9. Response to a broadened pulse of methane combined with a sharp pilse of

at 900°C in the first region at (a) 50 and (b) 150 mL/min total gas flow rate.
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4.4.2 Selective Oxidation Region (Region IlI)

The third region in the reduction scheme is defined asgetiien in which activity of the redox
catalyst significantly increased and the reaction mechanism shifted predominantly towards
selective oxidation of methane to CO. The formation of active metallic sites, coupled with
slightly lower diffusive oxygen fluXdue 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 #hreaction pathways in the third region. Analysis of the product responses
when injecting a pulse of methane in this region shows that b@ahdHCO 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 seconddelay Figure 410b). Analyzing theselectivity of catalyst toward CO with
different relaxation times confirms that the methane conversion rate in Region 3 is also
controlled by oxygen conductiorFiure 411). 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 4.10. Normalized responses of products to injection of 1 mL methane (50%) at 900°C

in (a) second region and (b) third region.

Figure 47 showsthe relativeconcentrations of CKH CDs, and exchanged methane. Over 80%

of the unreacted CHand CD exited the reactor as GH, CH:D,, and CHR. This is
conclusive evidence that methane dissociation in this region is significantly faster than its
conversion, and that availability of surface oxygen controls the overall reaction rate. This also
suggests that while oxygen evolution still maintainsdified Marsvan Krevelenreaction
mechanism behavior, methane conversion shifts toward a Langhmsinelwood type
mechanism in which methane dissociates and the active surface species reacts with oxygen
species on the surface. It should be noted th&isregion, no Chlis observed in the effluent

gas at 900°C. Hu et al. reported a similar phenomenon in methane exchange experiments on
nickel catalyst’ This couldpotentiallybe attributed to thkinetic isotope effectvhich makes

CHs dissociate anatonvert more easilyReducing 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 exchangdserved in any of the regions.
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Figure 4.11. Effect of relaxation time on CO selectivity in the third region (putéehhs a

relation time of 15 seconds whereas pulséshas a longer relaxation time of 150 seconds).

As expected, oxygen isotope experiments did not $fOnand*®0*®0 in the products because
most of the injected oxygen is incorporated into the oxyagditient lattice of the perovskite

or simply oxidizes the iron cores. The trace amourf®f observed is attributable to bypass
from the catalyst. Injection of sharp pulses®¥. in a broadened methane pulse, as illustrate

in Figure 412, leads to increased CO production. 80 is produced during this experiment
and theselectivityof CO remained unchanged at nearly 100%. Such an observation confirms
a number of mechanistic insights. Firstly, surface oxygen species cannot be responsible fo
methane activation in region lll. Rather, metalike 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 DesorptiorDiffuse Reflectance Hnared Fourier
Transform Spectroscopylesults (Figure A34). 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 defic@nin the surface and bulk of the catalyst, only a very

small fraction of injected oxygen can evolve into the-selective surface oxygen speanesr
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the metalliclike methane dissociation siteSecondly, oxygen supply from the bulk still
control the m#hane 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 iodig r{@ure. Comparisoaf C80
selectivity versus €0 at different space velocities Figure 412 indicates that €0 is a
primary product aftet?O, injection and a significant portion of the additiona®@is likely to

form through subsequent oxygen exchange. It should also be noted that injection of the
broadened methane pulse in region Il pushed the catalyst to the forth regipG@srétio is

higher than 2 due to methane decomposition.
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Figure 4.12. Response to a broadened pulse of methane combined with a sharp pils of

at 900°C in the third region at (a) 50 and (b) 150 mL/min total flow rate.

4.4.3 Competing Deepand 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 metallike surface sites are exposed, thereby shifting the

selectivity toward CO. Therte scale of the product responses in this redgt@u(e 410a) is
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relatively similar to the pattern observed in the later part of the first regioc@®@selectivity
slowly increased as the catalyst becomes more redéaititional experimental data are

summarized in the supplemental document.

Isotope exchange experiments showed some degree of exchange between methange and CD
but the amount of exchange was significantly smaller compared thitderegion Figure

4.7a). Like the third region, the second region also shoavkxver amount of exchange and
conversion at lower temperaturésgure 47b). Oxygen isotope exchange did not show any
sign of exchanged productsthg injected oxygen either filled in the oxygen vacancies in the

perovskite lattice and/or oxidized the metal core, or bypassed the catalyst bed.

Based on thabovementionedexperimental evidence, it @dncludedhatmethane activation
and oxidation fdbws distinct mechanism®ver the oxidized (region 1) and reduced (region
[l) surfaces. Abundance of surface oxygen spediethe first region, which accouwsfor deep
oxidation, makes the formation of oxygenated surface species dominant; whereak ttie lac
surface oxygen on the oxygeleprived surface allows methane activation on metallic sites on
the surface. The resulting Glpecies will then react with lattice oxygen conducted from the
iron oxide core to form partial oxidation producksis is consistent with our methane TPR
data(Figure A32) as it showed methane conversion products shifts froma@@® HO (deep
oxidation by loose, surface oxygen species) at lower temperatures to CO; pdrtil
oxidation by lattice oxygen) at higher temperatures. Although lidnd inmethane 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 regiomgesést.Figure
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4.13schematicallyillustrates the mechanism change during the course of the metal oxide

reduction reaction.
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Figure 4.13. Schematics of methane activation and conversion of (a) oxidized and (b)

reduced catalyst surface (M represents metal atoms).

4.5Conclusion

This article investigates the underlying mechanisms of methane partial oxidation over
FeOs@LSF redox catalyst usingteansient pulse injection method. The dynamic nature of
reactions between methane and the redox catalyst introducesradmir reduction scheme.

In this study, a pulse injection system is used to inject sharp, transient pulses of various
reactants in dierent 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 conductianitand/o
evolution to electrophilic surface oxygen species is determined to be tHienititey step in

all the reduction regions of interest..Pe@LSF redox catalyst goes through a mechanism

change during the second region. While oxygen atoms maintaidifieddarsvan Krevlen
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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 Lanigriinshelwoodlike mechanism in the

third region (in which dissociatively adsorbed Gigecies are partially oxidized by ®pecies

on the surface). These findings indicate that redox catalysts that can inhibit the formation of
nonselective surface oxpen 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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CHAPTER5 Rh-Pr omot ed Mi xed -DempesaforedlLBet hane

Oxidation in Absences of Gaseous Oxidants

5.1 Abstract

Compared to conventional reforming, chemical looping reforming (CLR), which partially
oxides POX) methane without the presence of gaseous oxygen, offers a simpler and potentially
more efficient routefor syngas generation. This is achieved by cyclic nemhoand
replenishment of active lattice oxygen atoms in oxygen carrier particles, a.k.a. redox catalysts.
As a result, direct contact betwesinand methane is avoided in the partial oxidation reaction,
eliminating the needs for cryogenic air separatitfith redoxcatalysts being at the heart of

the CLR processes, their activity and selectivstgrucial forthe CLR performanceWhile

many redox catalysts for CLR have been developed, their activity for methane conversion,
especially at relatively low teperatures, are often limited due to the high activation energy
for the migration and raovalof lattice oxygen species. Moreover, syngas selectivity is often
less than ideal due to the neealective nature of the surfaces for many oxides. To address such
limitations, weinvestigate the effects of promoting catalytic activity of oxide surfaces for two
redox catalysts: CaMnéand LaCe@ Our findings indicate that promoting mixed oxides with

Rh can lower the onset temperature of methane POx reactionsigihas BOO®C. Over93%

syngas selectivityand 0.464 mmol syngaggramredox catalysiwvere obtained for a highly
stable, Rh promoted CaMn@t 600°C, making it a promising redox catalyst for methane POx

under a cyclic redox scheme.
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5.2Introduction

Methane the primary component of natural gas, is the most abundant organic compound on
earth! Its relative abundance and lower emission compareeéttolpum and coal has led to
renewed interests in conversion of methane to vatldeed products such as liquid
transportation fuels and chemicals. Although direct conversions of methane to chemicals such
as oxygenates, olefins, and aromatics have beensaxéty investigated within the scientific
community, they have yet to demonstrate feasible product yields from an economics
viewpoint? To date, commercial methane volarization processes are exclusively based on
indirect approaches: methane is first reformed into syngas, i.e. a mixture of COzand H
subsequently, the syngas stream is conditioned and conusiidediesired product8® As a

crucial first step, methane reforming is both capital intensive and inefficientodoeke
formation, catalyst deactivation, high endothermicity and steam requirements, and/or the needs

for cryogenic air separation units (ASU).

Compared to conventional reforming, chemical looping reforming (CLR) offers a more
efficient and cost effectivmnethane reforming route that eliminates the need of ASU. This is
realized through a redox active oxygen carrier, a.k.a. redox catalyst, which incorporates oxygen
from the air into its lattice. The active lattice oxygen is subsequently donated for methane
partial oxidation (POx). Two interconnected reactors are used to complete such a cyclic redox
process. Due to its critical importance for CLR, numerous research efforts have been devoted
to selection and synthesis of more active and selective redox tafdiy#\ typical redox
catalyst is composed of an oxygen reservoir, which is commonly a firsraagition metal

oxide, and an inert support to increase its stability and oxygen mdlSiktghough proven to

130



be effective, the aforementioned oxides face such challenges as high cost, low activity, and/or
limited selectivity due to their thermodynamic and/or kinetic properties. Nickel based oxides
are one of the more extensively studied materials. Their application, however, is hindered due
to high cost, health and environmental concerns, and coking and soifoning issue¥* 1°

The use of iron and manganese based oxide can be advantageous as they are cheap and
environmentally benign, but they exhibited low syngas selectifit@ur reent studies

showed that mixed metal oxides, such as perovskites, can be used as supports to both increase
the mechanical integrity of the oxygen reservoir and provide metallic catalytic sites for
methane partial oxidatioff.?® It is noted that such catalytic sites only present in (partially)
reduced redox catalysté?*Moreover, partially exposed iron oxide phases negatively impacts

the methane to syngas selectivity.

To improve the selectivity of the redox catalysts, two potential strategies can be adopted. The
first method is thermodynamically inhibiting ovexidation by designing redox catalysts with
suitable equilibrium oxygen partial pressuresfPSeveral recent studies reported improved
syngas selectivity using oxygen carriers and reactor configuratiahare thermodynamically
selective?”?° The second approach is to prepare redox catalysts with more selective surfaces.
One example is the ceshell structurd redox catalysts with nonselective oxygen reservoir as
the core and selective perovskite phase as the?$&llhe selectivity of such redox catalysts,
however, is limited by their surface oxidation state, which is determined by relative rates of
bulk lattice oxygen diffusiorand surface oxygen removal. The surface or loosely bonded
oxygen species of fully reoxidized redox catalysts were found to be responsible for the non
selective combustion reactioffsThis leads to the presence of a 1satective region at the

beginning of the methane oxidatio@action?>2*2? Although partially reoxidizing the core
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shell redox catalyst can significantly enhance the syngas seleétiitiseduces the overall
oxygen carrying capacity of the redox catalysts mcdeases the complexity of the process
operations. It is also noted that all the redox catalysts reported to date requires high operating
temperatures (>800 °C), this is primarily due to the low surface activity for methane activation

and the high activain energy required for lattice oxygen and/or cation migratidns.

The current work investigates an alternative strategy to improve the surface catalytic activity

of mixed metal oxides and to enhance the redaxigcof these oxides at significantly lower

reaction temperatures. Rh is selected as the promoter since it is readily reducible and highly
effective for methane activatio>® High methane combustion activity of Rh at high
temperatures and oxygen partial pressures, however, makes its application challenging. Under
more reducing environments, on the otherdhy&Rh can achieve high methane conversion and

CO/H; selectivities’®3® Since CLRbased methane POXx is carriedt amder an @ free
environment, Rh can potentially be effective for methane reforming. Two roixdéds with

different equilibrium Bs, i.e. CaMn®@ and LaCe@s, are selected. CaMrh as A oxygen
uncouplingd properties and spontaneously rel
high equilibrium B2. LaCeQ s, on the other hand, has low equilibriuge ®hich is desirable

for POx reactions from a syngas selectivity standp@&imice these mixed oxides possess both

redox activity and mixed conductive properties, they are highly recyclable without inert

support.

Our results indicate that the relative rates of bulk lattice oxyg&hd@nduction to the surface
and the surface oggn removal by the gasolids reactions, determines the selectivity of the

redox catalysts. This is particularly the case at the early state of the reaction. Presence of an
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Rh promoted surface increases the oxygen removal rate from the surface and lmbitse in

the formation of nonselective surface oxygen species from bulk lattice oxygen. This is realized
by increasing the rate for methane activation and hence more effective oxygen removal from
the surface. It is also noted that the rate of bulk lattiggex diffusion controls the overall
reaction rate for later stages of the reaction. Such a diffusion rate can be notably affected by
the surface of the redox catalysts, which provides the driving forcéfoo@luction. As such,
Rh-promoter significantlyincreases the activity of the catalysts at lower temperatures. For
instance, Rhpromoter reduces the POXx reaction temperatures by up to 300 °C. While
unpromoted CaMn@exhibits very low activity and poor selectivity at below 800 °C, the
promoted sample &ibited a maximum CO yield at 600 °C with CO selectivity above 86%
and remained active at 500 °C. Although LaGe@as inherently high syngas selectivity at
high temperatures (900 °C), it suffers from slow kinetics and becomes inactive at below 800
°C. Pomoting the LaCegx with Rh not only improve the kinetics at high temperatures, but

also reduced the onset temperature for methane conversion to 600 °C.

5.3Experimental

5.3.1 Redox Catalyst Synthesis

Two mixed oxides were synthesized for this study: Cabkn@ LaCe®@s The samples were
prepared using a modified Pechini method. Details of the method is described elsewhere. In
short, $oichiometric amounts of nitrate salts of lanthanum and cerium, or calcium and
manganesweredissolved in deionized water @dustirred for 30 minutes at room temperature

to form a homogeneous solutidditric acid is added to the solution with the molar ratio of

2.5:1 of citric acid and total cations and the solution is kept under stirring for another half an
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hour at 60 °CEthylene glycol with the molar ratio of 1.5:1 with respect to citric acdthen
added to the solutiomndtemperature of the solution is increased to 80 °C under stirring until
a homogeneous gel is formeékhe gel is then dried overnight at 100 °C and ateteat 950

°C for 8 hours.

The surface of the synthesized redox catalysts was also promoted with rhodium using an
incipient wetness method (OW&. % metallic rhodium). Rhodium nitrate salas dissolven
deionized water and proper amounts of the salutiere added to the samples in multiple
steps. The impregnated samples were then dried at 100 °C for 4 hours and fired at 950 °C for

6 hours to remove the organic compounds.

5.3.2 Sample Characterizations

PowderX-ray diffraction experimentswvere done to confirmthe formation of the desired

crystal phasesXRD patternswere obtained using a Rigaku SmartLabray diffractometer
withCukU (&=0.1542) radiation operating at 40
step size of 0.1° and residence tim@&@s econds at -&G@cih s @lpasi marmrde
used to generate the XRD patterBamilar experiments were also performed on the spent
samples to confirm their phase stabiliX~ray Photoelectron Spectroscopy (XP&grmo

Fisher Scientific Inavith anAl-K UX-ray source at an operating voltage of 20 kV and a current

of 10 mAis used to analyze near surface elemental composiBongy spectrand the single

element spectraere collected with 20 eV and 100 eV pass energy.
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5.3.3 Redox Experiments

Redcibility of the samples in methane was tested through tempe@tgeamededuction

(TPR) experiments. The experiments were performed in a thermal gravimetric analyzer (TGA,
Q600 TA Instrumenjsand in 10 vol. % methane (grade 5.0, balance Ar) t@im@erature was
increased from room temperature to 1000 °C with a 20 °C/min ramping rate and kept
isothermal for 30 minutes. The samples were oxidized at 900 °C in 20 % oxygen (ultra dry,

balance Ar) for 30 minutes prior to the experiments.

Redox experimats were performed in fixed bed configuration and in a quaitizbg reactor

(1/80 I D) with 50 mg sample | oading,gasesO0 ml /
(CH4 and Q) approximating a differential bed reactor. The reactorpuagewith argon after

each half cycle to prevent mixing of the reactiygses The samplewere holdin place using

guartz wool to prevent fluidization of the particl&eactoreffluent was analyzed using a
guadrupole mass spectrometer (Cirrus 2, MKS). To ensurecthgagy of the qualitative

analysis, a single point calibration was perfumed using a standard calibration gas (%o H

CHas, 1% CO, and 1% Cfbalance Ar) before each experiment.

Same reactor configuration was used to perform the pulse injecticcoeed (CHs and Q)
experiments. Detailed gas delivery configuration was presented elséih€odeed
experiments were done with 5 different methane to oxygen ratiog@zH 1.5, 1, 0.5, 0.2,

and 0.1) to investigate the selectivity and methane conversion of the samples at different
surface oxidation states. Concentrations of methane were kept below the flammability limit in
all experiments. The pulse injection configuratisdemonstrated iRigure 41 andexplained

in detail elsewher& This configuration allows injection of small amounts of reactjases
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on the catlyst to observe the behavior of the catalyst with minimal change in its bulk

properties.

5.4Results and Discussion

5.4.1 Redox CatalystSelection and Characterizations

Two redox catalyss are chosen for theurrent study CaMnQ and LaCe@s. Calcium
manganatés one of the mosttudied mixed oxide for chemical looping applications. Most of
the previous studies, however, focused on its CLOU propertiesexdiliits poor syngas
selectivity as one would anticipate from its high equilibriuge Bnd the catalytienethane
combustion activity for many perovskibmsed materials. The low selectividfunpromoted

CaMnQ makes itan excellentandidate to imestigate theffects of Rhpromoter

Ceria (CeQ) is another welknown material as both oxygen carrier, aupport for other
metal oxides in chemical looping applicaticfl$? Ceria is a particularly interesting material

as t has excellent mixed conductivity and is redox active. However, it suffers from poor
selectivity toward syngas whichakes it impractical for CLR applicationsrecent study also
showed that it can triggers a deactivation when used as a support foxigter® Addition of
lanthanum to ceria can potentially reese the partial oxidation selectivity of ceria by
stabilizing the metal oxygen bonds. It can also hinder coke formation by increasing the surface
basicity. In this study, LaCeis chosen as addition of more than 50 % lanthanum t@ CeO
is reported t@ause phase segregation whereas LaG&®ms a stable structure with desirable
Po2 for methane partial oxidatidi.Our preliminary results confirm excellent methane partial
oxidation selectivity and coke resistance on Lagsesample. However, it shows very slow

kinetics. This mkes it ideal for probing the kinetic improvements the Rh promoter can offer.
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Both redox catalysts aggreparedhrough a modifid Pechinimethod.XRD results Figure
A4.1) confirmedthe formation of cubic fluorite and orthorhombic perovskite structures for
LaCeQsand CaMn@samples respectively. Surface of the catalysts is then impregnated with

0.5 wt. % rhodium (metallic basis) using a wet impregnation method.

5.4.2 Methane TPR Experiments

TPR experiments are performed to investigate the effect of Rh addition on the reacthaty of
redox catalysts in methan®ifferential Thermal Gravimetry (DTG) analysis is used to
determine theeductiontemperaturgof the samples imethaneFigure 51 compareshe DTG

data of the promoted and unpromoted redox catalysts at different temperatures (weight loss
data inFigure A42). It is obvious that the presence of Rh changes their properties. The initial
reduction temperature of the CaM#i® reduced by almost 200 °C when promoted with Rh.
While the LaCe®s sampledid not show any significant weight loss until very high
temperatures (>950 °C), the promoted sample starts to reduce at around 600 °C. The larger
weight loss at lower temperatures can be attributed to changes in surface and/or bulk properties
of the redoxcatalyst.Rh is known to promote methane activatiés® Therefore, presence of

Rh on the surface of the redox catalyst can significantly enhance methane activation, leading
to more effective oxygen removal at lower temperatures. In addition to surface enhancement,
Rh could also be incorporated into the perdaesibulk structuré;? this can alter the
thermodynamic and/or ionic conduction properties of the redox catalyst. The peaks observed
at lower temperatures (~@2C) are attributed to the rhodium oxide reduction as they appear
only on the promoted samples. It is also evident that the oxygen carrying capacities oz=CaMnO

based redox catalysts are significantly higher than their LaCetinterparts.
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Figure 5.1. DTG resulys of methane TPR experiments on redox catalysts (20 °C/min

ramping rate)

5.4.3 Methane/Oxygen Redox Testing

The activity, selectivity, and coke resistance of the redox catalysts are tested hiuthe U

reactor. Redoxexperiments are performed by alternating the reactor feed at 900 °C. This
temperature is chosen to ensure all redox catalyst show some degree of oxygen donation. The
met hane/ oxygen conversions in this fixed be
differential bed operation. The coke formation is quantified by calculating the amount of CO

and CQ produced during the oxidation half cyckegure 52 compareshe CO selectivity and

oxygen donation rate of the samples during the reduction half cycle iff teed cycle (the

product concentration profiles are shownFigure A43). The CO andH: selectivity CHs

conversion, and coke formation data for the same cycleuanenarized irmable 51.
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Figure 5.2. Comparisorof CO selectivity and maximum oxygen donation rate of the redox

catalysts at 900 °C

As anticipated, the two unpromoted mixed oxides behave substantially different. Calcium
manganate shows a faster but less selective conversion of mékgmee A43a) while
lanthanum ceria is more selective but with a much lower conversiori-igted A43c). As is
typical for redox catalyst'?2242%oth samples showed a neelective region at the beginning

of the reaction. This neselective region is considerably more prominent for CapMs#ainple

and is typically attributed to surface and/or loosely bonded oxygen speciesthafieitial

CQO; peaks, both samples became selective towards methane POX.

The presence of Rh significantly affects both selectivity and conversion of the redox catalysts.
Lanthanum ceria undergoes a substantial kinetic improvement when promoted vAthuRé (
A4.3d). Thepresence of Rh on the surface increased maximum oxygen donation rate by more
than 11 times and reduces the reaction time by more than 10 times. Slight increase in CO
selectivity is also observed. The kinetic improvement is less significant for calciugamia)

which is already highly active at 90Q@ without promoters. It is obvious, however, that the
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product profiles have sharper peaks and rate of oxygen removal at the initial stages of the
reaction (~406, Figure 53) is significantly improved. In terms of selectivity, slight increase is
observed in both CO arndh selectivities. This is attributed to presence of metallic rhodium on

the surface as wibhe discussed later.

Table 51. Methane coversion, CO#gs$electivity, oxygen donation, and coke formation of

the redox catalysts during the reduction half cycle at 900 °C

(6{0) H2 selectivity %  H2 selectivity % CHa4 02 Coke
Sample selectivity (excluding H2 (including H2 converted Extracted formation

% from coke) from coke) (ml) (wt. %) (wt. %)
CaMnOs 40.08 29.34 37.18 2.13 9.18 0.29
CaMnOs + Rh 44.93 40.30 46.47 259 10.17 0.2
LaCeOss 98.21 86.76 8769 2.13 3.91 0.17
LaCeOss+ Rh 99.46 90.11 91.26 2.54 4.36 0.36

Addition of Rh increases the amounts of methane conversion and oxygen donation by about
20 and 8 % respectively for these oxidB3s increase in oxygen donation cannot be from the
rhodium oxide reduction asduction of RBOs to Rh would have accounted for no more than
0.02 wt. % oxygen, which is significantly lower than the observed oxygen capacity increase.
One potential explanation is that Rh is incorporated into the bulk structures of the mixed
oxides, tlereby changing their thermodynamic properties. This is evidenceohiyyaring the
oxygen release of the promoted and unpromoted CaMmh@levatedemperaturesHigure

A4.4). Theother possible explanation is the kinetic effect as the presence of Rh on the surface

canimprove methane activatioBnhancements in surface reaction rates can in turn accelerates
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therates of lattice oxygen removal and increase oxygegingrcapacity of the redox catalysts

under the 15 min reduction half cycle.

--lLaCeQ3.5
LaCe03.5+Rh
-CaMnO3
-~-CaMnO3+Rh

0% extraction rate (umol/s)

35 4
Time (min)
Figure 5.3. Oxygen extracted from the redox catalysts during the initial stages of the

reduction at 900 °C in 10% methane

To determine the effects of Rh promoter, XPS experimentspar®ormed. Table 52
summarizeshe near surface conueations of the elements in both oxidized and reduced forms
after five complete redox cycles at 900 °C. Near surface concentration of Rh onslsabdO
CaMnQG remained4-5 and 35 times higher than the nominal amount of Rh added. This
confirms rhodium is enriched on the surface. Hence, improving the surface methane activation
is likely to be a more important reason for the enhancement of oxygen carrying capacity. These
enrichments, although noticeable, cannot rule out the possibility of Rh incorporating in the

oxide lattices, considering the low surface areas of these oxidesH(g).
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Table 52. Near surface atomic elemental composition of the redox catalysts in reduced and

oxidized state after 5 methane/oxygen cycles

Average Rh- Rh-
Unpromoted- Unpromoted-
Element based on Rh promoted promoted
Ox Red
loading Ox Red
LaCeQss
Ce 18.13 5.27 5.62 3.49 4.26
La 18.13 12.65 11.58 14.16 12.26
Rh 0.30 0.0 1.52 0.00 1.18
O 63.45 82.08 81.28 82.35 82.31
CaMn(8
Mn 19.97 8.97 8.66 5.73 5.98
Ca 19.97 23.52 23.88 24.23 23.07
Rh 0.14 0.00 0.43 0.00 0.67
@) 59.92 67.51 67.03 70.03 70.27

5.4.4 MethaneConversion in the Presence of Gaseous Oxygen

To determineeffect of Rh on surface methane activatimethaneoxygen cofeed experiments
areconductedon the LaCe@s-basedsamplesThe steady state cofeed experiments are only
performed on LaCef3¥-based saples as they demonstrated higher concentrations Rh near the

surface when promoted with rhodiuffive methane to oxygen ratios are used@8l4: 1.5,
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1, 0.5, 0.2, and 0.1). Results ateownin Figure 54. As expected, the CO selectivity on the
unpromoted LaCe®increased from 9.5% to 44.7% with decreasingCBls ratio. In
comparison, CO selectivity is 98.2% under the redox mbls.indicats that surface/loosely
bonded oxygen species are likely to be responsible for methane stoonbreactionsin
addition, the redox reaction is likely to be limited by bulk lattice oxygen conduction as
evidenced by significantly higher methane conversitesra the presence of gaseous oxygen
The immediate shift in selectivity observed on the unpromoted samples under redox mode
indicates that the neselective oxygen species cannot be replenished by bulk oxygen
conduction whereas constant supply of gaseaygen instantly reloads the surface with these

species.

Continuous experiments on the-Rlomoted catalyst show notably different results. Methane
conversion increases at higher oxygen concentrations and hit a plateau around 20CHaat O
ratios above.:1. Syngas selectivity, however, increases with decreasing the ratio. This causes
CO yield to hit an optimum at£CHa of 1:2 which is the exact stoichiometric ratio needed for
partial oxidation reaction. Higher methane conversion is observed at mostoWs@atios
compared to the unpromoted sample. This is consistent with the presence of reduced Rh as the
active siteon the surface for a faster methane activation. The promoted sample also showed
improved CO selectivity, especially at lower2:OHs ratios. Increasing the oxygen
concentration of, oxides the Rh on the surface, leading to deep oxidation reaction agdvidenc
by lower CO selectivities at highern@Hj ratios. Theseobservations illustrate that presence

of Rh on the surface substantially changes methane activation rate and mechanism. The

important effect of faster methane activation on the bulk oxygen diffusievidenced by the
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more significant activity enhancement caused by Rh under the redox mode compared to the

co-feed.
120 - - 12 120 — 60
M CO selectivity Wl CH, Conversion {a) M CO Selectivity Ml CH, Conversion {b)
M CO Yield Wo.C i M CO Yield 0,C i
100 F 1, Conversion { 10 100 F iel M 0, Conversion 1 50
® ®
Z 80 | {8 Z80 4 40
8 238 L
%60- -sgéc)':so {302
o g g o]
7] ]
g 40 | 44 940 | 20
c c
S S
20 b {2 20 4 10
0 0 0 0
0.1 0.2 0.5 1 1.5 0.1 0.2 0.5 1 1.5
0,:CH, 0,:CH,

Figure 54. Comparison of CO selectivity/yield and methane/oxygen conversion during
methaneoxygen cofee@xperiments using (a) unpromoted and (b) promoted La&based

redox catalyst

5.4.5 Pulselnjection Experiments

Pulse injection experiments are performed to investigate the effect of bulk oxygen conduction
and surface evolution on the conversion and seléctvithe catalyst. The procedure for these
experiments are detailed in our previous stutfids.each experiment, 20 pulses of methane
(50 vol. % balance Ar) are injected on the catalyst in the oxidized form. These experiments are
performed with two different relaxation times of 30 seconds and 2 minutes between the pulses.
The relaxation allows atitional time for lattice oxygen to diffuse through the bulk of the

catalyst and evolve on the surface to replenish the oxygen deprived reaction sites.

Figure 55 andFigure5.6 showthe CO selectivity and oxygen removal at 900 °C during each
pulsefor CaMnQ-based and LaCef3-based redox catalysts respectively. The unpromoted
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CaMnQ sample demonstrates completely rsahective behavior regardless of the relaxation
time. This strongly supports rapid supply of oxygen supply to the suif@edrh-promoted
sample, however, shows a transition to selective partial oxidation after the first few pulses.

This transition is consistent with the generation of reduced Rh on the surface.
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Figure 55. Comparison of CO selectiyitat each methane pulse injection on (a) CaMnO

based and (b) LaCe@based redox catalysts at 900 °C

Pulse injection data on the LaCg£basedatalysts clearly shows that a higher relaxation time
leads to a much less selective behavior on the unpromoted sample. Far less oxygen extraction
and methane conversion is also observed during the pulse injection on the unpoatabystl

(Figure 56). This is consistent with the poor methane activation and slow overall kinetics of
the LaCeQ@ catalyst combined with low methane concentration in pulsgection
configuration.Further analysis of the pulses shows that at a similar oxygen content (after the
51 pulse with 2 min relaxation and ®@ulse with 30 sec relaxation), more than 2.5 times more
oxygen atoms are removed from LaGe@When it relaxed longer, suggesting that oxygen

anion diffusion is the rate limiting step. Lower CO selectivity after a longer relaxation suggest
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that the norselective pathway is more dependent on type or concentration of oxygen at the
surface. Assuminghat the injected methane pulse completely depletes the accessible surface
oxygen species, the average rate of oxygen conduction to the surface is calculated to be
2.38x10? and1.52x102 during the first 30 seconds and two minutes respectively. Thesesvalue
are an order of magnitude lower than the initial rate of oxygen release from $aQader

redox mode (0.343 umol/s). This explains the slow kinetics and quick shift to selective

pathway at the initial stage of the LaGa@eductionin methane.

The prsence of Rh significantly enhances the performance of the redox catalyst. Not only
does it increase the methane conversion, but also it keeps the catalyst surface completely
selective after the first pulse. Similar to the CaMi@sed catalyst, presencemoétallic Rh
increases the selectivity. Rhodium atoms are less likely to be oxmlizeaiCe@ s as its lattice

oxygen is more tightly bonded than CaMnn@he presence of active Rh sites on the surface

of both redox catalysts can increase the number ofadetl methane species on the surface.

This increase in the methane activation kinetics reduces the surface to a greater extent as it is
evidentin Figure 56. This drives the catalyst to the selective region much faster (a@er 5

pulses in the Chbased and a single pulse indb@sed catalysts).
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Figure 5.6. Comparisorof oxygen donation at each methane pulse injection on (a) C&MnO

based and (b) LaCe@based redox catalysts at 900 °C

5.4.6 Effect of Temperature on Redox Properties

In order tomore clearly illustrate the kinetic improvement effect of Rh, redox experiraents

run at lower temperatures (800 and 700 e unpromoted LaCeQlid not show notable
activity/selectivity at these temperatures as expected from the methane TPRFegukss7

shows the selectivity and maximum oxygen donation rates at lower temperatures. Product
profiles are demonstrated Figure A45. As expected, CaMngxcatalyst demonstrates lower
activity for methane conversion at lower temperatures. A significant drop in CO selectivity is
also observedTable 53). At lowertemperatures, slower oxygen extraction from the catalyst
might be expected to contribute to a higher partial oxidation selectivity. HowgabmQ;,

which is a known lowtemperature chemical looping combustion matédalappears to
activate methane for deep oxidation until the surface and loosely bonded oxygereieddepl
after which the catalyst doesnét show any ac

cannot be replenished with methane activating oxygen species either because of the low
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inherent oxygen diffusivity at these temperatures, or low cheatahtials of lattice oxygen.

The latter can be alleviated by providing additional methane activation sites.
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Figure 5.7. Comparison of CO selectivity and maximum oxygen donation rate of the (a)

CaMnQ-based and (b) LaCe®@based redox catalysts at different temperatures

Redox experiments on the fhomoted samples showed more significant effects at lower
temperaturesHigure 57). As shownin Table 53, unlike the unpromoted CaMnrOCO
selectivity of the promoted samples meaningfully increases with decreasing temperature.
Decreasing the temperature seems to suppress the initiafo@@ation and elongate the
selectiveregion Figure A46, FigureA4.7). While, unpromoted CaMng&sample did not show
noticeable activity at temperatures lower than 700 °GpRmoted sample experienced its
best methane conversion at 600 °C. This higher coivedoes not correlate with higher
oxygen donation, but rather the lower stoichiometric amount of oxygen consumed in selective
partial oxidation. The aforementioned trend continued down to 600 °C. At lower than 600 °C,

slow kinetics hindered the reactiondareduced methane conversidrhe lower reaction
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temperature and less reduced surface contribute to less coke formation. Above result shows

that at 700 °C and lower, presence of Rh sites increases the oxygen release of the CaMnO

Similar trend isobserved on the LaCe®basedsamples with more dramatic kinetic
improvement(Table 54, Figure A48). While the unpromoted samples does not show any
activity at 800 °C and below, the promoted samples remained active down to 600 °C with
initial oxygen release rate higher than that of the unpromoted sample at 900 °C. This, again,
confirms that providing mbgane activation sites on the surface allows for more oxygen
extraction from the redox catalysts even at lower temperaftiissoncluded that activation

of the GH bond controls the extent of oxygeemoval.

Table 53. Methane coversion, CO#gs$electivity, oxygen donation, and coke formation of

the CaMnQ@-based redox catalysts during the reduction half cycle

CcoO H2 selectivity  Ha2 selectivity CH4 Oz Coke

Temperature  selectivity % (excluding % (including converted Extracted formation

% coke) coke) (ml) (wt. %) (wt. %)

o 900 40.08 29.34 37.18 2.13 9.18 0.29
g 800 26.85 15.71 20.73 1.80 8.79 0.12
g’ 700 12.28 10.94 13.24 0.80 4.14 0.02
900 44.93 40.30 46.47 2.59 10.17 0.32

3 800 48.23 58.49 62.54 2.57 8.62 0.30
g 700 56.63 74.70 76.64 2.86 7.93 0.25
6_'-% 600 86.10 97.14 97.17 3.68 6.29 0.04
500 87.90 100.00 100.00 1.39 2.02 0.00

149



Table 54. Methane coversion, CO#gs$electivity, oxygen donation, and coke formation of
the LaCeQ@s-based redox catalysts during the reduction half cycle (The selectivites of

unpromoted sample at 800 and 700 °C are not very accurate due to low signal to noise ratio)

CcoO H2 selectivity  H2 selectivity CH4 02 Coke

Temperature  selectivity % (excluding % (including converted Extracted formation

% coke) coke) (ml) (wt. %) (wt. %)
900 98.21 86.76 87.69 2.13 3.91 0.17

o
:Jé ‘é 800 62.10 59.16 63.66 0.32 0.99 0.02
g_ 700 52.93 36.50 44.43 0.31 1.2 0.03
900 99.46 90.11 91.26 2.54 4.36 0.36
E 800 98.85 100.00 100.00 2.10 2.60 0.21
%_ 700 98.69 100.00 100.00 1.85 1.94 0.19
é 600 98.19 100.00 100.00 1.23 1.19 0.14

In order to better differentiate the bulk and surface efteatsodium on the redox performance

of the catalysts, apparent activation energies of the lattice oxygen removal reaction and
methane activation reaction are calculated for both continuous redox and pulse experiments.
To do so, pulse experiments are conddcat two lower temperatures for CaMylaased
samples (results are not presented here for brevity). While the transient pulse experiments limit
bulk transport effects, the redox reactions can be controlled by both bulk thermodynamics and
surface properteof the catalyst. Comparing the effects of Rh on activation energies in these
two reaction modes enables us to comment on the prominent role of rhodium. The temperature
dependence of the reaction rates can be expressed as an Arrhenius equation. The maximu

oxygen donation or methane conversion rate of the catalysts, which are at the beginning of the
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reactions, are used as the parameter representing the reaction rates during the redox reactions.
In the pulse injection experiments these parameters are tatdgbtvith the total oxygen
removal and methane conversion during the first pulse. Activation energies are sumimarized

Table 55.

Table 55. Activation energies of the catalysts in both redox and pulse injection

configurations

Activation energy (kJ/mol)

Sample Redox (bulk+surface) Pulse (surface)
0% CHs o* CHa
CaMnG 418.0 141.7 454 23.2
Unpromoted
LaCeQss 84.7 - - -
CaMnG 2451 80.4 8 4.3
Rh-promoted
LaCeQs 75.8 - - -

Comparing the enhancement in apparent activation energies of the Gdlsle€dl samples in

the bulk and on the surface clearly shows the dominant improvement on the surface of the
catalyst. While the combined bulk and surface apparent activation energy is redabediby
41-43%, surface activation energy is reduced by mora 82&6. This strongly indicates that

Rh addition imposes a much more significant improvement on the surface properties of the
catalyst which results in a fasterHCbond activation. The order of magnitude lower activation
energies during the pulse injectooan be attributed to the presence of loose surface oxygen
during the first pulse. Comparison between the other pulses are not practical during the 20

pulses as the pulses should be injected on the samples with similar oxidation state and the
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amount of eitacted oxygen is much smaller at lower temperatures and takes extended number

of pulses to reach similar oxidation states.

5.4.7 Long-Term RedoxExperiments

The aforementionefindings indicate that higher syngas selectivity, lower coke formation and
lower opeating temperatures can be achieved by surface modification of the redox catalysts
through addition of precious metals on their surface. To validate the feasibility of the use of
such redox catalyst in continuous configurationspRimoted CaMn@is testedor extended

redox cycles at 600 °Eigure 58 showsthe selectivity and methane conversion of the catalyst
through 100 complete redox cycles. The redox catalyst undergoes some degree of selectivity
loss. While this can be attributed to agglomeration of the rhodium atoms on the surface, the
slight increasén oxygen donation may also indicate improved oxygen transport at the sample

cycles.
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5.5Conclusion

This article investigates the effects of adding active rhodium catalytic sites on the surface of
CaMnQ and LaCe@s redox catalysts. Significant kinetic and selectivity enhancements are
observed. The experimental observations indicate thateoxggnduction to the surface is
limits the reaction kinetics. Presence of Rh catalytic sites is proved to increase the methane C
H bond activation. This leads to higher concentrations of activated species on the surface which
are very active for lattice ggen extraction. The more oxygen deprived surface imposes a
higher oxygen partial pressure gradient leading to enhanced oxygen conduction through the
bulk of the catalyst even at temperatures up to 300 °C lower. Consequently, higher activity and
more oxyge donation is observed at lower temperatures. The faster methane activation caused
by the presence of Rh, increases the rate of surface oxygen removal relative to oxygen diffusion
and makes the surface more reduced, hence more selective. -phenfitdited rdox catalysts

also demonstrates good recyclability and long term redox performance.
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CHAPTER 6 Conclusions and Outlook

Chemial looping reforming (CLR) is a novel redox scheme that uses lattice oxygen to convert
methane to syngas through a simpler and potentially more efficient and cost effective route.
Successful development of CLR processes is tied with rational design asidpsesnt of

active and selective redox catalysts. Among 1000+ oxygen carriers which are synthesized and
tested for chemical looping, a small fraction demonstrated reasonable activity, selectivity,
oxygen capacity, and lortgrm stability for CLR processe¥hese materials, however, are
often impose high costs and/or environmental concerns. Therefore, modification of cheap and
environmentally benign redox catalysts, such as iron oxide, for partial oxidation reactions is
extremely desirable. These modificaisoinclude tuning the thermodynamic and surface

properties of the redox catalysts to make them more active and selective.

It is observed that addition of more readily reducible metals such as cobalt and manganese can
significantly change oxygen donatitsehavior of the iron oxide. The decomposition/oxygen
uncoupling temperature of the mixed oxides is proved to be tunable withi8@ °X0 range

by adding various amounts of cobalt and manganese to iron oxide. Generally, samples with
higher concentrationsf @obalt and manganese exhibit lower decomposition temperatures.
Effects of addition of compatible MIEC support phases on redox and uncoupling behavior of
the mixed oxides are also investigated. Although support addition significantly increased the
activity, stability, and oxygen carrying capacity of the mixed oxides for methane conversion,

it showed contrasting effects on isothermal oxygen release of the two base mixed oxides.
Addition of Lay.sSro.oFeCo1xOs.i, increased activity and oxygen carrying catyaof the Fe

Co mixed oxides. In contrast, perovskite supporb.g5a.2FgMn1.yOs.i) reduced the oxygen
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capacity of Fe&Mn mixed oxides by suppressing its reoxidation. Phase diffusion stidjgest
that redistribution of Fe and Mn cations between the primary oxide and secondary support

phase is responsible for such behavior.

To probe the enhancement effects of perovskite support addition to the primary metal oxides
on activity, product selectivityynd coke resistance, an engineex@dalledii ¢ esrhee | | 0 r edo
catalyst is designedynthesizedand tested for cyclic methane oxidation. The redox catalyst
consists of a E®score and a LasSr.FeQs (LSF) shell. The performance of the catalyst is
conmpared with various composite iron oxide supported oxygen carriers. The studied support
phases are AD3 and MgAbOs as inert supportsyttria stabilized zirconia (YSZ) as a pure

ionic conductorand similar LSF as a mixed conductor. The esivell catalysexhibit 16200

times better redox performance for methane partial oxidation compared to inert or ionic
conductor supported catalysts. Its performance also surpasses the performance of to the
composite sample with an identical LSF support in terms ofivéigctCO selectivity, and

carbon formation resistance. The higher activity and selectivity of thesbetkecatalyst is
attributed to smaller iron oxides cores and more selective LSF shell. Thacaadaron oxide

cores feed the mixed conductive LSEkvith more readily available lattice oxygens leading

to a higher activity. Covering the surface of the iron oxide particles with the LSF shell provides

a more selective surface for methane partial oxidation and reduces the exposure of metallic
iron on te surface at reducing environments. This leads to lower methane decomposition,
hence more coke resistance. The findings suggest that using th&hebrstructured redox
catalysts makes it possible to combine the high oxygen capacity of a relativglyrobed

oxide, and high ionic conductivity and selective behavior of a mixed conductive support to

develop more active and selective redox catalysts for selective redox reactions.
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Mechanistic studies are performed to probe the underlying mechanismsalfgadation on

the coreshell catalyst. Since the redox catalysts are involved in the oxidation reaction, they
demonstrate a dynamic behavior. This dynamic nature causes a four region reduction scheme
when using the corshell catalyst for methane oxidat. The transitions between the four
regions are marked by different CO selectivities. These four regions are: (i) deep oxidation to
CO, (ii) competingdeep oxidation to C&£and selective partial oxidation to CO, (iii) selective
partial oxidation to CO W#h autcactivation, and (iv) methane decomposition and coke
formation. Mechanistic study of such dynamic systems calls for transient experimental
methods. A pulse injection system is, therefore, developed to defiggupulses of reactants

with very shot residence times on the catalysts to prevent dramatic changes in the bulk of the
oxides. As confirmed by isotopic exchange experimeavaijability and nature of the surface
oxygen determines the reaction mechanism and product selectivity. The cdraeatrd type

of the surface oxygen species are dominated by the difference between the rate oxygen anion
conduction to the surface and/or its evolution to electrophilic oxygen, and its removal rate from
the surface. It is concluded that the reaction Wedl@ modified Maravan Krevelen mechanism

in which lattice oxygen converts activated methane species. However, methane activation
mechanism changes in different reaction regions and activated methane species shift from
loosely adsorbed surface species {gimo EleyRideal mechanism) in the first region to
dissociatively adsorbed species (similar to LangsHliiishelwood mechanism) in the third
region. These findings suggest that inhibition of-4getective oxygen formation and a steady
supply of lattice ygen from the bulk to the surface is essential for effective performance of

a redox catalyst in CLR configurations.
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An alternative approach is investigated to improve the surface catalytic activity of mixed metal
oxides and to enhance the redox activitghese oxides at significantly lower temperatures.

Rh is selected as the promoter as it is readily reducible and known to be very effective methane
activation and reforming catalysts in tinetallicstate. The kinetic and selectivity enhancement

of the Rhis investigated on twaell-studiedredox catalysts: CaMn{and LaCe@s. CaMnQ

is chosen because it possesses oxygen uncoupling properties and can spontaneously release
lattice oxygen due to its high equilibrium oxygen partial pressure. On the otlikiLla&leQ s

exhibits low oxygen partial pressures and demonstrated good partial oxidation activity. It is
shown that promoting the redox catalysts with Rh enhances their redox properties for methane
partial oxidation. Both promoted redox catalysts exhdsihanced reaction rate, methane
conversion, and oxygen donation capacityge presencef rhodium on the surface boosted

the methane activation kinetics on the surface leading to a faster oxygen extraction and overall
reaction rate. These improvements amgch greater dower temperatures. While CaMnrO

and LaCe@did not show any noticeable activity at below 700 and 800 °C respectively, their
promoted forms remained active down to 500 °C. Therefore, using such redox catalysts can
reduce the energy penalii®f chemical looping reforming processes. Development of the
aforementionedxygen carriers/redox catalyst opens the possibility of designing chemical
loopingbased processes for all sorts of oxidation reactitesv-temperatureoxidation
pathways offer rare flexibility for controlled partial oxidation reactions and may help with the

developmenbof direct oxidation processes.

Deeper understanding of the bond activation and reaction mechanime surface of the
redox catalysts and oxygen anion transjpooperties in the bulk of the oxygen carriers are

essential for rational design of more active/selective redox catalysts. So far, very little
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experimental work has been done to quantify the oxygen diffusivity of the redox catalyst and
its effect on theiredox activity. Different methods can be used to measure the oxygen diffusion
throughsingle phaseceramics. Isotope exchange depth profiling (IEDP) metianpedance
spectroscopl, and conductivity relaxation techniglfeare among these nhetds. More
complicated methods are also developed that provides additional mechanistic insight using

transient isotope pulse injection experiments similar to the one presented in capter 4.

To date, almost all published studies focused onintterpretationof redox performance the
oxygen carriers usingxsituanalysis and characterizations. However, reigesitu studies on

more traditional heterogeneous catalyst systems revealed that sanéhbelk properties of

the materials at the reaction conditions can significantly differ from their properties at low
temperature®® This illustrates the importance @if-situ characterization for more accurate
interpretation of experimental observations. Compared to the traditional heterogeneous
catalystsjn-situ analysis of the redox catalysts are much more complex. This stems from the
dynamic rature of the redox catalyst behavior as, unlike traditional catalysts, they are involved
in the reactions. As a result, they may experience multiple phase transformations and phase
segregations. The thermodynamic and surface properties, in turn, caicaiglyifalter during

redox cycles. This calls for more advanced experimental techniques to cel¢titne
characterization data and isolate the bulk and surface effects. In addition to mechanistic studies
which are essential for redox catalyst optim@atnd reactor desigacaleup demonstration
experiments are of utmost importance for suecessfudevelopment of chemical looping

processes and have to be considered in future studies.
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Appendix 1 Supplementary Information for Chapter 2

This document provides additional information regarding the morphological and crystal
structures of the oxygen carriers developad studiedn Chapter 2 An experimental section

is presented followed with key dadad brief explanations.

Experimental
Oxygen carrier/Mixed metal oxide selection and preparation

Five different concentrations of mixed oxides of&e and FeMn with general formula of
(CoFerx)30s and (MR FeLy)-0s (x=0.5, 0.6, 0.7, 0.8, 0.9, y=0.3, 8,40.6, 0.75, 0.9) are made

using a Solid State Reaction (SSR) method. The ratios of the mixed oxides are chosen based
on the mixed oxide phase diagrams to cover a wide range of oxygen partial pressures. The

phase diagrams of irecobalt oxide and iroimarganese oxide are presentedrigure A11.
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The SSR method includes mixing stoichiometric amounts of iron oxidgO{F&igma
Aldrich), cobalt oxide (C¢D4, Sigma Aldrich) and manganese oxide &y Sigma Aldrich)

in a planetary ball mill to have a homogeneous powder mixture followed by making pellets in

a pellet press (XBM4X, Columbia International) and annealing at high temperatures (GSL
1500-X50 tube furnace, MTI Corporation) in air for a longné to complete the solid state
reactions and form the desired phases. The samples are pelletized at 15 Mpa pressure. The
annealing process includes increasing the temperature to 1100 °C with 4 °C/min ramping rate

and keeping the sample at this temperafior® hours.

Selected (Cdreix):0s and (MRFewy).0s samples (x=0.5, 0.7, 0.9, y=0.3, 0.6, 0.9) are also
made through sedel method to achieve higher homogeneity. This process involves dispersion
of the calculated precursors (Fe(j§0H.O, Co(NQ)..6HO, Mn(NQGs)3, Sigma Aldrich) in
deionized water at room temperature followed by addition of citric acid (Sigma Aldrich ,
CA:total ions=2.5) and stirring at 50 °C for half an hour and addition of ethylene glycol (Sigma
Aldrich , EG:CA=1.5) and ramping of tgrarature to 80 °C to complete the gelation process.
The resulting gel is then dried over night at 80 °C and sintered at high temperature to form the

mixed phase.

Five additional samples are also made for each metal oxide combination to see the effect of
addition of perovskite support on oxygen donation properties of mixed oxides. The ratios of
Co:Fe or Mn:Fe are kept identical in primary oxide and the perovsksieeBThis allows us

to roughly estimate the partition of the transition metals betweenithany oxide phase and
perovskite phase. Lanthanum and strontium with 4:1 molar ratio are chosen to be used as the

A-site in the support structure since moderate doping of Sr enhances thecongedtivity
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of perovskites without compromising its structugtability.*2 The supports, therefore, have the
general formula of LgsSrnCokFexOzs and LasSh MnyFeyOzy with x and y being
consistent with the unsupported mixed oxides. The support was made through SSR; this was
crushed and used as a precursor fopstted mixed oxides with a 1:1 molar ratio with respect

to primary mixed oxides through SSR preparation. A summary of these mixed oxide samples

and their nominal compositions digted inTable A11l.

Table A1.1. Mixed oxide samples and their nominal compositions

Sample
Primary metal oxide Support Synthesis method

#

1 (Con.sFe.5)304 - SSR

2 (Con.6Fen.4)304 - SSR

3 (Con.7Fe.3)304 - SSR

4 (Coo.gFe.2)304 - SSR

5 (Coo.oFe.1)304 - SSR

6 (Mno 3F&n.7)203 - SSR

7 (Mno 45+ 55203 - SSR

8 (Mno.eF&n.4)203 - SSR

9 (Mno 75725203 - SSR

10 (Mno oFe.1)203 - SSR

11 (CoosFen5)304 Lao.eSio.2C00.5Fe.503.4 SSR and sepel
12 (Con.6Fen.4)304 Lao.8Sro.2Cn.eF&.403-4 SSR

13 (Con.7Fe.3)304 Lao.sSo.2Con.7F&.30s-i SSR and segel
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Table Al.1Continued

14 (Coo.6F€0.2)304 Lao 8Sto.2C oo g-e. 2034 SSR
15 (Con.oFen.1)304 Lao.8S10.2C00.9F.10s-i SSR and segel
16 (Mno.sFe.7)203 Lao.8Sto.2Mno.3-en 7031 SSR and segel
17 (Mno 450 55)203 Lao.eSto.2Mno.4g-&0 5803 SSR
18 (Mno.eF€.4)203 Lao.6S10.2Mno.eF€.403. SSR and segel
19 (Mno.75~€.25)203 Lao.eSto.2Mno.78-.2503- SSR
20 (Mno.oF&.1)20s3 Lao.sSto.2Mno.oF&.103-1 SSR and segel

Sample characterization and oxygen donation/uncoupling experiments

X-ray powder diffraction was used to identify the present phases in each sample. Samples were

crushed into fine powders and analyzed using a Rigaku Braab-r &y di f fr act omet
CukU (o=@0m)54adiation operating at 40 kV and
step size of 0.1A and r e s8i0d ein cae(@ldemewsandg ebs sd

generate the XRD patterns.

The reducibiliy of the samples in 5% hydrogen are tested using Quantachrome ChemBET
Pulsar Temperature Programmed Reduction/Desorption (TPR/TPD) instrument with 5°C/min
ramping rate. Similar experiment using a Thermo Gravimetric Analyzer (TGA, Q600 TA
Instruments) coupld with a Mass Spectrometer (MS, Cirrus 2, MKS) is performed to analyze

the reducibility of the samples in methane.
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The oxygen uncoupling properties of the samples were tested in the TGA. Under an inert
environment, the sample temperature increased RCA@In to 950 °C and was then kept
isothermal for an hour. The weight of the sample is monitored to see at what temperature and
how fast it starts to lose its lattice oxygen. To confirm the oxygen donation, the composition
of the outlet gas is also moniear for selected samples using the MS. The samples are also
tested in cyclic oxygen uncoupling experiments at 850 °C (in helium and 10% oxygen) to
screen their uncoupling performance stability. Similar redox experiments are conducted in

10% methane and oxgg as reducing and oxidizing environment respectively.

Interfacial phase diffusion study

Presence of the-Bite cations of the support in the primary mixed oxide phase may cause slight
change in the ratio of these cations between two phases during thairaprrocess.
Interfacial phase diffusion studies were performed to determine the interaction between the
primary met al oxide and perovskite support
preference for staying in the primary metal oxide or theyskite phase Bite. The procedure
involves preparing metal oxide and MIEC pelletth well-defined interface, high temperature
annealing (1100 °C for 8 hours), cutting and polishing the intersection of the pellets, and

capturing scanning electron micraghs (SEM, Hitachi S3200) and EDX point/line scans.

Mixed metal oxide

Fe,M, Diffusion of D|ffu5|qn ot
. metalsinto
metalsinto .
z the mixed
the B cite of .
metal oxide
MIEC Support the support Hructire

Lag §Srp,Fe,M, 05 5

Figure A1.2. Schematic phase diffusion between two pellets with-defined surface
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Two samples are made to investigate diffusion betwee®4Mnz:04 and LSF phases. These
two extreme cases are chosen to inspect whether Mn and Co cations tend to diffuse into the
perovskite phase and replace iron cations in ths#td8 Commercial precursors are used in

these experiments to ensure the presence of tleeppasses.

Results

Phase analysis

The phases present in the synthesized oxygen carriers are determined usifggdRDA13

shows the XRD spectras of the supported and unsupported samples after santtbefpre
reoxidation. As can be seen, the samples with lower concentrations of Co and Mn showed
presence offgnel and bixbyite phases respectively. However, samples with higher Co and Mn
contents showed small amounts of reduced or metallic phases which is because of the low
oxygen partial pressure at the sintering condition. The same trend is observed ipthnedup
samples. This issue is solved by reoxidizing the samples at lower temperature and cooling them
down with a slow ratef-igure A14 showsthe XRD spectras of the samples with the highest

Co/Mn content after reoxidation process.
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Figure A1.3. XRD spectra of the as prepared samples before reoxidation
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Figure Al1.4. XRD Spectra of the samples with highest Co/Mn concentration after

reoxidation at 950 °C and slow cooling down
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Uncoupling properties of oxygen carriers

The decomposition/uncoupling temperature of the samples are determined by increasing the
temperature ofhe samples from room temperature to 950 °C (20 °C/min) in helium and
monitoring theinweight. Figure A15 showsthe weight loss of the supported and unsupported
samples verses temperature. As a general trend, sample with higher Co/Mn content are

decomposed at lower temperatures and lost their oxygen with a higher rate. It is also evident

that addition of support fther reduced the decomposition temperature of the samples.
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Iron -cobalt mixed oxide phase diagram

Phase diagram of irecobalt mixed oxides at 950 °C is pegpd by interpolation from its
phase diagrams at 900 and 1000 °C from FactSage aad@isaseRigure A16). As can be
seen, partial pressure of oxygen needs to be lower thidhat® for the mixed oxide to
completely reduce to monoxide phase. Such a low oxygen partial pressure may not have been

achieved in TGA even using ultra high purity helium.
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Figure A1.6. Phase diagram of the (Fe,Cq)&@ 950 °C (Prepared by interpolating€e-O

phase diagrams at 900 and 1000 °C from FactSage oxides database)
Interfacial phase diffusion study

Figure A17 andFigure A1.7 show the scanning electron micrograph of the cross section of
the two phases and the line on which EDX line scans are performed-@o Bed FeMn
respectively. The backscattered micrograplbobalt shows a clear contrast at the phase. The
line scans also confirm that Co concentration drops sharply when passing through the phase

boundary. This means that Co diffusion into thsi® of the LSF is minimal and that Co tends
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to stay in the prirary mixed oxide phase. In contrast, SEM images of th&liresample
showed gradual decrease in the Mn concentration when passing through the phase boundary.

This confirms the enrichment of manganese in the perovskite phase.

Figure A1.8. Phase diffusion of the of manganese oxide and LSF after 8 hours sintering in

air

Reducibility in hydrogen

The reduction temperature of the samples is tested in hydrogen using a TPR instrument. The

result for FeCo samples are presented in gaper.Figure A19 showsthe results of F&n

174



samples. No clear trend is observed in the reduction temperature of the samples. The samples

also showed multiple peaks which could be attributed to the nonhonitygefitbe samples.
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Appendix 2 Supplementary Information for Chapter 3

This document provides additional information regarding the morphological and crystal
structures of the oxygen carriers developad studied in Chapter Bn experimental section

is presented followed with key data and brief explanations.

Experimental

Redox catalyst selection and preparation

Five iron oxide based redox catalysts are investigated in this study. Among these, four catalyst
samples are ceramic composites composed of iron oxig@®+F9.9%, Noah chemicals) and
various supports including rgaesiumaluminum oxide (MgAdOas, 99.9%, Noah chemicals),

al u mi-Al#s; 9%, Noah chemicals), yttestabilized zirconia (YSZ, Zreé$8% Y20s,

99%, Noah chemicals), and lanthanum strontium ferriteSkaFeQ.i) (LSF). A solidstate
reaction (SSR) metd is used to synthesize the composite redox catalysts. The SSR method
allows the formation of an intimately mixed matrix between the primary oxide and support.
Such a composite structure is common to most oxygen carriers/redox catalysts reported in
literature. Besides the four composite samples, we attempt to synthesize:@ESF core

shell redox catalyst. The synthesis procedure is explained in the paper.

To synthesize the composite redox catalysts, stoichiometric amount of precursors are weighted
and ay-mixed together using a planetary balill (XBM4X, Columbia International) for 6

hours. The solid mixture is then pelletized using a hydraulic pressI5T,JMTI Corporation)

under 78 MPa pressure and then annealed in air at 1200°C for 28 hoursausing Furnace

(GSL-1500X50, MTI Corporation). For comparison purpose, a compost@FeSF sample
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annealed for 8 hours is also prepaidtk resulting pellets are subsequently crushed and sieved

into specific size ranges for further characterization and testing.

Table A2.1. Redox catalyst samples and their nominal compositions

Sample | Sample descriptions Compositions (wt%) Characteristics of
No. the support

1 Composite Fg3/MgAI204 | 60% FeOs, 40% MgALO4 Inert

2 Composite FgO3/Al>03 60% FeOs, 40% AbO3 Inert

3 Composite Fg3/YSZ 60% FeOs, 40% YSZ lonic-conductive
4 Composite F€O3/LSF 60% FeOs, 40% LSF Mixed-conductive
5 Coreshell FeOs@LSF 50% FeOs, 50% LSF Mixed-conductive

Sample characterizations

Various characterization techniques are used to analyze the structural, surface, and
morphological properties of the catalyst samplesay)powder diffraction (XRD) is used to

analyze the crystalline phases present in each sample before and after redox tests. XRD spectra
are obtained using a Rigaku SmartLafvay diffractometerwith G U ( =a=0. 1542) r a
operating at 40 kV and 44 mA. Aessp wi se approach, with a step
ti me of 5 secords [Oatanegldeh, rsatregpas $ end 2t00 gener a
Sample morphologies are characterized using Scanning Electron Microscopy (SEM, Hitachi

S3200).
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Quantachrome ChemBET Pulsar temperature programmed reduction/desorption (TPR/TPD)
instrument. 5% hydrogen mixed with argon is used as the reducing gas. Temperature ramping
during the TPR experiment is 5°C/min (5 mg sample is used in each run). Sample
morptologies are characterized using Scanning Electron Microscopy (SEM, Hitachi S3200).
The same instrument is used to analyze the elemental composition of the samples through
Energy Dispersive Xay Spectroscopy (EDS). Transmission Electron Microscopy (TEM,
JEOL JEM 2010F) and Energy Filtered imaging (EFTEM) with 200 keV accelerating voltage

are also used to confirm the formation of the egirell arrangements.

Morphology Analysis (SEM)

The SEM images of the qwepared composite samples, i.e2BeMgAl.04, FeOsz-Al20s3,
FeOs-YSZ, and FegOs-LSF are showrin Figure A21. As can be expected, they are all
densified from sintering and/or solid state reactions. Particles are sintered to obtain comparable

surface areas.
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Figure A2.1. SEM images of composite a) F&»/Al 203, b) FeOs/LSF, c) FeOs/ MgAl20sa,

d) FeOsYSZ

Phase Analysis

The formation and stability of the phases in SSEOEeMgAI204, Fe0s-Al 203, and FeOs-

YSZ are confirmed using XRIFigure A22, FigureA2.3, andFigureA2.4 showXRD spectra

for fresh samples and after 5 cycles for Mg2d Al.Os, and YSZ supported samples
respectively. There were a few very small unresolved peaks in the XRD patterns based on the

limited library of the XRD software.

The presence of the support phase is confirme in the reduced composite Fe/LSF sample in the
first and 5% redox cycle. The sample is reduced for about 8 minutes to reach full conversion
of oxygen carrierFigure A25 showsthe XRD spectra. As one can observe, although the iron

oxide completely depleted from oxygen, the perovskite structure remainedhgadha
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Figure A2.2. XRD Spectra of SSR E@s-MgAl204 redox catalyst in right after sintering and
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Figure A2.3. XRD Spectra of SSR E@s-Al20s redox catalyst in right after sintering and

after 5 cycles
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Figure A2.4. XRD Spectra of SSR E@s-YSZ redox catalyst in right after sintering and after
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Figure A2.5. XRD spectra of the Fe/LSF sample a) after 1st and 50th oxidation, b) after first

and 51st reduction in hydrogen

Redox testing

Redox experiments are conducted in a differential bed reactor system composed of a eomputer

controlled panel for gas mixing and delivery, a TGA (STARAM SETSY'S Evolution) for redox
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reactions, and a quadrupole mass spectrometer (QMS, MKS Cirrus 2) for gaseduct
analyses. Total gas flow rate is maintained at 300 ml/min in all the tests. Concentrations of the
reactive gases (CHCO, b, Oy,) are fixed at 10%. Helium is used as the carrier gas. 20 mg
redox catalyst with the size range of 1280 micron isused in these experiments. Product
distributions and catalyst selectivity towards syngas are determined using the QMS. Cyclic
studies (5, 50, and 100 redox cycles) are also conducted to evaluate the stability of the redox
catalysts. Carbon formation dugirthe reduction of the redox catalyst is characterized by
combustion analysis. To do so, the redox catalyst is reduced by CH4 for a preset duration is
combusted with oxygen. The amount of carbon formation is determined using both TGA data
and mass spec mdts. The high combustion temperature (ca. 900 °C) ensures that the carbon
formed on the sample be oxidized to carbon dioxide and carbon monoxide. To ensure the
accuracy of the method, calibration of the aforementioned combustion method is performed
by teding coal char with known amount of carbon. The method is shown to be accurate (x5%).
It is noted that the sample weight gain in TGA is often used to determine carbon formation.
However, such a method is found to be unreliable since the weight gain filmon éarmation

can be (partially) offset by the sample weight loss from reduction.

Contribution of support in oxygen doantion

The contribution of the perovskite support has been investigated in our previous publication
and is presented here. As carsben inFigure A26, theoxygen loss from perovskite support

in 10% hydrogen is less than 1.5% after 10 minutes reduction. This infers that during the short
(around 5 minutes) reduction time needed for thegebsample to lose most of its oxygen, the

contribution of the perovdle support is minimal, if any.
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Figure A2.6. Weight loss of LSF as a function of time in the presence of 19%)H
comparison of the weight loss % for LSF and SSEOEESF Total gas flow rate: 300

ml/min, reductiortemperature: 900 °C

The amount of oxygen donation from LSF support in methane is also investigated and the
results areshown inFigure A27a. It is noted that LSF is more readily reducible in methane
than in B. However, even considering the amount of weight loss from the LSF support, the

LSF containing samples showed significamperiority over the other catalysiBdure A27c).
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cycle reduction for different redox catalyst samples in methane.

Reactivity and carbonformation

Figure A2.8 showsthe trend of weight loss for the two LSF supported samples in 10%
methane. Unlikd=igure 35 in chapter 3this figure shows the weight loss after 100 cycles
under redox conditions. As can be seen in the figure, both samples experienced a weight gain
after a certain time which is due to the carbon deposition after losing most of the oxygen
content. Weight othe coreshell and composite samples stayed relatively constant after 10
minutes. This could be attributed to either stopping of the carbon formation or equilibrium

between oxygen donation and carbon formation. The weight gain due to carbon formation in
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the 10" cycle is lower than the secomgicle Figure 35) which is consistent with the data

presented iTable 34.

Figure A29 shows the weight loss of AD; and MgAbO4 supported samples in theff Bedox

cycle. As can be seen in the figure, both samples start to gain weight due to carbon formation
after losing 10%weight. It is also shown ifrigure A2.10 and Figure A211 that carbon
formation on these samples gets more severe after a few cycles. Unlike perovskite supported
samples, the carbon formation on these particles does not stop after a short time, and they
continue to form more carbon. The continued carbon formatitikely corresponding to the
formation of carbon fibers, which are known to damage the structural integrity of transition
metal catalysts. Accompanying carbon formation, significant volume expansion is observed
after several redox cycles. This also pototstructural failure, which expands and pulverizes

the initial particles while enhancing its redox activity.
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Figure A2. 8. Perovskite supported redox catalyst weight loss in 10% methane after 100

redox cycles (composite saie is sintered for 28 hours)
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Figure A2.11. Weight loss of Fg3-Al20s in its first 5 cycles

Effect of sintering temperature

Although our experimental data indicate that reactivity of the redox catalyst samples is largely
unaffected by sintering conditions or sample surface #sea Figure 37), to further
substantiate our point, we have prepared a sample using solid state method and sintered it at
800°C (identical annealing conditions as the-gall sample). The results are prdsenn

Figure A212. As can be seen, when the SSR sample is sintered at 800 °C, its activity is
significantly lower than the same sample sintered 80TZ which can be because of the
incomplete formation of the desire phases caused byhaorogeneity of the samples. This

further confirms that the sgjel prepared corshell sample is more active.
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Figure A2.12. Ratecomparison between second cycle reduction of SSR:RSF sintered

at different temperatures

Integral bed methane conversion

We have tested performance of SSRzd.SF composite redox catalyst in an integral bed
reactor. As can be seeinom Figure A213 methaneconversion in excess of 99%

(instantaneous) 97% (average) can be achieved. Highgec@®ersion can be expected for
fixed or fluid bed operations using the cateell particle since it has higher activity than the

SSR sample. Detailed studies in integral beds are not within the scope of the present study.
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Figure A2.13. Methane conversion in a fixed (integral) bed reactor using SZRESF

composite redox catalyst
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Figure A2.14. Raw weight loss data of the 5th cycle reduction of the LSF supported samples
in 10% methane (Corresponding analyzed data are presented ir3figuiee composite

sample is sintered for 8 hours)
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Appendix 3 Supplementary Information for Chapter 4

This document provides additiordgtailedinformation regardinghe experiments performed for

Chapter 4

Methane oxidation pattern during long term pulse injections and comparison of

selectivities in pulse and continuous injection modes

Figure A3. 1. Methane oxidation pattern over Fg@LSF catalyst during 300 methane pulse

(50 Vol. % methane) injections at 900 °C.
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