ABSTRACT

BRODY, LEO GRANT. PerovskiteStructured Oxides as Redéxtivated CO, Sorbents for
SorptionEnhanced Cycli®artial OxidatiorReactions(Under the directionf Dr. Fanxing L).

The thermochemical upgrading of biorenewable feedstocks toviaiglke chemicals
throughsteam gasification or reforming, followed by syngas converssapromisingstrategy
to achieve carbon neutrality in the chemical industigpwever, onventionalstateof-the-art
thermochemical conversion proces&sse challenges their commercial scalability due to the
complex andenergyintensive downstream processimgquired to improve syngas quality
Specifically, CQ separatiorusingaminebased pressure swirdpsorptionmposes considerable
parasitic energy demands and high capital c&igption enhancemeista process intensification
schemethat overcomes these shortcomirysutilizing solid sorbentssuch as CaGp capture
COzin siturather than downstreaat the reactarCapturing CQduring the conversion step offers
at least three key advantages: (i) overcoming equilibrium limitations singee@val drives the
concurrentwatergas shiftreaction towards greater:tgrodudion, (ii) reducing the external heat
requirement since the carbonation of the sorbent is exothermic, and (iii) minimizing or eliminating
downstream shift reaction and g€&paration steps, resulting in a simplified process ahigher
H2:COx ratio in the syngaas well asmproved energy efficiencyl.he primaryobstacle hindering
the commerciaimplementation of sorption enhancement is the irreversible sintering of the sorbent
particlesduringthe hightemperature decarbonation st8mtering-induced I@s ofsorbensurface
arearesults in a rapid loss of sorption capacitgh each cycletherebyprevening continuous
operationand reducing the economic viability thfe process

This dissertatiopresentsa systematic study involvingactordemonstratiog, rigorousex
situ andin situ characterization, and mechanidtinetic modeling of perovskitstructured oxides

as redoxactivatedCO, sorbentapable of cyclic sorption enhancement reactions without loss in



sorption capacityPerovskitestructured oxides withthe generalformula ABGs.u - where A
containsan alkali or alkaline earth metal cation,dntainsa t r ansi ti on met al
represents oxygen vacancieae highly tunable and thermally stabiaterials While theyhave
been widely applied imreassuch ascatalysis,air separationfuel cells, and gas sensinteir
potential for sorption enhancememis yet to be thoroughly explorethe central idea is to
leveragethe thermodynamic properties of perovskite oxides to avoid sintering as well as to
improve energy efficiency. This iaccomplishedas follows in a reducing environment, the
perovskite releases its lattice oxygeartially or fully oxidiang the carbonaceous feedstaakd
triggering a phase transitiqis) that exposes Aite oxides (AO)to CO, enablingsorption
enhancementDuring the decarbonation step, oxidizing gases are introduced to regenerate the
perovskite structure and reledbe capturecC O, therebycreatinga truly cyclical process

First, three examples of perovskliased sorption enhancement are presented to establish
the feasibilityof the processt thebench scaleglycerol reformingusing StxCaFey aNio.10s-u
(Chapter 2)isothermal toluene reformingsing St.xBaxFeryCo/Os.s (Chapter 3)and isothermal
steam methane reforminging SMn1xFeOs.4. Then, the dynamic phase transition paths\ayd
nortequilibrium  intermediate  phases of both the reduction/carbonation and
regeneration/decarbonation stepk SrMm.xFeOz.u are revealedvia Rietveld refinement of
synchrotrorbasedn situ X-ray diffraction patternéChapter 4)These key reactions and the rate
determining steps associated with them are then used to inform two kinetic models: (i) an empirical
model based on a simple cufrting approach and (ii) a mechanistic model derived from the
fundamental mass conservatiequation(Chapter 5)Finally, this dissertation will conctle with

recommendations for future research directions to improve upon the findings presented herein, as



well as a brief proposal for a novel application of fmmperaturgferromagnetiperovskitebased

sorption enhancement using induction heatondrive the phase transition€Chapter 6)
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Figure 121: An i | 1l ustr at i oW Conibustibe of biénsass deqo Wood) helate
water in a boilerand passes steam through a pair of pipes, which also serve as pivots, to the
spherical vessel outfitted with two bent nozzles projecting outwards. The pressurized steam is
expelled from the nozzles and generates thrust, causing the vessel to spin tatiotsataxis.

While an ingenious demonstration of converting thermal energy to mechanical work, such a device
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Figure 1.2.2:(A) A wood-gas powered vehicle, Berlin, 1946 (attribution: Bundesarchiv, Bild 183
V00670 /CCBY-SA 3.0).(B) A Tiger tank chassis converted to run on a wood burner combustion
systelfll¢ ¢ ¢ 6 ¢ é¢eéeéeéeéeéeéeéceécéeeceeeeeée. . 4
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Figure 2.1.1: A simplified schematic of the perovskibased phase transition cycle. In Step 1 to

2, perovskite is reduced in the presence of an oxygenated hydrocarbon (e.g., glycerol) to-mixed A

and Bsite oxidesofvarying educt i on extent si gni-sitaogidesdoey 0. I
subsequently carbonated from £@roduced by the WGS reaction (not shown). Introducing

oxygen and a temperature swing decarbonates the PTS (Steps 3 to 4) before regenerating the
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Figure221: SESRG experi mental setup. ééeeééeeééeecéeckté

Figure 2.3.1:(A) A characteristic reaction cycle taken from SC5B91 MS data (KD and Ar

not shown). The educti on step, which occur sandpost 570¢C
breakthrough periods. The decarbonation/regeneration step releases nearly puheCGsing

O as the oxidizing gagB) A representative TGA profile showing the weight change of SCFN
during the reduction and decarbonation steps. Oxygen released during the reduction is
counterbalanced by carbonate formation leading to a net weight accumulation. Before the weight
loss from dearbonation occurs, there is a weight increase due to oxggémnishing the lattice

sites of the reduced perovski{€) Summary of SESRG performanice all SCFN compositios
averaged across 15 cyclgisowingglycerol conversion, prbreakhroughH. concentration, and
sorption capacity(D) H> selectivity and yields of SCFN compounds compared to equilibrium
conditions for oxidative steam reforming of glycerol. Equilibrium conditions were predicted via a
Gibbs energy minimization approach using an RGIBBS reactorsppePlus configured at
experimental conditions (5@0, 1 atm) for a 30 wt.% glycerol in water fe€d) Stable SESRG
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reactor performance of SCFbb91over 35 cycles(F) Average CQ@sorption capacity and oxygen

release (e&l) comparisons samples for all five
CyClex 6 6 ééééeééééeééeeééeéeeceeeceeeeeeeeeeéeee. 25

Figure 2.3.2: SEM micrographs taken at varying magnifications(fa&D) freshly synthesized;
(B&E) reduced/carbonated; an(C&F) regenerated/decarbonated samples of SGEHM
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obtained from the SESRG reactor experimerdsé ¢ ¢ é ¢ éeeéeéeéeéééééeée. .54
Figure 2.3.3: EDS mapping ofA) reactorreduced an@B) regenerated SCFN 5 9 1 é é é5¢ 5

Figure 2.3.4: XRD patterns ofA) SCFN-3791 andB) SCFN4691 comparing the materials after
14 complete cycles (start of cycle 15) and aft

Figure 2.3.5: In situ XRD diffraction pattern contour plots of SCF¥%91 under a temperature
ramp and 10% &N> environment for sampld#\) reduced with Honly and(B&C) reduced with
HrandCQé é é ¢ ééééeéeééeéeéeéeéecéeéeéeceeéeeéeée. 58

Figure 3.1.1: A schematic of the proposed chemical looping SESR process using Ni impregnated
on a perovskite wherebgA) Ni catalyzes the reaction between toluene, steam, and oxygen
provided by the perovskite lattice to form a mixture of syngas andwtich(B) further reduces

the perovskite and carbonates it, forming ACIQ the regeneration stgf;) oxygen isntroduced

to decarbonate the formed Ag@@nd (D) replenish the depleted lattice sites. The reformed
perovskite is then ready for a new cycle. This schemeatsanbe realized in a sequential bed
configuration where the active Ni catalyst is physically separate from the perovskite PTS as shown
iN(E}é¢ eééeéecéeéeeéeéeéeéeéeécéeéeceeéeéeé. a7

Figure 3.2.1: Schematic illustration of the oxidative steasfiorming of toluene with a sequential
packed bed configurationééééééceeceéeééééédéeececce

Figure 3.3.1:AspenPlusgenerated equilibrium projections showing the sensitivityAgfthe
H.:COx ratio andB) the composition (on a dry and-free basis) of the product gas to S/C ré&go.

Figure 3.32: MS profiles of the reduction step for 10Ni/SGE (A) without an H pre-reduction
stepand(B) with an K pre-reductionstepat 80GC and S/C = 1.5 ... 4.8

Figure 3.33. Rietveld refinement of 5 mol% Ni/SC&4 corresponding tdA) a fresly
synthesizedample an@B) a sample cycled threetimes at800S/IC=28 é é é¢ é é e ¢ . @B

Figure 3.34: MS profiles showing the entire SESRcycle corresponding to two experiments
conducted at 85 and S/C = 2.With the SBFC2635 sorbentA) without a Ni catalyst preed,
and(B) with a Ni catalyst préed showing the onset ofefore CO/CQ, known as the

///////////////////////////////



Xiii
Figure 3.35: A comparison of the sequential bed configuration SESR performance results for both
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isothermal and thermal swing operatimingthe SBF&2 6 35 sor bent éeéeédeééece.

Figure 4.3.1: (A) An individual SESRM MS profile(B) SESMR performance summary vs. Fe B

site concentration(C) Comparison of carbonation and decarbonation kinetics between SrMnO
and SrO with inset showing XRD patterns of the freshly synthesized sorbent and after regeneration.
(D) Repeated isothermal cycling of SrMa& 85@C with an inset of the first cycle detailing the

cycle conditions(E) TGA profiles during the simultaneous reduction and carbonation of SrMn
xFeOs.i with inset showing the extent of carbonation values measured by TGA vs:sike B
concentration.(F) Comparison of reducibility measured by TG# four SrMn.xFeOsz
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Figure 4.3.2:(A) Comparison of laboratorgx situPXRD patterns for the four compositions of
SrMnxFeOz.i. The inset shows that increasing Fe molar concentration Br#ite increases the
cubic phase fraction of the mixture until it reaches unity for cubic SEke®-E): laboratoryex
situ PXRD patterns of the samples pd$tA. (B) only the peaks corresponding to SrC&hd
MnO are visiblel corresponding to a 100% extent of carbonati@&D) The major peaks
corresponding to the (105) and (110) planes of tetragondnskFeOr7.5, an unconsumed
intermediate, are highlighted in the inse{(g) Only the structure of the orthorhombic
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Figure 4.3.3: (A) Rietveld refinement of SrMnéXxollected at room temperature (RT) wiasitu
synchrotron PXRD revealing a hexagonal geomd®8s/tnmq. (B) Synchrotronin situ PXRD

patterns of SrMn@during heat ramp from RT to 88D under inert conditions. The inset figure
focuses on a n alb.5xeoweveaal the httice expagseon quring heat{®@). The

first three synchrotrom situ PXRD scans of segment@&vealthe initial onset of phase transitions

of SrMnG; during simultaneous reducing (20%)Hand carbonating (10% CPconditions at

85CC . The inset figure f ocuH#&S todighlight the eapid ower
transformations that transpir@) Synchrotronin situ PXRD patterns corresponding to scans 7

40 of segment 3 of SrMnf@luring simultaneous reducing (20%)tnd carbonating (10% GP
conditions at 854C. (E) Phase composition (wt.%) vs. time in segmeEBNormalized unit cell

volume evolution ([(WVo0)/Vo] DAY vs. time (scan number) in segment 3. Each scan corresponds
toan acquisitiontimeoflmint e. Ref i nement error bars &are s me

Figure 4.34: (A) First three synchrotrom situPXRD scans of segment 5 during oxidation under
30% QJ/Ar at 85@C, revealig the immediate oxidation of MnO and onset of perovskite phase
regeneration(B) Synchrotronn situ PXRD patterns corresponding to scar&0lof segment 5 of
SrMnGs. (C) Phase composition (wt.%) vs. tin{®) Normalized unit cell volume evolution ([¢V
Vo)l Vo] DAY vs. time. Each scan corresponds to an acquisition timenohdte Refinement
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Figure 4.3.6: The DFT-calculated Hreduction energy landscape of SrMin®or simplicity, the
stoichiometry of the reacting species is not balanced. The complete list of stoichiometrically
bal anced intermediates with cordxlépééadi nfy2 dpGs
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Figure 5.3.1: (A) TGA-produced HTPR curve for SrMn@under 20% HAr with a 1GC-min?
ramp rate. Inflection points at 96.8, 93.8, and 91.5 wt.% signify phase trangiBeles Ex situ
XRD patterns of the samples at each corresponding inflection point denoted by the wt. % in the
upper lefthand corner of each panel. We note that in panel E, peaks corresponding toe8OH)
Sr(OHY-2H.O were identified suggesting that SrO hydrated when exposed to ambient moisture

upon removal from the TA furnacé--H) SEM micrographs at 500 nm resolution for the fresh
perovskite (100 wt.% in the TGA curjehe intermediate =1 RP phase (93.8 wt.% in the TGA

////////

Figure 5.3.2: (A) H2-TPR profiles of Sg75A0.129VIn0O3 (A = Ba or Ca) under 5% 4Ar. (B)
Separate reduction and carbonation of SrMatB5@C. (C) the reduction at reaction temperature
can be considered as two elementary s{@)Comparison of steps 1 and 2 kinetics as a function

"""""""""""""""""""

Figure 5.3.3:Visualization of the system boundaries and reactions for both reductioé steps 1 4 8

Figure 5.34: (A) mechanistic reductiomodel fit to conversion data for stepg(B) Thiele modulus
for a slab geometry as a function of tir@) local & concentration(D) local conversion for step

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5.35: (A) mechanistic reductiomodel fit to conversion data for st2pgB) Thiele modulus
for a slab geometry as a function of tiri@) local & concentration(D) local conversion for step
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Figure 5.37: The mass balance of GConsiders its diffusion through a Srefroduct layer of
thickness L(t), which moves into the SrO crystallite. Consumption efd€€urs at the boundary
of SrO/SrCQ. The concentration of Gt x = L(t) is determined by solving the diffusion equation

///////////////////////

Figure 5.38: Mechanistic arbonation model fits and local G€oncentrations fofA-B) SrMnG;,
(C-D) Sro.g78@0.129VIn03z, and(E-F) Siog7Ca12MN0Oz.€ € é € . é é 6 é éééeééé. 9. 15

Figure 6.1.1: (A) Reduction of SrMn@to SLbMnOs.zunder 20% K Ar f ol | owed by #fAcz:

of SLMnOs.ato SrCQ and SrMnQss.(B) A chemical graph theosigased representation of the
iterative consumption and production of SrinQOvia reduction toSrLMnOs.g by H> and
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CHAPTER 1. Introduction
1.1.Climate ChangeMotivates the Need for CarborrNeutral Energy Production

Anthropogenic climate changdriven by the unceasing emissions adrbon dioxidg(COy)
and other greenhouse gasses (GHGSs) into the atmosplosesan existential threat to the
continued flourishing of humamsdcountles®ther species on planet Eatth. The problem can
be framed as asimple material balancecarboncontained infossil fuels, previously trapped
undergroundis liberated via combustion to form gaseous,@@dthermalenergy As we continue
to extractand burn thesearbonaceouluels, wetransfercarbonfrom geological reserves the
atmospherewhere it absorbs infrared radiation aactcelertes global warming. Our modern
globalizedeconomy is predicated on harnessamgergydense readily available fossil fuels to
power our industries, businesseasgmmunities and transportation infrastructur&Vithout
widespread implementation of G@apture technologies or the commercialization of carbon
neutral or carbomegative energy solutions, Earth's biosphere will undergo irreversible changes,
making our sharedlobalexistenceall the more precarious.
1.2.A Brief History of Biomass Utilization

Biomassbroadly defined as any organic matter available on a renewablélphasprovided
energyto civilizations for most of human histomyarming homesgcookingfood, andiring pottery
kilns and blacksmith forge§ he idea that biomass could be used to power engines was not foreign
to the visionaries of antiquity, as evidenced by the aeolipile, a rudimentarystesned engine
invented by Hero of Alexandria during the first cent@y (Figure 1.2.1) However, it was not
until the 18" century that critical advancements in steam engine design meant that coal was
preferred ovebiomass due to its superior energy density, greater abundance and availability, and

suitability for hightemperature industrial applications. At the time of the Industrial Revolution,
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concerns about GHG emissions and their connection to global warming were merely the
speculations of academic chemifsf& Thus, coal reigned suprenasmd any nation with access to

it was economically advantaged.
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Figure 1.2.1.AnillustrationofH e r 0 6 s aGombustipniofibiemage.g., woodheats water

in a boiler and passeseamthrough a pair of pipes, which also serve as pivots, to the spherical
vessel outfitted with two bent nozzles projecting outwartis. pressurized steam is expelled from

the nozzles and generates thrust, causing the vessel to spin on its rotational axis. While an
ingenious demonstration of converting thermal energy to mechanical work, such a device was not

practical to integrate intexisting transportation technologies.



The 19th century also bore witness to the rise of petroleum as a fuel for lighting, which meant
that by the time thenodernautomobile wasnvented by Carl Benz in 1886il extraction and
refining infrastructure was already advanceddevelopmentPetroleum availabilitypecame a
deciding factor for military success in the"™2@ntury, especially during the Second World War
(WW2), when fueithirsty land vehicles, naval vessels, and kadfitude bombers were being
produced by alparticipating powes at staggeringates.Fuel rationing, particularly in continental
Europe, suddenly made biomass relevant agaiGermanyalone thousands of commercial and
military vehicleswereconverted to use firewad! (Figure 1.2.2)with the Scandinavian countries
adopting similar practic€s The war's conclusion and-ggening of global petroleum markets
rendered thediHolzga® vehiclesalmostinstantlyobsolete Still, theimplication was cleair when

fossil energy is unavailahleiomass can provide a way out.

Figure 1.2.2.(A) A wood-gas powered vehicle, Berlin, 19d#&tribution:Bundesarchiv, Bild 183
V00670 /CCBY-SA 3.0.(B) A Tiger tank chassisonverted to run on a wood burner combustion

systeni%l,



1.3.Harnessing Biomass to Achiev€arbon Neutrality in the Chemical Industry

Developed nationi the 2F' century can no longer enjoy the blissful ignorance ofi@iin-
century ancestorsSince 185Q the industrialized world has emittedb00 Gtof carbon with
emissions reaching9 Gt/yeaii around60 times thabf the naturakmissions ratérom volcanic
activityl. It is now welkunderstood thatur carbonintensiveenergy infrastructure hasirpassed
n a t ucapadtygo maintainequilibrium, resulting in risingglobal averaged temperatures and
shifting climate patterndn contrast toburning fossil fuels biomass combustiors considered
approximately carbon neutral since the G€leased was part of the original atmospheric CO
inventory.Combiningbiomass conversion with carbon capture and sequestration (CCS) generates
a net carbomegative proces3he Intergovernmental Panel on Climate Change (IPCC) argued in
its Fifth Assessment RepdAR5, 201342l that bioenergy integrated with CSS (BEC@8)ld
significantly improvethe sustainability of biomass utilization. Despite these benefits, it is
impossible for biomass to entiregubstitutefossil fuels for global energy production simply
because there is not enough biomass avail&blé*l Additionally, biomassased energy
productionnecessarily compet&dth landuse freshwatedistribution food security(particularly
for carbohydratébased biomassandbiodiverse habitaavailability, rendering it one of the more
environmentallycontroversiaklternativeenergy option®. While the role of biomass for large
scale energy production remains fraught with potential complicatitmsapplication asa
renewable carbonaceofgedstock will play a criticalole indecarbonizinghe chemical industry

Decarbonizationor the attainment of a lesarbon economghat absorbs as much €@s it
emits is often heralded as the main strategy foclimate changemitigatiorf*®. While
decarbonizatiom sectors likecommercial transportation and even energy producsiéeasible

through electrificationcoupled with renewable energy*’!, the chemical industry remains
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inextricably coupled with carbon because its feedstocks carbonrbased The modern
petrochemical industryg hallmarkof 19" and 20th-centurychemical engineeringproduceshe
vast majority of the higivalue chemicals (HVCdgjom which most downstream intermediates and
chemical products are manufactUt@dAt present, 90% of all organic chemicals are derived from
just seven petrochemicalwethanol, ethylene, propylene, butadidrenzene, toluene, and mixed
xylenes(BTX) 1 the carbon skeletons of which are sourced from coal, petroleum, and natural
gas'®. In principle, fournontoxic chemical building block¢éD-glucose, Bxylose, L-arabinose,
and glycerol)derived from renewable starch, hemicellulose, cellulose, and vegetable oil may
replace petrochemicals in satisfying global chemical demaddsever, these conversions
depend on microbial catalysis, which has slower kinetics and lower yields than thermal methods.
Other bochemicabpproachebke fermentation and anaerobic digestiongnmailarly constrained
by long conversion timeas well adow energy efficiency, high water usagandstrict feedstock
property requiremenisl.
1.4.Thermochemical Biomass Conversion Methods

1.4.1. Combustion and Pyrolysis

Thermochemical biomass conversion approaciedude combustion, pyrolysis, and
gasificationi each with its purpose reaction atmospheresdvantages, and disadvantages.
Combustionis a relatively simple operation thetnverts biomass to heat and electrigibd can
co-combust coal without majatesign changes needed for existing power pfahtas previously
mentionegd BECCS can render biomass combustion carbegative and may contribute
somewhat to meeting IPCC emissiomgluction recommendations, but eliminating even 3.3
GtCOy/year with BECCSwould necessitate 36000 Mha of landdedicated solelyor biomass

production and double the amount of water currently conséfm& Additionally, combusting
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biomasgposes many of the same pollutiooncernsas combusting coal, namely the formation of
NOx, SQ, and particulates, as well ascomplete combustion products likarbon monoxide
(CO), polyaromatic hydrocarbon@®AHS), tars/oils, soot, and unburnt carb6h Therefore the
combustion of solid biomass fuels and residues for energy production may be less advantageous
than converting therdirectly to valueadded, flexible energy forms suah liquids or gases.
Pyrolysis, the thermal decomposition of carbonaceous fuel in the absence of wamen,
directly convert biomass to biochar or fwi, depending on the temperature and feed residence
timel?®l, In fast pyrolysis, the main product is bid, with yields up to 75 wt.%n a dryfeed basis.
Bio-oil can be physically, chemically, and/or catalytically upgrateldydrogen, improved bio
oil, hydrocarbons, and HVESE. This approactmakes theiorefinery conceptthe optimized use
of biomass for the eproduction of fuels, chemicals, and enemgyh maximized benefits and
minimized wastes, something that could potentially be economically competitive with petroleum
refining. However, commercializing the fgsgrolysis biorefinery ischallenged bythe high
endothermicityof the process and the strict requirement that the solid biofeadsbe finely
ground to less than 3 mm in the smallest dimenwiomprove thermal conductivity.
1.4.2. Gasification
In contrast to pyrolysis, gasificati@ms to maximally convert solid biomass feedstocks into
usable gases$n the gasifier, the solid carbonaceous feedstock is partially oxidized at reasonably
high temperatures (ca. 80@00LC) in the presence af gasifying agent such as, steam, and/or
oxygen to produce a flammable gas mixture called producer gas or synthesis (8yh)Thas
syngas produced containsaamy CO and hydrogen (¥ with various amounts of GOwater
vapor, and methane (GH with a typical volumetric energy content of18 MJ/NnFi28l,

Additional gasification productsicludecondensablspeciedike BTX, tar, hetereorganics, and
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wateras well assolid particles in the form of ash, mineral matter, salts, char, and aerosols. When
steam is used as a gasifying agent, and the temperature is low();606 process is called steam
reforming.Heat must be added to the systexternally (i.e., allothermal operation) to vaporize
the steamand drive the endothermreforming reactionsThis energy demand can be patrtially
offset by adding pure oxygen to the stream, but the oxygen has to-pedaced likely by
cryogenic air separatiorSuchan operationis considered autothermahe heat is generated

internally via partial combustionThe syngas composition for autothermal operation tends to be
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higher in CO composition, as shown in Figuré& 1.
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Figure 1.4.1.Productgas composition from different gasification cases whaiie tthe volumetric

lower heating value. This figure has been adapted 23t
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The transformation of biomass into syngas is highly complex and takes place over hundreds
of heterogeneous and homogeneous reaction steps with doz@astfofming intermediates.
Nonetheless, once the biomass has been dried and devolatilized, the key reactions can be
summarizd as (1) combustion reactio(Reactions 13), (2) reactions witlCO, (Reactions 4b),

(3) reactions with steaifiReactions ), and (4) reactions witH; (Reactions 9.0)?*32,

# P #l Y ppdED 11 (Reaction 1)

¢l | P c#l Y CUPpED T 1 (Reaction 2)

o 1 P/l Y ctgmED I 1 (Reaction 3)

# #1P c#l Y px&ED T 1 (Reaction 4)

# ( T#/1 P cl #1 —( (Reactiorb)

# (1P #I ( ¥ podED T 1 (Reaction 6)

# ( T (/P T#1 — 1(¢( (Reaction?)

#1 (1P #1 ( Y TRED T (Reaction 8)

# ¢ P #H( Y X ES T 1 (Reaction 9)

#1 of P #( (1 ¥ cmgpET 11 (Reaction 10)

The heat released from the combustieactions drives the remaining endothermic reactions
such as the Boudouard reaction (Reactigrth® heterogeneous waigas reaction (Reaction 6),
and hydrocarbon steam reforming (ReactionAe combustion reactions and thatergas shift
(WGS)reaction (Reaction 8) produce g®hichsubtracts from the heating value of the product
gasandmust be captured at the back end to achieve a ngin€gative processiowever, the

additional carbon capture unit will increase process complexdyave the electricity cost up to
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80% while decreamg the overall efficiency by 280%%. In general, traditional dual fluidized
bed (DFB) biomass gasification achievesddncentrations between 40 and 50 vét®sand the
tunable measures one can manipulate are limited to changing gasifier design, varying process
parameters (e.g., temperature and steaparbon(S/C) ratio), trying different feedstocks or
altering their preprocessing procedures, and adding catalytic and/or inert matétralsess
intensification schemes based on a chemical looping approach may offer higher efficiency
increased Hlyields,and potentially lower costl.
1.5.Biomassbased Chemical LoopingGasification
1.5.1. Chemical Looping Basics

Biomassbased chemical looping processes (BCUBsgrage theore benefitof chemical
looping: (1) minimization of exergy loss, and (&mplification of product separation. In a
chemical looping process (CLRhe overall reaction (Reaction 11) da@divided into two sub
reactiongReactions 12 and 13) occurring either in two separate reactors (continuous mode) or in
two separate steps within the same reactor (batch modbpe subreactions, a looping material
denoted as LM1 is transformed int®d12 after reacting with Aln a subsequent step, LM1 is
regenerated frorhM2, thus closing the loaprhis scheme results theintegratedseparation of
the products of each subaction In nearlyevery CLP, the LMs are solids and the reactants fluids
(typically gases), making these reactions heterogeneous and facilitating reactant/product

separation.

I "P g $ (Reaction 11)
-8 # , -C (Reaction 12)

L, -€8% -0 (Reaction B)
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CLPs are classified badon their LMs,i.e., oxygen carries (e.g., iron ores, Guwor Ni-based
oxides)and CQ carriers (e.g., limestone and other alkaline earth metal oxides). The choice of LM
isdrivenmainyby t her mody na myiwhichin(umn s deteeninedfby tloe @mperature
and the partial pressure of the regenerating reactan0(i.dqr oxygen carriers and  for CO,
carriersi®-38l. Modified Ellingham diagrams serve this purpose effectiaaythey graphically
represent the thermodynamic driving force for a particular reaction to occur across a range of
temperaturé®?). The construction of the Ellingiam dia

(Equation 1)

3 24110 (Equation 1)

where 3' is Gibbs free energyf reaction under nestandard states at temperatdiye is the
Gibbs free energy of reaction at the standard preg¢8uyguis the extent of reactio, is the gas
constantandl is the thermodynamic reaction quotient. At chemical equilibrigim, T1and

Equation 1 simplifies to Equation 2:

3 2414 2418 A (Equation 2)

where + is the reaction equilibrium constant which can be expressed as the product of the
activities of specieg (A) raised to their respective stoichiometric coefficientsThe activity,

which is defined as the ratio of the fugacityspecieg (4 to its standard stategacity (£) can
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be further simplified under ideglas conditions (i.e., high temperature and low pressure) as the
ratio of thepartial pressure of specipf) to its standard state partial pressixe) (which equals

unity for an idealgas.Since the partial pressures of the solid LMs are unity in the equilibrium
expression, t he Vanot Hof f i sother mdandO0. equi | i
Figure 1.5.1 presents two modified Ellingham diagrams, one for oxygen carriers (Figure 1.5.1(A))
and one for C@carriers (Figure 1.5.1(B)Considering oxygeiarriers, it can be seen thae
equilibrium partial pressure of the reduction of ¥@ato MnOstakes place at a highér than

any of the remaining reduction reactions presented, which would suggest #@, Bimd other
oxides with similar equilibrium behavior, is unstable in 16w environments and would be
suitable for combustion reactianSince biomass gasification is ultimately a partial oxidation
reaction, redox pairs that donate oxygen at lower equilibrium partial predskedse04/FeOs,

may be more suitabl&leanwhile,Figure 1.5.1(B) tells us that decarbonation of the-Cé&rier

will always require a temperatussving at fixedd  to achieve full regeneration
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Figure 1.5.1. Modified Ellingham diagrams fofA) oxygencarrier materialsadapted from

referencg37], and(B) CO,-carrier materialadapted from referengél].

Biomassbased chemical looping gasification (BCL@pduces syngas just as conventional
gasification does, but with the addition of a metal oxide {M® provide the oxygen for partial
oxidation.When steam is added, the net BCLG reaction produces syngas and a reduced metal

oxide (MQ..1) as shown in Reaction 14.

¢# ( |/ T B-1 (1 9ci#/lci 1T D( | B-/ (Reaction 14)

Reduction of the metal oxide and steam reforming of the biomass are both highly endothermic
reactionsand therefore, necessitate external heat supply to the gasifier. Partial combustion
reactions offset some of this heat requirenfiertf in doing soincrease the C£xoncentration of
the syngas. The appropriate choice of metal oxide oxggeaier is crucial for achieving the

desired H/CO selectivity and maintainirigngevity.
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1.5.2. OxygencarrierSelection

Theroles of the metal oxides in BCLG are to (1) avoid direetust mixingthrough controlled
oxygen delivery from a solid lattic€2) oxidatively crack tarso reducefouling and coking(3)
enhance the WGS reactiahereby increasing Hselectivity®®l. Most BCLG demonstrations in
the literature use woody biomass as the feedstmuttthe varied metal oxideoxygencarriers
investigated includeFe-base#?*4, Fe-ord*>*’l Ni-base#®% Ni-modified Feord®¥, Cu
base®?%% andCu-ord®®. In general, Ctbased materials demonstrate high reactivity and oxygen
transfer capacitand are relativelgheapand nortoxic. The mechanical and thermal stability of
Cu-based oxygeiarriers can be improved with supp8ridike Si0z, TiO2, and AbOs, however,
agglomeration is still a major issue do¢he low melting point of Cu (1086). Febased materials
have higher melting poinnd good mechanical strength and are also consitievecbst.
Additionally, Febased oxides seem to display little to no tendencthisiormation ofcarborP®l.

Akin to Cu-based carriers, Heased materials agglomerate at high temperatures, specifically when
forming magnetite (F©4)%. Metallic Ni is an excellentatalyst forbiomass gasificatiorGHs
steam reformingand conversion of tar and other light hydrocarbons, howeawuéke Fe and Cu

based materials, Ni is known to be totachandle and more expensive.

Known ackemicdiceh afme | e on 0 d u etyof stable struetures iarahemicala r i
compositions they can assurperovskite oxidefave also been investigated for BCLG, albeit in
a more limited context than the previously mentioned metal oxRer®avskite oxidesvith the
general formula AB®@u (where the A cation is typically an alkali or alkaline earth metal, the B
cation is a transition metal, and the delta is the oxygerstmohiometry) represent a durable,
redoxactive, and highly tunable class of materials due to the ease at which-tradrBsites can

be doped withsubstituentcations for finetuning of their redox kinetic ad thermodynamic
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behaviol?® 81 These versatile materials haween applied tonumerous chemical looping
schemée$?, including but not limited to, combustioF3%% reformind®®%8 oxidative
dehydrogenatidf? ", oxidative uncoupling® 7% air separatiofi*"¢l, and gasificatiof®>®!l. La-

based perovskites, especially Lakgkave gained considerable attention for BCLG. Yan &flal.
observedhat A-site doping with Ba improved oxygen transport capability and catalytic activity
for BCLG of microalgae in a fixetled reactorShen et al. systematically studié@ impact of the
B-site element omedox activity.”®! for BCLG of torrefiedCamellia oleiferaseeds, where they
found thata binary Bsite consisting of Fe and Cu possessed the highest oxygen release capacity.
Several studies have also investigatedb@sed perovskites, particulaBrownmillerite phase
CaFe0s. Using BCLG of rice stravas a case studyyu et al®! demonstrated that greeOs
surpassed E©3/Ca0 in B yield. However Si in the biomass feed destroyed the original structure
and formed CaSigand FeO; after reoxidation in airSunet al.®4 coud cycle CaFe0stwenty
times for BCLG of pine woodtablyand showed that the CaO formed upon reduction catalyzes
tar decomposition. Nonetheless, the observegdo@position of the syngas remained significant

at ~30 vol.%, leading to anxhburity of <70%. Despite the improved syngas selectivities and tar
abatement properties demonstrated by BCLG, there remains room for process intensification if the
COz can be removeih situ.

1.6.Sorption Enhancement

1.6.1. Calcium Looping Gasification

Capturing CQ with metal oxides has technological roots dating back at least 150 years, ever

since1867 whenTessé du Motay and Marech&?! patented a procesBatusedCaOto absorb

COr generated in gasification to improve plrity. The principle of calcium looping gasification

is simple: CaO is added to the gasifier to capture @a@duced from reactions with coal and steam
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to enhance bHgenerationApproximately a century later, in tH®60s and 1970§onsolidation

Coal Co.conducted piloplantscale studiefor calcium looping coal gasificatipdubbedhe CQ
acceptor proce8€. The CQ acceptomprocess was not commercially realized due to economic
reasons, namely thmpetitivelylow price of natural gas and the high capital cost requirements.
Furthermore, bituminous coal presented difficulties in handling, and agglomeration problems were
observed due to the letemperature eutectic formation among fly ash and calcium compounds
within the gasifier and regeneratdmproving upon the C@®acceptor process, the HyRng
proces8” &l developed in Japan forzkroduction from coal in the 1990s and early 20@0s,

fed oxygen andhcreased the amount of steam introduced into the coal gdsifissist the WGS
reaction resulting in a product gas stream of ~90%ntilxed with CH. In the regeneration step,
thecombustion of residuathar provided heat to aid the endothermic Ca@€&zarbonatiori
releasing a higipurity stream of C@

Biomassbased calcium looping gasification (BCaLi&)essentially identical to the HyAng
process only with a biomasmsed feedstock iplace of coal.While numerous alkali metal
hydroxides and alkaline earth metal oxides could be effectivie §itu CO, capture at gasification
conditions, CaO is the most commonly investigated sorbent due to its low cost and relative ease
of recovery BCaLG results iran exceptionally lowCO concentration in the syngas, thus meeting
the requirements for fuel celpplications. CaO may also aid in thesituremoval of any KS and

HCI formedfrom biomass gasificatidi{.

# (1P #1 ( Y popYPED T 1 (Reaction 15)
#1 (1P #I1 ( Y TRESD T 1 (Reaction 16)

#AI#1P #KI Y pXBE D T 1 (Reaction 17)
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Partial oxidation (Reaction 15) is highly endothermic, and conversion is significant only at
elevated temperaturg€s1000LC), whereas the moderately exothermic WGS reaction (Reaction
16) requires lower temperatures (<40Pto achieve high conversiofiraditional H production
processes, such as steam methane reforming, split Reactions 15iatudtd/6 separate reactors
due to the large temperature difference between theTts.separation of reactions is no longer
necessaryor BCaLG since the heat generated by Reaction 17 will drive Reactioanii5the
conversion of C@producedwill drive Reaction 16 towards greatep production. Additionally,

CaO has catalytic activity for both biomass gasification and tar reigimavhich improves the
reaction rate of the process and mitigates foffhgVhat results is singleloop process witln
situ CO, capture, achieving energy efficiencies as high as‘88&hd an improvement of thexH
volume fraction from ~50% for conventional DFB gasification to ~80%-(dsisP.

Since the development of the Hyffng process, a considerable amount of research, both
applied and fundamentahas beerdirected towards BCall®$l. From these efforts, general
principles regarding process parameter optimization have been deduced. Temperature is the most
influential parametefor BCalLGsince it influences the conversion of the biomass feedstock and
the extent of CaO carbonation. These two phenomerthemraally at oddsvith each other since
CaO carbonation is exothermic and is therefore favored at lower temperatures (see Figure
1.5.1(B)) while biomass and tar conversiame kinetically conducive at higher temperatures.
Poboss et dt¥ reporteda notable decrement obldoncentration from 73 vol.% to 52 vol.% (dry
basis) when the temperature was increased frong6a® 85@C in their 20 kWh plant using
limestone as the bed material. SimiladghenMiiller et al'® performed BCalLG tests with wood

pellets in their 100 KW pilot plant they observed that Hncreased between 58D and 63€C
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and peakedt 67 vol.% (drybass) 63@&C before decreasing with further temperature ramp to
800C. Above 75@C, CaO carbonation is no longer thermodynamically favorable, while
temperatures below 660 result in too much tar generation and possible Caf{@ihation that
negatively impactshefluidization properties of the bed materild. studies where the S/C ratio
was varief!®%l it was generally seen that increasing the amount of steam improyed H
concentration due to the enhancement of steam reforming and WGS reactions while decreasing
the tar contentOn the other handhcreasing the S/C ratio will also penalize energy efficiency due
to thevaporization heat requirementhe volume fraction of Happears to be less sensitive to
thechoice of biomass since studies featuring feedstocks like soft8%d88 bark®* 99 100]
compogf, and various species of tré8s (e.g., spruce, ashand birch) all reported H
concentrations within the range of ~88 vol.% (drybasis).Evenmunicipal solidwaste fuels
boastedH. concentrations between H%%4'%Y, However,these wastes increase the risk of bed
agglomeration and pipe clogging.
1.6.2. Sorptiorenhanced Gasification

Sorption enhancementot to be cohtedwith calcium loopingdespite the terms being used
interchangeably in the literatuns, the combination of both C&Zarriersand oxygencarriersto
achieve combined oxidation, steam reforming, WGS jmsdu CO, capture to producedor Ho-
rich syngas autothermally as illustrated in Figure 1.6lsorptiorenhanced biomadsased
chemical looping gasification (SBECLG), typically NiO and CaO are the oxygearrier/CQ-
carrier pair however, experimental work by Dou ef’8f! on sorptiorenhanced steam reforming
of glycerol in a continuous flow fixeded reactorevealed that the reactor conditions were unable

to fully convert both NiGNi and CaGCaCGQ.
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Figure 1.6.1.Schematidllustration of the SEBCLG process.

SE-BCLG is much less studied than BCaLG, and most sorption enhancement studies thus far have
focused onoxidative steam reforming of biomass model compounds like glyé&tot®4
methandl®], ethandf%: 1971 methan&%: 1% toluené'® 11 and phend*2. Typically, oxygen
carriers like NiO and CuO and G@arriers like CaO and MgO are the most prominently studied.
These materials are either simply mixturesamnbined to perform as bifunctional catalysts where
one site performs the oxidation and the other performs the carbonation. One common problem that
plagues all BCaLG and SBCLG processes is tfeeactivation of the sorbent.
1.6.3. Deactivation oflCaObased Sorbents

Perhaps the greatest impediment to doenmercialization of BCaLG orelated sorption
enhancement schemes is theavoidabledeactivation of the sorbemiver multiple calcination
cycles. This requires replacement sorbemt handto sustain a satisfactory G@apture raté'®
114 which adds to operationakpense anddisruptscontinuous operatian Deactivation occurs

primarily throughtwo means: (1) sinterinopduced loss of surface araad porosityand/or (2)
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attrition and fragmentation. While the latter is relevant for fluidized bed opera@@and
CaCQ particle sintering impacts performanegardless ofhe reactor configuration because it
transpiresiuring therequiredhigh-temperature calcination stepennell et al*'® experimentally
validated in a benchcale, electrically heated fluidized bed of sand for five different limestones
undergoingcarbonation/calcination cyclest 75@&C that all experienced aignificant loss of
carrying capacity with increasing cycle number (Figure 1.62¢. rate of carrying capacity loss
was inversely proportional to the particle diameter, but increasing the paitietsly served to

slightly delay the eventual plateauing of carrying capacity to values betwed?20
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Figure 1.6.2. Figure 5 from reference[115] detailing the loss of carrying capacity for five

limestones across cycle numbeith varying particle size

The topic of C®-based sorbent sintering catir confusionsince there exist two distinct but

related sintering processes: (1) the sintering of Gakidore it converts to CaO and (2) the
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sintering of CaO aftemnitial CO. release CaCQ undergoes sintering once the temperature has
been el evated abov en tampeeaturenBEEY S Wh &35 dammaer i ¢
Tammam temperature has been reached, which is defined-@a5%0of its melting pointhen ion
diffusion activates, grain boundaries begin to integeate agglomeratioof particlesoccurst’l,
Since thermodynamics dictates that the calcination temperatures be in the range@izZ5the
sintering of CaC®@is inevitable.This has the effect of hindering G@elease, as porosity is
reduced. Additionally, the sintering @aCQ directly impacts the structure and morphology of
the subsequently formed CaO, which darther accelerate sintering in the CaO phadee
mechanism o€aO sinteringluring the hightemperaturealcinationis believel to proceedafter
the initial loss of C@when CaO begs to form rodshaped, metastabt@anocrystals'® 1% These
nanocrystals then agglomerate into larggstallites which reduces the available surface area and
hinders subsequent G@apture rates andonversionextents.With each cycle, the sintering
worsensand the observed carrying capacity drops to less than 40% of its original value after only
20 cycle§1®l,
1.7.Sorbent Stabilization

1.7.1. Inert Stabilizers

Sorbents can be engineettedmitigate or outright avoid sintering. large body of literature
suppors two prominent srategies: (1) stabilization of the active Ca phases through dowiitiy
specieshavinghigh melting points and (2) structuring the-Gased sorbent to minimize contact
between CaCgxyrains.Of courseconsideration must be taken when using stabilizers or sigpport
that theres no possibilityof chemicaly reactingwith CaO or CaC®as is the case with AD3,
which can react with CaO to form calcium aluminum oxXfd&sCalcium aluminum oxides cannot

capture CQat high temperatures and are inert under reaction conditions.
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Inert support materialslsocalled physical spacerat do not compromise the COptake
capacity nor react with the sorbent are desirable. One of the most commonly used inert stabilizers
is MgO due to its high melting point (~28&) and inability to react with C&or Ca under typical
CaO carbonation/calcination conditi®®¥%'%4. However, stabilization of a Caflased sorbent can
be achieved, in principle, by any metal oxide provided that (1) its melting point is higher than that
of CaCQ (i.e., >133@C), (2) it has low solubility in CaO, and (3) it does not chemically react with
Ca0** 125 Oxides of M¢t?8: 1271 Y1128l cd129.130] andYhlt3t 132 have been investigated as inert
stabilizers, with LgOs, in particular being shown to stabilize CaO while also capturing.CO
itselfi**3], The most sinteringesistant sorbent would comprise 20 wt% CaO stabilized in a matrix
of inert particles to minimize the risk of Cag&ygregatiof#1]; however, this is impractical given
the large sacrifice of CQcapture efficiency on a per unit mass of sorbent basis. In rethkty,
loading of inert stabilizer typically falls in the range of -2®wt.% Therefore, somsintering
still occurs since contact between individual CaO grains is not completely elimifilaggghysical
spacemustbe uniformly dispersed in the sorbent particle, which is why wet chemistry methods
such as the sajel metho#* % and coprecipitatioft® are the preferred synthesis routes
however, these procedures are typically ratitip and difficult to scale.

There are twoprominent disadvantages with inegpacersorbent stabilization: (1) the
aforementioned loss of theoretical £0ptake capacity on a per unit sorbent basis, which is
unavoidable, and (2) the possibility of sorbent/support segreggtamm cycling, resulting in loss
of CO; capture performance. As an example of the second concern, Warltf@shbwed that
their limestonedolomite mixtures preparedwith gluconic acid (called CaMg gluconicg
eventuallylost their stabilizing ability due tihesegregation of MgQ@rains after repeated cycling.

Segregation in the form of reaction may occuhd difference in melting poiftetween the metal
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oxide stabilizer an@€aO is too greathereforethe formation of lowemelting point binary oxides
becomedavorable due to the Kirkendall efféétl. It must be said that fquotential SEBCLG
applications, the adoption of CaO sorbents stabilized with physical spacers may encumbered with
too many practical constraintsamelyunprovenscalability of synthesigsompromisedyclability
at high temperatures in the presence of ashiramdased material complexity and cost.
1.7.2. Reactive Stabilizerand Phase Transition Sorbents
Unlike inert stabilizerswhich should not chemically interact wiaQ, reactive stabilizers
form ternary oxides with Ca@pon cycling or during the initial synthesis of the sorbbtdtal
oxides consisting of AF® 140 Till4l and zR42 4%lare all capable of reacting with Caidd
enhancing mechanical stability without risk of segregation. Caution must be exercised Al and Si
since they can form ternary oxides with lower melting points than binary oxides and may
themselves sinteNonetheless, when functioning properly, reactive sorbents are ideal candidates
for sorption enhancement applications whbeamnultifunctionality of the sorbent is a requirement.
Whileth e t er m @ p h as ehasappaancérilytrecentlyin tisesarblerenyineering
literature it can be considered a subclass of reactive stabilizers that rely on specific phase
transitions to enable a mechanical andfbemical enhancement to the sorbdfdr sorption
enhancement reactions, the different temperatures and atmodptaresn the carbonation and
calcination steps afforthepotential for harnessing reversible phase transitidihe idea of
leveragingreversible structural changes to avoid sorbent sintdiongsorption enhancement
schemegan be tentatively dated to the work of Zhao ét*8lin 2014, where thegxploited the
reversible polymorphic phase transitions 0b&l@, for dramatically increased carbonation cycle
longevity.Specifically,they showedthat he densi t y -CasS®y(X38g-amt ¢-rom U

CaSiOs (3.31 g-cn®) when calcium loopinghifts from the calcination regime§00C) to the
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carbonation regimé-650C) resulted in a volume expansion that was orders of magnitude larger
than the thermal expansion observed for most monomorphic spacers. This significant volume
expansion force offsets tlemtering stress and maintaconsistent C@capture performance over

15 Calooping cycles.

In 2018,Dang et al***! showcased the reversible phase transition properties ofeacC&o
based duafunctional material for catalyticorptionenhancedsteam reforming of glycerol
(SESRG) In their work, metallic Co was the catalytic component, and CaO was theo@iéent.
During the calcination step, Cagf@leases C&xo form CaO, which then reacts with spinel phase
Cmx0s4 to produce CaC®a. This intermediate phassould react with CaO to generate either
CaCuOg or Brownmillerite phase G&0,0s. Despite the complexity of these phase charges
themultiplicity of possible reaction pathwaythe layerd calcium cobaltates created during the
calcination reversibly transiti@a back to Co and CaO in a lowmmperature reducing
environment when glyceralas injected. The result is stable £&brption with high purity K
(>95 vol.%) across 120 carbonation/calcination cycles.

More recentlyGu et all**®! revealed that Ni decorated and Ges®abilized SrO (SrGeNio.s)
exhibited reversible phase transitienabled sorptioenhanced dry reforming of methane with
>72% CQ capture efficiency over 35 cycleBhe CeSr interaction was shown fweventdirect
decarbonation of SrC{2o SrO and instead favor the transition SEG@CeQP SrCeQ/SrCeQ
+ CO,, which avoids the formation of SrO and thereby eliminates any sintering hiskenabled
decarbonation at 8é5, significantly lower thanthetemperature awesponding tothefull
decomposition of SrCOP SrO (~120@C). During the carbonation steghe perovskite and
RuddlesderPopper(RP) phases produced from the calcinatreactioncan then carbonate back

to SrCQ and CeQ to close the looplnterestingly, while thie starting material appears to be
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acomplex mixture of SrO, NiO, CeDand SgCeQ,, the stable looping materials formeusitu

are mostly perovskite and RP phasgBis motivates the question of whether using perovskite
oxides directly for sorption enhancement could achieve the multifunctionality demanded (i.e.,
oxygen reservoir, catalytic components, and> C@pture activity) while functioning as cyclic
phase transition sorbents.
1.7.3. Perovskite Oxides as Phase Transition Sorbents
To the aut ho ithite edcaptonvdf thelvwpgresenedn Chapters 5 of this
dissertation, perovskite oxides have not been applied for sorption enhancement applications as
phase transition sorbent$here is, however, aery small body of literatureinvestigating
perovskites and Brownmillerite phases as;@@rbents for typical Cfacceptor schemég 149,
One of the earliest studies on the&@sorption properties of perovskite oxides was conducted in
1996 byNomura et al*>°l. They observed that BaCan.0sC0o1-«FeOs-i could readily adsorb CO
between 62:B50C, especially when lattice oxygen vacancies were formed with increasing
temperature. Using Mdssbauer spectrometry, they connected the disappearance of paramagnetic
Fe** and Fé' peaks with the interaction of lattice oxide aniongY@ith adsorbed C&to form
COs% anions. This incorporation of GBinto the microstructure of the-site induced a phase
s epar aiF&@into thefsoliinatrix. The authors suggested that perovskite oxides may find
potential application in C&scrubbing of higtemperature combustion flue gasssll, theydid
notdiscusshow the material would be regenerategositanystrategies for sorbent optimization
Fifteen years aftel o0 mu rpablication Fujishiro et al'*® *°lexamined the reversibility of
Brownmillerite phase B&eOs carbonatiorusing thermogravimetric analysis (TGA) aneray
diffraction (XRD). At temperatures >5@C, BaFeOs reacted readily with C&to form BaCQ

and BaFe(Q and, critically, could desorb G@t ~110@C even under a pure G@tmospheré a



26
temperature several hundreds of degrees lower than the BaO/Bg&€m (~156€C). Despite

this exciting resultho one thought to apply this system for sorption enhancement or more
rigorously elucidate their cyclic stabilitya in situ characterization.
1.8Summary

The following dissertation addresses a notable gaphésorbent engineering literature by
thoroughly investigating perovskisructured oxides as phase transition sorbenssiboertthe
issue of particle sintering in sorption enhancement applicatitmrein, Chapters-38 are dedicated
to exploring various sorption enhancement reactions using perovskite ,axitiethe sixth and
final chapter consisting of a delineation of remaining open questions as well as a brief research
proposal outlining th use of perovskite oxideased phase transition sorbents for-tewperature
COqcapture.

Chapters 2 and 3 will showcase two successful applications of perestsiittured oxides for
sorptiorenhanced steam reforming of biomass model compoundShapter 2the oxygen
deficient perovskite $xCaFen.oNio.1Oz5will be explored as a redeactivated phase transition
sorbent for sorptionhanced steam reforming of glycerol (SESR®)e SESRG screening
results of five compositions (x = 0.3, 0.4, 0.5, 0.6, 0.7) will be summarized, and the evidence of
cyclic and reversible C&rapturewill be presentedExsituandin situcharacterization of the bulk,
surface, and morphological propertiegtadse sorbents. In Chapter 3,.&aFe.yCo/Oz.5will be
investigate for temperatureswing and isothermal sorptie@nhancedteam reforming of toluene
T a model tar compoundtrategies for enhancing ¥ased catalytic conversion of toluene via
surface impregnatioaf the perovskite sorbeand introducig an upstream catalytic bed will be

compared.
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Chapter 4 will elucidate the complésothermalphase transition behavior 8fMn.xFeOs.u
in simultaneous reducing/carbonating and regenerating/decarbonation atmospheres via
synchrotrorbasedn situ XRD. The performance of SrMrFeOz.ifor sorptiorenhanced steam
reforming of methane (SESMR) will be correl at e
functional theory (DFT)alculations, informed by the phase transition pathway illuminated by
XRD, will reveal the impact of Bite Fedoping on redox behavior. The phase transition results
of Chapter 4 serve as the foundation for Chaptér Knetic modeling of the reduction dn
carbonation ofSr.g7570.129VIN0O3 (A = Ba or Ca)via both an empirical, gasolid model fitting
approachanda mechanistic approach based on numerically solving conservation equations and
auxiliary conditions of & for the reduction and CQor the carbonation.

Finally, this dissertation will conclude with a discussion of the fertile areas of further research
that should be considered based on the results presented herein. Additionally, a brief research
proposal outlining a novel application of using re@ativated perovskite phase transition sorbents

for low-temperature C@capture via induction heating will lpeovided
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Abstract

Sorptionenhancedsteam reforming represents an efficient strategy to produce concentrated
hydrogen from superfluous carbonaceous feedstocks. However, commonly usduhsedO
sorbents are prone to sintering, leading to a rapid loss #s@@tion capacity and activity under
repeated reaction cycles. Herein, we report perovbiised phase transition sorbents (PTSs)
capable of avoiding sintering and retaining both catalytic activity and sorption capacity.
Specifically, A and Bsite dopedSrFeQ., i.e., $1.xCaFeryNiyOs.a(x = 0.3, 0.4, 0.5, 0.6, 0.7)
were evaluated as PTSs for the sorption enhainstshm reforming of glycerol (SESRG). Packed
bed reactor experiments were performed in conjunction with redox, bulk, surface, and morphology
characterizations to eval ua)ing ph&€ traNs#tidn sgheame.f or ma
These characterizations revealed that reduced oxides fromdite 8f the PTS (SrO, CaO) are
carbonated during the reforming step before reversibly undergoing decarbonagidmghter
temperature under an oxidizing environment. T@sapterdemonstrates that SCFN is a- tri
functional material capable of (i) catalyzing the reforming of glycdiidlabsorbing CQin situ,
and (iii) reversibly releasing oxygen from lattice sites to enhance glycerol conversion. While all
the screened compositions achieved >87 vol%bpeakthrough Hpurities, S¢.4Cay.eFen.9Nio.103-
i (SCFEN469]) and Sg.sCan.sFen.9Nio.103.a (SCFN5591) showed particularly high (95.87.3%)
H> purities with stable C@sorption capacities.
2.1.Introduction

Hydrogen (H) is rapidly gaining attention as an eit@ndly energy carrier, especially when
produced from sustainable feedstocks such as bid¥aSsirrently, hydrogen is primarily
produced fronsteam methane reformimgllowed by watergas shift (WGS), acid gas removi

pressure swing absorptioand purification, which consunasubstantial amount of energyd
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increase process complexXity. Additionally, methane is a fossil fuel ardpotent greenhouse
gas, thus posing environmental risks during extraction and tran8mpeen feedstock alternative
may be found in crude glycerola lowvalue byproducof biodiesel productiofl. Methods of
producing hydrogen or syngas frafycerol include pyrolysié &, steam reforming ', aqueous
phase reformiri§tl, and autothermal reformifég 31 Akin to the reforming of hydrocarbons,
glycerol reforming is an endothermic process that produces shataeer650-8 0 0 daction
1)*4, Whenexcess steam is €ded, the ceoccurring WGS reaction can further oxidize CO t0,CO
(Reaction2) resulting in a less endothermic overall reaction representBadstion3. At lower
temperatures, methanation can also occur via Reaction 4efdiing of glycerol, however, is
challenged by low conversion, high endothermicity, poersklectivity, and an appreciable
tendency for coke formati®fi'’l. Oxidative steam reformindReactions) can lower the energy

requirement for reforming and inhibit some undesirable side reactions but does so at the expense

of Hp yield™®l,
# (1 P o#l t( Y CuBEd T 1 (Reaction 1)
#1 (1P #/I ( Y TES T (Reaction 2)
#(/1 o IPao#t x( Y pclA T (Reaction 3)
#1 o(P #( (/1 Y cmpd T 1 (Reaction 4)
#(/ o 1(/ -/ P o# X 1 ( (Reactionb)

Both the reforming and WGS react®are equilibriurdimited. Therefore, the process can
be intensified through sorption enhancement (%Bgreby CQproduced from the WGS reaction

is removedn situi shifting the reaction equilibrium towandcreased: productiot®23l, This is
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achievedisingsolid CO; sorbents (e.g., CaO), which fix the gaseous @@duced from the WGS

reaction into carbonates (Reaction 6). Thptured CQis subsequently released during a kigh
temperature decarbonation st@peimpactof SE can significantly increase thexldoncentration
of the syngd$* 2% improve the thermodynamicand suppressndesirableside reactionsuch as
methanation and coke formatlh Summing thesteamreforming WGS, and carbonation
reactionsresults in the net exothermsorptionenhancedsteam reforming of glycerol (SESRG)

scheme (Reaction 7).

#AI#IP #A#IY( pXBE D T 1 (Reactionb)

#( /1 ol ! o#Mlo#tA#I X( W tnkd T (Reaction?)

A persistent obstacle in the area of sorpgmmanced steam reforming is the observed loss
of sorption capacityamount of CQ captured per unit of sorbertqused byhe sintering of the
particlesduring thehigh-temperaturedecarbonation step. Commonly used &z3ed sorbents
suffer a 4660% decrease in GQ@bsorption capacity within the first 10 reaction cy@l&gl. With
a Tammann t e mp &3 @acg padicles sinter éveh 8ugir®) the lower temperature
reforming step (55® 0 O ergSylting in the formation of a CaG®Ghell around the CaO core
preventing diffusion of C@to the sorbeit’l. Previous attempts to resolve this problem have
included decreasing sorbent particle 8iz& introducing inert refractory materials (e.g., calcium
aluminates) as physical spa¢&r®, and designing fdAsmarto cat al
reversible phase changes at high temperatures to avert sifiteritile the first two strategies
yielded marginal improvement in prolonging £€drption, the overabfficiencyof the pocesses

was reduced due to the inert spacers and supports. The third approach to inhibit sorbent
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deactivationinvolves designinghasereversible multi-functional materials. This is particularly
promising given the materialsdéd ability to avo
or catalytic activity. The first demonstration of a temperaindeiced phase transition sorbent
(PTS) camdrom a study by Zhao et al. investigating polymorphieSi@; i a material capable

of changing its volume during temperature swings and maintaining stableo@ifion capacities

for >15 Calooping cycle§®. More recent are the results of Dang ef &hose suppotiree,
calcium cobaltate (G€0:xO) material displayed excellent stability over 120 reaetion
decarbonation cycles and achieved ~95%phirity via SESR®®. By introducing air in their
decarbonation step, Dang and hiswoarkers rendered this reaction highly exothermic. This is in
stark contrast with the previously observed endothermic regenerations. Other bifunctional PTS
systems have been proposed withdat such as thée-stabilized NiSrO catéytic PTS published

by Gu et al. for sorpticenhancednethane reforming®. While the results from these studies are
promising, systematic investigations of the PTS materials, their multifunctional characteristics,

and design strategy have not been performed.
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subsequently carbonated from £@roduced by the WGS reaction (not shown). Introducing

oxygen and a temperature swing decarbonates the PTS (Steps 3 to 4) before regenerating the

depleted oxygen lattice and returning to the peitephase.

What is clear is that an ideal PTS for SESRG should (i) be catalytically activedat€avage

and the WGS reaction; (ii) have a high £0rption capacity; (iii) maintain activity and sorption

capacity over repeated reaction cycles (i.e., good longevity); and (iv) undergo recyclable phase

changes within each reaction cycle to avoid sintering, or a permanent transitianinerta

(
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structure. This motivates the use of perovskite oxides, with the general formulg; AB@re the

A cation is typically an alkali or alkaline earth metal, the B cation is a transition metal, and the
delta is the oxygen nestoichiometry), represent a durabiedoxactive and highly tunable class

of materials due to the ease at which theiarl Bsites can be doped with foreign cations for
fine-tuning of redox kinetic and thermodynamic behd{id¢. The value of the nestoichiometry

term U is a function of templer,aditschanggid part

dictates how much oxygen is donated from the lattice sites as well asstheBe cat i onds e
reductiorf®43l, Doping the Bsite with foreign cations of differing oxidation states or ionic radii
can induce oxygen vacancies in the lattice sites and thus impact redox perféf¥naimesA-site
can be populated witHifferentsized cations to vary structural quality, as has been shown in
previous studies investigating doped strontium ferrite (Sgke@r chemical looping air
separation and oxidative uncoupliffy446l. The proven recyclability of perovskite oxides in
previous chemical looping schemes suggests that these materials may serve as suitable PTSs for
variousapplicationsincluding SESRE&",

We hypothesize that doped perovskitedes can behave as PT8s shown schematically in
Figure2.11. To test this, we have subjected various compositions.Q€8#ei-yNiyOz.4 (SCFN)
to cyclic SESRG reactions to assess its performance as a PTS. Relevant performance metrics
include glycerol conversion, ptareakthrough timed( ), CO; storage capacity, oxygen donation
(Y , stability over repeated cycles angptirity witnessed during the pteeakthrough and post
breakthrough stages of the reduction step. Various characterization methods were employed to
obtain morphological, redox, bulk, and surface chemical properties to elucidate the dynamic phase

changes ttoughout the process.
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2.2.Methods

2.2.1. Synthesis

The perovskitdbased PTS particles were synthesized via the modified Pechini method
whereby the perovskite phase was formed after calcination of a polymeric resin containing the A
andB-site metal cations. Summarily, an aqueous solution containing stoichiometric ratios of the
desired metal cations @y C&*, Fe*, Ni**) was prepared by dissolving their corresponding
nitrates at room temperature. The solution wa
form a metallic citrate before undergoing f u
introduced (at a:2 molar ratio othylene glycol to citric acid) to esterify the metallic citrate into
a polymeric resign (i.e., polyester). After ~3 hours of isothermal mixing, the newly formed gel was
placed in an oven at 120eC f orstilllaBfori@hourssat bef or
1000eC in a muffle furnace. The resulting sol
sieved to particle diameters within the range of-288 0 & m. HeEeaFe jNpQsu S

represents the Sr molar fraction of x in theife andheFe molar fraction of y in the Bite.

2.22. SESRG Experiments

The SESRG experiments were performed in a quatizbe fixedbed reactor with an 8 mm
I.D. and length of 280 mm (Figure22l). The quartz ttube was housed in a Carbolite tdbeace
for temperature control with looped temperature cycling controlled and automated via
PLATINUM ™ Configurator software (Omega Engineering). A 50 mL stainless steel syringe filled
with 30 wt.% glycerol in water was propped on a programmable injection platform automated via
FlowControl software (Harvard Apparatus) to cyclically inject the feedstock at 0.0Bhmnt.
A PTFE |l ine with a 1/16606 O.D. ececvwaynliguddintaod t he

valve automated with an electronic watior (VICI Valco Instruments) and programmed with
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LABVI EW. A 1/ 160606 O. Dyvalv®dutletod a staintesstea capillarg taltee d t h

thatfed into the Utube reactor. The reactor was packed with 1.0 g of PTS material and with quartz

wool and silicon carbide used as inert packing material to prevent blowout as well as preheat the

i nl et gas. A 1/ 866 O. D. readonoutletoeasaendesserdide | i ne
submerged in a beaker of chilled water to separate any unreacted glycerol and water. The gaseous
stream exiting the condenser was then fed to a MKS Cirrus Il quadrupole mass spectrometer
(QMS) for realtime stream compositn analysis. Thdélow ratesof purge and oxidizinggases

were regulated via Alicat MFCs, with vahkssvitching controlled by NI MAX (National
Instrument&V). Throughout the reaction cycles, a constant stream of 30 SCCM Ar (Airgas UHP

5.0 grade) wamjectedto facilitate the movement of gaseous products through the sgsaat

as a purge gas between the reforming and decarbonation steps. During the decarbonation step, 3.30
SCCM of Q (Airgas extra dry grade) was injected to maintain a 102at@osphereThe 65

minute reaction cycleomprisesa 20minute reforming step and a-2@inute decarbonation step

and proceeds as follows: (1)-80i nut e i njection of gl ycmmuel / wat e
isothermal purge with Ar; (3) Xhinute ramp with @Ar from 576 @ o 8 50 e-Qipute( 3) 10
isothermal oxidation; (4) Xtfni nut e r amp back d AvpicaltMs preffe0 e C un
detailing the reduction/carbonation and regeneration/decarbonatiorastdpsstrated in Figure

2.3.1Q).
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Figure 2.21. SESRG experimental setup.

SESRG gaseous products were sampled within the first minute of thegat¢hrough period
andthe last two minutes of the pdsteakthrough period. The gas samples were analyzed using an
Agilent 7890 Series Fast RGA gas chromatograph (GC) with two thermal conductivity detector
(TCD) channels (He/TCD channel for CO/g@nalysis, Ar/TCD channel for +analysis) and a
flame ionization detector (FID) channel for hydrocarbon analysis.

Values ofO , CQ; sorption capacities (Equatidr), and timeaverages of KHvol% over the
reduction steps were obtained from MS data, while theapde postreakthrough K
concentrations (Equatidt) were measured via GC. The £gorption capacity was determined by
dividing the measured moles of g@leased in the decarbonation step by the known moles of
SCFN.To put it in perspective, a 30% G®orption capacity in SCFN 5591 corresponds to 8.2
wt.% weightbasedsorption capacity when normalized with the initial weigf the sorbenSince

the volume of injected glycerol was carefully controlled (0.4 mL), glycerol conve(8ion
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(Equation3) could be calculated via a carbon balance using the MS signals ,ofi@IOCH
species Additional performance metricare presenteelow andare defined inrEquations3-5
wherel denotes moles of specied denotes molar flowrate of specieé6 mo™), § sdenotes
volumetric flow rate of glycerol (MLY,m denotes t he dend)jitgenotes gl yc
the mass of speciggg), and- denotes the molar mass of glycerol (m o). Mote that H
selectivity was calculated excluding water, andyteld incorporated theontributionof oxygen
from the perovskite (e&@u) in accordance with ¢t

in Equation6 in Section 2.2.3

#/ 31 OPDHEDPAAESOU— (Equationl)
( 000EOY (Equation2)
8 (Equation3)
20—
h .
9 5. v (Equationd)
3 = h - (Equationb)
h h

2.23. Thermogravimetric Analysis

Two sets of experiments were carried out using thermogravimetric analyzers equipped with
differential scanning calorimeters (TGA, TA Instruments SDT Q600)cyg)ic reactions using
COz and H as the feeds for the reduction step with concentrations approximating SESRG reactor
conditions; and (2) stepwise temperature changes fror®530@ e C under varying
of oxygen. For the first experiment, ~50 mg of SCFN particles-2L1800 ¢ m Joadedento an

alumina crucible cell within the TA instrumen
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20e C/ mi n u fiod mtesofyases fed to the TA instrument were controlled using Alicat

MFCs, akin to our reactor setup. To simulate the simultaneous reducing and carbonating
environment of the reduction step in the packed bed experiments, the inlet volumetric
concentrations of Hand CQ and the balance Ar for the TGA reduction steps were obtained from

MS data with the same SCFN composition (TaBlE). The reduction/carbonation step was
performed at 5 7angl@ninfiteAr purgeXolomingn Thecell's tenperatureas

maintained for another 3 min with the gas switching from pure Ar to 49%oW. The system

was then heated to 850eC for the dArdleawrfdronat i o
25 min. After a finall6-minuteAr purge, the redox cycle was repeated. FiQuBel @) illustrates

a typical TA profile of a reduction/decarbonation reaction cycle.

I n the second TGA experiment, ~50 pAgandf SCFI
held isother mal for 20 min before being cool
stepwise at 29®CE @iwmi tth olm0 5MION i sot herms every
were repeated for 20%, 10%, 5%, 3d1% Oy/Ar concentrations and pure Ar. Upon completion
of the | ast temperature cycle underJArAafully t he s e
reduce the sample establish a baseline. Thernbined results of both experiments were used to
determinethenes t oi ¢ hi o me t rogorptiah fapamity df varidueSCENITompositions
under cyclic redox cyclesThe TGA reaction cycle profileevealsa clear mass gain due to
carbonation during the reduction step, with a second distinct mass increase after the purge due to
oxygen replenishing the depleted lattice sifémreforey) was obtained directly from TGA data

by taking the mass differenc¥i( ) of the pre- and postoxygen regenerated samples after the

purge step (Equatiod).
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N g— (Equation6)

2.24. Characterization

Bulk phase identification was conducted usexgsitu andin situ X-ray diffraction (XRD)
characterization. Fresh, reduced, and regenerated SCFN s&opldsGA and SESRG reactor
experiments were analyzed weksitu XRD. A Rigaku SmartLab »ay diffractometer with Cu
KU (& = 0.1542 nm) radiation operating -at 40
60e (2d) with a step size of 0.1e¢e holding for
To assesthedynamic phase change of the SCFN material under a regenerating/decarbonating gas
atmospherein situ XRD was <carried out wusing an Empyrea
radiation operating at 46/ and 40 mA. A scanningrange of-600 e ( 2d) was at a
0 ., hofding for 0.1 s at each step. Tempera@grammed experiments were conducted on two
samples of SCFM591 pretreated either with only 17.75% HKHbalance Ar or 17.75% Hand
4.75% CQbalance Arln bothin situ XRD experiments, the samples were heatecbim N Thig C
lto 570eC, afidNewaswhiincthr oldowe edd whi l e ramping th
the same rate. After hol di ng ewascooledtaambidnt at 85
temperature under pureN

X-ray photoelectron spectroscopRS) was used to analyze surface compositions and
valence states of fresh and reduced SGBB1 samples. The sample powders were pressed onto
carbon tape and outgassed at TOrr overnight before being introduced into the ultrahigbuum
chamber for scanning. The XPS patterns were collected on a PHOIBOS 150 hemispherical energy
analyzer (SPECS GmbH) equipped with asmoon noc hr omati ¢ Mg KU exci t ¢
eV). The resliing data were analyzed in the CasaXi#*&gram (Casa Software Ltd). The binding

energy was calibrated to a C 1s line at 285 eV. The surface compositions of Sr, Ca, Fe, Ni, O, and
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C were calculated according to characteristic peak areas and their respective atomic sensitivity
factors. After calibration, the background from each spectrum was subtracted using atgerley
background. XPS peak locations, FWHM values, and area pagesntan be found in Tabd
in Appendix A

Surface morphology and elemental distribution were assessed via field emission scanning
electron microscopy (FSEM) and enetdjgpersive spectroscopy (EDS) using an Oxforilxx
system at an accelerating voltage of 15 kV anebrking distance of 8.5 mm. Additionally, the
BET surface area and BJH pore volume distributicinesh and cycled SCFE591 samples were
measured at 77 K usirg physisorption apparatus (Micrometrics ASAP 2020) via a multipoint
physical measurement.
2.3.Results
2.3.1. SESRG Performance

SESRG performance resudteeraged over 15 cyclés each SCFN composition are presented
in Figure2.3.1(C). Performancedor each sorbent plotted against cycle number are displayed
FigureAl and TableA3 in Appendix A For all the compositions screendétk prebreakthrough
H> purity, sorption capacity, an® remaired stable over 15 cyclesyell beyond where a
significant decrease in sorption capacity occurs for-Gased sorbents. All the screersedbents
exceeded equilibrium reforming limitatioesdachieved H yields higher tharthe nonSE case

(Figure2.3.1D)).
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Figure 2.3.1.(A) A characteristic reaction cycle taken from SGC6BB1 MS data (bD and Ar

not shown) . The reduction step, w h taedposto c cur s
breakthrough periods. The decarbonation/regeneration step releases nearly puheCGsing

O as the oxidizing gagB) A representative TGA profile showing the weight change of SCFN

during the reduction and decarbonation steps. Oxygen released during the reduction is
counterbalanced by carbonate formation leading to weight accumulation. Before the weight

loss from decarbonation occurs, there is a weight increase due to oxygen replenishing the lattice
sites of the reduced perovskit€) Summary of SESRG performanice all SCFN compositios

averaged across 15 cyclglsowingglycerol conversion, prbreakhroughH, concentration, and

sorption capacity(D) H2 selectivity and yields of SCFN compounds compared to equilibrium
conditions for oxidative steam reforming of glycerol. Equilibrium conditions were predicted via a
Gibbs energy minimization approach using an RGIBBS reactorsipe@Plus configured at
experimental conditions (5@0, 1 atm) for a 30 wt.% glycerol in water fe€d) Stable SESRG

reactor performance of SCFbb91over 35 cycles(F) Average CQ@sorption capacity and oxygen
release (e&l) comparisons samples for all five

cycles



52

AT eqRYU213HET HYUE qRY(

(A) P T % Y PO (B) . Lo N Lo
AN 96 ¢ 06 BYFAIE a6l Ve 06 AT ergPRWHe!I AYUec qRYU
12 4 s \ , L 900 . . .
= 1
o 1 800 4 —— 52
— 10 4 1 1 |
-3 1 7004 1 1
- I . 1 1
§s. ] P e P! ! | _
é ! o 515
= 1 5 5004 | E
hd 6 1 E 1 E
: | L 5
s : @ I 1 50 =
e ' — 3004 p 1
o | —— C= 1 1
P 200 4
> 1 — 9q ! !
24 | — 9§ ! 1 4
. 98 1004 1 1 I I Temperature | 0
' = 1 ! ro Weight
0 T 1 0 1 — rl : T
0 30 60 0 20 40 60 80
© i n{mi)n (D) Ti ngei)n
0,
Glycerol Conversion 100% \\
120% Pre-Breakthrough H, Cor i s
Sorption Capaci
[ sorption Capacity o o o0
(]
100%4 - * o &
80% - go ©
80% - 2 —
= o ©
8 0% >
60% - g " o|7% =
T
60% -
40% - *1 o SCFN-3791 60
A SCFN-4691
20% - 50%4 O SCFN-5591 5 06
#* SCFN-7391
© Equilibrium
0% 40% T - T T T T
3791 4691 5591 6491 7391 70% 75% 80% 85% 90% 95%  100%
SCFN Composition Glycerol Conversion
100% T T T T T T T T T 1 T T T T L] T 7 500/0 - Sorptlon Capaclty
90% | c [_] Oxygen Release (A5)
46 —
B0% L 00000000000000000000000000007 £ 40%
0
70% | 15 2
60% - Il = 30%
(o]
50% [ 3
40% P a A a A a & 43 % 20% -
o b
f A‘gﬁD,R.uAn»ﬂ-:g-ﬁ-u-R.u‘é-u—aon-ﬁ-ﬁ-n~u-ﬁ-n-ﬁ\9{64 E
30% a 42 m
[
L 3 10%
20% o Average H, Vol.% During Reduction 2 i . 0
10% | —8— Sorption Capacity
A Pre-Breakthrough Time 0%
0% T T T T T T T 5 T T T T T T T T 0 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 3791 469 5591 649 7391

Cycle Number SCFN Composition

From theperformance averagastiown in Figure.3.1(C), it is apparent that, from a pure H
production standpoint, theestperforming material was SCFM591 with an average pre

breakthrough bl purity of ~97% and an averag® of 2.50 min. However, SCFX691
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outperformed SCFM591 in sorption capacity ancbi€O ratio.This is consistent with the TGA

results shown irigure2.3.1(F), where SCFNb591 has a greater extent of oxygen release, which
means it may be combusting more CO andlirterestingly, doping the -Aite with less than 50%
Ca leads to a decrease in glycerol conversion, likely due to the reldtiglgr stability of SrFe®

gcomparedo CaFeQau. Such a trend can be understood by considering the Goldschmidt tolerance

factorO O O Mg O O , for the generic perovskite ABQwhich predicts the stability

of the perovskite species based on its proximity to an ideal cubic strudtuge (€. The smaller

ionic radius of C& compared to $f distorts the B@ octahedra, resulting in a lower tolerance
factor ang hencegdiminished stabilit}f®. Considering its excellent performance, SC5591 was
subjected to twice as many reaction cyclesshAswnin Figure2.3.1(E), the sorption capacity
plateaus at ~35% after the first 10 cycles and remaaidesafter 35 cycles. This initial increase

and subsequent stabilization of sorption capacity could be linked to changes in pore size
distribution.

Lattice oxygen release and g@ptake are function of Bsite reductionthus the measured
oxygen release value®)() and CQ sorption capacities of the SCFN materials were highly
sensitive to both the reducing environment. As th&tB gets increasingly reduced, moresite
oxides are exposed to G@r carbonation into AC® Therefore, it is expected that the sorption
capacity is positively correlated ¥ 8To investigate this relationship, both packed bed and TGA
experiments were conductderom Figure2.3.1(F), we can see that sorption capacity across the
SCFN compositions trends positively with . Interestingly, a volcanbke relationship can be
seen. An increase from 30% to 40% Sr doping in th&ité substantially improves sorption

capacity and oxygen donation, followed by a steady decrease and stabilization past 50% doping.
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The trends in sorption capacity from the TGA experiments are mirrored by those measured from

the SESRG reactor experiments (see TA&e

(B) ©

e 7. A x
ATy

Figure 2.3.2.SEM micrographs takeat varying magnifications fafA& D) fresHy synthesizeqd
(B&E) reducedcarbonateg and (C&F) regeneratedecarbonatedsamples of SCF¥591

obtained from the SESRG reactor experiments.

To assess whether sinteriagcurredoetweerregeneratiortycles,samples ofresh, reduced,
and regenerated SCFH%91 were imaged and mapped using SEDNS. From the SEM images
(Figure 2.3.2, no significant particle agglomeration occurs between the fresh, reduced, and
regenerated samples. Between the fyeslsynthesized (Figure 2.3.2 (A&D)) and
reducedcarbonatedqFigure2.3.2(B& E)) samples, there is a noticeable increase in surface texture
T likely attributable to the formation of carbonatBsik elemental mapping with EDS depicts a

mostly homogenous distribution of-@ndB-site elementsexcept forNi, which appears to
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aggregate in clusters for fresh and regenerated SE59N samples (Figu23.3). XRD patterns

of fresh SCFN samples reveal small amounts of NiO, suggesting that exsolution of Ni cations from

theBsi te of perovskite occurredA2during the 1,00

A)

Figure 2.3.3. EDS mapping ofA) reactorreduced an@B) regenerated SCFE591.

2.3.2. Evaluation of Phase Reversibility

Evidence of SCFN6és phase reversibility is al
XRD analysis. FigureA2 displays the XRD patterns of frdghsynthesizedSCFN5591 and
regenerated SCFB591 after 15 SESRG cycleBhe nearly perfect peak alignment of the samples
pre-and postl5 cycles exhibits the superb durability and recyclability of SCFN. TGA experiments
provideda clearerpicture of the phase transitions occurring since the gaseous atmospheres could
be more easily tuned, and the smaller danmpass (~50 mgyvas more uniformly reduced or
reoxidized. These experiments, coupled wgksituX RD anal ysi s, indicated
of reduction, and therefore carbonate formation, is highly sensitive to the gas compositions in the
reduction step, i.e., the reducing environment. Despite the differences in reduction environment
between the TGAyhich contains no steam, and the reactor, evidence of phase change within the
TGA remains constructive for devising a pathway. Consider Figig& compamg the XRD

patternsof SCFN3791and SCFN4691 before and after reduction/carbonation in the TGér
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both samples, reduced iron oxide species such as orthorhoraBic(Pbng and cubic FeORm-
3m), as well as rhombohedral Cag@®-3c) andorthorhombic SrC@(Pmnq are visibleThe clear
visibility of the peaks corresponding to the orthorhombic Brownmillerite (Sr,Ga)E€lbm2)
suggests that conversion of the sorbent was not completeethe less than 100% sorption

capacitieobserved

U» E9Q[OT®N —— Start of Cycle 15 (B)Eg[msz — Start of Cycle 15
—— After Reduction/Carbonation —— After Reduction/Carbonation
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Figure 2.34. XRD patterns ofA) SCFN-3791 andB) SCFN4691 comparing the materials after

14 complete cycles (start of cycle 15) and after being reduced/carbonated.

In addition to revealing the dynamic phase transitions occurring under different gas
atmospheresn situ XRD results further illustrate the difference in the extent of reduction between
samples treated with solely.Hs. H/CO, (Figure 2.5.3) Both samples of SCFN591 were
exposed to the same volumetric concentration 0€1H.75%), with the exception that one also

had an additional 4.75% GQnjecteddur i ng the 570eC reduction

Interestingly, the diffraction pattern of the sdmpreated with both MCO, showed a visible

increase in peak intensity around 2d(Figure32. 4¢

2.3.9B)). Figure2.3.5C) more clearly shows a shifff the majorpeak r om 3 2. 44¢ t o
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likely due to slight temperatwiaduced lattice expansion. The gradual disappearance of i0e Fe
peak | oc atpewksthatia phas8 ansitigoccursas the Bsite metal is oxidized to a
higher valency than B& In stark contrast, the contour plot for theptetreated sample h3.5(A)

showed virtually no change in peak intensity, revealing that the sample was only marginally
reduced. These results suggest that @@l the carbonation reaction provide a driving force for
reducingthe perovskitesorbent The H/CO;-reduced sample also shed light on the stability of the
formed carbonates from the perovskitesife. The lowintensity (104) peak of CaG@isappears

whent he temperatur e sur flalyanek(821l5r@xlplaksemainwdibler e a s

until ~750ecC.
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Figure 2.3.5.In situ XRD diffraction pattern contour plots of SCFM91 under a temperature
ramp and 10% &N> environment for sampld#\) reduced with Honly and(B&C) reduced with

H, and CQ.

From theex situandin situ XRD findings we propose the simplified SESRG reaction scheme
involving the perovskite (S€a)FeQ.uillustrated by Reactions 11 and 12. The operating principle
is that syngas produced from the reforming of glycerol reduces (Sr/Cg)te8&irontium oxide
(SrO), calcium oxide (CaQand reduced iron oxides. The coinciding WGS reaction converts some
of the CO to CQ@ which is then taken up by SrO and CaO to form carbonates. This simultaneous

carbonate formation removes €@ form conditioned syngas with a high:BO ratio (see
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Reaction8), and the subsequent decarbonation stepxygenreleases the trapped g@nd
regenerates the redox catalyst (see Rea8)iohhe extent of perovskite reduction is represented

by 1 1 where) i@ for the perovskite/Brownmillerite phase, apd it

ranging from total to zerextentsof B-site reduction. Whilan conventional oxidative steam
reforming the presence of oxygen penalizes thgieéld, the simultaneous carbonate formation
compensates for that penalty by driving the WGS to produce maréAssuming an ideal
conversion of glycerol represented by Reaction 1, the amount of water consumed and the amount

of Hz produced can be related to theand) via the stoichiometry of Reactidh

#(/ o1 1 p(/ o3@®@ARA ooc3@M o&A 1 0

) p ( (Reaction 8

o3@ A o &A @ 0 1 / ©So3k@ARA o#/ (Reactior9)

The formation of reduced-Aite oxides (SrO, CaO) appears to be surtmesitive and may
not be easily identified by a bulk characterization technique like XRD for insufficiently reduced
samples. Therefore, XPS was used to confirm the coexistence of¢desed oxides and their

carbonates (results presented in the following section).

2.3.3. Investigation of the Surface Chemical Environment
XPS analysigleterminedhe surface chemical environmeaot the perovskite sorbenkefore
and after the reduction/carbonation stBipe Ca 2pFe 2p, andr 3dbinding energyBE) curves
for fresh and reduced SCF»91 samples taken from the SESRG reactor are presented in Figure
2.3.6 In situ XRD results for reduced SCFBb91 samples revealed the presence of S

CaCQ (Figure2.3.9, which were also detected by XPS. Due to its surface sensitivity, XPS also
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detected SrO and CaO species on the surface, which were not identified by XRD. Elemental
analysis of the preeduction sample survey peak revealed that, despite the equimsite A
composition, Ca was over twice as abundant as Sr on the surface atdmi@garcentage (At%)
versus 6.43%Thefresh sample also showed negligible surface Ni at only 0.04 At%. In contrast,
the reduced sample showed a higher percentage of Ni at 0.14 At%, but this value was dwarfed by
the 42.99 At% of C from surface carbonatesr the reduced sample, Ca remained the preferential
surface species at 9.92 At% compared to 4.24% for Sr. This could be due to the smaller ionic
radius of C&" compared to $f - enabling faster diffusion to the surface.

The reduced SCHS591 Sr 3d spectrum was deconvoluted with three-ggiiital doublet
pairs for Sr 3¢l and 3d,2, BEs corresponding to three species: SrO, Sr@dd what is likely
distorted lattice Sr within the Brownmillerite crystal &9t In Figure2.3.6B), the doublets at
133.1 and 134.8 eV and 132.4 and 133.4 eV likely correspond tosSr@BrO, respectivehy:
51, The main doublet feature of Srrefharacteristic of the perovskite crystal, which is normally
centered at ~133.8 &, is now shifted to ~132 eV for the fresh sample in FIiQLBegA) i likely

due to the effects of Ca doping.

Figure 2.3.6.The core level XPS spectra for fresh and reduced S&F9 for(A&B) Sr 3d,

(C&D) Ca 2p, andE&F) Fe 2p.
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A similar deconvolution procedure was conducted for the Ca 2p peaks. For the reduced sample
(Figure2.3.6D)), the doublets identified at 346.6/349.8 eV and 347.9/351.1 eV likely correspond
to CaO and CaCs) respectivel§®®4, The lack of lattice Ca peaks in the reduced sample
deconvolution suggests that it was quickly carbonated or stabilized as CaO due tgitine B
reduction.This may also relate to the lower kinetics of SEDbonatiorat lower temperatugs®..
CaO has a very fast carbonation ratlaer temperature3.he proclivity for surface lattice Ca to
carbonate explains the higher average €@ption capacities seen in SCBR91 and 5591 (see
Table A2); howeverthe lower sorption capacity of SCFRWV91 counters this treridhinting at
more complicated phenomena at play here than merely Ca molar percentage-gitthe A

The Fe 2p2peaks were deconvoluted with thigmublets. It is difficult for XPS to distinguish
between the Féand Fé* valence states becaudey exhibit a single peak for the 2pand 2p.2
core levelS®. However, features of the satellite peaks can be used to distinguish between the two.
The Fé*spectrum should exhibit a more pronounced satellite peak at ~7%§ a¥ showrin
Figure2.3.6F). For the reduced sample, peaks at 709.9 and 711.5 eV likely correspond to FeO
anda-FeO3"l. The higher BE peak at ~713 eV may be attributabléReOOH, possibly formed
after exposure to the ambient environment.
2.4.Discussion

Chapter 2 of this dissertation demonstrated that perovs&gied phase transition sorbents can
function as trfunctional materials capable of simultaneous catalysis, <o@ption, and oxygen
release under a cyclic scheme. Results from reactor testing revealed that all five compositions of
SCFN achieved prbreakthrough H concentrations > 87 vol%, with SCH691 and 5591

displaying relatively high hydrogen purities (928.3%) in the prdreakthrough periods. TGA

experiments revealed a direct propbi onal i ty bet ween oxsgr@ienn r el €



63

capacity, confirming the synergistic relationship betweesit8reduction and Aite carbonation.
A combination of performance results aexsitu XRD analysis showcased the longevity and
phase recyclability of the SCFN materials.

A simplified reaction scheme has been propodsased onn situ XRD andex situXPS
characterizations in which-Bite reduction promotes the formation oEhe oxides on the surface
(e.g., SrO and CaO) that are subsequently carbonated (and vice \resit).XRD analysis
confirmed that the formation of carbonates is fully reversible. SHM imaging coupled with
The confluence of these performance results and characterizatigmsorts the continued
investigation of perovskite oxides eecyclablesorbentmaterials for a slew of possible sorption

enhancement applications.



10.

11.

12.

13.

14.

64
REFERENCES

Ki-Won, J. Roh, 5. Kim, K-S. Ryu, JS. Lee, KW. Catalytic investigation for Fischier
Tropsch synthesis from bimass derived synga&ppl. Catal. A: Gen2004 259, 221-226.
https://doi.org/10.1016/j.apcata.2003.09.034

Simpson, AP. Lutz, A.E. Exergy analysis of hydrogen production via steam methane
reforming Int. J. Hydrog. Energy. 2007, 32, 4811-4820.
https://doi.org/10.1016/).ijhydene.2007.08.025

Gangadharan, P., Kanci,C. Lou, H.H. Evaluation of the economic and environmental
impact of combining dry reforming with steam reforming of meth@mem Eng Res Des.
2012 90, 19561968.https://doi.org/10.1016/j.cherd.2012.04.008

Rezaei, E. Dzuryks. Techneeconomic comparison of reverse water gas shift reaction to
steam and dry methane reforming reactions for syngas produCtiem Eng Res Des.
2019 144, 354369.https://doi.org/10.1016/j.cherd.2019.02.005

Adris, A.M. Pruden, B.B Lim, CJ. GraceJ.R.On the Reported Attempts to Radically
Improve the Performance of the Steam Methane Reforming Re&eorJ Chem Eng
1996 74, 177-186.

https://doi.org/10.1002/cjce.5450740202

Adeniyi, A.G. IghaloJ.O.A review of steam reforming of glycer@@hem. Pap2019 73,
26192635.https://doi.org/10.1007/s116959-008408

Valliyappan, T.BakhshiN.N. Dalai, A.K. Pyrolysis of glycerol for the production of
hydrogen or syn gas. Bioresour  Technol 200§ 99,  447683.
https://doi.org/10.1016/j.biortech.2007.08.069

Fernandez, YArinillas, A. Diez, M.A. Pis, J.J. Menéndez, JPyrolysis of glycerol over
activated carbons for syngas productidnAnal Appl Pyrolysis2009 84, 145150.
https://doi.org/10.1016/j.jaap.2009.01.004

Buffoni, I.N. Pompeo, F. Santori, G.F. Nichio, N.Nickel catalysts applied in steam
reforming of glycerol for hydrogen productiorCatal. Commun2009 10, 16561660.
https://doi.org/10.1016/j.catcom.2009.05.003

Jiang, B.Dou, B. Song, Y. Zhang, C. Du, B. Chen, H. Wang, C. Xu,Hydrogen
production from chemical looping steam reforming of glycerol byp&Eed oxygen carrier
in a fixedbed reactar Chem. Eng. J. 2015 280  459467.
https://doi.org/10.1016/j.fuel.2016.06.061

Luo, N. Fu, X. Cao, F. Xiao, T. Edwards, P.8Blycerol aqueous phase reforming for
hydrogen generation over Pt catalystEffect of catalyst composition and reaction
conditions.Fuel. 2008 87, 3483-3489.https://doi.org/10.1016/j.fuel.2008.06.021

Kale, G.R. Kulkarni,B.D. Thermodynamic analysis of dry autothermal reforming of
glycerol Fuel Proces. Technol 201Q 91, 520-530.
https://doi.org/10.1016/j.fuproc.2009.12.015

Authayanun, S. Arpornwichanop A. Paengjuntuek W. Assabumrungrat S.
Thermodynamic study of hydrogen production from crude glycerol autothermal reforming
for fuel cell applications Int. J. Hydrog. Energy. 201Q 35 66176623.
https://doi.org/10.1016/}.ijhydene.2010.04.050

Garcia, L.French, RCzernik,S.ChornetE. Catalytic steam reforming of bioils for the
production of hydrogen: effects of catalyst compositiyppl. Catal. A: Gen200Q 201,
225239.https://doi.org/10.1016/S092860X(00)004463



https://doi.org/10.1016/j.apcata.2003.09.034
https://doi.org/10.1016/j.ijhydene.2007.08.025
https://doi.org/10.1016/j.cherd.2012.04.008
https://doi.org/10.1016/j.cherd.2019.02.005
https://doi.org/10.1002/cjce.5450740202
https://doi.org/10.1016/j.biortech.2007.08.069
https://doi.org/10.1016/j.jaap.2009.01.004
https://doi.org/10.1016/j.catcom.2009.05.003
https://doi.org/10.1016/j.fuel.2016.06.061
https://doi.org/10.1016/j.fuel.2008.06.021
https://doi.org/10.1016/j.fuproc.2009.12.015
https://doi.org/10.1016/j.ijhydene.2010.04.050
https://doi.org/10.1016/S0926-860X(00)00440-3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

65

S. Adhikari, Fernando, S.DFilip To, S.D., Bricka, R.M. Steele P.H. Haryantq A.
Conversion of Glycerol to Hydrogen via a Steam Reforming Process over Nickel Catalysts.
Energy & Fuels2008 22, 1220 1226.https://doi.org/10.1021/ef700520f

Sharma, P.OSwami, S. Goud, S. Abraham, M.Aatalyst development for stable
hydrogen generation during steam reforming of renewable and nonrenewable resources
Environ. Prog.2008 27,22-29. https://doi.org/10.1002/ep.10234

Adhikari, S.FernandoS.D. Haryanto,A. Hydrogen production from glycerin by steam
reforming over nickel catalysts Renew Energy 200§ 33, 10971100.
https://doi.org/10.1016/}.ijhydene.2018.06.048

Delparish, A.Koc, S. Caglayan, B.S., Avci, A.lOxidative steam reforming of glycerol
to synthesis gas in a microchannel reactGatal. Today 2019 323 200-208.
https://doi.org/10.1016/j.cattod.2018.03.047

He, L., Manuel Salamnaca Parra,Blekkan, E.A. Chen, DTowards efficient hydrogen
production from glycerol by sorption enhanced steam reforraingrgy Envion. Sc201Q

3, 10461056.DOI

https://doi.org/10.1039/B922355J

lliuta, I., Radfarina, H.R. lliuta, M.CHydrogen Production by Sorptidinhanced Steam
Glycerol Reforming: Sorption Kinetics and Reactor Simulattd@€hEJ. 2013 59, 2105
2118.

https://doi.org/10.1002/aic.13979

Li, H. Tian, H. Chen, S. Sun, Z. Liu, T. Liu, RssabumrungratS. Saupsor, J. Mu, R. Pei,
C. Gong, JSorption enhanced steam reforming of methanol for-pigiity hydrogen
production over C4MgO/Al>Oz bifunctional catalystsAppl. Catal. B202Q 276, 119052
119061 https://doi.org/10.1016/j.apcath.2020.119052

Lima da Silva, A. Mller].L. Hydrogen production by sorption enhanced steam reforming
of oxygenated hydrocarbons (ethanol, glycerddutanol and methanol): Thermodynamic
modelling Int. J. Hydrog. Energy. 201}, 36, 2057%2075.
https://doi.org/10.1016/j.ijhydene.2010.11.051

Wang, S. Yang, S. Xu, S. Zhang, K. Li,IBt. J. Hydrog Energy.Assessment of sorptien
enhanced crude glycersteam reforming process via CFD simulatiagf18 43, 14996
15004 .https://doi.org/10.1016/j.ijhydene.2018.06.053

Dang, C.Yu, H. Wang, H. Peng, F. Yang, Y bi-functional Cé CaQ Cay2 Al14 O33
catalyst for sorptiorenhanced steam reforming of glycerol to Rglrity hydrogenChem.
Eng. J.2016 286, 329-338.https://doi.org/10.1016/j.ce].2015.10.073

Dang, C Li, Y. Yusuf, S.M., Cao, Y. Wang, H. Yu, H. Peng, F. LiGalcium cobaltate:

a phasechange catalyst for stable hydrogen production frorrgbioerol Energy Envion.
Sci 2018 11, 660-668.https://doi.org/10.1039/C7EE03301J

Li, B. Shuai, W. Yang, X. Wu, Q. He, Yhermodynamic evaluation of sorpti@mhanced
chemical looping gasification with coal as fuket. J. Hydrog. Energy202Q 45, 21186
21194 https://doi.org/10.1016/j.ijhydene.2020.05.205

Solis, B.H., Cui, Y. Weng, X. Seifert, J. Schauermann, S. Sauer, J. Shaikhutdinov, S.
Freund, HJ. Initial stages of C® adsorption on CaO: a combined experimental and
computational study. Phys Chem Chem Phys 2017 19, 42314242.
https://doi.org/10.1039/C6CP08504K

Xu, Y., Luo, C. Zheng, Y. Ding, H. Wang, Q. Shen, Q. Li, X. ZhangCharacteristics
and performance of Cabased high temperature €®orbents derived from a $gel



https://doi.org/10.1021/ef700520f
https://doi.org/10.1002/ep.10234
https://doi.org/10.1016/j.ijhydene.2018.06.048
https://doi.org/10.1016/j.cattod.2018.03.047
https://doi.org/10.1039/B922355J
https://doi.org/10.1002/aic.13979
https://doi.org/10.1016/j.apcatb.2020.119052
https://doi.org/10.1016/j.ijhydene.2010.11.051
https://doi.org/10.1016/j.ijhydene.2018.06.053
https://doi.org/10.1016/j.cej.2015.10.073
https://doi.org/10.1039/C7EE03301J
https://doi.org/10.1016/j.ijhydene.2020.05.205
https://doi.org/10.1039/C6CP08504K

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

66

process with different supports RSC Adv 2016 6, 7928579296.
https://doi.org/10.1039/C6RA15785H

Fennell,P.S. Pacciani, R. Dennis]. S.Davidson J.F.Hayhurst,A.N. The Effects of
Repeated Cycles of Calcination and Carbonation on a Variety of Different Limestones, as
Measured in a Hot Fluidized Bed of Sariehergy & Fuels 2007, 21, 20722081.
https://doi.org/10.1021/ef0605060

H. Lu, Reddy, E.PSmirniotis,P.G.Calcium Oxide Based Sorbents for Capture of Carbon
Dioxide at High Temperaturesind. Eng. Chem. Res2006 45, 39443949.
https://doi.org/10.1021/ie051325x

Sultana, K.S.Trung Tran, D. Walmsley, J.C. Rgnnig, M. Chen,daO Nanoparticles
Coated by Zr@Layers for Enhanced GQCapture Stabilitylnd. Eng. Chem. Re2015

54, 89298939.https://doi.org/10.1021/acs.iecr.5b00423

Lan, P. WuS. Mechanism foself-reactivation of nan@CaObased C@sorbent in calcium
looping Fuel 2015 143 9-15. https://doi.org/10.1016/j.cattod.2015.05.026

Xu, P., Zhu, Z. Zhao, C. Cheng, ZCatalytic performance of Ni/CaQaAlsO14
bifunctional catalyst extrudate in sorptienhanced steam methane reformiQgtal.
Today 2016 259, 347-353.https://doi.org/10.1016/].cattod.2015.05.026

Wu, S.F. Wangl.L. Improvement of the stability of a Zsdnodified Ni naneCaO
sorption complex catalyst for ReSER hydrogen productiinJ. Hydrog. Energy201Q

35, 65186524.https://doi.org/10.1016/].ijhydene.2010.03.120

Xie, M., Zhou, Z. Qi, Y. Cheng, Z. Yuan, VBorptiorenhanced steam methane reforming
by in situ CQ capture on a CalCaAlsO1s sorbent.Chem Eng J. 2012 207-208142-
150.https://doi.org/10.1016/j.ce}.2012.06.032

Armutlulu, A., Naeem, A.\W. Liu, HJ. Kim, S.M.Kierzkowska A. Fedorov, A., Miller,
C.R.Multishelled CaO Microspheres Stabilized by Atomic Layer Deposition gd#br
Enhanced C® Capture PerformanceAdv Mater 2017, 29, 17028961702907.
https://doi.org/10.1002/adma.201702896

Nishihata, Y. Mizuki, J. Akao, T. Tanaka, HUenishi, M. Kimura, M. Okamoto, T.
Hamada, NSelf-regeneration of a Pperovskite catalyst for automotive emissicostrol
Nature 2002 418 164-167.https://doi.org/10.1038/nature00893

Zhao, M. Shi, J. Zhong, X. Tian, S. Blamey, J. Jiang, J. Fennell, R 1$%vel calcium
looping absorbent incorporated with polymorphic spacers for hydrogen production and
CO; capture. Energy Environ. Sci 2014 7, 3291-3295.
https://doi.org/10.1039/C4EEQ1281J

Gu, H.Gao, Y. Iftikhar, S. Li, FCe stabilized NiSrO as a catalytic phase transition sorbent
for integrated C@capture and ClHreforming J. Mater. Chem. A2022 10, 3077-3085.
https://doi.org/10.1039/D1TA09967A

Bulfin, B., Vieten, J. Starr, D.E. Azarpira, Zachaus C. Haveckey M. SkorupskaK.
Schmiicker M. Roeb, M. Sattler, CRedox chemistry of CaMnfand Ca.sSr.MnO3
oxygen storage perovskites J. Mater. Chem. A 2017 5, 791279109.
https://doi.org/10.1039/C7TA00822H

Galinsky, N.,Sendi, M. Bowers, L. Li, FCaMn 11 B O31 (B = Al , vV,
perovskite based oxygen carriers for chemical looping with oxygen uncoupling (CLOU).
Appl. Energy2016 174, 80-87. https://doi.org/10.1016/].apenergy.2016.04.046



https://doi.org/10.1039/C6RA15785H
https://doi.org/10.1021/ef060506o
https://doi.org/10.1021/ie051325x
https://doi.org/10.1021/acs.iecr.5b00423
https://doi.org/10.1016/j.cattod.2015.05.026
https://doi.org/10.1016/j.cattod.2015.05.026
https://doi.org/10.1016/j.ijhydene.2010.03.120
https://doi.org/10.1016/j.cej.2012.06.032
https://doi.org/10.1002/adma.201702896
https://doi.org/10.1039/C4EE01281J
https://doi.org/10.1039/D1TA09967A
https://doi.org/10.1039/C7TA00822H
https://doi.org/10.1016/j.apenergy.2016.04.046

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

55.

67

Ji, Q.Bi, L. Zhang, J. Cao, H. Zhao, X.Bhe role of oxygen vacancies of ABerovskite
oxides in the oxygen reduction reactidenergy Environ. Sci202Q 13, 14081428.
https://doi.org/10.1039/DOEE00092B

Mishra, A Li, T. Li, F. Santiso, EOxygen Vacancy Creation Energy in Ndontaining
Perovskites: An Effective Indicator faChemical Looping with Oxygen Uncoupling
Chem. Mater2018 31, 689-698.https://doi.org/10.1021/acs.chemmater.8003187

Marek, E.Hu, W. Gaultois, M. Grey, C.P. Scott, S.Ahe use of strontium ferrite in
chemical looping  systems Appl. Energy 2018 223  369382.
https://doi.org/10.1016/j.apenergy.2018.04.090

Luongo, G.Donat,F. Miller, C.R.Structural and thermodynamic study of CacACo B

site substituted SrFeQ® perovskites for low temperature chemical looping applications
Phys Chem Chem Phys 202Q 22, 92729282.https://doi.org/10.1039/DOCP01049A
Wang, X.Krzystowczyk E. Dou, J. Li, FNet Electronic Charge as an Effective Electronic
Descriptor for Oxygen Release and Transport Properties of SiFased Oxygen
Sorbents Chem. Mater 2021, 33, 2446:2456.
https://doi.org/10.1021/acs.chemmater.0c04658

Zhu, X.Imtiaz, Q. Donat, FMller, C.R. Li, F.Chemical looping beyond combustiora
perspective Energy Environ. Sci 2020 13 772-804.
https://doi.org/10.1039/C9EE03793D

Liu, X. Hong, R. Tian, C. Tolerance factor and the stability discussion of ;A&
ilemite.J Mater Sci: Mater Electror2009 20, 323327. https://doi.org/10.1007/s10854
00897288

Whangbo, M.H. Koo, H.J. Villesuzanne, A. Pouchard, BAf f e c t of Met al 1
Covalent Bonding on the Competition bet we
Disproportionation in the Perovskites of Higpin ¢ Metal lons LaMnQ and CaFe@
Inorganic Chemistry2002 41, 19201929.https://doi.org/10.1021/ic0110427

Vasquez R.P. X-ray photoelectron spectroscopy study of Sr and Ba compounds
Electron Spectrosc. Relat. Phenof91 56, 217-240. https://doi.org/10.1016/0368
2048(91)8500%

Sosulnikoy M.I. Teterin, Y.A.X-ray photoelectron studies of Ca, Sr and Ba and their
oxides and carbonated. Electron Spectrosc. Relat. Phenoi®92 59, 111-126.
https://doi.org/10.1016/0363048(92)85002D

Ghaffari, M. Huang, H. Tan, O.K. Shannon, Band gap measurement of Srke(y
ultraviolet photoelectron spectroscopy and photovoltage me@rystEngComm2012

14, 74877492 DOI

https://doi.org/10.1039/C2CE25751C

Wang, Y.Zuo, Y.Adsorption and Inhibition Behavior of Calcium Lignosulfonate on Steel
in NaCl+ Ca(OH» Solutuons with Different pH Valuebt. J. Electrochem. ScR016 11,
69766992.https://doi.org/10.1016/j.apsusc.2016.04.013

Ni, M. Ratner, B.DDifferentiation of Calcium Carbonate Polymorphs by Surace Analysis
Techniques An XPS and TOFSIMS study Surf Interface Anal2008 40, 13561361.
https://doi.org/10.1002/sia.2904

Ghirbaei, S.ZEbrahim, H.A.Carbonation reaction of strontium oxide for thermochemical
energy storage and GQemoval applications: Kinetic study and reactor performance
prediction Appl. Energy 2020 277, 115604115616
https://doi.org/10.1016/j.apenergy.2020.115604



https://doi.org/10.1039/D0EE00092B
https://doi.org/10.1021/acs.chemmater.8b03187
https://doi.org/10.1016/j.apenergy.2018.04.090
https://doi.org/10.1039/D0CP01049A
https://doi.org/10.1021/acs.chemmater.0c04658
https://doi.org/10.1039/C9EE03793D
https://doi.org/10.1021/ic0110427
https://doi.org/10.1016/0368-2048(91)85005-E
https://doi.org/10.1016/0368-2048(91)85005-E
https://doi.org/10.1016/0368-2048(92)85002-O
https://doi.org/10.1039/C2CE25751C
https://doi.org/10.1016/j.apsusc.2016.04.013
https://doi.org/10.1002/sia.2904
https://doi.org/10.1016/j.apenergy.2020.115604

56.

57.

68

Rogge, P.CChandrasend.U. CammarataA. Green, R.J. Shafer, P. Lefler, B.M. Huon,
A. Arab, A. Arenholz, E. Lee, H.N. Lee;I. N e mg 8. Rondinelli, J.M. Gray, May, S.J.
Electronic structure of negative charge transfer CaFadrss the metahsulator
transition Phys. Rev. Materials 2018 2, 015002015010.
https://doi.org/10.48550/arXiv.1801.05374

Grosvenor, A.PKobe, B.A. Biesinger, M.C. Mcintyer, N.Snvestigation of multiplet
splitting of Fe 20 XPS spectra and bonding in iron compausuis Interface Anal2004
36, 15641574. https://doi.org/10.1002/sia.1984



https://doi.org/10.1002/sia.1984

69

CHAPTER 3. Isothermal Sorption-enhanced Steam Reforming of Toluene using
Perovskite-Structured RedoxActivated Sorbents

Leo Brody, Mahe Rukh, Runxia Cal, Azin Saberi Bosatj Reinhard Schomackegrand
Fanxing Lt
- Department of Chemical and Biomolecular Engineermyth Carolina State University,
Raleigh, NC 27695905
2 Institute for Technical Chemistrfechnische Universit Berlin Berlin, Germany10623
Chapter3i s based on Sotptworemhanced steamirgiormingi of toluene using

multifunctional perovskite phase transition sorbents in a chemical looping scherpeu b1 i s hed

Journal of Physics: Energ2023, volumeb, issues.

The work presented in thiShapterwas supported by the U.S. Department of Energy Office of
Energy Efficiency & Renewable Energy (No. EE0008809) #mel U.S. National Science
Foundation (CBET1923468). XRD and XPS measurements were performed at the Analytical
Instrumentation Facility (AlIF) at North Carolina State University, supported by the State of North
Carolina and the National Science Foundation. Theaasitalso acknowledge support from the
Alexander von Humboldt Foundation and Technische Universitat Berlin for facilitating

collaborations in sample characterizations and data analysis.



70
Abstract

Sorptionenhanced steam reforming of toluene (SESRT) using catalytic S0@ents is a
promising route to convert the aromatic tar byproducts formed in lignocellulosic biomass
gasification into hydrogen (§ or H-rich syngas. Commonly used sorbents such as CaO are
effective in capturing C@initially but are prone to lose their sorption capacity over repeated cycles
due to sintering at high temperatures. Herein, we present a demonstration of sorptinned
steam reforming of toluene using And Bsitedoped SixA'xFeryByOz4(A' = Ba, Ca; B' = Co)
perovskites in a chemical looping scheme. We found that surface impregnatid® ofi@% Ni
on the perovskiteeffectively improved toluene conversion. However, upon cycling, the
impregnated Ni tends to migrate into the bulk and lose activity. This prompted the adoption of a
dual bed configuration using a poee d o f-Al.Gki c@adlyst upstream of the sorbent. A
comparison is made between isothermal operation and a more traditional temyssvatgnaode,
where for the latter, an average sorption capacity of ~38% was witnessed over five SESR cycles
with Hz-rich product syngas evidenced by a ratio efGDy > 4.0. XRD analysis of fresh and
cycled samples of &sBao.79-e.378C00.62403.u revealsthat this material is an effective phase
transition sorbenit capable of cyclically capturing and releasing @@thout irreversible phase
changes occurring.
3.1 Introduction

Efficient and economic thermochemical conversion of woody biomass wastes (e.g.,
agricultural and forestry residues) to syngas via gasification will play an important role in
diminishing our dependence on fossil fuels. However, sthtke-art biomass gafcation still
faces significant technical challenges. One persistent obstacle in the gasification of lignin

containing biomass is the unwanted production of tertiary tars (e.g., methylnaphthalene, toluene,
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indene, and phenol), which can adversely impact process equipment, lower the product heating
value, and deactivate the catalyst through cdkihgin the past few decades, mam@gearchers

have attempted to address the tar issue by using the approach of catalytic steam refiveneng
toluene is most frequently used as a model tar compound. In this process, toluene-is steam
reformed at temperatures between -800C in the presence of a catalyst, which typically
contains Ni, to produce syngaRdaction ] concurrent with the water gas shift (WGS) reaction
(Reaction ¥*°l. Steam reforming combined with partial oxidati®e&ction3) can improve the

reaction thermodynamics buttigically kinetically limited.

#( (/P x#lpp N Yoa@E S T ] (Reaction 1)
#1 (1P #/I ( Y TES T (Reaction 2)
# ( pt Y (/ -l P x# puw( (Reaction3)

Besides tar formation, the traditional gasification process produces high amounts,of CO
resulting in a low Hto CO + CQratio (H:COy) of the product gag.hus, the reforming of toluene
may be further improved with sorption enhancement by which a sorbent capturés <tQto
drive H formation and thus increase the: €O ratio of the product gas. Sorbent design is often
a challenging task as many of the more thermodynamically favorable sorbents (e.g., CaO) have
low Tammam temperatures in their carbonate forms and sinter at the high temperatures needed
for reforming and decarbonatiéf'?. Such sintering at reaction conditions leads to an observed
lossof sorption capacity over repeated cycles. Additionally, materials that are thermodynamically

favorable for carbonation at low temperatures will necessarily require a large thermal swing (100
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150C) for the subsequent decarbonation step. Therefore, it is necessary to develop sorbents
resistant to irreversible phase transitions and recyclable repeatedly.

Catalytic sorbents investigated for sorption enhancement typically take the form of an active
metal (e.g., Ni) supported on a G@sed sorbelitl. As previously mentioned, these Ga@sed
sorbents are prone to sintering, which has motivated researchers to attempt stabilizing the support
with an inert such as ADs as well as trying different materidike zirconates'¥! and silicate$'.
Perovskite oxides (denoted as ABR{Where A and B are typically Group Il and transition metal
cations, respectivg) are a highly tunable, structurally stable, and versatile class of mixed metal
oxides that have been successfully demonstrated in various chemical looping applications such as
air separatiof®8l energy storad¥!, and heterogeneous catal{®i* In a typical chemical
looping scheme, perovskite oxides donate their lattice oxygen during the reduction step and are
replenished with oxygen from tt&r during a subsequent regeneration!&tehe tunability of
perovskites vigh- andB-site cation doping generates a wide range of reaction possibilities. In the
context of sorption enhancement, these materials can serve théumtiainal purpose of
oxidatively reforming the carbonaceous fé&d* while also using their #ite alkaline earth
metals to capture eproduced C@?>?"1 (Reaction4) as illustrated in Figur&.1.1. In the
regeneration step, oxygen oxidizes the reduced metal oxidesptreeRric reaction that helps

drive the endothermic release of £@m the carbonatefkgactiond).

# ( (/ LA " ( (Reaction 4)

I # " [ P # 1/ (Reaction 5)



73

Figure 3.1.1.A schematic of the proposed chemical looping SESR process using Ni impregnated
on a perovskite wherebgA) Ni catalyzes the reaction between toluene, steam, and oxygen
provided by the perovskite lattice to form a mixture of syngas andwtich(B) further reduces

the perovskite and carbonates it, forming ACIO the regeneration ste(;) oxygen isntroduced

to decarbonate the formed A@@nd (D) replenish the depleted lattice sites. The reformed
perovskite is then ready for a new cycle. This scheme can also be realized in a sequential bed
configuration where the active Ni catalyst is physically separate from the perovskite PTS as shown

in (E).
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In the previousChapter, wereported the use of-and Bs i t e doped perovski!
transition sorbent s 0wGafFdNisP:i(wherpe<0.3 0.4 @3, dry u s
0.6) for the sorptiorenhanced steam reforming (SESR) of glycerol in a chemical looping
schem&®. We showed that §§Cav.sFev.sNio.10su maintained ~35% Cgsorption capacity for
>35 cycles. For these reactions, a sizeable thermal swing was needed to fully decarbonate the PTS
under 11% @QAr between the PTS redumn/carbonation step (at 5¢0) and the
regeneration/decarbonation step (atg€j0However, most lignin biomass gasification processes
take place at hi gher &) and art isothermak opergtian risaalways e s (
preferable for fluidized bed reactors due to a smaller exergy loss and a simplef*$y$teim
order to explore biomass conversion under a more realistic condition, an isothermal demonstration
of the PTS materials is warranted. Additionally, at a fixed steacarbon ratio (S/Tof 1.0,
toluene steam reforming is significantly ° more thermodynamically demdfidingekt « =
+124. 3 Rthdglypcerol @€forming! (eeHesk= + 4 2 . 7 HkThidhigh tefor@ing
endothermicity, and therefore steep temperature requirement, makes isothermal SESR of toluene
(SESRT)challengingsince carbonation reactions are exothefific

In this Chapter we extend the use of-And Bsite doped perovskite oxides to SESRT under
isothermal reaction conditions, both as stafahe multifunctional catalytic sorbents as well as in
a sequential packed bed configuration downstream of a commereimsid catalt (NiO/ -0
Al2Os, Alfa Aesar). Herein, we report the SESRT performance of perovskite PTSs through (a)
direct impregnation of 80 mol% Ni on the perovskite; (b) a sequential bed configuration with
Ni OAl®s upstream of SrBap 793780 6240031 (SBFG2635). While direct impregnation
succeeds in increasing the initial activity for toluene conversion, it wasdurahlesolution due

to undesirable Ni migration into the bulks revealed by XRD analysis and Rietveld refinement.
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The sequential bed option, on the other hand, offered stable performance. While SESR was
achieved isothermally for this material, the best results occurred whegath@dmal swing was
deployed, resulting in an average sorption capacity of ~38% af@ki> 4.0 across five cycles.

3.2 Methods

3.2.1. Synthesis

The perovskitdbased PTS particles were synthesized via the modified Pechini method. First,
an aqueous solution containing appropriate ratios of the desired metal cations was prepared by
dissolving their corresponding nitrates at room temperature. The soun was t hen heat
before citric acid was added to form a metall
introduced at a 3:2 molar ratio of ethylene glycol to citric acid to esterify the metallic citrate into
a polymeric resin. Afte4-5 hours of isothermal mixing, the newly formed gel was then placed in
an oven at 130eC for 16 Bktill &drdor Oroersastu blsCeOglueeC ti I«
muffle furnace with a@&Tmin! ramping rate. The resulting solids were ground with a mortar and
pestle and sieved to particle diameters within-288 0 e m f or t h&l8k xgamr i ment
X-ray diffraction (XRD) analysisHerein, Sn.xA'xFe1.yB'yOs.a represents the Sr molar fraction of
X in the Asite and the Fe molar fraction of y metB-site.

To incorporate catalytinickel (Ni), asimple wetting procedure was usedntroduce Ni to
the surface of the perovskite support. The desired molar amount of nickel nitrate hexahydrate
(Ni(NO3)-A 6,®) was dissolved in filtered water along with the perovskite support powers and
mixed at room temperature for 30 minutes. The resulting mixture was then dried in an oven at
90eC for 5 hoursbefore8 hours of calcination at 80 in a muffle furnace with & eT@in?

rampingrate. The calcined particles were pelletized and sieved to obtain the correct particle size.

3.2.2. SESRT Experiments
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Toluene steam reforming experiments were carried out in a quantzd {8 mm 1.D., 280 mm
length) fixedbed reactor positioned in a vertically mounted Carbolite furnace. The furnace
temperature was controlled remotely with PLATINUM Configurator softwa@médga
Engineering), and the top of thetUbe was covered with ceramic fiber insulation to minimize
heat loss. For most experiments, 1.0 g of PTS material was positioned at the bottom of the U tubed,
sandwiched on both sides by first quartz wool thredh inert silicon carbide grit. For the sequential
bed experiments, 0.3gofldiased st eam r ef oAlMyAlfagAesalpmasplaced t  ( Ni
upstream of the PTS bed. Liquid injections of toluene and distilled water were controlled via two
2.5 mL stainless steel syringes (KD Scientific) mounted on programmable injection platforms
(Harvard Apparatus). The volumetric flowrate of talue was f i xed tatietiee. 733 ¢
flowrate of water was varied from 220 ¢ L Aomiesponding to S/C ratiasf 1.52.5. To
ensure uniform injections of toluene (Sig#dd d r i ¢ h, 099 . 5 %) and water
annular design was utilized whereby toluene was fed through 4 ©®§0.01" ID) SS capillary
tube that itself was inside of a /8D SS tube where the water flowed (Fig8r2.1). The mixture
of gas and fuel wagreheatedy the inert packing material to desired reactor temperatures (750
900C) before reaching the catalyst bed. 30 SCCM of Ar was kept flowing into the reactor to act
as a sweeplrge gas throughout the entire cycle. Heating tape maintained the outlet products in a
vapor phaseAt the same timehe sweep gas carried them into an impinger filled with ~1.5 mL
of dodecane solvent, which was submerged in an ice water bath to entrain any unconverted toluene
and heavy products. The gaseous stream exiting the impinger was then fed to an MKS Cirrus Il

guadrupole mass spectrometer (MS) for+t@ak stream composition measurement.
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Figure 3.2.1.Schematic illustration of the oxidative steam reforming of toluene experiment with

a sequential packed bed configuration.

In the SESRT experiments presented in this article, each cycle consistd¢5ahiaute
Areductiond step where toluene is steam refor
a purge step in pure Ar, and a fAregenerationo
vol% Oy/Ar followed by a final purge before the cycle repeats. For experiments involving the
sequential bed, a preduction step was necessary whereby 5 volAiHvas introduced for 30
minutes athereaction temperature teduce NiO to catalytically active metallic Nio evaluate
the performance of the PTS materials, the toluene convel8igndutlet gas concentration of
species during the reduction step on a dry andfée basis®y, ), and CQ sorption capacity are

defined as followsvherel denotes moles of CQeleased during the decarbonation step
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8 (Equationl)

Us b (Equation?)

31 OP&RAPAAESU—— (Equation3)
3.2.3. Thermogravimetric Analysis

Thermogravimetric analyzers (TA Instruments SDT Q600) were used to quickly assess
sorption capacity in a simplified gas environment at varying temperatures. For these experiments,
~50 mg of PTS particles (1805 0 weeralpaded into an alumina crucible cell within the TGA
furnace and then heated to a desired temperat
gas flow rates were controlled using Alicat MFCs and achieveghs composition of 2:1:7
H2:COxAr for the reduction/carbonation step amal 28 ratio of OzAr for the
regeneration/decarbonation step. The total gas flow rate was set to 200 SCCMBE{@)ra
Appendix B shows typical TGA profile of an isothermal cycle.
3.24. Characterization

Bulk phase identifications of fresh and reaatgcled samples were conducted usaxgsitu
XRD characterization. For this task, a Rigaku SmartLakhydiffractometer was utilized (Bragg
Brentano type) with Cu KU (& = 0.1542 nm) rad
rangeof 16 0e (2d) with a step edchkkstep wak uséd.tdlgenerate | d i n
XRD patterns. The XRD patterns were refined using the Rietveld program General Structure
Analysis System 1l (GSAH) to quantify phase percentages, site occupancy fractions, and
mean crystallite sizes. Refined parameters were scale factor, specimen displacement, background,

phase fraction, crystallite sizepicrostrain lattice parameters, and occupancy fractions. The
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background was modeled using the Chebyshmodel with 6 parameters. For model assessment,
the Rfactors @ and2 ) are defined irEquations4 and5B* where& ; and& are the

observed and calculated structure factors, respectively

2 & (Equationd)

2 i - i (Equationb)

X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of surface Ni for
the impregnated samples. Sample powders were pressed onto carbon tape and outgassed at 10
Torr overnight before being introduced into the ultrahiglbuum chamber for scanning. A
PHOIBOS 150 hemispherical energy analyzer (SPECS GmbH) equipped with -a non
monochromatic Mg KU excitation souTheCasaXP§254 e
program (Casa Software Ltd) was used for subsequent data anahesibinding energy was
calibrated to a C 1s line at 284.8 eV. Surface morphology anesudace elemental distribution
were assessed via field emission scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) using a Hitachi SU3900 S&ith Oxford Ultim Max 40 EDS in variable
pressure mode. A pressure offf®was used, and the SEM images were taken in backscatter mode
at 20 kV.

3.3, Results

3.3.1. Initial PTS Screening
Prior to catalyst screening, a sensitivity analysis was conducted in ASPEN Plus to determine

the equilibrium product compositions of toluene steam reforming using an RGibbs reactor. The
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predicted equilibrium gas phase mole fractidn¥ gnd H:COx ratios of the reduction step across
three temperatures (750, 800, andg590and varying S/C ratios are presented in Figudel3
Across all conditions modeled, the equilibrium toluene conversion was predicted to be 100%,
suggesting that the low conversion of toluene in biomass gasification is limited by kinetics rather
than thermodynamicsThe model did not anticipate coke formatiah any of the conditions
screened. These sensitivity analysis forecasts also reveal that equilibrium preduehgasition,

and therefore HCOx ratio, is more sensitive to the S/C ratio than to temperature. Conversion data
from reactor blank experiments conducted with inert packing material (SiC) highlight both the
inherent kinetic limitations of toluene conversion as well as its sensitivityet&tC ratio. The
results of these experiments (Fig@&2) display a minuscule toluene conversion over-mgtute
injection period, less than 1% for S/C ratios of 0.5 and 1.5, with an increase to values between 1.5
3.5%for an S/C ratio of 2.5 across all three temperatures. The witnessed formation ahdCH

CQO, during the injection perigdollowed by the release of CO and £i®the 20% Qregeneration

step, suggests that the coke formation via toluene cracking was the primary re&steomat

thermodynamically favorable conditions, the lack of any catadgstlts innegligibleconversion
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Figure 3.3.1. AspenPlusgenerated equilibrium projections showing the sensitivitfAdfthe

H2:COx ratio and(B) the composition (on a dry and #ree basis) of the product gas to S/C ratio.

In the initial catalytic sorbent screening stage, Sewe@as selected both for its
thermodynamically favorableeduction kineticd!®! in low-0 environments as well as the
observed ability of itrownmillerite phase (SrFefd) to carbonate to SrCGCat temperatures
below ~85@C?% 3% A-site doping of the perovskite with alkaline earth metals was condtacted
further facilitate carbonate formation. To draw a comparison between the effects of either dopant,
two A-site doped SrFefy materials (S9.:A'0eFeQ.u (A" = Ba, Ca)) were tested across three
temperatures (750, 800, and 85D and at a fixed S/C ratio of 1.5. At &) Si.Ca.FeQ.u
(SCF64) displayed toluene conversions comparable to the SiC,daekaging ~3.7% across
three cycles. SEBay.4dFeQs.i (SBR64) wastestedat 80eC, where its measured conversion was
9.7%, and SC#4 witnessed an improved conversion to 16.4%. However, i@Qd ratio at
these conditionsvaslow - at 1.1 for SCF64 and 0.57 for SB#®4. Thesdow H2:COy values
suggest that little, if any, sorption enhancement was occurring rather solely combustion

Previous TGA screening experiments had ruled oud@peed SrFegxmaterials as viable sorbents
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above 80€C since no carbonation had been witnessed. Therefore, onk6&BFRas subjected to
toluene cycling at 85T, where its conversion and#Ox values were measured as 35.6% and
0.99, respectively. Increasing temperature improved toluene conversion, buttt@nCéntration

of the syngas remained higPre-reduction with 5 vol% K Ar for 30 minutesbeforethe toluene
injection had little impact on toluene conversiomnkich remained within a few percentage points
of the previous results at 8@D(see Table3.31). Further modification of the sorbent was needed
to enhance activity.

Table 3.3.1.Initial Sorbent Screening Results at S/C = 1.5

Material Temperature Hx:CQ Toluene
(°C) conversion (%)
750 1.76 100
Equilibrium’ 800 1.74 100
850 1.73 100
750 0.005 0.76
Blank (SiC) 800 0.02 0.34
850 0.01 0.80
w/oHz2 | w/H2 | w/oH2| w/H:>
SCFo4 750 3.2 2.7 3.7 4.3
800 1.1 1.3 16.4 14.2
SBF64 800 0.57 0.79 9.7 10.6
850 0.99 1.1 35.6 40.4

*Predicted using an RGibbs reactor in ASPEN Plus configured to experimental conditions.
**  Aw/ 0 axahoteicanditions whiere a preduction in 5% HAr step was conducted

beforethe injection oftoluene

3.3.2. Effects d Ni Surface Impregnation
To further enhance the activity for toluene reforming, Ni was impregroatéioe perovskite
surface Previousstudies showed that supported nickel catalysts were highly effective for toluene

reforming* & 8 9 23 24, 3¢l However, sorption enhancement was not attempted in these studies.
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Impregnating the surface of the perovskite sorbents with ol% Ni significantly improved
toluene conversion. This corresponds well to the surface Ni detected by XPS @&jufeor
example, 10Ni/SCI64 demonstrated a more than threefold increase in conversion from 16.4% to
59.0% at 80€&C, S/C = 1.5. A more modest improvement was witnessed with 10N3B#E the

same conditionpwith a conversion increase from 9.7% to 28%. Additionally, theiiregnated
samples demonstrated better@®Dx ratios duringhe reduction stepvith 10Ni/SCF64increasing

from 1.1 to 1.5.

T T T T
9 10 11 12 13

Time (min) Time (min)

Figure 3.3.2.MS profiles of the reduction step for 10Ni/S®E (A) without an H prereduction

stepand(B) with an H pre-reductionstepat 80@C and S/IC = 1.5

When pretreated with H, the H:COx ratio of 10Ni/SCF64 increased further to 1.8.
Interestingly, the MS profiles for 10Ni/S&¥ show differing behavior during the reduction step.
As shownin Figure3.3.2 the sample without preeductionin Hx (Figure3.3.2A)) first produces
CO, before the onset of +and CO. The reason for this likely has to do with the oxidation state of
Ni - pre-reduction with H will reduce any NiO on the surface to metallic Ni, which wil turn,

attenuate the oxidation of CO by NiO as well as unselective hydmtadmbustioli’. It is also
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possible that preeducing the sorbent partially reduces the perovskite and removes unselective
lattice oxygen, diminishing the potential for overoxidation. This is supported by the higher
observed RCOx ratios of the H-treated, bare perovskite samples (i.e., those lacking surface Ni)
presented in Tabl8.31. Additionally, CQ spikes at the onset of the reduction step were not
witnessed for those bare perovskite samplepreateducedn Hz, which further substantiates the

role of NiO for nonselectivexadation. As for evidence of sorption enhancement, @lrase
during the isothermal regeneration/decarbonation step was not detected by Hwwésr XRD
analysis of a cycled 5Ni/SC84 sample (Figur8.3.3B)) revealed that SrC{had formed and
encompassed 20.9 wt% of the final material. Ca@@&s not detected in the XRD patterns of the
cycled sample as the typical experimental .Gfoncentrations were much smaller than the

equilibrium pressure of Crom CaCQ decomposition at 8@C (~0.25 atrriel.

Figure 3.3.3. Rietveld refinement of 5 mol% Ni/SCE4 corresponding tqA) a fresly

synthesizedample andB) a sample cycled three times at 800S/C = 2.5.
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While surface impregnation of Ni improved conversion andcémposition, the Ni did not
remain confined to the surfgaas evidenced by the Rietvelefined XRD scans ifrigure 3.3.3.
Rietveld refinement conductedvealedhat the fresh sample waS.8 wt% tetragonaperovskite
Sro.4Ca .sFeQ-a(l4/mmn), 12.2 wi%orthorhombidBrownmillerite SrFeQ s(Pbmg, 2.1 wt% NiO
represented by two phases: 1.2% cbim-3m) and ~1% rhombohedréR-3m) corresponding to
~4.7 mol% Ni. The cycled sample, by comparison, shows greater phase complexity. Two main
conclusions can be drawn from the results in Tald8e82: (i) the isothermal
regeneration/decarbonation at 80Qvas unable to fully reproduce the original perovskite phase
and completely dexnposethe formed SrCg) and(ii) the Ni impregnated on the surface had
migrated into the bulk of the mixed metal oxide phases. This indicates that surface impregnation
of the perovskite PTS with Ni cannot be siisédduring phase transitiongs there are many
routes for Ni migration. Therefore, Ni impregnation on,Ca)FeQ.; would not lead to a stable,
multifunctional catalytic sorbent for sorpti@mhanced toluene reforming.

Table 3.3.2.Rietveld refinement results for cycled 5Ni/SCFo4

Chemical Formula | Crystal System  Weight Ne Ne
(Space Group) Percent

Ca.6550.25F@.7Nio.20z« | Orthorhombic 48.8% 9.4% 6.5%
(Imma)

Sh.4Ca.6Fe0s 5 Triclinic 20.9% 5.9% 4.7%
(Amag

SrCQ@ Orthorhombic 15.0% 10.9% 5.6%
(Pnmg
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Table 3.3.2.Continued

SrFe@.sNio.1502 5 Orthorhombic 14.1% 8.9% 6.5%
(Ima2)
NiO Cubic 1.1% 295% 14.1%
(Fm:3m)

3.3.3. Sequential Bed Performance

In light of the inability of the Nimpregnated SCIB4 and SBF64 materials to achieve stable,
repeatable SESR with high activity for toluene conversion, three components of the system were
altered: (i) instead of impregnating the Ni onto the surface efpfrovskite, a sequential bed
configuration was adopted where 0. 3A@)wad comm
placed upstream of the 1g0of PTS material; (ii) the Bite of the perovskite PTS was doped with
Co to attempt to increase thet@xt of reduction; and (iii) the S/C ratio was increased from 1.5 to
2.5 to minimize the coking that is known to occur when commercilasded steam reforming
catalysts are used. Additionally, Ca was abandoned assite Aopant due to its poor perforncan
as a carbonatfrmer at high temperatures. As a point of comparisong@BHpret r e at-ed Ni /
Al>03 was testedavithout any sorberait 80@&C and S/C = 2.5 where a toluene conversion of 95%
was witnessed and anl @0 = 1.9. For all the sequential bed experiments, a 3wél. pre
treatmentwas usedbefore the reduction step to reduce any NiO formed from the previous
regeneration/decarbonation step.

Sro.2Ba0.79-&.378C00.62403-1 (SBFG2635) was identified as a promising £6brbent from
TGA screening, which indicated that the material could achieve a sorption capacity as high as

~35% and with an average of 31.5% over 10 repeated cycles in a reducing/carbonating
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environment of 20 vol%H2 and 10 vaPe CO at 85@&C (Figure B1(B)). To evaluate its

performance in the reactor, SBR2635 was first subjected to three steam reforming cycles without
the Ni catalyst prédved upstream. Without the Ni catalyst, the SBE835 perovskite was still able

to release lattice oxygen for steam refong and generate syngas as well as initially capture some

of the ceproduced CQ@ as shown in Figur8.3.4A), but once the sorbent saturation point had
been reachedt proceeded to prodaconly H and CQ. The perovskite sorberstuccessfully
demonstrated sorption enhancemétawever,it was much more modest than the TGA results

with a sorption capacity of 6.6% for the first cyceconversiorof 52% anda H.:CO ratio of

1.9. Furthermore, after the first cycle, the sorption capacity and toluene conversion decreased to
3.9% and 38.4%, respectively, by cycle three.

Introducing the Ni catalyst p#ieed substantially improved sorption performance, as seen by
the comparison of MS profiles in FiguB3.4 These product gas profile differences are likely
owed to the greater extent of reduction of the PTS induced by the flow of reforming products from
the prebed as shown schematically in FiguBell1(E). Essentially, the Ni catalyst pteed
reforms the incoming toluene to a mixture of mostly syngas anddi@ to the higher S/C ratio)
and some CO. These produeisgs then pass over the PTS bed (represented asgsgMBOe r e U =
[0, 0.5]), which had been slightly preduced during the Hpretreatment step. The partially

reduced PTS is now primed to capture@@duced by the Ni beahdoxidize any CO produced.
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Figure 3.34. MS profiles showing the entire SE$RYycle corresponding to two experiments
conducted at 85C and S/C = 2.%ith the SBFC2635 sorbentA) without a Ni catalyst prbed,
and(B) with a Ni catalyst préed showing the onset oklefore CO/CQ, known as the

breakthrougho period.

The SESR performance results of the sequential bed configuration operated either isothermally
at 85@C or with a thermal swing from 850 to 9&Dduring the regeneration/decarbonation step
are compared iB8.3.5A). Liquid samples taken from the impinger downstream of the reactor and
analyzed with GC confirmed high toluene conversion, averaging at ~96% across 5 cycles for both
operation conditions, consistent with the conversions measured for the Ni catalystlfy its
However, the calculated sorptioapgacities for the thermal swing mode were-2006 higher than
for the isothermal mode despite having similar conversions. This indicates that isothermal
decarbonation at 880 is insufficient to fully decarbonate the PTS, and as a result, the sorption
capacity steadily decreases after cycle 2. When eClt@rmal swinglecarbonatethe PTS, the
performance stabilizes after cycleahd the observed HCOx ratios remain >4.0. Additionally,

XRD analysis of a fresh vs. 5xthermal swityrled SBFC2635 sampl€Figure B4) confirmed
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that no carbonate species remained after the decarbonation and that the sample performed

excellently as a PTBwith near complete regeneration of thrgginal cubic phase.
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Figure 3.35. A comparison of the sequential bed configuration SESR performance results for

both isothermal and thermal swing operatigimg the SBF€635 sorbent

3.4. Discussion

The application of Aand Bsite doped SrFefd perovskite oxide-basedphase transition
sorbents (PTSs) was demonstratedstoptionrenhancedteam reforming of toluene (SESRT) in
a chemical looping scheme. The effects of sorbent compositions, reactor arrangements, and

temperature swings between the sorption and desorption steps were investigated. Within the
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operating temperature range of interest, toluene reforming was determined to be kinetically limited
using the unmodified sorbents. Two strategies,i.edi r ect Ni i mpregnation
Al0O3 prereforming bed, were investigated to enhance toluene activation and conversion.
Impregnation of Ni on SCF was found to be effectivenhancinghe initial reforming activity.
However, Ni migration into the oxide phase was observed based on Rietvedthezftrof XRD

patterns, leading to substantial deactivation of Ni/SCF.

On the other hand, &Bav7Fes37Lme203u (SBFG2635) in the sequential bed
demonstrated successful isothermal SESRT with an average sorption capacity of ~25% across 5
cycles but a steady decrease in sorption capacity was observed. By employirg shtddal
swing between the reduction/carbonation and regeneration/decarbonation steps, the highest
obtained sorption capacity was witnessed in the first cycle at 47%, after which the values plateaued
to ~38%. Additionally, the HCOx values acras all 5 cycles were consistently >4fQrther
confirming the efficacy of the sorption enhancement approach. To summarize, cyclic SESRT was
most effective in a sequential bed configuration using a thermal swing, andZBBGorbent
displayed complete phase recyclability. This research sapasitive implications for biomass
conversion, particularly in scenarios where tar buildup poses challenges. Our study illustrates that
high conversions can be reached at standard gasification temperatures witlreconC@

sorption
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Abstract

Sorptionenhanced gasification or steam reforming using €bents can produce+{dch syngas

from a variety ofbiorenewable feedstocks. Tailored sorbent design is critical in achieving fast
carbonation kinetics and maintaining stable>C&pture performance over repeated cycling. We
have previously demonstratéu Chapters 2 and that certain Aand Bsite doped perovskite
structured oxides (AA'xB1.yB'yOzy) function as redoactivated CQ sorbents. These materials
initially undergo reduction, releasing lattice oxygen for partial oxidation of the feedstock, and
subsequently form phases capable of adsorbinga@®forming carbonatesn this Chapter we
examinethe structural and thermodynamic influence of Fe dopinghe redoactivated CQ
sorption properties of SrMrRFeOs.i for sorptiorenhanced steam methane reform@gmpared

to the nomsorption caseSrMnGs increased the Hpurity from ~76% to 94% and more than
doubled the RCOx in the syngasThermogravimetric analysis of four compositions (x = 0, 0.125,
0.375, 1) in reducing and carbonating gaseous environments (2:1:7 ratifC@hbiAr at 850C)
reveals a clear negative correlation between Fe concentration and extent of carbonation. Using
laboratory and synchrotremased powder Xay diffraction (PXRD) analysesve fdlow the
structural dynamics of the SrMiFeOsu perovskite system at reaction conditions. Phase
identification and subsequent quantification via Rietveld refinement enable us to track
compositional evolution with time. We find that the rdttermining step is the reduction of an
intermediate RuddlesdePopper (RP) phase {ABnOszn+1: N = 1 when x = 0 or 0.125; n = 2 when

X = 0.375) to SrO and (Mn,Fe)O, while Srikeddes not reduce past the Brownmillerite phase
when CQ was ceinjected. The begperformng sorbent, hexagonal SrMa(@6s/mmg, reduces
readily to monoclinic SMnOs(P2/c),whi ch t hen undergoesamcdmpl et

SrCGsand MnO by the end of the reduction and carbonation segmealiolygng into the Bsite
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decreases the perovskit eds-daexniineg ihterroetliaterpbadeu ct i o
to the higheistacked, tetragonal n = 2 RP ph&gVin2.«FeOz7.a (I4/mmn). Planewave density
functional t heory (DFT) cstale ceactioastiderdified viadPKRDt h e
indicate that the reduction of $4nOzsto 2SrO and MnO is the only endergonic step of the

SrMnGs reaction pathway. The addition of even 12.5%aleying in the Bsite causes thgpG f o r

the reduction of the n = 2 and Ml=RP phases to increase by 53 and 38%, respectively.

4.1 Introduction

Hydrogen (H) is of vital industrial importance to our modern economy and can be utilized as
a nonpolluting energy carriér At present, approximately 50% of globab idroduction is
provided by the steam methane reforming (SMR) prédess SMR i s e ndso=t286e r mi c
kJ-mof!) and requireselevatedtemperatures due to kinetic and thermodynamic limitations.
Accompanying the SMR reaction is the wagas shift (WGS), which is moderately exothermic
( bk = -41.2 kJ-mof). However, both reactions are equilibrirestricted and require a large
amount of heat to maintain the reactor temper&tuEnergyintensive downstream processing is
also required to improve Hyields, taking the form of shift reactors for CO conversion and
pressureswing adsorption for C®Oremoval. Optimizing SMR performance prests a dual
challenge: increasing GHtonversion while reducing energy consumption.

Sorption enhancement (SHpessolid sorbents to capture @@n situ during the steam
reforming reactiolt ®. Capturing CQ during the conversion step offers at least three key
advantages: (i) overcoming equilibrium limitations since @&mnoval drives the concurrent WGS
reaction towards greaterzHbroduction, (ii) reducing the external heat requirement since the
carbonation of the sorbent is exothermic, and (iii) minimizing or eliminating downstream shift

reaction and C@®separation steps, resulginn a simplified process with higher; iields and
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improved energy efficien&). The central challenge of sorption enhancement is the design of
robust, recyclable sorbents that possess favorable carbonation thermodynamics at high
temperatures and fast €Qptake kinetics. Calcium oxide (CaO) initially meets both criteria, but
after prolonged cycling, it loses >60% of its sorption capacity (g @®orbents!. This sharp
performance decline is caused by the sintering of Ggtaticles during the higtemperature
calcination step. While the exact mechamisf sintering remains an area of ongoing reséafth

the process is irreversible and seemingly inevitable given that the Tremtemaperature of CaGO
(533LC) is lower than the calcination temperature[9].

Researchers have proposed several ideas to reduce sintering by either dispersing CaO on inert
support8?, blending or doping CaO with other elementsstabilizatio***%], or abandoning CaO
altogether in favor of novel sorbehfs'”. One promising route is using thermodynamically
favorable sorbents to reversibly form an intermediate phase rather than irreversibly sinter. These
socal l ed Aphase transition sorbentso-enhanced f i r s
steam réorming of glycerol (SESRG), where they exploited a reversible stditk reaction
between CaO and Co to form a calcium cobaltate phas€) intermediate, thus awting
the sintering route and enabling 120 stable reactemarbonation cycl€sl. In Chapter 2 of this
dissertation, welemonstrated the efficacy of@nd Bsite doped perovskite oxides, specifically
SnxCaFeyNiyOs.i, as recyclable phase transition sorbents for SESR®/e also showed in
Chapter3 that SixBakFeryCo/O3.4 could operate under isothermal conditions for sorption
enhanced steam reforming of toluéfle In both applications, the guiding principle is that
reduction of the perovskite ale (ABQ;), either by prereatment in H or directly by the
carbonaceous feed, will exposeshe oxides (AO) to Cexo form stable carbonates (AGQvhile

the oxygen released duringdte metal reduction partially oxidizes the feed. In the regeneration
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step, air or diluted oxygen reforms the perovskite by oxidizing thsteBmetal oxides and
decarbonating the -Aite carbonates. A simplified, overall reaction scheme of the reduction and
regeneration steps is presente®@actions 1 and 2, respectively, wheedd-ised as the reducing

agent.

rYy #/ ( o0 # (] (Reaction 1)

L#/) "/ -/ o1 #l (Reaction 2)

Recently, an extensive highroughput design study was published by Cai and Yang et al.
(2024), where no less than 1,225 perovsgitactured sorbent candidates were computationally
screened for isothermal sorptienhanced reforming and gasification EBE“°" Using the DFT
obtained sum of the changes in Gibbs fmee ene
+ opdbas the primary performance descriptor, SrBaFeMn compositions were predicted to be
thermodynamically favorable, and subsewu thermogravimetric analysis (TGA) observed
sorption capacities of 78, 77, and 75% fon 8a29MnOsz3, BaMnQ.y, and SrMnQg,
respectively. While this thermodynamic screening approach is powerful in its simplicity and
generalizability, there still exists a lack of understanding of the-stdi# reaction route between
perovskite and final products, a knowledge of which camigrove the predictive power of these
screening models.

This Chaptersystematically investigates the structpreperty relationships of SrMaFeOs-

a (x = 0, 0.125, 0.375, 1) for SESMR. SrMn@nd SrMn sz 1240s-s achieved dnbasis H
purities of 94.2% and 82.7%higher than the neBE case of 75.9%. Increased Fe doping was
shown to decrease sorption capacity and increase redox activity. To gain deeper insight into the

kinetic pathway of these redactivated sorbents, we have conéudctdetailed in situ
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characterization in reducing and carbonating atmospheres. Sorption performance was evaluated
via TGA, and ex situ powder-Kay diffraction (PXRD) was used to characterize the final product
distribution. Through sequential Rietveld refinement of pattertardd via in situ synchrotren

based PXRD, the detailed sobkthte phase transition pathway of SrMn@® elucidated.
Additionally, we examine the structural consequence ddlieging into the Bsite by laboratory

based in situ PXRD. The DFd bt ai ned @G6s for each el ementary
to be negatively impacted by increasedafieying.

4.2 Methods

4.2 1. Synthesis

The perovskite materials were prepared using a-stditt reaction method. For a typical
synthesis of SrMmxFeOs.; stoichiometric amounts of SrG@Sigma Aldrich, >99.9%), Mn®
(Materion, >99.9 %), and E®3; (Noah Chemicals, >99.9%) were added in a 5 ml Teflon vial and
then mixed with 2 mm yttriurstabilized ZrQballs with a mass ratio of 1:5. 2~3 ml ethanol (Fisher
Scientific, CDA 19 (Histological)) was further added. The mixture was then ball milled at 1200
rpm for 3 foursusing a higkenergy b mill (Vivtek Instrument: VBM-V80). The resulting wet
slurry was overdried at 136C and then calcined under flowing air at 1&D@n a tube furnace for
10 h to form the perovskite structure. The ramping rates for heating and cooling steps were all set
to 3aC A mit n
4.22. SESMR Experiments

SESMR performance evaluation $fMn.xFeOs.s was performedn a quartz Ltube packed
bed reactor with a 6 miD. To achieve high methane conversion, a sequentiatlesign was
used(as introduced in Chapter @8hereby theupstream section contained 0.3 g of nidkased

steam reforming catalyst (Alfa Aesar, HIFUEL R110), while the downstream section held 1.5 g of
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the perovskitsorbentThecatalyst and sorbent particles were sieved to a size range of 180 to 425
pm. Quartz wool and Si@ere used amert packing materials to prevent blowout and preheat the
inlet gas. The reactor was maintained at 850°C with an initial ramp rates@A 30i .nA four-
step cycle was implemented, consisting of ariifBute purge, 2@ninute reduction, @ninute
purge, and 20ninute regeneration. Argon gas (S8CCM, Airgas UHP 5.0 grade) was used as the
carrier throughout the cycle. Dag the reduction step, SCCM of CH4 (Airgas UHP 5.0 grade)
and 7.35uL/min of deionized water, controlled by a syringe pump, were introduced. To ensure a
steadyflow of steamat the start of the reduction step, water injection began three minutes before
methane injection. During the regeneration phaseSTSEM of O, (Airgas extra dry grade) was
introduced to create a 20% oxygen environment.
4.2 3. Characterization

Both ex situ anth situcharacterizations via powderdy diffraction (PXRD) were conducted
to investigate the bulk crystalline structure of the sorbéssituXRD was performed using a
Rigaku SmartLab Xay diffractometer (Braggr e nt ano geometry) with Cu
radiation operating at 40 kV and 44 mA. A scanningrange®& 50e ( 2d) wi th a ste
holding for 3.0 s at each step was usedyénerate the XRD patterns. Correspondmgitu
synchrotrorbased PXRD experiments were conducted at beamling2]2Advanced Light
Source (ALS) at Lawrence Berkely National Laboratory. A detailed description of the in situ setup
can be found in the work by Doran and Schlicker'&t & The diffraction patterns were measured
inangledi spersive transmission mode with a focus:
i/ 30 em spot size). The powders were heated i
10 mL Aof#ir. mert (Ar), reducing (b)), carbonating (C€), and regenerating @dgases were

injectedthrough a 0.5 mm outer diameter tungsten tube. Heating was performed using a SiC
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furnace with an infrared light source up to 850at a rate of 14C A mit After a 10-minute

stabilization under Ar, the reducing and carbonating gases were injected at ZZOF7 At ratio

for 40 min. After an additional 10 min purge2@minuteregeneration step was conducted in a
3:7 ratio of Q:Ar. A visualization of the experimental procedure can be found in Figlira
Appendix C The patterns were recorded by a PerkinElmer flat panel detector (XRD 1621, dark
image, and strain correction).

Additional laboratorybased in situ PXRD was carried out with an Empyrean PANalytical
di ffractometer using Cu KU radiation of%g atin
(2d) with a step size of 0. 03mgeratethé RKRDipgttefnr 0. 4
Temperaturgorogrammed experiments were performed whereby the samples were ramped under
air at a rate of 14C A mli ton 85GC and, after al5-minute purge under Ar, the sample was
introduced to a 3% #Hand 1.5% CQwith the kalance Ar.

Rietveld refinement was performed using the FULLPROF progtarfihe profile function 7
(ThompsonTt Co x 1 H-¥adgt icongokited pavithe axiab divergence asymmetry
function}?*! was used in all refinements. The instrumental parameters and Caglioti factors needed
to define the resolution function of the diffractometers were obtained from the structure refinement
of a LaBs standard (NIST). The weight fraction Wi of the ith phase in n mixture of crystalline

phases is calculated by Rietveld refinermamtording to

7

7 T -

(Equationl)

where3 is the refined scale factor of the phasds the number of formula units per unit cell,
is the molecular mass of the formula uitjs the refined unit cell volume, arfdlis the Brindley
particle absorption contrafctof?l. The sum of the weight fractions is constrained to 100% by

assuming that the samples contain negligible amounts of amorphous phases.
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4.2 4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of the perovskite powders in reducing/carbonating
environments was performed using a-Tstrument SDTQ650. For each experiment, ~40 mg of
perovskite particles sieved to a diameter 6B05um were used. The timed injectsoof reducing
(H2), carbonating (C#), inert (Ar), and regenerating §Dgasses were automatically coordinated
using LabVIEW software (National Instruments) to open/close valvest-lamd/ision software
(Alicat Scientific) to remotely change Alicat mass flow meter settings. Most experiments, unless
otherwise specified, proceeded in the following manner.,Ersmperature ramp of gC®nint
under 200 SCCM of Ar brought the system to the desired temperature of 850°C. After 10 minutes,
to allow the system temperature to equilibrate, a 2:1:7 ratio 2€®:Ar was injected
maintaining the total flow at 200 SCCM. This gas environment was maintained at temperature for
4 hours before ramgiown and subsequent XRD analysis of the sample. The extent of carbonation

(8 O) for O O whereO is the time of carbonation onset is definedgquation 2:

80 0 —— (Equation2)

wherel s the initial masd, is the mass at the tin@@andi  is the mass corresponding to the
maximum extent of carbonation based on the stoichiometry Reaction 1: i i

[ . In other words, total carbonation results in a final mass equivalent to adding one mole of
carbon (C) and one mole of oxygen (O) to the initial mass of the perovskite (assuming an initial

non-stoichiometry of zeroy ).

4.2 5. Thermodynamic Calculations vi2ensity Functional Theory
In this work, we conducted density functional theory (DFT) calculationthéyienna Ab
initio Simulation PackagéVASP) softwaré?®?°l. We employed the projectaugmented wave

(PAW) method to calculate the interaction between electrons and atomi¢*’%cdtesThe
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generalized gradient approximation (GGA) appr&&tltombined with the PBE exchange

correlation functional was applied to calculate the electronic structure and corresponding energies.
The cutoff energy was 500 eV, and the force threshold was 0.05 eV/A. Here, the spin polarization
effect was considered fdte and Mn. In addition, the DFT+U method was utilized to give an
accurate description of the d electrons for Fe and Mn with the effective Hubbard U values of 4 eV
and 3.9 eV, respectivé®y 34l To ensire high accuracy, we employed a spacing between k points

is 0.04 A1. In addition, we corrected the energies by using Phonopy and obtained free energies
for further analysi€® 3¢l The energies of gases, including £6-0, and Q, are conducted by

using the methods described beftte

4.3. Results

4.3.1.RedoxActivated CQ Sorption Performance Evaluation ®fMnxFeOs.y
Figure4.31(A) illustrates a detailed breakdown of an individisgthermal SESRM cycle,

showing the Hrich reduction segment followed by G@lease during the regeneration. In each
cycle, the perovskite sorbent is partially reduced by unconverteda@#l syngas from the
upstream Nbased catalyst, producing® and CQ before the carbonatieactive phases capture
CO: and enhance ttoncentration. Twenty cycles were conducted for each sorbent, and the MS
signals of the begterforming material, SrMng) are shown in Figur€2(A). For comparison,
SMR was conducted without the sorbent using only thbddied catalyst bed (Figug2(B)). A
summary of SESMR performance vssiBe Fe concentration is presented in Figul(B) and
TableC1. While B combustion during perovskite reduction reduces overgjliéld from ~74%

to 66% compared to the 8E case, C&Ocapture and the enhanced WGS conversion increases
the H concentration from ~76% to ~94 vol.% on a dry basis and more than doull&3 ffom
3.1to 7.9. The lower yield isttributed to H combustion by the perovskite, which provides heat

to the process. The measured cold gas efficiency of the SE case, defined as
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T v ., (6 /1 =, (6 ,was77%, approximately 16% more efficient than the LHV

case for SMIR? 22

Thermogravimetric analysis (TGA) was conducted to compare the-gedimated carbonation
and regeneration properties of SrMReOs.u (Figure 4.31(C-F)). SrMnG displays superior
isothermal regeneration kinetics than SrO, decarbonating in less than half the time (Figure
4.31(C)). When a temperature swing is employed during the decarbonation, the difference is even
starker, with SrMn@maintaining 100% sorption capacity over three cycles. In comparison, SrO
loses 10% of its capacity by the end of the third cycle and >15% after nine cycles (Figure
C3(A&B)). To assess isothermal performance, Sriin@as subjected to 30 cycles of
reduction/carbonation and regeneratitatarbonation at 880 (Figure 4.31(D)). While the
maximum extent of carbonation reached was 97% rather than 100% due to the shorter
reduction/carbonation steps, the cyclability of the material is quite appamsiking it attractive

for practical usage as a higgmperature C&sorbent.

Figure 4.3.1. (A)An individual SESRM MS profile(B) SESMR performance summary vs. Fe B

site concentration(C) Comparison of carbonation and decarbonation kinetics between SrMnO
and SrO with inset showing XRD patterns of the freshly synthesized sorbent and after regeneration.
(D) Repeated isothermal cycling of SrMa& 85@C with an inset of the first cycle detailing the

cycle conditions(E) TGA profiles during the simultaneous reduction and carbonation of SrMn
xFeOs.q with inset showing the extent of carbonation values measured by TGA vsske B
concentration.(F) Comparison of reducibility measured by TGA of four SiMPeOsy

compositions.
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For each sample, apart from SrkeQhe profile of the TGA curve follows a similar trajectory
T a rapid drop in wt.% due to reduction followed by a sharp weight increase from carbonation.

SrFeQ.ureduces slightly, but not to the extent necessary to form phases active for carbonation.
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This result seemingly contradicts the-FHPR curve for SrFegy displayed in Figuret.31(F),

where we can see that Srkefses ~7.2% of its initial mass by the time 850@s reached under
20% H. However,adding10% CQ to the mix can act as an oxidizing agent and prevent SrFeO

g from further reducing. To confirm this, the simultaneous injection of 2:L:C®h:Ar was
switched to solely 10% CfAr, resulting in an immediate weight increase until the sample reached
its equilibrium wt. % (~97.4%Hs illustrated iFigureC4. When the C@was shut off, the sample
was reduced to 90% of its initial mass. This equilibrium between oxidation by@Creduction

by Ho is expressed bRReactions 3 and 4, where ] . The sum of these reactions results in the
reverse wategas shift reaction known to be thermodynamically favorable ag@B56rom a
practical standpoint, when deciding on the appropriate radbxated sorbent for a given
sorptiorenhancement application, one must account for both the thermodynamic favorability of
theBsi t e met al 0 soratherdeducingisgecies (.., GO,4Cétc.) and its potential
oxidation by CQto avoid getting trapped at an equilibrium structure where little or lmoation

takes place.

30&A ( ©30BRA (1 (Reaction 3

30BA #/030KA #/ (Reaction ¥

Temperaturgorogrammed reduction (TPR) experiments conducted in the TA with 2086 H
shed further light on the reducibility of the SriM#reOs.u materialg(Figure4.31(F)). At ~400C
SrMnG; undergoes a steep reduction to ~93.8% of its starting mass before experiencing a more
gradual weight loss until reaching complete reduction by &78Uhis longer second stage of
reduction between 40D80°C corresponds to the reduction of a monoclinic n =1 RRISD4-u

(P24/c) intermediate phase, which will be proven withsitu PXRD in Section 3.2. Meanwhile,
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SMF-871 does not reach its final reduced state until ~50 minutes into tH€ 8&@thermal
segment. Despite its more sluggish reducibility during th& PR experimentSMF-871 performs
comparably to SrMn@in the combined reduction/carbonation tests with only a 3% difference in
the extent of carbonation. The same cannot be said for the higHeaded variant, BF-853,
which exhibits a slower reduction throughout the entire temperature ramp and does ntitereach

final reduced state by the end of the ~b%i@ experiment due to competing oxidation by, CO

blb bTb SrM@:CDO%Conver5|§9b SMRB 7:B%Conver|s
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Figure 4.3.2.(A) Comparison of laboratorgx situPXRD patterns for the four compositions of
SrMnxFeOz.i. The inset shows that increasing Fe molar concentration in-¢ite Bicreases the
cubic phase fraction of the mixture until it reaches unity for cubic S¥keB-E): laboratoryex
situ PXRD patterns of the samples pd$tA. (B) only the peaks corresponding to SrCahd
MnO are visiblel corresponding to a 100% extent of carbonati@&D) The major peaks
corresponding to the (105) and (110) planes of tetragondnskFeOr7.i, an unconsumed
intermediate, are highlighted in the inse{g) Only the structure of the orthorhombic

Brownmillerite phase SrFefgcan be seen and zero carbonation has taken place.
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XRD was conducted on all freshly prepared (Figure 4.3.2(A)) andTg@atsamples (Figure
4.2.1(BE)). This same phase was also found leftover in the spdit-&'1 sample (Figure
4.32(C)), but at a lower weight percentage. Alloying Fe into theitB of STMnQ changes the
crystal structure, gradually shifting from a hexagomizfmmq to a cubic geometryPfm3m)
(Figure4.32(A)). With a tolerance fact6f't > 1, whered O O WM O O ,SrMnGsis
most stable in a hexagonal crystal structure at ambient temperature and pressure[39].
SrMnp g7F&.124803.5 adopts a rhombohedral structue3{c) k n o w8rMn@éxss whish was
originally reported by Mizutani et &% (1970) and has been observed again more recently by
Vieten et al.[41] for SrMass&.1503-4. With 37.5% Fe content in the-8te the sample becomes
a mixture of cubic and rhombohedral phases. While the tolerance factor okS(F€Q) would
predict an orthorhombic or tetragonal sturet we identified a cubiPm-3m geometry for our
sample using both | aboratory and synchifotron
The transition of SrFe€yfrom cubic to tetragonal and to lower symmetry geometries depends on
the degree of neatoichiometry since the greater ionic radius offleempared to F& will strain
the lattice and distort the structli?e

From XRD analysis of the samples pd$&3A experimentwe can see which unconverted
phases remained stable. SrMnénverted completely to an equimolar mixture of Ss@@d
MnO, while the spent8F-871 sample featured a slight amount (<10 wt.%) of tetragonal n = 2
RuddlesderPopper (RP) phase $tn2.«FeOz.u (I4/mmn) (Figure4.32(C)). This same RP phase
was thedominant unconsumed intermediate found in the spei-853 sample as well (Figure
4.32(D)). Meanwhile, SrFeé) did not reduce past the orthorhombic Brownmillerite phase
SrFeQs (Ibm2) nor form any observable carbonates (Figdr82(E)). Previously reported

changes in reduction extent as measured bysnbnoi c hi omet ry c hke®Oge ( gU)
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have already been publisfféd where a clear positive trend in reduction extent can be seen with
increasing Fe concentrations. This is consistent with our first observation regarding the TGA
curves displayed in Figure3.1(E), namely that their initial normalized mass at the start of the gas
injection decreases with increasing Fe in theitB. However, as we have seen clearly in the case

of SrFeQ.;, the sorption performance of the SrMReOz.s composites cannot be neatly tied to

their ease of redudiity to the Brownmillerite phase, otherwise we might expect the higher Fe
loaded cubic samples to have greater extents of carbonation. Instead, the thermodynamic
favorability of forming key immediate phases needed to complete the-aetivated carbonain

reaction pathway must be considered, and for wiabegin with a detailed outline of the relevant

phase transitions.

4.3.2.RealTime Structural Dynamics @rMm.xFeOs. in Reducing and Carbonating
Environments via In Situ Powder-bay Diffraction

In this section, the structural and phase changes occurring during the simultaneous reduction
and carbonation ddrMn.xFeOs.zare jointly discussed for all four doping configuratigrs= O,
0.125, 0.375, 1) to correlate the observed changes to the extent of carbonation discussed in Section
4.3.1. Given its strong sorption performance and relative chemical simplicity, we show the full
analysisof the structural evolution of SrMnOThe regeneration reaction pathway, while of
secondary importance fahis study, is also elucidated for SrMsRefinement statistics (i.e.,

2 R and? ) are defined in Equations €13 andtabulated in Table C2As shown inFigure

4.3.3(A), a room temperature (RT) scan of the sample revealed that the Spdr@skite was
purely the 4Htype hexagonal phas®&/mmg and had an initial density of 7.32gi3. The
occupancy fractions of the-8tes were fixed at unity in agreement with the F@&ived initial

non-stoichiometry value, which was negligible. Ramping the sample under Ar ¢ §&€&gment
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1) resulted in lattice expansion corresponding to a ~28% decrease in densityg@rs. 3y the

conclusion of the temperature equilibration (segment 2) (Fi4;Gr&(B)).

Figure 4.3.3.(A) Rietveld refinement of SrMnéXxollected at room temperature (RT) unasitu
synchrotron PXRD revealing a hexagonal geomd®gs/(nmq. (B) Synchrotronin situ PXRD
patterns of SrMn@during heat ramp from RT to 88D under inert conditions. The inset figure
focuses on a n alb.5dowevaal the thttice expagseon during heat{®). The
first three synchrotrom situ PXRD scans of segment@&vealthe initial onset of phase transitions
of SrMnQ; during simultaneous reducing (20%)Hand carbonating (10% Gconditions at
85CC. The inset figure focuses on a maw e r 2d A@7B)gte highlight the rapid
transformations that transpir@®) Synchrotronin situ PXRD patterns corresponding to scans 7
40 of segment 3 of SrMnf@luring simultaneous reducing (20%)tnd carbonating (10% GP
conditions at 85€C. (E) Phase composition (wt.%) vs. time in segmeEBNormalized unit cell
volume evolution ([(WV0)/Vo] D@4 vs. time (scan number) in segment 3. Each scan corresponds

to an acquisition time of 1 mire.Refinement error bars are smaller than symbols.
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The most dramatic phase changes were witnessed in segmentiBtupaucinga 2:1:7 ratio
of H2:COz:Ar gasses (Figuré.33(C&D)). Reduction of the Mti cation in SrMnQ via oxidation
of Hz resulted in a rapid sequence of phase transjtasishown in Figurd.3.3(C). After 2 min,
~88% by mass of the initial SrMr@hase had been converted to a reduced tetragonal perovskite
phase SrMn@s (P4/m), orthorhombic Brownmillerite phase SrMp€§(Pban), and a tetragonal n
= 2 RuddlesdetPopper (RP) phase sMn207.i (I4/mmn). No SgMn2Or.iremained by the third
scan(t = 3 min) indicating that it was a fagprming intermediate, but the sudden emergence of
monoclinic n = 1 RAphase SMnO4. (P2:/c) as well as cubic MnOFmM-3m) were observed.
Individual plots of the refined structures with corresponding refinement statistics for the first three
scans of segment 3 can be foundrigureC5. Interestingly, it was not until the fourth scan, after
SprMnOsshad become the dominant phase ( s8R®Bc) wt. %),
appearedThis would suggest that carbonation does not occur until the segregatiéhaattiBns
from the SsMnOa.iphase becomes favorable. Orthb o mb i ¢ U 3 (Prime) sweales its€lfO
shortly afterward in scan 5. Trace amounts of cubic $r®3m) appeasafter 6 minand gradually
increase from 0.06 wt.% to 0.98 wt.% throughout the duration of segment 3, which suggests its
rapid consumption to form SrG@n the presence of GOUpon the completion of the sixth scan
(t = 6 min) the initial reduction of SrMr{@0 SeMnOas.zand MnO had finished, leaving 82.5% of
the remainder of segment 3 dedicated solely to the reduction of the RP phase to MnO and SrO
with simultaneous carbonation of SrO to Se{Eigure 4.33(E)). The sequence of solstate
reactions observed from the situ PXRD patterns of segment 3 is summarized in reactieds 5

(not stoitiometrically balanced):

3041 ( 9301 (/ (Reaction %
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3041 ( 030611/ -17 (1 (Reaction 6)

301/ ( 09301/ -T7 (1 (Reaction 7)
301/ ( ©¢30/ 11 (1 (Reaction 8)

30/#/ 0 38/ (Reaction 9)

Determination of compositional and unit cell volume evolution with time (FigL88(E&F))
was achieved via a sequential refinement of the unit cell parametees ( U) arfil phase fraction
(Wt.%). As is evident from Figur.33(E), the reduction 065MnOs.5to MnO and SrOReaction
6) is the ratedetermining step. The coinciding carbonation occurs so rapidly that SrO is scarcely
detectable fomostof segment 3. As is characteristic of alkaline earth metal carbonation, the
unreacted SrO may be obscuredabsignificant product layer of SrGQendering the reaction
entirely diffusionl i mi t ed . T h e-Sr@(hefera theammoe ehermmadyndmically stable
U-SrCQ; polymorph signifies that it is a kinetic product, and indétsogradual transformation to
USrCQs after scan 30 can be seen. By the conclusion of segment 3, all of the RP phase had been
consumegdand what remained was a nearly equimolar mixture of MnO and Si&anwhile,
the change in the unit cell volumes of the reactipgcies (Figurd.33(F)) provides additional
insight. Specifically, we see that:BnO4.;undergoes expansion until plateauing at scam .
volume expansion is the consequence-sit&reduction (MA"7#*Y  M#H®*) increasing the Bite
cation ionic radiué* and releasing interstitial oxygen. While the reduction of ts#&Mn cation
continues until MnO nucleates, we see thatbleme expansion ratramatically decreases as
SP* cations migrate out of the bulk to form SrO on the surface. The simultaneous unit cell volume
expansion from reduction and contraction due to the removaPbt&unteracts each other and

leads to the observed equilibrium.
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Figure 4.3.4.(A) First three synchrotroim situPXRD scans of segment 5 during oxidation under
30% QJ/Ar at 85GC, revealig the immediate oxidation of MnO and onset of perovskite phase
regeneration(B) Synchrotronn situ PXRD patterns corresponding to scar&0lof segment 5 of
SrMnGs. (C) Phase composition (wt.%) vs. tin{®) Normalized unit cell volume evolution ([€V
Vo)l Vo] DAY vs. time. Each scan corresponds to an acquisition timenohdte Refinement

error bars are smaller than symbols.

The regeneration step (segment 5), conducted WB@ér Q/Ar at 83eC did not follow the

reverse pathway observed from segment 3. Rather, as FHBAE) shows, MnO is quickly
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oxidized to either the tetragonal spinel phase®rfl41/amd or the orthorhombic Brownmillerite
phase SrMn@s (Pbam) and subsequently the hexagonal perovskite SrMirdom Figure
434B) it i s e vSr@oepeaks remaia visible &nd tha complete regeneration to the
original hexagonal perovskite phase did not occur. From the phase composition evolution in Figure
4.34(C) it is apparent that once M4 forms from initial MnO oxidation, it remains a stable phase
throughout the remainder of the oxidation step. Therefore, two parallel regeneration pathways
exist: one in which reduced MnO oxidizes to the stable spinel pRaset{on 10), and the other
where SrC@decarbonates and reacts with MnO to form the BroiVerte phase Reaction 11).
Oxidation of the Brownmillerite phase finally returns to the original perovskite pResetjon

12).

o-1/-/ ©-11 (Reaction 10)
-171 30# -1 03015 # (Reaction 11)
30-/1g -/ 03041 (Reaction 12)

While from a practical standpoint, the incomplete regeneration of the perovskite and
decarbonation of+SrCQsis an undesirable outcome, it should be noted that TGA experiments
reported in Section B.(Figure4.31(C)) under the same gas composition and temperature affirm
that complete reformation to the perovskite phase in an isothermal regeneration is poskible
that its failure to do so in thiea situ cell is an experimental artifadlonetheless, tracking the
evolution of the unit cells over time for the species undergoing oxidation reveals that the early
formation of the perovskite phase Srivgi®accompanied by a significant lattice expansion due

to oxygen incorporation. This initial swelling is followed by aidapontraction as oxidation of
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Mn leads to a decrease in its ionic radius, stabilizing the lattice struttuegms of facile CQ@
release, the dynamism of the unit cell volume during the regeneration/decarbonation (Figure
4. 3.4(D)) may contribute to the perovskiteds
Specifically, the steady increase in tlidume of the Brownmigrite phase up to a ~1.5% increase
is comparable to that witnessed -GaSiOimhd@- t he p
CaSiOy reported by Zhao etl.#3, they attributed to the improving cyclical G@apture
performance of CaO. Itis conceivable, then, that the volume changes during the regeneration could
improve CQ release by preventing thegration of carbonate grain boundaries.

Increasing the Fe molar amount r eadtvatedGQ@ t he m
sorbent. Laboratoryn situPXRD patterns collected at 8&Dreveal changes in structural evolution
due to varying Fe molar concentrations in thsit®. A 12.5% Feoncentration (Figurd.35(A))
results in complete conversion to a 1:1 ratio of Sy@@l MnQ By the fifth scan, the (111) and
(021) piSEdeans the(200)End (220) planes of MnO become apparent and continue to
increase in intensity until the intermediate RP phase has been complet&iynearSFM-853
(Figure4.35(B)) formed a stable n =2 RP phaSeMn2xFeOr.i (14/mmn) that resisted further
reduction, the same phase identified in the{§&A XRD patterns shown in Figure @/hile the
same maj or f ami-3rCCeasd Mn® appedaraantiee Same tneSA4B-817, their
intensity plateaus by the twelfth scan while the (105), (110),)(20@ (215) planes of the n = 2
RP phase remain stable throughout the segniuime SrFe@y was essentially inert to the
simultaneous reduction and carbonation environment and maintained its cubic structure

throughout the entirety of the segmefiglureC6).
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4.3.3.SrMnG; Phase Transition Energy Landscape and Thermodynamic Consequences of Fe
Doping

The DFTcalculated energy landscape of the Sridr€luction phase transitiordiscussedn
Section4.3.2, is shownin Figure4.36 andsummarizedn Table 1.In the reduction pathway, the
only endergonic step is the final reduction ofMitIOsst 0 Sr O and MnO ( G =
consistent with thén situ PXRD results in Sectiod.3.2 (Figure4.33(E)), where this step was
identified as the slowest. The <con2irVviknt car
potentially supplying heat to drive the endothermic reduction ®Mi80ss( qpH = 0. 02 e V) .
energy compensation suggests that the exothermic carbonation may facilitate the fullmmeductio
SrMnOs., thus rendering the overall conversionSsMnQO; to SrTCQ and MnO both exergonic
(G337 eV) and e3d0daVh Motahty, the stemphith the largest decrease in
G occurs dur i ngvunOhte SeMeOdiantdi dvim Oe0f850eks), atigning
with in situ PXRD observations that $1n.O~.;is a transient intermediate detected only briefly.
From a structural standpoint, the thermodynamic barrier imposed when reducing monoclinic
SrMnOs.; could be partially attributed tie significant change in Sr coordination number (CN)
from a mixture of CN = 9 and 12 in the n = 1 RP phase to purely CN = 6 in the cubic rock salt

structure of SrO.
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Figure 4.36. The DFT-calculated Hreduction energy landscape of SrMin®or simplicity, the

stoichiometry of the reacting species is not balanced. The complete list of stoichiometrically

bal anced intermediates with corrd8%ponding @Gs

Following our TGA andin situ PXRD observations of the impact &fe-doping on redox
behavior and reaction pathway, wea |l cul at ed the ther modynamic
introducing12.5mol.% Fe to the Bsite of SrMnQ. For simplicity, we assumed the same phase
transition pathway and structures as illustrated in Figu8®&. The addition of even 12.5% Fe
alloying in the Bsite causesth@yG f or t he reduction of the n =
by 53 and 38%, respective{fable4.31). Thisis consistent with our XRD findings that the-

doped samples formed stable RP intermediates that resisted further reduction.
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Table 4.31: DFT-Calculated Thermodynamic Quantities for Key Reactions in the
SrMn 1xFexOs-4 Reduction Pathway

[RI 't qWART efqRYUWaqYW7! Ys 08 R{iCIAIER q lIé
SrMnO; — SrMnO, 5 + (1/4)0, ME T MD >
___________________________________ SrMnO; + (1/2)H,> StMn0O,5 +05H,0 | VD & lgvd O]
EURYUT WA DT BAAR Y O Wa ¥ WO W
SrMnO, s — (1/3)Sr3Mn,0¢ + (1/3)MnO + (1/12)0, MO N U M® M
o oo ammmemmm StMnO, s + (1/6)H, > (1/3)Sr3Mny06 + (1/3)MnO + (1/6)H,0 [ | AMUIN I M T |
NERIT WADT IaNKIARY Ul Y WO W
Sr3Mn, 06 — (3/2)Sr,Mn035 + (1/2)MnO + (1/8)0, MO T LU gVl X
Sr3Mn,0¢ + (1/4)H,— (3/2)Sr,Mn0; 5 + (1/2)MnO + (1/4)H,0 Vo P LU pMD M
Sr3(Mng g75Feg.125)206 = (3/2)Sr;Mng g75Feq 125035 + (7/16)MnO + (1/16)Fe0 + (1/8)0, M O I gV T
... Srs(Mngg75Feq125)206 + (1/4)H, = (3/2)ST;Mngg75F€q 125035 + (7/16)MnO + (1/16)Fe0 + (1/49)H,0_ | | MO P I gviD = |
[ RUO¢c O WART eettlBY Ullq Y WE I § W
Sr,Mn0s 5 — 2Sr0 + MnO + (1/4)0, =0 NON
Sr,MnOs 5 + (1/2)H,— 2SrO + MnO + (1/2)H,0 MR P 10 MU=
Sr,MnggssFeg 125035 = 2Sr0 + (7/8)MnO + (1/8)Fe0 + (1/4)0, NE N U NOY
Sr,Mng g,sFeg 12503 < + (1/2)H,— 2Sr0 + (7/8)MnO + (1/8)Fe0 + (1/2)H,0 M8 I I MBI ©

4.4. Discussion

In this Chapter, we havdemonstrated the efficacy of perovsksteuctured, redeactivated
CO, sorbents for SESMR achieving excellent Hpurity (92% on a dry basis) and a hight €Ok
ratio (7.9). Thefutureof using perovskitestructured oxides for sorption enhancement applications
hinges upon refining higthroughput, DFfbased screening methods with a revised understanding
of potential norequilibrium intermediates and the sensitivity of redox behavior tdatrssucture
and Bsite valence. Exemplified for th8rMn.xFeOz.4 system, we have shown that through a
detailed characterization of the phase transition pathway, the impaegit# @oping can lead to
counterintuitive behavior when reduction and carbonation coincide. While it may seem logical to
favor a Febased cubistructure (i.e., SrFefd) for redoxactivated sorption enhancement, we have
demonstrated with our TGA experiments and subsecuesituXRD analysis that C&can act as
an oxidizing agent and prevent the necessary cascade of phase transition$oneadednation.
Determination of the phase transition pathway via synchrotron and labebateegin situ
PXRD allowed us to identify two RP phases as key intermediates. For undoped sStheO

reduction of monoclinic n = 1 RP phaseMnO4.; (p21/c) is the ratedetermining step and was
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verified through DFT ®@G calculations to be th

pathway. However, with increased-&ioying into the Bsite, the reduction of tetragonal n = 2 RP
phaseSrMn2xFeO7.u (14/mmn) becomes the stable naquilibrium intermediate that hinders
complete conversion. DFT also substantiated this observation, indicating that even as little as 12.5

mol.% Fe in the Bsiteincreaseshe G fteducingthe n = 2 and n = 1 RP phases by 53 and

38%, respectively.



10.

11.

12.

13.

14.

15.

16.

17.

124
REFERENCES

Lubitz, W., and Tumas, BHydrogen: An OverviewChemical Reviews, 2007L07: p.
3900-3903.

Voldsund, M., Jordal, K., and Anantharaman,HR/drogen production with C{rapture.
International Journal of Hydrogen Energy, 204§9): p. 49694992.

Ji, M., and Wang, JReview and comparison of various hydrogen production methods
based on costs and life cycle impact assessment indicatesnational Journal of
Hydrogen Energy, 20246(78): p. 3861238635.

Harrison, D.P.SorptionEnhanced Hydrogen Production: A Revidwd. Eng. Chem.
Res., 200847 p. 64866501.

Sikarwar, V.S., et alRrogress in irsitu CQ-sorption for enhanced hydrogen production.
Progress in Energy and Combustion Science, 20R2.

Fennell, P.S., et alThe Effects of Repeated Cycles of Calcination and Carbonation on a
Variety of Different Limestones, as Measured in a Hot Fluidized Bed of Eaadyy &
Fuels, 200721(4): p. 20722081.

Maya, J.C., et al.Effect of the CaO sintering on the calcination rate of Ca@Q@der
atmospheres containing GOAIChE Journal, 20184(10): p. 36383648.

Tian, X.K., et al.,Sintering mechanism of calcium oxide/calcium carbonate during
thermochemical heat storage proceSeemical Engineering Journal, 20228

Dunstan, M.T., et alCO, Capture at Medium to High Temperature Using Solid Oxide
Based Sorbents: Fundamental Aspects, Mechanistic Insights, and Recent Adviaeces.
Rev, 2021121(20): p. 1268112745.

Xie, M., et al.,Sorptionenhanced steam methane reforming by in situ €&pture on a
Ca(O CagAleO1s sorbent.Chemical Engineering Journal, 20PBD7-208 p. 142150.

Wu, S.F. and L.L. Wandmprovement of the stability of a Z#@nodified Ni nanoCaO
sorption complex catalyst for ReSER hydrogen productioternational Journal of
Hydrogen Energy, 20135(13): p. 65186524.

Armutlulu, A., et al., Multishelled CaO Microspheres Stabilized by Atomic Layer
Deposition of AlOs for Enhanced C@Capture Performanceddv Mater, 201729(41).
Zhao, M., et al.A novel calcium looping absorbent incorporated with polymorphic spacers
for hydrogen production and GQ@apture.Energy Environ. Sci., 2014(10): p. 3291
3295.

Dang, C., et al.A bi-functional Cd CaG Car2Al14033 catalyst for sorptiorenhanced
steam reforming of glycerol to higdurity hydrogenChemical Engineering Journal, 2016.
286 p. 329338.

Dang, C., et al.,Calcium cobaltate: a phasehange catalyst for stable hydrogen
production from bieglycerol.Energy & Environmental Science, 2018(3): p. 660668.

Gu, H., et al.Ce stabilized NiSrO as acatalytic phase transition sorbent for integrated
CQO, capture and CH4 reforminglournal of Materials Chemistry A, 202X6): p. 3077
3085.

Wang, Y., et al. A review of CQ sorbents for promoting hydrogen production in the
sorptionenhanced steam reforming procekgernational Journal of Hydrogen Energy,
2021.46(45): p. 233583379.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

125

Brody, L., et al.,PerovskiteBased Phase Transition Sorbents for Sorp&mmanced
Oxidative Steam Reforming of Glyce®CS Sustainable Chemistry & Engineering, 2022.
10(19): p. 64346445.

Brody, L., et al.,Sorptiorenhanced steam reforming of toluene using multifunctional
perovskite phase transition sorbents in a chemical looping schiugal of Physics:
Energy, 20235(3).

Cai, R., et al.High-throughput design of complex oxides as isothermal, radtxated
CO, sorbents for green hydrogen generati@mergy & Environmental Science, 2024.
17(17): p. 62796290.

Laboratory, I.N.HTGR Integrated Hydrogen Production via Steam Methane Reforming
SMR Economic Analysis2010.

Spath, P.L., and Mann, M.KLjfe Cycle Assessment of Hydrogen Production via Natural
Gas Steam Reforming001, National Renewable Energy Laboratory.

M. Johnson, a.P.LHandbook of Magnetism and Advanced Magnetic MaterealsJ.W.a.
Sons. 2007.

Ragrmark, L., March, A.B., Wiik, K., Stalen, S., Grande, Hnthalpies of Oxidation of
CaMnQ.i, CaeMnOs, and SrMnQ@-Deduced Redox Propertie€hem. Mater., 2001.
13(11): p. 400%4013.

Mizutani, N., Kitazawa, A., Ohkuma, N., and Kato, Bynthesis of stronittimanganese
double oxidesThe Journal of the Society of Chemical Industry, 19306): p. 10971103.
Vieten, J., et al.Redox thermodynamics and phase composition in the systemzSdFeO
SrMnG.i. Solid State lonics, 201308 p. 149155.

Hemery, E.K., G.V.M. Williams, and H.J. TrodalAnomalous thermoelectric power
i nSrFeO31ufrom char ge o Phgcal Revigw B 20075pP)h a s e
Manimuthu, P. and C. Venkateswargnjdence of ferroelectricity in SrFe®.;Journal of
Physics D: Applied Physics, 20145(1).

Shannon, R.D.Revised Effective lonic Radii and Systematic Study of Inter Atomic
Distances in Halides and ChalcogenidAsta Cryst, 197632

RodriguezCarvajal, J.Recent Developments Of The Program FULLPRi@RNewsletter

of the Commission for Powder Diffraction of the IU2001. p. 1219.

Kresse, G. and J. Hafnékb initiomolecular dynamics for liquid metaRBhysical Review
B, 1993.47(1): p. 558561.

Kresse, G. and J. Hafnehb initiomoleculardynamics simulation of the liquithetal
amorphoussemiconductor transition in germaniufhysical Review B, 199419(20): p.
1425214269.

Kresse, G., Furthmuller, Efficiency of abinitio total energy calculations for metals and
semiconductors using a plameave basis selComputational Materials Science, 1996.
6(1): p. 1550.

Kresse, G., Furthmdller, JEfficient iterative schemes for ab initio to&hergy
calculations using a plan@ave basis sePhysical Review B, 1996&4(16): p. 11169
11186.

Blochl, P.E.,Projector augmentetvave methodPhys Rev B Condens Matter, 1994.
50(24): p. 1795317979.

Kresse, G., Joubert, OFrom ultrasoft pseudopotentials to the projector augmentade
method Physical Review B, 199%9(3): p. 17581775.

S \



37.

38.

39.

40.

4].

42.

126

Perdew, J.P., Burke, K., Ernzerhof, i&eneralized Gradient Approximation Made
Simple.Physical Review Letters, 1996/(18): p. 38653868.

Hautier, G., et al Accuracy of density functional theory in predicting formation energies
of ternary oxides from binary oxides and its implication on phase stabihtysical
Review B, 201285(15).

Jain, A., et al.A highthroughput infrastructure for density functional theory
calculations.Computational Materials Science, 2050(8): p. 22952310.

Togo, A. and I. Tanakdirst principles phonon calculations in materials scierfsexipta
Materialia, 2015108 p. 15.

Togo, A.,First-principles Phono Calculations with Phonopy aPldono3pyJournal of

the Physical Society of Japan, 2023. p. 012001.

Wang, X., et al.High-throughput oxygen chemical potential engineering of perovskite
oxides for chemical looping applicatiortsnergy & Environmental Science, 2022(4):

p. 15121528.



127

CHAPTER 5. Kinetic Modeling of Redox-Activated CO2 Capture by Perovskitestructured
SrixAxMnOs (A = Ba, Ca)

Leo Brody*, Anthony Vallacé, Casey Killmel*, Kunran Yang, San Portillo', Ryan P.
Lively?, Christopher W. Jonésand Fanxing L}
! Department of Chemical and Biomolecular Engineerimyth Carolina State University,
Raleigh, NC 27695905 USA
2 School of Chemical and Biomolecular Engineering, Georgititiite of Technology,
Atlanta, GA,30332, USA
Z Cofirst authors

The work presented in this Chapteas supported by the U.S. Department of Energy Office of
Energy Efficiency & Renewable Energy (No. EE0008809) #mel U.S. National Science
Foundation (CBET1923468). XRD and XPS measurements were performed at the Analytical

Instrumentation Facility (AIF) at North Carolina State University, supported by the State of North

Carolina and the National Science Foundation.



128
Abstract

Despite the ubiquity of perovskite oxides in the chemical looping literatelegively few have
attempted to model their reaction behavior beyond empirical riibtiied approaches for simple
reductions where no phase transitions are expettad.Chapter presents a kinetic analysis of
Sro.875A0.129VIN03 (A = Ba, Ca)reduction under Hand subsequent carbonationSu s7sA0.120 in
H2/CO,. The three perovskites shared a common ptR&#nimg and reduction pathways, with
the reduction of am = 1 monoclinic RuddlesdeRopperphase(Sro.s7520.1292MnOs  (P21/C)
intermediate as theatelimiting step. Redox behavior decreased with largesitA cations, while
CO, uptake was amplified-2 times by Ca or Ba doping. Kinetic parameters for the reduction
steps were obtained v@anpirical gassolid model fitting followed byArrhenius analysis, revealing
approximatefirst-order dependence onHbr all samplesFor carbonation, CQdiffusion was
rapid but required model adjustments to reflect observed trévidshanistic models were
developed based on thk&D-revealedghase transition pathwand physical characteristics of the
systemThe results of thegaodels indicated thahetwo reduction steps and the carbonatiare
reactionlimited, unaffected by ® o  diff@s@n. Despite simplifying assumptions, this study
lays a foundation fomore rigorouduture kinetic modeling
5.1. Introduction

Thermochemical conversion of biomdsased feedstocks via steam reforming or gasification
is an attractive strategy for valorizing biodegradable residues and for prodeciegable
chemical8. Syngas produced from these methods can be combusted for energy or upgraded into
liquid hydrocarbons by way of the FisckEmopsch proce$3. For the latter route, energytensive
separations downstream of the biomass reactor, such ae@0val, are necessary to condition

the syngas prior to chemical synthesis. Sorption enhancemernit {B&)se of solid sorbents to
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capture CQin situi can improve the Hquality of the syngas producd&d, however, irreversible
particle sintering during the higiemperature decarbonation step severely reduces the sorption
capacity of most commonly used alkaliearth metal oxides after repeated cycélhgl The most
prominent sintering mitigation methods include decreasing the sorbent particl¥!, size
incorporating inert physical spacéfy and designing materials capable of reversible phase
transiton§4, or fAphasesoboraestso.

We haveshown in the previous chaptdhat A-and Bsite doped perovskistructured oxides
(A1xA'xB1yB'yO3) act effectively as redeactivated phase transition sorbents in various
processes, including SE steam reforming of gly&&tahd toluen&®, as well as isothermal steam
gasification of woody bioma&§. While they may first appear as unlikely candidates fop CO
sorbents given their low surface areas (on the orddrM?T!) and relatively modest GO
gravimetric uptake capaciti¢s0.1-0.3 g-o20mo™), perovskites exhibit higthermal stability and
redox activity which enables them tperform cyclically without appreciable loss of sorption
capacity*®2%. They can betuned via Aand Bsite doping to perform cyclically without
appreciable loss of sorption capacity. The perovskite sorbent becomesaotidaked in a
reducing environmente(g., under B CiHy, or GHyO;), where it releases its lattice oxygen to
partially or completely oxidize the feedstock, thereby initiating a phase transition to reduced B
site metals/metal oxides andsite oxides (Reaction 1). The newly formeesite oxides then
carbonate in the presee of CQ, achieving the desired sorption enhancehedéfect (Reaction 2).

In the subsequent regeneration/decarbonation step, gaseasisnoducedto reoxidize the
reduced Bsite metals and to decarbonate thesi#® carbonates (Reaction Jjhis oxdative

regeneration is a unique benefit of redmtivated sorbents since theguilibrium of the
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decarbonatiomeactioncan be induced bgshiftin partial pressure dd.. Although, aemperature

swing is sometimes necessary depending on the compositiemaékite sorbent.

rYy (ov /"1 (1 (Reaction 1)
'/ #1101 # (Reaction 2)
b#/l "l -/ o1 #l (Reaction 3)

While numerous promising perovskiséructured sorbent families have been identified and
demonstrated for SE at high temperatures, in particsiaBaMnOs*"!, no mechanistic or even
empirical kinetic models have yet been put forth in the literature capturing their dynamic phase
behavi or . To the authorsé knowl edge, t he onl
mechanistic soligstate models for perovskite oxitb@ased chemical looping applications have not
yet incorporated SE as a component. For example, Sarshar and Kaliaguine attempted to model the
reduction kinetics of LaMng@and LaMnQ@mSiQ for the chemical looping combustion (CLC)
of methanBY. They first fit two classical gasolid kinetic models to their CLC kinetic data
obtained from a minfluidized bed reactor: (1) the nucleation and nuclei growth model (NNGM),
also known as the Avrantirofeev model, ad (2) the unreacted shrinkikugpre model, alongside
an ion diffusion model they derived, assuming oxygen diffusion as thiemétiag step. However,
in these models, reduction beyond the Brownmillerite phase (LaNJnzas not considered, and
thereforeit was assumed that no phase change(s) resulted in major changes in density and lattice
parameters throughout the oxygen release. More recently, Tian et al. adopted an entirely empirical
approach to develop gaslid models and obtain kinetic parametersheir investigation of the
impact of NaWO4 promotion onCaMmn.oFe.103 performance for chemical looping oxidative

dehydrogenation (GIODH) of ethane to ethyleR&. Even if these empirical raféting
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procedures may not provide phenomenological explanations for the underlying science of the
chemical looping schemes they seek to investigate, the kinetic parameters they obtain can be used
for more rigorous andolistic reactor modeling, as demonstrated by Cai et al. in their numerical
model of a heterogenous @DDH packeebed reactor using NBIoOs-promoted
CaMnoTi0.1042%. However, more sophisticated mechanistic models incorporating phase
transitions and dynamic diffusion coefficients are essential for optimizing SE schemes.

Similarly, kinetic models for C®sorption in the literature may be classified into two
categories: empirical model fitting exercises or more physfcsmed approaches where the rate
determining step is linked to observable phenomena intrinsic to the sorbent. In the latter category,
Vallace et al. recently developed a reactiiffusion shrinking core model describing the self
limiting diffusion of CQ in lithium ceramic sorbernf! and supported amine sorbéfiis based
on a model first proposdaly Yagi and Kunrf®! and elaborated on by Ishida and \W€nThis
model allows for a changing diffusion coefficient as a function of conversion, which more
realistically captures the effect of the continuously changing chemical composition and structural
environment during sorption. By employing the changing diffa coefficient approach, Vallace
et al. were able to correlate the observed decrease md@@sivity with physiochemical
phenomend crystal structure in the case of lithium orthosilicatepon* and morphology in
the case of PEI sorptiBf. In other words, mechanistic models can distinguish between the purely
kinetic behavior of the sorbent (i.e., the kinetic rate constant k) from its transport properties as
embodied by the initial diffusivityq ) and the effective diffusivityy ).

In this Chaptey we endeavor tanodel the reduction and carbonatkineticsof an idealized
SE scheme using a simulatedaction environmenand Thermogravimetric Analysis (TGA)

considering the complete phase transitions of a Srre@ovskite sorbentia both an empirical
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and mechanistic approacie further consider the effect ofalcium and barium dapg on
SrMnG; kineticsfor thereduction and carbonatigeactionsn anSE scheme.

5.2. Methods

5.2.1.Synthesis

The perovskite materials were prepared using a ssilde reaction method described in our
previous publicatiof’! and in Chapter 4Briefly, Sn.AMnFeQ.s (A = Ba or Ca) was prepared
using stoichiometric amounts of Sre@sigma Aldrich, >99.9%), BaO (Thermo Scientific,
>99.5%), CaC® (Sigma Aldrich, >99%), Mn@ (Materion, >99.9 %), and (Noah Chemicals,
>99.9%) were added in a 5 ml Teflon vial and then mixed with 2 mm ytstatlized ZrQ balls
with a mass ratio of 1:5. Approximately3@mL ethanol (Fiker Scientific, CDA 19 (Histological))
was further added. The mixture was bmalilled at 1200 rpm for 3 h using a higimergy ball mill

(Vivtek Instrument: VBMV80). The resulting wet slurry was ovened at 130C and then
calcined under flowing air at 1180 in a tube furnace for 10 h to form the perovskite structure.

The ramping rates fdreating and cooling steps were all set® 8 mit n

5.22. Characterization

Ex situ X-ray diffraction (XRD) was carried out using a Rigaku SmartLalaydiffractometer
(BraggBr ent ano geometry) with Cu KU (& = 0.1542
Ascanningrangeof165e (2d) with a st 8ps aeazhestepowlasuBedO 5 ¢
to generate the XRD patterns. Additional laboratoaged in situ XRD was conducted with an
Empyrean PANalytical di ffractometer wusing Cu
scanningrangeof 16 5e¢ (2d) wobf hOaO8¢epobkdirg for 0.4

generate the XRD patterns.
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Rietveld refinement for phase composition quantification and lattice parameter estimation was
performed using the FULLPROF progidth The profile function 7 (T
pseudeVoigt convoluted with axial divergence asymmetry functfShwas used in all
refinements. The instrumental parameters and Caglioti factors needed to define the resolution
function of the diffractometers were obtained from the structure refinement of eastaai®lard
(NIST). The weight fractionV; of the ith in n mixture of crystalline phases is calculated by

Rietveld refinement according to

(Equationl)

where3 is the refined scale factor of the phaseis the number of formula units per unit cell,
- is the molecular mass of the formula ufit,is the refined unit cell volume, ar@ is the
Brindley particle absorption contrast faét®dr The sum of the weight fractions is constrained to
100% by assuming that the samples contain negligible amounts of amorphous phases.

X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Analytical Axis Ultra
XPS spectrometer usi ngaysourceoEmssion anpenaye and tendion K U
were set at 10 mA and 15 kV, respectively, and charge neutralization wasdedabhg sample
acquisition. For each sample, a single survey scan was performed in the rafi00fe)/ with
a pass energy of 160 eV, step energy of 1 eV, and dwell time of 200 ms. Fozdogltion region
scans, 5 scans were performed for each aleofenterest with a pass energy of 20 eV, step energy
of 0.1 eV, and dwell time of 500 ms. CasaXPS was used to analyze the resulting spectra, with
corrections for surface charging made by adjusting the adventitious C 1s peak to 284.8 eV.
Scanning electron microscopy (SEM) micrographs and erdigpersive Xray spectroscopy

(EDS) generated elemental maps were obtained on a SU8700 (Hitachgnfilslsion scanning
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electron microscope with an acceleration voltage of 15 kV. The powder samples were first
mounted on doubisided carbon tape and coated with an Au film.

Temperaturgorogrammed reduction with hydrogen »ffPR) was conducted in a
Micrometric€ AutoChem Il instrument equipped with a thermal conductivity detector (TCD). For
each experiment, ~40 mg of material was used. The sample was then rampe®ant@inder
5% Hp/Ar to 100@C and held at temperature for 20 min before the final cool down.

5.23. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of theerovskite powders in reducing/carbonating and
oxidizing/decarbonating environments was performed using-tn$thument SDTQ650. For each
experiment, ~40 mg of perovskite partickesresieved to a diameteA() of 7590 um were used
unless otherwise specified. The timed injections of reduciny @drbonating (Cg), inert (Ar),
and regenerating (Pgasses were automatically coordinated using LabVIEW software (National
Instruments) to open/close valves, and FlowVision software (Alicat Scientific) to remotely change
Alicat mass flow meter settings. The TGA experiments were conducted using eithateskpa
reduction and carbonation steps or a combined reduction a carbonation process. In both cases, a
temperatureamp of 1@Cnin™ under a flow of 200 SCCM of Ar was applied to bring the system
to the target temperature of &) where it was allowed to equilibrate for ~10 min. For the separate
reduction and carbonation steps, 20%Af was injected until the perovskite was completely
reduced and its weight stabilized. Subsequently, a 2:1:7 ratige@OHAr was injected for >3 h,
allowing carbonation to reach its full extent. In the combined reduction/carbonation experiment,
the initial reduction step was omitted; instead, the 2:tio of H:COz:Ar mixture was directly
injected until full carbonation was achieved. The extent of carbondi@) for O O whereO

is the time of carbonation onset is defined in Equation 2:



135

80 6 —— (Equation?)

wherel s the initial masd, is the mass at the tin@@andi  is the mass corresponding to the
maximum extent of carbonation based on the stoichiometry from reaction 1: | i

[ . In other words, total carbonation results in a final mass equivalent to adding one mole of
carbon (C) and one mole of oxygen (O) to the initial mass of the perovskite (assuming an initial
nonstoichiometry of zeroy ).

5.24. Empirical Model Development

For the empirical modeling approach, the rate of ssiide reaction is expressed by Equation
3:

— EAT OB ¢y (Equation 3)
where,Q is the preexponential (frequency) fact¥s, is the activation energy, T is the absolute
temperature, R is the gas constaH, is a function of the partial pressure of the reducing gas

(H2), andC is the differential form of the gasolid reaction model as a function of the

conversion fractiony. For a gravimetric measuremepts defined by Equation 4:

;10 060 —— (Equation 4)

where,| is the initial mass], is the mass at the tin@andi is the final mass. In this study,
we make the common assumption tAAt takes a power law forn@@ . Therefore, Equation 3

can be reexpressed as:

— E ¢y (Equation 5)
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where, E EA— @ E4 D is the apparent rate constant a@d is obtained by

fitting the experimentally collected data-ef—— to 14 gassolid model8! listed in Table D1 in

Appendix D.with the corresponding residual sum of squares (RBS U /A&7 )value and
E listed for each fit. Th&€ | model with the lowest RSS across the entire temperature range
as well as possessifiy  values that trended positively wihwere selected for each reduction
step. Reductions of ~40 mg of perovskite powders (76 < 90 um) were carried out at three
different temperatures (825, 850, and €7bat fixed0 = 0.2 atm, and at three differedt
values (0.05, 0.1, and 0.2 atm) at fixed T =@ rrhenius plots of the derived settof values
were used to estimate the (kJ-moft) andE (s?) for each reduction step as shown in Equation
6.

1 1E —3 1 1ED (Equation 6)
The partial pressure reaction orderwas found by fitting a linear curve to a logarithmic plot of

E vs.0

1 1E Taio 1 TEA— (Equation 7)
The carbonation models could not be easily fit to a linearespdhtion and thus, the kinetic

parameters were determined bynimization of the log RSS using Excel Solver.

5.24. Mechanistic Model Development

For the mechanistic model development, we condlteonedimensional diffusion of oxide
anions (&) within the sorbent particle during the perovskite reductionthadlD downward
diffusion ofgaseous C@into the sorbent particle duririgecarbonationThe system boundary is
defined as a single crystallite of the perovskite powder with its length scale providebgrimge

crystallitedomainsize obtained from Rietveld refinement of a laboratory XRD pattern of SsMnO
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In this model, we consider the crystallite to be isotropic and diffusion to be 1D, but in physical
reality, the crystallite is likely anisotropic, and diffusion will occur in all three spatial directions.
The concentration of diffusing species throug!
the diffusivity is a function of the crystallite structure and composition.

The approach to modeling the overall conversion ofAMnOzto SnxAxCOzand MnOwas
divided into threedistinct modek, where the reductioand carbonationreactions were treated
separately. The reduction process itself was further subdivided into two Isteither case, the
strategy is to numerically solve a system of partial differential equations (PDES) uspugpe
function in MATLAB to obtain the diffusivity vs. conversion profile and the model conversion vs.
time TGA curve. The fundaemtal mass balance of diffusing spedigée., & or CQ) that
contains the flux term and serves as the input to the PDE numerical solving algorithm is given by
Equation 8For the carbonation step, the Craxicolson method was adoptednumerically solve

the PDEs

— $ — (Equation 8)

The source term (reaction rate expression) is nested within one of the boundary conditions
since no consumption or generation of @ CQ: ions is assumed to take place within the
crystallite. The reaction rate expression is assumed to follow an overall stoichiometric rate law,
with the concentrations of reactants raised to their respective stoichiometric coefficients. To
account for gas mirg effects in the TA furnace after the gas injection, the bulk concentration of
reactive gas species (i.elz) is dynamic with time. The dynamic gas phase concentration of 20%
Ho/Ar, 10% CQJ/Ar, and a 2:1:7 ratio of HCOz:Ar at the outlet of the TA furnace was measured

at 85@C using an MKS Cirrus Il quadrupole mass spectrometer. These concentration profiles were
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fit to an exponential decay function (Equation &d thelsgnonlinfunction in MATLAB was
used to fit the gas mixing parameter ( ) (see Figuré1). A complete discussion of the auxiliary

conditions is presented in Sectib53.4

# # 5 p A PO (Equation 9)

A major assumption of the mechanistic modethist the initial reaction occurs on the solid
surface, making the system reaction limited alhawing for the direct calculation of the reaction
rate constant. After the surface is covered in reduction products, fresh oxide anions must diffuse
from the bulk to the surface, giving a diffustbmited regime. The model outputs the apparent
reactionrate constantH ) for each reaction specified in the boundary conditions as well as the
diffusion coefficients. The reaction rate constant should represent the intrinsic chemistry of the
gassolid reaction under consideration and not be coupled with transport phendrhemaaction
rate constant is solved using Equations 10 and 11, where the maximum rate of conversion versus
time is extracted from the data. Nakatif bulk gas mixing is instantaneous, the maximum rate

occurs at the first time point.
O | Aa- (Equation 10)
E — (Equation 11)

5.3. Results
5.3.1. Perovskite Bulk Crystalline Structure and Redox Behavior

A combination ofex situandin situ bulk characterizations via XRD revealed the phase
transition pathway of the pure and-Bad Cadoped SrMn@ perovskites. The XRD patterns of
the freshly synthesized powders for SrMredd Sro.875A0.129VIN03 (A = Ba or Ca) are shown in

FigureD2. All three perovskites adopt the same 4H hexagonal strifé@Rés/mmq with slight
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lattice expansion observable only in the@®mped sample owing to its large ionic radiGs

ppp O pg 1 O p® TV ) Starting with the undoped variant, Figure 1 presents

the characterization results corroborating the approximate phase transition pathway of &rMnO

a reducing environment. A simple temperature ramp of SeMn@er 20% HAr in the TA

furnace reveals three major inflection points following the initial oxygen release, indicating phase
transitions at normalized wt.% (m(t)fhnvalues of 96.8%, 93.8%, and 91.5% (FigGral(A)).

Previous investigations of-8rMnQ; have confirmed that the roetamperature oxygn non

st oi chi o imadgligiplé( therefore the bullaverage nolst oi chi ometry (U)
oxidation state can be inferred from the normalized wt. %. Reduction ceases at 91.5% wt. %,
corresponding to an e xBxsitnXRD patterns wetdleuecdrdeaneadh qpli )
phase transition by stopping the reduction at each inflection point, switching to 100% Ar, and
gradually cooling to room temperature, followed by immediate XRD analysis (Fg8uie(B-

E)). In this way, a simplified phagransition pathway can be parsed out, where Sevleduces

to a mixture of SrMn@y, MnO,andvarious stackings of Ruddlesdopper (RP) phases (e.g.,
SrsMn207.sandm-SrMnO4.i) before finally stabilizing to an equimolar mixture of SrO and MnO.

The ratedetermining step is the reduction of the monoclini&l RP phase SMnOa4. (p21/C) T a

stable intermediate that was identified maitu XRD to form during the reduction of the Bad

Cadoped samples as well (Figup8).
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Figure 5.3.1.(A) TGA-produced HTPR curve for SrMn@under 20% HAr with a 16:C-min't

ramp rate. Inflection points at 96.8, 93.8, and 91.5 wt.% signify phase trangiBelas Ex situ

XRD patterns of the samples at each corresponding inflection point denoted by the wt. % in the
upper lefthand corner of each panel. We note that in panel E, peaks corresponding toe&8mOH)
Sr(OH)»-2H,0 were identified suggesting that SrO hydrated when exposed to ambient moisture
upon removal from the TA furnacé=-H) SEM micrographs at 500 nm resolution for the fresh
perovskite (100 wt.% in the TGA curjehe intermediate =1 RP phase (93.8 wt.% in the TGA

curve), and the stabilized reduced products (91.5 wt.% in the TGA curve).

SEM images (Figurg.31(F-H)) taken of the SrMn&sample at various stages of the reduction
pathway (denoted by the wt. % from the TGAFPR curve in Figuré.31(A)) reveal a clear

increase in surface texturing with greater extent of reduction. Interestingly, bulk elemental
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mapping via EDS did not indicatgparenheterogeneity or longange cation diffusion (Figure
D4). Meanwhile, the neasurface ratio of the atomic percentages of Sr:Mn, calculated by
integrating XPS spectra as described in se&id12), at each reduction step showed little variance,
hovering around 0:6.7, except for the 91.5 wt.% sample, which had a Sr:Mn ratio of
approximately 3.0 (FigurB5). This heightened neaurface concentration of Sr may be owed to
the formation of hydroxides and hydroxide hgtes since SrO is highly basic and will react with
ambient moisture.

To evaluate the effect of Ca and Besi#e doping on the redox properties of SrMnO -FPR
experiments were conducted, with hydrogen consumption monitored via TCD to accurately
distinguish specific reduction events (Figbt82(A)). For all three samples, the largest reduction
event occurs first, which corresponds to the initial fast oxygen releasgst@?sh29ViNnOs.i ( U
0.36 for SrMn@). Two smaller, subsequent reduction events feg@0.12dMNOs.zand SIMNQ.
imay correspond to reduct i @5antdthentothe=1BP ghasea mi | | e
intermediaten-SMnOa4.. The final, highest temperature reduction event for all three materials is
the slower reduction afr SbMnOas.ito SrO and MnO, which manifests as the broadest peak. The
ordering of these events with respect to temperature indicate<C#uwping improves the
reducibility of the perovskite and reduces the temperature needed for the final reduction of the RP
intermediate, while Baloping shifts the reduction events slightly to higher temperatursgeA
doping will impact the extent of rsictural distortion, as measured by the Goldschmidt tolerance
facto O O O Mg O O whereO, O, andO are the ionic radii of the i@ld
coordinated Asite cation and Bite cations, and theféld coordinated oxide anion, respectively.
While all three materials exhibit a 4H hexagonal structure (t > Xjldpang slightly decreases the

tolerance factor ofi-SrMnQGsz from 1.041 to 1.035. This decrease in distortion has been shown by
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previous studies to correspondingly decrease the enthalpy of redfdéfiamd hence improve the
reduction kinetics. Baoping works in the oppositive directiani ncr easi ng t he

distortion (t = 1.048) and decreasing the ease of reduction.

0.08
bIE>%7 —— SrMno, bl'b | :
0'07j Sry g75Bg.12sMNO;4 : AT e H:o] RY U V9 ¢ | |f| YU¢ qF
o — Sr.875C20.12sMnO; I = Méto | ZHeSN M8 §o |
.06 - | 0 I = 3
5 | | 1
@ 0.05 ! !
= | 1
© 1 1 1
E, 0.04 1 1
» ] 1 1
o i 1 1
g 003 | |
" ooe] \ o
0.02 | |
J | 1
0.01 : :
1 I I NIBHP ¢
0.00 - ; . T ! !
200 400 600 800 1000
Temperature (°C)
EqNGH EqEGH = EqEGH
D b 100 — : g b?IjOOEG]‘NGH a SrC MO
= ~ W 4 i T0.875430.125MINU3
99 3 E__IG] E]m-l Um& Egl 99 D Kappstep1(s7') = 0.05 ——SrMnO,
98 LT & = 98|| | Kawpstept(s7)=0.05 Sro.75B30.12sMNO;4
97 i 97 3 kapp,stepl (571) =0.08
g ‘ =
3; 96 - 3 € 96
R Y E q B U S -8 £ 951 Kappstepz(s~1) = 1.2 x 1073
s ZE | SHU ewec 8 S woster ® I
E, 94 - ; = £ 941 Kappstepz(s™1) = 3.7 x 1073
93 1 Kappstepz(s™1) = 4.0 x 1073
92
~ _ 91 3 _ =
- ' NIHAP 94EHY ¢1 ! NIHAP OFEHY ¢
T T T T T = go . T T
0 1 2 3 4 5 6 0 200 400 600

Time (min) Time (s)

Figure 5.3.2.(A) H2-TPR profiles of Srs75A0.129MN0Os (A = Ba or Ca) under 5% 4#Ar. (B)
Separate reduction and carbonation of SrMaiB5@C. (C) the reduction at reaction temperature
can be considered as two elementary s{@ysComparison of steps 1 and 2 kinetics as a function

of A-site doping.

























































































































































