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Chapter 1: |l ntroduct i

1.1 Enerqy utilization and nanostructures

1.1.1Energy utilization and climate change

Since the industriafevolution two or three hundred years agiaily life style of
human society has been changed in all aspects, incluttngased amount dbod

and consumer goods producs@ynificantly elongatedlistances travelled, as well as
drastically increased human pdation. All of these aspects are based on the growing
energy consumption to maintain teehancedjuality of human life. As shown in
Figure 1.1, the energy consumption has grown by more than 20 times in the 20
century, which was caused by both the populatexplosion and the energy
consumed per pita.

As indicated by Figure 1.2, whichtise energy flow chart in the U. S in 2015,
the major energy resources are fossil fuels, including coal, natural gas, petroleum,
which cover more than 80% of the total energy resouis®, combustion is still the
major approachfor energy conversion, inatling more than85% (fossil fuel&
biomass) of the total world energy, which is the sunthef 95% in transportation,

67% in electricity generation and approximately 50%lirother sectors.
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Figure 1.1 History of total and per capita human eneugg and world population.
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end uses in the United States in 20dith fuels compared on a commenergy unit

basis. The chart is produced by Lawrence Livermore Naticalal L
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Increased energy consumption has been widely acknowledged as the reason
for global climate changd&.he global temperature has increasedG 1In the past one
hundred years which has exceeded the temperature increase in the previous
thousands of years, while nationwide temperature i8®@l@gher than the 1982010
average as shown in Figure 1.3t has been widely acknowledged that 08 the
major greenhouse gashownin Figure 1.4,accounting for half the greenhouse gas
effect, causing global warmirfglt mainly canes from fossil fuel and biomass
combustion, which is the major energy source for modern industries, offering more
than 80% of the global energy consumptioflthough CQ emissionalso comes
from lots of natural sourcesuch asdecomposition, ocean release and respiraton
lot of evidence has shown that human related €@ission is the major source of

CQ:increase since industrial revolutiandicated by Figure 1.5
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Figure 1.3 Global surface temperature changesif 1880 to 208, with the year
2015 ranking as the warmest on record (data from NASA/GISS
http://climate.nasa.gov/vitaigns/globatemperature/
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Figure 1.5 All CO2 emissions in US, by source (fromventoryof U.S. Greenhous
GasEmissions and Sinks: 199M23).



Traditional combustion involves the high temperature redox reaction between
hydrocarbon and oxidizer; usually air (80%)NNovel combustion techniques for
power plant with carbon dioxide capture have been m@gdo efficiently reduce
major greenhouse g&0, emission, including preombustioR, post combustidt
oxy-fuel combustiohand chemical looping combustfon

Precombustion refers to removing of carbon species in the fuel before
combustion, shown in Figure @l.by gasification process of hydrocarbon at high
temperature and pressure to form syngas, and then syngas undergoamsvateft
reaction to convert CO to GOproducing a mixture with Hand high concentration
COz (more than 50%). The GQould be easily separated and leaves cafimmnfuel
contentto combust.

In oxyfuel combustion, shown in Figure7lpure oxygen instead of air (80%
N2) is used as oxidizer, and the product from hydrocarbon with pure oxygen will only

be steam and COthus pure C@stream could be obtained by water condensation.
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Chemical loopng combustion is a twstep combustion technique, shown in
Figure 18, and itutilizes metal oxides instead of air (80%) Msthe oxidizer to burn
hydrocarbon fuels such that the separation of> @©m N is avoided, and
hydrocarbos are converted to chaon dioxide and water while reduced metal oxides
are transferred into an air reactor, dmdheroxidized back to the original form. With
both reactions occurs below 1180, chemical looping combustion could avoid NO
formation as well.

The exploratiorof novel combustion technologies requires the study of novel
materials, which make the applications of those technologies poSieof these

approaches involves the use of nanostructured materials.

11
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1.1.2 Nanostructures

The ranoscale covers from 0.1 nm to 100 nm dimension, and nanomaterials are
materials composed of units within this
diameter are sever@ingsoms (A), while 1 A=0.1 nm. Nanomaterials offer large

surface to volume ratio, which are highly related to their synthesis, processing and
applicationst® The smaller thearticle size, the higher surface to volume raffde

existence ofhigh percentage surfad® volume ratiohelps promoe the surface

energy, thus the atomic diffusion, leading to many size dependent phenomena
1112131415 Thus, mnanaterials have attracted a lot of interests for more desades

in various applications, because of their superior mechanical, electrical and catalytic

performances®

1.1.3 Synthetic methods of nanostructures

Here we utilize the aerosol synthetic method to obtainsémctured metal oxides.
Aerosolincludes a suspension of fine liquid droplets or particledpufD0 um, in a

gas phasewhich could be natural, such as fog and claudartificial, such as dust,

haze, mist, fume ah smoke!’ A common method for large scale industrial
producton of nanomaterials is the aerosol based processes because it is simple,
highly scalable and continuous, compared to wet chemical synthESThe usage

and applications of aerosol has started decades before the basic aerosol science and
engineeringare well understood. For instance, generation of pigmemniduding

carbon black and titanias from aerosol method while fumed silica and titaare
generated from their chloride precursors by flame pyrolyside aerosol synthetic

method involves thermatlecompositionof aerosolsprecursorsgenerated by a

13



nebulizer and carried by a gas flow through a hot zone. When precursors are sprayed
onto a hot surface or into hot atmosphere beyond their decompoggimperature,

the target particles wilbe formed in the hot zone. This synthetic method includes
flame synthesis, where particles are sprayed into high temperaturé®flamspray
pyrolysig® where precursor droplets are sprayed into a flameless high temperature
reactor. It follows thedropletto-droplet mechanism, where each droplet is a
microreactor as they are carried by the carrier gas into the hot zone where reaction
occus. The first step in theerosolassistedsynthesis is breakage of precursor
solutions into fine droplets through a nebuliZenebulizer utilizesithershear force,
ultrasonic energy or electrical force to break precursor solution into fine droplets.
widely used atomizeis the ultrasonic nebulizer type because of energy efficiency,
affordability and inherent low velocity of the initial precursors, which breaks up the
precursors into droplets through vibrations from the ultrasonic enedyyother
presure typed nebulizes widely used in industries due to its stability and economy.

It is the one we used in our lab, with its configurations shown in Fige 1.
According to Bernoulli's Principle and Venturi Effect;<P,=Py=1 atm, therefore

liquid flow will be sucked up from the atomizer and then broke into droplets by shear
force from the compressed air flow.

The spray pyrolysis utilized in our lab is described in Figud, lit is a
process for preparing particles or films by first generating dtegbrm a precursor
solution, then solvent evaporating and decomposing precursors in a reactor. Briefly,
particles are formed hr ough an atep arstoil c | fedor oprl ede s s,

liquid synthetic methods, it could produce particles continuoudiys process has

14



been widely used iithe preparation of particles in various applications, including
solid oxide fuel cell, lithium ion batteries and catalystarious nanomaterials could
be prepared through spray pyrolysis, including solid/porous/holl@talmmetal

oxideg® and sulfide$', nanocomposité$ highly porous carboidetc.

15
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17



1.2 Applications

1.2.1 Oxygen Carriers in Chemical Looping Combustion

Chemical looping combustioms a novel combustion techniquehat offers little
carbon footprintwith little energy penaltie¥: The wide applications of chemical
looping combustion depeadn the explorations of proper oxygen carriers, which
should 1) be stable under repeated oxidation/reduction ¢y@leshow fast kinkcs
both at oxidation and reduction ste33 little coking formation from hydrocarbon
decomposition at reduction steg) economically feasible and) ®nvironmentally
benign. Therefore, single or mixé@u-, Mn-, Co-, Fe, Ni-) transition metal based

oxides and Gabased alkaline earth sulfates have been tested as oxygen Garriers.
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Figure 1.11. Schemdt overview ofoxygen transport in CLC.
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future-12435.
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Copper oxide has relatively low melting and decomposition temperature,
below 800°C, and will go through chemical looping oxygen uncoupling (CLOU)
process during the reaction with hydrocarbon, which releases oxygen to react with
fuels?® Its low melting point leads ta tendencyfor sintering and defluidization in
readors, thereforea supporting materiaé usually utilized to overcome those issues.
Manganese oxide and cobalt oxide will follow the CLOU reaction path in the fuel
reactor with oxygen releasing occurring before reaction with hydrocarbon.

Nickel and ironoxides are noi€CLOU metal oxides, and oxygen will stay in
the solids to react with hydrocarb&hlron oxides are widely studied OC material,
since it isinexpensive environmental benign and earth abundant, with high melting
point and mechanical strengf. However, it is easy to sinter and stsoslow
reduction kinetics. After applying proper support materiafgroved reactivity and
recyclability will make it a good performing OC.

Mixed metal oxides, including Mfe, MnNi, Mn-Mg, and MrRCw?8?° are
explored as OCs, showing synergistic effects. Naturally occurring minerals, such as
ilmenite, are also potential candidates as OC, which is reduced ADseand
oxidized to FeTi@ in multiple cycles? It exhibits high oxygen storage mability
compared to E©s to FeOs redox cycle. Perovskite shown in Figure1.12, usually
with chemical formulated as ABDare known for high oxygen conductivity, thermal
stability and fast oxygediffusion3*3¥32 The ideal perovskite structure is cubic
symmetry, with B cation in #old coordination and A cation in a Jald
coordination shown in Figure 12 Perovskite has been proved to be qualified

oxygen carriers with long time stability offering fasxygen transportatiof?:>*
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Figure 1.12. Perovskite crystal structure
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1.2.1.3 Supporing Materiak
Supporing materials are added to provide enhanced chemical and mechanical
stability, recyclability as well as oxygen transport ability to OCs. Inert supsarth
as MgAbO#*, Al,03%, TiO*, Si0,8 ZrO,*4, are used as support materials to offer
extra stability and prolong recyclability of mixed and single metal oxide OCs.

For example, Cibased OCs show high reaction rates and high oxygen
transfer capacitywith amost complete fuel conversion, however, its proneness to
decompose at low temperature9%0 K) and tendency teintermakes it impractical
to use pure CuO in CLC applications. Therefore, to improwd&aed OCs, various
supports have been utilized, indlng Al203, MgAI204, SIC;, TiO2, Yttria stablized
zirconia (YSZ) etc39404142434445

Fe-based OCsittract continuous research interests becatiskeir low cost,
environmental benign, and abundance in nathi@wvever, theysuffer from weak
redox characteristics argintering thusvarioussupports areisedin Fe-based OCs to
improveperformance?®3736

Reducible oxides (Cef) LaOs) are studied as supports for NiO to ensure
complete conversn of fuel to CO2 compared to inert supports Q4| SiQy).4%
Veseret al. has added lanthanum dopeeériaas low as 2%o iron based oxygen
carriers tadouble the effective oxygen carrying capaéfty

1.2.1.4 Promoter dditives to Oxygen Carriers
Phase separation is another reason for oxygen carrier naterile gr adat i on wi t |
phase segregating and sintering. Additivasch as alkali or alkali earth idig®are

added to prevent phase separation between OC and support and improve oxygen
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utilization, with only less than 5% additiomhose ions could assist in binding OC

and spports, thus reducing the potential of phase separdtt promoter additives

do not work as support to the OCs since they are usually less than 5% and if too much

additives are added, there would be negat.i
Besides the expration of MOs as OCs, we also studied the MOs as catalytic

thermal decomposition catalysts of #i@ndly polymer,Poly Lactic Acid (PLA)

PLA has been used as sacrificial polymer in the fabrication of battery separators and

can be employed in OBD Vapaization of a Sacrificial Component (VaSC)

fabrication.

1.2.2 Catalysts in Thermal Poly Lactic Acid Decomposition

1.2.2.1Poly Lactic Acid thermal decomposition

Bio-based polymers have attracteduah attention due to their economic and
ecological benefité® Lactic acid is mainlyproducedrom plants (mainly from starch
and sugar) inlading corn, potatoes anbeets and bacteria could generate its
monomersalso>® The chemistry of the interconversion between lactide poig

lactic acid is shown in Figure13.
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PLA is known as the most promising candidate of substituting the petroleum
based polymers in packagiignd fiber technology? PLA has been explored ase
of thetwo major 3D printing inks (the other one being ABA&qtylonitrile butadiene
styreng) due to its good thermoplasticity. Compared to ABS, PLA offers
biodegradability and biocompatibility. Because of its relative low thermal
decompositiontemperature (more than 20Q lower than thermal stable polymers,
such as polyimide (Pl), epoxies, Poly(vinylidene fluoiskxafluoropropylene)
(PVDFHFP),etc, PLA has also been exploredasacrificial componenfrom 0D to
3D to create compleghapedmolds after thermal removal with thermal stable
polymer copolymers3®4°55¢pgorousmaterialscould not onlyregulate fluids transport
in filtration>’ but alsofacilitate ion exchange in battery electrodfeand separator
films>®.
1.2.2.2 Catalysts for PLA thermal decomposition
To further enlarge the thermal decomposition temperature difference between PLA
and stake polymer mold copolymer, catalysts, such as alkali earth metal %ide
rare metal §candium (lll) triflats (CFSQs-))®, and tin containing compourfds
have been added into PLA to further lower its thermal decomposition temperature.
The additim of catalysts into PLA could be achieved through surface treatinent
solvent evaporation castitigor vane extrudirf.

By adding these catalysts, the decomposition of PLA could be further
lowered,which couldgreatly shortenthe heat treatment of PLA removal time, thus

keeping the ther mal anddtahiliyi®® pol ymer so i

25

nt eg



1.3 Scope of the Thesis

In chapter 2, alkaline (K Na&, and Cs) doped iron oxide and alumina supported iron
oxides were synthesized from on step aerosol spray pyrolysis and tested as OCs i
fixed bed reactor with methane as fulel.this study alkalimetal doped FE©s and
FexOs/Al.0O3 composite oxygen carriers were synthesized from spray pyrolysis, and
the reactivity and stability as oxygen carrier materials vessduatedn a fixed bed
reactor for 50 isothermal redox cycles using £Asthe fuel. We find that botHe0Os

and FexOs/Al 203 composite showed reactivity degradatmrer multiple cycleswith

clear phase separation betwéenand Al,in the composite In contrast, alkali metal
doping (~ 5 mol%) withNa, K, Cs was found to stabilize the reactivity of the®=s

over the B redox cycles and prevent phaseAl separationin the composite.
Methango CQO selectivitywasfound to berelevant to dopant type, which decreased
in the orderof dopant type KCs, Na. The best performing alkali metal, K, enhanced
long term stability significantly, with no observed degradation in kieetrd total
conversion performancen the methane stemswell as reducedcoke formation.
Adding analuminamatrix to K doped F€shelped promote CQ generation as well

as minimize cokingand was found to be the best performing material.

In chapter 3, silicalitd has been explored as the supporting material for iron
oxide as OCs for the first tim#Ve emplowed a silicalitel zeolite support to achieve
OCs with high resistance against sintering and coking in CLC. Iron oxide®z}Fe
with methane fuel were employed to demonstrate the approach and to quantify the
influence of silicalitel support on conversiorifigiency, durability, and selectivity of

these OCs in CLC cycles. Two iron oxideolite geometrical structures, a cateell
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FeO:@silicalitel and an F&s-impregnated silicalitd (FeOs/silicalite-1), were
created to improve E©3 stability. The CLC ésts showed that both structures led to
less aggregation of B@s OCs at 1223 K. A comparison between®@ssilicalite-1
and FeOs@silicalite-1 in CLC tests illustrates that #&; impregnated in zeolite had
higher durability than in the cohell structue. The selectivity of CHto CO
followed the order of FE©a/silicalite-1 > FeOs@silicalite 1 >> bare Fg03. The high
selectivity of FeOs/silicalite-l to CQ in CLC tests can be attributed to the
encapsulation of E®s inside channels of silicalitg® tha provides physical barriers
for aggregation of OCs in CLC cycles as well as coke deposition on OCs. In
conclusion, our study of the structiftenction relation for silicalitel supported
FexOs OCs can form the basis for the development of silicalissefficient support
in chemical looping applications.

Perovskite oxides, chemical formulated as ABBas been studied as novel
OCs in CLC due to its thermal stability and faster reaction kinetics. In chapter 4, ten
perovskite type OCs, k&a.xB(Cr-, Mn-, Fe,, Co-, Ni-)O3 were synthesized from
spray pyrolysis and tested with methane as fuel in the fixed bed reactor at 1023 K. It
has been found that the oxygen storage capacity (OSC) has negligible change with
changing A site from Ca to La while there exists inverted volcano shaped
relationship between OSC and B site electronegativity. Bdisansition metaB site
electronegativity could be used as a powerful descriptor in the OSC of perovskites
with CHs total combustion thus could provide useful desigite in choosing
perovskite type OCs in CLC and might also provide some design insight for other

energy related applications of perovskites.
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Also weexplored BiO3z, CuO and F£3 nanoparticlesynthesized from spray
pyrolysis,as catalysts for PLA therrhdecompositiorin chapter 5Poly Lactic Acid
(PLA) has been used as sacrificial polymer in the fabrication of battery separators and
can be employed in OBD Vaporization of a Sacrificial Component (VaSC)
fabrication. In this study, 1wt% PLA/E®s, PLA/CuO, PLA/BrOs composites are
prepared by solvent evaporation casting. Scanning Electron Microscopy (SEM)
images indicate that the embedded nanoparticles are well dispersed in the polymer
matrix and XRay Diffraction (XRD) verifies the crystallinity of thedMetal Oxides
(MOs). Thermal stability analysis of PLA and PLA/MO composites is performed
using a Thermogravimetric Analyzer (TGA) and Differential Scanning Calorimeter
(DSC). The overall heat of combustion is measured by Microscale Combustion
Calorimetry(MCC) and is found to be insensitive to the presence of nanoparticles.
The overall catalytic effects of the three metal oxides trends #3;38ie0s>CuO
inert material. PLA/BIO3 decomposition onset temperatures#)l and maximum
mass loss decomposition temperaturgagTare lowered by approximately 75 K and
100 K respectively compared to the neat PLA. Theymthesized BOs is identified
as the mostféective additive among those proposed in the literature to catalyze the
PLA thermal decomposition process. A numerical pyrolysis modeling tool,
ThermaKin, is utilized to analyze thermogravimetric data of all the PLA/MOs and to
produce a description of thdecomposition kinetics, which can be utilized for

modeling of thermal vaporization of these sacrificial materials
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Chapter 2: Al k@laindMet al

FeOs ADzComposites as Oxyg

2.1 Introducton

Chemical Looping Combustion (CLC) involves a tatep process in which metal

oxides as the oxygen carrier (OC) replacing iairorder to avoid direct contact

between fuel and afrCurrent primary interests in CLI& in the potential advantages

of burning hydrocarbons or coal in a nitrogie@e environment so as to enabtere
efficient/economical C@sequestering as well as avoid N@rmation®3%* However,

finding good oxygen carriers is one tfe majorchallenges in any widespread
implementation of CLC. The important properties of oxygen carriers are high

reactivity to both reduction and oxidation, as well as high mechanicalitstayit

recyclability over multiple cycleslow cost and environmental benigh®® Me t a |

oXxi desgi colppeémmiomkednd-omi Bedhave been studi e
Fébased oxygen carriers while economical,
rate and a propensity for phy&%®8ragdDs and ch
can be sequentizl | fFe@,edandd fit oradfley G, Wi
convef%Sieorsconomic advhasagesnaovokeranl icoopl
high melting point and environment al beni g
t hese man eanaébkfort to enhance active surf

resistance,ablidng yteammd gecyclabil Gy, supp
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Si20 MgO,; TRrdCGdh@Ave been*’@i¥Tlogegdger f or mance
i mpr ovement with supported OCs -pwaarst i «fl teen
gaseous aisf fwedilviatsy ,>emoebcitliriotnyi ccoonrsi @er i ng t

bet ween OC aw%adl if d esborlaisdel Pidelasct i ons .

Il n order to enhke@tewehbédaveaceiferrgydot o tl
met apbidg of catalysts has been known to in
lifetime of metal?FhsStpaelci dxiché | gat akyswvsty
order of Cs, K, Na, Li, attributed to t
electrohWigiat e vétyictly speaking the oxygen

and not oanecaniaghytstexpect that some of the

catal yst may al so i mprove oxidation perfor
demonstrate 0dodtf ek sdespegdi Fe cant | mprovemen
cycling and ramaltoiwenr pcootkeent fi a | in the redu
whil e other al kal i met als are not as effe
alumina is included to make compédoinge al ka
tedmgradation i meperfdor mance i s o0b

2.2 Experimental Approach

2.2.1 Oxygen Carrier Synthesis

All oxygen carriers studied were-irouse synthesized by aerosol spray pyrol$fsis.
Briefly speaking, the system consists ofan o mi z e r (to produce ael
si lgiecla di ffusion drier (to remoaece,sodnwenat)

sample collector (to coll ect nanoparticle
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generated udiymg @aebollizeromwi th an initial
Om, which is dried by passing tpassgtd dif
through a tube furnace operated at 873 K t
ti me s®Pfar+i cles exiting the aerosol reactor
MillipoFfTad herimbéty decompose altli chietsr ateerse

anneal ed at 1023 K for 1 h before the CLC

The precur sFeOss Bbarndt hael kal i met al compo
Fe (OB, AbstBO anNOz3(MM= Na, K, Cs) respect.i
concent®@.a2i dn Bdr théhsamwbe&,t asbtedoie% o
relative to nFeeaaahs caadsdee,d, s @&h 2 @acdOfd . Beno | %
(&L K), 4. 8®m0 2WaliHphiL@&eCs ), 54Dshol5% me@ % Al
(1FelAl), 2.6modO#HH K843 pdMmboF &l Ale K)Na 2. 6 mo |
48. TmoiO% HeS. 7mG:l((dFALAI LNa), 1.3mol % Na

48. Tmao®s/% £&. 71001 Bee ARl A1 K1Na)

2.2.2 Fixed bed reactivity test for CLC OCs

The reactivity of oxygen carriers was test
pl aicedan lellyechagadatcead | Mt her maldufsarmade pr act
favors the -hhsds  oft iemwe dazedexamples of des
reactor s”8f dcir o@L @ | gpbodfrriax ®@d ybesd asitdudi es ar e

due to the simplicity of operat'?8m and the

This | atter poi nt was of particul ar i nter
synthesis and rapid screening. Readers wil
Obviousleynwgtthi scale is not practical in flu
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type described here are easily gendrated b

Final pbpsstbie to-scagesticttesmicompri sed of

spray induced aggregation tboemeablf yeescaede
corresponding é%ternal surface area
About 200 mmad ewamsleed f or each test. The ¢

has a |l ength of 61 c¢m, with @pattcml és Dwenra
first abG23dlokd lathour , and then exposed alf
for 2 min and 20% oxygen for 5 min simul at
for 300 s after each period, t o saivtocihd 0 X y ¢

bet ween oxidation and reduction. 50 cycl es
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MKS Mass Flow Controllers (MFCs) for the
Labview VI progr am.s Tchhea rraecatcetroirz eedf fblyu ean t maw
(Stanford Research UGA 300) operating with
(amu) at 10% of peak heiArdotwaausel asaanideztt ect i o
internal standard to determine the volume chasfggaseous reactants and products
during the reaction so as to assign concentratBysarying flow rates of Cl O
with fixed Ar flow rate, calibrations of mass spectrometer for different gases with
different concentrations were accomplished. Crystalctures of OCs were
characterized by »Ray Diffraction (XRD) witha Br uker SmartUl000 wusi
radiati on. Transmission electron microscof
perfor med tesmime i an ftehdsmi ssion el ectron
2160D. Scanning electron -Di spesmsaywg{ KEMM) €

EDX) results were-700btSaEEMhed by Hitachi SuU

2.3 Results and Discussion

A differential mobility analyzer (DMA) coupled with a condensation particle counter
(CPC) described in owrevious work, was utilized to obtain the size distribution of
the assynthesized particléS.As shown in Figure 2.2c, the #2; particle diameter
peaks at 84 nm whout K and 87 nm with 5mol% K, implying that particle size
effects can be ignored in any comparison. Similar results were obtained with other

dopants (Na, Cs).
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Figure 2.2. SEM images and Partickze distributions of asynthesized E©za), b)
4.8md% K 95.2mol% FeOs, c) produced by spray pyrolysis measured using a
differential mobility analyzer (DMA) coupled with a condensation particle counter
(CPC)
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The multiplecycle test in the fixed bed reactor examines the reactivity and
stability of the selected oxygen carrierigure 2.3a illustrates the temporal
dependence of oxygen carrier reduction withsGEaction to CQ@ of neat FeOs
sample at theSicycles.Normalized time is the real time normalized by the pulse
length. The conversiofiime plot shows a sigmoidal shape, indicating that the gas
solid reaction may proceed following the JMA mo®et? Since this study primary
focuses on total yield, selectivity and cycling stability, the data presented
subsequently are under ratitions of steady conditiond.€. long times) so that
temperature dependence of kinetics cannot be evaluBigdre 2.3b shows that
adding potassium results in a slight improvement in the kinetics without changing
final yield. This is important since amgng-term stability improvements though the
addition of potassium should not ultimately degrade kinetic pegnce. Assuming
that both cases share the same reaction order, the temporal conversion plots yield a

reaction rate for the potassium added case roughly twice that for the neat iron oxide.
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Figur.eshawdg the perfor mance behavior at
unmi xed2 (#FagukRedc), and K added OCsd mul ti
2 . 4Thgoretically, the conversion from & to FeOsshould give a C®yield of
0.52 mmol/g from F£3 to FeO, 1.56 mmol/g and from #&; to Fe, 4.69 mmol/ g
Equilibrium calculation sbws that FgOsto FeOs under methane leads to 100% O
but that subsequent partial reduction to FeO gives a mixture of CO an®€Our
experimental results could not reliably quantify this pound tb relative high mass 28
(N2) background in our mass spectrometer. It is clear that for'thgcle of the neat
FeOs (Figure 2.4a) and 50mol% Fas/ 50mol% AbOz (Figure 2.4c) samples, the

FeOs got converted to R®4 after CH; step.

Also, it demonsates that from Figure 2.4a that for pure®eperformance
degrades steadily after each cycle, which has also been reported by others and is one
of the problems plaguing many O&sAddition of aluminum nitrate to create an
alumina stabilizing matrix (Figure 2.4c) for the-Be exhibited essentially identical
behaviorto the neat F©s oxide casejmplying that at least under the synthetic
strategy pursued here, the alumina offered no advantBges. b ot h cases bef
addition (Figurogebedatand Bedcpde@Ot o al mo
cycles5Btydlhe. The addition of K however, s
2.4d stabilized the performance even up to
to the conversion or stAMAWarousldadingnp8mal% t he 50
Fex03 20mol% AbOs, 67mol% FeOs 33mol% AkO3z OCs were also tested, with no
difference in performance detected.h e degradati on may be at

d e c r e exyggenioly transport within the lattice or a reduction in the oxygen
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binding energy¥’ Meanwhile, adding Kto the FeOs/Al,0s composite also helped
modify the degadation problem (Figur2.4d). To be more specific, 2t®1% K 48.7
mol%FeOs 48.7mol% Al.Oz OC also gave a steady ¢@eld of FeOs to FeOs as

the FeOs case during those 50 cycles. What is responsible for this effect will be

specified later in this work
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Figure 2.4.C0O, yield per gram F£s for a) FeOs, b) FeOs-K (95.2mol% FeOs
with 4.8mol% K), c) 1Fe1Al(50 mol% @3/ 50 mol% AbkOs) ,d) 1FelAl-K (2.6
mol% K 48.7 mol% FgD3/ 48.7 mol% A$Os) at 750°C, 850°C, 950°C.
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Next we turn tahe effects of alkali metals as dopants. To compare the effects
of different alkali doping, we chose to use Na, K and Cs to vary the size, polarization
and electronegativity of the dopant. Plots of the>Glds per gram E©s for
different oxygen carers (OCs) for 50 redox cycles is presented in Figure 2.5. The
first thing to note is that addition of the alkali metal dopant clearly stabilizes the long
term stability of the C@conversion with no apparent decreases in performance over
time, but only K dfers high oxygen transport capacity for iron oxide. Usually,
alkaline ions are considered as catalysts; however, they only prevent performance
degradation instead of improving performance compared to the n€atifially in
our case. Alkaline metalare thought to act as an electron donor for the iron based
materials, and that the synergistic effects are ascribed to the weakening of@he Fe
bond® & The Na added OC sample showed the worst performance which can be
attributed to its smaller rauk, lower electronegativity, consistent with previous work

on the role of alkaline metals on catalytic activity.

On that basis, however, Cs should perform better than K, but clearly did not.
TEM images of reacted OCs (fare 2.5 and Figure 2.6) show that Cs was not
retained after thermal processing (at least at significant levels within the iron oxide
lattice) but phasseparated into small primary particles decorating the surface {TEM
EDX identified that metal elements$ the small grains on the bulk #&; surface are
mainly Cs), possibly because of the increased atom size. Alkali metals have also been
shown to improve selectivity, reduce coking or prolong lifetime of metal/metal oxide

catalysts for various reactiof%> 888 At least for the conversion addition of
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aluminum oxide stabilizer there appears to be no advantage, but it is included here

because of a subsequent discussion on selectivity.
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Figure 2.5.TEM images of alkaline doped OCiex 50 cycles CLC test at 1023 K of
(@) 4.8mol% Na / 95.2mol% B®s (b) 4.8mol% K / 95.2mol% KBz (c) 2.6 mol%

Cs 48.7 mol% F£3/48.7 mol% AbOs(d) 2.6 mol% K 48.7 mol% E©3/48.7 mol%
Al203,
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Figure 2.6.HRTEM images of alkaline doped OCseaafb0 cycles CLC test at 1023
K of (a) 95.2 mol% F£3/4.8 mol% Na (b) 95.2 mol% E®3/4.8mol% K(c) 48.7
mol% FeO3/48.7 mol% AbOzwith 2.6 mol% Cs
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Because one of the primary motivations of CLC today is; G€questering,
selectivity is extremely important, specifically with respect to coking, which may
occur from a number of side reactions including the Boudouard reaction (1) and

methane pyalysis (2)858%89
2COA C+CO )
CHsA C + 2H: (pyrolysis) 2)(

The secondreaction is endothermic while thérst reaction is exothermic.
Furthermore, methane decomposition is thermodynamically preferred at high
temperatures while the Boudouard reaction is favored attdowperaturesCarbon
formation comes from the two reactions mentioned above, and then burned away in
the oxidation step 2 Therefore the amount of G@bserved in the oxidation step
can be directly used to determine the extent of coke formatidinei methane step.

The two different side reactions can be differentiated by the amount of hydrogen
generated during the methane step, as it results only from methane decompostion
(reaction (2)). As the amount of hydrogen generated during the methaneastep
double the amount of CGQenerated during the oxidation step, we can conclude that
methane decompostion is the primary side reaction. We definsd&é€xtivity (based

on the amount of C8measuered during the fuel step) as:

where¢ is determined directly during the fuel step, ands meausred indirectly

by the amount of C&measured during the oxidation step.
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Thus the selectivity represents the amount of methane that is reactindpevidCs
rather than decomposirfg. of different OCs at 1023 K for 50 cycles is shown in
Figure 2.6. It is evident that addition of alkaline metals improves €&lectivity
against coking and that potassium works best in the context of g#jeclihe
addition of the alumina support provides further improveme&hts 48.7 mol%
Fe03/48.7 mol% AbOs/2.6 mol% K material clearly offers superior performance in
both reactivity stability and CfOselectivity. This result implies that alkali metals

promote oxidation over pyrolysis although the mechanism is not well understood.
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Phase identification of oxygen carriers was determined using XRD (Table 2.1),
i ndicating t hat -FaQsobr FgOs Bven tliough theesasmpleswee o
obtained after CHstep cooled down to rootemperature in Ar, the high temperature
reduced phase gets easily oxidized and thus all XRD patterns gave peaks assigned to
FexOs and four reduced samples (OC samples after €&p) gave peaks of .
No signals for KFe-O may come from two reasons:KjFe forms very fine particles
beyond limit of XRD detection 2) e forms solid solutions. From HREM results
(Figure 2.7 and 2.8), the second one is more reasonable sitee dfayed
homogeneously distributed in the particle. Also, iBES and deobnvebults
for Fe-l 8 gRgore2.9% o md | KO 50 | %O0:ample showed very
similar patterns and main peaks of Fe 2p3/2 around 710.8 eV, which demonstrates no
chemical bonding between K and Fe, which means tham&y move around in
FeOs crystal as ion interstitials. XRD analysis on the@l supported sample has
two major phases: F®s and AbO3, with no mixed FeAl-O phase formation and no
mixed FeK-Al-O phase formation is detected.q. KFe(,). Moreover, XPS also

gave the same inforrian.
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Sample

Phase identification

FeOs( MagheQmite
50mol%F eO3/50mol% Al203

4 md | Bbad 580 | %20F e
4 md | K9 501 %20F e
2. mb | Boa2 mb | B9 580 | %:20F

4 m®d | @9 5001 %0F e
FeOsafter 1 h sint
4 m® | B9 5180 | %20Feef t er
sinagaterl1023 K
50mol% FexOs/ 50mol% Alz0sa f t er
sinaterl1023 K
4 m® | Boad 5o | %0Feef t er
Ssinagaterl1023 K
2 mb | Bba2 .mb | B9 5180 | %20F
after lath 1s0i 2n3t ek
4 m® | @0 5180 | %0Feef t er
Ssinagaterl1023 K
FeOsafter 50 cycl e
FeOsaf ter 50 cycl e
FeOsafter 50 cycl e

4 md | K9 5801 %20Faef tHdr

FeOx( Magh®mi t e

FeOs( Magh®mi Bz
Na NO 2B:¢ Ma g h&ni t

KNQ
N a NSD KSNQcBgé Ma g h ®mi

BG:dMa ghe@) t e

Amor phous
FeeOz:( Magh®mi t e

FeOs( Magh®mit e

F 803 ( Ma g h €QmAli0e

FeOs( Magh®mi t e

FeOs( Magh®mi t e

FeOs( Magh®mi t e

FesOs F 803 ( Ma g h @Qmi t

FesOs F 803 ( Ma g h @Qmi t

FesOs F 803 ( Ma g h @Qmi t

FesOs, B3¢ Ma g h ®Qmi t
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cycles at 102
4 md | % KRA®I5%0Feef t5dr
cycles at 112
4 md |1 % KBA®I5%:0F e
af t5édr cycl es at
2.6mol% K 48.7mol% F eO3/ 48.7mol%
Al2Ozatf é5r0 cycl es at
2.6mol% K 48.7mol% F €03/ 48.7mol%
AlOza f t5ér cycl es ail
2.6mol% K 48.7mol% F eO3/ 48.7mol%
Al20za f t5ér cycl es at
4 .m® | Boad 5rBo | %20F e
af t5édr cycl es at
2. mb| Boa2 . mb | B 50 | %20k
af t5édr cycl es at
4 m® | @0 5180 | %0Feef t5r

cycles at 102

Fe30s4,

Fe30s4,

Fes30s4,

Fes30s4,

Fes30s4,

FesOs F 803 ( Ma g h @Qmi t ¢

FesOs, F 803 ( Ma g h ®@Qmi t ¢

FesOs F 803 ( Ma g h ®@Qmi t ¢

B3¢ Ma g h®mi t ¢

2BG:¢ Ma g h&® mi t ¢

2B:¢ Ma g h @QmAl0e

2G:¢ Ma g h ®QmAl0e

,0:¢ Ma g h @Al O

Table2.1.XRD i dentificati ons

CLC tests
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The SEM microgaphs, of the OCs are shown in Figure 2.10. Consistent with
the size distribution measurements in Figure 2.2 the as produced particles from spray
pyrolysis were spherical ~GIL & m. Af ter ~ 1 h ther mal
particles maintained their sphaicshapes. After 50 cycles (15 hours), particles
clearly showed evidence of some sintering, although for all but the smallest particles
the characteristic length scales are still nominally the same. The Na doped sample
(not shown), was essentially indiguishable from the K counterparts despite the
fact that the reactivity was much lower. It is worth noticing that all particles displayed
similar amounts of sintering, regardless of alkali metal doping. It can be implied than

that sintering does not accodat the reactivity differences.
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TEM el ement al mapping is shown in Fi
pr e p%mel® FeOs/ 50 mol% AbOs(Figure 2.11a, 2.11c), after muttycles at
1 0 2 3FigKre 2.11b, 2.11d) and 2.6 mol% K 48.7 mol%@£ 48.7 mol% A$Os
after multicycle CLC atl 0 2 3 Figlire 2.11a, 2.11c show that thepasduced
material the iron is homogeneouslgpkersed within the alumina matrix, but that after
CLC (Figure 2.11b, 2.11d), considerable morphological changes have occurred
accompanied with a significant phase separation between Fe and Al. This is also
consistent with the fact as shown in Figure 2at the Al additions to iron oxide have
minimal performance effects and shows the same general trend of decreasing activity
with time. However2.6 mol% K 48.7 mol% FE©3/ 48.7mol% AbOs composite, as
shown in Figure 2.12 clearly stabilizes the structurmfrboth morphological

sintering effects but also phase separation between Al and Fe.

Similar results (Figure 2.13) were achieved with the Na sample after 50 cycles,
but recall that the Na containing sample did not perform well. The mapping results
indicate that the alkaline metal helps to retard phase separation within the alumina
support, which may account for thengterm stability of 2.6 mol% K 48.7 mol%
FeOs/ 48.7 mol% AtOz OC relative to the nascent iron oxide, and little alkaline
metal loss. Posium ions movement may exist as a binder feAF¢hus preventing
phase separation between the two. This result indicates that alkaline effect here is
more than catalytic surface effect; it is a whole particle effegidditional TEM
images in the supporting information (Figure 2.7, 2.8), indicates thiab@sver, did
not stay in iron oxide, and was found to phase separate to the surface of the OC

surface. This separation may be attributed to the larger size of tHe X84 pm) ion
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compared to K(~152 pm) and N&~116 pm), as well its higher ion polaaitmn.’
8 69 Iprevious catalysis studies have seen similar tenttseinendency for Cs phase

separatiorfz />4
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Figur @EM BInd el emental mappds/n5g0 rneoslutb t s f or
AbOsz( a,Asc )symdcthbe,sid) after 50. CLC cycles at
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Figur eTEM Jahd el ement al 10dp@Bi. Vg 00odi®% Al mol %
2.6 mol % K after 50 CLC cycles at 1023 K
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1pum

Figure 2.13.TEM Elementary Mapping result 2.6 % Na 48.7mol%®£48.7mol%
Al>Oz after50 CLC cyclesat 0 2 3 K
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Our experimental approach is not amenable to identify the root cause of the
potassium effect, however unlike a catalysis which is a pure surface effect, we are
driving the OC within the whole patrticle, and thus we expetatever the alkali
metal effect it must involve more than surface effects. This may involve changing
oxygenion transport within the lattice or a reduction in the oxygen binding energy.
The fact that Na with its lower electronegativity performs worseoissistent with
this, with the Cs, because of its instability within the lattice not providing any useful
insights on this point. The stability of iron within the alumina implies that the alkali
metal (both K and Na) stiffens the alumina matrix from mgwvanound and offers a
stable path foroxygen transport to the surface, whiamy help to exiain the

improved selectivityi(e. reduction in coking).

2.4 Conclusion and Outlook

We demonstrate that addition of potassium to iron oxide nanoparticles during
synthesis can significantlgnhance its performance in letgm CLC tests of
methane oxidation. This was however not true for Na or Cs addition. In the latter Cs
addition was not incorporated within the lattice but was found to phase separate into
small Cs particles at the surface of the iron oxide. Synthesis of particles with an
alumina matrix was found to have minimal effect for nascent iron oxide performance,
but when added in combination with potassium yielded the best performance in terms

of long-term stability as well as C&selectivity with respect to coking.
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Chapter 3: Novel ZSa@lpiotr:

forbdeed Oxygen Carrier :

3.1 Introduction

The capture of COreleased from fuel combustion is being actively studied to

mitigate the effets of climate changk.A number of processes such gsr- e

c omh Wsnt d xuye | c nanb dissgpadnob u’htaiveen been expl or ed
capture from fossil fuel C O ntechngues asen pr oc e

energy intensive, resulting in a decrease of the overall combustion efficiency.

Chemi cal l oop{Ch@ i s omeusnygi cenx pl ored as a
combustion technology, since it operates w
ai rsemWla combusti on, but -zer bhe@® sPodlatht i al 0
invol vesd ep thpwomcess, in which met al oxi des

t h a rso that the direct contact between fuel and air is avoldgdd r ocar bon f ue
are oxidizedt by wieéneand Coo ihe fadse step, from which a

pure CQ stream, could be realized by single steam condengdfibfihe reduced

metal oxide is then regenerated by combustion in air in the second step to complete

the combustion cycleThe isolation of hydrocarbon fuels from air in CLC processes

achievesa pure CQ stream for direct sequestrationan ideal situationand avoids

NOy formation by recovery of metal oxides at moderate temperature in air. Because

of the multicycling nature of the process, the choice of metal oxides as oxygen

carriess (OCs), with excellent activity, and lowgrm stabilityis critical to enabling
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implementation of CLC into industrial scdle.

Met al oxi des -bhapeadi chneabhogppnesssde. we | | as
their mi xtures are the most promising OCOG:
their earth abundance, | ow cd%®Amoengghani ca
thembased OCs have received intensive rese
high melting poimani aald excehdemht>Bimedh gh t
practical application of i rboend mopxe ddeed OCys i
serious sinterirmg eal#®Fwentsedlttyi ohhe iron
encounter agglomeration and deactivation a

cycl e

7]

The introductiiorno nofo xsiudpep o0OQGs nast elre
conquer t handdudadctivgti on .i sGuwrersenitn y CL C 1
supports oA KIMg®L Al Biladh d 2r @FaOnd acti ve
supports suchhawenpleaamnyss kdiedse@s@s f oThd&esuppor
mat er i a lpmote @ispprsion of OC particles and provide physical/chemical
barriers against OC migration into aggregates ifteraction betweesupport and
OC can also facilitate the reduction rate of OGs fuel combustiorf® It should be
noted that all these support materials are oxides and their mixtures.

In the present work, we report a new type of suposticalite-1 zeolite for
FeOs: OCs in CLC. Silicalite-1 is the alummumfree form of zeolite with a
mordenite framework inverted (MFI) structure consisting of two intersected 10
member ring (MR) microporous channels, one straight and one sinusoidal, with
diameter of ~0.55 nr?f®® Silicalite-1 is thermaly stable (up to ~1550 K) and

mechanically stablemaking it a potentiatesired inert support for K&z to form
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durable OCsn CLC, which, to our knowledgehas not yet been explored. In this
study, two silicalite-1 supportd FexOs structuresa) coreshell FeOs@silicalite 1 and

b) FeOs-impregnatedilicalite-1 (FeOs/silicalite-1) were created for CLC and tested
with methanduel in a fixed bed reactor. The encapsulation afdzenside silicalite

1 shell or within its channels provides physical barriers for avoiding aggregatf
OCs during CLC cycling, while the unique microporous structure of zeolite allows
transport of methane in and @0ut of FeOs OC. An added benefit is we find that

these structures reduce coke deposition e@f-e

3.2 Experimental Section

3.2.1 Material synthesis

3.2.1.1 Preparation of coshell FeOz@silicalite-1 OCs
FeOs particles were prepared bysdblving 20.2 g of Fe(N£x-9H>0 (99.99% trace
metals basis, Sigmaldrich) in 50 mL deionized (DI) water under rigorous stirring,

followed by addion of 30 mL KOH({ 85%, SigmaAldrich) solution (5 mol-L*) to

form a Fe(OH) suspension® After adusting pH of the suspension to ~10 tiyop
wise addition of NHOH solution (28.680.0%, Sigma&Aldrich), the mixture was
stirred for 0.5 h and then transferred to a Tefload stainless steel autoclave and
held at 453 K for 5 h. Finally, the sample whsrt filtrated, washed with DI water
and ethanol alternatively four times, and dried at 343 K for 12 h to fou@s:Fe

particles.
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Add silicalite-1

Add TEOS
seed

T ™\

Fe,0; Amorphous Silicaite-1 Silicaite-1
nanoparticle SiO, shell seed shell

Scheme3.1. Synthesis procedure to prepare@silicalite 1 OC.
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Scheme3.1 shows the procedure to peep the FgO:@silicalitel coreshell
structure with FgOs as the core and silicalite as the shell. First, &0z shell was
createdon FexOs particlesto form coreshell FeOs@SiQ structure In this synthesis,
0.1 gassynthesized=e0Os particles verefirstly dispersed in a solutioof 40 mL 2
propanol (99.5%, SigmaAldrich), 1.42 g DI water and 1.1 g NBH solution (28.0
30.0%) by ultrasonication for 1 hSecondly, &iO. precursor solution was prepared
by mixing 1 g tetraethyl orthosilicaf@EOS) (986, SigmaAldrich) with 2 mL 2
propanoland the resultant mixture was added iR®Os suspension at a rate of 0.4
mL h?! via a syringe pumg N-E O 0 Nlew Era Pump System. fsft ti etrrhien g
mi x tf wkRd, the resultant F@:@SiG particles were colleet by centrifugation,
washed with DI water four timeand then dried at 343 K overnightirdly, avapor
phase transformation process was carried out to convesti@i®silicalite 1 under
assistanceof silicalite-1 seeds to form the coshell FeOs@silicalite-1 structure
according to a previouslyeported method'°*%? |In this synthesis step, thas
prepared FO:@SiOQ particles were firstly dispersed in 4 mL DI water by
ultrasonication. 2 g poldiallydimethylammonium chloride) (PDDA, 20 wt% in
H20, SigmaAldrich) was mixed with 1 mL DI water athe resultant mixturevas
addedinto the FeOz;@SiQ: suspension. After the mixture was stirred for 0.5 h, the
particles vere centrifuged and washed with diluted MPH (2 wt %) solution four
times. The a®btained wet paste was then dispersed in 10 mL% wreolite seed
suspension for 0.67 h. The mixture was finally collected by centrifugation, washed
with DI water four times and then dried at 343 K overnight. Therapared

FeOs@SIiG particles coated with PDDA and silicalileseeds were transferred into
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a glass vial, which was placed in a Teflored stainless steel autoclave containing
2.0 g trimethylamine (99%, Sigm#sdrich), 0.2 g ethylene diamine (99.5%, Sigma
Aldrich), and 0.4 mLDI waterl®? The autoclave was heated at 413 K for three days
to transform amorphous SiGhell irto silicalitel shell Finally, the sample was
calcined at 823 K fio4 hours at a ramp rate 1 K rmtinnder flowing air (100 mL min

! Airgas). The Fgs;@silicalite 1 samplevas designated as F@Si.

For the synthesis dflicalite-1 seeds® typically, 0.43 g NaOH (9%, Sigma
Aldrich) was dissolved in 15 mL DI water, followed by addition of 15 g
tetrapropylammonium hydroxide aqueous solution (TPAOH, 40 wt%,-Adfsar)
and 9.5 g of fumed silica (Sigr#sdrich). The mixture was stirred at room
temperature fo0.25h andthen heated at 353 K under stirring until a clear mixture
was obtained. The resultant clear mixture was placed in a Tefkxh stainless steel
autoclave, which was rotated at a speed of 30 rpm and under temperature of 403 K for
8h in a convection overkinally, the silicalitel nanoparticles were centrifuged and
washed with DI water for 4 times and then dispersed in DI water to form 1 wt%

silicalie-1 seed solution.

3.2.1.2 Preparation of E®s/sllicalite-1 composite
Silicalite-1 zeolite was synthesideby a hydrothermal methodsing arecipe of
1TPAOH: 8.5TEOS: 0.17NaOH: 34GEH.OH: 484H0. In a typical synthesis,
0.032 g NaOH was firt dissolved in 20.2 g DI water, followed by addition of 1.22
g TPAOH (40wt%) aqueous solution. 4.25 g TEOS was adddthenthe resultant

mixture was held under rigorous stirring at room temperature for Zdinally,
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crystallization of silicalitel zeolite was conducted for 2 days in the autoclaves
tumbling vertically in an oven at 423 K. After crystallizatidime zeolite product was
centrifuged washed with DI water till pH ~ 9, and dried at 343 K overnight.
Afterwards, the zeolite sample was calcined at 823 K for 6 h with a ramp rate at 1 K
mint under flowing air (100 mL mi#).

The synthesis of E®a/silicalite-1 composite was done by ampregnation
method. Typically, 0.35 g of Fe(NR2 was dissolved in 0.2 g DI water and the
resultant aqueous solution was added to 1 g siliehlittopwise under rigorous
stirring to form the 12 wt% FgDs/silicalite-1 sample. Th process was repeated to
make the 24 wt% EOs/silicalite-1, in which 0.70 g of Fe(N§s was used. The as
prepared 12 wt% E©s/silicalite-1 and 24 wt% Fs/silicalite-1 were dried at 393 K
overnight, followed by calcination at 823 K for 4 h with a rarafe of 1.67 K mirt
under air flow (100mL min). We designate the 1&t% FeOs/silicalite-1 and 24
wt% FeOs/silicalite-1 as FgOs/Si-12 and FgOs/Si-24, respectively.

3.2.2 Characterizations

The morphologies of the zeoligzipported F£3; OC samplesvere characterized by
scanning electron microscop§6EM, Hitachi SU70) and transmission electron
microscopy(TEM, JEOL JEM 2100 FEG)rhe porosity, pore size, and surface area
of these samplesvere obtainedby argon (Ar) adsorptiomlesorption isotherms
meaured at 87 K with an Autosoil analyzer (Quantachrome Instruments). Crystal
structures of OCs were characterized 3Ry diffraction (XRD) with a Bruker

Smart 1000 under Cu KU beam. Fe and Si
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inductively coupld plasma optical emission spectroscopy €GPS, Optima 4300
DV instrument, PerkiElmer).

The achyiclli ty and r eacstaisviftuel ofwa®@Cs awirti fed
vertically oriented fixed bed reactor in ¢
reported in a YMaewd ofulsow uddntcradli loer.s ( MFC,
a Labview VI program wlkerewauaeaat ecled Tlhhe mgaa
effluent was characterized bYeaerapoohi WE&Ama
300) operating withatao nmas smarsessaaul nuilt i ofaa o< . Qu.
peak height and a Adwadused dsiaoinert intermal standardté p p m.
determine the volume change of gaseous reactants and products dureagtiosn so
as to assign concentrations. By varying the flow rates of &id Q with a fixed Ar
flow rate at 200 mL min', calibrations for the mass spectrometer were obtained for
CO, CO,CHand B.About 200 mg of OC was @sed for
supported OCs, samples swata@ai osrd. t ihe pm
were packed withinfa 6dwWarmne Ireenagcttho,r wiutbhe ¢
(O. D2MmM and i nner 1domeme described(il ouDprevious
work.? 4The particles were first annealed at 1023 K for 1 hour, and then exposed
alternatively to 11% methane for 2 min, and 20% oxygen for 5 min simulating the
CLC reaction cycles with argon as the inert balance gas. Argon was introduced for 5
min duringthe shift from methane to oxygen to avdidect contact betweeoxygen

and methane. The CLC testere runcontinuously for 50 cycles, up to 15 h.
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3.3 Results and discussion

3.3.1 Structural properties of OCs

SEM and TEM images in Figu@®1 show the mgrhologies of synthesized ceséell
FeO:@Si and FgO3/Si composite OCs. E@s@Si consists of uniform spherical
particles of diameter at ~ 1 um (Figudd.a). The thickness of the silicakifeshell is
~ 100 nm and the E®score has a diameter of ~ 900 rfmgure 3.1b). Figure3.1¢)
and 3.1¢) are SEM images of E®s/Si-12 and FgOs/Si-24, respectively, and both
samples show a typical cofflike morphology of silicalitel, indicating that the
loading of FeOs and subsequent calcination did not change tbephology of the
silicalite-1 support. Moreover, a comparison between th®©#8i-12 and FgO3/Si-
24 samples (as evidenced by TEM images in Figutd) and 3.1f) indicates that
there are more debtike particle aggregates on the silicalitan FeOs/Si-24 than

Fe0s/Si-12, which can be attributed to thghloading of FeOzin FeO3/Si-24.
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Fig@xMor phol ogy of OC sampl es -@%iwgd by SEI
Fele/-B2 @&ndOFeXxi4d, and TEM 405@Sgde)s:Osbesli2zb) Fe
anfd) O ei4, respectively.
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ThXRD patter32s iidneé hRgi gleuyw idsa tebdscFaedo fs #1l i cal i t €
crystallimet phhaseshrF@me ©OGC mpampsthes . XpRDr po s e
patter ns-lofamndi IFieewdlieyc,&€ iaurdee dFB8JApEarent |l vy,
Fex0O3@Sicontainsthe characteristic peaks of both hematitstk¢ 2d = 33 A, 35A
54°) and silicalitel ( 2d = 2 8oAfirmangthe eisteAck of silicalité and
FeOs in this sample, consistent witmorphology observation in Figui21l. XRD
patterns of F£3/Si-12 and FgOs/Si-24 in Figure3.2 show the characteristic peaks
of silicalite-1, consistent with the silicalité crystal viewed in Figure&.1. The
intensity ofdiffraction peaks corresponding £ €03 in Fe0O3/Si-12 is much smaller
than thain FexOs/Si-24, which can be ascribed to the lod@adingof FeO3 OCsin

theformer sample
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3.3.2 Composition and porosity of OCs

The concentrations dfFeOs in the OC samples were measured by -[OFS, as
summarized in Tabl8.1. The weight percentage of #88 in FeOs/Si-12 and
FeOs/Si-24 were 11 wt% and 24 wt%, respectively, same ths FeOs
concentrationsisedin the sample preparation recipe. The concentration gd#e

theF g0:@Si -6 b e & | isRawilp, comparable to that FeO3/Si-24.
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Table 3.1 Textual propertieand elemerati compositiors of theOCs

OC f_FQOBa Slotalb Vtotalc Vmicrod Vmesoe
% (mg" (gl (emPg?)  (emPg)
FeO:@Si 21 178 0.107 0.044 0.063
Silicalite-1 NA 396 0.208 0.113 0.093
FexOs/Si-12 11 360 0.196 0.110 0.086
FexOs/Si-24 24 309 0.161 0.100 0.061

aDetermned by ICROES P Calculated from multpoint BET methog® Calculated
from the adsorption branch at B#0.95;¢ Calculated front-plot method;? Vmess
VtotarV micro-
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Ar adsorptiondesorption isotherms in Figui@3 areused to characterize the
porosty of silicalite-1, FeQOs/Si-12, FeOs/Si-24 and FgO:@Si samples. At the low
relative pressure (pgp< 0.05), the Ar uptake follows the order of.Be/Si-24 <
FeOs/Si-12< silicalitel, implying thatthe microporosity of silicalite-1 decreases
with the increase of E@sloading. FeOs@Si (22wt%) and FeOs/Si-24 (24 wt%)
have similar Fgs loadings, but the former sample has much lower Ar uptake and
thus microporosityThe low Ar uptake inFeOs@Si samplemight result from tk
existence of a portion of amorpho®O; or notwell-crystallized zeolitein the
silicalite-1 shell.

Thepore size distributionsf the OC samples are shown in Fig@r&b, which
arederived from theadsorption branch dhe Ar ad-/desorption isothermasingnon
local density functional theofNLDFT) method!® The intensity of the micropore
peaks, centered a5 A, shows the trendf silicalite-1> FeOs/Si-12> FeOs/Si-24,
consistent with the Aisotherm datain Figure 3.3a), indicating thathigh FeOs
loading leads tanore FeOz loadingin the microporous channels of silicalite The
FeOs@Si sample has the lowest micropore peak intensity, which might be due to the
amorphous Sig) or notwell-crystallized silcalite-1, asdiscussed abovdhe second
peak located at 8 Anight be due tahe reminisenceof a phase transition iAr
adsorbateaccordingto previous report§?4105196107 The intensity of the mesopore
peak in all OCds very low,which suggests the absence of mesoporosity in these

zeolitesupported OC samples
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3.3.3 OC performance tests in CLC

Table 3.2 lists the possible reactions occurring dhfferent reduction stageof the
CLC tests with F€s OCs and methane fuel. The €@eld in each reaction is

computed according to the equation stoichiometry.
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Table 3.2. Reaction equatiain differentreduction stageof CLC and corresponding
CQyyields

Reaction Equation (mrﬁc?l/zg)iiligog)
(1) ?p#( oc&A 0 ¢ &A TE#/ g( / 0.52
) %#( &N o &A/TE#/ g( / 1.56
3) %#( &N o &A?#/ g( / 4.69
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Our measure€ O, yield stablized at 0.52 mmol-FeOs for all OC samples
at both 1023 K and 1223 #r a50 cycle CLC testas shown in Figurd.4. The CQ
yield suggests that all OC sples did methane conversion preferentially following
the first reaction equation in Tab82, which means EE©s is reduced into R©4
phase.The XRD patterns inFigure 3.5 show the existence of k&4 in the OC
samples after the CLC tesivhich is consignt with the conclusion that e
reduced to F©4 in the CHs reduction stemrawn from CQ yield data in Figure 4.
The silicalitel support did not influence the reaction nature eOs©Cs in the CLC
tests, which is consistent with the chemical ahdrmal inertness of silicalité
zeolite in the CLC conditions. The consistence ino@@Id across all these CLC 50
cycles, up to 15 hoursndicates that all OCs were stable and did not experience
obvious activity degradation. Additionally, FiguBe!l stows the reaction temperature

does not influence the reaction nature of thgdE©Cs in the tested CLC conditions.
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Since the primary motivatiorof developing CLC processis for CO
sajuestionthe exclusive formation of C{rversus other byproducts such as coke (C)
from methane fuel over OCs in the reaction is desired. In the present study, we did
not observe any other geseous carbased product except G@n the reduction
stage of @s. In the regeneration (or oxidation) stage of OCs; @@duct was also
observed, which results from the combustion of coke species deposited on OCs
during the reduction stage in the CLC tests. Addtionapypidduct was detected in
the reduction stagef @Cs.

It is noted that twonominal side reactionsBoudouardreaction 8.1) and

methane decompositioB.2), coud occur in CLC of methane fuét

2C0OA C+CQ (3.1)

CHA C+2H (32)
The thermodynamic analysis shows that thethane demmposition reaction is
endothermic while théBoudouardreactionis exothermic Therefore the methane
decomposition reaction is thermodynamically preferred at high temperataston
conditiors while the Boudouard reactiois favored atlow temperature®’ The
absence of CO product and presence gfrHthe reduction stage of the CLC test
indicae that methane decompositida the side reactionin our study Thus, the
selectivity of CQ ( @) is analyzed based on the ratio of £Lfnount (o) to total
carbonbased species (i.e., the summation @rand the amount of C £ in the
reduction stage, as shown in equati88); It should be noted thabke generated

from the methane dempositionduring the reduction stewill subsequently be
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oxidized to CQ during the OC regeneration step (thedRidation step) The amount

of coke was quantitied based on @®; emissiorfrom the oxidation step

r (3.3)

Figure 3.6 revealsCO;, selectivity in CLC tests over B®s and silicalitel supported

FeOs3 OCs at two different tempreatures. AtO 2 J FK @6 a &l the supported

OCs (FeO;@Si, FeO3/Si-12 and FgOs/Si-24) showed similar C&selectivity, ~97%

andwas sl ightly FEO:@QBser t hhapshahldeacat i GOty of ~
When the temperature was raised to 1223 K (FiguBk), significant differences in

CO; selectivity across these fo@C samples were observed. The biargOs O C

only had a sel edtg:@3ityd od bet6tSeda. plehref or man
FeO;showi ng a s8&7M1%,cthwti tglred Si2 s B O/ hSa n

240Cs. As sho3nb,i mbeOFiBYR2Tr & 80d/ KX—A1had mini mal
performance degradation in theThesldhicti on s
differences in C@selectivity at relatively lower temperature (1023 K) and significant

differences at higher temperature (1223 K) actbsse four OC samples suggest

higher reaction temperature may changednuctures of the OC samples, and thus

alters their selectivity inthe CLC reaction. Apparently, the F€s-impregnated

silicalite-1 samples have the best stability than others iCtl@ tests.
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To eixnaem t he mor phol oaqifdalr tirgthc ttuernep eafat
react iSctMs er aantli XRD measurement suswe®€ e condu
sampFiegd8 &, c, sbown®@EN)i mages of tHhGe four
cycl eatCLL0O23 nKsgompwrth the mo¢¥lp hsoulpopgoyr tefd s
FeOssampl es bef oFieg 8@)el@ ett-@G@%is garovoscl edheir
smooth surface -fbaturetrtocttihree, c obret stil
mor phol dcgd¥. SlithapOod ShE4e mp & e sh o vheavweer ,qui t e s i mi
mor phol ogi es CiL& tTesa aXRR f phRitg & rceoxmn fii m me d
t hcer ystall nhegphageof four QCssianfcteeralrle aocft i
do not have new peaks hiesethatdi tfomddctrimen t
OCs can reserve their structural and chem
CLC reactions.

Figure3.8b, d, fandh show the morpholags of all investigated OCs after 50
cycle CLC at 1223 K. Both unsupportdeOs and F g0s@Siseem t o be sint
t o g et form farget aggregated-igure 3.8b and d respectively. Particularly, the
XRD patterns in Figure3.5 indicate thethe transofrmation ofsilicalite-1 into
amorphous Sig) consistent with the SEM observation orgl two OC sampleshTe
sintering-loshealill $0ecSli ittpear Fecldea®e mioghthebed o0\
strattystafl t hetlgislhied A0t &wihdkc)h, i stwul ner atk
and prone to col | &igweed ardthillubtiatg thatFe@/BiflZ2 r at ur e .
andFexOs/Si-24 havelittle morphologcal change after 50 cydeof CLC reaction at
1223 K. The XRD results ifrigure 3.5 further confirmthe presence ddilicalite-1

zeolitephase in the samples after CLC ¢e€§to mp ar ed tthao ntlls islhied dl i t e
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t h e.O:@% excatientstructuralstability of FeOs/silicailte-1 OCs should be
ascribeddartgem)(hdnarwelk bl | i-E2adi yOsvtearlasl .l |, t he
stable silicalitel zeolite provided physical barrierso avoid aggregation of active
FeOs OCs in CLC cycles limited the coke depositionfrom side methane

decomposition reactigrand thudedto high CQ selectivityin CLC of methanduel.
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3.4 Conclusion

Silicalite-1 is explored aa novel support material for E®s to form supportedOCs
for CLC reaction wih methane as the fuel. Two silicalite supported F€s3
structures coreshell FeOs@silicalite-l and FeOs-impregnated silicalitd
(FexOq/silicalite-1), were createdto study th& influences onCLC reactionat 1023
and 1223 K, respectivelyAfter 50 cydes of CLC tests at 1023 K, both
FeOs@silicalite-1 andFeOs/silicalite-1 OCsshowedsimilar CQ yield and slightly
higher CQ selectivity thanbare FeOs OCs. All the OC samples were able to
preserve their structural integrity at 1023 K. An increasesattion temperature to
1223 K resulted in significant sintering of b&fe0s and FeOs@silicalite-1 OCs,
and thus they showed inferior G€klectivitythan that ofFeOs/silicalite-1 OCs. The
larger silicalitel crystal inFeOs/silicalite-1 OCs keeps itstructural integrity and
provides physical barriers férexO3; OCs againsaggregatiorand coke depositiom
CLC cycles.In conclusion, our study of the structtftanction relation for silicalitel
supported F€s OCs can form the basis for the developrhen silicalitel asan

efficient support in chemical looping applications.

92



Chapter 4: Perovskite O

Carrier s

4.1 Introduction

Chemical looping combustion (CLC) is a novel approach towards the
combustion of fuels that utilizes a tvetep redox process to achieve
carbonaceous combustion, offering a smaller carbon footprint with no
thermodynamic energy penaf§#? Instead of directly burningyldrocarbon in
air, met al oxides are used as oxygen cé
they are reduced while carbonaceous fuel is converted to carbon dioxide and
water. The reduced OC's are regenerated in an air reactor, and through cycling
these oides, a flameless combustion is achieved with the temperature in air
reactors often lower than3@0 K, thus avoiding N@ formation that is
generated from traditional combustion with air (~80%).%W The resultant
process under ideal conditions generates a pure sI®am, after steam

condensation in the fuel reactor.

One of the significant roadblocks in implementation ofCCis finding
the right OC, and the multiple considerations include high phase stability,
redox activity, low cost, and being environmentally berfigrPotential
candidates studied as OCO6s include bina
such as iron, copper, nickel, manganese, cobalt, and their mixed metal oxides.

Perovskites have al s ocorsidesing theinhigH redoxe d a s
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cyclic stabilities and superior oxygen transport capaditfePerovskites are
generally formularized a&BOs, with A andB cations and the & anion and are
natural candidates for OC's due to their high oxygen conductivity, thermal
stability, ease of synthesis, and relatively low cost. In the perovskite structure,
the A cation is typically an alkali, alkaline earth, or lanthanidetah and thd3
cation a transition metal. Nevertheless, given the myriad of potential
combinations of thé andB cations, choosing the optimal perovskite for CLC

applications is dauntintj.

The role of the transition metd is more important than that &
consideringthat it is the redox active metal that participates in the CLC
reactions. Therefore, we have conducted a systematic study of 9 diffegent La
xCaBO3 compositions where thd3 site was varied between Cr to Cu.
Furthermore, we included Bgbr.sCon.sFen.203 (BSCF) since it is a commonly
used material in oxygen evolution catalysis. In tesnmunicationwe report
trends of particular materials descriptors such as electronegativity versus our
independent variable oxygen storage capacity (OSC) withaskhefuel. Our
goal is to find various descriptors that could be utilized by future studies to

select the optimal oxides for various CLC applications.

4.2 Experimental Approach

4.2.1 Perovskite OC synthesis

All perovskites were synthesized in our laboratoryngisaerosclssisted spray

pyrolysis with metal nitrate aqueous solutions as precursors. All chemicals were
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purchasd from SigmaAldrich, including La(NGs)s-6H20 (099. 0% pur e)
Ca(NQ)z4H0( 099 . 0% p u#)ehhO( OMri7(. NG6  p us)y:@H0O Fe( NO
( 09 8 use), Ni(NQ)26H,O0 (O097. 0% papbLd, (THDEMWMOpur e) ,
Cu(N®s)2:3H0 ( 098 % p weHHO, ( ©Or9 (B NBaNd:y¢H.0 ( 09 8 %
pure® and S(NO3)2-9H,0 ( 099)% pur e

The spray pyrolysis system consists of a stainless steel atomizergsilica
diffusion dryer, an isothermal tube furnace, and a stainless steel sample collector, as
described in details in previous publicatidA3he synthetic process can besdribed
as a dropleto-particle method, where the precursor droplets are decomposed into
perovskite mixed metal oxides in the isothermah&iceduring the thermal treatment
For the precursor solution, 0.20 M metal nitrates, 0.10 M citreittare disolved in
DI water. The atomizer is a collisigdgpe nebulizer, which generates droplets with
di ameters approximately 1 em in size. Th
compressed air gas with a flow rate of ~3 L/nmto the diffusion dryer, then intoeh
isothermal tub furnace at 273 K to decompose the precursors into oxide particles
with a ~1s residence tim€&inally, particles exiting the aerosol reactor are collected
on a 0.4 um DTTP Millipore fitewi t h-2D@®% por osity (purchasec

Mil Fepo
4.2 2 Material Characterizations

Crystal structures of-R&Oys Diafrfer acchtairoanct (eX R D2
Bruker Smart 1000 dlet edt ati onsi nGr a®ws miKs s i «
Mi croscopy ( TEM) and Hi gh Resol uti on Tr @

(HRTEaMpeer f or med umiisigi an Fliredmsnd ssi on EIl ec
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(JEOL 2T®BNM) .FEScanning Electron Microscopy |
Hi tacfiI0 SEM. TGA (Ther mal Gravimetric Ane
spectroscopy) tests were condowepleed swimuh t
Di scovery TM quadruple mass spectinameter f
sample crucible | oaded with ~10 mg sampl es

and held for 30 mintohtd28akipaddahell® Komi:

4.2.3 kxed bed reactor reactivity test

Total methane oxidation and stability tests of the perovskites were performed in a
vertically oriented fixed bed reactor placed in an electrically heated isothermal

furnace atl023 K The effluent was sampled with a magearometer (Stanford
Research UGA 300) with mass resolution of <0.5 at omi
of peak height and. Agondvastalsocused asm@n intarnalimass <1 p p
spectrometer standard for quantitative analysis of the effluent, gase#\r flow rate

were kept at a fixed valu8y varying the flow rates of CHand Q with a fixed Ar

flow rate, calibrations of the mass spectrometer for different gases with different

concentrations, including GOCO, CH, Ho>.

Nominal l vy, gen2@@rmgeoxgample is used fc
flow reactor has a Il ength of 61 cm, with a
annealed at the reaction temperature for 1
met hane for 2ygmem faomrd R20M mxsi mul ating the

introduced for 300 s after each period, t
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met hane mixing between the oxidation and r

i n t haissurt epsrtevi ous study.

4.3 Results and Discussion

4.3.1Textual properties of OCs

The Scanning Electron Microscopy (SEM) i ma
the spherical mor phol ogy of Huwh®fRpagayX pyr
di ffraction (2XRdDnfspermo Vs lgiutree ArAy ¢t sslamptl resct
were pseudocubic perovskites with Le Bail
PrmBm) , orthBbBhembircrh&®Bchbobpdcal gfoups.
PowderrayX Diffraction ( XRD) ex@rer Dhent s,
di ffract omelreadivavtdirnesn€d Ko chasgatéacisiae t hi
materiaBewn i n2FiTallepridsents the refined
crystallite size, and | attice parameters r
All refinements were perf d4%Whed ewintohs tt hsea nipd
could be adequately fit i n the cubic space
pseudocubi c, final refi nemenduwsP rame (e per f
orthor hPdombyi cor( r hoRBYo hepa ad droups depend]
presence of peak splitting and satellite
smal |l er than 35 nm, determined by the Sct
syyrhesi s techni querLea jiNe Gseaxnde [BFaGo ke Qs
which had crystallite sizes of 77.8(5) and
phase pure exGue®t LfaeCoamnGad Laxs@and

LaGaGo®Obot h had a weak and br oad2dpeak at
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(approximaiTbhly PBe@kijfoul diOspbehawevebuted 1
possible to definitively identify this pha
at higher abgpaesFemni&Gd@XiRer e are i mpurit.)
present at a pAparnadx | B { RA p r2o2x9i.mat ely 3.0 ar
respectivel y). dcTehre poesaski balty 2i@eo 5add@Painlbut e d
the peakdtad GWO.5AALewi bhst Blaanpka ddf t it hreal

i mpurity peaaekdemalmes i ve identification of

phases considered but rul ed out i nclude c:
oxi des, the metallic iediearetnt per awmgdkialel bo
present i n -2 heéat Mdds ePcrFy st al | ite info coul
4. 1.
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Figure 4.1. SEM of LaCrQ a) andb) shows the spherical morphology
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Figure 4.2. Powder XRD patterns for each of the tested samples
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Table 41. Le Bail refinement results for as synthesized samples

Lattice parameters

Phase Crystallite | a (A) b (A) c(A) Volume
Symmetry size (nm} (A3

LaNiQ rhombohedral | 25.4(2) 5.5058(4) 13.372(1) | 351.13(6)
(R-3c)

LaMnQ rhombohedral | 20.1(1) 5.5190(4) 13.396(1) | 353.37(7)
(R-3¢)

LaMny sNio 503 rhombohedral | 77.8(5) 5.6407(2) 13.8478(5) | 381.80(3)
(R-3c)

LaMnysCly.sOs cubic 13.1(1) 3.8888(7) 58.81(3)
(Pm3m)

LaCr@ orthorhombic | 34.3(2) 5.4695(3) | 5.5177(3) | 7.7598(5) | 234.13(2)
(Pbnm

LaCo@ rhombohedral | 20.4(1) 5.4365(5) 13.130(2) | 336.08(8)
(R-3c)

La.sCa.sMnO; cubic 12.7(1) 3.8376(4) 56.52(2)
(Pm3m)

LaysCasFeQ orthorhombic | 25.6(2) 5.537(1) 5.571(1) | 7.8556(5) | 242.30(7)
(Pbnm)

LasCasCoQ rhombohedral | 21.5(1) 5.4816(4) 13.535(1) | 352.21(6)
(R-3c)

Ba 5Sk.sCo.sF e 203 cubic 66.3(4) 3.9927(1) 63.652(5)
(Pm3m)

a determined from the Scherrer equation
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The post reaction laCasCo0O; TEM image is shown in Figure 3h) and
HRTEM in Figure 43c). From Figure 4&c), with a lattice spacing of 0.98 nm, while
the selected area electron diffraction (SAED) in Figurgyverifies the (101)
orientation in the cubic perovskite. SEM images in figuréby.of postreaction
material indicates that sintering has taken plattbpagh as will be discussed later
this does not seem to impede performance over multiple cycles, consistent also with
observation by otherd® HRTEM lattice image in Figure &) indicates that due to
the 15 hours of high temperature operation, significant crystal growth is occurring as
seen by the narrowing dfie XRD spectral peaks of pasaction samples in Figure

44,

Each of thesXRD patterns is provided in Figure3 of theLe Bailing fitting
of each pattern showed that each sample was phase pure with all peaks being indexed
in either the cubicKm3m), orthorhombic Pbnn), or rhombohedralR-3c) space
groups. Representative Le Bail refinements fogsCa sC00s, LaCw.sMnos0s, and
LaNiOs are provided in Figures 447. Table 42 presents the refined space group,
crystallite size, and lattice parameteresulting from the Le Bail fitting of each
pattern. Consideringmpurity phases are no longer present in the post fixed bed
experiment samples and that the OSC of these samples is steady over the 50 cycles
tested, these impurity phases appear to hamenamal effect on the performance of
these samples as oxygen carriédspeaks were indexed in either the culdret3m),
orthorhombic Pbnm), or rhombohedralR-3c) space groupS.GA-MS data in Figure
4.8 implies that our perovskites did not releaseu t o 1023 K, t hus

reaction with CH follows the gassolid reaction mechanism.
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Figure 43.a) TEM, b) SEM and c) HRTEM and d) SAED shows the perovskite
crystal structure of the pestaction La sCa sCoQCs.
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Figure 44. Powder XRD of post fied bed reactor study samples.
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Lay 5sCap.sCo0; Le Bail fitting
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Figure 4.5. Le Bail fitting of Lay.sCa.sC0oGs in the orthorhombi®nmaspace group.
Shown are the observed (black circles), refined (red line), difference (blue line) and
locations of allowed reflections (blue tick marks)
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Figure 4 6. Le Bail fitting of LaCw.sMno.sOs in the orthorhombié®bnmspace group.
Shown are the observed (black circles), refined (red line), difference (blue line) and
locations of allowed reflections (blue tick marks).
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Figure 4.7. Le Ball fitting of LaNiGs in the orthorhombi®bnmspace group. Shown
are the observed (black circles), refined (red line), difference (blue line) and locations
of allowed reflections (blue tick marks).
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Table 42. Le Bail refinement results for samples post fixed reactor studies

Lattice parameters

Phase Symmetry Crystallite | a (A) b (A) c(A) Volume
size (nm} (%)

LaNiQ orthorhombic Pbnnm) | 57.8(5) 5.5394(4) | 5.6513(3) | 7.7449(4)| 242.45(3)
LaMnQ rhombohedral R3c) 38.8(4) 5.5193(3) 13.402(1)| 353.566)
LaMry.sNio 503 rhombohedral R-3c) 48.1(5) 5.7053(5) 13.870(1)| 390.96(7)
LaMny sClb 505 orthorhombic Pbnn) | 38.1(3) | 5.5260(4) | 5.6385(5) | 7.7792(6)| 242.39(3)
LaCrQ orthorhombic Pbnn) | 67.3(5) | 5.5149(2)| 5.4776(2) | 7.7610(4)| 234.45(2)
LaCo® orthorhomhic Pbnnm) | 63.6(5) 5.5072(3) | 5.5361(2) | 7.7941(4)| 237.62(2)
LaysCasMnOs orthorhombic Pbnn) | 70.6(8) | 5.6727(3)| 5.6513(4) | 7.9691(5)| 255.47(3)
LaysCasFeQ orthorhombic Pbnm) | 136(1) 5.5646(2) | 5.5539(2) | 7.8519(2)| 242.67(1)
LasCasCoQ orthorhombic Phma) | 58(1) 5.5384(7)| 5.5467(5) | 7.7779(5)| 238.94(4)
Bay.sSth.sCa.sFe.20z | cubic 53.7(8) 3.9763(3) 62.87(2)

(Pm3m)

a determined from the Scherrer equation
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4.3.2 OC performance tests

I n this studic,atwe nf swrbsttihatti on has a negl
there exists an inverted volcano dependen
met hane oxi dBcdatoinonwist heltehcet r onegati vity (P

reaction between perovskite and methane ca

4A B+ AHA 4A B3+ diQ+ 20H0

Thus we can define @OAYQeni sk Bhi@gmswapaci
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In an attempt to provide some microscopic structural contexteset
results we show in Figure 4.H)the relationship betweenST andeg (B site
electronegativity) on the Pauling Scéaté.For the mixedB site samples, a
simple molar aveige was used foes. The resulting plot shows an inverted
vol cano behavior. Since the OSC©o0s of
occupancy on theA site showed negligible difference, we concluded that
substituting Ca for La on th& site has a negligible eftt of the OSC, which
agrees with previous publicatioh$114115462 This also makes sense
considering that th& metal is the redox active center of the perovskite. For
comparison, we also plotted the average occupancy of tballealey orbital for
the transition metal, as determined by Suntivdthl,****versus OSGn Figure
4.1). Although trueOn symmetry isnot present in all of these materials, the
structural distortions are too minor to invert the basic crystal field splitting
energies (i.e. makigag-derived states higher in energy than ¢gelerived ones).
Therefore, we usey only as a convenient labatross various perovskites in
searching for broad trends in properties such as catalytic activity or oxygen
storage capacity. In cases where two transition metals are present, only the
more catalytically active element was considered. Here, the trendrapessa
obvi ous gtahhaugh & volcanbgee relationship does seem plausible.
Overall, &g occupancy does not appear to be as useful a descrip@®siées

electronegativity.

Utilizing a materials descriptor such as electronegativity provides a

general understanding of OC design wlBO3 perovskites given that the
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underlying mechanisms are still unknown. Past studies have found that oxygen
transport and mobility in perovskite structures are highly relevant to their other
applications, thus consdable attention has been focused on partial
substitutions for thé\ andB sites to find optimal combinatiort$33?2 Recently,
Imaniehet al. explored the effect of substituted atom size on the reactivity of
hydrocarbons witlABO3z (CaMnQ) perovskites in order to identify the optimal

OC for CLC application$!’ At high reaction temperature 1223 K) favoring

O:2 release, CaMn®perovskite with ~10% Sr and Fe doped in theand B

sites, respectively, helps improve their oxygen storage capacity (OSC) due to
higher crystalline distortion. X. Daet al. found that compared to Nd, Eu
substitution for La on thé site maintains a relatively high catalytic activity

and structural stability during redox reactids.

SinceBockri s and Otl280saesaiptas corelatikg- i n
coordi nat e elscranit aroperties af pesodskite oxides and their
activities towards oxygen electrocatalysis have attracted a lot of intE¥dst.
has ber reported that the filling ady manifold of the octahedral crystal field of
the B cations, mainly related to the oxygen binding to the perovskite stiface
can be used as an efficient descriptor &activity in oxygen evolution reaction
(OER) in fuel cell applications employing perovskitésand watersplitting
reactiong!* Thuseyin perovskite contributed to occupied valence band states,

are responsible for the reactive states near Fermi level, could be used as an

effeci ve descriptor, Cc o-basd tkebrgFmom owv own h Nor s |
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results, however,it appears thatey occupancy is not as relevant for

temperaturadriven redox reactions.

The role of Bsite electronegativity could be related to that of th® B
bond s$rength. Electronegativity, as defined by Mulliken, is the average of the
ionization poterial and the electron affinity.Therefore, the degree of
hybridization between thB d-states and the Opztates would be dependent

on electronegativity.
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not mechanistic in nature and we cannot pr

oxides during CLC.

On the | eft side of t he niwavredr tterde npdl oitn (
oxygen stor ageBccaapiaocnist ywiitnhc lruedleast i ve | ow el
Bsiteds electronegatiwxtygennboboeasedyal eacy
due to the decreased diffeBeateomnnaed ecxyo
ani on. Previous computational studies on
vacancy formation B3SO emdmh®d® de bl ashkei atkeesr.
Therefore, the | ess electronegative metals

under CLC conditions.

I nterestingly, as electronegativity incr
i ron. The previ 0®s bandusneinneinsghhehst dotxhied eB v a
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accepted that the catalytic performance o
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Consi deripregi the caual yti eSs@me®r immnce of

OER'?" we also prepared this perovskite to

no | ant & ianommicnatl e . As indicated i n Figur
BaSsGoRexf its reasonably well in the inver
this behavior is more AsbnitwerGClpeanbdv skd fleise

transitionBsmetals on the

4.4 Conclusions and Outlook

Our study concludes that 3ransition metaB site electronegativity could be used as

a powerful descriptor in the OSC of perovskites withy@ithl combustion. We found

an inverted volcano plot relationship for the lamiina/calcium perovskite, and while

the choice for théA site (either La or Ca) has a negligible effect on the OSC, the
choiceofthdBsi t e i s more relevant towards the de
that the limiting impactor of OSC in the total comtiois of CH; by perovskite oxides

is C-H bond activation. We propose that the inverted volcano plot is attributed to two

different reaction mechanisms between the activation-Hftidond in methane in the

series. This approach may offer a heuristic appré@aeards choosing and evaluating

perovskite OC6s and possibly other energy
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Chapter 5: Ther mal Dec
Kinetics of Poly (Lact.
Pol ymer Catalyzed by Me

Nanoparticl es

5.1 Introduction

Poly Lactic Acid (PLA) is an environmentally friendly polymer produced from plants

(mainly from starch and sugar) including corn, potatoes and $agas, and has

attracted attention for its biocompatibility, biodegradability, and thermoplastic
processability? It has been reported that the greenhouse gas emission rate of PLA is
approximately 1600 kg C&metric ton, while that of polypropylene (PE), polystyrene

(PS), polyethylene terephthalate (PEdnd nylon are 1850, 2740, 4140, and 7150 kg
COz/metric ton, respective#?® Further, PL A6 s |l ow temperature
degradation with minimal solid residue (gasified lactide) has made it an attractive

candidate as a sacrificial component in polymer fabricatfolt¢12’

PLA is also one of the two major plastics explored as 3D printing inks (the
other being Acrylonitrié Butadiene Styrene (ABS)) because of its thermoplastic
properties’? Although ABS is currently the dominant 3D printing polymer, PLA
offers the advantage of bmmpatibility. As a sacrificial component, PLA can be 3D

printed to create compleshaped moldé 2 For example, Whiteet d.5* have
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fabricated PLA as spheres (0D), fibers (1D), sheets (2D), and 3D printed sacrificial
materials, leaving behind the reverse replica. Ritedl!?® have explored PLA as a
sacrificial component in copolymers to create porous membranes for battery
separators utilizing the fact that its decomposition temperas about 208 lower

than thermally stable polymers such as polyimide (Pl), epoxies, Poly(vinylidene
fluoride-hexafluoropropylene) (PVDHFP), etc. The decomposition of neat PLA
occurs above 550K, which can lead to the thermal instability of otherypwér
blends in practical applications during prolonged heat treatfnditerefore, alkali
earth metal oxid€§ rare metal (scandium (lll) triflatesCESOs-))®, and tin
containing compound$ 6% 128 were studied as catalysts for PLA thermal
decomposition. Mooreet al®* 12 added Stbased reactants to lower the
decomposition temperature by BOto effectively remove sacrificial PLA at a lower
temperature while avoiding thermal damage to the epoxd.nitolvas found that the
same amount of Sn@dditive works even better than tin (1) octoate to further reduce
the total decomposition time at the same temperatuvtari et al. reported similar
results using Sihased compounds and recognized that thatdysts could enhance

the breakage of ester bonds in the polymer backbone, thus promoting the fragmented
polymer ends to experience chdiackbiting and transesterification reactions before
further depolymerizatioft Almost all of theprevious studies used a high loading of

more than 5 wt% catalyt.56 6061 128129

Addition of catalysts into PLA is usually achieved by surface treatment
(including impregnation or solvent swellidg}: solvent evaporation castitfg or

vane extruding3® Dong et al1?® utilized solvent swelling to immobilize metal ions
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(tin () octoate solution) into PLA fibers. Later, Mooret al. used solvent
evaporan to imbed SnQ into PLA, further decreasing the decomposition
temperaturé* Solvent evaporation casting of PLA with specific viscosity was
utilized by Guoet al in a proposed 3D printing ink drying techniddéZhanget al.
utilized melt blending with a vane extruder with heating to get ntbsersed

PLA/TiO2 nanocomposite?

It is widely known that controlling the removal process of the sacrificial materials
is extremely difficult,requiring carefully designed thermal conditions and perfect
timing to fully eliminate the sacrificial material at minimal cost, while also keeping
the host material undamag&d. Therefore, catalysts are added to increase the
decomposition temperature difference between the sacrificial materials and host
materials to maintain the integrity of the host polyifet® 6061 128129 ygyally the
removal time for even nargcde channels are hours to days and are highly non
linear relative to different heating conditions, which makes the control process hard to
predict>* 12831322 The severity of this problem increases as larger and more complex
geometries are required with the rapid development of 3D printing using such
sacrificial materials*! MOs have not been studied extensively as catalysts for PLA,

especially at small loadings 6%).

In this work, we employed 1 wt% MOs loading toidy the catalytic effects of
MOs. BiOs, CuO and F€s are synthesized by spray pyroly&i§® 23 and then
uniformly embedded into PLA matrix using solvent evaporation caskRp and
SEM are performed to ver iHhHomoganduedispedsidon t i veso

in the PLA matrix. The thermal properties of PMOs composites relative to neat

121



PLA are measured by TGATermogravimetric Analyzer) DSC (Differential
Scanning Calorimeter), and MC®icroscale Combustion Calorimete examine

the MOs catalytic effect on the® L A thermal degradation processd oveall
combustion heat Thermal degradation simulations are performed to fit the
experimental TGA curve with a number of first order chemical pyrolysis reaction
models using a one dimensional pyrolysis mod&h¢rmakKirt** running under
thermally thin mode). This kinetic fitting work is preformed to reproduce the TGA
data, which provides kinetic fundamentals to potentially further predict and control
the removing process time and temperatures of/FIOJs for different geometries or

length scales in various heating environments in the future.

5.2 Experimental Approach

5.2.1 Catalyst synthesis

All metal oxide additives are ihouse synthesized by aerosol spray pyrol{fsig 133

The spray pyrolysis system consists ofeah o mi zer (to produce aer

slii-gal di ffusion drier (to remove solvent)
precursor dropl ets), and a stainless St ec
Millipore filter (to collect nanoparticles
are gtemmckkrusingypecokebubiaer with an initi
approximately 10Om, which is thengealesiccat
di ffusion dryer. The dehydrated aerosol p

met al oxidetpartubkesurna@®andeCu@rC 873150
forOzBiwith a resi delParet itdImes od x iatbiorug tlhe .a

then collected on a 0.4 Om pe2r0e% spiozreo sD T TyP

122



(EMD Millipouresor sThes Bdeft 85 tamea CuO are
Bi (3NO58, FeB@ andNOGUEB respeaiftn oml-gi g ma

Al dri ch. A total precur sor concentration
MOs, and to zdubsEsollv:e5 Bio(nNCG mtcr atcedl and wat
is used as the solvent adMhe! eatertocoldr eaplraty
Lognor mali spel yed spherical solidOparticle

particles are spherical mapeak % 8inm. a I

5.2.2 Incorporation of nanacatalysts into PLA

PLA (Rejuven8 Pl ed S$Spaomt eNah)uries Wobkai mnd L
The PLA sheets are 0.7 mm thick and cut i
casting. 1.000 g PLA i sCitiwvitét mdiganeolicedtin
30 mins. Thwetn%)lOM@ imghegdseldut-vomi aatded | ft 0 2
h . The solutions are then poured onto a wa
oven to for 12 h. Thin films of neat PL
composites are obtained adewerofsothentaseypa

thin films were then used for the ther mal

5.2.3 Material characterizations

Crystal structures of metal oxides are characterized by XRDawit Br uk er Smart 10
usi ngUrauikati on. SEM resul t s BN Faecrasdt ai ned
sectional SEM images, samples are first fractured in liquid nitrogen and then-sputter

coated with carbonNitrogen (N) adsorptiordesorption isotherms and Brunaiuer

Emmeti Teller (BET) surface were measured at 77 K vatMicromeritics ASAP
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2020 Porosimeter.

A Netzsch F3 Jupiter Simultaneous Thermal Analyzer (STA), employed in the
thermal stability study, combines a TGA equipped with a ZILrgsplution
microbalance and DSC heat flow measurement with a steel furnace. Thus the STA
can measure ehTGA and DSC signals simultaneously during a single experiment.
The PLA/MOs films were stored in a desiccator for 48 hours prior to testing, and then
cut and pressed into PlatineRhodium crucibles with ventilation lids with a sample
mass of 6/ mg. The lhermal decomposition experiments were performed at a heating
rate of 10 K mint from 313 K to 873 K under 99.999% (UHP) &t a flow rate of 50
cm®-mint. A microscale combustion calorimeter (MCC) with 3 mg samples was used
to measure the heat release @td total heat of combustiol’he MCC combines a
condensed phase pyrolyzer and gas phase combustor. The samples are first
decomposed in 80 chmin UHP N flow, 60 K min! heating rate fron848to 873
K inside the pyrolyzer, which is similar to the STérnace, and then transferred to
the combustor where the gaseous fuel (decomposition products) was bui2@@ at
K to ensure complete combustion mixing with additional 28 wnim? O,. The entire

experimental measurement of HRR (Heat Release Rate) &lldMGTM standard

ASTM D 730907¥*The heat release rate is measured

measuring the ©consumption rate of combustiéif.
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5.3 Results and Discussion

5.3.1 Material textural properties

Figure5.1 shows the SEM micrographs of spray pyrolysis synthesizgt:BFeOs

and CuO nanopatrticles, which are solid spherical particles with diameters from 50

to 1 um following a log normal idtribution with a peak (E©s at 84 nm33 CuO at

86 nm and BiOs at 87 nm, shown in Figurg.2 Figure5.3 showsBET surface area
results: FeOs-13 nf/g, CuG23 nt/g, BiOs-4 n?/g), with Bi-Os surface area being

the lowest, indicating that surface area does not explain the superior catalytic activity
of Bi2Os. The crystal structusof oxidesareinvestigatel from XRD shown in Figure

5.4. All peaks in FgOscanbe indexed t@-FeOs phase(JCPDS card No.: 32346)

Bi>Os with JCPDS card No.: 28050, while CuO peaks corresponds to tenorite with

JCPDS card No.: 48548.
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Figure 5.1 SEM of nanoparticles a) 8Dz b) CuO,c) FeOs, prepared from spray
pyrolysis
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Figure 5.2.Particlesize distributions of F©s, CuO, BpOs assynthesized by spray
pyrolysis measured using a differential mobility analyzer (DMA) coupled with a
condensation particle counter (CPC)
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It is widely known that the dispersion of nanoparticles in polymer will greatly
influence the both chemical and physical properties of the PLA/MO composites
Homogeneous dispersion of MO nanoparticles will affect the thermal and mechanical
behaviors of PLA, such as wettability, UV transmittance, strength and ductility,

elasticity, viscosity, antibacterial propet.

Crosssectional SEM images are taken to check the dispersion ofiMDe
compositesPLA/MOs are firstfractured in liquid nitrogen and then broken off for
crosssectional imagedrigure5.5a) and5.50) showneat PLA crossectional image
without particles,while Figure 5.5c) and 5.5d) are PLA/FeOs, PLA/CuO films
images It is clear from these images that all nanoparticles are well dispersed in the
PLA films. Figure5.4 shows the crossectional PLA/BiOs structure, and it is clear
that spherical BOs are uniformly dispersed in PLA and-aggregated. The film is
about ® um thick, indicated by low magnification image of Figbtéa) and Figure
5.68b). Moreover, Figuré.6c) and5.6d) give a closer view of the crassctions, all
showing that particles are coated and/or connected by PLA while separated from

other nanoparties.
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Figure 5.6. SEM of crosssectioned PLABi-Ozfilm.
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5.3.2 Thermal tests and kinetic analysis

Figure 57 shows the TGA data of thermal decomposition mass londer Ninert
atmosphere. It is clear that the various types of MO additives affect the thermal
stabilities of PLA/MOs differently, which can also be clearly seen in Figlg&om
Derivative Thermogravimetry (DTG) experimental curves (dotted lirgg=cifically,

the onset thermal degradation temperature for neat PLA as a reference is
approximately ¥ 580 K. For PLA/B$Os, this temperature is 75 K lower g7

505 K), while the effect of E©3 is about 30 K decreasesd 550 K) compared to

neat PLA; CuO shows no noticeable effect. The thermal degradation temperatures at
maximum weight loss (fay, ae 536 K (614 K for the second peak), 573 K, 634 K
and 635 K for PLA/BiOs, PLA/ FexOs, PLA/CuO and neat PLA respectively. These
results show that the catalytic properties trendBags:>FeO:>CuO. While the DSC
signals reveal notable differences at ttege of decomposition, the addition of MOs
does not significantly affect the melting point ~ 425 K or the heat of melting (as seen
in DSC Figure5.9). The heats of melting (the first peak integrals) are within 4%

difference of their mean.
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To better evaluate the decomposition kinetics at various heating conditions
and scales, which are necessary as fundamentpiedat the catalytieffects of the
MOs on the PLA demmposition, we have extracted phenomenological rate
parameters using a numerical pyrolysis softwaféermaKin!®* ThermaKin solves
the mass and energy conservation equations numerically fardn®-dimensional
objects exposed to external (convective and/or radiative) heat. In this study, we use
the thermally thin mode to simulate the thermal degradation processes inside the STA
furnace. The material of the object (sample) is described btipleutomponents,
which may interact chemically and physically. The neat PLA and PLA/MOs kinetics
were characterized using the methodology reported in our recent publidatidhs
methodology has been successfully applied to reproduce TGA and DSC sighfals of
noncharring and charring polymet®“ The resulting kinetic parameters were also
shown to predict gasification or burning rates of these polymers @earange of

thermal condition$3“*3 The results of this characterization is shown in Figut€

In the previous study, neat PLA was tested using STA and tietids of its
decomposition was modeled using two consecutive first order reatiiddse more
reaction was employed to describe melt{figerr = 425 K) This was done to use a
minimum number of parameters to describe the entire-teselved TGA and DSC
curves. The kinetics of those reactions are parameterized with Arrhenius parameters
(Ax, Ex represent decomposition reaction x; whlg Em represent the meltingjsted
in Table5.1. The value of thel is calculated by the instantaneous mass (at the end
stage of the reaction x) over its initial mass. Note thatdheobtained directly from

the TGA experiments, corresponds to the remaining condensed phase residue yielded
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in the reaction x. Those parameters are initially estimated using simple analytical

expressions®® and then changeid small increments following the rules summarized

in the previous studies until agreements with the experiment is reached (based on
preset coefficient of determination and visual comparison). Each model reaction

corresponds to tens or, perhaps, hundré@$eonentary chemical processes operating

within the same range of temperatures.

The MOs do not affect the phase transition as evident from DSC curves in
Figure 5.9 (enlarged temperature range in the left corner). The kinetic parameters
describing the méhg were reported previousff. For all the PLA composites, MOs
are found to affect the thermal degradation process significantly, which is apparent in
both the TGA and DSC measurements. The impact of MOs on the kinetics of
decomposition is quantified through changes in the parameters of the first (major)
reaction. The kinetic parameters are summarized in Babl&Vith the exception of
PLA/BI203, the decomposon of all composites can be descrili®dtwo consecutive
reactions.The kinetics of the second reaction remain unaffected by the addition of
MOs. In the case of PLA/BDs, the thermal decomposition process consists of three
consecutive reactions reflaay a more complex DTG signdk has been widely
concluded that the thermal decomposition of pure PLA is astage reaction that
involves the loss of ester groups in pure nitrogen and!aiconsistent with our
observations for neat PLA and PLA/CuOthis study Other researchers have also
observed multiple reaction steps with the addition of other catjlgdtisough little
information on mechanism is available. Our speculation for the existoopdeeak

is that part of the PLA remains unaffected by the catalytg©®Bduring the first
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decomposition step, and it decomposes as neat PLA at a higher temperature to form

the second peak. Further investigation is required to validate this hypothesis.

For all the materials,he solid lines in Figuré.9 represent the numerical
simulation results from the ThermaKin. All the simulation results fit the
experimental data well and the calculated coefficients of determination of the

experimental data anddHitted curves are all above 0.9.
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Table 52 Kinetic parameters for PLA, PLA/E®3, PLA/Bi>O3 and PLA/CuO.

Em
Sampl E1 E2 Es
A1 oh Az (053 As ds Anm
es (kJ
(kJ (kJ (kJ
(sh (sh (sh (sY) | mor
mol?) mol?) mol?)

)

PLA | 1.68E18| 245 | 0.1 | 458E6 | 126 | 0.4 N/A N/A | N/A | 6.0E40| 355

PLA+ 0.1

1.80E38| 436 4 58E6 | 126 0.5 N/A N/A | N/A | 6.0E40| 355
FeOs 4
PLA+ 0.3

1.34E18| 207 2.85E15| 205.5| 0.37 | 458E6 | 126 | 0.72 | 6.0E40| 355
Bi-Os3 8
PLA+

1.68E18| 245 | 0.1 | 458E6 | 126 | 0.4 N/A N/A | N/A | 6.0E40| 355
CuO
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The Heat Release RafeRR) is measured by MCC, as showntire Figure
5.11 The heat release rate curves fottladl PLA/MOs compositeatch the reaction
pe&ks of TGA and DSC qualitatively but not quantitativalith respect to their peak
temperaturesThe corresponding heat release rate péalsigure 5.11 for all the
samples shift to a higher temperatime approximately 27 ~ 28 Kompared to the

TGA and DE results in Figures.7 & 5.9.
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This temperature difference is caused by the relatively higher heating rate (60
K min) utilized in the MCCcompared to the heating rate (10 K Mjirin the STA
test The integral of the heat release rate, which accounts for the heat of combustion
of the gaseous decomposition products, is approximately equal for all tested samples
yielding 19.5+£0.8 kJ/g Therefore, all of the these three types of 1wt% RI@s
affect the thermal degradation processes amlthe condensed phageit have no

effect on the heat of combustion.

5.4 Conclusions and Outlook

In this work, we offer a facile method to incorporate metal oxide additives and
evaluate their catalyticfiects on PLA thermal decomposition. More specificaliy
have explored BO3;, CuO and F#€s nanoparticles as catalysts for PLA thermal
decomposition. BOs is shown to be a highly effective catalyst for PLA thermal
decomposition. With only 1wt% loadingt lowered the onset decomposition
temperature(Tsw) by 75 K and the decomposition temperature at the maximum
weight loss (haxy by approximate 100 Kcomparable to the most effective catalysts
studied so farThe same amount of @ and CuO nanoparticlds|ave moderate and
negligible effects on PLA thermal decomposition processes respectiveyoverall
catalytic effects of the three metal oxides trend asOB» FeOs > CuO inert

material

The complete heats of combustion for the PLA/MOs composites have been
measured by MCC, in whichwt% MO additivecatalyzesthe thermal degradation
processedlifferently in the condensed phase, and moredwarenegligible effect on

the completecombustiorheat in the gas phase as expecRHdA/MOs decomposition
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was then quantatatively analysed to extract Arrhenious parameters for the
decomposition kinetics, which offers possible explanations and predictions to

evaluate thermal decompastikinetics at other heating rate conditions.
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Chapt@oncl uskFonsr anWdor k

6.1 Conclusions

This dissertation addressed the applications of nanostructured materials as oxygen
carriers (OCs) and catalysts in poly lactic acid (Plthgrmal decomposition. The
stability and cyclibility of metal oxides and supported metal oxides as OCs were
evaluated in an isothermal fixed bed reactor at different temperatures for 50 cycles
with methane as fuel, up to 15h while their structural, playsand chemical
properties were identified using XRD, SEM, TEM, BET, XPS and ATHR.

In chapter 2, alkaline (K Na, and Cs) doped iron oxide and alumina
supported iron oxides were synthesized from on step aerosol spray pyrolysis and
tested as OCsifixed bed reactor with methane as fuel. We found that alkaline (K
Na) doped iron oxide and alumina supported iron oxides offers better stability and
faster reduction kinetics as OCs in CLC reaction. The potassium doping promotes its
reactivity most dfciently by binding the alumina support and iron oxide in the high
temperature reactor and also offers less coking formation during reduction.

In chapter 3, silicalitd has been explored as the supporting material for iron
oxide as OCs for the firstrtie. Two kinds of structures, including B8@Si core
shell and FgO:@Si composite, are evaluated in the fixed bed reactor at both 1023 K
and 1223 K. Both structures showed stable cyclic reactivity with no degradation in
transferrable oxygen amount at bd#sting temperatures. At 1023 K, both OCs
exhibited little morphological change after 15 h tests while at 1223 K, the core shell

structure collapsed, with zeolite decomposed into, &1l showed severe sintering;
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the composite structure stayed both chehyiand physically stable. Therefore, the
composite structure worked as a better supporting material, offering both less coking
and no sintering.

Perovskite oxides, chemical formulated as ABBas been studied as novel
OCs in CLC due to its thermal sthty and faster reaction kinetics. In chapter 4, ten
perovskite type OCs, k&axB(Cr-, Mn-, Fe, Co, Ni-)O3 were synthesized from
spray pyrolysis and tested with methane as fuel in the fixed bed reactor at 1023 K. It
has been found that the oxygen atm capacity (OSC) has negligible change with
changing A site from Ca to La while there exists an inverted volcano shaped
relationship between OSC and B site electronegativity. THliaBsition metaB site
electronegativity could be used as a powerksdaliptor in the OSC of perovskites
with CHs total combustion thus could provide useful design rule in choosing
perovskite type OCs in CLC and might also provide some design insight for other
energy related applications of perovskites.

Also we explored BO3, CuO and F€s nanoparticles synthesized from spray
pyrolysis, as catalysts for PLA thermal decomposition in chapter 5. The overall
catalytic effects of the three metal oxides trend asOB» FeOs > CuO inert
material. BOz is shown to be a high effective catalyst for PLA thermal
decomposition. With only 1wt% loading, it lowered the onset decomposition
temperature (%) by 75 K and the decomposition temperature at the maximum
weight loss (hax) by approximate 100 K, comparable to the most &ffecatalysts
studied so far. The same amount 0f®sand CuO nanoparticles have moderate and

negligible effects on PLA thermal decomposition processes respectively.
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6.2 Future Work

6.2.1 Develop kinetic models for alkaline additives added OCs and zdeli

supported OCs

Kinetic reaction models and mechanisms between metal oxides and fuel in CLC is an
indispensable stage in order to desigil& reactor The main goal of kinetic study

is to obtain the concentration change of a reactant or product asti@rfuoictime.

TGA could be used as a useful tool for the kinetic study, providing the exact mass
and heat change vs time. By changing the reaction temperature systematically,
detailed reaction kinetics dataa(& A) between metal oxides and fuel could be

achieved.

6.2.2 Study the effectiveness of -al kaline

Mn-, Ni- based OCs.

In chapter 2, it has been validated that the addition of alkaline ionshiadeel OCs
could effectively improve its reaction rate and supptabiity, as well as reducing
coking formation. Those benefits may be applicable to other type OCs, such,as Cu

Mn- and N based ones.

6.2.3 Study the effectiveness of zeolite support €u-, Mn-, Ni- based OCs.

In chapter 3, zeolite was explored ase#fiective novel support for E®s OC. It is
worth studying its working conditions to other type OCs, such asNdu and N

based
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6.2.4 Extend the 3d electronegativity rule of transition metal to other energy

related applications

In chapter 4jt has ben shown that there exists an inverted volcano plot between 3d
transition metal B site electronegativity and OSC of perovskite type OCs, which
could provide useful insights in perovskite type OC selection. This rule may be
applicable to other energy reldteapplications of perovskitesuch as chemical

looping methane reforming/water splitting or energetic materials

6.2.5 Study the catalytic effects of other aerosol synthesized metal oxides to-bio

degradable polymers

In chapter 5, aerosol synthesized@i was found to be a useful catalyst in thermal
PLA decomposition, which could lower the-eat decomposition temperature by ~75
T. The developed study protocol could be applied to various metal oxides and

polymers to study their catalytic thermal decomposg as well.
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