
ABSTRACT 

 

BRODY, LEO GRANT. Perovskite-Structured Oxides as Redox-Activated CO2 Sorbents for 

Sorption-Enhanced Cyclic Partial Oxidation Reactions. (Under the direction of Dr. Fanxing Li). 

 

The thermochemical upgrading of biorenewable feedstocks to high-value chemicals 

through steam gasification or reforming, followed by syngas conversion, is a promising strategy 

to achieve carbon neutrality in the chemical industry. However, conventional state-of-the-art 

thermochemical conversion processes face challenges in their commercial scalability due to the 

complex and energy-intensive downstream processing required to improve syngas quality. 

Specifically, CO2 separation using amine-based pressure swing absorption imposes considerable 

parasitic energy demands and high capital costs. Sorption enhancement is a process intensification 

scheme that overcomes these shortcomings by utilizing solid sorbents, such as CaO, to capture 

CO2 in situ rather than downstream of the reactor. Capturing CO2 during the conversion step offers 

at least three key advantages: (i) overcoming equilibrium limitations since CO2 removal drives the 

concurrent water-gas shift reaction towards greater H2 production, (ii) reducing the external heat 

requirement since the carbonation of the sorbent is exothermic, and (iii) minimizing or eliminating 

downstream shift reaction and CO2 separation steps, resulting in a simplified process with a higher 

H2:COx ratio in the syngas as well as improved energy efficiency. The primary obstacle hindering 

the commercial implementation of sorption enhancement is the irreversible sintering of the sorbent 

particles during the high-temperature decarbonation step. Sintering-induced loss of sorbent surface 

area results in a rapid loss of sorption capacity with each cycle, thereby preventing continuous 

operation and reducing the economic viability of the process.  

This dissertation presents a systematic study involving reactor demonstrations, rigorous ex 

situ and in situ characterization, and mechanistic kinetic modeling of perovskite-structured oxides 

as redox-activated CO2 sorbents capable of cyclic sorption enhancement reactions without loss in 



sorption capacity. Perovskite-structured oxides with the general formula ABO3-ŭ - where A 

contains an alkali or alkaline earth metal cation, B contains a transition metal cation, and ŭ 

represents oxygen vacancies - are highly tunable and thermally stable materials. While they have 

been widely applied in areas such as catalysis, air separation, fuel cells, and gas sensing, their 

potential for sorption enhancement has yet to be thoroughly explored. The central idea is to 

leverage the thermodynamic properties of perovskite oxides to avoid sintering as well as to 

improve energy efficiency. This is accomplished as follows: in a reducing environment, the 

perovskite releases its lattice oxygen, partially or fully oxidizing the carbonaceous feedstock and 

triggering a phase transition(s) that exposes A-site oxides (AO) to CO2, enabling sorption 

enhancement. During the decarbonation step, oxidizing gases are introduced to regenerate the 

perovskite structure and release the captured CO2, thereby creating a truly cyclical process.  

First, three examples of perovskite-based sorption enhancement are presented to establish 

the feasibility of the process at the bench scale: glycerol reforming using Sr1-xCaxFe0.9Ni0.1O3-ŭ 

(Chapter 2), isothermal toluene reforming using Sr1-xBaxFe1-yCoyO3-ŭ (Chapter 3), and isothermal 

steam methane reforming using SrMn1-xFexO3-ŭ. Then, the dynamic phase transition pathways and 

non-equilibrium intermediate phases of both the reduction/carbonation and 

regeneration/decarbonation steps of SrMn1-xFexO3-ŭ are revealed via Rietveld refinement of 

synchrotron-based in situ X-ray diffraction patterns (Chapter 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 curve-fitting approach and (ii) a mechanistic model derived from the 

fundamental mass conservation equation (Chapter 5). Finally, this dissertation will conclude with 

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



well as a brief proposal for a novel application of low-temperature, ferromagnetic perovskite-based 

sorption enhancement using induction heating to drive the phase transitions (Chapter 6).  
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CHAPTER 1. Introduction  

1.1. Climate Change Motivates the Need for Carbon-Neutral  Energy Production 

Anthropogenic climate change, driven by the unceasing emissions of carbon dioxide (CO2) 

and other greenhouse gasses (GHGs) into the atmosphere, poses an existential threat to the 

continued flourishing of humans and countless other species on planet Earth[1, 2]. The problem can 

be framed as a simple material balance: carbon contained in fossil fuels, previously trapped 

underground, is liberated via combustion to form gaseous CO2 and thermal energy. As we continue 

to extract and burn these carbonaceous fuels, we transfer carbon from geological reserves to the 

atmosphere, where it absorbs infrared radiation and accelerates global warming[3]. Our modern 

globalized economy is predicated on harnessing energy-dense, readily available fossil fuels to 

power our industries, businesses, communities, and transportation infrastructure. Without 

widespread implementation of CO2 capture technologies or the commercialization of carbon-

neutral or carbon-negative energy solutions, Earth's biosphere will undergo irreversible changes, 

making our shared global existence all the more precarious.  

1.2. A Brief History of Biomass Utilization    

Biomass, broadly defined as any organic matter available on a renewable basis[4], has provided 

energy to civilizations for most of human history, warming homes, cooking food, and firing pottery 

kilns and blacksmith forges. The idea that biomass could be used to power engines was not foreign 

to the visionaries of antiquity, as evidenced by the aeolipile, a rudimentary steam-powered engine 

invented by Hero of Alexandria during the first century CE (Figure 1.2.1). However, it was not 

until the 18th century that critical advancements in steam engine design meant that coal was 

preferred over biomass due to its superior energy density, greater abundance and availability, and 

suitability for high-temperature 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 chemists[5, 6]. Thus, coal reigned supreme, and any nation with access to 

it was economically advantaged.  
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Figure 1.2.1. An illustration of Heroôs aeolipile[7]. Combustion of biomass (e.g., wood) heats water 

in a boiler and 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 on its rotational axis. While an 

ingenious demonstration of converting thermal energy to mechanical work, such a device was not 

practical to integrate into existing transportation technologies. 
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      The 19th century also bore witness to the rise of petroleum as a fuel for lighting, which meant 

that by the time the modern automobile was invented by Carl Benz in 1886, oil extraction and 

refining infrastructure was already in advanced development. Petroleum availability became a 

deciding factor for military success in the 20th century, especially during the Second World War 

(WW2), when fuel-thirsty land vehicles, naval vessels, and high-altitude bombers were being 

produced by all participating powers at staggering rates. Fuel rationing, particularly in continental 

Europe, suddenly made biomass relevant again. In Germany alone, thousands of commercial and 

military vehicles were converted to use firewood[8] (Figure 1.2.2), with the Scandinavian countries 

adopting similar practices[9]. The war's conclusion and re-opening of global petroleum markets 

rendered these ñHolzgasò vehicles almost instantly obsolete. Still, the implication was clear ï when 

fossil energy is unavailable, biomass can provide a way out. 

 

 

Figure 1.2.2. (A) A wood-gas powered vehicle, Berlin, 1946 (attribution: Bundesarchiv, Bild 183-

V00670 / CC-BY-SA 3.0). (B)  A Tiger tank chassis converted to run on a wood burner combustion 

system[10].  

 

 

 

     

(A) (B)
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1.3. Harnessing Biomass to Achieve Carbon Neutrality in the Chemical Industry   

Developed nations in the 21st century can no longer enjoy the blissful ignorance of our 19th-

century ancestors. Since 1850, the industrialized world has emitted ~500 Gt of carbon, with 

emissions reaching ~9 Gt/year ï around 60 times that of the natural emissions rate from volcanic 

activity[11]. It is now well-understood that our carbon-intensive energy infrastructure has surpassed 

natureôs capacity to maintain equilibrium, resulting in rising global averaged temperatures and 

shifting climate patterns. In contrast to burning fossil fuels, biomass combustion is considered 

approximately carbon neutral since the CO2 released was part of the original atmospheric CO2 

inventory. Combining biomass conversion with carbon capture and sequestration (CCS) generates 

a net carbon-negative process. The Intergovernmental Panel on Climate Change (IPCC) argued in 

its Fifth Assessment Report (AR5, 2013)[12] that bioenergy integrated with CSS (BECCS) could 

significantly improve the sustainability of biomass utilization. Despite these benefits, it is 

impossible for biomass to entirely substitute fossil fuels for global energy production simply 

because there is not enough biomass available [13, 14]. Additionally, biomass-based energy 

production necessarily competes with land use, freshwater distribution, food security (particularly 

for carbohydrate-based biomass), and biodiverse habitat availability, rendering it one of the more 

environmentally controversial alternative energy options[15]. While the role of biomass for large-

scale energy production remains fraught with potential complications, its application as a 

renewable carbonaceous feedstock will play a critical role in decarbonizing the chemical industry. 

Decarbonization, or the attainment of a low-carbon economy that absorbs as much CO2 as it 

emits, is often heralded as the main strategy for climate change mitigation[16]. While 

decarbonization in sectors like commercial transportation and even energy production is feasible 

through electrification coupled with renewable energy[17], the chemical industry remains 
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inextricably coupled with carbon because its feedstocks are carbon-based. The modern 

petrochemical industry, a hallmark of 19th and 20th-century chemical engineering, produces the 

vast majority of the high-value chemicals (HVCs) from which most downstream intermediates and 

chemical products are manufactured[18]. At present, 90% of all organic chemicals are derived from 

just seven petrochemicals: methanol, ethylene, propylene, butadiene, benzene, toluene, and mixed 

xylenes (BTX) ï the carbon skeletons of which are sourced from coal, petroleum, and natural 

gas[19].  In principle, four non-toxic chemical building blocks (D-glucose, D-xylose, L-arabinose, 

and glycerol) derived from renewable starch, hemicellulose, cellulose, and vegetable oil may 

replace petrochemicals in satisfying global chemical demands. However, these conversions 

depend on microbial catalysis, which has slower kinetics and lower yields than thermal methods. 

Other biochemical approaches like fermentation and anaerobic digestion are similarly constrained 

by long conversion times as well as low energy efficiency, high water usage, and strict feedstock 

property requirements[20]. 

1.4. Thermochemical Biomass Conversion Methods 

1.4.1. Combustion and Pyrolysis  

Thermochemical biomass conversion approaches include combustion, pyrolysis, and 

gasification ï each with its purposes, reaction atmospheres, advantages, and disadvantages. 

Combustion is a relatively simple operation that converts biomass to heat and electricity and can 

co-combust coal without major design changes needed for existing power plants[21]. As previously 

mentioned, BECCS can render biomass combustion carbon-negative and may contribute 

somewhat to meeting IPCC emissions reduction recommendations, but eliminating even 3.3 

GtCO2/year with BECCS would necessitate 300-700 Mha of land dedicated solely for biomass 

production and double the amount of water currently consumed[22, 23]. Additionally, combusting 
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biomass poses many of the same pollution concerns as combusting coal, namely the formation of 

NOx, SOx, and particulates, as well as incomplete combustion products like carbon monoxide 

(CO), polyaromatic hydrocarbons (PAHs), tars/oils, soot, and unburnt carbon[24]. Therefore, the 

combustion of solid biomass fuels and residues for energy production may be less advantageous 

than converting them directly to value-added, flexible energy forms such as liquids or gases.  

Pyrolysis, the thermal decomposition of carbonaceous fuel in the absence of oxygen, can 

directly convert biomass to biochar or bio-oil, depending on the temperature and feed residence 

time[25]. In fast pyrolysis, the main product is bio-oil, with yields up to 75 wt.% on a dry-feed basis. 

Bio-oil can be physically, chemically, and/or catalytically upgraded to hydrogen, improved bio-

oil, hydrocarbons, and HVCs[26]. This approach makes the biorefinery concept, the optimized use 

of biomass for the co-production of fuels, chemicals, and energy with maximized benefits and 

minimized wastes, something that could potentially be economically competitive with petroleum 

refining. However, commercializing the fast-pyrolysis biorefinery is challenged by the high 

endothermicity of the process and the strict requirement that the solid biomass feed be finely 

ground to less than 3 mm in the smallest dimension to improve thermal conductivity.  

1.4.2. Gasification  

In contrast to pyrolysis, gasification aims to maximally convert solid biomass feedstocks into 

usable gases. In the gasifier, the solid carbonaceous feedstock is partially oxidized at reasonably 

high temperatures (ca. 800-1400ęC) in the presence of a gasifying agent such as air, steam, and/or 

oxygen to produce a flammable gas mixture called producer gas or synthesis (syn) gas[27]. The 

syngas produced contains mainly CO and hydrogen (H2) with various amounts of CO2, water 

vapor, and methane (CH4), with a typical volumetric energy content of 4-18 MJ/Nm3[28]. 

Additional gasification products include condensable species like BTX, tar, hetero-organics, and 
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water as well as solid 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 (~600ęC), the process is called steam 

reforming. Heat must be added to the system externally (i.e., allothermal operation) to vaporize 

the steam and drive the endothermic reforming reactions. This energy demand can be partially 

offset by adding pure oxygen to the stream, but the oxygen has to be co-produced, likely by 

cryogenic air separation. Such an operation is considered autothermal: the heat is generated 

internally via partial combustion. The syngas composition for autothermal operation tends to be 

higher in CO composition, as shown in Figure 1.4.1.  

 

Figure 1.4.1. Product-gas composition from different gasification cases where Hu is the volumetric 

lower heating value. This figure has been adapted from [27].  
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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 dozens of fast-forming intermediates.  

Nonetheless, once the biomass has been dried and devolatilized, the key reactions can be 

summarized as (1) combustion reactions (Reactions 1-3), (2) reactions with CO2 (Reactions 4-5), 

(3) reactions with steam (Reactions 6-8), and (4) reactions with H2 (Reactions 9-10)[29-32].  

 

 

                        # / ᴾ#/  Ў( ρρπȢφς Ë*ϽÍÏÌ                                 (Reaction 1) 

                      ς#/ / ᴾς#/  Ў( ςψσȢρυ Ë*ϽÍÏÌ                           (Reaction 2) 

                      ς( / ᴾς(/  Ў( ςτςȢππ Ë*ϽÍÏÌ                           (Reaction 3) 

                     # #/ᴾς#/  Ў( ρχςȢυτ Ë*ϽÍÏÌ                                (Reaction 4) 

                             #( Î#/ P ςÎ#/ (                                                 (Reaction 5) 

                        # (/ᴾ#/ (  Ў( ρσρȢσψ Ë*ϽÍÏÌ                       (Reaction 6) 

                               #( Î(/ᴾÎ#/ Î(                                        (Reaction 7) 

                   #/ (/ᴾ#/ (  Ў( τρȢρφ Ë*ϽÍÏÌ                          (Reaction 8) 

                        # ς( ᴾ#(  Ў( χυȢππ Ë*ϽÍÏÌ                                 (Reaction 9) 

             #/ σ( ᴾ#( (/ Ў( ςπφȢππ Ë*ϽÍÏÌ                          (Reaction 10) 

 

      The heat released from the combustion reactions drives the remaining endothermic reactions, 

such as the Boudouard reaction (Reaction 4), the heterogeneous water-gas reaction (Reaction 6), 

and hydrocarbon steam reforming (Reaction 7). The combustion reactions and the water-gas shift 

(WGS) reaction (Reaction 8) produce CO2, which subtracts from the heating value of the product 

gas and must be captured at the back end to achieve a net CO2-negative process. However, the 

additional carbon capture unit will increase process complexity and drive the electricity cost up to 
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80% while decreasing the overall efficiency by 20-30%[33]. In general, traditional dual fluidized 

bed (DFB) biomass gasification achieves H2 concentrations between 40 and 50 vol.%[34], and the 

tunable measures one can manipulate are limited to changing gasifier design, varying process 

parameters (e.g., temperature and steam-to-carbon (S/C) ratio), trying different feedstocks or 

altering their pre-processing procedures, and adding catalytic and/or inert materials. Process-

intensification schemes based on a chemical looping approach may offer higher efficiency, 

increased H2 yields, and potentially lower cost[35].  

1.5. Biomass-based Chemical Looping Gasification 

1.5.1. Chemical Looping Basics  

      Biomass-based chemical looping processes (BCLPs) leverage the core benefits of chemical 

looping: (1) minimization of exergy loss, and (2) simplification of product separation. In a 

chemical looping process (CLP), the overall reaction (Reaction 11) can be divided into two sub-

reactions (Reactions 12 and 13) occurring either in two separate reactors (continuous mode) or in 

two separate steps within the same reactor (batch mode). In the sub-reactions, a looping material 

denoted as LM1 is transformed into LM2 after reacting with A. In a subsequent step, LM1 is 

regenerated from LM2, thus closing the loop. This scheme results in the integrated separation of 

the products of each sub-reaction. In nearly every CLP, the LMs are solids and the reactants fluids 

(typically gases), making these reactions heterogeneous and facilitating reactant/product 

separation.  

 

                                                     ! "ᴾ# $                                                    (Reaction 11) 

                                               ! ,-ρP # ,-ς                                                (Reaction 12) 

                                               " ,-ςP $ ,-ρ                                               (Reaction 13) 
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      CLPs are classified based on their LMs, i.e., oxygen carriers (e.g., iron ores, Cu- or Ni-based 

oxides) and CO2 carriers (e.g., limestone and other alkaline earth metal oxides). The choice of LM 

is driven mainly by thermodynamics (value of ȹGr), which in turn is determined by the temperature 

and the partial pressure of the regenerating reactant (i.e., 0  for oxygen carriers and 0  for CO2 

carriers)[36-38]. Modified Ellingham diagrams serve this purpose effectively as they graphically 

represent the thermodynamic driving force for a particular reaction to occur across a range of 

temperatures[39]. The construction of the Ellingham diagram is based on the Vanôt Hoff isotherm[40] 

(Equation 1): 

 

                                      
ȟ
ɝ' ɝ' 24ÌÎ1                                      (Equation 1) 

 

where  ɝ' is Gibbs free energy of reaction under non-standard states at temperature 4, ɝ' is the 

Gibbs free energy of reaction at the standard pressure (0), ʊ is the extent of reaction, 2 is the gas 

constant, and 1 is the thermodynamic reaction quotient. At chemical equilibrium, ɝ' π and 

Equation 1 simplifies to Equation 2: 

 

                                      ɝ' 24ÌÎ+ 24ÌÎБÁ                              (Equation 2) 

 

where  +  is the reaction equilibrium constant which can be expressed as the product of the 

activities of species j (Á) raised to their respective stoichiometric coefficients ʑ. The activity, 

which is defined as the ratio of the fugacity of species j (Æ) to its standard state fugacity (Æ) can 
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be further simplified under ideal-gas conditions (i.e., high temperature and low pressure) as the 

ratio of the partial pressure of species j (0) to its standard state partial pressure (0), which equals 

unity for an ideal-gas. Since the partial pressures of the solid LMs are unity in the equilibrium 

expression, the Vanôt Hoff isotherm at equilibrium simplifies to only two variables: 4 and 0. 

Figure 1.5.1 presents two modified Ellingham diagrams, one for oxygen carriers (Figure 1.5.1(A)) 

and one for CO2-carriers (Figure 1.5.1(B)). Considering oxygen-carriers, it can be seen that the 

equilibrium partial pressure of the reduction of Mn3O4 to Mn2O3 takes place at a higher 0  than 

any of the remaining reduction reactions presented, which would suggest that Mn3O4, and other 

oxides with similar equilibrium behavior, is unstable in low-0  environments and would be 

suitable for combustion reactions. Since biomass gasification is ultimately a partial oxidation 

reaction, redox pairs that donate oxygen at lower equilibrium partial pressures, like Fe3O4/Fe2O3, 

may be more suitable. Meanwhile, Figure 1.5.1(B) tells us that decarbonation of the CO2-carrier 

will always require a temperature-swing at fixed 0  to achieve full regeneration.  
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Figure 1.5.1. Modified Ellingham diagrams for (A) oxygen-carrier materials adapted from 

reference [37], and (B) CO2-carrier materials adapted from reference [41]. 

 

     Biomass-based chemical looping gasification (BCLG) produces syngas just as conventional 

gasification does, but with the addition of a metal oxide (MOx) to provide the oxygen for partial 

oxidation. When steam is added, the net BCLG reaction produces syngas and a reduced metal 

oxide (MOx-1) as shown in Reaction 14. 

 

ς#( / Î Ð -/ (/ᴼςÎ#/ςÍ Î Ð( Î Ð-/  (Reaction 14)      

       

      Reduction of the metal oxide and steam reforming of the biomass are both highly endothermic 

reactions and, therefore, necessitate an external heat supply to the gasifier. Partial combustion 

reactions offset some of this heat requirement but, in doing so, increase the CO2 concentration of 

the syngas. The appropriate choice of metal oxide oxygen-carrier is crucial for achieving the 

desired H2/CO selectivity and maintaining longevity.   

ÑĲůƓĲƖċƣƨƖĲо҄9 ÑĲůƓĲƖċƣƨƖĲо҄9

(A) (B)
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1.5.2. Oxygen-carrier Selection 

The roles of the metal oxides in BCLG are to (1) avoid direct air-fuel mixing through controlled 

oxygen delivery from a solid lattice, (2) oxidatively crack tars to reduce fouling and coking, (3) 

enhance the WGS reaction, thereby increasing H2 selectivity[35]. Most BCLG demonstrations in 

the literature use woody biomass as the feedstock, and the varied metal oxide oxygen-carriers 

investigated include Fe-based[42-44], Fe-ore[45-47], Ni-based[48-50], Ni-modified Fe-ore[51], Cu-

based[52-55], and Cu-ore[56]. In general, Cu-based materials demonstrate high reactivity and oxygen 

transfer capacity and are relatively cheap and non-toxic. The mechanical and thermal stability of 

Cu-based oxygen-carriers can be improved with supports[57] like SiO2, TiO2, and Al2O3, however,  

agglomeration is still a major issue due to the low melting point of Cu (1085ęC). Fe-based materials 

have higher melting points and good mechanical strength and are also considered low-cost. 

Additionally, Fe-based oxides seem to display little to no tendency for the formation of carbon[58]. 

Akin to Cu-based carriers, Fe-based materials agglomerate at high temperatures, specifically when 

forming magnetite (Fe3O4)
[59]. Metallic Ni is an excellent catalyst for biomass gasification, CH4 

steam reforming, and conversion of tar and other light hydrocarbons, however, unlike Fe- and Cu-

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

Known as the ñchemical chameleonò due to the wide variety of stable structures and chemical 

compositions they can assume, perovskite oxides have also been investigated for BCLG, albeit in 

a more limited context than the previously mentioned metal oxides. Perovskite oxides with the 

general formula ABO3-ŭ (where the A cation is typically an alkali or alkaline earth metal, the B 

cation is a transition metal, and the delta is the oxygen non-stoichiometry) represent a durable, 

redox-active, and highly tunable class of materials due to the ease at which their A-and B-sites can 

be doped with substituent cations for fine-tuning of their redox kinetic and thermodynamic 
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behavior[60, 61]. These versatile materials have been applied to numerous chemical looping 

schemes[62], including, but not limited to, combustion[63-65], reforming[66-68], oxidative 

dehydrogenation[69-71], oxidative uncoupling[72, 73], air separation[74-78], and gasification[79-81]. La-

based perovskites, especially LaFeO3, have gained considerable attention for BCLG. Yan et al.[82] 

observed that A-site doping with Ba improved oxygen transport capability and catalytic activity 

for BCLG of microalgae in a fixed-bed reactor. Shen et al. systematically studied the impact of the 

B-site element on redox activity.[79] for BCLG of torrefied Camellia oleifera seeds, where they 

found that a binary B-site consisting of Fe and Cu possessed the highest oxygen release capacity. 

Several studies have also investigated Ca-based perovskites, particularly Brownmillerite phase 

Ca2Fe2O5. Using BCLG of rice straw as a case study, Hu et al.[83] demonstrated that Ca2Fe2O5 

surpassed Fe2O3/CaO in H2 yield. However, Si in the biomass feed destroyed the original structure 

and formed CaSiO3 and Fe2O3 after reoxidation in air. Sun et al. [84] could cycle Ca2Fe2O5 twenty 

times for BCLG of pine wood stably and showed that the CaO formed upon reduction catalyzes 

tar decomposition. Nonetheless, the observed CO2 composition of the syngas remained significant 

at ~30 vol.%, leading to an H2 purity of <70%. Despite the improved syngas selectivities and tar 

abatement properties demonstrated by BCLG, there remains room for process intensification if the 

CO2 can be removed in situ.  

1.6. Sorption Enhancement  

1.6.1. Calcium Looping Gasification 

      Capturing CO2 with metal oxides has technological roots dating back at least 150 years, ever 

since 1867 when Tessié du Motay and Marechal[85] patented a process that used CaO to absorb 

CO2 generated in gasification to improve H2 purity. The principle of calcium looping gasification 

is simple: CaO is added to the gasifier to capture CO2 produced from reactions with coal and steam 
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to enhance H2 generation. Approximately a century later, in the 1960s and 1970s, Consolidation 

Coal Co. conducted pilot-plant-scale studies for calcium looping coal gasification, dubbed the CO2 

acceptor process[86]. The CO2 acceptor process was not commercially realized due to economic 

reasons, namely the competitively low 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 low-temperature eutectic formation among fly ash and calcium compounds 

within the gasifier and regenerator. Improving upon the CO2 acceptor process, the HyPr-ring 

process[87, 88], developed in Japan for H2 production from coal in the 1990s and early 2000s, co-

fed oxygen and increased the amount of steam introduced into the coal gasifier to assist the WGS 

reaction, resulting in a product gas stream of ~90% H2 mixed with CH4. In the regeneration step, 

the combustion of residual char provided heat to aid the endothermic CaCO3 decarbonation ï 

releasing a high-purity stream of CO2.  

     Biomass-based calcium looping gasification (BCaLG) is essentially identical to the HyPr-ring 

process only with a biomass-based feedstock in place of coal. While numerous alkali metal 

hydroxides and alkaline earth metal oxides could be effective for in situ CO2 capture at gasification 

conditions, CaO is the most commonly investigated sorbent due to its low cost and relative ease 

of recovery. BCaLG results in an exceptionally low CO concentration in the syngas, thus meeting 

the requirements for fuel cell applications. CaO may also aid in the in situ removal of any H2S and 

HCl formed from biomass gasification[89].  

 

                            # (/ᴾ#/ (  Ў( ρσρȢσψ Ë*ϽÍÏÌ                  (Reaction 15) 

                           #/ (/ᴾ#/ (  Ў( τρȢς Ë*ϽÍÏÌ                   (Reaction 16) 

                            #Á/#/ᴾ#Á#/  Ў( ρχψȢσ Ë*ϽÍÏÌ                 (Reaction 17) 
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      Partial oxidation (Reaction 15) is highly endothermic, and conversion is significant only at 

elevated temperatures (>1000ęC), whereas the moderately exothermic WGS reaction (Reaction 

16) requires lower temperatures (<400ęC) to achieve high conversion. Traditional H2 production 

processes, such as steam methane reforming, split Reactions 15 and 16 into two separate reactors 

due to the large temperature difference between the two. This separation of reactions is no longer 

necessary for BCaLG since the heat generated by Reaction 17 will drive Reaction 15, and the 

conversion of CO2 produced will drive Reaction 16 towards greater H2 production. Additionally, 

CaO has catalytic activity for both biomass gasification and tar reforming, which improves the 

reaction rate of the process and mitigates fouling[90]. What results is a single-loop process with in 

situ CO2 capture, achieving energy efficiencies as high as 88%[91] and an improvement of the H2 

volume fraction from ~50% for conventional DFB gasification to ~80% (dry-basis)[92].  

    Since the development of the HyPr-ring process, a considerable amount of research, both 

applied and fundamental, has been directed towards BCaLG[93]. From these efforts, general 

principles regarding process parameter optimization have been deduced. Temperature is the most 

influential parameter for BCaLG since it influences the conversion of the biomass feedstock and 

the extent of CaO carbonation. These two phenomena are thermally at odds with each other since 

CaO carbonation is exothermic and is therefore favored at lower temperatures (see Figure 

1.5.1(B)), while biomass and tar conversion are kinetically conducive at higher temperatures. 

Poboss et al.[94] reported a notable decrement of H2 concentration from 73 vol.% to 52 vol.% (dry-

basis) when the temperature was increased from 600ęC to 850ęC in their 20 kWth plant using 

limestone as the bed material. Similarly, when Müller et al.[95] performed BCaLG tests with wood 

pellets in their 100 KWth pilot plant, they observed that H2 increased between 580ęC and 630ęC 
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and peaked at 67 vol.% (dry-basis) 630ęC  before decreasing with further temperature ramp to 

800ęC. Above 750ęC, CaO carbonation is no longer thermodynamically favorable, while 

temperatures below 600ęC result in too much tar generation and possible Ca(OH)2 formation that 

negatively impacts the fluidization properties of the bed material. In studies where the S/C ratio 

was varied[96-98], it was generally seen that increasing the amount of steam improved H2 

concentration due to the enhancement of steam reforming and WGS reactions while decreasing 

the tar content. On the other hand, increasing the S/C ratio will also penalize energy efficiency due 

to the vaporization heat requirement. The volume fraction of H2 appears to be less sensitive to 

the choice of biomass since studies featuring feedstocks like soft wood[99, 100], bark[94, 99, 100], 

compost[94], and various species of trees[94] (e.g., spruce, ash, and birch) all reported H2 

concentrations within the range of ~65-80 vol.% (dry-basis). Even municipal solid waste fuels 

boasted H2 concentrations between 50-65%[101]. However, these wastes increase the risk of bed 

agglomeration and pipe clogging.  

1.6.2. Sorption-enhanced Gasification  

      Sorption enhancement, not to be conflated with calcium looping despite the terms being used 

interchangeably in the literature, is the combination of both CO2-carriers and oxygen-carriers to 

achieve combined oxidation, steam reforming, WGS, and in situ CO2 capture to produce H2 or H2-

rich syngas autothermally as illustrated in Figure 1.6.1. In sorption-enhanced biomass-based 

chemical looping gasification (SE-BCLG), typically NiO and CaO are the oxygen-carrier/CO2-

carrier pair; however, experimental work by Dou et al.[102] on sorption-enhanced steam reforming 

of glycerol in a continuous flow fixed-bed reactor revealed that the reactor conditions were unable 

to fully convert both NiO-Ni and CaO-CaCO3.  
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Figure 1.6.1. Schematic illustration of the SE-BCLG process. 

 

SE-BCLG is much less studied than BCaLG, and most sorption enhancement studies thus far have 

focused on oxidative steam reforming of biomass model compounds like glycerol[103, 104], 

methanol[105], ethanol[106, 107], methane[108, 109], toluene[110, 111], and phenol[112]. Typically, oxygen-

carriers like NiO and CuO and CO2-carriers like CaO and MgO are the most prominently studied. 

These materials are either simply mixtures or combined 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 SE-BCLG processes is the deactivation of the sorbent. 

1.6.3. Deactivation of CaO-based Sorbents 

      Perhaps the greatest impediment to the commercialization of BCaLG or related sorption-

enhancement schemes is the unavoidable deactivation of the sorbent over multiple calcination 

cycles. This requires replacement sorbent on hand to sustain a satisfactory CO2 capture rate[113, 

114], which adds to operational expenses and disrupts continuous operations. Deactivation occurs 

primarily through two means: (1) sintering-induced loss of surface area and porosity and/or (2) 
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attrition and fragmentation. While the latter is relevant for fluidized bed operations, CaO and 

CaCO3 particle sintering impacts performance regardless of the reactor configuration because it 

transpires during the required high-temperature calcination step. Fennell et al.[115] experimentally 

validated in a bench-scale, electrically heated fluidized bed of sand for five different limestones 

undergoing carbonation/calcination cycles at 750ęC that all experienced a significant loss of 

carrying capacity with increasing cycle number (Figure 1.6.2). The rate of carrying capacity loss 

was inversely proportional to the particle diameter, but increasing the particle size only served to 

slightly delay the eventual plateauing of carrying capacity to values between 20-40%.  

 

 

Figure 1.6.2. Figure 5 from reference [115] detailing the loss of carrying capacity for five 

limestones across cycle numbers with varying particle sizes.  

 

      The topic of CaO-based sorbent sintering can stir confusion since there exist two distinct but 

related sintering processes: (1) the sintering of CaCO3 before it converts to CaO and (2) the 
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sintering of CaO after initial CO2 release. CaCO3 undergoes sintering once the temperature has 

been elevated above the materialôs Tammann temperature (533ęC)[116]. When a materialôs 

Tammann temperature has been reached, which is defined as 50-75% of its melting point, then ion 

diffusion activates, grain boundaries begin to integrate, and agglomeration of particles occurs[117]. 

Since thermodynamics dictates that the calcination temperatures be in the range of 750-900ęC, the 

sintering of CaCO3 is inevitable. This has the effect of hindering CO2 release, as porosity is 

reduced. Additionally, the sintering of CaCO3 directly impacts the structure and morphology of 

the subsequently formed CaO, which can further accelerate sintering in the CaO phase. The 

mechanism of CaO sintering during the high-temperature calcination is believed to proceed after 

the initial loss of CO2 when CaO begins to form rod-shaped, metastable nanocrystals[118, 119]. These 

nanocrystals then agglomerate into larger crystallites, which reduces the available surface area and 

hinders subsequent CO2 capture rates and conversion extents. With each cycle, the sintering 

worsens, and the observed carrying capacity drops to less than 40% of its original value after only 

20 cycles[115].   

1.7. Sorbent Stabilization   

1.7.1. Inert Stabilizers 

      Sorbents can be engineered to mitigate or outright avoid sintering. A large body of literature 

supports two prominent strategies: (1) stabilization of the active Ca phases through doping with 

species having high melting points and (2) structuring the Ca-based sorbent to minimize contact 

between CaCO3 grains. Of course, consideration must be taken when using stabilizers or supports 

that there is no possibility of chemically reacting with CaO or CaCO3 as is the case with Al2O3, 

which can react with CaO to form calcium aluminum oxides[120]. Calcium aluminum oxides cannot 

capture CO2 at high temperatures and are inert under reaction conditions. 



  22 

 

      Inert support materials, also called physical spacers, that do not compromise the CO2 uptake 

capacity nor react with the sorbent are desirable. One of the most commonly used inert stabilizers 

is MgO due to its high melting point (~2850ęC) and inability to react with CO2 or Ca under typical 

CaO carbonation/calcination conditions[121-124]. However, stabilization of a CaO-based sorbent can 

be achieved, in principle, by any metal oxide provided that (1) its melting point is higher than that 

of CaCO3 (i.e., >1330ęC), (2) it has low solubility in CaO, and (3) it does not chemically react with 

CaO[41, 125]. Oxides of Mg[126, 127], Y[128], Ce[129, 130], and Yb[131, 132], have been investigated as inert 

stabilizers, with La2O3, in particular, being shown to stabilize CaO while also capturing CO2 

itself[133]. The most sintering-resistant sorbent would comprise 20 wt% CaO stabilized in a matrix 

of inert particles to minimize the risk of CaCO3 aggregation[41]; however, this is impractical given 

the large sacrifice of CO2 capture efficiency on a per unit mass of sorbent basis. In reality, the 

loading of inert stabilizer typically falls in the range of ~10-25 wt.%. Therefore, some sintering 

still occurs since contact between individual CaO grains is not completely eliminated. The physical 

spacer must be uniformly dispersed in the sorbent particle, which is why wet chemistry methods 

such as the sol-gel method[134, 135] and coprecipitation[136] are the preferred synthesis routes; 

however, these procedures are typically multi-step and difficult to scale.  

      There are two prominent disadvantages with inert spacer sorbent stabilization: (1) the 

aforementioned loss of theoretical CO2 uptake capacity on a per unit sorbent basis, which is 

unavoidable, and (2) the possibility of sorbent/support segregation upon cycling, resulting in loss 

of CO2 capture performance. As an example of the second concern, Wang et al.[137] showed that 

their limestone-dolomite mixtures prepared with gluconic acid (called Ca-Mg gluconics) 

eventually lost their stabilizing ability due to the segregation of MgO grains after repeated cycling. 

Segregation in the form of reaction may occur if the difference in melting point between the metal 
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oxide stabilizer and CaO is too great; therefore, the formation of lower-melting point binary oxides 

becomes favorable due to the Kirkendall effect[138]. It must be said that for potential SE-BCLG 

applications, the adoption of CaO sorbents stabilized with physical spacers may encumbered with 

too many practical constraints, namely unproven scalability of synthesis, compromised cyclability 

at high temperatures in the presence of ash, and increased material complexity and cost.  

1.7.2. Reactive Stabilizers and Phase Transition Sorbents 

      Unlike inert stabilizers, which should not chemically interact with CaO, reactive stabilizers 

form ternary oxides with CaO upon cycling or during the initial synthesis of the sorbent. Metal 

oxides consisting of Al[139, 140], Ti [141], and Zr[142, 143] are all capable of reacting with CaO and 

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 sinter. Nonetheless, when functioning properly, reactive sorbents are ideal candidates 

for sorption enhancement applications where the multifunctionality of the sorbent is a requirement.  

      While the term ñphase transition sorbentò has appeared only recently in the sorbent engineering 

literature, it can be considered a subclass of reactive stabilizers that rely on specific phase 

transitions to enable a mechanical and/or chemical enhancement to the sorbent. For sorption 

enhancement reactions, the different temperatures and atmospheres between the carbonation and 

calcination steps afford the potential for harnessing reversible phase transitions. The idea of 

leveraging reversible structural changes to avoid sorbent sintering for sorption enhancement 

schemes can be tentatively dated to the work of Zhao et al.[144] in 2014, where they exploited the 

reversible polymorphic phase transitions of Ca2SiO4 for dramatically increased carbonation cycle 

longevity. Specifically, they showed that the density reduction from Ŭ'-Ca2SiO4 (3.38 g·cm-3) to ɓ-

Ca2SiO4 (3.31 g·cm-3) when calcium looping shifts from the calcination regime (>800ęC) to the 
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carbonation regime (~650ęC) 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 the sintering stress and maintains consistent CO2 capture performance over 

15 Ca-looping cycles.  

      In 2018, Dang et al.[145] showcased the reversible phase transition properties of a Ca-and Co-

based dual-functional material for catalytic sorption-enhanced steam reforming of glycerol 

(SESRG). In their work, metallic Co was the catalytic component, and CaO was the CO2 sorbent. 

During the calcination step, CaCO3 releases CO2 to form CaO, which then reacts with spinel phase 

Co3O4 to produce CaCo2O4. This intermediate phase could react with CaO to generate either 

Ca3Co4O9 or Brownmillerite phase Ca2Co2O5. Despite the complexity of these phase changes and 

the multiplicity of possible reaction pathways, the layered calcium cobaltates created during the 

calcination reversibly transitioned back to Co and CaO in a lower-temperature reducing 

environment when glycerol was injected. The result is stable CO2 sorption with high purity H2 

(>95 vol.%) across 120 carbonation/calcination cycles.  

      More recently, Gu et al.[146] revealed that Ni decorated and CeOx-stabilized SrO (SrCe0.5Ni0.5) 

exhibited reversible phase transition-enabled sorption-enhanced dry reforming of methane with 

>72% CO2 capture efficiency over 35 cycles. The Ce-Sr interaction was shown to prevent direct 

decarbonation of SrCO3 to SrO and instead favor the transition SrCO3 + CeO2 P  Sr2CeO4/SrCeO3 

+ CO2, which avoids the formation of SrO and thereby eliminates any sintering risk. This enabled 

decarbonation at 875ęC, significantly lower than the temperature corresponding to the full 

decomposition of SrCO3  P SrO (~1200ęC). During the carbonation step, the perovskite and 

Ruddlesden-Popper (RP) phases produced from the calcination reaction can then carbonate back 

to SrCO3 and CeO2 to close the loop. Interestingly, while their starting material appears to be 
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a complex mixture of SrO, NiO, CeO2, and Sr2CeO4, the stable looping materials formed in situ 

are mostly perovskite and RP phases. This motivates the question of whether using perovskite 

oxides directly for sorption enhancement could achieve the multifunctionality demanded (i.e., 

oxygen reservoir, catalytic components, and CO2 capture activity) while functioning as cyclic 

phase transition sorbents.  

1.7.3. Perovskite Oxides as Phase Transition Sorbents 

      To the authorôs knowledge, with the exception of the work presented in Chapters 2-5 of this 

dissertation, perovskite oxides have not been applied for sorption enhancement applications as 

phase transition sorbents. There is, however, a very small body of literature investigating 

perovskites and Brownmillerite phases as CO2 sorbents for typical CO2 acceptor schemes[147-149]. 

One of the earliest studies on the CO2 adsorption properties of perovskite oxides was conducted in 

1996 by Nomura et al.[150]. They observed that Ba0.95Ca0.05Co1-xFexO3-ŭ could readily adsorb CO2 

between 625-850ęC, especially when lattice oxygen vacancies were formed with increasing 

temperature. Using Mössbauer spectrometry, they connected the disappearance of paramagnetic 

Fe3+ and Fe4+ peaks with the interaction of lattice oxide anions (O2-) with adsorbed CO2 to form 

CO3
2- anions. This incorporation of CO3

2- into the microstructure of the A-site induced a phase 

separation of Ŭ-Fe2O3 into the solid matrix. The authors suggested that perovskite oxides may find 

potential application in CO2 scrubbing of high-temperature combustion flue gases. Still, they did 

not discuss how the material would be regenerated or posit any strategies for sorbent optimization.  

      Fifteen years after Nomuraôs publication, Fujishiro et al.[148, 149] examined the reversibility of 

Brownmillerite phase Ba2Fe2O5 carbonation using thermogravimetric analysis (TGA) and X-ray 

diffraction (XRD). At temperatures >500ęC, Ba2Fe2O5 reacted readily with CO2 to form BaCO3 

and Ba2FeO4 and, critically, could desorb CO2 at ~1100ęC even under a pure CO2 atmosphere ï a 
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temperature several hundreds of degrees lower than the BaO/BaCO3 system (~1560ęC). Despite 

this exciting result, no one thought to apply this system for sorption enhancement or more 

rigorously elucidate their cyclic stability via in situ characterization.  

1.8.Summary    

      The following dissertation addresses a notable gap in the sorbent engineering literature by 

thoroughly investigating perovskite-structured oxides as phase transition sorbents to subvert the 

issue of particle sintering in sorption enhancement applications. Herein, Chapters 2-5 are dedicated 

to exploring various sorption enhancement reactions using perovskite oxides, with the sixth and 

final chapter consisting of a delineation of remaining open questions as well as a brief research 

proposal outlining the use of perovskite oxide-based phase transition sorbents for low-temperature 

CO2 capture.  

      Chapters 2 and 3 will showcase two successful applications of perovskite-structured oxides for 

sorption-enhanced steam reforming of biomass model compounds. In Chapter 2, the oxygen-

deficient perovskite Sr1-xCaxFe0.9Ni0.1O3-ŭ will be explored as a redox-activated phase transition 

sorbent for sorption-enhanced steam reforming of glycerol (SESRG). The 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 CO2 capture will be presented. Ex situ and in situ characterization of the bulk, 

surface, and morphological properties of these sorbents. In Chapter 3, Sr1-xBaxFe1-yCoyO3-ŭ will be 

investigated for temperature-swing and isothermal sorption-enhanced steam reforming of toluene 

ï a model tar compound. Strategies for enhancing Ni-based catalytic conversion of toluene via 

surface impregnation of the perovskite sorbent and introducing an upstream catalytic bed will be 

compared.  
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      Chapter 4 will elucidate the complex isothermal phase transition behavior of SrMn1-xFexO3-ŭ 

in simultaneous reducing/carbonating and regenerating/decarbonation atmospheres via 

synchrotron-based in situ XRD. The performance of SrMn1-xFexO3-ŭ for sorption-enhanced steam 

reforming of methane (SESMR) will be correlated to the perovskiteôs structural properties. Density 

functional theory (DFT) calculations, informed by the phase transition pathway illuminated by 

XRD, will reveal the impact of B-site Fe-doping on redox behavior. The phase transition results 

of Chapter 4 serve as the foundation for Chapter 5 ï kinetic modeling of the reduction and 

carbonation of Sr0.875A0.125MnO3 (A = Ba or Ca) via both an empirical, gas-solid model fitting 

approach and a mechanistic approach based on numerically solving conservation equations and 

auxiliary conditions of O2- for the reduction and CO2 for 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 redox-activated perovskite phase transition sorbents 

for low-temperature CO2 capture via induction heating will be provided.  
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Abstract  

Sorption-enhanced steam reforming represents an efficient strategy to produce concentrated 

hydrogen from superfluous carbonaceous feedstocks. However, commonly used CaO-based 

sorbents are prone to sintering, leading to a rapid loss in CO2 sorption capacity and activity under 

repeated reaction cycles. Herein, we report perovskite-based phase transition sorbents (PTSs) 

capable of avoiding sintering and retaining both catalytic activity and sorption capacity. 

Specifically, A- and B-site doped SrFeO3-ŭ, i.e., Sr1-xCaxFe1-yNiyO3-ŭ (x = 0.3, 0.4, 0.5, 0.6, 0.7), 

were evaluated as PTSs for the sorption enhanced ï steam reforming of glycerol (SESRG). Packed 

bed reactor experiments were performed in conjunction with redox, bulk, surface, and morphology 

characterizations to evaluate SCFNsô performance and the underlying phase transition scheme. 

These characterizations revealed that reduced oxides from the A-site of the PTS (SrO, CaO) are 

carbonated during the reforming step before reversibly undergoing decarbonation at a higher 

temperature under an oxidizing environment. This Chapter demonstrates that SCFN is a tri-

functional material capable of (i) catalyzing the reforming of glycerol, (ii) absorbing CO2 in situ, 

and (iii) reversibly releasing oxygen from lattice sites to enhance glycerol conversion. While all 

the screened compositions achieved >87 vol% pre-breakthrough H2 purities, Sr0.4Ca0.6Fe0.9Ni0.1O3-

ŭ (SCFN-4691) and Sr0.5Ca0.5Fe0.9Ni0.1O3-ŭ (SCFN-5591) showed particularly high (95.6-97.3%) 

H2 purities with stable CO2 sorption capacities. 

2.1. Introduction  

  Hydrogen (H2) is rapidly gaining attention as an eco-friendly energy carrier, especially when 

produced from sustainable feedstocks such as biomass[1]. Currently, hydrogen is primarily 

produced from steam methane reforming followed by water-gas shift (WGS), acid gas removal via 

pressure swing absorption, and purification, which consume a substantial amount of energy and 
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increase process complexity[2-5]. Additionally, methane is a fossil fuel and a potent greenhouse 

gas, thus posing environmental risks during extraction and transport. A green feedstock alternative 

may be found in crude glycerol ï a low-value byproduct of biodiesel production[6]. Methods of 

producing hydrogen or syngas from glycerol include pyrolysis[7, 8], steam reforming[9, 10], aqueous-

phase reforming[11], and autothermal reforming[12, 13]. Akin to the reforming of hydrocarbons, 

glycerol reforming is an endothermic process that produces syngas between 650-800ęC (Reaction 

1)[14]. When excess steam is co-fed, the co-occurring WGS reaction can further oxidize CO to CO2 

(Reaction 2) resulting in a less endothermic overall reaction represented by Reaction 3. At lower 

temperatures, methanation can also occur via Reaction 4. The reforming of glycerol, however, is 

challenged by low conversion, high endothermicity, poor H2 selectivity, and an appreciable 

tendency for coke formation[15-17]. Oxidative steam reforming (Reaction 5) can lower the energy 

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

of H2 yield[18]. 

 

                        #(/ ᴾσ#/τ(  Ў( ςυπ Ë*ϽÍÏÌ                         (Reaction 1) 

                      #/ (/ᴾ#/ (  Ў( τρ Ë*ϽÍÏÌ                           (Reaction 2) 

             #(/ σ(/ᴾσ#/ χ(  Ў( ρςψ Ë*ϽÍÏÌ                   (Reaction 3) 

                     #/ σ(ᴾ#( (/  Ў( ςπφ Ë*ϽÍÏÌ                       (Reaction 4) 

                 #(/ σ ɿ(/  / ᴾσ#/ χ ɿ(                          (Reaction 5) 

 

  Both the reforming and WGS reactions are equilibrium-limited. Therefore, the process can 

be intensified through sorption enhancement (SE), whereby CO2 produced from the WGS reaction 

is removed in situ ï shifting the reaction equilibrium toward increased H2 production[19-23]. This is 
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achieved using solid CO2 sorbents (e.g., CaO), which fix the gaseous CO2 produced from the WGS 

reaction into carbonates (Reaction 6). The captured CO2 is subsequently released during a high-

temperature decarbonation step. The impact of SE can significantly increase the H2 concentration 

of the syngas[24, 25], improve the thermodynamics, and suppress undesirable side reactions such as 

methanation and coke formation[26]. Summing the steam reforming, WGS, and carbonation 

reactions results in the net exothermic sorption-enhanced steam reforming of glycerol (SESRG) 

scheme (Reaction 7). 

 

                      #Á/#/ᴾ #Á#/  Ў( ρχψȢσ Ë*ϽÍÏÌ                          (Reaction 6) 

      #(/ σ(/ σ#Á/Pσ#Á#/χ(  Ў( τπχ Ë*ϽÍÏÌ        (Reaction 7) 

 

        A persistent obstacle in the area of sorption-enhanced steam reforming is the observed loss 

of sorption capacity (amount of CO2 captured per unit of sorbent) caused by the sintering of the 

particles during the high-temperature decarbonation step. Commonly used CaO-based sorbents 

suffer a 40-60% decrease in CO2 absorption capacity within the first 10 reaction cycles[27-29]. With 

a Tammann temperature of ~533ęC[28], CaCO3 particles sinter even during the lower temperature 

reforming step (550-600ęC), resulting in the formation of a CaCO3 shell around the CaO core ï 

preventing diffusion of CO2 to the sorbent[30]. Previous attempts to resolve this problem have 

included decreasing sorbent particle size[31, 32], introducing inert refractory materials (e.g., calcium 

aluminates) as physical spacers[33-36], and designing ñsmartò catalysts capable of undergoing 

reversible phase changes at high temperatures to avert sintering[37]. While the first two strategies 

yielded marginal improvement in prolonging CO2 sorption, the overall efficiency of the processes 

was reduced due to the inert spacers and supports. The third approach to inhibit sorbent 
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deactivation involves designing phase-reversible, multi-functional materials. This is particularly 

promising given the materialsô ability to avoid sintering without compromising sorption capacity 

or catalytic activity. The first demonstration of a temperature-induced phase transition sorbent 

(PTS) came from a study by Zhao et al. investigating polymorphic Ca2SiO4 ï a material capable 

of changing its volume during temperature swings and maintaining stable CO2 sorption capacities 

for >15 Ca-looping cycles[38]. More recent are the results of Dang et al., whose support-free, 

calcium cobaltate (CaxCo1-xO) material displayed excellent stability over 120 reaction-

decarbonation cycles and achieved ~95% H2 purity via SESRG[25]. By introducing air in their 

decarbonation step, Dang and his co-workers rendered this reaction highly exothermic. This is in 

stark contrast with the previously observed endothermic regenerations. Other bifunctional PTS 

systems have been proposed without Ca, such as the Ce-stabilized Ni-SrO catalytic PTS published 

by Gu et al. for sorption-enhanced methane reforming [39]. 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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Figure 2.1.1. A simplified schematic of the perovskite-based 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 B-site oxides of varying reduction extent signified by ŭ. In Steps 2 to 3, the A-site oxides are 

subsequently carbonated from CO2 produced 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 perovskite phase.  

 

      What is clear is that an ideal PTS for SESRG should (i) be catalytically active for C-C cleavage 

and the WGS reaction; (ii) have a high CO2 sorption 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 transition to an inert 
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structure. This motivates the use of perovskite oxides, with the general formula ABO3-ŭ (where the 

A cation is typically an alkali or alkaline earth metal, the B cation is a transition metal, and the 

delta is the oxygen non-stoichiometry), represent a durable, redox-active, and highly tunable class 

of materials due to the ease at which their A-and B-sites can be doped with foreign cations for 

fine-tuning of redox kinetic and thermodynamic behavior[40-42]. The value of the non-stoichiometry 

term ŭ is a function of temperature and partial pressure of oxygen (ὖ , and its change (Ў‏ 

dictates how much oxygen is donated from the lattice sites as well as the B-site cationôs extent of 

reduction[40-43]. Doping the B-site with foreign cations of differing oxidation states or ionic radii 

can induce oxygen vacancies in the lattice sites and thus impact redox performance[40]. The A-site 

can be populated with different-sized cations to vary structural quality, as has been shown in 

previous studies investigating doped strontium ferrite (SrFeO3-ŭ) for chemical looping air 

separation and oxidative uncoupling[40, 44-46]. The proven recyclability of perovskite oxides in 

previous chemical looping schemes suggests that these materials may serve as suitable PTSs for 

various applications, including SESRG[47]. 

      We hypothesize that doped perovskite oxides can behave as PTSs, as shown schematically in 

Figure 2.1.1. To test this, we have subjected various compositions of Sr1-xCaxFe1-yNiyO3-ŭ (SCFN) 

to cyclic SESRG reactions to assess its performance as a PTS. Relevant performance metrics 

include glycerol conversion, pre-breakthrough time (ὸ ), CO2 storage capacity, oxygen donation 

(Ў‏, stability over repeated cycles and H2 purity witnessed during the pre-breakthrough 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 throughout the process. 
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2.2. Methods 

2.2.1. Synthesis  

 

      The perovskite-based PTS particles were synthesized via the modified Pechini method, 

whereby the perovskite phase was formed after calcination of a polymeric resin containing the A-

and-B-site metal cations. Summarily, an aqueous solution containing stoichiometric ratios of the 

desired metal cations (Sr2+, Ca2+, Fe3+, Ni2+) was prepared by dissolving their corresponding 

nitrates at room temperature. The solution was heated to 40ęC and citric acid was then added to 

form a metallic citrate before undergoing further heating to 80ęC, where ethylene glycol was 

introduced (at a 3:2 molar ratio of ethylene 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 120ęC for 16 hours before subsequent calcination in still air for 10 hours at 

1000ęC in a muffle furnace. The resulting solids were then ground with a mortar and pestle and 

sieved to particle diameters within the range of 180-250 ɛm. Herein, Sr1-xCaxFe1-yNiyO3-ŭ 

represents the Sr molar fraction of x in the A-site and the Fe molar fraction of y in the B-site. 

2.2.2. SESRG Experiments 

 

      The SESRG experiments were performed in a quartz U-tube fixed-bed reactor with an 8 mm 

I.D. and length of 280 mm (Figure 2.2.1). The quartz U-tube was housed in a Carbolite tube furnace 

for temperature control with looped temperature cycling controlled and automated via 

PLATINUMTM 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 

FlowControlTM software (Harvard Apparatus) to cyclically inject the feedstock at 0.02 mLϽmin-1. 

A PTFE line with a 1/16ôô O.D. connected the terminal of the syringe to a two-way liquid injector 

valve automated with an electronic actuator (VICI Valco Instruments) and programmed with 
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LABVIEW. A 1/16ôô O.D. PTFE line connected the valve outlet to a stainless-steel capillary tube 

that fed into the U-tube 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 

inlet gas. A 1/8ôô O.D. stainless steel line connected the reactor outlet to a condenser U-tube 

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 II quadrupole mass spectrometer 

(QMS) for real-time stream composition analysis. The flow rates of purge and oxidizing gases 

were regulated via Alicat MFCs, with valve-switching controlled by NI MAX (National 

InstrumentsTM). Throughout the reaction cycles, a constant stream of 30 SCCM Ar (Airgas UHP 

5.0 grade) was injected to facilitate the movement of gaseous products through the system and act 

as a purge gas between the reforming and decarbonation steps. During the decarbonation step, 3.30 

SCCM of O2 (Airgas extra dry grade) was injected to maintain a 10% O2 atmosphere. The 65-

minute reaction cycle comprises a 20-minute reforming step and a 20-minute decarbonation step 

and proceeds as follows: (1) 20-minute injection of glycerol/water mixture at 570ęC; (2) 10-minute 

isothermal purge with Ar; (3) 10-minute ramp with O2/Ar from 570ęC to 850ęC; (3) 10-minute 

isothermal oxidation; (4) 15-minute ramp back down to 570ęC under Ar. A typical MS profile 

detailing the reduction/carbonation and regeneration/decarbonation steps are illustrated in Figure 

2.3.1(A). 
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Figure 2.2.1. SESRG experimental setup.  

 

      SESRG gaseous products were sampled within the first minute of the pre-breakthrough period 

and the last two minutes of the post-breakthrough 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/CO2 analysis, Ar/TCD channel for H2 analysis) and a 

flame ionization detector (FID) channel for hydrocarbon analysis. 

      Values of Ô , CO2 sorption capacities (Equation 1), and time averages of H2 vol% over the 

reduction steps were obtained from MS data, while the pre-and post-breakthrough H2 

concentrations (Equation 2) were measured via GC. The CO2 sorption capacity was determined by 

dividing the measured moles of CO2 released in the decarbonation step by the known moles of 

SCFN. To put it in perspective, a 30% CO2 sorption capacity in SCFN 5591 corresponds to 8.2 

wt.% weight-based sorption capacity when normalized with the initial weight of the sorbent. Since 

the volume of injected glycerol was carefully controlled (0.4 mL), glycerol conversion (8 ) 
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(Equation 3) could be calculated via a carbon balance using the MS signals of COx and CH4 

species. Additional performance metrics are presented below and are defined in Equations 3-5 

where Î denotes moles of species i, Î denotes molar flowrate of species i (molȚs-1), 6 denotes 

volumetric flow rate of glycerol (mLȚs-1), ʍ denotes the density of glycerol (gȚmL-1), Í  denotes 

the mass of species i (g), and -  denotes the molar mass of glycerol (gȚmole-1). Note that H2 

selectivity was calculated excluding water, and H2 yield incorporated the contribution of oxygen 

from the perovskite (æŭ) in accordance with the stoichiometry of oxidative steam reforming shown 

in Equation 6 in Section 2.2.3.  

 

                                      #/ 3ÏÒÐÔÉÏÎ #ÁÐÁÃÉÔÙ                                    (Equation 1) 

 

                                             ( 0ÕÒÉÔÙ                                    (Equation 2) 
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2.2.3. Thermogravimetric Analysis  

 

      Two sets of experiments were carried out using thermogravimetric analyzers equipped with 

differential scanning calorimeters (TGA, TA Instruments SDT Q600): (1) cyclic reactions using 

CO2 and H2 as the feeds for the reduction step with concentrations approximating SESRG reactor 

conditions; and (2) stepwise temperature changes from 500-900ęC under varying concentrations 

of oxygen. For the first experiment, ~50 mg of SCFN particles (180-250 ɛm) were loaded into an 

alumina crucible cell within the TA instrument and then heated to 570ęC with a ramping rate of 
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20ęC/min under Ar. The flow rates of gases 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 H2 and CO2 and the balance Ar for the TGA reduction steps were obtained from 

MS data with the same SCFN composition (Table A1). The reduction/carbonation step was 

performed at 570ęC for 20 min, with an 11-minute Ar purge following. The cell's temperature was 

maintained for another 3 min with the gas switching from pure Ar to 40% O2 flow. The system 

was then heated to 850ęC for the decarbonation/regeneration step with continual O2/Ar flow for 

25 min. After a final 16-minute Ar purge, the redox cycle was repeated. Figure 2.3.1(B) illustrates 

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

      In the second TGA experiment, ~50 mg of SCFN was heated to 700ęC under 50% O2/Ar and 

held isothermal for 20 min before being cooled down to 500ęC. The sample was then heated 

stepwise at 20ęC/min from 500-900ęC with 10 min isotherms every 50ęC. These temperature steps 

were repeated for 20%, 10%, 5%, 3%, and 1% O2/Ar concentrations and pure Ar. Upon completion 

of the last temperature cycle under Ar, the sample was ramped to 1100ęC under 20% H2/Ar to fully 

reduce the sample to establish a baseline. The combined results of both experiments were used to 

determine the non-stoichiometry (ŭ) and the CO2 sorption capacity of various SCFN compositions 

under cyclic redox cycles. The TGA reaction cycle profile reveals a 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 sites. Therefore, Ўɿ was obtained directly from TGA data 

by taking the mass difference (ЎÍ ) of the pre- and post-oxygen regenerated samples after the 

purge step (Equation 6).  
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                                                              Ўɿ
Ў Ͻ

Ͻ
                                                    (Equation 6) 

2.2.4. Characterization   

 

      Bulk phase identification was conducted using ex situ and in situ X-ray diffraction (XRD) 

characterization. Fresh, reduced, and regenerated SCFN samples from TGA and SESRG reactor 

experiments were analyzed with ex situ XRD. A Rigaku SmartLab X-ray diffractometer with Cu 

KŬ (ɚ = 0.1542 nm) radiation operating at 40 kV and 44 mA was used. A scanning range of 10-

60ę (2ɗ) with a step size of 0.1ę holding for 3.5 s at each step was used to generate XRD patterns. 

To assess the dynamic phase change of the SCFN material under a regenerating/decarbonating gas 

atmosphere, in situ XRD was carried out using an Empyrean PANalytical XRD using Cu KŬ 

radiation operating at 45 kW and 40 mA. A scanning range of 10-60ę (2ɗ) was at a ramp rate of 

0.1ę, holding for 0.1 s at each step. Temperature-programmed experiments were conducted on two 

samples of SCFN-5591 pre-treated, either with only 17.75% H2 balance Ar or 17.75% H2 and 

4.75% CO2 balance Ar. In both in situ XRD experiments, the samples were heated in N2 at 5ęCϽmin-

1 to 570ęC, after which 10% O2/N2 was introduced while ramping the temperature up to 850ęC at 

the same rate. After holding isothermal at 850ęC for 30 min, the sample was cooled to ambient 

temperature under pure N2.  

      X-ray photoelectron spectroscopy (XPS) was used to analyze surface compositions and 

valence states of fresh and reduced SCFN-5591 samples. The sample powders were pressed onto 

carbon tape and outgassed at 10-5 Torr overnight before being introduced into the ultrahigh-vacuum 

chamber for scanning. The XPS patterns were collected on a PHOIBOS 150 hemispherical energy 

analyzer (SPECS GmbH) equipped with a non-monochromatic Mg KŬ excitation source (1254 

eV). The resulting data were analyzed in the CasaXPS program (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 a Shirley-type 

background. XPS peak locations, FWHM values, and area percentages can be found in Table A2 

in Appendix A. 

      Surface morphology and elemental distribution were assessed via field emission scanning 

electron microscopy (FSEM) and energy-dispersive spectroscopy (EDS) using an Oxford X-Max 

system at an accelerating voltage of 15 kV and a working distance of 8.5 mm. Additionally, the 

BET surface area and BJH pore volume distribution of fresh and cycled SCFN-5591 samples were 

measured at 77 K using a physisorption apparatus (Micrometrics ASAP 2020) via a multipoint 

physical measurement.  

2.3. Results 

2.3.1. SESRG Performance  

 

      SESRG performance results averaged over 15 cycles for each SCFN composition are presented 

in Figure 2.3.1(C). Performances for each sorbent plotted against cycle number are displayed in 

Figure A1 and Table A3 in Appendix A. For all the compositions screened, the pre-breakthrough 

H2 purity, sorption capacity, and Ô  remained stable over 15 cycles, well beyond where a 

significant decrease in sorption capacity occurs for CaO-based sorbents. All the screened sorbents 

exceeded equilibrium reforming limitations and achieved H2 yields higher than the non-SE case 

(Figure 2.3.1(D)). 
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Figure 2.3.1. (A) A characteristic reaction cycle taken from SCFN-5591 MS data (H2O and Ar 

not shown). The reduction step, which occurs at 570ęC, encompasses both the pre-and-post-

breakthrough periods. The decarbonation/regeneration step releases nearly pure CO2 when using 

O2 as the oxidizing gas; (B) 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 decarbonation occurs, there is a weight increase due to oxygen replenishing the lattice 

sites of the reduced perovskite; (C) Summary of SESRG performance for all SCFN compositions 

averaged across 15 cycles showing glycerol conversion, pre-breakthrough H2 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 reactor in Aspen Plus configured at 

experimental conditions (570ęC, 1 atm) for a 30 wt.% glycerol in water feed; (E) Stable SESRG 

reactor performance of SCFN-5591 over 35 cycles; (F) Average CO2 sorption capacity and oxygen 

release (æŭ) comparisons samples for all five SCFN compositions subjected to 15 TGA reaction 

cycles.  
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      From the performance averages shown in Figure 2.3.1(C), it is apparent that, from a pure H2 

production standpoint, the best-performing material was SCFN-5591 with an average pre-

breakthrough H2 purity of ~97% and an average Ô  of 2.50 min. However, SCFN-4691 
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outperformed SCFN-5591 in sorption capacity and H2:CO ratio. This is consistent with the TGA 

results shown in Figure 2.3.1(F), where SCFN-5591 has a greater extent of oxygen release, which 

means it may be combusting more CO and H2. Interestingly, doping the A-site with less than 50% 

Ca leads to a decrease in glycerol conversion, likely due to the relatively higher stability of SrFeO3-

ŭ compared to CaFeO3-ŭ. Such a trend can be understood by considering the Goldschmidt tolerance 

factor Ô Ò Ò ȾЍςÒ Ò ,  for the generic perovskite ABO3, which predicts the stability 

of the perovskite species based on its proximity to an ideal cubic structure (Ô ρ[48]. The smaller 

ionic radius of Ca2+ compared to Sr2+ distorts the BO6 octahedra, resulting in a lower tolerance 

factor and, hence, diminished stability[49]. Considering its excellent performance, SCFN-5591 was 

subjected to twice as many reaction cycles. As shown in Figure 2.3.1(E), the sorption capacity 

plateaus at ~35% after the first 10 cycles and remains stable after 35 cycles. This initial increase 

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

distribution. 

      Lattice oxygen release and CO2 uptake are a function of B-site reduction; thus, the measured 

oxygen release values (Ўɿ) and CO2 sorption capacities of the SCFN materials were highly 

sensitive to both the reducing environment. As the B-site gets increasingly reduced, more A-site 

oxides are exposed to CO2 for carbonation into ACO3. Therefore, it is expected that the sorption 

capacity is positively correlated to ЎɿȢ To investigate this relationship, both packed bed and TGA 

experiments were conducted. From Figure 2.3.1(F), we can see that sorption capacity across the 

SCFN compositions trends positively with Ўɿ. Interestingly, a volcano-like relationship can be 

seen. An increase from 30% to 40% Sr doping in the A-site 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 Table A2).  

 

Figure 2.3.2. SEM micrographs taken at varying magnifications for (A& D) freshly synthesized; 

(B& E) reduced/carbonated; and (C& F) regenerated/decarbonated samples of SCFN-5591 

obtained from the SESRG reactor experiments. 

 

      To assess whether sintering occurred between regeneration cycles, samples of fresh, reduced, 

and regenerated SCFN-5591 were imaged and mapped using SEM-EDS. From the SEM images 

(Figure 2.3.2), no significant particle agglomeration occurs between the fresh, reduced, and 

regenerated samples. Between the freshly synthesized (Figure 2.3.2 (A& D)) and 

reduced/carbonated (Figure 2.3.2 (B&E)) samples, there is a noticeable increase in surface texture 

ï likely attributable to the formation of carbonates. Bulk elemental mapping with EDS depicts a 

mostly homogenous distribution of A-and-B-site elements, except for Ni, which appears to 

(A) (B) (C)

(D) (E) (F)
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aggregate in clusters for fresh and regenerated SCFN-5591 samples (Figure 2.3.3). XRD patterns 

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

the B-site of perovskite occurred during the 1,000ęC calcination (Figure A2). 

 

Figure 2.3.3. EDS mapping of (A) reactor-reduced and (B) regenerated SCFN-5591. 

 

2.3.2. Evaluation of Phase Reversibility   

 

      Evidence of SCFNôs phase reversibility is also witnessed in phase characterization via powder 

XRD analysis. Figure A2 displays the XRD patterns of freshly synthesized SCFN-5591 and 

regenerated SCFN-5591 after 15 SESRG cycles. The nearly perfect peak alignment of the samples 

pre-and post-15 cycles exhibits the superb durability and recyclability of SCFN. TGA experiments 

provided a clearer picture of the phase transitions occurring since the gaseous atmospheres could 

be more easily tuned, and the smaller sample mass (~50 mg) was more uniformly reduced or 

reoxidized.  These experiments, coupled with ex situ XRD analysis, indicated that SCFNôs extent 

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 TGA, which contains no steam, and the reactor, evidence of phase change within the 

TGA remains constructive for devising a pathway. Consider Figure 2.3.4 comparing the XRD 

patterns of SCFN-3791 and SCFN-4691 before and after reduction/carbonation in the TGA. For 

(A) (B)
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both samples, reduced iron oxide species such as orthorhombic Fe2O3 (Pbna) and cubic FeO (Fm-

3m), as well as rhombohedral CaCO3 (R-3c) and orthorhombic SrCO3 (Pmnc) are visible. The clear 

visibility of the peaks corresponding to the orthorhombic Brownmillerite (Sr,Ca)Fe2O2.5 (Ibm2) 

suggests that conversion of the sorbent was not complete; hence the less than 100% sorption 

capacities observed.  

 

Figure 2.3.4. XRD patterns of (A) SCFN-3791 and (B) SCFN-4691 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 

atmospheres, in situ XRD results further illustrate the difference in the extent of reduction between 

samples treated with solely H2 vs. H2/CO2 (Figure 2.5.3). Both samples of SCFN-5591 were 

exposed to the same volumetric concentration of H2 (17.75%), with the exception that one also 

had an additional 4.75% CO2 injected during the 570ęC reduction step (the balance Ar). 

Interestingly, the diffraction pattern of the sample treated with both H2/CO2 showed a visible 

increase in peak intensity around 2ɗ = 32.4ę as the temperature increased under 10% O2 (Figure 

2.3.5(B)). Figure 2.3.5(C) more clearly shows a shift of the major peak from 32.44ę to 32.35ę, 
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likely due to slight temperature-induced lattice expansion. The gradual disappearance of the Fe2O3 

peak located at ~35.7ę proves that a phase transition occurs as the B-site metal is oxidized to a 

higher valency than Fe3+. In stark contrast, the contour plot for the H2-pretreated sample in 2.3.5(A) 

showed virtually no change in peak intensity, revealing that the sample was only marginally 

reduced. These results suggest that CO2 and the carbonation reaction provide a driving force for 

reducing the perovskite sorbent. The H2/CO2-reduced sample also shed light on the stability of the 

formed carbonates from the perovskite A-site. The low-intensity (104) peak of CaCO3 disappears 

when the temperature surpasses ~610ęC, whereas the (111) and (021) SrCO3 peaks remain visible 

until ~750ęC. 
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Figure 2.3.5. In situ XRD diffraction pattern contour plots of SCFN-5591 under a temperature 

ramp and 10% O2/N2 environment for samples (A) reduced with H2 only and (B&C)  reduced with 

H2 and CO2.  

 

      From the ex situ and in situ XRD findings, we propose the simplified SESRG reaction scheme 

involving the perovskite (Sr,Ca)FeO3-ŭ illustrated by Reactions 11 and 12. The operating principle 

is that syngas produced from the reforming of glycerol reduces (Sr/Ca)FeO3-ŭ to strontium oxide 

(SrO), calcium oxide (CaO), and reduced iron oxides. The coinciding WGS reaction converts some 

of the CO to CO2, which is then taken up by SrO and CaO to form carbonates. This simultaneous 

carbonate formation removes CO2 to form conditioned syngas with a high H2:CO ratio (see 
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Reaction 8), and the subsequent decarbonation step in oxygen releases the trapped CO2 and 

regenerates the redox catalyst (see Reaction 9). The extent of perovskite reduction is represented 

by Ўɿ ɿ ɿ where ɿ πȟπȢυ for the perovskite/Brownmillerite phase, and ɿ πȟς 

ranging from total to zero extents of B-site reduction. While in conventional oxidative steam 

reforming the presence of oxygen penalizes the H2 yield, the simultaneous carbonate formation 

compensates for that penalty by driving the WGS to produce more H2. Assuming an ideal 

conversion of glycerol represented by Reaction 1, the amount of water consumed and the amount 

of H2 produced can be related to the ɿ and ɿ via the stoichiometry of Reaction 8. 

 

#(/ σɿ ɿ ρ (/ σ3Òȟ#Á&Å/ ᴼσ3Òȟ#Á#/ σ&Å/ τ σɿ

ɿ ρ (                                                                                                                        (Reaction 8) 

 

 σ3Òȟ#Á#/ σ&Å/   φ σɿ ɿ /  O σ3Òȟ#Á&Å/ σ#/         (Reaction 9) 

 

 

      The formation of reduced A-site oxides (SrO, CaO) appears to be surface-sensitive 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 these reduced oxides and their 

carbonates (results presented in the following section).  

2.3.3. Investigation of the Surface Chemical Environment 

 

      XPS analysis determined the surface chemical environment of the perovskite sorbents before 

and after the reduction/carbonation step. The Ca 2p, Fe 2p, and Sr 3d binding energy (BE) curves 

for fresh and reduced SCFN-5591 samples taken from the SESRG reactor are presented in Figure 

2.3.6. In situ XRD results for reduced SCFN-5591 samples revealed the presence of SrCO3 and 

CaCO3 (Figure 2.3.5), 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 pre-reduction sample survey peak revealed that, despite the equimolar A-site 

composition, Ca was over twice as abundant as Sr on the surface at 17.86 atomic percentage (At%) 

versus 6.43%. The fresh 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 carbonates. For 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 Ca2+ compared to Sr2+ - enabling faster diffusion to the surface.  

      The reduced SCFN-5591 Sr 3d spectrum was deconvoluted with three spin-orbital doublet 

pairs for Sr 3d3/2 and 3d5/2 BEs corresponding to three species: SrO, SrCO3, and what is likely 

distorted lattice Sr within the Brownmillerite crystal (Srlatt). In Figure 2.3.6(B), the doublets at 

133.1 and 134.8 eV and 132.4 and 133.4 eV likely correspond to SrCO3 and SrO, respectively[50, 

51]. The main doublet feature of SrFeO3 characteristic of the perovskite crystal, which is normally 

centered at ~133.8 eV[52], is now shifted to ~132 eV for the fresh sample in Figure 2.3.6(A) ï likely 

due to the effects of Ca doping.   

 

Figure 2.3.6. The core level XPS spectra for fresh and reduced SCFN-5591 for (A&B)  Sr 3d, 

(C&D)  Ca 2p, and (E&F)  Fe 2p.  
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A similar deconvolution procedure was conducted for the Ca 2p peaks. For the reduced sample 

(Figure 2.3.6(D)), the doublets identified at 346.6/349.8 eV and 347.9/351.1 eV likely correspond 

to CaO and CaCO3, respectively[53,54]. The lack of lattice Ca peaks in the reduced sample 

deconvolution suggests that it was quickly carbonated or stabilized as CaO due to the B-site 

reduction. This may also relate to the lower kinetics of SrO carbonation at lower temperatures[55]. 

CaO has a very fast carbonation rate at lower temperatures. The proclivity for surface lattice Ca to 

carbonate explains the higher average CO2 sorption capacities seen in SCFN-4691 and 5591 (see 

Table A2); however, the lower sorption capacity of SCFN-3791 counters this trend ï hinting at 

more complicated phenomena at play here than merely Ca molar percentage in the A-site.  

      The Fe 2p3/2 peaks were deconvoluted with three doublets. It is difficult for XPS to distinguish 

between the Fe3+ and Fe4+ valence states because they exhibit a single peak for the 2p1/2 and 2p3/2 

core levels[56]. However, features of the satellite peaks can be used to distinguish between the two. 

The Fe3+ spectrum should exhibit a more pronounced satellite peak at ~718 eV[56], as shown in 

Figure 2.3.6(F). For the reduced sample, peaks at 709.9 and 711.5 eV likely correspond to FeO 

and ɔ-Fe2O3
[57]. The higher BE peak at ~713 eV may be attributable to Ŭ-FeOOH, possibly formed 

after exposure to the ambient environment.  

2.4. Discussion 

      Chapter 2 of this dissertation demonstrated that perovskite-based phase transition sorbents can 

function as tri-functional materials capable of simultaneous catalysis, CO2 sorption, and oxygen 

release under a cyclic scheme. Results from reactor testing revealed that all five compositions of 

SCFN achieved pre-breakthrough H2 concentrations > 87 vol%, with SCFN-4691 and 5591 

displaying relatively high hydrogen purities (95.6-97.3%) in the pre-breakthrough periods. TGA 

experiments revealed a direct proportionality between oxygen release (æŭ) and CO2 sorption 
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capacity, confirming the synergistic relationship between B-site reduction and A-site carbonation. 

A combination of performance results and ex situ XRD analysis showcased the longevity and 

phase recyclability of the SCFN materials.  

      A simplified reaction scheme has been proposed based on in situ XRD and ex situ XPS 

characterizations in which B-site reduction promotes the formation of A-site oxides on the surface 

(e.g., SrO and CaO) that are subsequently carbonated (and vice versa). In situ XRD analysis 

confirmed that the formation of carbonates is fully reversible. SEM-EDS imaging, coupled with 

The confluence of these performance results and characterizations, supports the continued 

investigation of perovskite oxides as recyclable sorbent materials for a slew of possible sorption 

enhancement applications.  
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Abstract 

Sorption-enhanced steam reforming of toluene (SESRT) using catalytic CO2 sorbents is a 

promising route to convert the aromatic tar byproducts formed in lignocellulosic biomass 

gasification into hydrogen (H2) or H2-rich syngas. Commonly used sorbents such as CaO are 

effective in capturing CO2 initially but are prone to lose their sorption capacity over repeated cycles 

due to sintering at high temperatures. Herein, we present a demonstration of sorption-enhanced 

steam reforming of toluene using A- and B-site doped Sr1-xA'xFe1-yB'yO3-ŭ (A' = Ba, Ca; B' = Co) 

perovskites in a chemical looping scheme. We found that surface impregnation of 5-10 mol% Ni 

on the perovskite effectively 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 pre-bed of NiO/ɔ-Al 2O3 catalyst upstream of the sorbent. A 

comparison is made between isothermal operation and a more traditional temperature-swing mode, 

where for the latter, an average sorption capacity of ~38% was witnessed over five SESR cycles 

with H2-rich product syngas evidenced by a ratio of H2:COx > 4.0. XRD analysis of fresh and 

cycled samples of Sr0.25Ba0.75Fe0.375Co0.625O3-ŭ reveals that this material is an effective phase 

transition sorbent ï capable of cyclically capturing and releasing CO2 without 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, state-of-the-art biomass gasification 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 coking[1-3]. In the past few decades, many researchers 

have attempted to address the tar issue by using the approach of catalytic steam reforming, where 

toluene is most frequently used as a model tar compound. In this process, toluene is steam-

reformed at temperatures between 600-900ęC in the presence of a catalyst, which typically 

contains Ni, to produce syngas (Reaction 1) concurrent with the water gas shift (WGS) reaction 

(Reaction 2)[4-9]. Steam reforming combined with partial oxidation (Reaction 3) can improve the 

reaction thermodynamics but is typically kinetically limited.  

 

                           #( χ(/ᴾχ#/ρρ( Ў( ψφωȢψ Ë*ϽÍÏÌ              (Reaction 1)      

                            #/ (/ᴾ#/ (  Ў( τρ Ë*ϽÍÏÌ                     (Reaction 2) 

                          #( ρτ ɿ(/  / ᴾχ#/ ρψɿ(                 (Reaction 3) 

 

Besides tar formation, the traditional gasification process produces high amounts of CO2, 

resulting in a low H2 to CO + CO2 ratio (H2:COx) of the product gas. Thus, the reforming of toluene 

may be further improved with sorption enhancement by which a sorbent captures CO2 in situ to 

drive H2 formation and thus increase the H2:COx 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 Tammann temperatures in their carbonate forms and sinter at the high temperatures needed 

for reforming and decarbonation[10-12]. Such sintering at reaction conditions leads to an observed 

loss of 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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150ęC) 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 CaO-based sorbent[13]. As previously mentioned, these CaO-based 

sorbents are prone to sintering, which has motivated researchers to attempt stabilizing the support 

with an inert such as Al2O3 as well as trying different materials like zirconates [14] and silicates [15]. 

Perovskite oxides (denoted as ABO3-ŭ where A and B are typically Group II and transition metal 

cations, respectively) 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 separation[16-18], energy storage[19], and heterogeneous catalysis[20, 21]. In a typical chemical 

looping scheme, perovskite oxides donate their lattice oxygen during the reduction step and are 

replenished with oxygen from the air during a subsequent regeneration step[22]. The tunability of 

perovskites via A- and B-site cation doping generates a wide range of reaction possibilities. In the 

context of sorption enhancement, these materials can serve the dual-functional purpose of 

oxidatively reforming the carbonaceous feed[23, 24] while also using their A-site alkaline earth 

metals to capture co-produced CO2
[25-27] (Reaction 4) as illustrated in Figure 3.1.1. In the 

regeneration step, oxygen oxidizes the reduced metal oxides, an exothermic reaction that helps 

drive the endothermic release of CO2 from the carbonates (Reaction 5).  

 

                                      #( (/ !"/ ᴾ!#/ "/ (                          (Reaction 4)      

                                  !#/ "/ / ᴾ!"/ #/                                    (Reaction 5) 
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Figure 3.1.1. A schematic of the proposed chemical looping SESR process using Ni impregnated 

on a perovskite whereby (A) Ni catalyzes the reaction between toluene, steam, and oxygen 

provided by the perovskite lattice to form a mixture of syngas and CO2, which (B) further reduces 

the perovskite and carbonates it, forming ACO3. In the regeneration step, (C) oxygen is introduced 

to decarbonate the formed ACO3 and (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 previous Chapter, we reported the use of A-and B-site doped perovskites as ñphase 

transition sorbentsò (PTSs), specifically using Sr1-xCaxFe0.9Ni0.1O3-ŭ (where x = 0.3, 0.4, 0.5, or 

0.6) for the sorption-enhanced steam reforming (SESR) of glycerol in a chemical looping 

scheme[28]. We showed that Sr0.5Ca0.5Fe0.9Ni0.1O3-ŭ maintained ~35% CO2 sorption capacity for 

>35 cycles. For these reactions, a sizeable thermal swing was needed to fully decarbonate the PTS 

under 11% O2/Ar between the PTS reduction/carbonation step (at 570ęC) and the 

regeneration/decarbonation step (at 850ęC). However, most lignin biomass gasification processes 

take place at higher reaction temperatures (Ó700ęC), and an isothermal operation is always 

preferable for fluidized bed reactors due to a smaller exergy loss and a simpler system[29, 30]. In 

order to explore biomass conversion under a more realistic condition, an isothermal demonstration 

of the PTS materials is warranted. Additionally, at a fixed steam-to-carbon ratio (S/C) of 1.0, 

toluene steam reforming is significantly ° more thermodynamically demanding[9] (æH298 K = 

+124.3 kJĀmol C-1) than glycerol reforming[31] (æH298 K = +42.7 kJĀmol C
-1). This high reforming 

endothermicity, and therefore steep temperature requirement, makes isothermal SESR of toluene 

(SESRT) challenging since carbonation reactions are exothermic[32].  

In this Chapter, we extend the use of A-and B-site doped perovskite oxides to SESRT under 

isothermal reaction conditions, both as stand-alone multifunctional catalytic sorbents as well as in 

a sequential packed bed configuration downstream of a commercial Ni-based catalyst (NiO/ɔ-

Al 2O3, Alfa Aesar). Herein, we report the SESRT performance of perovskite PTSs through (a) 

direct impregnation of 5-10 mol% Ni on the perovskite; (b) a sequential bed configuration with 

NiO/ɔ-Al 2O3 upstream of Sr0.25Ba0.75Fe0.375Co0.625O3-ŭ (SBFC-2635). While direct impregnation 

succeeds in increasing the initial activity for toluene conversion, it was not a durable solution due 

to undesirable Ni migration into the bulk, as 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 when a 100ęC thermal swing was 

deployed, resulting in an average sorption capacity of ~38% and H2:COx > 4.0 across five cycles.  

3.2. Methods 

3.2.1. Synthesis  

 

      The perovskite-based 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 solution was then heated to 40ęC 

before citric acid was added to form a metallic citrate. After heating to 80ęC, ethylene glycol was 

introduced at a 3:2 molar ratio of ethylene glycol to citric acid to esterify the metallic citrate into 

a polymeric resin. After 4-5 hours of isothermal mixing, the newly formed gel was then placed in 

an oven at 130ęC for 16 h before subsequent calcination in still air for 10 hours at 1000ęC in a 

muffle furnace with a 3ęCȚmin-1 ramping rate. The resulting solids were ground with a mortar and 

pestle and sieved to particle diameters within 180-250 ɛm for the experiments and <180 ɛm for 

X-ray diffraction (XRD) analysis. Herein, Sr1-xA'xFe1-yB'yO3-ŭ represents the Sr molar fraction of 

x in the A-site and the Fe molar fraction of y in the B-site.  

      To incorporate catalytic nickel (Ni), a simple wetting procedure was used to introduce Ni to 

the surface of the perovskite support. The desired molar amount of nickel nitrate hexahydrate 

(Ni(NO3)2Ā6H2O) 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 

90ęC for 5 hours before 8 hours of calcination at 800ęC in a muffle furnace with a 3ęCȚmin-1 

ramping rate. 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 quartz U-tube (8 mm I.D., 280 mm 

length) fixed-bed reactor positioned in a vertically mounted Carbolite furnace. The furnace 

temperature was controlled remotely with PLATINUM Configurator software (Omega 

Engineering), and the top of the U-tube 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 and then inert silicon carbide grit. For the sequential 

bed experiments, 0.3 g of Ni-based steam reforming catalyst (NiO/ɔ-Al 2O3, Alfa Aesar) was placed 

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 toluene was fixed at 6.733 ɛLĀ min-1 while the 

flowrate of water was varied from 12-20 ɛLĀmin-1, corresponding to S/C ratios of 1.5-2.5. To 

ensure uniform injections of toluene (Sigma-Aldrich, Ó99.5%) and water into the reactor, an 

annular design was utilized whereby toluene was fed through a 1/16 '' OD (0.01 '' ID) SS capillary 

tube that itself was inside of a 1/8 '' OD SS tube where the water flowed (Figure 3.2.1). The mixture 

of gas and fuel was preheated by the inert packing material to desired reactor temperatures (750-

900ęC) before reaching the catalyst bed. 30 SCCM of Ar was kept flowing into the reactor to act 

as a sweep/purge gas throughout the entire cycle. Heating tape maintained the outlet products in a 

vapor phase. At the same time, the 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 II 

quadrupole mass spectrometer (MS) for real-time 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 consists of a 15-minute 

ñreductionò step where toluene is steam reformed and the perovskite PTS is reduced/carbonated, 

a purge step in pure Ar, and a ñregenerationò step where the PTS is reoxidized/decarbonated in 20 

vol% O2/Ar followed by a final purge before the cycle repeats. For experiments involving the 

sequential bed, a pre-reduction step was necessary whereby 5 vol% H2/Ar was introduced for 30 

minutes at the reaction temperature to reduce NiO to catalytically active metallic Ni. To evaluate 

the performance of the PTS materials, the toluene conversion (8 ), outlet gas concentration of 

species i during the reduction step on a dry and Ar-free basis (ώȟ), and CO2 sorption capacity are 

defined as follows where Î ȟ denotes moles of CO2 released during the decarbonation step:  
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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 (180-250 ɛm) were loaded into an alumina crucible cell within the TGA 

furnace and then heated to a desired temperature with a ramping rate of 20 ęC/min under Ar. The 

gas flow rates were controlled using Alicat MFCs and achieved a gas composition of 2:1:7  

H2:CO2:Ar for the reduction/carbonation step and a 2:8 ratio of  O2:Ar for the 

regeneration/decarbonation step. The total gas flow rate was set to 200 SCCM. Figure B1(A) in 

Appendix B shows a typical TGA profile of an isothermal cycle. 

3.2.4. Characterization 

 

      Bulk phase identifications of fresh and reactor-cycled samples were conducted using ex situ 

XRD characterization. For this task, a Rigaku SmartLab X-ray diffractometer was utilized (Bragg-

Brentano type) with Cu KŬ (ɚ = 0.1542 nm) radiation operating at 40 kV and 44 mA. A scanning 

range of 10-60ę (2ɗ) with a step size of 0.1ę holding for 3.5 s at each step was used to generate 

XRD patterns. The XRD patterns were refined using the Rietveld program General Structure 

Analysis System II (GSAS-II) [33] to quantify phase percentages, site occupancy fractions, and 

mean crystallite sizes. Refined parameters were scale factor, specimen displacement, background, 

phase fraction, crystallite size, microstrain, lattice parameters, and occupancy fractions. The 
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background was modeled using the Chebyshev-1 model with 6 parameters. For model assessment, 

the R-factors (2  and 2 ) are defined in Equations 4 and 5[34] where &ȟ  and &ȟ  are the 

observed and calculated structure factors, respectively: 

 

                                                           2
В ȟ ȟ

В ȟ
                                     (Equation 4) 

                                                      2
В ȟ ȟ

В ȟ
                                     (Equation 5) 

 

      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 10-5 

Torr overnight before being introduced into the ultrahigh-vacuum chamber for scanning. A 

PHOIBOS 150 hemispherical energy analyzer (SPECS GmbH) equipped with a non-

monochromatic Mg KŬ excitation source (1254 eV) was used to collect the spectra. The CasaXPS 

program (Casa Software Ltd) was used for subsequent data analysis. The binding energy was 

calibrated to a C 1s line at 284.8 eV. Surface morphology and near-surface elemental distribution 

were assessed via field emission scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDS) using a Hitachi SU3900 SEM with Oxford Ultim Max 40 EDS in variable 

pressure mode. A pressure of 70 Pa 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 fractions (Ù) and H2:COx ratios of the reduction step across 

three temperatures (750, 800, and 850ęC) and varying S/C ratios are presented in Figure 3.3.1. 

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 thermodynamics. The model did not anticipate coke formation at any of the conditions 

screened. These sensitivity analysis forecasts also reveal that equilibrium product gas composition, 

and therefore H2:COx 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 sensitivity to the S/C ratio. The 

results of these experiments (Figure B2) display a minuscule toluene conversion over a 30-minute 

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 of CH4 and 

CO2 during the injection period, followed by the release of CO and CO2 in the 20% O2 regeneration 

step, suggests that the coke formation via toluene cracking was the primary reaction. Even at 

thermodynamically favorable conditions, the lack of any catalyst results in negligible conversion.  
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Figure 3.3.1.  Aspen Plus-generated equilibrium projections showing the sensitivity of (A) the 

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

 

     In the initial catalytic sorbent screening stage, SrFeO3-ŭ was selected both for its 

thermodynamically favorable reduction kinetics[16] in low-0  environments as well as the 

observed ability of its Brownmillerite phase (SrFeO2.5) to carbonate to SrCO3 at temperatures 

below ~850ęC[25, 35]. A-site doping of the perovskite with alkaline earth metals was conducted to 

further facilitate carbonate formation. To draw a comparison between the effects of either dopant, 

two A-site doped SrFeO3-ŭ materials (Sr0.4A'0.6FeO3-ŭ (A' = Ba, Ca)) were tested across three 

temperatures (750, 800, and 850ęC) and at a fixed S/C ratio of 1.5. At 750ęC, Sr0.6Ca0.4FeO3-ŭ 

(SCF-64) displayed toluene conversions comparable to the SiC blank, averaging ~3.7% across 

three cycles. Sr0.6Ba0.4FeO3-ŭ (SBF-64) was tested at 800ęC, where its measured conversion was 

9.7%, and SCF-64 witnessed an improved conversion to 16.4%. However, the H2:COx ratio at 

these conditions was low - at 1.1 for SCF-64 and 0.57 for SBF-64. These low H2:COx values 

suggest that little, if any, sorption enhancement was occurring,  but rather solely combustion. 

Previous TGA screening experiments had ruled out Ca-doped SrFeO3-ŭ materials as viable sorbents 

(B)(A)
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above 800ęC since no carbonation had been witnessed. Therefore, only SBF-64 was subjected to 

toluene cycling at 850ęC, where its conversion and H2:COx values were measured as 35.6% and 

0.99, respectively. Increasing temperature improved toluene conversion, but the COx concentration 

of the syngas remained high. Pre-reduction with 5 vol% H2/Ar for 30 minutes before the toluene 

injection had little impact on toluene conversions, which remained within a few percentage points 

of the previous results at 800ęC (see Table 3.3.1). 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 
(°C) 

H2:COx Toluene 
conversion (%) 

 
Equilibrium* 

750 1.76 100 

800 1.74 100 

850 1.73 100 

 
Blank (SiC) 

750 0.005 0.76 

800 0.02 0.34 

850 0.01 0.80 

 w/o H2
 w/ H2 w/o H2 w/ H2 

SCF-64 
 

750 3.2 2.7 3.7 4.3 

800 1.1 1.3 16.4 14.2 

SBF-64 800 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.  

** ñw/ò and ñw/oò H2 denote conditions where a pre-reduction in 5% H2/Ar step was conducted 

before the injection of toluene.  

 

3.3.2. Effects of Ni Surface Impregnation  

 

      To further enhance the activity for toluene reforming, Ni was impregnated on the perovskite 

surface. Previous studies showed that supported nickel catalysts were highly effective for toluene 

reforming[4, 6, 8, 9, 23, 24, 36]. However, sorption enhancement was not attempted in these studies. 
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Impregnating the surface of the perovskite sorbents with 5-10 mol% Ni significantly improved 

toluene conversion. This corresponds well to the surface Ni detected by XPS (Figure B3). For 

example, 10Ni/SCF-64 demonstrated a more than threefold increase in conversion from 16.4% to 

59.0% at 800ęC, S/C = 1.5. A more modest improvement was witnessed with 10Ni/SBF-64 at the 

same condition, with a conversion increase from 9.7% to 28%. Additionally, the Ni-impregnated 

samples demonstrated better H2:COx ratios during the reduction step, with 10Ni/SCF-64 increasing 

from 1.1 to 1.5.  

 

 

Figure 3.3.2. MS profiles of the reduction step for 10Ni/SCF-64 (A) without an H2 pre-reduction 

step and (B) with an H2 pre-reduction step at 800ęC and S/C = 1.5.  

 

      When pre-treated with H2, the H2:COx ratio of 10Ni/SCF-64 increased further to 1.8. 

Interestingly, the MS profiles for 10Ni/SCF-64 show differing behavior during the reduction step. 

As shown in Figure 3.3.2, the sample without pre-reduction in H2 (Figure 3.3.2(A)) first produces 

CO2 before the onset of H2 and CO. The reason for this likely has to do with the oxidation state of 

Ni - pre-reduction with H2 will reduce any NiO on the surface to metallic Ni, which will, in turn, 

attenuate the oxidation of CO by NiO as well as unselective hydrocarbon combustion[37]. It is also 

(A) (B)
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possible that pre-reducing the sorbent partially reduces the perovskite and removes unselective 

lattice oxygen, diminishing the potential for overoxidation. This is supported by the higher 

observed H2:COx ratios of the H2-treated, bare perovskite samples (i.e., those lacking surface Ni) 

presented in Table 3.3.1. Additionally, CO2 spikes at the onset of the reduction step were not 

witnessed for those bare perovskite samples not pre-reduced in H2, which further substantiates the 

role of NiO for nonselective oxidation. As for evidence of sorption enhancement, CO2 release 

during the isothermal regeneration/decarbonation step was not detected by the MS; however, XRD 

analysis of a cycled 5Ni/SCF-64 sample (Figure 3.3.3(B)) revealed that SrCO3 had formed and 

encompassed 20.9 wt% of the final material. CaCO3 was not detected in the XRD patterns of the 

cycled sample as the typical experimental CO2 concentrations were much smaller than the 

equilibrium pressure of CO2 from CaCO3 decomposition at 800ęC (~0.25 atm)[38].  

 

Figure 3.3.3. Rietveld refinement of 5 mol% Ni/SCF-64 corresponding to (A) a freshly 

synthesized sample and (B) a sample cycled three times at 800ęC, S/C = 2.5. 
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(B)

(A)
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      While surface impregnation of Ni improved conversion and H2 composition, the Ni did not 

remain confined to the surface, as evidenced by the Rietveld-refined XRD scans in Figure 3.3.3. 

Rietveld refinement conducted revealed that the fresh sample was 85.6 wt% tetragonal perovskite 

Sr0.4Ca0.4FeO3-ŭ (I4/mmm), 12.2 wt% orthorhombic Brownmillerite SrFeO2.5 (Pbma), 2.1 wt% NiO 

represented by two phases: 1.2% cubic (Fm-3m) and ~1% rhombohedral (R-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 Table 3.3.2: (i) the isothermal 

regeneration/decarbonation at 800ęC was unable to fully reproduce the original perovskite phase 

and completely decompose the formed SrCO3, 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 sustained during phase transitions, as there are many 

routes for Ni migration. Therefore, Ni impregnation on (Sr,Ca)FeO3-ŭ would not lead to a stable, 

multifunctional catalytic sorbent for sorption-enhanced toluene reforming. 

Table 3.3.2. Rietveld refinement results for cycled 5Ni/SCF-64 

 

Chemical Formula Crystal System 
(Space Group) 

Weight 
Percent 

ἠἐ  ἠἐ 

 
Ca0.65Sr0.25Fe0.7Ni0.3O3-  ɻ

 
Orthorhombic 

(Imma) 
 

 
48.8% 

 
9.4% 

 
6.5% 

 
Sr1.4Ca0.6Fe3O6.5 

 
Triclinic 
(Amaa) 

 

 
20.9% 

 
5.9% 

 
4.7% 

 
SrCO3 

 
Orthorhombic 

(Pnma) 
 

 
15.0% 

 
10.9% 

 
5.6% 
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Table 3.3.2. Continued 

 

 
SrFe0.85Ni0.15O2.5 

 
Orthorhombic 

(Ima2) 
 

 
14.1% 

 
8.9% 

 
6.5% 

 
NiO 

 
Cubic 

(Fm-3m) 
 

 
1.1% 

 
29.5% 

 
14.1% 

 

3.3.3. Sequential Bed Performance 

 

      In light of the inability of the Ni-impregnated SCF-64 and SBF-64 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 of the perovskite, a sequential bed 

configuration was adopted where 0.3 g of commercial steam reforming catalyst (Ni/ɔ-Al 2O3) was 

placed upstream of the 1.0 g of PTS material; (ii) the B-site of the perovskite PTS was doped with 

Co to attempt to increase the extent 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 commercial Ni-based steam reforming 

catalysts are used. Additionally, Ca was abandoned as an A-site dopant due to its poor performance 

as a carbonate-former at high temperatures. As a point of comparison, 0.3 g of H2 pre-treated Ni/ɔ-

Al 2O3 was tested without any sorbent at 800ęC and S/C = 2.5 where a toluene conversion of 95% 

was witnessed and an H2:COx = 1.9. For all the sequential bed experiments, a 5 vol.% H2 pre-

treatment was used before the reduction step to reduce any NiO formed from the previous 

regeneration/decarbonation step.  

       Sr0.25Ba0.75Fe0.375Co0.625O3-ŭ (SBFC-2635) was identified as a promising CO2 sorbent 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 vol.% CO2 at 850ęC (Figure B1(B)). To evaluate its 

performance in the reactor, SBFC-2635 was first subjected to three steam reforming cycles without 

the Ni catalyst pre-bed upstream. Without the Ni catalyst, the SBFC-2635 perovskite was still able 

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

of the co-produced CO2, as shown in Figure 3.3.4(A), but once the sorbent saturation point had 

been reached, it proceeded to produce only H2 and CO2. The perovskite sorbent successfully 

demonstrated sorption enhancement. However, it was much more modest than the TGA results, 

with a sorption capacity of 6.6% for the first cycle, a conversion of 52%, and a H2:COx 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 pre-bed substantially improved sorption performance, as seen by 

the comparison of MS profiles in Figure 3.3.4. 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 pre-bed, as shown schematically in Figure 3.1.1(E). Essentially, the Ni catalyst pre-bred 

reforms the incoming toluene to a mixture of mostly syngas and CO2 (due to the higher S/C ratio) 

and some CO. These product gases then pass over the PTS bed (represented as ABO3-ŭ where ŭ = 

[0, 0.5]), which had been slightly pre-reduced during the H2 pre-treatment step. The partially 

reduced PTS is now primed to capture CO2 produced by the Ni bed and oxidize any CO produced.  
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Figure 3.3.4. MS profiles showing the entire SESRT cycle corresponding to two experiments 

conducted at 850ęC and S/C = 2.5 with the SBFC-2635 sorbent (A) without a Ni catalyst pre-bed, 

and (B) with a Ni catalyst pre-bed showing the onset of H2 before CO/CO2, known as the ñpre-

breakthroughò period.  

 

      The SESR performance results of the sequential bed configuration operated either isothermally 

at 850ęC or with a thermal swing from 850 to 950ęC during the regeneration/decarbonation step 

are compared in 3.3.5(A). 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 catalyst by itself. 

However, the calculated sorption capacities for the thermal swing mode were ~10-20% higher than 

for the isothermal mode despite having similar conversions. This indicates that isothermal 

decarbonation at 850ęC is insufficient to fully decarbonate the PTS, and as a result, the sorption 

capacity steadily decreases after cycle 2. When a 100ęC thermal swing decarbonates the PTS, the 

performance stabilizes after cycle 3, and the observed H2:COx ratios remain >4.0. Additionally, 

XRD analysis of a fresh vs. 5×thermal swing-cycled SBFC-2635 sample (Figure B4) confirmed 

5ŜŎŀǊōƻƴŀǝƻƴtǳǊƎŜtƻǎǘπōǊŜŀƪǘƘǊƻǳƎƘtǊŜπ

(A) (B)



  91 

 

that no carbonate species remained after the decarbonation and that the sample performed 

excellently as a PTS ï with near complete regeneration of the original cubic phase.  

 

 

Figure 3.3.5.  A comparison of the sequential bed configuration SESR performance results for 

both isothermal and thermal swing operation using the SBFC-2635 sorbent. 

 

3.4. Discussion 

      The application of A-and B-site doped SrFeO3-ŭ perovskite oxide-based phase transition 

sorbents (PTSs) was demonstrated for sorption-enhanced steam 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.e., direct Ni impregnation and the use of a Ni/ɔ-

Al 2O3 pre-reforming bed, were investigated to enhance toluene activation and conversion.  

Impregnation of Ni on SCF was found to be effective in enhancing the initial reforming activity. 

However, Ni migration into the oxide phase was observed based on Rietveld refinement of XRD 

patterns, leading to substantial deactivation of Ni/SCF. 

      On the other hand, Sr0.25Ba0.75Fe0.375Co0.625O3-ŭ (SBFC-2635) 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 employing a 100ęC thermal 

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 H2:COx values across all 5 cycles were consistently >4.0, further 

confirming the efficacy of the sorption enhancement approach. To summarize, cyclic SESRT was 

most effective in a sequential bed configuration using a thermal swing, and SBFC-2635 sorbent 

displayed complete phase recyclability. This research carries positive 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 with concurrent CO2 

sorption. 
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Abstract  

Sorption-enhanced gasification or steam reforming using CO2 sorbents can produce H2-rich syngas 

from a variety of biorenewable feedstocks. Tailored sorbent design is critical in achieving fast 

carbonation kinetics and maintaining stable CO2 capture performance over repeated cycling. We 

have previously demonstrated in Chapters 2 and 3 that certain A-and B-site doped perovskite-

structured oxides (A1-xA'xB1-yB'yO3-ŭ) function as redox-activated CO2 sorbents. These materials 

initially undergo reduction, releasing lattice oxygen for partial oxidation of the feedstock, and 

subsequently form phases capable of adsorbing CO2 and forming carbonates. In this Chapter, we 

examine the structural and thermodynamic influence of Fe doping on the redox-activated CO2 

sorption properties of SrMn1-xFexO3-ŭ for sorption-enhanced steam methane reforming. Compared 

to the non-sorption case, SrMnO3 increased the H2 purity from ~76% to 94% and more than 

doubled the H2:COx in the syngas. Thermogravimetric analysis of four compositions (x = 0, 0.125, 

0.375, 1) in reducing and carbonating gaseous environments (2:1:7 ratio of H2:CO2:Ar at 850°C) 

reveals a clear negative correlation between Fe concentration and extent of carbonation. Using 

laboratory and synchrotron-based powder X-ray diffraction (PXRD) analyses, we follow the 

structural dynamics of the SrMn1-xFexO3-ŭ 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 rate-determining step is the reduction of an 

intermediate Ruddlesden-Popper (RP) phase (An+1BnO3n+1: n = 1 when x = 0 or 0.125; n = 2 when 

x = 0.375) to SrO and (Mn,Fe)O, while SrFeO3 does not reduce past the Brownmillerite phase 

when CO2 was co-injected. The best-performing sorbent, hexagonal SrMnO3 (P63/mmc), reduces 

readily to monoclinic Sr2MnO4-ŭ (P21/c), which then undergoes complete conversion to Ŭ-and ɓ-

SrCO3 and MnO by the end of the reduction and carbonation segment. Fe-alloying into the B-site 



  98 

 

decreases the perovskiteôs extent of reduction and shifts the rate-determining intermediate phase 

to the higher-stacked, tetragonal n = 2 RP phase Sr3Mn2-xFexO7-ŭ (I4/mmm). Plane-wave density 

functional theory (DFT) calculations of the ȹG for the solid-state reactions identified via PXRD 

indicate that the reduction of Sr2MnO3.5 to 2SrO and MnO is the only endergonic step of the 

SrMnO3 reaction pathway. The addition of even 12.5% Fe-alloying in the B-site causes the ȹG for 

the reduction of the n = 2 and n = 1 RP phases to increase by 53 and 38%, respectively.  

4.1. Introduction  

      Hydrogen (H2) is of vital industrial importance to our modern economy and can be utilized as 

a nonpolluting energy carrier[1]. At present, approximately 50% of global H2 production is 

provided by the steam methane reforming (SMR) process[2]. SMR is endothermic (ȹH298K = 206 

kJ·mol-1) and requires elevated temperatures due to kinetic and thermodynamic limitations. 

Accompanying the SMR reaction is the water-gas shift (WGS), which is moderately exothermic 

(ȹH298K = -41.2 kJ·mol-1). However, both reactions are equilibrium-restricted and require a large 

amount of heat to maintain the reactor temperature[3]. Energy-intensive downstream processing is 

also required to improve H2 yields, taking the form of shift reactors for CO conversion and 

pressure-swing adsorption for CO2 removal. Optimizing SMR performance presents a dual 

challenge: increasing CH4 conversion while reducing energy consumption. 

      Sorption enhancement (SE) uses solid sorbents to capture CO2 in situ during the steam 

reforming reaction[4, 5]. Capturing CO2 during the conversion step offers at least three key 

advantages: (i) overcoming equilibrium limitations since CO2 removal drives the concurrent WGS 

reaction towards greater H2 production, (ii) reducing the external heat requirement since the 

carbonation of the sorbent is exothermic, and (iii) minimizing or eliminating downstream shift 

reaction and CO2 separation steps, resulting in a simplified process with higher H2 yields and 
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improved energy efficiency[4]. The central challenge of sorption enhancement is the design of 

robust, recyclable sorbents that possess favorable carbonation thermodynamics at high 

temperatures and fast CO2 uptake kinetics. Calcium oxide (CaO) initially meets both criteria, but 

after prolonged cycling, it loses >60% of its sorption capacity (g CO2/ g sorbent)[6]. This sharp 

performance decline is caused by the sintering of CaCO3 particles during the high-temperature 

calcination step. While the exact mechanism of sintering remains an area of ongoing research[7, 8], 

the process is irreversible and seemingly inevitable given that the Tammann temperature of CaCO3 

(533ęC) is lower than the calcination temperature[9].  

      Researchers have proposed several ideas to reduce sintering by either dispersing CaO on inert 

supports[10], blending or doping CaO with other elements for stabilization[11-15], or abandoning CaO 

altogether in favor of novel sorbents[16, 17]. One promising route is using thermodynamically 

favorable sorbents to reversibly form an intermediate phase rather than irreversibly sinter. These 

so-called ñphase transition sorbentsò were first coined by Dang et al. (2018) for sorption-enhanced 

steam reforming of glycerol (SESRG), where they exploited a reversible solid-state reaction 

between CaO and Co to form a calcium cobaltate phase (Ca3Co4O9) intermediate, thus avoiding 

the sintering route and enabling 120 stable reaction-decarbonation cycles[15]. In Chapter 2 of this 

dissertation, we demonstrated the efficacy of A-and B-site doped perovskite oxides, specifically 

Sr1-xCaxFe1-yNiyO3-ŭ, as recyclable phase transition sorbents for SESRG[18]. We also showed in 

Chapter 3 that Sr1-xBaxFe1-yCoyO3-ŭ could operate under isothermal conditions for sorption-

enhanced steam reforming of toluene[19]. In both applications, the guiding principle is that 

reduction of the perovskite oxide (ABO3), either by pre-treatment in H2 or directly by the 

carbonaceous feed, will expose A-site oxides (AO) to CO2 to form stable carbonates (ACO3) while 

the oxygen released during B-site metal reduction partially oxidizes the feed. In the regeneration 
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step, air or diluted oxygen reforms the perovskite by oxidizing the B-site metal oxides and 

decarbonating the A-site carbonates. A simplified, overall reaction scheme of the reduction and 

regeneration steps is presented in Reactions 1 and 2, respectively, where H2 is used as the reducing 

agent.  

 

                                         !"/ #/ ( ᴼ!#/ "/ (/                       (Reaction 1) 

 

                                          !#/ "/ / ᴼ!"/ #/                                 (Reaction 2) 

 

 

      Recently, an extensive high-throughput design study was published by Cai and Yang et al. 

(2024), where no less than 1,225 perovskite-structured sorbent candidates were computationally 

screened for isothermal sorption-enhanced reforming and gasification (SERG)[20]. Using the DFT-

obtained sum of the changes in Gibbs free energy of carbonation and sorbent regeneration (ȹGabs 

+ ȹGreg) as the primary performance descriptor, SrBaFeMn compositions were predicted to be 

thermodynamically favorable, and subsequent thermogravimetric analysis (TGA) observed 

sorption capacities of 78, 77, and 75% for Sr0.75Ba0.25MnO3-ŭ, BaMnO3-ŭ, and SrMnO3-ŭ, 

respectively. While this thermodynamic screening approach is powerful in its simplicity and 

generalizability, there still exists a lack of understanding of the solid-state reaction route between 

perovskite and final products, a knowledge of which could improve the predictive power of these 

screening models. 

      This Chapter systematically investigates the structure-property relationships of SrMn1-xFexO3-

ŭ (x = 0, 0.125, 0.375, 1) for SESMR. SrMnO3 and SrMn0.875Fe0.125O3-ŭ achieved dry-basis H2 

purities of 94.2% and 82.7% - higher than the non-SE 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 redox-activated sorbents, we have conducted detailed in situ 
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characterization in reducing and carbonating atmospheres. Sorption performance was evaluated 

via TGA, and ex situ powder X-ray diffraction (PXRD) was used to characterize the final product 

distribution. Through sequential Rietveld refinement of patterns obtained via in situ synchrotron-

based PXRD, the detailed solid-state phase transition pathway of SrMnO3 is elucidated. 

Additionally, we examine the structural consequence of Fe-alloying into the B-site by laboratory-

based in situ PXRD. The DFT-obtained ȹGôs for each elementary phase transition will be shown 

to be negatively impacted by increased Fe-alloying. 

4.2. Methods  

4.2.1. Synthesis  

 

      The perovskite materials were prepared using a solid-state reaction method. For a typical 

synthesis of SrMn1-xFexO3-ŭ stoichiometric amounts of SrCO3 (Sigma Aldrich, >99.9%), MnO2 

(Materion, >99.9 %), and Fe2O3 (Noah Chemicals, >99.9%) were added in a 5 ml Teflon vial and 

then mixed with 2 mm yttrium-stabilized ZrO2 balls 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 hours using a high-energy ball mill (Vivtek Instrument: VBM-V80). The resulting wet 

slurry was oven-dried at 130ęC and then calcined under flowing air at 1100ęC in a tube furnace for 

10 h to form the perovskite structure. The ramping rates for heating and cooling steps were all set 

to 3ęCĀminī1. 

4.2.2. SESMR Experiments 

 

      SESMR performance evaluation of SrMn1-xFexO3-ŭ was performed in a quartz U-tube packed 

bed reactor with a 6 mm ID. To achieve high methane conversion, a sequential bed design was 

used (as introduced in Chapter 3) whereby the upstream section contained 0.3 g of nickel-based 

steam reforming catalyst (Alfa Aesar, HiFUEL R110), while the downstream section held 1.5 g of 
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the perovskite sorbent. The catalyst and sorbent particles were sieved to a size range of 180 to 425 

µm. Quartz wool and SiC were used as inert packing materials to prevent blowout and preheat the 

inlet gas. The reactor was maintained at 850°C with an initial ramp rate of 30ęCĀminī1 . A four-

step cycle was implemented, consisting of a 20-minute purge, 20-minute reduction, 10-minute 

purge, and 20-minute regeneration. Argon gas (30 SCCM, Airgas UHP 5.0 grade) was used as the 

carrier throughout the cycle. During the reduction step, 5 SCCM of CH4 (Airgas UHP 5.0 grade) 

and 7.35 µL/min of deionized water, controlled by a syringe pump, were introduced. To ensure a 

steady flow of steam at the start of the reduction step, water injection began three minutes before 

methane injection. During the regeneration phase, 7.5 SCCM of O2 (Airgas extra dry grade) was 

introduced to create a 20% oxygen environment. 

4.2.3. Characterization   

 

      Both ex situ and in situ characterizations via powder X-ray diffraction (PXRD) were conducted 

to investigate the bulk crystalline structure of the sorbents. Ex situ XRD was performed using a 

Rigaku SmartLab X-ray diffractometer (Bragg-Brentano geometry) with Cu KŬ (ɚ = 0.1542 nm) 

radiation operating at 40 kV and 44 mA. A scanning range of 10-65ę (2ɗ) with a step size of 0.05ę 

holding for 3.0 s at each step was used to generate the XRD patterns. Corresponding in situ 

synchrotron-based PXRD experiments were conducted at beamline 12.2.2, Advanced 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 et al[21, 22]. The diffraction patterns were measured 

in angle-dispersive transmission mode with a focused 25 keV monochromatic beam (ɚ = 0.4984 

¡/30 ɛm spot size). The powders were heated in a 0.7 mm outer diameter quartz capillary under 

10 mLĀminī1 of Ar. Inert (Ar), reducing (H2), carbonating (CO2), and regenerating (O2) gases were 

injected through 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 850ęC at a rate of 10ęCĀminī1. After a 10-minute 

stabilization under Ar, the reducing and carbonating gases were injected at a 2:1:7 H2:CO2:Ar ratio 

for 40 min. After an additional 10 min purge, a 20-minute regeneration step was conducted in a 

3:7 ratio of O2:Ar. A visualization of the experimental procedure can be found in Figure C1 in 

Appendix C. The patterns were recorded by a PerkinElmer flat panel detector (XRD 1621, dark 

image, and strain correction).  

      Additional laboratory-based in situ PXRD was carried out with an Empyrean PANalytical 

diffractometer using Cu KŬ radiation operating at 45 kW and 40 mA. A scanning range of 10-65ę 

(2ɗ) with a step size of 0.03ę holding for 0.4 s at each step was used to generate the PXRD patterns. 

Temperature-programmed experiments were performed whereby the samples were ramped under 

air at a rate of 10ęCĀmin-1 to 850ęC and, after a 15-minute purge under Ar, the sample was 

introduced to a 3% H2 and 1.5% CO2 with the balance Ar.  

      Rietveld refinement was performed using the FULLPROF program[23]. The profile function 7 

(ThompsonīCoxīHastings pseudo-Voigt convoluted with axial divergence asymmetry 

function)[24] 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 LaB6 standard (NIST). The weight fraction Wi of the ith phase in n mixture of crystalline 

phases is calculated by Rietveld refinement according to 

                                                                       7
Ⱦ

В Ⱦ
                                                   (Equation 1) 

 

where 3 is the refined scale factor of the phase, : is the number of formula units per unit cell, -  

is the molecular mass of the formula unit, 6 is the refined unit cell volume, and Ô is the Brindley 

particle absorption contrast factor[25]. 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 TA-Instrument SDTQ650. For each experiment, ~40 mg of 

perovskite particles sieved to a diameter of 75-90 µm were used. The timed injections of reducing 

(H2), carbonating (CO2), inert (Ar), and regenerating (O2) gasses 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. Most experiments, unless 

otherwise specified, proceeded in the following manner. First, a temperature ramp of 10ęCϽmin-1 

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 of H2:CO2:Ar was injected, 

maintaining the total flow at 200 SCCM. This gas environment was maintained at temperature for 

4 hours before ramp down and subsequent XRD analysis of the sample. The extent of carbonation 

(8Ô) for Ô Ô where Ô is the time of carbonation onset is defined in Equation 2: 

 

                                                           8Ô Ô                                        (Equation 2) 

 

where Í  is the initial mass, Í  is the mass at the time Ô, and Í  is the mass corresponding to the 

maximum extent of carbonation based on the stoichiometry from Reaction 1: Í Í Í

Í . 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 zero: ɿ π). 

4.2.5. Thermodynamic Calculations via Density Functional Theory 

 

      In this work, we conducted density functional theory (DFT) calculations by the Vienna Ab 

initio Simulation Package (VASP) software[26-29]. We employed the projector-augmented wave 

(PAW) method to calculate the interaction between electrons and atomic cores[30, 31]. The 
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generalized gradient approximation (GGA) approach[32] combined 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/Å. Here, the spin polarization 

effect was considered for Fe 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, respectively[33, 34]. To ensure high accuracy, we employed a spacing between k points 

is 0.04 Å-1. In addition, we corrected the energies by using Phonopy and obtained free energies 

for further analysis[35, 36]. The energies of gases, including CO2, H2O, and O2, are conducted by 

using the methods described before[37]. 

4.3. Results 

4.3.1. Redox-Activated CO2 Sorption Performance Evaluation of SrMn1-xFexO3-ŭ  

      Figure 4.3.1(A) illustrates a detailed breakdown of an individual isothermal SESRM cycle, 

showing the H2-rich reduction segment followed by CO2 release during the regeneration. In each 

cycle, the perovskite sorbent is partially reduced by unconverted CH4 and syngas from the 

upstream Ni-based catalyst, producing H2O and CO2 before the carbonation-active phases capture 

CO2 and enhance H2 concentration. Twenty cycles were conducted for each sorbent, and the MS 

signals of the best-performing material, SrMnO3, are shown in Figure C2(A). For comparison, 

SMR was conducted without the sorbent using only the Ni-based catalyst bed (Figure C2(B)). A 

summary of SESMR performance vs. B-site Fe concentration is presented in Figure 4.3.1(B) and 

Table C1. While H2 combustion during perovskite reduction reduces overall H2 yield from ~74% 

to 66% compared to the non-SE case, CO2 capture and the enhanced WGS conversion increases 

the H2 concentration from ~76% to ~94 vol.% on a dry basis and more than doubles H2:COx from 

3.1 to 7.9. The lower yield is attributed to H2 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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Î ȟ ,(6 / Î
ȟ
,(6 , was 77%, approximately 16% more efficient than the LHV 

case for SMR[21, 22]. 

      Thermogravimetric analysis (TGA) was conducted to compare the redox-activated carbonation 

and regeneration properties of SrMn1-xFexO3-ŭ (Figure 4.3.1(C-F)). SrMnO3 displays superior 

isothermal regeneration kinetics than SrO, decarbonating in less than half the time (Figure 

4.3.1(C)). When a temperature swing is employed during the decarbonation, the difference is even 

starker, with SrMnO3 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, SrMnO3 was subjected to 30 cycles of 

reduction/carbonation and regeneration/decarbonation at 850ęC (Figure 4.3.1(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 apparent ï making it attractive 

for practical usage as a high-temperature CO2 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 SrMnO3 

and SrO with inset showing XRD patterns of the freshly synthesized sorbent and after regeneration. 

(D) Repeated isothermal cycling of SrMnO3 at 850ęC with an inset of the first cycle detailing the 

cycle conditions. (E) TGA profiles during the simultaneous reduction and carbonation of SrMn1-

xFexO3-ŭ with inset showing the extent of carbonation values measured by TGA vs. Fe B-site 

concentration. (F) Comparison of reducibility measured by TGA of four SrMn1-xFexO3-ŭ 

compositions. 
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      For each sample, apart from SrFeO3-ŭ, the profile of the TGA curve follows a similar trajectory 

ï a rapid drop in wt.% due to reduction followed by a sharp weight increase from carbonation. 

SrFeO3-ŭ reduces slightly, but not to the extent necessary to form phases active for carbonation. 
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This result seemingly contradicts the H2-TPR curve for SrFeO3-ŭ displayed in Figure 4.3.1(F), 

where we can see that SrFeO3-ŭ loses ~7.2% of its initial mass by the time 850ęC is reached under 

20% H2. However, adding 10% CO2 to the mix can act as an oxidizing agent and prevent SrFeO3-

ŭ from further reducing. To confirm this, the simultaneous injection of 2:1:7 H2:CO2:Ar was 

switched to solely 10% CO2/Ar, resulting in an immediate weight increase until the sample reached 

its equilibrium wt. % (~97.4%), as illustrated in Figure C4. When the CO2 was shut off, the sample 

was reduced to 90% of its initial mass. This equilibrium between oxidation by CO2 and reduction 

by H2 is expressed by Reactions 3 and 4, where ɿ ɿ. The sum of these reactions results in the 

reverse water-gas shift reaction known to be thermodynamically favorable at 850ęC. From a 

practical standpoint, when deciding on the appropriate redox-activated sorbent for a given 

sorption-enhancement application, one must account for both the thermodynamic favorability of 

the B-site metalôs reduction by H2 or other reducing species (e.g., CO, CH4, etc.) and its potential 

oxidation by CO2 to avoid getting trapped at an equilibrium structure where little or no carbonation 

takes place. 

 

                                              3Ò&Å/ ( ᴼ3Ò&Å/ (/                      (Reaction 3) 

 

                                             3Ò&Å/ #/ᴼ3Ò&Å/ #/                        (Reaction 4) 

 

 

      Temperature-programmed reduction (TPR) experiments conducted in the TA with 20% H2/Ar 

shed further light on the reducibility of the SrMn1-xFexO3-ŭ materials (Figure 4.3.1(F)). At ~400°C 

SrMnO3 undergoes a steep reduction to ~93.8% of its starting mass before experiencing a more 

gradual weight loss until reaching complete reduction by ~780ęC. This longer second stage of 

reduction between 400-780°C corresponds to the reduction of a monoclinic n =1 RP Sr2MnO4-ŭ 

(P21/c) intermediate phase, which will be proven with in situ PXRD in Section 3.2. Meanwhile, 
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SMF-871 does not reach its final reduced state until ~50 minutes into the 850°C isothermal 

segment. Despite its more sluggish reducibility during the H2-TPR experiment, SMF-871 performs 

comparably to SrMnO3 in the combined reduction/carbonation tests with only a 3% difference in 

the extent of carbonation. The same cannot be said for the higher Fe-loaded variant, SMF-853, 

which exhibits a slower reduction throughout the entire temperature ramp and does not reach the 

final reduced state by the end of the ~150 min experiment due to competing oxidation by CO2.  

 

Figure 4.3.2. (A) Comparison of laboratory ex situ PXRD patterns for the four compositions of  

SrMn1-xFexO3-ŭ. The inset shows that increasing Fe molar concentration in the B-site increases the 

cubic phase fraction of the mixture until it reaches unity for cubic SrFeO3- ŭ. (B-E): laboratory ex-

situ PXRD patterns of the samples post-TGA. (B) only the peaks corresponding to SrCO3 and 

MnO are visible ï corresponding to a 100% extent of carbonation. (C&D)  The major peaks 

corresponding to the (105) and (110) planes of tetragonal Sr3Mn2-xFexO7-ŭ, an unconsumed 

intermediate, are highlighted in the insets. (E)  Only the structure of the orthorhombic 

Brownmillerite phase SrFeO2.5 can be seen and zero carbonation has taken place.  
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     XRD was conducted on all freshly prepared (Figure 4.3.2(A)) and post-TGA samples (Figure 

4.2.1(B-E)). This same phase was also found leftover in the spent SMF-871 sample (Figure 

4.3.2(C)), but at a lower weight percentage. Alloying Fe into the B-site of SrMnO3 changes the 

crystal structure, gradually shifting from a hexagonal (P63/mmc) to a cubic geometry (Pm-3m) 

(Figure 4.3.2(A)). With a tolerance factor[38] t > 1, where Ô Ò Ò ȾЍςÒ Ò , SrMnO3 is 

most stable in a hexagonal crystal structure at ambient temperature and pressure[39]. 

SrMn0.875Fe0.125O3-ŭ adopts a rhombohedral structure (P31c) known as ɔ-SrMnO3, which was 

originally reported by Mizutani et al.[40] (1970) and has been observed again more recently by 

Vieten et al.[41] for SrMn0.85Fe0.15O3-ŭ. With 37.5% Fe content in the B-site the sample becomes 

a mixture of cubic and rhombohedral phases. While the tolerance factor of SrFeO3-ŭ (t < 1) would 

predict an orthorhombic or tetragonal structure, we identified a cubic Pm-3m geometry for our 

sample using both laboratory and synchrotron room temperature scans, suggesting that ŭ < 0.13[42]. 

The transition of SrFeO3-ŭ from cubic to tetragonal and to lower symmetry geometries depends on 

the degree of non-stoichiometry since the greater ionic radius of Fe3+ compared to Fe4+ will strain 

the lattice and distort the structure[43].  

      From XRD analysis of the samples post-TGA experiment, we can see which unconverted 

phases remained stable. SrMnO3 converted completely to an equimolar mixture of SrCO3 and 

MnO, while the spent SMF-871 sample featured a slight amount (<10 wt.%) of tetragonal n = 2 

Ruddlesden-Popper (RP) phase Sr3Mn2-xFexO7-ŭ (I4/mmm) (Figure 4.3.2(C)). This same RP phase 

was the dominant unconsumed intermediate found in the spent SMF-853 sample as well (Figure 

4.3.2(D)). Meanwhile, SrFeO3-ŭ did not reduce past the orthorhombic Brownmillerite phase 

SrFeO2.5 (Ibm2) nor form any observable carbonates (Figure 4.3.2(E)). Previously reported 

changes in reduction extent as measured by non-stoichiometry change (ȹŭ) for SrMn1-xFexO3-ŭ 
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have already been published[41], 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 Figure 4.3.1(E), namely that their initial normalized mass at the start of the gas 

injection decreases with increasing Fe in the B-site. However, as we have seen clearly in the case 

of SrFeO3-ŭ, the sorption performance of the SrMn1-xFexO3-ŭ composites cannot be neatly tied to 

their ease of reducibility 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 redox-activated carbonation 

reaction pathway must be considered, and for that, we begin with a detailed outline of the relevant 

phase transitions.  

4.3.2. Real-Time Structural Dynamics of SrMn1-xFexO3-ŭ in Reducing and Carbonating 

Environments via In Situ Powder X-ray Diffraction 
 

      In this section, the structural and phase changes occurring during the simultaneous reduction 

and carbonation of SrMn1-xFexO3-ŭ are jointly discussed for all four doping configurations (x = 0, 

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 

analysis of the structural evolution of SrMnO3. The regeneration reaction pathway, while of 

secondary importance for this study, is also elucidated for SrMnO3.Refinement statistics (i.e., 

2 ȟ2  and ʔ) are defined in Equations C1-C3 and tabulated in Table C2. As shown in Figure 

4.3.3(A), a room temperature (RT) scan of the sample revealed that the SrMnO3 perovskite was 

purely the 4H-type hexagonal phase (P63/mmc) and had an initial density of 7.32 gϽcm-3. The 

occupancy fractions of the O-sites were fixed at unity in agreement with the TGA-derived initial 

non-stoichiometry value, which was negligible. Ramping the sample under Ar to 850ęC (segment 



  112 

 

1) resulted in lattice expansion corresponding to a ~28% decrease in density to 5.23 gϽcm-3 by the 

conclusion of the temperature equilibration (segment 2) (Figure 4.3.3(B)).  

 

Figure 4.3.3. (A) Rietveld refinement of SrMnO3 collected at room temperature (RT) via in situ 

synchrotron PXRD revealing a hexagonal geometry (P63/mmc). (B) Synchrotron in situ PXRD 

patterns of SrMnO3 during heat ramp from RT to 850ęC under inert conditions. The inset figure 

focuses on a narrower 2ɗ range (10-10.5ę) to reveal the lattice expansion during heating. (C) The 

first three synchrotron in situ PXRD scans of segment 3 reveal the initial onset of phase transitions 

of SrMnO3 during simultaneous reducing (20% H2) and carbonating (10% CO2) conditions at 

850ęC. The inset figure focuses on a narrower 2ɗ range (9.5-10.75ę) to highlight the rapid 

transformations that transpire. (D) Synchrotron in situ PXRD patterns corresponding to scans 7-

40 of segment 3 of SrMnO3 during simultaneous reducing (20% H2) and carbonating (10% CO2) 

conditions at 850ęC. (E) Phase composition (wt.%) vs. time in segment 3. (F) Normalized unit cell 

volume evolution ([(V-V0)/V0]Ț100%) vs. time (scan number) in segment 3. Each scan corresponds 

to an acquisition time of 1 minute. Refinement error bars are smaller than symbols.  
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      The most dramatic phase changes were witnessed in segment 3 upon introducing a 2:1:7 ratio 

of H2:CO2:Ar gasses (Figure 4.3.3(C&D)). Reduction of the Mn4+ cation in SrMnO3 via oxidation 

of H2 resulted in a rapid sequence of phase transitions, as shown in Figure 4.3.3(C). After 2 min, 

~88% by mass of the initial SrMnO3 phase had been converted to a reduced tetragonal perovskite 

phase SrMnO2.6 (P4/m), orthorhombic Brownmillerite phase SrMnO2.5 (Pbam), and a tetragonal n 

= 2 Ruddlesden-Popper (RP) phase Sr3Mn2O7-ŭ (I4/mmm). No Sr3Mn2O7-ŭ remained by the third 

scan (t = 3 min), indicating that it was a fast-forming intermediate, but the sudden emergence of 

monoclinic n = 1 RP phase Sr2MnO4-ŭ (P21/c) as well as cubic MnO (Fm-3m) were observed. 

Individual plots of the refined structures with corresponding refinement statistics for the first three 

scans of segment 3 can be found in Figure C5. Interestingly, it was not until the fourth scan, after 

Sr2MnO4-ŭ had become the dominant phase (~80 wt.%), that rhombohedral ɓ phase SrCO3 (R-3c) 

appeared. This would suggest that carbonation does not occur until the segregation of Sr2+ cations 

from the Sr2MnO4-ŭ phase becomes favorable. Orthorhombic Ŭ phase SrCO3 (Pnma) revealed itself 

shortly afterward in scan 5. Trace amounts of cubic SrO (Fm-3m) appear after 6 min and gradually 

increase from 0.06 wt.% to 0.98 wt.% throughout the duration of segment 3, which suggests its 

rapid consumption to form SrCO3 in the presence of CO2. Upon the completion of the sixth scan 

(t = 6 min) the initial reduction of SrMnO3 to Sr2MnO4-ŭ and 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 SrCO3 (Figure 4.3.3(E)). The sequence of solid-state 

reactions observed from the in situ PXRD patterns of segment 3 is summarized in reactions 5-9 

(not stoichiometrically balanced):  

 

                                       3Ò-Î/ ( ᴼ3Ò-Î/ (/                                     (Reaction 5) 
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                                  3Ò-Î/ ( ᴼ3Ò-Î/ -Î/(/                     (Reaction 6) 

 

                               3Ò-Î/ ( ᴼ3Ò-Î/ -Î/(/                        (Reaction 7) 

 

                                      3Ò-Î/ ( ᴼς3Ò/-Î/(/                                     (Reaction 8) 

 

                                                     3Ò/#/ᴼ3Ò#/                                                       (Reaction 9) 

 

      Determination of compositional and unit cell volume evolution with time (Figure 4.3.3(E&F)) 

was achieved via a sequential refinement of the unit cell parameters (a,b,c,Ŭ,ɓ,ɔ) and phase fraction 

(wt.%). As is evident from Figure 4.3.3(E), the reduction of Sr2MnO4-ŭ to MnO and SrO (Reaction 

6) is the rate-determining step. The coinciding carbonation occurs so rapidly that SrO is scarcely 

detectable for most of segment 3. As is characteristic of alkaline earth metal carbonation, the 

unreacted SrO may be obscured by a significant product layer of SrCO3, rendering the reaction 

entirely diffusion-limited. The appearance of ɓ-SrCO3 before the more thermodynamically stable 

Ŭ-SrCO3 polymorph signifies that it is a kinetic product, and indeed, its gradual transformation to 

Ŭ-SrCO3 after scan 30 can be seen. By the conclusion of segment 3, all of the RP phase had been 

consumed, and what remained was a nearly equimolar mixture of MnO and SrCO3. Meanwhile, 

the change in the unit cell volumes of the reacting species (Figure 4.3.3(F)) provides additional 

insight. Specifically, we see that Sr2MnO4-ŭ undergoes expansion until plateauing at scan 16. This 

volume expansion is the consequence of B-site reduction (Mn3+/4+Ÿ Mn2+/3+) increasing the B-site 

cation ionic radius[44] and releasing interstitial oxygen. While the reduction of the B-site Mn cation 

continues until MnO nucleates, we see that the volume expansion rate dramatically decreases as 

Sr2+ 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 removal of Sr2+ counteracts each other and 

leads to the observed equilibrium.  
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Figure 4.3.4. (A) First three synchrotron in situ PXRD scans of segment 5 during oxidation under 

30% O2/Ar at 850ęC, revealing the immediate oxidation of MnO and onset of perovskite phase 

regeneration. (B) Synchrotron in situ PXRD patterns corresponding to scans 1-20 of segment 5 of 

SrMnO3. (C) Phase composition (wt.%) vs. time. (D) Normalized unit cell volume evolution ([(V-

V0)/ V0]Ț100%) vs. time. Each scan corresponds to an acquisition time of 1 minute. Refinement 

error bars are smaller than symbols.  

 

      The regeneration step (segment 5), conducted under 30% O2/Ar at 850ęC did not follow the 

reverse pathway observed from segment 3. Rather, as Figure 4.3.4(A) shows, MnO is quickly 
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oxidized to either the tetragonal spinel phase Mn3O4 (I41/amd) or the orthorhombic Brownmillerite 

phase SrMnO2.5 (Pbam) and subsequently the hexagonal perovskite SrMnO3. From Figure 

4.3.4(B) it is evident that the Ŭ-SrCO3 peaks remain visible and that complete regeneration to the 

original hexagonal perovskite phase did not occur. From the phase composition evolution in Figure 

4.3.4(C) it is apparent that once Mn3O4 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 phase (Reaction 10), and the other 

where SrCO3 decarbonates and reacts with MnO to form the Brownmillerite phase (Reaction 11). 

Oxidation of the Brownmillerite phase finally returns to the original perovskite phase (Reaction 

12).  

 

                                                        σ-Î/ / ᴼ-Î/                                   (Reaction 10) 

 

                                           -Î/3Ò#/ / ᴼ3Ò-Î/Ȣ #/                   (Reaction 11) 

 

                                                    3Ò-Î/Ȣ / ᴼ3Ò-Î/                               (Reaction 12) 

 

 

      While from a practical standpoint, the incomplete regeneration of the perovskite and 

decarbonation of Ŭ-SrCO3 is an undesirable outcome, it should be noted that TGA experiments 

reported in Section 3.1 (Figure 4.3.1(C)) under the same gas composition and temperature affirm 

that complete reformation to the perovskite phase in an isothermal regeneration is possible and 

that its failure to do so in the in situ cell is an experimental artifact. Nonetheless, tracking the 

evolution of the unit cells over time for the species undergoing oxidation reveals that the early 

formation of the perovskite phase SrMnO3 is accompanied by a significant lattice expansion due 

to oxygen incorporation. This initial swelling is followed by a rapid contraction as oxidation of 
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Mn leads to a decrease in its ionic radius, stabilizing the lattice structure. In terms of facile CO2 

release, the dynamism of the unit cell volume during the regeneration/decarbonation (Figure 

4.3.4(D)) may contribute to the perovskiteôs superior decarbonation kinetics (see Figure 4.3.1(C)). 

Specifically, the steady increase in the volume of the Brownmillerite phase up to a ~1.5% increase 

is comparable to that witnessed during the polymorphic phase transition of ɓ-Ca2SiO4  PŬ'-

Ca2SiO4 reported by Zhao et al.[13], they attributed to the improving cyclical CO2 capture 

performance of CaO. It is conceivable, then, that the volume changes during the regeneration could 

improve CO2 release by preventing the integration of carbonate grain boundaries.  

      Increasing the Fe molar amount reduces the materialôs performance as a redox-activated CO2 

sorbent. Laboratory in situ PXRD patterns collected at 850ęC reveal changes in structural evolution 

due to varying Fe molar concentrations in the B-site. A 12.5% Fe concentration (Figure 4.3.5(A)) 

results in complete conversion to a 1:1 ratio of SrCO3 and MnO. By the fifth scan, the (111) and 

(021) planes of Ŭ-SrCO3 and the (200) and (220) planes of MnO become apparent and continue to 

increase in intensity until the intermediate RP phase has been completely consumed. SFM-853 

(Figure 4.3.5(B)) formed a stable n =2 RP phase Sr3Mn2-xFexO7-ŭ (I4/mmm) that resisted further 

reduction, the same phase identified in the post-TGA XRD patterns shown in Figure 2. While the 

same major families of planes for Ŭ-SrCO3 and MnO appear at the same time as SMF-817, their 

intensity plateaus by the twelfth scan while the (105), (110), (200), and (215) planes of the n = 2 

RP phase remain stable throughout the segment. Pure SrFeO3-ŭ was essentially inert to the 

simultaneous reduction and carbonation environment and maintained its cubic structure 

throughout the entirety of the segment (Figure C6).  



  119 

 

 

Figure 4.3.5. (A) Laboratory in situ PXRD of SMF-871 and (B) SMF-853 under simultaneous 

reducing/carbonating atmosphere at 850ęC. 
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4.3.3. SrMnO3 Phase Transition Energy Landscape and Thermodynamic Consequences of Fe-

Doping 

  

      The DFT-calculated energy landscape of the SrMnO3 reduction phase transitions, discussed in 

Section 4.3.2, is shown in Figure 4.3.6 and summarized in Table 1. In the reduction pathway, the 

only endergonic step is the final reduction of Sr2MnO4-ŭ to SrO and MnO (ȹG = 0.15 eV), 

consistent with the in situ PXRD results in Section 4.3.2 (Figure 4.3.3(E)), where this step was 

identified as the slowest. The concurrent carbonation of SrO is exothermic (ȹH = -2.50 eV)[9], 

potentially supplying heat to drive the endothermic reduction of Sr2MnO4-ŭ (ȹH = 0.02 eV). This 

energy compensation suggests that the exothermic carbonation may facilitate the full reduction of 

Sr2MnO4-ŭ, thus rendering the overall conversion of SrMnO3 to SrCO3 and MnO both exergonic 

(ȹG = -3.37 eV) and exothermic (ȹH = -3.17 eV). Notably, the step with the largest decrease in 

ȹG occurs during the reduction of Sr3Mn2O7-ŭ to Sr2MnO4-ŭ and MnO (ȹG = -0.85 eV), aligning 

with in situ PXRD observations that Sr3Mn2O7-ŭ is a transient intermediate detected only briefly. 

From a structural standpoint, the thermodynamic barrier imposed when reducing monoclinic 

Sr2MnO4-ŭ could be partially attributed to the 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 4.3.6. The DFT-calculated H2-reduction energy landscape of SrMnO3. For simplicity, the 

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

balanced intermediates with corresponding ȹGs and ȹHs is provided in Table 4.3.1.  

 

      Following our TGA and in situ PXRD observations of the impact of Fe-doping on redox 

behavior and reaction pathway, we calculated the thermodynamic effect on ȹG and ȹH of 

introducing 12.5 mol.% Fe to the B-site of SrMnO3. For simplicity, we assumed the same phase 

transition pathway and structures as illustrated in Figure 4.3.6. The addition of even 12.5% Fe-

alloying in the B-site causes the ȹG for the reduction of the n = 2 and n = 1 RP phases to increase 

by 53 and 38%, respectively (Table 4.3.1). This is consistent with our XRD findings that the Fe-

doped samples formed stable RP intermediates that resisted further reduction. 
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Table 4.3.1: DFT-Calculated Thermodynamic Quantities for Key Reactions in the 

SrMn 1xFexO3-ŭ Reduction Pathway 

 

 
 

4.4. Discussion 

     In this Chapter, we have demonstrated the efficacy of perovskite-structured, redox-activated 

CO2 sorbents for SESMR ï achieving excellent H2 purity (92% on a dry basis) and a high H2:COx 

ratio (7.9).  The future of using perovskite-structured oxides for sorption enhancement applications 

hinges upon refining high-throughput, DFT-based screening methods with a revised understanding 

of potential non-equilibrium intermediates and the sensitivity of redox behavior to crystal structure 

and B-site valence. Exemplified for the SrMn1-xFexO3-ŭ system, we have shown that through a 

detailed characterization of the phase transition pathway, the impact of B-site doping can lead to 

counter-intuitive behavior when reduction and carbonation coincide. While it may seem logical to 

favor a Fe-based cubic structure (i.e., SrFeO3-ŭ) for redox-activated sorption enhancement, we have 

demonstrated with our TGA experiments and subsequent ex situ XRD analysis that CO2 can act as 

an oxidizing agent and prevent the necessary cascade of phase transitions needed for carbonation.  

     Determination of the phase transition pathway via synchrotron and laboratory-based in situ 

PXRD allowed us to identify two RP phases as key intermediates. For undoped SrMnO3, the 

reduction of monoclinic n = 1 RP phase Sr2MnO4-ŭ (p21/c) is the rate-determining step and was 
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verified through DFT ȹG calculations to be the only endergonic phase transition in the reduction 

pathway. However, with increased Fe-alloying into the B-site, the reduction of tetragonal n = 2 RP 

phase Sr3Mn2-xFexO7-ŭ (I4/mmm) becomes the stable non-equilibrium intermediate that hinders 

complete conversion. DFT also substantiated this observation, indicating that even as little as 12.5 

mol.% Fe in the B-site increases the ȹG for reducing the n = 2 and n = 1 RP phases by 53 and 

38%, respectively.  
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Abstract  

Despite the ubiquity of perovskite oxides in the chemical looping literature, relatively few have 

attempted to model their reaction behavior beyond empirical model-fitting approaches for simple 

reductions where no phase transitions are expected. This Chapter presents a kinetic analysis of 

Sr0.875A0.125MnO3 (A = Ba, Ca) reduction under H2 and subsequent carbonation of Sr0.875A0.12O in 

H2/CO2. The three perovskites shared a common phase (P63/mmc) and reduction pathways, with 

the reduction of an n = 1 monoclinic Ruddlesden-Popper phase (Sr0.875A0.125)2MnO4 ŭ (P21/c) 

intermediate as the rate-limiting step. Redox behavior decreased with larger A-site cations, while 

CO2 uptake was amplified 2-4 times by Ca or Ba doping. Kinetic parameters for the reduction 

steps were obtained via empirical gas-solid model fitting followed by Arrhenius analysis, revealing 

approximate first-order dependence on H2 for all samples. For carbonation, CO2 diffusion was 

rapid but required model adjustments to reflect observed trends. Mechanistic models were 

developed based on the XRD-revealed phase transition pathway and physical characteristics of the 

system. The results of these models indicated that the two reduction steps and the carbonation were 

reaction-limited, unaffected by O2  or CO2 diffusion. Despite simplifying assumptions, this study 

lays a foundation for more rigorous future kinetic modeling.  

5.1. Introduction  

      Thermochemical conversion of biomass-based feedstocks via steam reforming or gasification 

is an attractive strategy for valorizing biodegradable residues and for producing renewable 

chemicals[1-4]. Syngas produced from these methods can be combusted for energy or upgraded into 

liquid hydrocarbons by way of the Fischer-Tropsch process[5]. For the latter route, energy-intensive 

separations downstream of the biomass reactor, such as CO2 removal, are necessary to condition 

the syngas prior to chemical synthesis. Sorption enhancement (SE) ï the use of solid sorbents to 
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capture CO2 in situï can improve the H2 quality of the syngas produced[6-9], however, irreversible 

particle sintering during the high-temperature decarbonation step severely reduces the sorption 

capacity of most commonly used alkaline-earth metal oxides after repeated cycling[10, 11]. The most 

prominent sintering mitigation methods include decreasing the sorbent particle size[12], 

incorporating inert physical spacers[13], and designing materials capable of reversible phase 

transitions[14], or ñphase transition sorbentsò.  

      We have shown in the previous chapters that A-and B-site doped perovskite-structured oxides 

(A1-xA'xB1-yB'yO3-ŭ) act effectively as redox-activated phase transition sorbents in various 

processes, including SE steam reforming of glycerol[15] and toluene[16], as well as isothermal steam 

gasification of woody biomass[17]. While they may first appear as unlikely candidates for CO2 

sorbents given their low surface areas (on the order of 1-3 m2Țg-1) and relatively modest CO2 

gravimetric uptake capacities (~0.1-0.3 gCO2ȚgMO
-1), perovskites exhibit high thermal stability and 

redox activity, which enables them to perform cyclically without appreciable loss of sorption 

capacity[18-20]. They can be tuned via A-and B-site doping to perform cyclically without 

appreciable loss of sorption capacity. The perovskite sorbent becomes redox-activated in a 

reducing environment (e.g., under H2, CxHy, or CxHyOz), 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 and A-site oxides (Reaction 1). The newly formed A-site oxides then 

carbonate in the presence of CO2, achieving the desired sorption enhancement effect (Reaction 2). 

In the subsequent regeneration/decarbonation step, gaseous O2 is introduced to re-oxidize the 

reduced B-site metals and to decarbonate the A-site carbonates (Reaction 3). This oxidative 

regeneration is a unique benefit of redox-activated sorbents since the equilibrium of the 
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decarbonation reaction can be induced by a shift in partial pressure of O2. Although, a temperature 

swing is sometimes necessary depending on the composition of perovskite sorbent.  

 

                                                !"/ ( ᴼ!/ "/ (/                                     (Reaction 1) 

 

                                                       !/ #/ᴼ!#/                                                  (Reaction 2) 

 

                                              !#/ "/ / ᴼ!"/ #/                                  (Reaction 3) 

 

 

      While numerous promising perovskite-structured sorbent families have been identified and 

demonstrated for SE at high temperatures, in particular, Sr1-xBaxMnO3-ŭ
[17], no mechanistic or even 

empirical kinetic models have yet been put forth in the literature capturing their dynamic phase 

behavior. To the authorsô knowledge, the only published endeavors to develop empirical or 

mechanistic solid-state models for perovskite oxide-based chemical looping applications have not 

yet incorporated SE as a component. For example, Sarshar and Kaliaguine attempted to model the 

reduction kinetics of LaMnO3 and LaMnO3@mSiO2 for the chemical looping combustion (CLC) 

of methane[21]. They first fit two classical gas-solid kinetic models to their CLC kinetic data 

obtained from a mini-fluidized bed reactor: (1) the nucleation and nuclei growth model (NNGM), 

also known as the Avrami-Erofeev model, and (2) the unreacted shrinking-core model, alongside 

an ion diffusion model they derived, assuming oxygen diffusion as the rate-limiting step. However, 

in these models, reduction beyond the Brownmillerite phase (LaMnO2.5) was not considered, and 

therefore, it 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 gas-solid models and obtain kinetic parameters in their investigation of the 

impact of Na2WO4 promotion on CaMn0.9Fe0.1O3 performance for chemical looping oxidative 

dehydrogenation (CL-ODH) of ethane to ethylene[22]. Even if these empirical rate-fitting 
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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 and holistic reactor modeling, as demonstrated by Cai et al. in their numerical 

model of a heterogenous CL-ODH packed-bed reactor using Na2MoO4-promoted 

CaMn0.9Ti0.1O3
[23]. However, more sophisticated mechanistic models incorporating phase 

transitions and dynamic diffusion coefficients are essential for optimizing SE schemes.  

      Similarly, kinetic models for CO2 sorption in the literature may be classified into two 

categories: empirical model fitting exercises or more physics-informed 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 reaction-diffusion shrinking core model describing the self-

limiting diffusion of CO2 in lithium ceramic sorbents[24] and supported amine sorbents[25], based 

on a model first proposed by Yagi and Kunni[26] and elaborated on by Ishida and Wen[27]. This 

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 diffusion coefficient approach, Vallace 

et al. were able to correlate the observed decrease in CO2 diffusivity with physiochemical 

phenomena ï crystal structure in the case of lithium orthosilicate sorption[24] and morphology in 

the case of PEI sorption[25]. 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 diffusivity ($ ) and the effective diffusivity ($ ). 

      In this Chapter, we endeavor to model the reduction and carbonation kinetics of an idealized 

SE scheme using a simulated reaction environment and Thermogravimetric Analysis (TGA) 

considering the complete phase transitions of a SrMnO3 perovskite sorbent via both an empirical 
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and mechanistic approach. We further consider the effect of calcium and barium doping on 

SrMnO3 kinetics for the reduction and carbonation reactions in an SE scheme.   

5.2. Methods  

5.2.1. Synthesis  

     The perovskite materials were prepared using a solid-state reaction method described in our 

previous publication[17] and in Chapter 4. Briefly, Sr1-xAxMnFeO3-ŭ  (A = Ba or Ca) was prepared 

using stoichiometric amounts of SrCO3 (Sigma Aldrich, >99.9%), BaO (Thermo Scientific, 

>99.5%), CaCO3 (Sigma Aldrich, >99%), MnO2 (Materion, >99.9 %), and (Noah Chemicals, 

>99.9%) were added in a 5 ml Teflon vial and then mixed with 2 mm yttrium-stabilized ZrO2 balls 

with a mass ratio of 1:5. Approximately 2-3 mL ethanol (Fisher Scientific, CDA 19 (Histological)) 

was further added. The mixture was ball milled at 1200 rpm for 3 h using a high-energy ball mill 

(Vivtek Instrument: VBM-V80). The resulting wet slurry was oven-dried at 130°C and then 

calcined under flowing air at 1100°C in a tube furnace for 10 h to form the perovskite structure. 

The ramping rates for heating and cooling steps were all set to 3°CĀminī1.  

5.2.2. Characterization  

      Ex situ X-ray diffraction (XRD) was carried out using a Rigaku SmartLab X-ray diffractometer 

(Bragg-Brentano geometry) with Cu KŬ (ɚ = 0.1542 nm) radiation operating at 40 kV and 44 mA. 

A scanning range of 10-65ę (2ɗ) with a step size of 0.05ę holding for 3.0 s at each step was used 

to generate the XRD patterns. Additional laboratory-based in situ XRD was conducted with an 

Empyrean PANalytical diffractometer using Cu KŬ radiation operating at 45 kW and 40 mA. A 

scanning range of 10-65ę (2ɗ) with a step size of 0.03ę holding for 0.4 s at each step was used to 

generate the XRD patterns.  
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      Rietveld refinement for phase composition quantification and lattice parameter estimation was 

performed using the FULLPROF program[28]. The profile function 7 (ThompsonīCoxīHastings 

pseudo-Voigt convoluted with axial divergence asymmetry function)[29] 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 LaB6 standard 

(NIST). The weight fraction Wi of the ith in n mixture of crystalline phases is calculated by 

Rietveld refinement according to 

 

                                                           7
Ⱦ

В Ⱦ
                                                (Equation 1) 

 

where 3 is the refined scale factor of the phase, : is the number of formula units per unit cell, 

- is the molecular mass of the formula unit, 6 is the refined unit cell volume, and Ô  is the 

Brindley particle absorption contrast factor[30]. 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 using a monochromatic Al KŬ X-ray source. Emission amperage and tension 

were set at 10 mA and 15 kV, respectively, and charge neutralization was enabled during sample 

acquisition. For each sample, a single survey scan was performed in the range of 0-1200 eV with 

a pass energy of 160 eV, step energy of 1 eV, and dwell time of 200 ms. For high-resolution region 

scans, 5 scans were performed for each element of interest 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 energy-dispersive X-ray spectroscopy 

(EDS) generated elemental maps were obtained on a SU8700 (Hitachi) field-emission scanning 
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electron microscope with an acceleration voltage of 15 kV. The powder samples were first 

mounted on double-sided carbon tape and coated with an Au film.   

      Temperature-programmed reduction with hydrogen (H2-TPR) was conducted in a 

Micrometrics® AutoChem II instrument equipped with a thermal conductivity detector (TCD). For 

each experiment, ~40 mg of material was used. The sample was then ramped at 10ęCϽmin-1 under 

5% H2/Ar to 1000ęC and held at temperature for 20 min before the final cool down.  

5.2.3. Thermogravimetric Analysis 

      Thermogravimetric analysis (TGA) of the perovskite powders in reducing/carbonating and 

oxidizing/decarbonating environments was performed using a TA-Instrument SDTQ650. For each 

experiment, ~40 mg of perovskite particles were sieved to a diameter (Ä) of 75-90 µm were used 

unless otherwise specified. The timed injections of reducing (H2), carbonating (CO2), inert (Ar), 

and regenerating (O2) gasses 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 either separated 

reduction and carbonation steps or a combined reduction a carbonation process. In both cases, a 

temperature ramp of 10ęCϽmin-1 under a flow of 200 SCCM of Ar was applied to bring the system 

to the target temperature of 850ęC, where it was allowed to equilibrate for ~10 min. For the separate 

reduction and carbonation steps, 20% H2/Ar was injected until the perovskite was completely 

reduced and its weight stabilized. Subsequently, a 2:1:7 ratio of H2:CO2:Ar 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 2:1:7 ratio of H2:CO2:Ar mixture was directly 

injected until full carbonation was achieved. The extent of carbonation (8Ô) for Ô Ô where Ô 

is the time of carbonation onset is defined in Equation 2: 
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                                                            8Ô Ô                                             (Equation 2) 

 

where Í  is the initial mass, Í  is the mass at the time Ô, and Í  is the mass corresponding to the 

maximum extent of carbonation based on the stoichiometry from reaction 1: Í Í Í

Í . 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 zero: ɿ π). 

5.2.4. Empirical Model Development 

      For the empirical modeling approach, the rate of solid-state reaction is expressed by Equation 

3: 

 

                                                           ËÅ ϽÆ0 ϽÇɻ                                 (Equation 3) 

 

where, Ὧ is the preexponential (frequency) factor, % is the activation energy, T is the absolute 

temperature, R is the gas constant, Æ0  is a function of the partial pressure of the reducing gas 

(H2), and Çɻ is the differential form of the gas-solid reaction model as a function of the 

conversion fraction, ɻ. For a gravimetric measurement, ɻ is defined by Equation 4: 

 

                                                              ɻÔ Ô                                           (Equation 4) 

 

where, Í  is the initial mass, Í  is the mass at the time Ô, and Í  is the final mass. In this study, 

we make the common assumption that Æ0  takes a power law form: 0 . Therefore, Equation 3 

can be re-expressed as: 

 

                                                              Ë ϽÇɻ                                               (Equation 5) 
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where, Ë ËÅ Ͻ0 Ë4Ͻ0  is the apparent rate constant and Çɻ is obtained by 

fitting the experimentally collected data of  to 14 gas-solid models[31] listed in Table D1 in 

Appendix D. with the corresponding residual sum of squares (RSS = В Ù ÆØ ) value and 

Ë  listed for each fit. The Çɻ model with the lowest RSS across the entire temperature range 

as well as possessing Ë  values that trended positively with T were selected for each reduction 

step. Reductions of ~40 mg of perovskite powders (75 < Ä < 90 µm) were carried out at three 

different temperatures (825, 850, and 875ęC) at fixed 0 = 0.2 atm, and at three different 0  

values (0.05, 0.1, and 0.2 atm) at fixed T = 850ęC. Arrhenius plots of the derived set of Ë  values 

were used to estimate the % (kJ·mol-1) and Ë (s-1) for each reduction step as shown in Equation 

6. 

                                              ÌÎË Ͻ ÌÎ ËϽ0                                      (Equation 6) 

The partial pressure reaction order, n, was found by fitting a linear curve to a logarithmic plot of  

Ë  vs. 0 .  

                                              ÌÎË ÎϽÌÎ 0 ÌÎ ËÅ                               (Equation 7) 

The carbonation models could not be easily fit to a linearized equation and thus, the kinetic 

parameters were determined by minimization of the log RSS using Excel Solver. 

5.2.4. Mechanistic Model Development 

      For the mechanistic model development, we consider the one-dimensional diffusion of oxide 

anions (O2-) within the sorbent particle during the perovskite reduction and the 1D downward 

diffusion of gaseous CO2 into the sorbent particle during the carbonation. The system boundary is 

defined as a single crystallite of the perovskite powder with its length scale provided by the average 

crystallite domain size obtained from Rietveld refinement of a laboratory XRD pattern of SrMnO3. 
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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 throughout the crystallite follows Fickôs second law, where 

the diffusivity is a function of the crystallite structure and composition.  

      The approach to modeling the overall conversion of Sr1-xAxMnO3 to Sr1-xAxCO3 and MnO was 

divided into three distinct models, where the reduction and carbonation reactions were treated 

separately. The reduction process itself was further subdivided into two steps. In either case, the 

strategy is to numerically solve a system of partial differential equations (PDEs) using the pdepe 

function in MATLAB to obtain the diffusivity vs. conversion profile and the model conversion vs. 

time TGA curve. The fundamental mass balance of diffusing species i (i.e., O2- or CO2) that 

contains the flux term and serves as the input to the PDE numerical solving algorithm is given by 

Equation 8. For the carbonation step, the Crank-Nicolson method was adopted to numerically 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 O2- or CO3
2- 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 mixing effects in the TA furnace after the gas injection, the bulk concentration of 

reactive gas species (i.e., H2) is dynamic with time. The dynamic gas phase concentration of 20% 

H2/Ar, 10% CO2/Ar, and a 2:1:7 ratio of H2:CO2:Ar at the outlet of the TA furnace was measured 

at 850ęC using an MKS Cirrus II quadrupole mass spectrometer. These concentration profiles were 
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fit to an exponential decay function (Equation 9), and the lsqnonlin function in MATLAB was 

used to fit the gas mixing parameter (Ë ) (see Figure D1). A complete discussion of the auxiliary 

conditions is presented in Section 5.3.4 

 

                                                             # # ȟ ρ Å Ͻ                             (Equation 9) 

 

 

      A major assumption of the mechanistic model is that the initial reaction occurs on the solid 

surface, making the system reaction limited and allowing 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 diffusion-limited regime.  The model outputs the apparent 

reaction rate constant (Ë) 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 

gas-solid reaction under consideration and not be coupled with transport phenomena.  The reaction 

rate constant is solved using Equations 10 and 11, where the maximum rate of conversion versus 

time is extracted from the data. Note that if bulk gas mixing is instantaneous, the maximum rate 

occurs at the first time point.  

                                                                   Ò ÍÁØ                                         (Equation 10) 

 

                                                                Ë
ȿ

                                      (Equation 11) 

 

5.3. Results  

5.3.1. Perovskite Bulk Crystalline Structure and Redox Behavior 

      A combination of ex situ and in situ bulk characterizations via XRD revealed the phase 

transition pathway of the pure and Ba-and Ca-doped SrMnO3 perovskites. The XRD patterns of 

the freshly synthesized powders for SrMnO3 and Sr0.875A0.125MnO3 (A = Ba or Ca) are shown in 

Figure D2. All three perovskites adopt the same 4H hexagonal structure[32] (P63/mmc) with slight 
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lattice expansion observable only in the Ba-doped sample owing to its large ionic radius (Ò

ρȢφρ Ò ρȢττ Ò ρȢστ ᴠ)[33]. Starting with the undoped variant, Figure 1 presents 

the characterization results corroborating the approximate phase transition pathway of SrMnO3 in 

a reducing environment. A simple temperature ramp of SrMnO3 under 20% H2/Ar in the TA 

furnace reveals three major inflection points following the initial oxygen release, indicating phase 

transitions at normalized wt.% (m(t)/m0) values of 96.8%, 93.8%, and 91.5% (Figure 5.3.1(A)). 

Previous investigations of h-SrMnO3 have confirmed that the room-temperature oxygen non-

stoichiometry (ŭ0) is negligible[34], therefore the bulk-average non-stoichiometry (ŭ) and Mn 

oxidation state can be inferred from the normalized wt. %. Reduction ceases at 91.5% wt. %, 

corresponding to an extent of reduction (ȹŭ) of unity. Ex situ XRD patterns were recorded at each 

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 (Figure 5.3.1 (B-

E)). In this way, a simplified phase transition pathway can be parsed out, where SrMnO3 reduces 

to a mixture of SrMnO3-ŭ, MnO, and various stackings of Ruddlesden-Popper (RP) phases (e.g., t-

Sr3Mn2O7-ŭ and m-Sr2MnO4-ŭ) before finally stabilizing to an equimolar mixture of SrO and MnO. 

The rate-determining step is the reduction of the monoclinic n =1 RP phase Sr2MnO4-ŭ (p21/c) ï a 

stable intermediate that was identified via in situ XRD to form during the reduction of the Ba-and 

Ca-doped samples as well (Figure D3).  
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Figure 5.3.1. (A) TGA-produced H2-TPR curve for SrMnO3 under 20% H2/Ar with a 10ęC·min-1 

ramp rate. Inflection points at 96.8, 93.8, and 91.5 wt.% signify phase transitions. (B-E) 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 to Sr(OH)2 and 

Sr(OH)2·2H2O were identified ï suggesting that SrO hydrated when exposed to ambient moisture 

upon removal from the TA furnace. (F-H) SEM micrographs at 500 nm resolution for the fresh 

perovskite (100 wt.% in the TGA curve), the intermediate n =1 RP phase (93.8 wt.% in the TGA 

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

 

 

      SEM images (Figure 5.3.1(F-H)) taken of the SrMnO3 sample at various stages of the reduction 

pathway (denoted by the wt. % from the TGA H2-TPR curve in Figure 5.3.1(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 indicate apparent heterogeneity or long-range cation diffusion (Figure 

D4). Meanwhile, the near-surface ratio of the atomic percentages of Sr:Mn, calculated by 

integrating XPS spectra as described in section 5.2.2), at each reduction step showed little variance, 

hovering around 0.6-0.7, except for the 91.5 wt.% sample, which had a Sr:Mn ratio of 

approximately 3.0 (Figure D5). This heightened near-surface concentration of Sr may be owed to 

the formation of hydroxides and hydroxide hydrates since SrO is highly basic and will react with 

ambient moisture.  

      To evaluate the effect of Ca and Ba A-site doping on the redox properties of SrMnO3, H-TPR 

experiments were conducted, with hydrogen consumption monitored via TCD to accurately 

distinguish specific reduction events (Figure 5.3.2(A)). For all three samples, the largest reduction 

event occurs first, which corresponds to the initial fast oxygen release to Sr0.875A0.125MnO3-ŭ (ŭ  

0.36 for SrMnO3). Two smaller, subsequent reduction events for Sr0.875B0.125MnO3-ŭ and SrMnO3-

ŭ may correspond to reduction to the Brownmillerite phase (ŭ  0.5) and then to the n = 1 RP phase 

intermediate m-Sr2MnO4-ŭ. The final, highest temperature reduction event for all three materials is 

the slower reduction of m-Sr2MnO4-ŭ to SrO and MnO, which manifests as the broadest peak. The 

ordering of these events with respect to temperature indicates that Ca-doping improves the 

reducibility of the perovskite and reduces the temperature needed for the final reduction of the RP 

intermediate, while Ba-doping shifts the reduction events slightly to higher temperatures. A-site 

doping will impact the extent of structural distortion, as measured by the Goldschmidt tolerance 

factor[35] Ô Ò Ò ȾЍςÒ Ò  where Ò, Ò, and Ò are the ionic radii of the 12-fold 

coordinated A-site cation and B-site cations, and the 6-fold coordinated oxide anion, respectively. 

While all three materials exhibit a 4H hexagonal structure (t > 1), Ca-doping slightly decreases the 

tolerance factor of h-SrMnO3 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 reduction[32,36] and hence improve the 

reduction kinetics. Ba-doping works in the oppositive direction ï increasing the perovskiteôs 

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

 

 

Figure 5.3.2. (A) H2-TPR profiles of Sr0.875A0.125MnO3 (A = Ba or Ca) under 5% H2/Ar. (B) 

Separate reduction and carbonation of SrMnO3 at 850ęC. (C) the reduction at reaction temperature 

can be considered as two elementary steps. (D) Comparison of steps 1 and 2 kinetics as a function 

of A-site doping.  
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